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Abstract

Nanopiezotronics is a recent �eld which has increasingly contributed to a progress of smart

electronics and energy harvesters that bene�ts from a conversion of small mechanical move-

ments into electrical energy. Its foundation relies on the coexisting of piezoelectric and

semiconducting properties in nano-objects based on non-centrosymmetric semiconductors

such as III-N or II-V. Lately, III-N nanowires with their high aspect ratio have been pro-

posed as a promising building block for this emerging research.

Nevertheless, the key mechanism in nanopiezotronics that governs a mechanical-to-

electrical energy conversion must be clari�ed. The origin of the electrical signal from

single nanowires detected by conductive scanning force microscopy was still under debate,

whether it originates from piezoelectric e�ect or rather measurement artefacts. In addition,

the reports of larger piezo-coe�cients than bulk values in GaN nanowires need to be veri�ed

as it possibly results from the measurement misinterpretation.

This PhD work is focused on in-depth understanding of the piezoelectric e�ect in III-N

nanowires which is a critical issue for nanopiezotronics. For this purpose, several scan-

ning force microscopy modes such as Kelvin probe force microscopy, piezoresponse force

microscopy, conducting scanning force microscopy were performed to locally probe direct

and reverse piezoelectricity including other parameters that play an important role on the

piezo-potential generation. Various device con�gurations and di�erent electronic setups

were applied.

The experimental results together with �nite element simulations, reveal that the piezo-

coe�cients of III-N nanowires are similar to those of bulk, and no giant piezoelectric e�ect

was observed. The analyses of free and bound charges suggest that the e�ect of the piezo-

charges should be undetectable even with highest sensitive electronics. Besides, the elec-

trical signal found in single nanowires by conductive-scanning force microscopy is rather

related to the current passing through the nanowires which is often generated by an un-

appropriated grounded setup. The outcome of this work point out various parameters in

piezoelectric semiconductor nanowires that must be taken into account before attribut-

ing their mechanical or electrical response to the piezoelectric e�ect. Those signals can

be potentially caused by the detection setup itself, the measurement artefacts and the

environments, resulting in the misinterpretations of the signal origins.
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Résumé

La nanopiézotronique est un nouveau domaine de recherche qui contribue au progrès crois-

sant des récupérateurs d'énergie et de l'électronique intelligente. Ces applications béné�-

cient désormais de sa possibilité de conversion de petits mouvements mécaniques en énergie

électrique. Les fondements de la nanopiézotronique reposent sur la coexistence de pro-

priétés piézoélectriques et semi-conductrices de nano-objets ayant une structure cristalline

non centrosymétriques tels que les semi-conducteurs III-N ou II-V. Les nano�ls III-N avec

leur aspect de forme élevé ont en particulier été proposés comme une brique élémentaire

prometteuse pour cette recherche émergente.

Néanmoins, le mécanisme qui régit la conversion d'énergie mécanique en électricité doit

être clari�é dans le cas de la nanopiézotronique. L'origine du signal électrique de nano�ls

isolés détecté par la microscopie à balayage de force en mode conducteur était encore

sujet à débat: s'agissait-il d'un e�et piézoélectrique ou plutôt d'artefacts de mesure ? De

plus, l'existence de coe�cients piézoélectriques pour les nano�ls de GaN ayant des valeurs

supérieures à celles du massif était à véri�er, cette piezoélectricité géante pouvant résulter

d'une mauvaise interprétation de la mesure.

Ce travail de thèse est centré sur une compréhension approfondie de l'e�et piézoélec-

trique dans les nano�ls III-N. Cette compréhension demeure essentiel pour la nanopié-

zotronique. Dans ce but, plusieurs modes de la microscopie en champ proche tels que la

microscopie à force de Kelvin (KPFM), la microscopie à force piézoélectrique (PFM) et la

microscopie à balayage de force en mode conducteur (C-SFM) ont été utilisés pour sonder

localement la piézoélectricité directe et inverse, ainsi que d'autres paramètres jouant un rôle

important sur le potentiel piézoélectrique dans les nano�ls III-N. Di�érentes con�gurations

de dispositifs et plusieurs types d'électronique ont aussi été appliqués.

Nos mesures, associées à des simulations par éléments �nis, révèlent que les coe�cients

piézoélectriques dans les nano�ls III-N sont similaires à ceux du massif et qu'aucun e�et

piézoélectrique géant n'a été observé. Les analyses des charges libres et des charges liées

suggèrent aussi que l'e�et des charges piézo-électriques devrait être indétectable, même

avec les électroniques les plus sensibles. En�n, il s'avère que le signal électrique obtenu par

C-SFM sur des nano�ls uniques de III-N est plutôt lié au courant traversant le nano�l et

celui-ci est souvent généré par une mauvaise référence de masse du dispositif instrumental.

Les résultats de ce travail mettent ainsi en évidence les divers paramètres dont il faut tenir

compte dans les semi-conducteurs de III-N avant d'attribuer leur réponse mécanique ou

électrique à un e�et piézoélectrique. Ces signaux peuvent être potentiellement causés par
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le système de détection, des artefacts de mesure et l'environnement, conduisant facilement

à leur mauvaise interprétation.

iv



List of Abbreviations

AC Alternating Current

AFM Atomic Force Microscopy

ALD Atomic Layer Deposition

AM Amplitude Modulation

BG Background

BVD Butterworth-Van Dyke

BW Bandwidth

C-SFM Conducting-Scanning Force Microscopy

CB Conduction Band

CPD Contact Potential Di�erence

DC Direct Current

DFRT Dual Frequency Resonance Tracking

DOS Density Of States

DUT Device Under Test

DUV Deep Ultra Violet

EBL Electron Beam Lithography

EFM Electrostatic Force Microscopy

FEM Finite Element Methode

FIB Focused Ion Beam

FM Frequency Modulation

HP High Pass

IR IfraRed

KPFM Kelvin Probe Force Microscopy

LED Light Emitting Diode

LGS Lanthanum Gallium Silicate

LIA Lock In Ampli�er

LP Low Pass

LPFM Lateral Piezoresponse Force Microscopy

MBE Molecular Beam Epitaxy

NW NanoWire

op-amp operational-ampli�er

PA-MBE Plasma Assisted Molecular Beam Epitaxy

PD Photo Diode

v



Piezo Piezoelectric

PFM Piezoresponse Force Microscopy

PLL Phase Locked Loop

PMMA PolyMethy�lmethAcrylate

PPLN Periodically Poled Lithium Niobate

PZT Lead Zirconium Titanate

RIE Reactive Ion Etching

rpm revolutions per minute

SAM Signal Access Module

SBH Schottky Barrier Height

SEM Scaning Electron Microscopy

SFM Scaning Force Microscopy

SPM Scaning Probe Microscopy

TEM Transmission Electron Microscopy

UHV Ultra High Vacuum

UV UltraViolet

VB Valence Band

VPFM Vertical Piezoresponse Force Microscopy

vi



List of Symbols

Symbol Name Unit

A Amplitude (electrical or mechanical) V or m

C Capacitance F

c Elasticity matrix N m−2

D Electric displacement �eld C m−2

dij Polarisation per unit of stress C N−1

or strain per unit of electric �eld or m V−1

E Electric �eld V m−1

Ef Fermi level eV

eij Polarisation per unit of strain C m−2

or stress per unit of electric �eld or N V−1

F Force N

f Frequency Hz

G Shear modulus Kg m−1 s−2

gij Strain per unit of electric displacement m2 C−1

or Electric �eld per unit of stress or V N−1

hij Stress per unit of electric displacement N C−1

or Electric �eld per unit of strain or V m−1

I Current A

k Spring constant N m−1

kb Boltzmann constant m2 Kg s−2 K−1

L Inductance H

P Polarisation C m−2

Q Charge C

q Elementary charge C

R Resistance Ω

S Sensitivity m V−1

s Compliance matrix m2 N−1

T Temperature K

V Electric potential V

WF Work function eV

Y Young's modulus Kg m−1 s−2

vii



Z Electrical impedance Ω

ε Permitivity F m−1

ε0 Vacuum permitivity F m−1

εr Relative permitivity 1

ρ Charge density C m−3

ϕ Phase rad

ω Pulsation rad s−1

ε Strain 1

σ Conductivity or Stress S/m or N m−2

χ Electron a�nity eV

φ Electrostatic potential V

τ Time constant s

θ Angle rad

viii



Table of contents

Abstract i

Résumé iii

List of Abbreviations vi

List of Symbols viii

Table of contents ix

Introduction: III-N Nanowires for energy conversion 1

Introduction (français): Nano�ls III-N pour la conversion d'énergie 5

I Nanopiezotronics: state-of-the-art 9

I.1 Piezoelectric for energy harvesting . . . . . . . . . . . . . . . . . . . . . 9

I.1.1 Bulk piezoelectric materials . . . . . . . . . . . . . . . . . . . . . . 9

I.1.2 Piezoelectric semiconductor nanowires . . . . . . . . . . . . . . . . 9

I.2 The principle of nanopiezotronics . . . . . . . . . . . . . . . . . . . . . . 10

I.2.1 The proof-of-concept with ZnO nanowires . . . . . . . . . . . . . . 11

I.2.2 Nanopiezotronic measurements on III-N nanowires . . . . . . . . . 12

I.2.3 Nanopiezotronics on �exible substrates . . . . . . . . . . . . . . . . 14

I.2.4 Piezotronics: examples of devices . . . . . . . . . . . . . . . . . . . 14

I.2.5 Tribotronics . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15

I.3 Conventional models of nanopiezotronics . . . . . . . . . . . . . . . . . . 17

I.3.1 Calculation and simulation of the piezopotential . . . . . . . . . . . 17

I.3.2 A Schottky model . . . . . . . . . . . . . . . . . . . . . . . . . . . 21

I.3.3 Capacitive model . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25

I.4 Summary and problematic . . . . . . . . . . . . . . . . . . . . . . . . . . 26

II III-Nitrides generale properties 29

II.1 Crystal structure . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 30

II.2 Mechanical properties . . . . . . . . . . . . . . . . . . . . . . . . . . . . 31

II.3 Electronic properties . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 33

II.3.1 Band Structure . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 33

ix



II.3.2 Doping . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 34

II.3.3 Work function and electron a�nity . . . . . . . . . . . . . . . . . . 36

II.3.4 Surface and interface states . . . . . . . . . . . . . . . . . . . . . . 36

II.3.5 Energy band bending . . . . . . . . . . . . . . . . . . . . . . . . . 37

II.3.6 Bound charges and screening e�ect . . . . . . . . . . . . . . . . . . 38

II.4 Native oxide overlayer . . . . . . . . . . . . . . . . . . . . . . . . . . . . 40

II.5 Metal-semiconductor (M-S) interface . . . . . . . . . . . . . . . . . . . . 41

II.6 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 43

III Piezoelectricity in III-N semiconductors 45

III.1 Brief overview of piezoelectricity . . . . . . . . . . . . . . . . . . . . . . 45

III.1.1 Historical background . . . . . . . . . . . . . . . . . . . . . . . . . 45

III.1.2 Piezoelectric e�ect . . . . . . . . . . . . . . . . . . . . . . . . . . . 46

III.1.3 Piezoelectric equations . . . . . . . . . . . . . . . . . . . . . . . . . 47

III.1.3.1 Electrical parameters . . . . . . . . . . . . . . . . . . . . . 48

III.1.3.2 Coupling equations . . . . . . . . . . . . . . . . . . . . . . 49

III.2 Piezoelectric materials . . . . . . . . . . . . . . . . . . . . . . . . . . . . 51

III.2.1 Conventional ceramic materials . . . . . . . . . . . . . . . . . . . . 51

III.2.1.1 Pyroelectricity . . . . . . . . . . . . . . . . . . . . . . . . . 52

III.2.1.2 Ferroelectricity . . . . . . . . . . . . . . . . . . . . . . . . 53

III.2.2 Piezoelectric III-N semiconductors . . . . . . . . . . . . . . . . . . 53

III.3 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 57

IV III-N nanowires MBE growth and samples nano-fabrication 59

IV.1 Nanowires growth . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 59

IV.2 Details of the samples under investigation . . . . . . . . . . . . . . . . . 60

IV.2.1 III-N nanowires . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 60

IV.2.1.1 Defect and oxides . . . . . . . . . . . . . . . . . . . . . . . 61

IV.2.1.2 Doping . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 61

IV.2.1.3 I/V measurements . . . . . . . . . . . . . . . . . . . . . . . 62

IV.2.2 III-N bulk and thin �lm . . . . . . . . . . . . . . . . . . . . . . . . 63

IV.3 Nano-fabrication of the devices . . . . . . . . . . . . . . . . . . . . . . . 63

IV.3.1 Nanolithography . . . . . . . . . . . . . . . . . . . . . . . . . . . . 63

IV.3.2 Sample design . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 65

IV.3.2.1 Metallic top electrode on bulk III-N samples . . . . . . . . 66

IV.3.2.2 Contacted single dispersed III-N nanowires . . . . . . . . . 66

IV.3.2.3 Suspended nanowires . . . . . . . . . . . . . . . . . . . . . 67

IV.3.2.4 Contacted nanowire ensemble . . . . . . . . . . . . . . . . 67

IV.4 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 68

V Scanning Force Microscopy: a surface local probing tool 71

x



V.1 Working principle . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 72

V.1.1 Molecular forces . . . . . . . . . . . . . . . . . . . . . . . . . . . . 73

V.1.2 Di�erent quasi-static and dynamic working modes . . . . . . . . . . 74

V.1.3 Detection methods of cantilever dynamics . . . . . . . . . . . . . . 78

V.1.4 Lock-in ampli�er (LIA), Phase-locked loop (PLL) and Dual ampli-

tude resonance tracking (DART) . . . . . . . . . . . . . . . . . . . 78

V.1.5 Topography regulation via amplitude modulation (AM) or frequency

modulation (FM) . . . . . . . . . . . . . . . . . . . . . . . . . . . . 80

V.2 Topography measurements on objects with high aspect ratio, e.g. nanowires 81

V.3 Calibration . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 83

V.3.1 Sensitivity . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 83

V.3.2 Force calibration . . . . . . . . . . . . . . . . . . . . . . . . . . . . 84

V.3.3 Lateral calibration . . . . . . . . . . . . . . . . . . . . . . . . . . . 85

VI Polarity and electrostatic determination via KPFM 87

VI.1 Introduction of Kelvin probe force microscopy . . . . . . . . . . . . . . . 87

VI.1.1 Contact potential di�erence and work function . . . . . . . . . . . 88

VI.1.2 Principle of KPFM . . . . . . . . . . . . . . . . . . . . . . . . . . . 89

VI.1.3 KPFM on semiconductors . . . . . . . . . . . . . . . . . . . . . . . 92

VI.1.4 E�ect of the environment . . . . . . . . . . . . . . . . . . . . . . . 95

VI.2 The di�erent KPFM modes . . . . . . . . . . . . . . . . . . . . . . . . . 96

VI.2.1 Nomenclature . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 96

VI.2.2 Mechanical versus electrical frequency parameters . . . . . . . . . . 96

VI.2.3 Amplitude modulation AM-KPFM . . . . . . . . . . . . . . . . . . 97

VI.2.4 Frequency modulation FM-KPFM . . . . . . . . . . . . . . . . . . 100

VI.3 Experimental setup . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 105

VI.4 Kelvin probe force microscopy of III-N . . . . . . . . . . . . . . . . . . . 106

VI.4.1 Bibliography . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 106

VI.4.2 Results on GaN bulk . . . . . . . . . . . . . . . . . . . . . . . . . . 111

VI.4.3 Results on III-N nanowires . . . . . . . . . . . . . . . . . . . . . . 111

VI.4.4 CPD �uctuation . . . . . . . . . . . . . . . . . . . . . . . . . . . . 113

VI.4.5 Electrostatic compensation . . . . . . . . . . . . . . . . . . . . . . 115

VII III-N piezoelectricity probing via Piezoresponse Force Microscopy 117

VII.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 117

VII.2 Vector PFM . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 121

VII.3 Important factors for semi-quantitative PFM . . . . . . . . . . . . . . . . 123

VII.3.1 Inherent background of SFM . . . . . . . . . . . . . . . . . . . . . 123

VII.3.2 Excitation frequency . . . . . . . . . . . . . . . . . . . . . . . . . . 124

VII.3.3 Electrostatic background . . . . . . . . . . . . . . . . . . . . . . . . 125

xi



VII.3.3.1 CPD compensation by applying DC bias . . . . . . . . . . 127

VII.3.3.2 Minimizing the electrostatic e�ect by using sti� cantilever . 129

VII.3.4 Non uniform electric �eld . . . . . . . . . . . . . . . . . . . . . . . 131

VII.3.4.1 Field inhomogeneity . . . . . . . . . . . . . . . . . . . . . . 131

VII.3.4.2 Clamping e�ect . . . . . . . . . . . . . . . . . . . . . . . . 132

VII.3.4.3 Top electrode . . . . . . . . . . . . . . . . . . . . . . . . . 133

VII.3.4.4 Bending e�ect . . . . . . . . . . . . . . . . . . . . . . . . . 135

VII.4 Experimental results and discussions . . . . . . . . . . . . . . . . . . . . 135

VII.4.1 Measurement procedure . . . . . . . . . . . . . . . . . . . . . . . . 135

VII.4.2 III-N piezoelectric semiconductors . . . . . . . . . . . . . . . . . . 136

VII.4.2.1 III-N thin �lms and Bulks . . . . . . . . . . . . . . . . . . 139

VII.4.2.2 Finite element simulation of the bending e�ect . . . . . . . 143

VII.4.2.3 Symmetric electrodes for bending suppression . . . . . . . 145

VII.4.3 PFM on undoped III-N nanowires . . . . . . . . . . . . . . . . . . 146

VII.4.3.1 Vertical nanowires . . . . . . . . . . . . . . . . . . . . . . . 146

VII.4.3.2 PFM on single dispersed nanowires . . . . . . . . . . . . . 150

VII.4.3.3 Dispersed nanowires on conductive Au layer . . . . . . . . 154

VII.5 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 156

VIIIOrigins of the charges generation from III-N nanowires 159

VIII.1 Major ingredients of nanopiezotronics . . . . . . . . . . . . . . . . . . . . 159

VIII.1.1Discussion on nanopiezotronic literature . . . . . . . . . . . . . . . 161

VIII.1.2Remarks on Z.l. Wang et al. original paper [1] . . . . . . . . . . . . 161

VIII.1.3Reply of M. Alexe et al. [10, 69] on nanopiezotronics . . . . . . . . 166

VIII.1.4Comments on further investigations on nanowires by conducting-SFM168

VIII.2 Di�erent models of nanopiezotronics . . . . . . . . . . . . . . . . . . . . 171

VIII.2.1Piezosensors: Schottky barrier height variation . . . . . . . . . . . 171

VIII.2.2Piezo-nanogenerators: current passing Schottky interface model . . 174

VIII.2.3Capacitive model . . . . . . . . . . . . . . . . . . . . . . . . . . . . 176

VIII.3 Optimization of the main nanopiezotronic elements . . . . . . . . . . . . 179

VIII.3.1Piezo-potential simulations . . . . . . . . . . . . . . . . . . . . . . 179

VIII.3.1.1 Bending Con�guration . . . . . . . . . . . . . . . . . . . . 180

VIII.3.1.2 Pressing con�guration . . . . . . . . . . . . . . . . . . . . . 181

VIII.3.1.3 Experimental con�guration . . . . . . . . . . . . . . . . . . 183

VIII.3.2E�ect of carrier concentration . . . . . . . . . . . . . . . . . . . . . 185

VIII.3.3 Signal detection electronics . . . . . . . . . . . . . . . . . . . . . . 187

VIII.4 Our conducting-SPM on vertical nanowires . . . . . . . . . . . . . . . . . 189

VIII.5 Choice of the cantilever tip . . . . . . . . . . . . . . . . . . . . . . . . . 189

VIII.5.1Current versus voltage characteristics on single nanowires . . . . . 190

VIII.5.2Our nanopiezotronic measurements . . . . . . . . . . . . . . . . . . 191

xii



VIII.5.2.1 E�ect of parasitic capacitance on detected signal . . . . . . 191

VIII.5.2.2 E�ect of ground di�erence on detected signal . . . . . . . . 192

VIII.5.3Proposed model of equivalent electrical circuit for conducting-SFM

signal from single nanowires . . . . . . . . . . . . . . . . . . . . . . 196

VIII.5.4Conducting-SFM under scanning with GaN nanowires . . . . . . . 200

VIII.5.5Undoped GaN nanowires (E-2406) . . . . . . . . . . . . . . . . . . 200

VIII.5.6 Si-doped GaN nanowires (E-2458) . . . . . . . . . . . . . . . . . . 201

VIII.5.7Conducting-SFM scanning signal from InN and Al(Ga)N nanowires 203

VIII.6 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 205

Conclusion and perspectives 207

Résumé en Français 213

i Nanopiézotronique: État de l'art . . . . . . . . . . . . . . . . . . . . . . 213

ii Propriétés générales des III-N . . . . . . . . . . . . . . . . . . . . . . . . 214

iii Piézoélectricité dans les semi-conducteurs . . . . . . . . . . . . . . . . . 216

iv Croissance de nano�ls III-N et nano-fabrication d'échantillons . . . . . . 218

v Microscopie de force à balayage . . . . . . . . . . . . . . . . . . . . . . . 219

vi Microscopie de force a sonde de Kelvin . . . . . . . . . . . . . . . . . . . 221

vii Microscopie à force piézoélectrique . . . . . . . . . . . . . . . . . . . . . 223

viii Nanogénérateurs . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 229

ix Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 233

A Surface and interface states 235

A.1 Models . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 235

A.2 Di�erent natures of states . . . . . . . . . . . . . . . . . . . . . . . . . . 235

A.2.1 Intrinsic surface states (ISS) . . . . . . . . . . . . . . . . . . . . . . 236

A.2.2 Extrinsic surface states (ESS) and interface states . . . . . . . . . . 236

A.3 Surface bands and Fermi level pinning . . . . . . . . . . . . . . . . . . . 238

B Dielectric properties and formalism 239

B.1 Dielectric polarization Pdielec . . . . . . . . . . . . . . . . . . . . . . . . . 239

B.2 Dielectric displacement �eld, Ddielec . . . . . . . . . . . . . . . . . . . . . 240

B.3 Statics versus dynamics dielectric: complex relative dielectric permittivity

and loss tangent . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 241

B.4 Example of a parallel plate capacitor . . . . . . . . . . . . . . . . . . . . 241

C Nano-fabrication recipes 243

D PFM on Langasite 249

E Shielded tip 257

xiii



Bibliography 261

xiv



Introduction: III-N Nanowires for

energy conversion

Recently, a new generation of electronic devices, smalls and �exibles, that are able to

interact with human and environments has emerged. Such smart devices potentially play

an important role in various applications. For examples in health care sector, it could

provide a possibility to monitor vital functions or health indicators in human body such

as blood pressure, blood oxygen level, body temperature, etc. Because several signals

generated by human body are of mechanical type, strain sensitive sensors could be an

interesting active element for creating human electronic interface. Moreover, these human

mechanical activities could provide tiny nevertheless abundant and clean energy which

is enough to function those biomedical devices. The materials that are able to interact

while simultaneously harvest those available mechanical energy will progress smart devices

toward self-sustainable technology.

Piezoelectric semiconductor nanowires have been convincingly proposed as a promising

building block for a broad range of smart electronics because of the co-existing of semi-

conducting and piezoelectric properties. This property extends the device functionalities

beyond the ones from conventional piezoelectric devices (like PZT and quartz), and they

also further conventional electronic functions from a simple control via a voltage biasing.

Furthermore, it was suggested that piezoelectric semiconductor nanowires can be used for

converting small motions, i.e. air �ow, vibrations, blood �ow, etc into electrical energy.

In 2006, Z. L. Wang et al. proposed to functionalize wurtzite ZnO nanowires as nano-

generators [1, 2] and to develop variety of self-powered nano-devices integrated on �exible

substrates [3, 4] and human body [5]. They technically named this new research �eld

combining piezoelectric and semiconducting properties of nano-objects as `nanopiezotron-

ics'. Increasingly, III-Nitride starts to gain an interest in this �eld [6, 7, 8]. Besides having

equivalent piezoelectric properties to ZnO, III-Nitride semiconductors o�er a better control

of electrical doping and a larger spectral response range, which could broaden the possi-

bility of interactive electronics. Lately, it was reported that III-N nanowires seem to show

better energy harvesting abilities than the ZnO nanogenerators [9].

Nevertheless, the key mechanism in nanopiezotronic e�ect, i.e. the mechanical-to-

electrical energy conversion at nanoscale, remains to be clari�ed. There was an important
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remark concerning the origin of the electrical signal obtained from single nanowires [10] un-

der nano-newton force, whether it originates from piezoelectric e�ect or rather the measure-

ment artifact. In addition, the reports of a large piezo-coe�cient than bulk value in ZnO

nanobelts [11] and GaN nanowires [12, 13] must be also veri�ed. Such a giant piezoelec-

tric e�ect detected by piezoresponse force measurement can result from the measurement

misinterpretation or artefacts. Furthermore, the involved electrical potentials and charges,

besides piezo-charges, should be locally characterized to address their contributions on the

origin and the strength of the measured signal. Indeed, the mechanically-induced poten-

tial from piezoelectric semiconductors not only depends on the generated piezo-potential,

which is related to the crystal structures and the material geometry. Various parameters

such as surface states, trapping charges, doping level, tribocharges, adsorbate, or substrate

could also play a crucial role.

For all these purposes, scanning force microscopy (SFM) o�ers several appropriated

modes for probing electrical properties. As it was done by Z. L. Wang et al. [1], conducting

mode (C-SFM) can be used for mechanically deforming single nanowires via a sharp tip and

simultaneously detecting in an electrical signal at nanoscale. The SFM in piezoresponse

mode (PFM) could give an access to piezoelectric coe�cient in nanomaterial through the

reverse piezoelectric e�ect by applying an electric �eld and simultaneously measuring the

induced deformation. Other SFM modes such as Kelvin probe force microscopy (KPFM) or

electrostatic force microscopy (EFM) allow us to explore surface properties or electrostatic

environment. In the present study, vertical III-Nitride nanowires grown by molecular

beam epitaxy (MBE) were probed by SFM in comparison to GaN bulk and thin �lms,

including conventional piezoelectric materials. Di�erent nanowire con�gurations, i.e. as-

grown, dispersed or contacted nanowires were measured.

At the end, by probing locally the di�erent ingredients of nanopiezotronics via electrical

SFM in various modes, this PhD work aims at exploring and hopefully giving the direction

to set up its foundation. This dissertation will thus discuss, point out and emphasize

the relevant parameters such as electronics setup, type of mechanical solicitations, choice

of materials, etc to interpret the origin of the mechanical induced electrical signal from

piezoelectric semiconductor nanowires.

The present manuscript is divided into seven chapters. The �rst one is dedicated to the

state-of-the-art of the nanopiezotronic research �eld followed by the conventional models of

the nanopiezotronics. The second chapter brie�y describes a basic of piezoelectric theory.

The third one presents general information about the III-nitride samples that are explored

in this PhD and the device fabrication process. The fourth chapter gives a brief overview

concerning the working principle of the SFM, the main local investigation tool applied in

this work. In chapter �ve, the results concerning the investigation of surface potential on

III-nitride nanowires and the electrostatic environment via Kelvin probe force microscopy

are presented. The sixth chapter summarizes our understanding of the piezoresponse signal
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detected by piezoresponse force measurements from di�erent types of piezoelectric materials

such as quartz, Langasite, GaN, Lead zirconate titanate, including III-N nanowires such

as GaN, GaAlN, and AlN. Finally, in chapter seven, detailed analyses of the present model

describing the electrical signal generations in piezoelectric semiconductor nanowires and

the possible erroneous interpretation are discussed. Synthesis of the parameters extracted

from the previous chapters are then used to build a microscopic model for the obtained

signal and design the proper electronics setup. This dissertation; hopefully, o�ers various

propositions to answers open questions in this topic.
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Introduction (français): Nano�ls III-N

pour la conversion d'énergie

Une nouvelle génération de dispositifs électroniques, petits et �exibles, capables d'interagir

avec l'Homme et son environnement commence à émerger. De tels systèmes intelligents

pourront potentiellement jouer un rôle important dans diverses applications. Par exemple

dans le secteur médical, ils permettront de surveiller les fonctions vitales ou les indicateurs

de santé du corps humain tels que la pression artérielle, le taux d'oxygène dans le sang, la

température corporelle, etc. Plusieurs signaux générés par le corps humain étant de type

mécanique, les capteurs sensibles aux contraintes mécaniques constitueront un élément

pertinent pour la réalisation d'interface entre l'Homme et la machine. L'activité humain

peut de surcroît fournir une source d'énergie in�me, mais néanmoins abondante et propre,

su�sante pour faire fonctionner ces dispositifs biomédicaux. Les matériaux actifs capables

simultanément d'exploiter cette énergie mécanique disponible devraient faire progresser les

futurs systèmes intelligents vers une technologie de surcroît autonome.

En raison de la coexistence de propriétés semi-conductrices et piézoélectriques, les

nano�ls piézoélectriques à base de semi-conducteurs sont apparus comme une brique élé-

mentaire prometteuse pour le développement d'une large gamme d'électroniques intelli-

gentes. Ces dispositifs accroît les possibilités de fonctionnalisation au-delà de celles des

systèmes piézoélectriques classiques (comme le PZT et le quartz), et permettent également

de faire évoluer les fonctions électroniques conventionnelles qui utilisent une simple ten-

sion de polarisation comme système de contrôle. En outre, il a été suggéré que ce type

de nano�ls puissent être utilisés pour convertir de petits mouvements, c'est-à-dire un �ux

d'air, des vibrations, un �ux sanguin, etc en énergie électrique.

En 2006, Z.L. Wang et al. ont proposé d'utiliser des nano�ls de ZnO de type wurtzite

pour réaliser des nanogénérateurs [1, 2] et de développer un ensemble de nano-dispositifs

autonomes intégrés sur des substrats �exibles [3, 4] et sur le corps humain [5]. Ils ont

nommé ce nouveau domaine de recherche combinant les propriétés piézoélectriques et semi-

conductrices de nano-objets la �nanopiézotronique�. De plus en plus, les matériaux N-III

commence à s'implanter aussi dans ce nouveau domaine [6, 7, 8]. En plus d'avoir des

propriétés piézoélectriques équivalentes à celles du ZnO, les semi-conducteurs III-N o�rent

un meilleur contrôle du dopage électronique et une plage de réponse spectrale plus large,

ce qui pourrait ainsi élargir les possibilités d'une électronique interactive. Récemment, il

a aussi été indiqué que les nano�ls III-N semblaient présenter de meilleures capacités de
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récupération d'énergie que les nanogénérateurs à base de ZnO [9].

Néanmoins le mécanisme clé de l'e�et nanopiézotronique, c'est-à-dire la conversion de

l'énergie mécanique en électrique à l'échelle nanométrique, reste à clari�er. Des doutes

fûrent déjà émis concernant l'origine piézoélectrique du signal électrique obtenu à partir

d'un nano�l unique sous la contrainte d'une force nano-newtonienne [10]. L'existence pour

des nanobelts de ZnO [11] et des nano�ls de GaN [12, 13] d'un coe�cient piézoélectrique

plus grand que la valeur dans le massif doit également être véri�ée. Un tel accroissement

de l'e�et piézoélectrique détecté à l'aide de la microscopie à force piézoélectrique peut

résulter d'une interprétation erronée de la mesure ou d'artefacts. En plus des charges

piézo-électriques, les autres charges électriques présentes doivent aussi être caractérisés lo-

calement pour déterminer leurs contributions sur l'origine du signal nanopiézotronique. La

tension électrique induite mécaniquement par les semi-conducteurs piézoélectriques pour-

rait en e�et ne pas dépendre uniquement de la piézoélectricité, qui est liée à la structure

cristalline et à la géométrie du matériau. Divers paramètres tels que les états de surface,

les charges de piégeage, le niveau de dopage, les tribocharges, l'adsorbat ou le substrat

auraient également un rôle crucial.

La microscopie en champ proche (SFM) o�re plusieurs modes de mesure appropriés

pour sonder les propriétés électriques locales. Comme Z.L. Wang et al. [1], le mode

conducting-SFM peut être utilisé pour déformer mécaniquement des nano�ls uniques à

l'aide d'une �ne pointe tout en détectant simultanément le signal électrique généré. À

l'aide de l'e�et piézoélectrique inverse, le SFM en mode piézoélectrique (PFM) peut donner

accès au coe�cient piézoélectrique en appliquant un champ électrique et en mesurant

en parallèle la déformation induite dans le matériau. D'autres modes SFM tels que la

microscopie à force de sonde Kelvin (KPFM) ou la microscopie à force électrostatique

(EFM) permettent d'explorer les propriétés de surface ou l'environnement électrostatique.

Dans la présente étude, des nano�ls verticaux de nitrure III réalisés en épitaxie par jet

moléculaire (MBE) ont été sondés par SFM et comparés à des couches minces et massif de

GaN, ainsi qu'aux matériaux piézoélectriques conventionnels. Di�érentes con�gurations,

c'est-à-dire des nano�ls encore attachés à leur substrat de croissance ou bien dispersés ou

encore contactés ont été testées.

En explorant localement les di�érents ingrédients de la nanopiézotronique via les modes

électriques du SFM, ce travail de thèse a pour objectif d'analyser les fondements de ce

phénomène. Ainsi cette thèse discutera ces paramètres pertinents pour l'interprétation du

signal électrique induit par la déformation mécanique de nano�ls piézoélectriques semi-

conducteurs tels que la con�guration électronique, le type de sollicitation mécanique, le

choix des matériaux, etc.

Ce manuscrit est divisé en sept chapitres. Le premier chapitre est consacré à l'état de

l'art de la nanopiézotronique suivi de ses modèles théoriques actuels. Le deuxième chapitre
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décrit brièvement les bases de la théorie piézoélectrique. Le troisième présente des infor-

mations générales sur les échantillons III-N utilisés dans cette thèse et sur leur processus

de fabrication. Le chapitre quatre donne un bref aperçu du principe de fonctionnement de

la microscopie en champ proche, principal outil d'investigation utilisé lors de ces recherches

doctorales. Le cinquième chapitre présente les résultats concernant l'étude du potentiel de

surface des nano�ls III-N et de l'environnement électrostatique obtenus via la microscopie

à force de sonde Kelvin. Le sixième chapitre résume notre compréhension du signal détecté

par des mesures de microscopie à force piézoélectrique sur di�érents types de matériaux

piézoélectriques tels que quartz, Langasite, GaN, titanate de zirconate de plomb, ainsi

que des nano�ls III-N tels que GaN, GaAlN et AlN. En�n, au chapitre six, des analyses

détaillées sont présentées concernant les modèles actuels décrivant l'origine des signaux

électriques dans des nano�ls piézoélectriques semi-conducteurs et sa possible interpréta-

tion erronée. Une synthèse des propriétés électriques extraites des chapitres précédents est

ensuite utilisée pour construire un modèle microscopique du signal obtenu et pour pointer

le système électronique de mesure approprié. Cette thèse devrait ainsi donner diverses

pistes de réponse aux questions latentes concernant le sujet de la nanopiézotronique.
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Chapter I

Nanopiezotronics: state-of-the-art

I.1 Piezoelectric for energy harvesting

I.1.1 Bulk piezoelectric materials

Piezoelectric materials have the capability to generate charges from their mechanical defor-

mation or vice versa. Direct piezoelectric e�ect can be used for scavenging the mechanical

energy from the environment (vibration, sounds, blood �ow, heartbeats) and transform it

into electricity [14, 15]. In general, piezoelectric generators cannot produce a large amount

of energy and thus are mainly suitable for operating nano- and micro-scale devices with

low power consumption. Most common piezoelectric materials such as Pb(Zr,Ti)O3 (PZT)

bene�t of a large piezoelectric coe�cient but can not tolerate large structural deforma-

tion owing to their brittleness and rigidity. Moreover, they are not suitable for human

interactive devices due to lead elements in their composition. The most recent illustration

of the medical applications of this technology is the development of �exible piezoelectric

cantilever on a pacemaker for compact energy harvesting tested on living rats [16]. Nev-

ertheless, these devices based on lead titanate polymers are not without risk for human

applications.

I.1.2 Piezoelectric semiconductor nanowires

To overcome the limitations of bulk and lead-based materials, piezoelectric semiconductor

nanowires such as ZnO or GaN nanowires were suggested as a promising building block for

energy harvesting devices such as nanogenerators [7]. These nanostructures bene�t from

the mechanical �exibility due to their high length-to-diameter ratio, which makes their

piezoelectric properties accessible for tiny forces.

In 2011, Agrawal et al. theoretically suggested that a piezoelectric e�ect is enhanced

in ZnO and GaN nanowires with a diameter less than 1.8 nm [17]. Later, the piezoelectric

coe�cient value in 60 nm-diameter GaN nanowires was reported to be six times higher

than their bulk counterpart [12, 13]. Those results have brought an expectation for higher

mechanical to electrical conversion e�ciency in wurtzite nanowires.

9



Chapter I. Nanopiezotronics: state-of-the-art

I.2 The principle of nanopiezotronics

Since 2006, Z.L. Wang et al. have initiated new research �elds so-called �Piezotronics�,

�Piezophotonics�, and �Piezophototronics� [18] which pro�t from the co-existing of piezo-

electricity, optical and electronic properties in piezoelectric semiconductors. The term

'nanopiezotronics' is used here in the case of the piezotronics in single nano-objects. The

functions of piezotronic devices are based on the interaction between piezoelectric and

electronic properties while those in piezophotonics are relying on the coupling between

piezoelectric and optical properties. Piezophototronic function utilizes the combination of

those three properties in piezoelectric semiconductors. Figure I.1 illustrates a wide range

Figure I.1: Potential applications of piezoelectric semiconductor nanowires for piezotronics,
piezophonocis, and piezo-photonics [19]

of possible devices which can be built combining optical, electronic, and piezoelectric prop-

erties of semiconductors. These new types of devices that have extended functionalities

from conventional ones by piezoelectricity are for examples: piezo-potential gated �eld-

e�ect transistor [20], piezo-potential gated diode [21], piezotronic logic gates [22] or strain

sensor devices [23]. The door is opened to �exible electronic and human/electronic in-

terface systems which could improve quality of life in various sectors such as health care,

transportation, energy, safety and security, manufactory, and etc [2, 4, 24].

There are numerous reviews [25, 18, 26, 27, 28, 29, 30, 31, 32, 33, 34] and several PhD

works (for instance [35, 36, 37, 38]) on nanopiezotronics. Readers can also refer to them.
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I.2. The principle of nanopiezotronics

I.2.1 The proof-of-concept with ZnO nanowires

The starting of the nanopiezotronic research �eld is the realization of nano-generators (NG)

based on piezoelectric semiconductor nano-objects. The proof-of-concept of the mechanical

energy harvesting with such devices has been �rstly presented on single sub-micron ZnO

wires [1] or their assemble [39].

Figure I.2: (Left) Figure from the article 'Piezoelectric Nanogenerators Based on Zinc Oxide
Nanowire Arrays' [1] showing the electrical signal related to the scanning of a SFM tip on ZnO
nanowires. (Right) Figure from the article 'Direct-Current Nanogenerator Driven by Ultrasonic
Waves' [39] showing the used of a zigzag contact to connect the ZnO nanowires assemble. The
fast movement of the contact was performed via ultrasound waves.

In their �rst Science paper [1], the conducting scanning force microscopy (SFM) was

used in soft contact mode to bend single ZnO nanowires and simultaneously detect the

electrical signal via a large load resistance connected in parallel (see Figure I.2(Left)). The

origin of this signal was claimed to be related to the combination of the piezoelectric and

semiconducting properties of the sample via the Schottky barrier biased with di�erent

piezovoltage polarity. In their second Science paper [39], the device consisted of a zigzag-

shaped conducting electrode on the top of ZnO nanowire assemble (see Figure I.2(Right)).

Only few nanowires bent due to the application of an external ultrasound vibration. In

this second work, mechanical and electrical processes were decoupled and the size of the

system was scaled up.

Further experiments of nanowire deformations were also performed under scanning

electron microscope (SEM) with nano-manipulators (see Figure I.3). Modi�cations of the

electronic transport through contacted single nanowires were found, and was explained by

the change of the Schottky barrier height due to the piezocharge generation.

11



Chapter I. Nanopiezotronics: state-of-the-art

Figure I.3: (Left) SEM image showing the in situ deformation of a vertically attached long
single ZnO nanowire and the related change of the electronic I/V characteristics. Adapted from
the article 'Piezoelectric Field E�ect Transistor and Nanoforce Sensor Based on a Single ZnO
Nanowire' [40]. (Right) SEM image presenting in situ deformation of one side-attached single
ZnO nanowire lying on substrate and the corresponding modi�cations of its electric transport
characteristics. Adapted from 'Piezoelectric Gated Diode of a Single ZnO Nanowire' [21]

I.2.2 Nanopiezotronic measurements on III-N nanowires

Lately, III-N semiconductors (GaN, AlN, InN) have received a rising interest due to their

numerous advantages such as easier p-type doping, high chemical robustness, high thermal

stability, large mechanical elasticity, and wide band gap [41]. These properties could further

extend functionalities of piezo-phototronic devices. Moreover, recent works have claimed

relatively high output voltage in single III-N nanowires [42] and devices [43].

In the PhD work of X. Xu [6], the nanopiezotronics was tested in free-standing GaN

nanowires (see Figure I.4). Such a new con�guration based on 'horizontal' nanowires has

the advantage that the tensile/stretched side of the strained nanowire can be electrically

probed. X. Xu et al. also showed a possible interest to work with axial heterostructures

such as GaN�AlN�GaN. The mechanical induced piezoelectric potential can also be applied

to modulate electron Gas in AlGaN/AlN/GaN heterostructure [44, 45].

12



I.2. The principle of nanopiezotronics

Figure I.4: X. Xu PhD summary on nanopiezotronics in GaN and GaN�AlN�GaN single
nanowires. The �gure is adapted from his article 'An improved AFM cross-sectional method
for piezoelectric nanostructure properties investigation: Application to GaN nanowires' [6]

To improve the SFM measurement on vertical nanowires, another design was then pro-

posed, that is, vertical GaN nanowires with their base embedded into a PMMA layer in or-

der to avoid strong deformation of the nanowire [8]. Such a con�guration was used to inves-

tigate the e�ect of the polarity and doping nanowire characteristics on the nanopiezotronic

mechanism. Between n- and p-doped nanowires the sign of the measured electrical sig-

nal and its position on the nanowire (tensile versus compressed side) were opposite (see

Figure I.5) as expected from 'Schottky model' proposed by Z.L. Wang (see Chapter VIII).

N-polar n-doped GaN NW N-polar p-doped GaN NW

Figure I.5: E�ect of the polarity and doping on the sign of the nanopiezotronic signal (Figure
adapted from references [46, 31, 47, 37])
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Chapter I. Nanopiezotronics: state-of-the-art

I.2.3 Nanopiezotronics on �exible substrates

Nanopiezotronics went further with the use of �exible substrates in order to perform the

mechanical strain on the nanowires. The horizontal wire was contacted on each side for

measuring the electrical signal during the deformation. Such a con�guration was applied in

the case of single wire nanogenerator [48] or for piezotronic transistor [49, 50] (Figure I.6).

In the latter case, the strain plays a role of the gate by possibly modifying the I�V charac-

teristics from symmetric to asymmetric rectifying behavior when stretching or compressing

the wire.

Nanogenerator

Piezotronic transistor

Figure I.6: Two-end contacted ZnO piezoelectric-wire on a �exible polymer substrate: (Top)
alternating-current nanogenerator, (Bottom) Piezotronic transistor. The strain changes the I-V
characteristics from symmetric to diode-type. See 'Piezoelectric-Potential-Controlled Polarity-
Reversible Schottky Diodes and Switches of ZnO Wires' [51].

I.2.4 Piezotronics: examples of devices

The present tendency is to scale up the nanopiezotronics towards piezotronics. In order to

increase the generated electrical power, large devices corresponding to higher capacitance

were developed for various energy scavenging [52, 3, 53, 54]. For instance, �exible piezo-

electric nanogenerators (PENG) were done in two types of structures: the lateral-nanowire
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integrated NG (LING) [55] and the vertical-nanowire integrated NG (VING) [56, 57] (see

Figure I.7).

VING

LING VING in sandwich configuration

Figure I.7: PENG. (Left) the lateral-nanowire integrated nanogenerators. See the article
'Power generation with laterally packaged piezoelectric �ne wires' [55]. (Right) the vertical-
nanowire integrated nanogenerators. See the article 'Self-Powered System with Wireless Data
Transmission' [57].

Recently, the PENG design has moved toward sandwiched devices (see the right part

of Figure I.7) in which well organized nanowires are mixed with dielectric and sandwiched

between two metallic electrodes. Previous 'open' design had several problematic issues [29]:

unstable and unreproducible Schottky contact due to interface states, surrounding environ-

ment, mechanical instability under repetitive deformation caused by hard contact formed

between the nanowire and the electrode, complicate fabrication process for integrating

arrays of nanowires to improve output performance.

I.2.5 Tribotronics

Since few years, Wang et al. have moved a large part of its research activities to the

new �eld of tribotronics. Several review papers can be found on this topic [58, 34, 59].

Their term 'tribotronics' can be misleading since it was already applied by the scienti�c

community to mention a possibility to control the friction via electric/electronic systems

such as the use of an electronic circuit to control and optimize the friction of a rotor [60].

In the context of Wang's research, the term 'tribotronics' refers to the functionalization

of the tribocharges for nanogenerators, sensors, transistor control, etc. Their approach

is exactly similar to the nanopiezotronics. Only the piezoelectric property is exchanged

with the triboelectricity (see Figure I.8(Left)) and then the piezoelectric nanogenerator

(PENG) is replaced by the triboelectric nanogenerator (TENG). This latter one is working

with several types of con�guration/mode (contact-separation, sliding, etc) depending on

its applications (see Figure I.8(Right)).
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Figure I.8: (Left) Schematic from [58] showing the combination of various physical properties
at the source of the tribotronics. (Right) Examples of con�gurations and applications of the
triboelectric nanogenerator (TENG) [61].

As a power source, the tribotronic e�ect seems to be much more e�cient than the

piezotronic one, which explains the important interest on this �eld nowadays. Nevertheless

the tribology and especially the triboelectricity is an old and complex �eld of research. Its

microscopic origin is still under current investigation. For Wang et al. details concerning

the theoretical explanation of their tribotronics results can be found in the paper 'Theory of

Tribotronics' [62]. Similar to nanopiezotronics, the understanding of this research progress

on tribotronics needs to be veri�ed, which will be the subject of other PhD work.

As a summary, Figure I.9 presents the development of di�erent techniques for mechan-

ical energy harvesting.

Figure I.9: From electro-magnet generators (EMG) to piezo-nanogenerators (PENG) and
tribo-nanogenerators (TENG). Schematic from the paper entitled 'Self-Powered System with
Wireless Data Transmission' [57].
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I.3 Conventional models of nanopiezotronics

The mechanism responsible for electrical power generation by wurtzite nanowire nanogen-

erators was proposed by Z.L. Wang et al. [63, 64]. Although it was questioned by M.

Alexe et al. [10], this model remains widely used for explaining the signal observed from

nanowires by using conducting-SFM [1, 65, 8]. The initial success on potential applica-

tions has rather reduced the interest to further explore in-depth the fundamental physical

phenomena responsible for the �detected� electrical signal.

The following papers [63, 66, 64] are generally cited in literature for laying the theoret-

ical foundation of the nanopiezotronics. Di�erent explanations, such as a Schottky barrier

height modi�ed by piezocharges with an external voltage bias or a simple capacitive model

are usually presented. As shown in Figure I.10, a summary of these di�erent approaches

to simulate the nanopiezotronic signal was presented in the review article of Wu et al. [30].

However, a complete coherent theoretical frame seems to be missing. Recently, the Tao

et al. [38] proposed to add the e�ect of the surface Fermi level pinning to explain the

di�erence existing between the theoretical results and experimental observations [38].

Figure I.10: Table from the review article 'Piezotronics and piezo-phototronics for adap-
tive electronics and optoelectronics' [30] which summarizes the main theoretical models and
simulation methods used in piezotronics.

I.3.1 Calculation and simulation of the piezopotential

At the starting of any models, it is important to know about the piezopotential strength

and distribution of a single nanowire under stress. Several articles were dedicated to the

determination of this generated electrical surface potential for ZnO nanowires. Di�erent

17



Chapter I. Nanopiezotronics: state-of-the-art

scenario such as the nanowire under the lateral bending force and vertical compressive

force were considered including the doping e�ect.

Gao et al. [67] used an analytical derivation of the piezopotential in bent-ZnO nanowire

without any free carriers via a static (mechanical equilibrium) perturbation theory: Ek(λ) =∑
λnEλ

(n)
k with λ, the perturbation parameter (λ = 0 if there is no coupling between me-

chanical �eld and electric �eld) and (n) superscript the orders of perturbation. Considering

the electric �eld 'E', the displacement �eld 'D', the stress 'σ', the strain 'ε', the linear elas-

tic constant 'cpq', the linear piezoelectric coe�cient 'ekp', and the dielectric constant 'εik',

the fully coupled constitutive equations are:{
σp = cpqεq − ekpEk
Di = eiqεq + εikEk

(I.1)

and in the case of the �rst order in perturbation:{
σ(0)
p = cpqε

(0)
q

D
(1)
i = ekqε

(0)
q + εikE

(1)
k

(I.2)

With D(0)
i = 0, E(0)

k = 0, only the mechanical term remains una�ected by the piezoelectric

�eld (reverse piezoelectricity is neglecting). The direct piezoelectricity generates the electric

�eld E(1)
k . The validity of omitting the higher order terms in this analytical derivation was

veri�ed by comparing with the results from �nite element method (FEM) calculations for

a fully coupled electromechanical system. As a remark, the electrical �eld due to the

spontaneous polarization was not included since Gao et al. consider that the nanowire

has a large aspect ratio resulting the spontaneous polarized charges as two point charges,

which create negligible intrinsic �eld in the nanowire. In addition, these charges at the top

of the nanowire are generally neutralized by surface adsorbed molecules. The �nal result

of the piezopotential is calculated via the Gauss form of ∇·D = ρfree = 0 (no free carrier),

i.e.:

∇ ·
(
εikE

(1)
k îi

)
= ρR , (I.3)

with ρR, the remnant piezocharge density assuming zero surface charges. This simpli-

�ed analytic calculations and complete FEM simulations give similar results with uniform

piezovoltage along the c-axis of the nanowire thus the nanowire is equivalent to a plate

capacitance. The maximum piezovoltage is ±0.3 V (Figure I.11(Left)) with the force of

80 nN . Such a high potential value can be up to three to four times higher if the giant

piezoelectricity and a lower Young modulus for nanowires are considered. From Gao et

al. [67], the order of magnitude di�erence with the milliVolt measured signal is explained

via:

- The high contact resistance between the metallic SFM-tip and the semiconducting

nanowire which should produce a voltage divider circuit.
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- The high capacitance of the system (1 pF ) which consumes most of the charges

generated by the nanowire having a capacitance of 1 fF .

(Left)

(Right)

Figure I.11: (Top) Finite element method using fully coupled equations for the simulation
of the piezopotential of a bent 50 nm diameter and 600 nm length ZnO nanowire without
free carrier under the 80 nN lateral force. The FEM simulation result (part c of the Figure)
is compared with the one from analytical equation keeping only the �rst order (part b of the
Figure) [67]. The black circles correspond to the nanowire border position. (Bottom) The same
simulation but with free carriers. Along the Y-axis or the nanowire radius, the positive and
negative values of the potential are di�erent with a much lower value for the positive part [68].

The FEM simulation with COMSOL MULTIPHYSICS under the same con�guration

as Gao et al. [67] has been reproduced by Schubert et al. [69]. They also obtained the

piezovoltage in the range of hundreds milliVolt. However, they strongly criticized the way

that this potential can be measured and pointed out the important role of the free carriers
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and fast internal losses of piezocharges in semiconductors (see the last chapter VIII of this

PhD work for more discussion).

To derive the piezopotential pro�le of a single ZnO bent-nanowire with a metal polarity

under a lateral force but including the e�ect of n-doping with a donor concentration in

the range of ND = 1017 cm−3, Gao et al. [68] reused their partially coupled constitutive

equations and applied:

∇ ·D = ρR − e n(r) + eN+
D (I.4)

with N+
D the ionized donor concentration and n(r) the density of free electrons which are

spatially distributed in respect to the band edge shift. This shift follows the electrostatic

potential pro�le which is �nally obtained via:

εik
∂2φ

∂xi∂xk
= −ρR + e n(r)− eN+

D (I.5)

The nonlinear partial di�erential equation was solved by �nite element method (FEM).

Figure I.11(Right) shows the results for an n-type ZnO nanowire (see Lu et al. for p-type

ZnO nanowire [70]). An asymmetric piezopotential pro�le is visible in the doped nanowire.

For these authors, it might explained why only negative electric pulses are observed on

the compressive side of the n-type metal polar nanowires, where the piezocharges are not

screened by the free carriers. From this work, for ND > 1018 cm−3, the free carriers can

fully screen the piezopotential.

Later, systematic analyses by Mantini et al. [71] of the equilibrium piezoelectric poten-

tial distribution in a ZnO bent-nanowire was performed in respect to donor concentration,

applied force, and geometric parameters. The results showed that the ND and the ap-

plied force are crucial parameters which determine the piezopotential. The length of the

nanowire has no in�uence on this potential value whereas increasing of the radius has a

negative impact.

A more advanced approach using TiberCad was done by Romano et al. [72] but under

compression con�guration. Without free carrier, via

∂

∂z

(
ε0ε‖

∂φ(z)

∂z
− Pz

)
(I.6)

they found a linear potential pro�le: φ(z) = Pz · z/ε0ε‖. In the case of a vertical applied

force, the maximum potential can reach around few Volt located at the top of the nanowire

whereas it is more than ten times smaller for a similar force applied laterally. It might be

therefore more relevant to consider the compressive strain along the nanowire axis rather
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than the deformation due to the bending of the nanowire. With free carriers, via

∂

∂xi

(
εij
∂φ(z)

∂xj

)
= −e(N+

D − n) +
∂Pz

∂xi
(I.7)

they found a much lower piezopotential output coming from a potential drop at the deple-

tion region located of the area below the applied force, i.e. at the top of the nanowire (see

Figure I.12). Away from the depletion, the potential stays constant. This result shows that

Figure I.12: TiberCad simulation of the piezopotential of a n-doped ZnO nanowire under
compressive stress [72] and various doping levels.

'the length of the nanowire does not signi�cantly in�uence the maximum output piezopo-

tential because the potential mainly drops across the tip' [72]. The depletion width is

found to be a function of the donor concentration and it decreases when ND increases. In

the full depletion approximation, the depletion width is around 45 nm for ND = 1016 cm−3

and the maximum potential equals 42 mV. Romano et al. mentioned that such a value

is actually in the range of the measured nanopiezotronic signal. They also calculated the

in�uence of the dielectric environment in PENG, using a dielectric matrix having higher

dielectric constant could drastically decrease the piezopotential output.

I.3.2 A Schottky model

There are two di�erent descriptions of the 'Schottky model' for the piezoelectric nanogen-

erators without external voltage bias and for the piezotronic sensors con�guration with

external voltage bias.

In the case of the piezoelectric nanogenerator (PENG) such as in the �rst measure-

ments done with an SFM-tip (see Figure I.13), the working principle can be summarized in

these terms: 'the interface between the metal AFM tip and semiconducting ZnO nanowire

under local positive and negative contact potentials, showing reverse- and forward-biased

Schottky rectifying behavior, respectively. This oppositely biased Schottky barrier across

the nanowire makes it possible to preserve the piezoelectric charges and produce a voltage

21



Chapter I. Nanopiezotronics: state-of-the-art

discharge output' [25]. Figure I.13 shows an illustration of this principle of accumulation

of charges inside the nanowire at the Schottky interface (see its caption for further de-

scription). The modi�ed explanation of the PENG principle based on charged capacitance

seems to be nevertheless later adopted by Wang et al. (see the next section concerning this

model). This model is widely adopted to explain the electronical spikes observed in single

nanowires by SFM.

For piezotronic sensors such as transistors, the ingredients of the model are usually

presented in the following [28]:

- The Schottky barrier should exist at the contact interface between a metallic contact

such as a SFM-tip and a piezoelectric semiconducting nanowire.

- The nanowire mechanical deformation induces the strain and therefore positive or

negative polarization charges at the contact interface in the case of tensile or com-

pressive strain respectively, in metal polar nanowire.

- These bound piezocharges either attract or repulse the free charges in the nanowires

and decrease or increase respectively the level of depletion.

- The Schottky barrier height and the contact resistance decrease or increase as a

consequence.

Araneo et al. [73] applied a similar model based on the change of the Schottky barrier

height but they gave a further presentation of this questionable theoretical calculation.

Figure I.14 illustrates how the piezocharges change the energy band of a connected semi-

conducting nanowire and the corresponding transport under the voltage bias. Concerning

this I-V transport characteristics in nanopiezotronics, 'the piezotronic e�ect modulates the

interfacial energy at the junction area. The modulation can be directly re�ected by the

e�ective resistance of the junction. Accordingly, the strength of this e�ect is positively

related to the ratio of the junction resistance to the bulk resistance.' [28].

Both qualitative explanations of the nanopiezotronics principle described above have

their foundation on the Schottky theory. For quantitative description, Zhang et al. [63, 66]

started with the current density of the majority carriers in the case of metal-semiconductor

(M-S) contact under forward bias:

Jn ≈ Jsat
(
eqVbias/kBT − 1

)
(I.8)

with the saturation current density equals to

Jsat =
q2DnNc

kBT

√
2qND(φ− V )

ε
e−qφbarrier/kBT . (I.9)

φ is the electrical built-in potential, φBarrier is the Schottky barrier height, Vbias is the

applied voltage bias, Dn is the electron di�usion coe�cient, NC is the e�ective density of
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Figure I.13: Schematic from [1]. 'For a vertical, straight ZnO NW the de�ection of the
NW by the AFM tip creates a strain �eld, with the outer surface being stretched (positive
strain ε) and the inner surface compressed (negative strain -ε). An electric �eld Ez along the
NW (z direction) is then created through the piezoelectric e�ect, Ez = εz/d, where d is the
piezoelectric coe�cient along the NW direction [. . . ] Across the top of the NW, to a �rst-order
approximation, the electric potential distribution varies from Vs− (negative) at the compressed
side to Vs+ (positive) at the stretched surface. The electrode at the base of the NW is grounded
[. . . ] The potential di�erence is maintained as long as the deformation remains and no foreign
free charges (such as from the metal contacts) are injected. We now consider the discharge
process. The conductive AFM tip that induces the NW deformation is initially in contact with
the stretched NW surface of positive potential Vs+. The Pt metal AFM tip has a potential
of nearly zero, Vm = 0, so the Pt-ZnO interface is negatively biased: ∆V = Vm − Vs+ < 0.
Since as-synthesized ZnO NWs are n-type, the Pt metal-ZnO semiconductor (M-S) interface is
a reverse-biased Schottky diode and little current �ows across the interface. When the AFM
tip is in contact with the compressed side of the NW, the tip-NW interface is positively biased,
∆V = VL = Vm− Vs− > 0. The M-S interface is a positively biased Schottky diode, and there
is a sudden increase in the output electric current. The current is the result of the ∆V -driven
�ow of electrons from the semiconducting ZnO NW to the metal AFM tip. The �ow of the free
electrons from the loop through the NW to the tip will neutralize the ionic charges distributed
in the volume of the NW, and thus reduce the magnitudes of the potentials Vs+ and Vs−.'
Text from [25].

states in the conduction band, ND is the donor concentration in semiconductor, and ε is

the permittivity of semiconductor.

In the second step, the Schottky barrier height is assumed to change due to the bound

piezo-charges: φ̃Barrier = φBarrier − q2ρpiezoW
2
piezo/2ε with Wpiezo the e�ective width of the

polarization charge distribution. In return, an exponential modi�cation of the saturation
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Figure I.14: Schematic of piezoelectric nanowire with charge distribution and band diagram:
without loading (a) and (b); under uniaxial loading (c) and (d). Schematic taken from [73].

current density is obtained:

J̃n ≈ Jn e
q2WpiezoPz/(2εkBT ) . (I.10)

By including the polarization term Pz = e33ε33 = qρpiezoWpiezo, the above equation be-

comes:

J̃n ≈ Jn e
q2ρpiezoW

2
piezo/(2εkBT ) . (I.11)
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In this calculation the biased di�usion current through the Schottky barrier of a metal-

semiconductor interface is tuned by the piezocharges via the applied strain.

I.3.3 Capacitive model

In comparison to the previous model of PENG, the present description based on a capaci-

tive model does not consider the current which passes the metal/semiconductor interface.

The change of the Fermi level of the electrodes due to the time variation of generated

piezocharges results in a �ow of electrons in the conducting electrodes. As a qualitative

description, the main ingredients of this model are described as the following [29]:

- The device should have a Schottky contact at one end and an ohmic contact at the

other end.

- The piezoelectric semiconducting nanowire should be under stress. The mechanical

deformation induces the piezoelectric potential which changes the relative positions

of the Fermi levels in the two metal electrodes.

- The electron �ow coming from the metallic electrode induced by the positive piezopo-

tential but they are blocked by the Schottky barrier at the interface. Thus they are

accumulated there. This electron �ow generates a peak of current.

- During the mechanical deformation releasing, the di�erence between two Fermi levels

vanishes, and the accumulated electrons �ow back to the right electrode through the

external circuit and generates the current spike with an opposite sign.

Following this process, a positive and a negative current pulses are generated for each

deforming-releasing cycle.

In the paper entitled 'On Maxwell's displacement current for energy and sensors: the

origin of nanogenerators' [64], Z.L. Wang proposed a quantitative description of the phe-

nomenon, starting from the Ampère's circuital law with Maxwell's addition:

∇∧H = jfree + jD , (I.12)

the focus was not done on the current of moving free charges but on the Maxwell's dis-

placement current:

jD =
∂D

∂t
= ε0

∂E

∂t
+
∂P

∂t
(I.13)

and especially on its second term ∂P/∂t , which corresponds for instance to the slight

motion of the bound charges in atoms; that is, dielectric polarization. The �rst term is

related to the time-varying electric �eld. In the case of piezocharges corresponding to

piezoelectric polarization generated in z-direction, the displacement current jDz is:

jDz =
∂Pz

∂t
= (e)zjk

(
∂s

∂t

)
ij

=
∂σp(z)

∂t
(I.14)
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This changing rate of the surface polarization charges ∂σp(z)/∂t due to the time variation

of the applied strain was presented as the origin of the observed PENG output current:

'The electrostatic potential created by the polarization charges is balanced by the �ow of

electrons from one electrode to the other through an external load. This is the process

of converting mechanical energy into electric power' [64]. The corresponding transport

equation through the external load resistance would be:

RA
dσfree

dt
= z[σp(z)− σfree(z)]/ε (I.15)

where R is the load resistance, A is the area of the electrode and σfree is the density of

free electrons in the electrode [64]. The induced current in the circuit I = A · dσfree/dt =

dQfree/dt would be a function of the rest of the 'piezovoltage' screened by the free electrons.

If these piezocharges are perfectly screened, i.e. σp(z) = σfree(z), then I = 0 is expected.

I.4 Summary and problematic

The qualitative description of nanopiezotronic sensor devices under external voltage bias

is reminded in Figure I.15 as described by Z.L. Wang. The change of the Schottky barrier

height due to piezocharges at the Metal-Semiconductor interface is presented as the key

parameters, which plays a role on the electrical characteristics of the devices.

Figure I.15: (Left) Charges distribution and the corresponding change of electric �eld at the
M-S interface with positive piezocharges. (Right) Schottky barrier height variations in respect
to the strain for a single contacted ZnO nanowire. Adapted from [28].

