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Abstract

Abstract

The development of nanoscience makes the understanding of the electrical properties of
nano-objects essential. The Kelvin Force Microscopy (KFM) is a well suited technique to
map at the nanoscale and simultaneously both the topography and contact potential
difference (CPD). After 20 years of development, KFM is mainly operated under air at
normal pressure, allowing to perform, in an easy way, multiple comparative analyses.
However, under UHV, as the surface is controlled, more accurate and reliable
measurements can be achieved. In the first part, KFM under ambient atmosphere is
improved by developing the single-scan method using either a frequency modulation (FM)
or an amplitude modulation (AM) mode. An external Nanonis electronic has been
implemented on commercial AFMs (Dimension 3100 and MultiMode, Bruker). A
comparative study with the common Lift-mode is done by imaging epitaxial graphene
layers on SiC sample. The tip-sample separation effect on the CPD contrast and resolution
is described as well as experimental settings. It is shown that higher contrasts are
obtained using single-scan frequency modulation KFM regardless the tip-sample operating
distance. In a second part, the KFM technique under secondary vacuum is developed. The
instrumental work is carried out with an EnviroScope AFM from Bruker. We outfitted our
Veeco’s AFMs with an external Nanonis electronic to perform simultaneously the
acquisition of topography and CPD using either the amplitude or the frequency
modulation mode. The upgrade of the electronic has raised compatibility issues. Our
results show that the comparable results are obtained with KFM under UHV. Finally,
having laid down both the experimental and theoretical groundwork of the KFM, this
technique is used to characterize CdTe/CdS heterostructures used in thin films solar cell
application. A protocol for the cross section sample preparation has been specifically
developed. The CdTe/CdS heterojunction is studied under polarization both in dark and
under illumination. The influence of the CdS layer thickness is also studied to understand
its dramatic effect on the solar cell efficiency.

Keywords: Atomic force microscopy (AFM), Kelvin force microscopy (KFM), work function,
CdTe/CdS, heterojunction.
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General introduction

General introduction

The miniaturization is currently playing an important role in research and development on
materials (semiconductors, data storage, biomaterials, health care and others). This
development makes essential the availability of characterization tools operating at the
nanoscale. This is why in recent years an increasing number of analytical methods have
been introduced for comprehensive analyses at the nanometre scale. The scanning probe
microscopy (SPM) techniques are of particular interest because of their capabilities to
measure, at the nanoscale, surface morphology together with a surface physicochemical
property. Among these accessible properties, the surface potential distribution (a quantity
closely related to the work function), has grown considerably in interest to understand
many chemical and physical surface and interface phenomena. Among these phenomena
we can cite: semiconductors doping profiling, imaging trapped surface charges in
insulators, chemical identification of individual surface species, many aspects of biology,
the formation of organic and hybrid photovoltaic thin films and graphene. The Kelvin
probe force microscope (KFM) is a surface technique extremely sensitive to any changes
of surface properties in term of structure, composition and contamination. KFM is an
AFM-based technique well suited to map the local contact potential difference (CPD)
variation at the nanoscale.

Under normal atmosphere, the KFM technique is usually operated in Lift-mode, with a
spatial resolution not better than 50 nm. The Lift-mode is a double pass technique that
acquires the topography during the first scan and the CPD during the second scan.
Obviously the acquisition time of the double pass mode is twice the one of the standard
single pass mode. Moreover, due to the long-range electrostatic interaction, the CPD
depends on the tip-sample distance. Therefore, a new KFM operating mode is highly
desirable to both decrease the dependence of the CPD on the tip-sample distance and to
increase the spatial resolution.

KFM operated under ultrahigh vacuum (UHV), using the so-called non-contact mode, is
both more reliable and more sensitive, mainly for two reasons:

- Firstly, as KFM is susceptible to environment artifacts, UHV provides a better surface
conditioning. Indeed, in air the work function of a sample depends on the surface quality
that can be heavily altered by the presence of a thin film of water and/or by the presence
of a contamination layer. This affects both the contrast of the CPD images and the value of
the work function.

- Secondly, under vacuum the quality factor is typically up to 100 times higher than the
one obtained when operating under normal atmospheric pressure. This higher quality

-9-



General introduction

factor improves the sensibility of the force/gradient detection. However, the high cost of
the set up and the difficulty to operate in non-contact mode have been an impediment to
the development of this technique.

In this context, one aim of this thesis is to meet this challenge by developing robust
protocols to operate KFM under secondary vacuum. We will give the pros and cons of
operating under ambient atmosphere, secondary and ultrahigh vacuum.

The second aim of this thesis is to study CdTe/CdS heterojunction using the KFM
technigue to gain a better understanding of the conduction mechanisms in alternative
CdTe/CdS-based solar cell. These solar cells are less expensive than their silicon-based
contenders, but their theoretical efficiency can only reach 29 %. As standard analytical
techniques usually yield only averaged properties over the probe size, the KFM technique
is essential to image the local electrical properties, information necessary to understand
the transport mechanisms allegedly responsible for the efficiency variability of these solar
cells.

The presentation and discussion of the results obtained during this doctoral work is
organized in four chapters:

Chapter 1 provides a reminder of the basics in three fields addressed in this thesis: the
work function, the atomic force microscopy as well as the Kelvin probe force microscopy.
The theory of the work function is introduced. The concept of the local work function is
also presented. Then, the working principle of atomic force microscopy and its different
operation modes are briefly overviewed. Finally, the work function measurement by
Kelvin probe force microscopy is introduced. Working principle including different
operation modes such as amplitude or frequency modulation and the expected contrast
and accuracy are discussed.

Chapter 2 is focused on instrumental improvements of the KFM technique performed in
ambient atmosphere. The single-scan acquisition has been implemented on commercial
AFMs (Dimension 3100 and MultiMode from Bruker) by using external Nanonis electronic.
A comparative study of the single scan operation both in frequency and amplitude
modulation with the common Lift-mode is performed in ambient atmosphere by imaging
graphene layers on SiC sample. The tip-sample separation effect on the surface potential
spatial resolution and the contrast is described. Finally, the influence of the main
experimental settings on CPD imaging is presented. We will show that higher contrasts are
obtained using single-scan frequency modulation KFM regardless the tip-sample operating
distance.

Chapter 3 is focused on the instrumentation of KFM under secondary vacuum. This work
is carried out with a commercial AFM (EnviroScope, Bruker). An external Nanonis

-10-



General introduction

electronic has been implemented to perform, both in amplitude and frequency
modulation mode, simultaneous acquisition of topography and CPD. A thorough
presentation of the experimental setup, the effects of experimental conditions and
parameters are detailed. In the end, a comparative study with KFM in ambient conditions
shows the importance to work under secondary vacuum.

Chapter 4 highlights the combination of high resolved CPD imaging by KFM and nano-
resolved Auger electron spectroscopy (AES) on CdTe/CdS heterojunction. A protocol for
the cross section sample preparation has been specifically developed. The CdTe/CdS
heterojunction is studied under polarization both in dark and under illumination. The
influence of the CdS layer thickness is also studied to understand its dramatic effect on the
solar cell efficiency.

Finally we summarize the main results obtained during this work.

-11 -
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Chapter 1: Work function measurement by Kelvin probe force microscopy

Chapter 1

Work function measurement by Kelvin
probe force microscopy

In this chapter, we give a brief reminder of the theory of work function and how it is
possible to measure the work function using an SPM-based technique: the Kelvin force
microscopy (KFM). The chapter starts with a brief introduction to the work function theory
insisting on the concept of local work function. Then, the basics of the atomic force
microscopy (AFM) will be reminded to introduce the KFM technique. The reminder of the
chapter is dedicated to a detailed discussion of the KFM two main operating modes: the
amplitude modulation (AM) mode and the frequency modulation (FM) mode.

1.1The theory of work function and concept of local
work function

1.1.1 The theory of work function

Work function of metals

Classically, the work function ¢ is defined [1,2] as “the difference in energy between a
lattice with an equal number of ions and electrons, and the lattice with the same number
of ions, but with one electron removed”. Let F(N) be the initial free energy of neutral
crystal with N electrons and F(N —1) the final free energy of the crystal with

N —1electrons. If we assume that the extracted electron is at rest and therefore
possesses only an electrostatic potential energy, we have:

6=F(N-1)+E.-F(N), (1.2)

Vac

where E,,__is the vacuum level. In Eqg. (1.1) the vacuum level energy can be set to zero but,

Vac

as it will be shown the notion of vacuum level plays an important role and we will have to

-13-



Chapter 1: Work function measurement by Kelvin probe force microscopy

distinguish the vacuum level (level at infinity) from the local vacuum level (near the
surface).
The change in free energy F'(N —1)-F(N) is related to the chemical potential

OF
=F(N)-F(N-1)=|—| , ,
u=F(N)-F( ) (aNjT,V (1.2)

where the derivative of the free energy is taken at constant volume and temperature. By

definition, the Fermi level E . is equal to the value of the chemical potential pzat 77=0K,

and is quite constant for temperature that is much lower than the characteristic Fermi

E .
temperature’ =£ . [3] So, we can safely write:

0= EyoeEr. (13)

Vac

In another word, the work function is the energy difference between two states of a
solid with an infinite homogeneous surface. In the initial state, the electrons fill all the
available states up to the highest occupied level of the neutral ground state of the solid,

i.e. the Fermi level E£.. In the final state, the solid is singly ionized with the electron being

at infinity in vacuum at rest i.e. at the so called vacuum level E| .

Theory of the double-layer

To deduce the Eg. (1.3) , two effects that affect the work function value have been
ignored: firstly, when removing an electron through the surface of a conductor, work can
be done or gained; secondly, the extracted electron electrostatically interacts with its
image (Schottky interaction).

The first contribution can be ascertained through the presence of a double-layer
located at the surface. The double-layer consists in two parallel planes with both uniform
and opposite areal charge density o. As it is well known the electric field vanishes outside
the double layer while, inside the double-layer, the electric field takes a constant value
equal to 83. So, the work done or gained by the electron when it crosses the surface is:

0
|e| od

W=-—"——-, (1.4)
1)

HO)—pB00K) s 01%.
w(0)

! Typically, for metals
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where |e| is the elementary charge of electron, ¢ the areal charge density of the lower

plane, d the distance separating the two planes and g, the vacuum permittivity.

Equation (1.4) shows that depending on the sign of o, the work ' can be either positive
or negative. The presence of the double-layer can have many different physical origins
that fall into two categories: intrinsic or extrinsic. The extrinsic origins of the double layers
encompass external alteration of the surface such as: oxidation, contamination,
absorption... The intrinsic origins of the double layer encompass phenomena such as:
lattice deformation of the upmost atomic layers (surface reconstruction), charge spilling,
and band bending ...

The second contribution — the Schottky interaction — is due to the fact that the

, located at a distance x away from the surface, creates, inside the

removed charge —|e
bulk, an image point charge +|e| located at the distance x from the surface. The mutual

Coulomb interaction between the removed electron and its image charge leads to the
attractive potential:

2
—e

(1.5)

¢im

- l6me,x '

This potential vanishes only at infinity. Taking into account these two contributions the
work function can be expressed as:

O=W +¢,-1 (1.6)

Surface dipole layer

The effect of the double-layer on the work function is often calculated on the basis of
simplified assumptions about the nature and magnitude of dipoles. A simple model
describes the dipole-induced work function as the work that undergoes an electron when

crossing a parallel plate capacitor (plate separation d ). If n;,, is the dipole surface-
density then, the charge density of one capacitor plate is nDlp|e| (see Fig.1.1) so, the

electric field between the two plates is

E — nDiP |e| ]

(1.7)
€
Then, the work function change is given by:
Ap=—|¢|Ed (1.8)
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Chapter 1: Work function measurement by Kelvin probe force microscopy

Adsorbed Charge e
Fig. 1.1 Schematic representation of a

Dipoles \
well-ordered monolayer of highly-polar
molecules with molecular dipole moment
o 7///// ////// |e|d.Cred|t is from reference [4].

Using Eqgs. (1.7) and (1.8) and using the expression p:|e|d of the dipole moment of the
adsorbed particle, we arrive at the expression,

A¢:—|e|nD—lpp, (1.9)

€0
for the work function change.

Work function of semiconductors

In a semiconductor, the valence band is separated by a gap, of width £, from the

conduction band. For a non-degenerated semiconductor, the Fermi level lies within the
band gap. For a n-type semiconductor, the position of the Fermi level is closer to the
conduction band than the one of an intrinsic material. For a p-type semiconductor, the
Fermi level is closer to the valence band than the one of an intrinsic material.

Surface states can play an important role. Indeed, the filling or discharging of these
surface states can lead to band bending [5,6,7,8], Fermi level pinning. All these
phenomena can dramatically impact the work function.

In addition, when dealing with semiconductors, two properties, namely the electron
affinity y (>0) and the ionization energy /E (>0), are used. The electron affinity is defined

as the energy required to excite an electron from the bottom of the conduction band £,

to the local vacuum level (Fig. 1.2). Similarly, the ionization energy /E is defined as the

energy needed to excite an electron from the top of the valence band E,, to the local

vacuum level. Although no electron can occupy the Fermi level, the work function is still

defined as: ¢ =E,,.— E.. This choice will be justified afterwards. Therefore, the work

Vac

function can be defined by one of the following expressions:

¢ =x _|e| Vs +(Ecp = Ep ) puik (1.10)
or
¢ = IE-|e| Vs = (Er = Eyg )puirc » (1.11)

where e is the elementary charge of electron.
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‘L A * ‘ =~ E\'J:[S]
| . X
; ‘ v
: IE .
Coz‘i‘;fj“o“ y Fig. 1.2 Energy band of a
Er.u 5 T semiconductor near its surface
T showing the band bending eV,
energy Bgé::]d 3 i — the electron affinity y , the
IeVBB ..-:.___H'T{,amm ionization energy /E , the band
Eve X - band
’ |~ an gap £, and the edges of the
¥aiehoe conduction and valence band '
band cB
and £, respectively. Credit from
|,_Depletion — reference [9].
Iy:__:_ﬂ_ .
Core -

level

1.1.2 The concept of local work function

Up to now, the work function has been deduced for ideal surfaces that are perfectly flat,
infinitely extended, covered with uniform chemical contamination and/or structural
distortion resulting in a uniform dipole layer. However, the real surfaces are rough, limited
in size, non homogeneous and most of the time subject to non uniform
contamination/oxidation. The difference in work function from one area to another can
be related to the surface preparation, to non uniform distribution of adsorbates, to
variation of crystallographic orientations or to variations in surface local geometry. [10],
[11] Such non uniform surfaces are commonly encountered in materials surface
characterization. Therefore, the understanding of these non uniformities on local work
function is mandatory.

To analyze the consequences of the surface non uniformity on the work function, let

consider two paths B and P, with two different dipole real densities and, therefore, with
two different work functions ¢, and ¢, . Let extract an electron at the Fermi level through
the surface of the patch B, and bring it back, through the surface of the patch P,, to the

crystal Fermi level. The energy conservation imposes that the net work done in such a

cycle vanishes. However, the work done along this circuit is equal to ¢, —¢, . Therefore, as

¢, # ¢, the net work can be zeroed if an electrical potential ¢ is such that:

_|e|((P1_(P2)+¢1_¢2 =0. (1.12)
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Chapter 1: Work function measurement by Kelvin probe force microscopy

As the surface dipole layer cannot yield macroscopic fields outside of the metal, the
electric field outside the metal must arise from net macroscopic distributions of electric
charges on the surface (known as "patch charges"). These surface charges build the
electric potential @ in the vacuum leading to the concept of local vacuum energy defined

as the energy E,,. =—|e|o (7).

To sum up, the local work function can be locally affected by changes in surface
properties and/or changes in bulk chemical potential. These changes result in a non
uniform surface charge that in turn creates an electrical potential in the vacuum. This
potential affects the energy of the local vacuum level.

1.2 Principles and basics of Kelvin probe force
microscopy

KFM is a scanning probe microscopy technique capable to image the electronic surface
properties, namely the contact potential difference (CPD). It is based on the atomic force
microscopy (AFM) and minimizes the electrostatic interaction occurring between a
conductive tip and the surface. Therefore, the description of the KFM technique requires
an understanding of some basics of the working principle of the AFM technique. Thus, we
provide a brief introduction of some concepts of the AFM before detailing the KFM
principle.

1.2.1 Brief introduction to atomic force microscopy (AFM)

Imaging individual atoms was a rather difficult goal until the invention of the scanning
tunneling microscope (STM) by Binnig et al. in 1981. [12] This instrument provided a
breakthrough in the ability to investigate matter at the atomic scale. Indeed, for the first
time, the individual surface atoms of flat samples were visible in real space. However, the
STM technique was quickly limited to image conductive samples such as metals and
semiconductors. In 1986, Binnig and Quate invented the AFM technique to overcome this
limitation. [13] The basic idea of AFM is a system based on a sharp tip that can “feel” the
atomic force close to the sample surface and so map the surface topography. Strong
developments to sharp the tip and improve the working environment have been
performed during one decade. Atomic resolution imaging has finally been achieved by
Giessibl on silicon (111) in 1995. [14]

1.211 Working principle

The simplified schematic of AFM setup is shown in Fig. 1.3. The probe is formed by a

micro-sharp tip mounted at the end of a cantilever. While the tip interacts with the
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Fig. 1.3 The basic schematic of AFM setup

surface, the cantilever moves depending on the nature of the interaction force (i.e.
repulsive or attractive). These movements are transferred to a four segment photodiode
by means of a reflected laser beam at the end of the cantilever. An electrical current
corresponding to the laser beam movement is therefore created in the photodetector.
This current is then converted into a voltage signal that is compared to a setpoint value
dictating the desired position of the cantilever.

The resulting error signal is then used by the proportional-integral-derivative (PID)
controller to maintain the tip at constant tip-sample separation. The vertical movement of
the tip is provided by a piezo-electric ceramic tube moving in the z direction. The lateral
scan of the tip in the x and y directions over the surface is provided by two additional
piezo-electric ceramics. The variations of the vertical piezo at each x and y position are
recorded to provide the topography of the scanned surface A(x,y).

1.21.2 Different modes of AFM

Two operation modes of AFM can be used: the static mode (also called contact-mode) and
the dynamic mode.

Contact-mode
The contact-mode was developed in the prototype of AFM proposed by Binnig et al. [13]

The AFM tip makes a soft "physical contact” with the sample in the repulsive force region
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(see Fig. 1.4). The tip is in contact with the sample surface and the repulsive force
translates into a deflection of the cantilever. This deflection of the cantilever is used as a
feedback signal to maintain a constant force during scanning. Because the deflection of
the cantilever should be significantly larger than the deformation of the tip and the
sample, restrictions on the useful range of £ apply. The cantilever should be much softer
than the bonds between the bulk atoms in the tip and sample. Interatomic force constants
in solids are in a typical range from 10 N/m to approximately 100 N/m, whilst in biological
samples they can be as small as 0.1 N/m. Thus typical values for k in the static mode
range between 0.01 N/m to 5 N/m depending on the application. [15] More details can be
found in literature of applications of the contact mode, such as: manipulation of
nanostructures [16], charge injection [17] as well as conductivity [18,19] and capacitance
[20] measurements.

Dynamic mode
In the dynamic operation mode, the cantilever is mechanically vibrated resulting in an

oscillation of the tip at very small distance above the surface. Unlike the static mode,
which operates in the repulsive region, the dynamic mode averages the force over the
amplitude oscillation of the cantilever (see Fig. 1.4). Two different strategies can be
employed to work in dynamic mode: we can modulate the amplitude or we can modulate
the frequency. Before detailing these two methods, basics of the cantilever dynamic are
introduced by using the harmonic oscillator model.

Force (N)

Repulsive
Force

Fig. 1.4 Plot of the interatomic

force as a function of distance. The

regions of three AFM modes are

Contact Mode indicated: contact-mode (or static
mode) operating in the repulsive

Distance (nm) region, the Tapping™ and non-
contact modes (dynamic modes)

Non Contact Mode

1

operating respectively in
attractive/repulsive and attractive
regions.

Force

Aftractive Tapping Mode
Y —
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Dynamic of the cantilever: a harmonic oscillator model
The thorough understanding of the dynamic mode requires solving the motion equation

of the cantilever-tip system under the influence of the tip-surface forces. [21,22] The
cantilever-tip system can be modeled as a point-mass spring system, acting as an oscillator
as shown in Fig. 1.5. Figure 1.4 shows that the tip-sample interaction is non linear and a
rigorous solution of the motion equation is rather difficult to calculate by analytical
approach. However, if the interacting forces between the tip and the sample are
considered to be relatively weak during the tip oscillation, the dynamic motion of the
cantilever can be simplified as a simple harmonic oscillator (Fig. 1.5).

Far to the surface sample, the motion equation of the mechanically driven cantilever
with damping caused by the viscous friction of the cantilever is given by:

mi+ci+kz=F

ext

cos(wt), (1.13)

where m is the effective mass of the point-mass’, ¢ is the viscous damping coefficient, & is
the spring constant, F,,; and w are respectively the amplitude and the angular pulsation of

. . c . .
the driving force. Considering ¥ = — and knowing the resonant angular pulsation
m

LA lies:
w; =— implies:
m

e F
F4+ 9z + 05z = —<Lcos(wt). (1.14)
m

In the harmonic oscillator model, the solution of the above equation is given by:

z(t) = A(w)cos(mt — p(w)), (1.15)
z
k Fig. 1.5 In dynamic operation
mode, the oscillating cantilever
* can be modeled by a point-mass
D m spring system with a single degree
v of freedom.

‘A rigorous estimation of the effective mass gives m’ = 0.243 m, where m is the mass of the cantilever with

the tip mounted at its extremity.
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where A(w) and ¢(w) represent respectively the amplitude of the cantilever oscillation
and the phase delay of the oscillation with respect to the driving force signal, which can be
deduced by using Egs. (1.14) and (1.15):

F 1
Alw) = — , 1.16
m J(f - o) +ye’ (1-6)

o(w) = arctan(%] . (1.17)
W, —®
The typical shape of the oscillation amplitude 4(w) and ¢(w) are shown in Fig. 1.6, where
the abscissa represents the frequency /= 21 w.

If the tip-cantilever system is brought closer to the sample surface, non linear
interaction forces Fi,(z) need to be taken into account. The free motion previously
described by Eq. (1.14) can be rewritten as

ext Ent(z)|D

., .. o2 K
Z 4+ vz + wyz =—4-cos(w?) + — (1.18)
m m

where D is the mean position of the cantilever with respect to the sample (Fig. 1.5). In the
case of small oscillations, the linear approximation is considered and it is rather possible
to develop the interaction force F,, into a Taylor expansion at the first order around the

equilibrium position D of the cantilever with respect to the sample:

F.(z)= F(D)+z (1.19)

OF (D)
2
Thus by introducing this approximated expression in the Eq.(1.18), we can solve the
cantilever equation:

F(D)

L cos(wt) +———. (1.20)
m m

.. . ( 2 1 aF(D)j Fexl
Z+'YZ+ (DO— - zZ=
m Oz

The term F(D) induces a simple static deflection of the cantilever, which does not actually
affect the treatment. However, by comparing Eq. (1.20) with the initial form of Eq. (1.14),
one can see that the cantilever oscillating system in interaction with the sample gets a
new angular pulsation w; instead of the free resonant angular pulsation wg:

o = Jwg_gmm L aF(D)) (.21)
m oz 2k Oz

This relation shows that the force gradient induces a shift of the resonant angular
pulsation of the cantilever. On the other hand, as shown in Fig. 1.6, attractive forces (i.e.
OF (D)

z

>0) induce a negative shift of the resonant angular pulsation, whilst a positive

0F (D)

z

shift is expected for repulsive forces (i.e. <0).
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Fig. 1.6 Amplitude and phase response of a free oscillating cantilever (continuous line), with attractive
interactions (dash-dot) and with repulsive forces (dashed line). Figure is adapted from the reference [23].

