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"Until man duplicates a blade of grass,
nature can laugh at his so-called scientific knolgée...
it is obvious that we don't understand one mitloof one percent about anything.”

- Thomas Edison
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Résumé

Cette thése est consacrée a I'étude des propgé&ésoniques de nanostructures
par microscopie a force atomique (AFM) en ultraevid

La premiére partie de ce travail a consisté a tanaer localement des nanofils de
silicium par technigue d’AFM conducteur. Les expades de conduction locale sur
nanofils inclinés montrent que la conduction desofits intrinseques est dominée par un
transport en surface, associé a la présence deusésiatalytiques métalliques. Cette
conduction peut étre partiellement supprimée (gaorydation) ou exaltée (par traitement
thermique). Une caractérisation qualitative duadmpde ces nanostructures est présentée,
par technique de microscopie a sonde de Kelvin.

La deuxiéme partie de la thése a consisté a étimligansfert de charges et les
propriétés d’'ionisation de nanocristaux de silicipassivés hydrogéne, dopés de mygPe)
ou p (B), fabriqués par dépodt plasma. L'analyse desgemade microscopie a sonde de
Kelvin en modulation d’amplitude sous ultra-vide mve que le transfert de charges des
nanocristaux de silicium correspond a un mécangengompensation d’énergie, exalté par
le confinement quantique. Les résultats expérimentéournissent une mesure de
I'ouverture de la bande interdite des nanocristdue au confinement quantique, dans la
gamme 2-50 nm, en accord quantitatif avec des lsabu liaisons fortes. lls mettent en
avant la possibilité d'utiliser des nanocristauxp@® comme sources d'électrons pour
réaliser un dopage sélectif contr6lé de nanostrestau nanodispositifs, avec des densités
dans les gammes de 2*3+00" cm? ou 8x16-2x10 cmi™.
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Abstract

We study the electronic properties of nanostrustuieng atomic force microscopy
in ultra-high vacuum environment.

The first part of this work consists in the chaeaization of silicon nanowires
grown by metal-catalyzed chemical vapour depositmm silicon substrates, using
conducting atomic force microscopy. The electricahsport at room and low-temperature
through individual nanowires has been measuredfasaion of the position along tilted
nanowires. It is shown that the conduction propsrtof as-grown intrinsic silicon
nanowires are dominated by the presence of golalysatresidues along their surface,
which can be either partially suppressedy(by a de-oxidation step), or enhanced upon
heat treatment.

The second part of this work consists in studyhmgdharge transfer and ionization
properties of hydrogen-passivated phosphorus-dapddoron-doped silicon nanocrystals
grown by plasma enhanced chemical vapor depositiosilicon substrates, using ultra
high vacuum amplitude modulation Kelvin force mexopy. It is demonstrated that the
charge transfer from silicon nanocrystals follows energy compensation mechanism,
which is enhanced by quantum confinement. The t®gubvide a measurement of the
nanocrystal conduction band-gap opening due to tguartonfinement in the 2-50 nm
range, in agreement with parametrized tight-bindsafrulations. They also put forward
the possibility to use doped nanocrystals as elacources to achieve a controlled remote
doping of nanostructures and devices with typisal-timensional charge densities in the

range of 2x18-10* cm?, or linear charge densities in the range of 82610 cm™.
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1.1 Nanotechnology

The word nanotechnology defines the ensemble dhigaes which can be used to
create a nanoscale world. The history of nanotdolgyostarts back to the 1950s [1]. At
this time Richard Feynman gave his famous lectliteefe is plenty room at the bottom”
[2]. At the beginning of this lecture, Feynman sdrto imagine what should be done to
store the information contained in an encyclopaadlithe scale of the apex of a pin. He
introduced the idea of miniaturization, and puisard the chance lying in technology, so
as to operate at the scale of nanometers. At th@ghis talk, he proposed two awards for
future advances in miniaturizatio(i) to make engines of size less than 1/64 of a cubic
inch, and(ii) to write a book with proportion 1/25000. The figgize was won only ten
years later (the engine had a power of 1mW), aadsétond prize by Thomas Newman in
1985 (the book was written by electron beam lithpdry). The application of
nanotechnology is nowadays extremely wide, and rsovube fields of electronics,
chemistry, and biology. The interest for future laggtions of nanotechnology can be
measured for instance from the investment of theg@an Community in nanoscience and
nanotechnology from 2002 to 2006, of ~1.4 billiohewros, and covering 550 major
nanotechnology-related projects.

Can nanotechnology be important in daily life?

The answer to this question is obvious and theee currently examples of
applications which could revolutionize many fieloflshuman life. We provide here below
a few illustrations, in direct or indirect link \kithis PhD.

Semiconductor nanocrystalgrovide one illustration with applications in meidie,
due to their optical properties. They can be usedpdical markers with a few nanometers
in size and with a much larger optical stabilitycmpared to organic markers, and are
thus of great interest for immunofluorescence (laige of antibodies or antigens using
fluorescent markers). Many studies prove that singlantum dots can be optically
observed under cytological conditions, with a s@ngy limit of one dot per one target
molecule [3]. Nanocrystals can also be used asaptarkers in living species. Kiat al

[4] injected near-infrared CdTe-CdSe core-shellnquin dots (optical emission at 850nm)

12
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into the skin of live mice and pigs, and observieat tjuantum dots quickly migrate to
lymph node& Nanocrystals enable here to achieve backgrouee iimages of lymph
nodes, allowing their image-guided resection. Theyld be very helpful in human

surgery.

Nanocrystals are also promising technological nedte for optoelectronic
applications like wavelength tunable lasers [Skolar cells [6]. lan Gur [6] demonstrated
inorganic donor-acceptor mechanisms for solarfeeth CdSe and CdTe nanorods. They
produced donor-acceptor heterojunctions by depositf CdTe and CdSe films, on
indium tin oxide glass, coated with alumina. Theide operationi(e. electron-hole pair
separation) is due to the type Il band-gap strec{with a staggered gap as shown in
Figure 1.1, left). The solar cell exhibits a cutrdensity of 10 mA/crhunder a simulated
solar illumination (Figure 1.1, right), showing tpessibility to achieve solar cells based

on colloidal semiconductor nanocrystals.

102. e— o i e

10°|
e 10_1-
102 L o J

Energy

10°} "

L . L]

104} g "

Current density (mA/cm?)

CdTe CdSe
10°] .

0 A5 7 050 05 1 15 2
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Figure 1.1 Left: energy diagrams of CdTe and Cdfdé, transfer between those materials. Right:

I-V characteristics for the CdTe and CdSe solatscdevice in the dark (dotted line) and under

simulated one-sun AM 1.5G illumination (solid linEjom Ref. [6].

Some early experiments have also shown Bemiconductor nanowiresan be
used to build the next generation of computing cevi7]. For examplg-n junctions, one
of the simplest electronic devices, have been aelidrom bottom-up nanowires (either
by physical crossing of @-type nanowire over a-type nanowire or by longitudinal
growth), and the formation of logic gates (AND, OBnd NOT gates) has been

! Lymph nodes are a part of the lymphatic syster,am as filters or traps for foreign particles.
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demonstrated from connectgen junctions. This shows that silicon nanowires could

become important for the future of digital compgtin

Nanotechnology tools

Dedicated tools have been developed to probe oripumate the properties of
matter at the atomic or nano scale. We will notcdbs here fabrication techniques
(synthesis, lithography etc...), but rather illusgrathe advance in nanoscale
characterization from the example of scanning-tilimgemicroscopy [8] (STM) invented
by Binnig, Quate and Gerber in 1981, who were aa@ndith the Nobel Prize in 1986.

a r ' ' ' ' ' '
10 | )
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Figure 1.2 Scanning tunnelling microscopy and spsciopy of a single indium arsenide (InAs)
nanocrystal 3.2 nm in radius, acquired at 4.2 KeTtanocrystal quantum dots are linked to the
gold substrate by hexane dithiol molecules (DT)slaswn schematically in the right inset. Left
inset: a 10 x 10 nm STM topographic image, showihg nanocrystal. a) Tunnelling |-V
characteristics over the nanocrystal, exhibitinggte-electron effects. b) Tunnelling conductance
spectrum obtained by numerical differentiationtad t-V curve. The arrows depict the main energy
separations: Eis the single-electron charging energy, i& the nanocrystal bandgap, adgs and

Acg are the spacing between levels in the valencecamdluction bands, respectively. From Ref.

[9].
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The STM first offered the possibility to observergal space and to manipulate
atoms, but also to perform local electronic measerds €.g. of the density of states)
from its spectroscopy modes (tunnel current ordesivatives as a function of the tip
voltage).

This has been applied to the case of single nastadsysuch as in the work of
Banin et al. [9] or Liljeroth et al. [10], in which the tunnel current versus voltage
spectroscopy (see Figure 1.2) shows plateaus (peakike differential conductance)
corresponding to tunnelling events through the neystal discrete electronic states [11],
and thus, related to their electronic structuree M is however by essence restricted to
experiments made with conductinge( metallic or semiconducting) materials. It is mginl
to overcome this difficult and to enable more conget scanning possibilities in air or
liquids and on insulators, that the first atomiocceomicroscope (AFM) has been invented
in 1986 by Binnig, Quate and Gerber. In contrasthwhe STM, it gathers local
information by “feeling” the surface using a mecicahprobe (tip/cantilever, or tip/tuning
fork sensors), with the possibility to reach thenat resolution as in STM [12].
Spectroscopic modes have been developped so fahwieasure either electrostatic force
gradients (Electrostatic Force Microscopy or EFM)sarface potentials (Kelvin Force
Microscopy or KFM). These techniques — unlike STédhniques — are well suited to the
nanoscale characterization of electrical devicebichv are by essence fabricated on
insulating substrates. This makes these tools wemportant for nanoelectronics
applications. AFM, EFM and KFM techniques will bepained in a detailed way in the

section 1.3 of this chapter.

1.2 Aim of this PhD

Aim of the work

The main aim of this work was to use atomic forcerascopy in ultra-high
vacuum environment so as to characterize the el@ctrproperties of individual
nanostructures, here semiconductor nanowires asangstals. As already mentioned, the
choice of a mechanical probe (rather than a tupradie) corresponds to the requirement to
develop characterization tools to be used on itstdai.e. able to actually probe
nanodevices in their environment. The specific osatomic force microscopin ultra-
high vacuunti.e. with respect to ambient air experiments) is twafdi) it allows a much

better lateral resolution and sensitivity (here ddw a few electrons in KFM experiments)
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as compared to ambient air experiments (see e3j.da silicon nanocrystals, with a
sensitivity of a few tens of elementary chargesEFM experiments){ii) it enables a
control of the nanostructure surface states. Thpeet is extremely useful as for silicon
nanocrystals, which can be kept hydrogen-passiviiedg a few days.

The issues which can be addressed with respegélidonsnanostructures such as

bottom-up silicon nanowires [14] or silicon nanatgls [15] are:
* to probe the local transport in nanostructures;

* to characterize the influence of surface stage#d(residues in case of a catalytic
growth, oxide or residual surface states in casdnyafrogen-passivated silicon

nanostructures) on the nanostructure transpoteotrestatic properties;

* to investigate charge transfers at the nanosaaldue to surface state charging or

intentional nanostructure doping;

* to probe band-structure effects such as quantanfirement on the basis of

mechanical measurements.

To resolve such problems, several modes of atoorefmicroscopy have been
used in this PhD. First, conducting-AFM, in whidietAFM tip is used to measure the
local transport through nanostructures. This mode lheen applied to characterize the
local conduction properties of as-grown semicongluntinowires, as well as their surface
states due to gold and oxide. The second variatAFNl microscopy is Kelvin force
microscopy (KFM) which is a non-contact electri¢cathnique used to measure local
surface potentials, and thus, local charge trassfénis technique has been applied to
study doped silicon nanowires and nanocrystals, waasl found particularly adapted to
study the charge transfer (ionization propertigemf doped silicon nanocrystals in an
ultra-high vacuum environment. This enabled to st that the charge transfer

mechanisms from doped silicon nanocrystals areedrby quantum confinement effects.

Description of the work done in this PhD

Silicon nanowires grown by Vapour-Liquid-Solid (atic) chemical vapour
deposition (nanowire growth made by D. HourlieEMN) have been first investigated by
conducting atomic force microscopy experiments linathigh vacuum. The aim was to
obtain local transport informationi.e. conductance spectroscopy along the nanowires).

Local current-voltage characteristics have beearals a function of position along (111)-
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oriented tilted nanowires. It is shown th&fj: the conduction along as-grown intrinsic
nanowires is dominated by gold residues associatddthe catalytic growth, which can
(i) be partially removed by chemical de-oxydation gng recovered upon thermal

annealing.

We investigated in a second step the doping priggedf silicon nanostructures
from their charge transfers after hydrogen-pasinailhis was done first qualitatively in
the case of doped silicon nanowires, and, in arsk&iep, in the case of individual
nanocrystals with diameter in the 2-50 nm range@ogystal growth: T. Nguyen-Tran —
LPICM), for which we fully investigated the chargi@nsfer mechanisms. It was shown
that the charge transfer from doped silicon nargiaty follows an energy compensation
mechanism similar to remote doping, but is howestongly enhanced by quantum
confinement. Results provide a measurement of @éinecerystal band-gap opening in the 2-
50 nm range, in agreement with parametrized tighdibg calculations, and put forward
the possibility to use doped nanocrystals as @estisources to externally control the

doping of nanostructures and nanodevices.

Organization of the manuscript

This PhD is divided into three chapters and threeeaes.

» The first chapter provides a general introducttonthe PhD, followed by a
description of atomic force microscopy techniqueerking principle of AFM in air and
vacuum for topography measurements, as well as Aletrical modes adapted to charge
(EFM) or surface potential (KFM) detection. The mscopes used during this PhD are

presented at the end of this chapter.

» The second chapter describes the measuremerftanped on semiconductor
nanowires. Its first part encloses a short bibbgdry on the synthesis, applications, and
electronic properties of nanowires. Its second peports about the measurement on
silicon nanowires by conducting AFM, and the rolegold catalyst residues and/or oxide

on the nanowires conduction properties.

» The third chapter is devoted to the electroniopprties of doped silicon

nanocrystals. It contains first a bibliography abthe synthesis of nanocrystals, and their

17



t. Borowik

electronic properties like quantum confinement,tphoninescence, doping, and finally a
review of scanning probe measurements on silicoroecrgstals. The second part of the
chapter contains a description of the experimeradenduring this PhD by KFM on silicon

nanocrystals in the case of intringietype doped, ang-type doped nanocrystals ortype

or p-type doped substrates, together with their analysiterms of surface states, doping

and quantum confinement.

Finally, a set of three annexes provide: (A) aneesive description of the
electrostatic calculations used for quantitativeasugements in Chapter Ill; (B) KFM
measurements on doped silicon nanocrystals at éowpérature and after temperature
annealing; and (C) KFM measurements performed dnngic and doped silicon
nanowires.

1.3 Atomic Force Microscopy

1.3.1 Working principle

Atomic force microscopy enables to image pure @sus or semiconductor
materials [16] because it uses a force sensoril@aat or tuning fork), rather than the

electrical probe (tunnel current) used in STM.

Figure 1.3 Scanning electron microscopy image c&tmmic force microscopy cantilever.

Nowadays AFM is also frequently used as a devidmage and manipulate matter

in the nanoscale environment. The mechanical ictiera between the AFM tip and a
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sample corresponds to very small forces (typidaibgs than 1nN), and is transformed into
a three-dimensional topography image using a “@migbrce” feedback loop (in practise,
more frequently, a constant cantilever oscillatomplitude or frequency shift). To obtain a
high sensitivity to forces, flexible cantilevers saie used, with typical spring constants

10 N/m. Cantilever tips have apexes with radiusiadol0-25 nm [7].

Depending on the microscope and scanning modeyrelift forces can be measured
by AFM, ranging from short-range (contact) forcesnon-contact forces such as Van der
Waals or electrostatic forces. When the tip isisigffitly close to the sample so that a force
can act on it, a cantilever deflection can themigasured, as illustrated in Figure 1.4 in the
case of an optical beam AFM. In this case, theileaet deflection is measured from the
reflection of an incident laser on the cantilewehjch is collected on two photodiodes. The
deflection of the cantilever can be estimated friw& quantity of light which comes on

each photodiode.

Detector and
Feedback

Electronics

Photodiode

—_— \ ’
\/ i .
Sample Suﬁa& Cantilever & Tip
. PZT Scanner

Figure 1.4 Schematics of an optical-beam atomicdanicroscope. From Ref. [7].

To control the tip-sample distance and to scan #ample (horizontal
displacement), a piezoelectric scanner is used,candeither support the sample (as in
Figure 1.4) or the cantilever. A feedback systeminigoduced to keep a constant
interaction €.g.a deflection in contact mode) so as to records#meple topography image.
The resolution in topography depends on the tiggeh apex diameter), but also on the
environment (vacuum, liquid or air conditions), and the operation mode of the

microscope (intermittent contact or tapping, coptacn-contact, etc.).
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1.3.2 Contact mode

The contact mode was the first mode used to olstaopography image by AFM.
By contact mode it is possible to perform a loirofestigations which are not possible to
be realized by another modes: manipulation of namcsires [17], charging [18] or
conductivity measurements [19].

In this mode, the contact force on the tip is tgflicaround 13° N, the force F
being related to the deflection z by the Hookeis Fe=kz, where k is the cantilever spring
constant. Soft cantilevers (k~0.01 N/m) are oftesed) so as to produce significant
deflections, while maintaining low interaction fesc The deflection can be either positive
or negative, depending on the repulsive or attraatharacter of the interaction force.

v,

region 3

W,
Deflection’}., /
koY approach
\"‘_‘ ........................

N, retract

\\ region 1
Y Z - distance

1
1
N region 5

region 4

Figure 1.5 Approach-retract curve with five intetian regions [18].

A schematical approach-retract curve (also calleatceé curve”) in shown in
Figure 1.5. Five regions can be considered as etibmof the tip-substrate distance: when
the tip is far from the surface (region 1, no iat#ion), when the tip experiences a jump-
to-contact to the surface (region 2), when thegipepelled by the surface (region 3, the
deflection is positive). A distinct behaviour issaloved when the tip is retracted from the
surface, because of attractive (adhesion or capilfarces, leading a region of negative
deflection (region 4), followed by a null interamti (region 5) when the tip is separated

from the surface.
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The major artefact in AFM topography (and not sfpegily related to contact
mode) is “tip convolution”, as illustrated in Figuf..6, showing that only the height of a
single nanostructure can be measured correctlyewhiwidth is also dependent on the tip
shape and size. An experimental illustration of &ffect is obtained from our experiments
using pyramid shape contact mode cantilevers (EBidu6) to image vertical or tilted
nanowires (see Chapter Il for details). In thae¢caince the nanowires have a much larger
aspect ratio than the pyramidal tip, the AFM imageresponds to an image of the tip
shape, associated with each of the vertical nameswihus leading to the occurrence of

pyramids in the topography image of Figure 1.6.

Figure 1.6 a) Schematics of nanoparticle and trigeg of the tip, dashed line. Schematics shows
overestimation of real diameter due to tip shapePpramidal contact tip from Ref. [20]. c)

Topography image of vertical and tilted silicon oarres. Since the nanowires have much larger
aspect ratio comparing to pyramidal tip, the AFMame corresponds to the image of the tip shape.

1.3.3 Tapping mode

In tapping mode or intermittent-contact mode, tlamtitever is actuated by an

additional small piezoelectric element (which isualy mounted inside the cantilever
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holder) at a frequency close to its resonance &eqy This generates a cantilever
oscillation (see Figure 1.8), with a typical amylie of a few tens of nanometers in
ambient air. The control of the interaction betwéaa tip and sample is here based on a
reduced value of the cantilever oscillation amplguwhen the tip is brought into
mechanical interaction with the surface.

We here below describe the actuation of the camtileupon an oscillating
excitation force. This description holds to deseribe mechanical resonance curves used
in tapping or non-contact mode, but is also vadidan electrostatic actuation.

A

Photodiode
B< ;

[ Holder

Small piezo
Figure 1.7 Actuating system of a cantilever, maaenf small piezo-element mounted in the
cantilever holder. The ac excitation of the piel¥eent leads to a cantilever oscillation, detected

as an ac-component on the photodiode.

