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Abstract: AFM and related electrical probe
techniques as electrostatic force microscope (EFM)
can perform injection and detection of electric
charges in nanostructures or oxide layer at the
nanometer scale. The controllable deposition of
both positive and negative localised charge is
described. A basic theoretical and experimental
introduction to EFM coupled with an analytical
calculation of tip-surface capacitance allowed
quantifying the trapped charge. We have used this
quantification method to measure charge storage in
oxide layer and nanostructures. The charge
resolution of EFM technique working at room
temperature and in control atmosphere has been
estimated about 20 charges. Finally, we use this
technique to inject charge and to study their
behavior in confined silicon nanostructures. We
found that the injection efficiency relies on the
thickness of oxide layer, point it out the electric field
as a key parameter in the injection mechanism. The
dynamics and propagation of the deposited charges
have been studied and a homogenous distribution of
the charge in all the nanostructure has been
observed. This observation coupled to a charge
energy calculation lead to the hypothesis of a
Wigner crystal formation.

1 Introduction

Scanning Force Microscopy (SFM) provides a
simultaneous map of topography and various
physical forces with nanometre-scale resolution,
enabling straightforward correlation of physical
properties with surface morphology. Atomic force
microscope (AFM) and related electrostatic force
microscope (EFM) are accurate tools to perform
local and non-destructive electrostatic force
measurements for a wide range of characterizations
as surface potential, charge distribution [1,2],
dopant concentration [3] and dielectric constant [4].
EFM is also able to inject and detect localised
charges in nanostructures, on or below the surface.
This ability have been used to study the distribution
of trapped charges in wide range of samples as: Si
or Co nanocrystal [5,6,7] embedded in an oxide
film, oxide layers deposited on a conductive
substrate [8] and even in individual quantum dots
[9,10]. As the dimensions of electronic devices are
scaled-down, EFM is becoming a technique of
choice to study the influence of localised charges on

Coulomb blockade [11, 12] and electrons tunneling
[13, 14] phenomena when nanometer dimensions
are involved. Like these future devices as SET [15]
or multiple-tunnel junction devices [16,17] will
work at room temperature, their electronic
properties have to be characterised in ambient
condition, this implies a well understanding of the
EFM capabilities at room temperature in term of
spatial and charge resolution. In the present paper,
we address this last point in the first part after a
theoretical and experimental introduction of the
EFM technique. The second part deals with the
modeling of tip-surface capacitance in order to
quantify trapped charge from EFM phase shift
measurement. In the last part, we used EFM in
image mode in control environment at room
temperature, to study space-time behavior of electric
charge in different silicon nanostructures supported
on an oxide layer, after carrier injection with
metallic AFM tip. The major issues of these
experiments are to determine the influence of the
oxide layer thickness in injection mechanism, to
localise the trapped charges and finally to
characterise the distribution and dynamics of
charges in these Si nanostructures.

2 Injection procedure of electric charge

A conductive AFM tip can be used as a nano-
tool to inject electric charges. Figure 1 describes this
injection procedure. The charge injection is
achieved by positioning the AFM tip above a chosen
point of the scan area, disengaging the feedback
control of the probe, then lowering the tip toward
the sample surface and finally applying for few ms a
bias voltage to the tip [-10; 10]V and the sample
grounded. Observing the damping of the cantilever
oscillations on an oscilloscope monitored the
distance between the tip and the sample: when the
oscillation amplitude is fully reduced, the tip apex is
in contact with the surface. This procedure leads to
estimate the oscillation amplitude of the cantilever
free end, peak to peak, closed to the piezoelectric
extension Az: Az=z;-z, with z; the altitude where the
free oscillation starts decreasing and z, the altitude
where the oscillation is fully reduced.

This injection procedure should be carried on
control dry atmosphere where the humidity rate is
low to avoid local nano-oxidation process [18, 19].



Figure 1: Injection procedure by the AFM tip. 1) the scan
is stop and the tip is approching the surface, the
oscillating amplitude is decreasing until it is fully
reduced; 2) Application of the tip-sample voltage; 3) tip
is removed from the surface; 4) the tip is grounded and
the scan restarts.

3  Theory of EFM

In the electrical AFM measurements, a double
pass procedure is performed line-by-line (figure 2):
(1) topography mapplng in dynamic mode and (2)
Electrical mapping in ‘interleave’ mode.