The qualitative description of nanopiezotronic nanogenerators is reminded in Figure I.16

as described by Z.L. Wang. Firstly, Wang et al. described the observed electrical spikes

by the current passing through the Schottky interface driven by the piezocharges. Later,

they attribute the electrical spikes to the electron motion in the external circuit driven by

the piezocharges, or capacitive model. In both descriptions, the Schottky barrier is the key

parameters.
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Schottky contact structure

Sandwiched structure

Figure I.16: Schematic showing the modi�cation of the device energy diagram in order to
explain the nanogenerator e�ect in semiconducting piezoelectric nanowires. Schottky contact
and Sandwiched structures are shown. Adapted from the following articles [65, 29].

Detailed discussion of these explanations will be done in the last chapter of this manuscript.

Here, we brie�y mentioned the problems in the �eld as a following:

� Nanopiezotronics has generated the last 13 years a lot of interests and publi-

cations. The majority of these publications come from Wang et al. (Georgia

Tech), with nearly 100 articles per year. The few others groups have adopted

the proposed models by this team, although there are various inconsistency

appearing in literature.

� As pointed out by Alexe et al. [10], the physical explanation of the observed

nanopiezotronic signal as well as how it is detected is not yet fully clari�ed.

This statement will be discussed in the last chapter of this PhD manuscript.

� It is necessary to reproduce these results, to verify and to analyze them in order

to better understand and interpret those generative electrical signal. This will

be part of the challenge of the present work.

27





Chapter II

III-Nitrides generale properties

Since 50 years, III-Nitride semiconductors have attracted an interest especially for the re-

alization of light emitting devices with short wavelength emission, from green to ultraviolet

range (Figure II.1). Because of the material improvement and their unique properties such

as wide direct bandgap, high dielectric constant, high-power and high temperature resis-

tance, and bio-compatibility [74, 75, 76, 77, 78], III-N materials are further of interests

for other applications beyond light emitting devices; for examples, high-electron-mobility

transistors, photodiode, solar cell, sensors, and etc.
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Figure II.1: Band gap, wavelength and lattice constant of most common semiconductors.

Originally, GaN was grown on non-native substrates such as Al2O3 or SiC with a

large mismatch, resulting in highly dislocated GaN �lms. Moreover, an unintentional n-

type doping due to nitrogen vacancies and substitutional oxygen atoms combined with

deep ionization levels of p-type impurities, prevented an e�ective p-type doping. As a

consequence, it had considerably limited the development of III-N devices for a while. In

the 80s, the improvement of the material quality [79] and the successful p-type doping using

Mg impurities [80] opened an important path for III-N toward solid state lighting industry.

The impact of III-N materials is con�rmed by the Nobel Prize of Shuji Nakamura, Hiroshi

Amano and Isamu Akasaki in 2016 [81].
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II.1 Crystal structure

III-Nitride has two possible crystal structures such as zincblende or α-phase and wurtzite

or β-phase. The wurtzite is nevertheless commonly found being thermodynamically stable.

The wurtzite phase has hexagonal crystal structure as shown in Figure II.2, which is non-

centrosymmetric, and thus exhibits piezoelectricity. The corresponding crystal group in

Hermann�Mauguin notation is P63mc, which means a six-fold screw rotation around the

c-axis, a mirror plane with normal and glide plane in the [0001] direction.

a) b)

.c0u 0

a0
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N
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c)
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(-1102)
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 c [0001]

a-plane
(11-20)

Figure II.2: Representation of wurtzite structure. a) Unit cell. b) a hexagonal crystal [82].
c) The principal axis and planes.

The wurtzite structure has a hexagonal unit cell which is described by the basal-plane

lattice parameter a0, and the axial lattice parameter c0. The internal parameter u0 is

de�ned by the ratio between the anion-cation bond length parallel to the c-axis and the

c0-lattice parameter. Thus, the bond length parallel to the c-axis corresponds to u0 ·c0. The

high di�erence in the electronegativity of the two constituents in III-N binary compound,

leads to the deviation of the c0/a0 ratio and the internal parameter u0 from the ideal value

of
√

8/3 and 3/8=0.375, respectively. This structural non-ideality increases from GaN to

InN and then to AlN, thus causing the increment of the spontaneous polarization following

this order (see Chapter III). The value of the lattice parameters are summarized for III-N

wurtzite compounds in the table below [83, 84].

GaN AlN InN
a0 (Å) 3.189 3.111 3.537
c0 (Å) 5.186 4.98 5.705
c0/a0 1.634 1.619 1.627
u0 0.376 0.38 0.377

Table II.1: Lattice parameters of Wurtzite GaN, AlN, and InN [83, 84].

The wurtzite structure of GaN can be viewed as being formed from Ga-N bilayers

stacked in the c-axis direction. In the case of GaN, a basal surface is either Ga- or N-face.

The [0001] direction or the c-axis is conventionally de�ned by a vector pointing from a

Ga atom to a nearest-neighbour N atom. The Ga-face (N-face) means that Ga atoms

(N-atoms) are placed on the top position of the {0001} bilayer. To not confuse with Ga or

N-terminated surface, which informs on the last chemical elements. The surfaces parallel
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to the c-axis which have an equal number of metal and N atoms, are non-polar surfaces:

the {11-20} plane or the a-plane, and {1-100} plane or m-plane (Figure II.2c). The crystal

polarity determines the orientation of the spontaneous and the piezoelectric polarizations

as will be presented in chapter III.

II.2 Mechanical properties

The elastic behavior of materials can be described by the relation between the mechanical

stress and strain. As a physical quantity, the mechanical stress σ (N.m−2) expresses the

internal force that neighboring particles exert on each other. This quantity can be written

as a force over an area: σ = F/A, where F (N) is the applied force and A (m2) is the area.

The strain ε is the dimensionless quantity representing the material deformation. It can

be written as follow:

ε =
l − L
L

=
∆L

L
, (II.1)

with l (m) is the length of the deformed material and L (m) is the length of the material

without deformation.

In a uniaxial direction, the relation between the stress and the strain is given by the

Hooke's law: σ = Y.ε, with Y the Young modulus (N.m−2) of the material. In three

dimensions, this law can be generalized via a tensor notation and the elastic behavior of

the material is represented by the tensor C which is composed of 34 = 81 coe�cients:

σij = Cijkl.εkl (II.2)

Because σ and ε are symmetric: Cijkl=Cjikl=Cijlk and in addition Cijkl=Cklij, the

number of independent coe�cients of the tensor C can be reduced to 21. Under a matrix

representation [85], the Hooke's law becomes:

σ1

σ2

σ3

σ4

σ5

σ6


=



C11 C12 C13 C14 C15 C16

C12 C22 C23 C24 C25 C26

C13 C23 C33 C34 C35 C36

C14 C24 C34 C44 C45 C46

C15 C25 C35 C45 C55 C56

C16 C26 C36 C46 C56 C66





ε1

ε2

ε3

ε4

ε5

ε6


, (II.3)

with Cij are the di�erent coe�cient of the elasticity matrix. The indices of the vectors σ

and ε correspond to six di�erent elements of strain or stress in the Voigt notation detailed

in Figure II.3. The �rst three indices are the longitudinal deformation or stress, whereas

the three last indices correspond to the shear deformation or stress. The inverse of the

elasticity matrix [C] is the sti�ness matrix [s] (m.N−1).
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Figure II.3: Schematic of the Voigt indices representing longitudinal and shear displacements.

In the 6x6 elasticity matrix [C] presented in II.3, the 21 coe�cients needed to describe

asymmetric crystal can be further reduced in the case of symmetric crystals. For instance,

due to the hexagonal symmetry, only 5 independent coe�cients remain for wurtzite mate-

rials by considering the rotation axis, the mirror plane, and the inversion:

[C] =



C11 C12 C13 0 0 0

C12 C11 C13 0 0 0

C13 C13 C33 0 0 0

0 0 0 C44 0 0

0 0 0 0 C44 0

0 0 0 0 0 C66


(II.4)

with C66 = (C11 − C12)/2.

In the literature, the values of these coe�cients are relatively dispersed (see [86]). The

high bulk elastic coe�cient of GaN and AlN (C11 = 367 GPa and 396 GPa, C33 = 405 GPa

and 373 GPa, respectively) in comparison to other piezoelectric semiconductors such as InN

or ZnO (C11 = 271 GPa and 210 GPa, C33 = 200 GPa and 211 GPa) means that GaN and

AlN materials are more rigid [87].

In piezotronic applications, i.e. mechanical-electrical conversion, the rigidity of these

III-Nitrides materials can be counterbalanced via nanowire-shape and its related �exibility.

For the measured nanowires in this study (see list and properties in table IV.1), their

resonance frequency are in the range of GigaHertz, which should decouple any resonance

e�ects from mechanical behavior related to the quasi-static nanopiezotronic regime. This

resonance is calculated from the dynamic beam theory with the following equation:

ω1 = β2
1

√
Y I

µ
=

3.5161

L2

√
Y I

µ
, (II.5)
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where Y is the Young modulus, I is the second moment of area (I = 5
√

3/16 a4 for an

hexagon of side length a), µ is the mass per unit of length, and β1L/π = 0.59686.

II.3 Electronic properties

As semiconductor, III-N material has an electrical conductivity in between metal and insu-

lator. Its conducting properties can be modi�ed by doping the impurities into the crystal.

Unlike metals, semiconductor resistivity decreases when their temperature increases. Most

of the general information concerning semiconductors mentioned in this chapter is summa-

rized from several books: [88, 89, 90, 91, 92, 93, 94, 95].

II.3.1 Band Structure

The band structures of GaN and AlN have the conduction band minimum and the valence

band maximum locate at the center of Brillouin zone (Γ-point, k=0) as shown in Figure II.4.

Because of the asymmetric nature of wurtzite structure, the heavy-hole, light-hole, and

Figure II.4: Calculated band structure of GaN [96].

crystal �eld split-o� hole subbands are separated.

For ternary alloys, their band gap can be determined by equation II.6:

E(AB)
g = xE(A)

g + (1− x)E(B)
g − x(1− x)b (II.6)
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The bowing parameter, 'b' , describes the deviation from a linear interpolation between

two binary compounds (A and B), which is in the range of 0− 1.5 eV for AlGaN [97, 98].

The band gap parameters of GaN, AlN and InN are summarized in the following table:

Eg at T=0 K (eV) Eg at T=300 K (eV)
GaN 3.51 [99] 3.411 [74]
AlN 6.25 [99] 6.030 [100]
InN 0.78 [99] 0.65 [101]

Table II.2: Energy gap values of wurtzite GaN, AlN and InN.

In periodic potential of the lattice, the mass of the charge carriers is di�ering from the

one in free space. The �e�ective mass� of those charges is inversely proportional to the

curvature of the (E, k) relationship. In general it is tensorial with components m∗ij de�ned

as:
1

m∗ij
=

1

~2

∂2E(k)

∂ ki∂ kj
(II.7)

Thus, the e�ective mass has smaller value for the bands with higher degree of curvature.

When the gap increases, the curvature of the energy band decreases and the e�ective mass

increases. The curvature is lower for high band gap materials, therefore the parabolic

approximation is usually well justi�ed. As a �rst approximation, the bands are assumed

parabolic and the average e�ective mass of the electrons and holes of wurtzite GaN, AlN

and InN are summarized in Table II.3.

m
‖
e m⊥e m

‖
hh m

‖
lh m⊥hh m⊥lh

GaN [102] 0.2 0.18 1.10 1.10 1.65 0.15
AlN [102] 0.33 0.25 0.25 3.68 3.68 6.33
InN [103] 0.11 0.10 1.67 1.67 1.61 0.11

Table II.3: E�ective mass of wurtzite GaN, AlN and InN (in the unit of m0).

II.3.2 Doping

In semiconductors, the resistivity can be adjusted in the range of a few orders of magnitude.

Starting with intrinsic semiconductors, n electrons per m3 is equal to p holes per m3:

n = p = ni. The intrinsic concentration ni is given by the following equation:

ni = n0T
3/2exp

(
− Eg

2KBT

)
, (II.8)

where n0 is the constant related to the material, T (K) is the temperature, Eg (eV) is the

semiconductor band gap, and kB = 1.38 · 10−23 (J.K−1) is the Boltzman constant.
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The conductivity σ of an intrinsic semiconductor is related to ni by the following equa-

tion:

σ = ni(µe + µh)e , (II.9)

where µe and µh (m2.V−1.s−1) are respectively the electron and hole mobility, and e =

1.6 · 10−19 C is the elementary charge. Table II.4 summarizes the mobility values in III-N

semiconductors.

GaN AlN InN
Electron mobility
µe (cm2.V −1.s−1)

55-1000 [104] 300 [41] 3200 [41]

Hole mobility
µh (cm2.V −1.s−1)

3-170 [104] 14 [41] -

Table II.4: Bulk electron and hole mobilities of III-N materials

Since ni depends on the gap of the semiconductor (Eq. II.8), the large gap semicon-

ductors such as GaN or AlN o�er better insulating properties. Nevertheless, typical GaN

is unintentionally n-doped by substitutional oxygen and nitrogen vacancies in the crystal

structure [105]. This addition of donors modi�es the electron concentration n as described

by the following equation: n ≈ p + N+
D ≈ N+

D where N+
D (m−3) is the number of ion-

ized donor atoms. The undoped GaN nanowires grown by PA-MBE have for instance an

unintentionally n-doping level in the range of 1017 cm−3. The hole concentration can be

determined by: p ≈ n2
i /N

+
D , since np = n2

i is always valid.

To change the conductivity of the semiconductors, the number of acceptors or donors

can be intentionally modi�ed. In III-N semiconductor, the n-doping is usually done via

introducing silicon atoms during the growth. It is a shallow doping with an ionized energy

of around 60-80 meV. The conductivity of an n-type semiconductor increases with doping

concentration as shown by the following equation:

σ =

(
N+
Dµe +

n2
i

N+
D

µh

)
q (II.10)

The p-doping in III-N is more challenging. The best p-doping is performed by using

Mg atoms. Nevertheless due to its high ionization energy, 150 − 170 meV , the density of

holes stays limited.

Remark: the di�erence between the conduction band level in the bulk and the Fermi

level is typically 0.06 eV for a doping density of N+
D = 2× 1017 cm−3. Such a small value

is often negligible and the band bending at the surface can be taken from the Fermi level

as the energy reference. Furthermore, N+
D = 1017 cm−3 corresponding to the range of the

unintentionally n-doped III-N semiconductors, the Fermi level is not at the midgap but

near the conduction band.
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II.3.3 Work function and electron a�nity

An important parameter to characterize the charge transfer between di�erent materials is

given by the work function WF. It is de�ned as the energy required to bring an electron

from the Fermi level (statistical energy) to the vacuum energy level at the spatial position

just above the surface, outside the material. In semiconductor, such a process is not

possible since there are no states available at the Fermi level. In addition this Fermi level

changing with the doping level, thus the work function is not well-de�ned. For this reason

the electron a�nity energy χ is introduced to describe the energy required to remove an

electron from the bottom of the conduction band Ec to the local vacuum energy level.

Surface conditions and contamination may alter the electron a�nity by the introduction

of surface dipoles. The electron a�nity of a 'real' oxygen chemisorbed GaN surface is

4.1 ± 0.1 eV [106] instead of 3.5 ± 0.1 eV on clean surface [107] as found in ultra-high

vacuum. Negative trapped charge on the surface, di�erent degree of oxidation, absorbed

species and layer of (water) dipoles could explain this di�erence of value [108].

II.3.4 Surface and interface states

General information concerning surface and interface states are summarized in Appendix A.

These states are crucial to understand the band bending of semiconductor with the e�ect

of the Fermi level pinning [109]. Intrinsic and extrinsic surface states are usually consid-

ered. The formers correspond of electronic states coming from the breaking of the crystal

periodicity with dangling bond generation and surface relaxation and reconstruction. The

extrinsic surface states are related to defects and adsorbates on the surface. In the case

of metal in close contact with semiconductors, the intrinsic surface states might change

due to the formation of bonds and new electronic interface states. Interface defects (e.g.

impurities, dislocations, etc) can also produce interface states in the energy gap of the

semiconductor. A general description of the interface-induced gap states (IFGS) can be

found in [90]. All of these interface states with their resulting interface dipole layer would

participate to the determination of the band bending, i.e. Schottky barrier height. They

are especially relevant for M-S junction and, from the technological perspective, high den-

sity of interface states could create large leakage current, a�ecting the reliability of devices

and performance.

In theory, III-N semiconductors have a tetrahedral structure in bulk with covalent or

partially ionic bonds and each bonds is saturated with two electrons. At the surface, only

three bonds are left, leaving one dangling bond unsaturated: 3/4 for cations surface and

5/4 for anions [89]. Bidimensional bands are induced in the continuum energy of the bulk

states (resonance states) and in the gap (surface states). The corresponding sp3 states

have their energy in resonance with the valence band for anion surface, while in the gap

for the cation surface.

36



II.3. Electronic properties

From a practical aspect, the electronic states at the surface of III-N semiconductors

strongly depend on several parameters such as the surface orientation/polarity, the tech-

niques and conditions of growth, the �nal cleaning, the annealing process etc. A review

on the electronic structures of wurtzite GaN surfaces can be found in the recent paper of

V.M Bermudez [110]. Focusing on the N-polar surface growth of 2D layer under N-rich

conditions by PA-MBE, the most stable structure would be the (000-1)-(2× 2) plane with

θGa = 0.25 ML in H3 sites [111, 112]. From the band structure obtained by DFT calcu-

lation with modi�ed pseudopotentials [112], a �lled and non-dispersive surface-state band

from doubly-occupied non-bonding lone pair orbitals on the surface of N atoms, appears

at the valence band maximum, while 2× 2GaH3 (000-1) reconstructions from the dangling

bonds of Ga adatoms give rise to an empty and non-dispersive surface state band which

is 1.2 eV higher (see Figure II.5.a). These unoccupied and occupied states have an areal

density of about 6 × 1014 cm−2 each. As a comparison, the energy band diagram for the

Ga-polar surface 2× 2 GaT4(0001) is shown in Figure II.5.b with the corresponding density

of states (Figure II.5.c).

(a) (b) (c)

Figure II.5: a) Electronic band structures of 2× 2 GaH3 (000-1) surface. Grey lines corre-
spond to the projected bulk band structure. The zero of energy is set at the bulk valence band
maximum (VBM). Relevant energy di�erences between the VBM and surface states (in red)
are indicated by arrows. b) Idem for the 2× 2 GaT4(0001) surface with the density of states
c) for the stable surface structures found for moderate Ga/N ratios.

II.3.5 Energy band bending

In principle the surface and interface states should play on fundamental role in the deter-

mination of the surface electronic properties. By accepting electrons from semiconductor

surface, the unoccupied surface states can e�ectively pin the Fermi level at the surface.

In respect to a DFT calculation [111, 112], the Fermi level pinning should occur at about

1.2 eV above the valence band maximum for n-type N-polar GaN surface, while it should

happen at about 0.6 eV below the conduction band maximum for n-type Ga-polar GaN

surface. Discrepancy of experimental measurements with these theoretical values might

be related to surface disorder resulting to other surface reconstruction like 1× 1, disorder

induced gap states (DIGS), charged oxide (see Chapter VI).

A space charge layer (SCL) results at the surface of the semiconductor with an energy

band bending. In case of homogeneous semiconductor with an excess of ionized donor

concentration at room temperature and negligible e�ect of the interface states, this energy
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band bending can be determined via the Poisson equation and the assumption of an abrupt

SCL of empty carrier ('box pro�le') which has a depletion width of WD and permittivity

ε:
d2φ(x)

d x2
= −

eN+
D

ε
→ φ(x) = −

eN+
D

2ε
(x−WD)2 (II.11)

The built-in potential φi at surface and the depletion width are:

φi(x = 0) = −
eN+

D

2ε
W 2
D < 0 → WD =

√√√√ 2ε

eN+
D

|φi| (II.12)

Figure II.6 presents the energy band diagram of GaN for ideal surface, i.e. without

interface states. As in several scanning Kelvin probe microscopy performed on oxygen-

terminated N-polar GaN and Ga-polar GaN surface (see for instance Ferguson et al. [113],

Minj et al. [114], Eller et al. [115], or Chapter VI), the band bending has the same sign

regardless of the polarization bound charges. Furthermore the potential of N-polar regions

was found to be higher than that in Ga-polar ones.
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Figure II.6: Energy band diagram of GaN for ideal surface (no interface states). The band
bending is de�ned via the Fermi pinning due to intrinsic surface states only. The e�ect of
bound charges and their screening are not included. Dipoles or charges at the surface is added
to mention the di�erence of electron a�nity between the bulk and the surface.

II.3.6 Bound charges and screening e�ect

An important property of III-N semiconductors is the existence of a spontaneous polariza-

tion inside the material (see next Chapter III) resulting to a net negative charges on metal-

polar surface and a net positive charges on N-polar surface. Such bound charges which are

in the order of 1013 cm−2 can be in principle internally and/or externally screened.
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As suggested by the recent work of Eller et al. [116, 115], the Figure II.7.a presents

a schematic corresponding to the intrinsic screening of the positive bound charge by free

electron carriers at N-polar surface and the intrinsic screening of the negative bound charges

by the related ionized donors at the Ga-polar surface. As pointed out by these authors

and mentioned by V.M. Bermudez [110], such a con�guration is nevertheless not possible

since it would result in the formation of a two-dimensional electron system at the N-

polar surface due to downward band bending and to an unrealistic high upward band

bending at the Ga-polar surface (see Figure II.7.a). Considering a typical value of donor

concentration N+
D ≈ 1017cm−3 and the fully screening of the Nsp ≈ 1013 cm−2 surface

spontaneous polarization bound charges by internal free electrons coming from a depletion

zone of width WD, it follows that:

−eNspS = −eN+
DWDS → WD = Nsp/N

+
D ≈ 1 µm (II.13)

and the built-in potential φi at surface should be unrealistic high:

φi = −
eN+

D

2ε
W 2
D = −

e

2ε

N2
sp

N+
D

≈ −100 V (II.14)

In several experimental data, the upward band bending for n-doped Ga-polar surface is

related to a potential of only 1 V or less. The depletion width should be of about 100 nm

and the total charge in the range of 1012 cm−2. In order to recover these values, external

positive charges coming from surface and interface states need to be added at the Ga-polar

surface: Nsp −Nss = N+
DWD → Nss ≈ 1013 cm−2. An excess of negative external charges

and internal ionized donors has also to be considered in the case of the N-polar surface

(see Figure II.7.b). It follows that most of the bound charges are externally compensated

by charges trapped in the surface states, defects or adsorbates. Nitrogen related defects or

gallium dangling bonds are often presented as the expected origin of these states. Oxygen

adsorbates might also contribute to the electronic states con�guration and screening.

(a) (b)

More Less ionized 
donors

External 
charges in 

excess

Upward band 
bending

ionized
donors

Figure II.7: a) Schematic showing the screening of the bound spontaneous polarization
charges (in orange) at the N- and Ga-polar surface of GaN semiconductor. The intrinsic
screening is performed by the free electron carriers (in blue) and the corresponding ionized
donors (in red) for the Ga-face. A small contribution is considered from external screening. b)
Modi�ed schematic in order to add a dominant contribution from external screening. Adapted
from [116].
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II.4 Native oxide overlayer

From the previous discussion, it is relevant to consider the oxide overlayer which should

behave as an e�ective charge-trapping layer. The upward band bending observed in un-

intentionally or n-doped GaN semiconductors [117, 118] were indeed interpreted by the

storage of charges in this overlayer oxide, this bending being altered if the oxide was

etched in HCl or HF solutions.

In GaN, oxygen is known to chemisorb on the surface [106]. Several experiments like

I/V measurement, surface photovoltage, charges storage, have demonstrated that Ga-polar

and N-polar own di�erent native oxides [113, 119]. In the case of Ga-polar, the oxide layer

formed upon exposure to air is an amorphous, monoclinic β −Ga2O3 phase of about 1 nm

thickness [120, 121, 122, 123]. Under local electric �eld, this oxide can easily growth,

increasing the interface resistivity. For N-polar, the oxide native layer is thicker and well-

establish since it e�ectively stores charges during local injection charge measurements, HCl

cleaning has an important e�ect on this storage and interface conductivity and no local

oxidation was observed.

In semiconductor technologies, the oxide with its composition, thickness and defects

was intensively studied being a crucial element as a gate insulating layer. One source of

leakage or disturbing in gates is the presence of charges in or at the interface of this oxide

layer. In the case of SiO2 − Si system realized via oxidation process and applicable to all

insulator-semiconductor systems, there are four types of oxide charges [92]:

- Fixed oxide charges are positive charges generated during the oxidation process. Away

from the oxide interface, they are in electrical communication with the semiconductor.

- Mobile oxide charges are ionic impurities such as Na+, K+ or H+.

- Oxide trapped charges are holes or electrons trapped in the oxide.

- Interface trapped charges (called surface states, fast states, interface states, etc) come

from 'structural defects, oxidation-induced defects, metal impurities, or other defects

caused by radiation or similar bond breaking process'. At the interface of the oxide,

they are in electrical communication with the semiconductor and can thus be charged

or discharged in respect to the surface potential.

For native oxide, the �xed and mobile oxide charges are not relevant. Oxide trapped charge

and interface trapped charge are then expected to be the main charges inside oxide of III-

N and its interface. One can distinguished the 'fast states' (millisecond time constant)

located at the interface of the oxide layer and the 'slow states' (fraction of second to hours

time constant) located inside or outside of the oxide due to adsorbed gas atoms [108].
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II.5 Metal-semiconductor (M-S) interface

The metal-semiconductor interface is one of ingredients used to produce rectifying devices,

to control the electrical contact conduction or to explain the nanopiezotronic phenomenon

(see Chapter I).

In a �rst approach, the behavior of the M-S interface is simply described by the Fermi

levels, work functions and electron a�nity since these intrinsic material parameters will

de�ne the Schottky barrier height (SBH) and the built-in potential φbi also named di�usion

barrier Vd. SHB appears due to the di�erence of the energy in between the electron a�nity

χ of the semiconductor and the work function of the metal φm, while φbi is given by the

di�erence of work functions of the metal φm and the semiconductor φs:{
−eφb = χ−WFm

−eφbi = WFs −WFm

(II.15)

These two barriers of energy block further di�usion of electrons and control the charge

transport through the interface. They are related to a depletion layer at the M-S interface,

which is similar to an abrupt junction (ρ+ = eN in the space charge layer, null otherwise).

The quantity of charge in this area is:

Qsc = eNDW with W =

√
2ε

eND

(φbi − Vbias − kT/e) (II.16)

When the M-S is voltage biased, the built-in voltage is reduced or increased depending on

the voltage sign. Under negative (forward) bias, the di�usion barrier decreases whereas it

increases under positive (reverse) bias. Such an interface presents a rectifying behavior.

Remark: the drop of voltage is always located near the interface; in the bulk, the potential

is constant.

Following the equation −eφb = χ − WFm, the Schottky barrier height will linearly

changes with the work function of the connected metal. Experimentally it is rarely the

case since the work function of the metal is very sensitive to surface contaminations, there

is always interface layer and states as well as image-force lowering (Schottky e�ect). As

suggested by V. Heine [124], a continuum of metal-induced gap states (MIGS) could be the

fundamental mechanism that determines the Schottky barrier height (see Appendix A).

Via a γ parameter, the Cowley-Zse model [125] introduces this e�ect of barrier height

modi�cation by interface states and gives the following equation in n-doped semiconductors:

−eφb = γ(χ−WFm) + (γ − 1)(Eg − eφ0) with γ = (1 + e2WiDi/εi)
−1 (II.17)

εi, Di andWi are the dielectric permittivity, the density of interface states and the width of

the interface, respectively. If Di is low, the slope parameter γ → 1 and the barrier height

41



Chapter II. III-Nitrides generale properties

will linearly depend on the work function of the metal: eφb = eφm − eχ. In principle,

ionic materials are systems with a γ-parameter near one. With a di�erence in the electro-

negativity between the gallium and the nitrogen in the order of 1.9 eV, the GaN should

correspond to such an example.

Based on MIGS, W. Mönch [126] proposed another formula related to the electronega-

tivity, which �tted the measurements in n-GaN (see in Figure II.8.a). Nevertheless it seems

that the M-S interface behavior and the importance of the MIGS will strongly depend on

the surface preparation. H. Hasegawa et al. [127] found for instance a slope factor S as

large as 0.49 in n-GaN cleaned by electrochemical process (see Figure II.8.b) and these

results were better interpreted via disorder induced gap states (DIGS) rather than a MIGS

model.

Figure II.8: a) 'Barrier heights of laterally homogeneous GaN Schottky contacts as a function
of the di�erence between the metal and GaN electronegativities. The MIGS line is drawn with
φbp = 1.1 eV and SX = 0.29 eV/Miedema-unit [126]. b) n-GaN Schottky barrier heights vs.
metal work function for contacts formed by the conventional vacuum deposition and in-situ
electrochemical processes. The results show the superior contacts (i.e., higher slope parameter,
S) obtained for electrochemical cleaning and deposition vs. vacuum deposition on substrates
cleaned in NH4OH solution prior to contact formation. Work from Hasegawa et al. [127].
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II.6 Summary

� III-Nitrides materials prefer to crystallize in wurtzite structure corresponding

to the crystal group P63mc. With a hexagonal symmetry, their sti�ness matrix

have �ve independent elastic constants. GaN and AlN are especially rigid with

C11 and C33 in the range of 400 GPa.

� The crystal polarity determines the orientation of the spontaneous and the

piezoelectric polarizations. In the metal-polar, the metallic atoms are placed

on the top position of the {0001} bilayer.

� GaN and AlN materials are semiconductors with direct high band gap. Com-

pared to silicon, they have low electron and high hole e�ective mass.

� GaN is unintentionally n-doped by substitutional oxygen and nitrogen vacan-

cies in the order of 1017 cm−3, resulting in a Fermi level near the conduction

band. The intentionally n- and p- doping are performed by using Si and Mg

atoms, respectively.

� Most of the spontaneous polarization charges (∼ 1013 cm−2) is expected to

be externally compensated by charges trapped in the surface states, defects or

adsorbates.

� The electronic states at the surface of III-N semiconductors, which are in the

order of 1014 cm−2, depend on the surface orientation/polarity, the techniques

and conditions of growth, the �nal cleaning, the annealing process, etc. In

n-doped GaN, the Fermi level pinning in respect to a DFT calculation should

occur at about 1.2 eV above the valence band maximum for N-polar surface

and at about 0.6 eV below the conduction band maximum for Ga-polar surface.

Upward bend banding are then expected for both surface polarities. Extrinsic

surface and interface states with especially the presence of native oxide and

related trapped charges might nevertheless modi�ed such a band bending.

� In Ga-polar surface, the oxide layer formed upon exposure to air is considered

as an amorphous β −Ga2O3 phase of about 1 nm thickness, while in N-polar

surface the oxide native layer would be thicker and well-establish.
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Chapter II. III-Nitrides generale properties

The main mechanical and electrical parameters of III-N wurtzite materials are summa-

rized in the following table:

GaN AlN InN
C11 = 396 C12 = 144 C11 = 345 C12 = 125 C11 = 271 C12 = 124

Elasticity Cij (Gpa) C13 = 100 C33 = 392 C13 = 120 C33 = 395 C13 = 94 C33 = 200
C44 = 91 C66 = 126 C44 = 118 C66 = 110 C44 = 46 C66 = 74

[128] [129] [128]
Band gap Eg (eV) 3.41 (direct) [74] 6.03 (direct) [100] 0.65 (direct) [101]

Electron a�nity χ (eV) 4.1 [41] 0.6 [41] -
Electron mobility
µe (cm

2.V −1.s−1)
55-1000 [104] 300 [41] 3200 [41]

Hole mobility
µh (cm2.V −1.s−1)

3-170 [104] 14 [41] -

Table II.5: Bulk properties of III-N materials
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Chapter III

Piezoelectricity in III-N semiconductors

From chapter I, the piezoelectric phenomena seems to be a key parameter used for explain-

ing the generation of the nanopiezotronic signal. In the case of sensors (i.e. the devices

under external voltage bias), the piezocharges generated by strain is expected to modulate

the passing current driven by an applied bias voltage. In the case of nanogenerators (i.e.

the devices with insulating or Schottky contacts but without voltage bias), the strain mod-

i�cation induces a time variation of the piezocharges, i.e. a displacement current. Before

analyzing the role of piezocharges on those nanopiezotronic devices, their origins, quantity

and distribution have to be described.

For this purpose, the general properties of piezoelectric materials, especially III-N semi-

conductors, are presented in this chapter after a brief overview of the piezoelectricity and

its formalism.

Concerning the fundamental of piezoelectricity, the readers can refer to the books written

by W.G. Cady [130], B. Ja�e et al. [131], R. Feynman [132] and especially J.F. Nye [133]

for the formalism or in french language, the book of J-C. Peuzin and D. Gignoux [134].

III.1 Brief overview of piezoelectricity

III.1.1 Historical background

Piezoelectricity is the property of certain materials which can be electrically polarized

in response to mechanical stress, so called direct piezoelectric e�ect. Reciprocally, the

piezoelectric material can also be deformed when it is exposed to an electric �eld, which is

the reverse piezoelectric e�ect (Figure III.1). The word piezoelectricity means electricity

resulting from pressure. In Greek, piezein means to squeeze or press and 	elektron means

amber, a source of electric charges.

In 1880, Pierre and Jacques Curie who worked on pyroelectricity predicted and measured

a direct piezoelectricity in quartz and some other materials [135, 136]. In 1881, Gabriel

Lippmann mathematically deduced the reverse piezoelectric e�ect from fundamental ther-

modynamic principles [137]. In the same year, Curie brothers were able to measure this
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Figure III.1: Representation of a) direct piezoelectric e�ect, a force applied on a piezoelectric
material induces a voltage. b) Reverse piezoelectric e�ect, an applied voltage on a piezoelectric
material induced a mechanical deformation.

reverse e�ect [138].

In 1885, they successfully built the �rst scienti�c instrument using piezoelectric e�ect which

is the piezoelectric quartz balance. This instrument was used by Pierre and Marie Curie

to measure the radioactivity of di�erent materials in 1890.

The �rst real application of piezoelectricity is the sonar, developed by Paul Langevin during

the world war I [139]. The success of the sonar used for ship and submarine detection brings

an intense development in piezoelectric devices.

During the world war II, independent research groups discovered ferroelectric ceramics such

as Barium titanate and lead zirconate titanate (PZT) [140]. These man-made materials

represent a crucial step for piezoelectric technology as they have a piezoelectric coe�cient

of around 100 times higher than natural ones.

Nowadays piezoelectric devices are widely used in sciences and industry (pressure sen-

sor, motors, accelerometers, ultrasound, etc) and in everyday life (speakers, microphones,

clocks, etc).

III.1.2 Piezoelectric e�ect

Only a few materials composed of at least two chemical elements can be piezoelectric. The

microscopic origin of piezoelectricity takes place in the crystal structure of the material. In

a simpli�ed representation, the crystal cell of a binary compound can be represented with

anions and cations. When no strain is applied on the material, the center of symmetry of

both cations and anions remains at the same position, and thus there is no piezoelectricity.

As soon as the crystal is deformed, the center of symmetry of both ions moves to two

opposite directions and a dipole appears inside the cell as presented in Figure III.2. The

sign of this piezoelectric polarization depends on the strain type and the crystal structure.

At macroscopic scale, the piezoelectric dipole of each unit cell compensates each other inside

the crystal, and only surface charges remain as shown in Figure III.3. At this scale, direct

piezoelectricity is seen as a surface e�ect. In the Jellium model, such a polarization can be
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Figure III.2: Simpli�ed representation of a piezoelectric crystal composed of anions and
cations. a) At rest, the center of symmetry of both anions and cations perfectly overlaps, thus
the cell is not polarized. b) Under stress, the center of symmetry of both ions shifts to opposite
direction inducing a piezoelectric polarization.

considered as two separated continuous charge distribution of opposite sign (Figure III.3b).

The generated electric �eld produced by the homogeneous polarization is similar to the one

produced by a charged capacitance (Figure III.3c). In reverse piezoelectricity, the electric

�eld is applied on piezoelectric materials, moving the center of symmetry of anions and

cations to opposite directions due to the Lorentz force, which deforms the lattice and the

whole crystal.
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Figure III.3: a) Under applied stress, the presence of piezoelectric dipoles inside the mate-
rial leads to piezoelectric surface charges. b) Corresponding description of the homogeneous
polarization with a continuous distribution of charges. c) Model of charged capacitor showing
the equivalent distribution of charges within vacuum medium in order to calculate the electric
�eld produced by the polarized medium at macroscopic scale.

III.1.3 Piezoelectric equations

Piezoelectric equations describe how the mechanical and electrical quantities are con-

nected. For simplicity, only linear piezoelectric e�ect is considered. Recent work shows

that non-linear piezoelectric e�ects could not be negligible in III-N materials [141]. For

ZnO materials, a density functional theory calculation sustains the following equation [142]:

Ppz = e33ε + 2e31ε1 + e311ε
2
1 + e333ε

2
3 + e313ε1ε3. In nanopiezotronic experiments, it seems

that the strain is not large enough to consider such a second-order contribution [38].
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Chapter III. Piezoelectricity in III-N semiconductors

The linear e�ect is described by four major variables: two of those are mechanical param-

eters (the mechanical stress σ in N.m−2 and the strain ε) while another two are electrical

ones as detailed below.

III.1.3.1 Electrical parameters

� The electric �eld E expressed in V.m−1 or N.C−1, is a vector which gives in each

point the Coulomb force applied on a charged particle. It is calculated from:

∇.E =
ρtotal
ε0

=
ρfree
ε

, (III.1)

where ρtotal and ρfree (C.m−3) are the total and free charge density; ε (F.m−1) is the

dielectric permittivity of the material which can be expressed as ε = ε0.εr, where

ε0 = 8.854 · 10−12 F.m−1 is the vacuum permittivity and εr the relative permittivity

of the material (see Appendix B). The total charge density can be divided in two

parts: the �rst one which corresponds to the bound polarization charges (ρpol), while

the second one is the contribution of the others charges (ρfree) such as the free

carriers. The bound charges consist of the dielectric charges induced by an electric

�eld (ρdielec), the spontaneous polarization charges (ρsp) which present without any

applied electric �eld and the piezocharges (ρpz) caused by a mechanical deformation.

For the other charges, in particular in semiconductors, they can be from impurities or

doping such as free electron density (n), free hole (h), ionized donor (N+
D ) or acceptor

(N−A ) concentration. Thus, the total charges ρtot is written as a fellow:

ρtotal = ρpol + ρfree = ρdielec + ρsp + ρpz + e(h− n+N+
D −N

−
A ) , (III.2)

and

∇.E =
ρpol + ρfree

ε0
. (III.3)

Remark: being generated by all the charges presenting in the system, the total electric

�eld E includes the contributions from both the internally induced and external

applied electric �eld.

� The electric displacement �eld D (C.m−2) represents the displacement of the elec-

trical charges (anions and cation) in presence of the electric �eld E. In matters, it

is determined via the polarization vector P (C.m−2), which can be calculated with

an equivalent distribution of volume (ρpol = −divP) and surface (σpol = P · n)
charges density in vacuum medium. As the bound charges density, the total po-

larization can be distinguishing by three di�erent contributions from their origins:

P = Pdielec(E) + Psp + Ppz(ε) from their origins. Psp and Ppz are both due to

the crystal deformation/distortion and their related bound charges redistribution,
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III.1. Brief overview of piezoelectricity

whereas Pdielec originates from the displacement of electronic orbitals. Thus:

∇.E =
−divP + ρfree

ε0
→ divD = ρfree (III.4)

with D = ε0E + P which is the de�nition of the electric displacement �eld. It

is important to mention that E and P are collinear in isotropic material unlike in

anisotropic system. In the latter case, the tensor notation has to be applied.

III.1.3.2 Coupling equations

The link between electrical and mechanical properties is done by the piezoelectric coef-

�cients and the coupling equations. There are four piezoelectric coe�cients and each of

them has two de�nitions. The �rst de�nition describes the direct piezoelectric e�ect and is

given at constant E or D. The second de�nition describes the reverse piezoelectric e�ect

and is given at constant σ or ε:

� d is the coe�cient which relates the electrical displacement to the stress, or the strain

to the electric �eld. It is expressed in C.N−1 or m.V−1:

dij =

(
∂Di

∂σj

)E
=

(
∂εj
∂Ei

)σ
(III.5)

� e is the coe�cient which links the electrical displacement to the strain, or the stress

to the electric �eld. It is expressed in C.m−2 or N.V−1:

eij =

(
∂Di

∂εj

)E
= −

(
∂σj
∂Ei

)ε
(III.6)

� g is the coe�cient which links the electric �eld to the stress, or the strain to the

electrical displacement. It is expressed in V.N−1 or m2.C
−1:

gij = −
(
∂Ei
∂σj

)D
=

(
∂εj
∂Di

)σ
(III.7)

� h is the coe�cient which connects the electric �eld to the strain, or the stress to the

electrical displacement. It is expressed in V.m−1 or N.C−1:

hij = −
(
∂Ei
∂εj

)D
= −

(
∂σj
∂Di

)ε
(III.8)

All these piezoelectric constants are de�ned by four 6x3 piezoelectric tensors and can be

deduced from the elastic constant and the permittivity using the followings equations:

e = d.CE and et = CE.dt (III.9)
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Chapter III. Piezoelectricity in III-N semiconductors

g = βσ.d and gt = dt.βσ (III.10)

h = βε.e and ht = βε.dt (III.11)

The superscript E, σ and ε indicate zero or constant, electric �eld, stress and displacement,

respectively, while β = ε−1 is the inverse permittivity.

By combining the linear electrical behaviour (Di = εijEj) and the Hooke's law for linear

elastic materials (εij = sijklσkl where sijkl is the mechanical sti�ness coe�cient), the cou-

pled equations of the piezoelectricity are obtained. The two most common relations use to

describe piezoelectricity are presented below in a matrix representation:{
D = [e]ε+ [εε]E

σ = [cE]ε− [e]TE
(III.12)

where [e]T is the transposition of the matrix [e].

The �rst relation shows the displacement �eld appears in presence of the strain and elec-

tric �eld. If there is no external applied electric �eld, E = 0, it presents the electrical

displacement induced by the strain, which is 'direct piezoelectric e�ect'. The second rela-

tion presents the mechanical stress induced by the applied strain and electric �eld. It can

be rewritten as:

ε = [s]σ + [dt]E , (III.13)

which shows the mechanical strain caused by the applied stress and the electric �eld. If

σ = 0, the mechanical deformation is determined by the applied �eld, representing 'reverse

piezoelectric e�ect'.

In an extended notation, those relations are:

D1

D2

D3

 =

ε11 0 0

0 ε22 0

0 0 ε33


E1

E2

E3

+

e11 e12 e13 e14 e15 e16

e21 e22 e23 e24 e25 e26

e31 e32 e33 e34 e35 e36





ε1

ε2

ε3

ε4

ε5

ε6


(III.14)



ε1

ε2

ε3

ε4

ε5

ε6


=



s11 s12 s13 s14 s15 s16

s21 s22 s23 s24 s25 s26

s31 s32 s33 s34 s35 s36

s41 s42 s43 s44 s45 s46

s51 s52 s53 s54 s55 s56

s61 s62 s63 s64 s65 s66





σ1

σ2

σ3

σ4

σ5

σ6


+



d11 d12 d13

d21 d22 d23

d31 d32 d33

d41 d42 d43

d51 d52 d53

d61 d62 d63



E1

E2

E3

 (III.15)
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Adding the contribution of the spontaneous polarization, the �rst coupled equation can be

written as:

D = ε0[εεr] · E + [e]ε+ Psp = ε0[εεr] · E + Ppz(ε) + Psp (III.16)

Here, [εεr] represents the relative permittivity matrix at constant strain and E = Eapplied +

Einduced is the total �eld. In principle, Einduced is caused by the combination of three

di�erent polarizations. It was expected that surface adsorbate could screen the contribution

of Ppz. For a doped nanowire i.e. a long rod with free charges, this depolarization �eld

should be even more negligible. In the present work, the term Psp is kept in the equation

in order to consider the correct sign of the charges on top of the nanowire and its e�ect

when the adsorbates are removed or changed.

Following the perturbation theory presented by Gao et al. [67], the displacement �eld is

written as:

D = ε0[εεr] · E(1) + [e]ε(0) + Psp = ε0[εεr] · E(1) + P(0)
pz (ε) + Psp (III.17)

If E = 0 and ε = 0 then D ≈ Psp which corresponds to the o�set value at which the

displacement vector might change.

All the other piezoelectric relations and the relations between the electromechanical vari-

ables are summarized in Figure III.4:

aaaaaaaaaaaa
Electrical

Mechanical

σ ε

ε = sE.σ + dt.E σ = CE.ε− et.E
E

D = εσ.E + d.σ D = εs.E + e.ε

ε = sD.σ + gt.D σ = CD.ε− ht.D
D

E = βσ.D − g.σ E = βs.D − h.ε

E

D

ht

et

dt

gt

d

h
Cϵ

e

g

β s

ε

Figure III.4: Piezoelectric equations and the relations between physical quantities by piezo-
electric and mechanical coe�cients. The schematic next to the table shows the relation between
the electrical and the mechanical quantities. The �gure is taken from [143].

III.2 Piezoelectric materials

III.2.1 Conventional ceramic materials

Some natural crystals such as quartz, topaz and some biological materials (bones, silks

or dentin) have inherent piezoelectric properties. Usually, the piezoelectricity in natural

materials is weak with the piezoelectric coe�cient lower than a few pm/V. For this reason,

most of the piezoelectric devices are made of ceramics such as PZT in order to have much
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Chapter III. Piezoelectricity in III-N semiconductors

higher e�ciency (d > 100 pm/V). Those man-made piezoelectric materials can be ordered

in three classes: single crystals, ceramics, and polymers.

The present PhD work is dedicated to single crystal of piezoelectric semiconductors. A

single crystal or monocrystal is a material in which the crystal lattice is continuous without

any grain boundaries. As a consequence, their optical and mechanical properties are better

than polycrystalline or amorphous materials.

There are 32 crystal classes, in which 21 of them have no center of symmetry. Those twenty

have piezoelectric properties [144], while ten out of twenty piezoelectric classes exhibit

a spontaneous polarization and thus show pyroelectric e�ect [145]. Finally, among the

pyroelectric classes, only some of them are ferroelectrics. The electromechanical properties

of these classes are summarized in Figure III.5.

Piezoelectrics
Pyroelectrics

Ferroelectrics

Dielectrics

20 classes
10 classes
(e.g. III-N)

(e.g. LGS,
quartz)

(e.g. PPLN, PZT)

Figure III.5: Representation of the crystal classes, such as ferroelectric, pyroelectric and
piezoelectric materials.

After a brief description of ferroelectrics and pyroelectrics materials, the focus will mainly

be on III-N semiconductors which are the materials of interest in nanopiezotronics.

III.2.1.1 Pyroelectricity

Pyroelectricity is the property of the spontaneously polarized crystal to generate a voltage

when their temperature changes. The variation of the temperature modi�es the position

of anions and cations which changes this spontaneous polarization and induces a voltage

across the crystal.

If the temperature stays constant, the voltage slowly disappears due to the charge dissi-

pation caused by the presence of free charges in the crystal. Pyroelectricity should not be

confused with thermoelectricity in which a constant temperature gradient induces a con-

stant voltage. The relation between the change in the spontaneous polarization Psp with

the temperature T is described by Equation III.18:

∆Psp,i = pi∆T , (III.18)

where pi (C.m−2.K
−1) is the vector representation of the pyroelectric coe�cient.
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III.2. Piezoelectric materials

III.2.1.2 Ferroelectricity

Ferroelectricity is the ability of certain materials to reverse their spontaneous polarization

by the application of an external electric �eld. All ferroelectric materials are pyroelectric

and thus piezoelectric. In most of the polarized materials, the polarizationP is proportional

to the external applied electric �eld E0 as shown in Figure III.6.a. However ferroelectric

materials have a non-linear polarization, which does not disappear at zero electric �eld once

they were polarized, their polarization can be reversed by the application of strong electric

�eld (III.6.b). Therefore, the polarization P depends not only on the external electric �eld

but also on its history, yielding a hysteresis loop.

a) b)P

E E

P

Figure III.6: Polarization curve as a function of the applied electric �eld for a) conventional
dielectric materials and b) ferroelectric materials.

All the ferroelectric materials have a certain phase transition temperature so-called Curie

temperature (TC) above which the spontaneous polarization vanishes and the ferroelectric

crystal becomes paraelectric. Many ferroelectric materials would lose their piezoelectric

properties above this TC because their paraelectric state has a centrosymmetric structure.

Ferroelectric materials are widely used in applications due to their high piezoelectric prop-

erties and their non-linear polarization. For instance, the hysteresis e�ect can be used as

a memory function in ferroelectric RAM [146].

III.2.2 Piezoelectric III-N semiconductors

Recently, the combination of semiconducting and piezoelectric properties in III-N materials

is highly of interest in nanopiezotronics (see chapter I). Nevertheless, the piezoelectricity

and its relevance is di�cult to be studied in semiconductors because of its low piezocoe�-

cient value.

Wurtzite III-N materials have a hexagonal unit cell which is described by the basal-plane

lattice parameter a0, and the axial lattice parameter c0. The internal parameter u0 is

de�ned by the ratio between the anion-cation bond length parallel to the c-axis and the c0-

lattice parameter. Thus, the bond length parallel to the c-axis corresponds to u0 ∗ c0. The

high di�erence in the electronegativity of the two constituents in III-N binary compound,

leads to the deviation of the c0/a0 ratio and the internal parameter u0 from the ideal
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Chapter III. Piezoelectricity in III-N semiconductors

value of
√

8/3 and 3/8=0.375, respectively. Because of this structural non-ideality, the

centers of symmetry of anion N3− and the metal cation Ga3+ for GaN, do not overlapped

perfectly. As shown in Figure III.7.a, the related dipole induces an inherent polarization or

spontaneous polarization (Psp) inside the material [147]. Because of the crystal structure,

the non-ideality increases from GaN to InN and then to AlN, thus causing the increment

of the spontaneous polarization following this order [84].

+
-

PTotF FPSP

a) b)
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Figure III.7: Crystal structure of GaN and the corresponding polarizations. a) Relaxed
crystal having only spontaneous polarization. b) Crystal under tensile strain along the c axis,
Ptot = Psp + Ppz.

When the crystal is deformed (Figure III.7.b), the center of symmetry of anions and cations

changes their position and furthers modi�ed the crystal dipole. The polarization induced

by the strain is called piezoelectric polarization (Ppz). This polarization can be positive or

negative depending on the strain applied on the crystal. The total polarization (PTot) is

the sum of spontaneous and piezoelectric polarizations: PTot = Psp + Ppz.

By convention, the [0001] direction, i.e. the c-axis, is given by a vector pointing from

Ga atom to a nearest-neighbourg N atoms. For III-N materials, if the crystal is oriented

along the c axis as shown in Figure III.8.a, the spontaneous polarization is negative and

the piezoelectric polarization is positive for a tensile strain. Conversely, if the crystal

is oriented along the -c axis as shown in Figure III.8.b, the spontaneous polarization is

positive and the piezoelectric polarization is negative for a tensile strain along the c-axis.

These two orientations along c or -c axis are also called metal or Ga-polar and N-polar

respectively. The value of the spontaneous polarization are PN−polar
sp ·n = 0.029 C.m−2 and

PGa−polar
sp · n = −0.029 C.m−2 with n, the unity vector normal to the surface.

For the Ga-polar GaN, the spontaneous polarization Psp is −0.029 C.m−2 and the piezo-

electric polarization due to normal force applied into c axis is Ppz = e33.εz with εz the strain

along the c axis, and e33 = 0.73 C.m−2 the piezoelectric coe�cient along this direction [83,

148].

By convention, all the piezoelectric parameters such as piezoelectric coe�cients and spon-

taneous polarization are de�ned in respect to the c axis of the crystal.
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Figure III.8: GaN crystal structure and the corresponding spontaneous and piezoelectric
polarization under the tensile force along the c-axis for a a) Ga-polar crystal, b) N-polar
crystal.

The piezoelectric response to an external stress is determined by the piezoelectric tensors.

Similar to elasticity and sti�ness, the matrix representation of the piezoelectric tensors

depends on the crystal symmetry. In the case of wurtzite materials, the piezoelectric

tensors given previously can be simpli�ed to new matrix with only three independent

coe�cients:

[e] =

 0 0 0 0 e15 0
0 0 0 e15 0 0
e31 e31 e33 0 0 0

 (III.19) [d]t =


0 0 d31

0 0 d31

0 0 d33

0 d15 0
d15 0 0
0 0 0

 (III.20)

Compared to piezoelectric ceramics in which the piezoelectric coe�cient can easily reach

300 pm/V, the piezoelectricity in GaN is weak (d33 ≈ 2.4 pm/V). This value was deter-

mined by ab-initio calculation and can slightly vary depending on the simulation parame-

ters (see [84] and references therein). Experimental determination of the III-N piezoelectric

coe�cients is challenging due to their small value which will be shown later in chapter VI.

As a polar crystal, the existence of a spontaneous polarization at equilibrium without

any electric �eld is often undetectable since 'real' charges or dipoles such as charged dust

particles, water on surface, etc can completely screen the surface charges associated to this

polarization [149]. Another source of charge screening which is speci�c to semiconductor

and speci�cally relevant in the energy harvesting using piezoelectric e�ect, corresponds

to the level of free carriers. The presence of free charges from the doping can a�ect the

piezoelectric properties by inducing leakage and screening e�ect and thus is an important

parameter for nanopiezotronics. The free electron concentration of unintentionally doped

GaN nanowires is estimated in the range of n = 1017 cm−3.
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Chapter III. Piezoelectricity in III-N semiconductors

Before describing this e�ect of the free charges on the piezoelectric response, the capacitive

model in dynamic mode with its related displacement current is reminded. In the case of

a parallel charged plate capacitance having an electrode surface ′S′ and a space between

electrodes of ′d′ �lled with a perfect dielectric, the number of charges on the electrode at

an applied potential V is determined by Q = C · V = −ε0εrSE since E = −V/d. For an
alternative regime, I = dQ/dt = −j · S with:

j = ε0εr
dE

dt
= ε0

dE

dt
+
dP

dt
(III.21)

The �uctuation of charges at the electrodes coming from the external circuit I is compen-

sated by the displacement current density j inside the dielectric.

By adding the contribution of the free conducting charges [134]:

j = ε0
dE

dt
+
dP

dt
+ σ · E (III.22)

This last term due to those carriers in semiconductors reduces the free current contribution

related to the time variation of the bound charge distribution. σ is the conductivity of the

material.

Remark: an equivalent relative permittivity can be de�ned in the sinusoidal regime (E =

Ēejωt) as: ε∗r = εr − iσ/ωε0
metal−−−→ −iσ/ωε0.

The modi�cation of the piezoelectric potential strength and spatial distribution due to the

free charges were simulated for ZnO nanowires [72]. As expected, the potential value is

decreased when increasing the carrier concentration due to screening e�ect and an inhomo-

geneous distribution of the potential is observed. We have also simulated the e�ect of the

screening on the piezopotential and charge distribution using TiberCad in the case of single

N-Polar GaN nanowire. The main results are presented in Figure III.10. Note that the

Schottky barrier is not considered in this simulation. The increased donor concentration

decreases the internal nanowires potential value and its variation mainly occurs at the top

of the nanowire. This e�ect is correlated with the accumulation electron at the top surface.

Such results are consistent with others calculations [71, 72].
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III.3. Summary

Figure III.10: a) Piezoelectric potential distribution of the N-Polar GaN nanowire com-
pressed by a uniaxial force of 250 nN for di�erent donor concentrations [cm−3]. The line plot
is taken along Z-axis at X = 0 and Y = 0. The top surface is set at 500 nm. b) The total
charge density, computed as ρ = q(N+

D − n). Adapted from R. Songmuang's HDR.

III.3 Summary

The III-N nanowire is a complex system because of the coexisting between semiconducting

and piezoelectric property. Several parameters have to be considered: the dielectric e�ect

on the generated electric �eld, the contribution (or not) of the spontaneous polarization,

the polarity of the nanowire, the orientation of the applied force, the low value of the

piezocoe�cients, the screening, the possible giant piezoelectric e�ect, etc.

GaN AlN InN
Spontaneous polarization

P (C/m2)
-0.029 [83] -0.081 [83] -0.032 [83]

Polarization bound charge
(1013e/cm2)

1.81 [83] 5.06 [83] -

e31 = −0.33 to −0.49 e31 = −0.58 e31 = −0.57 [150]
e33 = 0.65 to 0.73 e33 = 1.55 e33 = 0.97 [150]

Piezoelectric coe�cients
eij (C/m

2)
e15 = −0.3 [148, 150] e15 = −0.48 [129]
d31 ≈ −1.2 d33 ≈ 2.4 d31 ≈ −2.7 d33 ≈ 5.5 d31 ≈ −3.4 d33 ≈ 8Piezoelectric coe�cients

dij (pm/V ) d15 ≈ −3.3 d15 ≈ −4.1
Dielectric constant εr εr = 8.9 [41] εr = 8.5 [41] εr = 8.1 to 15 [151, 152]

εr11 = 9.5 εr11 = 7.76 εr11 = 13.1
Relative permittivity εrii εr33 = 10.4 [75] εr33 = 9.32 [153] εr33 = 14.4 [154]

Table III.1: Bulk properties of III-N materials

In this table, dij coe�cients are calculated using equation III.9 which is written as follow:
e15 = d15C44

e13 = d31(C11 + C12) + d33C13

e33 = 2d31C13 + d33C33

(III.23)
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Figure III.11: Summarizes the spontaneous and piezoelectric polarization charges in N-polar
III-N nanowires with possible adsorbates. e is an elementary charge.

� III-N semiconductors own a relatively high spontaneous polarization ||Psp|| =
0.029 C.m−2. Its orientation depends on the crystal polarity: metal- versus

nitrogen-polar. It is therefore important to distinguish Ga- from N-terminated

surface. The e�ect of spontaneous polarization is expected to be screened by

adsorbate.

� For reasonable deformation (ε < 1%) or applied �eld, the direct and reverse

piezoelectric polarizations in III-N materials are low since the piezocoe�cients

are in the range of C.m−2 and pm/V . For instance, in GaN, e33 = 0.73 C.m−2

and d33 ≈ 2.4 pm/V. Nevertheless the giant piezoelectricity is claimed in III-N

nanowires [12, 13]. This e�ect is investigated in Chapter VII.

� For both N and Ga-polar, Psp and Ppz have the same orientation under a

compressive force whereas they are opposite under tensile force along the c-

axis. The present PhD mainly focuses on N-polar nanowires.

� The coupled equation: D = ε0[εεr] · E + [e]ε + Psp can be used to determine

the charges and the potential. The screening e�ect due to free charges plays

an important role on the piezoelectric potential value and distribution.
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Chapter IV

III-N nanowires MBE growth and

samples nano-fabrication

This chapter describes the nanowires growth, the list and properties of the nanowires,

bulk and thin �lm III-N samples used during this studies and the nanofabrication process

to de�ned several sample designs: contacted single dispersed III-N nanowires, suspended

nanowire, contacted nanowire ensemble, etc.

IV.1 Nanowires growth

Here, III-N semiconductor nanowires were grown by plasma-assisted molecular beam epi-

taxy (PA-MBE) [155]. This bottom-up approach involves depositing a molecular beam of

group III element (Ga) and group V element (N) on Si<111> substrates at high temper-

ature and under ultra-high vacuum with a Ga/N ratio lower than 1 or N rich condition.

Under proper pressure, temperature and �ux, the nanowires are spontaneously grown on

the substrate along the c axis. They have a wurtzite crystal structure, which gives a

hexagonal cross-section according to their lattice system. The main advantage of this self-

forming growth compared to the growth via vapor-liquid-solid (VLS) mechanism is that

the formed structures are nearly defect-free. Nevertheless, unintentionally n-type doping

generally presents, which can be intentionally increased by adding of Si atoms during the

growth. P-type doping can be introduced by Mg atoms which provide free holes in the

crystal structure. This p-type doping is still challenging in III-N [77]. By using PA-MBE,

the high density and non negligible lateral growth of the nanowires can limit the length of

well-separated nanowires becauses of the coalescence e�ect. For this reason, the maximum

nanowire lenght in our case is around 3 µm long for 100 nm diameter.

The majority of undoped GaN, InN and GaAlN as well as n-doped GaN nanowires used

in this work were grown by R. Songmuang using PA-MBE [156, 157]. AlN nanowires were

provided by T. Auzelle et al. from Paul Drude institute, Germany. All the GaN and

GaAlN nanowires are N-polar, proven by high resolution scanning transmission electron

microscopy [158] and KOH etching. AlN nanowires are Al-polar.
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Chapter IV. III-N nanowires MBE growth and samples nano-fabrication

Figures IV.1.a and IV.1.b show typical side and top view images of GaN nanowires. An-

other advantages of this type of nanowires is the possibility to create nanowire heterostruc-

tures. For this purpose, the material can be changed during the growth allowing a mod-

i�cation of the band structure pro�le along the radius and the axis of the nanowires.

Figure IV.1.c shows the AlN insertion inside GaN nanowires grown by PA-MBE.

200 nm

a) b)
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Figure IV.1: SEM images of vertical GaN nanowires on Si(111) substrate. a) Side view
and b) top view. c) Example of nanowire heterostructure with AlN barrier of 180 nm length
inserted in the middle of GaN nanowires.

IV.2 Details of the samples under investigation

IV.2.1 III-N nanowires

The table below summarizes the nanowire samples with the wurtzite structure of the

present studies.

intrinsic GaN n-GaN GaAlN/GaN AlN GaN/AlN/GaN
Reference E-2406 E-1916 E-2458 E-3220 M-2854 E-3439

Length (nm) 550 1000 550 780 800 3000
Diameter (nm) 30-80 30 80-110 60 80 100
Aspect ratio 7-18 33 5-7 13 10 30
Polarity N N N N Al N

Doping parameters undoped undoped TSi = 1200◦C undoped undoped -
Carrier concentration (cm−3) ≈ 1017 ≈ 1017 ≈ 1019−20 - insulating -

Table IV.1: Mechanical and electrical parameters of the studied III-N nanowires.

As a general tendency, the majority of the nanowires have a length and diameter lower

than 1 micron and 100 nm respectively. Most of the nanowires have N-polar, apart

AlN nanowires in which their polarity is metal-polar. Except E-2458, all the samples

are undoped in order to avoid strong internal screening e�ect which is detrimental for

nanopiezotronics (Chapter I). The heavily n-doped E-2458 sample is used to investigate

the possible e�ect of free carriers.
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IV.2. Details of the samples under investigation

IV.2.1.1 Defect and oxides

The III-N nanowires growth by our conditions were studied by transmission electron

microscopy (TEM) and photoluminescence. The TEM measurement of GaN nanowires

showed perfect atomic arrangement with a few nanometer of amorphous layer (see Fig-

ure IV.2). This layer could correspond to the native oxide layer covering III-N nanowires.

The high crystal quality of these GaN nanowires was also con�rmed by the absence of Yel-

low band emission in photoluminescence measurements. Yellow luminescence was linked

to Ga vacancies and related emission from surface states associated with the gallium oxide

[122, 159].

The arrow in the Figure IV.2 indicating the [000-1] direction, the surface on the left cor-

responds to the N-polar surface. Ga-polar surface is expected to have a thin 1 nm oxide

layer while in N-polar surface the native oxide is thicker (Chapter II). Here the oxide layer

seems indeed to be few nanometers thick. Nevertheless due to TEM sample preparation

and measurement, it is di�cult to precisely de�ned this thickness.

(a)
[0001]

Figure IV.2: a) HRTEM image of a GaN/AlN heterostructure in a single NW, recorded along
the [11-20] zone axis. The bright (dark) contrast corresponds to AlN (GaN). The amorphous
layer around the nanowire is native oxide. Taken from ref. [160]. b) HRTEM image of a
nanowire section containing a double-barrier heterostructure, i.e. a pair 2-nm-thick AlN barriers
(bright contrast) separated by 6-nm-height GaN quantum dot. The GaN lateral growth around
the AlN barriers is clearly observed indicated by the white arrows. The sharp contrast observed
at the right facet of the NW (marked by the black arrow) is the native Gallium Oxide. Modi�ed
from ref. [161].

