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Direct Measurement of the Local Electrocaloric Effect in 2D
a-In,Se; by Scanning Electrocaloric Thermometry

Jean Spiéce,* Valentin Fonck, Charalambos Evangeli, Phil S. Dobson,
Jonathan M. R. Weaver, and Pascal Gehring*

Although, the effect was first predicted by

The electrocaloric effect refers to the temperature change in a material when
an electric field is applied or removed. Significant breakthroughs revealed its
potential for solid-state cooling technologies in past decades. These devices
offer a sustainable alternative to traditional vapor compression refrigeration,
with advantages such as compactness, silent operation, and the absence of
moving parts or refrigerants. Electrocaloric effects are typically studied using
indirect methods based on polarization data, which suffer from inaccuracies
related to assumptions about heat capacity. Direct methods, although more
precise, require device fabrication and face challenges in studying meso- or
nanoscale systems, like 2D materials, and materials with non-uniform
polarization textures where high spatial resolution is required. In this study, a
novel technique, Scanning Electrocaloric Thermometry, is introduced for
characterizing the local electrocaloric effect in nanomaterials. This approach
achieves high spatial resolution by locally applying electric fields and by
simultaneously measuring the resulting temperature change. By employing
AC excitation, the measurement sensitivity is further enhanced and the
electrocaloric effect is disentangled from other heating mechanisms such as

William Thomson!!! in 1878, it was not
observed experimentally before the mid-
60s in lead zirconate (PZT). A seminal
study revived the research community’s
interest in 2006 when a significant ECE
was measured in PZT thin films,?! open-
ing up new strategies for solid-state cool-
ing technologies.

From quantum technologies to air-
conditioning through vaccines conserva-
tion, solid-state cooling devices repre-
sent an attractive prospect in the field
of refrigeration. Their main advantage
lies in their simplicity and the absence
of mechanical components or refriger-
ants, which makes them compact, silent,
extremely reliable and sustainable com-
pared to vapor compression methods and
thermoelectric materials. Furthermore,

Joule heating and dielectric losses. The effectiveness of the method is
demonstrated by examining electrocaloric and heat dissipation phenomena in
2D In,Se; micrometer-sized flakes poly(vinylidene fluoride-trifluoroethylene)

films.

1. Introduction

The electrocaloric effect (ECE) describes a temperature change
in a material when an electric field is applied or removed. The
dipoles in a dielectric material will align in the presence of an
electric field, therefore reducing the configurational entropy of
the system and thus, increasing its temperature (see Figure 1a).
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caloric heat pumping cycles have been
shown to have high coefficients of per-
formance compared to other methods.

The ECE is usually studied in po-
larizable materials, such as para- and
ferroelectrics. In those materials, elec-
tric dipoles align with the external
electric field leading to an effective
polarization P. As the electric field is varied, the polarization
changes and the dipole configuration entropy S increases or re-
duces when the dipoles are randomly oriented or align with the
field, respectively. The entropy reduction, when the dipoles align
with the electric field, is an exothermic process, leading to a tem-
perature increase ATy in the material. This is illustrated by the
Landau—Devonshire model where the Gibbs free energy of a po-
larizable material can be written as follows:3#!

a
G=G,+ %(T — T,)P* + Higher order terms (1)

where T is the system’s temperature and G, is a constant term
containing other free energy terms independent of the polariza-
tion. T, and a, are, respectively, the Curie-Weiss temperature and
the first coefficient in Landau’s phase transition theory.

From this the change of entropy and temperature associated
with a change of polarization can be obtained:

AS:—(‘)G>P=—@P2 )

oT 2
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Figure 1. Electrocaloric and thermometry principles. a) Thermal cycle of the ECE effect in the material with the Scanning Thermal Microscope (SThM)
probe used for applying an electric field and for the temperature measurement. b) Schematic of the electric field line distribution when approaching a
sample (with a voltage V, on the Si back gate) with a metallic probe. The polarization in the material is also shown. c) AC thermometry method employed.
The signal demodulated at 91kHz in the lock-in labeled SThM is fed into the ECE lock-in for the second demodulation step which gives the final ECE

map.