Double

Figure 2:
topography scan; Right: the tip is lift at the altitude
7y to detect the long-range forces as the electrostatic
one.

Firstly the AFM probe scans the surface
topography in classical dynamics mode [20] where
all the types of force (long and short range) act on

pass procedure.Left:

the AFM probe. As example, Van der Waals,
capillary or chemical interactions are short-range
forces while magnetic or electrostatic ones are long-
range forces. In first and basic approximation, the
cantilever behaviour in dynamic mode can be
described as a harmonic oscillator driven
mechanically by an external sinusoidal force F,,.,
closed to its resonance frequency @;, probing a non-
linear force potential F;(z):
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where z’’and z’ are the second and first
derivatives of tip-surface distance z in function of
time ¢, v is the damping factor. The non-linear force
potential represents all the force acting on the tip at
the nanometer scale. When the cantilever is far from

the surface, Fj(z) is negligible, and equation (1) is
resumed to the movement of an harmonic oscillator
and has a steady solution:

(2) 2(t) = A(o(0)cos(~p(w))

where A(w) and ¢(w) are respectively the
amplitude and phase of the oscillation in function of
the excitation signal, their expressions are:
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The amplitude expression is a Lorentzien
equation with its center located at the resonance
frequency . It should be noticed that the phase has
a linear dependence around w,

When the tip is closed to the surface, the tip-
surface force potential F(z) acts on the tip and
disturbs the oscillating movement of the cantilever.
In these conditions equation (1) can not be solve if
Fi(z) is unknown. Nevertheless if we consider small
cantilever oscillations around the altitude z, and
small force gradients, an approximation can be
made:
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In this hypothesis, equation (1) can be written
as:
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The term Fj(zy) is time independent and creates
a static deflection of the cantilever without interest
for the rest of the mathematical treatment. However,
the second term induces a variation of the resonance
pulsation of the system and it can be described as a
variation of the spring constant of the cantilever,
given by:
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where £k is the cantilever spring constant.

For an attractive the tip-sample interactions the
force gradient is positive in respect of a z increase
when the tip move away from the surface. As the
system stays mechanically excited at @, the
interaction sets the system off its resonance and by
the way the oscillating amplitude and the phase are
changing. In practice to regulate in dynamics mode
in air, the cantilever is excited at a fixed frequency
just below its resonance frequency, the feedback
loops adjusts the average tip-surface distance in
order to maintain the oscillating amplitude (or the



phase) constant. In this way, the regulation is done
at a constant force gradient.

After the topography pass, the electric one
consists of probing only the long-range interactions
and more specifically the electrostatic one. For this
purpose, the AFM probe is lifted and kept at a fixed
height z, above the surface, whose topography was
obtained in the previous topography scan line.
During this second pass, the tip is biased with
respect to the sample, and probes a long range
electrostatic force Fg:

(7) Fe(z)= %(Avf with AV = V-V,
Z

where C is the capacitance between the AFM
probe and the sample, 4V is the tip-sample potential
difference with V, and V; are respectively tip and
surface potentials.

In EFM mode, the cantilever is excited near its
resonance frequency @, and a dc voltage Vipy is
applied between the tip and the sample. If the
sample surface is homogenous (no electric charges
trapped), the EFM signal is regular and constant all
over the surface. However if locally ¢ electric
charges are trapped, the surface potential Vs equal
V, and cause a change into the electrostatic force
1nten51ty and so into its gradient.

This gradient shift can be detected by
measuring the frequency or phase shift A and A4,
of the oscillating movement of the cantilever related
to it [21]:
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where Q is the quality factor of system.

In function of the sign and value of Vigy, an
increase or a decrease of A¢ is detected above a
charged region (figure 3). In the (b) configuration,
Vern and V have the same sign but |Vigy| > |quax|
the force gradient increases and a bump appears in
the phase signal. In (¢) Vgry has the opposite sign of
V,, the force gradient decreases and a hole appears
in the phase signal. The (d) configuration is rare,
Verum and Vg have the same sign but |V gpv| < |quax|
a more complex profile appears. In practise as
|Vamax| 1s about few hundred mV while [V gpu| is set
around one volt or above, this last situation is not
experienced often.