IV.2.1.2 Doping

To extract the doping level in the nanowires, the three-terminal �eld e�ect transistor struc-

ture is typically used. However it is di�cult to process our nanowires into devices because

of their limited length. Scanning Spreading Resistance Microscopy (SSRM) can also be

applied. The obtaining of quantitative values on nanowires is challenging with this con-

ducting scanning probe microscopy working in contact mode. Special calibration sample

and good surface properties are needed. The doping level of the nanowires were there-

fore estimated by comparison with thin �lm grown under same conditions. For undoped

GaN nanowires grown by PA-MBE, our unintentionally n-doping level is in the range of

1017 cm−3. In order to have an idea about the number of available free charges that a
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Chapter IV. III-N nanowires MBE growth and samples nano-fabrication

carrier concentration of 1017 cm−3 represents, we approximated the number of electrons

in n-type nanowires with the dimension of 600 nm length and 100 nm of diameter: there

should be around 5 electrons in the nanowire with 1016 cm−3, 50 electrons for 1017 cm−3

and 500 electrons for 1018 cm−3. It is very low but in the same range as the number of

spontaneous piezocharges.

The dopant distribution is an important parameter to de�ne a depletion zone in the case of

semiconductor surfaces and interfaces. On thin nanowires, self-puri�cation might segregate

the impurities at the nanowire surface during the growth [162, 163] and the dopant distri-

bution might not be homogeneous. Furthermore Calarco et al.[163] suggested that below

a critical diameter (80 nm), the whole nanowire is fully depleted due to the Fermi level

pinning at the nanowire sidewall surfaces and the resulting band bending. Our nanowire

diameter being small, this situation might also occur in the case of the low concentration

unintentionally n-dope nanowires.

IV.2.1.3 I/V measurements

In order to con�rm the presence of the Schottky barrier on our vertical nanowires, scanning

probe microscopy (SPM) in conductive contact mode was performed to extract their current

versus voltage characteristic. Silicon cantilever coated with platinum and iridium (5%

to increase tip robustness) was used. The work function of the tip is de�ned by the

work function of the platinum which is around 5.1 eV. Such a value being superior to

the electron a�nity of GaN i.e. 4.1 eV, Schottky barrier should appear at GaN / Metal

interface following the conventional Schottky model (see Chapter II). Only the top contact

between the tip and the nanowire should be rectifying since the bottom of each nanowire

should form with heavily n-doped silicon wafer an ohmic contact [1, 9].

By placing the SPM-tip on the top of vertical nanowires, current-voltage measurements

were performed on single nanowires. Figure IV.3 shows I/V obtained on conductive InN

nanowires (the blue curve), n-doped GaN nanowires (the red curve) and unintentionally

doped GaN nanowires (the black curve). For GaN nanowires, the forward regime is reached
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Figure IV.3: Current versus voltage curves measure with the AFM and a Keithley 2636 B
on di�erent types of vertical nanowires, conductive InN (the blue curve), n-doped GaN (the
red curve) and undoped GaN (the black curve), this curve is redraw at a smaller scale on the
right.
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for negative bias applied on the semiconductor as expected for n-type semiconductor with

φM > φS. The measured current strongly depends on the doping level, i.e. the donor con-

centration. I/V measurements on AlN nanowires were also tested but being fully insulating,

no current was observed.

On these �gures the resistance of the system in the forward regime were determined with

the following values:

- Ri−GaN = 130 MΩ.

- Rn−GaN = 2 MΩ (TSi = 1200 ◦C).

- RInN = 1.6 MΩ.

- RAlN > 50 GΩ.

IV.2.2 III-N bulk and thin �lm

Commercial bulk and thin �lm samples from Kyma technology and Lumilog were also used

for our experiments. The table below summarizes these samples:

Reference Kyma AJ3656 Kyma AJ4599 Kyma Lumilog Lumilog
Material GaN GaN AlN GaN GaN

Thickness (µm) 0.5 0.5 0.2 400 400
Bu�er layer AlN (200 nm) AlN (200 nm) - -
Substrate Si<111> Si<111> Si<111> - -
Polarity Ga-polar N-polar Al-polar Ga-polar N-polar

Doping parameters undoped undoped undoped undoped undoped
Carrier concentration (cm−3) ≈ 1017 ≈ 1017 ≈ 1017 - -

Table IV.2: Mechanical and electrical parameters of the studied III-N bulk and thin �lm.

IV.3 Nano-fabrication of the devices

In this PhD, several experimental con�gurations were tested for investigating the piezo-

electricity in single nanowires. Néel institute and CEA-Grenoble, have clean room facilities

with a large variety of nano-fabrication machines allowing the elaboration of speci�c sam-

ple design. This part focuses on the principle of nano-fabrication of di�erent samples, i.e.

bulk and thin �lm with top electrode, encapsulated nanowires, contacted single nanowires,

and contacted nanowire ensemble.

IV.3.1 Nanolithography

Nanolithography is a technique wildly applied in nanotechnology for the fabrication of

nanometer-scale structures. This technique allows the drawing of customized shapes on
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Chapter IV. III-N nanowires MBE growth and samples nano-fabrication

a polymer resist spin-coated on the sample surface. Exposed the resist with e-beam or

photons following a pre-determined pattern changes its solubility and makes this resist

selectively removable by immersion in a solvent. After removing the exposed resist, the

metal is evaporated on the substrate in the area corresponding to the drawing. Finally,

the unwanted metallic layer is lifted-o�, leaving the metal layer on the surface as design.

Two types of lithography were used: UV and electron beam lithography (EBL).

For the UV lithography, a photosensitive resist is spin-coated on the sample which is covered

by a quartz mask in quartz covered by chromium pattern. The quartz is transparent while

the chromium is opaque for UV. The sample is exposed for a few seconds to the UV light.

In positive process, the resist below the transparent part of the mask becomes soluble in

the developer and can be removed. The advantage of this technique is the ability to create

a large-scale pattern on surface in short time , suitable for mass production. Moreover,

a speci�c mask has to be done for each di�erent pattern. The maximum resolution is

limited by the wavelength of the light used for the exposure. UV or deep UV are widely

applied in industry and for thin patterns. In this work, UV lithography with a wavelength

λ = 365 nm is used for making the marker pattern for nanowires dispersion.

Di�erently, EBL pattern is written by an electron beam on an electron sensitive resist

which allows drawing customized shapes without any masks. The resolution is higher than

that of UV lithography since it can reach a few nanometers. The main disadvantage of

this technique is the exposure time which depends on the size of exposed area. This time

can reach a few hours. EBL is used for most of our drawings and especially for connecting

the dispersed nanowires to the metal contacts drawn by UV lithography.

Each lithography step is explained in detail below and summarized in Figure IV.4.

Exposure

Developing Metallisation
Lift-off

a) b) c)

d) e) f)

Substrat

Resist

Exposure

Mask

Figure IV.4: Summary of the di�erent lithography step with: a) Spinning of the resist.
b) Mask positioning and exposure with UV light (for UV lithography). c) Exposure with
electron beam (for electron beam lithography). d) Development to remove exposed resist. e)
Metallization on all the sample. f) Lift-o� to remove non exposed resist.

� Cleaning: The sample is cleaned with cold acetone in ultrasonic bath during 1

minute to remove dust or contamination. Then, it was rinsed with IPA solution and

blowed by dry N2 gas �ow.

� Spin coating (Figure IV.4.a): A spin coater machine serves to spread an homoge-

neous and thin layer of resist which is photosensitive or electrosensitive. The thickness
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is controlled by the spinning speed and times. These parameters depend on the resist

type and the target thickness as given in the appendix C. To ensure the lift-o�, the

resist should be three times thicker than the metal deposited on the samples.

� Baking: The resist coated samples are baked on a hotplate to remove the excess of

the solvent. For our standard resist (PMMA), the baking duration is 5 minutes.

� UV Exposure (Figure IV.4.b): The mask containing the pattern is placed in contact

with the sample coated with resist and then is exposed with UV light. The exposure

time depends on the light intensity and is calculated before each exposure with the

following equation: T = D.W, where T (s) is the exposure time, D (mJ/cm2) is the

dose, and W (mW/cm2) is the lamp power. Usually, the exposure time is around

100 seconds.

� Exposure (EBL) (Figure IV.4.c): The sample is introduced into the SEM chamber

and exposed by the electron beam accelerated at 20 kV following the de�ned drawing.

The dose D for PMMA is 250 µC/cm2 and the exposure time T is given following

formula: T.I = D.A where A is the area exposed and I (A) is the beam current

measured by a Faraday cup inside SEM microscope.

� Development (Figure IV.4.d): After the exposure step, the sample is developed by

MIBK/IPA solution during 30 seconds to remove the exposed PMMA then rinsed

1 minute in an IPA solution. Afterward, the sample is cleaned by O2 plasma via

Reactive Ion Etching (RIE) for 5 seconds at 20 W. This etching step helps removing

the trace of resist inside the pattern.

� Metallization (Figure IV.4.e): The opening of the resist corresponding to the draw-

ing is �lled with metal via electron beam under the vacuum of 10−6 mBar. In the

case of Ti/Au metals deposition, Titanium thin layer plays the role as a glue layer

to improve the gold adhesion on Si substrate while gold is used as a top layer for its

conductivity and inert properties.

� Lift-o� (Figure IV.4.f): The sample is dropped into an acetone solution for 2 to 3

hours to remove non-exposed resist with the metal. Only the metal present at our

drawing position done by lithography stays on the surface. Then, the sample is rinsed

in an IPA solution and is etched via oxygen plasma during 5 minutes and at 50W to

completely remove the trace of resist.

IV.3.2 Sample design

In this PhD work, several properties of III-N bulk and nanowire such as conductivity,

contact potential, or piezopotential, and mechanical displacement are investigated in order

to build microscopic pictures of nanopiezotronic phenomena. For this purpose, several

geometries of sample are needed. Their design and fabrication processes are described

below. The details concerning the fabrication recipes of each following section can be

found in the appendix C.
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IV.3.2.1 Metallic top electrode on bulk III-N samples

In order to de�ne the polarity and the quasi-quantitative piezo-coe�cients of bulk nitride

materials via piezoresponse force microscopy (see chapter VI), the top metallic electrodes

are deposited following the EBL protocol described previously. These circular electrodes

have a diameter of 250, 500 or 1000 µm. For insulating samples, charge accumulation could

de�ect electron beam de�ection causing di�culties in lithography process. Therefore, a

thin metal layer is deposited on the resist before lithography, to evacuate the accumulated

charges from the surface (for more detail about fabrication process see appendix C).

IV.3.2.2 Contacted single dispersed III-N nanowires

For transport measurements and piezoresponse measurements of single nanowires, the iso-

lated nanowires have to be electrically contacted at the two ends. The two di�erent lithog-

raphy steps are applied. Firstly, the microscale pattern shown in Figure IV.5.a is de�ned

which composes of four write-�eld with 100 micron-size. Each write �eld are connected

with 16 metal pads which is used for micro-bonding process. UV lithography is selected

for this step because of their micro-size pattern.

Secondly, E-beam lithography is applied to draw nanoscale markers inside the write �elds,

which are used for identifying the position of the dispersed nanowires and for alignment.

This pattern is shown in Figure IV.5.b.

The nanowire dispersion can be performed by two di�erent techniques. One way is to

scratch the as-grown nanowires from their original substrates, and mechanically transfer

them to the sample surface. The other one is to detach the nanowires from the substrate in

the IPA solution by using ultrasonic bath. The droplet of this solution is used for dispersing

the nanowires.

Once the positions of the dispersed nanowires are de�ned in respect to the markers in

the write-�elds by using SEM, the contact patterns are designed and drawn by E-beam

lithography as shown in Figure IV.5.c and Figure IV.5.d.

400 µm

20 µm

a) b) c)

10 µm

2 µm

d)

Figure IV.5: a) Sample design for nanowire dispersion with four write-�elds composed of
metal pads for micro-bonding. b) Zoom at one writing-�eld containing nanowires after disper-
sion. c) SEM image of the write-�eld with dispersed nanowires connected to the metallic pads
by EBL. d) Zoom from the previous image on two contacted nanowires.
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Substrat
Resist

a) b) c)

d) f)e)

Figure IV.6: Lithography process used for suspended nanowires fabrication. a) Spinning of
the �rst layer of the resist. b) Dispersion of the nanowires using liquid dispersion. c) Spinning
of the second layer of the resist. d) EBL and development. e) Metal deposition. f) Lift o�.

IV.3.2.3 Suspended nanowires

In order to mechanically and electrically decouple the nanowires from the substrate, the

suspended nanowires between two metal contacts are fabricated. The PMMA resist is spin

coated on the substrate with the markers to obtain this con�guration. Then, the nanowires

are dispersed, followed by the spin coat of the second PMMA layer to cover the nanowires.

The contact patterns are drawn by EBL using the previously described process. When the

resist at the two end of the nanowires is removed during the lift-o� step, the nanowires are

then suspended, supported by the two metal contacts. The distance between the nanowires

and the substrate surface is controlled by the thickness of the �rst layer of PMMA.

The summary of this process is represented in Figure IV.6 and the SEM image of suspending

nanowires is shown in Figure IV.7.

IV.3.2.4 Contacted nanowire ensemble

For PFM measurement of the vertical nanowire ensemble, the metal top contact should

be created. Prior to the metal deposition, the resist layer is spin-coated to �ll the space

Figure IV.7: Tilted SEM image of the suspended GaN nanowire.
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between those as-grown nanowires to prevent a short circuit between the top and the

bottom contacts. O2 plasma is used for etching the encapsulating resist until reaching the

top of the nanowires. The 5 nm of HfO2 layer is grown by atomic layer deposition, followed

by the deposition of the circular metallic electrode of 10 nm Ti/60 nm Au by a shadow

mask technique. The fabrication process is illustrated in Figure IV.8, while Figure IV.9

shows the SEM images of the contacted nanowire ensemble using the described process.

Maska) b) c) d)

Figure IV.8: Fabrication process of encapsulated nanowires covered by a top electrode. a)
Spinning. b) Removing of the extra resist by O2 plasma to uncover nanowires top. c) HfO2

deposition by ALD. d) Metal evaporation under shadow mask.

500 nm

500 nm

1 µm

a)
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c)

Figure IV.9: SEM images of di�erent fabrication step of contacting nanowire ensemble. a-
b) Side view images of resist encapsulated nanowires before and after O2 plasma etching,
respectively. The zoom image shows only a few holes in the metal contacts. c) Top view image
after metal electrode deposition by shadow mask technique.

IV.4 Summary

In literature, several con�guration were used for investigating piezoelectricity (see Chap-

ter VII) and nanopiezotronics on single semiconducting piezoelectric nanowires (see Chap-

ter I and Chapter VIII). All of these con�gurations: vertical nanowires, tilted nanowires,

contacted nanowires, were fabricated during the present PhD and the Figure IV.10 sum-

marizes some of them.
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a) b) c)

Figure IV.10: SFM topographic image in 3D of a) vertical nanowires, b) tilted nanowires,
c) contacted nanowires.

� Several types of III-N nanowires: GaN, GaN/AlN/GaN, GaAlN/GaN, InN,

AlN were grown by PA-MBE. Bulk and thin �lms were provided by Kyma

technology and Lumilog.

� The length of these nanowires is in the range of 500 nm to 1 micron, while

their diameter is about 80 nm.

� All the GaN samples are N-polar due to growth conditions.

� Apart E-2458 samples, all the nanowires are undoped, i.e. with a carrier con-

centration around 1017 cm−3. Due to the small diameter, the majority of

the carrier in the nanowires is expected to be depleted, limiting the intrinsic

screening.

� The native oxide layer thickness of our N-polar nanowires is expected to be in

the range of few nanometers like for N-polar thin �lms. Without a large applied

force in order to break the native oxide, the interface between semiconducting

nanowire and metallic SFM tip could be M-I-S rather than M-S.

� Being storaged and measured in air, the overall surface of the nanowires should

be covered by a thin layer of water, creating a dipole layer.
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Chapter V

Scanning Force Microscopy: a surface

local probing tool

Scanning probe microscopes (SPM) [164, 165] consists of scanning a nanometer-size tip over

a sample surface in order to locally probe its topographical, electrical, optical, mechanical,

chemical or/and magnetic properties at nano/atomic-scale. These surface techniques can

be divided in three sub-families: scanning tunneling microscope (STM), scanning force

microscope (SFM) and scanning near-�eld optical microscope (SNOM). In STM, the tun-

neling current is measured between the last atom of a metallic tip and a conducting surface.

SNOM uses a metalized optical �ber with a narrow hole at the apex to sense the near-

optical �eld at the surface of samples with one order of magnitude below the di�raction

limit. SFM probes the interaction force between a cantilever-tip and any kinds of sample

surfaces. The SFM is a relevant technique to study nanopiezotronics since it can measure

topography of nano-objects and probing the related electrical changes at the microscopic

level by applying a local nanoNewton force.

The history of scanning probe microscopy starts with the scanning tunneling microscope.

The �rst STM was constructed in 1981 by the IBM swiss team: G. Binning, H. Rohrer,

E. Weibel and Ch. Gerber [166, 167, 168], closely followed by the development of the

atomic force microscope (AFM also named as SFM) thanks to G. Binning, C.F. Quate

and Ch. Gerber [169]. In 1986, G. Binning and H. Roher were awarded by the Nobel prize

of Physics for the STM invention [170]. In the last decade, several improvements were

done in this �eld of microscopy. For instances, scanning force microscope can nowadays

easily work in a liquid environment [171] thanks to a pulsed force approach [172, 173] or

photothermal excitation of cantilever oscillations. Several multifrequency approaches have

been developped [174, 175] and scanning force microscope head design was also modi�ed

to function in high speed mode (HS-SFM) [176, 177, 178, 179, 180] or to be coupled with

optics (�uorescence, IR, TERS) [181]

In general, there are three di�erent ways to perform scanning probe microscopy: either by

buying a commercial ready to be used SPM, developing an own-made instrument, or via an

hybrid approach which customizes a commercial SPM [182, 183]. This intermediate path
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avoids working with a black-box or spending time in a complicate developing instrumenta-

tion. In order to perform multifrequency SPM measurement techniques, such 'up-grading'

of the microscope was done in this PhD by coupling an external ZI electronic (HF2PPL)

to a D3100 SPM via a signal access module box (SAM).

In this section, the key points of scanning force microscopy are summarized. The expla-

nation of the advanced SFM modes used in this PhD work (FM-KPFM, DFRT-PFM, etc)

are distributed inside this manuscript at the part corresponding to each techniques.

For the details on SPM, the readers are advised to refer to several books on scanning probe

microscopy [164, 184, 185, 186, 187].. The online lecture of Nancy Burnham [188] is also

helpful for SPM learning.

V.1 Working principle

Photodiode

Piezo-tube :
X,Y,Z control

Cantilever

SampleComputeur :
Image processing

La
se

r

Detector and
feedback loop

Piezo-
tube

Piezo
shaker

Contact mode :

Tapping mode :

Feedback : PD Voltage

Feedback : PD Amplitude

Figure V.1: Schematic of the SFM setup with di�erent parts: piezo-tube scanner, cantilever,
and photodiode as well as the principle of the feedback loop. The right images show the working
principle of the two most common modes: contact and tapping.

A basic SFM setup is shown in Figure V.1. As a probe force sensor, a sharp tip with a radius

in the nanometer range positioned at the end of a cantilever is scanned over the sample

surface thanks to a piezoelectric tube scanner allowing the movement of the cantilever in

the 'X', 'Y', and 'Z' directions with an atomic precision. A laser beam focused on the top

of the cantilever is re�ected to a quadrant photodiode (PD). The signal of the photodiode

is used by Z-feedback loop to keep the tip/sample interaction constant by adjusting the

height (Z) of the cantilever thanks to the piezo-tube. Thus, the Z displacement of the

piezo-tube corresponds to the sample topography.
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V.1. Working principle

V.1.1 Molecular forces

SFM working principle is based on the interaction forces acting between the tip and the

sample surface. The forces with short and long range are distinguishable [189]. The short

range concerns the Pauli repulsion interaction (with a 1/z12 dependency) and the chemical

bonds (about 10−11 to 10−8N). The long range forces correspond to the Van der Waals,

the electric, magnetic and hydrodynamic ones. The attractive Van der Waals force is in

the nanoNewton range at a few Angstrom or nanometer distance. Its precise strength

depending on the tip shape and size has to be determined via the Hamaker coe�cient.

The electric or magnetic forces act at even a few ten or hundred of nanometers away from

the surface. As an indication, two electrons at 100 nm apart correspond to the force of

10−14N , while a tip of 20 nm radius with a distance of 0.5 nm and being polarized with

1 Volt would sense an electrostatic force of Fel. ≈ 5× 10−10N . In air, the capillarity e�ect

must be added to all these forces. It plays an important role, especially in the case of a

broad tip used in contact mode. For examples, the capillarity force (Fcap) increases from

9 nN for a tip radius of R=10 nm to a dominant value of Fcap = 90 nN if R=100 nm.

During the tip scanning in contact, dissipative friction forces have also to be considered.

Finally the force acting on the tip is the sum of several interactions occurring at molecular

Coulomb interaction

Van der Waals interaction

Total force

Tip/Sample Distance

Fo
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Figure V.2: Force response curve between the SFM tip and the sample depending on their
distance. This force curve is the combination of Pauli interaction (blue) dominant at small
distance and the weak interaction (red) dominant at long distance. The three SFM working
modes and their position on this force curve (or tip/sample distance) are shown in dot line.

level. For simpli�cation, the Pauli repulsion and the weak Van der Waals forces are plotted

in Figure V.2. At long distance, the Van der Waals force is dominant. Such an interaction

attracts the tip closer to the surface and increases when the tip/sample distance decreases.

At very short distance the electron clouds begin to interact and, due to quantum mechanics

principal, repel each other. This repulsive interaction weakens the overall attraction until

a net force of zero is reached around a typical distance of 2-3 Angstrom. Closer than this
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Chapter V. Scanning Force Microscopy: a surface local probing tool

distance, interactive forces become mainly repulsive and the atoms are considered to be in

contact.

V.1.2 Di�erent quasi-static and dynamic working modes

The SFM topography can work in four di�erent ways: contact, pulsed force, intermittent

(tapping) and non-contact. Each of these ways corresponds to a certain quasi-static or

dynamic tip/sample interaction, which means a certain force regime.

The non-contact mode works in the net attractive force regime, while in the contact mode,

the repulsive force regime dominates with a tip 'touching' the surface. The dynamic inter-

mittent (tapping) mode operates in between: the tip oscillating closely over the surface, it

feels the whole potential of interactions from the short range force to the long range ones.

The balance between one to the other depends on the average cantilever-tip distance, i.e.

its amplitude of oscillations.

Contact mode

The contact mode is based on a net repulsive force: the cantilever-tip facing the sample

surface is repulsed due to the Pauli repulsion principle which dominates here the attractive

Van der Waals force. The balance between all the intermolecular forces and the me-

chanical force related to the bending of the cantilever yields to an equilibrium Z-position

(Figure V.3.b). The degree of bending depends on the addressed setpoint force but the

repulsive force at the tip apex is then higher because of the attractive interaction. There

are three di�erent contributions from the forces on the cantilever-tip movement and po-

sition: the normal component used for topography, the buckling (generating artifacts in

Z-height determination) and the lateral contributions (twisting the cantilever). During the

tip scanning, the de�ection angle of the cantilever changes if the topography of the sample

varies. A modi�cation of this de�ection changes the re�ection angle of the laser beam and

its vertical position on the photodiode as shown in Figure V.3.c.
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A B
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A B

CD
A B

C
11°

θ

D
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C

θ

(a) (b) (c) (d)

z-feedback

Figure V.3: a) Adjustement of the laser spot at the center of the photodetector far from
the surface. b) Bending of the cantilever-tip and related de�ection angle until a setpoint value
determined in respect to the laser spot position on the photodetector. De�ection angle and
laser spot position in the case of topography slope without c) and with d) Z-regulation feedback
loop.

The feedback loop is used as a setpoint to keep the vertical signal at a �xed value by

adjusting the Z-movement of the piezo-tube scanner (Figure V.3.d). The force applied

74



V.1. Working principle

from the tip to the sample stays constant. It is worth noting that it is only the normal

projection of the force in respect to the surface which is used for this feedback control.

The photodiode used for the cantilever detection is composed of four quadrants to be able

to detect the vertical and the lateral motion of the laser beam. As shown in Figure V.4,

the lateral axis of the photodiode informs the twisting of the cantilever and therefore the

friction between the tip and the sample combined with the slope variation.

AB

CD

Scan

AB

CD

AB

CD

Scan

Figure V.4: With a tilted cantilever on the chip-holder, the buckling force having di�erent
orientation depending on the scanning direction induces an o�set between the trace and retrace
curves.

In practice, since the contact mode is an invasive mode, it is important to correctly adjust

its working parameters.

- The cantilever-tip should be inserted in the tip-holder with a binocular in order to

respect as much as possible the orthogonality of the system and thus minimizes the

buckling contribution.

- The force setpoint should be reduced to its minimum to avoid tip damage.

- The gains are adjusted in order that the trace and retrace pro�les are superposed

with a minimum error signal. P-gain is an instantaneous control action, while I-gain

de�ned on the time scale, that the error is integrated to remove the steady error.

- If parameters are well adjusted, the friction loop visible in the lateral signal should

be minimum.

To conclude about this mode, even if it is su�ered from tip wearing, the contact mode

is applied if high spatial resolution is needed (via probing the short range force), if sur-

face is very rough (easier to track the topographic variation) or when nano-mechanics,

conducting-SFM or piezoresponse force microscopy. Indeed in SFM contact mode, these

di�erent techniques give access to several physical information concerning the sample prop-

erties. For instance, reverse piezoelectric e�ect can be investigated thanks to piezoresponse

force microscopy (PFM), a measurement technique of the reverse piezoelectric e�ect (see

Chapter VII). By applying a local voltage bias on the sample via a conductive SFM-tip in

contact and then measuring the current passing through the interface, the local conduc-

tivity of the sample can be extracted via the measured spreading resistance. This mode is
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called conductive-SFM (C-SFM). There are two di�erent approaches in the market allowing

the conductivity measurement in the range of several orders of magnitude:

- Scanning spreading resistance microscopy (SSRM) developed at IMEC institute is

based on a non linear I/V converter which uses a diode inside the operational ampli�er

feedback loop. The TUNA version for highly resistive samples like oxide gate is used

instead of a high resistance in I/V converter unse in STM.

- Resiscope developed at LGEP laboratory is based on the non linearity of a resistance

divider using a bu�er con�guration approach (see Chapter VIII).

Dynamic intermittent (Tapping) mode

The intermittent contact mode (also called Tapping) was developed to overcome some

limitations of the contact mode such as the presence of lateral forces that can damage the

tip or the sample. In this mode, the cantilever oscillates thanks to the movement of a

piezoelectric element called bimorph placed on the tip holder: zdrive(t) = Adrive cos(ωt).

The dynamics of the cantilever is described by a driven harmonic oscillator with damping

γ:

mz̈ = −mγż − k(z − zdrive)
ω2
0=k/m
−−−−−→ z̈ + γż + ω2

0z = ω2
0zdrive (V.1)

The analytic resolution of this di�erential equation is done by using complex numbers:

z̄ = Aei(ωt+ϕ) = ẑ eiωt and z̄drive = Adrivee
iωt (see [164] for details). In this point-mass

model, the amplitude of the cantilever oscillation has a Lorentzian distribution as a function

of the driving frequency ω:

A(ω) = Adrive ·
Q√

Q2(1− (ω/ω0)2)2 + (ω/ω0)2

ω→ω0−−−→ A ≈ Adrive ·Q (V.2)

In the particular case where the driving frquency ω is equal to the natural resonant fre-

quency i.e. ω = ω0, the relation between the amplitude of excitation and its answer 'A'

is given by the quality factor Q. Remark: the natural resonant frequency ω0 should not

be confused with the resonance frequency ωres where 'A' is maximum, although there are

close in air environment, i.e. for low Q-factor.

Similar conclusion as Eq V.2 is obtained by considering that the cantilever is forced to

oscillate by a periodic applied force F = F0 cos ωt:

mz̈ = −k z −mγż + F0 cosωt → A(ω) =
F0

k
·

Q√
Q2(1− (ω/ω0)2)2 + (ω/ω0)2

(V.3)

If the interaction force Fts(d) between the tip and the sample distance from 'd' is added:

mz̈ = −k z −mγż + F0 cosω + Fts(d) (V.4)
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V.1. Working principle

Because the tip-sample interaction force is nonlinear (see the Force curve derived from

the Lennard-Jones potential in Figure V.2), such a nonlinear, second order di�erential

equation can not be resolved analytically [185]. However in the case of small amplitude

oscillations, the non uniform force is developed in Taylor series expansion [190]: F (t) ≈
F (z0) + F ′|z=z0(z − z0) cos ωt and

A(ω) =
F (z0)

keff

(
ω0

ω′0

)2

·
Q√

Q2(1− (ω/ω′0)2)2 + (ωω0/ω′0
2)2

(V.5)

with

keff = k − F ′|z=z0 and ω′0 =

√
keff

m
≈ ω0

(
1− F′|z=z0

2k

)
. (V.6)

The low force variation in space in respect to the cantilever tip displacement results to a

change of the oscillation amplitude which is proportional to F (z0) and a shift of the natural

resonance frequency which depends on F ′|z=z0 .

In practice, the intermittent mode is working as follow. The cantilever is excited close

to its free resonance frequency in order to maximize the amplitude of oscillations, i.e. to

minimize the tip-sample interaction. When the cantilever approaches the surface, the force

gradient between the tip and the sample causes a shift of the resonance frequency and its

oscillation amplitude drops as shown in Figures V.5.a and V.5.b. Attractive forces decrease

the cantilever resonant frequency at lower value compared to the free one, while repulsive

forces increases the cantilever resonant frequency. When the cantilever is getting closer to

the surface, its amplitude of oscillations �rstly increases due to the attractive forces and

then decrease when the tip/sample distance is reduced. This amplitude variation shown

in Figure V.5.c allows the control software to know how close is the surface in order to

safely perform the tip approach. In ambient conditions, the regulation is done by a lock-in

ampli�er (LIA) which reads and controls the amplitude of oscillations at a �xed value. If

the tip is too close to the sample, the amplitude decreases and the feedback loop moves

the piezo-tube upward. When the tip is too far from the sample, the amplitude increases

and the feedback loop moves the piezo-tube downward. By this way, a constant averaged

tip/sample distance is maintained and the image topography is performed without hard

interaction with the surface.

It is important to mention that only the conservative interaction is considered, which

causes a frequency shift. Also, the dissipative force possibly changes the amplitude of these

oscillations. This e�ect can be included by replacing the quality factor Q in Eq. V.5 by

(1/Q+1/Qts)
−1, where Qts is the quality factor corresponding to the additional dissipative

tip-sample interaction.

In addition to topography, the intermittent SFM mode can be used to probe the work

function of materials thanks to Kelvin probe force microscopy mode (KPFM) as described

in Chapter VI or the trapped charges near the sample surface with electrostatic force
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Figure V.5: Scheme of the tapping resonance versus the distance. a) far from the surface
the tip oscillate at is free resonance frequency, the green line indicate the frequency chose for
the regulation. b) close to the surface the resonance frequency shift which cause a drop of the
amplitude. c) Variation of the amplitude of oscillation versus tip/sample distance

microscopy (EFM).

The last important point in contact or intermittent SFM is the di�erent types of artifacts

which can occur in the topographic image. Some of them are unavoidable and must be

considered to interpret the SFM images. First, in function of the aspect ratio of the tip

compared to the one of the sample, the image can be more or less dilated in the lateral

direction and certain part of the sample surface is unaccessible by the tip. The damaged

tip such as double tip e�ect, can lead to twinned features in the image. The thermal drift

and unstable sample attachment might also produce a slow movement between the tip and

the sample resulting in a disturbed image. Imaging nano-objects such as nanowires are

subject to these limitations.

V.1.3 Detection methods of cantilever dynamics

In dynamic modes of scanning force microscopy, several types of detection schemes can

be applied such as amplitude modulation (AM), phase modulation (PM) or frequency

modulation (FM).

V.1.4 Lock-in ampli�er (LIA), Phase-locked loop (PLL) and Dual

amplitude resonance tracking (DART)

.

The lock-in ampli�er (LIA) or phase-locked loop (PLL) can be used for measuring the

change of the cantilever dynamics. They are necessary for the amplitude or frequency

modulation in di�erent SFM modes.

- Lock-in ampli�er (LIA) can be applied for amplitude modulation or frequency mod-

ulation. For instance, the modulation of the cantilever oscillation amplitude due to
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V.1. Working principle

the change of interaction force between the sample and the tip, is detected in in-

termittent mode via LIA locked to the frequency of the �xed mechanical cantilever

excitation.

- Phase-locked loop (PLL) is used for resonance tracking in the case of high Q-factor

(vacuum environment) or sti� cantilever (like tuning forks). PLL can be applied for

detecting the mechanical phase of the cantilever oscillator and regulates the excitation

frequency of the oscillator to keep the phase at the setpoint (for instance−90◦ in order

to track the resonance frequency). The PLL extract the frequency shift related to

the conservative force with very high sensitivity. Combined with a voltage controller

oscillator (VCO), it is also possible to obtain a non-conservative force contribution.

In self-oscillation mode, when the output is re-injected to the bimorph actuator, the

cantilever can be excited always at its resonance frequency, which is changed due to

its local interaction with the sample surface. Following the recommendations of ZI,

there are four steps for adjusting the PLL parameters:

1. The bandwidth of the PLL BWPLL has to be selected. It represents the speed

of the frequency variation signal (the cut-o� frequency, i.e. the fastest change

of frequency). It is often set to 1 kHz since the tip scans at 1 Hz rate and the

digital resolution on one line scan is around 1000 pixels.

2. The bandwidth of the phase detection BWPD (demodulator part) is usually

selected around BWPD = 2×BWPLL. If BWPD � BWPLL the phase detection

is too slow and the obtained signal smears-out. With BWPD � BWPLL, high

level of noise is introduced to the detection.

3. The order of the �lter is usually selected to 4. Higher orders might lead to a

lost in dynamics.

4. The determination of the P and I gain is not straightforward. The main idea is

to increase the transfer gain to reach -3dB of the signal amplitude at the carrier

frequency. Thus, BWPLL would be around the frequency modulation range It

is the principle proposed by the Advisor software module of ZI.

- Dual amplitude resonance tracking (DART): For degraded quality factor as in contact-

resonance SFM, low-Q value as in liquid environment or very instable phase signal

like in high corrugation surface or ferroelectric materials, PLL is fully instable and

cannot be used. The Z-feedback should be performed only with amplitude signals.

DART is a bimodal mechanical excitation approach. The excitation is applied on

each side of the resonance peak inside the resonance spectrum. The corresponding

amplitudes are measured via LIA and their di�erence which varies linearly can be

utilized to track the change in resonance frequency. The main disadvantage of DART

is the lost of the information concerning the dissipation (Q factor variation).
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V.1.5 Topography regulation via amplitude modulation (AM) or

frequency modulation (FM)

In ambient conditions, the amplitude modulation (AM) is often preferred. The mechanical

excitation is �xed close to a resonance frequency of the cantilever. Any variation of the

tip/sample interaction induces a change of the force gradient and then a shift of the reso-

nance frequency followed by a modi�cation of the oscillation amplitude (see Figure V.6.a).

The AM signal is used by the Z-feedback loop which adjusts the tip/sample distance via

PI-controller in order to maintain the oscillation amplitude constant. As the disturbing

factor, the dissipation also modi�es this amplitude.
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Figure V.6: Principle of a) AM regulation in air (low Q-factor): the mechanical excitation
fm is �xed. A modi�cation of the topography induces a shift of the resonance frequency. The
amplitude variation caused by this shift is used by Z-feedback loop to keep A = A′. b) FM
regulation in vacuum (high Q-factor): the mechanical excitation fm is kept at the resonance
thanks to PLL which tracks the phase. Topographic regulation is done by keeping the ∆f of
the PLL at a given setpoint.

The AM mode works well in ambient conditions with stable oscillations but it fails in

the vacuum medium. At low pressure environment, the quality factor 'Q' of the resonance

increases up to 1000 times due to the absence of the air damping. The time variation of the

amplitude, which is inversely proportional to 'Q', increases drastically making impossible to

perform AM-regulation. In that case, a higher resonance frequency mode with their lower

quality factor can be used. Usually the frequency modulation (FM) [191] is preferred. In

FM Z-regulation, the cantilever is mechanically excited at its resonance frequency and a

phase-locked loop (PLL) tracks the corresponding resonance phase (φ = −90◦) in order

to adapt the excitation frequency to maintain the resonance (see Figure V.6.b). The Z-

scanner feedback loop via PI-controller kept the frequency shift at a �xed value, which

means at a given tip/sample distance. With FM, even if the resonance peak is very

narrow (high Q-factor), the shift of the resonance toward higher frequency (lower frequency)

induced an increase of the phase (a decrease of the phase). The feedback loop is used for

adjusting the signal by moving the tip up or down. The frequency shift for the regulation

depends on the amplitude of the oscillations. Oscillations of few nanometers is often used

in order to well-de�ne the phase variation at each distance. Then the corresponding shift

of frequency is in the range of ten Hz. In the case of very rough surface, like nanowires, it is
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nevertheless di�cult to track properly the surface under this condition. Therefore a much

higher amplitude of oscillations is applied (similar to an intermittent mode), the average

distance between the cantilever-tip and the surface becomes larger and the frequency shift

is in the order of one Hz.

The FM Z-scanner regulation can also be used in ambient conditions, but its implementa-

tion is complicate and can be applied mainly on very �at surface. A hybrid approach is

proposed as an alternative in which the distance control is done via AM like tapping but

simultaneously the frequency shift of the mechanical resonance is tracked with PLL. In this

particular con�guration, the amplitude variation should mainly correspond to the dissipa-

tion part of the amplitude signal (change of the quality factor), not on the conservative

force.

V.2 Topography measurements on objects with high as-

pect ratio, e.g. nanowires

In this section, th brief details of SFM measurements on nanowires are described. The main

function of SFM is to extract the topography of sample at microscopic level. Topographic

images of vertical nanowires can be easily obtained in tapping mode. However, in contact

mode used for nanopiezotronics or piezocoe�cient determination, it is challenging on such

soft samples. Nanowires are very thin (d<100nm) and long (between 500nm to 3 µm)

which makes them �exible and easily deformable by the SFM tip. Di�erent settings, tip,

and samples were tested for �nding the most appropriated con�guration to perform SFM

in contact mode on the nanowires. In this part the main parameters are presented:

PI: The parallel PI regulation is the control system of the Z-feedback loop in order to

keep the amplitude signal as close as possible to the setpoint constant value. An algorithm

acts simultaneously on the feedback loop to minimize the error signal i.e. the di�erence

between the measured signal from the photodiode and the setpoint value, and minimizes

it via P and I controller. The proportional action multiplies the error by a given gain G

and the integral action integers the error over time and divides it by a gain Ti.

Because the nanowires are high aspect ratio structure, they present large variation of their

topography. Therefore the PI controller has to react rapidly and under high P gain to

correctly follow the nanowire surface even at slow scanning. The P and the I values were

set in at very high values, those as 150 and 300 on D3100 SFM NanoscopeV microscope,

respectively. On standard samples with small roughness such as PPLN, GaN thin �lm,

calibration grating, the P and I values are 20 and 30 to obtain proper Z-feedback.

Cantilever-tip Choice:

For better lateral resolution, especially on thin objects like nanowires, the tip radius should

be selected as small as possible. With a metal coated tip, this radius is around 25 nm but
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the obtained image is sharp enough to recognize the nanowires. Concerning the cantilever

sti�ness, too soft and too sti� cantilevers (0.2 and 40 N/m) are not suitable since the

regulation becomes di�cult. The best topographic images were obtained with a cantilever

spring constant of 3 N/m.

Nanowires size: The size of the nanowires must also be chosen with caution. Long

and thin nanowire are too soft and can easily deform under the tip force which results to

unsharpened images. The correct image can be obtained in shorter nanowires because of

the mechanical stability. Nevertheless, the deformation is required for nanopiezotronics, a

correct trade-o� was reached with nanowires of 50 nm diameters and 600 µm length.

Tip contamination:

The nanowire can be broken during the scanning, especially with large applied force or

incorrect PI adjustement. The broken nanowires can attach to the tip changing the tip

geometry and unstabilizing during the scanning, Figure V.7 shows the SEM image of the

tip after one-day measurement of contact SFM on vertical nanowires. Figure V.8.a presents

a contact image of nanowires with such a dirty tip. Once the nanowires are attached, they

are di�cult to be removed.

b)

400 nm

a)

400 nm

Figure V.7: a) Top view and b) side view SEM image of an SFM tip after SFM scanning in
contact on vertical nanowires. Broken nanowires attached to the tip are visible.

Figure V.8 shows the topographic images obtained from GaN nanowires (E-2406, d=50nm,

L=600µm) in contact and tapping mode. The distorbed image due to contaminated tip is

presented in Figure V.8.a.
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Figure V.8: SFM image on vertical E-2406 nanowires. a) In contact mode with a contami-
nated tip (presence of nanowires attached to the SFM tip. b) In contact mode and c) in taping
mode with a clean tip.
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V.3 Calibration

For most of our measurements, the force applied on the samples (Chapter VIII) or its

exact displacement under voltage bias (Chapter VIII) are required, needing a precise cal-

ibration [192, 193, 194, 195, 185, 196]. This calibration depends on the properties of the

cantilever, especially its sti�ness and its length but also the position of the laser spot on

it. Because each cantilever is slightly di�erent and the beam position is never the same,

this calibration has to be done on each probe. Software modules of the SFM like approach-

retract and thermal tune are already implemented in the microscope in order to help to

the calibration. In this section, the principle of cantilever calibration is described using

these modules.

V.3.1 Sensitivity

The �rst important information is the de�ection sensitivity of the cantilever. This value

provides the conversion from the photodiode signal (in Volt) to the de�ection of the can-

tilever (in nm). The procedure is done in contact mode and must proceed on an rigid

sample like sapphire. An approach-retract force curve used for calibration illustrated in

Figure V.9 is obtained via the displacement in Z-direction of the cantilever by the piezo-

tube scanner.
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Figure V.9: Approach retract curve of the SFM cantilever used for the determination of the
cantilever sensitivity. During the approach (blue curve) the tip is �rstly out of contact (1),
then the tip contacts the surface (2), Z motion of the piezo-tube continue to go down which
increases the bending of the cantilever and thus the signal on the photodiode (3). Finally, the
piezo-tube is retracted (red curve) and the tip lost the contact (4). Sensitivity is given by the
slope of the de�ection versus Z when the tip is in contact.

This curve shows the signal obtained on the photodiode versus the Z motion of scanner.

On the left part of the curve, the tip is not in contact with the sample and there is no

de�ection on the cantilever while on the right part the cantilever is in contact and the

de�ection on the cantilever increases due to its Z-displacement of this one. The blue curve

corresponds to the approach of the tip while the red curve corresponds to its withdraw.
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Chapter V. Scanning Force Microscopy: a surface local probing tool

In this �gure, two small kinks are visible on the blue and the red curve. The one of the

blue curve shows that the tip jump into contact. The kink on the red curve represents,

when the tip leaves the surface, the water bridge formed between the tip and the sample

continues to attract the tip, bending the cantilever in the opposite direction. The tip really

leaves the surface only when the force is su�cient to break this bridge.

To obtain the sensitivity Sn, the slope of the approach-retract curve is determined. It is

given by the following relation:

Z = Sn.V , (V.7)

where Z is the displacement of the piezo-tube in nm, V is the signal of the photodiode (in

Volt) and Sn the normal de�ection sensitivity (in nm V−1).

Because the displacement of the scanner or the displacement of the sample are equivalent,

this calibration is also valid for determining the displacement of the sample using the

equation V.7 where Z is now the sample displacement.

To get the correct value of sensitivity the piezo-tube should be previously calibrated to

de�ned its displacement. This step is done regularly by Simon Le Demnat, the responsible

of Neel institute SFM platform.

V.3.2 Force calibration

For some application such as nano-indentation, determinations of local young modulus and

direct piezoelectric experiments as in our case, it is important to know precisely the force

applied by the cantilever on the samples.

As a �rst approximation, the cantilever can be modeled as a spring and the applied force

depends on two parameters: the displacement of the cantilever Z, and the cantilever spring

constant k as shown in Eq. V.8.

F = −k.∆Z , (V.8)

where ∆Z is the displacement of the end of the cantilever, i.e. the tip displacement.

The Z displacement is obtained via the de�ection sensitivity calibration, while the spring

constant k of the cantilever can be calculated by the thermal noise method based on the

equipartition theorem (see details in [164]) :

1

2
kbT =

1

2
k < Z2 > , (V.9)

where kb is the Boltzmann constant and T the temperature.

The most accurate approach to determine the 'k' constant is based on Sader method [197]:

k = 0.1906 ρf W
2 LQf Γi(ωf )ω

2
f (V.10)

with ρf the density of the cantilever, W and L its width and length respectively, ωf the
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fundamental mode resonant frequency, Γi the imaginary components of the hydrodynamic

function and Qf the quality factor in �uid. To evaluate the value of 'k', the width and

length of the cantilever are obtained via scanning electron image, while thermal tune is

applied to extract the resonance frequency and the quality factor of the resonator.

V.3.3 Lateral calibration

In vector PFM (Chapter VII), the information of lateral displacement of the samples

is required. Therefore, the calibration which relates the torsion signal and the lateral

displacement is necessary. The calibration error for the lateral displacement is usually

around 20 % and di�erent methods were proposed in literature [195] such as the wedge

calibration [198, 199], or the static friction [200]. In this PhD, the lateral calibration was

simply performed via a geometrical approach [201]: from the Hooke's law of the lateral

spring constant of the cantilever, lateral force can be descibed as in Eq. V.11:

Flat = klat.xlat = klat.Slat.∆Vlat , (V.11)

where klat, Slat, and xlat are the lateral spring constant of the cantilever, the lateral cali-

bration factor, and the lateral cantilever displacement, respectively.

The value of klat depends on the cantilever geometry and for a rectangular probe is given

by the following equation:

klat =
GWt3

3L(h+ t/2)2
, (V.12)

where G is the shear modulus of the material; W , t and L are the width, the thickness and

the length of the cantilever respectively, while h is the tip height.

The lateral sensitivity Slat can be determined from the geometrical factor and the vertical

sensitivity by:

Slat =
Y (h+ t/2)

2GL
.Sn , (V.13)

where Sn is the normal or vertical sensitivity determined in the previous part.

Flat is obtained by substituting equation V.12 and V.13 in equation V.11, which gives:

Flat =
YWt3

6L2(h+ t/2)
.Sn.∆Vlat (V.14)

Finally, by using the Hooke's law, the lateral displacement is:

xlat =
Flat
klat

= Slat.∆Vlat =
Y (h+ t/2)

2GL
.Sn.∆Vlat (V.15)

In this method klat is determined by the cantilever dimension given in cantilever datasheet.

The real dimension (especially thickness) can vary. Moreover, photodiode crosstalk and
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Chapter V. Scanning Force Microscopy: a surface local probing tool

several other parameters are not taken into account. The present method is only for

estimating the order of magnitude of the lateral displacement.

The ASYELEC cantilever were used in lateral PFM measurements, with the following pa-

rameters: Y=160 Gpa, G=70 Gpa, L=240 µm, W=30 µm, t=2.7 µm, h=14 µm. According

to these dimensions and using Eq. V.12 and V.13, klat = 243.6N/m and Slat = 0.0731.Sn.
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Chapter VI

Polarity and electrostatic force

determination via kelvin probe force

microscopy

To investigate the origin or/and the possible parameters playing a role on nanopiezotronics,

it is relevant to probe the sample surface potential and the corresponding electric �eld which

can be generated between the SFM-tip and the nanowires.

Kelvin probe force microscopy (KPFM) is a SFM dynamic technique applied for studying

the electronic structure of surfaces and especially the work function at nanometer scale via

the determination of the contact potential di�erence (CPD). This value can then be used

to compensate the electrostatic force acting on the cantilever which is a crucial parameter

for piezoresponse force microscopy as discussed in chapter VII. KPFM is also a powerful

method to indirectly identify the polarity of polar semiconductors via surface potential

measurements.

At the beginning of this chapter, a few basics of KPFM will be given and their applications

on semiconductor materials, especially III-N, will be discussed. Then the di�erent modes

such as air/vacuum, out/in resonant, AM/FM-topography, AM/FM-KPFM are listed.

For further details, the readers can refer to the books of Sadewasser and Glatzel [202],

Kalinin and Gruverman [203], the review article of Melitz et al. [204] and the lecture of L.

Nony [205].

VI.1 Introduction of Kelvin probe force microscopy

Kelvin probe force microscopy (KPFM) is the technique used for probing electrostatic prop-

erties of surfaces. Such an SFM technique was �rst developed by IBM group of T.J. Watson

research center [206, 207, 208]. Since then, several improvements have been done. For in-

stance, the single pass amplitude modulation AM-KPFM was used by Saderwasser [209]

in order to compensate simultaneously electrical e�ects during topography measurements
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Chapter VI. Polarity and electrostatic determination via KPFM

to correct height information. The enhanced frequency resonance mode [210] can be per-

formed to improve the measurement sensitivity. For vacuum applications, a frequency

modulation [191] FM-KPFM approach is usually applied [211, 212, 213].

VI.1.1 Contact potential di�erence and work function

Two materials in electrical contact generally have a di�erence of potential between their

surfaces. This di�erence of potential or CPD depends on the work functions and surface

conditions: surface reconstruction, adsorption and oxide layers, trapping charges on sur-

face, band bending due to surface states, variation of temperature. The CPD might also

change in time because of local reorientation of water dipole, increasing of contaminations,

and change of humidity.

The work function (WF) for metals or semiconductors represents the required energy to

bring one electron just above the surface, out of the material, in the absence of a net

charge and any external electric �elds. This de�nition of in�nite homogeneous surface at

T=0 material, can be expressed as the di�erence of electron energy in the highest occupied

level of the neutral ground state of solid, i.e. the Fermi level EF and the �nal energy

corresponding to the ionized state with the electron out of the solid in the vacuum at the

in�nity (see Chapter of Glatzel in [202]):

WF = E∞vac − µch = E∞vac − EF (VI.1)

In a real surface, i.e. not in�nite with heterogeneous atom structure and inhomogeneous

charge distribution at the surface, the work function depends on material chemical species

and surface crystallographic orientations. Precisely, three di�erent parts can be distin-

guished: WF = E∞vac − µch + e∆φsurf(r) + ∆WFim(r)

- The electron binding energy caused by the positive charges of the nuclei ('bulk' part),

which lower the energy of the electrons by the chemical potential µch.

- The modi�cations of charge distribution in respect to the bulk one due to surface

boundary ('surface' part), which change the surface potential by ∆φsurf (r). The

excess charge density close to the surface produces a dipole layer which might be a

function of the position at the surface 'r'. There is then a work to be done for the

electrons to pass through this layer to reach outside of the matter.

- The image charges are often neglected but they are only negligible (1% contribution)

if their distance to the surface is above 100 nm [164]. It represents the work to need

to overcome the electrostatic image potential interaction ('image' part): ∆WFim(r).

Due to energy (work) conservation, there should exist a net surface charges on two di�erent

surfaces of the same sample or two samples in contact :

WF1 − (−e)

∫ 2

1

E · dl−WF2 = 0 → WF1 −WF2 = −e(φ1 − φ2) (VI.2)
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VI.1. Introduction of Kelvin probe force microscopy

Remark: the same equation can be obtained if the electrochemical µelch = µch − eφ is

considered as constant at equilibrium:

µelch, 1 = µelch, 2 → µch, 1−eφ1 = µch, 2−eφ2 → −WF1−eφ1 = −WF2−eφ2 (VI.3)

The elementary charge is e = 1.6 10−19 C. With the local variation of the work function,

it is convenient to introduce the concept of local vacuum level of energy Elocal
vac = E∞vac− eφ

and local work function WFlocal:

WFlocal = E∞vac − eφ− µch + WFsurf(r) + WFim(r)

= Elocal
vac − µch + WFsurf(r) + WFim(r)

(VI.4)

This work function can be evaluated via Kelvin method [214]. It informs on the contact

potential di�erence (CPD), which is de�ned as:

VCPD =
(WFsample −WFtip)

e
= φtip − φsample

φtip=0
−−−−−−−−−→
(sample biasing)

VCPD = −φsample (VI.5)

with φsample and φtip the potential at the sample and tip surface, respectively. We selected

this de�nition of VCPD since in the majority of our KPFM measurements, the voltage bias

VDC compensating the contact potential di�erence is applied to the sample, i.e. VDC =

−φsample. Therefore, VDC has the same sign as VCPD, i.e. VDC = VCPD.

VI.1.2 Principle of KPFM

Kelvin probe force microscopy working principle is described in a following. A metallic

SFM cantilever-tip separated from the sample surface by an average distance 'z' can be

approximated in a simple approach as a metallic plate capacitor. The electrostatic energy

stored in this capacitor is given by:

Epot(z) =
1

2
Q(z) · VCPD =

1

2
C(z) · V 2

CPD with Q(z) = C(z) · VCPD . (VI.6)

Q is the charges per unit area located on the cantilever-tip and VCPD is the voltage di�er-

ence between the sample surface and the cantilever-tip. If they are electrically connected,

their work function di�erence generates an electron �ow. The corresponding opposite elec-

trical charges generated at both surfaces produce a voltage di�erence, which aligns the

electrochemical potentials µelch of the tip and sample (see Figure VI.1). An electric �eld

appears between the cantilever-tip and the sample surface. A smaller tip-sample distance

means a higher capacitance, then a higher electric �eld as well as a force.
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Chapter VI. Polarity and electrostatic determination via KPFM

The static electrostatic forces Fel(z) probed by the cantilever-tip is obtained via the deriva-

tive of this electrostatic potential energy Epot:

Fel(z) = −

(
∂Epot

∂z

)
V

= −
1

2

∂C(z)

∂z

∣∣∣∣
V

V 2 − C · V ∂V
∂z

∣∣∣∣
Q

V �xed−−−−→ Fel(z) = −
1

2

∂C(z)

∂z
V 2 .

(VI.7)

Under such an electrostatic force, the cantilever is curved. This bending is counterbalanced

by the cantilever mechanical sti�ness until a quasi-static equilibrium position. The energy

is thus stored inside the deformation of the cantilever. The mechanical de�ection is directly

proportional to the intensity of the electrostatic force, which has a power of two scaled with

the applied voltage bias (parabolic behavior).

Usually the corresponding de�ection signal is too low to be detected in static mode, thus

a dynamic approach is used: a mechanical excitation is applied to the cantilever-tip, to be

oscillated at an amplitude 'A' in an inhomogeneous electrical �eld E(z). In the case of a

small oscillation (z<A) of around the mean distance of z0, a Taylor series expansion gives:

Fel(z) ∼ Fel(z0) + (z − z0) · ∂Fel
∂z

∣∣∣∣
z=z0

Fel(z) ∼ −1

2

∂C(z0)

∂z
V 2
DC −

1

2
(z − z0)

∂2C(z0)

∂z2
V 2
DC .

(VI.8)

The term with the �rst derivative capacitance drives the amplitude of the oscillations

(see Eq. V.5). The dominant e�ect is from the second derivative capacitance [190], which

corresponds to the shift of the cantilever-tip resonance frequency, i.e. a modi�cation of

the mechanical phase. In this dynamic situation, the insertion of this second term in the

fundamental principle of dynamics shows that it can be considered as an e�ective spring

constant:

m
d2z

dt2
= −kc · (z − z0)− 1

2
(z − z0)

∂2C(z0)

∂z2
V 2
DC

= −
[
kc +

1

2

∂2C(z0)

∂z2
V 2
DC

]
(z − z0)

= −keff (z − z0) ,

(VI.9)

with

keff = kc +
1

2

∂2C(z0)

∂z2
V 2
DC = kc −

∂F (z)

∂z

∣∣∣∣
z=z0

. (VI.10)

Away from the surface where the force gradient is positive, the e�ective cantilever sti�ness

is lower than the reference one, i.e. free from any interactions. In opposite, closer to the

surface with the negative force gradient, the cantilever behaves as a sti�er spring. This

spatial gradient of the electrostatic force induces a shift of the resonance frequency ∆f
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from the frequency f0 obtained without any electric �eld:

∆f = f − f0 =
1

2π

√
keff

m
−

1

2π

√
kc

m
≈ −

ω0

4πkc

∂F (z)

∂z

∣∣∣∣
z=z0

(VI.11)

In order to decouple the frequency shift related to the van der Waals topographical forces

from the one due to the electrostatic force, an AC voltage (VAC) is additionally applied

to perform a time modulation of potential, then V (t) = VDC + VACsin(ωelt) with ωel, the

frequency of VAC . The amplitude of cantilever-tip oscillations at the electrical frequency

is directly proportional to the strength of the ω-component of the electrostatic force (V-

shape). Mechanical driving of the cantilever is not obligatory since the time variation of the

electrostatic force stimulates its oscillation. However, in practice a mechanical excitation

is used for improving the sensitivity via ∂C/∂z.

In this condition where a DC+AC voltage is applied between the sample surface and the

SFM cantilever-tip. Without considering the CPD, Eq. VI.6 becomes:

Epot(z, t) =
1

2
C(z) · V (t)2

=
1

2
C(z) ·

[
V 2
DC +

1

2
V 2
AC + 2VDCVAC sin(ωelt)−

1

2
V 2
AC cos(2ωelt)

] (VI.12)

By adding the contribution of the work function di�erence, i.e. the CPD, the potential

between the metallic probe and the conducting surface becomes V (t) = (VDC − VCPD) +

VAC sin(ωelt). Remark: the choice of VDC ± VCPD is a function of the setup con�guration

(tip or sample bias) and the de�nition of the CPD (e VCPD = WFsample−WFtip or e VCPD =

WFtip −WFsample)

According to Eq. VI.12, the electrostatic force on the cantilever-tip owns three contribu-

tions:

Fel(z, t) = FDC(z) + Fωel
(z, t) + F2ωel

(z, t) (VI.13)

The �rst term is the static part of the electrostatic force which only bents the cantilever,

whereas the second and the third terms are the dynamic parts of the electrostatic force

acting at ω and 2ω which induce cantilever oscillations at these frequencies, respectively.

In the case of metals, the formula of these three terms are shown in VI.14, VI.15 and VI.16:

FDC = −∂C
∂z

[
1

2
(VDC − VCPD)2 +

1

4
V 2
AC

]
(VI.14)

Fωel
(t) = −∂C

∂z
(VDC − VCPD)VAC sin(ωelt) (VI.15)

F2ωel
(t) =

1

4

∂C

∂z
V 2
AC cos(2ωelt) (VI.16)
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Chapter VI. Polarity and electrostatic determination via KPFM

In this notation, a negative electrostatic force corresponds to an attractive force on the

cantilever-tip. The amplitude of the term Fωel
(t) is obtained by Lock-in demodulation at

ωel. It is the most interesting contribution since it depends on the di�erence (VDC−VCPD).

By �nding the value of the DC voltage bias which cancels this signal amplitude detected

at ωel by LIA, i.e. VDC = VCPD, it is possible to extract VCPD.

Figure VI.1 presents the e�ect of the work function di�erence on the electrostatic potential

distribution. The CPD compensation is applied to cancel this potential di�erence. The

term F2ω indicates the variation of the probe/sample capacitance which informs the errors

in topography tracking or it can be used for capacitance microscopy.
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Figure VI.1: CPD compensation in the case of Metal-Vacuum-Metal structure with VDC =
VCPD < 0.

VI.1.3 KPFM on semiconductors

There are two points to mention concerning KPFM in semiconductors. The �rst point

is about the e�ect of the initial band bending on the de�nition of the work function and

the second point concerns the modi�cation of the equations used for metal to describe the

electrostatic force in semiconductors.

For perfect surface without adsorbed layer and when the tip is su�ciently far from the

sample to avoid electrostatic charge depletion, the measurement of the CPD by KPFM

should inform on the intrinsic band bending at semiconductor surface φ◦i :

WFsemi = (Ec−EF)−eφ◦i +χbulk
e VCPD=−−−−−−−−−→

WFsemi−WFtip

φ◦i =
(Ec − EF) + χbulk −WFtip

e
−VCPD

(VI.17)

Because of this initial potential φ◦i due to surface states, the present de�nition of the

work function and therefore CPD value, is di�erent to the de�nition used to calculate

the barrier of di�usion in physical contact, i.e. the built-in potential in a M-S interface

(−eφbi = WFs−WFm). Furthermore, the space charge region and the related band bending

changing when the two materials (tip and sample) are bringing closer to each other, the
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VI.1. Introduction of Kelvin probe force microscopy

work function and CPD values will be function of this distance z:

WFsemi(z) = (Ec−EF)−eφi(z)+χbulk −→ φi(z)+φ◦i =
(Ec − EF) + χbulk −WFtip

e
−VCPD(z)

(VI.18)

In physical contact: φi(z) + φ◦i → φbi and the semiconductor textbooks formula of the

CPD is recovered. Remark: KPFM being a dynamic mode technique, this situation is

never reached.

The second point concerns the equations describing the electrostatic force since Eq. VI.14,

Eq. VI.15 and Eq. VI.16 are only valid for metallic samples. In the case of semiconductors,

the KPFM equations have to be modi�ed.

The electrostatic energy stored in an SFM tip when it is approached close to a semicon-

ductor surface is not only due to a capacitance e�ect. There is also a charge image e�ect

Qt(z) related to the donors near the surface in addition to the surface charges and the

perturbation of the interaction Eint. ions(z) between the donors and these surface charges

due to the presence of the tip [215, 216]:

Epot =
1

2
C(z) · V 2

CPD +Qt(z) · VCPD + Eint. ions(z) , (VI.19)

Often only two terms, the capacitive and the coulombic ones are considered:

Fel =
1

2

∂C

∂z
· V 2

CPD +
Qt(z) ·Qs(z)

4πε0z2
, (VI.20)

With the second term which depends on 'z', the measured VDC , which cancels the LIA

amplitude signal at ωel varies with the distance between the sample and the tip. This VDC
does not correspond anymore to the VCPD value if the tip is close to the surface.

Furthermore in KPFM measurement on semiconductors, the tip-surface system has to

be considered as a metal-insulator-semiconductor system (MIS), which is not passive ca-

pacitance as already mentioned with the change of the band bending. Compared to

metal/vacuum/metal system (Figure VI.1), the applied voltage can penetrate into the

semiconductor due to the imperfect screening and contributes to the depletion or accumu-

lation of carriers near the surface (Figure VI.2.a). There is therefore an interdependency

between the charge QS and the voltage VS at the surface via: QS = (VDC −VS) ·C. As de-
tailed by Hudlet [217], the correct ω-component of the electrostatic force for such a system

becomes:

Fω =
QS

ε0

CICD
CI + CD

VACsin(ω , t) =
(VDC − VS) · C

ε0

CeffVACsin(ω , t) (VI.21)

where CI is the capacitance of the air gap between tip and sample, CD = −∂QS/∂VS is the

capacitance of the space-charge-layer, and Ceff is the e�ective capacitance corresponding
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Chapter VI. Polarity and electrostatic determination via KPFM

to the two previous ones in series. The VDC canceling Fω is now equal to the semiconductor

surface potential VS, which is a function of VDC . Indeed, the potential continuity at the

interface imposes the following relation for QS:

VDC = VS +
QM

CI
= VS −

QS

CI
, (VI.22)

where QM = −QS, the charge on the metal.

The CPD determination on semiconductors via KPFM corresponds to the measurement

of the surface potential VS [218]. KPFM on semiconductor probably re�ects also the local

charge density on the surface and can reveal interesting surface properties. We mainly

apply KPFM to determine the material polarity and minimize the electrostatic force which

is given by the surface potential value VS and the amplitude of Fω, respectively. For
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VI.1. Introduction of Kelvin probe force microscopy

polar semiconductors like GaN, both Ga- and N-polar faces have an opposite spontaneous

polarization PSP . The sign of this polarization should in�uence the surface charge density

which is the sum of polarization charges with internal and external screening charges thus

modifying the surface potential VS. In literature [219, 114], CPD of Ga- and N-polar GaN

sample was found at 0.2 V and 0.8 V respectively in tip biasing, which is large enough to

easily distinguish these two polarities.

