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Annoranus. [IpencraBieHbl 0011asi cxeMa U KOHCTPYKLIMSI 9KCIEPUMEHTAIbHOM YCTAHOBKU
IJIST  M3YYEHUS] TEPMODJICKTPUYECKMX SIBJICHMH B TOYEYHBIX KOHTAKTaX pPa3HOPOMHBIX
MaTepHaJioB U B HAHOCTPYKTYpax. ToYeHble KOHTAKThI PEeTyJIMpyeMoro pa3mMepa (hopMUPYIOTCS
C TIOMOILIBIO aTOMHO-CWJIOBOTO MUKPOCKOTIA, OIPEACNISIIOTCS 3aBUCUMOCTU TEPMO3JC OT
pPa3HOCTH TeMIlepaTyp M OT CHJIBI BO3IEHCTBUS 30HAA Ha obpasel. [IpoBemeHO UYHMCICHHOE
MOIEJIMPOBAHUE pacIpeAcICHUs TEeMIIepaTypbl B TaKOl CUCTeMe IJis pa3IUYHBIX YCJIOBUI,
OLIEHEHO BJIMSIHUE BO3AYIIHOM Cpedbl U XUAKOIO CJI0sI, (DOPMUPYIOLLIErocsl Ha MOBEPXHOCTSIX
B YCJIOBHUSIX €CTECTBEHHOI aTrMocdepbl. MojeiaupoBaHue I10Ka3ajo, YTO 3TO BJIUSHHUE HE
SIBJIICTCSI CYIIECTBEHHBIM, YTO JeJaeT HeoO0s3aTeJbHbIM IIPOBEACHME 3KCIIEPUMEHTOB B
BBICOKOM BaKyyMe.
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Introduction

The problem of increasing energy efficiency is becoming more and more urgent for electronics.
It was reported, in particular, that more than 10% of the world’s electricity is already consumed
by computers and telecommunications equipment, and this share is growing rapidly [1]. The
energy consumed by electronic devices is eventually released as heat, and the reverse conversion
of some of this heat into electricity could significantly increase overall energy efficiency. The most
natural way to utilize the thermal energy of electronic components is the use of solid-state ther-
moelectric generators (TEG). The development and improvement of TEG has been underway for
many years (at least since the 1940s), and substantial advances have been made. However, there
are fundamental physical limitations to increasing the effectiveness of TEG.

Thermoelectric materials are commonly evaluated by the parameter of thermoelectric per-
formance (quality) Z or, more often, the dimensionless quantity of the same name Z7, where T
is the absolute temperature. This parameter characterizes the difference between the efficiency
of thermoelectric conversion, achievable using the material, and the efficiency of an ideal heat
engine. The dependence of the thermoelectric performance on the properties of the material is
given by the formula [1—4]:

© Tpodpumosnu K. P., Tadomymnmuu I1. T., ApxunoB A. B., 2023. W3nmatens: Caukrt-IleTepOyprckuii moJUTEXHUUECKUI
yHuBepcuteT Ilerpa Benukoro.
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where § is the Seebeck coefficient (defined as the coefficient of proportionality between the
thermopower and the temperature drop); o is electrical conductivity; «,, K,, are the electron and
lattice (phonon) components of thermal conductivity.

According to available estimates, the widespread use of TEG in the energy sector will be
economically justified when Z7T = 3—4 is reached. The ZT values obtained so far for the best
thermoelectric materials (in particular, bismuth telluride Bi,Te,) at room temperature are close to
unity. It is obvious from Eq. (1) that to increase the thermoelectric performance, it is necessary
to reduce the thermal conductivity of the material and increase its electrical conductivity and the
Seebeck coefficient. Metals, due to their high electrical conductivity, are not optimal materials for
TEG, since the values of the Seebeck coefficient are small: in most cases they do not exceed10
MV/K in absolute value. In addition, the heat flow in metals is carried mainly by electric charge
carriers, so consequently the thermal and electrical conductivity of metals in the denominator
and numerator of Eq. (1), respectively, are proportional to each other (Wiedemann—Franz law),
which makes it difficult to optimize the ZT parameter. In contrast, semiconductors have low elec-
tronic thermal conductivity, and the heat flow in them is carried almost exclusively by phonons.
The Seebeck coefficient of semiconducting materials is usually quite large (hundreds of pV/K),
which is determined by significant variations in the energy density function of electron states
near the Fermi level [3—5]. The thermoelectric properties of semiconductors can be optimized
by choosing the degree of their doping [6, 7] or by shifting the Fermi level in other ways [8]. In
general, semiconductors are characterized by the best thermoelectric parameters among homoge-
neous bulk materials, but the possibilities for their radical improvement are still limited.