If the excitation force is F=€os(t) (in which o is angular frequency and t is

time), the equation of motion for the cantilever is

m. z+a z+ kz= Fcosw 9
where m is mass of cantilevery and k are constants. Dividing this equation hyand
taking: o /me=pB, k/m=w¢”and k/m=B, this equation now reads:

2+ Bz+w z= Becos(w t)
wherep is a value dependent on the fluid damping of #@llator, andoy is the cantilever

resonance angular frequency.
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The solution of this equation is:

z(t) = A(w) cos[wt- ¢ (w)]

B
A =
O k- pw
P(w) = arctan%
wy — W

where Ap) is amplitude and(o) is the phase shift between the cantilever osidhaand

its excitation. For small value gfando << o, the phase shift is nearly zero; torE= g it
equals #/2; and fore >> wy, it is nearly #. An important parameter which defines the
cantilever motion is its quality factor Q, definby Q =,/ . The cantilever quality
factor can be viewed as the ratio between the leaati oscillation amplitude at the
resonance frequenay divided by the deflection which would result frarstatic force of
same amplitude. The width of the cantilever resoagudefined atl/~/2 of the amplitude

at the cantilever resonance frequencyA®=a,/Q. In air (see Figure 1.8), Q equals

~100, but is strongly enhanced in vacuum where IQegaof 20000 are reached routinely.

Amplitude : Phase
0.20 w/div ' 16.00 2/ div

Drive Treguency
0.096 kHz/div

f

191.96 kHz

Figure 1.8 Experimental resonance frequency cufvaroAFM cantilever (here with resonance
frequency ~200kHz). The black colour curve corresisoto the response in amplitude, and the
pink colour curve to the phase response of theileaet oscillation with respect to the excitation.

An arbitrary phase shift has been introduced far pihase curve.

1.3.4 Electrostatic force microscopy

Electrostatic force microscopy (EFM) is a variamtA&-M, in which the tip is
separated from the surface so as to be only semsitilong-range electrostatic forces, and

to discard short-range surface forces. Electrastatces are imaged from the map of the
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cantilever frequency shifts (corresponding in facta measurement of electrostatic force
gradients), with a typical accuracy &f/f;~10°-10° corresponding to force gradients of a
few 10° N.m™ [21]. The sensitivity of EFM in terms of chargeetgion in ambient air has

reached the level of elementary charge in spesifiations such as the case of blinking

nanocrystals [22], and using modulated EFM techesqu

Lift or linear scanning modes

EFM has been extensively applied to study silicanatrystal charging at IEMN
[13][23][24][25][26]. This paragraph will be mainlyased on this work. We first illustrate
the artefacts which can occasionally take placekM (or KFM) images, and associated
with the modes used for EFM imaging. Two modeslmamnsed in practice. The first one is
called “linear mode”, and corresponds to a “constenght” scanning mode. It is obtained
by recording the sample topography in a first g&sgure 1.9 a), and recording the EFM
data in a second pass, with a tip displacemenésponding to a constant height z between
the tip and substrate plane (Figure. 1.9 b). Tlwors# mode is called “lift mode”, and
corresponds to a “constant distance” scanning mibde.also obtained by recording the
sample topography in a first pass (Figure 1.9 a),ldy reproducing the topography data
above the sample (Figure 1.9 c) while recording B data in the second pass. This
constant distance mode was originally developedssto maintain a constant capacitance
between the tip and substrate, but can become roppate for nanoscale studies, as

illustrated below, and lead to strong artefact&fM images.

We first illustrate EFM measurements for unchargedostructures (Figure 1.9)
and compare linear and lift-modes. In the lineadeyaa negative shift of frequency (or
phase) is observed upon tip bias, due to the llocatase of capacitance when the tip is
scanned over a nanostructure (see Figure 1.9l €.aThe lift-mode images (see Figure
1.9 ¢, g and h) do not show the expected null ®egy shift, because the EFM tip probe
interacts with a larger sample area, as comparetieamanostructure topography. It is
observed that a negative frequency shift is ardahednanocrystal when the tip is moved
parallel to the substrate as in the linear modd, that a positive frequency shift is
monitored as soon as the tip is lifted so as toodyce the sample topography. This effect
is due to an overall decrease of the tip-subst@pacitance associated with the tip lift, and
induces a footprint of the sample topography imag® the EFM image, although the
EFM image is recorded with large tip-substrateadise (75 nm or 125 nm in Figure 1.9).
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Such behaviour (Figure 1.9 g or h) is typical detact driven images associated with a
lift-mode, in which a z-dependent quantity [hetee tantilever frequency shift associated
with the z-dependent tip-substrate capacitancenskderivative C”(z)] is imaged with a
probe that reproduces the sample topography. Ttefaat is also expected to take place in
KFM images (see here after) in which the sampléasarpotential Vis recorded, which

can also be, in practice, z-dependent.

Z=73nm

7z=125nm ﬂ

Figure 1.9 a) Principle of topography imaging irptang mode of silicon nanoparticles deposited
on silicon substrate. b) EFM measurement in linearde: the tip is moved with constant distance z
over the sample substrate. The EFM data consighénvariation4f of the nominal cantilever
frequency £ c) EFM measurement in the lift mode: the sampp®graphy is reproduced during
the EFM pass over the surface. d) 250 nm x 250 opodraphy image of a 30 nm high
nanoparticle on a silicon substrate. €) EFM phasgge in the linear-mode foreM,=5 V and
z=75 nm showing a -ZBaximum phase shift over the nanoparicle. f) Sanage in the lift-mode
(+5,7° phase shift). g) EFM image in linear mode fei)#10 V and z=125 nm showing a -1.0
phase shift. h) Same image in the lift-mode (+Bgttase shift). From Ref. [24].
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Imaging charged nanostructures

The understanding of EFM signals on charged namdsites require dissociating
between charge and capacitive signals [23]. Thitustrated in Figure 1.10, in which four
situations are presentefl) a situation in which no electric force occurs (Fegd.10 a),
provided the EFM tip voltage g¢¢m equals the sample surface potentigl(ivi that case the
cantilever oscillation frequency ig)f (ii) the situation in which a non-zero biagpM-Vs
occurs between the tip and substrate, leadingpaaitive frequency shifts associated with
the gradient of the attractive capacitive force waen tip and surfaceAf.<<0
(Figure 1.10 b), and the increagd. of this signal when the tip is passed over a
nanostructure (Figure 1.10 c) as already discussegperimental measurements of Figure
1.9. Both signals are proportional togfV-Vs)?. And finally (i) the situation in which a
charge Q is inserted in the tip-substrate capamtawhich leads to an additional image
charge signal proportional to Q?, and an interactesm between the nanostructure charge
and capacitive charges on the tip apex. This elemsgoroportional to (¥ru-Vs)*Q, and

can be either positive or negative provided the ¢hvarges repel or attract each other.

a) A fa b) 4\fﬂ + Af, .
. A A V] L
& VEFM=V7 z Verm =—
C) +fD + Af  + AF. | d) fa ";rﬂft.s + Af + Af,

Yy vy l

1A % /- |

Figure 1.10 a) EFM signal with the biasy on the tip equals the surface potential v) EFM

signal with the ¥rv# Vs €) EFM measurement over a nanostructure fek¥Vs leading to an
additional capacitive frequency shiff.. d) Frequency shiftify when the nanostructure holds a

charge Q.

An experimental illustration of EFM signals can jpesented from the work of

Zdrojeket al who performed EFM measurement on carbon nanot{ibgsre 1.11) [27].
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The uncharged nanotube corresponds to Figure 1,1With a capacitive EFM signal
proportional to (¥ev-V9)? and the charged nanotube to Figure 1.11 c), iictwkhe
dominating EFM signal associated with the nanotubethe charge contribution
proportional to (Mru-Vs)*XQ, leading here to repulsive force gradients edantly: a
positive frequency shift) associated with the brigature in the EFM image.

AFM - topography EFM - before charging

T ()W EFM - after charging

6.

A after
o charging
F 4
&3
% 2
&

c 14

&

30

aay [ Y
24 charging

o f'gist.an::-z [u m;]"o o
Figure 1.11 a) AFM image of multi walled nanotulid® nm diameter on a 200 nm silicon dioxide
surface. b) EFM image g¢¥y=—3 V acquired before charging (10 Hz colour scaleith a tip-
substrate distance z=100 nm. ¢) EFM image takethénsame conditions, after a charge injection
performed at the point indicated by an arrow in@ging \;=—5 V for 2 min. d) Cross sections of

the EFM scans for the cases b) and c). The positfdhe cross section is shown by the horizontal
bar in b). From Ref. [27].

To illustrate the wide range of use of EFM techegjuwe present now a recent
work from U. Baninet al. [28], detecting the electrostatic response of AIS€
nanodumbbells (see Figure 1.12) by EFM. This hybadoparticle is made from a CdSe
rod with gold nanoparticles on each side [29]. NAmobbells were deposited on highly

oriented pyrolytic graphite covered with a thinutaing poly (vinyl brutal) layer, and
measured under photoexcitation.
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& CdSe e

oSnm
Figure 1.12 Schema of Au-CdSe nanodumbbell.

Due to the particular energy levels in those stmed, the photocreated electrons
are transferred to the gold nanoparticles, whike photocreated holes tunnel from the
CdSe nanorod towards the substrate. The nanodulsbbet therefore imaged as
negatively charged, with a net charge of the ordérfive electrons per single
nanodumbbell, as revealed from EFM images.

200.nm

Figure 1.13 AFM tapping mode topography image Xleftnanodumbbells with the corresponding
phase image (right) showing contrast differenceveen the gold tips (arrows) and the CdSe rods.
From Ref. [28].

Single charge resolution

EFM is an instrument in which the single electresolution can be obtained. For
example, in specific situations in air environmeag,in the work of T. D. Krauss and L. E.
Brus [22], who performed electrostatic measuremeaft€dSe nanocrystals ~5 nm in
diameter, using a modulated:§Pw) EFM technique, and observing the “blinking” stafe
the nanocrystals, found to be either neutral odingl a single positive elementary charge.
Stomp et al [30] more recently detected single electron phegiwa using EFM
spectroscopy as a tool to induce single-charge gum semiconductor nanocrystal. Such
experiments have been performed in high vacuumaaialv temperature (4.2 K).
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1.3.5 Kelvin force microscopy

Operation principle

Kelvin force microscopy (KFM) is an implementatiof the macroscopic Kelvin
probe on atomic force microscopes, first realized 991 [31]. In KFM, an electrostatic
excitation (DC+AC voltage) is applied to the tip the cantilever resonance frequency
(Figure 1.14), in contrast with EFM, in which at&téias is applied to the mechanically
excited cantilever. The electrostatic excitatiomegates a cantilever oscillation if the
cantilever DC bias does not match the sample sarfaatential \é. To measure ¥ a
feedback is introduced so as to nullify the cawméte oscillation frequency at the
electrostatic excitation angular frequency. Thisagates a map of the surface potential V

(see Figure 1.15).

Four ILL

Quadrant Summing
Detector Amplifier

Q}allized Cantilever —@ @_D

Figure 1.14 Block schema of Kelvin force microscéfgem Ref. [7].

More quantitatively, the force acting on the cawdr can be understood by
considering that the energy of the capacitor forfmgdantilever and surface is [7]:
E= %C[VdC +V,_sin(w, H]?
where C is tip-substrate capacitancg; &d \,; are the DC and AC components of the

applied voltage. The force acting on the cantilesehen given by [32]:

14C . ,
F==—Z[(V,, +V t)) -V
2 62 [( dc acSIn(w )) S]

where \& is potential difference between the tip materrad ¢he sample material, and z the
tip-substrate distance. It is visible from the ab@guation that the electrostatic force can
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be decomposed into three force components (a statigponent and two oscillating

components at the angular frequenciesnd 20):
F= ch+Fa)+F2w

The three components are given by

1 aC \
+ ac

= a_C (Vdc - VS)VacSi n (C()t)
V4

F, =- L aCV2 cos(2wt )
4 0z

2w

The amplitude of the cantilever vibration atis directly proportional to the spectral
component of the force at the angular frequemncyt is thus proportional to (}Vs) and

will be nullified provided \§=Vs.

Lift mode — linear mode

Figure 1.15 Topography (aa) and KFM images in linear ¢p and lift () modes of silicon
p-doped nanocrystals on p-doped surface. Theseuregasnts were done in air environment.

30



Chapter I : Introduction

Similarly to EFM, KFM images are generally estdiddid in ambient air in a mode
for which the tip is retracted from the surface, lift-mode or linear mode. In practice, the
KFM signals can exhibit variations as a functiorthed tip-substrate distance z. This can be
due to for instance the presence of local surfa@eges, which induce an effective z-
dependent surface potentiad(¥). In such a situation, one can expect thantiftde images
can suffer from the same topography footprint adtef as EFM images (see Figure 1.9).

This point is illustrated in Figure 1.15.

1.4 Atomic force microscopy in ultra high vacuum

1.4.1 Non-contact mode

The main interests of non-contact AFM (NC-AFM) arenoscale or atomic
resolution on semiconducting or insulating matsriadr the measurement of electric
potential to characterize materials at the naneg&]. The majority of the experiments in
air or in liquids are performed with amplitude mtadion (AM) mode (see e.g. the
description of tapping-mode imaging), while mostpesments in ultra high vacuum
(UHV) are performed with frequency modulation (FMdde. AM would be an unsuitable
technique for UHV, because the high quality factdr the cantilevers in vacuum
(Q~20000) would imply extremely slow feedback ras®s (the typical time constant for
a cantilever with resonance frequengy1f00 kHz and Q=20000 is 2@#0.4 s). In FM
mode, the cantilever is kept oscillating at itsoreance frequency with a fixed amplitdde
and it probes the shift in resonance frequencycatsal with the forces acting between the
tip and sample. The minimum detectable frequenaft slepends on the cantilever

parameters and the detection bandwidth B is [34]:

5(Af):5(f - fO): ’%

where §=(1/2n)*(k/m)™? | k is stiffness of cantilever, m is the cantileveass, Q the
quality factor, <Z,ss> is the mean-square amplitude of the driven cargil vibration and
kgT is the thermal energy at temperature T. Thisaggn shows that the sensitivity of
electrostatic measurements can already be improvétHV due to the quality factor of
the cantilevers (Q~20000) with respect to ambient{@~200). Such values for Q are

2 A feedback loop is introduced to maintain the itewer oscillation amplitude constant.
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illustrated in Figure 1.16, showing the first reapce (§~67 kHz) of an EFM PPP
Nanosensors cantilever when mechanically excited, i@ first higher-order resonance at

f1~422kHz, here electrostatically excited.
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Figure 1.16 Plots with oscillation amplitude (blaike) and phase (red line) for tip Pointprobe-
plus PPP-EFM 50 (Nanosensors). The left plot igespnting the oscillation amplitude and phase
for the cantilever first resonance using a mechahéxcitation with here a Q factor~20000, and
the right plot represents the resonance of the firgher-order resonance, obtained here using an

electrostatic excitation (Q factor~10000).

The force between the tip and sampleghs long and short-range contributions. In
vacuum, there are Van der Waals, electrostatic netsg and short range chemical forces.
The van der Waals interactions are caused by fhtictos in the electric dipole moment of

atoms and their mutual polarization. For a sphétipavith radius R close to a flat surface,

the Van der Waals potential is given by [33]:

_ AR
V. ==

where A, is the “Hamaker constant” and depends on the ¢fypmaterials of the tip and
sample (it is in order of 1eV for most solids)tHe tip and sample are conductive and have
an electrostatic potential differenceAQ), a (capacitive) electrostatic force will alséda
place, given by:
_m®,RU?

z

F =

e

Chemical forces are more complicated. Potentiatscfeemical bonds are the Morse

potential:

V - _ Ebond(ze—/((z—a) _ e—ZK(z—J))

Morse
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and the Lennard-Jones potential:

6 12
V ennard- Jones= ~ E bon(zaz-_e - 0212 j
These potentials describe a chemical bond with ingnenergy and equilibrium distance.
Very often, the variation of surface forces witle tiip-sample distance is compared with
the case of a tunnelling current, so as to comgedf® and STM techniques. The
tunnelling current is monotonic as function of tipsample distance and has by essence
very sharp (exponential) distance dependence. mirast, the tip-sample force has both

long and short-range components and is not momo{see Figure 1.17).

Fis (2) (nN) [(2) (nA)

45
| —o— Short-range force (Morse potential)
3 —o— Long-range (vdW) force
) 1| —o— Total force
\ —— Tunneling current

1 ‘! \

0
—1
-2
-3
—d : -

0 5 10 15 7 (A)20

Figure 1.17 Plot of the variations of a tunnelliegrrent  and of the force §as a function of

distance z between the front atom of a tip andréase atom layer. From Ref. [33].

1.4.2 Kelvin force microscopy in vacuum

While KFM in air is (in general) realized after oeding the sample topography,
KFM in vacuum can be conveniently implemented staméously with topography. Two
modes can be used for such measurements: frequesthylation (FM-KFM) or amplitude
modulation (AM-KFM) [35].
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In FM-KFM, a low-frequency AC voltage is applied tbe tip, and induces a
modulation of the electrostatic force gradientsisTmodulation can be measured by
detecting the oscillation ai of the frequency variation of the resonance. A\@@age is
then applied by a feedback loop to nullify the Atiftsof the cantilever frequency shift at
the excitation angular frequenay which is given by the following equation:

oF, _a°C

A.I:l(a')) O E - F(Vdc _VS)VacSin(wt)

The AM-KFM implementation corresponds to the impégration of KFM
described for ambient air measurements, but usingtzer-order cantilever resonance to
perform simultaneously the topography and the KF&hsurements [36].

Figure 1.18 Topography of the intrinsic silicon manystals in non-contact (left) (z<30 nm) and
simultaneous AM-KFM (right) (-20<z<40 mV).

In the case of low-frequency cantilevers such abigure 1.16 (=67 kHz), the
second resonance at6.25f ~420 kHz still falls within the AFM photodiode bdwidth
as provided by the manufacturer, and can be elatically excited (Figure 1.16, right) to
build a KFM loop, while the first resonance canused to record the sample topography.
Such a mode therefore looks like the lift mode usedir. However, due to the small z
distance (typically 20nm) used in non-contact m@ae thus, the better lateral resolution),
this mode is not sensitive to the artefacts debat&agures 1.9 and 1.15 for ambient air by
EFM and KFM measurements. This is illustrated iguFé 1.18, in which the topography
of silicon nanocrystals is showed in non-contacdeydogether with the simultaneously
acquired AM-KFM data on the cantilever second resoe. Experiments were done on
intrinsic nanocrystals deposited on artype silicon surface, and nanocrystals were
covered by native oxide (measurement were doneowtitany passivation of the sample).
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The KFM signals in Figure 1.18 are however not@ated to the topography, because of

large quantity of the surface states (see Chajptandl section 3.3).

1.4.3 Resolution and sensitivity in Kelvin Force
Microscopy

KFM technology is a powerful tool to obtain mapstiwisurface potential
distribution on conducting, semiconducting or irgulg samples. It was however shown
[37] that the measured surface potentiajfMoes not match the actual local surface
potential (\&), if the sample surface potential is not homogesedn that case, the
measured surface potentiaf\fs a weighted average of all potentials aroundtifhewith
weighting coefficients depending on the local cépaces (Figure 1.19) [37]:

> r(c V)
i z inzlci‘t

The magnitude of the measured surface potentjaiWl therefore depend on the size of

Vy

the feature of interest, its surroundings, but alsdhe probe geometry. Thus, to obtain the
real value of surface potentials at the nanosthke,measured KFM signals have to be
interpreted using a model which takes into accthmtfull geometry of the sample and tip.
The principle and the extensive description of seitects are provided in the Annex A of

this manuscript.

Figure 1.19 KFM setup in which electrostatic intetians are represented by mutual capacitances

G, between the cantilever tip and the surface.

% In this formula, capacitance gradients have begnduced, which correspond to the situation of KFM.
The second derivatives of capacitances shouldtherratroduced in the case of FM-KFM measurements.
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1.5 Presentation of microscopes and cantilevers

We present here microscopes and cantilevers, wheele been used during this
PhD thesis. Two microscopes are working in atmospheressure (Multimode and

Dimension) and one is ultra high vacuum (UHV) sys(& T-AFM).