From the Eq. (1.21), an equivalent spring constant k; can be defined:

_OF(D)

k =k
1574

(1.22)
Everything happens as if, in the presence of attractive (repulsive) interaction with the
sample, the stiffness of the cantilever decreases (increases) (Fig. 1.7). Of course, the non-
linear behavior of the interaction force is more complicated. Interested reader will find
more details on non-linear approach in the following references [24],[25],[26] and [27].

As mentioned above, amplitude-modulation (AM) or frequency-modulation (FM)
operation methods can be used in dynamic mode. Brief descriptions of these methods,
respectively namely Tapping™ and non-contact modes are presented hereafter.
Amplitude modulation method: Tapping™ mode
This mode was firstly proposed by Martin et al. in 1987. [28] In this mode, the cantilever is
mechanically vibrated with a piezo actuator driven at fixed amplitude 4. and at fixed
frequency f,, =2nw,,, where f, is close to the free resonant frequency f,. As
previously mentioned above, when the tip approaches the sample, elastic and inelastic
interactions induce a change in both amplitude and phase of the cantilever relating to the

driving signal (see Fig.1.6). In Tapping™ mode, the amplitude A(w,, ) is used as a

feedback signal; the amplitude setpoint A,.; is typically set at 70 % of the free amplitude

oscillation 4,. The transient time t,,, of a damped oscillator is defined as 20/ f, then,
the time necessary to acquire N data is at least equal to Nt ,,, . As in ultrahigh vacuum

the quality factor Q can reach values as large as 30 000, the acquisition time of an image
can be an issue. [15,29,30] However, AM-AFM operating under ultrahigh vacuum makes

the atomic resolution possible. [31]
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(a) (b)

Fv bz A —— <0

Fig. 1.7 In dynamic operation mode, the oscillating cantilever can be modeled by a simple harmonic
oscillator with a single degree of freedom. The tip-sample interaction force can be modeled as an extra
spring (a) pulling for attractive forces or (b) pushing for repulsive forces the mass point.

Frequency modulation method: non-contact mode
The frequency modulation mode was introduced by Albrecht et al. in 1991 to improve the

AFM scan rate under vacuum. [32] The benefits of high O factor and high speed have been
combined by introducing the frequency modulation (FM) mode, where the change in the

eigenfrequency occurs within a single oscillation cycle on the time scale of 7, =1/ f,. In

this mode, the resonant frequency of the cantilever is commonly tracked by phase locked
loop (PLL) technique, where the shift in resonant frequency is measured on the induced
variations on the phase. In practice, the PLL consists of a low noise and fast controller
which varies the excitation frequency to maintain the phase constant. From the Eq. (1.21),
the frequency shift induced by tip-sample interaction forces can be estimated as:

-, _ L OF (D)
21 2k Oz

Af =2 fo- (1.23)

In frequency modulation method, the frequency shift is used as a feedback signal.
Typically, a negative frequency shift is used to work in non-contact mode. The FM mode
can be done at constant driving signal [33] or at constant amplitude. In this latter case, the
amount of excitation necessary to keep the amplitude constant can be interpreted in
terms of energy dissipation. For interested reader, more details can be found in the
following references [34], [35], [36].

1.2.2 Kelvin probe force microscopy (KFM)

1.2.21 Contact potential difference and detection

The contact potential difference (CPD) refers to the potential difference between two
different materials after connecting them. This potential difference corresponds to the
difference of work function between these two materials. This is illustrated in Fig. 1.8 with
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an AFM tip and a metallic sample. It is noted that here we only discuss the simple case of
an ideal metallic sample.

Before connecting the tip and the sample, their vacuum levels are aligned, both are
electrically neutral. Once they are connected, due to the different work functions,
electrons will move from the material with the lower work function to the material with
the higher work function until the Fermi levels align (thermodynamic equilibrium).
Consequently, the material with lower work function (i.e. the sample in Fig. 1.8) will lose
some electrons and becomes electrically positive and vice versa. An electric field appears
between the tip and the sample due the potential difference:

_ d)lip - ¢sample

Verp = ’ (1.24)

g
where eis the elementary charge.

Kelvin probe force microscopy consists in measuring this CPD by cancelling out the
electric field between tip and sample due to the work function difference by applying an

external bias V. to the tip. In this case, V,, equalstoV,. .

Kelvin probe force microscopy is widely used to measure the CPD between the tip and
the sample, thus providing additional sample properties on a lateral scale in the
nanometer range. Since the work function of the tip is known or can be calibrated by a

(a) (b) (c)

----------------- : NeUIral EE— | Nega“ve 1 Neutl‘al
i Vi O
! | | force | | ) no force
I S— F
\ . Neutral Positive Neutral
E\-’ac EVac E\-"aC V E\,rac E\.-’ac
o 1 CPD EVac o
(I)p L s EF (I)p i (I)P S EF
1 Vero s E V
Y F
EF EF EF__I CPD
S EETEELERSS O
. J,-V -
Electron current to equalize V
CPD

the Fermi levels

Fig. 1.8 Schematics of contact potential difference (CPD) between tip and sample, both of them are
assumed to be metal. (a) Before contact and (b) after contacting. (c) After compensation of CPD with
external bias. Figure is adapted from [37].
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reference sample, the work function of the sample can be calculated by Eq.(1.24). The first
KFM was developed by Nonnenmacher et al. in 1991 and it allows one to image surface
electronic properties (i.e. contact potential difference). [38]

The name “Kelvin probe force microscope” comes from the macroscopic method
developed by Lord Kelvin in 1898 using a vibrating parallel plate capacitor arrangement of
capacitance C.When a voltage V' is applied to one vibrating plate the resulting current is
dC

i=Vepp—V)—

1.25
" (1.25)

So, while scanning, by automatically adjusting the dc bias voltage V' to nullify the
current 4, we obtain a mapping of V., . [39]

In KFM, the capacitance change dC/dtbetween the tip and the sample is very small
and the current i can not be measured. To get around this difficulty in KFM, we nullify an

electrostatic force in place of a current. To do so, in KFM, the sum

V=W,-Vp)tV, sino,t, (1.26)

of an ac voltage V,, sin((oe,t) and a dc voltage V,, is applied between the tip and the

sample.
Therefore, the resulting electrostatic force is:

F = _lE[Vdc ~Vepp + Ve sin(@y?)]

2
e 2 0z ’

(1.27)

oC
where —is the tip-sample capacitance gradient. By developing Eqg. (1.27), the force can
Z

be decomposed in three different components at three different frequencies:

Fes = ch + F'md + FZ(UE, ’ (1'28)
where
oC| 1 1
F, = _E[E(V"" ~Vepp) + ZVQZC} ) (1.29)
F, = —Z—C(Vdc ~Vepp WV, sin(o,z), (1.30)
! Z

Yy = +1£Vj cos(2m,t). (1.31)

o 4 0z

It can be seen from Eq. (1.29) that, even if the CPD is compensated by the applied dc

voltage (Va=Vcep), the dc term F,, of the electrostatic force F, is proportional to¥> and
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can not be nullified. This force may contribute to the topographical signal by inducing a
constant bending of the cantilever.

The Fm[ term at the angular frequency w,, affects the tip with a periodic electrostatic

force that can be modulated by adjusting V;, which changes the electrostatic field
between the tip and the sample. This oscillating force can be nullified by adjusting
Vae=Vcpp. The V4. voltage necessary to nullify the F, component of the force is recorded
at each point of the surface which allows the potential Vcpp to be mapped.

The F,, term at the angular frequency 2w, can be used for capacitance microscopy

applications. [40]

1.2.2.2 Operation modes

KFM exists in two operation modes: amplitude modulation (AM) and frequency
modulation (FM). In the following parts, both techniques are presented. The main
difference between the two methods is that in FM-mode the electrostatic force gradient
[Fig. 1.9(b)] is detected while in AM-mode the electrostatic force itself [Fig. 1.9(a)] is
detected.

In an ideal case, only the apex of the tip interacts with the sample surface, but in
reality cone/sample and cantilever/sample interactions also contribute to the detected
signal, which decreases the resolution. In AM-KFM higher contributions of cone/sample
and cantilever/sample interactions to the signal are expected than in the FM mode and
therefore absolute and relative work function resolutions are different. This effect is
illustrated in Fig. 1.12.

AM-KFM is widely used under vacuum in a single scan technique simultaneously with
NC-AFM topography measurements or in ambient atmosphere in a double scan technique
which consists in measuring the CPD in the so called Lift-mode combined with topography
measurements in Tapping™ mode.

In AM-KFM combined with NC-AFM topography measurement the first resonant peak
is commonly used for mechanical oscillation and thus topography measurements [details
can be found in section 1.2.1.2], while an ac tip bias voltage is applied at the second
resonant peak for the CPD measurement. [41]

There are two reasons to do so. Firstly, the second resonant frequency is
approximately 6.3 times [42] higher than the first one which separates the topography
and CPD measurement well. Secondly, applying an ac tip bias at the second resonant peak
obviously gives highest sensitivity as the first resonant peak is already used for the
topography measurement.
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Fig. 1.9 (a) Electrostatic force and (b) electrostatic force gradient versus tip—sample distance calculated
from A.Gil et al.’s model. The thick solid curve corresponds to the total electrostatic force [or force
gradient in (b)], while the other three contributions from the cantilever (dashed line), the tip cone (short
dash) and the tip apex (thin solid) are represented. These curves have been calculated for V,, =1V, and a
probe with a cantilever of 100 um length and 40 um width, a tip cone of 3 um length and a radius of 20

nm for the tip apex. The opening angle for the tip is 9,1.1, = 45° and an angle of 9, = 20° was assumed

ever

between the cantilever and the sample. Inset: probe proposed for modeling an EFM set-up. This probe is
composed of three basic units: a cantilever of length |, width w and tilting angle 0

lever

with respect to the

sample, a mesoscopic tip cone of height h and (full) opening angle 9,1.1, , as well as a parabolic tip apex of

radius r. Figure adapted from reference. [43]

When operating under vacuum, most KFM measurements combined the NC-AFM and
the FM-KFM modes and, as a consequence, all above mentioned artifacts are suppressed.

To achieve enough sensitivity, the amplitude of V_ in single-scan AM-KFM is commonly

set between 1V to 4V. [37] However, as shown elsewhere [6,8,44] bias induced band
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bending can occur. To avoid such effect, one should decrease V, once enough sensitivity

is achieved. More details including schematic of this method can be found in Chapter 3.
Lift-mode is the most common KFM technique in ambient atmosphere (Fig. 1.10). It
realizes the KFM in a double-scan technique. During the first scan the topography is
acquired over a given surface line in Tapping™ mode operation where the cantilever is
driven mechanically by a piezo actuator. For the second scan, the tip is lifted above the
same surface line as in the first scan (typically in the range of 10 nm to 50 nm). The
mechanical driving signal at the first resonant peak is turned off and an ac bias at first
resonant peak can be superimposed to V. to realize KFM mapping. Similar to the AM-
KFM technique mentioned above, the CPD mapping can be obtained through this scan.
FM-KFM employs an off-resonant frequency AC bias to detect the CPD. In this part, we
note the frequency of the modulating signal as f, ,. As shown in Eq.(1.23), the
contribution of long-range forces is negligible as the cantilever frequency shift depends on
the force gradient. In the FM-KFM mode, the applied ac voltage V,. induces a modulation
of the electrostatic force. This is detected by an oscillation Aw of the first angular resonant

frequency o of the cantilever with a frequency f,04:

0°C : OF,
Aa)(j‘mod ’ t) = _2(Vdc - VCPD ) x Vac SlIl( Zﬂfmodt) o <. (1.32)
oz oz
set point A=0
v

Tapping Mode ™ (Dsample

Mode Lift ™

Fig. 1.10 A representative scheme of the two traces principle of the KFM Lift mode. (Details can be found in
the text). Figure is adapted from [45].
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Fig. 1.11 (a) Schematic frequency spectrum of the tip oscillation. The peaks at fmod and 2fm0d originate
from the electrostatic force, whereas the peaks at f, + f . and f +2f . show the frequency

modulation offo , produced by the oscillating electrostatic force gradient. The experimental spectrum for
the gray-shaded frequency range is depicted in (b). (b) Experimental frequency spectra showing the
spectral lines at f, fy+ f ., and fy=2f . . The three curves were measured at different bias
voltages corresponding to an uncompensated contact potential difference of 1000 mV (black), 50 mV

(dark gray), and 5 mV (light gray, y scale 10 times enlarged). Figures are adapted from [46].
By analogy, according to Eq.(1.32) there is also an oscillation A® with a frequency of
2fmod which can not be nullified by applying a dc bias. In Fig. 1.11 (a), the sidebands at

+ +
Jo £ Jina and Jo£2 i are adjacent to the fundamental resonant peak atfo . In FM-KFM,

+
the side bands at Jo £ Jina are nullified to make Vie equal to VCPD. Experimental data from
Zerweck et al. [Fig. 1.11(b)] verified the theory by showing that the spectrum of side

4

+ N . — .
bands at Jo £ Jina are significantly reduced as the resulting Vae =Vern goes low while the

Jo£2 i show no change. [46] As shown in Eq.(1.23), such side bands originate from the

OF | oz

force gradient . This proves that FM-KFM is sensitive to force gradient instead of

force as in the AM-KFM technique.

1.2.2.3 Resolution, contrast and accuracy

The spatial resolution in KFM measurements can be defined as the ability to resolve
two adjacent regions, with different electrical properties in the zone of interest, laterally
separated by a distance x. This can be represented by the lateral area (diameter d)

under the tip where the lines of the electrostatic interaction are concentrated. However,
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Fig. 1.12 A schematic representation of the enlargement of the electrostatic interaction area under the tip
when the distance z between the tip and the sample increases. The cone plays a bigger role for higher
separation distances which results in a decrease of the spatial resolution. A better spatial resolution is

obtained for small z and slighter tips with small opening angles (@ ) and longer cones heights (H). Figure
adapted from [45].

the spatial resolution is not only limited by the geometry of the tip but also by the
separation distance z between the tip and the sample. These two factors are linked by
the widening of the interaction zone under the tip covered by the electric field lines of the
electric force (see Fig. 1.12). Moreover, different parts of the tip (i.e. the apex and the
cone) become involved in the interaction. These facts result in a decrease of the spatial
resolution of KFM measurements.

Kaja. [45] mentioned previous work demonstrated that the spatial resolution varies

oc«/Rz for z< R (R being the radius of the tip apex) and « (R+D) forz > D . However,

the evolution of the interacting force as a function of the distance between the tip and the
sample has been studied intensively by modeling the geometry of the tip and analyzing
the contribution of its different parts to the electric interaction. [43,47,48,49,50] We shall
discuss this subject in more details in chapter 2. Therefore spatial resolution can be
improved either by minimizing the distance between the tip and the sample (which helps
concentrate the interaction between the tip's apex and small region on the surface),
either by changing the tip shape in order to improve its sharpness and/or its aspect ratio.
Carbon nanotubes, grafted on the tip's apex, represent an important perspective for an
improved spatial resolution of KFM electric measurements.

Contrast
Jacobs et al. modeled the capacitance influence from the different patches on the sample

surface (see Fig. 1.13). [49] The equation of electrostatic force at w,, can be written:
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E oC.
F0) == = (VCPDi - Vdc )Vac ’ (1'33)
oz

oC. . o . .
where a—” is the derivative of the mutual capacitance between the tip and the sample .
Z

This shows that the Fwd is the integration of different patches which widely exist in the

real surface. The simple capacitor model does not consider the Coulomb interaction of
trapped charges and their mirror charges in the conductive tip [51] and semiconducting
materials [52] or the presence of stray electric fields. [53,54] Such effects can potentially
reduce the CPD contrast.

In AM-KFM mode, as it is sensitive to long rang electrostatic forces, not only the apex
but also the cone and even the cantilever can be involved in such contribution. This was
shown by Gil et al., [43] where a flat sample surface is assumed. The contributions of the
macroscopic cantilever and mesoscopic tip cone as well as the nanometric tip apex are
taken into account. The authors show the cantilever plays a greater contribution in
electrostatic force when the tip-sample separation exceeds few nanometers (typically
5 nm). However, in the same situation, the tip apex dominates the electrostatic force
gradient when the tip-sample distance is less than 20 nm. The effect of cantilever only
produces a limited contribution even when the tip-sample distance is up to 10 um. To the
contrary, this distance dependence property is not obvious in the FM-KFM images as it is

Tstep f

Fig. 1.13 Model of the KFM setup: System of ideal conductors with electrostatic interactions represented

spot

by mutual capacitances C i [49]
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sensitive to the force gradient instead. Fig. 1.9 shows that the force gradient decreases
much faster than the electrostatic force and is less influenced by electrostatic coupling
from the cone and the cantilever. [42]

Distance dependence
Different groups [53,55,56] reported the distance dependence of CPD. In reality, due to

the anisotropic [57,58] properties and different dipole layers [4] of sample surface,
electric field [55] exists between “different patches”. Therefore, to estimate this surface
Coulomb contribution, Eq. (1.27) can be written [53,56]:

10C :
F, = —56—[(Vdc ~Vepp) + Ve sin(o, 0 + 0, E, (1.34)
z

where O, =CV, is the charge on the tip and E| is the surface electric field between

different patches. In Kelvin probe, the w,, term of F_is nullified. We can have F, :

1oC
@y = EE(VKJC - VCPD )I/ac + CI/acEs : (1.35)

When Kelvin controlleris on (F, =0), we have:

Vie =Verp +8(2)E, (1.36)

where g(z) is a geometric factor depending on the mutual capacitance and the
separation distance between the tip and the sample:
C

g(z)= 2@- (1.37)

According to Eq. (1.37), the V, value measured in KFM is therefore dependent on:

i) the variation of the mutual tip-sample capacitance C, defined by the geometric
factor g(z), with respect to the tip-sample z, distance.
ii) the dependency z of the electric field £ , induced by the surface Coulomb
contribution.
These two facts are actually linked by the variation of the effective area of the

electrostatic interaction between the tip and the sample with respect to their separation
distance.
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Chapter 2

Comparative analysis of KFM
acquisition modes in air

After 20 years of development, Kelvin probe force microscopy (KFM), which was invented
by Nonnenmacher et al. in 1991, [38] has become more and more useful for the
characterization of the electrical properties of novel materials and nanostructures at the
nanoscale. This technique is available under various conditions such as ultrahigh vacuum,
ambient atmosphere and even in liquids. [59,60,61] Several authors have reported KFM
mapping showing variations of the CPD at atomic scale on semiconductors and insulators.
[30,62] Many variants of KFM measurements exist and have been discussed in various
papers or chapters of books. [63,64] However, despite different working environments,
two operational modes are possible to probe the electrostatic interaction. [42,65,66] The
first mode, named amplitude modulation (AM), is based on the force sensitive detection.
[42] The second mode, named frequency modulation (FM), uses a force gradient sensitive
detection. [46,67] In the FM mode, due to the detection of the force gradient, the tip apex
contributes mainly to the measured signal, while a much stronger influence of the probe
shape is expected for AM detection, resulting in a reduction of the contrast in the
measured contact potential difference images. It is worth noticing that this difference
appears to be essential for the optimization of KFM imaging.

Most conventional ambient KFM measurements are performed using the Lift-mode: a
double-scan [53,55,56] technique in which the surface topography is firstly acquired using
the intermittent contact mode (Tapping™) and then the CPD is independently measured
at a constant tip-sample lift height. [53,68] The spatial resolution in the Lift-mode is
dramatically improved as the lift height corresponding to the tip-sample distance is
reduced. [69,70] However, simultaneous acquisition of the topography and of the CPD can
be realized in single-scan (SS) method, which is based in the simultaneous use of two
cantilever flexural resonant frequencies.

-35-



Chapter 2: Comparative analysis of KFM acquisition modes in air

In this chapter, we propose to compare experimentally the spatial resolution as well
as the contrast obtained with both methods (single scan and Lift-mode) and both modes
(AM and FM) for different tip-sample separations. Moreover, the effects of different
experimental parameters will also be discussed to understand the influence on KFM
results.

2.1 Resolution and contrast: Lift and single scan
comparison

2.1.1 Principle of each technique

The KFM technique discriminates electrostatic forces from van der Waals forces by
applying an ac voltage between the tip and the sample and by adjusting a static dc
component to nullify the electrostatic interaction. Under UHV, the KFM can be operated
in a single scan which measures simultaneously both the topography in non-contact mode
and CPD. [42] In this case, two types of KFM measurements are possible: one based on
the amplitude modulation (AM) and the other one based on the frequency modulation
(FM). [71]

The AM-KFM is based on electrostatic force sensitive detection. In order to separate
the impact of topography and the CPD in single scan mode, the excitation angular
frequency w,, of the ac tip-sample bias is commonly set to the second flexural eigenmode
of the cantilever while the first eigenmode is used to acquire the topography. The
resulting oscillation amplitude induced by the electrostatic force is detected by a quadrant
photodetector and then demodulated (see green dashed line in Fig.2.1) by a lock-in

amplifier at angular frequency w, . The resulting amplitude is proportional to the

electrostatic force:

By == =V, sin(o,0), 21)
z

oC . o . .
where 6_ is the derivative of the probe-sample capacitance with respect to the
Z

distance z . The Kelvin controller adjusts in real time the bias V. in order to nullify the
tip-sample electrostatic force. As shown by Eq. (2.1), the condition F, =0 is fulfilled when

Vdc = chd :
The FM-KFM is based on sensitive detection to the force gradient. In this mode, the

excitation angular frequency @, ranges between several hundred and a few thousand

hertz. This method is based on the fact that the induced oscillating electrostatic force

gradient leads to a modulation of the fundamental resonant frequency w, of the
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cantilever, giving rise to a sideband at w,+®, . [46,72] Demodulation by a lock-in
amplifier of the mechanical phase (see purple dashed line in Fig.2.1) at w,angular

frequency delivers a signal proportional to the electrostatic force gradient given by the

relation:
oF, o°C :
6231 :?(Vdc _chd W,..sm(aw,t), (2.2)
2
where .- is the second derivative of the probe-sample capacitance with respect to the

distance z . In contrast with AM-KFM mode which nullifies the oscillation amplitude, the FM-

KFM nullifies the mechanical phase, measured at w,,, by adjusting the V, voltage via the

Kelvin controller. In practice, the X output of the second lock-in is minimized by Kelvin

controller to fulfill the condition: V, =V,,,. The X component is always used due to the

monotonic variation with the ¥V, bias®. In Fig. 2.1, the components in orange are part of

Nanonis electronic while the “blue” components are part of Dimension 3100 (Bruker,

<+——— XY scanner

V.V,

rEf(a)o ) Oscillator
A Fei
A, et Pl

s Lockn(l V., sin(@,) y
FM'KFM 1 | _____________ 8 z
@, (@) 1 1 AM-KFM A(2,)) s

1 1 N

}

) photo
V,-sin@,t detector -
P oscillation
; = piezo
ay; el =0 Vdc

CPD image topography image
(Vx,Vy, Vep) (Vx,Vy,Vz)

Fig. 2.1 The schematic setup of AM- and FM-KFM with the main electronic components. The blue lines
represent the topography loop, while the red one corresponds to the CPD measurement. The violet
lines are the common wires for both topography acquired in Tapping™ mode and electric loop.

