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Charging Detected by Electrostatic
Force Microscopy

Antoni Tekiel,* Yoichi Miyahara, Jessica M. Topple, and Peter Grutter

Physics Department, McGill University, 3600 University Street, Montreal, QC H3A 2T8, Canada

ABSTRACT We use atomic force microscopy to measure electron
addition spectra of individual Au nanoparticles that exhibit Coulomb
blockade at room temperature. The cantilever tip charges individual
nanoparticles supported on an ultra-thin NaCl film via single-electron
tunneling from the metal back electrode. The tunneling is detected by
measuring frequency shift and damping of the oscillating cantilever. Finite
element electrostatic calculations indicate that the total nanoparticle
capacitance is dominated by mutual capacitance to the back electrode.
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n nanoelectronic devices where compo-

nents are connected by tunnel barriers

and capacitively coupled to external
electrodes, the transport can be dominated
by single electron effects. Among such phe-
nomena, Coulomb charging plays a key role
in many systems, including single electron
transistors and single electron memory de-
vices. Measurement of the capacitance be-
tween the components of nanoscale circuits
and understanding its origin is of great
importance for the effort of improving such
devices in order to work reliably at room
temperature.l'2 However, characterization
of local electronic properties becomes in-
creasingly challenging as structures are re-
duced to nanoscale dimensions. Methods
based on transport measurements and con-
ventional charge sensing are limited in flex-
ibility since they require lithographic techni-
ques to fabricate nanoscale electrodes. In
this work, we use electrostatic force micro-
scopy with single-electron sensitivity (e-EFM)
to characterize charging of individual Au
nanoparticles (NP), including measurement
of electron addition spectra and tunneling
rates. The nanoparticles are separated from
an Fe(001) back electrode by an ultra-thin
NaCl film and due to their small size exhibit
Coulomb blockade at room temperature.
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Because the e-EFM technique can both im-
age the topography of the studied device
and measure electronic properties of indi-
vidual nanoparticles, it allows for exploring
structure—property relationships. Given the
simple design of the studied system, we use
finite element electrostatic simulation to
examine the relevant contributions to the
total nanoparticle capacitance, which is de-
termined experimentally from the measure-
ment of electron addition energy. The results
point toward a total capacitance dominated
by the mutual capacitance between the nano-
particle and the back electrode. A comparison
of the experimentally determined capacitance
with numerical simulations indicates that the
nanoparticles should be modeled as truncated
spheres in order to reduce the mutual capaci-
tance to the substrate.

The e-EFM technique is a new and extre-
mely versatile method that is based on non-
contact atomic force microscopy (NC-AFM)
and suited for characterization of nano-
structures supported on thin insulating films.
In e-EFM an oscillating AFM tip is used both
as a gate to charge individual nanoparticles
with single electrons from a conducting
back electrode, and a charge-sensitive probe
to detect the tunneling through a change in
cantilever energy dissipation. As a scanning
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Figure 1. (a) Schematic of the studied system. The AFM tip is used as a local gate to charge individual nanoparticles with
electrons from the back electrode. (b) Plot of the dissipation and resonance frequency shift response (in normalized units)
versus the normalized tunneling rate (in units of the cantilever resonance frequency, w, = 27f,). (c) Topography of an NaCl thin
film with a submonolayer coverage of Au that self-assembled into homogeneous nanoparticles. (d) Topography of studied Au
nanoparticles (the width of the nanoparticles derived from AFM measurements is overestimated). (e) Energy diagram of the
system for positive sample bias allowing for sequential unloading of electrons.

probe technique, e-EFM can routinely access nano-
meter length scale and offers an alternative approach
that overcomes the difficulty in attaching the electro-
des. The e-EFM technique has been successfully used at
cryogenic temperatures®~° to measure energy spectra
(ground8 and excited states®), electron tunneling rates,
as well as shell structures® of various nanoscale struc-
tures and entities. It is clear that in principle this
technique, which has been used at temperatures as
high as 95 K2 could also work at room temperature and
lead to wide-ranging applications.® So far, however,
the only e-EFM experiment conducted at room tem-
perature reported a relatively weak signal,’® making
characterization of individual nanostructures difficult.
In this work, we extend the e-EFM technique to room
temperature by carefully tuning the sample design and
fabrication relative to the cantilever response to
achieve maximum sensitivity.