In recent decades, the prospects for the creation of commercially successful thermoelectric
devices have been associated with nanostructures and nanostructured materials. Many experiments
(see, for example, [9—12]) have fundamentally confirmed the theoretical predictions made by in
[4, 13] about the possibility of using size effects to selectively reduce thermal conductivity due to
the scattering of phonons by interfaces and defects, with less influence on electrical conductivity.

It is equally promising to construct thermoelectric devices using nanoparticles, individual
molecules or molecular layers [2, 3, 12—16] with a discrete spectrum of allowed electronic states,
which can be optimized to achieve high values of S and Z7. Nanostructures developed can pro-
vide conditions simultaneously for destructive interference of lattice excitations and constructive
interference of electronic waves [1, 2]. Calculating the thermoelectric parameters of devices using
nanoscale elements is a difficult problem, which increases the role of experiment in such studies.

Problem statement

This paper presents the results of the first, initial stage of a new research project, whose purpose
is to experimentally verify one of the theoretical models predicting the possibility of constructing
a high-efficiency TEG based on heat transfer characteristics and thermoelectric phenomena in
carbon-based nanostructures.

Carbon in the state of sp?>-hybridization (single-layer and multilayer graphene, carbon nano-
tubes, graphite) has unique characteristics [4, 17, 18]: low effective mass of charge carriers, high
thermal conductivity, high light absorption coefficient. The electronic properties of graphene and
carbon nanotubes are easily modified not only by doping and defects, but also by an electric field,
which makes carbon in the state of sp?-hybridization a promising material for electronics. Among
other things, the possibility of its use as part of thermoelectric devices was also considered [5, 19].

Eidelman proposed [20, 21] a TEG based on a structure of nanometer layers of diamond-like
and graphite-like carbon. The principle of its operation is based on the theoretical model pro-
posed in Eidelman’s earlier studies [22, 23], which substantiates the possibility of obtaining
increased values of the Seebeck coefficient .S and the Z7 parameter using the phenomenon of
charge-carrier entrainment by ballistic flow of phonons, even at room and higher temperatures.
In this case, to achieve a positive result, localization of the electric field and temperature drop
in a planar sp>-carbon nanolayer is required, where the phonon flow remains ballistic. The dia-
mond-like layer plays the role of a cooler, diverting the unused part of this flow. The presence
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of sharp (no more than several lattice spacings) interphase boundaries is also seen as a necessary
condition. In our opinion, the experimental demonstration of the predicted effect in [21] was not
entirely convincing. The reason for this was probably the objective technological complexity of
forming the ideal structure required by the theory; the presence of defects, almost inevitable at the
specified values of thickness and area, could lead to electrical shorting of the real structure and a
decrease in the thermoelectric voltage recorded for it.

Our study is aimed at conducting an experimental verification of the viability of the concept
proposed in [20, 21] using a structure that is easier to create, whose main part is, for example, a
carbon nanostructure on the surface of a silicon substrate (serving in this case as a cooler or, con-
versely, a heater). The second thermal and electric contact with the island should be established
by means of an atomic force microscope (AFM) probe. We have previously studied island-type
carbon films of the required structure in connection with their ability to emit electrons [24—26].

The advantage of the proposed approach is the possibility of conducting quick independent
testing of the thermoelectric properties of many islands, which differ in size and properties of the
interface with the substrate. This seems necessary because we expect that only a few of the islands
will show high thermoelectric performance.

Such expectations are associated with important features introduced by thermal contacts of
small lateral dimensions.

The phenomenon of a decrease in thermopower in nanocontacts is known [27—30], which is
explained precisely by the suppression of phonon entrainment of charge carriers. Its cause is seen
in the scattering of nonequilibrium phonons at the aperture of the nanocontact, which reduces
the likelihood of transmitting their momentum to electrons or holes. Therefore, according to the
theory outlined in [27], an additional multiplier d/JI appears in the formula for thermal entrain-
ment for small contact diameters d, where J'[ is the phonon path length.