AT =-T22 = 4 P 3)

When identifying novel materials with high electrocaloric per-
formance and understanding the material parameters and mi-
croscopic mechanisms responsible for it, two approaches have
been widely reported. On the one hand, most studies use indi-
rect methods that rely on the measurements of the field- and
temperature-dependent polarization P(E, T). Using Maxwell’s
relations, the adiabatic temperature change can be written as

AT — _/OEmax C;lT (%)Ed}i, where C,, and E

ECE — max
umetric heat capacity and maximum applied electric field, re-
spectively. Indirect methods suffer from the hypothesis that C,,
does not depend on E leading to errors in the AT mea-
surement. Moreover, in most materials - especially in ferro-
electrics - polarization is not linearly proportional to the elec-
tric field strength. As a result, the material’s temperature change
exhibits non-linear behaviour under different electric field
conditions.

Direct methods, on the other hands, do not suffer from those
issues, as the temperature variation is measured directly on the
sample when an electric field is applyed or removed. However,
accurately measuring temperature, in particular in small sam-
ples, remains challenging. The most common direct method,
which avoids the need for complex microscopic thermometers,
relies on infrared thermography and its lock-in variation.>=!
Yet, due to its limited spatial resolution, this method cannot
be applied to mesoscale and nanoscale systems (like 2D mate-
rials, nano-wires, nano-patterned structures, ...) or to materials
with nonuniform polarization textures or nano-region domain
structures.

Here, we introduce a novel method for characterizing the local
electrocaloric effect in nanomaterials without the need of device
fabrication. Our proposed approach exploits the high spatial res-
olution and the capability to directly measure local temperatures
of scanning thermal microscopy (SThM). SThM has been used

are the vol-
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for electrocaloric measurements of bulk samples already!'%!!]
without benefiting from the high spatial resolution of the mi-
croscopy method. We achieve true locality by using the SThM
probe directly to locally apply electric fields, to drive a local elec-
trocaloric effect and to then locally measure the resulting tem-
perature change with the same SThM probe (see Figure 1b).
Furthermore, while most direct measurements schemes use DC
pulses to measure the temperature rise and fall within a ma-
terial, we use AC excitation/®® which enables high-sensitivity
and the distinction between entangled effects such as the elec-
trocaloric and Joule heating or dielectric losses. We demonstrate
the excellent spatial and temperature resolution of our method
by characterizing the heat dissipation and electrocaloric effects
in a poly(vinylidene fluoride-trifluoroethylene) (PVDF-TrFE) thin
film and 2D a-In,Se; um-sized flakes.

2. Results and Discussion

2.1. Characterization Method and Sample Preparation

Applying an electrical field to a dielectric material can trigger var-
ious effects that lead to temperature variations. The power P is
dissipated in the dielectric with

P, =fCU*tansé )

where fand U are the frequency and amplitude of the applied
AC voltage, respectively, C is the capacitance of the system and
& is the loss angle of the dissipated electrical power. If there is a
leakage current flowing through the dielectric with resistance R,
further power due to the Joule effect is dissipated with Py, =
U?/R. The electric field can also align the material’s dipoles and
entropy is then reduced, which is countered by a temperature rise
via the ECE. Then, when the field is removed, entropy increases
back as dipoles start misaligning and the materials temperature
decreases. In Figure 1a, a scheme of the effect under an SThM
tip is shown.
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We now explore electric field induced local cooling/heating ef-
fects in thick layer of In,Se,;. We apply an AC signal with fre-
quency fon the highly doped Si back gate electrode leading to a
modulation of the electric field on the tip-sample system as:

Vi
Bipolar: E(t) « Vsin(wt) Unipolar: E(t) « ?0(1 + sin (wt)) (5)

where w = 2xf. As we show later, we compute the field strength
using realistic finite element models.