The essential part of the e-EFM method is an insulat-
ing film that separates the nanostructures under in-
vestigation from a back electrode, which is shown
schematically in Figure 1a. The rate of tunneling
through the thin insulating film largely decides the
sensitivity of the method by affecting the relative
strength of the cantilever dissipation and frequency
shift signals,® which are measured in e-EFM. Figure 1b
shows that the dissipation of the cantilever, Ay, is
maximal when the tunneling rate is matched with
the oscillation frequency of the cantilever, while the
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frequency shift, Aw = 2Af, increases with increasing
tunneling rate (see also the Supporting Information).
Although the signal could be optimized by a proper
choice of the cantilever, this imposes a potential
limitation due to the range of resonance frequencies
(10—1000 kHz) of commercially available AFM probes.
Alternatively, the e-EFM technique can be made sensi-
tive at room temperature by achieving full control over
the tunnel barrier thickness and adjusting the tunnel-
ing rate to the cantilever resonance frequency. We
utilize an ultra-thin epitaxial NaCl film as the tunnel
barrier, grown under ultra-high vacuum (UHV) on the
Fe(001)-p(1 x 1)O surface of the Fe back electrode. Our
group has recently developed a method to grow such
films layer by layer with a small number of defects."’
Metal nanoparticles, formed by thermally evaporating
Au onto the NaCl surface, are used as electron confin-
ing nanostructures.

RESULTS AND DISCUSSION

Figure 1c shows an NaCl film at a nominal thickness
of 7 atomic monolayers (ML) with a submonolayer
coverage of Au. The epitaxial NaCl film has a (001)
orientation and a (4 x 4) symmetry with charge-neutral
step edges oriented along the (110) directions of the
Fe(001) substrate. It grows in a near perfect layer-by-
layer mode, allowing for precise control of the tunnel
barrier thickness."" Although the underlying step edges
of Fe slightly disturb the nearby growth of NaCl, on flat
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Figure 2. Dissipation (y) images taken at room temperature showing the same three Au nanoparticles as Figure 1d, tip height
z~ 8.3 nm and cantilever oscillation amplitude A = 0.5 nm. The bias voltage across the tunnel barrier, equal to o.(x,y,z) Vg, was
gradually increased by changing Vg from 11 to 13V, allowing for tunneling of a larger number of electrons.

substrate areas the film is characterized by an almost
complete sixth ML, and a far from complete seventh ML.
On the Nadl film, as shown in Figure 1¢, Au reveals a
strong affinity for substrate steps, similarly to alkali
halide bulk surfaces,’>” "> To meet the requirement
for the electron addition energy, E.qq, to be larger
than kgT at room temperature, a small amount of Au
(approximately 0.02 ML) was deposited that resulted in
a formation of isolated nanoparticles (with an average
number density of 1.3 x 10"" NP/cm?). The nanoparticles
are anchored symmetrically above NaCl step edges and
are homogeneous in size. In Figure 1d, the size of the
studied nanoparticles is characterized by a height of
3.5 nm when measured from the lower NaCl terrace and
a diameter of approximately 10 nm. In topography char-
acterization, the AFM tip usually leads to increased lateral
dimensions due to tip convolution effects.''*'> For this
reason, the width of the nanoparticles derived from the
AFM topography measurement is certainly overestimated.