1.5.1 Description of the Multimode microscope (Veec
Instruments)

The Multimode microscope with Nanoscope llla colterois designed to work in
air environment or nitrogen atmosphere (by putdr@apsule on the microscope enabling a
dry nitrogen flow). Its head (Figure 1.20) contaitiee cantilever, laser diode, photodiodes
and cantilever piezoelectric actuator. Since thmpda is mounted on the piezoelectric
scanner, only small size samples (less than 10x&®) man be investigated, with a
maximum scan size of 12x12 um?, and vertical pideplacement of ~2 um. This
microscope has been used for silicon nanocrystaipks (see Chapter Ill), when

investigated in dry nitrogen atmosphere.

Figure 1.20 Multimode microscope and equipmentma)n unit with anti-vibrating table, b) head

with laser, photodiode and piezoelectric for tiguation, ¢) cantilever holder.

1.5.2 Description of the Dimension microscope (Veec
Instruments)

In this system, the sample is fixed, and the ocewdll with all the AFM

instrumentation is scanning above the surface, wamables the Dimension microscope to
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accept samples with large size. Our Dimension sysgeworking with a Nanoscope IV
controller. Images with size up to 100x1,0®? in lateral (x,y) scale and 6,@n in vertical
(z) direction can be acquired. This system has hesad for tapping-mode imaging of

samples with nanowires in air (see Chapter II).

— —
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Figure 1.21 Dimension microscope and equipmenmajn microscope with anti-vibrating table,

b) controllers, ¢) support for cantilever.

1.5.3 Description of the Variable Temperature (VT)AFM
(Omicron Nanotechnology)

The UHV-VT AFM microscope is designed for measuretaen the UHV range
10 mBar (which is reached by a combination of pummps$ary pumps, turbo pumps,
titanium sublimation pumps and ion pumps). This roscope consists in three main
chambers: the microscope chamber, the preparatidranalysis chambers, as well as a
load-lock to make quick sample transfers into vacy88]. Our VT-AFM is installed in a
first floor at IEMN, and is both internally suspeal] and since recently externally
suspended using an active pneumatic system (ID#8).nficroscope can operate both as an
AFM or STM. The VT contains cooling and heatingilifes. The sample cooling is
achieved using a liquid helium or liquid nitroges @yogenic fluids in a flow cryostat,
leading to minimum temperatures of 25 K or 95 Kpexdively, on the sample. This system
cannot however be considered as a cryogenic AFKesyssince(i) only the sample is
cooled (the cantilever cannot benefit from the otidm in kT as for the minimum
detectable force gradient defined previousk);, the cooling is obtained in an open-
geometry, leading to significant drifts at low teengtures. The VT sample holder limits
the sample size to 10x5 rirand 2 mm of thickness, with a maximum scanning afe
10x10um? The z-extension of the scanner is 2 pm. Thisesimwpe has been used for the
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experiments described in Chapter Il and Chapteoflithe manuscript, as well as for the

data shown in Annexes B and C.

Figure 1.22 VT-Omicron micrscoﬁe and equipment:nm&in microscope, b) controllers for
vacuum and pumps, c¢) head inside microscope withnted tip and sample, d) lock-in and

controller.

1.5.4 Cantilevers

The following cantilevers have been used for oyseexnents, depending on the

mode (contact, tapping, etc.) or environment (@guum):

- in case otontact mode measurement§Chapter Il): n-doped silicon conical tip
(n~2*10"° cm®) provided by Omicron Nanotechnology, with forcenstant of 0,2 N/m;
Pt-Ir coated silicon conical tip fropr-mash with spring constant 0,63 N/m; silicon-nigrid
DNP-20 pyramidal tip from Veeco, with four cantiézs and different force constants
0,12 N/m, 0,58 N/m, 0,32 N/m, 0,06 N/m.

- for bothnon-contact and EFM/KFM measurementgChapter 111): NSC19/Ti-Pt
cantilevers fromu-Mash, with resonance frequency 80 kHz and sprorgstant 0,63 N/m;
Pointprobe-plus PPP-EFM from Nanosensors with Bt/dting.
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Semiconductor nanowires (NW'’s) have attracted afl@ttention in the last decade
due to their electronic properties (surface sensifi low leakage currents, quantum
confinement effects) which make them good candglatebuilding blocks for electronic
nanodevices. This chapter consists in measurindotted electronic properties of silicon
nanowires using atomic force microscopy. It corog&fs to the initial work done in my
PhD, in which the aim was to investigate the etattr properties of these nanostructures
using the “simplest” experimental tools derived nircAFM (here, conducting-AFM
measurements), in an ultra-high vacuum environment.

This chapter is devoted to the investigation of ti@sport properties of single
nanowires as a function of their surface statess Ishown on the one hand that the
conduction properties of as-grown intrinsic silico@nowires are dominated by the
presence of gold catalyst residues along theirasarf which can be either partially
suppressede(g. by a de-oxidation step), or enhanced (upon heatrirent). A qualitative
characterization fon-type orp-type nanowire doping using amplitude-modulatiorivite
force microscopy experiments is presented in theeXnC, as a counterpart to the KFM

doping analysis done in Chapter lll, in the cassilafon nanocrystals.

2.1 Introduction

2.1.1 Synthesis of silicon nanowires

The approaches to create one-dimensional nanastesctan be classified as either
top-down(one-dimensional nanostructures are obtained fmomacroscopic material, for
example by lithography [1] and etching [2]), lmottom-up the nanowires are synthesized
directly, for example by laser ablation [3], sofutiphase synthesis (SPS) [4] or chemical
vapor deposition techniques [5].

Bulk guantities of NWs can for instance be produbgdsolution-Phase Synthesis
(SPS). Holme=t al. have fabricated silicon NWs with diameters rangiregn 40 to 50
angstroms and length of several micrometers (ts@®e=s allow to see photoluminescence
due to quantum confinement) [4]. In this methodesnonodispersed gold nanocrystals
were used, so as to direct the NW growth, and nlstanowires with a given diameter. The
gold particles are dispersed in hexane with dipls#iaye as a precursor of silicon. At

800°C and under a pressure of 270 bar, diphengtsitlecomposes into silicon. The phase
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diagram for gold and silicon shows that for tempaes more than ~360 °C (eutectic
point) these materials can form an alloy. During ttecomposition of diphenylsilane,
silicon dissolves in gold, until it reaches suptrsagion and is expelled from the “gold”
nanoparticle and forms a nanowire. The fabricastbwires have highly crystalline cores,
a narrow size distribution, a few pm length andraable crystallographic orientation [4].
Another way to obtain nanowires from a catalytiogass is the so-called Vapor-
Liquid-Solid (VLS) mechanism based on chemical vageposition (CVD). This process
is obtained at low-pressure (typically from®lfbar to 1 mbar [5]) and uses a vapor phase
for the silicon feedstocke(g. SiH, or SICL). It can be divided into the following
technological steps [6]:
1. deposition of a gold thin film (1-10nm) on ain substrate;
2. sample annealing at a temperature higher thamyalekesilicon eutectic point,
leading to alloyed liquid Au-Si droplets;
3. decomposition of the silicon precursor and alsampof silicon into the liquid
Au-Si droplet (this process can be obtained abdwe droplet eutectic
temperature);
4. the growth of the solid nanowire occurs whendingersaturation of liquid alloy
is reached (see Figure 2.1).

SiH, — Si + 2H,

\ 1

Figure 2.1 Left: schematics of the VLS growth usangold catalyst. Right: scanning electron
micrograph of silicon NWs, using Silis precursor. Adapted from Ref. [6] and [5].

The VLS growth can be also used to produce dopembrsiNWs by adding to
silane gases such as trimethylboron B{fztér diborane BHg for p-type doping [7]. Lew
et al. obtained boron concentrations in nanowires rangiog 1x10° to 4x16° cm by

varying the ratio between the precursor gas useddping, and silane. It was proved that
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NWs doped by diborane have a crystalline core aithamorphous layer coating, while
NWs doped by trimethylboron give rise to crystalistructures even at high boron
concentration. These differences are attributedetiuced reactivity and higher thermal

stability of trimethylboron, as compared teHg.

2.1.2 Applications of nanowires

Up to now, prototype devices such as field effeamgistors, chemical or biological

sensors, ang-n junctions have been realized using silicon nanesvir

} V =0to1V, 02V perstep
4.0x107 L

Figure 2.2 Top: schematics of a nanowire field afteansistor, showing the metal source (S) and
drain (D) electrodes, and a nanowire (NW) deposibedan oxidized silicon substrate. Bottom:

drain current b versus gate voltage gVcharacteristics of SINWFETs measured at room
temperature for different source drain metals, Aud@d Au/Ti. The inset shows the same data with

the drain current on the log scale. Adapted frori 8 and [9].
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Cui et al. prepared field effect transistors (FETs) by dejpogiNWs on an oxidized
silicon substrate and contacting their ends ascsoand drain (Figure 2.2) [8]. The
transconductance and carrier mobility of the devican be improved by contact annealing
and/or chemical passivation of the gi€hell surrounding the NWs. Such transistors are
good candidates as building blocks for future etetits. Similar transistors based on
boron-doped-type) NWs have been used as highly sensitive tieedoy modifying the
gate oxide with molecular receptors, allowing thservation of a change of conductance
upon binding of charged species [10]. Such tramEstan exhibit a sensitivity of a single
molecule [10]. The modification of the silicon gateoxide  with
3-aminopropropyltriethoxysilane provide sensors awhican undergo protonation and
deprotonation. Such devices have been tested asepbbrsi(e. they show reversible
change in their conductance as a function of pdhg, have been proposed for biology and
medical diagnostics (for example as monitors otg@mexpression). Patolslet al. [11]
have shown that silicon NW FETs can be connectedhydsid structures with live
mammalian neurons. Each junction can be used fowkttion, inhibition or sensitive
detection of neuronal signal propagation. The prigee of these hybrid structures allow
using them in many purposes, one of the examplieg) Itlee possibility to develop flexible
real-time cellular arrays and use them for drugaliery and testing.

1 |
0 [ /
Metal contact
=z 7
=
-2+
-3k
CdS NW
| | I | I I I I | | |
=10 -5 0 3 10

Figure 2.3 Device with crossed Si and CdS NWs. Ntés form a p-n junction (inset). |-V
characteristic of the nanowire avalanche photodigdelark (black line) and under illumination
(red line); the device was illuminated with 500 a¥¥88 nm. Adapted from Ref. [12].
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Nanowires also bring new opportunities in the fiefdenergy storage and energy
conversion. There is for instance nowadays a great to invent lithium batteries with
high energy capacity and long life cycles. Onelbo#ck is the change in silicon anode
volume (by 400%) because of the insertion and etitna of lithium, which severely limits
existing devices by causing their pulverizationa@ht al. proposed silicon NW batteries
based on VLS growth on stainless steel, which doexdibit pulverization symptoms,
reveal short lithium insertion distances [13], adhibit higher capacitances than other
forms of silicort.

Nanodevices based on NWs can also provide highitgqudévices. NW p-n
junctions have been produced (here by “top-dowrmhieg process [14]) and show an
enhancement in their breakdown voltagen junctions made froom-CdS andp-Si NWs
have been used as “nanophotodiodes” [12], which d@tect around 75 photons, are
sensitive to the polarization of light, and canassembled into arrays. Such achievements
show that nanowires can play an important role uncfional (opto-)electronic

nanodevices.

2.1.3 Nanowire properties - surface states and traport

Since nanowires have a large potential to be usedevices, it is essential to

understand their properties like electrical tramspad surface states.

AAO

AAO

Ge NW
Ge Nw/
Ge NW

Au

Figure 2.4 Schematics of germanium nanowire armaghin anodized aluminum oxide, and their

measurement by conducting atomic force microscopy.

Atomic Force Microscopy can be used to measurd ld¢a characteristics along
nanostructures, by “conducting AFM” (C-AFM). Edsal. used C-AFM to determine the

! Despite this advantage, the fabricated Si NW asad®w an irreversible capacity loss after theist fi
cycle.
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electrical transport through individual germaniunwsl grown in anodized aluminum

templates (Figure 2.4) [15]. Results from C-AFM @deen compared with macroscopic
contact measurements, taken from large numbers/d Within the array, and show that
nanowires can be addressed by their ends usingZ-AF

—Pt/Ir-tip

undoped NW

n-type silicon
Figure 2.5 Left: setup for the electrical measurataecontaining a metal tip, the gold catalyst
droplet on the undoped nanowire, and the n-typeedgubstrate. Right: SEM image of the Si NWs
and the Pt/Ir tip. The dark hemispheres on thedbihe wires are gold droplets. From Ref. [16].

200F T - ; . ———=

I[A] x107

-0.6 04 -0.2 0.0 0.2 04
Figure 2.6 Current-voltage characteristiosf an undoped silicon NW in linear scale and

logarithmic scale (inset). The fit from the two-domodel is shown without (dotted line), and with
(solid line) a resistance correction with-R.1 MQ. Adapted from Ref. [16].

49



t. Borowik

Baueret al. have presented electrical measurements of undjesh NWs grown
by molecular-beam epitaxy on a highly dopedoped surface [16]. This method consists
in the electrical characterization of NWs in a sgag electron microscope, using a
metallized (platinum-iridium) tip in contact withe gold droplet (Figure 2.5). The electron
beam induced current (EBIC) is used to investighte voltage drop at the interface
between the NW and surface. A diode-like electrimathaviour is observed (see Figure
2.6), which is mainly governed by the junction beéwr the intrinsic NW and thetype
silicon. It was considered that a leakage currantass additionally along the NW native
oxide. A two-diode model has been proposed, in whine forward current\ly is given
by:

U= twR) ), eX“E qU- LR _
Ny KT n, KT

l NW = I 01 exp(
where e is electronic charge, U is applied volt&es the series resistance of the NW, n
Is the ideality factor of diffusion current ang.ns ideality factor of the recombination
current, k is Boltzmann’s constant, T is tempe&t{B800K), b; and b, are the saturation
values for the diffusion and recombination curreft®m the fitted Rvalue of 1.1M, it
was deduced an equivalent resistivity of 0.86cm, corresponding to a doping
concentration=10'° cmi®, which is unlikely for an undoped nanowire. ThigHer electrical
conduction has been attributed to the nanowire egxathown from transmission electron

microscopy to contain gold nanoparticles (Figui@ £16].

Aty - Ganl. ; . .
‘ : R

b
H
;e —

Figure 2.7 TEM image of the edge of a NW. The darltrast at the interface between the Si NW

and the native Sigdemonstrates the presence of Au clusters. Fron| Faf

The influence of gold has been also analyzed bhynGkt al. [17]. They produced
silicon NWs by VLS using two types of catalyst paes (Au and Zn). NWs were
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contacted, so as to measure their |-V charactesisli was shown that the current through
the NWs obtained from Au catalysts is ten timesgbergthan the current through the
nanowires obtained with Zn catalysts, which waskaited to the presence of gold in the

oxide.

2.2 Experiments

Vertical and tilted silicon NWs have been grown tmgtal-catalyzed chemical
vapour deposition (CVD) on-doped (111) silicon substrates (with resistivifyOg001-
0,006Q.cm this corresponds to doping'1a0?° cni®). The NW characterization has been
performed using an atomic force microscopy (AFMbitra-high vacuum, with a-doped
silicon tip or a Pt/Ir metal-coated silicon tip,dasoft spring constant k~0.2 N/m. The
electrical transport through individual NWs was swad as a function of the position
along NWs, either as-grown, or after etching inrojldoric acid, or heat treatments.

2.2.1 Intrinsic nanowires

Vertical and tilted silicon NW'’s have been growndhemical vapour deposition on
a n-doped (111) silicon substrate (Figure 2.1, nanewirowth made by D. Hourlier), in

which SiH, was used as gaseous silicon source.

Intrinsic nanowire

N-doped tip

Junctionl
Junction 2

N-doped silicon surface

Figure 2.8 Left: tapping mode image (in air) oficiin nanowires taken using a conical tip. Right:
schematics of the local I(V) measurements onedtitianowire.
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This process results in (111) oriented nanowirls, tast majority of them growing
perpendicular to the substrate, and a fractionhefnt being tilted. Vertical and tilted
nanowires can be dissociated easily in atomic foncoscopy images (see Figure 2.8,
left) due to tip convolution effects. The aim of rayperiments was to take advantage of
the tilt of some nanowires, so as to establishllooarent-voltage measurements along

these nanowires (see Figure 2.8, right).

Analysis of as-grown silicon nanowires

Current-voltage (I-V) characteristics and mapscofrent have been measured in
ultra-high-vacuum as a function of the positionngiandividual tilted NWs, while imaging
the NWs in contact mode. Typical experimental data shown in Figure 2.9 a
(topography of a tilted nanowire) and in Figure B.@current map, for a tip bias of 1V).
This plot shows already thgi) the current is lower on the substrate surfacecagpared
to the nanowire an@i) the current is maximum on the gold catalyst. Theent increase
on the nanowire, as compared to the substrateadirendicates the presence of gold

catalyst residues along NWs.

z<1,5 Jhm

Figure 2.9 a) Topography image in contact modeMiap of current with tip biased to 1V taken
simultaneously with topography for an as-grown naine.

The analysis of the current-voltage charactesgstiaken along the as-grown
nanowire of Figure 2.9 are shown in Figure 2.1@htwo linear and logarithmic scale. They
are labelled from the substrate towards the namotep (the gold catalyst is not included
in this plot). The I(V) characteristics look almasdkt proportional, as seen from their shifts
in logarithmic scale, but no systematic trend cawdwver be observed when the tip is

moved along the nanowire, the current level varghgost randomly with the tip position.
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Such variations are typical of conducting AFM meaments through a native oxide, and
correspond to local changes in the oxide thickaesiag as a tunnel barrier between the tip
and sample (see e.g. [18]).

1x107
8x10°-
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Current (A)
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Tip bias (V)

0
Tip bias (V)

Figure 2.10 Current-voltage characteristics takemmtinuously from the bottom (n=1) to the top

(n=6) of the as-grown nanowire in linear scale (t@md logarithmic scale (bottom).

Analysis of de-oxidized silicon nanowires
The same sample was measured after etching in &/NR solution (buffered
etchant BE 7.1) so as to selectively remove thepamative oxide (Si@ etch rate

1nm/s§. After a 5 second etching, the sample has beemhesam deionized water and

2 We also attempted to use a deoxidized contact-roadélever. However, it was not possible to sdan t
de-oxidized nanowire samples, due to an increaségfaiction (likely, adhesion force) leading to the
nanowire bending during topography imaging.
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dried in gaseous nitrogen. A special care was taketoad the sample back in the
microscope ultra-high vacuum chamber within lesntiO0 minutes. Conducting-AFM
experiments have been conducted abaweraged 1(V) measurements are first shown in
logarithmic scale on the surface and on a nanowvifeigure 2.11, and show thdt) the
silicon substrate exhibits an increased conductasaxpected after the de-oxidation step;
but that(ii) the nanowire conductance is decreased after thieddEment (typically by one
decade). This puts forward that the conductionhaf intrinsic as-grown nanowires is
dominated by a surface conduction through its eatioxide” layer containing gold
catalyst inclusions, as in TEM images in Ref. [16].

i =

Current (A)

Surface with oxide

10" _ Surface without oxide ‘
10 -8 6 -4 -2 0 2 4 6
Tip bias (V)

10”4

104

Current (A)
|_\
o

10™° §
— NW with oxide -
10 1 —— NW without oxide
-10-8 6 4 -2 0 2 4 6 8 10
Tip bias (V)

Figure 2.11 Top: average of current on the sampidage, before (blue curve) and after etching

(black curve). Bottom: same plot on the nanowiréotee (blue curve) and after etching (black
curve).