To detect electrostatic-related temperature changes in our
sample, we used a slightly modified SThM configuration (see
Figure 1b). A constant force between the probe and the sample
is maintained by monitoring the deflection of a laser on the back
of the probe. The SThM probe consists of a Pd resistive element
deposited on a triangular-shaped silicon nitride tip. The change
of resistance of this element with temperature, once calibrated,
allows for the reading of the probe’s temperature. The typical lat-
eral resolution for such probe is between 10 and 50 nm.['213] The
resistive element of the probe is part of a Wheatstone bridge (see
Figure 1c) and its resistance value is measured at 91 kHz via a
first lock-in amplifier. This electrical resistance is converted into
a SThM probe temperature using the calibration procedure as
explained elsewhere.!1213]

The back gate of the sample is modulated at the frequency f.
This modulation and the SThM detection share the same elec-
trical ground. Therefore, an electric field is applied between the
tip and the sample. As described elsewhere, 1] we then demod-
ulate the SThM probe temperature at the excitation frequency f
and its higher harmonics, a procedure which is crucial to decou-
ple electrocaloric and other heating effects.l’!

This lock-in detection scheme drastically increases the
signal-to-noise ratio of the temperature read-out, which is
very useful when studying non-steady-state effects like the
ECE, as the heat that is generated during each electric
polarization/de-polarization cycle vanish rapidly in the sam-
ple and can be difficult to detect using conventional DC
thermometry.

2.2. Combined PFM and SThM

The proposed measurement method relies on the AC modulation
of the electric field between the probe and the sample. It is there-
fore necessary to demonstrate that, given the SThM probe ge-
ometry, an effective field modulation exists. We thus performed
finite element modeling and piezoresponse force microscopy
(PFM) measurements. PFM detects oscillations in the vertical or
horizontal laser deflection in response to the converse piezoelec-
tric effect in a material under an AC field modulation.!**!”] While
for PFM measurements an electrically-coated AFM tip is usually
employed, here we use the SThM tip and rely on the Pd resis-
tive thermometer to act as a ground while we apply a modulation
on the back gate. In the following, we first present our PFM re-
sults and then perform finite element modeling of the tip-sample
system.

To test our method, we choose PVDF-TrFE, a well-known
strong ferroelectric material which has been studied extensively
in our group, ¥l and In, Se;, a polarizable 2D material for which
several studies reported ferroelectric order due to the displace-
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ment of the middle Se atom(?*-22! (see Figure 2a), as model sys-
tems. The 50 nm film of PVDE-TrFE was obtained by spin-coating
the copolymer from a DMSO solution on a doped silicon sub-
strate and we obtain few-layer In,Se, flakes by using standard
mechanical exfoliation of bulk crystals (HQ graphene) onto a
doped Si wafer with 285 nm thermal oxide. We performed Ra-
man spectroscopy on isolated flakes (see Supporting Informa-
tion). Figure 2b shows a topography image of an isolated In, Se,
flake. For PFM experiments, we worked at the first contact reso-
nant frequency, which in our case was around f'= 125 kHz (see
Methods), to increase the signal-to-noise ratio. The PFM ampli-
tude and phase are shown in Figure 2d,e. Here, the vertical laser
deflection signal was demodulated, but, in principle, the lateral
signal can also be used. In Figure 2c, we show the SThM sig-
nal measured simultaneously with PFM, which demonstrates
that the probe temperature and thus the thermal properties of
the sample can be recorded at the same time as electrical fields
are applied to the sample. This technique opens up new ways of
investigating correlated thermal and electromechanical effects,
such as polarization-dependent thermal conductivity, heat trans-
port through domain walls or the interaction between tempera-
ture and polarization.