A last important point in KPFM on semiconductors is the band bending, which can be

modi�ed by the application of a high electric �eld, thus changing the surface potential [220].

To avoid this e�ect, it is better to measure far from the sample like Koley et al. [221] and

the applied VAC should be as small as possible (< 300 mV). However, this low VAC reduces

the amplitude of Fω which causes di�culties to detect CPD. A trade-o� is to perform

KPFM close to a cantilever resonance which helps amplifying the signal at low applied

voltage.

VI.1.4 E�ect of the environment

Another important point on the CPD determination is the in�uence of the environment,

KPFM is mainly sensitive to the sample surface, therefore the presence of contamina-

tions or water layer due to ambient conditions can strongly modify the CPD as shown in

Figure VI.3.
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Figure VI.3: Schematics showing how the dipole layer like water can modify the measured
CPD, or electronic a�nity χ. a) Situation without interface dipoles. The a�nity is the same in
the bulk than at the surface. b) Situation with interface dipoles corresponding to the increasing
of the negative CPD value. c) Situation with an opposite orientation of the dipoles. The
measured CPD and a�nity present lower negative values. In these three situations, WFsample

is always lower than WFtip, causing negative VCPD. The same e�ect of water dipole should
happen on the tip side (not shown in these schematics for simplicity).
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Chapter VI. Polarity and electrostatic determination via KPFM

If there is water dipole and/or contaminations on the semiconductor surface, the new

de�nition of the work function, which modi�es in return the CPD, is:

WF′semi = (Ec−EF)−eφi +χsurf
e VCPD=−−−−−−−−−→

WFsemi−WFtip

φi =
(Ec − EF) + χsurf −WFtip

e
−VCPD

(VI.23)

In principle, for quantitative measurements, the samples should be cleaned and KPFM

must be performed in dry N2, secondary vacuum [222] or UHV. Nevertheless we have

selected to perform KPFM study under the same conditions as the nanopiezotronic mea-

surements, i.e. in standard environment. In this PhD work, several KPFM measurements

were also done under secondary vacuum (about 10−5 mBar) as a matter of comparison.

VI.2 The di�erent KPFM modes

Once the topographic regulation method is chosen, the electrical detection approach has to

be selected. For such a purpose, either amplitude (AM) or frequency (FM) modulation is

applied. These two techniques are nevertheless not equivalent. The AM method tracks the

amplitude variation, thus it is sensitive to the electrostatic force (see Eq. V.5), while the

FM method follows the change of frequency, which informs the electrostatic force gradient

(see Eq. V.6) [223]. The two KPFM con�gurations will be presented in the next sections

with the indications on their most adapted situations.

VI.2.1 Nomenclature

For simpli�cation, the following nomenclatures for the measurement con�gurations are de-

�ned: Regulation mode for Z-feedback loop - Regulation mode of the electrical detection -

KPFM. For instance, the AM-FM-KPFM corresponds to the measurements in which the

topography is obtained via an amplitude modulation method like tapping, whereas the

CPD detection is done by KPFM in frequency modulation. As a particular example, the

AM/FM-FM-KPFM is a hybrid scheme. The Z-feedback loop is performed by tracking

the frequency in FM and measuring the corresponding amplitude change in AM. Thus,

the frequency shift due to the conservative force is canceled and only the non-conservative

(dissipative) force is considered for Z-feedback loop in AM-detection. The simpli�ed no-

tation: AM-KPFM or FM-KPFM, omits the information concerning the control of the

topography.

VI.2.2 Mechanical versus electrical frequency parameters

In KPFM, two excitation frequencies are required: the mechanical frequency for cantilever

oscillation used for monitoring topography in tapping mode and the electrical excitation
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VI.2. The di�erent KPFM modes

frequency used for CPD determination or PFM measurements. To avoid crosstalks, these

frequencies should be di�erent. The mechanical excitation frequency is chosen at a can-

tilever resonance, usually the fundamental mode f0. Concerning the electrical excitation

many choices are possible (see Figure VI.4) either in or out-of-resonance: In tandem mode

(LIA in series), low frequency from 500 Hz to few tens of kHz (higher than the z-loop

frequency but lower than the Lock-in bandwidth), electronic improvement with high band-

width (50 kHz for the HF2PLL of Zurich instrument) and low noise level gives an access

to a higher range of low out-of-resonance excitation frequency. In this range, the system

is more decoupled from the environment with a �atter frequency spectrum. If not already

used for mechanical excitation, higher frequency corresponding to the cantilever resonance

modes (e.g. f0, f1) can be applied for the electrical excitation.

In the next sections, the adapted CPD detection technique in KPFM will be described.

A osc.

f0 f1= 6.3 f0

~ 64 kHztopo

fout-of-res.

~ 404 kHz
freq.

0.5 to 30 kHz

Figure VI.4: Possible choices of the electrical excitation frequency in KPFM.

VI.2.3 Amplitude modulation AM-KPFM

The amplitude modulation technique, which is mainly used in air, is directly sensitive to

the electrostatic force. In general con�guration, two lock-in ampli�ers are considered in

parallel, one for the topography signal and the other for the electrical signal. The AM-

KPFM is sensitive to crosstalk since any capacitance coupling can change the amplitude

signal [224]. The main contribution of the amplitude is usually from the cantilever and the

cone rather than the tip [225].

The electrical excitation at ωel superimposes to the cantilever-tip dynamics and induces

oscillation A(ωel). From the photodiode signal, it is possible to isolate this oscillation

amplitude via a lock-in ampli�er locked to this electrical frequency. Based on Equations V.3
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Chapter VI. Polarity and electrostatic determination via KPFM

and VI.15, the detected amplitude in case of a metal sample is:

A(ωel) =
Fωel

kc
·

ω2
0√

(ω2
0 − ω2

el)
2 + (ωelω0/Q)2

=
− ∂C/∂z(VDC − VCPD)VAC

kc
·

ω2
0√

(ω2
0 − ω2

el)
2 + (ωelω0/Q)2

ωel=ω0−−−−→
− ∂C/∂z

kc
(VDC − VCPD)VAC ·Q

(VI.24)

This signal shows a V-shape behavior in respect to the applied DC voltage bias. The VDC
that provides the minimum amplitude corresponds to the CPD value. The slope is a linear

function of the excitation amplitude VAC , the quality factor Q and the �rst derivative of the

capacitance. A higher VAC , Q (working under vacuum) or ∂C/∂z (larger mechanical excita-

tion) increases this slope and improves the detection sensitivity. From equation VI.24, any

change of CPD induces a force variation and consequently a modi�cation of the electrical

part of the oscillation amplitude.

Practically in AM, once the electrical frequency is selected, the detection principle is always

the same: the photodiode signal is sent to the lock-in ampli�er which demodulates it at

the electrical frequency in order to extract the A(ωel) component, i.e. Fω. A Kelvin-

controller feedback loop is used to vary the DC bias in order to cancel this LIA signal

(equation VI.15). At such a CPD compensation, the applied DC voltage corresponds to

the actual VCPD.

Several AM-KPFM schemes can be applied depending on the choices of frequency as sum-

marized in Figure VI.4.

� Out-of-resonance AMout−of−res −KPFM : (Fig. VI.5.a)

The �rst possible electrical excitation frequency available is at low frequency, typically

between 0.5 to 30 kHz. In this range, there is no cantilever resonance and the

topographic crosstalk is therefore minimum. A change of the oscillation amplitude

is due to an electrostatic force variation. Because of the absence of resonance, there

is no signal ampli�cation at this frequency. The KPFM sensitivity is low, requiring

high applied VAC , which is not recommended especially for semiconductors. With

the use of relatively low frequency, the measurements are less sensitive to capacitive

crosstalk.

� Fundamental resonance AMf0 −KPFM : (Fig. VI.5.b)

The second possibility is to use the fundamental resonance f0 of the cantilever for the

electrical excitation. Its quality factor 'Q' ampli�es the oscillations induced by the

electrical force. The detection sensitivity is thus increased and the level of VAC can

be reduced. In literature the KPFM measurement was �rst setup in this way. The

main disadvantage is the obvious coupling with the topography. Any topographical
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VI.2. The di�erent KPFM modes
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Figure VI.5: Single pass AM-KPFM. The electrical excitation (in red color) is applied a)
out-of-resonance cantilever frequency, b) at the fundamental resonance frequency, c) at the
�rst excitation mode. In green color, the schema applied for topography measurement.

frequency shift or dissipation can generate a change of the amplitude obtained at the

electrical excitation frequency. In that case, the lift mode is required.

� First excited resonant mode AMf1 −KPFM : (Fig. VI.5.c)

In this mode, the mechanical excitation is applied at the fundamental resonant mode

of the cantilever (f0) while the �rst mode of excitation (f1) is for the electrical exci-

tation and detection. By using two di�erent modes of cantilever resonance frequency,

the topography and the CPD measurements are decoupled, each mode behaves as

a bandpass �lter. Like in previous con�guration, the KPFM sensitivity is increased

thanks to the ampli�cation at resonance, thus a smaller electrical excitation can be

applied, which is particularly interesting for probing the CPD of semiconductors. Due

to the applied high electrical frequency, this scheme is unfortunately very sensitive

to capacitive cross-talk.
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Chapter VI. Polarity and electrostatic determination via KPFM

VI.2.4 Frequency modulation FM-KPFM

The second KPFM mode is the frequency modulation (FM). The spatial variation of the

force induces a shift of the cantilever oscillation frequency (Eq VI.11). In the case of a

electrostatic force gradient, this frequency shift follows a parabolic curve in respect to the

applied voltage bias VDC (Eq VI.7):

∆f ≈ −
ω0

4πkc

∂F (z)

∂z

DC Bias−−−−→ ∆f ≈ −
ω0

4πk

∂Fel(z)

∂z
=

ω0

8πk

∂2C(z)

∂z2
V 2
DC (VI.25)

Such a parabolic curve is shown in Figure VI.6.a. As in AM-KPFM mode, V (t) =

(VDC − VCPD) + VACsin(ωelt) voltage bias is applied between the sample and the tip to

generate a temporal modulation of the electric force in order to isolate only the electrostatic

contribution. The periodic oscillation in time of ∆fel due to VAC is shown in Figure VI.6.b.

Its amplitude is function of VDC . Indeed, the frequency shift corresponding to the ωel-term

of the electrostatic force (Eq VI.15) is:

∆f@wel
el ≈

ω0

4πk

∂2C

∂z2
(VDC − VCPD)VAC sin(ωelt) (VI.26)

Lock-in ampli�er is used to extract these amplitudes which can be plotted in respect to

VDC as in Figure VI.6.c. The modi�cation in time of the cantilever oscillations due to

the frequency modulation is shown in the top of Figure VI.6.d, while its representation in

frequency space is presented in the bottom of Figure VI.6.d.

The CPD compensation in FM-KPFM is based on the frequency variation which is sensitive

to the electrostatic force gradient. In practice, it consists to �nd the VDC minimizing the

amplitude of the frequency shift ∆f@wel
el since the value of this shift is less for a VDC close

to VCPD.

In practice there are at least three types of FM-KPFM detection schemes:

� Mechanical phase variation (LIA in series):

The �rst possibility uses the modulation phenomenon described above with Equa-

tion VI.26. The AC electrical excitation is chosen at low frequency (out-of-resonance)

with in principle a maximum value given by the LIA bandwidth. In addition to the

frequency shift due to topographical forces gradient, this AC component induces a

modulation at fel of the cantilever resonance frequency and thus a change to its

mechanical phase ϕmeca (Figure VI.7). A �rst lock-in ampli�er with the mechanical

excitation frequency fmeca as a reference is used to determine the mechanical phase

variation ∆ϕmeca. Its output is sent to a second lock-in ampli�er connected in series

with the modulation frequency fel as a reference. This second lock-in demodulates

the variation of the mechanical phase at this particular electrical frequency and thus

informs on the part of the mechanical phase shift which arises from the added AC
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Figure VI.6: The principle of FM-KPFM. a) Shift of the cantilever frequency due to the
spatial gradient of the electrostatic force versus the applied DC bias. The curve is parabolic.
b) Frequency shift versus time occurring due to the addition of an excitation VAC at ωel.
Curves for di�erent values of VDC are presented. Their period is 1/ωel. The amplitude of
the shift is minimum at VDC = VCPD. c) Amplitude of the frequency shift extracted by LIA
locked at ωel plotted in function of VDC . The V-shape curve point out the VCPD value at its
minimum. The inset schematics present the respective amplitude of the sideband. d) Variation
of the cantilever oscillation amplitude versus time (top) and frequency (bottom). On the time
scale, the modulation of the frequency is visible, while the frequency spectrum shows the two
sidebands at each side of the frequency carrier. They correspond to the modulation of the
mechanical frequency fmeca by the electrical excitation at ωel (the value of frequency peaks
fpeak informs in the range of interaction, i.e. the shape of the parabola curve presented in a).

electrical excitation. The feedback loop of the Kelvin controller adjusts the applied

DC bias in order to cancel any phase variation occurring at fel. In this condition:
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Figure VI.7: Principle of FM-KPFM based on the mechanical phase. The mechanical exci-
tation of the cantilever is �xed at fmeca (green line). The electrical excitation at fel (red line)
induced a shift of the cantilever resonance and its associated phase signal (blue curves). A
lock-in ampli�er is used to determine the variation of this mechanical phase occurring at fel.
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Chapter VI. Polarity and electrostatic determination via KPFM

VDC = VCPD, there is no frequency modulation as explained above.

Note: Since the mechanical phase in this technique is directly used for the regulation,

this parameter can not be locked, it has to vary in respect to the electrical excitation.

Such a method can be applied in air when the tapping mode working with a �xed

frequency excitation fmeca is applied for z-regulation (i.e. AM-FM-KPFM). In vac-

uum, another technique has to be applied when the z-feedback loop is performed via

a PLL, i.e. the mechanical phase signal is kept constant. The phase does not provide

anymore a proper parameter of regulation. FM-FM-KPFM mode is described in the

next paragraph.

� Frequency shift (PLL tracking at fel):

The second FM-regulation technique is based on the direct measurement of the fre-

quency shift via a PLL. As for the previous scheme, the electrical excitation is per-

formed at low frequency which induces a frequency modulation of the cantilever

frequency. In vacuum the topography regulation is done with a PLL which tracks

the resonance fmeca to keep the mechanical excitation always at the cantilever res-

onance frequency. Simultaneously, the output of this PLL, i.e. the frequency shift

∆f , is sent to a lock-in ampli�er to demodulate this signal at the electrical frequency

and thus extract the electrical contribution of the frequency shift. The feedback loop

performed by the Kelvin controller works to cancel this part of frequency shift by

adjusting the applied DC bias. This KPFM technique is summarized in Figure VI.8.

fmod
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Δf

FM-KPFM :
fmod~1kHz

V
A

C

f'
m

Figure VI.8: Principle of FM-KPFM based on frequency shift. In this con�guration a PLL
is used to track the cantilever resonance and keep the mechanical excitation (green line) at this
resonance. The output of the PLL provides the frequency shift ∆f .

� Side-Bands:

The last FM-regulation technique is based on the side-bands. The electrical excitation

frequency is chosen typically around 0.5-5 kHz. Due to the modulation e�ect, side-

bands around the mechanical excitation fm appears as shown in the Figure VI.9.

In this con�guration, the CPD feedback is done on the amplitude of the �rst side-

band fm+fel for instance via a lock-in ampli�er. The feedback loop should cancel the

side-band amplitude in order to determine the CPD value. Even if as in AM-KPFM,

this scheme is based on amplitudes (the ones of the side-bands), it is a frequency
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Figure VI.9: Principle of side-bands KPFM: where the electrical excitation at low frequency
fel (red line) induced the apparition of side-bands (blue lines) around the mechanical excitation
frequency fm (green line). These side-bands appears at the frequencies fm ± fmod and fm ±
2fmod.

modulation technique since the side-bands re�ect the strength of the frequency mod-

ulation of the cantilever oscillation by the electrostatic force gradient.

Note: This side-band method is perfectly compatible with an FM-topographic de-

tection and thus it is suitable for measurement under vacuum. Usually, the main

disadvantage of the side-bands method is the PLL bandwidth limitation. Standard

side-band technique injects the output of the PLL into a LIA to demodulate the

side-band. This FM-FM-KPFM done in series implies that PLL bandwidth has to

be large enough to include the side-band. This induces more noise integration, limits

the topography regulation, and not allows to choose a large gap between mechanical

excitation and side-bands. The Zurich instrument LIA circumvent this problem by

making an FM//FM-KPFM in parallel: the PLL is used only for topographic reg-

ulation and a LIA synchronized with the PLL allows to demodulate the side-band

at the frequency fm + fel even if fm varies. These two di�erent con�gurations are

summarized in Figure VI.10.
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ΔSB

f

A PLL Bandwidth
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Figure VI.10: Principle of side-bands demodulation. a) With a PLL and a LIA in series the
PLL bandwidth has to be large enough to contain the side-band. b) With a PLL and a LIA
in parallel, the PLL bandwidth is not limited by the side-band.

All these di�erent KPFM and topographic modes are summarized in the following table

(as presented by N. Chevalier, CEA-LETI, Grenoble):

AM-topo (Air) FM-topo (Vacuum)

AM-KPFM fLF , f1or2, (f0 lift) fLF , f1or2

FM-KPFM ϕmeca Side-bands, ∆f
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Chapter VI. Polarity and electrostatic determination via KPFM

AM- and FM-KPFM have di�erent advantages in term of spatial and voltage resolution.

FM-KPFM modes is expected to o�er a better spatial resolution since the force gradient

has shorter range than the force itself [212]. AM-KPFM modes (at frequency resonance)

is expected to have a better voltage resolution since the signal-to-noise ratio is greatly

enhanced by the resonance, while FM mode detects the CPD through an FM demodulator

which adds additional noise [212]. In the present PhD, a CPD precision lower that few

meV is required. Therefore both modes can be used (see setup in Figure VI.11 [226]).
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Figure VI.11: Working setup in AM or FM for topography and KPFM measurements.

All the approaches described above can also be done in lift mode (also named as double

pass) rather than a single pass. In that case, the scanning is done in two steps. First one,

lines scan is performed without any electrical excitation to acquire the surface topography.

Then, the cantilever-tip is lifted up for a given distance (the cantilever should be able

to oscillate freely so its distance should be in the range of 10-100 nm depending of the

amplitude of oscillation) and the electrical excitation is turned on. The same line is scanned

again following the topography acquired previously. Implemented in SPM software, this

technique can be performed easily.

The lift mode presents several disadvantages:

- due to the distance between the tip and surface, the lateral resolution is decreased

and the electrostatic contributions from the cone and cantilever increase.

- it takes more time to obtain an image.

- the e�ect of the electrostatic force during the probing of the topography induces an

errors in the second pass.

Nevertheless, in the case of semiconductors such a lift mode is relevant in order to avoid

the e�ect of charges depletion related to the SFM-tip behaving as local gate electrode, of

trapped charges on surface and electrostatic image. In return, a degradation of the lateral

resolution and a CPD averaging by the cantilever contribution are expected.
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VI.3 Experimental setup

In this PhD, customized Bruker D3100 and Enviroscope microscopes were used for our

KPFM measurements in ambient and vacuum environment respectively. Topographic

regulation in AM mode was done with the SFM software controller, while for the FM-

topographic mode, an external electronic HF2PLL from Zurich instrument was applied.

No PLL is available in Bruker microscope. All the electrical part, excitation, demod-

ulation and feedback for the application of the KPFM modes were performed with the

HF2PLL.

One source of errors in KPFM measurement coming from the background which adds an

unknown signal and perturbs the VCPD measurement. The Zurich instrument used for

signal demodulation allows us to reach low noise level of ≈ 20 µV . Nevertheless, in some

con�gurations, the microscope can add extra noises. This background appears when the

electrical excitation is applied to the cantilever and results from a coupling between the

cable of the tip bias and the one of the photodiode. In Bruker D3100, the excitation and

detection cables are close together and not well isolated, which induce a crosstalk between

them. As shown in Figure VI.12 in the tip bias con�guration (the red curve) an extra noise

appears at the electrical frequency (17 kHz in this example) due to this crosstalk. Because

its frequency is the same as the KPFM response, this noise cannot be removed by the lock-

in ampli�er. The small additional component is always present at the electrical frequency

and the R-signal never reach 0, making the precise CPD determination impossible. To

overcome this setup limitation, the sample bias con�guration is applied as shown by the

black curve in Figure VI.12 or the separated tip holder has to be used in order to bias the

tip without passing through the SFM-head. In this work, the �rst solution was selected.

Voltage Noise Density

1

10

0 20 40 60 80 100

Sample Bias
Tip Bias

5

Figure VI.12: Noise density of the SFM setup when the tip is free (without mechanical
excitation) and far from the sample. The red curve shows the noise when an AC excitation of
2 V at 17 kHz is applied on the tip via the SFM head. The black curve shows the noise level
when the same AC excitation is applied to the stage.
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In the case of the Enviroscope, it is important to de�ne a proper ground to minimize the

noise level as speci�ed in the literature [222]. The sample was insulated from the sam-

ple stage via a piece of Te�on and the connection was realized via a vacuum feedthrough

added to the microscope (see Figure VI.13). An improvement of the vacuum level as low as

10−6 mBar was also obtained by adding a turbopump to the SPM-chamber. These home-

made modi�cations were done by Simon le Demnat, responsible of the SPM plateforme of

Néel institute.

(a) (b)
BNC 

feedthrough

Teflon plate 
with gold contact 

SPM
Vacuum Chamber

Tip holder

Figure VI.13: a) Picture of the Enviroscope SPM chamber and head. The added BNC
feedthroughs are visible. b) Inside the chamber, the connectors and Te�on plate can be seen.

VI.4 Kelvin probe force microscopy of III-N

VI.4.1 Bibliography

In literatures, several works were dedicated to the local probing of the electrical properties

of III-N semiconductors by Kelvin probe force microscopy (KPFM) and electrostatic force

microscopy (EFM). Few of them are summarized in the next paragraphs.

P.M. Bridger et al. [227] used EFM to study the electrostatic force gradient related to Ga-

and N-polar GaN �lms grown by MBE. The electrostatic force at the CPD and a slope less

than one for the EFM null signal in respect to the work function of the SFM tip recovered

with various types of material were interpreted as the e�ect of surface charges and the

presence of surface states, respectively. The extracted values of the density of surface

states were lower than the limit to pin the Fermi level (1014 cm−2), even if the water

contribution was integrated by using a permittivity of 80 ε0. The charge accumulation

around the �lm defects were also associated to the screening charges rather than the bare

piezocharges. Remark: EFM is not a quantitative technique. The conical shape of the tip

and the cantilever can have a dominant contribution on SFM signal. With no information

of the tip oscillation, no control on the spatial variation of the capacitance via the recording
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VI.4. Kelvin probe force microscopy of III-N

of the 2ω signal, and the lift distance between the tip and sample surface is only 30 nm,

it is di�cult to identify the electrostatic origin of the phase contrast especially if the EFM

images reproduce the shape of the topographical image.

K.M. Jones et al. [228] proceeded KPFM in a lift mode in order to determine the CPD

values in N- and Ga-polar GaN �lms (MBE). A speci�c sample made of separated Ga-polar

and N-polar regions on sapphire substrate was used as a reference. Ga-polarity (N-polarity)

regions were found with a potential +25±10 mV (+30±10 mV ) above (below) the sapphire

one. The observation of a domain polarity inversion on hexagonal column-like feature was

also claimed. Remark: The measurements were performed in an unclear con�guration. It

was mentioned that 'a feedback loop adjusts the sample height such that the omega signal

goes to zero, thereby forcing the potential di�erence between the tip and sample to be

zero'. The similar values of CPD obtained in various regions, possibly suggesting that the

sample was not (properly) connected to the ground. Furthermore, it is unstable to select

the sapphire, an insulator surface, as a reference to align the respective potential.

Thanks to KPFM measurements, G. Koley and M.G. Spencer [221] determined the bare

surface barrier height (BSBH) of Ga-polar GaN epilayers (MOCVD and MBE) having

di�erent doping level and AlGaN/GaN heterostructures (MOCVD) with di�erent barrier

layer thickness. Ohmic contacts were made in order to �x the sample potential to the

ground. For semi-insulating, unintentionally doped and n+ −GaN, the measured BSBH

were 1.4 eV, 0.7 eV and 0,6 eV, respectively. Remark: to neglect the e�ect of the surface

charges, the KPFM measurements were done a few microns away from the surface with a

high applied AC voltage of 5 V. The model used for extracting the BSBH was based on

a semiconductor-semiconductor system since the tip was a p-doped Si. Surprisingly, the

vacuum level was �xed but the electrochemical potential was not considered as constant

everywhere.

Transient photovoltage in unintentionally doped (1017−10−18 cm−3) Ga-polar GaN (MBE

and HVPE) was probed via KPFM by M.A. Reshchikov et al. [108]. They found a band

bending in the dark of 0.65 eV, which corresponds to a negative charge at the surface of

about 1012 cm−3. These charges were expected to be acceptor-like surface states, those

are uncompensated negative charge of the ions adsorbed at the surface and/or sponta-

neous polarization bound charges. The fast variation of the photovoltage was associated to

thermionic emission of electrons from bulk to the surface states over the potential barrier

height near the surface. Remark: only small (about 30 mV) variation of the CPD versus

the tip-sample distance was observed.

The band bending variation in respect to surface treatment of n-doped GaN (MBE) was

analyzed via KPFM by S-J. Cho et al. [229]. The authors showed an increase of about

0.5 eV of the 1 eV band bending of n-doped GaN (MBE) after reactive ion etching (RIE)

and a decrease of 0.3 eV after UV illumination. As a result, there should be a high density

of surface states and RIE should induce more of them.

107



Chapter VI. Polarity and electrostatic determination via KPFM

By measuring via KPFM and photo-assisted KPFM, similar upward band bending at

around 1.1 eV was observed in nonpolar a-plane and polar c-plane of GaN (MOVPE),

S. Chevtchenko et al. [230] also attributed the band bending in GaN to the presence of

charged surface states rather than to its spontaneous polarization.

EFM and KPFM were used by B.J. Rodriguez et al. [219] in order to probe the di�erence of

the band bending and the net charge of Ga- and N-polar GaN surface (MBE). HCl clean-

ing was performed to address the e�ect of adsorbed charges on the polarization screening.

As-received samples presented a CPD of 0.3 and 0.9 eV for Ga- and N-polar GaN, re-

spectively. After cleaning only the CPD of N-polar GaN decreased of 0.3 eV, suggesting

an increase of the adsorbed charges. The main origin of the screening was attributed to

internal charges. Remark: the net surface charge was found positive for N-polar surface,

while negative for Ga-polar surface. Their density was obtained without considering the

cantilever contribution and the geometrical-shape of the tip.

All the previous KPFM measurements were done in air. S. Barbet et al. [231] performed

their CPD probing in a lift mode under dry nitrogen atmosphere. The n- and p-type GaN

epitaxial layers (MOCVD) with di�erent doping levels were measured to investigate the

surface states and Fermi level pinning. Special calibration on gold layer was proposed

to exclude the z-dependency of the CPD due to the e�ects of �xed charges and/or a

topography cross-coupling. The level was found pinned for both types of carrier, i.e. about

1.34 eV below the conduction band (upward bending) in n-dope GaN and 1.59 eV above

the valence band in p-dope GaN (downward bending). Higher doping level induces more

charges in the depletion region, i.e. more band bending. Remark: the sample polarity was

not indicated. The dependency of the barrier height versus the doping level is opposited

to the one observed by Koley et al. [221].

Photo-assisted KPFM was used by Foussekis et al. [117] to analyze the e�ect of the ambient

environment on the band bending of undoped and doped GaN. They found an increase

of the upward band bending in air ambient under UV illumination and a decrease of this

bending in vacuum. This modi�cation in air was related to the adsorption of oxygen

species rather than water vapor. J. Wei et al. applied a similar technique to determine

the polarity of GaN sample (HVPE) in a non destructive way [118]. The CPD variation

under UV illumination was associated to the sign and quantity of accumulated charges

at the surface. N-polar surface being more active to adsorb oxygen resulting in a fast

accumulation of negative charges under UV illumination. They also applied this technique

of surface photovoltage measurement to GaN nanorods (MOVPE) [232].

Figure VI.14 presents some of those results obtained by Nemanich, Morkoç, Reshchikov

and others research groups.

Recently, EFM, KPFM and light assisted KPFM on GaN nanowires were done by A. Minj

et al. [114]. Preliminary CPDmeasurements on well-de�ned Ga- and N-polar faces of a GaN

bulk sample grown by HVPE (LUMILOG) were proceeded showing a clear di�erence of
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(a) (c)

(b) (d)

(e)

(f)

(g)

Figure VI.14: a) Linear dependency of the EFM null voltage (i.e. CPD) with respect to
the work function of the metal tip. Insert: parabolic behavior of the EFM roughness (i.e.
mechanical phase variation) in function of the DC tip voltage bias [227]. b) Topography and
KPFM image of combined Ga- and N-polar surface sample [228]. c) Z-dependency of the CPD
signal [221]. d) Time variation of the photovoltage [108]. e) Change of the F1ω electrostatic
force versus the applied DC tip for Ga- and N-polar GaN samples [219]. f) Time variation
of the photovoltage for Ga- and N-polar GaN samples [118]. g) Depletion charge versus the
square root of the doping level for n- and p-doped GaN samples [231].

550± 50 mV between the two �lms (0.20-0.35 V for Ga-polar while 0.75-0.90 V for N-polar

as shown in Figure VI.15.a, left). Similar CPD di�erences being observed on nanowires,

the KPFM technique seems to be useful to determine single nanowire surface polarity.

Di�erently Wei et al. [118] showed that N-polar GaN surfaces after HF cleaning present

only small changes in CPD under illumination. As-received N-polar surfaces are expected to

have a thicker oxide layer that keeps charges for a longer time. 3D-spectroscopy showed that

there is no net charge on N-polar nanowire surface since the CPD remained constant after

changing the tip-sample distance while there is a net possible charge on Ga-polar nanowire

surface. Remark: special technique in air was applied with a single-pass FM-KPFM at

5-10 nm tip-sample distance with an amplitude modulation for the topography and a PLL

in order to keep the resonance frequency. In general all the presented measurement were

done very close to the sample surface. Nothing was mentioned concerning a possible e�ect

of the Kelvin loop PID on the measured CPD values and their distribution. A. Minj et

al. [114] also performed KPFM and photo-assisted KPFM on p-n junction in single GaN

nanowires.

The main information of this literature concerns the CPD sign and value, the e�ect of the

surface polarity and doping level, the presence of surfaces states and origin of the surface

charge.

� Band bending sign: typically, the CPD of Ga- or N-polar surfaces was found to

have the same sign but some reports claimed to observe on opposite sign [228],

which correspond to the spontaneous polarization charges on the surface. X-ray

photoemission measurements (XPS) also shown that both polarities have upward

band bending [233] even on clean sample (HVPE) [234]. As concluded by Wei et

109



Chapter VI. Polarity and electrostatic determination via KPFM

(B)

(A)

Figure VI.15: a) CPD measurement on Ga- and N-polar GaN free-standing sample grown by
HVPE (LUMILOG). 3D topographic image of GaN nanowire grown by MBE. The CPD data
was superimposed via an added color scale on the nanowires. Z and CPD pro�les obtained on
a selected single scan line. b) For p-n junction in single GaN nanowires, CPD image before
and after illumination and corresponding pro�les.

al. [118]: 'The same band bending direction for both polarities implies that the band

bending direction depends to a higher degree on the doping type and adsorbed species

than on the polarity'. The band bending seems to be mainly function of the surface

preparation and related to compensating localized charges from surface an/or defect

states [234].

� Band bending value: several groups using di�erent techniques found a band bending

in the range of 0.5-1.4 eV for N-polar GaN [221, 108, 230, 118, 116]. This bending

is expected to be lower in N-polar than in Ga-polar surfaces due to the spontaneous

polarization of wurtzite GaN [114]. For MOCVD GaN samples, Ga-polar surface

often showed larger band bending than N-polar surface but the situation seems to be

inverted in the case of MBE samples. The di�erence of band bending between Ga-

and N-polar GaN is about 0.5 eV, which can help indirectly determining the sample

surface polarity.

� E�ect of doping: S. Barbet et al. [231] showed that the doped GaN samples have

higher bend banding compared to the undoped ones. Doping Fermi level is pinned

for both n- and p-type GaN surface at about 1.34 eV below the conduction band

and 1.59 eV above the conduction band, respectively [231]. Such an upward and

downward band bending is expected to be the result of excess negative or positive

surface charges. The exact source of these charges is still unknown [235].
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Similar conclusions were obtained from our KPFM measurements as shown in the next

sections.

VI.4.2 Results on GaN bulk

The polarity is an important parameter to understand the origin of charge generation in

direct piezoelectricity ond to give a cross con�rmation of the mechanical deformation in

reverse piezoelectricity. As Minj et al. [114], we �rst performed KPFM measurements on

400− µm thick undoped GaN bulk single side polish from Lumilog to verify a possibility

to determine the sample polarity by the CPD value. The c-axis orientation is known and

indicated on the sample. The sample was �ipped to change from one polar face to the other.

Our experiments were done in ambient condition in AM-AM-KPFM at low frequency (17

kHz) and 2 VAC . In Figure VI.16.a and VI.16.c showing the sample topography, Ga- and

N- polarity are already distinguishable via the surface roughness: the N-polar surface is

rough while the Ga-polar is �at. Our obtained CPD are about -0.9 V in N-face and -

0.18 V in Ga-face (Figures VI.16.c, VI.16.d, and VI.16.e). These two values are in good

agreement with the observations found in literature with similar samples and a platinum

SFM cantilever in tip bias con�guration [114]. The di�erence from the litterature is the VDC
sign, which is opposite since our measurements were done in the sample bias con�guration.

In Figure VI.16.e, the di�erence of CPD at 2 VAC and 0.5 VAC is negligible, suggesting

that the band bending in this AC bias range does not interfere on the sample polarity

determination.
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Figure VI.16: a,c) Topographic images of N- and Ga- polar samples performed in tapping
mode. b,d) KPFM images measured at 2 VAC and 17 kHz. e) CPD value extracted from (b)
and (d). The red curve corresponds to the value of the N-polar GaN taken at 0.5 VAC and
17 kHz.

VI.4.3 Results on III-N nanowires

Similar KPFM measurements on �ve di�erent types of nanowires were performed: intrinsic

and Si-doped N-polar GaN, N-polar Ga0.1Al0.9N , Al-polar AlN and unknown polar InN

nanowires. Several KPFM modes were tested: AM or FM, single pass or in lift, in air or in
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vacuum. All these measurements showed the same tendency. For instances, KPFM results

done in a lift mode (20 nm, 7.7 kHz and 2 VAC) are extracted and plotted in histogram

in Figure VI.17 (CPD images on nanowires are not shown since similar to the bulk they

correspond to a relative constant values). The N-polar nanowires have a CPD value close

to -0.9 V agreeing with their polarity. On the other hand, AlN and InN nanowires show

a CPD of -0.22 V and -0.20 V (not shown) which is close to the metal polar GaN bulk.

The polarity determination will be analyzed in more detail using PFM in the chapter VII.

The -0.75 V CPD of the N-polar Ga0.1Al0.9N nanowires is consistent with the CPD of

the N-polar GaN nanowire. The CPD of InN nanowires possibly indicates a metal polar

surface.

Remark: due to the high aspect ratio, the nanowire shape in the CPD images could be

visible. The important topographic cross-talk or a too high gain applied in the Kelvin loop,

could arti�cially increase the measured CPD range. For examples, Figure VI.18 seems to

show a mixing of polarity between Al- and N-polar AlN nanowires, but it could also come

from those mentioned artifacts. For this reason, it must be careful when analyzing the

nanowire polarity by CPD.
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Figure VI.18: a) Topographic image of AlN nanowires and b) AM-AM-KPFM done at 2 VAC

and 17 kHz.
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Figure VI.17: AM-AM-KPFM done at 2 VAC in intrinsic and n-doped GaN, GaAlN and
AlN vertical nanowires. The curves are extracted from KPFM images in order to have better
statistical distribution.
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VI.4.4 CPD �uctuation

Due to ambient conditions and sample surface cleanliness, the measured CPD might not

be reproducible. From one day to another, the surface potential obtained by KPFM can

vary by hundreds of milliVolt. Some experiments performed in secondary vacuum given

similar shifts, an intrinsic change of the tip and/or sample potential might be the main

source of uncertainty. In addition to water condensation layer, polar surfaces are indeed

known to attract durst on their surface. These screening charged durst could be transfered

to the tip and modi�ed the CPD value. Some electrical charges can also be injected to

the tip or sample when the VDC sweep is performed far from the CPD value, i.e. an

important change of electrostatic force is produced. In our experiments, the VCPD being

high in N-polar GaN (near 1 V), the sample being relatively insulating, it should be easily

to charge the surface or/and tip. This can be visible when a sweep of VDC is performed

to determine the CPD. The position of the VCPD will change in respect to the history of

the applied DC voltage. In general, we have tried to keep short range for the DC sweep to

minimize this e�ect.

If a bulk N-polar GaN sample surface is cleaned by solvents and blown with dry N2 before

performing the KPFM measurements in air, a CPD of 700 mV is �rst observed but quickly

goes up to 900 mV, thus recovering the value of an as-received sample. The applied VDC

being carefully controlled, such a phenomenon was simply attributed to the change of the

adsorbed water layer.

If the KPFM measurement in N-polar GaN nanowires is performed in secondary vacuum,

the CPD value could still increase further during the scanning of the sample surface (see

Figure VI.20). In consequence, it is the potential of the tip which is changing. After the

conservation of the sample one night inside the vacuum chamber, the CPD of 700 mV is

recovered only during the �rst CPD measurement on one point. The electrical trapped

charges on the tip could have di�used with time. However this state is di�cult to keep.

A highly oriented pyrolytic graphite (HOPG) sample was then added close to the III-N

sample as a reference. HOPG has in principle a well-de�ned work function of 4.6 eV, which

Figure VI.19: E�ect of charging during the sweep of the DC voltage bias performed to
determine the CPD value.
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is used to determine the absolute value ot the tip work function and its possible evolution.

We found a CPD on the HOPG which varied from 200 to 400 mV depending on the used

Pt tip, and from 690 to 900 mV on an intrinsic N-polar GaN nanowires. Nevertheless, the

CPD di�erence between HOPG and sample was always the same at ±10mV .

Concerning the CPD value, the existence of net charges on surface could explained why

the CPD in KPFM measurements might dependent on the sample-tip distance [231] (see

Equation VI.20). Another reason is the possible carrier depletion (or accumulation) in the

semiconductor when the tip is approaching to its surface [217]. The fact that the CPD is

not fully nulli�ed [227, 221] can also be due to instrumental crosstalk especially in AM-

KPFM [224] instead of surface charge e�ect. To investigate these charges it is then better

to perform FM-KPFM rather than AM-KPFM.

In our case, the z-dependency of the CPD was not straightforward since the change of

the CPD was mainly correlated with a modi�cation of the cantilever oscillations starting

20 nm away of the surface (see Figure VI.21). In addition the value obtained in single

pass KPFM was similar to the one performed in lift mode. From the few experiments

done on unintentionally doped nanowires, this observed constant contact potential rather

than CPD(z) might be associated to a fully depleted nanowire. In that case, the nature

of the conducting substrate should de�ne the CPD value but several groups with di�erent

types of substrate obtained relatively the same CPD. In addition other techniques like XPS

measurement provide similar results. Further measurements need to be performed.
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Figure VI.20: KPFM measurement performed on GaN nanowires at 1 mBar. a) Topographi-
cal image obtained in intermittent mode with the excitation at f1. b) Z-pro�le of the nanowire.
c) KPFM mode using the mechanical phase variation (VAC=2 V at 3 kHz). d) KPFM pro�le
averaged on several lines.
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(a) (b)

Figure VI.21: Approach-retract measurement with the Kelvin controller switched one. a)
Change of the amplitude of the cantilever-tip oscillations. b) Corresponding modi�cation of
the DC bias when approaching the surface.

VI.4.5 Electrostatic compensation

The interest of KPFM experiment is the possibility to compensate the electrostatic force

acting on the cantilever. As described by the equation VI.15, this force depends on the

VDC bias and it is minimized at VDC = VCPD. In standard KPFM, the feedback loop is

used to cancel this force and gives the corresponding DC value. In the chapter VII, the

electrostatic contribution can disturb the piezo-response force microscopy experiments and

must be canceled. For this purpose, KPFM can be used for �nding VDC that is able to

cancel the electrostatic force. The VDC = VCPD can be found simply by sweeping the

amplitude of VDC in tapping mode with an applied VAC. As shown in Figure VI.22, this

DC sweep allows to obtain a V-shape curve corresponding to the electrostatic amplitude

acting on the cantilever at the ω frequency versus the applied DC bias. At VDC = VCPD,

this R-signal is zero, indicating the absence of electrostatic force on the cantilever.
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Figure VI.22: DC sweep performed at 2 Vac and 17 kHz on a N-GaN bulk sample. The
amplitude of the electrostatic contribution is null at VDC = VCPD = −0.8V

This simple method based on KPFM allows to quickly determine the CPD, which allows

to easily suppress the electrostatic contribution. Once this compensation is found for a

given Tip/sample system, this one is still valid if we switch to the AFM contact mode and

thus can be used for PFM experiments.
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� Several KPFM techniques, e.g. single pass AM-FM-KPFM in sidebands mode,

were setup and tested during this PhD using the HF2PLL electronic of Zurich

Instrument. In addition, e�orts have been done to understand KPFM mea-

surements of semiconductors and to de�ne an instrumental setup o�ering the

minimum contribution of artifacts and noises.

� The surface voltage in thin �lm, bulk and nanowires of GaN, AlN and InN were

measured in single pass or lift mode of AM-KFPM or FM-KPFM. As found

in few articles concerning KPFM in air, III-N semiconductors with opposite

surface polarities have the same sign of CPD but their values are di�erent. As

reported in [114] or [235], Ga-polar GaN has a CPD of about 200 mV, while

N-polar GaN has a CPD of about 900 mV. These results suggest that there are

less surface charges on the metal-polar surface than in the N-polar one. With

the CPD values closer to zero compared to the one of N-polar GaN nanowires,

the metal polar AlN has a CPD of 220 mV, thus we expected that the InN

nanowires with a CPD of 200 mV is metal-polar.

� Concerning the doping, the unintentionally and n-doped GaN nanowires

present a relatively low di�erence of CPD. This di�erence is in the range of

the Fermi level variation due to the doping, i.e. less than 100 mV. According

to [231] we expect that p-doped GaN should have opposite CPD sign compared

to all the samples tested in this PhD work.

� KPFMmeasurements in high vacuum (∼ 10−6 mBar) gives similar results with

less dispersion in CPD values. The cleanliness of the sample surface is also

important for CPD probing. The presence of water and screening charged dust

on the surface can easily be transfered to the tip, which is possibly responsible

for a CPD variation of 200-300 mV observed in N-polar GaN samples.

Ô In practical aspect, with a large CPD di�erence between N- et metal-polar

surface, KPFM can be used as an indirect tool to de�ne the polarity of III-N

semiconductors via the analyses of potential generated by charges on surface

or trapped in the oxide layer. Furthermore, the electrostatic force between

cantilever-tip and sample can be probed by KPFM. The electrostatic contri-

bution can be compensated by the application of an adapted VDC . This is

particularly useful for PFM measurements described in the chapter VII.
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Chapter VII

III-N piezoelectricity probing via

Piezoresponse Force Microscopy

VII.1 Introduction

Piezoresponse force microscopy (PFM) is a scanning force microscopy (SFM) technique

which can be applied for imaging ferroelectric and piezoelectric domains as well as ma-

nipulating ferroelectric polarization [236]. This technique implemented by Güthner and

Dransfeld [237] in 1992 has attracted lots of interest in di�erent �elds ranging from ferro-

electricity to biology thanks to numerous potential advantages.

In conventional PFM, a conductive SFM tip is used as a movable top electrode to apply

an alternated electric �eld and to simultaneously detect an associated displacement caused

by the inverse piezoelectric e�ect. This displacement is usually in a few to a few tens

picometer range. Therefore, a precise dynamic detection is done via a lock-in technique

for demodulating the vertical signal of the SFM photodiode in reference to the frequency

of the excitation voltage. In principle, the PFM amplitude corresponds to the piezoelec-

tric coe�cient; whereas, the phase response reveals the material polarity. Figure VII.1

illustrates the operation of the PFM measurement on the materials of di�erent polarity.

Besides, this technique allows recording topography and domain information at the same

time with a high spatial resolution. As a non-destructive process, it was also tested in soft

materials such as biological compound and even in liquid [238, 239].

The high displacement sensitivity makes the PFM technique promising for the determi-

nation of small piezoelectric coe�cient such as those in Quartz or III-N. Moreover, its

spatial resolution in the range of the SFM tip diameter is particularly interesting for prob-

ing nanoscale domains [240], or nano-objects [241]. Until now, it remains challenging to

obtain quantitative PFM analyses and to understand the PFM signal especially from piezo-

electric semiconductors; even in a bulk form, because of their low piezoelectric coe�cient

value (2-6 pm/V). In addition, various measurement parameters could in�uence on the

electromechanical response such as an electrostatic e�ect [242], a nanoscale diameter of the

SPM tip [243], a bending [244] and clamping [245] of the substrate, a signal ampli�cation
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Figure VII.1: PFM principle of the material with a) upward and b) downward piezoelectric
polarization and their corresponding displacement in response to the driving voltage (right
panel).

due to mechanical resonant of the cantilever [246], a cantilever buckling [247], an incor-

rect cantilever and sensitivity calibration, a topographic variation, the in�uence of oxygen

vacancies [248], the electric �eld distribution, the e�ect of cables, the orientation and non-

orthogonality of the photodetector, etc. Those parameters could introduce artefacts to the

PFM signal, thus providing incorrect piezoelectric coe�cients and material polarity.

The target of this chapter is to apply the PFM measurements to investigate the piezo-

electric coe�cient in III-N piezoelectric semiconductor nanowires. Piezo-coe�cient is a

physical constant that can indicate the electromechanical conversion e�ciency of piezo-

electric devices. In 2012, the giant piezoelectric e�ect in 60 nm-diameter GaN nanowires

was experimentally extracted from a vector-PFM [12, 13]. The higher piezoelectric coe�-

cient is found to be up to six times of their bulk counterpart. Using the PFM technique,

the strong piezoelectricity was also claimed in ZnO nanobelts [11]. In contrast, Scrym-

geour et al. found that the piezoelectric constant of ZnO nanorods is close to the bulk

value [249]. The giant piezoelectricity observed in GaN nanowires, and ZnO nanobelts

therefore remains questionable because several artefacts including the errors of the SFM

tip calibration were vaguely described in ref [11, 12, 13]. These parameters can de�nitely

hinder quantitative PFM analyses in both amplitude and phase, and must be carefully
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considered. Therefore, we performed systematic PFM studies on various samples i.e. Peri-

odically Poled Lithium Niobate (PPLN), Langasite, Quartz, III-N bulk and thin �lm. By

identifying critical parameters that in�uences on the piezoresponse, the studies on these

samples are used as a general guideline to approach a quasi-quantitative PFM measurement

in III-N nanowires.

To detect this displacement, the lock-in ampli�er is used to demodulate the vertical signal

of the photodiode in reference to the excitation voltage. From this displacement, the piezo-

electric coe�cient is deduced by using the piezoelectric equation described in chapter III

which links the mechanical strain [ε] of a material to the applied electric �eld [E], the

piezoelectric coe�cient [d], the stress [σ] and the sti�ness [s]:

ε1

ε2

ε3

ε4

ε5

ε6


=



s11 s12 s13 s14 s15 s16

s21 s22 s23 s24 s25 s26

s31 s32 s33 s34 s35 s36

s41 s42 s43 s44 s45 s46

s51 s52 s53 s54 s55 s56

s61 s62 s63 s64 s65 s66





σ1

σ2

σ3

σ4

σ5

σ6


+



d11 d12 d13

d21 d22 d23

d31 d32 d33

d41 d42 d43

d51 d52 d53

d61 d62 d63



E1

E2

E3

 (VII.1)

If the ideal scenario is assumed, where the material is freely to move: the internal stress is

zero (σ = 0) and the equation VII.1 becomes:

ε1

ε2

ε3

ε4

ε5

ε6


=



d11 d12 d13

d21 d22 d23

d31 d32 d33

d41 d42 d43

d51 d52 d53

d61 d62 d63



E1

E2

E3

 (VII.2)

In the con�guration presented in Figure VII.1 with an homogeneous vertical �eld E = Ezz

(E1 = E2 = 0), the strain ε3 can be replaced by ∆t/t, where ∆t is the displacement and t

is the sample thickness. If the voltage bias is applied at the backside of the sample, and the

SFM tip is grounded, the electric �eld is E = V/t with V the positive apply bias voltage

(E = −V/t if the bias is applied to the tip). In this substitution, the sign of the electric �eld
is crucial. The material displacement is given by the product of E and [d]. The ε is positive

or the material expands if E and dij are positive, whereas the displacement is negative or

the material is compressed negative is they are negative. The direction of the applied

electric �eld, corresponding to the tip or sample voltage bias must be taken into account.

Otherwise, the PFM signal can be changed from negative to positive, or vice versa. The

error results in the PFM phase inversion by 180◦, and consequently mis-interpretation of

the material polarity. Finally, after this substitution piezoelectric displacement equation
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becomes the following:

∆t = d33 · Vz (VII.3)

Here the amplitude of the deformation ∆t only depends on the piezoelectric coe�cient d33

and the applied voltage V . It is independent of the material thickness as long as only

the linear piezoelectric e�ect is considered. A precise measurement of the amplitude of

the mechanical displacement by the PFM allows to extract the piezoelectric coe�cient dij.

The phase of the PFM response referring to the applied bias is related to the material

polarity.

For example, when the positive voltage is applied at the substrate backside or the positive

electric �eld is applied (Figure VII.1), the materials with upward piezoelectric polarization

would expand with the surface which displaces to +Z direction. In dynamics with VAC,

this motion corresponds to an in-phase piezo-response. Oppositely, the surface of the

materials with downward polarization would more toward -Z direction, corresponding to

an out-of-phase response.

The PFM response given by the output of the lock-in ampli�er can be expressed in either

Polar or Cartesian co-ordinate systems. In Polar one, the signal is given by R and θ, where

R is the amplitude and θ is the phase, while the output can be represented by X and

Y , in the Cartesian co-ordination. If there is no artefact contribution, the PFM response

for vertical polarization can be either in-phase or out-of-phase (θ = 0◦ or 180◦), which

can be expressed in this Cartesian notation Y = Rsin(θ) ≈ 0. Thus, the information of

the piezo-response signal can be fully represented by the X signal. The amplitude is the

absolute value of X signal because |X| = R |cos(θ)| ≈ R, whereas the phase is represented

by the sign of X. The positive X indicates the in-phase response while the negative one

shows the out-of-phase signal.

a)

φ=0°
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X

R1

X1

b)

φ=180°
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X
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X2

In-phase PFM response

Cartesian plot

temporal plot

t t

Cartesian plot
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Out-of-phase PFM response

A, V A, V

Figure VII.2: Temporal and vectorial representation of a) in-phase and b) out-of phase PFM
signal. The red curve is the material displacement while the dash one is the excitation voltage.
In the ideal case, the X signal (the red arrow) is equal to the R signal (the green arrow).
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Figures VII.2.a and VII.2.b show the in-phase and out-of-phase piezo-response, respec-

tively, together with corresponding R, θ, X and Y in Cartesian coordinate, in the ideal

situation. In this present work, all analyzed piezo-response amplitudes were extracted from

the X-signal rather than the R-signal of the lock-in ampli�er output to minimize the con-

tribution of the background signal [250]. In any cases, the Y-signal is always veri�ed to be

nearly zero [251], allowing the determination of the phase by the sign of the X-value.

VII.2 Vector PFM

The "3-dimensional (3-D)" PFM or vector PFM mode has been introduced by Eng et

al. [252] in 1999. The measurement concept is to monitor simultaneously the vertical and

the lateral photodiode signal obtained from the motion of the cantilever to deduce the

associated out-of-plane and in-plane deformation. This technique was introduced to deter-

mine the polarization direction in ferroelectric grains [253]. As explained in chapter V, the

calibration of the lateral sensitivity is not straightforward. For this reason, the vector PFM

is mainly applied for approximating the order of magnitude of the in-plane displacement

and its direction. In 3D-PFM there are three di�erent cantilever motions that must be

considered:

� Vertical motion: The detection of the material displacement along the Z direction

(out-of-plane) using the vertical motion of the cantilever is the basic principle of

a conventional PFM. In the case of a laser beam which is perfectly center on the

photodetector, the positive displacement induces a positive signal on the photodiode,

while a negative displacement induces a negative signal. The vertical signal is given

by Ver = [(A + B)− (C + D)]/(A + B + C + D).

FVertical

D
A B

C

Vertical Signal

FVert

xy z

Figure VII.3: The sample motion along the Z axis exercises the force normal to
the cantilever and induces a vertical displacement. This cantilever motion gives the
vertical signal on the photodiode.

� Buckling motion: The sample displacement in the X-Y plane in the direction paral-

lel to the cantilever axis (X axis) induces the buckling of the cantilever. The buckling

changes the optical re�ection angle of the cantilever which produces a vertical PFM

signal. The displacement toward positive (negative) X gives a negative (positive) a
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vertical signal. This signal can be misinterpreted because it is mixed with the ver-

tical signal from the Z motion. To perform relevant d33 measurements, it has to be

ensured that there is no buckling e�ects.

FBuck

D
A B

C

Buckling

FBuckling

xy z

Figure VII.4: The sample motion along the X axis exercises the force parallel to
the cantilever and induces the buckling. This cantilever motion also gives a vertical
signal on the photodiode.

� Lateral displacement: The sample displacement in X-Y plane along the direction

perpendicular to the cantilever length (Y axis) twists the cantilever and changes

the lateral re�ection angle. As a consequence, the laser position on the photodiode

laterally shifts. The sample displacement toward the positive (negative) Y of the

Figure VII.5 induces a positive (negative) lateral signal. The lateral signal of the

photodiode is given by Lat = [(A + C)− (B + D)]/(A + B + C + D).

Lateral Signal

FLat

AB

CD

FLateral

xy z

Figure VII.5: The sample motion in the X-Y plane along the Y axis or perpen-
dicular to the cantilever axis exercises a lateral force on the cantilever. The twisted
cantilever gives a lateral signal on the photodiode.

Characterizing those mentioned above signals such as the vertical, buckling and lateral

signal provides the information concerning the in-plane and the out-of-plane motion of the

sample. It is important to note that the rotation of the cantilever or the sample by 90◦

would alter the buckling to lateral contribution, or vice versa. This rotation can be used

to discriminate the buckling and vertical signal and to correctly determine the in-plane

displacement direction.
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VII.3 Important factors for semi-quantitative PFM

To semi-quantitatively measure very low piezoelectric coe�cient (few pm/V), any sources

of noises and artefacts that could perturb the PFM signal have to be suppressed. This point

is crucial because some of these signals can be interpreted as PFM response and create

mistakes on the estimation of the piezoelectric coe�cient. In this section, the e�ect of

parasitic signals such as electrostatic background and crosstalk, will be addressed, together

with a possible way to minimize their contributions.

VII.3.1 Inherent background of SFM

In any microscope, there are intrinsic background signals that are inherent to the design

of the instrument itself. For examples, the background level of the output signal from the

photodiode detector could result from a photodiode noise �oor and a thermal noise acting

on the cantilever. These e�ects add white noise to the signal but it can be removed in

dynamic PFM by the lock-in ampli�er.

By applying the AC voltage bias on the SFM tip via the SAM-box as being done for KPFM

measurements, the noise at electrical excitation frequency can signi�cantly increase. This

noise is caused by the coupling between the electrical cable used for biasing the tip and the

one used for the photodiode output. Such a cable crosstalk which is particularly speci�c

to Bruker D3100, is from the bad isolation and the small separation between excitation

and detection cables. This noise extremely causes problems to PFM because it has the

same frequency as the electrical excitation and consequently as the one of piezoresponse.

For this reason, it cannot be �ltered by the lock-in ampli�er. Two con�gurations that can

minimize this problem are either by using the sample bias con�guration or using a special

tip holder that can pass the bias to the tip without passing through the SFM head.

Another inherent crosstalk that must be considered; in particular, in the vector PFM is

the crosstalk between the vertical and the lateral signal. The cantilever is never perfectly

perpendicular to the laser beam and the photodiode detector is always slightly tilted,

the vertical motion of the cantilever induces a lateral signal. Because of this imperfect

geometry, the vertical displacement of the material might generate both lateral and vertical

output signal, leading to a misinterpretation of the crystal motion. This crosstalk can be

partly corrected by carefelly install the cantilever-tip chip into its holder and by adjusting

the photodiode position. This latter is not possible in Bruker D3100 microscope. In the

microscope used during the PhD research, this crosstalk is lower than 5% of the signal

which makes the interpretation of the PFM signal only semi-quantitative [254].
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VII.3.2 Excitation frequency

In principle, any types of conductive cantilevers can be used for PFM [255]. One key

parameter is the electrical excitation frequency, which must be chosen by considering the

microscope limitations and the cantilever properties. The excitation frequency lower than

1 kHz has to be avoided because of the 1/f noise and possible crosstalk with the z-loop

feedback. The frequencies around 6 kHz should not be used due to the resonance frequency

of the piezoscanner tube from which the coupling introduces a mechanical noise. In the

past, the PFM measurements were done with a frequency between 1 and 3 kHz due to the

addition of the Lock-in ampli�er bandwidth limitation. The �nal choice of the electrical

excitation frequency depends on the shape of the resonance peaks as a function of the

frequency. This spectrum is always obtained to perform quantitative or semi-quantitative

PFM, thus any signal ampli�cations can be avoided by choosing the electrical excitation

frequency largely lower than the contact resonance one. For example, the cantilever with

a spring constant of 3 N/m has a free resonance around 70 kHz, and a contact resonance

frequency of around 310 kHz. The electrical excitation frequency for the PFMmeasurement

using this cantilever should be much lower than 310 kHz. As shown in Figure VII.6, the

maximum excitation frequency that can be used, should be one order of magnitude below

fres i.e. below 30 kHz for quantitative PFM [256]. For this reason the sti� cantilever with

k ≥ 3 N/m are preferred. With soft cantilever, it is di�cult to avoid the ampli�cation

induced by the resonance.

On the other hand, the PFM measurements at the contact resonance frequency might be

useful for exploring the materials with extremely low piezoresponse signal. At this par-

ticular frequency, the mechanical response is ampli�ed by the Q-factor of the cantilever.

Contact

Figure VII.6: The frequency sweep of a 3 N/m cantilever contacting on a Ga-polar GaN bulk
sample excite at VAC = 4 V at 17 kHz. The mechanical resonance of the cantilever located at
fres ≈ 260 kHz induces the signal ampli�cation starting above 100 kHz.
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However, during the measurement, the resonance frequency can shift because of any mod-

i�cation of the tip / sample interaction [257]. Consequently the ampli�cation factor is

not constant throughout the measurement. In order to detect a signal at the resonance

frequency which remains with a constant ampli�cation, DFRT-PFM can be applied to

excite two close frequency on each side of the resonance frequency, and using the feed-

back loop to keep their amplitude equal [246]. Even with this tracking technique, it is not

straightforward to obtain quantitative piezoresponse signal in the resonant PFM technique.

VII.3.3 Electrostatic background

During PFM measurements, the electric �eld applied in between the sample and the can-

tilever can signi�cantly modify the cantilever motion [258]. KPFM can be performed to

monitor this electrical force as described in Chapter V. Under the applied AC voltage bias,

this force consists of the static and dynamic components with ω and 2ω frequency. The

force with the frequency of ω, that is similar to the one of the electrical excitation, inducing

a cantilever oscillation at the same frequency as the PFM response. Such an electrostatic

force between metals is described by the following equation:

Fω =
dC

dz
(VDC − VCPD)VACsin(ωt) (VII.4)

For this reason, it is impossible to distinguish the mechanical and the electrostatic response

even if the signal is demodulated by a lock-in ampli�er. In order to reach quantitative PFM

values, the electrostatic force has to be negligible. The vectorial picture in Figure VII.7

illustrates the e�ect of this electrostatic contribution. If there is an electrostatic background

(the grey arrow), the PFM response (the green arrow) becomes the sum between this

background and the material motion (the red arrow). Because the electrostatic background

is sample dependent, the calibration on the well known piezoelectric material has to be

done in absence of electrostatic contribution [259, 260]. A Periodically Poled Lithium

Niobate (PPLN) sample is used to explore the impact of this electrostatic force on the PFM

Y

X

BG

APz
R

X

Y

φ

Figure VII.7: Vectorial representation of the PFM signal in presence of an electrostatic
background. The PFM response (the green arrow) is the sum of the material motion (the red
arrow) and the electrostatic background (the gray arrow).
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response. The PPLN is a ferroelectric material with up-and down-polarized domains. It

was originally designed for nonlinear optics such as frequency doubling, di�erence frequency

generation, etc. Its piezoelectric tensor is shown in Equation VII.5:

[d] =



0 −d22 d31

0 d22 d31

0 0 d33

0 d15 0

d15 0 0

−2d22 0 0


(VII.5)

The experimentally extracted piezoelectric coe�cient d33 is between 5 to 8.4 pm/V from

PFM experiment [242, 261] and can reach 14 pm/V with another techniques [262]. The

PPLN sample is a promising reference ceramic for further setting up the PFM measure-

ments for III-N since their dij coe�cients are in the same order of magnitude. The presence

of up and down domains is essential to evidence the electrostatic e�ect and to quantify the

PFM background signal [263].

Figure VII.8.a schematically presents an ideal PFM response of the sample with two-

opposite polarization domains, showing the same PFM amplitude for each domain due to

their identical d33 piezoelectric coe�cient. The PFM phase shows a 180◦ di�erence between

the two domains caused by their reversed polarity. The vectorial representation of this ideal

PFM response; in which the background signal is absent, is shown in Figure VII.8.b. The

PFM signal (the green solid arrows) directly corresponds to the piezoelectric deformation

±APZ (the red solid arrow). If the background is present due to electrostatic force the

material deformation together with this background would deviate the PFM signal from

the ideal case. As presented in Figure VII.8.c, the amplitude of each domain is no longer

equal, and the phase di�erence becomes lower than 180◦. The vectorial representation in

Figure VII.8.d demonstrate that the presence of the background, BG (the grey arrow) is

added up with the piezoelectric deformation (Apz) of the material. As a result, the X and

R signals of the PFM response (the green arrows) are not equal to the material deformation

(the red arrows). As each domain must have the same PFM amplitude and 180◦ phase

di�erence, the vectorial representation shown in Figure VII.8.d can be applied to extract

the background signal from the PFM response. The background vector is determined by

using the following equations: 
BGX =

X1 +X2

2

BGY =
Y1 + Y2

2
,

(VII.6)

where Xi and Yi are the PFM response of the up and down domains along X and Y axes,

respectively.
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Figure VII.8: a) The ideal PFM signal from PPLN where the PFM amplitude from each
domain is equal and the phase di�erence is 180◦. b) The corresponding vectorial representation
of the signal. The PFM response (X and R signal) and the piezoelectric deformation (Apz) are
represented by the green and red arrows, respectively. c) The PFM signal with the presence of
an electrostatic background (BG). The amplitude of each domain is not equal and the phase
di�erence is lower than 180◦. d) The corresponding vectorial representation, where the BG is
presented by the grey arrow.

The background amplitude is calculated with the norm formula:

BG =
√
BG2

X +BG2
Y (VII.7)

Two techniques that can promislingly minimize this electrostatic e�ect [255] are the CPD

compensation by applying the external direct voltage bias during the PFM measurement

and the utilization of a high cantilever sti�ness.