% The experiments shown in Figure 2.10 and 2.12 mmtebeen performed on the same nanowires. It was
checked however, from measurements on several nig@®wefore and after etching, that the I(V)
characteristics (shapes, current levels etc) candeed compared.
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Linear scale local current-voltage characteristics now presented in Figure 2.12
in linear and logarithmic scale, as a functiontd tip position along the nanowire length
(the position is labeled from 1 to 7, from the naie bottom to the nanowire top). Less
current fluctuations are observed when scanninggakhe nanowire, as seen from the
reproducible high-field currents levels in Figurd2 as compared to Figure 2.10. This
indicates that the nanowire oxide has indeed bextee.
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Figure 2.12 Current-voltage characteristics takemtinuously from the bottom (n=1) to the top
(n=7) of a deoxidized nanowire, shown in lineaalsc(top) and logarithmic scale (bottom). On
this plot, it is possible to distinguish two regsoalong the nanowire at small bias: the nanowire
bottom (with a lowest current level ~10A corresponding the (V) amplifier noise) and amw
region (towards the gold catalyst droplet) with gy current.

We furthermore compare now the I(V) characteristadeen along the nanowire

(from bottom to top) at small bias ¢y<2.5V (Figure 2.13). Two regions can now be
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observed in Figure 2.13, with either a low condaocéa(at the nanowire bottom) or a high
conductance (on the gold catalyst side). This bielavs inverse as compared to the naive
expectation that the current should decrease whenAFM tip is moved towards the
nanowire end, due to an increased nanowire resistali suggests that the high
conductance region (nanowire region close to thé gatalyst droplet) must be attributed
to gold catalyst residues, still present on theomare after the de-oxidation step, and
which act to decrease the contact resistance betieetip and nanowire. Following the
approach of Ref. [16], we use here the high-coraheet region (nanowire bottom) to
estimate a lower limit for the nanowire ‘intrinsigesistance of ~2-5.20Q. This
corresponds to a resistivity of 0.52lcm (taking a nanowire length of 1.5um and diameter
of 200nm, and assuming an ohmic contact at the-igatwwire interface). This resistivity
value would correspond to an equivalent doping entration of 2-5.1% cm (assuming a
n-type doping with P). These values are found orcade below that of Bauet al. [16],

but are here obtained after nanowire deoxidation.
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Figure 2.13 Low-bias I(V) data from Figure 2.12.

Heat treatment of nanowires

The influence of heat treatments was also studiedcuum. The oxide free sample
has been heated in vacuum environment at 800 Kglwne hour, and cooled to room
temperature. This step leads to a diffusion of Alnecatalyst droplet, as visible from the
comparison of the SEM image of Figure 2.14 witlpess to as-grown nanowires (Figure
2.1). Average I(V) characteristics are presented, @mpared with the as-grown and de-
oxidized nanowire data. The gold diffusion is séerincrease the nanowire conduction

level, above the level of the as-grown nanowires.
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Figure 2.14 Left: average of current taken from feesitions on nanowire, before (blue curve),
after etching (black curve) and after heating t@ &0 (red curve). Right: SEM image of top of
nanowire after heating and spontaneous coolingomm temperature. The “melted” gold droplet
is visible on right side of nanowire (see text).

I(V) measurements as a function of temperature

The transport characteristics have been perfornsed &unction of temperature,
using here a metal coated tip.

Low temperatures experiments have been performemsaggrown and de-oxidized
nanowires, current-voltage characteristics averagémwhg the nanowire length are
presented in Figure 2.15. We start first with tleeostidized nanowires (Figure 2.15, top),
for which the current is seen to drop (typicallydgrders of magnitude between 300K and
90K), and would correspond to a thermally activateshduction process with energy
~80meV. This behaviour is in qualitative agreemewith the transport through a
semiconductor, although the interpretation of tinerrnal activation energy would need to
be clarified. The behaviour of the as-grown nanews different (Figure 2.15, down).
First, it shows more asymmetric I(V) characterstieven at 300K as for the same
nanowire sample probed with a doped silicon tigdFe 2.10). We attribute this to the
metal tip (here a Pt/Ir metal plated cantileve) tised in the experiments of Figure 2.15.
The as-grown nanowire transport shows in additiess | pronounced variations as a
function of temperature (which would correspondtoactivation energy of ~50meV). In
addition, changes in the shape and curvature ofcthveent-voltage characteristics are
observed, at both positive and negative tip biase Walitatively attribute these

observations to the combined transport propertegs/den the metal-rich oxide layer (for
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which the conductivity should increase at low temap#res) and the semiconducting
nanowire.
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Figure 2.15 Top: current-bias characteristics taken nanowire after oxide etching, at 300K,

220K and 90K. Bottom: current-bias characteristiaken on nanowire before oxide etching, at
300K, 185K and 95K.

2.3 Conclusion

The investigation of silicon nanowires by atomiect® microscopy in ultra-high
vacuum environment brings useful information abihéir electrical properties. Here we
investigated the transport properties of singleomares as a function of their surface
states. It was shown that the conduction of as-gromtrinsic silicon nanowires is
dominated by the presence of gold catalyst residlesg their surface, which can be

either partially suppressed.§.by a de-oxidation step), or enhanced (upon heatrtrent).
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3.1 Introduction

The investigation of the electronic properties dicen nanocrystals is a very
interesting and active field of science becaustheir remarkable fundamental properties
and potential applications in the field of nano#latics. Some of these properties and
applications will be presented in this chapter.

From an experimental point of view, silicon nanatays are a difficult field of
investigation as compared to colloidal nanocrystakde from IlI-V or [I-VI elements
which are almost free of surface states, and thlosv &an easy determination of their
optical (.g. colour of luminescence) or electronie.d. band-structure assessment)
properties as a function of their size. There iwédner a large technological interest to use
silicon, because it is the material of microeleaics, and it can thus be introduced at low
technological cost into existing fabrication prases One interest related to light-emitting
optical nanodevices is the fact that quantum-cenfient is expected to open the band-gap
of silicon into the visible range. Another interestlated to the field of biology, is that
silicon nanocrystals exhibit also much less toyicssues as compared to 1lI-V and 11-VI

materials.
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Figure 3.1 Evolution of number of transistor pereomlectronic core (transistor count) and

Moore’s Law (doubling of the number of transistexery two years). From Ref. [1].
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The need to study silicon nanostructures is alsaools from the evolution of the
microelectronics industry. This is illustrated ing#re 3.1, showing the shrink in device
dimensions and the doubling of number of transsspmr electronic core every two years.
This graph shows that the electronic industry waach a regime in which quantum
confinement effects become important.

Silicon nanocrystals can therefore play great iolé¢his evolution. A laboratory
example of this is the use of nanocrystals in fl@agate non-volatile memories [2]. Those
devices look schematically like transistors (Fig8r2), but with a difference with respect
to the gate oxide, in which silicon nanocrystals iaserted. To store a bit of information,
the source and drain are biased to accelerateersam the channel, and a gate potential is
applied to achieve a “WRITE” sequence, which all@asiers to tunnel through the oxide
and be trapped in the nanocrystals. This storethehia the gate oxide nanocrystals shifts
the voltage threshold of the device. This informatcan be used as “READ” sequence for

the stored bit of information.

Silicon
nanocrystals Oxide
=
X NN X
- /1 - S~ ~

Figure 3.2 Schematics of a floating gate non-vidafnemory device based on silicon nanocrystals.

Many another applications of silicon nanocrystaéaeéh been proposed, such as
integrated silicon based light emitting diodes [8F silicon nanocrystal-based
photodetectors [4]. These applications of silicamacrystals are probably only the top of

the iceberg.

In this chapter, | will in a first step review expeents aiming to detect: electrical
transport, quantum confinement, doping levels amndase states of nanocrystals. | will
then describe the experimental work done duringPh, which consisted in probing the
electrostatic and electronic properties of silicoanocrystals (Si-NCs) by ultra-high

vacuum KFM.

This chapter is organized as follows: sectioni8.an introductory description to

silicon nanocrystals containing: synthesis, applces, and electronic properties, and
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finally a review of experiments on Si-NCs by elestatic scanning-probe techniques
(EFM and KFM). Section 3.2 and 3.3 contains my alcexperimental results and their
analysis, using numerical simulations of KFM signdalhe description of the principle of
the numerical calculations has been placed in tinee& A of the manuscript, for sake of

clarity.

3.1.1 Synthesis of silicon nanocrystals

A great variety of production techniques has beavebbped for silicon
nanocrystals. These methods can differ by the gyasftthe produced nanocrystals, their
size or their size dispersion. We present in thigisn a classification of these synthesis
techniques with respect to the source of silicomtlgesis from solid sources, liquid
sources and gas sources.

Synthesis of nanocrystals from solid sources

Figure 3.3 a) High-resolution transmission electramicrograph of a cluster of Si crystallites
prepared from porous silicon with an outer amorphdayer between 3 and 4 nm. b) An

enlargement of the outline region shown in a), edéing the presence of nanocrystals. From Ref.

[5].

One of the methods of production of nanocrystadsnfisolid source is ultrasonic
dispersion of porous silicon, in which a silicorystal sample is electrochemically etched
into porous Si, and afterwards dispersed in a digswlution like: methanol, toluene,
acetonitrile, methylene chloride or water solveiitsese processes result in suspensions of
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Si nanocrystals. Luminescent crystallites fronype or p-type silicon can be achieved
using this technique. Numerous scientific workdqRy] have been written about silicon
nanocrystals made from porous silicon (see trarsamiselectron micrographs in Figure
3.3) and their photoluminescence. Currently, défersizes of the nanocrystals can be

obtained by this method in a range between 1 nho @pfew micrometers [1].

B. Legrandet al. [8][9] from IEMN made experiments to produce silic
nanocrystals by thermal treatment of thin silicapers (1-19 nm) on silicon dioxide. The
formation of nanocrystals was studied as a functbriemperature (500-900 °C). The
density and size of the nanocrystals could be etgdlfrom the thickness of the initial
silicon layer, in the range from ~500 down to ~Hhacrystals pepm?, starting from a
1.3 nm up to 19 nm thick silicon layer, respecyvdlhe size was found in the range of 5
to 800 nm, depending on the initial silicon thickadayer. This process results however in
a noticeable size distribution for the nanocrystelg.from 5 to 30 nm in the case of the

smallest silicon layer thickness (~1nm) used inekygeriments.

Laser vaporization controlled condensation (LVCEa iprocess which relies on the
coupling of the laser vaporisation of a semiconductogether with a controlled
condensation from the vapour phase [10]. This nefitovides good size control (Carliste
et al. producede.g. nanocrystals with diameter in range of 5-6 nm)e Tsadvantage of
LVCC, with respect to potential applications, is temall quantities of the produced

nanocrystals (less than 1 mg per 24 hours).

To produce a larger amount of nanocrystals, ledral. first succeeded to do solid
phase reactions [11][12]. He used a ball mill tduce reactions of graphite with silicon
dioxide powders. After 7-10 days of ball-millingoggess, 10 g of nanocrystals could be
obtained by this technique, however with a widegeaaf diameter from 1 to 50 nm.

Synthesis of nanocrystals from liquid sources
In 1992 Heath [13] proposed a solution phase sgmithaf silicon crystals. Later
this method has enabled to produce nanocrystals diiferent terminations of their

surface. For this work, reactive Zih8alts were used at mild conditions [11]. It prbve

! Is a product of a reaction between group 1 (alketals) or group 2 (alkaline earths) and postsitam
metals or metalloids from group 13, 14, 15 or 16.
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also here possible to produce larger quantitiesyafocrystals (as in the solid-phase
method by Lanet al), but with a wider range of diameters, rangingrfrd nm to 3 pum.

Englishet al.[14] tested a mechanism of arrested precipitatiosolvents to their critical
values of pressure and temperature. Those criticatlitions cause the degradation of
chemical precursors (like diphenylsilane) to siicand a crystallization process starts in
the nanocores. Only small quantities of nanocrgstah be produced by this method (0,07
to 1,4 mg of Si nanoparticles per batch of 250-8(\M). Diameters of nanocrystals from 1

to 10 nm were obtained.

Synthesis of nanocrystals from gas sources

In the past decade the gas-phase decompositiosilarie (SiH) has been
developed to produce nanocrystals. This methodseh pyrolysisof disilane [15] and
leads to dilute aerosols of Si nanocrystals. TRi®sol is bubbled through ethylene glycol
to create colloids. The control of size is achievesim the disilane concentration and
(high) temperature of the process, but the distidibuof the nanoparticles is rather wide,
typically from 1 to 10 nm. This method gives smgliantities of collected nanocrystals
(less than 10 mg per 24 hours).

Many scientific groups [11] have also explored $lyathesis of Si nanopatrticles by
CO, laser pyrolysis of silane (Si{ It is a method which permits to obtain gram-scal
quantities of agglomerated silicon nanoparticleghwood control of size and of size
distribution (Canoret al [16] first developed this method). Huisken anewawkers [17]

ameliorated this process by adapting a pulsegdtG©btain luminescent particles.

Another method, which is close to industrial pr@assin silicon microelectronics,
Is Chemical Vapour Deposition (CVD), which is wigelsed to produce thin films of (or
containing) silicon nanocrystals. In this procebg substrate is exposed to one or more
volatile precursors, which react and/or decompoaséhe substrate surface to produce the
desired deposit [1]. Mazen al. [18] have developed a two step CVD process which
permits to dissociate the nucleation and the growfthsilicon nanocrystals. By this
technique they obtained nanocrystals of mono-citystaquality. This process permits to

control easily the size of the nanocrystals by ryoaly the duration of the second step.

2 Chemical decomposition of condensed organic sobetaby heating.
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The surface density of nanocrystals obtained by nethod is ~3 x 6 nanocrystals per

cnr.

Plasma techniques can also be used in conjunctitm @VvD, in the form of
Plasma Enhanced Chemical Vapour Deposition (PECQ¥8)) One of the ways to obtain
plasma from reactive gases is to apply an altergaturrent (AC) at radio-frequency (RF)
in the growth reactor (see Figure 3.4). The narsiaty investigated in this manuscript
have been fabricated using this technique by T.yWgulran and P. Roca i Cabarrocas, at
the “Laboratoire de Physique des Interfaces et @esches Minces” (LPICM-CNRS,
Ecole Polytechnique, Palaiseau). We invite the eead read the PhD manuscript of T.

Nguyen-Tran [20] for a detailed description of rewth processes.
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Figure 3.4 Left: schema of PECVD reactor to fabtéc&i nanocrystals. Right: the setup to extract

positively charged nanocrystals and to control th@netic energy. From Ref. [19].

In our case silane (Siflis inserted in the growth chamber, diluted ipn &hd Ar
(ratios between SikH2:Ar in proportions 1:10:10) for the growth of thatrinsic silicon
nanocrystals.n-type doping andp-type doping are achieved respectively by adding
phosphine (Pk) or diborane (BHs) in the growth chamber, the doping level being
controlled by the flux ratio between Rét B,Hs and silane. Three differently dopedype
nanocrystals have been prepared by adding iRHhe plasma, with phosphine to silane
flux ratios of 1/250, 1/50 and 1/25, respectivdgading to a degenerate doping in the
range of 16°-10** cm®. In the case of-type nanocrystals, diborane has been used with a

diborane to silane flux ratio of 1/250, leadingataominal doping level of #&cm?,
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As shown in Figure 3.4, the nanocrystals are ctdtéérom the plasma phase on the
side of the reactor, and using an electrostatitrobaf the nanocrystal kinetic energy [20].
Nanocrystals can be transferred on any host-suéstiar instancep- or n-type doped
silicon substrates. As shown in Figure 3.5, theodiépd nanocrystals agglomerate into
“grape-like” structures, with an average nanoctysensity of~100fum?. This density is
well-suited to the study of individual nanocrystal&ansmission electron microscopy

images (see Figure 3.6) reveal the crystalline gntigs of the deposited material.

Figure 3.6 TEM picture of a PECVD silicon nanocafstvith visible atomic planes. From Ref.
[20].
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Size-selection techniques

To reduce the size distribution of the as-grownacaystals, G. Ledougt al. [21]
produced size-dispersed silicon nanocrystals widmdters between 2.5 and 8 nm by
pulsed CQ laser pyrolysis of silane, and then found a wagldposit the nanocrystals on a
substrate by continuously sweeping the diametedhefdeposited nanocrystals along the
substrate. This process is based on the differeluiciies acquired by nanocrystals as a
function of the size, making travel of larger narystals slower than small nanocrystals. A
rotating molecular-beam chopper has been developbith is synchronized with GO
laser as presented in Figure 3.7. The size-sefecfidthe nanocrystals is proved from the
nanocrystal photoluminescence (see paragraph itd#dr a 266 nm UV laser irradiation,
which reveals the size-dependent spectral photolescence shifts associated with

guantum confinement.
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Figure 3.7 Device to carry out deposition as a tiot of the nanocrystal size. Bigger nanocrystals

have smaller velocity than smaller one. After déjms and light excitation nanocrystals have
different photoluminescence properties which depemdheir size. The panel a) illustrates the
separation of the nanocrystals with different véles in the pulsed beam. The panel b) reflects the
situation in which the nanocrystals have passedtitmper slit. The panel ¢) shows a photograph
of a part of the deposit illuminated by a simple UAmp. The panel d) reports on the

photoluminescence spectra taken at different moston the deposit as indicated by the arrows.
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Summary

The methods to synthesize silicon nanocrystals Haaen summarized in the
following table, and compared as for their “effitdbdes”. size and size dispersions,
guantity of nanocrystals, and doping possibilitise PECVD method used here offéis

the possibility to fabricate doped nanocrystals @nda rather wide size dispersion range

(1-60 nm) which will be exploited in a study of sidependent charge transfer mechanisms
(see section 3.3).

>

o Size of the Quantity of
§ Method nanocrysta synthesized Additional comments
o Is nanocrystals
Ultrasonic “large” quantities| Rather wide size dispersion
dispersion of porous| from 1nm | (of the order of a (e.g. 2-40 nm)
silicon few mg) possibility to use doped silico
_ 5 to 800 Rather wide size dispersion
Thermal annealing 5
- o nm 6 to 550 pepm (e.g. 5-30 nm)
5 | of thin silicon layers o .
%) possibility to use doped silico
Laser vaporization
Of the order of _
controlled 5-6 nm Good size control
) one mg
condensation
Ball-milling process | 1-50 nm 10g 7-10 days of synthesis
Solution phase
_ . _ Of the order of a _ _ _ )
synthesis using Zintl| 5-3000 nm wide size dispersion
few grams
e salts
=
g Arrested
- o 0,2 ml per bath of
precipitation of 1-10 nm
250-500 mM
solvents
Dilute aerosol of Si 10 mg per 24
1-10 nm
nanocrystals hours
CO; laser pyrolysis Gram scale _
_ _ 2,5-8nm - good control of size
of silane (SiH,) guantities
S Chemical vapour ~3 x10* Si-
O . 1nm
deposition NC/cnf
Plasma Enhanced Rather wide size dispersion
Chemical Vapour 1-60 nm ~500 pem? Possibility to produce doped
Deposition nanocrystals

>
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3.1.2 Quantum confinement

Quantum confinement can be illustrated in the sbecteffective mass
approximation, considering a simplified model otligect band-gap semiconductor with
two parabolic conduction and valence bands of gffeanasses mand m, placed in an
infinite potential well (Figure 3.8). The confinenteinduces quantum-confined levels
inside the potential well, with energy levels definby the Schrédinger equation. Quantum
dots, in which quantum confinement leads to a feangum-confined electronic states, are

sometimes called artificial atoms for this reason.

)
V()

7

r'PT‘

Figure 3.8 a) Infinite square well potential for @article in the box. b) Schematics for the

conduction and valence bands in the effective mpggoximation. From Ref. [2].

The energy of electrons in the conduction band+EE+ h*k?/2me and the energy
of holes in the valence band is=En’k?/2imy, I, where E is the bandgaghk the electron
momentum, and the bulk valence band onset is takeihe reference for energies. Since
the ground state for a “particle in a box” is,E h®n?/2m & (in which a is width of the
well), for a confined system, B"*EE+ h%n?/2mea and E©""E- wPn%/2imy 1af,
leading to E°°""*= E, + h%r?%/2& (1/me + 1Aimy 1). This increase in the semiconductor
band-gap due to quantum confinement (see Figujeha®been one reason why the light
emission from silicon nanocrystals has been intehgi studied experimentally and
theoretically. These nanocrystals where seen amnpal structures able to build silicon-
based optoelectronic devices like full-colour ligimitting diodes.