To illustrate the effect of the tip polarisation,
some electrons have been injected on a SiO, layer
where they form an electron cloud. The right image
of figure 4 represents the topography image where
an apparent height appears due to the additional
attractive force contribution of the electron cloud to
the other surface forces. The left image represents
the phase shift measurement for two different
voltages applied to the tip: on the top Vgpy is set to
+2V creating a bump in the image while on the
bottom Vgry is set to -3V creating a hole. These
observations are fully described by the previous
interpretation. Two main points should be

emphasized: (a) for all kind of contrast, the tip-
sample interaction stays attractive in agreement of
its capacitive nature; (b) the frequency or phase shift
represents a difference of measurement between an
uncharged and a charged region for a fixed V gpum
traducing an increase or a decrease of the force
gradient between these two parts.

Thanks to EFM image, the localisation and the
sign of trapped charges can be easily defined,
nevertheless the quantification of the trapped
charges is not straightforward and a lot of works
have treated and still deals with this question [22,
23,24, 25,10].
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Figure 3: Sign detection of the trapped charged in
function of Vgpy. a) surface distribution of V, potential
created by positive charge; b) Vegpy >0 then ‘the phase
signal increases; ¢) Vgrpy<O then the phase signal
?ecreases d) Vemm has the sign as Vg but

VErm | < | quax| then a complex profil appears with a
hole in the middle.
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Figure 4: Topography (top) and phase (bottom) maps on
a thin S102ﬁ1m of 25nm on Si.substrate. Scan size is
(1x2) um’. Charge injection parameters were —10V/10s.
The phase is recorded at a lift height of 100 nm. Bottom
figure, the tip voltage during lift mode is Vgpy=12V on
the upper half of the image, then Vgpy=-2V on the lower



half. The phase shifts jumps from -3 degrees to +2
degrees.

4  Quantification of the trapped charged

To deduce the surface charge ¢ from the (8a) or
(8b) equations using EFM images, the modeling of
tip-sample capacitance is required because the force
gradient varies with its second derivative. The
capacitance of the system relies on (a) the sample
characteristics as the nature and number of oxide
layers deposited on the conductive bulk and its
roughness, (b) the average tip-surface distance to
choose the adapted surface geometry for modelling
the AFM electrode. Indeed, three parts composed
the AFM probe: the cantilever modelled by a plan
area, the tip represented by a truncated cone [26]
and the tip apex represented as a small sphere [27]
or the tip and its apex by a cone [27]. Modelling the
surface as a plane, each AFM part contributes to the
probe-surface  capacitance with a  specific
expression:
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where K is a constant
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To distinguish each contribution, the variation
of the second derivative capacitance C’’(zy)) in
function of the average tip-surface distance z, is
plotted in figure 4 considering metallic probe-
surface system in air. The curves were obtained by
assuming that the cantilever length and width of
respectively 100um and 35um, the tip apex has a
radius R of 35nm, a cone height H of 15um with a
tip-opening angle 0of 10".

Figure 5, demonstrates that the cantilever
contribution is negligible. If the total capacitance of
the cantilever is large, its variation with the tip-
surface distance in EFM operation is very limited,
and so is the second derivative. This result has also
been emphasized in Ref [28].

For typical ‘interleave’ distances z, -[50-
300nm]| range-, the basic plane-plane capacitor
model of the tip-sample system is a relevant
approximation. Indeed an adjustment of the plate

truncated cone-plane:

area of the plane capacitor is made, so that values of
this model with the more realistic one of truncated
cone-plane coincide at the chosen hft helght here
100nm. In this condition a 1.47x10* nm? surface is
found corresponding to a 140nm diameter disc. This
approach leads to an effective tip area where only
the tip apex augmented of a part of the cone
interacts with the surface. If we apply this basic
model to quantify the total charge ¢; of an electron
cloud in a SiO; layer with a thickness d on a Si bulk,
the charge ¢ located under the effective tip area
induces an image charge g, in the Si substrate,
causing a force defined by:
(13) F=(qtqp)q1/(2Sg)
where S is the effective probe area depending of
the tip-surface distance z, and ¢; is the charge image
in the substrate.
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Figure 5: Second derivative of the capacitance C”(z)
vs. plate distance for three tip-sample models. The plate
area of the plane-capacitor model has been set so as to
coincide with the value of the truncated cone-plane model
at a separation of 100nm.