* This part is presented and discussed in section 2.2.3.
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USA) or MultiMode (Bruker, USA). When operated under UHV, a phase locked loop (PLL)
[46,67,73] measures the real-time frequency shift of the cantilever which is then used for
KFM measurements in FM mode. However, in this chapter all the results are obtained in
Tapping™mode, and therefore the FM-KFM technique is performed by demodulating the
mechanical phase.

2.1.2 Effect of the tip-sample distance

According to Egs. (2.1) and (2.2), the w,, component of the electrostatic force or gradient
force is nullified when V. equals the CPD whatever the tip-sample separation is. However,

experimental observations of the tip-sample distance dependence of the CPD have been
reported on various kinds of samples and under various environmental conditions.

[53,56,74] In fact, the measured V. voltage does not exactly match the CPD of a given

location as it is a weighted average of all the local surface potentials below the tip apex.
The weighting factor depends on the tip-sample capacitance gradient and so on the
location of the tip on the sample surface. As presented by Jacobs et al.[49], the KFM
techniqgue can be modeled as a sample surface composed of n ideally conducting

electrodes of constant potential V. In this case, the V. voltage applied to the tip in force

sensitive detection mode can be written as:
oC;

zZ

0
0

2 Vi
7

(2.3)
C.

1

oz I*

1
n

Vdc — Zi:

=1

oC. . o . i .
where a—l is the derivative of the capacitance between the tip and the location i on the
Z

sample at a distance z, from the sample surface. In the case of a force gradient sensitive
detection, the same calculation leads to:
0°C,
oz?
0°C,
oz?

, (2.4)

2
2

1
n

i=1
2

o°C, . — . . .
where ——* is the second derivative of capacitance between the tip and the area i on the
Z

sample located at a distance z, from the sample surface. Both Egs.(2.3) and (2.4)

demonstrate that the resolution and the accuracy in KFM are defined by the electrostatic
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coupling between the tip and the different surface regions. It is worth noticing that, as in
the force gradient sensitive detection, the electrostatic coupling from the cone and the
cantilever of the tip is negligible compared to the force sensitive detection resulting in
better CPD contrast and better spatial resolution.

2.1.3 Instrumental description

Dimension 3100 and Multi-Mode AFMs from Bruker
The Dimension 3100 AFM is an instrument capable of imaging specimens with a horizontal

and vertical resolution down to the nanoscale at ambient pressure in air. Pictures of this
AFM and of the tip holder for electrical measurements are shown in Fig. 2.2. Typically, the
signal-to-noise ratio for topography measurements is equal to approximately 0.3 nm to
0.4 nm. The Dimension 3100 uses standard and advanced SPM imaging modes for
measuring semiconductor wafers, lithography masks, magnetic media, biomaterials,
optics and other materials. The sample stage allows large sample (up to a 150 mm wafer)
to be analysed with a scan size up to 90 um in the x and y axis and 6 um in the z axis.

The MultiMode AFM has a high-resolution, low noise scanner (rms noise for
topography measurements typically is around 0.1 to 0.2 nm). Pictures of this AFM and of
the tip holder for electrical measurements are shown in Fig. 2.3. The maximum size of the
samples which can be analyzed is approximately one square centimeter. This instrument
has approximately one angstrom vertical resolution. Compared to the Dimension 3100,
the Multimode is more compact and so is more resistant to thermal drift and more
immune to mechanical vibration.

Vibration isolation system
Both the Multi-Mode and the Dimension 3100 systems are equipped with vibration

External voltagm

Optical micros‘cﬁ-ﬁé} 1

Insulated
Sample holderg . spring scale

3 p 4 ;"‘ ¢ Piezo actuator

=

Fig. 2.2 (a) Dimension 3100 Microscope. (b) SSRM tip holder which allows an external voltage to be applied
to the tip and to avoid the crosstalk from the all-in-one cable of the microscope.
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Fig. 2.3 (a) Overview of the MultiMode microscope. (b) Microscope head (upper inset is uncovered sample
holder) (c) Insulated tip holder used for conductive measurements.

isolation systems. External parasitic perturbations come from acoustic and terrestrial
vibrations. Acoustic vibrations are limited by using a box which can cover the whole
microscope system. And the terrestrial vibrations are minimized by a damping system
consisting of a marble platform with polymeric gel on top, supported by an air cushion
structure.

Nanonis Dual-OC4 system

The Oscillation Controller (OC4) from Nanonis is used externally as a standalone version to
perform KFM measurement both in AM and FM modes [see Fig. 2.4(a)]. It is in fact an
“open”electronic having a lock-in amplifier, proportional-integral (Pl) controllers and
filters. With an analog bandwidth of 5 MHz, this electronic is well suited to operating at
higher resonant modes without loss of signal quality. It performs the same functions as a
high performance oscilloscope and a spectrum analyzer. The built-in demodulator even
makes zoom-FFT possible, allowing quantitative thermal noise analysis and calibration of
spring constant or amplitude.

Signal Access Module (SAM)

To connect the external electronics to the microscope, an access to different signals is
needed. The SAM is a box connected between the AFM microscope and the AFM
controller [see Fig. 2.4(b)], giving access to different signals such as the photodiode raw
signal (INO output) or the mechanical phase signal (AUXB output), which are the two
signals needed for KFM measurement. Although external signals such as ac and dc signals
could be sent to the tip via the SAM box. However, in practice, due to a high level of noise
introduced by crosstalk in SAM box, such signals are directly connected to the tip.

Tip holder for external electrical connection
When operating a Dimension 3100 AFM, a DTRCH-AM tip holder shown in Fig. 2.2(b) is

currently used to connect the tip with the external electrical signal to avoid the noise

-40 -



Chapter 2: Comparative analysis of KFM acquisition modes in air
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Fig. 2.4 (a) Nanonis Dual OC4 system. (b) Bruker Signal Access Module Ill (INO and AUXB outputs are
indicated).

induced by the SAM box. In the same way, a MMTR-TUNA-CH tip holder is used on the
MultiMode [Fig. 2.3(c)]. A homemade aluminum box (not shown here) can be fixed on the
microscope head to connect the wires and avoid vibration induced by the connecting
cables.

Schematic of connections
The original AFM (MultiMode or D3100) is used for the topography measurements while

the Nanonis dual-OC4 only controls the KFM measurement. Electrical connections to do
AM or FM-KFM are described in Fig. 2.5 and hereafter:

NanoScope Quadrex SAM Microscope
”la INO Tip ADC
INPUT &
OUTPUT
ADD
AUX2 é—
AM KFM Nanonis
NanoScope SAM Quadrex Microscope
llla AUX B Tip ADC
INPUT &
OUTPUT
o
FM KFM Nanonis

Fig. 2.5 Schematic of system connections. In the FM-KFM mode, the SAM box is connected between the
Nanoscope llla controller and the Quadrex to extract the mechanical phase signal (AUXB output), while in
the AM-KFM mode, the SAM box is placed between the Quadrex and the AFM to extract the
photodetector signal (INO output). In both modes, the V. signal (AUX2) is summed with the

signaIVac sin w,,t via the ADD input and is sent to the tip via the OUTPUT. The V. signal (AUX2) is also
sent to an ADC of Nanoscope llla controller in order to be simultaneously imaged with the topography.
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In AM-KFM mode, the INO output from the SAM box corresponding to the
photodetector raw signal is connected to the Nanonis “INPUT” in order to extract
the @, component of the electrical force. The OC4 system extracts the

w,, component of the photodetector raw signal and the V. bias is adjusted to nullify

it. The AUX2 output signal from Nanonis corresponding to the V. is fed to the ADD
input in order to be summed with the V,, sin((oe,t) signal and is applied to the tip via

the tip holder (as mentioned above). In parallel, the V,. also goes to the ADC input
of the microscope controller to map the KFM image.
The connections needed for FM-KFM mode are similar to the ones used for AM

mode. However, the AUXB output of the SAM box corresponding to the mechanical

phase is used as signal to extract the @, component of the electrical force gradient.
The OC4 system extracts the @, component of the photodetector raw signal and

the V. bias is adjusted to nullify it.

2.1.4 Experimental settings

In this chapter, we propose to compare experimentally the spatial resolution as well as
the contrast obtained in KFM for three modes: AM-KFM in Lift-mode, AM-KFM in single
scan and FM-KFM in single scan. The impact of the tip-sample separation will be also

studied. An overview of each mode is presented hereafter:

1)

2)

3)

In Lift-mode, an ac voltage with a peak-to-peak voltage ranging from 2V to 10V
and a frequency equal to the one of the mechanical fundamental resonance
(typically, around 70 kHz) is applied to the tip. During a first scan, the topographic
height 4(y)is acquired using the Tapping™ mode. During the second scan, the
KFM mode is activated. In this mode, to minimize the van der Waals interaction,

the tip is moved away from the surface by applying a lift height 4,. Then, during
the second scan the z-piezo imposes the height to equal 4, +A(y) or h,+ <h(y)>.

In single-scan AM-KFM, the CPD is measured by applying to the tip an ac voltage
with a peak-to-peak value ranging from 1V to 4 V and a frequency equal to the first
harmonic of the mechanical resonance and nullifying the resulting mechanical
oscillation by adjusting the V. tip bias. The topography is determined
simultaneously in Tapping™ mode at the fundamental resonant frequency.

In single-scan FM-KFM, a higher ac voltage ranging from 2V to 6V is applied to
the tip with an off-resonant frequency (typically between 500 Hz and 4 kHz). In
contrast with the previous two methods, the mechanical phase instead of the
electrical amplitude is used to access to the electrostatic force gradient, and so to
measure the CPD. Therefore, a sensitive detection to the force gradient is expected.
The topography is measured simultaneously in Tapping™ mode.
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The resulting experimental settings are listed in Table 2.1.

Table 2.1 Main parameters of three common KFM techniques

AM-KFM FM-KFM
Double-scan {Lift Mode) |Single-scan Single-scan
Lift height 10-30nm No No
Mechanical oscillation No Yes Yes
Amplitude of AC oscillation |2-10V 1-4V 2-6V
Frequency of AC oscillation |1st eigenmode (70KHz) [2nd eigenmode (440kHz)of-resonance (0,5-4kHz)
Sensitive to Force Force Force gradient
Tip Conductive tip {(Cr/Pt coating tip - Multi75E-G)

Evaluation of the tip-sample separation

For reasons linked to the quality factor, the fundamental resonant frequency is commonly
used to perform Tapping™ experiments. [75,76,77] The mechanical amplitude is closely
related to the tip-sample separation. However, in order to convert the photodetector
signal from volt to nanometer a calibration is required. To do so, while oscillating, the tip
approaches an ideally not deformable sample [see Fig. 2.6(a)]. During this process the rms
amplitude 4 of the mechanical oscillation ideally undergoes a linear decrease with a
slope fl—j:—l. Usually, this calibration is done with a silicon tip and a SiC sample (Young
modulus E =450 GPa). The driven frequency of the cantilever is set to 70 kHz with an
amplitude of 80 nm. The method can be split in three stages:

i. In the stage 1, the tip is driven in oscillation at its free resonant frequency with
maximum amplitude as no interaction force acts on the tip.

ii.  While approaching the sample surface, the tip oscillation is more and more affected
by the van der Waals force and, as a consequence, the oscillating amplitude of the
cantilever keeps decreasing. If we assume that the deformation of tip and of the
sample is negligible, it can be shown [78] that the decrease A4 of the amplitude is
equal to the Z-piezo extension increase Az. In other words, the absolute value of

AA
the slope ~ is equal to unity. Since the amplitude is measured in volts and the z-
zZ

piezo extension is known, the calibration coefficient can be calculated using the
linear part of the approach-retract curve. Using six different approach-retract curves
we obtain a calibration coefficient equal to 26 nm/V with relative error of
approximately 0.2 %.

iii. As the z-piezo keeps approaching the surface, the tip will finally jumps on the

sample surface and stop oscillating.
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Fig. 2.6 (a) Schematic of an oscillating cantilever condition while approaching to a sample surface.
(Detailed description of the 3 stages can be found in the text) (b) Amplitude evolution of (a). Since the Z
piezo extending distance is known as well as the contact point (as indicated as “Onm”) we can define the
tip-sample separation by setting different amplitude setpoint. (c) Average TM deflection of the cantilever
indicating three force regions. Not like the static force calibration curve, the “jump to contact” part and
the “pull out” part are not obvious due to the oscillation.(d) Schematic of tapping tip.

We can also observe that the approach and the retract curves are not superimposed but
are shifted [see Fig. 2.6(b)]. This shift is due to the hysteretic behavior of the Z-piezo,
which exhibits a slight extension difference for the same applied bias during respectively
the approach and the move away phases.

2.1.5 Tip and sample description

In this chapter, Pt/Ir coated silicon tips from “Budget Sensors” (Sofia, Bulgaria) are used. A
thin Chromium adhesive layer is deposited between the silicon and the Pt/Ir coating. [79]
The stiffness of tips is 3 N/m and the free resonant frequency of the cantilever is about
75 kHz.
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To minimize the topographic artifacts, a flat sample with CPD contrast is needed.
Epitaxial graphene on SiC(0001) suits this need as this sample has a very flat surface. The
height of the steps between two terraces lies in the range of 1 nm to 2 nm. But the work
function of a stack of few graphene layers (FLG) increases by approximately 100 meV for
each additional layer. [80,81]

The SiC substrate, purchased from “Novasic”, is n-doped (nitrogen) and the doping
concentration is approximately (2.5+0.5)x10"” cm™. The double-sided polished substrate is
introduced in an induction furnace operating under UHV. Three heating stages have been
applied. First, the sample is heated, at a temperature ranging between 200 °C and 300 °C,
to clean and outgas the surface. Then, the sample is baked at a temperature of about
800° C for several hours and then at a temperature of 1400 °C (with vacuum down to 10
mbar) during 5 hours. Temperature ramps (up and down) are set to 50 °C/min. The
growth of graphene layers is therefore achieved by solid state graphitization where Si
atoms desorb at high temperature (approximately 1150 °C) and carbon in excess results in
graphene layers. [82]

2.1.6 Experimental results

2.1.6.1 KFM with Multi-Mode AFM

Fig. 2.7(a) and (b) show respectively the topography and the CPD mapping of an epitaxial
graphene on SiC (0001) substrate. The green line indicates the abrupt surface topography
change of this sample but no CPD change is detected. This means that the obvious
topography steps is induced by the SiC substrate but the number of graphene layer is the
same. Another line in red shows the inverse situation, the CPD changed on the SiC terrace
but no topography step is detected. This means that a new graphene layer starts to form
on the same terrace of SiC. Although the graphene step is 0.33 nm [83] the height
difference between 1 and 2 monolayers (ML) can be only 0.07 nm due to a 0.25 nm SiC
layer step. [80] Line profiles at the indicated red line in Fig. 2.7(c) shows a CPD difference
of 0.15 V with no obvious topography step. The histogram shown in Fig. 2.7(a) of the CPD
mapping exhibits three peaks clearly belonging to three different stacks of graphene
monolayers.

In order to evaluate the number of graphene layers present on this sample, filtered
ultraviolet photoemission electron microscopy (UV-PEEM) has been used to characterize
epitaxial graphene layers on SiC. To remove organic contamination, the sample is heated
at 480 °C for 20 min under UHV. Then UV-PEEM analysis is done using a helium discharge
lamp (Hel =21.2 eV) as excitation source. A series of images, for different photoelectron
energy, are acquired in PEEM filter mode and then data processed to obtain a mapping of
the surface work function.
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Fig. 2.7 Topography (a) and CPD (b) by AM-KFM in single scan of epitaxial graphene layers on SiC (0001).
As indicated in the green line, the CPD has no change where an obvious topography step occurs. This step
is due to the steps of the SiC substrate. Further zoom-in scan is indicated by the red box. (c) Line profiles
at the red line respectively on topography and CPD. A 0.15 V CPD is visible between the dark and bright
region. (d) Histogram of the CPD image. The work function difference between 1 ML and 2 ML is equal to

0.15 eV.

The work function mapping of our sample is presented in Fig. 2.8(a). The resulting
histogram [Fig. 2.8(b)] shows that the work function value ranges from 4.20 eV to 4.46 eV,
which corresponds to the presence of 0 ML,* 1 ML and 2 ML of graphene. Indeed, Hibino
et al. have performed similar studies by PEEM technique and have shown that the work

function of 0 ML, 1 ML, 2 ML and 3 ML is respectively equal to 4.18 eV, 4.33 eV, 4.4 eV and
4.52 eV [see Fig. 2.8(c)]. [84]

*No monolayer of graphene (O ML) corresponds to the carbon-rich interface layer between the SiC bare

substrate and the first monolayer.
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Fig. 2.8 (a) Quantitative work function mapping by filtered PEEM on epitaxial graphene on SiC. The
exposition time is 5 min. And He-1 is used as excitation source. (b) Histogram of (a) shows the work
function mainly distributed from 4.20 eV to 4.46 eV. (c) Work functions of 1ML, 2ML and 3 ML
distributed narrowly at 4.32 eV, 4.4 eV and 4.5 eV measured by Hibino et al. [84]

This means that only a maximum of 2 ML of graphene has grown on our sample
following this fabrication condition. Therefore, the three peaks found on the surface
potential histogram in Fig. 2.7(d) are 0 ML, 1 ML and 2 ML. In KFM, ¥, compensates the

potential differences between the tip and the sample, and if the tip work function @, is
known, the work function of the sample is given by the relationship ® =®, —eV, . The
local variation of the work function, however, can be expressed independently of @,

using AD_ =—eAV,. . Therefore, with our optimized KFM under ambient atmosphere, the

work function difference between 2 ML and 1ML AD% = AV =0.15eVis in
guantitative agreement with those obtained using KFM under UHV [80].

Spatial resolution and contrast
Fig. 2.9 shows three series of CPD images obtained on the same area of a graphene

sample [see the red box in Fig. 2.7(b)] by using three KFM acquisition modes. The tip-
sample distance ranges between 80 nm and 3 nm. For the sake of clarity, all the images
are presented with the same potential scale of 500 mV. In Lift-mode [Fig. 2.9(a)], blurred
images of graphene layers are obtained for a large tip-sample separation and the contrast
is strongly improved when this separation is reduced. For both AM and FM modes in
single scan (SS), the tip-sample distance has less influence on the contrast, even if FM-
KFM mode seems to give a better contrast [Fig. 2.9(c)], confirming that a detection
sensitive to the force gradient is less affected by the tip cone and by the cantilever. [66]
Fig. 2.10(a) shows the surface potential contrast value with respect to the tip-sample
distance for each acquisition mode. A slight increase of the contrast is observed for both
Lift- and single scan-AM modes when the probe is close to sample surface. In FM-
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Fig. 2.9 CPD images in the zoomed area in Fig. 2.7 with Lift mode-AM, single scan-AM and single scan-FM
KFM techniques in function of the tip-sample separation. Experiments are done with Multi-Mode AFM. The
CPD scale is 500 mV for all the images. (a) AM-KFM in Lift-mode shows strong dependence with the tip-
sample separation. (V,.= 4V, fu..= fp = 67 kHz, scan rate= 0.1 Hz and lift height of 0 nm). (b) Single-scan AM-
KFM shows less dependence on tip-sample separation but with lower contrast than (c). (V.= 4V,
fo=67 kHz, f,;..= 429 kHz, scan rate= 0.1 Hz). (c) Single-scan FM-KFM exhibits the highest contrast and low
dependence on tip-sample separation. (V,.= 4V, f; = 67 kHz, f,..= 400 Hz, scan rate= 0.1 Hz).

KFM mode, the contrast is two times higher than the one obtained in AM-KFM.
Furthermore, the FM-KFM contrast is independent of the tip-sample distance, which is in
agreement with the results shown in Fig. 2.9.

Figure 2.10(b) shows, for each mode, the spatial resolution dependence with the tip-
sample separation. Imagel software is used to estimate the spatial resolution with a
16 %/84 % criteria. As being already observed on Fig. 2.9(a), the spatial resolution of the
Lift-mode dramatically increases when the lift height decreases from 120 nm to 60 nm. In
FM-KFM mode, the spatial resolution is not affected by the tip-sample distance, while a

slight improvement is observed in AM-KFM mode. In the three modes, the spatial
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Fig. 2.10 Comparison for the three KFM acquisition modes (Lift-AM, single scan AM and FM) considering
(a) the CPD contrast and (b) the spatial resolution versus the tip-sample separation. Measurements are
done along the yellow line drawn in the inset.
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resolution attains a value as good as 30 nm. We believe that this spatial resolution is
limited by the topographical resolution and could be improved if sharper tips are used.

2.1.6.2 KFM with Dimension 3100 AFM

To check the results and to test the different parameters, measurements on the same
samples have been done using the Dimension 3100 AFM. In this experiment, the FM-KFM
drive frequency is increased to reduce the acquisition time, the AM-KFM drive amplitude
is decreased as enough sensitivity can be achieved with a value of 2 V.

Figure 2.11 shows CPD images obtained on the same area of a graphene sample using
the three KFM acquisition modes. The impact of the tip-sample distance on measured
surface potential is analyzed. In this experiment, the tip-sample distance ranges between
48 nm and 2 nm. For the sake of clarity, the images are presented with the same scale bar
with a maximum value of 500 mV. Fig. 2.11(b) shows surface potential images obtained by
Lift- mode. We observe that: (i) large tip-sample distances lead to blurred images of the

(a) Single-scan FM-KFM  (b) Lift-mode AM-KFM () Single-scan AM-KFM

; 1l " 1l il
- T -

i1, W4 Mg @
3L, it Hh,

Fig. 2.11 CPD images on graphene sample with three common KFM techniques. Experiments are done
with a D3100 AFM. The potential scale is 500 mV for all the images. (a) Single-scan FM-KFM exhibits the
highest contrast (V,.= 4V, f; = 69 k Hz, f,,..= 900 Hz, scan rate= 0.4 Hz). (b) AM-KFM in Lift-mode shows
strong dependence on tip-sample separation. (V,.= 2V, f) = f...= 69 kHz, scan rate= 0.4 Hz). (c) Single-
scan AM-KFM shows less dependence on tip-sample separation but with lower contrast than (a). (V,.=
4V, fy=69 k Hz, f,,..= 439 Hz, scan rate= 0.4 Hz).