VII.3.3.1 CPD compensation by applying DC bias

The �rst method to minimize the electrostatic contribution is to compensate it by apply-

ing a DC voltage bias between the substrate and the SFM-tip during the PFM measure-

ment [242]. As shown in equation VII.4, the electrostatic force depends on (VDC − VCPD),

which can be determined by KPFM. The application of DC voltage equal to VCPD can

minimize the electrostatic force which has the same frequency as the electrical excitation

(see Equation VII.4). The CPD being highly in�uenced by environment, contamination,

water layer, and SFM tip, its determination must be done before each PFM measure-

ment to guarantee a correct compensation. In the case of PPLN, the CPD is found to be

around −15 V which can vary by several Volt depending on the day or the tip used for the

measurement.
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Figure VII.9 illustrates the impact of this electrostatic contribution and the improvement

of the PFM signal with the CPD compensation. The two PFM images of the PPLN

were obtained by using a 3 N/m cantilever. The topographic images in Figures VII.9.a

and VII.9.b show a �at surface with no evidence of the two domains. In standard PFM

without any CPD compensation, the PFM amplitude of these two domains is di�erent

while their phase is nearly the same (Figure VII.9.a). When the CPD compensation was

applied (Figure VII.9.b), the PFM amplitude of each domain becomes nearly equivalent

with the phase di�erence of 180◦. This behaviour clearly proves the important impact of
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Figure VII.9: Topography and corresponding PFM amplitude and phase images of PPLN
sample measured by using a 3 N/m cantilever at VAC = 2 V. a) without the CPD compensation,
showing the dominant e�ect from the electrostatic contribution: the amplitude of the two
domain are not equal and the phase di�erence is not 180◦. b) With the CPD compensation,
showing the ideal PPLN response because the electrostatic contribution is suppressed. c)
the PFM amplitude taken from X signal versus VAC performed in up and down domains
without (red) and with the CPD compensation (blue). The shift induced by the electrostatic
contribution is shown by the black arrow.
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the electrostatic contribution on the PFM signal. Once the compensation is activated, the

PFM signal would approach ideal PPLN response. Finally, Figure VII.9.c presents the

PFM amplitude taken from the X-Signal versus the applied AC voltage, with (the blue

curve) and without (the red curve) the compensation from the two opposite domains. The

in�uence of the electrostatic force is clearly observed, evidencing by a signi�cant shift of

the PFM response. The extracted piezoelectric coe�cients from the two domains are thus

unequal; those are -2.5 pm/V in one domain, and -20 pm/V in the other. By minimizing

the electrostatic e�ect via the CPD compensation, a piezoelectric coe�cient of 8.5 pm/V

is obtained from each domain. This value agrees with the one reported by Labuda et al.

measured by the optical beam and interferometric atomic force microscope [261].

However, because the CPD in air atmosphere can be signi�cantly varied, depending on the

surface cleanliness, the coating on the tip, or due to charges e�ect on insulating samples, the

spatial variation of the CPD during the time could lead to an imperfection of electrostatic

compensation. To further limit the electrostatic contribution, the second method is used;

that is, utilizing sti� cantilever.

VII.3.3.2 Minimizing the electrostatic e�ect by using sti� cantilever

Using sti� cantilever was suggested as another promising approach to minimize the e�ect

of electrostatic force [242]. As the �rst approximation, the cantilever can be viewed as a

spring, in which the deformation for a given applied force depends on its spring constant.

When the sti�ness of the cantilever increases, it becomes less sensitive to electrostatic force.

This e�ect can be described by the Hooke's law: F = −k ·∆Z, where Z (m) is the spring

displacement, F (N) is the applied force, and k (N/m) is the spring constant. For a given

force F , the higher spring constant k induces the lower displacement Z. It was shown

that the electrostatic contribution becomes negligible when the cantilever has the sti�ness

higher than 17 N/m [242].

To �nd the most appropriated cantilever, the PFM measurements are performed on PPLN

with three di�erent cantilever spring constants: k = 0.2 N/m, k = 3 N/m and k =

40 N/m. For each cantilever, the PFM response is measured with and without the CPD

compensation. Then, the vectorial representation of the signal is used to reconstruct and

determine the background in each con�guration. These results are shown in Figure VII.10.

For 0.2 N/m cantilever without the CPD compensation (Figure VII.10.a), no phase di�er-

ence between each domain is observed, implying a large background contribution. When

the CPD compensation is applied (the red curve in Figure VII.10.d), the PFM amplitude

of the two domains becomes slightly di�erent with the 180◦ phase di�erence, consistent

with the fact that the extracted background is reduced by the factor 20.

In the case of 3 N/m cantilever without the CPD compensation (Figure VII.10.b), the

phase signal of each domain di�ers by 180◦ but their amplitudes are not equal. The
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amplitudes of those two domains are equal when the CPD compensation is used, revealing

the electrostatic contribution is entirely suppressed. Figure VII.10.c shows that by using

40 N/m cantilever, the PFM signal approaches the ideal situation, even without any CPD

compensation. This result indicates that this cantilever sti�ness is negligibly sensitive to

the background.

Finally, Figure VII.10.d summarizes the extracted background value for the three di�erent

cantilever sti�nesses in two di�erent conditions, i.e. with and without CPD compensa-

tion. The highest sti�ness value of 40 N/m together with the CPD compensation reduces

the background signal to the value lower than 0.1 pm/V. The background level is found

to increase up to 0.65 pm/V, if the CPD compensation is removed, revealing that this

40 N/m cantilever is slightly sensitive to electrostatic force. The 3 N/m cantilever with the

CPD compensation gives the background level of around 0.7 pm/V, which is considered

as an acceptable range. This summary �nally shows that the soft cantilever of 0.2 N/m

is highly sensitive to the electrostatic background which can not be fully compensated by

applying the DC voltage during PFM measurements. With these cantilevers, the minimum

background level of around 1.2 pm/V is reached.

The extracted d33 under electrostatic-free condition, is again in the range of 8− 9 pm/V,
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Figure VII.10: The PFM amplitude and phase of PPLN performed at VAC = 6 V without
the CPD compensation using the cantilever sti�ness of a) 0.2 N/m, b) 3 N/m and c) 40 N/m.
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agreeing with the latest reported value in the literature which is 8.5 pm/V [264]. The dif-

ference between this experimental d33 and the theoretical one of 14 pm/V can be attributed

to the lateral clamping e�ect and the inhomogeneous electric �eld distribution inside the

materials which will be described in Section VII.3.4.

To conclude, two di�erent ways to reduce or suppress the electrostatic contribution in the

PFM signal were tested such as using the CPD compensation by applying DC voltage

during PFM measurement and by using high sti�ness cantilever. The best solution is to

combine these two approaches to minimize the electrostatic background. However, for a

certain application, the 40 N/m cantilever might not be suitable; for example, by using

such a sti� cantilever, it is di�cult to obtain spatially resolved topography and simultane-

ously corresponding PFM from highly �exible material like piezoelectric nanowires. The

comparative PFM studies by using di�erent cantilever sti�ness on PPLN samples indi-

cates that utilizing the 3 N/m cantilever with the CPD compensation can be a promising

alternative.

VII.3.4 Non uniform electric �eld

In general, the standard PFM measurements are performed by using the SFM tip as a

top electrode. In this con�guration, the electric �eld is created between the tip and the

backside of the sample. This PFM setup provides a local PFM measurement with high

spatial resolution because only the area just below the tip is excited and it requires no

particular sample preparation. On the other hand, the asymmetry between the small top

contact formed by the SFM tip and the large bottom contact at the substrate backside

induces a highly non-uniform electric �eld inside the material [243]. In this part, two

dimensional COMSOL �nite element simulations are performed to evaluate the impact of

this asymmetric geometry on the electric �eld distribution and thus on the piezoelectric

displacement.

VII.3.4.1 Field inhomogeneity

In this section, the electric �eld inside a bulk GaN sample with di�erent sizes of a top

contact is simulated. In 2D-simulation, the dimensions of the simulated sample are 5 cm

length and 400 µm thickness. The diameter of the contact is varied from 10 nm to 1 mm.

The potential of the top electrode is set to 0 V, while the one of the sample backside is set

to 1 V.

Figures VII.11.a and VII.11.b show the electrical potential and the line of electric �eld for

a 10 nm and 500 µm diameter top contact. Figure VII.11.c presents the cross-sectional

electric �eld along the Z direction (EZ). For a small contact, the �eld EZ is strongly

inhomogeneous along the Z-axis. At the area below the tip, the electric �eld is maximum

and rapidly decreases toward the substrate [258]. For the contact size of 10 nm which is
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Figure VII.11: The contour plot of the simulated electrical potential and the corresponding
electric �eld (black lines) in GaN bulk with a top contact of a) 10 nm and b) 500 µm diameter.
c) The cross sectional electric �eld along the Z direction (EZ) taken at the contact center, for
di�erent top contact sizes.

the range of the SFM tip diameter, half of the �eld is applied only on the �rst 10 nm as

shown by the black curve in Figure VII.11.c.

For this reason, the presence of surface oxide, surface contamination, or adsorbate in this

�rst few nanometres [265] could greatly reduce the electric �eld applied to the sample. The

impact of this e�ect depends on environmental conditions, tip geometry, sample thickness

and surface cleanliness. It can lower the e�ective piezoelectric deformation up to the factor

of three [243]. The electric �eld distribution becomes more homogeneous when the diameter

of the top contact is increased. In this particular case, once the diameter of the contact is

larger than the material thickness, the electric �eld EZ below the center of the contact is

constant along the Z direction as shown by the green curve in Figure VII.11.c.

The con�ned �eld at the material surface could also create another e�ect, so-called, the

clamping e�ect, which in�uences the material deformation.

VII.3.4.2 Clamping e�ect

In the small top electrode, the electric �eld is focused just below the tip not only along the

Z direction but also along the X and Y -ones and only a small volume of the material is

excited. This highly localized �eld near the surface results in a clamping e�ect caused by

an inactive surrounding material, which reduces the piezoelectric deformation [266].

In this scenario, the assumption of zero stress in equation VII.1 is no longer valid. The

lateral clamping e�ect induces the stress in the material which reduces the e�ective defor-

mation. From COMSOL simulations, the Z-displacement at the center of the top contact

with di�erent sizes is extracted. In this simulation, the fully-clamp boundary condition is

set at the sample backside, while the sample surface and sidewall is unclamped.

Figure VII.12.a shows the cross-sectional Z-displacement taken along the Y-direction from

the substrate surface with di�erent top electrode sizes, while Figure VII.12.b presents the

Z-displacement taken at the center of the top electrode plotted as function of the electrode

diameter. Clearly, the Z-displacement increases with the top electrode size as the lateral
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Figure VII.12: a) The cross-sectional Z displacement taken along the Y direction from the
substrate surface with di�erent top electrode sizes. b) The Z-displacement taken at the center
of the top electrode plotted as a function of the electrode size.

clamping e�ect is reduced. In this particular case, the Z-displacement reaches its maximum

value for the electrode diameter larger than 500 µm.

This clamping e�ect occurs because of the unexcited surrounding material which includes

the substrate in the case of piezoelectric thin �lm grown on non-piezoelectric substrate [267],

or the perfectly clamped bottom surface. In the case of large contact where the lateral

clamping is insigni�cant, the clamped boundary condition at the substrate backside can

reduce the maximum Z-displacement from the expected value from Equation VII.8. For ex-

ample, the maximum Z-displacement in GaN bulk is 1.85 pm/V in this simulation, while it

could reach 2.4 pm/V when the backside is completely free or using the unclamp boundary

condition. The di�erence between the bulk piezoelectric coe�cient (db33) and the clamped

one (dc33) is [268]:

db33 = dc33

S11 + S12

S11 + S12 + S13

, (VII.8)

where S the is the elastic compliance tensor. In the case of GaN with S11 = 3.079 · 10−3,

S12 = −0.957 · 10−3, S13 = −0.388 · 10−3 GPa−1 [269], the bulk piezoelectric coe�cient

db33 is 1.224 · dc33. This ratio is consistent with the simulated z-displacement shown in

Figure VII.12.

VII.3.4.3 Top electrode

The top contact size should be increased to homogenize the applied electric �eld inside the

material. The price of this geometry is that the PFM would provide a global displacement,

not a local one. It is therefore not suitable for the measurement on small-scale domains

such as PPLN or piezoelectric grains. Additionally, once the top contact is electrically

connected with the SFM-tip, the electrostatic e�ect would be suppressed because there is no

potential di�erence between them. If the electrode is large enough, it can completely screen

the electrical potential from the backside bias and suppress the electrostatic contribution.

To illustrate this screening e�ect, the 2D COMSOL simulations of the electrical potential

distribution of GaN bulk with a metallic top electrode having di�erent sizes are performed.

The results are shown in Figure VII.13.
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Figure VII.13: COMSOL simulation of the electrical potential above a top electrode grounded
a potential is applied at the backside. SFM cantilever of L = 240 µm is added in white with
the tip at the center of the electrode. a), c) and e) show simulation for electrode of 125, 250
and 500 µm diameters with 1 V backside bias. Curves b), d) and f) show KPFM obtained at
2 VAC + 0 VDC and 17 kHz above the three di�erent electrodes.

Simulations in Figures VII.13.a, VII.13.c, and VII.13.e present the potential above top

electrode of di�erent sizes from 250 to 1000 µm diameter. The cantilever of 240 µm length

is added on the image, corresponding to the size of 3 N/m cantilever. Larger electrodes

provide better screening.

To measure the e�ciency of the screening provided by the top electrodes, VCPD extracted

from the open-loop KPFM measurement above a GaN thin �lm covered by a circular elec-

trode are obtained as shown in Figures VII.13.b, VII.13.d, and VII.13.f. The top electrode

and the tip are grounded and the AC voltage bias is applied at the backside of the sample.

The electrostatic contribution Fω is measured in AM-AM-KPFM at 2 VAC and 17 kHz at

di�erent positions above the electrode. The amplitude of the KPFM signal is recorded at

the applied voltage VDC = 0, which is related to the electrostatic force in absence of CPD

compensation. Figures VII.13.b, VII.13.d, and VII.13.f show this electrostatic measure-

ments at di�erent positions above 250, 500, and 1000 µm diameter electrodes.

At the center of the electrode, the KPFM signal at VDC = 0 is negligible, indicating that

the electrostatic force is e�ciently screened. However, when the cantilever is moved toward

the right edge of the electrode, the KPFM signal becomes increasing, even if the tip remains

in contact with the electrode. This behavior is attributed to the ine�ective screening when

the cantilever is only partially overlapped with the electrode. The increasing electrostatic

force in this scenario is caused by the capacitance that occurs between cantilever and

the sample surface outside the electrode. Using the top electrode is a promising way to

minimize electrostatic in�uence, �eld inhomogeneities and lateral clamping. Nevertheless,

the asymetry between top and bottom electrodes, together with imperfect clamped backside

of the sample can introduce another important artefact; namely, �the bending e�ect�.
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VII.3.4.4 Bending e�ect

In literatures, the bending e�ect was found in di�erent measurement techniques such as

PFM [270], single or double beam interferometer [245, 244], and laser Doppler vibrome-

ter [271]. As the bending e�ect results from the piezoelectric e�ect; its sign also depends

on the material polarity. In the PFM measurement, this bending displacement is superim-

posed with the piezoelectric induced thickness variation. When the bending contribution

is dominant, the 180◦ o�set could appear in the vertical PFM signal. This sign inversion

depends of the whole geometry.

Figure VII.14 presents the surface displacement (∆L) as a function of the backside clamping

degree. This �gure shows that the bending contribution is at maximum when the backside

∆Lb clamping is absent. The substrate bending is suppressed when its backside is fully

clamped.

In an experimental point of view, it's impossible to reach a perfect backside clamping

con�guration and thus only speci�c con�gurations can allow measurement in absence of

bending. PFM on nanowire could be one of these con�gurations.
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Figure VII.14: a) Illustration of the bending principle: Total top displacement ∆L is the
sum of piezoelectric displacement and backside displacement ∆Lb. b) The total displacement
∆L as a function of the clamping. If the degree of clamping is low, ∆Lb is dominant. For a
perfect clamped, backside piezoelectric displacement ∆Pz is dominant.

VII.4 Experimental results and discussions

In this section, the procedure described in the previous sections were applied altogether,

in order to minimize the artefacts in PFM signal, i.e. SFM background, electrostatic con-

tribution, and inhomogeneous electric �eld. The measurements were performed on bulk

piezoelectric insulator such as LGS. The results are shown in Appendix D. The measure-

ment know-how obtained from reference samples is used as a guideline for the exploration

of the piezoresponse in III-N semiconductors in di�erent forms such as bulk, thin �lm and

nanowires.

VII.4.1 Measurement procedure

A vector PFM was used together with �nite element COMSOL simulations to help inter-

preting a complex crystal motion under the applied electric �eld.
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PFM measurements were performed by using Pt/Ir conducting SFM cantilever with a

spring constant of 0.2, 3 and 40 N/m. The voltage bias was applied at the backside of

the substrate, while the SFM tip and the top electrode were electrically connected to the

ground. The frequency dependence of the PFM signal was measured to ensure that there

is no mechanical ampli�cation at 17 kHz which is the frequency at the applied electrical

bias. The non-local electrostatic contribution was determined via the probing of the contact

potential di�erence (VCPD) by an open loop Kelvin Probe Force microscopy (KPFM) [226].

In the sample without the top electrode, the CPD compensation is used to remove the

electrostatic contribution.

All analyzed piezoresponse amplitude was extracted from the X-signal and the Y-signal

is always veri�ed to be nearly zero. In consequence the negative sign presents the out-of-

phase signal while the positive one is in-phase with the excitation voltage. The e�ective

piezoelectric constant (dij) was extracted from the slope of the X-signal versus the ap-

plied VAC amplitude and converted into the displacement using the calibration procedure

described in Chapter V.

In order to characterize the sample lateral and vertical displacement by 3D PFM, the mea-

surement was done at di�erent positions on the top electrode. As shown in Figure VII.15.a,

a series of PFM measurement was performed along two directions, which is parallel (1) and

perpendicular (2) to the cantilever axes. At each measurement position, the amplitude of

AC voltage was varied while the vertical (Figure VII.15.b) and the lateral signal were si-

multaneously recorded. Finally, the slope extracted from those varaition were converted

in pm/V using the calibration of the cantilever done previously. The X-PFM signal was

plotted as a function of the position as shown in Figure VII.15.c.
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Figure VII.15: 3D-PFM. a) Schematic showing the two orthogonal probed directions. b)
Measurement of the X-amplitude versus the VAC applied voltage at di�erent positions. c)
Slope extraction, i.e. piezoelectric coe�cient determination.

VII.4.2 III-N piezoelectric semiconductors

In this section, we aim at investigating piezoelectric e�ect in III-N piezoelectric semi-

conductors; especially, in a form of nanowire. The higher energy conversion e�ciency is

expected in ultra-small ZnO and GaN nanowires because of an enhanced piezoelectric ef-

fect theoretically predicted in the nanowires with a diameter less than 1.8 nm [17]. A

giant piezoelectric e�ect in 60 nm-diameter GaN nanowires was experimentally extracted
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from a vector PFM measurements. The piezoelectric coe�cient value is found to be up

to six times of their bulk counterpart [13]. However, the interpretations of the PFM mea-

surements on III-N thin �lms from di�erent reports are inconsistent [114, 272, 273]. In

2002, Rodriguez et al. [272] performed a polarity imaging on one mum-thick GaN grown

on sapphire substrate, by monitoring the PFM phase signal. The authors de�ned the

phase response with a mis-conceptual de�nition between the applied electric �eld and the

applied voltage. Their description of the piezoresponse phase using an opposite electric

�eld EZ indicates the 180◦ phase o�set of their PFM signal. Later on, Stoica et al. de-

scribed the PFM phase by using the spontaneous polarization direction of GaN. As shown

in Figure VII.16, the spontaneous and the piezoelectric polarization in III-Nitrides have an

opposite direction [274]. This error also leads to the shift of the phase signal by 180◦.

In 2011, Brubaker et al. [275, 241] applied the PFM technique to study the polarity of 100-

nm AlN bu�er layer on Si(111) before the growth of GaN nanowires. They noticed that

the PFM phase response from the AlN layer is consistent with the sign of piezoelectric

polarization, unlike those of GaN which are previously reported in ref. [276, 272, 273].

However, in 2015, Minj et al. [114], remained de�ning the PFM phase, following Rodriguez

et al. [272], and used this information to locate Ga- and N-polar regions in the nanowires.

For equivalent material such as ZnO, Scrymgeour et al. showed that the PFM signal

of ZnO bulk agrees with the piezoelectric polarization direction [249], while the PFM

phase of ZnO thin �lms measured by Guillemin et al. [277], was implicitly de�ned by the

spontaneous polarization direction which implies 180◦ phase o�set. None of those authors

who performed PFM measurement on semiconductor III-Nitrides; except Brukbaker et

al., has pointed out the PFM phase discrepancy in literature. Without clarifying this

inconsistency, the giant piezoelectricity observed in GaN nanowires, and ZnO nanobelts

remains questionable as it might result from the measurement artefacts, or the errors of

the SFM tip calibration, which were vaguely described in ref. [11, 12, 13].

Therefore, systematic PFM studies were performed on III-N (such as GaN and Al(Ga)N)

bulks, thin �lms and nanowires in comparison, to have comprehensive information con-

cerning the piezoresponse of this material family in various forms.

The piezoelectric response of III-Nitride is �rst determined by using the vectorial product

between the applied electric �eld E and the piezoelectric tensors.

The piezoelectric tensor of III-N wurtzite semiconductor in a matrix representation is the

following:

[d] =



0 0 d13

0 0 d13

0 0 d33

0 d15 0

d15 0 0

0 0 0


(VII.9)
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Figure VII.16: PFM principle. a) Ga-polar GaN under positive electric �eld with an up-
ward piezoelectric polarization, the material extends along the c-axis. b) N-polar GaN with
a downward piezoelectric polarization under positive electric �eld, the material is compressed
along the c-axis. Right curves show the corresponding displacement (the red solid line) as a
function of the driving voltage (the gray dashed line).

The piezoelectric coe�cients are de�ned in respect to the [0001] axis or c-axis of III-N:

- GaN [150, 148]: d33 = 2.4 pm/V, d13 = −1.2 pm/V and d15 = −3.3 pm/V.

- AlN [129]: d33 = 5.53 pm/V, d13 = −2.65 pm/V and d15 = −4.08 pm/V.

When the positive voltage is applied at the backside of the sample, the positive �eld

would appear along the (0001) direction. The strain along the c-axis (ε3) of Ga-polar GaN

under the applied �eld (E3) parallel to the (0001) direction is given by ε3 = d33E3. The

crystal expands, or the ε3 is positive when the positive E3 is applied (the left panel of

Figure VII.16.a), while the ε3 is negative or the crystal contracts when the electric �eld

direction is reversed. For this reason, the phase di�erence between the PFM signal and

the applied voltage (VAC) at the substrate is 0◦ for Ga-polar GaN (the right panel of

Figure VII.16.a). The phase di�erence shift to 180◦ for N-polar GaN as the piezoelectric

polarization direction is reverse (Figure VII.16.b).

The table below summarizes the expected PFM phase response in Ga- and N-polar GaN

under the positive tip or sample bias con�guration:

For measurements on bulk and thin �lm, �ve di�erent samples were prepared with top

circular electrodes of 500 µm diameter made of 5/15 nm of Ti/Au:
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Ga-polar (PPZ : ↑) N-polar (PPZ : ↓)
EZ PFM phase EZ PFM phase

Positive tip bias 	 ϕ = 180◦ 	 ϕ = 0◦

Positive backside bias ⊕ ϕ = 0◦ ⊕ ϕ = 180◦

� Thin �lm of undoped Ga-polar GaN (500 nm) on AlN bu�er layer (200 nm) on

Si<111> from Kyma technology.

� Thin �lm of undoped N-polar GaN (500 nm) on Si<111> from Kyma technology.

� Thin �lm of AlN Al-polar (200 nm) on Si<111> provides from Kyma technology.

� Unintentionally doped GaN bulk of 400 mum thickness from Lumilog. Split into two

pieces, one is Ga-polar the other is N-polar.

VII.4.2.1 III-N thin �lms and Bulks

Figure VII.17 presents the investigations of the electrostatic e�ect on the PFM response

of GaN bulk. As shown in PPLN and LGS, such an e�ect can be minimized by using

a high spring constant SFM cantilever, which is less sensitive to the electrostatic force,

or can be compensated by applying VDC = VCPD during the PFM measurement [242].

Another possibility is to equalize the potential between the SFM cantilever-tip and the

sample surface, by depositing the metal electrode on the sample surface and electrically

connecting it with the SFM cantilever [259].

Figure VII.17.a summarizes the vertical PFM signal as a function of the applied VAC from

the N-polar GaN bulk without top electrode measured by using the SFM cantilevers with
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Figure VII.17: The vertical PFM signal from a) N-polar GaN bulk without a top electrode,
b) N- and Ga-polar GaN bulk, at the center of a 500− µm diameter top electrode. These
values were measured by using the SFM cantilever with a sti�ness of 0.2 N/m (©), 3 N/m
(�) and 40 N/m (♦). c) Summary of the extracted d value from N-polar GaN bulk with and
without a top electrode as a function of a spring constant.
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di�erent spring constants, i.e., 0.2 N/m, 3 N/m and 40 N/m. The slope at this curve is

used for extracting the e�ective piezocoe�cient 'd'. In the case of the spring constant of

0.2 and 3 N/m, the in-phase vertical signal with the slope or the 'd' value of ≈ 8 pm/V

and ≈ 1 pm/V; respectively, was found. The phase signal becomes out-of-phase or is

reversed by 180◦ with the extracted 'd' value of ≈ 1.2 pm/V, once the 40 N/m cantilever

was used. The latter phase signal is consistent with the piezoelectric polarization direction

in N-polar GaN described in Figure VII.16. The in-phase PFM signal obtained by the

0.2 and 3 N/m cantilever indicates that this response is dominated by the electrostatic

contribution, which is in-phase with the electrical excitation. In this particular case, the

electrostatic force counter-acts the cantilever motion induced by the crystal displacement.

To compensate this force by applying VDC = VCPD as suggested in semiconductors during

the PFM measurements is not straightforward. The di�culty is because the VCPD in semi-

conductor corresponds to the surface band bending [231], which could vary as a function

of the applied VAC . The �xed value of the compensating VDC cannot su�ciently cancel the

electrostatic potential, providing an incorrect PFM response.

The extracted 'dij' constant from N-polar GaN without top electrode in Figure VII.17.a

is less than the theoritical value of 2.4 pm/V [278] because of a clamping e�ect. Besides,

it is possible that there is a non-piezoelectric oxide covering the surface of piezoelectric

material. Thus, a certain part of the applied �eld could localize in this layer, leading to a

lower PFM amplitude.

Another way to suppress the electrostatic contribution is to use the metallic top electrode

which is electrically connected to the SFM cantilever [259]. Figure VII.17.b shows the

PFM measurements performed at the center of the 500− µm top electrode on Ga- and N-

polar GaN bulk, using the 3 and 40 N/m cantilever. The electrode center is a symmetrical

point, in which the in-plane displacement does not contribute to the vertical motion of the

cantilever. There is no signi�cant di�erence between the PFM responses obtained by using

two di�erent sti�ness. However, the phase signal was reversed by 180◦, in comparison to

those from the samples without a top electrode. For examples, the out-of-phase signal

from the N-polar GaN bulk became in-phase, while the Ga-polar GaN bulk showed an

out-of-phase signal when the PFM was measured at the electrode center (see Table above).

Figure VII.17.c summarizes the extracted 'd' value from the N-polar GaN bulk, without

and with the top electrodes, as a function of the cantilever sti�ness.

Although the 180◦ phase di�erence between the Ga-and the N-polar GaN bulk indicates

that the PFM signal is related to the polarity of the material, it cannot be directly linked

to the piezoelectric polarization direction. In addition, the large extracted 'd' value up to

6 pm/V in the N-polar GaN bulk cannot result from a simple description of the piezoelectric

response.

The evolution of the extracted 'dij' value is summarized as a function of the top electrode

diameter in Figure VII.18. These values were always taken at the center of the electrode
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Figure VII.18: Present the vertical signal as a function of the top electrode diameter from
Ga- and N-polar GaN bulk and thin �lms, as well as 200 nm Al-polar AlN on Si(111). The
PFM measurements were performed at the electrode center. The dashed lines in the �gure are
guide for the eye.

of Ga- and N-polar GaN bulk and thin �lms, as well as 200 nm Al-polar AlN on Si(111).

The absolute value of the extracted d systematically decreases in a smaller contact size,

which can be explained by the clamping e�ect. The important feature of this summary

is that the d values of nearly all samples changed to the opposite sign when the SFM

tip was used as the top electrode. In the case of the N-polar GaN thin �lm, the signal

reaches the resolution limit; thus, the sign cannot be identi�ed. This sign inversion shown

in Figure VII.18 is an indication of the bending e�ect, which can reverse the piezoresponse

by 180◦ once this e�ect dominates [244].

In order to gain more information concerning the crystal displacements, a position depen-

dent vector PFM was performed on a 500-µm diameter electrode of the N- and Ga-polar

GaN thin �lms on Si(111), using the 3 N/m cantilever. Two measurement con�gurations

schematically shown in Figure VII.19.a were applied. For the �rst one, the cantilever axis

is parallel to its moving direction, while the cantilever axis is perpendicular, in the second

con�guration. In both cases, the cantilever passes through the center of the electrode. A

position dependent KPFM measurement was performed prior to the PFM measurements,

revealing that the electrostatic force was suppressed inside the metallic electrode. The

PFM signal in this area should present mainly the crystal motion under the tip caused by

the applied electric �eld.
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A priori, the applied �eld along the c-axis of the GaN crystal, leads to an in-plane dis-

placement in the X-Y plane, presented by the yellow arrows in Figure VII.19.a, and an

out-of-plane displacement along the Z-axis. The sign notation for the positive sample bias,

is described as follow. The positive (negative) vertical signal corresponds to the positive

(negative) displacement, or the crystal below the tip moves toward the +Z (-Z) direction.

The positive (negative) lateral signal corresponds to the positive (negative) displacement,

or the in-plane movement of the crystal below the tip is toward the +X or +Y (-X or -Y) di-

rection. In the con�guration (1), the in-plane crystal displacement along the cantilever axis

modi�es the vertical motion of the cantilever as shown in the top panel of Figure VII.19.b.

This is so-called a buckling of the cantilever [250]. As schematically shown, the positive in-

plane displacement toward +X direction, leads to the downward bending of the cantilever,

then lowering the vertical signal toward a negative value. In contrast, the negative in-plane

displacement to -X direction, causes the upward bending of the cantilever, or increases the

vertical signal toward a positive value. The evolution of the vertical signal can be used to

deduce the in-plane displacement of the GaN crystal below the electrode. The middle and

bottom panels of Figure VII.19.b summarize the vertical signal from the N-and Ga-polar

GaN thin �lms as a function of the position from the con�guration (1), respectively. For

the N-polar GaN thin �lm under a positive applied �eld along +Z direction, the vertical

signal evolves from the positive value to the negative one, while the behaviour of the Ga-

polar GaN thin �lm is opposite. The lateral signal shows the same tendency but with lower

value of one order of magnitude (not shown here). The small lateral signal is attributed to
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Figure VII.19: a) PFM measurement con�guration on the sample with a circular top elec-
trode, showing that the cantilever axis is parallel (1) and perpendicular (2) to its moving
direction. The +Z axis corresponds to the c-axis of GaN. The four large yellow arrows rep-
resent the in-plane displacement toward the electrode center. The lower panel schematically
presents the vertical and lateral displacements from the N- and Ga-polar GaN thin �lms under
the positive applied �eld deduced from the experimental results in (b)-(d). b) The top panel
illustrates the cantilever motion describing the buckling e�ect. The middle and bottom panels
show the vertical signal from the N-and Ga-polar GaN thin �lms measured by using the con-
�guration (1). (c)-(d) The top panels schematically present the vertical and lateral (torsion)
movement of the cantilever caused by the out-of-plane and the in-plane displacement, respec-
tively. The middle and bottom panels show the vertical and lateral signal measured by using
the con�guration (2) on the N-and Ga-polar GaN thin �lms. The lateral signal is calculated
only by using the cantilever geometry [201], thus it is not quantitative.
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the cross-talk from the vertical one because it should be zero when the cantilever passes

through the center of symmetry. The buckling motion of the cantilever indicates that the

N-polar GaN crystal laterally expands whereas the Ga-polar GaN contracts toward the

electrode center under the positive electric �eld.

The vertical signal obtained from the con�guration (2) are presented in Figure VII.19.c.

Here, the in-plane displacement is perpendicular to the cantilever axis, thus the buckling

e�ect is suppressed. The top panel of Figure VII.19.c illustrates that the vertical signal

follows the crystal motion below the electrode. The middle and the bottom panel of

this �gure shows that the N-and Ga-polar GaN thin �lms have a positive and negative

vertical signal, corresponding to the +z and -z crystal displacement at the area inside the

electrode, respectively. As previously found in Figure VII.17.b, the sign of the vertical

displacement is not consistent with the piezoelectric polarization direction described in

Figure VII.16. Figure VII.19.d summarizes the lateral signal which directly represents

the in-plane displacement of the crystal as shown in the top panel. The lateral signal

systematically changes from a negative (positive) to a positive (negative) value across the

electrode in the N-polar GaN (Ga-polar GaN) thin �lm, respectively. The results reveal

the lateral expansion displacement of the N-polar GaN thin �lm, while the behavior is

opposite in the Ga-polar GaN thin �lm, which is consistent with the interpretation of the

buckling signal.

The crystal displacement of the N-and Ga-polar GaN thin �lm under the positive ap-

plied sample bias, deduced from the PFM signal are summarized in the lower panel of

Figure VII.19.a. This tendency is found in both bulk and thin �lm.

This sign inversion including the position dependent crystal displacement shown in Fig-

ure VII.19 is a strong indication of the bending e�ect [244]. To understand the crystal dis-

placement behaviour detected by the PFM, we performed two-dimensional �nite element

simulations of the piezoelectric induced crystal displacement of GaN by using COMSOL.

VII.4.2.2 Finite element simulation of the bending e�ect

In order to further analyse the bending e�ect interpreted from the vector PFM measure-

ment of GaN, two dimensional (2D) COMSOL �nite element simulations of Ga-polar GaN

bulk with 4 mm width and 400 microns thickness, were performed. The top electrode

with a diameter ranging from 0.1 to 4000 microns while the substrate backside is fully

covered with the metal electrode. Two boundary conditions such as a fully clamped and

an unclamped backside were used. The e�ect of the free carriers in the material is not

considered. The one Volt bias is set at the substrate backside, while the top electrode is

grounded.

For unclamped backside, Figure VII.20.a and VII.20.b present a cross-sectional of Z-dis-

placement at Z=0 and 400 microns of the Ga-polar GaN bulk with 1 micron and 500 microns
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Figure VII.20: Cross-sectional of Z-displacement at Z=0 (the red curve) and 400 microns
(the black curve) of the Ga-polar GaN bulk with a) 1 micron and b) 500 microns diameter top
electrode. Unclamped backside boundary condition was used. The 1-V bias is applied at the
substrate backside while the top electrode is grounded. c) is the surface vertical displacement
(z=0) at the center of the electrode summarized as a function of the electrode diameter.

diameter top electrode, respectively. Figure VII.20.c summarizes the Z-displacement at the

center of the electrode as a function of the electrode diameter. The simulations reveal that

the electrode diameter less than 10 microns, the surface motion corresponds to the piezo-

electric direction. The diameter range 10-1000 microns, the surface displacement changes

its sign to negative value, because the bending e�ect becomes dominant. Once the diameter

of the top electrode is above 1000 microns, the sign of the surface displacement reverses to

positive value again, showing that the bending e�ect is suppressed. For an electrode diam-

eter of 4000 microns corresponding to the total sample size, the top displacement reaches

1.2 pm/V i.e. the half value of the reference as expected for free boundary condition. If a

fully clamped boundary condition of the sample backside is used, the surface displacement

is always positive in a complete range of top contact diameter (not shown).

The cross-sectional curves of Y-displacement taken from the surface of the sample (z=0)

with the free and the clamped sample backside, are presented in Figure VII.21. The crystal

laterally contracts toward the center for both boundary conditions in all diameter range.
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Figure VII.21: Cross-sectional of Y-displacement on the bulk sample surface (at Z=0) with
the electrode diameter of 500 microns simulated by using free (the blue curve) and clamped
(the red curve) boundary conditions.
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Note that, the vertical and lateral displacements in GaN thin �lm on Si caused by the

bending e�ect shows similar trend. The crystal motion caused by the bending e�ect from

COMSOL simulations can qualitatively explain the displacement observed by vector-PFM

in previous section.

VII.4.2.3 Symmetric electrodes for bending suppression

The simulations of GaN bulk with di�erent electrodes geometry in Figure VII.22 indicates

that the bending e�ect corresponding to an asymmetric displacement pro�le is due to an

asymmetric electric �eld distribution resulting from an asymmetric contact geometry For

example, Figure VII.22.b shows that the displacement toward -Z direction dominates the

one toward +Z direction. The overall displacement that would be detected from the surface

motion would be negative, although the surface moves positively. This e�ect is also true

in the lateral direction, in the Figure VII.22.a, the bottom displacement occurs on a larger

area than the top displacement. This asymmetric motion leads to a overall bending of the

sample.

Figure VII.22.d is the simulation result of a sample with 500 µm diameter top and bottom

electrodes placed at its center. In this symmetric con�guration, the material displacement

is equivalent at the top and at the bottom since the electric �eld between the electrodes

is symmetric as shown in Figure VII.22.f. In this con�guration no bending appears. Fig-

ure VII.22.e shows the curve of the displacements, top and bottom surface respectively

moved of ±1.2 pm/V and the total material expansion is 2.4 pm/V which corresponds to

the theoretical value.
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Figure VII.22: COMSOL simulation of a Ga-polar GaN bulk sample with an unclamp bound-
ary condition at the backside and a clamp boundary condition at the two edges far from the
electrode (2 mm). a) Contour plot of total displacement. b) Z-displacement pro�le taken at
the top and bottom surface. c) Contour plot of potential with the line �eld for asymmetric
electrodes with 500 µm top electrode and full bottom electrode (5× 5 mm). d), e) and f)
show similar plot as (a),(b) and (c), respectively but for symmetric electrodes with 500 µm
diamter top and bottom electrode placed at the center of the sample.
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Symmetric con�guration is in principle the most relevant con�guration to measure the

deformation without clamping, bending, and electrostatic environment. Nevertheless the

alignment of the two electrodes is never precise enough as it has been shown with double

beam interferometer in order to measure top and bottom displacement simultaneously [244].

To summarize this section, we present the in�uences of the electrostatic e�ect on the

PFM response from the GaN bulk and thin �lms, as well as the ways to suppress it,

either by using the high sti�ness cantilever or by using the top metallic electrode. We

have systematically shown that the 180◦ phase o�set of the PFM signal is likely coming

from a non-ideal clamping boundary of the substrate backside that causes the bending

displacement. This artefact is related to material polarity and provides the extracted d33

of GaN in the theoretical range, leading to a misinterpretation of the PFM signal. In

our case, if the SFM tip was used for applying the electric �eld, the bending e�ect is

minimized; thus the phase signal which corresponding to the piezoelectric polarization is

found. However, the highly localized electric �eld in a small active volume strongly induces

the clamping e�ect, lowering the PFM amplitude value.

VII.4.3 PFM on undoped III-N nanowires

Our experiments and simulations point out that the clamping and bending e�ect is an

obstacle for quantitative PFM. In particular, the bending one could mislead the piezoco-

e�cient interpretation by both amplitude and phase of the PFM signal. The high aspect

ratio such as nanocolumns or nanowires should o�er a solution for reducing a lateral clamp-

ing and improving �eld homogeneity. In this part, we present our PFM measurements on

III-N nanowires in two di�erent con�gurations: vertical nanowire ensemble and lateral

dispersed nanowire.

VII.4.3.1 Vertical nanowires

PFM measurements were performed on as grown vertical III-N nanowires on Si substrate.

In this con�guration, the voltage is applied between the SFM tip and the bottom part of

the nanowires through a conductive n-doped Si substrate, creating the electric �eld parallel

to the c axis of the wires. The samples E-2406, E-2458, E-1916, E-3220 and M-2854 which

were investigated in this work are described in section IV.2.

The PFM measurements were performed by using two types of cantilevers with the sti�-

ness of 3 N/m and 40 N/m. The CPD was determined by KPFM for the electrostatic

compensation during the PFM measurement. The piezoresponse is investigated on the top

of the nanowires. The polarity of the GaN nanowires is N-polar, proven by KOH chemical

etching [158] and high-resolution transmission electron microscopy [279].

Figures VII.23.a and VII.23.b show the side-view SEM image and the top-view topogra-

phy by SFM in tapping mode of the reference GaN nanowires (E2406). Figures VII.23.c
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Figure VII.23: a, b) SEM and tapping SFM image of GaN wires. c) Vertical PFM amplitude
and d) PFM phase. The inset shows the corresponding nanowire topography obtained simul-
taneously during the PFM measurement. e) PFM AC sweep obtained from GaN nanowires
(black symbol) and Ga0.1Al0.9N/GaN nanowires (red symbol) and AlN nanowires (blue sym-
bol). Fill symbols represent measurement done with 3 N/m tip while empty symbols represent
measurement done with 40 N/m tip, for all these measurements CPD compensation is used.

and VII.23.d present a 2× 2 µm2 PFM amplitude and phase signal from these nanowires

obtained by applying VAC = 3 V on Si substrate and 3 N/m cantilever. The inset shows

the correlated nanowire topography measured by the SFM in contact mode, simultaneously

acquired during PFM measurements. The PFM signal is highly visible on the top of the

nanowires. The piezoresponse is out of phase from the excitation in most wires, consistent

with a piezoelectric polarization direction of N-polar GaN. Figure VII.23.e presents a typi-

cal vertical PFM signal plotted as a function of applied VAC , from GaN, Al0.9Ga0.1N/GaN,

and AlN nanowires. The measurements performed at di�erent positions on the sample sur-

face, using the 3 N/m and 40 N/m cantilevers with the CPD compensation are identical.

The phase response from the N-polar GaN and N-polar Al0.9Ga0.1N/GaN nanowires are

always out-of-phase, con�rming the phase signal shown in Figure VII.23.d. Oppositely, the

positive PFM signal from the AlN nanowires corresponds to the in-phase response. Hence,

we interpret that the AlN nanowires as a metal polarity. Note that the AlN naowires are

grown in di�erent condition from GaN and AlGaN nanowires. The table below summarizes

the extracted d33 value from Figure VII.23.e, which are consistent with the expected d33

value and order: dAlN33 > dGaAlN33 > dGaN33 .

Samples Experimental d33 Extracted polarity Bulk d33 Polarity

E-2406 GaN -1.6 pm/V N-polar 2.29 pm/V N-polar

M-2858 AlN 4.5 pm/V Al-polar 5.35 pm/V -

E-3220 GaAlN/GaN -2.9 pm/V N-polar 3 pm/V N-polar

Particular for the AlGaN/GaN nanowires, the dAlGaN33 is approximated by two linear equa-

tions shown in Equation VII.10 and VII.11.

dGaAlN33 = 0.1 ∗ dGaN33 + 0.9 ∗ dAlN33 = 5.2 pm/V, (VII.10)
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deff33 =
LGaAlN
Ltot

∗ dGaAlN33 +
LGaN
Ltot

∗ dGaN33 = 3 pm/V (VII.11)

where LGaN and LGaAlN are the length of the GaN and the GaAlN section, Ltot is the

total nanowire length. Note that the linear approximation of Equation VII.11 does not

consider the bandstructure of AlGaN/GaN hetero-interface and the material resistivity,

which are parameters determining the voltage drop in each section. In N-polar AlGaN/GaN

nanowires, there is a depletion zone in the GaN nanowires at AlGaN/GaN interface in the

range of a few hundred nanometers. It thus expected that the linear approximation can

be applied in this situation.

PFM on encapsulate nanowire ensemble

The lower piezo-coe�cient of the nanowire than the expected value is ascribed to non-ideal

electrical contact between the tip and the wires. To improve this situation, the metal

electrode were deposited on the top of the GaN nanowires (E1916) by the fabrication

process described in Part IV.3.2.4.

The nanowires were encapsulated inside PMMA which is a soft material which should

negligibly disturb the crystal motion of the wires. Moreover, in this con�guration, the

large top electrode of 1 mm allows us to detect a global piezoelectric coe�cient of nanowire

ensemble, without any electrostatic contribution proven by KPFM measurement above the

electrode.

The PFM measurements were performed by using 3 N/m cantilever at di�erent positions

inside the electrode. The vertical displacements as a function of the applied VAC are shown

in Figure VII.24, while no lateral signal was detected. The extracted d33 is −1.8 pm/V,

consistent with the piezoelectric polarization direction of N-polar GaN. The slightly higher

d33 than the one from the GaN nanowire without the top contact is attributed to the

improved electrical contact between the tip and the nanowires.

PFM on n-doped GaN nanowires
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Figure VII.24: The vertical PFM amplitude as a function of the applied VAC from N-polar
GaN nanowire (E1916) covered with 1 mm metallic electrode by using 3 N/m cantilever.
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Figure VII.25: The vertical PFM amplitude as a function of the applied VAC from n-doped
GaN nanowires (E2458) measured by using 40 N/m cantilever and with CPD compensation.

In this part the PFM measurement were performed on n-doped N-polar GaN nanowires

(E-2458) by using 40 N/m cantilever and with the CPD compensation. The results are

shown in Figure VII.25.

The PFM response is out-of-phase which corresponds to an N-polarity and d33 is found

to be 1.95 pm/V. This measurement indicates that this Si doping level of 10−19 cm−3

(estimated from two dimensional GaN layer) does not e�ect on the PFM measurement,

although it signi�cantly in�uences on the electrical characteristic of the nanowire which

is shown in chapter VIII. One could expect that the crystal motion detected by the PFM

measurement, appears only at the depletion region formed at the interface between the

metallic tip and the semiconductor nanowire.

COMSOL simulations of the displacement in III-N nanowires

This section presents 2D-COMSOL simulations of the displacement of III-N nanowires such

as GaN, Al0.9Ga0.1N/GaN and AlN nanowires under applied bias voltage at the bottom of

the nanowire. The nanowire dimension used for simulations are taken from E2406, E3220

and M2854 summarized in section IV.2. Figure VII.26.a shows a 2D-contour plot of z-

displacement of an N-polar GaN nanowire with a top electrode diameter of 1 nm, which is

in the range of the SFM tip diameter. The black solid lines represent the �eld distribution

inside the nanowire. This �gure reveals the suppression of the clamping e�ect, the bending

e�ect and the �eld inhomogeneity in the nanowire con�guration. The simulated vertical

displacements are plotted in solid lines as a function of the applied bias in Figure VII.26.b,

which agree wells with the experiment results.

The extracted d33 from the simulations and experiments are summarized in comparison

in the table below. The simulated d33 taken at the nanowire center is slightly lower than

theoretical bulk values, attributed to the weak �eld inhomogeneity below the 1 nm-diameter

electrode that causes the weak clamping e�ect. Once the electrode diameter is increased

to the value of the nanowire diameter, the simulated d33 then approaches the ones of bulk

material.
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Figure VII.26: a) Simulation of the piezoelectric displacement in a N-polar GaN nanowire
with a tip as top contact. b) Comparison between piezoelectric coe�cients obtained by simula-
tion (bold lines) and experimentally (gray symbols) on GaN, AlN and GaAlN. For GaN values,
the dark grey symbols correspond to the d33 obtain on E-1916 with top electrode.

Experiment Simulation Bulk

dGaN33 (pm/V) -1.6 / -1.95 -2.2 -2.4

dAlN33 (pm/V) 4.5 4.7 -5.5

d
GaAlN/GaN
33 (pm/V) -2.9 -2.8 -

To conclude, the reduced lateral dimension of the nanowires could simultaneously min-

imize both clamping and bending e�ects that can appear in bulk materials caused by

the imperfect clamped backside of the substrate. The extracted d33 values from GaN,

Al0.9Ga0.1N/GaN, and AlN nanowires were found to be in the range of the ones derived

from the COMSOL simulations and the theoretical bulk value. The giant piezoelectric

e�ect was not observed in GaN nanowires which are grown by the same technique as the

ones in ref [12, 13]. The absence of giant piezoelectric e�ect is consistent with the the-

oretical works from Agrawal et al. [17], which showed that this e�ect should appear at

the nanowire with the diameter only less than 1.8 nm. We expected that those reported

piezoelectric coe�cient three time higher than the bulk value obtained with soft cantilever

possibly arrives from the PFM measurement artefacts. In addition, the PFM phase signal

from III-N materials from our studies suggest that the interpreted Ga-polar area in the

GaN nanowires shown by Minj et al. in ref. [114], in fact, is the N-polar one.

VII.4.3.2 PFM on single dispersed nanowires

In this section, we performed vector PFM measurements following the ones presented by

Minary-Jolandan et al. [12, 13] on wurtzite GaN nanowires. As described in chapter III,

the piezoelectric tensor has three independent constants such as d13, d15, and d33. The
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strain in di�erent directions induced by the applied electric �eld is described by:

ε1

ε2

ε3

ε4

ε5

ε6


=



0 0 d31

0 0 d31

0 0 d33

0 d15 0

d15 0 0

0 0 0



E1

E2

E3

 (VII.12)

The axis '1' is the one that is normal to the nanowire facet and perpendicular to the axis

'2', while the axis '3' is aligned along the c-axis or along the nanowire axis. The de�nition

of the coordination is shown in Figure VII.27. Thus, we obtained that ε1 = ε2 = d31×E3,

ε3 = d33 × E3, ε4 = d15 × E2, ε5 = d15 × E1, and ε6 = 0, where E1 and E2 are the lateral

electric �eld and E3 is the axial one. When the electric �eld is applied along the nanowire

axis (E3), d13 and d33 can be analyzed, while the d15 constant is obtained by applying a

transverse electric �eld (E1).

Two sample structures were used in this studied; those are, the dispersed nanowires on SiO2

clamped at two ends by metal contacts (Figure VII.27.a) and the dispersed nanowires on

Si coated by a gold conductive surface which are clamped by insulating contact (Fig-

ure VII.27.b). In our case, the nanowire length is 3 microns, the metal contact is made

from gold while the insulating one is PMMA.

Dispersed nanowires on SiO2/Si with two contacts

For PFM measurement, the AC voltage is applied between two electrodes: one contact

is grounded while the AC voltage is applied on the other, resulting in an axial electric

�eld E3. Deducing from the piezoelectric tensor, the vertical and lateral displacements

of the cantilever could provide d13 and d33 coe�cient, respectively. Note that the correct

value can be obtained when the cantilever axis is perpendicular to the one of the wire. In

their experiments, Minary-Jolandan et al. used soft cantilevers with k = 0.15 N/m and

a b

Figure VII.27: Schematic of a single nanowire dispersed on a) SiO2/Si substrate, clamped
at two ends by metal contacts b) conductive Au layer coated on Si substrate, clamped at two
ends by insulating contacts. The corresponding measurement con�gurations are also shown
(see the text). The �gures are taken from Minary-Jolandan et al. [12].
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a b c

Figure VII.28: a) Schematic, b) topography and c) corresponding vertical PFM signal with
high electrostatic contribution. The PFM imaging was obtained by applying VAC=4 V and
3 N/m Au coated cantilever.

observed high d33 and d31 coe�cients (12.8 and -9 pm/V respectively). From these high ex-

tracted values, they suggested the existing of a giant piezoelectric e�ect in GaN nanowires.

However, several aspects of their experiments should be discussed. For examples, the soft

cantilevers that they used are known to be strongly sensitive to electrostatic contribution

which can completely shadow the real PFM signal. This artefact is evidenced in our PFM

experiments of PPLN and GaN.

Besides, the d33 was deduced from the lateral motion of the SFM cantilever, in which a pre-

cise calibration is not straightforward. Their lateral signal calibration in their works cannot

be applied for precise quantitative PFM. The lateral signal could also have a crosstalk from

the vertical one, making quantitative contribution more complicate. The displacement in

the nanowires should vary as a function of the position on the nanowires which was not

discussed in this work.

In this section, we present our PFM measurements on single dispersed GaN nanowires with

two contacts. The cantilever sti�ness such as 0.2 N/m and 3 N/m were used. In order

to clearly locate the piezoelectric area in nanoscale, we �rstly performed the PFM mea-

surements at the vertical contact resonance of the cantilever (381 kHz). Two measurement

con�gurations were tested. The �rst one is shown in Figure VII.28.a, where the 3 N/m

cantilever signi�cantly overlaps with the metallic electrodes. This con�guration induces

strong electrostatic contribution to the vertical motion of the cantilever, evidencing by

the presence of the vertical signal at the SiO2 area which is non-piezoelectric during PFM

measurements (Figure VII.28.b).

To suppress the electrostatic coupling between the metallic electrodes and the SFM can-

tilever, the measurement con�guration was changed to Figure VII.29, in which the overlap

between the cantilever and the metallic electrode was minimized. The vertical and lateral

PFM signal appeared only on the area of the nanowires and the contact, but the signal

from SiO2 was silent.

To further enhance the lateral PFM signal; apart from measuring at contact resonance

frequency, we intentionally selected a soft cantilever (k = 0.2 N/m), which is more sensitive

to lateral displacement in nanowires. Figures VII.30.a and VII.30.c show the SEM image

of the nanowire with metal contact at two ends, and corresponding lateral PFM signal
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a)

b)

c)

d)

Figure VII.29: a)-b) The measurement schematic and corresponding lateral PFM signal used
for extracting d33 coe�cient. c)-d) The measurement schematic and corresponding vertical
PFM signal used for extracting d13 coe�cient. The PFM imaging was obtained by applying
VAC = 4 V and 3 N/m Au coated cantilever. In these two con�gurations, the electrostatic
contribution is minimized. The measurements in (b) and (d) were performed at lateral and
vertical contact resonance frequency of 220 kHz and 330 kHz, respectively.

obtained at a lateral contact resonance frequency of 220 kHz. The PFM signal appears

mostly at the nanowire edges. The applied voltage was changed from the left to the right

contact, expecting 180◦ phase rotation of the detected signal if it has piezoelectric origin.

However, the identical lateral PFM imaging from Figures VII.30.b and VII.30.c indicate

that the observed displacements are not from piezoelectric e�ect.

Our experimental results show that one must be careful about both lateral and vertical

signals from single nanowires by PFM measurements, which could be from electrostatic

contribution or parasitic signal. Without proving the origins of those signal, the giant

piezoelectric e�ect remains uncertain.

2 µm

-3 mV

3 mV

200 nm

a) b) c)

V(b) V(c)

Figure VII.30: a) SEM image of single nanowire with Ti/Au contacts at two ends. b) and c)
lateral PFM signal using the lateral contact resonance frequency of 220 kHz, with the applied
4 VAC at 17 kHz on the left and the right contact. The cantilever sti�ness is 0.2 N/m.
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VII.4.3.3 Dispersed nanowires on conductive Au layer

The second con�guration proposed by ref. [12] to extract d15 value is shown in Fig-

ure VII.27.b. Here, the nanowires were dispersed on gold coated substrates. The electric

�eld was applied across the nanowire diameter and thus excited the d15 coe�cient. The

cantilever axis should be placed in perpendicular to the wire axis to detect the piezoelectric

displacement via lateral motion of cantilever. As described previously, the shear strain, ε4,

is related by d15 measured from the lateral PFM by the following formula: d15 = ε4 ·E1. In

this case, 50% of the d15 is in the lateral direction and 50% is in the vertical direction. On

GaN nanowires, d15 was found at 10 pm/V [12] which is higher than the bulk value. This

value was obtained by using soft cantilever of 0.2 N/m which can be strongly in�uenced

by electrostatic e�ect and signal ampli�cation caused by the contact resonance [256].

In order to understand a shear motion in GaN nanowires, we performed 3D-COMSOL sim-

ulation of this con�guration. The crystal displacement of a hexagonal nanowire dispersed

on Au surface with di�erent electrode sizes on the wire sidewall top. Two boundary condi-

tions were applied. First, the nanowire is fully clamped on Au substrate (Figure VII.31).

Second, the nanowire is fully clamped at the two ends of the nanowire (Figure VII.32).

The contour image of X, Y, and Z-displacement as well as the Z-displacement as a function

of the contact radius are plotted in Figures VII.31.b and VII.31.c.

In both con�gurations, the X-and Y-displacement below the tip SX and SY are zero while

the Z-displacement is the only contribution which acts on the tip and can be used for

determining the d15 coe�cient.

Figures VII.31.c and VII.32.c show the SZ displacement below the top contact for di�erent

sizes in both con�gurations. In the �rst con�guration, the Z-displacement is determined

by the size of the contact area. For the larger contact area than the wire sidewall, the

Z-displacement becomes saturated at 1.65 pm, providing d15 of 3.3 pm/V. In the second

con�guration in which the wire is clamped at the two ends, the Z-displacement also varied

as a function for the contact area as shown in Figure VII.32.c. The minimum displacement

occurs when the contact area is equal to the nanowire diameter. This con�guration gives

very low value of Z-displacement of less than 0.5 pm.

In experimental point of view, the SFM tip with a radius of 25 nm would have a standard
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Figure VII.31: a) 3D-view of a dispersed GaN nanowire dispersed Au layer and perfectly
clamped. A circular top contact of 5-nm radius is considered. b) Top view contour plot of X,
Y and Z displacement. c) SZ displacement below the top contact for di�erent contact radius.
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Figure VII.32: Idem as Figure VII.32.c but with the nanowire fully clamped at its two ends

contact area of around 1-3 nm. Therefore, standard SFM tips might not able to provide a

correct d15 value.

In our case, it is obligatory to �x the nanowires at the two ends as shown by SEM and

SFM images in Figures VII.33.a and VII.33.b to avoid their movements caused by the SFM

scanning in contact mode. The material used for the �xation is a negative resist. The

fabrication details are available in Appendix C. We use a soft cantilever with k = 0.2 N/m,

to be more sensitive to lateral displacement. Figures VII.33.c and VII.33.d show the PFM

amplitude and phase of the vertical PFM signal, out of contact resonance frequency. The

vertical PFM signal from the nanowire and on Au layer as a function of the applied VAC

is plotted in Figure VII.33.e, revealing a similar behaviour. From this result, we expected

that the observed signal is from electrostatic contribution.
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Figure VII.33: a) SEM b) SFM images showing nanowires �xed at the two ends. c) PFM
amplitude and d) phase of the vertical PFM signal. e) Vertical PFM signal from the nanowire
and on Au layer as a function of the applied VAC.

Finally, we note that we get an electrostatic contribution on the gold layer, this behavior

can be explained by the presence of oxide on the SFM tip which prevents the electrical

connexion between the tip and the gold.

155



Chapter VII. III-N piezoelectricity probing via Piezoresponse Force Microscopy

VII.5 Conclusion

PFM is a high potential technique that could probe ferroelectric and piezoelectric material

via a reverse piezoelectric e�ect. It is known that PFM signal can be strongly in�uenced

by various parameters such as an electrostatic e�ect induced by a surface potential or

surface charges, a non-uniform electric �eld caused by a nanoscale SFM tip diameter, a

contribution of lateral piezoelectric displacement of the material to a vertical movement of

the SPM tip, etc.

In this work, we aim at applying PFM technique to explore III-Nitride nanowires. There-

fore, those mentioned factors are intensively studied on di�erent reference samples; i.e.

Periodically Poled Lithium Niobate, GaN bulks and GaN thin �lms. The results show that

those artefacts can signi�cantly hinder quantitative PFM measurements in both amplitude

and phase which directly correspond to the piezoelectric coe�cient and the material po-

larity, respectively. The studies were used as a general guideline for the measurements on

GaN nanowires and possibly other nanostructures.

In our studies, the electrostatic contribution from the surface potential is probed by KPFM.

Its e�ect can be minimized by applying VDC to compensate a contact potential di�erence,

by using high spring constant cantilever, or by depositing metallic electrodes on the sample

surface. The electrodes can also improve the homogeneity of the applied electric �eld but

with a reduced lateral resolution. In addition, the piezoresponse from the crystal with the

top electrode can be in�uenced by the buckling of cantilever and the bending e�ect, which

are evidenced by a position dependent vector PFM. The buckling e�ect is caused by a

contribution of lateral piezoelectric displacement of the material to a vertical movement

of the SPM tip. We show that the vertical and lateral piezoelectric displacement can be

observed separately by properly setting the measurement con�guration of vector PFM.

The latter e�ect; the substrate bending, is caused by an asymmetry between the top and

bottom electrodes together with a non-ideal clamping boundary of the substrate backside.

Both artefacts can rotate the phase signal by 180◦ and modify the amplitude value, leading

to a misinterpretation of the PFM signal. The bending e�ect is minimized when the SFM

tip is used as a top electrode. However, the highly localized electric �eld in a small active

volume strongly induces the clamping e�ect, lowering the PFM amplitude value.

The reduced lateral dimension of the nanowires could simultaneously minimize both clamp-

ing and bending e�ects. Hence, we performed PFM measurements on vertical aligned III-N

nanowire ensemble. We found the extracted d33 values from GaN, Al0.9Ga0.1N/GaN and

AlN nanowires correspond to the theoretical ones of bulk. In addition, the polarity of

GaN and Al0.9Ga0.1N/GaN nanowires deduced from the PFM phase signal agrees with the

results obtained by HR-STEM and KOH etching. The giant piezoelectric e�ect were not

observed in GaN nanowires which are grown by the same technique as in ref. [12, 13].

We also performed PFM on single dispersed GaN nanowires with electrical contacts using
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vector PFM concept. The vertical and lateral mechanical movements were detected by

the SPM tip when VAC is applied on the nanowires. The PFM signal can be further

enhanced by performing the measurement at the mechanical resonant frequency of the

SPM cantilever, which help improving spatial resolution. Nevertheless, these detected

signal, despite being visible mainly on the nanowires, is expected to be an artefact induced

by electrostatic force.

� PFM is highly in�uenced by electrostatic environment which must be sup-

pressed, by using top electrode, high spring consant canteliver or VCPD com-

pensation, for correct PFM measurements.

� On 2D samples such as bulk and thin �lm, an asymmetry between top and

bottom electrodes together with non-ideal clamping substrate backside could

induce substrate bending which modi�es PFM phase and amplitude signal.

� Using SFM tip as a top electrode could suppress the bending e�ect in bulk and

thin �lm, but the strong electric �eld inhomogeneity causes the clamping e�ect

that signi�cantly reduces PFM signal. The high aspect ratio of the nanowires

improves the �eld homogeneity in the crystal, suppressing the bending e�ect

and the clamping e�ect. This geometry should provide correct PFM amplitude

and phase.

Ô By carefully considering the artefacts in PFM measurements, no giant piezo-

electric e�ect was observed in III-N nanowires.
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Chapter VIII

Origins of the charges generation from

III-N nanowires

This chapter presents the investigations and analyses on generated electrical spikes signal

from piezoelectric semiconductor nanowires, particularly in single III-N nanowires. The

measurement principle is to detect the signal presumably induced by mechanical defor-

mation of these nano-objects thanks to direct piezoelectric e�ect. Because of their small

size and low piezoelectric coe�cients, these structures can provide only a small number of

piezo-charges; thus, low level signals which is challenging for detection scheme. Neverthe-

less, an ability to probe those signal is important for understanding physical phenomena in

nanopiezotronics. After brie�y describing major ingredients of nanopiezotronics, the refer-

ence articles are reviewed and debated. The models that suggest the origin of the piezo-

signal are summarized. Then, the detection circuits and their in�uences are described,

together with possible artefacts that could mislead the signal interpretation. Finally, our

experimental results from di�erent types of single III-N nanowires are shown and discussed.