Nowadays, it is also possible to affirm that photeinescence is associated with

guantum confinement effects [21]. Niquedtal. [22] have presented in 2000 tight-binding
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calculations which characterize silicon nanostmegy(films, nanowires and nanocrystals)
with quantum confinement in a large range of sigekd2 nm). By this method they
obtained the energy for the onsets of the conductiod valence bands {and E) in
silicon structures like: Si (100) and (110) filni$00]- and [110]- oriented square-based Si
wires and cylinders, and for spherical and cubiican nanocrystals. We reported here
below the phenomenological expressions foraBd E obtained as a function of the

characteristic dimensiathof the nanostructure (see Ref. [22]):

Ev(d):#
dZ+ad+h
E (d)=——~

R

d’+a.d+h 5

where K, a, and b are adjustable parametgrsl ,E43 eV is the bulk band gap. The values
for K, a and b are provided here below for sphéricaubic and cylinder-shape

nanocrystals:
Type of Ky Ay by Ke ac be
nanocrystal (meVnmd) | (nm) | (m? | (meVnmd) | (nm) | (nm?
Spherical -6234 3,391 1,412 5844.,5 1,274 0,906
Cubic with -3957 2,418 0,522 4401 1,138 0,889
(100)x(010)x(001)
faces
(100) - oriented Si| -3448.4 2.194 1.386 2811.6 1.027 0.396
cylinders

Owing to these formulas, it is possible to plgtdad E for spherical nanocrystals, cubic
nanocrystals or cylinder-shape nanocrystals asnatitn of their diameter (the plot in

Figure 3.9 is only for the spherical and cubic ragstals, for sake of clarity).
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Figure 3.9 Energy E and E for spherical and cubic ((100)x(010)x(001) faces)licon
nanocrystals.
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It is clearly visible from these plots that for wanystals smaller than 10 nm in
diameter, the energy bands will spread out becaisquantum confinement. For a

nanocrystal with size 10 nm, the confinement enedpetween 25 and 45 meV.

3.1.3 Photoluminescence and the role of oxygen

The word photoluminescence defines the radiatiophotons subsequent to light
absorption at higher energy. Canham [23] discoveesd photoluminescence in porous
silicon in 1990, in spite of the indirect band-gafpbulk silicon. This work has triggered
extensive studies of the photoluminescence prasedt silicon nanocrystals. For example,
Nayfehet al. [24] studied the electrochemical etching of sitigato colloid nanoparticles,
which were afterwards reconstituted into films. Y¥lietected under 355 nm UV radiation
a blue-dominated emission at 390 nm from colloidd &lm, observable by naked eye.
These experiments prove that silicon nanocrystalge Hight-emitting properties. Their
emission color due to quantum confinement effegedes on their size (see Figure 3.7
and 3.9), of interest te.g.wavelength tunable lasers [25], as mentioned puesly.

However, the study of nanocrystal surface statealss important for a better
understanding of their electronic and optical props. The comparison of porous silicon
without oxygen and with oxygen has for instancenbeilely studied by Wolkiret al. [6],
showing that oxygenated nanocrystals exhibit pltahescence spectra which are red-
shifted with respect to hydrogenated samples. Thesesituations have also an influence
on the carrier lifetime: a longer photoluminesceniszay time occurs in the case of
oxygenated samples. To check if these changesaarsed by oxide, porous silicon was
exposed to vacuum, argon, pure hydrogen, pure oxygel air environments, but the
change in its optical behaviour was observed oftgr @xposure of the samples to air and
oxygen.

These results suggest that electron-hole recombmean happen because of local
states trapped at oxygen sites (Figure 3.10). Blaulation of electronic states of silicon
nanocrystals as a function of diameter providesethdifferent situationsy(i) for
nanocrystals with diameter >3 nm, the optical relcimation is independent of surface
bonds;(ii) for diameters between 1.5 nm and 3 nm, the opteabmbination involves
electron states localized on the Si=O bond; @ndfor smaller nanocrystals, both electron

and hole become trapped on oxide.
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Figure 3.10 Electronic states in Si nanocrystals aasunction of their size and their surface
passivation. The origin of energy is that of théemae band in bulk silicon. The trapped electron
state is a p-state localized on the Si atom ofSk® bond and the trapped hole state is a p-state

localized on the oxygen atom. From Ref. [6].

3.1.4 Doped silicon nanocrystals

Doped silicon nanocrystals have been studied witdglfR. Lechneeet al. [26], at
the scale of thin nanocrystal films. They prepasathples with semiconducting layers
made of silicon nanocrystals doped by boron ffaype doping) and phosphorus (fior
type doping), see figure 3.11 for SEM images. Theninal doping concentrations are
given by the relative gas concentrations: [B]=HME/[SiH4]-5x10Fcm> and
[P]=[PHs)/[SiH4]-5%x1C0% cm®. The intrinsic and P-doped-fype) Si NCs have average
sizes ranging from 4.3 to 45 nm, while B-dopgetype) Si-NCs of 20 nm in diameter
were used. The nanocrystal doping was studied tl@mnconductivity of the nanocrystal
films, and as a function of the film laser-anneglienabling to create interconnected
conductive films on the substrate. While the coniditg of the intrinsic samples stays at
the level of ~1F Q™cm™, the conductivity oh-type andp-type annealed films exhibits a
conductivity above a characteristic threshold df0® Q*cm’, attributed to the structural
changes and melting of nanocrystals, creating al dai@ral transport through the films.

The nanocrystal film transport has also been stu@die a function of the nanocrystal
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doping level, both for “low-doping” (i.e. <t®cm®) and highly doped nanocrystaise(
with a nominal doping in the ¥10?* cm*range), corresponding to the doping range of
the nanocrystals studied individually in this Plredis.

40 mJlem®

80 mJ/em? .

Figure 3.11 Scanning electron micrographs (top Yiefvspin-coated films of undoped 20 nm Si

NCs, after laser annealing at the indicated enatggsities. From Ref. [26].

3.1.5 Scanning probe microscopy experiments on siin
nanocrystals

We will not describe in this section the work damecolloidal nanocrystals or 1lI-
V semiconductor quantum dots, which have been withelestigated so far by scanning-
tunneling microscopy and spectroscopy experimeptgbling to performe.g. the
spectroscopy of the quantum dot electronic levetsta probe the wave-functions of their
confined electronic states [27][28] (se®.the introduction in chapter ). However in this
section, we rather focus on scanning probe expetsneerformed on silicon nanocrystals,
for which scanning-tunneling microscopy experimg2@] are not numerous, due to the
difficulty to handle passivated silicon nanocrystah metal surfaces.

Due to the interest of silicon nanocrystals in nofatile memory device
applications, the emphasis has been rather puhanacterizing silicon nanocrystals by
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electrostatic scanning-probe techniques such as BFMFM [2][30][31][32]. In such
experiments, the oxide layer surrounding the nasbals helps to retain out-of-
equilibrium charges and allows the controlled malapon of its charge state using
charge-injection techniques, but may also contebiself to charge storage [33]. A model
has also been proposed to quantitatively measusecharge state Q of individual
nanocrystals based on the ratio between their dapaand charge EFM signals [34]:

Akc arge S
Q= ‘3fﬁfof—zvem

£

wheref is a form factor (for hemispherical nanoparticfe®,4), Akcharge is the force
gradient due to stored charge in the nanopartitheg,is the force gradient due to the
capacitive effect associated with the nanopartiedeis vacuum permittivity,e is the
nanoparticle relative static permittivity, S copead to nanopatrticle surface, z is surface
tip distance, and M\ polarization of the tip bias. Based on this modeél,was
demonstrated that Q~200 charges can be stored@nnan silicon nanoparticle deposited
on a conductive substrate, after charge injectigh tip biased to <10V and with charge
retention times of a few tens of minutes. The valu® underlines the screening efficiency
of the conductive substrate, and the relativelyglaiischarging time constants obtained
only with a native oxidation show that silicon nangtals are nanostructures of relevance
to build nanoscale memory devices.

Until now, only a few publications have used KFMhgiques i(e. measurement of
surface potentials) to study the electrostatic prisps of charged nanocrystals, probably
because the relationship between charge stateslanttostatic potentials as measured
from KFM is not straightforward. Salemt al. [35] have presented measurements on
charged silicon nanocrystals followed by KFM imagimhey tentatively estimated their
charge state and charging energy from the differemnt surface potentials obtained before
and after charging [36]. Results indicate a chaygih~1 to 3 electrons per nanocrystal,
but the validity of the procedure may be discussadgce (i) it would fall within the
practical limit of charge detection using ambiemtaomic force microscopes (see Ref.
[37]); and(ii) because KFM data in this reference are strongtyetaied to the sample
topography, which cannot exclude the KFM signaésfege from instrumental artifacts.

All the above-mentioned studies show that the itigagon of silicon nanocrystals
by scanning probe techniques is yet only partietlyered. The main difficulty is here the
passivation and surface states of the nanocrystdisgsh can only be circumvented by
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ultra-high vacuum experiments, even for electrostarce measurements. It will be the

aim of the following sections to describe such expents.

3.2 Surface potential in air environment — why not
possible?

Kelvin probe force microscopy measurements in air grovide undesired artifacts
which can make difficulties in establishing correoeasurements of the electrostatic
properties of nanostructures. Apart from: undessigphals caused by the measurement
process itself (for example the use of a lift mogla) a lower sensitivity (because of lower
Q factor and larger tip surface distance), desdrim®re precisely in the introduction to
this dissertation, measurements can be disturbeduoir things like native oxide on
nanocrystals or by an undesired charging of thepgasurface.

z<40nm
n-NC/p-Si

Figure 3.12 Comparison between p-doped and n-dometbarystals déposﬂed on a p-doped
silicon substrate. AM-KFM were taken with 60nm dinenode in air using a Veeco system (see

chapter 1). The z scale in both topography image4Gnm and the surface potential scale in both
KFM images is 60mV.
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Because of short time of silicon oxidation (lésart 15 minutes) in ambient air, in
this environment it is not possible to measurepttoperties of nanocrystals without oxide.
To illustrate the measurements which can be obdaore an ambient air atomic force
microscope, we show in Figure 3.12ad athe comparison betwegntype nanocrystals
andn-type nanocrystals deposited op-&ype doped silicon substrate. The corresponding
KFM images (here in a linear mode) are given irufég3.12 b and 3.12 i Nanocrystals
cannot be individually probed in the surface patniages, because the fairly large tip-
substrate distance used in the lift-mode (~80nncjedeses the lateral resolution in KFM.
In addition, no significant difference can be olbeerbetween the two images, the KFM
signal being correlated to the tip-substrate capace (which would be increased while
scanning over the nanocrystalseag in a linear-mode EFM image). These two features
make it difficult to extract any relevant informati from such ambient air KFM images.

z<20nm -
i-NC/n-Si 100nm -20<potential<40mV

100nm - 220<potential<40mV

Figure 3.13 Comparison of intrinsic nanoparticlespdsited on n-type surface in vacuum and air.

We present in Figure 3.13 a comparison betweenwaa@nd air measurements on
the same as-grown sample with intrinsic nanocrystiéposited on a-type silicon

substrate. No sample treatment has been performedgrior to KFM measurements in
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UHV. The two KFM images in air and in UHV are dreatly different. First as for the
lateral resolution, which is improved due to muctvér tip-substrate distance (~20 nm in
vacuum in our scanning condition): this enablegrtbe the surface potential of individual
nanocrystals. Then, as for the sign of the nantarysurface potential, which stays
dominated by a negative signal in the ambient arascope image (Figure 3.13)lwhile

it is in generalpositive in vacuum (Figure 3.13)bbut also shows a few nanocrystals with
a negative charge. This fact excludes that the UKMM images are driven by

instrumental artefacts.

- Z<56nm : :
i-NCin-Si “-80<potential<70mV

Figure 3.14 Charging effect induced by a tappingdeidntermittent contact mode topography a)
and lift-mode KFM image b) of a sample of intringanocrystals. The KFM image shows a central
dark spot (due to a charge injection at -12V, sa)tand a bright central 5x5um?2 area associated
with previous topography scans. The AM-KFM image haen taken with scan lift=40nm (lift

mode).

Another problem connected with the presence oftaveaxide is the trapping of
surface charges. This can be first illustrated ffegure 3.13 B in which the surface itself
exhibits surface potential variations attributeddcal variations in the oxide charge. This
fact can become a technical problem in experimeotsducted in ambient air or dry
nitrogen, since the topography imaging is thengueréd in intermittent contact mode, and
induces a continuous charging of the surface, mtrast with UHV experiments in which
the surface is imaged in a non-contact mode. Bhigsible from Figure 3.14, which shows
AFM and KFM images of intrinsic nanocrystals. Inisthmage, a charge injection
experiment has been carried out (tip injection bi&y/, see central dark potential spot in
the KFM image), followed by two topography scanshwsize 5x5umz2, and finally a

zoom-out corresponds to the images of Figure 3tigseen from the KFM image that the
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5x5um? area has been (positively) charged duriaditht scans, showing the influence of
the intermittent contact mode on the sample sunbatential.

3.3 Charge transfer from doped silicon nanocrystals

In this section, the ionization of hydrogen-pasw&dagphosphorus-doped and boron-
doped silicon nanocrystals on silicon substratestuslied experimentally using Kelvin
Force Microscopy in ultra-high vacuum environmelntwill be demonstrated that the
charge transfer from doped silicon nanocrystaldofed an energy compensation
mechanism, which is enhanced by quantum confinemBesults put forward the
possibility to use doped nanocrystals as electmurces to achieve a controlled remote
doping of nanostructures and devices with two-disi@mmal charge densities in the range of

2x10-10" cm?, or linear charge densities in the range of 82010 cmi™.

3.3.1 Sample preparation and setup for experimentsn
ultra high vacuum

Silicon nanocrystals have been fabricated by plagmi@anced chemical vapor
deposition, as described in section 3.1.1. The &mgbudied in this work consist in:

* nominally undoped (intrinsic) reference nanoaisstcollected from the plasma

chamber, and deposited p#iype orn-type silicon substrates

* n-type doped nanocrystals, depositechegpe ando-type silicon substrates;

* p-type doped nanocrystals, depositechegpe ando-type silicon substrates.

Reference samples will be hereafter label&tC/n-Si andi-NC/p-Si, respectively,
the n-type doped nanocrystal samples oitype andp-type wafers will be termed
n-NC/n-Si andn-NC/p-Si, andp-type doped nanocrystals ortype andp-type wafers will
be labeledp-NC/n-Si andp-NC/p-Si. Additionally, threen-NC/n-Si samples labeled; SS,
and 3 have been prepared by addingsAA the plasma, with phosphine to silane flux
ratios of 1/250, 1/50 and 1/25, respectively, vath expected degenerate doping in the
range of 16-10? cm® [26][38]. Sample-NC/p-Si andp-NC/n-Si were prepared with
flux ratio 1/250 (nominal doping ¥®cm®), by adding BHg to Siti. Then-Si andp-Si
substrates have a resistivity of 0,001-0,006&m (this corresponds to doping 10
10”° cm®) and 0,03-1Q.cm (this corresponds to doping 2%3@x10"® cmi®) respectively.
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The nanocrystals deposited on the surface exhibiypacal grape-like three-
dimensional structure (see Figure 3.5), and dopnove stable upon intermittent contact
mode or even non-contact mode topography imagimgy(stick to the tip, which makes
the topography unstable). To avoid this effect,leaming of the as-grown sample by
isopropanol has been performed, followed by a dyyim gaseous nitrogen. This step
enables to achieve tapping mode imaging, with measly weak instabilities, as seerg
from the topography images of Figure 3.12. For theatnigh vacuum experiments, all
samples have been hydrogen-passivated in a dityiedgen fluoride (HF) in order to de-
oxidize the surface and nanocrystals and minimieeibfluence of surface states. This
process consists in dipping the samples in a dilté® HF solution during 5 seconds, and
a rinsing in deionized water. The samples are sjuessly loaded in the ultra-high vacuum
chamber of the UHV chamber of the atomic force nscope operated at a base pressure
of 10*° mbar. A special care was taken to load samplemiéiss than 10 minutes after HF

treatment.

The charge state of nanocrystals is probed with omeamade Amplitude-
Modulation Kelvin probe (AM-KFM) set-up, interfacedth a Nanonis controller (SPECS
Zurich). Metal-plated cantilever tips were used NEFPP, Nanosensors), with 25 nm apex
radius, and low-resonance frequency=TD kHz) and spring constant~& N.m%). The
resonance atyfis mechanically excited to perform non-contactatoforce topography
(nc-AFM) with a typical tip-substrate distance z=#€, while the first cantilever harmonic
at f; = 6,25xf~450kHz is electrostatically excited with a Vac sin (2tf;t) voltage to
simultaneously acquire the KFM data. Noting C(# tlp-sample capacitance, the AM-
KFM loop measures the surface potential By regulating the value of 3v so as to
maintain at zero the cantilever oscillation ampléuat f, which is proportional to

dC/dz (MscVs) X Vae. More details about the KFM set-up are providedhapter 1.
3.3.2 Intrinsic nanocrystals as reference samples

We describe first the experimental results obtaioedthe intrinsic reference
samples iENC/n-Si and i-NC/p-Si). Simultaneously acquired nc-AFM and AM-KFM
images are shown for both samples in Figure 3.48ch3.15 b, respectively. The upper

81



t. Borowik

(resp. lower) images and schematics in Figure 8drsespond to the-NC/n-Si (resp.

I-NC/p-Si) samples.

n-Si
substrate = E,
n-Si i-NC
C,) d;) A Ec Eg
+= + Fiad
+++ 2 =
p-Si Wie ht
substrate S E
E, v
100nm p-Si i-NC
e el

Figure 3.15 @) and @) 500x500 nrﬁ ho-contact étomic force microscopy image of hgdro
passivated intrinsic nanocrystal samples on n-igpe p-type doped wafers. The z-scale is 40 nm.
b,) and B) simultaneously recorded amplitude-modulation Kekorce Microscopy images. The
surface potential scale is 65 m\{) and ¢) schematics of the charging of the nanocrystafesgr
states. ¢ and d) corresponding energy diagrams, prior to chargansfer (indicated by the

arrows).

On Figure 3.15 b one can see that nanocrystalsaapjie average- respectively as dark
features (negative potential) and bright featunessifive potential) om-Si and p-Si,
corresponding to negative and positive charge stdtkis is further illustrated in Figure
3.16, in which the KFM signals are plotted as acfiom of the nanocrystal height h. KFM
signals do not appear correlated to h, but exhditier strong fluctuations. We interpret
this effect qualitatively as the charging of thenoerystal surface states by the substrate
free carriers. This is schematically illustratedrigure 3.15 ¢and 3.15 g assuming the
defects to be localized on the nanocrystal surfébe.corresponding energy diagrams are
shown in Figure 3.15;cand 3.15 gfor thei-NC/n-Si andi-NC/p-Si samples, respectively.
The hydrogen-passivated Si substrate is here repexs with a Fermi level pinned close to
the bands at the semiconductor-vacuum interface dign of the charge transfer is
governed by the difference between the Fermi legklhe substrate and nanocrystals, as
shown in Figure 3.15;cAnd 3.15 ¢

82



Chapter llI: Electrostatic properties of dopedcsihi nanocrystals

Assuming an intrinsic behaviour for the nanocryst@e. with a Fermi level at
midgap), this picture accounts for the negativegeetively positive) charge transfer and
surface potentials observed averagefor the i-NC/n-Si and i-NC/p-Si samples. The
fluctuations of the surface potentials in Figuré63are accounted by the variation of the
actual Fermi level position in the nanocrystals egjoed by the nanocrystal surface or
defect states, in spite of the hydrogen passivahofew nanocrystals of theNC/n-Si
(respectivelyi-NC/p-Si) samples are hence even observed in Figure Bitt6 positive

(respectively negative) surface potentials.
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50 - i-NC/n-Si 0-
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Figure 3.16 Plot of the surface potentials for tHe¢C/n-Si and i-NC/p-Si samples, as a function of

o 1

the nanocrystal height.
3.3.3 Characterization ofn-doped nanocrystals

We now analyze KFM signals from timeNC/p-Si andn-NC/n-Si samples. We do
not report here om-type doped nanocrystals gntype substrate, which “disappeared”
after the sample HF treatment (for unclear reasoensjanocrystal could be found on this
type of surface, in spite of repeated attemptsiisTbnly then-NC/n-Si samples § S and
S; will be described, for which nc-AFM and AM-KFM irgas are shown in Figure 3.17 a
and 3.17 b (here for the samplg,Sogether with a plot of the KFM signals as adtion
of the nanocrystal height in Figure 3.17 c.
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Remarkably, the nanocrystal surface potentials:
* are positive (Figure 3.17 b), in contrast witle tiNC/n-Si sample (Figure 3.15
b1);
* exhibit much smaller fluctuations (Figure 3.17as) compared to theNC/n-Si
sample (Figure 3.15 c¢);
* are a priori identical for the samples S and S (Figure 3.17 c), in spite of their

different nominal doping levels.
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Figure. 3.17 a) 500x500 nfmc-AFM image (40 nm z-scale) and b) AM-KFM image nV
potential scale) of the n-NC/n-Si sample & KFM surface potentials as a function of the
nanocrystal height h for the three samplesSand 3. d) Schematics of the ionized nanocrystal.
e) Energy diagram prior to the charge transfer {galed by the arrow). Insets: schematics of side-
capacitance effects in KFM, leading to the avergginf the electrostatic potential for small

nanocrystals.
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The reduction of the KFM fluctuations can be asslilbo an internal passivation of
the nanocrystal surface states or defects by chatgenming from the nanocrystal donors,
as pointed out in a recent works using electrommpagnetic resonance [26][38]. From an
electrostatic point of view, this internal passigatmechanism generates an unoriented
distribution of dipoles within the nanocrystals waiishall not affect their surface potential,
unlike for thei-NC/n-Si sample in which the net nanocrystal charge $ormndipole
perpendicular to the substrate [39].