Average tip-sample separation (nm)
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surface potential; (ii) the contrast increases as the tip-sample distance decreases. For both
SS-AM and FM modes, the tip-sample distance has less influence, even if a better contrast
seems to be obtained in FM-KFM mode [Fig. 2.11(a)].

Spatial resolution and Contrast

To achieve a quantitative comparison of the images obtained using the three Kelvin
modes, the contrast [Fig. 2.12(a)] and the spatial resolutions [Fig. 2.12(b)] are extracted
along a line profile [red line in the inset of Fig.2.12(a)]. Fig. 2.12(a) shows, for each
acquisition mode, the variation of the contrast (obtained on one surface potential step on
the graphene sample) with respect to the tip-sample distance. For both AM modes, a
slight increase of the contrast is observed when the probe is approached closer to the
sample surface. In FM-KFM mode, as in the previous experiments, the contrast is two
times higher than the one obtained with AM mode and does not depend on the tip-
sample distance (see also Fig. 2.11).

Fig. 2.12(b) shows that, in Lift-mode, the spatial resolution can be significantly
enhanced by reducing the tip-sample separation. Indeed, the spatial resolution drops
from 40 nm to 110 nm as the tip-sample separation goes from 12 nm to 50 nm. In the
three modes, the highest spatial resolution (approximately 30 nm) is attained close to the
sample surface. This value is limited by the use of a bulky Pt/Ir coated silicon tip which
limits the topographic resolution. As a consequence, further significant improvement of
the spatial resolution could be reached if sharper tips were used.
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(a) e ‘
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Tip-sample separation (hm) Tip-sample separation (nm)

Fig. 2.12 Comparison between the three KFM acquisition modes (Lift-AM, single scan AM and single
scan- FM) considering (a) the CPD contrast and (b) the spatial resolution versus the tip-sample
separation. Measurements are done along the red line drawn in the inset.
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2.1.7 Discussion

A simple qualitative interpretation can be made to explain the observed trend for the
three acquisition modes. The main difference between both the single scan and Lift
methods, independently of the force or force gradient detection used, is that the probe is

mechanically driven in the single scan method. On the other hand, the z, tip-sample

distance [see Fig. 2.11(b)] is constant in Lift-method during the CPD acquisition that is

comparable to a “static” behavior of the probe. The measured V, voltage described in

Eqg. (2.3) is a weighted average of all the local potentials and therefore depends on the size
of the feature on the surface sample as well as the probe geometry. In this case, the

weighting factor corresponding to the gradient capacitance is a constant value taken at z,

tip-sample distance. Thus, the resolution as well as the contrast become better when the
tip-sample separation is reduced.

In the single scan method, the probe is mechanically driven during the CPD acquisition
that is comparable to a “dynamic” behavior of the probe by analogy with the Lift-mode. As

a consequence, the tip-sample separation z, is oscillating, which means that the

weighting factor, which is respectively the first and second derivative probe-sample
capacitance for AM-KFM and FM-KFM [Egs.(2.3) and (2.4)], is averaged over one
oscillation period. In this case, the probe reaches further into the surface sample leading
to an effective probe distance smaller than the probe-sample distance. [85] As a
consequence, CPD imaging in this condition is much less sensitive to the tip-sample
distance and a stable resolution and contrast is expected over the total range (50 nm
here).

The results presented in Fig. 2.9 and Fig. 2.11 are in agreement with this hypothesis.
Nonetheless, FM-KFM mode appears to be more stable than the AM-KFM, where some
slight changes are observed both on resolution and contrast. In force gradient sensitive
detection, the electrostatic coupling between tip cone and the cantilever of the probe is
very small. Thus, only the apex of the probe has a significant interaction with the sample
surface, which results to a more local probing of the gradient force than in force mode
where the cantilever and the cone plays a greater contribution when tip-sample distance
is already more than 1 nm. [43]

2.1.8 Summary and conclusion

Lift-mode AM-KFM affords (i) a strong dependence of the CPD contrast on the tip-sample
distance and (ii) a lower CPD contrast and spatial resolution than those obtained in other
modes. The AM-KFM in single-scan has less dependence and better CPD contrast and
spatial resolution than in Lift-mode mainly due to the higher weighted average on apex
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with low separation. FM-KFM possesses both the highest CPD contrast and the highest
spatial resolution regardless the tip-sample distance. Nevertheless, this mode requires
higher AC bias to guarantee the stability while increasing the risk of tip-induced band
bending in semiconductors.

2.2 Influence of experimental parameters in single scan
FM and AM-KFM

In this part, we present the influence of the most important experimental parameters
influencing the CPD measurement both in single scan FM and AM-KFM. The peak-offset,
the driving amplitude V,. as well as the driving angular frequency w.; applied to the tip,
and finally the phase reference are presented and studied.

2.2.1 Peak offset

In Tapping™ mode, the cantilever is not excited at the free resonant frequency fy. Indeed,

the drive frequency is chosen to maximize the sensitivity A4/Af and this condition is met

1
when the drive frequency is set at f:fo(l——\/_]. While approaching the sample,
O+/8

because of the attractive van der Waals force acting between the tip and the sample, the
resonant frequency decreases. This results in a decrease of the cantilever amplitude

from 4, away from the surface to 4 near the surface. The drive frequency is set in such a

n

way that, while imaging, the oscillation amplitude A4 of the tip is set in the range between

Fig. 2.13 The amplitude
{40 response of a cantilever
around its resonant frequency.
In the Veeco system, the peak
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0.9x4,, and 0.99x4,, . The selection of the cantilever frequency plays an important role in

the performance of the topography mapping although, as far as we know, this fact is not
mentioned in the literature. As shown in Fig. 2.13, different offsets of amplitude ranging
from 10 % to -5 % have been set in this experiment. The positive setting means a reduced
frequency while the negative means the reverse way.

Fig. 2.14(a) presents the influence of the peak offset parameter on the topography
and CPD images in FM-KFM of graphene sample. All the images have been acquired at the
fundamental resonance; in these conditions, the amplitude setpoint is 1 V. However, the
peak offset parameter induces a shift of the mechanical driving frequency as shown in Fig.
2.13. Thus, the resulting oscillation amplitudes are 0.95V, 1V, 0.95V and 0.9V
respectively for -5%, 0%, 5% and 10 % peak offset. After approaching, amplitude
setpoints are respectively 0.7 V, 0.71V, 0.71 Vand 0.65 V.

The topography mapping shows that with the uncommon -5 % and 0 % settings, the
results are noisier. Line profile of topography (Fig.2.14(b)) enlightens this point: for
settings of -5 % and 0 % the lines exhibit more errors in the flat area of the surface than
with normal settings (5% and 10 %). In theory, as the peak offset changes the drive
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Fig. 2.14 Influence of the peak offset parameter on the topography and CPD images of graphene sample. (a)
Left columns are topography ( Az < Snm ) images acquired in Tapping™ mode, while the right columns are
CPD images acquired simultaneously in FM-KFM (AV < 400mV ). (b) Topography cross-section at the
indicated location (red line) (c) CPD cross-section at the same place. In all experiments: target amplitude: 1V,
Vi= 4V, fp = 67 kHz, f,..=400 Hz, scan rate= 0.1 Hz, BW= 1500 Hz, amplitude setpoints for topography
measurement are 0.7V, 0.71V, 0.71 V, 0.65 V respectively for the peak offset -5 %, 0 %,5 %,10 %.
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frequency, the slope of the phase is changed, and an influence on FM-KFM sensitivity is
expected. However, the influence on the measured CPD value is not obvious [see
Fig. 2.14(c)].

Similar experiment has been performed in AM-KFM. The influence of the peak offset
parameter on the topography and CPD images is shown in Fig. 2.15. The target mechanical
oscillation amplitude at the fundamental resonance has been set to 1V in all the images.
After approaching, amplitude setpoints are 0.7V, 0.71V, 0.71V and 0.65 V, respectively
for -5%, 0%, 5% and 10 %. As observed in the previous case, a high level of noise is
observable for peak offsets of -5 % and 0 % than with normal settings (5 % and 10 %). Line
profile of topography shown in Fig. 2.15(b) enlightens this point. The reason of especially
noisy topography at 0 % setting is not clear as the feedback parameters are optimized and
the same amplitude setpoint is applied as in FM-KFM. However, the influence on KFM is
limited as the rms noise level is 0.5 nm. The tip-sample separation dependence behavior
of force sensitive detection can also be seen from the abrupt CPD variation in the slow
scan axis due to the z-piezo height change in each line. The CPD contrast is extracted along
the line profile used previously. Its estimated value is 100 mV, value to be compared with
the 150 mV, obtained in FM mode.
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Fig. 2.15 KFM with different peak offsets. (a) Left columns are AM-AFM topography (Az < 5nm ), while
the right columns are AM-KFM CPD measurements (A} < 400mV ) (b) Topography cross-section at the

indicated location (red line) (c) CPD cross-section at the same place. In all experiments: target
amplitude: 1V, V,.=4V, f, = 67 kHz, f,,..= 423 kHz, scan rate= 0.1 Hz, BW= 1500 Hz, amplitude setpoints
for topography measurement are 0.7V, 0.71V, 0.71V, 0.65V respectively for the peak offset -5%,
0%,5 %,10 %.
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2.2.2 Driving frequency

As we mentioned before, two frequencies are superimposed in the single-scan FM-KFM
mode. The first one is the mechanical oscillation often excited at the fundamental
frequency of the cantilever (typically around 70 kHz for Pt/Ir coated silicon tips). In theory,
higher eigenmodes can be used but the sensitivity decreases as the mode number
increases. [86] Therefore, we always choose the fundamental frequency to drive the
mechanical oscillation. The resulting mechanical phase used to detect the electrostatic

force gradient is demodulated by a lock-in amplifier at the angular driving frequency w,, .
In FM-KFM, this angular frequency w,, has to be in the range between a few hundreds of

hertz and a few kilohertz. The upper limit is determined by the bandwidth of the lock-in
amplifier used for amplitude and phase measurement of the mechanical oscillation [37]
while the lower limit is set by a tradeoff between topographical crosstalk (noise level) and
the scan speed.

Fig. 2.16 presents the amplitude of the mechanical phase modulation and the
corresponding X component in function of the V. bias sweep and the influence of the
angular driving frequency w.;. These signals are measured by the second lock-in amplifier
as shown in Fig. 2.1. As discussed above, we observed that, due to the bandwidth of the
lock-in amplifier (fixed here at 777 Hz), the amplitude of the phase modulation decreases
as the driving frequency increases. The signal intensity is 6 times higher at 500 Hz than at
4000 Hz, but the noise level does not change obviously. For these reasons, choosing the
range of driving angular frequency between 500 Hz and 1000 Hz is a good compromise to
optimize the bandwidth of the lock-in amplifier as well as the signal to noise ratio.
However, we observe that for a driving frequency of 500 Hz, the amplitude is never
zeroed even when the CPD is compensated. This is probably due to a crosstalk at low
frequency in the mechanical phase signal. However, this influence is limited in our
experiment as we nullify the monotonic X component signal instead of the amplitude. In
addition, the dc bias voltage V,;. which have to be applied to nullify the signal shows a
narrow distribution range smaller than 30 mV for all the tested driving frequencies.

As we will discuss in the next section, the intensity of the X component signal can vary
not only with the phase offset between the ac driving signal applied to the oscillator piezo
and the mechanical oscillation of the cantilever but is also proportional to the amplitude
of the driving ac voltage V..

-55.-



Chapter 2: Comparative analysis of KFM acquisition modes in air

1,4

(a)

1,2 |

Amplitude of phase modulation (V)

0,8 L
0,6 [|—1000Hz
| ——1500Hz
0,4 H__2500Hz
F| —3000Hz
0,2 k
0 s
-1 -0,5
Bias (V)
0,5
(b)
h_‘h_h‘-‘—‘“—"‘_‘—u_
S0 =
= ——1000Hz
—1500Hz
—— 2500Hz
——3000Hz
_05 1 I A
s | -0,5 0 0,5 1

Bias (V)

Fig. 2.16 Amplitude of the mechanical phase modulation (a) and the corresponding X component in
function of the V. bias sweep and the influence of the angular driving frequency w,;.

2.2.3 Driving amplitude

Usually, the ac driving amplitude V. setting used in FM-KFM mode is higher than the one
used in AM-KFM mode. It is worth noting that higher amplitude can induce a band
bending at the semiconductors surface. [87] Furthermore, the electrostatic interaction
alters the topography measurement as shown below.

Before presenting the impact of the driving amplitude V,. on the CPD measurements,
we discuss its influence on the tip-sample separation while the z-feedback is on. In
Tapping™ mode, the mechanical amplitude Amo measured at the fundamental frequency

is commonly used as feedback signal to control the tip-sample separation. The van der
Waals force F,, as well as the electrostatic contribution F, have an impact on 4, . In

vdw

Tapping™ mode, the van der Waals force F, is assumed to be constant if we work at the

same tip-sample separation on the same region. However, the electrostatic
contribution F,. changes with the driving amplitude V__, following the relation:

ac’
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oC 1 1
F, =——(=(V, —=A®/q)*+-V?), 2.5
de aZ (2( dc q) 4 ac) ( )

oC
where A® is the CPD between tip and the sample, 6_ is the capacitance gradient, which
Z

depends on the tip geometry and on the tip-sample separation. Hudlet et al. [88]
calculated the capacitance gradient as a function of the radius R and the tip-sample
separation z. If we neglect the contribution of the cone and if we consider the tip apex as
a sphere of radius R located above an infinite plane we obtain [88]:

2
% ke, | R, 2.)
0z z(z+R)

where K is a positive constant and z the distance between the apex of the tip and the
plane. By combining Egs. (2.5) and (2.6), we obtain:

dc

R*Kre, , 1,
=———((V, —AD/q)" +=V).
Z(Z+R) (( dc q) 2 ac) (2.7)

This equation shows that F,_ is a non-zero attractive force, which cannot be nullified. If
we assume that other terms are constant, the increase of V will enhance F, and
therefore, the amplitude Amo will decrease due to the higher attractive force. Finally, the z-
piezo will retract a little (relationship between Amo and the tip-sample separation z can be
seen in Fig.2.6) to restore Amo until it equals the amplitude setpoint 4,,. As a consequence,

changing the driving amplitude V,. while the z feedback is on has a direct influence on tip-
sample separation.

Figure 2.17 shows the influence of the driving amplitude V,. in FM-KFM. The
amplitude of the mechanical phase modulation and the corresponding X component in
function of the V,. bias sweep are presented. When V,. increases from 1V to 2V, the
amplitude of the mechanical phase, modulated at the driving frequency w., increases
proportionally. This is in agreement with the fact that this amplitude is proportional to the
electrostatic force gradient that is also proportional to the driving amplitude V,. [see
Eqg. (2.2)]. However, we observe a non-linear slope on the curve at V,. = 2V, which is
probably induced by the fact that the z feedback is on. Starting from 3V, the effect of the
z-piezo retraction discussed previously becomes more important, and we observe a

decrease of the amplitude of the mechanical phase modulation. Indeed, as the tip-sample
2

separation increases, the second derivative of the probe-sample capacitance —;
Z

decreases [see Eqg. (2.2)].
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Fig. 2.17 Amplitude of the mechanical phase modulation and the corresponding X component in function
of the V. bias sweep and the influence of the driving amplitude V..

To check this assumption, we also did an experiment to monitor the mechanical
phase signal and the z-piezo signal (topography) versus the dc tip bias while the z
feedback is on. As known the mechanical phase is proportional to the force gradient and
can be written:

oF,  18°C )
AqD o« E = _Eg(Vdc - I/cpd) . (2.8)

In Fig. 2.18, the parabolic behavior of the mechanical phase induced by the sweep of
the V,. bias is clearly observed in the range between -2.5V and 2.5V while a slight
variation of the z-piezo is also visible in this range. Outside this range, the mechanical

phase presents a slow variation while the z piezo increases significantly, probably induced

2

by the change of the second derivative of the probe-sample capacitance —-.
Z
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Fig. 2.18 Mechanical phase and z-piezo excursion as a function of dc tip bias. A parabolic behavior of the
phase versus the dc tip bias is visible between the green dashed lines.

Following the previous observation, the variation of the amplitude of the mechanical

phase modulated at the frequency w,; can be explained. When the driving amplitude V' _is

increased, the part of oscillation entering in the “flat” region of the mechanical phase
(Fig. 2.18) increases and leads to a decrease of the amplitude of the mechanical phase

modulated at the frequency w,;. In addition, we notice that the V, value read at X= 0,

which corresponds to the CPD value, undergoes no obvious change when the driving
amplitude V__is increased [Fig. 2.17(b)].

In AM-KFM, the second eigenmode of the cantilever is commonly used to separate
the CPD measurement from the topographic measurement. It is reported that 2 V ac bias
is sufficient to achieve comparable sensitivity. [42,89] However, due to the possible tip
induced band bending [6,8] in semiconductors, one should avoid using high driving
amplitude V,.. Figure 2.19 shows the influence of the driving amplitude V. in the range
of 1V to 8 V. The oscillation amplitude at the second eigenmode of the cantilever as well
as the corresponding X component in function of the V. bias sweep are presented.

Comparing with the results obtained in FM-KFM (Fig. 2.17), three main differences
can be noticed:

i.  Firstly, the resulting oscillation amplitude at the second eigenmode increases
monotonically with the driving amplitude V,.. This means that the V. bias has less

influence on the w, component of the electrostatic force via the tip bending, as

previously observed in FM-KFM.
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Fig. 2.19 Oscillation amplitude of the second eigenmode and the corresponding X component in function
of the V. bias sweep and the influence of the driving amplitude V..

ii.  Secondly, the CPD value corresponding to the minimum of the oscillation amplitude
decreases by approximately 200 mV from 1V to 8V ac tip bias amplitude. This
indicates that the tip-sample distance or even the bending of the cantilever plays a
role in the CPD measurement. As the cantilever is retracted, it averages larger area
of the CPD and it reduces the measured value. [24,44,45]

iii.  Thirdly, at fixed V,., the oscillation amplitude at the second eigenmode increases

linearly with the |V, —V_,, |, according to relation:

, (2.10)

ac

4, <|F, |= “Z—f Ve =V )V,
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oC . . . .
where the — is considered to be constant. Consequently, the 4, is proportional to

1574

| V4e =V.pa | @and symmetric with respectto V' =V_,.

224

Phase reference

In this part, the influence of the phase reference of the lock-in amplifier 2 (see Fig. 2.1) is

analyzed. The reference phase has no influence on the output amplitude but since it

offsets the output phase, it changes the intensity of the X component according to the

relation:

X= Amd cos(qo + qo,ef),

(2.11)

wheregis the phase between the driving signal and the input signal, ¢, is the phase

reference that is used to change the intensity of the X output and Aml is the amplitude of

the input signal. In our case, Aml refers to the oscillation amplitude at the second

eigenmode in AM-KFM and to the amplitude of the mechanical phase modulated at the

frequency w,; in FM-KFM.
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Fig. 2.20 shows the behavior of the mechanical phase modulated at the frequency w.;
in FM-KFM as well as the resulting X component in function of the V,. bias for different
reference phases. The curves are similar than those observed in Fig. 2.17. As expected, no
change is observed in the amplitude curves but we can notice that the amplitude is never
zeroed due to the crosstalk induced in the SAM box (the driving frequency is fixed here at
500 Hz). However, it is worth noting that for each phase reference, the X component is
always nullified for the same V,. which means that the phase reference has no influence
on the CPD measurement. We also notice the non-linear behavior of the amplitude and
the X component when the condition |V, -V, [>0.5Vis fulfilled. The interpretation of

this, in fact is the same as we discussed in Fig. 2.17. As the z feedback is on, the static
2

contribution of electrostatic force finally changes the value by retracting the z-piezo

2
Z
if the DC bias increases. The consequent “flat” phase curve produced the non-linear

behavior.
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Fig. 2.21 Evolution of the oscillation amplitude at the second eigememode in AM-KFM as well as the
resulting X component in function of the V. bias for different reference phases. (V,.= 1V, peak offset of
5 %)
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Figure 2.21 shows the behavior of the oscillation amplitude of the second eigenmode in
AM-KFM as well as the resulting X component in function of the V,. bias for different
reference phases. As expected, the oscillation amplitude does not change with different
reference phase settings while the X component varies in agreement with the Eq. (2.11).

2.3  Summary and conclusions

As we discussed in the previous section, the long-range electrostatic force shows less
dependence on the tip bending effect. The noise level is supposed to be the same with
different reference phase settings. Therefore, the sensitivity depends on the slope of the

X component of 4, . In this chapter, KFM operating in ambient atmosphere is improved

by developing KFM in a single-scan method using either frequency modulation (FM) or

amplitude modulation (AM) mode. A comparative study between these two techniques

and the common Lift-mode is done by imaging epitaxial graphene on SiC sample. The tip-
sample separation effects on the surface potential spatial resolutions are discussed as well
as experimental settings.

We can draw the following conclusions:

i.  Using a sensitive detection to the electrostatic force gradient rather than to the
electrostatic force provides a higher potential contrast regardless the tip-sample
distance.

ii. KFM operated in dynamic mode (single-scan mode) shows less distance dependence
than in static mode (double-scan mode).

iii.  Inall of these KFM modes, the spatial resolution and contrast of CPD imaging can be
optimized as expected by working at a small tip-sample separation (typically a few
nanometers).

iv.  The influences of parameters such as peak offset, drive amplitude, drive frequency
and phase reference are discussed in details.
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Chapter 3

Surface potential imaging under
secondary vacuum

This chapter deals with the development of the work function measurement by Kelvin
probe force microscopy (KFM) under secondary vacuum. Indeed, working under
secondary vacuum ensures a better control of the environment and therefore a better
control of the sample surface. Moreover, the sensitivity is comparable to the one obtained
under ultrahigh vacuum (UHV). In this chapter, we will provide the motivation to operate
under vacuum and then, we will detail the instrumentation and its optimization. Finally,
first KFM images will be presented and discussed. In conclusion, this technique will be
compared to KFM operating under ambient atmospheres.

3.1Motivation

3.1.1 Advantage of KFM under vacuum

The development of nanoscience makes the understanding of the electrical properties of
nano-objects essential. The KFM is one of the most used techniques to image
simultaneously, the topography and the contact potential difference (CPD) at the
nanoscale. After about 20 years of development [38], KFM is mainly used in air, where
semi-quantitative measurements with typical 40 nm resolution and 10 mV sensitivity can
be achieved. [49,90,91,92,93] Moreover, KFM can be easily used to perform multiple
comparative analyses. Accurate and reliable measurements can be achieved by working
under UHV. [42,94,95,96,97] This technique is expensive and time consuming, but has
nevertheless two advantages:
— Firstly, UHV provides better surface conditioning. In air, the work function of a sample
depends on the quality of the surface, which can be heavily altered by the presence of
a thin film of water and/or by the presence of a contamination layer. This affects both
the contrast of the CPD images and the value of the work function. However, this
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effect can be limited by a proper sample preparation such as cleaning protocols and by
working in dry atmosphere.