To induce tunneling between a supported Au nano-
particle and the back electrode, the AFM tip is placed
within several nanometers above the nanoparticle (see
Figure 1a). A DC bias voltage, V3, is applied to the back
electrode, while the oscillating cantilever is electrically
grounded. Tunneling between the tip and the nano-
particle is negligible because of the large barrier height
and width (~5 nm) of the vacuum gap. The potential
drop between the Au nanoparticle and the back electrode,
ie, across the NaCl tunnel barrier, is a fraction of the
applied bias voltage, aVg (o < 1). The alxy,z) parameter
(commonly called the lever-arm) depends on the lateral
and vertical position of the tip. Consequently, even small
tip oscillations modulate @, leading to an effective mod-
ulation of the voltage across the barrier. Tunneling of an
electron between the back electrode and the Au nano-
particle only takes place if the Coulomb blockade is lifted
by selecting a proper value of V and tuning eaV; to one
of the electrochemical potential levels of the nanoparticle
(Figure 1e). Under this condition, the oscillation of o leads
to an oscillation of the number of electrons on the
nanoparticle, N, between two neighboring ground states
characterized by N = n and N = n 4+ 1 electrons. The
oscillating charge on the nanoparticle causes both a
resonance frequency shift, Af, and damping of the
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cantilever, Ay.”® Although tunneling of electrons is a
stochastic event, the average charge, (N(1)), follows the
oscillating motion of the tip. As a result, the oscillating
electrostatic force has not only an in-phase, but also a 90°
out-of-phase component that leads to energy dissipation
(which is a similar effect to the Q-factor degradation in the
Q-control system used in amplitude modulation AFM'®).
A detailed quantum mechanical treatment of the coupled
cantilever-quantum dot system is needed to understand
the experimentally observed frequency and dissipation line
shapes, which has been explored in detail elsewhere.”?
We first focus on qualitative observation of the
tunneling process by scanning the tip in the area with
the three nanoparticles shown in Figure 1d in constant
height mode with fixed V. Figure 2 shows a set
of dissipation (y) images recorded at a tip height
of ~8 nm (measured from the level of NaCl surface
topography characterization) with a fixed bias voltage
in the range of 11—13 V. In this situation, although the
tip height remains constant (it is only slightly modu-
lated due to the cantilever oscillation amplitude), the
level arm o depends on the relative position with
respect to the nanoparticle and decreases monotoni-
cally as a function of the tip—nanoparticle distance. If
the bias voltage is high enough to induce Coulomb
oscillations, dissipation features are visible in the y
images as concentric rings centered above nanoparti-
cles. The circular shape is a consequence of the fact
that o, to a good approximation, does not depend on
the radial direction with respect to a nanoparticle.
Considering a single nanoparticle, during the tip scan
eaVy takes its maximal value at closest approach
directly above the nanoparticle. If this maximal value
matches exactly one of the electrochemical potential
levels, which lifts the Coulomb blockade, a disk-like
feature will form in the y image. When the V; voltage is
further increased, the disk transforms into a ring. The
width of this disk (and rings) is well understood and
depends among other parameters on the oscillation
amplitude of the cantilever.”® Each ring originates from
a single peak and indicates the spatial positions of the tip
where eaV; is equal to a particular value that lifts the
blockade (the largest ring corresponds to the smallest
value of eaVg). As shown clearly in Figure 2, the size of the
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Figure 3. (a—d) Dissipation images showing sequential unloading of electrons from Au nanoparticles through decreasing the
tip height, and thus increasing a. (e) y-Vg spectrum taken at room temperature over the upper nanoparticle with oscillation
amplitude A = 1.0 nm and tip height z = 7.5 nm. Similarly to panel (a), where after entering each ring the number of
electrons on the nanoparticle reduces by one, the electrons are sequentially unloaded after increasing Vg and passing
each peak in the y-Vg spectrum in panel (e). The level arm, q, is determined by a simultaneous fit describing all three
peaks using eq 1. The separation of consecutive peaks, A, is given by E,q4/€0, allowing for calculation of nanoparticle

addition energy.

nanoparticles is small enough to make the electron
addition energy exceed the thermal energy, kgT, since
the rings are clearly resolved at room temperature.