From an electrostatic analysis of the tip-sample
system modelled using the simple parallel-plate
geometry, the force is found to be given by:

2
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where &g0, 1s the dielectric constant of the
silicon oxide layer.
For Vg =0, the combination of equation (8b)
and the derivative of (14) leads to:
503 )808810 S
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where Q is the quality factor of the AFM probe

Once the q charge is known, a related charge
density D can be defined and the total electron cloud
can be quantify by:

(16) q; =DxA with D=¢/S

A is the electron cloud diameter measured at
half height of the phase signal on EFM image.

Even if this simple model has been used often
to quantify trapped charges in oxide layer or in
embedded conductive nanostructures [5,7], this
modelling tip-surface capacitance is valid only for
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flat surface and EFM lift heights higher than 50nm.
For smaller tip-surface distances and/or for tip-
nano-structure interaction, a more complex
geometry is required for reliable quantification as
described in ref 10, 29].

To quantify the trapped charge, there is a
second method based on the variation of the tip
voltage where the direct measurement of the phase
shift 1s not needed. The principle is to scan at a fixed
altitude all the time the same line where charged and
uncharged regions are included and record the phase
shift (or frequency shift) in function of the tip-
surface voltage Vgpy. By measuring the phase (or
frequency) shifts on EFM image, two curves are
obtained: one for the charged region and one for
uncharged region (figure 6). These two curves are
parabolic, which confirms a proportional interaction
variation with Vg but their minimum are not
reached when Vgpy equalled zero. On the uncharged
region, this minimum shift is due to the potential
contact V¢ between the W,C tip and the silicon
surface. In this case, the phase shift is very small
and as it is near to the resolution of the technique in
air, the measurement of this value is not reliable.
Above the charge region, it is due to the additional
potential ¥, produced by the trapped charges.

1 B Non-charged area
= | ¢ Charged area
s
©
> 1 AV_,. =137V
=
o
I}
-12 -8 -4 0 4 8 12

Tip voltage (volts)

Figure 6: EFM phase signal in function of the tip-sample
voltage (Vgrm) at zy=300nm for charged and uncharged
regions. The two curves do not have the same minimum.

As the phase is proportional to the force
gradient, they reached their minimum for the same
value of Vgpvmin then the calculation of ¢ is
straightforward:

(17) F’(zy) = 0 for g = 2507 ~V.)
In the figure 6, the phase is minimal above the
charged region when Vgpy equal 1.37V leading to a
number of 1500 trapped charges. For this estimation
an oxide layer thlckness of 25nm and an effective
tip area of 1.26x10° nm’ (400nm diameter disc)
have been used. The effective tip area is large
because the phase signal has been recorded at an
altitude of 300nm.

There is one more method to quantify the
trapped charge, which is based on the approach-
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retract curves in dynamics mode [30]. This method
is not explained in this paper but it has been
successfully used to study the static charge
distribution in an individual single-walled carbon
nanotube [31].

Now that the method of charge quantification is
established, the next challenge is to determine the
spatial and charge resolutions of the EFM technique.

5  Spatial and charge resolutions of EFM

In EFM like in AFM, there is the lateral and the
vertical resolution. At room temperature, the
Brownian motion due to the thermal noise limits the
vertical resolution because it induces an oscillating
movement of the cantilever. This permanent
movement fixes the minimum value of the force
gradient that the system can measure [32]:
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where 4, is the oscillating amplitude, &z is the
Boltzman constant, 7 is the temperature, k the
cantilever stiffness, B is the bandwidth, @, the
resonance frequency and Q the quality factor. At
room temperature kz7=26meV, for a cantilever with
a resonance frequency of 100kHz and an oscillating
amplitude 4,/~20nm and a bandwidth of 300Hz, the
force gradlent of the thermal noise (6F/82)mm is
about 2.10°N/m. The combination of equations (14)
and (16) leads to a minimum number of trapped

charge ¢
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For a 25nm silicon oxide layer, a z, tip-surface
distance of 50nm leading to an effective tip-surface
area of interaction S of 626Onm2, a minimum
number of charge of about 20 is found. To improve
this charge threshold a solution is to work at low
temperature; the second one is to work in ultra high
vacuum where the quality factor Q is improve at
least by a factor of 100.