It is worth highlighting that PFM measurements are prone to
artefacts, e.g., to short range and long range electrostatic interac-
tions between the probe and the sample. Therefore, caution must
be taken when interpreting PFM measurements obtained with
this combined SThM-PFM measurement scheme. We also add
that our results here are not a proof of ferroelectricity in In,Se,
but a demonstration of the simultaneous tip-sample field modu-
lation and probe temperature measurements.

To estimate the electric field strength on the sample we
performed finite element simulations. Results are shown in
Figure 3. We modeled the whole SThM probe undergoing Joule
heating via its Pd heater line (Figure 3a). The probe is in contact
with a sample and the resulting temperature distribution of the
system is shown in Figure 3b. As explained elsewhere,['223] we
developed a model to include the tip geometry in the measure-
ments of the probe temperature. The sensing element in this
probe geometry is distributed along the triangular tip. Most of
the temperature drop occurs at the end of the tip while the rest
of the Pd line remains at a constant temperature.

In the same model, we implemented an electric field distri-
bution calculation. As shown in Figure 3c, the field concentrates
under the tip and mostly in the out-of-plane direction. The elec-
tric field strength at the tip-sample contact can be related to the
gate voltage and flake thickness as shown in Figure 3d. We used
€mses = 17124 for the relative permittivity of In,Se,. For 10 V
back gate amplitude and 100 nm In, Se, thickness, we obtain 500
kVem~! which is beyond the coercive field required to switch po-
larization in In, Se, .22

2.3. Local ECE Measurements: Scanning Electrocaloric
Thermometry (SEcT)

To drive electrocaloric effects, two AC excitation schemes were
reported, the unipolar and the bipolar field modulation. In
the unipolar case, electric fields with only one field direction
are applied to the sample which alternate between 0 and E, .
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Figure 2. Combined PFM and SThM on In,Se;. a) Crystal structure of In,Se;. The main polarization axis arise from the displacement of the middle Se
atom. b) Topography of the In,Se; flake on the SiO, substrate c) SThM thermal conductance map. d,e) Piezoresponse amplitude and phase acquired

simultaneously. Scale bars: 4 um.

(leading to only positive or only negative polarization in the
material), while in the bipolar case, the field alternates between
—E, . and +E,_ . . For bipolar field modulation at the frequency
f, the polarization follows the field, but the configurational
entropy linked to the dipole orientation varies with 2f since the
relaxation happens twice per cycle. Thus, the ECE also happens
at 2f. In the case of a unipolar modulation, the oscillating electric

field at f creates an entropy variation at 1f and the electrocaloric

205 NN T T 340
K

In,Se; thickness (nm)

effect also occurs at 1f. However, in this case, the electrocaloric
temperature variation AT is proportional to 6P/6E = P,6P,, [6E
with the remnant polarization P, and 6P, /6E is the slope of
the polarization change. If this slope is small, the temperature
variation will also be small. Based on the time-dependent heat
equation, we derived an analytical model of the frequency
dependence for both unipolar and bipolar electrocaloric signal
(see Supporting Information). In the bipolar case, no signal

-
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Figure 3. Finite element modeling of the tip-sample system. a) Temperature distribution in the Joule heated probe b) heat transfer between the tip and
the sample. c) Electric field strength distribution in the z-direction at the tip-sample contact for a 100 nm flake and 10 V on the back gate. d) Electric

field strength as a function of back gate voltage and In,Se; thickness.
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Figure 4. Electrocaloric maps of In,Se;. a—d) Bipolar and e-h) unipolar measurements. For both measurements, SThM, 1f, 2fand 3fsignals are displayed.

Scale bars: 4 um.

is expected at the 1f and the 2f signal should scale quadrati-
cally with the field amplitude. For the unipolar modulation,
the signal occurs in both 1f and 2f channels and also scales
quadratically.