The experiments planned are intended for studying islands whose height is of the order of the
phonon path length, approximately equal to 5 nm (according to the estimate in [21]). Their lateral
size will be several times larger, but the size of the contact with the AFM probe may be small and
poorly controlled.

However, according to many researchers, the boundary scattering of phonons is only one of
the reasons for the dependence of the Seebeck coefficient and other kinetic coefficients on the
size of the contact region. In particular, both theoretic predictions and experimental observations
exist for deviation of the kinetic dependences from the linear form upon violation of the condi-
tion L, > A, where L is the distance at which the temperature changes significantly; it can be
defined, for example as

L,' = max (ELTMJ (2

The reason for this phenomenon is seen in the nonlocality of the interaction of charge carri-
ers with the lattice [31—37]. If the condition L, > A, is violated, it cannot be assumed that the
interaction occurs at a point with certain coordmates Often, the temperature value also cannot
be correctly determined, since the distributions of phonons and charge carriers turn out to be
significantly nonequilibrium [5, 38]. One of the manifestations of non-locality is the dependence
of the thermopower value not only on the applied temperature difference, but also on its distri-
bution profile, on the maximum value of its gradient, i.e., on the characteristics that can hardly
be predicted for the thermal contact of the probe with the island.

Another region with properties that vary greatly from island to island may be the interface with
the substrate, since the islands were formed on a layer of natural oxide; notably, it is stated in
the literature [30, 39, 40] that thin intermediate layers do not affect the results of measuring the
thermoelectric parameters of coatings and nanostructures.

For these reasons, reliable detection of high values of the Seebeck coefficient (the estimate of
its expected value in [21] is 50 mV/K) for at least a small part of carbon nanostructures (or other
similar samples) brought into contact with the AFM probe with an excellent temperature can be
considered as confirmation of theoretical predictions of [20—23] and will become an incentive
for subsequent efforts on the practical implementation of the concept of TEG proposed in [21].
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Experimental setup

An experimental setup for solving the above problem is currently developed based on NanoDST
AFM (Pacific Nanotechnology, USA). This approach should not be considered new: setups based
on probe microscopes have been successfully used in similar studies, in particular, to map the
distributions of thermal and thermoelectric parameters [5, 6, 39—44] and to study the properties
of molecular layers and individual molecules [1, 5, 16, 39, 45]. The novel characteristics of the
setup developed are minimal improvements to the serial AFM and the use of standard AFM
probes in its operation, which is possible since a limited range of problems will be solved at the
initial stage of research.

‘ AFM controller I

D

igital
/tmeter

Motor
controller

Sample substrate

Peltier element -
X-Y stage

Fig. 1. Schematic of experimental setup

The experimental setup is shown schematically in Fig. 1. The large positioning stage (X-Y
stage) and the probe holder play the role of thermostats with the temperature equal to the ambi-
ent temperature 7. The sample substrate considered is placed on the upper surface of the Peltier
element, whose temperature is maintained (using the Current source feeding the element) at a set
value T'= T, + AT. The temperature values are controlled by thermocouples. During the experi-
ment, the AFM probe, whose initial temperature is 7}, is brought into contact with the point of
the sample selected during a preliminary scan of its surface. The thermoelectric voltage formed
during contact is recorded by a digital nanovoltmeter synchronized with the AFM controller.
Simultaneous recording of its reading and the force-distance curve of the AFM allow to deter-
mine the dependence of the thermoelectric voltage on the force of interaction of the probe with
the surface, and therefore on the size d of their contact region. To isolate the voltage component
associated with the contact potential difference, the experiment is also carried out for AT = 0.

The problem of determining purely thermal parameters, i.e., the values of heat flows, thermal
resistance, thermal conductance and thermal conductivity, is usually the most difficult from the
standpoint of measurement technology |38, 46, 47]. At this stage, we neglected to define them,
since to assess the applicability of the TEG concept proposed in [21], it is sufficient to find the
maximum values of the Seebeck coefficient S, i.e., temperature and thermopower measure-
ments. If reproducible dependencies S(AT) and S(d) are found, the results obtained will provide
additional information about the physics of heat and electric charge transfer processes in the
system considered.