In EFM, the Ilateral resolution defines the
capability of the technique to detect independently
two separated electric charges. In the model of
electrostatic gate [33] a line of electrical charges
separated by a distance a, produces an electric field.
It has been calculated that the electric field becomes
uniform for an altitude z=> a. If we reverse the
situation: during the electrical mapping, the tip is
lifted around 50nm then two charges could be
imaged independently if they are separated by a
minimum of 50nm. To improve the lateral
resolution the tip-sample distance can be reduced
but it should be kept in mind that when the tip is
closed to the surface, it will probe the surface force
at the same as the electrostatic one leading to altered
measurements.

(18
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6 Study of space-time behavior of electric
charges in Si nanostructures by EFM

The behavior of electric charge has been
studied by EFM in three types of sample: the
unconfined, the semi-confined and the confined
samples. A layer of oxide on a conductive substrate
is an unconfined sample because the injected charge
are free to propagate in all the volume or surface of
the layer. During the last ten years, this type of
sample has been intensively studied in order to
determine if the charges are trapped in volume
and/or surface [34, 35] and how they evacuate. A
recent work using EFM to record the space-time
evolution of the charges in a silicon oxide layer [8],
demonstrated that two main mechanisms are
involved: the ohmic conduction thanks to the
coulombic repulsive force and the diffusion at the
surface according to a Fick law.

Conductive quantum dots with a size less than
10nm embedded in an oxide layer deposited on a
conductive substrate is a semi-confined sample
because the injected charge can propagate in the
volume or surface under certain energy conditions.
Indeed several studies [5,6,7] have demonstrated
that the quantum dots act as powerful traps with a
limited number of charges per dot. A mechanism
based on Coulomb blockade effect [15] governs the
charge propagation in link with the quantum dots
distribution in the oxide layer [36].

For confined samples as individual conductive
nano-structures deposited on an oxide layer, few
studies have been carried out at room temperature
[9, 10, 29]. However, such structures have a great
interest because the injected charges are constrained
to propagate and interact in a finite geometry. To
characterise charge behaviour in such environment,
monocrystalline silicon nanostructures supported on
a silicon oxide layer of thickness d on top of a
silicon substrate have been charged by the AFM tip.
The nanostructures are covered by a thin layer of
silicon oxide (2nm) as illustrate in figures 7 where
two nanostructures geometry are presented: a
rectangular one with of 15nm in height and 75nm in
width and a ramified one, both supported on 7nm or
400nm oxide layer. These structures have been
fabricated from SOI sample using FIB (Focus Ion
Beam) to insulate the resign before the lift off
process. The ramified structures have been obtained
during an unexpected spreading of the resign;
nevertheless this sample has been very useful for
studying charge propagation. After this patterning
step, the structures are covered by a thin layer of
silicon oxide (2nm). Two qualities of oxide were
used: a High Temperature Oxide (HTO) and a Rapid
Temperature Oxide (RTO). The HTO exhibits a
high concentration of defect while the RTO a low
one.

Subsequent experimental issues will be at least
twofold: 1) a better understanding of the influence of
the oxide layer thickness in the injection and
detection process; ii) the investigation of the charge
localisation and dynamics in function of structure
geometry and quality of the covered oxide.

The top of the figure 8 represents the sample 1
that consists of several individual rectangular nano-
structures deposited on a 7nm oxide layer while the
bottom of figure 8 represents the sample 2 that
consists of similar rectangular nano-structures
deposited on 400nm oxide layer. The lateral
separation between two rectangular dots is 225nm.
For each sample an individual nano-structure have
been charged using the same injection parameters
(10V; 10s). In both cases, the EFM image exhibits a
phase shift of 2 degrees. For a constant phase shift
and z,=50nm, ¢, can be straightforward calculate
from equation (15) but to calculate ¢, the dot height
(17nm) must be taken into account leading to the
following expression:
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From the ¢, and ¢, values, a charge ratio (¢,/q,)
of 7 is found, which means: i) There is seven times
less of injected charge in the dot of sample 2 (thick
oxide layer) than in the dot of sample 1; ii) The
minimal number of charge that the EFM technique
can detect, relies on the oxide thickness.

Si nanostructure covered by a
2nm oxide layer

N

Si substrate

vertical
nanostructures covered by an 2nm oxide layer supported
on an d oxide layer deposited on silicon substrate;
Bottom left: sample 1 geometry: rectangular nanodot;
Bottom right: sample 2 geometry: ramified nanostructure.