The positive charging of the nanocrystals is thederstood as a partial ionization
associated with a transfer of free electrons towé#nd substrate. This is sketched in Figure
3.17 d for a dopant ionization in the nanocrystalumne, without considering here the
surface state charging effects, as discussed fionsic nanocrystals. The energy diagram
associated with the charge transfer is proposdéigare 3.17 e, assuming a degenerate
nanocrystal doping. The sign of the charge transfeere from the nanocrystal to the
substrate unlike for theNC/n-Si sample - stems from the Fermi-level differebetween
the doped nanocrystal and substrate. An energy ensapion mechanism can be expected,
in which the electrostatic energy of the partiadigized nanocrystals equilibrates the initial
difference in Fermi-levels. This accounts for thes@rvation that the nanocrystal surface
potentials look identical for the sampleg S; and 3, in spite of their different nominal
doping levels. This model also predicts that thargh transfer should be enhanced by
guantum confinement (the doped nanocrystal Ferveil IE- will rigidly follow the energy
Ec of the conduction band), which opens the nanoalysand-gap and thus shifts its
conduction band towards higher energies (see Figjaiee).

3.3.4 Nanocrystal electrostatic potential fon-type doping

To verify this effect from experiments, we take adtage of the size distribution of
the nanocrystals in the 2-60 nm range, and perforanguantitative electrostatic analysis
in order to correct the AM-KFM measurements fromescapacitance effects [40][41].
Side-capacitance effects are indeed a central ifsudhe extraction of quantitative
information from KFM surface potentials, because tantilever tip probes are actually
sensitive to the electrostatic properties of thefase through a series of parallel
capacitances as pointed out by Jacethal. [40]. This is described in details in the Annex

A of the manuscript, but the net result of the stdpacitance effects is that the dc potential
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regulated by the AM-KFM loop is not the value oéthurface potential exactly under the
apex of the tip, but is a weighted average ovepaléntials on the surface, in which the

weighting factors are the derivatives of the sidpazitances @

Vdc — Z i:]_(nCit |I3/|)
izlcit

(1)

This averaging effect is not predominant in nc-AFdM nanocrystals with large height
h>40 nm (see inset of Figure 3.17 c) for which th@awaystal electrostatic potential
(AV=150 mV andAVy=80 mV for spherical or cylindrical nanocrystal skapsee here
below) is close to the measured KFM surface pagriut becomes important as soon as

the nanocrystals diameter becomes smaller thatiptlapex radius [40][41].

To actually determine the nanocrystal electrosadiential from KFM signals, we
performed a numerical calculation of the dc potdnegulated by the AM-KFM loop. This
potential can be deduced (see the Annex A of theuswaipt for the definition), from the

KFM signal which is a function of thetaticforces acting on the tip:

V —_ _V X Fvstat¢OrQ¢O B Fvstat¢0vQ: 0_ Fvslat: OV'Qf 0
dc —

2 Fvsta( #0,Q=0

In this expression:
- the force Rsat=0, o IS the electrostatic force at the tip, which idanhed with a
grounded tip, and a charge Q placed in the nantadrys
- the force Rstar0,0-0 iS Obtained with the tip polarized at a staticsbVaa: with
respect to the surface, but without charge in teonrystal (Q=0);
- the total force fxiaro, o0 iS Obtained with a the tip biased afvand in presence of

charge in the nanocrystal.

This formula therefore enables to make a corresporel between surface
potentials measured from KFM images and the actaabcrystal electrostatic potentials,
in presence of side-capacitance effects [40], anldiding the non-linear effects associated
with the tip oscillation. The details of these cdddions are provided in Annex A of the
manuscript. We basically use a commercial Poissbres (COMSOL) in axial symmetry.
The tip is described as spherical-conical (25 nmexafadius and 15 degrees cone half-

angle, a cantilever is also introduced in axial syetry, with equivalent first capacitance
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derivative with respect to experimental levers)oddh the nanocrystals are expected to
exhibit shapes close to spheres [42], the eleettiosanalysis is hereafter conducted in
spherical geometry (Figure 3.18 a), and in cylicalrgeometry (Figure 3.18 b) with equal

cylinder height and base diameter.
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Figure 3.18 Nanocrystal electrostatic potentialssaimples $ S and 3 as a function of their
height h, obtained using numerical calculationsajnspherical and b) cylindrical geometries (see
insets). The lines correspontVy+4V,, in which A4V, accounts for quantum confinement, and
AVp=150 mV and1V,=80 mV in spherical or cylindrical geometries. Erroars correspond to the

uncertainty in calculations with respect to tip-pleamodelling (see text).

The non-linearity of electrostatic forces with respto the tip-substrate distance is

taken into account by taking their average during tip oscillation at due to much
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smaller bandwidth of the KFM loop (typically 100€2Hz) as compared to, f(see
Annex A, section A 6). This oscillation leads toianrease of the ) value as compared
to the case of a non-oscillating tip. The calculat@nocrystal electrostatic potential is
shown in Figure 3.18 (points) in which the errorsbél0%) correspond to the maximum
uncertainty in calculations while changing the djpex/tip cone angles in the range of
20-30 nm and 8-20 degrees.

The net result of Figure 3.18 is that the nanoatyskectrostatic potential is seen
from Figure 3.18 a and 3.18 b to especially inaeakile reducing the nanocrystal height
h below 10 nm, as expected from quantum confinenaemt suggested by the equilibrium

associated with the energy diagram in Figure 3.17 e

To demonstrate this point quantitatively, we use talculations of Ref. [22],
providing phenomenological formula for the condoetiband energy shifAVy, due to
guantum confinement, on the basis of parametriggd-binding calculations. In practice,
we compare the nanocrystal electrostatic poteaitthcted from experimental KFM data
with AVy + AV, in which AV, is set to the electrostatic potential observed for
nanocrystals with negligible quantum confinemerttjolv can be attributed to the nominal
difference of the nanocrystal and substrate Fegngls. The values @V +AV ¢, (lines in
Figure 3.18 a and 3.18 b) are seen to remarkablyofithe nanocrystal electrostatic
potentials both in spherical and in cylindrical gesries (without any adjustable
parameter). This clearly identifies the raise @fcglostatic potential at small diameters as
stemming from quantum confinement, independentlthefassumption on the nanocrystal
shape. Side-capacitance effects are thus resperfsibthe fact that the nanocrystal KFM
signals do not vary much in the 2-40 nm range pitesof quantum confinement. It also
demonstrates that the nanocrystal charging follawsenergy compensation mechanism

similar to remote dopirig

3.3.5 lonisation of then-doped nanocrystals

The nanocrystal ionization charge as a functiothef nanocrystal height is now

analyzed, and shown in Figure 3.19 (inset), in epAkgeometry and for a homogeneous

® The nanocrystal ionization is insensitive to ddgeeezing (see Annex B).
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charge distribution in the nanocry$talfhe weak variations of the ionization charge
indicate here that the enhancementAdi+AV, at smaller sizes approximately matches
the enhancement the nanocrystal Coulomb energynatl :anocrystal sizes. We also
represented in Figure 3.19 the volume ionizatiothef nanocrystals. Since the ionization
charge is almost constamie( it is limited by an energy equilibrium and not tiye number

of available dopants), the volume charge followsower-law behaviour inwith a=2.7
close to 3, together with variations in the 5%¥100** cmi® range. The maximum charge
density observed for the samples $ and Sis represented by dashed lines. It is expected
to correspond to the regime of full ionization, @hds, to indicate the nanocrystal doping
level. The densities (a few ¥xm) as well as their gradation between S and $ are in
agreement with the doping levels expected from gnogonditions, although an actual
measurement of the nanocrystal doping level woedgiire a more statistical analysis.
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Figure 3.19 Logarithmic plot of the volume chardetloe ionized nanocrystals as a function of
their height h, calculated in spherical geometrizieThorizontal dotted lines indicate the maximum

values for the three samples. The inset corresptinttee nanocrystal ionization charge.

* This situation would correspond also to nanoctysteith core doping. A non-homogeneous charge
distribution changes the nanocrystal surface dildixed nanocrystal charge. At fixed KFM surface
potential, it will therefore modify the nanocrystadarge, but not its average electrostatic poteasiglotted

in Figure 3.18.

89



t. Borowik

To estimate the interest of such a doping witheesp nanodevices, we plotted in
Figure 3.20 the equivalent surface and linear ahansities which would be obtained
using doped nanocrystals as electron sources (s#eaote 5). Such densities can be
estimated by dividing the nanocrystal charge bygifeater section of the nanocrystal =4r
in the case of a two-dimensional assembly) andtbyliameter (in the case of a linear
chain). As seen from Figure 3.20, the correspontiirggdimensional and one-dimensional
densities fall in the range of 2x4@.0" cm? and 8x16-2x10 cm* respectively, and are
of strong interest for devices based on two-dinmrai layers or one-dimensional

conductors.

These results therefore put forward the possibtlityuse doped nanocrystals for
external remote doping of one-dimensional or twohsional nanostructures or devices.
Ultimately, ordered arrays of (e.g. colloidal) nangstals with core doping could also
efficiently reduce the random disorder induced drnjized dopants in conventional remote

doping, known to limit the transport propertieshajh-mobility electron gases.
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Figure 3.20 Logarithmic plot of the surface (leftake) and linear (right scale) charge of the

ionized nanocrystals as a function of their heightalculated in spherical geometry.

3.3.6 Characterization ofp-doped nanocrystals

We show in this section the results obtainegaype nanocrystalg¢NC/n-Si and
p-NC/p-Si samples). In this situation, as discussed m ftilowing, it did not prove
possible to identify a similar charge transfer nstbm as for ther-type nanocrystals,
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which we infer to stem from a lower doping or iresed surface states for theaype

nanocrystals.
E
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Figure 3.21 @) and a@) 500x500 nrfi nc-AFM images (30 nm z-scale)) land k) AM-KFM
images (150 mV colour scale}) @and ¢) schematics of the nanocrystals with surface stadg
and @) energy diagrams prior to charge transfers. Changasfers are indicated by the arrows.

Ultra-high vacuum non-contact atomic force topogsapnd AM-KFM images are
presented in Figure 3.21 for hydrogen-passivat®tC/n-Si andp-NC/p-Si samples. The
surface potential of the-NC/p-Si nanocrystals (Figure 3.2%)his rather positive, with
however the occurrence of a negative halo aroured rthnocrystals. This does not
correspond to the charge transfer mechanism est&llifor ther-type nanocrystals, which
would lead here to negatively charged nanocrystdése, rather, the positive charge is
transferred from the surface to the nanocrystal.tRep-NC/n-Si sample, the nanocrystal
surface potentials are negative (Figure 3.21 &lso in agreement with a charge transfer
from the substrate to the nanocrystal. This altugretieads to the energy diagrams
presented in Figure 3.2% dnd 3.21 g in which the nanocrystal Fermi level is positidne
within the gap of the nanocrystal. Such a pictueans that the-type doped nanocrystals
behave in practice like intrinsic nanocrystals.sTimplies that the internal passivation of
surface states by the free carriers released bydpants (as in the case retype doped
nanocrystals) is not effective enough, which candbe: (i) either to a lower effective

doping of thep-type nanocrystals or (i) to an increase of the surface states of the

® A tentative explanation for this weaker dopingdein the case gi-type nanocrystals would be to consider
a doping compensation introduced by a contamindtfjoresidual oxygen atoms at the nanocrystal serfac
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nanocrystals which prevents to observe a chargesfeatowards the substrate as in the
case oh-type nanocrystals.
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Figure 3.22 KFM surface potential as a function hfight h for the samples p-NC/p-Si and
p-NC/n-Si.

To check for this, we monitored the fluctuationghe nanocrystal surface potential
(see Figure 3.22), both for tlpeNC/n-Si andp-NC/p-Si samples. The fluctuations appear
to be smaller than for the intrinsic nanocrysté&igre 3.16), but larger as compared to the
n-NC/n-Si samples § S or § (Figure 3.17 c). This effect is summarized graalycin
Figure 3.23, in which the fluctuations of the insiic, n-doped, and-doped nanocrystal
samples have been calculated, and representedtagrams. It is obvious from this graph
that thep-type doped nanocrystals samples provide an intiates situation between the
n-doped nanocrystals for which surface states arernally passivated, and intrinsic

samples, which exhibit stronger surface potentigitfiations.
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Figure 3.23 Fluctuations of surface potential fotrinsic and doped nanocrystal samples.

3.3.7 Electrostatic potential of intrinsic nanocrysals
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Using the same setup of KFM simulation as for tasecofn-doped nanocrystals,
we now calculate from the experimental data of FeégB.16 the electrostatic potential of
the intrinsic nanocrystals ontype andp-type substrates. We start with th&lC/n-Si
sample and use the mechanism of Figure 3;1% doredict the maximum electrostatic
potential which can be achieved, assuming than#mcrystal and substrate Fermi levels
will coincide after charge transfer. The averaggatiee charging of the nanocrystals
corresponds to a situation in which the nanocry=taii level prior to charge transfer falls
below the Fermi level of the substrate. The maximamargy difference is thusyEAV .y
(assuming the bulk substrate Fermi level to comaadth its conduction band), in which
AV, is the nanocrystal valence band energy shift @stsatwith quantum-confinement.
Similarly, a positive charging can be expected, évav provided the substrate Fermi level
would fall below the nanocrystal Fermi level befaterge transfer. The maximum energy
difference isAV ¢, in whichAV ¢y, is the nanocrystal conduction band energy shifbeiated
with quantum confinement. These two limit valuegEg#+Q\V,,) and +AV¢, define the
lower and upper values expected for the nanocrydégtrostatic potential, in case of a
negative or positive nanocrystal charging, respeli As seen from Figure 3.24, the
electrostatic potential derived from experimentatiadof Figure 3.16 (assuming a spherical

nanocrystal shape) fall within these two values.
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Figure 3.24 Plot of the nanocrystal electrostatatgntial for the i-NC/n-Si sample, as a function of

the nanocrystal height. The lines correspond toilees oAV, and —(E+4V.,,) (see text).

Similar limits can be defined for the intrinsic nugrystals deposited optype

silicon, starting from the mechanism of Figure 345 A positive charging can be
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expected, with an upper limit corresponding tosHE/ ), While a negative charging can
be expected with a limit ofAV,,. Experimental values derived from the KFM data of
Figure 3.16 also fall within this energy rangeblith cases (Figure 3.24 and Figure 3.25)
the limits for the positive and negative charginge also in agreement with the
dissymmetry of the electrostatic potential obserigrdthe intrinsic nanocrystal charging,

when deposited ontype orp-type substrates.
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Figure 3.25 Plot of the nanocrystal electrostatatgntial for the i-NC/p-Si sample, as a function of

the nanocrystal height. The lines correspond tovilaes of &+ AV, and -AV,, (see text).
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Figure 3.26 Plot of the nanocrystal electrostatiotgntials for the i-NC/n-Si and i-NC/p-Si
samples, as a function of the nanocrystal heighie Tnes correspond here to the maximum

positive and negative electrostatic potential valegr AV, and —(B+4Vyp) (see text).
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We now compare the electrostatic potentials oftih@ i-NC/p-Si andi-NC/n-Si
samples in Figure 3.26, together with their upped Bwer charging limits AV, and
-(Eg+AVp). It is seen that, the experimental values forrtaeocrystal electrostatic energy
fall to zero for large-size nanocrystals{bnm), while they almost saturate the upper and
lower charging limits in the case of small-size oamystals (k5nm). We interpret this
effect as the fact that the charge transfer assatiaith the mechanisms of Figure 3.15 d
and 3.15 dis limited by energy differences onpyovided a sufficient number of surface
states can be populatedhis suggests that the charge transfer will batdéd by the
number of available surface states in the casargétsize nanocrystalsXh5nm) while it
is limited by the nanocrystal electrostatic enengythe case of small-size nanocrystals
(h<5nm). The surface state charge densities for ngstads of diameter 10-30 nm is
estimated in the range 1a10'? cm? corresponding to a few elementary charges per

nanocrystal.

3.3.8 Nanocrystal electrostatic potential fop-type doping
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Figure 3.27 Nanocrystal electrostatic potentialsaimples p-NC/p-Si and p-NC/n-Si as a function

of their height h, calculated assuming sphericahoaystal shapes. The lines correspond to a
calculation of the quantum confinement effectst@nrtanocrystal conduction band (dotted line)
and valence band (full line), using respective tshifv,=250mV and4V,=1143mV for large

diameter nanocrystals. Error bars correspond toent&inty in reading of the surface potential.
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We calculated the electrostatic potential of th@ized p-type doped nanocrystals,
assuming a spherical nanocrystal shape, and faitpttie approach of section 3.3.4 for the
n-type doped nanocrystals, and of section 3.3.7 thar intrinsic nanocrystals. The
experimental values are presented in Figure 3.8 for thep-NC/n-Si andp-NC/p-Si
samples.

Since the charge transfer for théype nanocrystals stems from the substrate, as in
the case of the intrinsic nanocrystals, we alsoesgmted in Figure 3.27 the upper and
lower limits for the electrostatic potential energyE;+AV,p) and B+AV, as in Figure
3.26. It is striking from the comparison betweaguFe 3.27 and Figure 3.26 that the
type doped nanocrystal® not howevebehave like intrinsic nanocrystals:

- (i) the fluctuations in the electrostatic potentia aruch smaller in Figure 3.27 as
compared to Figure 3.26 - in agreement with FigBr&3 - which indicates a
passivation of the surface states by the nanodnystang;

- (i) the electrostatic potential of thetype nanocrystals om-type Si is not
enhanced for small-size nanocrystals, in contradt the case of theNC/p-Si
sample (see Figure 3.26), and exhibit rather eplositive and negative values for

nanocrystal diameters less than 5nm.

These observations could be explained by consigidhe p-type nanocrystals as
low-doped,e.g.due to a lower nominal doping or increased surfdates as compared to
n-type nanocrystals. Such a behaviour could exp(@irthe sign of the charge transfers as
in the schematics of Figure 3.2%4 dnd 3.21 ¢ (ii) the lower electrostatic potential
fluctuations as compared to the intrinsic nanoetysemples. Assuming also that the
Fermi level in thep-type doped nanocrystal follows rigidly the valer@nd energy shift
due to quantum confinement, one also predictsttiehanocrystal Fermi level will cross
that of thep-type substrate when the nanocrystal size is rejusbich can tentatively
explain the occurrence of negative charge featfwessome small-sizg-type doped
nanocrystals op-type substrate, as discussed above.