In the future, it is planned to expand the capabilities of the setup.

Experimental samples

The following samples were selected for the first experiments (below they are given in sequence
from simple to more complex).

Nanocontact of AFM probe with a metal plate or thick (Cu, Au) film. Since the values of the
Seebeck coefficient for silicon significantly exceed its values for metals, when a silicon probe
comes into contact with a metal plate, it is natural to expect that the value of the thermopower
will be mainly determined by the processes in the probe. Thus, the main purpose of such experi-
ments is to determine the contribution of probes of different types to thermopower: with a metal
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coating and without a coating, with a different size of the contact spot. Such data are necessary
for conducting subsequent experiments with other objects, that is, to take into account the con-
tribution of the AFM probe to the recorded values of thermopower.

Nanocontact of AFM probe with silicon plate. Measurements of the thermoelectric characteristics
of nanocontacts formed between AFM probes and substrates are very important for the correct
interpretation of other experimental results, since carbon nanostructures (these are the main
objects of experiments at this stage of the study) are formed on silicon substrates. However, there
is an additional motivation for conducting such experiments.

Island films of carbon and metals (molybdenum, zirconium, tungsten) formed on silicon sub-
strates were found to be capable of low-voltage field emission in previous experiments [24, 25, 48].
It was suggested that thermoelectric potentials play an important role in the physical mechanism
of the emission process [26, 48, 49]. At the same time, the absence of significant differences in the
emission parameters of carbon and metal islands indicated that thermoelectric potentials are formed
not in the islands themselves, but in substrates near the islands. A theoretical consideration of such
a process using a model of charge carrier entrainment by ballistic phonon flow [21] made it possible
to evaluate the effectiveness of thermoelectric conversion by such a structure. The results of this
analysis will be published later, and they may be important in connection with the objectives of
this study. This is reason for additional interest in the results of the planned experimental testing of
thermoelectric characteristics of nanocontacts of metallized probes with silicon substrates.

Admittedly, the properties of silicon point contacts have already been studied before, from the
1980s to the 1990s. However, these early experiments were carried out mainly with contacts of
micron and submicron sizes (20—0.3 pm) [29, 30, 50], which were formed between the pointed
edges of silicon wedges pressed against each other with a force of 1—100 mN [50]. Mechanical
compression led to the appearance of significant deformations in the near-contact region, which,
according to the authors [30], were capable of causing additional scattering of phonons and influ-
encing the propagation of heat flows. The size of the contact between the AFM probe and the
planar surface and the force of their interaction can be significantly reduced to more correctly
simulate the contact of the substrate with the nanostructure formed on it. The nominal value of
the elastic constant of the CSG01 AFM probe (NT MDT, Russia), designed for contact mode
measurements, is 0.03 N/m. The transition from attractive forces to repulsive forces on a typical
force-distance curve of an AFM probe (when direct contact of the probe with the surface is estab-
lished) occurs at a distance of about 100 nm [41, 42]. These values can be used to estimate the
strength of the mechanical interaction of the probe with the sample surface as F= 3-10'° N. The
diameter of the contact spot d can be calculated by solving the problem of the elastic interaction
of a sphere of radius R and a plane [41]:

6FR\"
= == 3
d [Ej ’ ®

where F is Young’s modulus (£ = 109 GPa for silicon), R is the probe tip radius.

For the nominal value R = 10 nm, this gives an estimate of the minimum diameter of the
contact spot d = 1.2 nm. When the pressure reaches the plastic limit (for example, in the case of
a metal plate), this value may increase slightly, but it certainly will not exceed the radius of the
tip [41]. Thus, the size of the contact spot between the AFM probe and the silicon or metal plate
can be made significantly smaller than the corresponding values achieved in classical studies [29,
30, 50]. Comparing their results may be of considerable interest.

Carbon nanostructures and graphene sheets (sp’>-carbon). As already mentioned above, the ther-
moelectric properties of carbon nanostructures are considered as the main object of this study.
Another object are sheets of multilayer graphene with a large interface area with the substrate and
representing a closer equivalent of the proposed TEG prototype structure. The use of AFM makes
it possible to establish thermal and electrical contact with the local area of a separate sheet of
multilayer graphene and vary the force with which it is pressed against the surface of the substrate.