—Secondly, under vacuum the quality factor Q increases dramatically. Typically, O is
greater than 30000, a value up to 100 times more important than in air, which
improves the sensibility of the force detection. Indeed, taking into account only the
thermal noise and for signal-to-noise ratio of one, the minimum detectable force is
[32,98]:

4kk T
F.. = B (3.1)

7
min a)OQ

where k and k, are respectively the spring and Boltzmann constants, B the
bandwidth and o, the resonant angular frequency. This equation shows that operating in

vacuum results in a gain of at least one order of magnitude of the force detection
sensitivity. The effects of other parameters are listed in table 3.1.

The effect of the pressure on the resonant frequency as well as on the quality factor is
shown in Fig. 3.1. When operating in secondary vacuum in place of ambient atmosphere,
the quality factor increases by a factor of about 100 due to the friction reduction. More
specifically, Fig. 3.1(b) shows the dependence of the quality factor on the pressure: when
operating in ambient atmosphere the quality factor is equal two a few thousands then it
undergoes an abrupt increase as the pressure goes from 0.01 mbar to 10 mbar and
reaches a plateau for pressure less than 0.01 mbar.

Table 3.1 Minimum detectable force limitation parameters and its influences

Parameters Influences
k Low stiffness causes “jump to contact”.
- Lowering the operating temperature from 300 K to 4 K increases
’ the signal-to-noise ratio by at least of one order of magnitude.
B Smaller bandwidth means longer scanning time.
Defined by the geometry of the cantilever or use of the higher
o harmonics in the limit of cut-off frequency of photodetector.
Increasing the Q factor (by going to high vacuum), one can
0 achieve at least one order of magnitude for the detection of the

force.
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Fig. 3.1 (a) Resonant frequency at ambient pressure and at 10" mbar pressure (secondary vacuum). The
quality factor roughly increased by two orders of magnitude. (b) Evolution of the quality factor with the
pressure. A saturated region is observed below 10 mbar. [99]

In this chapter, we propose to develop and evaluate KFM operating under secondary
vacuum. Indeed, operating under secondary vacuum ensures a better control of the
surface in term of contamination allied. In addition, operating under secondary vacuum
has the advantage of a high quality factor while keeping the ease of use and the low cost
of an ambient KFM equipment.

3.1.2 Why additional electronics is needed?

In this experimental study, EnviroScope™ from Bruker Nano (Santa Barbara, USA) is
employed as a microscope (see Fig 3.2). It is a multi-purpose platform for scanning probe
microscopy (SPM) working under a variety of environments such as: (i) variable
temperature (up to 300 °C in vacuum with a specific sample holder), (ii) variable pressure
(up to 10° mbar), (iii) the choice of the ambient gas such N or Ar. The vacuum is obtained

by a two-step pumping system. The chamber is rough pumped from atmospheric pressure

Fig. 3.2 The standard connection of EnviroScope™ only enables amplitude modulated Tapping™ mode AFM
and Lift-mode KFM. From left to right: EnviroScope™ AFM, Quadrex and NanoScope llla electronics.
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to 10 mbar in approximately 10 minutes. Then, a turbo molecular pump (Varian V70LP) is
used to obtain and maintain a secondary vacuum ranging between 10 and 10 mbar. The
vacuum chamber hosts the atomic force microscope (AFM) which can operate in the so
called KFM Lift-mode.

As mentioned in the previous section, a high quality factor decreases the minimum
detectable force. However, in Tapping™ mode, a high quality factor dramatically increases
the image acquisition time. Indeed, a time delay equal to the time constant [32]

=20/w,, (3.2)

is necessary to achieve the steady state of the mechanical oscillator. As shown in the
Table 3.2, the time needed to acquire one image increases by a factor of 100 when
operating under secondary vacuum. This acquisition time is incompatible with the thermal
drift which is approximately 600 nm/h. Therefore, the amplitude modulation mode is
unsuitable when operating under vacuum.

On the other hand, the frequency modulation (FM) technique based on the real time
detection of the resonant frequency is more appropriated in vacuum environment. In
theory, the response of the system depends only on the resonant frequency. In practice,
the response of the system is limited by the bandwidth of the close-loop control
electronics which typically ranges between 1 kHz to 10 kHz, and leads to a time response
similar to the time response achieved in AM mode. [32] Therefore, in order to perform
measurement under secondary vacuum, the FM mode is required. In this study, an
additional electronic from Nanonis (composed of real time controller and two oscillation
controllers dual OC4) has been used in complement to EnviroScope™ electronic. The
fundamental frequency of the cantilever is monitored in real time and a frequency shift
setpoint is used in the z controller to maintain the tip-sample distance constant.

Table 3.2 Time constant compare between ambient atmosphere and vacuum

In ambient In secondary
atmosphere vacuum
Quality factor (Q) ~ 250 ~ 25000
Resonant frequency ( £, ) ~ 75kHz ~ 75kHz
Time constant (7)) 1.06 ms 106 ms
Minimum time for 512x512
0.146 h 14.6 h
image (¢)
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3.2 Non-contact AFM under secondary vacuum

3.2.1 System connections

The Fig. 3.3 presents the general overview of the connections necessary to perform AFM
in FM mode (also called non-contact AFM or NC-AFM). Two signal access modules (SAM)
are connected on each sides of the Quadrex electronic: hereafter, we call SAM 1 the SAM
located between the microscope and the Quadrex electronic and SAM 2 the SAM located
between the Quadrex electronic and the Nanoscope electronic. SAM 1 is used to extract
the photodetector signal via the INO output and to mechanically drive the cantilever via
the ANA1 input. An ac voltage feeds the tip actuator through a BNC cable connecting the
ANA1 input of SAM 1 to the Nanonis OUTPUT. The photodetector signal feeds the INPUT
of the Nanonis electronic via the INO output of SAM 1. SAM 2 is used via the INO input as
an input to feed the z feedback signal. The Nanonis electronic includes a lock-in amplifier
and a PID controller to ensure to real-time measurement of cantilever frequency. The
AUX1 output from the Nanonis electronics provides a dc signal, proportional to the
difference between the real-time frequency shit Af, and the frequency shift setpoint

Afy s » Which, from that point on, will be named frequency shift difference. This dc signal

is sent to INO input of SAM 2 and is used as the feedback signal by the z-controller in the
Nanoscope llla electronic to maintain a constant distance between the tip and the sample.

llllll>

I

INO Output

Photo diode
Excitation signal
INPUT

OUTPUT

.k\nru

0’3'\"}"‘ (.r.r(.(.f Frea

Fig. 3.3 Overview of the connections necessary to realize AFM measurement in FM mode (or NC-AFM)
with an EnviroScope™ system working under secondary vacuum. Two SAM boxes as well as a Nanonis
electronic are needed. The details about connections are given in the text.
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Fig. 3.4 shows a more detailed schematic diagram of the setup. The blue and red parts
correspond respectively to Nanonis electronic and to the EnviroScope™ AFM microscope
including the Nanoscope controller and SAM boxes. In contrast to the Tapping™ AFM, FM
technique is more suitable when operating under vacuum. In this mode, the cantilever
oscillates always at its resonant frequency and, while scanning, the auto-oscillation of the
cantilever is maintained. In our case, the amplitude and the phase are extracted from the
photodetector signal by using the Nanonis lock-in amplifier. The amplitude is kept
constant by using a feedback loop satisfying the Barkhausen stability criterion, which
adjusts in real-time the mechanical driving amplitude V__ . The phase signal is used by the
digital phase-locked loop (PLL) included in the Nanonis electronic to measure the real-time
resonant frequency of the cantilever. In fact, a feedback loop is used to maintain a zero
phase. In practice, a frequency shift Af, relative to the free resonant frequency f, is
measured. A change in the gradient force between the tip and the sample results in a
quasi-instantaneous change of the frequency shift Af;, which is negative in the case of

attractive forces and positive for repulsive forces. The time response of the loop is fixed by
the bandwidth of the PLL, which typically ranges between

- N . N O SO, . O O SO D, O D . O O —— P e e e -~
. Af, Afn'w}l\ o " o N
Phase AY
1 PLL L L Ll — ,'INmnpm Z-controller 1
{ : 1 . |
1 mplicle Pl controller Ve — Oscillator 1 OUTPUT) ot oAl Vmsm(er(fD +Af'.])t) 1
1 1
1 Lack-in HEEE | : : Bruker 1
1 i I
! | NANONIS = EnviroScope |
Low pass filter
1 - | Dual-OC4 INPUT | | INO Output 1
1 1 1 & |
I Photo 8 !
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Fig. 3.4 Detailed setup of NC-AFM working under secondary vacuum. Nanonis electronic and Enviroscope™
are respectively represented in the blue part and red part. Details are given in the text. The shaded area

corresponds to the KFM part and will be discussed after.
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1 kHz to 10 kHz. As a consequence, the signal V., xsin(27(f, + Af; )¢) is fed to the piezo

actuator in order to excite the cantilever at its resonant frequency and at a constant
oscillation amplitude. A frequency shift setpoint is defined to work at a constant tip-
sample distance sample. The Nanonis electronic provides a dc signal proportional to the
difference between the real-time frequency shit and the frequency shift setpoint, which
is used by the Nanoscope llla controller as a feedback signal.

3.2.2 Resonant frequency measurement

Due to the high value of the quality factor under secondary vacuum, the acquisition of the
resonance curve is more time-consuming than under ambient pressure condition. On the
other hand, an accurate measurement is important to adjust the proportional and integral
gains of the phase and amplitude feedback loops. Consequently, it is important to
measure the resonance curve quickly and with accuracy. In the Nanonis software, the
qguality factor is automatically evaluated by fitting the phase curve near the resonant
frequency. High quality factor results in a very sharp resonance curve and a very steep
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Fig. 3.5 Sampling rate effect on the accuracy of the estimation of the quality factor. 256 points are used
for each frequency range. Result shows that 100 points inside the bandwidth of resonance curve
guarantee quality factor measurement with a standard deviation below 3%. Details can be found in the
text. Experimental settings: drive amplitude of 10 mV, pressure of 10™* mbar, time interval of 300 ms.
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phase curve near the resonant frequency. More specifically, the bandwidth is proportional
to the inverse of the quality factor:
w2,
0
Typically, the fundamental resonance of our Pt/Ir coated silicon tip (Nanosensors,
Neuchatel, Switzerland) is approximately 65 kHz with a quality factor of about 32000

under secondary vacuum resulting in a bandwidth of approximately 2 Hz and in a time

(3.3)

constant 7 calculated from Eq. 3.2 of about 157 ms, which defines the minimum time
interval required to sample the resonance curve.

The Fig. 3.5 presents the sampling rate effect on the accuracy of the quality factor
determination. The sampling rate is defined as the interval in Hz used between each data
acquisition. In this example, 256 points have been used for each resonance curve.
Moreover, a period of 300 ms, which is two times higher than the time constant 7, is
used to ensure that the steady-state regime of the cantilever oscillation is attained. As we
can see the estimated quality factor exhibits a strong deviation when the sampling rate is
too high (typically around 16 000 for a sampling rate of 0.3 Hz) and becomes more precise
when the frequency range decreases. With a frequency range below 4.77 Hz, the quality
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Fig. 3.6 Resonant frequency sweeps at constant sampling rate of 23 mHz. Results show that the quality
factor measurement is accurately estimated with a standard deviation below 1%. Experimental settings:
drive amplitude of 10 mV, pressure of 10" mbar, and time interval of 300 ms.
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factor deviation is less than 3 %. Let’s take the frequency range of 4.77 Hz as an example,
the number of measurement points within the bandwidth is 256/4.77 Hzx2 Hz ~100 .

This indicates more generally that when the sampling rate is higher than Af/100, the

quality factor estimation done by the Nanonis software is guaranteed with accuracy.

In order to confirm this observation, different sweeps at constant sample rate of
23 mHz have been performed as can be seen in the Fig. 3.6. In this case, the sweeping
time is increased when the frequency range is increased. For each curve, the time interval
is above the time constant . Results show that the quality factor measurement is
accurately estimated with a standard deviation below 1 % even when 25 points are used
corresponding to a sweeping range of about 0.6 Hz.

3.2.3 Noise consideration of the system

Due to the rubber seal this system can only hold a pressure lower than 10 mbar less than
3 minutes after the pump has been switched off. To maintain a vacuum in AFM chamber
in the range of 10° to 10™® mbar we must keep pumping. The position of roughing and
turbo pumps can be seen in Fig. 3.7. The EnviroScope™ is placed on a vibration isolation

Turbo pump & ; Isolation table

ey
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.
<
-
<
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Fig. 3.7 The connection of roughing and turbo pumps to the isolation table. The roughing pump has a
long tube connection but the vibration influence is reduced by fixing the tube on the isolation table,
while the turbo pump has a direct link to the microscope vacuum chamber. Modified images extracted
from EnviroScope™ user manual.
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table, which limits the mechanical vibrations thanks to a damping system. In addition, an
acoustic hood improves isolation from the environmental noise.

Tapping™ mode AFM has been performed in ambient atmosphere to evaluate the
influence of the pumps vibration on the “quality” of the topography images and to
evaluate the benefits of the noise isolation cover. To do so, the valve between the turbo
pump and the AFM chamber is closed. Thin polysilicon film deposited on silicon has been
used for the test. The Fig. 3.8 shows both topography and error signal® images. The rms
roughness of the topography is used to evaluate the influence of the pumps vibration.

Topography Error signal

A

With cover

No cover

Fig. 3.8 Noise test experiments regarding to the vacuum pumps and noise isolation cover. AFM images
are performed on polysilicon layer using a silicon tip. The topography scale is 30 nm and the error signal
scale is 500 mV. The rms roughness is respectively 1.08 nm (a), 1.10 nm (b), 0.36 nm (c) and 0.33 nm (d).
The related rms roughness of amplitude is respectively 21.0 mV, 22.9 mV, 11 mV and 9.6 mV.
Experimental settings: A= 21 nm, image size of 5 um x 3 um and scan rate of 1 Hz.

> The resulting error signal is the difference between the amplitude setpoint and the real-time value.
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Fig. 3.8(a) and (b) show no significant change in the roughness with or without the pump
working. Fig. 3.8(c) and (d) show that operating with the noise isolation cover increases
the rms roughness by a factor three. A possible explanation can be that the heavy cover
makes the noise isolation less functional (i.e. the gas in the damper is compressed more,
as well as the silica gel), which facilitates the noise propagation from the floor.

3.2.4 Photodetector calibration

To measure the oscillation amplitude of the cantilever a calibration of the photodetector
is necessary. The aim of the calibration procedure is to convert the quadrant photodiode
signal from volts into nanometers. The calibration coefficient can be found by making tip-
sample approach-retract curves in contact or dynamic mode. Depending on the chosen
mode different parameters can be measured. Respectively, for the contact and dynamic
mode, the cantilever deflection and the cantilever oscillation amplitude in function of the
tip-sample distance should be characterized. In this section, we explain the calibration
method using the deflection measurement. We want to point out that, the calibration
value can be influenced by several parameters, such as (i) the position of the laser on the
cantilever, (ii) the sample stiffness and (iii) the laser position on the photodetector. In this
section, we look into these factors one by one.

In the Fig. 3.9, five different stages of the approach-retract procedure in contact mode
are presented. During stages A and B the tip is approaching to the surface, while during
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Fig. 3.9 Approach-retract curves in contact mode and related tip locations at each stage. A: The tip is
approaching to the sample surface, no deflection on the photodetector. B: The tip jumps to contact,
abrupt change in deflection. C: The tip is in contact with the sample surface, the slope of the deflection
provides information on the hardness of a sample (see details in text). D. The tip stays in contact with
the sample surface due to adhesive force(s) E. The tip is suddenly pulled off, so the deflection makes
huge change but the z-piezo remains the same.

-75-



Chapter 3: Surface potential imaging under secondary vacuum

stages D and E the tip is retracting from the surface. Additionally, during the stage C the
tip is in contact with the sample surface. Moreover, at this stage the tip is firstly pressed
to the surface and secondly pulled from the surface. Taking into account the linear
behavior in the stage C, it is possible to measure the z displacement of piezoelectric in
nanometer and equivalent cantilever deflection in volts. If the sample surface is
considered to be not deformable, the ratio of z-distance and the cantilever deflection
gives the calibration value.

Tests of laser positioning on the cantilever have been performed and the results are
shown in Fig. 3.10. In this experiment, flat silicon sample is used. The laser is placed in
three different positions on the Pt/Ir coated silicon cantilever. We can see that calibration
factor undergoes an increase of about 36% when the laser position is moved from the end
to the middle of the cantilever. This means that, the z piezoelectric displacement required
for different deflection voltages can vary and depends on the laser location on the

Laser Position Test
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Fig. 3.10 Influence of the laser positioning on the cantilever on the calibration factor. “Trace slope” and
“retrace slop” here means the approach and retract curve, respectively. Due to the hysteresis effect of
the piezo, a small difference can be found in these two values. Therefore, an average value is calculated.
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cantilever. In other words, moving the laser position towards the anchoring point
decreases the sensitivity of photodetector due to the reduced displacement at the laser
spot.

As the position of the laser spot on the cantilever can dramatically change the
calibration factor, we have estimated, through the calibration factor, the reproducibility of
the repositioning of the laser spot at the end of the cantilever. In this experiment, the
laser spot is moved out of the cantilever and then replaced at the end of the cantilever. A
standard deviation of about 3.7 % of the calibration factor has been computed using ten
successive alignments as shown on Fig. 3.11.

The calibration method supposes that both the sample and the tip are infinitely rigid.
Silicon sample usually used possesses a high Young modulus ( £ =150 GPa). In order to
estimate whether silicon is hard enough in the range of applied force (typically, 0.1 uN to
1 uN), SiC ( E =450 GPa) is used as a reference sample. The mean value of the calibration
factor has been extracted from three measurements on SiC and from two measurements
on Si. As shown on the Fig. 3.12, an increase of 8 % of the calibration factor is observed on
the SiC, which suggests that the Si sample have been subjected to small deformations. The
penetration distance 6 of the substrate can be estimated using the classical Hertz contact
formula

F~E_ ,5*R"? (3.4)

sub

where E; , is the reduced Young’s modulus, R is the radius of the tip apex and F is the

force applied to the tip. Using the Eqg. (3.4) the penetration depth in a silicon sample
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Fig. 3.11 Calibration factor calculated after 10 successive alignments of the laser spot at the end of the
cantilever. The laser spot is removed and moved back before each test. It is done with Pt/Ir coated silicon
tip on a silicon sample. The mean value of the calibration factor equals to 118.5 nm/V with a standard
deviation of 3.7 %.
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Force Calibration on Si and SiC
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Fig. 3.12 Comparison of calibration factors obtained on Si and on SiC. In the test, trace, retrace and mean
value of calibration value have been calculated. An increase of 8% of the calibration factor is observed on
the SiC, which means that small deformations have been created on Si sample.

ranges from 0.3 nm to 1.6 nm when the applied force varies from 0.1 uN to 1 uN. The
penetration depth is less than 1 % of the z piezo displacement (>100 nm).

The effect of the location of the laser spot on the photodetector has also been
analyzed. In order to understand the non-linearity behavior of the quadrant
photodetector, we first remind how it works. The blue inset in the Fig. 3.13 shows the
schematic diagram of the quadrant photodetector. The voltages V', and ¥, generated

respectively by a vertical deflection and a horizontal deflection are calculated according to
the following relations:

(IA +IB)_(1C +1D)

V. =Cx
Y I, +1,+1.+1,

, (3.5)

(IB +1D)_(1A +Ic)
I, +1,+1.+1,

V,=Cx ) (3.6)
where C is a constant; I,,I,,1. and [, are the photocurrent intensity of the four

photodiodes. Due to the round shape of the laser spot and the gaussian distribution of the

y .

intensity, the derivative p is not constant along the vertical axis.
y
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The Fig. 3.13 shows the experimental results. As we expected, the calibration factor
has a nonlinear behavior when the reflected spot “moves away” from the central position.

This factor is lower while the reflected laser spot is in the center (corresponding to V and
V, equals to zero) but increases towards to the edge (corresponding to ¥, equal to 10V
or-10V). For a ¥, range of -3V to 2V, the spreading of the calibration factor is less than

4 % while this spreading is medium from -6 V to 5 V. Outside this region, the calibration
factor changes comparatively fast.

3.2.5 Compatibility issues

In order to perform a “soft” approach, the approaching speed has been set at a very low
value with a motor step equal to 0.2 um. In addition, a typical frequency shift of -5 Hz is
set to ensure that a security clearance, between the tip and the sample, is left at the end
of the motor-driven engagement. The Table 3.3 lists parameters well-suited for a “soft”
approach. However, a warning window (”"Engage failed: Bad RMS amplitude”) pops up
while engaging. The tip engagement consists in four steps: (i) pre-engage check, (ii) pre-
engage, (iii) moving to slow engage position and (iv) approaching surface. Unfortunately,
the role of each stage is not clear and not sufficiently documented and this prevented us
from correcting ill-behaved engagement which cannot even pass the “Pre-engage Check”
stage. To get round this issue, different methods have been tried including changing the
amplitude setpoint, amplitude or frequency shift setpoint and, unfortunately, none of
them work. Finally, this compatibility issue has been solved by using the original Tapping™
loop in the first three stages and by switching to Nanonis loop in the last stage.

Photodetector Setpoint Calibration

100 @O

L.
1Ll

} Low deviation : 3V~2V

ddhbbmisoanwnna

@Trace slope
BRetrace slope
@ maan valis

Shél

3 'Qoummauuu;o |
Lage Spc:%en*ont[\f‘

= = =
100 150 200
Calibration Factor {(nmfV)

=1
=]

Fig. 3.13 Non-linear response of the calibration factor versus the vertical position of the reflected spot. The
green square, which is the schematic of the vision system window in “Nanoscope” software, shows
photodetector output voltage. The resulting calibration factor can be seen on the right. The blue squared
inset in the middle shows the laser spot on four photodiodes in photodetector (See details in the text).
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Table 3.3 List of parameters for safe tip engagement

Nanonis settings EnviroScope™ settings

Oscillation amplitude (nm) 20 I/P gain 0.1/0.1

) ) SPM sample clearance
Calibration value of 200

Afy = My (HZ/V) 30 (um)

SPM safety (um) 200

3.2.6 Non-contact imaging under secondary vacuum

Preliminary NC-AFM images obtained on epitaxial graphene on SiC are presented in Fig. 3.14.
As no parameters have been optimized, these images only permit to prove the feasibility of
non-contact AFM operating under secondary vacuum. During these preliminary experiments,
different frequency shifts have been tested and as a result, NC-AFM is more stable when
using -10 Hz and -15 Hz frequency shift setpoint.