Figure 7: Top: sample geometry: Si

At the light of these results, the electric field
appears as a key parameter in the injection process.
Experiments have been realised to determine the
electric field threshold needed to inject the
minimum value of charge above the one the EFM
technique is able to detect. On the sample 1 (thin
oxide layer), five nanostructures have been charged
using five different voltages (-2V, -3V, -4V, -5V
and -6V) for 10s. For the voltages between —2V and
-5V, a very small phase shift is detected on the
EFM image (figure 9); this shift is so small that it
falls down the detection limit of the technique in air.
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of oxide thickness on

Influence
nanostructure charging. Injection parameters —8V/10s.
Top: sample 1 with 7nm of oxide layer. Left: topography

Figure 8:

image; center: EFM image; left: phase cross section.
Bottom: sample 2 with 400nm of oxide layer; left:
topography image; center: EFM phase image; right: phase
cross section

On the other hand, for (—6V) a phase shift of 1
degree is measured leadmg to estimate the electric
field threshold about 2.5x10°V/m. This threshold is
rather surprising since this value is one order of
magnitude higher than the one needed to inject
charge in nanostructure on a thick layer of oxide.
Nevertheless this injection threshold is relative to
the detection one, which is dependent of the oxide
layer thickness (i.e. equation 15). In fact it can not
be assumed that no charge are injected for voltage
lower than |-6Vl, to solve this question, similar
measurement have to be carried out on ultra high
vacuum where the force gradient resolution is
improved.

To localise where the charges are trapped,
injection experiments have been performed into a
ramified Si structure supported on 7nm-oxide layer
and covered by 2nm of HTO. The injection takes
place at the middle of the structure by applying 10V
for 10s. In Figure 10, the charged region is easily
distinguished to the uncharged ones because it
exhibits a homogenous phase signal in all it. This
homogenous signal is the signature of the charge
propagation in all the structure. This observation
demonstrates that the silicon nanostructure behaves
like a metal and becomes iso-potential.

When the silicon ramified structure is covered
by a 2nm RTO layer, as the figure 11, a larger phase
shift appears at the injection point compared to the
rest of the structure. This specific spot does not
present the same time dependence that the charges
in the nanostructure. Indeed after several minutes,
this spot is still visible in EFM image while the
silicon charge is gone. This result demonstrates that
the charges are trapped differently and are localised
in the RTO layer. In the case of a HTO layer, this
effect is not observed. The high level of defects in
HTO layer compared to RTO one can explained the
origin of this difference by making easier the
recombination of the charges.

The last issue to address through these
experiments is the temporal evolution of the charges
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in such confined structure and how they interact.
When electric charges are confined in small
nanostructure, their density is high and creates a
strong repulsive effect between the charges. If we
consider that 100 electrons are confined in a dot of
100nm in diameter, the charge density is 10"

In this conﬁguratlon the electrons are trying to get
out of the dot but the oxide layer prevents their
escape. In order to illustrate this repulsive effect, the
following experience has been realised: after a
charge injection of 10V/10s in a rectangular dot, the
tip is grounded and put in contact with the charged
dot for 10s. The result of this experiment is
presented in figure 12. Between the top of the EFM
image (fig 12) recorded before the tip contact, and
the bottom recorded after, a phase signal decrease
about 0.5 degree is measured. This indicates that
some charges have been removed from the dot, they
passed through the 2nm-oxide cover to reach the tip.
This means that the voltage difference between the
grounded tip and the dot is high, probably several
hundred of mV for allowing tunneling effect. Step
by step when the charges are tunneling through the
oxide, the dot potential diminishes until the
tunneling probability becomes negligible. As the
tunnelinllg2 time of the charges can be negligible (10~
" to 10™ s) compared to the 10s of tip-dot contact,
the limited factor is then the tip-dot voltage decrease
explaining why there are still some charges in the
dot after 10s.