In Figure 4, we show the thermal resistance and the local elec-
trocaloric maps on an In, Se; flake using both unipolar and bipo-
lar modulation. The modulation frequency of the electric field
was f = 537 Hz and the field was modulated between 0 and
+E,.. = 500 kVem™! in the unipolar case and between +E, .
=500 kVem™! in the bipolar case. We simultaneously recorded
the thermal resistance map and the 1f, 2f and 3f responses. In
the Supporting Information, we also show results on a hexagonal
boron nitride flake where no signal is expected, as this material
is only minutely polarizable.

In Figure 4a,e, we observe a larger SThM signal on the In, Se,
flake than on the underlying substrate. We attribute this con-
trast to different tip-sample contact and thermal interface re-
sistance between the In,Se, flake and its substrate, as reported
elsewhere.[23:26]

In the bipolar case, we observe a strong signal mainly in the
2f channel. This is expected as explained earlier by the dipole en-
tropy variation also occurring at twice the modulation frequency.
In the 1f response, we only observe the edges of the flake while
the signal inside the flake and on the substrate have similar mag-
nitude. We measured an average amplitude of 25 + 6 mK on the
In, Se, flake.

In the unipolar case, the signal appears stronger in the 1f re-
sponse as expected. However, as explained above, the entropy
variation is small as the polarization only varies from a remnant
polarization state to a full polarization state. In the 2f channel,
we can distinguish the flake, appearing with a lower signal, from
the surrounding substrate. This reduction could be explained by
the lower dielectric losses between the bare silicon oxide and the
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In,Se, flake. Finally, we observe a small response in the 3f sig-
nal, too. The polarization itself is not necessarily linear with field
and part of the electrocaloric signal can leak into other harmon-
ics signals. In fact, it is possible to write P(E) = y,E + y,E* +
1 B, where y, is the n-th order susceptibility. Thus, part of the
ECE signal can occur at the 3rd harmonic as reported by Iguchi
etal.l?]

When applying an AC field to a dielectric material between
two electrodes, several phenomena can generate heat. Firstly, in
the presence of electrical leakage currents between the electrodes,
Joule heating could contribute and manifest at the 2f frequency.
However, for our 285 nm thick SiO, gate dielectric, we find an
electrical resistance of >>10GQ which would result in «<10nW
power dissipation for an amplitude of 10V. Thus, the local heat-
ing from Joule effect can be safely neglected in our samples. Sec-
ondly, dielectric losses can be present in our system and can also
manifest in the 2fsignal. The power P (Equation 4) dissipated in
the dielectric adds a constant background of 9 + 1 mK to the map
in Figure 4d. A slight change in signal contrast is expected on the
In, Se, flake since the total capacitance of the system changes. Us-
ing €50, = 3.9, €503 = 17,124 dgi, = 285 nm and dj g5 = 100
nm we estimate a reduction of capacitance by 12% in the In, Se,
flake which i) cannot explain the contrast observed in Figure 4d
and ii) which leads to an underestimation of the electrocaloric co-
efficient using our method as the reduced capacitance leads to
reduced heat generation through the dielectric as indicated in
Equation (4). Finally, in ferroelectric materials with finite electric
coercivity, a change in polarization with frequency fwould lead to
hysteretic power losses Py, oAy, f, where Ay is the area of the
hysteresis loop. This, however, leads to a constant (DC) heating
of the sample which would not be visible in our AC experimental
scheme and does not appear as a temperature drift in the SThM
signal in Figure 4a.
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Figure 5. a) Frequency-dependence of the SEcT 2f amplitude signal mea-
sured at a field of + 500 K cm kV~'. We added a smoothed guideline for
the eye to improve the readability. b) Electric field amplitude dependence
of the 2f amplitude and phase signal.

2.4. Frequency and Field Dependence

We then explore the frequency and field dependence of the elec-
trocaloric effect. To enhance the signal, we focus on bipolar mod-
ulation of the electric field. The frequency dependence is cru-
cial for determining whether an adiabatic temperature rise is
achieved. Under adiabatic conditions, the heat generated in the
ECE layer exceeds the heat dissipated to the environment, allow-
ing for a precise estimation of the ECE effect. This, in turn, facil-
itates comparisons with other materials.