As the control of the tip-sample distance is a key point to perform KFM measurements in
good conditions, the first step has been to optimize NC-AFM imaging parameters. [46]

Among the various parameters to be optimized, we only discuss three experimental
parameters and their influences on the NC-AFM imaging:
- the frequency/voltage converting factor used to provide the frequency shift
difference Af, —Af, .., (see Fig. 3.3 for more details);

- the oscillation amplitude of the cantilever;
- the frequency shift Af, .

25.0 nm

12.5 nm

0.0 nm

frequency shift frequency shift frequency shift
setpoint; -5Hz setpoint: -10Hz setpoint; -15Hz

Fig. 3.14 Preliminary NC-AFM images of epitaxial graphene on SiC in function of three different frequency
shift setpoints. Pr/Ir coated Si tip has been used.
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The frequency to voltage converting factor K is a parameter defined by the

following relation:

(o, 8, V] = < (o, - .. ) 2] 37)

v

Put into words, this parameter allows the value Af; —Af, ., to be converted from hertz to

volts. It is worth noting that the frequency shift difference expressed in volts is inversely
proportional to K and therefore high value of K leads to small value of the output.

The Fig. 3.15 shows the influence of different K, on NC-AFM images. A highly oriented

pyrolitic graphite (HOPG) sample and a Pt/Ir coated Si tip have been used. No obvious
influences are visible on the topography image when the factor K increases. However,

we can notice a significant decrease of the rms roughness on the frequency shift
difference Af; —Af, ., image when the factor K, increases. As expected, the noise level

of the frequency shift difference signal is enhanced when the converting factor K is

decreased, which results in an increase of the rms roughness of the amplitude signal.
However, this does not mean that a high converting factor gives a better topography
image. In practice, a high value setting leads to a low output voltage of frequency shift
difference. Consequently, with the same Pl gains, the reaction of the z piezo would be less
abrupt and it produces a more “flat” topography image.

In NC-AFM imaging, the oscillation amplitude of the cantilever is generally one order
smaller than in Tapping™ mode to keep the tip moving in attractive force region. [76,100]

15Hz/V

Slow Scan Direction

120HzY

Topography Af, - Afn, -
Z scale: 15 nm Z scale: 300 mV

Fig. 3.15 NC-AFM imaging on HOPG sample realized for different converting factors K o A Pt/Ir coated Si

and a frequency shift setpoint of -20 Hz have been used. The rms roughness is indicated on each image.
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In Fig. 3.16, cantilever oscillation amplitudes in the range of 1 nm to 8 nm have been
tested on HOPG sample with a Pt/Ir coated Si tip. It is worth noticing, that for the sake of
safety, it is impossible on the EnviroScope™ to engage the tip with oscillation amplitude
smaller than 3 nm, this value is locked by the Nanoscope Software. This limit corresponds
to a minimum amplitude signal of 0.1V and cannot be modified in the Nanoscope
software. In practice, to get around this limitation, the tip is engaged with this minimum
amplitude of 3 nm and then the amplitude is reduced to a lower value (down to 1 nm). As
we can see in Fig.3.16, both in the topography and the frequency shift difference
Afy — B, ., images, the noise level is clearly visible for sub-3 nm amplitude values. Both

4 nm and 8 nm amplitudes provide less noisy images. The corresponding rms roughnesses
are indicated in Fig. 3.16.

The NC-AFM works in the attractive region of the van de Waals force, which results in
a non linear decrease of the frequency shift Af; as the tip approaches the sample [28] and,

for a fixed amplitude of oscillation, the smaller the tip-sample distance is, the larger the
frequency shift is (see Fig.3.17). If a frequency shift setpoint Af; , is set to a value

greater than the one of the turning-point, the tip will keep on approaching the surface and
will finally crash.

The Fig. 3.18(a) shows a topography image, in which the frequency shift setpoint
Af, .. has been changed from -10 Hz to -60 Hz. This image is done on a freshly cleaved

HOPG sample. The slow scan direction is from the top to the bottom. Within the region
scanned with a frequency shift setpoint of -10 Hz, some irregular features are visible.

Slow Scan Direction

Topography A, — Ay

Z scale: 15 nm Z scale: 100 mV

Fig. 3.16 Non-contact AFM imaging on HOPG sample realized with oscillation amplitudes in the range of
1 to 8 nm. A Pt/Ir coated Si and a frequency shift setpoint of -5Hz have been used. The rms roughness is
indicated on each image.
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A

-30Hz

=

S, Tsone

g _60Hz :@
1

jump-to-contact NC-AFM

Fig. 3.17 Schematic plot of the frequency shift Afo as a function of the z tip-sample distance. The is
extracted from the reference [25] and modified.

As the frequency shift setpoint is increased, the irregular features disappear and
topography steps between graphite terraces are clearly visible. On Fig. 3.18(b), a complete
topographical image at a frequency shift setpoint of -20 Hz is shown on the same area and
is used as a reference. In spite of a strong vertical drift, we can distinguish the same
features. Some of them are evidenced by a colored frame. Within the red and the orange
frames, the irregular features are more contrasted when larger tip-sample distance are
used. Within the yellow frames, the features are equally contrasted when the same tip-
sample distance is used but the contrast almost disappears for smaller distance.

On Fig. 3.18(a), within the green box, begins to show the graphite step while the one
on Fig. 3.18(b) only shows irregular features. As the electrostatic force can spread out
over a range of tens to hundreds of nanometers, [5,101,102] for large tip-sample
distances, the tip senses more the electrostatic force than the short range van der Waals
force. Then, the irregular features are more representative of the electrostatic property of
the sample surface. As the tip approaches the sample surface, the van der Waals force
increases much faster than the electrostatic force and eventually overpasses the
electrostatic force. When the van der Waals force is dominant topography details, such as
graphite steps, can be revealed and the irregular features disappear.
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Slow Scan Direction

Topography Z scale: 15 nm

Fig. 3.18 (a): Topography image in non-contact imaging mode on a freshly cleaved HOPG sample realized
at different frequency shift setpoint: -10 Hz, -30 Hz, -50 Hz and -60 Hz. (b) Topography image of the same
area at -20 Hz frequency shift setpoint. Squares in same color indicate the same region of sample. The
imaging experiments are done with Pr/Ir coated silicon tip with oscillation amplitude of 4 nm.

3.30ptimization of KFM measurement under secondary
vacuum

In this section, we present the development of the KFM operating under secondary
vacuum. More specifically, we discuss the work done to optimize the KFM measurement
using both amplitude modulation (AM-KFM) and frequency modulation (FM-KFM) modes.

3.3.1 System connections

The general implementation of KFM measurement on EnviroScope™ is presented in
Fig. 3.19. The sample is placed on a grounded sample plate and the V sinw,t+V,,

voltage is sent directly to the tip [see Fig. 3.20(a)]. Two different modes of KFM are
presented separately:
— In AM-KFM, which is based on force sensitive detection, w, is commonly set to

the second resonance of the cantilever in order to separate the topography
measurement of the surface potential measurement. Due to the contact potential
difference V,, between the tip and the sample, the cantilever has a resulting

oscillation at w,,. A dc bias voltage V. is sent to the tip and adjusted in real-time
until the oscillation amplitude at w,, is nullified. In this case, the V, value is equal

to the CPD.
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In FM-KFM, which is based on force gradient sensitive detection, w,, is chosen in a

range of several hundred to several thousand Hertz. The FM-KFM method, makes
use of the fact that the oscillating electrostatic force gradient leads to a

modulation of the resonant frequency w, of the cantilever, giving rise to a
sideband at w, + w,, . Demodulation by a lock-in technique of the frequency shift
signal Af, at w, frequency delivers a signal that is proportional to the force

gradient rather than the force. This signal is then nullified by adjusting the dc bias

voltage V..

In both techniques, the resulting V. gives the KFM image. Before imaging the surface

potential of the sample, a V. bias sweep analysis is systematically done in order to check

the behavior of the oscillation amplitude at w,,, which is related to the electrostatic force.

This analysis is performed very close to the sample surface to ensure a good probing of

the electrostatic force. In practice, this bias sweep is done while the z feedback is on. In

Fig. 3.20(b), a typical bias sweep is shown with a standard connection via the SAM 1 (see

Fig. 3.3). The electrical driving signal V,_sin w,t +V, from Nanonis feeds to the ANA2 input

~
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Fig. 3.19 Detailed setup of KFM loop (in both AM and FM modes) under 2" vacuum. Nanonis electronics
and EnviroScope™ are respectively represented in the blue part and red part. Details are given in the text.
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of SAM 1 box, which connects electrically the tip. As we can see, the measured oscillation

amplitude at w,, is very noisy and does not reach zero when V', equals V,, . We suppose

that this phenomenon is mainly induced by crosstalk in the electrical lines of the Veeco
electronic. Indeed, both low and high voltage cables are integrated into one cable
between SAM box and microscope. Under secondary vacuum, the amplitude of the ac

voltage V,_ is often one order smaller than under ambient atmosphere. The V__ is

typically in the range of 1 mV to 1V, which is likely to suffer from crosstalk from high
voltage cables. In order to overcome this problem, homemade connection has been

developed. The electrical driving signal V,_ sinw,t +V,. provided by the Nanonis electronic

feeds directly to the tip via a vacuum feedthrough, which has been fixed on one of the
chamber wall.

A SSRM tip holder®is used in order to have a direct electrical connection to the tip
inside the vacuum chamber. Moreover, a piece of glass electrically isolates the sample
from the sample holder connected to the ground of the Nanonis electronics [red wire in
Fig. 3.20(a)]. The resulting bias sweep curve obtained with this connection can be seen in
Fig. 3.20(c). As we can observe, the noise level is very low and the electrical oscillation

amplitude reaches zero when V, is equalto V., .

0,05

(a) "! —_— 004 | (b}
r S— ™y .

0,03

0,02

Amplitude (V)

0,01

0
Bias (V)
0,05
0,04 (C)

0,03

0,02

Amplitude (V)

0,01

Biag(V) &3 !

Fig. 3.20(a) Homemade connection realized via a vacuum feedthrough. The sample is insulated from the
sample stage with a piece of glass and is connected to the red wire (as indicated) which is finally
conducted to outside BNC cable. Bias sweep acquisition is shown when the electrical driving signal
v, sinw,t+V, feeds via the SAM 1 via the ANA1 input (b) or feeds directly to the tip (c). Experiment is

done with Pr/Ir coated silicon tip on HOPG with oscillation amplitude of 10nm. The frequency shift
septoint is fixed to -35 Hz.

® More details can be found in Chapter 2.

- 86 -



Chapter 3: Surface potential imaging under secondary vacuum

3.3.2 Kelvin controller adjustment
As presented in the previous section, the electrical oscillation amplitude Aml is nullified

when V. voltage equals V., . Thus, in order to map the sample surface potential, the V,,
bias voltage is adjusted while imaging, to nullify the electrostatic force. The Xml

component representing the electrical oscillation signal as a vector relative to the lock-in
reference oscillator is preferred as feedback signal because of the monotonic variation. As
shown in Fig.3.21, the minimum oscillation amplitude of the cantilever is found by
searching X, =0.

In the next step, the procedure to set the proportional-integral (PI) controller
parameters is described. Instead of optimizing the Pl gain of the Kelvin controller as well
as the bandwidth of the lock-in amplifier while scanning, a pre-optimization in static mode
is done using the power spectral density (PSD) of the V. signal versus the frequency.

(a) 633.7p

§

400p

300p

200p

Amplitude (m)

100p 4 —

80pm

D -l
359.991214m 370.000000m 380, §00000mMm 390.000000m 400, 04454
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———
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200p

Opm

el

-200p

-400p -

-606,4p =5
359,98m 365m 370m 375m 380m 385m 390m 395m 400.03m

Bias (V)

Fig. 3.21 (a) Oscillation amplitude sz electrostatically excited against Vdc. (b) Corresponding

component sz representing the electrical oscillation signal as a vector relative to the lock-in reference
el

oscillator. Experiment is done with a Pr/Ir coated silicon tip on HOPG with oscillation amplitude of 10 nm.
Frequency shift setpoint is set to -35 Hz.
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PSD allows the noise level to be finely adjusted while tuning the Pl gains and the
bandwidth. In Fig. 3.22(a), a typical PSD of the V. signal (in red) before optimization is

2 3pove the

presented. On this plot we can see a background noise level around 10 pV-Hz
bandwidth (defined here at 500 Hz) as well as two peaks at about 50 Hz and 310 Hz. As
the normal scan rate is 0.4 Hz (1024 points), these two peaks generate periodic patterns
on the surface potential image (not shown here). After optimization of the PI gains and
adjustment of the bandwidth, we conclude from the yellow curve that the background
'1/2) above the bandwidth

(defined here at 500 Hz) and the 50 Hz peak is smoothed. In the Nanonis controller, the

noise level is reduced by one order of magnitude (~1 uV-Hz

user can choose to adjust the proportional and integral gains (P/I) or the proportional gain
and the time constant (P/T).
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Fig. 3.22 Parameters such as proportional gain, time constant and bandwidth can have direct influence on
(a) bias spectrum and (b) noise level of X and bias. After our optimization, the dc bias component can be
5 orders higher than background noise. The bias noise is about 1 mV and the X noise is about 20 pm.
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The integral gain and time constant are related as follows:

P
1= (3.8)

This couple of gains (P/l or P/T) gains are adjustable over a wide range (more than 20
orders). The dc output voltage provided by the Pl controller is proportional to the error
e(t) and the integral of the error e(¢) as follows:

T T
Vi, (t)=Pe(t)+1 e(t)dt = Pe(t) +§ e(t)dr, (3.9)

0 0

where e(?) is the difference between real-time component X, and the setpoint fixed at

zero to nullify the electrostatic force. A high P gain results in a large change in the output

V,. for a given change in the error e(?). If the P gain is too high, the loop becomes unstable

and the noise level is also increased. In contrast, a small gain results in a small output
response to a large input error, and a less responsive or less sensitive controller. If the
proportional gain is too low, the control action may be too small when responding to
system disturbances. Typical values in the range between 1 and 100 V/m has been
determined as good imaging conditions. The contribution from the integral term is
proportional to both the magnitude and the duration of the error e(?). In other words, the
integral term in Eq. (3.9) is the sum of the instantaneous error e(?) over time and gives the
accumulated offset that should have been corrected previously. A low time constant
setting improves the response speed of the system towards the setpoint value and
eliminates the residual steady-state error. However, since the integral term responds to
accumulated errors from the past, it can bring about overshoot of the setpoint value. In
practice, we put this value less than the time needs for each pixel to make sure that
averaging effects are present. As an example, the temporal response of the V. as well as
the error signal e(?) are represented in Fig. 3.22(b), while the P gain and time constant T
are adjusted. As we can see, the noise level can be significantly reduced, down to 1 mV for
the V. signal and 0.2 mV (calibration value of 100 nm/V applied) for the error signal e(z).

3.3.3 KFM imaging under secondary vacuum

After an optimization of all the operating parameters, the KFM imaging is working under
secondary vacuum. Depending on force sensitive or gradient force sensitive detection,
two mains KFM techniques can be defined: amplitude modulation (AM) or frequency
modulation (FM). In the next part, the results of the two techniques are described.
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3.3.3.1 AM-KFM results

In our system under secondary vacuum, the fundamental frequency (or first eigenmode)
of the cantilever (around 65 kHz) is always used for topography measurement in non-
contact mode. For AM-KFM, the tip is electrostatically excited at the second eigenmode of
the cantilever (around 365 kHz) by applying a driving signal V,_sinw,t +V,. . Due to the
CPD between the tip and the sample, the cantilever is driven in oscillation by a periodic
electrostatic force. By sending a dc signal to tip, the electrical oscillation can be nullified

when the following condition is satisfied: V,.=Vcpp.

Topography Drive amplitude CPD

-S5Hz

-30Hz

-35Hz

Z range: 40 nm Z range: 10V Zrange: 0.1V

Fig. 3.23 First AM-KFM images on platinum sample under secondary vacuum with different frequency
shift setpoints as indicated in the figure. Three channels are collected: topography, mechanical drive
amplitude and the CPD. The same type of data with different frequency shift setpoints has the same z
scale. Pr/Ir coated Si tip has been used. Experimental parameters: 4= 8 nm, V,.= 50 mV.
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In Fig. 3.23, the first KFM images can be seen where three frequency shift setpoints
are set. Topography, mechanical driving amplitude as well as CPD channels are mapped.
With a frequency shift of -5Hz the topography is not clear as the tip-sample distance is too
large and the short range van der Waals force influence is very limited. However,
topography is significantly improved by working with a frequency shift of -30 Hz and
-35 Hz because the tip-sample distance is smaller. In both cases, dots on the platinum
surface are clearly visible, which could be some contamination or aging effect on the

5-year old sample. Similarly, theV, . mapping is also significantly improved with -30 Hz

and -35 Hz settings. While scanning, the mechanical drive amplitude V.. has been
mapped (see Fig. 3.23).

For -30 Hz and -35 Hz settings, large variations of the drive amplitude are seen over
the dots, which means the feedback loop is not perfectly adjusted. The CPD contrast in
-30 Hz and -35 Hz is possibly due to the capacity gradient change in the topography and
not well controlled tip-sample distance. In order to eliminate the topography artefacts, a
flat sample with low roughness is needed.

Other imaging tests have been done on a chemical mechanical polished (CMP)
polycrystalline copper sample, which presents a flat surface (rms roughness about 4.2 nm)
and exhibits work function variations due to different orientation of grains. Typical
topography and surface potential mappings are presented in Fig. 3.24. During the
experiment, a mechanical oscillation of 8 nm and a frequency shift setpoint of -25 Hz are

A
I Topography

“‘. -

Zrange: 70 nm Z range: 100 mV

Fig. 3.24 AM-KFM images on polished polycrystalline Cu sample. Dots visible on topography image are
probably induced oxidation of the surface (CuO). The CPD contrast shows work function variations
between copper grains as indicated in red circles. Pt/Ir coated Si tip is used for the experiment.
Experimental parameters: A= 8 nm, V,.= 100 mV, Af,=-25 Hz, f,=71 kHz and f,,= 442 kHz.
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used for stable NC-AFM imaging (see Fig.3.16). The V,. amplitude for the electrical
oscillation is set to 100 mV. The influence of this parameter will be discussed later. The
copper is very reactive to the oxygen present in air and as we can see, the topography
image shows some oxidized dots CuO on the flat and homogeneous surface. In the CPD
image, the CuO dots present a darkest contrast related to a work function. Work function
differences of different grains can be also distinguished on the CPD image. In the red circle,
two obvious contrasts are visible without sudden variations in the topography image. This
two images show the system has the capability to work in AM-KFM.

3.3.3.2 FM-KFM results

In this work, KFM in FM mode has been also developed. Unlike AM-KFM, FM-KFM is based
on force gradient sensitive detection. An electrical driving signal V,_ sinw,t+V,., where

the w,, frequency is chosen in a range between several hundred to several thousand hertz,

is sent to the tip which results to a modulation of the mechanical phase. In other words,
this method makes use of the fact that an oscillating electrostatic force gradient leads to a
modulation of the resonant frequency @, of the cantilever, giving rise to a sideband at

o, +®, . The resulting amplitude modulation in the frequency shift signal Af, (see
Fig. 3.19) is demodulated by a lock-in amplifier at w,, frequency and delivers a signal that

is proportional to the electrostatic force gradient. Finally, the Kelvin controller( see section
3.3.2) nullify the component X, in order to reach the V,, . [46,72]

"l’: 4

Mg

-
s
. :

Zrange: 70 nm Z range: 100 mV

Fig. 3.25 FM-KFM on polished polycrystalline Cu sample. Dots visible on topography image are probably
induced oxidation of the surface (CuO). Pt/Ir coated Si tip is used for the experiment. Experimental
parameters: A=8nm, V,.= 1V, Af,=-25Hz, f,=71 kHz and f,,= 1 kHz.
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The FM-KFM is much more difficult to operate than AM-KFM. However, a higher
contrast is expected due to low averaging effects (see details in chapter 1, section 0).
Fig. 3.25 shows FM-KFM image obtained on the previous CMP polycrystalline copper
sample. During the experiment, the oscillation amplitude and the frequency shift are set
respectively to 8 nm and -25 Hz. The V. and the frequency w,, are set to respectively 1V
and 1 kHz. The influence of theses parameters will be discussed later. The topography
image shows CuO dots on the sample surface and the CPD mapping shows contrast
related to different grain orientations (see the red circle). Comparing with the AM-KFM
image (see Fig. 3.24), the CPD image in FM-KFM is really more unstable.

3.3.4 Further optimization and understanding of the parameters

The capability of KFM operating under secondary vacuum in both AM and FM modes has
been shown in previous section. A CPD variation correlated to the topography has been
evidenced. A question is to know if the CPD contrast is dominated by the capacitance
effects. This part presents a KFM study done on a very flat surface sample. Then the
influence of some experimental parameters on AM-KFM imaging is discussed.

3.3.4.1 HOPG as a reference sample

To achieve this goal, a flat sample is needed to diminish the topography influence on CPD
mapping. In addition, the sample must be easily refreshed to avoid contamination which
can induce abrupt change in topography. Among different choices, highly ordered
pyrolytic graphite (HOPG) has been chosen due to its flatness (with steps less than 10 nm
over a 10 um scan) and to its ability to be refreshed easily with the scotch method.

HOPG sample from SPI Supplies (West Chester, USA) with ZYH grade has been chosen’.
Fig. 3.26 shows a typical topography and corresponding AM-KFM images obtained under
secondary vacuum. The steps between graphite terraces are clearly seen on the
topography image. In the CPD mapping [Fig. 3.26(b)], variations of the work function can
be observed even within the same graphite terrace. In Fig. 3.26(c), the red profile shows
very clear graphite steps. The green line mainly shows two values of CPD and no link

between topography and CPD can be found.

’ The “mosaic spread” term defines the grade or the perfectness of HOPG. This term originates from X-ray
crystallography. HOPG samples are polycrystals and looks like mosaic of microscopic monocrystal grains
slightly disoriented with respect to each other. There are several grades of HOPG. Notations developed by
Advanced Ceramics Corporation, the leading company in HOPG production are used. The ZYH Grade has a

mosaic spread of 3.5°+1.5°. The grain size is in the range of 30-40 nm.
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Fig. 3.26 AM-KFM imaging on HOPG sample under secondary vacuum. (a) Topography, (b) CPD, and (c)
cross section on indicated location (red and green). The blue box indicates the KFM area shown in
Fig. 3.29. Pr/Ir coated Si tip is used. Experimental parameters: 4= 5 nm, V,.= 300 mV, Af,= -60 Hz, f)= 67
kHz and f,= 427 kHz.