The confinement of a great number of electric
charge in small volume, produces a high
electrostatic energy Ec that should overcomes the
others energies at room and low temperatures. This
expression of Ec is:

21) E, =1< where q is the total charge and C is
c=2°¢

the capacitance of the Si dot

To calculate C, we approximate the rectangular dot
by a sphere with a radius R covered by an oxide
layer. The value of R is adjusted to obtain a sphere
volume equal to the dot volume of 10" m’. If we
consider that 100 charges (low estimation) are
present in the dot, a repulsive Coulombic energy of
130meV per charge is found. This energy is far
higher than the thermal one (26meV at room
temperature). In this energy configuration, we could
suppose that the charge formed a Wigner crystal in
the nano-dot.
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Figure 9: Electric field threshold for injection. Top:
injection paramters —5V/10s. a) Topography image; b)
EFM signal; c¢) Phase cross section. Bottom: injection
parameters : -6V/10s. d) Topography image; e¢) EFM
phase image; f) Phase cross section
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The distribution of individual charge in an
organised crystal, called Wigner crystal, has been
observed at low temperature for quantum systems
when the electronic density is low [37]. In that case,
the Coulombic repulsive force between the charges
becomes far higher than the thermal one leading to
the distribution of charges on a grating to minimise
the interaction energy. This effect verified by Monte
Carlo simulation, has never been observed
experimentally on system contained a great number
of electron. To validate this hypothesis, similar
experiment should be carried on vacuum and at low
temperature where EFM technique is more accurate
and has a greater resolution in charge detection.

The strong Coulombic repulsive effect leads to
an other phenomenon: the evacuation of the charge

Figure 11: Time evolution of injected charges in

from the nanostructure. Indeed in figure 12 we
observe that the charges trapped in the nanostructure
disappears after 30mins. The charge evacuation is
homogenous which indicates that there is no
preferential path. The mechanism is not well
understood and it may occur by charge diffusion
through the oxide traps according to Fick law and/or
ohmic conduction [8].

ramified nanostructure covered by a 2nm RTO layer. At
the injection point (-7V/10s), the EFM phase signal is
higher than in the rest of the structure.

Phase (degrés)

T T T T T
0 100 200 300 400 500 600
X (nm)

Figure 10: Charge propagation in ramified nanostructure.
Injection at the middle on the structure by applying
(-10V/10s). a) Topography image; b) EFM phase image.
Z phase scale: [0-10] degree

Figure 12: Discharge experiment: the tip is grounded
and comes in contact to the charged dot during 10s. a)
Topography image; b) EFM Phase image; c) Phase cross
section.
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A linear treatment of the oscillating cantilever
movement probing a long-range force potential is
sufficient for explaining EFM technique in classic
image mode for lift height in the [50-300]nm.
Thanks to this treatment, a simple relation between
the phase the force gradient and the tip-surface
voltage, is found. A qualitative analysis of this
relation leads to three possible configurations of
EFM phase shift according to the tip polarisation
and sign of trapped charge. This analysis gives a
clear interpretation of “bump” or “hole” apparition
in EFM image. Analytic calculation of the metallic
tip-sample capacitances and their force gradients
was carried out to quantify trapped charge from
phase shift measurements in EFM image mode or
voltage spectroscopy. Next the spatial and charge
resolution of the EFM technique have been treated.
It has been underlines that the charge resolution is
limited by the thermal noise, leading to a detection
threshold at room temperature of about 20 for
trapped charges in a 25nm-silicon oxide layer. On
the other hand, using the model of electrostatic gate,
it has been found that the lateral resolution is
dependent of the lift height: the tip can detect
individually two charges if there are separated by a
distance equal to the lift height.

Finally, charge injection experiments were
carried out on individual silicon nanostructures to
correlate: the charging level with the oxide thickness
that supports the nanostructures, the charge
localisation with the quality of the cover oxide, the
dynamics of the charge propagation and distribution
with the structure geometry.

In the same injection conditions, experiments
have shown that the charging level is seven time
higher for dots supported by 7nm-oxide layer than
for the ones on a 400nm-oxide layer. This result
highlights the electric field as a key parameter in the
injection mechanism. By performing injections in
silicon dot covered by a HTO layer and on dot
covered by RTO layer, it has be determined that
charge are trapped mainly in the silicon dot rather
than the oxide layer. Injection experiments in
ramified nanostructures have demonstrated that the
charges propagate in all the structure leading to a
homogenous charge distribution. From this charge
behaviour, we can conclude that such silicon nano-
structures act as a metal. However, further
experiments should be carried out to validate the
formation of a Wigner crystal in such nanostructure.
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