The potential drop across the tunnel barrier can also
be controlled by changing the tip height while the bias
voltage is kept constant. Decreasing the tip height
increases all a(x,y) values and leads to a higher poten-
tial drop across the tunnel barrier at all lateral tip
positions (x,y). If this change is sufficiently large to
access further electrochemical potential levels of the
nanoparticle, which are separated by E,4q, more rings
are observed in the y images. This is demonstrated in
Figure 3a—d, where the tip is brought progressively
closer to the sample, staring from 10.0 nm and ending
up at 7.5 nm, while Vg is fixed at 10 V and the cantilever
oscillation amplitude is maintained at 1 nm. Each ring
emerges first as a disk above the nanoparticle center
and next grows in diameter with decreasing the tip
height. As the ring diameter gets larger, the intensity of
the ring decreases due to the weaker electrostatic
damping force at larger tip-nanoparticle distances.

Figure 3e shows an electron addition spectrum for
the upper nanoparticle imaged in Figure 1c (the tip
position is also marked with a cross in Figure 3d). The
y-Vg spectrum reveals three distinct peaks which cor-
respond to the concentric rings imaged in Coulomb
blockage images in Figures 2 and 3. The dissipation
signal is recorded for positive values of Vg, where single
electrons sequentially tunnel out of the nanoparticle
with increasing V; (see Figure 1e). If the modulation of
eaVy caused by the cantilever oscillation is smaller than
the thermal energy, which is easily met at room tem-
perature, the changes in Aw and Ay are described by
a linear response®'”'® In this case, the shape of the
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Coulomb blockade peak is given by:
Ay(Vg) = yF(AB)[1 — f(AE)]

ho2 eo(Vg — VO)

_ A0
= yees 2keT

M
where f{AE) is the Fermi function evaluated at the point of
charge degeneracy, V°, with AE = pnp — ptge = e (Vg — V°)
(unp @and uge are the electrochemical potentials of the
nanoparticle and the back electrode, respectively). y° is a
constant determined by the measurement temperature,
parameters of the cantilever and the coupling strength
between the tip and the nanoparticle?® In the e-EFM
method, eq 1 can be used to extract the o parameter
without any knowledge about the tip and sample. The
solid fitted lines in Figure 3e were obtained by a simulta-
neous optimization of S3,Ay{y?, V?, ), yielding on
average o = 0.040 (see the Supporting Information for
details). Once the a parameter is known, E,qq can be
obtained from the separation of consecutive peaks in the
-V spectrum being E,qq = €a A, = ea(VP,, — V). For
the nanoparticle under characterization, the measure-
ment gives the addition energy of E,qq = (137 £ 27) meV,
confirming E,qq>> kgT requirement. Although in this work
we focus on the dissipation signal, a similar addition
spectrum was also recorded using the frequency shift,
allowing for extraction of tunneling rates, which are
within 1 order of magnitude of the resonance frequency
of the cantilever (see the Supporting Information).
Before we can relate the measurement of the addi-
tion energy to the capacitance of the nanoparticle
and draw an equivalent circuit diagram, we perform
electrostatic finite element method (FEM) modeling
of the studied system using commercially available
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COMSOL Multiphysics software (version 4.3a). The
considered geometry is depicted in Figure 4a, where
the nanoparticle is supported on a 6 ML thick NaCl film
(with 5.9 relative permittivity) and its shape is approxi-
mated by a solid hemisphere with a radius of 3.5 nm.
Above the nanoparticle, at a distance of 8 nm from the
Nacl film, there is a metallic tip with a curvature radius
of 10 nm (at room temperature heavily doped Si can be
approximated by a metal). In total, there are four
electrodes: (1) the nanoparticle, (2) the back electrode,
(3) the tip, and (4) the system boundary. Figure 4b
shows three relevant mutual capacitances in this sys-
tem. We obtain the following calculated capacitances:
Cio=Cge =2.028 aF, Cy3 = Cyp = 0.107 aF, iy = Ceny <
0.0002 aF, and the total capacitance of the hemisphe-
rical nanoparticle Cs = Cgg + Cyip + Cenv =2.135 aF. The
capacitance between the nanoparticle and the system
boundary, i.e., the environment, Cgny, Which represents
the capacitance to a grounded plane at infinity (often
called “self-capacitance”), is negligible. Consequently,
the circuit diagram can be reduced to a single electron
box, as shown in Figure 4c. In this case, o. = Cyp/Cs, and
Cs = Gyp + Cge is the total capacitance of the nano-
particle, where the Cgyy component is neglected. The
calculated values of the capacitances Cyp and Cge yield
a ~ 0.050, which is in very good agreement with the
value obtained experimentally, although the actual
nanoparticle and tip shape may be different. The
geometry shown in Figure 4a can also be used to
calculate the oo parameter by applying a voltage bias,
e.g., 1V, to the tip, grounding the back electrode and
keeping the nanoparticle charge-neutral at a floating
voltage. Still assuming a hemispherical shape, the
calculated voltage at the nanoparticle gives in this situa-
tion an indistinguishable value from the previously cal-
culated result using the ratio of capacitances.