XPS experiments were performed on the HOPG surface to investigate the chemical
composition of the “patch” observed on CPD image. Measurements were carried out with
a monochromated AlKo source (hv = 1486.6 eV). Photoelectrons were collected at a take-
off angle of 35° with respect to the sample surface, yielding to a sampling depth of 5 nm
and an energy resolution of 0.7 eV. Results are shown in Fig. 3.27. As expected, the survey
spectrum exhibits carbon and oxygen characteristic peaks (Cls and O1s). The charging
effect is estimated via the shift observed on the Cls peak (1.4 eV), compared to the
referenced value of 284.7 eV for hydrocarbon contamination. [103,104] The oxygen (O1s)
and tin (Sn 3ds/,) peaks are corrected from this energy offset. The O1s binding energy is
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Fig. 3.27 XPS results on the HOPG after wire soldering [red wire in Fig. 3.20 (a)]. Full spectrum (b) high
resolution oxygen peak (c) high resolution Sn peak.
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531.8 eV and matches with the referenced value of 531 eV for SnO,. This is consistent
with the Sn 3ds,, peak position found at 486.8eV, corresponding to the referenced
position of 486.7eV for Sn0O,. Some contamination is presumably introduced during wire
soldering [red wire in Fig. 3.20(a)]. As a consequence, the presence of this SnO, “patch”
inside the HOPG sample explains the surface potential variation observed in Fig 3.27.

3.3.4.2 Effect of the frequency shift setpoint on KFM imaging

In order to increase the spatial resolution, the use of large frequency shift is necessary.
As we discussed previously, a more negative frequency shift reduces the tip-sample
distance (see Fig. 3.17) and so higher spatial resolution is expected. As a consequence, the
optimization of the frequency shift setpoint parameter has been performed on HOPG
sample, which presents a very flat surface and a high CPD contrast, as shown in Fig. 3.28.

In this part, we firstly present the influence of the factor Kj [see Eq. (3.7)], which
converts the frequency shift difference between the real-time value and the setpoint into
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Fig. 3.28 (a) Overview of the window in the Nanonis software, which allow to parameter the K factor.
The output voltage Afo —Afo . 1S inversely proportional to this factor. (b) Overview of the scope

window in the Nanoscope V5.3 software showing that trace and retrace curves matches well even with a
-180 Hz frequency shift setpoint. (c) Topography of HOPG sample with frequency shift setpoint of -300Hz

and the corresponding Af, — Af, = imagein (d).
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volt (see Fig. 3.28(a)). In previous experiments (see Fig. 3.18), this value was set to 30 Hz/V.
Here, value up to 1000 Hz/V has been used, which results in a low variation of the

Af, —AfOM feedback signal when an abrupt change occurs. In this case, the z-piezo is

more stable and the tip crash chance is tremendously reduced. For example, stable
imaging can be performed at -180 Hz using a scan rate of 0.5 Hz (the san rate effect is
discussed in section 3.3.4.3) on HOPG sample [as in Fig. 3.28(b)]. However, by changing
the K, factor, the | and P gains need to be adjusted. Figs. 3.28(c) and (d) show respectively
topographical and Af, —AfOM images with a frequency shift setpoint of -300 Hz, which

results in observation of fine features on HOPG.

By adjusting the Ky, factor, we demonstrated the possibility to acquire NC-AFM image
with frequency shift setpoint value up to -300 Hz. Such frequency shift setpoint value is
only accessible if the mechanical oscillation amplitude is properly adjusted. In this part, we
observe the impact of the frequency shift setpoint in the range of -5Hz to -130 Hz
regarding to the CPD imaging. The results are presented in Fig. 3.29. By reducing the
frequency shift setpoint, the tip-sample separation is reduced, which improves the
topography measurement, as previously observed (see Fig. 3.18). As we can see in the
topography images in Fig.3.29, when the tip-sample separation is reduced, the
topography images are sharper. The similar trend is also visible for the CPD contrast. The
small features visible in the CPD images are also “sharper” as the frequency shift is
reduced. This result show qualitatively that imaging closer to the sample surface improves
both topographical and CPD resolution.

3.3.4.3 Scan rate comparison

In the Nanoscope software, the scan rate parameter defines the frequency of one line
scan. In other words, one over this value gives the time setting for one line scan (including
trace and retrace). This parameter can greatly influence the image quality and have to be
properly optimized by taking into account the response of the cantilever as well as
electronic controller. In Fig. 3.30, AM-KFM imaging under secondary vacuum on HOPG
with different scan rates is presented. The results show good stability even with a scan
rate of 1.5 Hz. However, more details on topography and CPD images are showed up as
scan rate slows done. Both 0.3 Hz and 0.1 Hz scan rate exhibits images with good quality.
The red circle marked in Fig. 3.30 shows the lack of retention time behavior in 1.5 Hz scan
and the red arrows indicates the 2D artificial “wave” after the abrupt change in CPD.

To understand this result, we consider the time constant defined in Eq. (3.2). In AM-
KFM, the second resonant frequency of the cantilever is used for CPD measurement and
the quality factor is much lower than this of the fundamental resonance. In results
presented in Fig. 3.30, the quality factor Q is about 4800 and the second resonance is
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approximaly 427 kHz. According to the Eq. (3.2), the time constant is about 3.5 ms.

Therefore, the fast enough usable scan rate is: SR = _ =0.27 Hz (as we have 512

Tx2%x512

Z scale: 15 nm Z scale: 800 mV

Fig. 3.29 Topography and CPD mapping obtained on the HOPG sample under secondary vacuum for various
the frequency shift setpoint, which vary in the range of -5Hz to -130Hz.
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Z scale: 15 nm Z scale: 800 mV

Fig. 3.30 Topography and CPD (in AM-KFM) images on HOPG under secondary vacuum with different scan
rates. (4= 5nm, V,.= 400 mV and Afy= -30 Hz). The cross-sections on indicated location shows strong
artifacts on 1.5 Hz than 0.1 Hz scan (marked in red circle and arrows).

points on each line and scan in both ways), which is just 10 % slower than 0.3 Hz scan. As a
conclusion, high scan rate up to 1.5 Hz can be used for fast imaging in order to find good
area for analysis. However, fine measurement is only possible by adjusting properly scan
rate in function of the number of pixels as well as the time constant of the system.

3.3.4.4 AC drive amplitude comparison

Due to two orders higher quality factor, the ac driving voltage V,. is significant smaller in
vacuum than in ambient atmosphere. It also plays an important role in KFM, as it is the
balance of tip-induced band bending and sensitivity. However, the main problem of high
V.c is not only the tip-induced band bending as in air but also the instability of the non-
contact imaging. In Fig. 3.31, different V,. have been tested in AM-KFM. Typically, the tip
is crashed when V. value of 3.2 V is used. The experiment is carried out on HOPG sample
with a Pr/It coated Si tip. The features indicated in red box are shown on the right in In
Fig. 3.31. With a V,. below 100 mV (labeled ® in the Fig. 3.31), the resulting features
appear mainly blur due to an insufficient sensitivity. Between 200 mV and 800 mV
(labeled @ in the Fig. 3.31), we observed a good compromise between sensitivity and
stability. Above 800 mV (labeled ® in the Fig. 3.31), the comparably high V.. reduces the
topography contrast in comparison to the one obtained with a V,.less than 400 mV. As
the topography measurement is not accurate enough, the CPD results suffer. We see the
decrease of the sharpness of CPD in group ®.
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Fig. 3.31 Influence of different V. drive amplitudes in AM-KFM under secondary vacuum. The zoomed
area can be described as 3 groups. Group 1: Low drive amplitude has the bottle neck of photodetector
sensitivity. Group 2: Good compromise between sensitivity and stability. Group 3: High drive amplitude
leads to the instability of topography loop (i.e. higher electrical amplitude than mechanical amplitude).
The tip is crashed on sample during the next drive amplitude setting of 3.2 V.

3.4Comparison of KFM with other environmental

conditions

3.4.1 Comparison of KFM in air and nitrogen

In order to assess the effect of environmental conditions on KFM measurement, KFM in
Tapping™ lift mode is performed both in air (with a relative humidity of 21 %) and under
N, (with a relative humidity close to 0 %). Common KFM settings are applied in these two
experiments: oscillation amplitude of 25 nm, lift height of 15 nm and V,.=6 V.

The experiment is carried out on HOPG sample with a Pr/It coated Si tip. Fig. 3.32
shows that operating under these two environments, similar KFM results have been
obtained. KFM sensitivities in air and nitrogen, as extracted from equivalent line profile,
are respectively equal to 22.5 mV and 24 mV.

The KFM image under secondary vacuum is given as a reference in Fig. 3.32(c) on the
same sample. With the similarity in topography, the KFM contrast has a significantly
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Fig. 3.32 KFM imaging on HOPG sample respectively in air (a), under N, (b) and in secondary vacuum (c).
Pr/Ir coated silicon tip is used. Experimental parameters: in (a) and (b) A= 25 nm, f)= 67 kHz, lift height of
15 nm, V,=6 V. In (c) A= 5 nm, fy= 67 kHz, Afy=-50Hz, V, =1V and f,= 427 kHz.

increase. However, the results can be slightly varied depending on the area analyzed. In
order to compare the KFM results obtained on the same location, cross marks on the
sample is needed.

3.4.2 Comparison of KFM under secondary vacuum and in air

A cross-mark made by focus ion beam (FIB) on a refreshed HOPG sample has been taken
as a reference. As this cross-mark is visible with an optical microscope [see in Fig. 3.33(a)],
the relative position is known during each scanning. Several KFM images are scanned
nearby and combined into a bigger image [Fig. 3.33(b)] for area identification. Once the
same area has been localized, the comparative scan is performed.

In Fig. 3.34, the same area on HOPG sample has been measured by KFM respectively in
air and in secondary vacuum. As previously discussed, the sample is contaminated with
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Topograpl‘ﬁ

Fig. 3.33 (a) Optical image showing the cross-mark as well as the cantilever position. (b) Several reference
scans can be put together to localize the area to compare.

Sn0O; during soldering and allows a high CPD contrast to be observed. In Fig. 3.34(a) and

(c), topography mappings are presented in the same scale. The topography image

obtained in Tapping™ mode in air brings slightly sharper image than the one obtained in

non-contact mode under secondary vacuum. However, no contrast is visible on CPD image
obtained by KFM in Lift-mode, while a high contrast of approximately 300 mV is achieved
under secondary vacuum.

The same tip is used to do this experiment. The interpretation of the CPD contrast
and CPD shift differences can be made in three aspects:

i) The lower tip-sample separation under secondary vacuum reduces the CPD averaging
effect and therefore a higher contrast as well as a shift of the CPD average value is
expected.

ii) The vacuum environment removes the thin film of the water layer between the tip and
the sample surface, which induce a screening effect in air. Thus, no contrast is
observed in air.
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iii) The high quality factor under secondary vacuum improves the sensitivity of the
measurement.

In the chapter 2 (section 2.1.2), the effect of the tip-sample separation is compared in

different KFM modes in ambient atmosphere.

10nm

Onm

Fig. 3.34 Comparison of KFM measurements in air (Lift-mode KFM) and under secondary vacuum (in AM-
KFM) on the same location of a HOPG sample. (a)(c) Topography (Az=10nm) (b)(d) CPD mapping
(ACPD=100 mV and 300 mV respectively). Experimental parameters: in (a) and (b) A= 30 nm, f;= 67 kHz,
lift height of 8 nm, V.= 8 V. In (c) and (d) A= 5 nm, f3= 67 kHz, Af;=-7 Hz, V,.= 400 mV and f,= 427 kHz.

3.5 Summary

The KFM technique is mainly used in air allowing a quick start and ease of use for multiple
comparative analyses with semi-qualitative results. However, more accurate and reliable
measurements can be achieved by working under vacuum. In summary, we described in
this chapter the implementation of work function measurement by Kelvin probe force
microscopy (KFM) under secondary vacuum. The instrumentation work is carried out with
an EnviroScope™ AFM from Bruker. An external electronic from Nanonis was installed to
perform AFM imaging in non-contact and relating surface potential measurements.
Consequently, challenges of compatibility, calibration and optimization have been
overcome to reach this goal. Our results show that UHV comparable results can be
obtained under secondary vacuum.
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Chapter 4

Investigation of charge transport in
CdTe/CdS heterojunction using Kelvin
force microscopy

In this chapter, the Kelvin force microscopy (KFM) and the scanning Auger microscopy
(SAM) are combined to characterize the electrical and chemical properties of the
CdTe/CdS heterojunction, which seems to be a good candidate for solar cell applications.
These two techniques are evaluated in order to achieve a better understanding of the
mechanisms involved in the charge transport inside of the solar cell. A protocol for the
cross section sample preparation has been specifically developed. Mechanical polishing
after cleavage is used to decrease the roughness of the surface. The CdTe/CdS
heterojunction is studied under polarization both in dark and under illumination. The
depleted region near the CdTe/CdS heterojunction is well observed by the KFM technique
and is clearly widened under reverse bias polarization. Under illumination, a change of the
surface potential distribution is observable mainly induced by the creation of electrons
and holes at the CdTe/CdS interface. The influence of the CdS layer thickness is also
studied because of its dramatic effect on the solar cell efficiency. The efficiency difference
can be explained firstly by the presence of an unexpected electric field near the CdS/ITO
interface as evidenced by KFM and secondly by a lower transparency of the CdS layer due
to the chemical modification induced by the tellurium diffusion occurring at the CdTe/CdS

interface.

4.1 Motivation

CdTe/CdS based photovoltaic modules have become the lowest-cost producer of solar
electricity, despite working at lower efficiency (£16.5 %) than crystalline silicon cells
(221 %). [105] There are two main reasons. Firstly, CdTe has a direct band gap of 1.5 eV,
which is optimal for the conversion of the solar radiation. [106,107] Secondly,
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polycrystalline CdTe cells outperform their single crystalline counterparts, [108] resulting
in lower material-quality requirements and manufacturing costs. Currently, the record
efficiency of 16.5 % is still much below the theoretical maximum of 29 %. [109] This means
that more knowledge of the device operation is required to further improve the
performance.

Among the techniques, capable of measuring the electrical properties at nanometric
scale with a good sensitivity, the Kelvin force microscopy (KFM) [37,38,39] has shown its
potential to become a routine characterization tool for different kinds of photovoltaic
modules. [94,95,97] In this way, spatially resolved analysis can be done to study the local
variation of the contact potential difference (CPD) induced by any surface dipole or
surface charge distribution or by a bulk chemical potential modification.

In this chapter, capabilities of the KFM technique are evaluated for the electrical
characterization of the CdTe/CdS heterojunction. Complementary analysis such as SAM
technique, SIMS or C-AFM are also used to get a better understanding of the mechanisms
involved in the charge transport inside of the solar cell.

4.2Experiments

4.2.1 CdTe/CdS heterojunction for solar cell application

4.2.1.1 Sample description

The typical structure of the cell is shown in Fig. 4.1. The thin-film solar cell consists of a
substrate, a transparent conductive oxide (TCO) layer, the active region composed of a
window layer and an absorber layer and finally a metal contact. Each of the component
material has different physical and chemical properties and each affects the overall
performance of the device in some way or another. A critical understanding of the
behavior of these individual components is essential for designing a device. The function
of these different layers is described as follows:

Glass substrate

CdTe based devices are fabricated preferably in superstrate configuration where the glass
substrate is not only used as a supporting structure but also as a transparent window for
the illumination and as a part of the encapsulation (see Fig.4.1). Two kinds of glass
substrate are used: the borosilicate or the soda-lime glass. Its thickness is larger than the
one of the other layers, which is required to strengthen the device. It should be noted that
the substrate absorb in the infrared (A > 2 um) because of an increase of the temperature
within the substrate. This is very important because otherwise, the infrared light would be
absorbed in the active region of the cell, which could result in a degradation of the cell
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performance. The borosillicate has fewer impurities than the soda lime, and so low optical
absorption, but it is more expensive. As a consequence, the soda-lime glass is often used

in laboratory.

Transparent conductive oxide (TCO)

The transparent conductive oxide layer acts as an electrode which must have a good
transparency in the visible spectral range together with a high electrical conductivity. In
general, n type degenerate semiconductors, such as SnO; or In,03, are used: Sn (ITO) [110],
where the resistivity is respectively 2 x 10”% Q-cm and 3.5-5x 10” Q-cm [111] and the
transparency is 95 % and 90 %, respectively. [112,113]

Window layer (CdS)

Polycrystalline n-type CdS material is chosen as the window layer to form the
heterojunction with the CdTe absorber layer. As the CdS bandgap is 2.44 eV, a typical
thickness of 60 nm is sufficient to limit as little as possible the photon absorption in the
ultraviolet to blue light spectral range. In theory, no photocurrent is generated in this
layer. [114] The lattice mismatch at the CdS/CdTe heterojunction is about 9.7 %, which is
relatively high in comparison with, for example, the almost perfect lattice match between
CIGS (112) and CdS(001). However, the Te diffusion occurring during the CdTe growth
forms a CdS;,Te, interfacial layer, which reduces the lattice mismatch near the interface.
It is worth noticing that the CdS material exhibits an intrinsic n-type doping induced by
sulfur vacancies.

Back contact: Ag

CdTe (4~6um)

Fig. 4.1 Simplified schematic of the solar cell structure: glass substrate (1 mm)/ ITO (200 nm used in
sample 1) or Sn0O, (500 nm used in sample 2)/ CdS as a the window layer (between 100 and 200 nm)/
CdTe as the absorber layer (between 4 and 6 um)/ a Te-rich p+ layer/ Silver back contact. Indium is
soldered on transparent conductive oxide (TCO) as another contact.
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Absorber layer (CdTe)
CdTe is an ideal p-type absorber material with a direct bandgap of 1.44eV and an

absorption coefficient around 10° cm™ in the visible region. [115] This indicates that the
90 % of incident photons can be absorbed in a few micrometers thickness (typically 2 um
is sufficient). A typical thickness in the range between 4 and 6 um is classically deposited
in order to achieve micron grain in size, which results in higher performance. CdTe has
intrinsic native defects such as Cd vacancies (dominant acceptor) or Te anti-site which
results in intrinsic p-doped material.
In this chapter, two different samples have been characterized:
—Sample 1: a 1 mm thick borosilicate glass is taken as a substrate covered with a
200 nm indium-tin oxide (ITO) layer deposited by sputtering as the window layer. The
CdS layer is grown by chemical-bath deposition (CBD) with an expected thickness of
100 nm. [116,117,118] Closed-space sublimation (CSS) [119,120,121] is used to produce
polycrystalline CdTe in a expected thickness range of 4 um to 6 um. [122] As discussed
elsewhere [123,124,125], a CdCl, treatment at high temperature (380 °C) for 30 minutes
seems improve the cell performance. In order to form an ohmic contact, Cu-doped
graphite paste is firstly deposited and annealed to create a Te-rich p* layer. [118,126]
Finally, this paste is removed to achieve the back contact with silver paste.
—Sample 2: similar to the sample 1 excepted that ITO layer is replaced by a 500 nm thick
Sn0O, layer deposited by spray pirolysis on a 3 mm thick soda-lime glass substrate.
Moreover, a 200 nm thick CdS layer was deposited by CBD.

4.2.1.2 Protocol of sample preparation

Preliminary KFM measurements have been done on the CdTe surface in order to check the
topography and the illumination influence on the CPD. In Fig. 4.2.a, the rough surface and
the related CPD mapping are presented in dark condition®. As already shown in previous
chapter, the CPD contrast exhibits a strong correlation with the topography features. In
Fig. 4.2.b, the visible light provided by the optical microscope as well as the room
illumination light are switched on to test the influence on the CPD contrast. No obvious
change on the CPD mapping is observed (871 mV comparing with 873 mV in dark), as
shown on histograms.

As a consequence, the following drawbacks may impinge the CdTe surface analysis by
KFM. As the CdTe has a thickness in the range of 4 to 6 um, the KFM technique cannot

¥ Both light illumination from the room and the optical microscope are switched off.
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Fig. 4.2 Topography and CPD mappings of the CdTe surface of sample 1 performed in dark (a) and under
illumination (b). The KFM measurement is done in Lift-mode (lift height = 15 nm) and both contacts are
grounded. No obvious change on the CPD mapping is observed (871 mV comparing with 873 mV in dark).

probe the CdTe/CdS p-n heterojunction, which is more interesting to understand the
mechanism of the charge transport involved in the device. Moreover, the illumination of
the CdS/CdTe heterojunction is not optimized, mainly because it is difficult to reach the
CdS layer through the glass subtrate-ITO as shown in Fig. 4.1.

10.0 ym 0 10.0 pm
Data type Data type AmpT1itude
Z range 2000 nm Z range 1.0000 v
Fig. 4.3 Topography image on the cross section after the cleavage of the sample 1. A huge variation of the
topography is visible (peak-to-peak of 2 um).
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Therefore, a cleavage of the structure is done to make possible the KFM analysis on
the cross-section. The corresponding topography after the cleavage is shown in Fig. 4.3.
Two obvious different areas are well distinguishable on the z-feedback error image
(amplitude image) corresponding to the glass substrate (on the left part) and the CdTe
layer (on the right part). At the interface of these two parts, both ITO and CdS layers can
barely be distinguished. In fact, the peak-to-peak topography of about 2 um indicates a
very rough surface, where precise KFM measurements are impossible. To overcome this
problem, a sample preparation protocol has been developed.

In this protocol, the glass/TCO/CdS/CdTe structure is cleaved along a scratch line done
on the substrate backside. Fig. 4.4(d) clearly reveals a polycrystalline structure of the CdTe
layer which cannot, due to the roughness, be analyzed directly by KFM. To decrease the
roughness, the sample 1 and 2 have been polished by using a Centar Frontier equipment
from Gatan’ (Pleasanton, USA). Both samples are firstly polished with 6 um diamond
lapping film to remove the sharp fringes caused by the cleavage. As a result, a rms
roughness less than 20 nm (see Fig. 4.4.a) is obtained. Samples are then successively
polished with 1 um diamond film and 0.25 um SiO, lapping film, to decrease the rms
roughness down to 3 nm (see Fig. 4.4.b). After these steps the rms roughness is low
enough to do KFM but in order to make the interface visible, we keep on polishing the
cross section with non-crystalline 0.02 um colloidal silica by VibroMet 2 Vibratory Polisher
from Buehler'® (Lake bluff, USA). Finally the sample is cleaned up by wiping the cross
section with a soft fine tissue. However, this step degrades the rms roughness up to 10 nm
(images not shown here). The main reason is that the amorphous silver back

Fig. 4.4 (a-c) Topography images of polished cross-section of sample 1. The lapping film grain is successively
6 um diamond, 0.25 um SiO, and 0.05 um alumina. (d-e) SEM images on cross-section before and after
polishing.

? Details are given on this website: http://www.gatan.com/specimenprep/images/FrontierDsheetFinal.pdf

1% petails are given on this website: http://www.buehler.com/productinfo/Petro/pdf/VIBROMET.pdf
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contact generates various particles on the surface after soft tissue polishing. The best
results were achieved by gently polishing the surface with 0.1 um diamond and then
0.05 um alumina lapping film. After this procedure, the surface rms roughness decreased
down to 1 nm and as shown in Fig. 4.4(c) and (e) the 200 nm layer of ITO can be clearly
distinguished.