VIII.1 Major ingredients of nanopiezotronics

There are at least seven key points for realizing and optimizing nanopiezotronic devices:

� Flexibility and force transfer: An important parameter for mechanical energy

harvesting is an ability to convert an applied force/pressure into strain. This aspect

can be de�ned by the material sti�ness and the sample geometry. The high aspect

ratio structures such as nanowires, nanoribbons or nanocolumns; are generally �exible

and thus adaptable for such an application. Note that one should consider a diameter

to length ratio of the structure, when applying a continuous mechanical approach to

describe material deformation. The value less than 0.1 is the limit of beam theory in

continuous mechanic media [280], de�ned by Slenderness ratio or the ratio between

the beam thickness and its length. Also, the energy conversion depends on the way to

apply load forces on the nano-objects. The ratio between the vertical and horizontal

force contributions, i.e. the compressive and bending of the nanowire, can be di�erent
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during the scanning depending on the sample slope, the nanowire tilt, the cantilever

and sample surfaces orthogonality, the probed faces of the nanowire.

� Piezoelectric coe�cients: The second key point is the conversion from strain to

bound-charges. It can be described by the material constant: the piezoelectric coe�-

cient, which de�nes a degree of piezo-potential at a given strain. A higher conversion

e�ciency is expected in ultra-small nanowires because an enhanced piezoelectric ef-

fect was theoretically expected [12]. However, the PFM results in Chapter VII,

reveals that giant piezoelectricity is not present in the nanowires with a diameter of

a few ten nanometers, unlike the results from Refs. [12, 13]. A low piezo-coe�cient

of a few pm/V, a small cross-section contact area, and hundreds nanoNewton force

applied by SFM-tips result in a few numbers of piezo-charges at the wire top (see

Chapter III), which is challenging for measurements.

� Doping level and nanowire diameter: Considering the nanogenerator model

proposed by Z.L. Wang based on Schottky barrier, the quantity of charges attracted

and stored at the top interface between a bent nanowire and a Pt tip depends on

free carrier concentration, i.e. doping level (see Chapter I). Higher concentration,

as a large reservoir, should provide more passing charges through the contact. On

the other side, the ohmic contact formation and the screening e�ect caused by high

carrier concentration could cancel the e�ect. This situation is also not favorable in

the conventional capacitance model used to explain nanogenerators. It is important

to mention that not only the doping level is important to determine the free carrier.

For examples, thin nanowires, i.e. with a diameter below 80 nm, might be fully

depleted.

� Screening: The e�ciency and time of bound charge screening play a major role.

The piezopotential is fully screened internally at a doping level of n ∼ 1018 cm−3.

The screening of the spontaneous polarization is expected to be dominated by the

external states such as defect interface states, adsorbate, etc (see Chapter II). The

nature of these states, fast and slow surface and interface states, might determine

the time response of the generated signal.

� Tip-sample interface: Depending on the applied force, the thickness and nature

of the native oxide, the junction between the metallic tip and the III-N nanowire can

change from a M-I-S to M-S interface. In principle the work to transfer a electron

between the two materials should be the same; however in a M-S con�guration, the

MIGS states might appear and modify the transmittance of the junction.

� Heterostructures: It was reported in Ref. [6] that the electrical signal from GaN/AlN

nanowire heterostructures measured by conducting-SFM is higher than the one ob-

served from typical GaN nanowires, but the physical reasons were not identi�ed.
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Heterostructure engineering in nanowires should be explored in detail in order to

extend functionalities or improve e�ciency of nanopiezotronics.

� Electronic detection of piezoelectric e�ect: The last point concerns an ability

to convert piezo bound-charges in nanowires to a current �ow in external circuits.

For single nanowire measurements, fast and high gain electronics together with a

well-designed setup and careful signal interpretations are required because of low

generated signal. In addition, electrical measurements in high impedance devices has

to be carefully setup since the detection electronic might have an in�uence on the

observed signal.

VIII.1.1 Discussion on nanopiezotronic literature

VIII.1.2 Remarks on Z.l. Wang et al. original paper [1]

In 2006, Z.l. Wang et al. [1], showed that the possible deformation of ZnO nanowires by a

conducting-SFM tip could generate an electrical signal. The model based on Schottky in-

terface used for explaining the observed signal was brie�y described in Chapter I. However,

there are several questions concerning the physical origins of the signal and the in�uences

of instrumental setup, which are discussed in a following.

SFM aspects

- In the �rst paper of Z.L. Wang et al. [1], the investigated nanowires have a broad

height distribution ranging from 200 to 500 nm, with a diameter of approximatively

20-40 nm. During SFM tip scanning, the nanowires can be either de�ected, broken,

or can simply twist the SFM cantilever. For those ZnO wires, they were unlikely to

be broken during the SFM-scanning because the applied force introduces the fracture

strain only around 10% of the theoretical limit [281]. It was visible on topography

images taken successively without showing any modi�cation. Furthermore, the re-

ported Young modulus of ZnO nanowires is in the range of 20 to 250 GPa, and

seemingly depends on their diameter [282, 283, 284, 285, 286, 287]. Using the largest

Young modulus found in literature, their aspect ratio and considering a circular or

hexagonal cross-section, the calculated spring constant of the nanowires by a beam

theory, appears to be softer than the lateral sti�ness of the SFM-tip/cantilever. This

comparison indicates that the nanowire bending is a preferred scenario to the twist-

ing of the tip. Note that the lateral sti�ness is assumed to be one order of magnitude

higher than the vertical one.

- For understanding the physical origin of the detected signal, it is important to know at

which position the electric signal appears in the nanowires. Such information requires
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a determination of the z-pro�le with high precision. In SFM, the topography image

is not always identical to the sample surface, especially for high aspect ratio objects

(Figure VIII.1). Due to tip dilatation, the majority of the acquired images re�ect the

conical shape of the tip rather than the sample surface. This e�ect usually appears

as a triangular shape as observed by Song et al. (Top panel in Figure VIII.1) or

by Z.l. Wang et al. (Bottom panel in Figure VIII.1). The positions of the detected

signal are not entirely conclusive from those images with such artifacts. In the bottom

panel of Figure VIII.1, the 70-degree angle tips were used, causing a 70 nm shadow on

each side of a 100 nm relative height of the nanowire as presented via topographical

pro�le. In addition, a large plateau of around 100 nm; much larger than the nanowire

diameter, is visible, although the top of the nanowire should not be sensitive to the tip

dilatation e�ect. The authors only mentioned that 'Note that the lateral de�ection

includes the shape and contact geometry of the tip, which must be subtracted to

derive the true de�ection of the NW'. If the large plateau at the top is explained as

a strong bending during the contact tip scanning, then the electrical signal appears

on the region of the plateau corresponding to the entire nanowire diameter.

- In Ref. [1], the applied normal force in contact mode is very low, i.e. 5 nN. Such a low

force is expected to be used for obtaining reasonable topography images. On the other

hand, this small force load posts questions on the electrical contact resistance on the

nanowires. For instance in SSRM or Resiscope conducting-SFM, an applied force in

the range of micro-Newton is required to avoid the e�ect of oxides and contaminations

on the detected electrical signal. In the piezo-generated signal, a contact resistance

between the tip and the nanowires of less then 2.5 MΩ was considered as negligible

in comparison to the few hundreds MOhm of the load resistance. By using a simple

model of a spreading resistance, Rsp = ρ/4a, with a maximum contact radius (a) of

10 nm and a resistivity (ρ) value in the range of 10−2 to 10 Ω · cm reported in Ref. [1],

the expected Rsp is varied only in the range of 2.5 kΩ to 2.5 MΩ. In the dissertation of

R. Hinchet [143], it was stated that the contact resistance is di�cult assessed precisely.

From our SSRM experience on semiconductors, a large force (about micro-Newton)

has to be applied in order to not simply have an overload signal corresponding to

an open circuit. Furthermore, although the applied force by the SFM tip breaks the

surface oxide, a relatively high bias voltage needs to be applied to obtain a measurable

current due to the Schottky barrier at the M-S junction. Generally a bias voltage in

the range of Volt would provide a nanoAmpere current, i.e. a spreading resistance

of GigaOhm. For instance, the PhD work from Li Wang [289] shows that SSRM

measurements on ZnO:Ga multilayer staircase structures containing Ga density levels

from 1.7 × 1017 to 3 × 1020 cm−3 serving as calibration sample. By applying a load

near 2 µN and a voltage bias of 0.5 V, they found a spreading resistance of more

than 100 MΩ for a doping level of about 1019 cm−3. More important, considering
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Figure VIII.1: SFM topography of ZnO nanowires, and corresponding electrical signal on
ZnO nanowires. Top panel is adapted from Ref. [288] while bottom panel is adapted from
Ref. [1].

the internal screening e�ect, the generated piezo-voltage of the nanogenerator should

be in the milliVolt range, then, with a I/V characteristic of the tip-sample junction

which is non linear, the contact resistance should be very high. Detail analysis of

this contact resistance in comparison to the nanowire intrinsic resistance and the load

resistance should be proceeded.

Electronic

- Z.L. Wang et al. provided only few details of their electronic setup of conducting-

SFM used for detecting piezo-potential in nanowires. The authors mainly informed

that their results were measured by connecting a load resistance to the nanowire in

a parallel con�guration without applying any external bias. The mechanically in-

duced piezo-potential in the nanowires drove a current �ow through this resistance,
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and then the voltage drop was detected by a voltage ampli�er [1]. The nanowire

was considered as an impedance consisting of a capacitance and a resistance. From

the equivalent circuit shown in Figure VIII.2 taken from Ref. [1], the load resistance

(RLoad = 500 MΩ) was selected to be higher than the intrinsic value of the nanowire

(RI), while the SFM tip/nanowire contact resistance was not considered. This con-

�guration is named as a 'bu�er' or 'voltage mode', which is usually used for probing

the piezo-signal from low piezo-coe�cient materials such as quartz. In opposite, with

high piezo-coe�cient materials like PZT, the large quantity of piezocharges can be

detected by a charge meter. In voltage mode, the detected signal is strongly sensitive

to parasitic capacitances such as cable capacitances.

- The authors mentioned that the nanowire capacitance (C) 'includes the contribution

of the system'. They reported an extremely low C value of 1.2 pF by using the

relation τ = R · C. In the resistance term, the e�ect of RI was neglected, what is

questionable. Furthermore the τ was extracted from the full width at half maximum

of the voltage peak shown in Figure VIII.2. The space-time conversion was done by

using the the time spent to acquire an output at one scan point which was 0.05 ms.

This half-width method is only valid if the maximum of the charge has been reached,

otherwise the τ value is underestimated.

As a general tendency, there is no clear description of the electronics used for this

type of measurements in literature (Z.L. Wang et al. and other teams). For exam-

ples, in Ref. [1], there is no explanation how to reach such a low capacitance value

or how to compensate parasitic capacitances. To have a number in mind, the low-

est capacitance of commercial operational ampli�ers is in the range of a few pF, a

typical capacitance of the cable is around 50-100 pF/m, the input capacitance of os-

cilloscope is around 100 pF. All these electronic components have higher than 1.2 pF.

Figure VIII.2: Line pro�le of the voltage output signal when the SFM tip scans across a
vertical nanowire. The inset is an equivalent circuit of piezo-potential detection in a voltage
mode. The Figure is taken from [1].
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The missing information concerning their electronic circuit could impede the inter-

pretation of the origin of the signal. As the nanowire was viewed as RC components,

thus the matching between the frequency response of the generated signal from the

nanowires and the one of the detection setup must be coherent. Importantly, it must

be discussed in detail.

Physical origin of the signal:

The electrical spikes during SFM-tip scanning on the nanowire top were typically attributed

to piezo-potential generation. In the schematic shown in Figure VIII.3, the bending of metal

polar ZnO nanowires should provide a positive piezo-potential on the tensile side whereas a

negative piezo-potential should appear on the compressed one [1]. The authors in Ref. [1]

interpreted the correlation between the electrical spikes and the nanowire topographic

image that the negative voltage was observed at the compressed area of the nanowires.

Thus, the electrical spikes were attributed to the forward bias of the Schottky barrier

between the semiconductor nanowire and the metallic SFM tip. It was proposed that once

the negative piezo-potential was high enough to pass the electrons over the barrier, the

current would �ow through the external load and the signal was detected. Oppositely, the

positive piezo-potential was suggested to reversely bias the barriers, then the signal was

not observed. This idea remained being presented as one of the main explanations of the

electrical signal from the conducting-SFM of piezoelectric nanowires [34, 43, 9].

Figure VIII.3: Working principle of a nano-generator explained with the Schottky model
proposed by Wang et al. [1].

Such a model was developed based on the results with measurement artefacts. As we have

already discussed previously, the topographic images of the �exible nanowires measured

by contact SFM generally su�ered from the tip dilatation; thus, it is uncertain to spatially

locate the position of those negative electrical spikes. Besides, as we will discuss in the next

sections, there remain several fundamental issues that must be clari�ed before adopting

this model as a standard description for the electrical signal from the nanowires observed
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by conducting-SFM.

In summary, even if some nanowires might bent, the topographical image obtained with

tip artifacts can not be used to conclude on the mechanical deformation range, especially

on the precise position of generated electrical signal. The applied force load is in addition

very low and the electrical contact should be not well controlled. Thus the nanowire-tip

interface could have high resistance resulting to a voltage divider con�guration with the

load resistance, bringing a screened piezo-potential to even lower than the milliVolt range in

the detection part. The electronic measurement setup, its analysis and data interpretation

are also questionable.

VIII.1.3 Reply of M. Alexe et al. [10, 69] on nanopiezotronics

In 2007, M. Alexe et al., published their comments [10], debating why the Schottky model

is not applicable to describe the observed scenario in Ref. [1]. They suggested that the

detected signal likely originate from the detection circuit itself, not from direct piezoelectric

e�ect in nanowires. Fundamental questions and misinterpretations of Schottky model were

discussed as summarized in a following:

Figure VIII.4: Equivalent circuit of a piezoelectric nanowire generator connected to a de-
tection system, taken from [10]. The piezo-generator is modeled as a charge generator qp, an
internal resistor Rp, and a capacitor Cp. The detection system is composed of a load resistor
RL and an equivalent capacitor of the readout circuit CL.

1. In piezoelectric materials, the strain induces polarizations and equivalent surface

charges, but not directly an electrical �eld or potential. To determine these two pa-

rameters, a dielectric permittivity and a material conductivity need to be considered.

Only in an ideal insulator, i.e. ρfree = 0 → ∇ ·D = 0, the piezo-bound charges are

equivalent to the generation of an electrical �eld or voltage. Without considering the

available free carriers, the �nite element simulations of the piezo-potential [67] are

over estimated because the screening is absent.

2. The equivalent electrical circuit of the nanowire connected to the detection system is

shown in Figure VIII.4. M. Alexe et al. reminded that the studied nanowires should
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have a resistance and/or a capacitance higher than that of the detection system (a

load resistance and cable capacitances); otherwise, the signal leakage would occur

through the nanowires. In other words, 'the time constant of the generator must

be larger than the time constant of the readout circuit'. In semiconductors, the

intrinsic time constant (τ) or the carrier lifetime is τ = ρε0εr, where ρ is the material

resistivity and ε0 and εr are the vacuum and the material permittivity. This value

de�nes the time interval before the free carriers cancel the generated piezo-charges.

For the investigated ZnO nanowires [1], ρ is in the range of 10−2 − 10 Ω · cm while

εr = 8.91. Then, the carrier lifetime is in between 0.01-10 ps, meaning that the

detection circuit should be in THz range, which is unlikely.

3. The recti�cation ratio between the reverse and forward resistances, is proportional to

e
qVF
kbT , where VF is the forward voltage. With a voltage less than the thermal voltage,

the rectifying e�ect does not exist. In Ref. [1], the detected signal of less than 10 mV

is lower than kbT at 300 K (25 mV). The uni-directional conduction through Schottky

junction which is claimed to be the origin of the detected signal, cannot work in this

case because the Pt-ZnO Schottky barrier is not e�ectively recti�ed.

4. M. Alexe et al. mentioned that the argument to explain the low measured voltage by

assuming a large contact resistance is not convincing. Considering the applied force

of 5 nN, either the tip was only in contact with an absorbed layer, or the contact

area was smaller than the radius of Pt atoms. In both cases, it was unlikely that the

detected signal originated from the Schottky barriers biased by a piezo-potential.

The authors investigated then possible origins of those electrical signals by changing the

operational ampli�ers in detection circuits and comparing the electrical spikes obtained

from ZnO and non-piezoelectric Si nanowires. The electrical spikes with the same charac-

teristic were observed in both types of nanowires, and their values depend on the input bias

current of the used ampli�er. They concluded that when the tip scans over the nanowires,

the sudden change of input impedance of the ampli�er causes a voltage transient. The

amplitude depends on the resistances of the load, contact, and nanowires as well as the

value of the input bias current of the ampli�er.

This argument was responded by Z.L. Wang et al. [65] that M. Alexe et al. overestimated

the carrier density in the ZnO nanowires. In their case, the free carrier in their wires

is in the range of 1016 − 1017 cm−3, thus the piezo-potential was not completely screened.

They claimed that their nanowire conductivity was just right for observing the piezoelectric

potential-driven �ow of external electrons. In addition, they pointed out a strong 25 Hz

interference background from the environment, an output noise of 10 mV, and a high

equivalent capacitance of 320 pF, in the electrical setup used by M. Alexe et al. [10].

The signal from those artifacts might shadow the piezo-potential signal. Z.L. Wang et al.
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showed no electrical signal from Si nanowires by using their setup which they observed the

signal from ZnO nanowires.

In our opinion, it is unclear that the ZnO and Si nanowires used by these two groups

are identical. For examples, if Si nanowires in Ref. [65] are much more resistive than

the ones investigated in Ref. [10], the absence of electrical spikes can be also described

by the electrical circuit presented by M. Alexe et al. The critical obstacle to interpret

those results is the missing detail of what exactly the characteristics of electronic circuit

used in Ref. [65, 1, 290] and others [8, 47, 6]. The exact range of the piezo-voltage (Volt,

milliVolt or microVolt) and related quantity of the free carriers inside the nanowire with

their contribution and time on the potential screening, are also crucial parameters.

VIII.1.4 Comments on further investigations on nanowires by conducting-

SFM

Y.S. Zhou et al. [291] and X. Xu et al. [6] performed conducting-SFM on vertical aligned

c-GaN nanowires on Si(111) in 90◦ tilted con�guration as shown in Figure VIII.5. Those

nanowires were grown by PA-MBE [156], and have N-Polarity. However, a positive output

voltage was found on the tensile side of these N-polar nanowires where the piezo-potential

is expected to be negative. This output voltage was also maintained as long as the force

was applied, which is unlikely for piezoelectric signal. We will show and discuss later that

such a signal can be artifacts from the di�erence of the electrical ground between the tip

and the sample in the measurement setup.

Figure VIII.5: Measurement con�guration on tilted nanowires taken from [291].

Di�erently, N. Gogneau et al. [8, 46] investigated the piezo-potential generation from N-

polar GaN nanowires. In their case, the nanowires were embedded in PMMA, allowing only

100 nm of the nanowires to be un-encapsulated. This con�guration was used for improving
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the stability of the nanowires during conducting-SFM scanning. However, this polymer

layer possibly limits the bending of the nanowires, thus lowering the piezo-potential am-

plitude at the same applied force. The negative voltage located at the tensile side of the

nanowires was explained by the model based on the Schottky interface [1]. The authors

also claimed that their nanowires provide much higher output voltage of -300 mV than

those observed by other teams. Nevertheless, it is known that the electronic circuit and

the measurement setup play a crucial role on the amplitude and the time response of the

detected piezo-potential [10]. If those parameters were not detailed, the experimental re-

sults could not be quantitative and comparative with other groups. It is only mentioned

in the publications of this team, that a modi�ed-Resiscope has been used. Based on a

resistance bridge divider, the Resiscope uses the non linear behavior of the voltage output

in respect to the contact resistance. A modi�ed-Resiscope might means that the load re-

sistance was adapted and/or the bandwidth of the electronic is in the range of kiloHertz

as developed for intermittent conducting-SFM.

The signal of p- type nanowires measured by conducting-SFM was found to be opposite

to that of n-type one [292, 293]. Figure VIII.6 shows the piezo-signal obtained on n-

and p-type nanowires. For p-type Zn-polar ZnO wires, the positive voltage spikes were

claimed to locate at the tensile side [292, 293]. By looking at Figure I.5, the spike starts

at the tip dilatation part of the image, where the apex of the tip should have already left

the nanowire. In this situation, and the back surface of the pyramidal tip should push

the nanowire in the opposite direction of the scanning one, i.e. perform a tensile strain

instead of a compression. Furthermore if this positive piezo-potential is generated on the

tensile side of Zn-ZnO wires, the p-type Schottky barrier is forward-biased. For n-type

Zn-ZnO-nanowires, the negative piezo-potential would forward biased.

a) b)

Figure VIII.6: Electrical spikes measured by conducting-SFM on a) n-type, and b) p-type
ZnO nanowires taken from [293].

Similarly, N. Jamond et al. found the opposite sign of the output signal between n-and

p-type N-polar GaN nanowires [47]. They also reported a higher output voltage on p-

doped InGaN wires [42], similar to those presented by Z.L. Wang et al. [292, 293, 294].

On the other hand, J. Zhou et al. observed both positive and negative piezo-voltage on

the ZnO nanowires bent by Ar gas pulse and placing a metallic needle on the extended or

compressed side of the wire [49]. This is in contrast to the principle of Schottky model,

which suggest that the signal should appear only on one sign of potential which forward

biases semiconductor/metallic interface.

169



Chapter VIII. Origins of the charges generation from III-N nanowires

The table VIII.1 summarizes the results in literatures showing the sign of the Voutput in

comparison to the sign of the piezo-potential expected from the nanowire polarity. The

values written in bold correspond to results in which the sign is not consistent with the

expected one.

Polarity-Material doping Strain Expected PPZ V output
Wang et al. [1] Zn-ZnO n- compressed (scan) Negative - 6 mV
Lu, Lin et al. [292, 293] Zn-ZnO p Tensile (scan) Positive + 30 mV
Lu, Lin et al. [292, 293] Zn-ZnO n- Compressed (scan) Negative + 8 mV
Zhou et al. [49] Zn-ZnO n- Compressed (pulse) Negative - 20 mV
Zhou et al. [49] Zn-ZnO n- Tensiled (pulse) Positive + 30 mV
Chen et al. [7] Ga-GaN n- Tensile (scan) Positive - 80 mV
Huang et al. [294] In-InN n+ Tensile (scan) Positive - 400 mV
Gogneau et al. [46] N-GaN n- Tensile (scan) Negative - 300 mV
Jamond et al. [47] N-GaN p Compressive (scan) Positive + 300 mV
Xu et al. [6] N-GaN n- Tensile (tilted) Negative + 4 mV

Table VIII.1: Summary of the important measure on piezeoelectric nanowires made by dif-
ferent groups with di�erent materials/parameters.

Another way to probe piezo-potential in nanowires is to investigate the current-voltage (I-

V) characteristics of the nanowires under an externally applied force. The conducting-SFM

tip was used for generating the force, simultaneously detecting the current through single

nanowires under applied bias in tilted or vertical con�gurations. The I-V curve variation

as a function of applied force was attributed to the modi�cation of the Schottky barrier

height due to the piezo-potential [291], which is the principle of a piezotronic transistor.

In Z. Zhao et al. [290], the experiments were performed by applying normal compressive

forces on the top of vertical Ga-polar GaN nanowires. The authors suggested that the

current reduction in forward bias con�guration is due to an increased barrier height due to

negative piezo-potential. Note that the applied force in micro-Newton range is particularly

high in this work.

In contrast, Zhou et al; who worked in the same team, performed I-V measurement on

the 90◦ tilted N-polar GaN nanowires, and found the increasing forward current with the

applied force. In fact, the authors mistakenly de�ned the polarity of the nanowires to

Ga polar, thus the sign piezopotential should be opposite. If we consider N-polarity GaN

nanowires which is the correct one, their experimental results show that the current was

increased with the larger tensile strain, introducing a negative piezo-potential. Here, they

were working in a few hundred nano-Newton range.

N. Jamond et al. [9] applied the compressive force on the top of the vertical N-polar GaN

nanowires. They described that the positive piezo-potential increased the current passing

through the Schottky barrier. In addition, they proposed that nanoscale contact size can

reduce Schottky barrier height and introduces a larger passing-current.

As a summary, the Table VIII.2 shows that the results in literature are not consistent.
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GaN polarity Strain Expected PPZ Forward current Force
Zhao et al. [290] Ga- Vert. compressive Negative Decrease 0.9-1.3 µN
Zhou et al. [291] N- Lat. tensile Negative Increase 100-300 nN
Jamond et al. [9] N- Vert. compressive Positive Increase 10-130 nN

Table VIII.2: Summary of forward bias current of GaN nanowires under applied force.

VIII.2 Di�erent models of nanopiezotronics

From literature review, we found the inconsistent explanation for the mechanism that is

responsible for the mechanical induced electrical signal. There are typically two di�erent

models used in nanogenerator con�guration. The model, which is based on a Schottky

interface and circulating current, is generally applied for explaining the signal from single

nanowires detected by conducting-SFM. The `capacitive' model showing no passing current

through the nanowires was later derived for nanogenerators made of nanowires ensemble.

This approach is actually a typical description of the signal from classical piezoelectric

insulators. In this section, the two models are discussed to identify coherent picture for

the signal generated from piezoelectric nanowires. As a preliminary step, the picture used

for describing the behavior of piezosensors in a transistor con�guration is �rst introduced.

VIII.2.1 Piezosensors: Schottky barrier height variation

To describe the change of the I-V characteristics of their nanopiezotronic devices under

mechanical deformation, Z.L Wang et al. propose a model based on the modi�cation

of the Schottky barrier due to the piezo-charges. After describing the principle of the

rectifying M-S interface, the e�ect of the piezoelectricity on the electrical characteristics of

this interface is presented.

Schottky barrier operation

The operation of a Schottky junction in n-type semiconductor under forward and reverse

bias is illustrated in Figure VIII.7. A negative bias on semiconductor in respect to metal

shifts up its Fermi level, thus reducing the barrier height for electrons to travel from semi-

conductor to metal. This electron di�usion is responsible to the current �ow in this forward

bias con�guration (Figure VIII.7.a). When a positive bias is applied on semiconductor,

its Fermi energy is lowered with respect to the metal one. This reverse bias increases the

potential barrier, thus electrons can only tunnel from metal to semiconductor. As a con-

sequence, current �ow through the junction is inhibited. Under a higher reverse bias than

a threshold value, a so-called breakdown voltage, the electric �eld in the depletion region

increases the drift current allowing the electrons to �ow from metal to semiconductor.

The metal-semiconductor junction with a positive barrier height has a pronounced recti-

fying behavior; that is, large current appears under forward bias, while almost no current

exists under reverse bias as shown in Figure VIII.7.c.
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The electrostatic analysis of a metal-semiconductor junction allows determining the charges

and �eld in the depletion region. This region is considered to be fully depleted. Although

this assumption cannot provide an accurate charge distribution, it is su�cient for de-

termining the electric �eld and potential throughout the semiconductor. The potential

distribution in the depletion region was de�ned in Equation II.12 and its �rst integration

for E = 0 at x > WD gives the electric �eld variation:

dφ(x)

dx
= −E(x) = −eN

+
D

ε
(x−W ) (VIII.1)

and its value at the interface:

Emax = −eN
+
D

ε
WD (VIII.2)

Figure VIII.8.a shows the distribution of charges in metal and in n-type semiconductor,

which are exactly balanced. On the semiconductor side, the positive ionic charges are
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Figure VIII.7: Band diagram of a Schottky diode under a) forward bias and b) reverse bias.
c) Current versus voltage characteristic, the voltage is applied on semiconductor.
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Figure VIII.8: The distribution of a) charge and b) electric �eld in the metal and in the
n-type semiconductor. The region of positive ionized donor charges can penetrate into semi-
conductor, depending on a semiconductor built-in potential φi, a doping concentration and an
applied bias.
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distributed into the material at an important distance which depends on the semiconductor

built-in potential φi, the doping level, and the applied bias. This space charge area is

responsible for the Schottky behavior by preventing the electrons to �ow into the metal

until a given voltage cancels this depletion width. The second integration of the Poisson

equation is used for determining the depletion width (WD):

WD =

√
2ε|φi − Vbias|

eN+
D

, (VIII.3)

where Vbias is the applied bias.

This depletion width is an important parameter which is responsible for the junction ca-

pacitance. Using a planar capacitor model, this capacitance per unit area is given by

Cj(Vbias) = ε/WD(Vbias).

E�ect of piezopotential on Schottky junction

At the Schottky interface between metal and piezoelectric semiconductor under mechanical

stress, one would expect the additional piezocharges at the interface. It was suggested by

Liu et al. [66] that the charges distribution, local electric �eld, and band structure should be

modi�ed as shown in Figure VIII.9. The additional positive piezo-charges (Figure VIII.9.a)

increase the electric �eld close to the interface (Figure VIII.9.b) and surprisingly decrease

the barrier height φb [295, 66, 296] as shown in Figure VIII.9.c. Here, Z.L. Wang et

al. consider a change of the barrier height (see Figure VIII.9.c), rather than a modi�ca-

tion of the band bending only. This description is based on the Schottky�Mott rule of

Schottky barrier formation in which −eφb = WFm − χs. As mentioned in section II and

Appendix A, this equation and therefore this model was not considering the Fermi level

pinning, which depends on the surface density of states. Because of this pinning e�ect, it

is experimentally found that the Schottky barrier could be rather independent from the

metal work function. For this reason, the e�ect of the piezo-charges on the Schottky bar-

rier height and/or the depletion width strongly depends on the surface density of state and
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Figure VIII.9: Diagram of a metal semiconductor junction showing, a) the charge distribu-
tion and the e�ect of the additional piezocharges, b) the electric �eld inside a metal and a
depletion zone with the e�ect of positive piezocharges at the interface, c) the band structure
of metal/semiconductor junction with (solid line) and without piezocharges (dash line). The
schematics are modi�ed from Ref. [66].
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metal/semiconductor interface state, which must be further clari�ed since these density

of states (at least 1013 cm−2) is very high compared to the piezo-charge density of about

1011 cm−2. Furthermore, in a device con�guration with contacted nanowires on a �exible

substrate, the M-S interface electron transparency might be simply in�uenced by a modi�-

cation of the conformation between the metallic contacts and the semiconducting nanowire

during deformation.

Remark: N. Jamond et al. [9] also investigated the role of the contact size on the barrier

height and showed that a nanoscale contact size could reduce the barrier height, leading

to their conclusion that the cantilevers with a small tip radius are more e�cient for energy

harvesting.

VIII.2.2 Piezo-nanogenerators: current passing Schottky inter-

face model

In order to explain the origin of electrical spikes from nanowires de�ected by conducting-

SFM without using external bias, a model based on a Schottky interface was proposed [1]

as brie�y presented in section I.3.2 of Chapter I. The main ingredient is the M-S interface

in reverse bias (positive piezo-voltage), which blocks the electrons to accumulate at the tip

surface and avoids their recombination with the ionized donors inside the nanowires. In

the forward bias (negative piezo-voltage), the electron can cross the barrier, a current loop

is therefore produced, causing an electrical spike at the load resistance.

Z.L. Wang et al. further elaborated this model to describe the electrical spikes found during

conducting-SFM scanning on ZnO nanowires as schematically shown in Figure VIII.10 [65].

They considered that the e�ect of piezo-charges on the conduction band diagram is only

located close to the interface (see Figure VIII.10.c). From their schematic, the Schottky

barrier height seems to be kept constant. When the tip starts bending the nanowire,

the generated positive piezo-potential slowly induces a electron �ow from the grounded

electrode through the external load to the tip. In this case, the electrons cannot cross

the tip/nanowire interface due to the Schottky barrier. When the tip reaches the middle

of the nanowire where the piezo-potential drops to zero, the accumulated electrons in

the tip back �ow fast through the load to the ground. For Z.L. Wang et al., these two

steps, i.e. accumulation and release, which are equivalent to what usually happens with

a conventional piezo-material in a capacitive model cannot generate measurable electrical

spikes. The reason seems to be related to the time scale of the process and its amplitude

but there is no quantitative discussion. Finally, when the tip reaches the compressive side

which gives a negative piezo-potential, if this potential is large enough to overcome the

barrier, the electrons would �ow from ZnO to metal contact. The closed loop current is

created and 'this process is a lot faster than the charge accumulation process, thus, the

created transient potential at the external load is large enough to be detected beyond
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noise level.' [65]. As shown by G. Romano et al. [72], the calculated piezo-potential in the

nanowire with 1017 cm−3 free charges is in the range of tens milliVolt. Such a range of

potential could not overcome the di�usive barrier height of about 1 V, thus the condition for

a rectifying interface should not be satis�ed. On the other side, by considering the nanowire

as fully depleted, the piezo-potential could reach a few Volt and the above scenario might

be considered even if it is still unclear how a current loop can be generated in this picture.

The authors also mentioned that these electrons `pumped' into the Pt electrode transiently

increase the local Fermi surface, then 'the output voltage is the di�erence between the

Fermi energies for Pt and the bottom electrode' (should not be confused with the piezo-

voltage). Referring to the conventional capacitance model, the generation of the piezo-

signal is in contrary: the free electrons of the metallic electrode attracted by the positive

piezo-potential are partially stopped by the load resistance, generating a potential di�erence

between the terminals of this resistance and therefore a di�erence of the Fermi levels. In

this situation, the voltage of the nanogenerator VNG is not an unique intrinsic property of

the piezo-material but it is actually de�ned by the load resistance.

Note that the authors did not comment quantitatively on the time scale of each step of

Figure VIII.10: Band diagram for understanding the charge �ow and the voltage output
in a nanogenerator. a) Grounded nanowire in contact with the conductive SPM tip. b) The
nanowire is pushed, the positive piezoelectric potential at the contact area results in a slow �ow
of electrons from ground through the load to the tip. c) At the middle point of the nanowire
the drop in local potential to zero results in a back �ow of the accumulated electrons. d) On
the compressive side, a local negative piezoelectric potential raises the pro�le of the conduction
band. If the piezoelectric potential is large enough, electrons in the n-type ZnO nanowire can
�ow to the tip. This circular motion of the electrons in the circuit is the output current. e)
Energy-band diagram, presenting the role played by the passing electrons on the output voltage
of the nanogenerator. From [65].
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their model. In addition, the modi�cation of the Schottky barrier height is not considered,

which is not consistent with their assumption presented in the previous section.

Remark: as a source of charges pumped from the ground via the ohmic contact, the

nanowire should have a smaller resistance than the load resistance. It is usually the inverse

in a 'voltmeter con�guration', if the load has to determine the value of an ideal voltage

source (i.e. the piezo-voltage) with an intern resistance in series.

An ultimate revision of this nanogenerator model was presented in more recent works [55,

297] in order to describe the two spikes measured in a contacted nanowire on a �exible

substrate (see Figure VIII.11). The transient electrons driven by the piezo-potentials and

passing through the load resistance are actually the charges, which travel to screen the

induced piezo-charges, meanings that such a description is simply a capacitive model. As

the previous proposed explanations, there are strong assumptions concerning the time scale

of the screening, its strength and origin, i.e. internal via the free carriers in the nanowire

or external by the free electrons of the metallic contact. These points will be discussed in

the next section.

a b c d

eb

a c

d

Figure VIII.11: a) Single nanowire with one Schottky and one ohmic contact. The device is
at the mechanical (no piezo-voltage) and electrical (no Fermi level di�erence) equilibrium. b)
Under tensile stretch, a positive piezo-voltage is generated at the Schottky interface which will
attract electrons. There is a current �ow; the Fermi levels are di�erent. c) When the piezo-
potentials are fully screened, the system under mechanical strain is under electronic equilibrium
with same electrochemical potentials. d) After released the bending, the piezo-potentials disap-
pear and the accumulated electrons produce a di�erence of Fermi level. This out-of-equilibrium
produces another �ow of current. e)Measured electrical spikes corresponding to a fast stretched
(FS) and fast released (FR) of the device.

VIII.2.3 Capacitive model

The conventional `capacitive' model is generally used for describing the signal generated

by nanogenerator based on nanowire ensemble [298, 299]. This model is adapted from the

Butterworth-Van Dyke (BVD) model which is originally applied for perfect piezoelectric

insulators without dielectric losses. Figures VIII.12.a and VIII.12.b show equivalent series

and parallel circuits at resonance, respectively [300]. In both con�gurations, the blue

R-L-C components represents the mechanical behavior at the resonance while the red
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one corresponds to the electrical response. CPZ and CPZ2 are the static capacitances of

Mechanical branch

Eletrical branch

CPZ
VP

IP Im

Mechanical branch

Eletrical branch

CPZ2

VP

IP

Vm

b)a)

Figure VIII.12: Butterworth-Van Dyke model of an insulating piezoelectric material at res-
onance a) in series and b) in parallel con�guration [300].

piezoelectric devices, Im is the motional current, and Vm the motional voltage. For the

out-of-resonance condition, the mechanical branch is replaced by a resistance.

The piezoelectric material can be seen as the combination of an ideal voltage source con-

nected in series with a capacitor, or a charge source connected in parallel with a capacitor,

as shown in Figure VIII.13. Once the piezoelectric crystal is deformed, �nite electric dipoles

and as a consequence, surface bound charges would appear. The relation between charge

QM and voltage VM is given by QM = CPZVM , where CPZ is a geometrical capacitance of

the piezoelectric material.

In an ideal case without an internal leakage (screening e�ect) and with no detection cir-

cuit, those generated bound charges remain in the material as long as the applied force

is maintained. In order to detect the signal via the external circuit in voltage mode, the

piezo-charges should be dissipated through the load resistance RL. The free charges in

the external circuit are redistributed to cancel the piezo-charges, leading to a current �ow

through RL. When this compensation is achieved, the material reaches an equilibrium and

the current �ow disappears. In a frequency-domain, the complete system including piezo-

material and detection circuit can be viewed as a high-pass �lter with a cut-o� frequency

fc = 1/(2πRLCPZ). The time constant τ or the dissipation time can therefore be extended

by increasing the load resistance.

Unlike Schottky barrier model, there is no free carriers crossing the interface between metal

and piezoelectric material. The charge generation is caused by the surface bounded charges

which induced a current in the external circuit through the load resistance.

Capacitive model for piezoelectric semiconductors

In the case of non-perfect insulators such as piezoelectric semiconductors (III-N, or II-

VI), the ideal BVD model should be slightly modi�ed by considering the leakage and the

dielectric losses [300, 301]. The internal leakage caused by the screening e�ect can be

related to the material resistivity. In the equivalent circuit, this loss is represented by a

177



Chapter VIII. Origins of the charges generation from III-N nanowires

Rload

CPZ

Vm

Qm

Rload

CPZ

Ideal voltage

Ideal charge

Force

Vout

Vout

Time

Time

Frequency

-3dB

source

source

Figure VIII.13: Equivalent electrical circuit of a piezoelectric semiconductor based on an
ideal voltage or charge source. The right panel shows the output voltage as a function of time
and frequency by a constant applied force.

leakage resistance Rleak connected in parallel of the mechanical branch. Dielectric losses

can be considered in the circuit by adding a resistance Rloss in series with CPZ . Because

these dielectric losses are low (Rloss ≈ 100Ω) and mainly act at high-frequency, this term

can be neglected for conducting-SFM measurement in nanowires. The modi�ed circuit for

piezoelectric semiconductors is shown in Figure VIII.14.

Mechanical branch

Eletrical branch

Rleak

RlossCPZ

VP

IP

Vm

Figure VIII.14: Butterworth-Van Dyke model in parallel and with leakage and dielectric
losses [300, 301].

In an electrical point of view, only the electrical branch have to be considered and the

mechanical one can simply be replaced by a voltage generator where Vm = VP , is the ideal

piezoelectric voltage induced by a mechanical deformation. Due to the presence of leakage

resistance, the free charges inside the materials or the charges from the external circuit can

screen the generated piezoelectric potential.

The modi�ed equivalent circuit which presents piezoelectric semiconductors is shown in

Figure VIII.15. The voltage source connected in series with a capacitor represents the

piezoelectric ability while the leakage of the semiconductor is modeled by a parallel resistor.
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Rleak

CPZ

Vm

Voltage source

Figure VIII.15: Electrical circuit of piezoelectric nanowire in capacitive model, taking into
account semiconductor leakage.

It is important to mention that the capacitance of a single nanowire is usually calculated via

the formula: C = επd2/4L based on geometrical considerations and results in attoFarad

range. However, this formula is only applicable in the case of circular electrode with a

diameter which is much larger than the separation between the two electrodes. It is not

the case in nanowire geometry. Simulation works give an increase of the capacitance value

by a factor 13 when the ratio between L/d equals 10. Still, such capacitance should not

be measurable. It would also be the same conclusion if the thickness of the capacitance

is determined by the depletion area in the nanowire rather than the total length of the

nanowire. In addition, concerning the rate of the piezo-charges screening, the process due

to the free carriers inside the nanowire (internal screening) or from the metallic connectors

should be de�ned by the plasmon frequency and should be considered as instantaneous. If

protected by the depletion width on one side or oxide layer on the other side, the surface

charges located at the interface, known as fast surface states, might determine the time

answer of the phenomena.

VIII.3 Optimization of the main nanopiezotronic ele-

ments

VIII.3.1 Piezo-potential simulations

One key elements concerning nanopizeotronics is the shape and the amplitude of the piezo-

potential VP generated inside the nanowires. We used COMSOL simulations to model N-

polar GaN nanowires (L=600 µm, d≈ 50 nm) under bending and compressive strain. For

this study, a perfect dielectric nanowire without free carriers is considered, thus their is no

screening e�ect. The piezoelectric potential given by these simulations corresponds to the

maximum value that could be experimentally detected. In n-type nanowires, the positive

piezo-voltage should be lowered by the presence of free electrons [68]. Moreover, the piezo-

potentials from these simulations only correspond to the piezoelectric polarization without
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considering the charges from the spontaneous polarization.

VIII.3.1.1 Bending Con�guration

In the bending con�guration, a single N-polar GaN nanowire is under lateral force. In

this simulation, the 100 nN force was applied on the side of the nanowire top. This force

is in the same order of magnitude experimentally applied by several groups. The results

shown in Figure VIII.16 reveal that the piezoelectric potential is negative on the tensile

side and positive on the compressed side of the nanowire for N-polar GaN. The maximum

value of 91 mV is found on the side at the nanowire top region. By varying lateral force

applied from 1 nN to 1 µN, this maximum piezo-voltage increases linearly as shown in

Figure VIII.16.

91 mV

c

100 nN

-91 mV

Piezo-voltage (side view)

50 nm

91 mV

-91 mV

VP
max= 91 mV

Piezo-voltage (top view)

Figure VIII.16: COMSOL simulation of a N-polar GaN nanowire of 600 nm length and 50 nm
diameter under a lateral force applied on the side of the nanowire top part. Left panel presents
a contour plot of a piezo-potential distribution along the wire axis. The nanowire deformation
is drawn to scale. Right panel shows a contour plot of piezo-potential distribution at the
nanowire top surface. In this simulation, the nanowire is considered as a perfect dielectric,
thus no screening e�ect is present.

The evolution of the piezo-voltage were also studied as a function of the nanowire length

and diameter for an applied force of 100 nN. Figure VIII.18.a reveals that in the bending

con�guration, the maximum voltage on the wire top is independent of the nanowire length.

In contrast, the piezo-signal has a 1/DNW relation with the nanowire diameter as shown

in Figure VIII.18.b.

In Ref. [67], the analytic Equation VIII.4 was proposed to describe the piezoelectric voltage

in a bent nanowire.

Vmax = ± FLat
πY (ε0 + εr11)

(e33 − 2(1 + ν)e15 − 2νe31)
1

rNW
, (VIII.4)
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Figure VIII.17: Variation of the maximum piezo-voltage from N-polar GaN nanowire as a
function of the applied lateral force in log-log scale (LNW = 600 nm, DNW = 50 nm).

where FLat is the lateral force applied at the top of the nanowire, Y (GPa) is Young modulus

and ν (dimensionless) is Poisson ratio.
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Figure VIII.18: Variation of the maximum piezo-voltage as a function of a) the nanowire
length (for DNW = 50 nm), b)and the nanowire diameter (for LNW = 600 nm) for a lateral
force of 100 nN

If the parameters used in the COMSOL simulation were an applied force of 100 nN, Y=295

GPa [302], and ν = 0.23 [303], the maximum piezo-potential derived from this equation

at the nanowire top is Vp max = 87 mV. This value is close to the one obtained from the

previous COMSOL simulation. In addition, the piezopotential evolution as a function of

the nanowire geometry shown Figures VIII.18.a and VIII.18.b described by Equation VIII.4

is also in agreement the one obtained by COMSOL.

To conclude, the piezo-potential is scaled linearly with the applied bending force. Despite

insensitive to the nanowire length, it is a inverse function of the nanowire diameter. At the

�rst approximation, thinner nanowires are more promising for nanopiezotronic applications

in bending con�guration.

VIII.3.1.2 Pressing con�guration

In this section, a normal compressive force of 100 nN along the c-axis of N-polar GaN

nanowire was applied. The force is uniformly distributed on the wire top surface. Fig-

ure VIII.19 shows that the piezo-potential is positive on the top of the wire and negative
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on the bottom. The piezoelectric voltage is four times higher than the one obtained in

bending con�guration.

c

Piezo-voltage (side view)

50 nm

Piezo-voltage (top view)

-0.41 V

0.41 V

100 nN

0.41 V

0.41 V

VP
max= 412 mV

Figure VIII.19: COMSOL simulation of a N-polar GaN nanowire of 600 nm length and 50
nm diameter under a normal force homogeneously applied on the top surface. The color scale
shows the piezoelectric potential. The right image presents the piezoelectric potential at the
nanowire top. In this simulation, the nanowire is considered as a perfect dielectric without
screening e�ect.

We also calculated V max
p analytically by using the equation of the dielectric displacement

D = εσ.E+ d.σ (Figure III.4) without electric �eld. For the applied stress along the c-axis

of wurtzite GaN, the following relation is given by:

Dz = εEZ = d33.σZ , (VIII.5)

the electric �eld is then calculated with DZ = εr33ε0EZ , the voltage drop along the wire

with EZ = Vdrop/LNW , and the strain σZ = FNorm/S.

Finally, because Vtop = −Vbottom, the maximum piezo-potential Vmax = VP/2. The complete

equation of Vmax is the following:

Vmax = ± FNd33LNW
2ε0εr33πR2

NW

. (VIII.6)

By using this analytic equation, the maximum value of the piezo-potential under a 100 nN

compressive force is Vmax = ±0.398 V, agreeing with the value obtained with the COMSOL

simulation. The piezoelectric voltage linearly depends on the applied force, as shown in

Figure VIII.20, similar to the bending con�guration.

The impact of the length and the diameter on the piezo-potential for a 100 nN compressive

force is shown in Figures VIII.21.a and VIII.21.b.
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Figure VIII.20: Maximum piezo-voltage as a function of the compressive normal Force ap-
plied along the c-axis of N-GaN nanowires (LNW = 600 nm, DNW = 50 nm) in log-log scale.
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Figure VIII.21: Variation of the maximum piezo-voltage as a function of a) the nanowire
length (for DNW = 50 nm), b) and the nanowire diameter (for LNW = 600 nm) for a normal
force of 100 nN.

In Figure VIII.21.a the piezo-voltage increases linearly with the nanowire length, while

it has 1/D2
NW relation with the nanowire diameter (Figure VIII.21.b). These results are

coherent with the ones obtained from Equation VIII.6.

In the pressing con�guration, a reduction of the diameter increases the piezo-voltage, but

the wire length also plays an important role. In term of piezoelectric voltage, long and

thin nanowires seem to be the best choice for nanopiezotronics in pressing con�guration.

To conclude, in the case of undoped or fully depleted nanowires, the piezopotential is in the

range of tenths milliVolt for lateral force of around 100 nN, while it is hundreds milliVolt

for vertical force with similar strength. These values are similar to what was found by

others groups.

VIII.3.1.3 Experimental con�guration

When vertical nanowire ensemble was scanned by a conductive SFM tip in contact mode,

the only parameter which controls the force is the cantilever de�ection. In our standard

con�guration, the applied normal force is around 100 nN, measured by the sensitivity

calibration and the cantilever sti�ness (see part V.3). The determination of the lateral

force which contributes to the bending is more complicated. From the Euler-Bernoulli

beam theory equation, we can determine the lateral force FLat as a function of the nanowire
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bending:

∆y(y) =
FLaty

2(3LNW − y)

6Y I
(VIII.7)

where ∆y(y) is the nanowire de�ection at the y position and I is the second moment

of area which depends on the beam geometry. For a hexagonal beam, I is described by

Equation VIII.8.

I =
5
√

3

16
a4 , (VIII.8)

where a is the side length of the hexagon which is equal to the radius of the circumscribed

circle, i.e. the nanowire radius.

The nanowire de�ection, ∆y, can be experimentally deduced by determining the nanowire

position in the trace and retrace images shown in Figure VIII.22, and dividing the image

shift by two. Note that several parameters such as an asymmetrical tip shape or di�erence

in the piezo-scanner trace and retrace displacement can also induce a shift between the trace

and the retrace images. Nevertheless, the bending simulation in Figure VIII.17 suggests

that the nanowires can be easily bent, thus an important lateral force (Flat > 100 nN)

should be visible and be roughly approximated.

50 nm

0

60 nm

23 nm 23 nm

b)

d)

-Fy

Scan

Trace

Retrace

Scan

+Fy

a)

c)

Figure VIII.22: a) and b) Nanowire de�ection during the trace and corresponding topo-
graphic image. c) and d) Nanowire de�ection during the retrace image and corresponding
topographic image di�erence between trace and retrace position gives an information of the
lateral force applied on the wires.

In most of the topographic images of our reference GaN wires (L = 600 nmD = 25−40 nm),

the trace/retrace di�erence is around 20-40 nm, which corresponds to a bending of 10-

20 nm. By using C11 = 390 GPa along the y-direction and assuming that it is independent

of the wire diameter [304], the applied lateral force extracted from Equation VIII.7 is in

the range of a few ten to a few hundred nN. Despite taking the highest value of extracted
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lateral force of around 300 nN, the piezo-potential generated in pressing con�guration along

the c-axis of the nanowires remains dominant.

If we come back to the deformation of vertical nanowire in contact mode as the schematic

in Figure VIII.23 the nanowire is bent when the tip starts to touch it, leading to the

establishment of a negative piezo-potential close to the tip as shown in Figure VIII.23.b

(for N-Polar nanowires). Then, the tip passes over the nanowire (Figure VIII.23.b), which

stays bend under compression due to the but the normal force.

At equal force and in our geometry, this potential induced by the normal load is higher

than the one from the bending and becomes dominant. The tip quickly passes from a small

negative piezo-potential to a high positive piezo-potential.

According to this estimation, it is possible that we induce positive and negative piezo-

potential of di�erent intensity and at di�erent positions of the nanowire. Furthermore, a

precise analyze of the force distribution applied to the nanowire shows that the majority of

the load force could be at the beginning oriented parallel to the m-plane of the nanowire,

inducing a large friction e�ect (Figure VIII.23.b). The lateral force bent the nanowire.

Then, at the top of the nanowire (Figure VIII.23.c), the load force is applied perpendic-

ular to the c-plan surface. There might be a small degree of lateral friction force which

contributes to the bending. The question of the e�ect of the capillarity force and adhesion

still remains. Especially, they might keep the bending of the nanowire even after the tip

apex has lost contact with the nanowire.

Scan

Tip

a) b) c)

Figure VIII.23: Schematic of the piezo-voltage induced in scanning con�guration on an N-
polar nanowire, a) the tip starts to touch the wire. Without deformation no potential is created.
b) When the tip start to bend the nanowire, there is an apparition of positive and negative
potential at the top of the nanowire. c) At the N-polar surface, the tip is bent and compress
the nanowire. The piezo-potential is positive and dominated by the compressive stress.

VIII.3.2 E�ect of carrier concentration

In contrast to insulating piezoelectric materials, the output voltage from piezoelectric semi-

conducting nanowires is a result of a competition between piezoelectrically generated ionic

charges and free charges. There were several studies on the carrier concentration e�ect on
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piezo-potential in nanowires either by using conducting-SFM on single nanowires or mea-

suring on nanowire encapsulated with top and bottom electrodes. For examples, free elec-

trons and ionized donors should compensate the generated positive and negative piezopo-

tentials, respectively. The higher number of free carriers would cause stronger screening

e�ect, which �nally diminish the output voltage. This behavior was observed from the mea-

surements on nanowire ensemble [72, 305, 306]. In addition, the charges from adsorbed

layers [307, 305] or the photogenerated charges [308, 309] could also modify the piezoelectric

potential either by enhancing or suppressing the screening e�ect in the nanowires.

All those experiments suggested that to reach high piezo-potential from the wires at the ma-

terial limit, the nanowires must be depleted and/or the screening e�ect must be suppressed.

This principle can be used for improving the output signal of nanowire nanogenerator [305]

and gas/liquid sensors [307].

Interestingly, it was reported that no reversal in polarity of the output voltage from en-

capsulated nanowires was observed when the doped nanowires was changed from n- to

p-type nanowires [310]. The authors suggested that the piezo-potential distribution is de-

termined by the crystal orientation, and not by the type of majority carriers. Free charges

only screen the piezopotential at their corresponding contacts, which can not change the

direction of the electron �ow through the external circuit. Voltage generation in this case

was explained by `capacitive model' (Chapter I and Section VIII.2.3). Unlike the results

from conducting-SFM on single nanowires, the sign of the output signal depends on the

type of majority carriers [47, 310, 293]. Pradel et al. attributed this inconsistency to the

di�erence of piezopotential distribution in these two scenarios. The sign inversion of the

output signal due to the type of free carriers and the origin of the signal were described by

`Schottky model' (Chapter I and Section VIII.2.1).

The e�ect of free carriers was also considered as the reason for the variation of the out-

put voltage signal from di�erent III-N nanowires, such as AlN, GaAlN, GaN and InN

nanocones and nanorods, grown along the +c axis [306]. An increasing output was found

in a sequence of AlN, AlGaN, GaN, and InN wires, corresponding to an increasing number

of free electrons. The authors ascribed those results to the optimum carrier concentration

required to maximize the output voltage. If the carrier density is lower than the optimum

one, despite the absence of screening, the high internal resistance of the nanowires prevents

the current �ow to external circuit such as in AlN nanowire nanogenerators. In contrast,

the high free carrier density would screen piezoelectric charges, thus decreasing the output

voltage.

The results in literatures indicate that the signal from conducting-SFM measurements of

single nanowires and the one from the encapsulated nanowire ensemble might have di�erent

origins. We suspect that the former one might not directly caused by piezoelectric e�ect

in material as will be discussed later.
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VIII.3.3 Signal detection electronics

In this section, we present the equivalent circuit of piezoelectric element integrated with a

detection circuit. This information of electrical characteristic of the whole system would

help for better understanding the origin of the electrical signal obtained from piezoelectric

semiconductor nanowires which is crucial for nanopiezotronic �eld.

There are two common modes used for measuring piezoelectric signal. The �charge� mode

is a detection of the free screening charges, in principle the complementary of the piezo-

charges. It is performed via the measurement of the voltage generated by these charges in

an known load capacitance. This mode based on the charge of a capacitance is especially

suitable for high piezo-coe�cient materials like PZT. The �voltage model� or �current mode�

is the detection of the �ow of free electrons generated to screen the piezo-charges. It is

performed via the measurement of the voltage generated by the �ow of current through

an known load resistance. This mode is preferred for low piezo-coe�cient materials such

as quartz or GaN. The detection circuits are shown in Figure VIII.24. In charge mode

compared to voltage mode, the load resistance is simply replaced by a load capacitance.

By this modi�cation the charges stored in a capacitance are measured instead of a voltage

drop across a load resistance.

Then, two types of detection can be used for each mode.

In Bu�er con�guration, the measurement line is connected to the non-inverting input of

the operational ampli�er (op-amp). Because the op-amp has very high input impedance, it

decouples the measured device from the detection system, or behaves as a bu�er between

the two systems. In Figure VIII.24.b with a gain of 1 for the op-amp the output voltage

corresponds to the voltage drop across the load resistance: Vout = iinRL.

In transimpedance con�guration, the load resistance (or capacitance in charge mode)

is put in parallel with the op-amp. The signal is sent to the inverting input of the ampli�er

which is virtually ground. The output voltage only depends on the input current iin and

the feedback resistance Rf : Vout = iinRf with an op-amp open loop gain of 1. This

transimpedance con�guration is particularly useful if the device under test has a high

capacitance. In bu�er con�guration, the device capacitance Cd and the load resistance

form a �lter with a time constant τ = CdRL. If a high load resistance is used in order to

operate at high gain, the time constant of the setup would be large. The transimpedance

circuit allows combining high device capacitance and high gain (high Rf ) with a fast

response.

In our case, and because the number of charge and the exact behavior of these ones is

unknown, we prefer to use a current ampli�er to be able to detect even very small pulse of

current induce by a very small number of charges.

For our experiments of conducting-SFM, two types of voltage ampli�ers with the following

speci�cations are used.
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Figure VIII.24: Equivalent circuit of a piezoelectric element with generated charges Q
charges, and a parasitic capacitance (CP ) in di�erent measurement con�gurations. a) Charge
bu�er con�guration named Sawyer-Tower. Since the CL has to be much lower than the de-
vice capacitance, this circuit is not adapted to low charge quantity, i.e. low piezocoe�cient
materials. Parasitic capacitance has to be negligible. b) Current bu�er con�guration. As in
Sawyer-Tower, the parasitic capacitances are a critical parameter since the measured voltage
line could not be at the same value of the ground potential. c) Transimpedance charge method
named electrometer is particularly used. The parasitic capacitances are shunted since the mea-
sured line is at the virtual ground. Nevertheless the minimum number of detectable charges is
de�ned by the lowest possible value of the feedback capacitance. d) Current transimpedance
method named nanoammeter has the advantage to have a very high gain with a large feedback
resistance. It is used in scanning tunneling microscope (See C. J. Chen book [184]).

1. DLPVA-100-FS is a voltage ampli�er from Femto. This ampli�er has a variable

gain from 20 to 80 dB, high operation bandwidth of 1 to 100 kHz, a large input

impedance Rin = 1 TΩ, an input capacitance of Cin = 18 pf and an input bias

current IB = 1 pA. This ampli�er operates in a bu�er con�guration.

2. ADA4530-1R-EBZ Bu�er is a high performance and low noise ampli�er from

Analog Devices. This ampli�er has an input impedance Rin > 100 TΩ, a low input

bias current IB = ±20 fA, an input capacitance Cin = 8 pf. In our experiments, this

ampli�er is used in a voltage mode in a bu�er con�guration. Here, RLoad = 1 GΩ

was used, reducing the detection bandwidth down to fc = 1/(2πRLCC) ≈ 10 Hz.

Note: Because the parasitic cable capacitance CP and the input capacitance Cin of the

ampli�er are in parallel, a total capacitance is then the summation of these two (CT =

CP + Cin). This total capacitance is mainly dominated by the cable capacitance and is

named CC in the experimental part.
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VIII.4. Our conducting-SPM on vertical nanowires

Tips Coating Radius (nm) k (N/m) Cone angle Topography Electrical
CDT-FMR Diamond 100 5.8 22.5◦ + +
CDT-NCHR Diamond 100 52 22.5◦ - ++
DDESP-FM Diamond 150 15 22.5◦ - +
HQ-CSC Au 35 0.18 40◦ + ++

HR-EFM-C0.7 Pt 25 0.7 12◦ + +
HR-EFM-C3 Pt 25 3 12◦ ++ +
EFM-SPL Pt/Ir 25 5.5 - - ++
PPP-EFM Pt/Ir 25 2.8 22.5◦ ++ ++
EL-HAR5 Metal carbide 50 3 10◦ ++ +

Table VIII.3: Summary of the SPM tip used for conducting-SFM scanning in a contact mode
on vertical nanowires.

VIII.4 Our conducting-SPM on vertical nanowires

VIII.5 Choice of the cantilever tip

At the beginning of our conducting-SFM measurements on vertical nanowires, several

types of SPM tip/cantilevers were tested to �nd the one that can provide a representative

topographic image in a contact mode and can simultaneously detect the electrical signal

from the bent vertical nanowires. The correlation between the electrical signal and the

position of the nanowires is necessary for determining the origin of the signal. Table VIII.3

summarizes the characteristics of those conducting-SFM tip/cantilever which were tested

in this study.

The cantilever sti�ness is a critical parameter for SFM measurements in contact mode

on �exible materials. It is usually di�cult with a sti� cantilever to obtain a topographic

images in contact mode as illustrated in Figure VIII.25. We found that the most adapted

SFM cantilever-tips are PPP-EFM of Nanosensors coated with Pt/Ir and having a tip

radius of around 25 nm and a spring constant of 3 N/m. Au coated tip such as HQCSC17

from MikroMasch could also provide promising results but less robust than the Pt coated

or Pr/Ir coated ones. The diamond cantilever-tips with their large diameter generate an

image dilatation artifacts for imaging small scale nanowires.

1 µm
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0

1.2 µm

1 µm

b)
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1.6 µm c)

1 µm 0

1 µm

Figure VIII.25: Topography of vertical nanowires with di�erent SPM cantilever tips: a)
DDESP-FM (15 N/m), b) HR-EFM-C0.7 (0.7 N/m) and c) HR-EFM-C3 (3 N/m).

In addition, our experiments reveal that the nanowire geometry is also important for
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conducting-SFM of nanowires. Since the long wires are more �exible, it is hard to ac-

quire topographic images without any artifacts. The sample E-2406, GaN nanowires with

the length and the diameter of around 500 nm and 50 nm, respectively and the density of

1010 cm−2, seems to be a promising for conducting-SFM measurements.

VIII.5.1 Current versus voltage characteristics on single nanowires

The eletrical characteristic of III-N nanowires were studied by I-V measurements per-

formed on vertical nanowires such as insulating AlN, undoped GaN, Si doped GaN and

InN nanowires grown on highly n-doped Si substrate. The conductive SFM tips such as

Pt or Pt/Ir (5%) coated Si tips were used for applying a voltage bias on the nanowires.

I/V measurements were performed by contacting the tip mechanically on the top of verti-

cal nanowires, Figure VIII.26 shows I/V curves of conductive InN nanowires (blue curve),

Si-doped GaN nanowires (red curve) and undoped GaN nanowires (black curve). The

nonlinear I-V characteristic suggests the formation of the Schottky barrier at the metal-

semiconductor interface; that is, the tip-nanowire contact. The conduction band discon-

tinuity between GaN nanowire and Si substrate is considered as negligible due to the

0.05 eV di�erence in electron a�nity [291], i.e. the top Schottky contact is dominant. For

n-type GaN nanowires, the forward regime appears when a negative bias was applied on

the semiconductor and the turn-on voltage as well as the current strongly depend on the

donor concentration. In AlN nanowires, the I-V measurements show that the nanowires

are highly insulating.
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Figure VIII.26: Current versus voltage curves measured by using conducting-SFM and a
Keithley 2636 B on di�erent types of vertical nanowires, such as InN (the blue curve), Si-doped
GaN (the red curve) and undoped GaN (the black curve). The right panel is a zoom-in I-V
characteristic of undoped GaN nanowires.

The resistances of these nanowires in forward bias regime are summarized below.

GaN (E-2406) n-GaN (E-2458) InN (E-1926) AlN (M-2854)

RNW (Ω) 130 M 2 M 1.6 M >50 G
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VIII.5. Choice of the cantilever tip

VIII.5.2 Our nanopiezotronic measurements

VIII.5.2.1 E�ect of parasitic capacitance on detected signal

The parasitic capacitances; in particular, the cable one, besides the cantilever capacitance,

could play a signi�cant role on the signal characteristic. Figure VIII.27.a shows the equiv-

alent circuit of the setup that imitated conducting-SFM measurements on the nanowires

with di�erent cable capacitance. A square shape voltage signal was applied through a

resistance Rin = 10 GΩ on a gold-coated substrate and was detected through RL by

ADA4530-1R-EBZ in a bu�er con�guration in voltage mode with a unity gain. The 10

cm or 3 m coaxial cable were connected between the SFM-tip to the ampli�er. Typically,

the cable capacitance is in the range of 50-100 pF/m. When the tip is in contact with

a gold-coated substrate, it would act as a switch which connects the voltage bias to the

detection system. The voltage at the input of the ampli�er is determined by Vbias · RL

RL+10 GΩ

which is equal to 0.182 V when a voltage of 2 V is applied.
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Figure VIII.27: a) Equivalent circuit of the setup for investigating the e�ect of cable capac-
itance. b) and c) the decay of the signal as a function of time measured by using a 10-cm and
3-m coaxial cables, respectively. The e�ective capacitance of the setup are analyzed.