Numerical simulation of the hemispherical nanopar-
ticle suggests a very dominant role of Cg, ie., the
mutual capacitance between the nanoparticle and the
back electrode in the total capacitance. Most impor-
tantly, calculations performed for different tip—sample
distances indicate that Cge does not depend strongly
on the exact position of the tip that is used in the
experiment (see the Supporting Information). An FEM
simulation of the capacitance performed for this nano-
particle shape but without the tip leads to a compar-
able total capacitance of Cs = Cgg + Cgny =2.118 aF. In
this case, the capacitance component due to the
system boundary is increased, but is still very small
Cenv < 0.007 aF < Gs. We found also that Cgny depends
weakly on the size of the system in the 100—1000 nm
range used in the FEM modeling. Cgg can be still
accurately calculated in a geometry that is further
simplified by neglecting the tip and assuming Cs ~
Cge. The discrepancy is on the order of Cyp, and since
o = Cge/Cs, the percentage discrepancy is approximately
equal to a, which in this experiment is about 5%.
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Figure 4. (a) FEM geometry for calculating the capacitance
components of the nanoparticle (1). (b) Relevant capaci-
tances to the three electrodes: back electrode (2), tip (3), and
system boundary (4). (c) Equivalent circuit diagram for an
individual nanoparticle.
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Figure 5. (a) Variously shaped nanoparticles supported on a
6 ML thick NaCl film used in capacitance calculations based
on FEM. The shape of truncated spheres of constant height
(3.5 nm) is parametrized by a describing the diameter of the
circular contact area (marked schematically in red). (b)
Change in the total capacitance for different a parameters
showing that the characterized nanoparticle can be best
modeled by a truncated sphere with a = 4.2 nm leading to

TEM = 1.11 aF. (¢) For a similarly shaped nanoparticle anchored
symmetrically above an NaCl step edge (between the sixth
and seventh ML), the capacitance is only slightly altered
(CEE™ = 1.13 aF).