Images and surface profiles of samples of naturally oxidized silicon plates with carbon nanowires
and graphene sheets of different areas are shown in Fig. 2, a—c. They were obtained using NanoDST
AFM (Pacific Nanotechnology), which is planned to be used in thermoelectric experiments.
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Metal nanoparticles. A feature of nanoscale particles in comparison with bulk materials is the
discrete nature of the spectrum of resolved states. This feature is favorable in terms of the pos-
sibility of achieving high thermoelectric performance. In accordance with the well-known Mott
formula, the Seebeck coefficient is determined by the value of the derivative of the energy density
of states at the Fermi level [4]:

kT d[ln(c(a))]
T 3e de ’ )

E=€p

S

where k, is the Boltzmann constant, ¢_ is the Fermi energy, o(e) is the value of the differential
contribution of charge carriers with energy ¢ to electrical conductivity.

It should be borne in mind that Eq. (4), generally speaking, refers to metals and degener-
ate semiconductors and may not be completely correct for sp>-carbon. However, it is useful for
understanding general trends: in the vicinity of a discrete energy level, all energy derivatives are
large, which, at the optimal position of the Fermi level, can provide a large value of the Seebeck
coefficient [3]. Varying the parameters, namely, particle size, electric potential, etc., allows to
"adjust” the relative position of the Fermi level
and the permitted energy levels, optimizing it to
achieve high thermoelectric performance.

A comparison of the thermoelectric proper-
ties of carbon and metal nanoparticles can make
it possible to separate the influence of size effects
from the influence of the electronic structure of
specific materials. 2,d shows the AFM image and
the surface profile of tungsten nanoparticles for
a sample formed on a silicon substrate and pre-
pared for study; the substrate is identical to those
used in other cases.

Numerical simulation

Numerical simulation of the temperature dis-
tribution over the contact region of the AFM
probe with a planar substrate was carried out
during the general planning of the experiment.
The COMSOL Multiphysics software package
implementing the finite element method was
used. The package generally allows searching
for numerical solutions to systems of differential
equations of almost any kind with a given geom-
etry and a set of boundary/initial conditions;
this includes systems that take into account size
effects and nonlocality; for example, equations
from theoretical studies [32—37]. However, only
the temperature distribution (but not the ther-
moelectric potential) was modeled at this stage
of the research, and standard equations of the
macroscopic theory of heat transfer and tabular
values of thermal parameters of materials were
Fig. 2. AFM images (left) and surface used. This approach used because the model-
topography profiles of nano-objects (right) ing problems at this stage (experiment planning)

on naturally oxidized silicon substrates. were limited.
Nano-objects: sheets of multilayer graphene Let us present the basic requirements for
of large (a) and small (b) sizes, small carbon these problems.
nanostructures (c¢) and metal nanoparticles First, it was necessary to determine whether
of tungsten (d) local temperature measurements near the
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nanocontact region were necessary or whether it was sufficient to determine the temperatures
of the sample substrate and the massive part of the AFM probe holder. To do this, it was
actually necessary to estimate how much of the total temperature drop between these parts
(whose temperature is easy to measure) falls on the cantilever of a standard probe under typical
experimental conditions.

Secondly, it was necessary to determine whether measurements in vacuum conditions were
required or an experiment in atmospheric conditions was acceptable. For this purpose, we had
to assess the degree of influence of the ambient air and the equilibrium adsorbate layer on free
surfaces on the temperature distribution in the nanocontact region.

Thirdly, it was necessary to determine whether it was possible to use a standard metallized
probe as a metal electrode of a metal/sp? carbon or metal/semiconductor nanocontact.

Fourthly, it was necessary to estimate the time to establish the temperature distribution after
the formation of the nanocontact under the conditions of the planned experiments.

To solve these problems, we estimated the temperature drops primarily on the auxiliary ele-
ments of the experimental device (primarily on the AFM probe cantilever), whose characteristic
dimensions are large enough for calculations according to standard theory to provide sufficient
accuracy. Significant calculation errors could be expected for the nanocontact region itself (most
likely, towards lower thermal conductivity), which was taken into account in analysis of the
results. We chose an experimental configuration with the requirement that most of the tem-
perature drop created was concentrated in the nanocontact region. In this case, the maximum
estimate of the expected value of the thermopower can be obtained by simply multiplying the
temperature drop A7 by the effective value of the thermoelectric coefficient .S given by the theory
(according to [21], it can reach 50 mV/K for the structure considered there).