In Figure 5a, we show the frequency dependence of the 2felec-
trocaloric effect. We obtained an increasing signal with increas-
ing frequency. This is expected from a heat transport point of
view. Electrocaloric heat is generated at each polarization switch
cycle in the In, Se, flake. If the frequency is fast enough, this heat
will warm up/cool down the layer before dissipating to the envi-
ronment. On the measurement side, our technique is limited by
the thermalization time of the SThM sensor. For this particular
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type of probe, several studies reported values from few tens of
us to ms in air?-*% which makes measurements above 10 kHz
difficult, especially for higher harmonics.

Figure 5b shows the 2fsignal amplitude and phase as a func-
tion of the electric field +E,,,,. The field dependence allows to
compute the electrocaloric strength and to measure the overall
behaviour of the ECE effect. As expected, the signal amplitude in-
creases with increasing field. Indeed, a greater electric field vari-
ation allows for stronger polarization change in the material, re-
sulting in more significant entropy change. The increase in am-
plitude is slightly non-linear. Non-linearities in the ECE tempera-
ture can arise from the polarization mechanisms inside the mate-
rial, leading to non-linear entropy variations. This measurement
enables us to compute the electrocaloric strength ATy .;/AE for
In, Se;. We obtained 5 X 10~ K cm kv,

2.5. SEcT of Ferroelectric PVDF-TrFE

Finally, we apply our method to a well-studied strong ferro-
electric polymer. This allows us to explore the effect of rema-
nent polarization on the electrocaloric signal. To this end, the
PVDEF-TrFF copolymer film was locally polarized by applying a
20 V difference between the SThM tip and the substrate, and by
scanning the sample on a 1x1 um? area. Then, we performed
PFM measurements by applying a 69kHz AC bias on the back
electrode of the substrate. The written ferrolelectric domain is
shown on the PFM amplitude image in Figure 6a. The PFM
phase image is shown in the supplementary information. We
note that the poled region appears in the PFM amplitude image
because the surrounding copolymer is non-polarized, meaning
it has no net polarization to induce a significant piezoelectric
effect.

We then turned to SEcT to measure the temperature response
of the copolymer film to an AC electric field. The results are
shown on Figure 6b—d. The topography image shows the sub-
strate on the left and the 50 nm PVDF-TrFE film on the right.
The film was intentionally removed by scratching to expose the
Si substrate. As expected, the polarized region is not visible in the
topography image. The SThM amplitude signal shows a lower
thermal resistance on the Si substrate while the copolymer films
has a higher thermal resistance. It is important to note that the
surface roughness plays a major role in SThM imaging and can
alter the quantification of the SThM signal.’!l Nevertheless, the
thermal resistance contrast observed can be explained by the dif-
ference in thermal conductivity of both materials. Importantly,
the polarized region is not visible in the SThM image, indicating
that the local thermal resistance remains unchanged between the
polarized and non-polarized regions. A detailed combined PFM-
SThM map is also shown in the Supplementary Information with
the same observation.

Finally, on the SECT map of Figure 6d, the PVDF-TrFE appears
with stronger signal than the silicon substrate. Here, the image
was obtained by applying a bipolar AC field modulation at 1137
Hz and with 25 V peak amplitude. The electrocaloric signal was
measured at the first harmonic. A contrast is observed between
the polarized region and the surrounding film: the electrocaloric
signal is weaker in the polarized region. This can be attributed
to the high remanent polarization in the poled region where the

© 2025 Wiley-VCH GmbH
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Figure 6. PFM and Electrocaloric maps of PVDF-TrFE. a) PFM amplitude map recorded at the dotted square location of (b). b-d) Topography, SThM

amplitude and SEcT signal recorded on PVDF-TrFE. Scale bars: 4 um.

field modulation is not sufficient to substantially change the po-
larization and create an entropy variation.