Given the equivalent circuit diagram of a single
electron box, the total capacitance of the nanoparticle
can be simply obtained from the experimental value of
E.aq Using the relation F,yq = €%/Cs, which leads to an
experimental (EXP) total capacitance value of C§® =
(1.16 + 0.26) aF with G55 = (0.046 £ 0.015) aF and
CEP = (1.11 + 0.26) aF. Clearly, this is much smaller
than G5V ~ 2.14 aF, i.e., the capacitance calculated for
a hemispherical nanoparticle used in the initial approx-
imation above. Increasing the NaCl film thickness from
6 to 7 ML reduces C5E" only to 1.95 aF, which does not
account for the discrepancy between the experimental
and calculated capacitances. What turns out to be highly
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relevant, however, is the contact area between the nano-
particle and the back electrode. Because the height of the
nanoparticle is precisely known from the experiment
(contrary to the lateral size), we can estimate 52" for
nanoparticles with different contact areas. We assume a
truncated sphere as the shape of the nanoparticles and
calculate CEE for different contact areas keeping the same
height as shown in Figure 5a. The exact shape is parame-
trized by only one parameter, g, describing the diameter of
the circular contact area between the nanoparticle and the
Nadl film. The a parameter can take values from 0 to 7 nm
and describe intermediate shapes spanning from a sphere
to a hemisphere. The values calculated from the FEM
modeling are shown in Figure 5b and indicate a specific
shape of the nanoparticle that describes correctly the
experimental results. Compared to the hemispherical
nanoparticle, the computationally determined truncated
sphere has both a smaller radius, r= (2.4 + 0.3) nm,and a
smaller contact area with a diameter of a= (4.2 £ 0.9) nm.
To take into account the preferential formation of the Au
nanoparticles on the step edges on the NaCl film, a
corresponding geometry is also modeled (see Figure 5¢).
For a nanoparticle anchored symmetrically above an
NaCl step edge, C5E" is only slightly altered and takes a
value of 1.13 aF (the radius is fixed at r = 24 nm). The
determined morphology of the nanoparticle corresponds
to a volume of 49 nm? containing 2900 atoms, and
is very similar to the equilibrium shape of Au nano-
and microstructures on a weakly interacting graphite
surface.'®?° Interestingly, it also resembles the shape of
Au nanoparticles on a more complex, rutile TiO,(110)
surface, which has been characterized experimentally
by atomic-resolution scanning transmission electron
microscopy?' and grazing incidence X-ray scattering
techniques.??

The relatively large number of atoms in the nano-
particle justifies the validity of classical electrody-
namics equations used in the FEM calculation, as the
number of electrons on the nanoparticle is large enough
to consider a continuous distribution of the electrical
charge. Similarly, the electron energy level spacing is
much smaller than the thermal energy at room tempera-
ture, thus corresponding to the classical regime of the
Coulomb blockade. In this situation, E, 44 is mostly due to
the charging energy of the nanoparticle that is deter-
mined by the total capacitance. It is worth mentioning
that the self-capacitance of a solid hemisphere with r =
3.5 nm in free space calculated analytically is 0.329 aF.
This value is significantly larger than the Cgyy component
(Ceny < 0.0002 aF) calculated above where the hemi-
spherical nanoparticle is supported on an NaCl film. This
clearly suggests that the concept of self-capacitance
defined as the capacitance with reference to a grounded
plane at infinity cannot be used to estimate the total
capacitance of the system with nanoparticles coupled to
nearby electrodes. It should be noted that the effect of the
self-capacitance on single-electron charging has not been
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sufficiently emphasized in the literature, and its subtle
aspects were only discussed by Ohgi et al.?* Especially, we
found that the total capacitance cannot be divided into a
fixed self-capacitance component, which is given by the
shape of the nanoparticle, and mutual capacitances to the
electrodes. Even though this can be still conceptually
done, such defined capacitances are not additive and do
not sum up to the total capacitance of the nanoparticle.
This observation has a fundamental impact on the design
of nanoelectronic circuits, where the components have to
meet desired requirements for capacitances that deter-
mine coupling and charging effects. For instance, in our
study the total capacitance of the nanoparticle is domi-
nated by the mutual capacitance to the back electrode,
which can be primarily controlled by adjusting the con-
tact area between the nanoparticle and the dielectric film.