3.4 Conclusions

We have demonstrated the mechanisms of ionizamh charge transfer from
intrinsic and doped nanocrystals towards dopedasilisubstrates. It was shown that
intrinsic nanocrystals import a substrate chargefiltosurface states, but that this
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mechanism is reversed in the casendype doped nanocrystals ortype substrates for
which (i) surface states are internally passivateel (Ising free carriers available from
internal nanocrystal donors) affid transfer a charge towards the substrate in arggner
compensation mechanism similar to remote doping,however enhanced by quantum
confinement. Experimental results provide a measarg of the nanocrystal band-gap
opening induced by quantum confinement in the 2¢b0mange, in agreement with
parametrized tight-binding calculations. They gisb forward the possibility to use doped
nanocrystals as electron sources to control théndopf nanostructures and nanodevices.
An ultimate goal to would be.g.to use ordered arrays of nanocrystals (for exancpoles-
doped colloidal nanocrystals) to efficiently redueadom disorder induced by ionized
dopants in conventional remote doping, known toitlithe transport of high-mobility

electron gases.
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The aim of this PhD was to use atomic force miaopgdn ultra-high vacuum in order
to characterize the electronic properties of irdlial nanostructures, here semiconductor
nanowires or nanocrystals. The questions which baea addressed were:

* to probe the local transport in nanostructures;

* to characterize the influence of surface statgdd(residues in case of a catalytic
growth, oxide, or residual surface states for hgdmpassivated silicon
nanostructures) on the nanostructure transpoteotrestatic properties;

* to investigate charge transfers at the nanoscale;

* to probe band-structure effects such as quananfinement.

Silicon nanowires grown by metal-catalyzed chemiagbour deposition (CVD) on
doped (111) silicon substrates have been charaetelocally using conducting AFM in ultra-
high vacuum. Local current-voltage characteristiese been taken as a function of the
position along tilted nanowires. It is shown thhé tconduction along as-grown intrinsic
nanowires is dominated by gold residues associittdthe catalytic growth, which can be

partially removed by chemical de-oxidation and xered upon thermal annealing.

Amplitude-modulation Kelvin probe microscopy hasaalbeen used to investigate
hydrogen-passivated phosphorus-doped and bororddspeon nanocrystals grown by
plasma enhanced chemical vapor deposition (PECVID)siticon substrates. We have
demonstrated the mechanisms of ionization and ehamansfer from intrinsic and doped
nanocrystals towards doped silicon substratesa#t shown that intrinsic nanocrystals import
a substrate charge to fill surface states, butrtfeshanism is reversed in the casen-type
doped nanocrystals amtype substrates for whicf) surface states are internally passivated
(using free carriers available from internal nagstal donors) andii) transfer a charge
towards the substrate in an energy compensatiohanesm similar to remote doping, which
iIs however enhanced by quantum confinement. Exgeriah results provide a measurement
of the nanocrystal band-gap opening induced by tyguarconfinement in the 2-50nm range,
in agreement with parametrized tight-binding caltiohs. They also put forward the
possibility to use doped nanocrystals as electroorces to control the doping of
nanostructures and nanodevices.

We have finally developed numerical simulationslévive the dc bias regulated by a

Kelvin loop from the calculation of static forceells. The calculations enable to take into
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account(i) the effect of side-capacitances in amplitude matlh KFM; and(ii) the non-
linear effects associated with the tip oscillat{@ghany) in KFM experiments. Results have
been used to extract the electrostatic potentigmzed silicon nanocrystals with size in the

2-50nm range from experimental KFM data.

To summarize, in this thesis | have presented Akpeaments in UHV environment,
as an efficient way to characterize nanostructlikes nanowires or nanocrystals, with a
sensitivity able to detect a few charges, and aalequo see the influence of surface states and
guantum confinement effects. This opens new petisjesc in the field of nano-
characterization on insulatorgor which the use of a mechanical probe can lve fooeseen
as a tool to perform local electronic spectroscapasurements, including single-electron
effects and quantum band structure. Electrical negles derived from atomic force

microscopy appear well-suited to study future quantlevices made from nanostructures.
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A 1 Introduction

As described in the introduction of this manuscr{@hapter 1), Kelvin force
microscopy allows to measure the average surfadenpal below the atomic force
microcopy tip apex, which consists in a weighte@&rage of the local surface potentials
below the tip with respect to capacitance deriweiyl]. To derive quantitative information
from KFM signals,e.g. on individual nanostructures, it is therefore rsseey to take side-
capacitance effects into account, which can be dwieg numerical simulations of the

systems under investigation.

Figure A 1 Model of the KFM setup in which electatis interactions are represented by mutual
capacitances between the cantilever tip and the (possibly) inbgemeous surface. From Ref. [1].

Jacobeet al. [1] first introduced the approach of side capaits (see Figure A 1), in
which the tip feels the surface through its apenecand cantilever, the surface being also
possibly inhomogeneous. It was shown analyticdligt the surface potential measured by
KFM (i.e. by nullifying the force component at the electatist actuation angular frequency
w) is a weighted average over all the local poténtia the surface, in which the capacitance

derivatives G; (with respect to the tip-substrate distance z)taeaveighting factors

_ 2 C )

Vdc n .
Z i=1 Cit

! This formula applies for amplitude-modulation KRMM-KFM), in which the KFM loop extracts a surface
potential by nullifying the cantilever oscillatiavhich is proportional to the excitation force, ghds, to the first
derivatives of the tip-substrate capacitanceshéndase of frequency-modulation KFM (FM-KFM), thgnal
taken into account by the KFM loop is the cantitefrequency shift upon an ac modulation of theHips,
which is proportional to force gradients, and thmshe tip-substrate second capacitance derivatvesmilar
formula would then be established, based on secapdcitance derivatives.
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Considering the Figure A 1, the potential spot loa tight from the tip will have a smaller
weighting factor because of its smaller size amgeladistance from the tip, as compared to
the spot under the tip and to electrode with tiep sif potential on the left side of the tip.
Thus, this potential will have a smaller contriloatin the measured KFM signal. In addition,
if the tip is moved to the left towards the stepmiectrode, the weight € will increase,
while C and Cz will decrease. Therefore, the ideal step in thifase potential will appear

as a smoothed step in the KFM potential image dsgde-capacitance averaging effects.

Jacobset al. [1] performed numerical simulations of these dfeasing a “multiple
multipole” program, which solves Maxwell’'s equatsoand calculates the chargeaDthe tip
for a given set of electrodes with potentials ®@nsidering here only the two contributions of
the spot of potential ¥below the tip and of the step potentigl & the left side, the ¥
potential obtained by KFM can be written:

AR
dc Clt + C2t
where the capacitances;@nd C, depend on the location of the tip and diametehefdisk
for the potential spot.
The tip charge @z)is given by:
Q =Cy(V, ~V1) +Cy (V, -V,)
If the value of z) is known, G; and G; can be found by selecting boundariesW4=0,
V1#£0 and {=V;=0 and \4#0 respectively:

c. -2
Vl

c, =20
V.

2

The derivatives of G; and Cy can then be calculated by introducing a smalltitaiange\z

of the tip and computing the variation of the cafzences:

o _[Cu(z+89)- c (3]
1t AZ

o o L[Ca(z+829)- Gi(3]
2t AZ

These derivatives are the weighted factors paNd \% in the measured ¥ potential. These

factors will depend on the geometry of the tip, ahds distance from the charges.
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Charrieret al. [2] have proposed more recently three-dimensi@mallations of a
KFM system, taking into account a “real size” tilteantilever (Figure A 2). They compared
the output of the calculations with experimentsfggened on a pm-size device, so as to
investigate the influence of the cantilever oriéintawith respect to the sampliee( cantilever
set orthogonal or parallel to the device under stigation). A dependence was obtained for
sufficiently large structures (or devices) and dibstrate distances, so that the side-

capacitance associated with the cantilever becormeshegligible.

Figure A 2 Three-dimensional drawing of the tipensisting of the cantilever, cone, and apex - in a
vacuum box which determines the calculation sp@loe.box size is 5@m x 65um (surface) x 2%m
(height). The inset is a zoom on the tip meshihgweg that the apex is defined here as a finite

combination of tetrahedrons, which can lead tonaitiation in resolution. From Ref. [2].

Brunel et al. [3] recently followed the approach of Jacobs, putposed a fully
experimental approach to extract the weighted @eed surface potentials, in the case of a
carbon nanotube field effect transistor (CNTFETYide operated in ambient air (tip-substrate
distance z~80nm). In this case, four types of cégraces were considered (Figure A 3)irC
Is the tip nanotube-capacitance associated withndretube potential M, Cs is the tip-
backgate capacitance associated with the backgaseVb, and finally G and G are the
capacitive coupling between tip drain and souragta pads at the potentialg @nd \&. If
C =Gt + G + G + G, the potential Wy regulated by the KFM loop (here, amplitude-
modulation KFM in air) can be written asciéi = antVnT + 0cVe + apVp + asVs, where
ant=(0Cn1/02)/(0Cl0z), a.c=(0Cc/02)/(0Cl0z), ap=(0Cpl/0z)/(0Cloz), andas=(0Cs/0z)/(0Cl0z)

are the normalized capacitance gradients assoomthdCyr, Cs, Co and G. In this work,
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the values of the:w coefficients i(e. the weighting coefficient in the determination bkt
nanotube surface potential) have been determinedgshenologically, without calculating
Cnm, Cs, Co and G. The values of the weight coefficients are equal=0,19, 0c=0,70,

as=0,10 andup=0,01. All o coefficients were calculated with accuracy +0,0@is shows that

the nanotube potential in such experiments is oohsist to ~20% of the KFM signal.

[AFM tip (N

Si0, (320 nm) —Vas
Backgate |

Figure A 3 Schematics of the KFM detection setbpwing the 5 x Sun’ atomic force microscopy
topography image of a CNTFET in backgate geom&myrce, drain, and gate potentials are denoted
Vs, Vo, and \g, respectively. The tip/nanotubeyCand side capacitancessCCp, and G are
represented schematically. From Ref. [3].

Finally, Krok et al. [4] pointed out the role of side-capacitance @ffen non-contact
atomic force microscopy studies of KBr islands tggliency-modulation KFM. It was found
that for islands with comparable or smaller sizéhastip apex, the surface potential measured
by KFM only becomes a fraction of the real islandface potential value. In this case, two
effects have been pointed out, which can influeheemeasurement of surface potentials. The
first one is associated with side-capacitance tffaec line with the work of Jacolet al [1].

The second effect is the averaging of the potewntiar the whole tip trajectory, since here
both the KFM loop and the topography control loop eperated simultaneously. This effect

will be discussed in the following, in the caseoaf experiments.
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Figure A 4 Measured MACPD) by frequency modulation Kelvin force microsc¢pM-KFM) over
KBr islands versus their size (open circles). Thkies are normalized (0 r#@ and —210 m¥1) in
order to compare with the numerical calculationsli@ circles). The calculations were performed for
square islands of surface potentialM~=1 V. In the simulations, the tip of radiug*20 nm vibrates
with an amplitude of A=40 nm and the closest tifeste approach is set ta,g=1 nm. The inset
represents a zoom for small island sizes. From [REf.

A 2 Principle of calculation of surface potentialsfrom static
force fields

In this paragraph, we describe our developmentsakoulate surface potentials from
static force fields. In the following, vectors wile indicated byold fonts.

The surface potential measured by an amplitude-tatido KFM loop is the W
value which cancels the z-component of the elettiosforceF,, at the electrostatic actuation

angular frequencyo:
oC .
F,= EVAC sin(et) (V. = Vs)
Since we are not interested in describing heretimtact potential difference stemming from
differences in substrate and tip work-functions, wi# assume \¥=0. We rather wish to

describe the surface potentiad yYgenerated by a fixed charge Q inside a nanosteidiiom

a physical point of view, such a static chargeratts with the tip capacitive charges at the
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angular frequency, which generates a force component proportionatat the angular
frequencyw. This force will be taken into account by the KRdbp as an effective surface
potential \sq, (i.e. it will be compensated by aqg¥Vso value on the tip). ¥qo is here

expected to be dependent on the tip-substratendista

We start with the expression of electrostatic fasdunction of the electric fiel on the tip:
Frot=Y2 €9 ﬂ EZdS

where the two-dimensional integral describes thitasa of the tip probe.
If the tip bias is now the tip electrostatic extida voltage V(t) = i + VasSin(ot) at the
angular frequencw, the total field in presence of a surface (or sneture) charge Q can
be written, due to the superposition theorem:

E =Eqc + Eg + EacSin (@t)
in which Eq corresponds to the electrostatic field generatedhbycharge Q, in absence of
electrostatic excitation. Thaslcomponent of the force can be easily calculated:

F1o=g0 ] (Edc + Eq) EacdS 1)
In the above formula, there is a positive signront of Eq, because the electric field is here
considered on the tip, in contrast with the negasign before the potentialsVh the usual

expression foFy, since the potential Ms taken on the surface.

To calculate the mixed integral in the expressibirg,, a simulation of three static forces
will need to be done in the following €. with a static bias Ya:applied to the tip):
- the forceFvsiat-ov, oz0 Obtained with a grounded tip {4=0), and with a charge+D.
- the forceFystatz0,0-0 Obtained with the tip polarized withs)#0, but without additional
charge in the tip-substrate capacitance (Q=0).
- the total forceFysutzo, o0 Obtained when the tip is polarized with¢0, and in

presence of a surface or nanostructure chagge Q

The superposition theorem leads here to:

Fustat#0, 020 = Fystat0, 0=0 + Fystat=0, o0+ €0 ]| EqEstadS (2)
whereEq andEsia are the electric fields on the tip for £40V; Q#0) and (Mw.#0; Q=0),
respectively. This expression can be used to repllae mixed term in Eq. (1) by a set of
static force components. More precisely, the tesin in Eq (1) (purely capacitive term) can

be written as 2(MVadVstad) Fvstatz0,0=0, While the second term (mixed integral) corresgond
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to the double product dFystaro,0x0=Y20ll (EsartEo)°dS multiplied by ViV and can thus
be replaced using the development of Equation (2).

Working now with the z-projection of electrostatarces, the KFM condition {5=0 leads to

the following equation:

O — 2\/dc I:\/S“,“¢O,Q=O + (3)

- Vstar#0,Q#0 I:Vstat¢ 0.=0 FvstaF ov,&x ¢
stat

so that the surface potential which is measured&Byl can be expressed as a function of

static force fields only, using :

F -F -F
— Vg1at#20,Q%0 Vgiat? 0,02 0 Vgta= OV, & 0
Vdc - Vstatx (4)

2FV51aI¢O,Q:O
This expression can be used to conveniently simdatface potentials, since it only

involves a set of static forces which can be oleieasily from a Poisson sol%eKeeping in
mind that the regulated value of the surface p@k¥t is a phenomenological description of
the total electrostatic forceydrio,q:0 in the form of A + B X (Mar - V4o)? (here with a bias
Vo at the tip), Equation (2) can be also understaotha cross-term interaction, between the
surface charge Q and capacitive charges at th{beince, the force\gaxo.00 When corrected
from the purely capacitive and image charge foreemonents ¥xtar0,0-0 and Fstat=0,a:0),
normalized by twice the capacitive forcgsho,0-0 Our formula extends the procedure used
by Charrieret al.[2] who calculated the static electrostatic forseagunction of \4in order

to extract the surface potential from a parabarcé fit.
A 3 Simulations using Comsol Multiphysics

Numerical simulations have been performed usingomngercial Poisson solver
(Comsol Multiphysics version 3.4). By this systeimisi possible to graphically model the
KFM geometry (Figure A 5). Once the surface chagd boundary conditions are defined,
Comsol will solve the Poisson equation using firllements, enable to plot the electric
potential between the tip and surface (Figure AaBy to calculate electrostatic forces on the

tip. All simulations have been done using a cylicalr symmetry, and taking a disk-shape

% Since Equation (2) is also independent of theevalf V.. used to compute the static forces, one may also us

in practice =1V, and take the following expression:

Vdc = '(F\/statzlv, @0~ F\/statzlv, Q=0" FVstat:OV, Qto)/ 2F\/stat:1V, Q=0
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cantilever with equivalent capacitance gradientcampared to experimental cantilevers
Simulations using a three-dimensional geometry @aalso be available in Comsol, but
however less convenient due to limited computatioaaources [2]. We checked that the

output of the simulations did not depend on thehimgsintroduced in Comsol.

iGround (Fysa—ov azo) OF electric potential boundary (Fyeaiso, azor Fustato. azo)
ol ; ; )

Alepunoq uuewnan

20 nm

Figure A 5 Drawing of KFM system with boundarie<Ciomsol solver. Top: full simulation, in which

the upper boundary corresponds to an effectiveilemetr. Bottom: zoom close to the tip apex.

By changing boundaries and the nanostructure chérgesolver permits to simulate
the z component of three forcdSystazo, oo, Fvstatzo, 0=0 Fvstat=ov, gz0 from which the M
values can be calculated, as discussed above. Bouodnditions consist i) grounding the
surface (considered as a metalji) setting the tip bias to V (jii) introducing Neumann
boundary conditions (zero radial electric field)tbe radial edge of the simulation box.

Tips with radius of apex equal 25nm and 15° oflangere used in this simulation.
The error arising when changing the size and aoiglee tip has been estimated. Shifting the
radius of the tip from 20 to 30 nm and the angbenfrLl0° to 20° generates a 5% of difference
in V4c at most. The average distance between tip andcguras set to 20nm. The oscillation
of the tip has also been introduced to take intwpant the non-linearities of the Coulomb

® The full cantilever (here EFM PPP, Nanosensors2Bum length, 28um width, tip substrate distance
~13.5um and 15° tilt-angle with respect to the sals (when mounted in the VT-AFM holder) has been
replaced in the calculations by a much smallerileasetr so as to avoid meshing issues such as invtrk of
Charrieret al. [2]. We took here a cantilever reproducing theegipental cantilever capacitance gradient with
respect to the surface (5,4X10F/m) in the form of a disk of height 1.04um wigspect to the surface, and
radius 1.45um.
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force fields (see section A 5). The nanocrystaization has been described in the simulation

as a homogeneous charge spread in the nanocrgiaie.

| v I
1Grounded 1Grounded 0.7V
1P (Vi =0) 1P (V=0 ’
I [
[
|
|
0.5V
Vacuum 0.5V
e o
Grounded surface ! Grounded surface !
! !
I |
: 0V - 0V

Figure A 6 Solution of Poisson equation (electridgmtial) in the graphical interface of Comsol. The
images show the grounded tip and a charged nantadritseated here as a dielectric medium with a

homogeneous charge) on a grounded surface, foharagal (left) or cylindrical (right) shape.

A cross section of the electric potential along tibesubstrate z axis can be extracted
from the potential plot of Figure A 6, and is iliceted in Figure A 7, here for a charged
nanocrystal (of spherical or cylindrical shape)d dar a grounded tip condition. In both
graphs, the nanocrystal electrostatic potentialasiinated by the (here) negative curvature
induced by its positive charge, leading to a pesitmnaximum nanocrystal potential. This
potential generates a non-zero electric field attip, resulting in image forces. This field is
precisely the quantity which would be compensated Hc bias in a static version of a Kelvin
force apparatus, enabling to measure the nanotefstarostatic potential. Nanocrystals with
different shapes can give dissimilar values of pidé The maximum of potential which can
be read from cross-sections taken from the Figuf8r spherical and cylindrical shape is
different in the order of 25% (Figure A 7). For owork, we will define nonetheless the
nanocrystal electrostatic potential as the volurerage of the electrostatic potential obtained
from the simulations with a grounded tip and a ghdrnanocrystal (the charge is considered
as spread over the nanocrystal volume). This chisiegbitrary, but this value was found to
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differ from the surface average electrostatic pidérand from the maximum value of the

nanocrystal electrostatic potential by ~10%.
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Figure A 7 Cross-sections of the electrostatic po#k taken form spherical (top) and cylindrical

(bottom) nanoparticles with charge density236ni®. The data are extracted from Figure A 6.
A 4 lllustration of side-capacitance effects

We first illustrate the influence of side-capacdareffects in Figure A 8 in the case of
a charged disk (with adjustable base diameter)invitha thin (10nm) dielectric layer. The
interest of this simulation is that an analyticalusion for the surface potential can be
obtained in the case of a homogeneously charged lflyer, and in the limit of planar
capacitances [5]: ¥ph®/2e;, in which h is the layer thicknessijts volume charge ang its
relative dielectric constant. This value is takembrmalize the calculatedsy/potentials in
Figure A 8. Two situations are shown. First a siarawith a "flat tip" (here, in practice, with
a tip-substrate distance 400nm), showing that tlemalized electrostatic potential
monotonically increases from 0 to 1 when the chéiayea base diameter is increased from 0

to the cantilever diameter (2 x 1.45um). The pdrali@haviour can be here assigned to the
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fact that side-capacitance effects are governethéysurface of the charged area, but not its

diameter.