3. Conclusion

In this paper, we develop a new scanning probe microscopy
method, SEcT, and show that it can be used to quantify the local
electrocaloric effect in 2D materials and ferroelectric polymers.
The electric field modulation applied between the probe and the
sample, coupled with lock-in detection, enabled the identifica-
tion of ECE signals under both bipolar and unipolar modulation
schemes. The AC measurement scheme drastically improved the
signal-to-noise ratio and allowed us to disentangle other compo-
nents from the ECE signal. We applied the method to In,Se,
flakes and revealed distinct electrocaloric signal on the mate-
rial with high spatial resolution, and extracted an electrocaloric
strength parameter of 5 x 107> K cm kV~!. Noteworthy, this
study also introduced the combination of simultaneous PFM and
SThM measurements opening new possibilities for electrother-
mal measurements at the nanoscale.

Because SEcT does not require the fabrication of complicated
devices and can be readily applied to any meso- or nanoscale sys-
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Figure 7. Frequency sweep of the amplitude and phase of the vertical PFM
signal.
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tem, it represents a powerful tool for investigating electrocaloric
effects in a wide range of materials, including (multiferroic)
van der Waals materials and their heterostructures. Addition-
naly, SEcT can be used to study the impact of nanoscale de-
fects, domain structures, or polarization landscape on the local
electrocaloric response, providing valuable insights into mate-
rial properties that are otherwise difficult to access with tradi-
tional methods. Future studies may also focus on optimizing
material compositions and engineering nanoscale interfaces to
enhance electrocaloric performance for applications in energy-
efficient cooling technologies and compact thermal devices.

4. Experimental Section

Scanning Probe Microscopy and Thermometry: This work was per-
formed on a modified Thorlabs Atomic Force Microscopy (EDU-AFM1,
Thorlabs Inc.) transformed into a Scanning Thermal Microscope. The tip
(Kelvin Nanotechnologies Ltd.) consists in a grooved silicon nitride can-
tilever with a triangular tip. On the cantilever, two gold lines are deposited
and on the tip a Pd line creates the sensing element. The tip is connected
to a home-made Wheatstone bridge.3?] The probe temperature is mea-
sured with a 91 kHz voltage on the bridge and demodulated with a lock-
in amplifier (MFLI, Zurich Instruments Ltd.). The typical voltage drop on
the tip is on the order of 0.3 V. The back gate of the sample is electrically
connected with silver paste and wired to a waveform generator (DG900,
Rigol inc.). The temperature of the probe is demodulated at the generator
frequency and its harmonics. To record the various signals, the data acqui-
sition capabilities of the lock-in software synchronized with the AFM scan
is used.

In this study, the principles of AC-SThM thermometry as detailed else-
where are applied.['»1>] However, the probe is different from the probe
used in those studies and the sensor is spatially distributed.['?] This must
be taken into account to accurately relate the sample temperature varia-
tion and the global change of the SThM probe resistance.

In Spiéce et al., a model was developed including the probe geometry
and relating the average probe temperature T,, to the system parameters:

Tuv = th + ﬂTm + 5Tair + J/Ts (6)

where @, 8, y and § are geometry and thermal resistance factors and Qy,
T, T, and T; are the heater power, microscope probe base temperature,
air temperature and sample temperature, respectively. If it is assumed that
during the AC temperature variation of the sample, only T, is varying, then

it can be written as

AT, = AT, [y ™
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AT, is the sample temperature variation. This equation includes thermal
resistances and geometry in the 1/y factor.

Contact Resonance in PFM Mode: To perform the PFM measurements
reported in the main text, the back gate voltage is modulated at the first
contact resonance of the probe. In Figure 7, the frequency sweep of the
PFM amplitude and phase are plotted and the contact resonance can
be observed.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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