Calculations of the temperature distribution were carried out by solving a standard equation of
thermal conductivity of the form

>

oT
pCpE+pCpuVT+Vq=Q, 5)

where p, C are the mass density and heat capacity of the substance; u is its local velocity (assumed
. 1A . . . .
to be identically equal to zero); q is the heat flow density; Q is the density of heat sources.
At this stage of the study, a linear relationship of the quantity q with the temperature gradient
(Fourier’s law) was postulated:

q= _KVTa (6)

where « is the thermal conductivity.

The values of the material parameters given in Table 1 were used. The “Heat Transfer in Solids
and Fluids” module of the COMSOL Multiphysics package was used, and the “Laminar Flow”
module was also used to calculate heat transfer through the ambient air.

Table 1

Thermal parameters of materials used for simulation

Parameter . Parameter value for material
Si Cu Pt Adsorbate (water)
Heat capacity, J/(kg-K) 700 | 375 133 4,200
Density, kg/m? 2,329 (8,960 | 21,450 1,000
Thermal conductivity, W/ (m-K) | 130 | 394 71.6 0.56

The contact of the AFM silicon probe with a copper substrate (thick plate) was simulated. The
geometry of the tip and cantilever (Fig. 3,a, Table 2) was set in accordance with the parameters
and image of the NSG10 probe provided on the manufacturer’s website (NT-MDT, Russia). To
simplify the calculations, a 2D problem was solved with the axis of symmetry passing through the
center of the probe’s contact region with a planar substrate. The shape of the tip of the probe was
set as a cone conjugate to a sphere (Fig. 3,b). The radius of the sphere was taken to be 10 nm.
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The same spherical surface was considered to be the interface of the tip with the substrate; it was
assumed that the mechanical pressing action of the probe was strong enough for plastic deforma-
tion of copper in the contact region. The deviation of the 2D geometry from the true 3D geome-
try was compensated by setting the parameters of the cantilever material: its thermal conductivity
and heat capacity in the left part (see Fig. 3,a) were set by tabular data, and then decreased along
the radial coordinate according to the law 1/r.

Table 2
Geometric parameters of AFM probe used in the simulation
Cantilever size, um Tip size, nm Angle at cone
Length | Width | Thickness| Height | Curvature radius |vertex, degrees
125 27 3 1.5-10* 10 50

At the initial time, the substrate tempera-
ay zwme— "' — 1 ture was set to 0 °C, and the temperature of all
“1 & : [ parts of the probe was set to 100 °C (the spe-
w0l / _ cific values of these parameters do not affect
4 L the type of distribution if linear equations are
204 | - used). Dirichlet boundary conditions were set for
1 - the lower boundary of the substrate (0 °C) and
7 ! " for the right end of the cantilever (100 °C). The
By s o w e ® w 1 rum  problem of thermal conductivity was solved by
2005 o|  simulating the steady-state temperature distribu-
tion, as well as the evolution dynamics of this

steady state.

Fig. 4 shows the simulation results. The tem-
perature distribution (see Fig. 4,a) was obtained
for a silicon probe in contact with the clean sur-
face of a copper plate in vacuum; heat transfer by
40021 / electromagnetic radiation was considered insig-

nificant [41]. As expected, under these condi-

40,011 - tions, the larger part of the temperature drop falls
on the probe, whose material is characterized by
40,001 - lower thermal conductivity; the geometric factor
(conical shape) also slightly increases its thermal
3099 : , ‘ ‘ ‘ , resistance. The temperature changes significantly

O 000000 B o)y in the probe region near the nanocontact,

up to distances of the order of several magnitudes

Fig. 3. Geometry of the problem of numerical  of its radius. The temperature drop on the can-

simulation of temperature distribution over tilever is negligible: it obviously does not exceed

the nanocontact region of an AFM probe 1% of the total temperature difference.

with a planar substrate: a is the general view, The simulation results for the steady-state

b is the nanocontact region temperature distribution in the presence of air

are shown in Fig. 4,b. Heat flows through the

air due to thermal conductivity and convection were taken into account. We can observe a con-

tinuous and approximately linear temperature variation in the gap between the plate and the

cantilever. It is known from the literature [41, 51] that the total heat flow between the AFM

probe and the substrate at atmospheric pressure is largely determined by convection. However,

the calculation showed that the thermal conductivity of the cantilever is sufficient to prevent the

convective heat flow from noticeably distorting the temperature distribution near the nanocontact

and changing the temperature of the base (wide part) of the probe by more than a fraction of a
percent of its total drop.