Although the polishing protocol provides a low roughness surface suitable for KFM
measurement, it always pollutes the sample surface with small particles coming from the
lapping pad. These particles cannot be easily removed as they are physically studded into

the different layers. Nevertheless, as we will show later, these particles have no significant
influence on the results.
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Fig. 4.5 Typical I-V characterizations after polishing steps. (a) Normal I-V curve. (b) I-V curve showing a
short circuit. (c) Schematic of the sample structure shows where the short circuit appears.
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In order to check if the sample preparation degrades the cell performance, |-V curves
[see Fig.4.5(a)] have been done, after polishing, both with and without illumination.
Sometimes, under illumination, the current /. is equal to zero [Fig. 4.5(b)]. This is due to a
short circuit created, during the polishing, between the TCO layer (ITO or Sn0O,) and the CdTe
layer [the red circle in Fig. 4.5(c) shows the location of a possible short-circuit]. In practice,
the cell can be repaired by scratching off the CdTe and the CdS layers near the edge.

To sum up, Fig. 4.6 describes the preparation protocol of CdTe/CdS samples.

PV sample
2
Cleave
( Temperature control
0 <> I-V characterizaction 30um/6um diamoend
1um diamond
Polishing <
\L 0.25um Si0,
0.1um diamond
|-V characterizaction
K 0.05um AAO
KFM
Final I-V check

Fig. 4.6 Protocol of CdTe/CdS cross-section preparation.

4.2.2 Electrical properties of CdTe/CdS heterojunction

4.2.2.1 Experimental setup

The KFM experimental setup for cross-section analysis is presented on Fig. 4.7. The ITO
layer is grounded via an indium contact while silver paint is used to connect the grounding
wire of the CdTe layer. The experiments under polarization are performed by using a
digital multimeter from Keithley Instruments (Solon, USA), located between the silver
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paint contact and the ground. The experiments under illumination are performed with a
2 W white LED source from CJ-Light GmbH located at 5 cm away from the glass side.

KFM measurements are carried out both with Dimension 3100 and MultiMode
Microscopes from Bruker (Santa Barbara, USA) equipped with Nanoscope Illa and Quadrex
for KFM measurements in Lift-mode. Pt/Ir coated silicon tips from Budget Sensors with a
force constant of about 3 N-m™ are used. Some experiments have been performed with
the Nanonis dual-OC4 electronic (SPECS, Berlin, Germany) in order to realize the
simultaneous topography and KFM imaging in a single-scan mode. In this case, KFM
experiments have been performed in the amplitude modulation (AM) mode.

4.2.2.2 Contact Potentiel Difference (CPD) distribution in dark

The typical topography image obtained on the cross-section of the sample 1 can be seen
in Fig. 4.8(a). It shows a flat surface after the polishing procedure. Due to the similar
stiffness of CdS and CdTe materials, the 100 nm CdS layer can barely be seen, whereas the
ITO layer can be distinguished. Fig. 4.8(b) shows the typical CPD distribution obtained in
dark conditions. Starting from the right of the image, there is a slight CPD variation along
the CdTe layer due to the polycrystalline structure, until we reach the CdTe/CdS interface
where a large drop of potential is observed corresponding to the pn heterojunction. In this
case, both contacts of the sample (i.e. Ag and In contacts) are grounded in order to avoid
a transport of charges along the surface. However, as can be seen on the left of the image,
a high CPD is observed on the glass substrate probably induced by an accumulation of
trapped charges.

A
cdSs
Glass
substrate ITO CdTe
@ @
1 |
Indium Silver
contact contact @

Fig. 4.7 Experimental setup of the KFM measurement done on the cross-section of the cell structure. Here
sample 1 is taken as an example.
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Fig. 4.8(c) shows the line profile of both topography and CPD mapping on the
indicated position in Fig. 4.8(b). The apparent positions of interfaces are deduced from the
topography image [see Fig. 4.8(a)]. An accurate location of CdS layer is hard to distinguish
due to the similar mechanical properties of CdTe, therefore the verification of layer
thickness is necessary, which will be discussed in the section 4.2.4. In our expectation, CdS
material has a lower work function (4.7 eV in reference [127]) than the CdTe material
(between 5.5 and 5.9 eV found in references [128,129,130]). According to Eq. (1.24), the
CPD on CdS part should be higher than on CdTe part, but this conclusion is not in
agreement with our experiment results. As explained elsewhere, Fermi level pinning effect
can be induced by the polishing process resulting in a modification of the CPD near the
surface and leading to measured values different than the bulk values. [131] In order to
overcome this effect, a reverse bias can be applied to the solar cell and will be discussed in

section 4.2.2.5.
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0 1 2 3 4 5 [
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Fig. 4.8 KFM measurement on cross-section. (a) Topography (with a 1% order flatten). (b) CPD distribution
and (c) line profile where the apparent positions of layer interfaces are deduced from the topography
image.
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4.2.2.3 Estimation of the CdS layer thickness

As the different thin layer has different resistivity, scanning spreading resistance
microscopy (SSRM) has been employed to estimate the CdS layer thickness. In SSRM, a
hard conductive tip (diamond tips are currently used) is scanned on the surface in contact
mode while a dc bias is applied to the sample. The schematic of SSRM setup is presented
in Fig. 4.9(a). The current flowing between the tip and the sample is measured with a
logarithmic current-voltage amplifier (SSRM module from Bruker) allowing a current
measurement in the range of 10 pA to 0.1 mA. This module converts the current into
resistance, corresponding to a typical range of 10°Q to 10 Q with 1V dc bias. The
measured total resistance R is a sum of resistance in series including the tip resistance R, ,

the tip to semiconductor contact resistance R that defines the nature of the contact

contact

(ohmic or Schottky), the spreading resistance R the sample series resistance R

spread ? series

and the back contact resistance R, , :

R

spread + Rseries

+ Ry - (4.1)

contact +

R=R,+R

If the force applied onto the sample surface is high enough, Eqg. (4.1) is dominated by the
spreading resistance, which in a simplified model is related to the local resistivity p of the

semiconductor according to:

p
Rspread = E ’ (4'2)

e

where R, is the “electrical contact radius”. The radius R, is generally smaller than the

tip radius. One possible explanation is that the large pressure (>12 GPa) used in SSRM
results in the following phase transformation: Si-1 (diamond structure) — Si-ii (3-Sn). The
highly conductive Si-ll phase forms a small pocket underneath the probe responsible for a
good electrical contact with an apparent radius smaller than the tip radius. [132] The
SSRM imaging on the cross section of sample 1 is shown in Fig. 4.9(b) and a line profile in
is presented in Fig. 4.9(c). Owing to their change in resistance, different layers can be
discriminated. Due to the large range of the measured resistances a logarithmic scale is
used. The very high insulating part (red color) and the high conductive part (blue) are
supposed to be respectively the glass substrate and the ITO layer (200 nm in thickness).
Between the ITO layer and the CdTe layer (yellow color), a high resistance layer is
observed, which is supposed to be the CdS layer. The CdS layer presents a non-uniform
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Fig. 4.9 (a) Principle of scanning spreading resistance microscopy (SSRM). (b) Resistance mapping
obtained by SSRM on the cross section of the sample 1. (c) Line profile extracted from the resistance
mapping.

thickness which ranges between 100 nm and 150 nm, this non-uniformity is probably
induced by Te diffusion, a mechanism that will be discussed later. It is worth noting that
the non-uniformity of the CdS thickness is also visible on the SEM image presented in
Fig. 4.4(e).

4.2.2.4 CPD evolution under illumination

A comparison of CPD measurement by KFM in dark and under illumination is presented in
Fig. 4.10. The sample illumination with a 2 W white LED source located 5 cm away from
the glass substrate is sufficient to observe a variation of the CPD. In order to quantify this
variation, CPD measurements have been done in the same area both with and without
illumination. Typical line profiles (indicated as the red line) are extracted from the CPD
mapping. Due to the mechanical drift between the two series of images, maybe induced
by the illumination, the line profile done on topography images is used to match the
features to make sure that the corresponding CPD line profiles are exactly at the same
position. As we can see on bottom left of the Fig. 4.10, the resulting topography line
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Fig. 4.10 KFM measurement performed on the cross section of sample 1 in dark and under illumination.

profiles match very well. Their corresponding CPD line profiles are shown on the bottom
right. A slight increase of the CPD under illumination is visible in the CdTe layer while a
very small decrease is barely seen in the CdS layer mainly due to because the holes are
generated at the CdTe side while electrons at the CdS side.

4.2.2.5 Electric field evolution under polarization

Experiment under polarization has been done on the same area of the sample 1. Fig. 4.11
shows typical CPD line profiles obtained with a bias ranging between -5V to 5V. To
compensate the CPD profiles-shifting, these superimposed by matching their associated
topography line profiles. These topography line profiles (not shown here) remain the
same regardless the applied biases, this confirms that even strong biases do not impact
the topography mapping.

A large change of CPD arises in the neighborhood of the CdTe/CdS interface. As
expected, when a forward bias is applied, the CPD in the CdTe layer is constant. The
region adjacent to the CdS/CdTe interface and inside the CdTe layer is the depletion
region. As expected, the width of the depletion region increases when the reverse bias
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Fig. 4.11 (a) KFM scanning results with different bias along (b) The electric field distribution (derivative of
KFM data) under -5V, OV and 5V biases.

increases. As can be seen in the Fig. 4.11(a) the space charge region extends to a width of
about 4 um and no region with a small potential drop, which could correspond to a
neutral region inside the CdTe, is observed. Notice that the depletion region does not
extend much into the CdTe if no reverse bias is applied. These results are similar with
results obtained by Mouthino et al. on the same structure. [131] The authors of this paper
show that the CPD variation is not in agreement with the theoretical band diagram of the
structure. Fermi level pinning at the surface of the material induced probably by the
polishing protocol is certainly the main reason that could explain this disagreement. Thus,
the sample preparation can strongly affect the CPD measurement. .

To obtain further information on the properties of the CdTe/CdS interface and
depletion layer, the electric field distribution inside of the structure is evaluated by taking
the first derivative of the CPD potential curve shown in Fig. 4.11(a). Fig. 4.11(b) shows the
result respectively at -5V, 0V and 5V biases. As expected, the electric field is maximal
near the CdTe/CdS junction. Moreover, some variations are also observable inside of the
CdTe a maximal electric field layer which is probably induced by the polycrystalline
structure of the CdTe. The maximum of the electric field indicates the position of the pn
CdS/CdTe heterojunction.

4.2.3 Chemical composition analysis

In order to assess both the thicknesses and the chemical composition of the different
layers, time-of-flight secondary ion mass spectrometry (ToF-SIMS)* has been performed

™ jon Tof GmbH, Minster, Germany
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on sample 1.The sample is alternatively sputtered by anO; beam (2 keV, 400 nA and

raster size of 250 um x 250 um) and analyzed using a Bi* ion beam (25 keV pulsed at 1 ns

over a 80 um x 80 um area). The working pressure is 2.6 x 10® mbar. The results can be
seen in Fig. 4.12. The profile shows that the Cd and Te chemical elements are stable in the
CdTe layer. In the same way, the S and Cd elements presents the same behaviour in the
CdS layer. However, a large amount of Te is detected in the CdS layer, which means that a
CdS,Tey alloy is present. The Sn element start to reach its peak as the beam reaches ITO

layer. Finally, Si* is obviously detected in SiO, substrate.

It is worth noting that it is difficult to accurately position interfaces between different
layers. The apparent diffusion of Sn into SiO; is likely to be sputter depth profiling artifact.
The reason for this is that the comparatively large analysis area (80 um x 80 um) and the
non homogeneous layer can lead to a non-synchronized layer exposure time. Moreover,
the estimated depth of each layers are calculated by the average etching rate of
CdTe/CdS/ITO layers. Due to the difference of the real etching time in such layers, the
depth measurement can not be considered as the real layer thickness.

Assignmemt Center Mass Color (::(j Es |-T-(:)
Si+ 27.98 E E H
i S+ 31.98 : : :
§ Cd+ 113.91 : : : .
= 10°4 sne 11991 [l : : § S|C)2 L 10°
2 Te+ 12091 N = :
= /E/,_ Bl ‘ ;
10%4 CdTe § Jr" E 10*
10°1 A H10°

10%4

. Lo n I,l_ "i||l iv w". :

Wil % A I'L._w I .
CUN TV T ||I|“|| Il

5000 10000
Depth (nm)

Fig. 4.12 ToF-SIMS depth profile on sample 1 defined as CdTe (6 um)/CdS (100 nm)/ITO (200 nm)/SiO,
(1 mm). The depth is estimated by the average o sputtering rate on CdTe/CdS/ITO layer.
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This measurement indicates the existence of an interfacial CdS,Te; layer. Therefore,
Auger electron spectroscopy is employed to confirm this result. The Fig. 4.13(a) shows the
schematic of the PHI 700Xi scanning Auger nanoprobe system from Physical Electronics
(PHI, Lake Drive East, USA) used for this analysis. An Ar" ion gun set as 20° with respect to
the sample surface can be used to sputter the sample. The electron gun is vertically
installed to reduce shadowing effects. Auger electrons are collected with a cylindrical
mirror analyzer, coaxial to the electron gun. The SEM image presented on the Fig. 4.13(b)
confirms the thickness non-homogeneity of the CdS layer. Localized analyses in point
mode are performed at different places typically in the CdTe, CdS and ITO layers. The
results [see Fig. 4.13(c)] show that Cd(mnn) and Te(mnn) peaks are detected in CdTe and
In(mnn) and O(kll) peaks are detected in ITO. In the layer of CdS (point 2), an additional
Te(mnn) peak can also be seen. To show this more clearly, smoothing and numerical
derivation of the data are performed [see Fig. 4.13(d)]. A considerable huge Te(mnn) peak
is observed in CdS (the blue peak in the inset on the right). This result is consistent with
the CdTe/CdS interdiffusion phenomenon observed by ToF-SIMS.
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Fig. 4.13 (a) Simplified schematic of SAM system. (b) SEM image of the sample cross-section (c)
Scanning Auger Spectroscoy results on 1, 2 and 3 positions indicated in (b). (d)The derivative
data of (c) after smoothing.
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4.2.4 Effect of the CdS thickness

To study the impact of the CdS layer thickness on electrical characteristics, KFM
measurements on sample 1 were compared with measurements on the sample 2, with a
CdS layer thickness of 200 nm. The efficiency of the sample 2 is only 5% compared to
10 % for sample 1, determined according to the AM 1.5 standard.

Typical AFM topography images on the cross-section of sample 1 and sample 2 can be
seen respectively on Fig. 4.14(a) and (b). For both, it shows a flat surface after the
polishing procedure. Due to the similar stiffness of CdS and CdTe, the CdS layer can barely
be seen, whereas the conductive layer, respectively ITO and SnO,, can be distinguished.
The Fig. 4.14 shows also typical CPD mappings obtained in dark for both samples. Starting
from the right of the images, there is a slight CPD variation along the CdTe layer probably
due to the polycrystalline structure, until we reach the CdTe/CdS interface where a large
drop of potential is observed corresponding to the pn heterojunction area. In both cases,
the contacts of the sample (i.e. Ag and In contacts) are grounded in order to avoid a
transport of charges along the surface. However, as can be seen on the left of the image, a
high CPD is observed on the glass substrate probably induced by an accumulation of
trapped charges.

The electric field distributions were obtained by calculating the derivative of the
surface potential obtained by KFM. Fig. 4.14(a) shows the electric field distribution on
sample 1 with both contacts grounded in dark. The presence of a strong electric field at
the CdS/CdTe interface is observed corresponding to the heterojunction.

On sample 2 there is an additional peak of high electric field at the Sn0O,/CdS interface,
as shown on Fig. 4.14(a). It can be seen that KFM is able to resolve these two peaks,
whose separation is only 200 nm, demonstrating the potential of the technique. This
effect is unexpected and means that there is a second junction, maybe due to material
modification due to the Te diffusion. A reason for the lower efficiency of this sample
maybe unwanted electron/hole separation increasing the recombination rate. The lower
efficiency of sample 2 might be due to a higher recombination rate in the thicker CdS layer.

In order to verify the thicknesses of the different layers and also to check their
chemical composition, scanning Auger microscopy is done on the cross-section of the two
samples. The thin semiconductors films are close to the glass substrate, which suffers
from a strong charging effect due to the electron beam. Therefore, charge neutralization
is performed using a low energy Ar beam (70 eV). As a result of low inelastic mean free
paths for Auger electrons (about 1 nm), SAM is extremely sensitive to the sample surface.
Therefore, to remove the upper hydrocarbon contamination layer, we use Ar sputtering
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Fig. 4.14 a) Topography and surface potential images obtained on the cross section of sample 1 defined as
ITO/CdS/CdTe. Electric field evolution calculated from the surface potential with both contacts grounded. b)
Same as in a) but for the sample 2 defined as Sn0,/CdS/CdTe.

(2 keV, 1 pA, raster size of 1 mm x 1 mm, 2 minutes, tilt of 30°) to clean the surface and
increase the sensitivity. Figure 4.15 presents the AES line scan on the cross-sections with
charge neutralization.

Results of sample 1 show the elements distribution along the cross-section [see
Fig. 4.15(a)]. Based on the full-width half-maximum of the sulfur and indium line scans,
which are the unique elements present in the CdS and ITO layers respectively, we
confirmed the CdS/CdTe and CdS/ITO apparent interfaces previously observed in Fig. 4.14.
Moreover, we observed a diffusion of Te into the CdS layer, creating a homogeneous
CdS,Te;« layer. Since the experiment conditions do not change during the line analysis, the
surface stoichiometric ratio of N, /N, can be calculated, assuming that the surface

composition is homogeneous over the sampling depth [133]:

Ney Iﬁ Ste

N ) ITe SCd (43)

Te
where /., and I,, are AES signal intensities of the Cd(MNN) and Te(MNN) peaks, S, and

S, are respectively the sensitivity factors of Cd and Te. Assuming that the ratio of Cd and

Te sensitivity factors does not change in CdTe and CdS layers, we have:

!

NTe ICd NTe ICd
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where the prime terms apply to the “CdS” layer. Taking the intensity ratios measured for

both CdTe and CdS layers into account (see Fig. 4.15), we determine (M] =3.64. This
Te

means that instead of CdS the layer is made of CdSg;Teqs.

The same AES analysis was performed on sample 2. The result is shown on Fig. 4.15(b).
Tellurium diffusion into the CdS layer occurred, changing it to CdS,Te1,, as in the case of
samplel. It can also be seen that the S concentration is significantly lower than in the CdS
layer of sample 1, which drastically changes its transparency (CdS has a 80% transparency
to visible light while CdTe is not transparent). This might be another reason for the lower
efficiency measured on this sample.
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Fig. 4.15 Auger electron spectroscopy line scans on the cross-section respectively for sample 1 (a) and
sample 2 (b). An interdiffusion at the CdS/CdTe interface is clearly observed for both samples.
Consequently, CdS has turned to be CdS,Te;, with a lower S concentration for sample 2 (see details in the
text).

4.3 Conclusion

In this work, a protocol of sample preparation on CdTe/CdS thin film solar cell cross-
section characterization has been constructed. The combination of KFM and AES has
shown the great potential to characterize the electrical and chemical properties of of
CdTe/CdS thin film solar cell cross-section. KFM allowed to observe the spreading of the
width of the space charge region under forward bias and to resolve two space charge
regions which are only separated by 200 nm. In the SAM results we observed the
interdiffusion between CdTe and CdS and stoichometrically determined the chemical
composition of CdSxTel-x instead of CdS. It was found that the S content of the thicker
CdS layer was significantly lower than that of the thinner CdS layer leading to a lower
transparency of the layer.
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Conclusions

This thesis deals with two important topics:

- The development of an innovative method for measuring the work function by
KFM operating in single-pass both under atmospheric pressure and under secondary
vacuum (10°® mbar). The gain in terms of spatial resolution and sensitivity has been
demonstrated on graphene layers.

- The application of the KFM method to localize the junction of CdS/CdTe
heterostructures used in photovoltaic applications. The KFM measurements were
performed with or without illumination. These heterostructures were also
characterized by ToF-SIMS and by scanning Auger microscopy.

More specifically, the main conclusions and results of this thesis are summarized hereafter.

Single-scan operation of KFM both in frequency and amplitude modulation mode under
ambient conditions:

KFM operating in ambient atmosphere is often used in a common Lift-mode, where the
topography and the CPD are successively acquired. The single scan operation based on a
simultaneous acquisition has been developed on commercial AFMs allowing to reduce the
time acquisition but also to extend the capabilities of the technique. Both force and force
gradient sensitive detection, associated respectively with the frequency modulation (FM)
mode and the amplitude modulation (AM) mode, have been implemented. A benchmark
of theses modes has been conducted on epitaxial graphene layers. The results show that
higher contrasts are achieved using single-scan FM-KFM regardless the tip-sample
operating distance. The measurement in AM mode, either in single scan or in Lift-mode, is
more dependent on the tip-sample separation. Independently of acquisition mode used, a
spatial resolution of about 30 nm is achievable by working at typical tip-sample distance of
about 10 nm. However, the CPD contrast stays higher in FM-KFM due to the dominant
influence of the tip apex in the electrostatic interaction.

Non-contact imaging and CPD measurement under secondary vacuum:

Under vacuum, organic contamination is better controlled and Q-factors of the cantilever
are higher. For these two reasons, accurate and reliable measurements are achievable. By
using an external configurable electronic from Nanonis, non-contact imaging and
simultaneous CPD measurement under secondary vacuum have been implemented on an
Enviroscope™ AFM from Bruker. An important instrumental work has been done to
implement this new measurement mode: compatibility issues between electronics,

inevitable discrepancies between system calibration, optimization and operating protocols.
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Preliminary results on HOPG sample as well as on graphene layers have been obtained,
showing that UHV comparable results can be obtained under secondary.

CdTe/CdS heterojunction characterization by complementary techniques:

This work has shown the characterization of the CdTe/CdS heterojunction used in thin film
solar cell. High resolved surface potential imaging by KFM have been combined with
complementary techniques such as nano-resolved Auger electron spectroscopy (AES),
scanning spreading resistance microscopy (SSRM), time-of-flight secondary ion mass
spectroscopy (ToF-SIMS) and scanning electronic microscopy (SEM). A protocol for the
cross section sample preparation has been specifically developed. Roughness below 1 nm
has been achieved. SSRM and SEM imaging has been used to verify the thicknesses of
each layer of the solar cell device, which results in a clear observation of the non-
uniformity of the CdS thickness. The CPD variation measured on cross section has
highlighted the presence of high electric field electric near the CdS/CdTe interface.
Moreover, a significant CPD change has been observed under illumination mainly induced
by the generation of electrons and holes at the CdTe/CdS interface. On the other hand,
the influence of the CdS thickness has been studied because of its dramatic effect on the
solar cell efficiency. The efficiency difference can be explained firstly by the presence of an
unexpected electric field near the CdS/ITO interface as evidenced by KFM and secondly by
a lower transparency of the CdS layer due to the chemical modification induced by the
tellurium diffusion occurring at the CdTe/CdS interface. Indeed, the AES and SIMS results
revealed the interdiffusion between the CdTe and the CdS layers, generating a CdScTe1
layer. Moreover, the S content is higher in high efficiency sample and lower in low

efficiency sample.
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