1,04

0,8 1

0,6 1

0,4-

0,2
—&— cantilever without tip

—&— cantilever with tip

Normalized calculated V _potential

0,0

0 500 1000 1500 2000 2500 3000
Charged area base diameter (nm)
Figure A 8 Calculation of ¥ potential for a cylindrical area within a dielectrilayer of with fixed

height=10nm. The simulation was done for a cangitawith (red curve) and without tip (black curve).

A similar calculation is then performed with a tp the cantilever (see inset). This
enhances the surface potential felt by the tip aptowever, for a disk of diameter 100nm,
the contribution of the disk to the average cal@daurface potential is only typically 30%,
meaning that side capacitance effects take a gignif part in KFM signals, even for short

tip-substrate distances such as those used dumgantact topography imaging.
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Figure A 9 Calculated surface potential divided thyze average nanocrystal electrostatig. Wor

spherical and cylindrical (with fixed height h=8 hmanocrystals (see text).
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Figure A 10 Nanocrystal electrostatic potential agunction of the nanocrystal height derived from
raw KFM data when assuming a static tip at 20nmvabiihhe nanocrystals. Data points correspond to
the n-type doped nanocrystal samplgsSsand $ and the full line corresponds to the increasehef t

electrostatic potential expected from quantum-meidah calculations (see chapter ).

To further illustrate side-capacitance effects iar oKFM measurements on
nanocrystals, we calculated the ratio between titenpial regulated by the KFM loop (as
calculated from Eq. 4) and the value of the nanstatyelectrostatic potential,y(as defined
in A 3). Results have been plotted in Figure Aigtffor a nanocrystal with cylindrical shape
(in that case, the nanocrystal has a fixed heiglf8nim and “grows” laterally when the
nanocrystal base diameter is increased), then faan@crystal with spherical shape (in that
case, the tip is also lifted from the surface wh@nnanocrystal diameter is increased, since
we use a fixed tip-nanocrystal distance). The tigaxe distance is set to a fixed value of
20nm. In both cases, it is seen that theddtput of the KFM loop decreases drastically when

using smaller nanocrystals, which illustrates tleechto take into account side-capacitance
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effects in the quantitative interpretation of KFMperiments in vacuum. For nanocrystals
typically smaller than the atomic force microscdipyapex, the surface potential measured by
KFM is thus only a fractichof the “real” surface potential [1][2][4].

The conclusion of these simulations is that thd sBdectrostatic potential of the
nanocrystals used in the Chapter Il of this maripscan only be extracted from numerical
simulations, provided side-capacitance effectdalen into account, due to the size range (2-
50nm) of the investigated nanocrystals. Resultsshosvn in Figure A 10, and show that the
fairly flat raw KFM data (see Chapter Ill) for salep S, S, and S (partially ionizedn-type
doped nanocrystals) correspond to a strongly emthetectrostatic potential for small-size
nanocrystals (up to a factor 7-10), in fair agreetmeith quantum mechanical expectations
(full line, see chapter Ill), although no tip osaiion has been taken into account here.

A 5 Calculations in the case of an oscillating tip
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Figure A 11 Simulation of thegsVpotential regulated by the KFM loop as a functiohthe tip-
nanocrystal distance, for a charged nanocrystalafge density=18cm?® of height h=8nm and
spherical shape, without tip oscillation. This pildstrates the non-linearity of the KFM signalhg
horizontal arrow shows our experimental scanningndibons (20nm tip-substrate distance and

#15nm oscillation amplitude).

4 This effect is stronger for the nanocrystals wigtindrical shape, since only the nanocrystal baaendter is
changing here (but not their height). In the sptartase, a change in capacitances is also inteddog the fact

that the tip is lifted by the increase in the nagstal diameter, since it follows the nanocrystgidgraphy.
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Annex A: Description of the numerical calculatiarsed to analyze KFM experiments

In the AM-KFM scheme used in our non-contact atonforce microscopy
experiments, the KFM surface potential is explobgdnullifying the cantilever oscillation
amplitude at its second resonance frequency, lsihibwever oscillating at its first resonance
frequency which is used for the non-contact topplgyacontrol loop. Physically, since the
KFM loop bandwidth (typically 200 Hz) is small coaned to the first resonance frequency
(60 kHz), this means that the surface potentiah $8ethe KFM loop is a time-average of the

surface potential which would be instantaneouslyneasured during the tip oscillation.

The calculation of the ) potential must therefore be corrected by taking account
the tip oscillation. To illustrate this effect, Viiest presented in Figure A 11 the value qf.V
potential which would be measured (without tip Baton) as a function of the tip-
nanocrystal distance, for a spherical nanocrystahesght h=8nm, and a charge density
10" cmi®. The dc potential is seen to increase non-lineatgn the tip-substrate distance is
reduced, meaning that the averaging of the KFMmi@tkeduring the tip oscillation has to be
taken into account properly in the simulationsdar scanning condition&£{5nm oscillation

for an average tip-substrate distance of 20nmhedegontal arrow in Figure A 11).

The effect of the tip oscillation can be taken imccount in our calculations by
coming back to Equation (3). This in-line equataan be integrated over timee( over the
tip oscillation), by keeping ¥ independent of time, as explained above. This lerato
derive Vi as a function of the static electrostatic foreesnalogy with Equation (3):

IFvsta[¢o,Q¢ odt— J.Fvsta; 0@ odt— _‘. Fvsta; oG At
2[R,

stat

Vdc ==
¢O,Q=Odt

where the integrals stand for a cantilever osalfaperiod.

A 6 lllustration of non-linear effects

To illustrate the evolution of the regulated KFMyrsal as a function of the tip-
oscillation amplitude, we performed simulations tbe same charged nanocrystal as in
Figure A 11 (height h=8nm; spherical shape, chatgesity 18° cm®), for a set of three
average tip-surface distances (20nm, 6nm and 2,5ama) by varying, for each tip-substrate

distance, the ratio of the oscillation amplitudehwiespect to the tip-substrate distance. The
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measured KFM signal is seen to be both enhancedolsgr tip-substrate distances, but also
by larger oscillation amplitudes, in qualitativeregment with Figure A 12. In our scanning
conditions (20nm average substrate distancetdbdm oscillation amplitude), the magnitude
of the enhancement in the KFM signal for the naystet is 87% with respect to a situation
with no oscillation: this effect is a strong cotien to be taken into account in the analysis of

experimental data, which depends in addition om#reocrystal diameter.

2,5x10" T —
e A
=~ 2.0x1 0'1 ja t-s d?stance 20 nm —m—
B | t-s distance 6 nm —e— |
= . t-s distance 2,5 nm—4a—
2 1.5x10 . _
o
o 1 /./
8 1.0x10" o —° ]
ug +15nm oscillation amplitude /-
= -2
@ 5,0x10°1 >,
|m a—
0.0 T without oscillation

00 02 04 06 08 1,0
Oscillation amplitude/ t-s distance
Figure A 12 Surface potential normalized by therage nanocrystal potential .y for a spherical
nanocrystal (height h=8nm and volume charg&®t®i®) as a function of the tip oscillation amplitude

(this amplitude is here normalized by the tip stdist(t-s) distance for the sake of clarity).

Figure A 14 shows now the nanocrystal electrostatitential calculated from
experimental data, and taking now into account liveear effects, for the same setrofloped
nanocrystals deposited andoped surface as in Figure A 10. The oscillatiénthe tip
(x15nm) has been here included to the calculations. dffect enhances the values f {as
compared with the case with a static tip) for adixhanocrystal electrostatic potential (see
Figure A 12), and thus leads in practice so smalldues of the nanocrystal electrostatic
potential \,c starting from the fixed experimental KFM data (§@égure A 10).

A 7 Measurement of the minimum tip-substrate distane

In this section we show the experimental data usetheasure the minimum tip-
surface distance in the experiments of chapter(tHls parameter is introduced in the

simulations), which has been estimated from fore< experiments.
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Figure A 13: Experimental force curve obtained wiltb EFM tips used in the experiments of chapter
lll. The starting point (z=0) corresponds to thesjimn of the EFM tip operated in non-contact mode
(4f=-5Hz, oscillation amplitude here of A=20nm). Theechanical excitation of the cantilever is
switched off, and the force curve is then acquitdeck curve: approach curve; blue curve: retract
curve). The surface position corresponds here t845nm (see arrow), corresponding to a minimum

tip-substrate distance of ~4-5nm.

A force curve (approach-retract curve) is showrrigure A 13, in which the initial
position of the tip with respect to the substrateQ corresponds to the non-contact scanning
conditions (heré\f=-5 Hz and an oscillation amplitude A=20 nm). Tdpmproach-retract curve
is recorded after stopping the z-controller fee@tbdmmop and the cantilever mechanical
excitation. This plot enables to find the positairwhich the tip is parallel to the surface prior
to its deflection in the repulsive regime (arrow kigure A.13). This position is here
z=-24.5nm, which gives the minimum spacing betwibensurface and the tip of 4.5 nm. This
curve gives also the slope of deflection on thetqdetector with respect to the increase on
the piezoelectric, in repulsive regime, which i86Tm/V which is used to set the cantilever

oscillation amplitude to its desired value (here28am).
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A 8 Conclusion

We have provided in this annex a description efgimulations used to derive the dc
bias regulated by a Kelvin loop from the calculatwf static force fields. The calculations
enable to take into accouf} the effect of side-capacitances in amplitude matituh KFM;
and(ii) the non-linear effects associated with the tigliasion (if any) in KFM experiments.
Results have been used to extract the electrogiatential of ionized silicon nanocrystals

with size in the 2-50nm range from the experimekt&\ data.

V)
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Nanocrystal electrostatic potential V
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Figure A 14: Nanocrystal electrostatic potentiak foscillating tip for samples 1SS and S (see

Figure A 10), calculated from experimental KFM dagend taking into account the tip oscillation

amplitude #15nm) around the 20nm tip-substrate distance. Datee been calculated for two types

of shapes for the nanocrystals: spherical and clloal.
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B 1 High temperatures treatments

p-NC/p-Si andp-NC/n-Si samples and their surface potentials were nmedsafter
heat treatment. These measurements were condustedide th@-type samples did not
show an “effective” doping as compared ndype nanocrystals, and with the hope to
activate the dopants upon a heat treatment. The@leamNC/p-Si andp-NC/n-Si were
heated to 500 K inside vacuum during one hour amaded down to room temperature at
which the KFM measurements were performed.

100nm  p-NC/p-Si |

Figure B 1 a) and @) 500x500 nm non-contact AFM images (30 nm z-scale) of p-typeed
nanocrystals on p-type wafer;)band B) simultaneously recorded AM-KFM images (150 mV
potential scales) before and after heating of sanpl500 K, respectively;)cand ¢) proposed
energy diagrams prior to charge transfers (indichby the arrow).

The comparison between the KFM signals of the saipyNC/p-Si before heating
(Figure B 1 h) and after heating (Figure B %)lshows that the weak positive charge state
observed before heating becomes imperceptible wilnglesubstrate background now shows
surface potential features which are not correlatedhe nanocrystal topography. We
explain this point tentatively by either a reduntiof surface defects of thp-doped
nanocrystals, or an activation of dopants uponitgatorresponding to lowering of the

nanocrystal Fermi level, as shown in Figure B 1 c
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This heat treatment has brought unexpected chasfgbe surface potential of the
p-NC/n-Si sample. Assuming a similar behaviour as indkperiment of Figure B 1, the
KFM signal of thep-NC/n-Si sample would be expected to be negative a#atimg, due
to enhance electron transfer. The result (see €igur2 ) was exactly opposite: the
nanocrystal surface potential became positive #fteheat treatment (Figure B 2.IHere
again, the surface KFM potential of the substraselfi exhibits a granular structure,
meaning that the substrate surface states havgetias well. We therefore would explain
the KFM images after heat treatment to a diffelmilution of the hydrogenatadtype
andp-type substrates upon heat treatments.

c)
T T T T T 2 ! T
60 A 4
40 A A .
. = - A
- R E20 44, 4
nm p-NC/n-Si = o A after heating 4 |
E before heating ©
o
5], e
S-40{ ° © o ©
= GOG 6@
o |
@ -60 A o 2
o
80 °©

o 5 10 15 20 25 30
Nanocrystal height h (nm)

heating

Figure B 2 @) and g) 500x500 nri nc-AFM images (30nm z-scale) of p-type doped
nanocrystals on n-type wafers) land 1) simultaneously recorded AM-KFM images (150
mV potential scale) before and after heating to BQ@espectively. ¢c) Comparison of KFM

surface potential from sample p-NC/n-Si beforec{es) and after heating (triangles) as a
function of the nanocrystal h.

B 2 Measurements in low temperatures

Measurements using low temperatures were als@aathionn-type nanocrystals.
Here the aim was to check that the charge tramsémhanism proposed in Chapter Il was

similar to a remote-doping mechanisre, that the charge transfer cannot be frozen at low
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temperatures. The-NC/n-Si sample $§ has been characterized for this purpose at
temperatures: 25 K (Figure B 3)lusing liquid helium, 100 K using liquid nitrogesnd at
room temperature (Figure B 3)bas a reference. The surface potential of the Eamp
p-NC/p-Si were measured at 25 K and 300 K. The AFM andvKimages do not
correspond to the same surface area at low and temperature, but are shown together
for sake of comparison.

a,) " nc-AFM | b.) AM-KFM

-

100nm n-NE/n-Si

a,) o NcAFMI b)) AM-KFM

& »

-

100nm n-NCin-S

Figure B 3 @) and a) 500x500 nrh nc-AFM images (30 nm z-scale) of n-NC/n-Ss&mple.
b,) and B) AM-KFM images at temperatures of 300 K and 2B%n{V colour scale).

For both samplesn-NC/n-Si and p-NC/n-Si, the measurements done at low
temperature are very similar to room temperaturasuements, and show an increase -
average - of the KFM signal (Figure B 4). Additionally on-NC/n-Si sample no
significant difference between 25 K and 100 K camobserved. The increase in the KFM
signal at low temperature might be related to angkan the screening of the nanocrystal
charge of the semiconductor substrate. Additionallyanalysis of the nanocrystal surface
potential fluctuations was made, by measuring thedard deviation from the linear fit of
the nanocrystal surface potential as a functiontradir height. The values of the
fluctuations are much higher at the low temperatuas can be directly seen in Figure B 4
(left). The sample Sstandard deviation equals 8.5 and 10 for the 2and 100 K,
respectively, since in the room temperature thisevés equal to 4.5. The same analysis
was done for th@-NC/p-Si sample, without however enough data pointsoimmare the

values with the sampleSit is nonetheless visible from Figure B 4 (righbat the
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Annex B: Si NC after high temperatures treatmegms, measurements at low temperatures

fluctuations at low temperature are also highec@®pared to room temperature in the

case ofp-NC/p-Si sample. We do not have yet an interpretationtis increase in surface
potential fluctuations.

T T T T T T T T T T T 50 —7r 1 r T 1 1 1 1T 1
60+ v . o
Seo 40- v i
550
=
£ 40+ 30 -
2 4
230
() | 20 - u
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(%) 1 104 4
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1 300K ©O
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Nanocrystal height h (nm) Nanocrystal height h (nm)

Figure B 4 Nanocrystal electrostatic potentialstwétveraging trends from: n-NC/n-Sj Sample

(left) taken in three temperatures 25 K, 100 K 800 K, p-NC/p-Si sample (right) in temperatures
25 K and 300 K.
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C 1 Preparation of samples

Silicon undoped and doped nanowires (NWs) prepbse¥LS on doped silicon
substrates have been measured by amplitude maxulgglvin force microscopy (AM-
KFM) in ultra high vacuum. The aim was to dete& tlansfer of charge between the NWs
and the substrate, and provide a qualitative ewvielefor doping. The measurement
principle is identical to the work done in Chaplirin the case of silicon nanocrystals.
The interpretation is however not straightforwadd will stay here at a qualitative level.

Preparation of the nanowires

Intrinsic, p-doped anch-doped silicon NWs have been grown by metal-catlyz
chemical vapour deposition on (111) silicon sultegggrowth made by D. Hourlier).
Nanowires have been harvested from their substestgslispersed in isopropanol using an

ultrasonic bath during a few minutes, and then diégd ontop-type andn-type silicon

substrates with gold markers prepared using eledteam lithography (see Figure C1).

heiaed

Figure C 1 Optical view of sample with gold markansl deposited silicon nanowires.

Measurements are made twice: first, after depasifie. both the nanowires and
silicon are covered by native oxide), and in a sdcstep, after a 5 second HF/NHetch
as previously described. Reference samples witldseafter labeledNW/n-Si, i-NW/p-Si
(intrinsic NWs deposited on the-type andp-type surfaces)n-NW/n-Si, n-NW/p-Si
(n-doped NWs deposited on thetype andp- type surfaces)p-NW/n-Si, p-NW/p-Si
(p-doped NWs deposited on timetype andp-type surfaces). The de-oxidized nanowires
will be labeled additionally with a capital lettiér(for examplen-NW/n-Si [E]).
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C 2 Amplitude modulation Kelvin force microscopy
measurements

The surface potential of NWs is probed with a hanede (AM-KFM) set-up,
which has been described in Chapter I. For silisanowires, here of diameters ranging
from 50nm to 450nm, it proved very difficult to satl regulation loops (cantilever
oscillation amplitude and phase, surface tip dtarand regulated DC bias) in
simultaneous non-contact topography and AM-KFM,imyra full image acquisition.
Cross-sections were recorded instead, as illustiat&igure C 2. Such measurements are
repeated along the nanowire length, providing acsd{FM data as a function of their
diameter, due to the conical shape of the invegtitjaanowires.

b)

Topography (nm)
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Figure C 2 a) Schematics of the scan across theowaa, and example of collected data: b)

topography and c) surface potential.

The raw surface potential data of a full set ofiisic and doped nanowires is
shown in Figure C 3, in which the various crosdises along a given nanowire are
represented as a function of the nanowire diametietthis plot, empty symbols represent

samples before de-oxidation, and full symbols regmé the samples after etching. The
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interpretation of experimental data is fairly coroated, because the nanowires have
different diameters and diameter variations duddping. It is not clearly understood yet
why the KFM signal (here the difference in surfamential between the nanowire and
surface) exhibits an almost systematic negativeamecomponent (also visibly increasing
with the nanowire diameter), upon which some syatenbehaviors can be observed. For
instance, the-NW/n-Si shows a higher surface potential as comparatido-NW/p-Si,
either before or after the Si@tch step. On the other hand fRBIW/n-Si exhibits a clearly
higher surface potential as compared to rildW/p-Si sample (but not of opposite sign)

before de-oxidation, while the situation is revdraéer de-oxidation.

We infer that the difficulty of the interpretatiofas compared to the silicon
nanocrystal samples) is de to the large topography of the nanowires, for Whany
cross-coupling with the topography might occur iRNK signals ;(ii) to the nanowire
surface states. Although some systematic behavanwse observed (as described above),
more investigation is needed to understand in detiaeir electronic properties in relation
with their growth.

100 I ' I ' I ' I ! | ! |
m i-NW/n-Si [E]
< 04 . ® i-NW/p-Si[E] T
E | omooo p-NW/n-Si [E] .
5. ;E'BRW v pNW/p-Si [E]
£-100 - o ¢ n-NW/n-Si [E] 1
2 08 %V'v%g‘ * n-NW/p-Si [E]
o 9. O i-NW/n-Si ]
E -200 - v v v v O I-NW/p-Si -
5 v $ p-NW/n-Si
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o < n-NW/n-Si
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Figure C 3 Surface potential as a function of tl@eowire diameter for six samples with oxide

(empty symbols) and after etching (full symbols).
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