40,04

40.03 1
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Surface: 1Tp.mm (degC) /

Surface: Temperature (degC) deg(

Surface: Tem perature (dgac)

Fig. 4. Solution of the problem of thermal conductivity in the nanocontact region
of AFM silicon probe with copper substrate.
Temperature distributions under vacuum conditions (a) are presented, taking into account
thermal conductivity through air (b) and the presence of a liquid layer on the surface (c),
as well as in the presence of a platinum metallization layer of the probe (d)

The above also applies to the influence of a layer of water and adsorbed gases covering free
surfaces under normal conditions [41, 42]. To assess the degree of influence of the adsorbate on
the temperature distribution, a circular layer (20 nm thick) with thermal conductivity of water was
introduced into the model in the nanocontact region (see Fig. 4,c). Comparing the calculation
result shown in Fig. 4,c with the data in Fig. 4,a, we can see that the influence of the liquid layer
on the temperature distribution in the nanocontact is minimal.

Finally, the impact of metallization of the probe was assessed. The calculated results of the
temperature distribution for a probe coated with a 30 nm thick platinum layer are shown in
Fig. 4,d. Evidently, a significant part of the temperature drop falls precisely on the platinum
layer, which has a relatively low thermal conductivity. Therefore, using platinum-coated probes
in planned experiments is undesirable. It is preferable to use probes with a different coating, for
example, made of gold (its thermal conductivity is 317 W/(m-K)) or another metal with high
thermal conductivity (for example, copper or silver).

The simulation results for the dynamics of the steady-state temperature distribution evolving
after the probe was brought into contact with the surface showed that in the absence of air, the
characteristic time of such a process does not exceed several microseconds (Table 3). Such a delay
can be neglected in experiments recording the AFM force-distance curve. As for the simulation
of heat transfer through air, the stabilization time for the temperature distribution in the air to
establish turned out to be significantly longer, amounting to milliseconds. However, this, appar-
ently, should not interfere with measurements, since the heat flow through the air itself should
have little effect on the temperature of the probe and the substrate, and temperature stabilization
time for the contact area still amounts to microseconds. This conclusion is consistent with the
literature data [45].

Thus, the numerical simulation carried out in a simplified COMSOL model allowed solving
its main problem: to obtain a positive answer to the question of the possibility of conducting
experiments to identify the features of the thermoelectric effect in atmospheric conditions using
NanoDST AFM and standard probes.
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Table 3

Simulated times for steady-state temperature distribution
to establish under varying conditions

Stabilizatiion time, us

Condition Probe with
Uncoated probe . :
platinum coating
Basic model (vacuum) 3.0 4.0
Atmospheric air 1.3 4.0
Liquid layer on surface 4.0-10° 4.0-10°
Air + liquid 4.0-10° —
Conclusion

The paper presents the results of the initial stage of the research conducted at the Higher
School of Engineering and Physics at Peter the Great St. Petersburg Polytechnic University and
dedicated to the study of nanoscale features of the thermoelectric effect. The ultimate goal is to
create thermoelectric generators with improved performance characteristics.

An experimental verification of the theory known from the literature describing the possibility
of achieving high values of thermoelectric performance by using the phenomenon of entrainment
of electric charge carriers by ballistic flow of phonons in a film nanostructure is chosen as the
primary objective. We believe that the verification of this concept can be carried out by relatively
simple means, namely, by measuring the thermoelectric characteristics of nanocarbon nanois-
lands and graphene sheets formed on a silicon substrate.

The results of numerical simulation indicate that such measurements can be carried out using
an atmospheric atomic force microscope with standard probes after its retrofitting with systems
for controlling and measuring the sample temperature.
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