Figures VIII.27.b and VIII.27.c are the output voltage (the black curve) plotted together

with the applied one (the red curve) as a function of time when using two di�erent cable

length; as a consequence, cable capacitance. The maximum value of Vout is 0.187 V which is

consistent with the value derived from the equivalent circuit. The decay time is τ = 18.5 ms

in Figure VIII.27.b, corresponding to an equivalent capacitance of the setup (Ceq) of 20 pF.

This value is coherent with the one of a 10 cm-coaxial cable together with an 8 pF of the

ampli�er input capacitance. For a 3-m coaxial cable, the maximum output voltage is

similar, but the decay time increases to 307 ms, providing a capacitance value of 337 pF

which is in agreement with a 3-m cable (300 pF) and the input capacitance of the ampli�er.

In this case, the equivalent capacitance is fully dominated by the cable capacitance.
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Chapter VIII. Origins of the charges generation from III-N nanowires

The same protocol was applied but the ampli�er was changed to DLPVA-100-FS. The 30-

cm coaxial cable was used for connecting connect the ampli�er with RL = 10 GΩ which is

connected to the SFM-tip by the 20-cm cable. The extracted capacitance from the decay

time is 130 pF, attributed to the higher input capacitance of this ampli�er together with

the additional cables.

DLPVA ADA 4530 ADA 4530

(50 cm cable) (20 cm cable) (3 m cable)

CC 130 pF 20 pF 340 pF

VIII.5.2.2 E�ect of ground di�erence on detected signal

This section presents signal artifacts that are generated from the ground di�erence in

conducting-SFM setup. Typically, the studied samples were attached to an SFM stage,

which is connected to a virtual ground given by the SFM controller. The samples were

scanned by a conducting-SFM tip which is connected to a signal ampli�er in detection

electronics. It is possible to have a di�erent potential between the SFM controller and the

detection system. As presented in the next sections, the artifact corresponding to voltage

ground di�erence could mislead the signal interpretation.

RloadCC

RC

Nanowire/Tip

ΔGND

VOut

Vamp

+

Figure VIII.28: Equivalent circuit of our setup showing a ground di�erence between the
sample and the ampli�er.

Approach-retract experiments a gold-coated sample

Firstly, we performed an approach retract experiment on a gold-coated substrate placed

on the SFM stage, whose equivalent circuit is shown in Figure VIII.28. When the switch

is 'on' the tip is in contact with the Au coated substrate, while it is in 'o�' state, when

the tip is out of the contact. The contact resistance RC between the metallic tip and the

Au coated surface is lower than the RL = 1 GΩ. Figure VIII.29.a is an approach retract

curve (black line) and a corresponding output voltage from ADA4530 ampli�er (red line),

showing a constant output voltage of 12 mV when the tip is in contact with a gold surface.

This detected voltage is caused by the ground di�erence between the ampli�er and the

SFM stage. There is no curve showing the decay of the signal, the x-scale is not the time

but rather distance. No information to cross check the reported value. No information

about cable length. In order to set the sample and the detection ampli�er at the same

ground, we attached the gold coated substrate on a separated sample holder that is isolated
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Figure VIII.29: Approach retract curves performed on a gold coated substrate with ADA
4530 ampli�er when a) the ground di�erence is present, and b) the ground di�erence is sup-
pressed by connecting of the sample holder with the one of the ampli�er. Similar behavior was
observed in the same measurement protocol which uses by using the DLPVA-100-FS voltage
ampli�er.

Rload = 1GΩ Rload = 100MΩ Rload = 10MΩ
V exp
out 6.3 mV 6.3 mV 5 mV

Table VIII.4: Signal amplitude from InN nanowires using di�erent load resistance

from the SFM stage. This holder is directly connected to the ground of the ampli�er.

Figure VIII.29.b reveals that the output signal is always zero, during the approach retract

of the SFM tip. These two con�gurations suggest that the potential di�erence between

the ground of the SFM stage and the detection ampli�er could lead to a detectable signal

when the tip is in contact with the sample without any external bias. Such an artifact

signal can easily be misinterpreted as a nanopiezotronic e�ect.

Conducting-SFM scanning on InN nanowires

To show that this ground di�erence can induce electrical spikes during conducting-SFM

scanning on the nanowires, we performed the conducting-SFM on conductive vertical InN

nanowires on attached on the SFM stage. The topographic image and corresponding

electrical output are shown in Figure VIII.30.a, revealing that the electrical spikes are

located at the nanowires. Once the ground di�erence is diminished, no electrical spikes

were observed. These results con�rm that the origin of these spikes is the ground di�erence.

The output voltage was measured through the load resistance of 10 MΩ, 100 MΩ and 1 GΩ

by DLPVA-100-FS ampli�er. As shown in Figure VIII.30 and Tables VIII.4 and VIII.5,

the signal characteristics such as the amplitude and the decay time show a dependency

on the load resistance. The maximum signal obtained at RL = 1 GΩ is 6.3 mV. On the

other hand, the decay time cannot be extracted from this image because the signal does

not reach the saturation.

The equivalent electrical circuit of the setup which can describe the observed electrical

characteristic is shown in Figure VIII.31. The nanowire is represented via a voltage gener-

ator VP and a resistance RNW . The ground di�erence is written with ∆GND. The contact

Rload = 1GΩ Rload = 100MΩ Rload = 10MΩ
τ exp > 60 ms 20 ms 2.5 ms

Table VIII.5: Signal decay time from InN nanowires using di�erent load resistance
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Rload=10MΩ200 nm

130 nm

0 0

5 mVa) b)

6.3 mV

0
Rload=100MΩ

c) d)

Rload=1GΩ

6.3 mV

5.6 mV

Figure VIII.30: a) Topographic image of InN nanowires obtained by conducting-SFM in a
contact mode and b),c) and d) the corresponding output voltage signal measured on di�erent
load resistances i.e. 10 MΩ, 100 MΩ, and 1 GΩ respectively.

between tip and sample is modeled as a switch while the detection setup is represented via

a cable capacitance CC , a load resistance RL and an ideal ampli�er. When the tip is in

contact with the nanowire, the switch is 'ON', then the output voltage becomes:

V DC
out = RL

RL+RNW
Vin with Vin = VP + VGND

Rload
CC

RNW

ΔGND

VP VOut

Vamp

+

Nanowire/Tip

Figure VIII.31: Equivalent circuit of the setup with InN nanowires, in presence of the ground
di�erence between the sample and the ampli�er.

From the I-V characteristic of InN nanowires shown in Figure VIII.26, the resistance of the

nanowires including the contact resistance is around 2 MΩ, which is much less than the load

resistance of 1 GΩ. The maximum signal is therefore about 6.3 mV and the output voltage

obtained from di�erent load resistance is shown in Table VIII.6, which is coherent with the

experiments values in Table VIII.4. Once the tip is out of contact from the nanowire, the

charges previously accumulated in CC are released, giving the signal with the decay time

as:

τ = RLCC (VIII.9)
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VIII.5. Choice of the cantilever tip

Rload = 1GΩ Rload = 100MΩ Rload = 10MΩ
Vout(Vin = 6.3 mV) 6.3 mV 6.2 mV 5.2 mV

Table VIII.6: Amplitude determine from voltage divider for RNW = 130 MΩ and di�erent
load resistances.

According to this model, the corresponding cable capacitance given by Equation VIII.9 for

RL = 10 MΩ and 100 MΩ is CC ≈ 200 pF which in the same order of magnitude of the

value extracted previously.

In absence of ground di�erence, these approach-retract experiments or the scanning conducting-

SFM on InN nanowires show no signal, con�rming that a ground di�erence could generate

the electrical spikes which can be misinterpreted as piezo-potential signal.

We further our experiments by performing the approach retract measurements on the top

of vertical InN nanowires attached on the SFM stage, implying the ground di�erence. As

shown in Figure VIII.32, the output signal of 16 mV was detected when the tip is in contact

with the nanowires, while this signal vanishes once the tip is out of contact. The output

signal is varied with the detection ampli�er. The signal characteristics are similar to the

ones reported by Xu et al [6]. In that paper, the sign of the output voltage was also

inconsistent with the polarity of the nanowires. For these reasons, we suggested that those

signals observed in ref [6] are rather from the ground di�erence between the tip and the

substrate holder, but not from a piezo-potential generated from the bent nanowires.

Figure VIII.32: Approach retract curve performed in presence of a ground di�erence of
approximatively 16 mV on InN nanowires with a load resistance of 100 MΩ by using DLPVA-
100-FS ampli�er.

In scanning con�guration, Figure VIII.33 shows the conducting-SFM measurements on InN

nanowires detected by using the ampli�er of the Input1 of Nanoscope V. In this particular

case, the ground di�erence is up to 150 mV. The detected signal increased as a function
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Chapter VIII. Origins of the charges generation from III-N nanowires

of applied force and saturated at around Vdiff , which can be explained by the improved

electrical contact between the tip and the nanowires.
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Figure VIII.33: The correlation between a) topography and b) voltage of InN nanowires,
as well as c) the voltage as a function of the applied force when the Nanoscope V ampli�er is
used.

We also performed the approach-retract measurements on undoped GaN, Si-doped GaN

and AlGaN/GaN nanowires which are attached to the SFM stage, implying the existing

of the ground di�erence. The amplitude of output signal decreases in a following sequence

from InN, Si-doped GaN, and undoped GaN nanowires. For Al0.9Ga0.1N/GaN nanowires,

the output voltage was not detected. This behavior can be described by the equivalent

circuit in Figure VIII.31. The high resistance nanowire causes an open circuit, preventing

the ground di�erence to charge CC . By decreasing the resistance of the nanowires, the

input voltage follows the Vin = Vdiff
RL

RL+RNW
, where the maximum output signal of Vdiff

can be reached when RNW is minimum. This variation of the output signal as a function

of the nanowire resistance is similar to what was reported by Wang et al [311]. For us, the

origin of the signal in that work remains unclear.

VIII.5.3 Proposed model of equivalent electrical circuit for conducting-

SFM signal from single nanowires

A piezoelectric material is described either as a voltage ideal source which biases a ca-

pacitance in series and therefore induces charges at its terminals or as an ideal charge

generator with a capacitance in parallel (see Figure VIII.13). In both cases, it is at the

end the free charges of the metallic connectors which are driven in the detection circuit

by the �x piezo-charges represented by these two equivalent circuits. Furthermore the use

of a capacitance appears as a common element to describe the behavior of a piezoelectric

material.

Nevertheless from our comments on the nanopiezotronic literature (section VIII.1.1), the

capacitive approach presented as the latest possible model describing the nanopiezotronic

signal is unlikely: even with a several Volt of piezo-voltage, i.e. without internal nanowire

screening, the quantity of attracted free charges from the connectors are still order of

magnitude too small in respect to the gain and bandwidth of an electronic detection as

well as the maximum applied force load and speed of solicitations. Giant piezoelectric
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e�ect or the aspect ratio of the nanowire on the calculated capacitance would not change

drastically this conclusion.

For instance, during this PhD work, approach-retract experiments on the top of the

nanowires were performed at di�erent forces, scan rate, and samples like AlN. The output

voltage were always silent even at high forces (up to 2 µN) or di�erent speed (up to 10 Hz).

Preliminary tests using a very high gain ampli�er as developed by A. Gomez et al. [262]

seem to con�rm this tendency. GaN nanowire can be viewed as a high impedance device

and in general it is di�cult to probe such a system. The DC detection is in this case pre-

ferred to the AC in order to avoid the e�ect of capacitance. With insulator piezoelectric

system, the DC term is cutting o� by the unavoidable RC �lter. Furthermore gain and

bandwidth of the detection electronic are complementary: increase the gain will automat-

ically reduce the bandwidth. To be directly sensitive to the piezo-charge of a few pm/V

piezoelectric material under tens of micro-Newton load, the bandwidth is as low as 1 Hz.

A fast and large vertical mechanical solicitation proceeded via a PeakForce system with a

'clean' and high bandwidth detection might challenge to obtain a capacitive piezo-signal

from GaN nanowire. It is currently under test.

In the usual nanopiezotronic con�guration and considering the model using a passing cur-

rent, the piezoelectric element is simulated by an ideal piezo-voltage source powering an

intern resistance. Such an approach will indeed �t to our own conducting-SFM measure-

ments (see next sections) proceeded with proper ground connection and by testing the

intrinsic origin by exchanging the tip-sample connection. As an important point, if the

intern resistance of the nanowire is lower than the load resistance, as in a good voltmeter

con�guration the voltage measured by the bu�er ampli�er through the load resistance

should correspond to the ideal voltage source. This process supposes that the produced

current by the piezo-element is large enough. With only a few generated free screening

electrons, the process rate should larger than 1 kHz to produce a signi�cant/detectable

femtoAmpere current. In mesoscopic physic, following the Landauer approach, a volt-

meter measures a di�erence of electrochemical potential. It is indeed that a unit number

of charges at the top of a nanowire will bring enough energy to change the electrochemical

potential of a large electronic detection system.

In contrary if the intern resistance is much higher than the load resistance, such a divider

con�guration should avoid to obtain the correct internal voltage then the source circuit be-

haves as a current generator (i.e. providing a �x current independent of the load resistance

value) and the resistance load coupled to a bu�er voltage ampli�er is as an nano-ammeter.

The selection of a voltage source and a resistance to simulate the measured signal is not

harmless. It means that the nanowire impedance should behave more as a resistance than

a capacitance. The Schottky e�ect seems therefore to not be a determinant ingredient

and the oxide layer under tip contact should be a resistive part. Di�erent scenarios for

the physical origin of the charges can be proposed. By looking to the external screening
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charges like the doping charges are order of magnitude more important than the piezo-

charges. They represent a better candidate. In this case, these charges are not passing

through the nanowire but their qunatity would depend on the doping level. The intern

source of voltage can be due to an unscreened piezo-voltage but also from a simple variation

of the CPD during the approaching of tip near the nanowire surface. This latter picture

was di�cult to test since the voltage compensation of the CPD behaves as a DC voltage

bias as soon as tip touch the nanowire.

When the nanowire is measured by conducting-SFM under scanning, the whole system

can be modelled as a signal generator in connection with a detection circuit through a

switch. The nanowire is viewed as a charge generator, while the detection system consists

of a contact resistance, a load resistance, a cable capacitance and an ampli�er. The switch

represents the contact between the tip and the nanowire. When the tip is in contact with

the nanowire, the switch is 'ON', and the switch is `OFF' when the tip and the nanowire

is out of contact. In the 'ON' state, the generated charges (either from piezoelectric e�ect

or other origins) would de�ned the potentials on CC and RL.

Without considering the generator, the circuit is viewed as a low pass �lter, in which the

signal with the frequency less than the cut-o� frequency, could pass through the ampli�er.

The transfer function H is represented as follow:

H =
RL

RL +RNW + jωCCRLRNW

, (VIII.10)

and

|H(ω)| =
∣∣∣∣VoutVin

∣∣∣∣ =
√
H(ω)H(ω)∗ =

RL

RL +RNW + ωCCRLRNW

. (VIII.11)

where H∗ is the complex conjugate of H. The gain of the circuit G in dB:

GdB(ω) = 20log10(|H(ω)|). (VIII.12)

Rload
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Nanowire/Tip

+ +

Charge

Signal

VP Rload

CC

RNW
++++
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VP

a) b)

+
Vamp

+

VOut

Nanowire/Tip

Figure VIII.34: Equivalent circuit of the setup where the nanowire is viewed as a leakage
resistance, the Schottky contact is seen as an open switch and a resistance. a) When the tip
/ wire contact is closed the signal is detected and the cable capacitance is charged. b) When
the contact is lost the circuit is modify and the capacitance is discharged.
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The cut-o� frequency of this low pass circuit is

fc =
1

2πReqCC
and τ =

1

2πfc
= ReqCC , (VIII.13)

where Req is the equivalent resistance of the setup given by the following equation:

Req =
RLRNW

RL +RNW

(VIII.14)

In a following, di�erent signal that can be detected from nanowires during the conducting-

SFM scanning are described.

DC signal

This scenario is identical to the case in which the nanowires are attached to the sample

holder that have the ground di�erence from that of the ampli�er (see section VIII.5.2.2).

When the tip is in contact the nanowires, when the generated potential is a DC signal or

a signal decay time is larger than the time that the tip stays intact with the nanowire,

Vin = VL can be directly extracted from the DC gain of this circuit, which is given by

Equation VIII.12 when ω → 0:

V DC
out =

RL

RL +RNW

Vin , (VIII.15)

and remains constant during the time of contact as shown by the approach retract exper-

iments of InN nanowires in section VIII.5.2.2. The amplitude of the VL does not depend

on the CC and it can approach the generated value by increasing RL.

Once the tip is out of contact from the nanowire (Figure VIII.34), the voltage source is

disconnected to the detection circuit, or the switch is at 'OFF' stage. The signal decay

time is then determined by RLCC.

In this case, Vin = VL cannot be directly extracted from Equation VIII.15, but it would

decrease at larger CC and higher frequency (Equation VIII.11). In addition, when the

frequency of the generated signal is higher than the cut-o� frequecy of the low pass �lter,

it would not be detected. The table below presents the output voltage signal and the

cut-o� frequency, assuming RNW = 100 MOhm, Vp = 1 V and CC = 100 pF.

Rload 1GΩ 100MΩ 10MΩ

V DC
out 0.91Vin 0.5Vin 0.091Vin

Req 90,9 MΩ 50 MΩ 9.09 MΩ

fc 17.5 Hz 31.8 Hz 175 Hz

Although large RL could increase the output voltage, it reduces the cut-o� frequency or

the bandwidth of the setup. This characteristic is not suitable if the signal of interested

has a spike feature. Lowering CC might be more promising, but it remains challenging to

reach a few pF range.
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VIII.5.4 Conducting-SFM under scanning with GaN nanowires

In this section, c-SFM scanning were performed on undoped and Si-doped GaN nanowires.

Here, the ground di�erence was removed out of the circuit, thus the detected signal is likely

to originate from the nanowires. The results were analysed by using our proposed model

in a previous section.

VIII.5.5 Undoped GaN nanowires (E-2406)

The electrical signal was detected by DLPVA-100-FS ampli�er by using di�erent load

resistances. Figure VIII.35 shows the topographic image and the corresponding electrical

signal measured on RL of 1 GΩ, 100 MΩ, and 10 MΩ, respectively.
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Figure VIII.35: Conducting SFM scanning images without any external bias from undoped
GaN nanowires. The measurements were done with the DLPVA-100-FS ampli�er. The sample
was placed on the holder which was connected the ground of the ampli�er. a) The topographic
image. b),c) and d) The corresponding signal measured on the load resistance of 10 MΩ, 100
MΩ, and 1 GΩ at 100 nN normal force and a scan rate of 1 Hz while the scan rate is set to
0.2 Hz for RL = 1 GΩ. e) Normalized signal decay over the time in semilog Y scale of each
con�gurations and the corresponding time constant. The dashed line indicate the amplitude
reach after a time τ .

The signal amplitudes and the decay times were extracted and summarized in Tables VIII.7

and VIII.8. Table VIII.7 shows that the decreasing amplitude as a function of a load

Rload = 1GΩ Rload = 100MΩ Rload = 10MΩ
V exp
out 70 mV 34 mV 6 mV

Table VIII.7: Amplitude measured on GaN nanowires for di�erent load resistance

Rload = 1GΩ Rload = 100MΩ Rload = 10MΩ
τ exp 146 ms 14 ms < 3 ms

Table VIII.8: Time constant measured on GaN nanowires for di�erent load resistance
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resistance, following Equation VIII.15. By using the value from RL = 100 MOhm and

10 MOhm, the extracted nanowire resistance is around 125 MOhm, and Vin is around

80 mV. The decay time in Table VIII.8 seems to follow RLCC. The extracted cable capac-

itance in the range of 120-160 pF are consistent with the value of the cable used in the

experiments.

As discussed previously that to detect the AC signal by this detection circuit, the output

signal is sensitive to CC. The larger CC could reduce the output signal amplitude and

extend its decay time. Figure VIII.36 shows the output voltage from conducting-SFM

scanning on undoped GaN nanowires by using di�erent cable capacitance, while �xing RL

at 1 GOhm.

 400 nm
0 mV

32 mVb)

400 nm

a)

0 mV

150 mVCC~20 pF CC~60 pF

Figure VIII.36: Output voltage obtained by conducting-SFM on GaN nanowires E-2406 with
ADA 4530 voltage ampli�er (RL = 1 GΩ) using a) a 10 cm cable or b) a 50 cm cable.

Rload = 1 GΩ, 10 cm cable Rload = 1GΩ, 50 cm cable

τ exp 19 ms 58 ms

Vout 150 mV 32 mV

The electrical signal; in this case, is detected by ADA 4530 ampli�er which has low noise,

low input bias current, high input impedance and low input capacitance (see Speci�cations).

The ampli�er was mounted close to the tip via a cable of 10 cm or 50 cm. The table in

Figure VIII.36 shows that, the 10-cm cable provides a higher signal amplitude up to 150

mV with the decay time of about 19 ms, while the longer one gives the maximum amplitude

of 32mV with the decay time of 58 ms. From the decay time, the corresponding CC is 20

pF for 10 cm cable, consistent with the measurements in section VIII.6.2, and 60 pF for a

50-cm one. In comparison to the results measured by DLPVA-100-FS, we obtained higher

amplitude and shorter decay time from the same sample (E-2406) and load resistance

(1 GOhm).

VIII.5.6 Si-doped GaN nanowires (E-2458)

Here, we performed scanning conducting-SFM on Si-doped GaN nanowires by DLPVA-

100-FS ampli�er with RL=1 GOhm. Figure VIII.37 shows the topographic image and the

corresponding electrical signal, revealing that the signal of 170 mV which is higher than the
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Rload=10MΩ400 nm

55 nm
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9 mVa) b)
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c) d)

Rload=1GΩ

170 mV

0

Figure VIII.37: Conducting-SFM without external apply bias on n-doped GaN nanowires
E-2458, the measure is done with the Femto voltage ampli�er and the sample is placed on the
special sample holder to avoid ground di�erences. a) show the topographic image, b),c),d)
the piezo-signal obtain for load resistance of 10 MΩ, 100 MΩ, and 1 GΩ at 100 nN normal
force and a scan rate of 0.25 Hz.

one of undoped GaN nanowires with the same measurement conditions (Figure VIII.35.d).

The decay time of 160 ms gives the CC of around 160 pF, agreeing with the value of our

cable capacitance.

0.3 V

-0.3 V500 nm

b) 0.1 V

-0.1 V

d)

Rload VOut

Vamp
CC

Tip

NW

a)

Rload VOut

Vamp
CC

Tip

NW

c)

Figure VIII.38: Conducting SFM without external apply bias on n-doped GaN nanowires
E-2458, with the ADA 4530 voltage ampli�er (RL = 1 GΩ) in two di�erent con�gurations.
a), c) Electrical circuit of each con�guration, in the second one the tip is connected to the
ampli�er reference and the sample backside to the detection input. b), d) Piezo-signal obtain
for each con�gurations.
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VIII.5. Choice of the cantilever tip

Con�guration (a) Con�guration (b)

Rload 1 GΩ 1 GΩ

τ 21 ms 66 ms

Vout 300 mV 100 mV

In order to rule out that the detected signal is generated by the input bias current of the

ampli�er, two measurement con�gurations were compared. The �rst one in Figure VIII.38.a

is the standard one in which the SFM tip is connected to the ampli�er input and the

sample is grounded, while the reversed con�guration is shown in Figure VIII.38.b. The

output obtained from those two cases have an opposite sign, ruling out the signal from the

input bias current which should remain the same sign in both con�gurations. In addition,

the detected signal responds to the cable capacitance similar to the ones of undoped GaN

nanowires (higher amplitude with shorter decay time in the case of lower CC). The results

also give a consistent value of CC with the same cable length.

The e�ect of scanning parameters on the scanning conducting-SFM of Si-doped GaN

nanowires was also studied. The applied normal force was varied by tuning the can-

tilever de�ection. As shown in Figure VIII.39, the output signal increases with the force

and reaches the maximum value of 310 mV when the normal force is higher than 150 nN.

Moreover, the number of the nanowires that provide a detectable signal also increases. Fig-

ure VIII.39.e reveals that a small signal of less than 20 mV can be found in most wires at

200 nN-normal force. Then, we set a constant normal force at 100 nN, while varied a scan-

ning rate which corresponds to a tip velocity. By lowering the scan speed, more nanowires

give a signal with higher average value as shown in Figure VIII.40. The improved signal by

increasing the applied force and/or decreasing the scan speed is attributed to an improved

tip-wire contact.

VIII.5.7 Conducting-SFM scanning signal from InN and Al(Ga)N

nanowires

We performed scanning conducting-SFM on two other types of III-N nanowires such as InN

and Al(Ga)N nanowires. In both types of nanowires, no signal was observed in scanning

c-SFM in any con�gurations.

From the I-V characteristic measured by Pt-coated SFM tip in section VIII.6.1, the InN

nanowires are conductive attributed to the electron accumulation at the surface and high

number of free electrons. The I-V curves indicate that there might be no Schottky barrier

formation at the Pt/InN interface. Di�erently, AlN nanowires and AlGaN/GaN nanowires

are insulating; that is, no detectable current with the voltage bias up to 10 V.

The absence of the signal; in particular, from AlN nanowires suggests that those electri-

cal spikes found in conducting-SFM scanning on GaN nanowires might not related to the

piezoelectric e�ect. Otherwise, the insulating AlN nanowires should exhibit a strongest
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Figure VIII.39: Conducting-SFM without external apply bias on n-doped GaN nanowires
E-2458, the measure is done with the ADA 4530 voltage ampli�er (RL = 1 GΩ) and the sample
is placed on the special sample holder to avoid ground di�erences. a) show the topographic
image, b),c) d) the piezo-signal obtain for a normal force of 0, 100,150 and 200 nN at a scan
rate of 1 Hz.

0
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Scan=1 Hz
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Figure VIII.40: Conducting-SFM without external apply bias on n-doped GaN nanowires
E-2458, the measure is done with the ADA 4530 voltage ampli�er (RL = 1 GΩ) and the sample
is placed on the special sample holder to avoid ground di�erences. a) show the topographic
image, b),c) and d) the piezo-signal obtain for a scan rate of 0.5, 1, 2, and 4 Hz at a normal
force of 100 nN.

signal because of its highest piezo-coe�cient and a lower number of free carriers. In addi-

tion, the frequency of the piezo-signal deduced from III-N material parameters is in THz

range, far beyond the cut-o� frequency of the low-pass detection circuit. This information

gives a counterargument on the piezoelectric origin of the signal from GaN nanowires.

Although the origin of the electrical spikes from GaN nanowires is not conclusive, important

information of these signal is summarized in a following:

- The important ingredient to obtain electrical spikes from scanning c-SFM is the

Schottky barrier formation at the tip/nanowire interface.
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VIII.6. Conclusion

- The output voltage seemingly relates with the doping concentration but the Schot-

tky barrier should remain. The Si-doped GaN nanowires, show higher signal with

shorter decay time, while no signal was observed in conductive InN nanowires. This

characteristic can be explained by the reduced RNW in the equivalent circuit.

- From literature, the sign of the output voltage corresponds to the doping type. The

n- and p-type doped nanowires give the signal with opposite sign, which could also

be attributed to the Schottky barrier characteristic. Unlike the piezo-potential which

depends on the material polarity, the presence of majority carrier trapped in the

surface/oxide might be responsible for the sign of the signal.

- The scanning parameters play a signi�cant role on the signal characteristics. Al-

though low scanning rate provides higher signal amplitude, no signal was observed

by using an approach retract of the tip on the top of the vertical nanowires with

a low frequency. From COMSOL simulation, the piezo potential is higher in this

con�guration than the bending one. Possibly, the signal generation occurs when the

tip rapidly detaches from the nanowires.

VIII.6 Conclusion

In this chapter, the signal generation from the nanowires reported by di�erent groups is

reviewed and discussed. We experimentally showed that the electrical spikes observed

during scanning conducting-SFM measurements on nanowires could originate from the

measurement setup. The signal characteristic such as amplitude and decay time are gen-

erally determined by the electrical components in the circuit i.e. load resistance, cables

and ampli�er. To improve the detection ability, it can be done either by increasing RL or

decreasing CC.

While increasing RL, one increasing the detection gain but reducing the bandwidth, de-

creasing CC value could extend the detection bandwidth. The trade-o� between the two

parameters of the whole setup must be optimized and must be well-described, to identify

the signal origin. From our experiments, we deduce that the detected signal from scanning

conducting-SFM originates from the nanowires in the case of GaN nanowires but might

not originate from piezoelectric e�ect. In particular, the absence of the signal from AlN

nanowires could support the interpretation that those electrical spikes might not relate to

the piezoelectric e�ect. Otherwise, the insulating AlN should exhibit a strongest signal.

The major parameter is the Schottky barrier at the tip/nanowire interface.

Further experiments must be performed in order to clarify the real origin of the signal, in

particular, focusing on the metal/semiconductor interface engineering.
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Chapter VIII. Origins of the charges generation from III-N nanowires

� Nanopiezotronic signal should depend on several parameters: nanowire �exi-

bility, piezo-coe�cients, doping level, internal and external screening, applied

load and corresponding contact area, tip-sample interface (M-S versus M-I-S),

heterostructure and electronic detection system.

� Remarks on the main literature concerning nanopiezotronics based a single

piezoelectric semiconducting nanowire show that several results are question-

able and present in general some contradictions to each others. Furthermore,

by considering usual SFM artifacts, it might be di�cult to determine the exact

bending of the nanowires as well as the precise position of the nanopiezotronic

signal. The electrical properties of the tip-sample interface in respect to the ap-

plied force load are usually not well known. The conductivity of the nanowire

is usually unclear, resulting to incertitudes on the quantity of free charges, i.e.

the strength of the screening e�ect and related piezo-voltage. All the param-

eters should determine the electronic measurement setup, which is always not

described in details in the literature.

� The di�erent models used to explain nanopiezotronic signal were reviewed.

None of them are reliable. The modi�cation of the Schottky barrier height by

piezo-charges is only applicable to the piezosensors and cannot explain a gener-

ator behavior. Such a variation rather than a simple band bending modi�cation

could not be strongly established without a discussion on the surface/interface

states and Fermi pinning e�ects. In nanogenerators, the model based on the

M-S interface with a rectifying Schottky would suppose a Schottky interface, a

high value of the piezo-voltage (unreachable when considering the screening ef-

fect) and enough induced charges to provide a detectable signal. Furthermore,

the circular current and an intrinsic origin of the voltage output are question-

able. The capacitive model su�ers of the same lack of quantitative arguments:

too small number of moving charges, too fast screening process and unrealistic

electronic detection system combining very high gain and large bandwidth.

In summary, even if some nanowires might bent, the topographical image obtained with tip

artifacts can not be used to conclude on the mechanical deformation range and especially

on the precise position of the nanopiezotronic signal. The applied force load is in addition

very low and the electrical contact should be not well controlled and could have a very high

resistance resulting to a voltage divider con�guration with the load resistance, bringing a

screened piezo-potential to even lower than the milliVolt range in the detection part. The

electronic measurement setup, its analysis and data interpretation are also questionable.
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Conclusion and perspectives

Nanopiezotronics is a recent research �eld which o�er new types of electronic devices, re-

lying on the coupling of piezoelectric and semiconducting properties in piezoelectric semi-

conductors. It is crucial for technological and fundamental progress to understand the key

physical mechanism responsible for the functionalities of those devices in this �eld.

The �rst demonstrated nanopiezotronic device is ZnO nanowire nanogenerators, which

generates electrical signal once exposed to the mechanical stress. Its main principle was

inspired by the observed electrical spikes during the scanning of conductive scanning force

microscopy (SFM) on ZnO nanowires. The �rst explanation attributed this signal to the

travelling of carriers cross the nanowire-tip Schottky interface caused by the induced piezo

potential. However, this physical description of the signal origin remains under questions

and several results in literature are still inconsistent. Also, there were few reports of a giant

piezoelectric e�ect in piezoelectric semiconductor nanowires, suggesting higher mechanical

to electrical conversion in nanowires than in bulk. Again, such higher piezoelectric coe�-

cient might results from misinterpretations or artefacts in piezoresponse force microscopy

(PFM).

In order to clarify the ambiguities in literature, this PhD work dedicates to the exploration

of the key mechanism and important ingredients of nanopiezotronics via SFM techniques

which comprises of Kelvin force probe microscopy (KPFM), PFM, and conductive-SFM.

We particularly focus on III-N nanowires as they have received an increasing interest as a

promising building block for nanopiezotronic devices. The conclusion of our experimental

work is divided in to 3 parts as a following.

Surface charges and potential probed by KPFM

KPFM is an SFM dynamic technique applied for determining the contact potential di�er-

ence (CPD), which can reveal the electronic structure of surfaces and especially the work

function at nanoscale. By using a single pass or a lift-mode of AM-KPFM or FM-KPFM,

the CPD of Ga-polar GaN is ∼ 200 mV while that of N-polar one is ∼ 900 mV , indicating

fewer surface charges on Ga-polar surface.

The CPD of Al-AlN nanowires is found to be around 220 mV while the one of InN nanowires

with unknown polarity is 200 mV. It is likely that the InN nanowires has a metal polarity

as its CPD is in the range of the metal polar III-N. The KPFM measurements of III-

N in vacuum shows the same range of CPD but with smaller value dispersion. We also

found that the cleanliness of the surface is crucial for probing the CPD since the charged
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Chapter VIII. Origins of the charges generation from III-N nanowires

particles on the surface can be transferred to the SFM tip, leading to the CPD variation

of 200-300 meV from the same sample.

The large CPD di�erence in opposite polar surfaces from KPFM measurements allows us

to indirectly de�ne the material polarity. In addition, the CPD value can be used for

identifying the applied voltage necessary for compensating the electrostatic force acting on

the cantilever, which is an important source of artefact in PFM measurements.

Piezoelectric coe�cients and polarity identi�cation by PFM

PFM technique can determine the piezoelectric coe�cients is which is one of the key ingre-

dients of nanopiezotronics as it governs the mechanical to electrical conversion e�ciency.

Beside electrostatic e�ect induced by surface potential or surface charges, the PFM signal

can be strongly in�uenced by other parameters such as an electrostatic, a non-uniform elec-

tric �eld, the buckling e�ect of the cantilevers, the bending of the substrates, etc. Those

artefacts could lead to misinterpretations of the PFM signal; for example, they can give

higher piezoelectric coe�cient higher than the real values.

The reduced lateral dimension of the nanowires could simultaneously minimize both clamp-

ing and bending e�ects. We found the d33 values from vertical aligned GaN, Al0.9Ga0.1N/GaN

and AlN nanowire ensemble correspond to the theoretical ones of bulk. In addition, the po-

larities of GaN, Al0.9Ga0.1N/GaN and AlN nanowires deduced from the PFM phase signal

agree with their respective polarities. These results suggest that there is giant piezoelectric

e�ect in the nanowires with a diameter in the range of 30-80 nm

We also performed PFM on single dispersed GaN nanowires with electrical contacts using

vector PFM concept. The vertical and lateral mechanical movements were detected by

the SPM tip when VAC is applied on the nanowires. The measurement at the mechanical

resonant frequency of the SPM cantilever, could help improving spatial resolution. Never-

theless, these detected PFM signal is expected to be an artefact induced by electrostatic

force. In the Chapter VII, we start our investigation on the piezoelectric coe�cients of

our samples and our nanowires. These coe�cients are a major point of nanopiezotronics

indeed, they govern the mechanical to electrical conversion and thus has to be determined.

Moreover, It has been previously reported in the literature that a giant piezoelectric ef-

fect could occur in nano-object like nanowires but these measurements have been done in

non-optimal

Mechanical induced electrical signal observed by conductive SFM

This part dedicates to the investigations of possible origins of the electrical signal observed

during scanning conductive SFM measurements on nanowires. We notice that the presence

of a small ground o�set of 6 mV in our setup could result in detectable voltage locating

at the nanowires during the conductive-SFM. In order to correctly measure a small signal

from nanowires, the same ground reference of the circuit and the ampli�er must be ensured.

This step is crucial to avoid the artefacts which can be misinterpreted as piezo-signal.
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VIII.6. Conclusion

We further our experiments by performing conductive-SFM on GaN nanowires to identify

the role of the detection system on the output voltage. Clearly, the signal characteristic

such as amplitude and decay time are determined by the electrical components in the

circuit i.e. load resistance, cables and ampli�er. The higher load resistance could increase

the detection gain but reduce the bandwidth. The reduction of the cable capacitance could

extend the detection bandwidth but reduce the output amplitude. The trade-o� between

the two parameters of the whole setup must be optimized.

With the setup with suppressed ground di�erence, conductive-SFM measurement on dif-

ferent types of nanowires were performed. A small signal was observed in undoped GaN

nanowires, while n-doped GaN nanowires show a higher value. In contrast, no signal was

found in highly conductive InN nanowires and highly insulating AlN nanowires. We de-

duce that the detected signal from scanning c-SFM originates from the nanowires but might

not originate from piezoelectric e�ect. In particular, the absence of the signal from AlN

nanowires could support this interpretation. Otherwise, the insulating AlN should exhibit

a strongest signal due to their high piezoelectric coe�cient.

By inverting the connection between the sample backside and the SPM tip, the sign of

the output signal change to opposite value, suggesting that the input bias current of the

ampli�er is not the source of signal otherwise the signal should remain having the same

sign.

Increase a normal force increase the output voltage and the density of wires which con-

tribute to the signal. After a given force, the output amplitude reaches a threshold value.

Higher signal is obtained at low scan speed. In approach-retract measurements, we are

not able to detect any signal from the nanowires suggesting the role of the dynamic of the

deformation.

As pointed by our experiments, the nanowires are the origin of these signals, but the

piezoelectric origin of the output voltage is uncertain. In literatures, the sign of the signal

seems to depend on the type of majority carriers. The presence of trapped charges release

in the circuit during the scan could also explain the presence of an output voltage which

has to be further investigated.

Perspectives

� Electronic improvements. The direct piezo-charges detection with high gain am-

pli�er still needs to be further developed and tested. The application of the conversion

as close as possible from the tip still should be designed via the integration of the

ampli�er directly on the chip-holder for instance.

� Shielding tip. With the help of Simon Le Demnat and the NanoFab team of

Néel institute e�orts have already been made during this PhD and still remained
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in order to develop shielding cantilever-tip. Such a coaxial con�guration has several

advantages. It will decrease the capacitive e�ect by removing the contributions of

the cantilever and the cone-tip. In conducting-SPM the detection bandwidth will be

increased. In KPFM the lateral resolution will be improved given better absolute

CPD. In PFM the focus of the electric �eld lines right below the tip will help to

approach quantitative piezo-coe�cient value. In addition it will be possible to avoid

the use of sti� cantilever and improve by this way the displacement sensitivity with

longer cantilever. Shielding tip also opens the door for measurement under liquid by

decreasing the leakage current.

� Preliminary measurements were done in dual harmonics HD-KPFM mode to

avoid VDC biasing. This con�guration should yield to better CPD measurements on

semiconductors.

� High speed force spectroscopy via PeakForce mode and a larger bandwidth elec-

tronic might push the charges generation at an accessible detection level. The use of

the Bruker DataCube mode should also allow to setup interesting measurements like

the determination of the whole frequency spectrum at each pixel for resonant PFM.

� Scanning single-electron tunneling (SET) could be used in order to probe the

few piezocharges generated on the top of the nanowires.

� Not concluding deformation of III-N nanowires by air �ow was already done during

this PhD work. The idea was to decouple the mechanical deformation from the

electrical characterizations. The stability of the setup has still to be improved and

EFM mode instead of KPFM should be used.

� Previous interferometry measurements were done on bulk III-N samples with the

help of Hermann Sellier in order to determine the piezo-coe�cient and phase. Nev-

ertheless too much mechanical resonances were disturbing the piezo-measurement.

Similar tests should now be performed on NW III-N bundle since we know that the

clamping e�ect and bending are removed here.

� Does a single III-N nanowire contacted by a metal tip reacts like a capacitance

or a more like a resistance ? The determination of the complex impedance via

Scanning Microwave Impedance Microscopy (sMIM) is relevant to �nd the

part of capacitance on the circuit depending of the contact load and conductivity

of the used sample. Especially how this balance might change due to the piezo-

generation.

� Even if few tests were done in secondary vacuum, questions still remain concerning

the e�ect of water on CPD determination and on the mechanical deformation of the

nanowires due to capillarity. Tests under ultra-high vacuum (UHV) should be

performed in the future.
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VIII.6. Conclusion

� The present research will help to de�ne and characterize �exible devices base on

III-N nanowires with transparent substrate made of green material like cellulose.

� Nanotribotronics. L.I Wang et al. have move their research activities to the

tribotronics. Triboelectricity is actually one of the main research topics of the labo-

ratory of tribology and systems dynamics (LTDS). As done in the present PhD for

nanopiezotronics similar analysis should be proceeded on nanotribotronics. The un-

derstanding of the tribocharges generations at the local scale is still missing and the

works published until now never show proper tribological tests like speed dependency.

As for nanopiezotronics, the e�orts were done on devices development but few were

spent on deep physical understanding.
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Résumé en Français

i Nanopiézotronique: État de l'art En 2006, Wang et al. [1] commencent à étudier

de nouveaux domaines de recherche qu'ils nomment "Piézotronique", "Piézophotonique" et

"Piézophototronique" [1]. Ces domaines correspondent aux couplages entre les propriétés

piézoélectriques, optiques et électroniques de matériaux semi-conducteurs. Ces interac-

tions ouvrent la voie à des dispositifs innovants à base de matériaux III-N tels que des

transistors à e�et de champ à grille piézoélectrique, des portes logiques piézotroniques,

ou des capteurs de forces basés sur l'e�et piézoélectrique. De plus, leur biocompatibilité

faciliterait leur utilisation dans le cadre d'une électronique intégrable au corps humain. Ce

type de dispositifs basés sur la piézoélectricité pourraient en e�et fonctionner de manière

autonome en utilisant l'énergie mécanique ambiante pour s'alimenter: les vibrations, le

�ux sanguin, les contractions musculaires, etc.

Figure i.1: (gauche) Figure extraite de l'article 'Piezoelectric Nanogenerators Based on Zinc
Oxide Nanowire Arrays' [1] et présentant le signal éléctrique induit par une pointe de SFM bal-
ayant des nano�ls de ZnO. (droite) Figure provenant de l'article 'Direct-Current Nanogenerator
Driven by Ultrasonic Waves' [39] montrant l'utilisation d'un contact 'zigzag' pour connecter
des nano�ls de ZnO et le mouvement du dispositif induit par ultrason.

Des comportements électriques associés à de la nano-génération ont été tout d'abord ob-

servés sur des nano�ls uniques de ZnO [1] et des ensembles de nano�ls de ZnO [39] (see

Figure i.1). Concernant les mesures électriques sur des nano�ls uniques, un microscope à

sonde locale (Scanning Probe Microscope ou SPM) permet de déformer mécaniquement les

�ls tout en mesurant le signal électrique généré par cette déformation.
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Plus récemment, les semi-conducteurs III-N (GaN, AlN, InN) ont aussi gagné en intérêt

du fait de leur haute stabilité thermique avec un large gap électronique ou d'un dopage de

type p plus accessible. Potentiellement plus prometteur que le ZnO, des travaux récents

auraient montré leur capacité à générer de fort potentiel électrique de sortie aussi bien avec

des nano�ls uniques [42] qu'avec des dispositifs [43].

De manière générale, il est possible de distinguer deux types de fonctionnement pour

la nanopiézotronique : avec alimentation de puissance extérieure dans le cas des piézo-

détecteurs à base de transistor et sans source de tension externe pour les nano-générateurs

piézoélectriques (PENG) avec des nano�ls disposés horizontalement/latéralement (LING)

ou verticalement (VING).

Le modèle théorique proposé pour expliquer l'origine du signal électrique en nanopiézotron-

ique est souvent basé sur un contact Schottky entre le �l semi-conducteur et la pointe SPM

ou contact métallique. Par exemple, dans le cas des détecteurs piézoélectriques, la varia-

tion de la barrière Schottky du fait des charges piézoélectriques générées mécaniquement

est mise en avant, tandis que le changement de la tension de la polarisation de la barrière

Schottky est utilisé pour expliquer les e�ets de nano-génération de courant. Une autre

approche pour les nano-générateurs fût aussi proposée dans laquelle il n'y a pas de courant

passant à travers les nano�ls. Ce modèle capacitive considère la variation temporelle du

vecteur de déplacement, c'est-à-dire le changement de la quantité de charge liées produit

par la déformation mécanique du nano-objet piézoélectrique.

La description actuelle de la nanopiézotronique demeure ainsi incomplète et doit être ap-

profondi pour une meilleure compréhension des phénomènes physiques à l'origine du signal

électrique observé. Cela nécessite de reproduire, véri�er leur origine et caractériser précisé-

ment ces signaux a�n d'établir leur lien avec la piézoélectricité.

ii Propriétés générales des III-N De manière générale, les propriétés des matériaux

III-N sont particulièrement intéressantes du fait de leur large et direct gap, leur constante

diélectrique élevée, leur résistance à haute température et haute puissance ou leur biocom-

patibilité. Les composés III-N peuvent prendre deux types de structures cristallines: zinc

blende ou wurtzite. Dans ce travail, nous nous sommes uniquement intéressés à la phase

wurtzite qui correspond à une structure cristalline hexagonale, seule phase à montrer des
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Figure ii.2: Représentation de la structure wurtzite adapté de Wikipédia. a) Cellule unitaire.
b) Le cristal hexagonal. c) Les axes et plans principaux.

214



Résumé en Français

caractéristiques piézoélectriques du fait de son absence de centre de symétrie. La Figure ii.2

représente la structure wurtzite d'un cristal de GaN.

Les propriétés mécaniques sont essentiellement données par la matrice d'élasticité [C]

décrite avec l'Équation VIII.16. Pour le cas du GaN et de l'AlN, les coe�cients Cij sont

élevés en comparaison à d'autres semiconducteurs tels que l'InN ou le ZnO. Ces matériaux

sont rigides. Dans ces conditions, l'utilisation de nano�ls pour la piézotronique devient

particulièrement intéressante puisque cela permet de béné�cier de l'importante élasticité

o�erte par ce type de structures à large aspect de forme.

[C] =



C11 C12 C13 0 0 0

C12 C11 C13 0 0 0

C13 C13 C33 0 0 0

0 0 0 C44 0 0

0 0 0 0 C44 0

0 0 0 0 0 C66


(VIII.16)

Concernant leurs propriétés électroniques, les matériaux III-N possèdent tous un gap direct

qui varie de 0.65 eV pour l'InN à 6 eV pour l'AlN en passant par 3.4 eV pour le GaN. Ces

matériaux possèdent habituellement un niveau de dopage 'n' non intentionnel de l'ordre

de n = 1017 cm−3, ce qui conduit le niveau Fermi à une énergie proche de la bande

de conduction. Ils peuvent également être dopés volontairement 'n' ou 'p' pendant leur

croissance permettant ainsi de modi�er le type et la densité des porteurs majoritaires.
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Figure ii.3: Diagramme de bande d'énergie du GaN dans le cas d'une surface idéales, sans
états d'interface. La courbure de bande est uniquement dé�nie par l'encrage du niveau de
Fermi lié aux états électroniques de surface intrinsèques. Les e�ets des charges de polarisation
et leur écrantage n'est pas inclus. Des dipôles liés à l'adsorption de molécule d'eau ainsi que
des charges de surface provenant par exemple de contaminations sont ajoutés a�n de faire
apparaître la di�érence d'a�nité électronique entre le massif et la surface.
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Les propriétés électroniques de surface du GaN sont caractérisées par des charges de polar-

isation spontanée de l'ordre de nsp = 1013 cm−2 qui seraient essentiellement écrantées par

des charges externes. Les états électroniques de surface (nss ∼ 1014 cm−2) et d'interface

avec l'oxyde native peuvent aussi jouer un rôle prépondérant dans l'encrage du niveau de

Fermi et la courbure de bande en surface.

iii Piézoélectricité dans les semi-conducteurs La piézoélectricité est la capacité de

certains solides à se polariser en réponse à une déformation mécanique et réciproquement

à se déformer en présence d'un champ électrique. Seuls les matériaux composés d'au moins

deux éléments chimiques peuvent être piézoélectriques. Cette propriété trouve son origine

dans la structure cristalline de ces matériaux. Dans une représentation simpli�ée, on

peut imaginer une maille élémentaire composée d'anions et de cations; quand le cristal est

déformé le barycentre de ces ions est déplacé ce qui conduit à l'établissement d'un dipôle au

sein de la maille. A l'échelle macroscopique les dipôles de chaque maille se compensent et

seul les bords du cristal présente une charge nette. Ainsi, à cette échelle la piézoélectricité

peut être vue comme un e�et de surface. La Figure iii.4 illustre ce phénomène.
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Figure iii.4: Représentation simpli�é de l'e�et piézoélectrique directe à l'échelle macro-
scopique. Sous l'e�et d'une déformation, la présence de dipôle piézoélectrique dans le matériau
entraine l'apparition de charge de surface.

Le lien entre les propriétés mécaniques et les propriétés électriques est exprimé par les

coe�cients piézoélectriques: dij, eij, gij, hij. En combinant le comportement électrique

(Di = εijEj) avec la loi de Hooke pour une déformation élastique (εij = sijklσkl), nous

obtenons les équations de couplage de la piézoélectricité. Les deux équations les plus

couramment utilisées sont les suivantes:

D1

D2

D3

 =

ε11 0 0

0 ε22 0

0 0 ε33


E1

E2

E3

+

e11 e12 e13 e14 e15 e16

e21 e22 e23 e24 e25 e26

e31 e32 e33 e34 e35 e36





ε1

ε2

ε3

ε4

ε5

ε6


(VIII.17)

216



Résumé en Français



ε1

ε2

ε3

ε4

ε5

ε6


=



s11 s12 s13 s14 s15 s16

s21 s22 s23 s24 s25 s26

s31 s32 s33 s34 s35 s36

s41 s42 s43 s44 s45 s46

s51 s52 s53 s54 s55 s56

s61 s62 s63 s64 s65 s66





σ1

σ2

σ3

σ4

σ5

σ6


+



d11 d12 d13

d21 d22 d23

d31 d32 d33

d41 d42 d43

d51 d52 d53

d61 d62 d63



E1

E2

E3

 (VIII.18)

L'équation VIII.17 correspond à l'e�et piézoélectrique direct et décrit le champ de déplace-

ment D sous l'e�et d'une déformation ε. La partie diélectrique produite par le champ

électrique E est introduite avec [εij], la matrice de permittivité. L'équation VIII.18 corre-

spond à l'e�et piézoélectrique inverse et décrit la déformation du matériau ε en fonction

du champ électrique E. La partie liée à la contrainte σ est intégrée via [sij], la matrice

de compliance. La première équation sert à calculer les piézocharges et potentiels élec-

triques associés. En gardant uniquement le premier terme en perturbation et en ajoutant

la polarisation spontanée, le vecteur de déplacement peut s'écrire:

D = ε0[εεr] · E + [e]ε+ Psp = ε0[εεr] · E + Ppz(ε) + Psp (VIII.19)

En e�et, dans les matériaux GaN, en l'absence de déformation, le barycentre des anions

N et des cations Ga n'est pas identique, ce qui induit une polarisation au repos nommée

polarisation spontanée (PSP ). Si le cristal est déformé, les centres de symétrie des ions se

décalent, c'est la variation de polarisation qui correspond à l'e�et piézoélectrique, nommé

polarisation piézoélectrique (PPZ). La polarisation totale du cristal correspond à la somme

de ces deux quantités: PTot = PSP + PPZ . La structure cristalline du GaN au repos et

sous contrainte ainsi que leur polarisation sont représentées sur la Figure iii.5. Pour les

deux polarités N et Ga, Psp et Ppz ont la même orientation sous compression le long de

l'axe 'c', tandis qu'ils sont opposés sous traction.

Ga
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N
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Ga-Polar N-Polar 

Ga

Ga

Ga

Ga
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N
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F F

PSP PPZ
PPZ

a) b)

c -c

Figure iii.5: Structure cristalline du GaN et vecteurs de polarisation spontanée et piézoélec-
trique sous l'e�et d'une force de traction pour un cristal a)l Ga-polaire (c-axis), b) N-polaire
(-c-axis).
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Dans le cas d'une structure wurtzite, les tenseurs de piézoélectrique direct et inverse se sim-

pli�ent et peuvent être représentés à l'aide de matrice ayant trois coe�cients indépendants:

[e] =

 0 0 0 0 e15 0
0 0 0 e15 0 0
e31 e31 e33 0 0 0

 (VIII.20) [d]t =


0 0 d31

0 0 d31

0 0 d33

0 d15 0
d15 0 0
0 0 0

 (VIII.21)

Dans les matériaux III-N, ces coe�cients possèdent une faible valeur; par exemple, e33 =

0.73 C.m−2 et d33 ≈ 2.4 pm/V pour le GaN. Il fût aussi publié des valeurs de coe�cient

plus importantes dans le cas de structures en nano�ls, parlant ainsi de piézoélectricité

géante. Restant toutefois dans l'ordre de quelques pm/V, la présence de charges ou de

dipôles provenant des contaminations ou de l'eau en surface peuvent néanmoins su�re à

écranter complètement le piézo-potentiel rendant sa détection di�cile. Dans le cas de la

récupération d'énergie à l'aide de semi-conducteur piézoélectrique, la présence de charges

libres dans le matériau doit également être prise en compte. Ces charges libres dues à la

présence d'impuretés ou du dopage ajoutent des e�ets de courant de fuite et d'écrantage

qui peuvent réduire de manière signi�cative le potentiel piézoélectrique. Elles se retrouvent

au travers du dernier terme de cette équation:

j = ε0
dE

dt
+
dP

dt
+ σ · E (VIII.22)

iv Croissance de nano�ls III-N et nano-fabrication d'échantillons Les nano�ls

que nous avons utilisés pour cette étude sont fabriqués par épitaxie par jet moléculaire

assisté par plasma (plasma-assisted molecular beam epitaxy ou PA-MBE). Cette méthode

de croissance consiste à envoyer des jets moléculaires de gaz précurseur (Ga et N dans le cas

de �ls de GaN) sur un substrat de Si<111> chau�é et sous ultra vide. Sous des conditions

de pression, de température et de �ux adaptés des nano�ls poussent spontanément sur

le substrat. Ces �ls ont une phase wurtzite ce qui leur donne une forme hexagonale et

poussent selon l'axe c. Le principal avantage de la croissance par PA-MBE est la très

haute qualité des structures cristalline formées qui sont quasiment sans défaut. Cette

technique permet également un dopage de type n ou p en ajoutant des atomes de Si ou de

Mg lors de la croissance. La densité élevée de nano�ls et la croissance latérale de ceux-ci

limitent leur longueur maximum à environs 3 µm et leur diamètre maximum à 100 nm.

Pour cette étude nous avons à notre disposition des nano�ls de GaN non dopé et dopé

n, des nano�ls d'InN ainsi que des nano�ls de GaAlN tous de polarité N et fabriqués par

R. Songmuang. Nous disposons également de nano�ls d'AlN de polarité Al fournis par T.
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Auzelle et al. de l'intitut Paul Drude en Allemagne. La Figure iv.7 montre des images

MEB de nos nano�ls de GaN.

200 nm

a) b)

200 nm

Figure iv.7: Image MEB de nano�ls verticaux de GaN sur leur substrat de croissance de
Si<111>. a) Vue de côté. b) Vue du dessus.

Certaines de nos expériences ont nécessité des géométries d'échantillons un peu plus com-

plexe que de simple nano�ls verticaux, ainsi nous avons eu recours à la salle blanche de

l'institut Néel pour élaborer certaines géométries spéci�que. Pour cela nous avons princi-

palement utilisé la lithographie UV et électronique. La lithographie consiste à dessiner puis

métaliser un motif spéci�que sur un échantillon. Tout d'abord, le substrat est recouvert

avec une résine polymère photosensible ou éléctrosensible, puis une partie de cette résine

est insolée. Dans le cas de la lithographie UV un masque est placé au-dessus de la résine et

laisse passer les UV uniquement à certains endroits correspondant à notre dessin, dans le

cas de la lithographie électronique un faisceau d'électrons vient insoler la résine en suivant

le motif de notre dessin. Une fois l'étape d'insolation terminée, une solution chimique est

utilisée pour retirer la résine aux endroits préalablement insolés, puis du métal est éva-

poré sur l'ensemble de l'échantillon. En�n, une solution d'acétone est utilisée pour retirer

l'ensemble de la résine restante. Seul le métal évaporé aux endroits dépourvus de résine et

donc correspondant à notre motif reste �xé à l'échantillon.

Ce processus nous a permis de fabriquer di�érents types d'échantillons tel que des nano�ls

dispersés et connectés à leurs extrémités ou même suspendues entre les deux contacts

(voir Figure iv.8) a�n de réaliser des mesures de transport électrique. Pour nos mesures

PFM nous avons réalisé des électrodes métallique sur des échantillons massifs, encapsulé

des nano�ls dans une résine polymère et couvert ceux-ci par une électrode métallique,

ou encore dispersé des nano�ls sur des échantillons recouvert d'or et ancré ceux-ci sur le

substrat en utilisant une résine polymère à leurs extrémités.

v Microscopie de force à balayage Le SFM pour 'Scanning Force Microscopy' con-

siste à utiliser une pointe de taille nanométrique sur un levier �exible pour scanner la

surface d'un échantillon en sondant les forces intermoléculaires. Cette technique permet

de déterminer la topographie de l'échantillon mais également ses propriétés mécaniques,

électriques, magnétiques ou chimiques grâce à di�érents modes de mesure. La régulation
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Figure iv.8: Image MEB sous angle d'un nano�l de GaN contacté et suspendu.

topographique est faite grâce à un laser focalisé sur le levier et ré�échi par celui-ci jusqu'à

une photodiode à quatre quadrants. Le balayage de la surface contrôlé par un tube scan-

ner piézoélectrique peut être fait de trois manières di�érentes: en contact, en intermittent

(également appelé tapping) ou en non-contact. Leur principe de fonctionnement est illustré

Figure v.9.

Photodiode

Piezo-tube :
X,Y,Z control

Cantilever

SampleComputeur :
Image processing

La
se

r

Detector and
feedback loop

Piezo-
tube

Piezo
shaker

Contact mode :

Tapping mode :

Feedback : PD Voltage

Feedback : PD Amplitude

Figure v.9: Schéma d'un AFM avec les di�érentes parties: tube piézoélectrique, levier, et
photodiode ainsi que la boucle de rétroaction. Les images de droites montrent le principe de
fonctionnement des deux principaux modes: contact et intermittent.

En mode contact, la dé�exion verticale et torsion du levier sont contrôlées et analysées

pour la mesure. La pointe sonde principalement l'interaction courte portée de répulsion de

Pauli qui induit une courbure du levier proportionnelle à la force exercée par la pointe sur

la surface de l'échantillon. A�n de conserver la consigne de force, une boucle de rétroaction

ajuste la position vertical du tube scanner pour que le signal vertical et donc la courbure

du levier restent inchangés lors du balayage.
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En mode dynamique, le levier est mis en oscillation près de sa fréquence de résonance à

l'aide d'un élément excitateur piézoélectrique. D'après

mz̈ = −mγż − k(z − zdrive)
ω2
0=k/m
−−−−−→ z̈ + γż + ω2

0z = ω2
0zdrive (VIII.23)

avec z̄ = Aei(ωt+ϕ) = ẑ eiωt and z̄drive = Adrivee
iωt, l'oscillation forcée du levier loin de la

surface est donnée par:

A(ω) = Adrive ·
Q√

Q2(1− (ω/ω0)2)2 + (ω/ω0)2

ω→ω0−−−→ A ≈ Adrive ·Q (VIII.24)

Lors de son approche vers échantillon, la fréquence de résonance du levier change du fait

de la force d'interaction pointe-échantillon conservative, ce qui entraîne une modi�cation

de l'amplitude d'oscillation jusqu'à la valeur de consigne.

A(ω) =
F (z0)

keff

(
ω0

ω′0

)2

·
Q√

Q2(1− (ω/ω′0)2)2 + (ωω0/ω′0
2)2

(VIII.25)

avec

keff = k − F ′|z=z0 and ω′0 =

√
keff

m
≈ ω0

(
1− F′|z=z0

2k

)
. (VIII.26)

La régulation consiste alors à conserver la distance pointe-échantillon constante en utilisant

une boucle de rétroaction qui va ajuster la position z du levier a�n de maintenir soit

l'amplitude d'oscillation à une valeur �xée grâce à sa détection via un Lock-in, soit le

décalage en fréquence à une valeur de consigne en utilisant un système à verrouillage

de phase (Phase Lock Loop ou PLL). On distingue ainsi la régulation par modulation

d'amplitude (AM) et celle par modulation de fréquence (FM). Généralement l'AM est

utilisée dans l'air tandis que la FM est plus adaptée au vide.

Di�érentes techniques SFM permettent aussi d'accéder localement aux propriétés élec-

triques de surface (Kelvin Probe Force microscopy ou KPFM), aux coe�cients piézoélec-

triques (Piezoresponse Force Microscopy ou PFM) et à l'e�et piézoélectrique inverse (Conducting-

SPM). Ces techniques seront abordées dans cette thèse dans les chapitres correspondants.

vi Microscopie de force a sonde de Kelvin La microscopie de force à sonde de

Kelvin (Kelvin Force Probe Microscopy ou KPFM) est une technique SPM permettant de

mesurer la force électrostatique exercée sur le levier du SPM, cette force dépend du tavail

de sortie de l'échantillon (dans le cas d'un métal) et permet donc d'obtenir des informations

sur l'état de surface de celui-ci. En mode intermittent, un potentiel oscillant à la fréquence

ω est appliqué sur le levier ou l'échantillon, ce potentiel induit une force électrostatique

Fel qui va modi�er la dynamique du levier. Cette force a trois contributions, une statique,
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une agissant à la fréquence ω, et une à la fréquence 2ω comme indiqué dans l'équation

ci-dessous:

Fel.(t) = FDC + Fωel
+ F2ωel

(VIII.27)

Ces trois contributions sont les suivantes:

FDC = −∂C
∂z

[
1

2
(VDC − VCPD)2 +

1

4
V 2
AC

]
(VIII.28)

Fωel
(t) = −∂C

∂z
[VDC − VCPD]VACsin(ωelt) (VIII.29)

F2ωel
(t) =

1

4

∂C

∂z
V 2
ACcos(2ωelt) (VIII.30)

Où ∂C
∂z

correspond au gradient de capacité entre le levier et l'échantillon, VDC et VAC sont le

potentiel statique et dynamique et VCPD est la di�érence de potentiel de contact (Contact

Potential Di�erence) entre la pointe et l'échantillon et correspond dans le cas de métaux

à la di�érence de travail de sortie entre le matériau de la pointe et celui de l'échantillon.

Il est important de noter que cette formule est valable pour un échantillon métallique et

di�ère légèrement dans le cas d'un semi-conducteur.

En KPFM c'est principalement la contribution Fω qui va nous intéresser, c'est à dire

l'oscillation du levier à la fréquence ω induit par la force électrostatique. Comme décrit

par l'équation VIII.29 cette contribution dépend du terme [VDC−VCPD], ainsi pour VDC =

VCPD celle-ci est nulle. Le principe du KPFM consiste à détecter l'oscillation du levier

à la fréquence ω grâce à une détection synchrone et à annuler celle-ci en appliquant un

potentiel DC, lorsque Fω = 0 la valeur du potentiel DC appliqué correspond directement

à la di�érence de potentiel de contact entre la pointe et l'échantillon. Cette technique per-

met de caractériser le potentiel de surface de l'échantillon mais également l'environnement

électrostatique dans lequel se trouve le levier.