Given the fabrication flexibility and the fact that all
measurements were performed in situ on samples
prepared under ultraclean conditions, the presented
method can be easily extended to other areas. The
well-defined morphology makes the system approach-
able by various theoretical methods, including density
functional theory and molecular dynamics. A variety of
nanoscale processes on alkali halide surfaces have been
well characterized, such as the self-assembly of metal
clusters and large organic molecules®® Such detailed
understanding makes the fabricated system attractive
for further studies. For instance, organic molecules can
be used to interconnect two Au nanoparticles®**” and
control their mutual capacitance and quantum mechan-
ical interactions. In this way, coherent tunneling in coup-
led quantum dots®® could be systematically studied
in situ. Our approach is also applicable to studies of model
catalysis on various insulating oxide films at temperatures
as high as room temperature, as there is a close analo-
gy with the widely studied system of Au nanoparticles
supported on MgO films.2® Au nanoparticles are known to
be a very efficient catalyst that can be active over a wide
range of temperatures.*® The chemical functionality of
such metal nanostructures depends crucially on their size
and shape, as well as the charge state,*' which can be
characterized by e-EFM. The size of nanoparticles used in
this study is very close to the regime in which Au reveals
maximal chemical activity.3' By shortening the evapora-
tion time this size can be reduced leading to enhanced
electronic quantum size effects that play a significant role
in oxidation of CO molecules by Au nanoclusters.>* The
e-EFM method could be used not only to sense the charge
state of individual Au clusters, but also to resolve electronic
quantum energy levels and observe changes in frontier
orbitals upon interaction with reactants.

CONCLUSIONS

We have demonstrated that by exercising precise
control over sample design and growth the e-EFM
technique can be used to characterize single-electron
charging at room temperature. The electron addition
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energy of a 3.5 nm tall Au nanoparticle supported on a
6 ML thick NaCl film is measured as E qq = (137 & 27)
meV, which substantially exceeds the thermal energy
and allows for observation of the Coulomb blockade at
room temperature. Electrostatic FEM calculations in-
dicate that the total nanoparticle capacitance is domi-
nated by the mutual capacitance to the back electrode.
The nanoparticle shape modeled that best matched
our experimental data was a truncated sphere, in

METHODS

The experiment, including sample preparation and charac-
terization, was performed in a modified commercial JEOL JSPM
4500a UHV AFM system. The detailed preparation procedure of
the NaCl film, which was grown on an Fe(001)-p(1 x 1)O surface,
is described elsewhere.!" A submonolayer of Au was deposited
by an electron-beam evaporator (Oxford Applied Research
EGN4, fitted with a charge-retarding grid) onto the sample kept
at room temperature. For data acquisition and cantilever oscil-
lation, a scanning probe microscope (SPM) control system
from SPECS-Nanonis was used. A highly doped Si cantilever
(Nanosensors PPP-QNCHR) with a resonance frequency of
approximately 286 kHz, Q-factor of 33000 and nominal spring
constant of 42 N/m was oscillated with a phase-locked loop
oscillation controller (OC4 from Nanonis). The amplitude controller
was used to regulate the driving signal amplitude in order to keep
the oscillation amplitude constant while tracking the resonance
frequency of the cantilever with a phase-locked loop. The topo-
graphy images were taken in constant frequency shift mode,
where the frequency shift of the cantilever was maintained
constant by the SPM feedback loop controlling the z-piezo posi-
tion. The dissipation of the cantilever can be extracted by measur-
ing the Q-factor degradation, which corresponds to the amplitude
of the cantilever drive signal needed to keep the amplitude of the
oscillation constant?® The dissipation images were recorded in
constant-height mode with linear z-drift compensation.3® The
correction for the vertical drift improved the stability of the tip
height at room temperature by reducing its change to only a
fraction of a nanometer over the time needed to scan one frame,
which typically was 15 min. During the experiment, the vacuum
pressure was maintained in the low 10~ Pa range.
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