Il existe plusieurs modes possible pour le KPFM. La régulation topographique peut être

faite par modulation d'amplitude (AM) ou par modulation de fréquence (FM), la première

étant plus adaptée pour des mesures à l'air tandis que la seconde est privilégiée pour

des mesures sous vide. Concernant la régulation du signal KPFM, celle-ci peut se faire

par modulation d'amplitude, par modulation de fréquence ou en utilisant des bandes de

fréquence autour de la résonance (side-bande). La Figure vi.10 résume le principe de

fonctionnement de ces di�érent modes.

Ces mesures KPFM ont deux intérêts pour nous, premièrement il a été montré que le

potentiel de surface du GaN dépendait de sa polarité [219]. Ainsi, il est possible d'utiliser

le KPFM pour déterminer la polarité de nos nano�ls. La Figure vi.11 montre une CPD
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Figure vi.10: Principe de fonctionnement du KPFM pour le mode les plus couramment
utilisés: AM ou FM pour la topographie et AM ou FM pour la régulation électrique.

allant de -0.75 V à -1 V sur nos nano�ls de GaN et GaAlN ce qui correspond à une polarité

N. Cette polarité a également été con�rmé par gravure chimique au KOH qui attaque

préférentiellement la face N mais laisse intacte les cristaux de terminaison Ga.
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Figure vi.11: AM-AM-KPFM faite a 2 Vac sur des nano�ls verticaux intrinsèques et dopé n
de GaN, de GaAlN et d'AlN. Les courbes sont extraites des images KPFM a�n de montrer la
distribution statistique du signal.

De plus, le KPFM correspond à une mesure de l'environnement électrostatique agissant

sur le levier. Comme nous le verrons dans la partie suivante la détermination de la force

électrostatique et sa compensation par l'application d'une tension VDC = VCPD va s'avérer

nécessaire pour l'obtention de mesures de PFM semi-quantitative.

vii Microscopie à force piézoélectrique La microscopie à force piézoélectrique (Piezore-

sponse Force Microscopy ou PFM) est une technique de SPM permettant d'imager l'amplitude

et la phase de la déformation piézoélectrique d'un matériau. En mode contact, une pointe

de SPM conductrice est utilisée pour appliquer un champ électrique oscillant à travers

le matériau piézoélectrique a�n de déformer celui-ci et dans le même temps de mesurer
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cette déformation. Dans le cas de matériaux semi-conducteur le déplacement correspond

généralement à quelques pico mètres, c'est pourquoi la détection est faite via une détec-

tion synchrone. L'amplitude du signal PFM correspond au coe�cient piézoélectrique du

matériau et la phase à sa polarisation, la Figure vii.12 illustre le principe de fonctionnement

de cette technique sur deux échantillons de polarisation opposées.
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a) Ga-Polar
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Figure vii.12: Principe du PFM sur a) Un matériau ayant une polarisation piézoélec-
trique orienté vers le haut (de type Ga-polaire) soumis à potentiel positif appliqué au bas
de l'échantillon, le matériau est étendu. b) Un matériau ayant une polarisation piézoélectrique
orienté vers le bas (de type N-polaire) soumis à potentiel positif appliqué au bas de l'échantillon,
le matériau est compressé. Les courbes de droite montrent le déplacement (rouge) en fonction
du voltage appliqué (courbes en pointillé gris).

Dans ce chapitre, nous souhaitons mesurer avec une bonne précision les coe�cients pié-

zoélectrique de GaN massifs et de nano�ls et con�rmer leurs polarités. En e�et, le coe�-

cient piézoélectrique est un élément clé des nano-générateur puisqu'il détermine le facteur

de conversion de l'énergie mécanique en énergie électrique. De plus, plusieurs équipes

on observés un e�et de piézoélectricité géante dans des nano-objets tel que des nano�ls de

GaN [12, 13] ou des nano-ceinture de ZnO [11]. Néanmoins, ces mesures pourraient résulter

d'une mauvaise interprétation ou d'artefact c'est pourquoi nous souhaitons les reproduire

sur nos nano�ls.

A�n d'obtenir des mesures semi-quantitative, nous devons nous assurer qu'aucun signal

parasite ne vient perturber la mesure PFM. Comme nous l'avons vu dans le chapitre précé-

dant, appliquer une tension sur le levier ou l'échantillon induit une force électrostatique
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qui entraine une oscillation du levier à la fréquence électrique. Cette force électrostatique

représente la principale di�culté du PFM, en e�et elle agit à la même fréquence que la

réponse mécanique du matériau rendant impossible son �ltrage par la détection synchrone.

Pour estimer cette contribution et tenter de la supprimer nous avons tout d'abord util-

isé un échantillon de PPLN (Periodically Poled Lithium Niobate), un matériau ferroélec-

trique composé d'une alternance de domaine polarisé vers le haut et vers le bas. Ce type

d'échantillon est idéal pour tester notre système expérimental et nous assurer de l'absence

de signal parasite. En e�et, dans le cas idéal l'amplitude PFM de chaque domaine est

identique puisque ceux-ci ont le même coe�cient piézoélectrique mais leur phase doit être

opposée (0◦ et 180◦) en raison de la direction de polarisation de ces domaines. Dans le

cas où une contribution électrostatique est présente, celle-ci va s'ajouter à la réponse mé-

canique du matériau et modi�er l'amplitude et la phase du signal PFM. On se retrouve

ainsi avec des domaines d'amplitude di�érente et une di�érence de phase inférieure à 180◦.

A�n de réaliser des mesures de PFM semi-quantitative il faut absolument supprimer cette

contribution électrostatique, pour cela nous avons mis en place deux approches di�érentes.

Premièrement, il est possible d'utiliser un levier raide (k ≥ 40 N/m), en e�et plus un levier

est raide et moins il est sensible à la force électrostatique comme indiqué par la loi de Hooke

(F = k ∗ x). La seconde approche consiste à annuler l'environnement électrostatique à la

fréquence PFM. Comme nous l'avons vu dans le chapitre KPFM, la force électrostatique

agissant à la fréquence ω dépend du terme VDC − VCPD. En déterminant la valeur VDC
qui annule cette force via KPFM et en l'appliquant durant nos mesures PFM il devient

possible d'annuler cette contribution. La Figure vii.13 montre des mesures PFM sur du

PPLN avec des leviers de di�érentes raideur avec et sans compensation. Comme nous

pouvons le voir Figure vii.13 la contribution électrostatique devient négligeable pour des

leviers raide (k ≥ 40 N/m) ou lorsque la compensation est utilisée et que le levier n'est pas

trop souple (k ≥ 3 N/m).

Dans un premier temps, nous avons e�ectué des mesures PFM sur des échantillons massifs

de GaN de polarité Ga et N a�n de déterminer leurs coe�cients piézoélectrique. Néan-

moins ces mesures, en utilisant la pointe SPM comme électrode supérieur, se sont révélées

incorrectes. La phase du signal PFM est correcte mais l'amplitude du signal est systé-

matiquement inférieure à la valeur attendue (inférieur à 1 pm/V). Cette faible amplitude

est due à la forme du champ électrique généré sous la pointe. En e�et, la pointe étant

de taille nanométrique tandis que l'ensemble de la partie inférieure de l'échantillon est

mise à la masse, le champ électrique généré par cette géométrie est fortement inhomogène

comme nous pouvons le voir Figure vii.14. Dans cette con�guration, le champ électrique

décroît très rapidement dans la direction Z et seul une très faible portion du matériau est

correctement excité. Cela entraine une forte réduction de l'amplitude de déformation, en

e�et la couche de quelques nanomètres où le champ est maximum peut être sale (présence

d'absorbât, de poussières etc.) mais le problème principal vient de la contrainte qu'exerce

225



Résumé en Français

E
le

ct
ro

st
a
ti

c 
B

a
ck

g
ro

u
n
d
 (

p
m

/V
)

0

5

10

15

20

Cantilever stifness (N/m)
0.1 1 10

5µm

180°0

0

250

R
 (

p
m

)

0

110

R
 (

p
m

)

0

80

R
 (

p
m

)

a)

b)

c)

d)

No CPD compensation

CPD compensation

Figure vii.13: Amplitude et phase du signal PFM sur du PPLN pour VAC = 6 V sans
compensation de CPD et avec un levier de raideur a) 0.2 N/m, b) 3 N/m, c) 40 N/m. d) La
contribution électrostatique en fonction de la raideur des leviers avec (courbe rouge) et sans
compensation électrostatique (courbe noir).

la partie du matériau non excité qui va fortement réduire la déformation totale. Dans

le cas de matériaux massifs, la seule solution pour éviter ce problème consiste à utiliser

une électrode supérieure de grande taille (250 à 1000 µm de diamètre) a�n d'obtenir un

champ électrique plus homogène dans l'échantillon et donc de s'a�ranchir de ses e�ets de

contrainte.
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Figure vii.14: Simulation du potentiel électrique et du champ électrique correspondant (lignes
noires) dans un échantillons de GaN massif avec un contact supérieur de a) 10 nm de diamètre,
b) 500 µm de diamètre. c) Champ électrique (EZ) le long de la direction Z au centre du
contact et pour di�érente taille de contact.

Nous avons donc reproduit ces mesures sur des échantillons de GaN massif et des �lms �n

possédant des électrodes supérieures de di�érentes tailles réalisées par lithographie électron-

ique. Les résultats obtenues sont présentés Figure vii.16. Comme expliqué précédemment
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quand la pointe joue le rôle d'électrode supérieure l'amplitude du signal est faible mais la

polarité est correcte (en phase pour les échantillons Ga polaire et déphasé de 180◦ pour

les échantillons N polaire). Dans le cas des mesures avec électrodes nous observons l'e�et

inverse, l'amplitude du signal est beaucoup plus élevé et dépend de la taille de l'électrode

tandis que la phase ne correspond plus à la polarité du matériau. Nous avons alors utilisé

des simulations par éléments �nis pour étudier l'e�et des électrodes de di�érentes tailles

ainsi que le rôle joué par la �xation de l'échantillon [270]. En e�et, si l'échantillon n'est

pas parfaitement �xé, celui-ci peut se plier sous l'e�et de la déformation piézoélectrique.

Cette e�et illustré Figure vii.15 induit un déplacement important qui peut aisément devenir

dominant.
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Figure vii.15: Simulation 2D de la déformation d'un échantillon de GaN massif Ga-polaire
(6 mm de long, 400 µm d'épaisseur) complètement libre pour di�érentes tailles d'électrodes.
Un potentiel de 1 V est appliqué sur la face inférieure tandis que l'électrode supérieure est à la
masse. Les courbes a) et b) montrent les résultats pour une électrode supérieure de 1 et 500
µm de diamètre. La courbe noire montre le déplacement de la partie supérieure de l'échantillon
tandis que la courbe rouge montre le déplacement de la partie inférieure. La courbe c) résume
le déplacement de la partie supérieure en fonction de la taille de l'électrode.

Ce phénomène pourrait parfaitement expliquer nos résultats précédants, en e�et comme

nous pouvons le voir sur la Figure vii.15.c le signal PFM obtenue pour de petites électrodes

à une amplitude faible mais une phase correcte, puis quand la taille de ces éléctrodes aug-

mente la phase s'inverse et l'amplitude devient beaucoup plus importante ce qui correspond

à nos observations. Etant donné qu'il est impossible d'obtenir une �xation parfaite de notre

échantillon, il semble di�cile de s'a�ranchir de cet e�et.

Malgré ces limitations, il nous reste une possibilité permettant en théorie d'obtenir des

mesures de PFM semi-quantitative: les nano�ls. En e�et, comme nous l'avons vu avec

le PPLN, l'environnement électrostatique peut être mesuré par KPFM et compensé en

appliquant la tension adéquate ou en utilisant un levier raide. De plus, les problèmes

d'inhomogénéité du champ électrique et la limitation de la déformation due aux régions

non excités ainsi que la déformation globale de l'échantillon due à la �xation de celui-ci dis-

paraissent dans le cas d'objets à haut rapport d'aspect comme le montre les simulations par

éléments �nis faite sur des nano�ls Figure vii.17.a. A�n de con�rmer cette hypothèse, nous

avons e�ectué une dernière série de mesure PFM avec des leviers de 3 et 40 N/m de raideur
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Figure vii.16: Signal PFM vertical en fonction du diamètre de l'électrode supérieure pour
des �lms �ns et des échantillons massifs de GaN Ga et N polaire, ainsi que des �lms �ns d'AlN
Al polaire. Les mesures PFM sont faites au centre de l'électrode.

et en utilisant la compensation électrostatique sur des nano�ls de GaN, GaAlN/GaN et

AlN. Ces trois matériaux possèdent di�érents coe�cients piézoélectrique, qui d'après nos

simulations sont les suivants: d33 = −2.2 pm/V pour le GaN,d33 = 4.7 pm/V pour l'AlN

et d33 = −2.8 pm/V pour nos �ls de GaAlN. Le signe moins devant le coe�cient du GaN

et du GaAlN/GaN indique que ces nano�ls sont de polarité N alors que les �ls d'AlN sont

de polarité Al.

Comme nous pouvons le voir Figure vii.17.b les résultats expérimentaux (symboles) et les

simulations (lignes) sont en excellente adéquation. De plus, les valeurs obtenues sont très

proche des valeurs attendues et correspondent aux coe�cients des matériaux massifs ce

qui contredit les observations de Minary-Jolandan et al. [12, 13] sur l'e�et piézoélectrique

géant dans les nano-objets.

Pour conclure, nos mesures couplées à des simulations par éléments �nis ont montré qu'il

était possible de s'a�ranchir des e�ets électrostatique qui viennent perturber le signal PFM.

Néanmoins, obtenir des mesures quantitatives sur des échantillons massifs s'avère très com-

pliqué. L'utilisation d'électrodes de grande taille est nécessaire a�n d'éviter l'inhomogénéité

du champ électrique et une asymétrie entre l'électrode supérieure et inférieure induit une

déformation sur l'ensemble de l'échantillon qui fausse l'amplitude et la phase du signal.

Néanmoins, la géométrie particulière des nano�ls permet de s'a�ranchir de ces problèmes

et nous a permis de mesurer avec une bonne précision les coe�cients piézoélectrique de
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Figure vii.17: a) Simulation du déplacement piézoélectrique dans un nano�l de GaN N-
polaire ayant une pointe SPM pour électrode supérieure. b) Comparaison entre les coe�-
cients piézoélectrique obtenus par simulation (lignes) et expérimentalement (symboles) sur des
nano�ls de GaN, AlN et GaAlN. Pour le GaN les symboles gris foncés correspondent aux
mesures obtenues sur des nano�ls encapsulés dans de la résine et recouvert par une électrode.

di�érents matériaux. Ces mesures tendent à prouver que le coe�cient piézoélectrique de

ces nano-objets est identique à celui des matériaux massifs ce qui est en contradiction avec

les mesures de Minary-Jolandan et al. [12, 13] mais en accord avec les simulations e�ectuées

sur ce type d'objet [17].

viii Nanogénérateurs Le dernier chapitre de ce manuscrit est consacré à nos mesures

de récupération d'énergie sur des nano�ls unique en utilisant un SPM. Ce principe proposé

par Wang et al. est illustré Figure viii.19 et consiste à déformer mécaniquement un nano�l

avec la pointe du SPM tout en mesurant le potentiel piézoélectrique généré par le �l grâce

à un ampli�cateur de tension.

Figure viii.18: Principe des mesures de récupération d'énergie sur des nano�ls verticaux
proposé par Wang et al. [1]

Le modèle couramment utilisé pour expliquer l'origine du signal observé est celui de la

modi�cation de la barrière Schottky par le potentiel piézoélectrique comme illustré Fig-

ure viii.19. En e�et, à l'interface entre le nano�l semi-conducteur et la pointe métallique

se trouve une barrière Schottky qui bloque la circulation des électrons. Si un potentiel

piézoélectrique positif est créé dans la partie du semi-conducteur situé sous la pointe,
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celui-ci va abaisser la barrière Schottky et potentiellement laisser passer les charges libres

présentent dans le semi-conducteur.
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Figure viii.19: Représentation d'une jonction métal semi-conducteur, ou a) montre la dis-
tribution de charge et la zone de déplétion W dans le semi-conducteur, b) montre le champ
électrique dans le métal et dans la zone de déplétion et c) montre la structure de bande dans
le semi-conducteur à l'équilibre thermique et en présence de charges piézoélectrique la hauteur
de la barrière φB est modi�é.

D'après nos première mesures et en considérant que le signal induit par la piézoélectricité

apparait quand la barrière Schottky est considérée comme ouverte (équivalente à une résis-

tance) nous en avons déduit le circuit équivalent de notre système. Celui-ci est représenté

Figure viii.20 et prend en considération le nano�l qui est vu comme une résistance en série

avec un générateur de tension, et la barriere Schottky qui est représentée par un inter-

rupteur et une résistance. Le système de détection est modélisé par une capacité parasite

due à nos câbles et une résistance de charge connectée à notre ampli�cateur de tension.

Etant donné la faible amplitude du signal mesurée et l'importance de la bande passante du

système il est nécessaire de prendre en compte l'ensemble de ces éléments et particulière-

ment la capacité des câbles qui forment un �ltre passe-haut avec les résistances du �l et de

contact et qui peut drastiquement limiter l'amplitude du signale de sortie.

Vp
Rload

VOut
Vamp

CC

RC

Rleak

Figure viii.20: Circuit équivalent de notre circuit, le nano�l est représenté par une résistance,
la barrière Schottky par un interrupteur et une résistance de contact et les câbles ajoutent une
capacité parasite. Un ampli�cateur idéal est monté en série sur une résistance de charge.

Lors de nos premières mesures, nous avons constaté que la force normale appliquée sur

les nano�ls lors du scan in�uence grandement le signal observé. Comme nous pouvons le

voir �gure viii.21 plus la force appliquée est importante plus le nombre de �ls contribuant

au signal est important. On remarque également que le signal maximum augmente avec

la force normale jusqu'à atteindre une valeur maximum qui dépend des �ls utilisés mais
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également de la valeur de la résistance de charge et de la capacité parasite. Le signal

est maximum sur des �ls de GaN fortement dopés, une résistance de charge élevée et une

capacité parasite faible.
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Figure viii.21: Mesure de potentiel par SPM sans source externe sur des nano�ls de GaN
dopés. La mesure est faite avec un ampli�cateur de tension ADA 4530 (Rload = 1 GΩ),
l'échantillon est placé sur un porte échantillon spécial a�n d'éviter les di�érences de masse. a)
montre l'image topographique, b),c),d) le signal piézoélectrique obtenu pour une force normale
de 0, 100, 150 et 200 nN à une fréquence de scan de 1 Hz.

A�n de con�rmer la validité de notre circuit équivalent, nous avons mesuré le potentiel de

sortie obtenue pour di�érentes résitances de charge comme illustré Figure viii.22. Comme

nous pouvons le voir, le signal est maximum pour une résistance de charge élevée ce qui

semble en accord avec la fonction de transfert correspondant à notre circuit équivalent et

qui indique que la résistance du nano�l et la résistance de charge forment un diviseur de

tension.
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Figure viii.22: Mesure de potentiel par AFM sans source externe sur des nano�ls de GaN
non dopés. La mesure est faite avec un ampli�cateur de tension de la compagnie Femto,
l'échantillon est placé sur un porte échantillon spécial a�n d'éviter les di�érences de masse. a)
montre l'image topographique, b),c),d) le signal piézoélectrique obtenue pour une résistance
de charge de 10 MΩ, 100 MΩ, and 1 GΩ pour une force normal de 100 nN et à une fréquence
de scan de 1 Hz.
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Pour ces mesures, nous avons utilisés des nano�ls de GaN non dopés dont la résistance en

régime passant a été déterminée par mesure de courant versus tension à environ 100 MΩ.

Le diviseur de tension calculé pour des �ls de 130 MΩ est en accord avec nos résultats

expérimentaux comme nous pouvons le voir dans la table ci-dessous:

Rload = 1GΩ Rload = 100MΩ Rload = 10MΩ

V exp
out 70 mV 34 mV 6 mV

V th
out (Vin = 79 mV) 70 mV 34 mV 5.6 mV

Ces expériences reproduite pour plusieurs types de �ls indiquent clairement le rôle majeur

joué par l'ensemble du système de détection sur le signal de sortie et semble con�rmer la

validité du circuit équivalent présenté précédemment. La conductivité des nano�ls semble

également être un point crucial, en e�et sur des matériaux très conducteur ou isolant tels

que les �ls d'InN ou d'AlN aucun signal n'a pu être observé, tandis qu'un signal important

est visible sur les �ls de GaN non dopés et dopés n.

Il est important de préciser que ces mesures ont été e�ectuées sur un système parfaitement

optimisé, ce qui signi�e que le substrat contenant les �ls et la référence de l'ampli�cateur de

tension sont mis à la même masse. Ce point est extrêmement important car une di�érence

de masse, même très faible peut induire un signal de forme similaire à ceux présentés

ci-dessus et donc aisément être interprété comme un signal piézoélectrique.

Pour terminer et a�n de s'assurer que les signaux observés ont bien pour origine nos nano�ls

et pas notre circuit ou notre ampli�cateur nous avons e�ectués des mesures en inversant

les branchements comme illustré Figure viii.23. Le fait que le signal change de signe quand

le câblage est inversé indique clairement que son origine ne peut pas être expliquée par

un courant d'entrée polarisé de l'ampli�cateur et provient bien de notre nano�l. Sur ces

mesures la di�érence d'amplitude et de constante de temps entre les deux con�gurations

s'explique par l'ajout d'un câble supplémentaire qui a pour e�et d'augmenter la capacité

parasite du circuit et donc de diminuer la bande passante de celui-ci.
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Figure viii.23: Mesure de potentiel par SPM sans source externe sur des nano�ls de GaN
non dopés. La mesure est faite avec un ampli�cateur de tension ADA 4530 (Rload = 1 GΩ)
dans deux con�gurations di�érentes. a),b) Circuit éléctrique de chaque con�guration, dans
la seconde la pointe est connectée à la référence de l'ampli�cateur et la partie inférieure de
l'échantillon est connectée à l'entrée de l'ampli�cateur, c),d) signal piézoélectrique obtenu
pour chaque con�gurations.

ix Conclusion Au cours de cette étude, nous nous sommes focalisés sur les propriétés

piézoélectriques des semi-conducteurs III-N et plus particulièrement du GaN. Nos premières

mesures KPFM nous on permis de déterminer la polarité d'échantillons de GaN massifs et

de nos nano�ls. Cette polarité joue un rôle important car elle deternime l'orientation de

la polarisation piezoelectrique et de la polarisation spontanée.

Nous avons ensuite montré que la détermination des coe�cients piézoélectriques par PFM

est très compliquée sur des matériaux massifs et cela pour diverses raisons. Certaines de ces

limitations telles que la présence d'une force électrostatique sur le levier ou l'inhomogénéité

du champ électrique dans le matériau peuvent être surmontés. Néanmoins, éliminer toutes

ces contraintes notamment en utilisant des électrodes supérieures de grandes tailles induit

une nouvelle limitation: une déformation globale de l'échantillon induite par l'asymétrie du

champ électrique entre l'électrode supérieur et inférieur qui empêche toute mesure quan-

titative. L'utilisation de nano�ls nous a permis de surmonter ces di�cultés et de réaliser

des mesures relativement précise du coe�cient piézoélectrique d33 sur di�érents matériaux

possédant di�érents coe�cients et di�érentes polarités. Ces mesures n'ont pas permis de

mettre en évidence l'e�et de piézoélectricité géante observée par d'autres groupes et d'après

nos analyses expérimentales couplées à des simulations par éléments �nis nous sommes

convaincus que cet e�et n'est pas présent dans nos structures et résulte très probablement

d'artefact de mesures.

En ce qui concerne la récupération d'énergie à l'aide de nano�ls piézoélectriques, nous

avons observé des signaux similaires aux autres groupes et nous avons pu con�rmer que

ces signaux trouvent bel et bien leurs origines dans les nano�ls. Néanmoins, bien que
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Résumé en Français

le modèle de barrière Schottky initialement proposé semble présent, celui-ci ne su�t pas

pour expliquer l'origine physique de ces signaux. De plus, d'autres mécanismes comme

la présence de charges libres ou de charges de surfaces accumulées dûes à l'importante

polarisation spontanée pourraient également expliquer nos mesures. En conclusion, bien

qu'un signal soit clairement observable sur certain de nos échantillons, il nous semble

di�cile de relier celui-ci à la polarisation piézoélectrique de nos nano�ls. Des mesures

complémentaires, notamment avec des nano�ls de di�érentes polarités et de dopage n et p

pourraient s'avérer utiles pour identi�er l'origine de cet e�et.
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Surface and interface states

Surface or interface breaks the translational symmetry of the crystal. Due to the new

boundary conditions, the electronic properties are modi�ed, which play an important role

on the working principle of several semiconducting devices. Indeed the emergence of states

at the semiconductor-vacuum interface which will pin the Fermi level and generate a band

bending can be transposed to metal-seminconductor interfaces (M-S) or to heterostructures

in order to explain the electronic transport properties of devices such as Si MOSFET or

Ga[Al]As HEMT.

A.1 Models

In 1D, two di�erent approaches: nearly free electron model and tight binding model, give

similar qualitative results, i.e. localized states exist at the surface with the energy inside

the bandgap of semiconductors.

- In a nearly free electron model, the weak periodic potential is treated as a perturba-

tion, and the surface is modeled as a potential barrier. In these conditions, states

near the surface appear if their wave functions match the ones having an exponential

decay tail into the vacuum. Such surface states are called 'Schockley states'.

- In a tight binding model with either a surface potential modi�cation in comparison

to bulk potential ('Tamm-Goodwin states) or simply an abrupt interruption of the

periodic potential ('Maue-Schockley'), it results in the existence of strong localized

states at the surface which emerge from bulk states and with an energy inside the

gap close to the mid-gap.

A.2 Di�erent natures of states

In 3D, the surface reconstruction due to dangling bonds as well as the chemical bonding are

added to the above breaking symmetry consideration. The 1D surface states consequently

provides 2D bands. The number of states per unit of surface area is in the range of the

density of atoms at the surface (5 × 1018 m−2), which is close to the measured surface
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Appendix A. Surface and interface states

density of states of 4× 1018 m−2 eV −1.

The nature or origin of surface states is either intrinsic or extrinsic.

A.2.1 Intrinsic surface states (ISS)

Intrinsic surface states come from the bond breaking (dangling bond), relaxation and re-

construction of clean, well-ordered crystal surface. The dangling bond states being a high

disturbance, their energy level is largely shifted in comparison to the bulk value. The back

bond states are, on the other hand related to surface-induced modi�cation of the chemical

bond and therefore correspond to a lower shift of energy.

In the ISS category, the three main types of states and electronic contributions at the

surface are:

- Bulk states at the surface (Fig. A.1, green-1): They are from bulk electronic bands

which exist up to the surface. Although they are an extension of standing Bloch wave

inside the crystal until the surface, they contribute to the surface electronic density

of states via their exponential decay tail to the vacuum. Compared to the bulk value,

their energy is only slightly modi�ed.

- Surface states (Fig. A.1, red-2): Complex wave vectors are another solution of the

Schrödinger equation under surface boundary condition, These additional wave func-

tion are states only located at the surface with the energy inside the forbidden gap.

These states are also called 'Virtual Induced Gap States' (VIGS)'.

- Resonant surface states (Fig. A.1, blue-3): The surface state and the bulk state with

the same energy can mix, resulting a Bloch-like state with a large amplitude close to

the surface.

c

(1) Bulk states extension at the surface

(1)

(2) Surface state
(2)

(3) Resonant state

(3)

Figure A.1: Band energy diagram of the surface/vacuum interface and related wave functions.
Adapted from [91].

A.2.2 Extrinsic surface states (ESS) and interface states

Extrinsic surface states are related to the crystal distortion/imperfections (e.g. missing

atoms or line defects like steps) as well as the adsorption of foreign atoms or molecules

on surface with new electronic states from bonding and antibonding orbitals. This is
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A.2. Di�erent natures of states

another way to saturate the dangling bonds compared to surface reconstruction. A common

example is the oxide formation via the oxygen atom adsorption.

Interface states are states induced by the modi�cation of the crystallographic parameters

at the interface between two di�erent materials such as a metal-semiconductor interface,

heterostructure, or oxide surface. The abrupt change of periodicity at the interface of het-

erostructures produces for instance states di�ering from the ones in each joined materials.

The energy of these interface states is either inside the energy band or inside the energy

gap. For the later case, the states trap the free carriers resulting in a band bending and a

depletion zone near the interface.

Starting with W. Schottky model [312] based on the interface between semiconductor and

vacuum, J. Bardeen [313] extended this model to a metal-semiconductor interface. He

showed by including interface states that the work function of the metal should have no

e�ect on the position of the Fermi level pinning. Nevertheless only surface states of a

clean surface were used without including their strong modi�cation due to the presence

of metal. V. Heine [124] pointed out that the states at the surface with imaginary wave

vectors can match the Bloch states of the metal conduction band, resulting in a continuum

of states in the gap of the semiconductor at the surface. Such hybridized states are named

Metal induced gap states (MIGS). Schottky barrier height eφb then depends on the MIGS

occupation.

In the Cowley-Sze model [125], this variation is de�ned via the γ parameter, and in a

n-doped semiconductor:

eφb = γ(eφm − eχ) + (1− γ)(Eg − eφ0) with γ = (1 + e2WiDi/εi)
−1 (A.1)

εi, Di andWi are the dielectric permittivity, the density of interface states and the width of

the interface, respectively. If Di is low, γ → 1 and eφb = eφm− eχ: the barrier height will
linearly depend on the work function of the metal. It is the case for ionic system like some

III-V semiconductors (e.g. AlN). The high di�erence of ionicity between element limits

the extension of the wave function, as a consequence, reduces the MIGS density. For large

interface density of states, γ → 1 and eφb = Eg − eφ0 is independent of the metal work

function. The barrier height is only determined by the initial density of interface states

represented via the terme eφ0.

In the MIGS Mönch model, valid on atomic �at surface, i.e. well prepared contact for

a M-S interface, the Schottky barrier height eφBn is rather function to the di�erence of

ionicity X between the metal and the semiconductor:

eφBn = eφBp + SX(XM −XS) with SX = (1 + e2WiDi/εε0)−1 = (1 + 0.1(ε∞ − 1)2)−1

(A.2)
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A.3 Surface bands and Fermi level pinning

Surface states and resonant surface states create bidimensional bands Es(k//). The band is

usually occupied partially and thus metal-like; for example, it is half-occupied for elements

of the group IV semiconductor. Nevertheless the surface reconstruction reduces the surface

energy by charge transferring in order to saturate the bonds. As Peierls metal-insulator

transition in 1D, which results in the splitting of the band into two sub-bands: one is fully

occupied and the other is fully empty, the surface reconstruction provides similar results

in 2D by the generation of two surface bands. The separation of these surface bands is

low, about 0.2 eV and their width is around 0.5 eV (to be compared to the 2 eV of the

valence band). Therefore, they have a very high density of states, around 1015 eV −1cm−2.

It follows that the position of the Fermi level in the surface band is just shifted by few

meV if the doping changes by three order of magnitude in the bulk. The Fermi level is

thus pinned. A surface states density of 1013 cm−2 is su�cient to cause complete Fermi

level pinning. The pinning e�ect depends on the nature of the surface, its crystallography,

defects and contaminations. For instance, in the case of GaAs, a fresh cleaved (110) surface

shows no pinning, while there is a pinning at 0.5 eV above the valence band if only a small

fraction of oxygen layer is adsorped.

The band bending indicates a di�erence of electronic potential energy between the surface

and the volume of the semiconductor. This surface potential is the barrier that the electrons

in bulk should pass through to reach the surface. It is added to the electronic a�nity to

remove the electrons inside the bulk conduction band of semiconductors.
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Dielectric properties and formalism

A dielectric material is an insulator with an intrinsic polarization or an insulator which is

able to be polarized under an electric �eld.

B.1 Dielectric polarization Pdielec

The dielectric polarization of a material corresponds to the displacement of bound charges

at the atomic level. In general, the typical value for dielectric polarization is in the range

of 1 µC/cm2.

The dielectric polarization Pdielec for a hexagonal cristal can be written as:

Pdielec = ε0[χe]E = ε0

χ11 0 0

0 χ11 0

0 0 χ33

E (B.1)

with χ11 and χ33 are the electric susceptibility along the principal axis and E is the total

electric �eld.

For a general distribution of electric dipoles generated via an external electric �eld E0 ,

the electric �eld induced by the polarization can be calculated by replacing the dielectric

matter with a surface σp and volume ρp distribution of charges in vacuum with:{
ρp = −divP

σp = P · n
(B.2)

Reminder: the electric �eld inside two in�nite parallel charged plates can be obtained by

�rstly applying the Gauss's law on one plate via a cylinder surface:

2

∫ ∫
E · dA = σ · A/ε0 → E = σ/2ε0 . (B.3)

Then similar calculation can be done with the other plate which has an opposite polarity

(the orientation of the �eld is inverted). For the whole system, i.e. the two plates, the
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total internal electric �eld is therefore Etotal = σ/ε0. The external electric �eld is zero.

For a homogeneous distribution of the polarization as in a dielectric in�nite plate (polar

slab), the divP is zero, i.e. ρp = 0 and σp = ±P . The calculation is equivalent to a charged
capacitor as previously described. Using the Gauss's law, the depolarization electric �eld

is Ed = −P/ε0. The polarization is in the same orientation of the applied electric �eld,

whereas the depolarization �eld has an opposite direction and its amplitude is either equal

or inferior to the applied electric �eld.

Since the total internal �eld is given by Etotal = E0 − P/ε0 = E0 − ε0χEtotal/ε0 = E0/εr,

the applied �eld is screened by the dielectric system.

The depolarization �eld depends on the sample geometry:

- For long rod, Ed → 0

- For in�nite plate, Ed = −P/ε0
- For a sphere, Ed = −P/3ε0
- For a sphere with a radial distribution of the polarization: ρp = −divP = −Pdiv er ≈
−P/r2∂r2/∂r = −2P/r and σp = P

B.2 Dielectric displacement �eld, Ddielec

To introduce the displacement �eld, the Maxwell's equation gives:

∇.E =
ρpol + ρfree

ε0
, (B.4)

and considering ρpol = −divP, it follows:

∇.E =
−divP + ρfree

ε0
→ divDdielec = ρfree (B.5)

with

Ddielec = ε0 · E + Pdielec(E) (B.6)

It is a self-consistent problem to solve via numerical methods.

Since Pdielec = ε0[χe]E, the dielectric displacement vector can be written as:

Ddielec = ε0(1 + [χe])E = ε0[εr]E = [ε]E (B.7)

In a very simple case of a linear, isotropic dielectric material, the relation between E and

D is given by the following linear equation:

D = ε0 · E + P(E) = ε0(1 + χ) · E = ε0εr · E , (B.8)
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B.3. Statics versus dynamics dielectric: complex relative dielectric permittivity and loss

tangent

Remark: R. Feynman [132] pointed out that it is always better to start with∇·E =
∑

i ρi/ε0

instead of using D = ε0[εr] · E. Indeed, the displacement �eld is not proportional to the

electric �eld in the high �eld regime. Furthermore, the permittivity constant might depend

of the speed of the electric �eld variation.

B.3 Statics versus dynamics dielectric: complex relative

dielectric permittivity and loss tangent

Empirically, the relative dielectric permittivity εr corresponds to the ratio between the

charges stored in the electroded dielectric slab and the charges stored in the identical

electrodes separated by the vacuum gap (indeed Q/Q0 = D/D0 = ε/ε0 = εr) [131]. For

organic materials, εr is in the range of 5, while for inorganic εr ≈ 20 and more than few

hundreds for ceramics.

As a complete description, the relative dielectric permittivity contains two parts: εr =

ε′r − jε′′r with a real part and an imaginary part. The �rst part is used in case of a static

system characterized by a slow variation of the electric �eld in respect to the time of

equilibrium in order to obtain the full polarization. The complex form has to be used in

case of dynamic system in which the equilibrium is not reached due to the fast variation

of the electric �eld.

Under alternative voltage, the charges stored on the dielectric have an in phase (real) part

and an out-of-phase (imaginary) part due to resistive leakage and dielectric absorption.

The dissipative factor, dielectric loss or loss tangent is tan δ = ε′′r/ε
′
r.

B.4 Example of a parallel plate capacitor

Experimentally in a parallel plate capacitor with a �xed number of charges on the elec-

trodes, the capacitance increases when a dielectric is added in between the two plates.

As Q = C · V = constant, the voltage and the related electric �eld should decrease. From

the Gauss's law, there should be charges inside the dielectric which are partially compen-

sated by the free charges inside the electrodes. The key point is the existence of dipole

moments P = Nqδ induced by the electric �eld with δ the bound charges distance [132].

The coe�cient of proportionality which re�ects the ability to move the bound charges

in atoms will depend on the type of chemical element. The surface polarization charges

σp = −eNAδ/A = −eNδ has the same module as the polarization per volume unit: σp = P .

This polarization only exists because there are the free surface charges σfree on the elec-

trodes; in the other word, the capacitor was charged. When σfree → 0, the polarization is

relaxed, i.e. the charges are returning into the dielectric.
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The following equation can be written:

E =
σfree − σp

ε0
=
σfree − P

ε0

P=ε0χE−−−−−→ E =
σfree

ε0

1

1 + χ
= E0/εr (B.9)

The total electric �eld inside the dielectric is lower and corresponds to the applied �eld

divided by the relative permittivity. For a uniform electric �eld, the potential can be

determined by:

V =

∫
E dz = E · d =

σfree

ε0

d

1 + χ
=
Qfree

ε0

d

A · εr
=
Qfree

C
(B.10)

with C =
A · ε0εr
d

= εr ·C0. As measured, the dielectric medium improves the capacitance

value of the capacitor.

Similar deductions can be done via the displacement vector. In the case of a charged in�nite

parallel plate capacitor, the electric �eld inside the capacitor is �xed: E = −Vapply/d. Due
to the dielectric element, the displacement vector is D = εE and by continuity of D = 0

inside the electrode, the free charge surface density on the electrode is σfree = −D i.e.

Qfree = εAVapply/d. It follows that C = εr · C0.
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Nano-fabrication recipes

Samples with top electrodes

The parameters used for the lithography of circular metallic electrodes of 250, 500 and

1000 µm diameter on GaN and AlN bulk and thin �lms are described in a following:

� Cleaning: Acetone and IPA rinsing.

� Spin coating: PMMA 4% resist spin at [6000/6000/30] ( speed [rpm] / acceleration

[rpm/s] / time [s] ) which gives a resist thickness of 200 nm.

� Baking: 180◦C for 5 minutes.

� Exposure: electron beam lithography with a dose of D = 250 µC/cm2.

� Development: MIBK/IPA (1:3) during 35 seconds, and IPA rinsing 1 minute. Ad-

ditional cleaning of the resist with O2 plasma at 20 W during 5 seconds.

� Metal deposition: Ti/Au (3/17 nm) for Ga-polar GaN samples with a roughness

of around 1 nm. Ti/Au (15/20 nm) for N-polar GaN and AlN samples which have a

roughness of around 20 nm.

� Lift-o�: Acetone 2 to 3 hours and IPA rinsing. Additional cleaning of the resist

with O2 plasma at 20W during 3 minutes.

For the lithography of top electrodes on LGS and quartz, an additional step has to be

added since these insulating materials cannot evacuate electrons during the lithography.

The electrons accumulated in the resist de�ect the electron beam inducing important errors

on the written pattern. To avoid this problem, a 3-nm gold layer is evaporated on the resist

before the lithography step. This layer is thin enough to let passing the electrons to the

resist while di�using the trapped charges. After the lithography process, this gold layer

is removed by a KI + I2 solution. In 5 seconds, KI + I2 etchs the gold without attacking

the resist. Then the rest of the standard procedure is followed and 5/15 nm of Ti/Au was

deposited on these two samples.
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Samples for nanowires dispersion and contact

Sample for dispersion:

The motifs for micro-bonding are �rst done by UV lithography. The recipe is the following:

� Cleaning: acetone and IPA rinsing.

� Spin coating: S-1818 photosensitive resist spin at [6000,4000,30].

� Baking: 115◦ during 60 seconds.

� Exposure: The mask is placed above the sample and UV light is turned on for

around 100 seconds (Dose of 51 mJ/cm2). Exact time is calculated in function of

the power of the UV light with the following formula: T=D/P, T being the exposure

time, D the dose and P the UV lamp power (usually P is around 0.5 mJ/cm2).

� Development: Solution of Microposit Developper/de-ionized water (1:1) during 60

seconds, then the sample is rinsed in de-ionized water during 30 seconds. Possible

traces of resist are removed with an O2 plasma at 50 W during 5 seconds.

� Metallisation: Ti/Au (10/65 nm) with metal evaporator.

� Lift-o�: in acetone solution during 2 to 3 hours. Finally a last 02 plasma at 50W

during 5 minutes allows to completely remove the traces of resist.

The motif containing the small marks used to spot nanowires position and the alignment

crosses are then done with EBL. The recipe is the same as the standard one described in

top electrode part excepted for the following points:

� Spin coating: PMMA 4% spinned at [4000,4000,30] (270 nm thick)

� Metallisation: Ti/Au (10/65 nm)

Nanowires dispersion:

The dispersion can be done in two ways: mechanically or using a liquid solution. For the

mechanical dispersion, a cleanroom paper was used which was slowly rubbed on the growth

sample covered by vertical nanowires. Then the paper is slowly slided on the patterned

sample. Nanowires are therefore simply transfered from the growth wafer to the paper

and to the sample. This operation is repeated 3 or 4 times and each time, the quantity

of nanwires spread on the sample surface is controled with an optical microscope. Even

if this method works well, the �nal density of transfered nanowires is not undercontrol.

The second possibility is to introduce a small piece of growth wafer in IPA solution and

use ultrasound to detach the nanowires (usually 5 minutes ultrasound at the maximum

power). With high power ultrasound, nanowires break at their base and are dispersed in

the IPA solution. Finally a small droplet of this IPA solution is injected on patterned

sample surface and after evaporation a good nanowire dispersion is obtained. Mechanical

dispersion works well for the majority of nanowires excepted for the E-3439, for which

liquid dispersion is more suitable.
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Contacting nanowires:

After the dispersion of the nanowires, the positionof the nanowires in respect to the markers

on the SiO2/Si substrate are identi�ed by SEM. The contact pattern is designed by Klayout

software and is realized by the following steps.

� Cleaning: acetone and IPA rinsing.

� Spin coating & baking: PMMA 4% spin at [4000,4000,30] and baking at 180◦

during 5 minutes. This process is repeated two times in order to reach 540 nm of

resist thickness.

� Alignment: the metal crosses present at the four corners of the inner write �eld are

used as a marker to determine the right coordinate. and to be sure that the pattern

will be drawn at the right coordinates.

� E-beam lithography: The resist is exposed following the pattern drawn in Klayout

by using EBL with a dose of D=250 µC/cm2

� Development: MIBK/IPA (1:3) 35 seconds, and IPA rinsing during 1 minute. Ad-

ditional cleaning of the resist trace with O2 plasma at 20W for 5 seconds.

� Metal deposition: Ti/Al/Ti/Au (10/80/10/20 nm) layer is deposited by e-beam

evaporator. The Ti is as a glue layer for Al and Au. The Al layer is used to provide

an ohmic contact between the nanowire and the metal [314]. The gold layer is added

to prevent oxidation.

� Lift-o�: acetone 2 to 3 hours and IPA rinsing. Additional cleaning of the resist with

O2 plasma at 20W during 3 minutes.

Suspending nanowires

Suspended nanowires are created with the same process as contacting nanowires. However,

before the nanowire dispersion, the �rst layer of PMMA 3% is spinned at [4000, 4000, 30]

and baked in order to have a resist of 150 nm thickness. Nanowires are spread on this layer

using liquid dispersion, not to damage the resist. After the dispersion the naowires are

localized by using SEM. To prepare the contact pattern, the fast SEM observation using a

low acceleration voltage of 4 kV is done to avoid to expose the PMMA.

For the step concerning the nanowire connection, the same procedure as for standard

contacted nanowire is followed with three di�erences:

Because nanowires are elevated relative to the substrate more metal has to be added to

contact them. Metallisation is done with 10/180/10/20 nm of Ti/Al/Ti/Au. To be sure

that the gap between nanowires and substrate is correctly �lled, the metal evaporation is

performed with a 15◦ angle and with a sample rotation. Because of these modi�cations,

there is the risk to have metal on the �ank of the resist which makes lift-o� more di�cult.

Therefore the lift-o� time is extended to 8 hours.
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Encapsulated nanowires

First the empty space is �lled between the nanowires with resist in order to have a continu-

ous layer for metal deposition. For this purpose a PMMA 4% resist is spin at [2000,1000,31]

and then bake. This operation is done two times. Acceleration is low in order to not break

the wires and the theoretical thickness of PMMA is 780 nm. SEM observation of the side

of the sample shows that PMMA thickness is around 1 µm and completely covers the

nanowires.

Then to remove the PMMA on the top of the wires two O2 plasma were performed at

20 W during 10 seconds. Between each plasma etching SEM observation allows to de�ne

if the resist was etched enough via seeing the top of the nanowires. In our case two plasma

etchings are su�cient.

When etching is succeeded, all the sample is covered with 5 nm of Hafnium via an Atomic

Layer Deposition (ALD)(50 ALD cycles). This insulating oxide avoids any electrical con-

tact between the nanowire and the top electrode.

Finally a shadow mask is used which cover all the sample excepted a small circular area

of 1 mm diameter. Ti/Au (6/60 nm) is evaporated to produce the top electrode. This

deposition is thick in order to guaranty that metal layer is continuous.

Spread nanowires clamped by resist

For the fabrication of nanowires spreaded on a gold coated sample and clamped by a non

conductive material, a negative resist was used, which is insoluble in the developer and

stays on the sample to clamp the nanowires. The process starts from a patterned samples

in order to locate the nanowires, then a Ti/Au (5/15 nm) layer is deposited on the full

sample and the nanowires are spread using liquid dispersion. Like for contacted nanowires

the nanowires position is found using the SEM and the sample is covered with the negative

resist, the ARN 7700 / 18. The recipe is the following:

� Spin coating & soft baking: ARN 7700 / 18 spin at [6000,6000,60] and baking at

85◦ during 90 s which gives an ARN thickness of 300 nm.

� Nanowire location: SEM to identify the nanowires of interest and their positions.

� EBL Exposure: The resist is exposed following the Klayout pattern drawing with

a dose D=30 µC/cm2.

� post exposure bake: Baking at 105◦ during 120 s.

� Development: AR 300-46 during 60 seconds, and EDI rinsing during 1 minute.

Additional cleaning of the resist traces with O2 plasma at 20 W during 5 seconds.
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At the end of this process, the nanowires are clamped at the two ends with an anchor of

ARN 7700 / 18 as shown in the �gure C.1.

1 µm

Figure C.1: GaN nanowires spread on a gold coated sample and clamped at the two ends
with a negative ARN 7700 resist.
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PFM on Langasite

Langasite (LGS) or La3Ga5SiO14 is a single crystal material, which has the same crystal

tensor as quartz but with higher piezoelectric coe�cient (d11 = −6.16 pm/V, while the

one of quartz is 2.3 pm/V).

The investigated sample is X-cut with the following piezoelectric tensor:

[d] =



d11 0 0

−d11 0 0

0 0 0

d14 0 0

0 −d14 0

0 −2d11 0


(D.1)

where d11 = −6.16 pm/V and d14 = 5.36 pm/V [315, 316]. Because of its reasonable d11

value and similar crystal structure to quartz, it might be able to replace quartz in a certain

extend. The main idea was to used it as a better referent sample compared to quartz due

to its higher piezoelectric coe�cient. In addition, it has no phase transition up to the

melting point of 1475 ◦C, thus it is useful for piezoelectric application at high temperature.

As described in previous section, since the electrostatic contribution could play an im-

portant role, it must be detected before each PFM measurement. From the open-looped

KPFM, the VCPD of LGS is found to be extremely high as shown in Figure D.1. It can

reach the value of 250 V which cannot be easily compensated by applying DC voltage.

However, this large degree of electrostatic force can be e�ciently screened by using the

top electrode which is electrically connected to the SFM tip. Thus, the top contact with

a diameter of a 500 µm electrode was deposited on the 5.3× 6.1 mm2 LGS sample. The

comparison of KPFM measurement inside and outside electrode is shown in Figure D.2.

A �at KPFM curve is in the noise level above the electrode. By entirely suppressing

electrostatic contribution inside the electrode, the PFM signal in this area should present

mainly the crystal motion under the contact caused by the applied electric �eld. In this

work, a vector PFM is used to detect those in-plane and out-of-plane motion of the material.
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Figure D.1: KPFM oat 2 VAC and 17 kHz, a) done in the A-face of LGS sample, and b)
on its B-face. The insert shows the extrapolation of the KPFM slope until the null amplitude
which is reached for VDC = 250 V.

Three crystal axes sample (±X, ±Y , and ±Z) are identi�ed only in parallel or perpen-

dicular to the sample edge, with unknown direction. Therefore, the orientation for the

studied LGS sample was chosen with the +X axis pointing upward, and the +Y and +Z

will be shown in the Figures. A vector PFM together with 3D-COMSOL simulation was

used for determining the +X, +Y , and +Z direction of the crystal in the studied sample.

In addition, the lateral and vertical piezoresponse from PFM also points out the substrate

bending e�ect which could be ascribed to the imperfectly clamped back surface.
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Figure D.2: KPFM on LGS at 6 VAC and 17 kHz apply on the backside of the sample, Black
curve show the results obtain outside the electrode while the red curve show the results obtain
above the electrode.

First, KPFM is measured without electrode on each face of the sample to determine their

CPD. These two faces are randomly called A and B face. As it can be seen in Figure D.1,

the CPD is very high, higher than the bias that it can be applied with a Lock-in ampli�er.

To overcome this limitation a source meter (Keithley 2636 B) is used to apply a DC bias

on the backside of the LGS while the standard AC bias is applied on the SFM cantilever.

To simplify the KPFM �gure, all the bias are expressed as backside bias.
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The CPD of the A-face is around −20.5 V (Figure D.1.a). Concerning the B face, the

minimum of amplitude can not be found directly due to the too high value of the CPD. A

DC sweep with di�erent DC o�set (20 V, 30 V, and 40 V) was done and the slope extrap-

olated from these three curves indicates a CPD close to 250 V (see insert Figure D.1.b).

Such a high CPD value on each LGS face make impossible a PFM measurement with the

tip as electrode and with CPD compensation. The utilization of a top electrode is thus

mandatory.

3D �nite element simulation with COMSOL can simulate the piezoelectric deformation of

the studied LGS. The sample dimension is 6 mm × 6 mm × 360 µm. The circular top

electrode has a diameter of 500 µm. The potential of +1V is applied at the substrate

backside while the top electrode is at zero voltage, 0 V . The +X, +Y and +Z axes are

de�ned in Figure D.3.a. Two di�erent boundary conditions were used: a perfectly clamped

backside and an unclamped backside. The contour plot shown in Figures D.3.b and D.3.c

presents the total displacement �eld of the LGS, while the black arrows show the expected

surface displacement (εx + εy + εz).
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Figure D.3: a) Summary of the displacement obtain on LGS sample cover by a 500 µm
diameter electrode. b) COMSOL simulation of the LGS displacement in perfect backside
clamping con�guration. c) COMSOL simulation of the LGS displacement in free backside
clamping con�guration. Color scale represent the out-of-plane displacement and black arrows
represent the in-plane displacement.

The major di�erence of the two boundary conditions is the sign of the vertical displacement

of the crystal. In the case of the perfectly clamped backside of the substrate, the vertical

displacement is negative and the shear one is positive. When the substrate backside is

free, the vertical displacement becomes positive and the shear stays positive as shown by

the arrows in Figures D.3.b and D.3.c. This reversed sign of the vertical displacement is

attributed to the bending e�ect, as supported by simulations of the LGS with di�erent

electrode sizes. The vertical displacement pro�le of the top surface shown in Figure D.4

reveals that the vertical displacement changes from negative to positive value once the

electrode size increases.

In the case of the free backside (the top curves), the vertical top displacement is positive

until the size of the electrode becomes very large (radius > 1.5 mm on a sample of 3 mm

radius), after this critical size the top displacement becomes negative. This behaviour
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Figure D.4: Bending simulation for di�erent electrode sizes on an LGS sample of 3 mm
radius oriented along is +X axis and under positive electric �eld. Top curves show the results
obtained in free backside con�guration while bottom curve shows the results of perfect backside
clamping con�guration. a) and c) correspond to a top electrode of 10 µm radius while b) and
d) show simulations with a 2000 µm radius top electrode. e) shows the top displacement (also
top-bottom in free clamping case) at the center of the electrode versus the electrode size in free
and clamped con�gurations.

shows by the black curve in Figure D.4.e coming from the bending e�ect. Still in free back-

side con�guration, the gray curve Figure D.4.e show the di�erence between the top and

the bottom displacement. This one is negative in agreement to the negative polarization

of the LGS and reach 6.1 pm/V for big electrodes which is close to the theoretical piezo-

electric coe�cient. Finally, the bottom curves (Figures D.4.c and D.4.d) show the vertical

displacement in perfect backside clamping. In this con�guration their is no bending and

the deformation is negative in agreement with the material polarity. In this con�guration

the displacement versus the electrode size is show Figure D.4.e, for big electrodes the max-

imum displacement reach a limit of 2.3 pm/V. This low value is explain by the backside

clamping.

To con�rm the behaviour obtain on these simulations, we performed a PFM measurement

at 17 kHz to avoid any resonance ampli�cation. The cantilever sti�ness is 3 N/m in order

to attain a high lateral sensitivity. The cantilever and the top electrode are electrically

connected to ground while the AC bias is applied on the substrate backside. Two measure-

ment con�gurations were applied, which are schematically shown in Figure D.5.a. For the

�rst one, the cantilever moves along Y axis, while the cantilever moves along the Z axis

in the second con�guration. In both cases, the cantilever passes through the center of the

electrode. The vertical and lateral signal were detected and converted into displacement

in pm thanks to the calibration procedure for vertical signal and geometrical approach for

the lateral signal as described Chapter V.

In parallel con�guration (1) shown in Figure D.5.b we have the following displacements:

In this con�guration, the in-plane displacement could contribute to the vertical motion of

the cantilever; so called, the buckling e�ect. The slope on the vertical signal re�ects a

+εY motion so Y displacement toward the outside of the electrode. The evolution of the

lateral signal along Y direction, indicating a +εY Z motion or the displacement toward the

Z direction. At the center of the electrode: the symmetric point in which the lateral signal
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Figure D.5: PFM results on LGS above a 500 µm diameter electrode in parallel and per-
pendicular con�guration corresponding to Y and Z axis of the LGS respectively. a) Show the
scheme of the two con�guration noted (1) and (2), yellow arrows show the displacement extract
from the PFM curves and converted in pm/V. b) PFM results in the parallel con�guration
(1), Top curve show the vertical signal and bottom curve the lateral signal. c) PFM results in
the perpendicular con�guration (2), Top curve show the vertical signal and bottom curve the
lateral signal.

is zero, the positive vertical signal corresponds to a +εX motion or a positive displacement.

Figure D.5.c present the PFM signal obtained in perpendicular con�guration (2), suggesting

a following displacement:

In this con�guration, the buckling e�ect is also present as indicate by the slope on the

vertical signal which re�ects a +εY motion so Y displacement toward the outside of the

electrode. The lateral signal along Z direction is constant indicating the absence of εZ
motion. At the center of the electrode: the symmetric point in which the lateral signal is

zero, the positive vertical signal corresponds to a +εX a positive displacement. All these

deduced displacements are summarised by the yellow arrows shown in Figure D.5.a.

To con�rm these results and especially the interpretation of the buckling in the vertical sig-

nal we �ip the sample of 90◦. After this sample rotation, the parallel (1) and perpendicular

(2) con�guration become collinear to the Z and Y axis respectively as show Figure D.6.a:
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Figure D.6: PFM results on LGS above a 500 µm diameter electrode in parallel and perpen-
dicular con�guration. Sample is tilt of 90◦ compare to previous �gure, parallel and perpendic-
ular con�guration correspond to Y and Z axis of the LGS respectively. a) Show the scheme
of the two con�guration noted (1) and (2), yellow arrows show the displacement extract from
the PFM curves. b) PFM results in the parallel con�guration (1), Top curve show the vertical
signal and bottom curve the lateral signal. c) PFM results in the perpendicular con�guration
(2), Top curve show the vertical signal and bottom curve the lateral signal.

In this new orientation, the displacement in the parallel orientation (1) is the following:
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The vertical signal is constant which re�ects an homogeneous +εY motion below the elec-

trode. The lateral signal so along Y direction, indicating a +εY Z motion or the displace-

ment toward the Y direction.

In perpendicular con�guration (2) shown in Figure D.6.c we have the following displace-

ments:

� Slope on the vertical signal (buckling) corresponding to a +SY Z motion (along the

Y axis, displacement toward the Z direction).

� Slope on the lateral signal corresponding to a +SY motion.

The evolution of the lateral signal along Y direction, indicating a +εY Z motion or the

displacement toward the Z direction. At the center of the electrode: the symmetric point

in which the lateral signal is zero, the positive vertical signal corresponds to a +εX motion

or a positive displacement. All these deduced displacements are summarised by the yellow

arrows shown in Figure D.6.a.

First, we show that the identical sample displacement in X, Y and Z direction can be

deduced despite rotating the sample by 90◦, con�rming our interpretations of the buckling

signal. Indeed, the buckling signal , or the in-plane displacement respectively lateral signal

observed in the parallel con�guration (1), will turn into the lateral signal (respectively

buckling signal) in the perpendicular con�guration (2) when the sample is tilted by 90◦.

The vertical signal obtains in absence of buckling give a piezoelectric coe�cient d11 about

+2 pm/V (for a positive EZ electric �eld in the microscope axis). This value is lower than

the expected one and has an opposite sign (d11 = −6.16 pm/V) but we already notice in

the previous part than the vertical signal of bulk can be highly in�uenced by the bending

and is not trustable.

Concerning the in-plane motion, SY and the shear displacement SY Z are both positive

as expected for a sample oriented along +X direction. Finally, we also performed some

complementary measure along Y Z direction to fully visualize the sample motion and we

summarise all the displacement on the �gure below:

Now we have to determine if the sample orientation arbitrary chosen at the beginning

is correct and if it's the case if bending can explain the inversion of the vertical sample

motion.

As we can see in the case of perfect backside clamping Figure D.3.b Vertical displacement

is negative and shear displacement is positive as predict by the theory. But in this con�g-

uration, There is no SY motion along the Y axis so this simulation was not �t with our

experimental data. Figure D.3.c show the LGS simulation for a free backside (no clamp-

ing), in this con�guration SX , SY and SY Z are all in agreement with our experimental

results.
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Figure D.7: Summary of the displacement obtain on LGS sample cover by a 500 µm diameter
electrode using vector PFM.

To conclude with LGS, we show that like on other bulk material this one is sensitive and

easily dominate by bending when top contact is big enough. If we take into account this

e�ect in our simulation by realizing the backside we found a sample motion in perfect

agreement with our experiment (Figure D.4) which con�rm that the sample orientation

toward +X chose at the beginning is the correct one. It's also important to note that like

on GaN, the in-plane motion is not a�ected by the bending and can be used to determine

the material polarity. Finally, because of the high CPD of this sample, we could not use the

tip as electrode con�guration with the compensation to obtain the correct vertical motion

in the absence of bending. But the previous results on GaN, the in-plane motion of the

LGS and the good agreement with simulation are large enough to prove our assumption of

bending and the correct LGS orientation.

255





Appendix E

Shielded tip

The use of coaxial probes to perform high spatial resolution KPFM was proposed and done

by the Havard team of R. Westervelt (see Figure E.1). The lateral spatial resolution of

the local electro- and piezo-potential probing measurements via EFM, KPFM and PFM

should indeed be improved by using SPM electrostatic shielding cantilever-tips. Such

a probe should remove the electrostatic background and avoid the smearing e�ect due

to the cross-coupling from surrounding materials having di�erent electrical potential, like

electrical contacts. For instance, in such a coaxial design, the AC bias required for PFM on

the internal metallic strip and ground the external covered layer. The shielding provided

by this outside metallic layer should suppress the electrostatic background contribution

and the electric �eld should be applied on the material by the apex of tip thanks to the

aperture of this one which allows very local measurements. This method o�ers all the

advantages and disadvantages of the tip as electrode (local measure, non-uniform electric

�eld) without the e�ect of electrostatic contribution.

(a) Electric field simulation (b) Coaxial tip (c) KPFM measurements

Figure E.1: High spatial resolution KPFM with coaxial probes. From Brown et al. [317]

During this PhD work, we start to developp shielding tips following our own process. At

the Néel Institute, the Nanofab team in charge of the cleanroom and Simon Le-Denmat in

charge of the SFM platform were mainly involved in this nano-fabricate. As shown in the

Figure E.2, the cantilever was composed of di�erent layers. First, a standard SiN cantilever

was selected. To avoid current leakage during CPD compensation, a metallic strip line of

microns width was deposited on the tip apex until the chip via the application of a special

lithography resist. A thin layer of oxide (HfO2) was then added by ALD in a conformal

way, playing the role of the insulator layer. The overall was recovered by a thin metallic
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layer, which should shield the potential of the internal metallic strip. Finally, a focused

ion beam (FIB) was used to remove part of the metallic shielding and oxide layer at the

tip apex.

E E=0E

a) b)

Figure E.2: The working principle of a shielded tip: a) Without shielding (internal and
external layer are connected to AC bias) an electrostatic force is present between the cantilever
and the sample. b) With shielding, the internal part is used to apply the AC bias and the last
conductive part put to the ground (as the sample) use to shield the electrostatic force. The
Electric �eld is well applied below the tip but the electrostatic contribution of the cantilever
and the cone is completely suppressed.

Figure E.3 shows the �rst batch of tip after the last metallic coating (Figure E.3.a and E.3.b)

and after the opening of the tip apex by FIB (Figure E.3.c).

200 nm200 nm2 µm

a) b) c)

Figure E.3: SEM images done at 20 kV of a),b) a shielded tip before the opening of the
apex and c) when the apex of the tip is open by FIB.

The nanofabrication of these tips is no straightforward. The insulating HfO2 layer of

the �rst batch was too thin and not homogeneous preventing to use the shielding. This

problem was corrected on the second batch of cantilevers but this one was not usable for

experiments. The deposition process of the external conductive layer is done by sputtering,

with this technique only one side of the cantilever is coated which induce stress and �nally

a bending of the cantilever. Figure E.4 show an SEM image of a shielded tip which has a

curvature of 6◦. This modi�cation of the cantilever angle changes the optical path of the

laser beam which is re�ected outside the photodiode what makes measurement impossible.

Several optionscan possibly overcome this limitation like improve the metal deposition or

use sti�er cantilevers whihc will be further investigated.

Although this bending problem and the impossibility to use these tip in real condition,

we are able to test the e�ciency of the shielding using KPFM, these results are presented

Figure E.5 and show KPFM amplitude without and with the shielding (which correspond

to con�guration present Figure E.2.a and Figure E.2.b respectively).

When the shielding is not used (the black curve) we see the standard V-shape of KPFM

which indicate the presence of electrostatic force. When the shielding is used (the red
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6°

50 µm

Figure E.4: SEM image (side view) done at 20 kV of a shielded tip. The external coating
induces a strain which bends the tip of 6◦.
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Figure E.5: KPFM curves obtain on gold when the shielding is used (red curve) and when
the AC bias is applied on the external coating (black curve).

curve) the V-shape disappear and the KPFM signal obtain is completely silent and close

to the noise level which con�rms the absence of electrostatic forces acting on the cantilever.
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