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Two-dimensional (2D) materials are attracting an increasing interest in the domain of energy conver-
sion due to their thermoelectric and thermal properties foreseeing increased efficiency. Actual application
as thermoelectric materials relies on the ability to fully explore their physical properties once included
in real devices, which is a complex task due to the difficulty in managing thermal transport at the
nanoscale. Furthermore, 2D materials are extremely sensitive to the environment and device-fabrication
contaminants, that can alter their properties with respect to their isolated form. We demonstrate here
a complete thermoelectric characterization of devices based on thin flakes (5—6 nm) of tungsten dis-
elenide (WSe;) and multilayer graphene (MLGN) deposited on hexagonal boron nitride (4-BN), by
coupling electric and thermoelectric measurements with modulated thermoreflectance (MTR). Flake-by-
flake MTR scans allow the separate extraction of the anisotropic thermal conductivities of each device’s
layer. We find out values for the in-plane k; and out-of-plane k; thermal conductivities of kwse,| ~
24 Wm™! Kil, kWSezi ~0.13 Wm™! Kil, kMLGNH ~ 1050 W m™! Kil, kvigne ~ 1 Wm™! Kil,
knmny ~ 250 — 284 W m~' K1, and kppny ~ 1.9 — 5.5 Wm~! K1, which are generally in agreement
with the literature. Our work unveils the possibility to perform selective nondestructive measurements of
the thermal conductivity of thin flakes of 2D materials embedded in a device configuration, encourag-
ing the use of MTR coupled to electric and thermoelectric characterization to evaluate the overall device

thermoelectric performances.

DOI: 10.1103/PhysRevApplied.19.034075

I. INTRODUCTION

Layered two-dimensional (2D) materials, such as
graphene (GN) and transition metal dichalcogenides
(TMDs), and their van der Waals (vdW) heterostructures
have shown many exciting physical properties [1-4] being
very promising for future applications at the nanoscale
in different domains, such as electronics, spintronics, and
optoelectronics [1].

Nowadays, deep investigations of thermal transport in
these systems is also strategical for answering the techno-
logical challenges of energy recovery and power cooling
at the nanoscale. Optimized performances of a given ther-
moelectric material or device rely on the improvement of
the figure of merit, Z7, defined as (PF)T/k, where PF is
the power factor equal to S?c, with S the Seebeck coeffi-
cient (or thermopower), o the electrical conductivity, & the
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thermal conductivity, including the electrons and phonons
contributions, and 7 the absolute temperature. Low dimen-
sionality and quantum confinement have opened routes
to improve Z7T in 2D materials due to the sharp den-
sity of states (DOS) of confined electrons and holes,
to the material’s thickness-dependent physical properties
(band-gap modulation), to efficient charge-carrier den-
sity control by chemical doping or electric field [4] and
to possible low thermal conductivities, particularly in
TMDs [5-9].

Single-layer graphene (SLGN) has shown extraordi-
nary electronic and thermal properties [10—14] with a
very high mobility, up to 350000 cm? V! s~! [11] and
extremely large thermal conductivity, measured in the
range of 3000-5000 W m~! K~! in the suspended case
[12—14]. This, coupled with a reasonable Seebeck coeffi-
cient of the order of approximately 80—100 wVK~! [15,16]
results in PF as large as approximately 350 pWem™! K2
at room temperature, enabling this material for efficient
power cooling [17]. On the other end, the TMDs family

© 2023 American Physical Society
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MX ,, with M the transition metal (M = Mo, W) and X the
dichalcogenide (X = S, Se), shows high Seebeck coeffi-
cients, measured in the range of 100 p VK™ '—few mVK™!
[9,18-22] high mobility, controlled charge-carrier densi-
ties [4] and particularly low thermal conductivities [5,7,
23,24], resulting in increased ZT making them appealing
for thermoelectric energy conversion.

However, the quantitative thermal investigation of 2D
materials is still poor, due to the difficulty to manage
and understand heat flow at low dimensions. 2D materi-
als present strongly anisotropic physical properties making
challenging a complete characterization separating the in-
plane and out-of-plane direction. Many of the measured
exceptional physical properties in these systems have been
reported on suspended samples under vacuum. Actual
devices, however, consist of stacked layers of 2D materi-
als deposited on a substrate. Due to electron and phonon
scattering with the substrate, influence of surrounding
environment, disorder, or surface charge traps, the devices’
physical properties turn out to be highly different from that
of the isolated material. Furthermore, in actual devices,
contamination due to chemical agents during the fabrica-
tion process and hybridization effects at interfaces with
contact electrodes play a crucial role [18,25]. It is thus piv-
otal for applications to perform complete thermoelectric
characterizations of 2D materials when included in real-
istic device configurations, which is still lacking in the
literature.

In this work, we experimentally determine the elec-
tric, thermoelectric, and thermal properties of multilayer
graphene (MLGN) and tungsten diselenide (WSe;) thin
flakes included in three-terminal actual devices by cou-
pling different approaches. We show that modulated ther-
moreflectance (MTR) can be used as a nondestructive
optical pump-probe technique to measure in-plane and out-
of plane thermal conductivities of the different 2D flakes.
Electric and thermoelectric properties are probed on the
same device. A hexagonal boron nitride (4-BN) layer is
used as a dielectric spacer to couple the 2D flake to a
metallic gate for charge-density modulation and a close
microheater is used to induce a thermal gradient in the
longitudinal device direction, allowing for the thermo-
electric characterization. While the MTR method is well
established for the study of thermal properties in bulk
materials and its capability in measuring the full in-plane
thermal conductivity tensor of anisotropic materials has
been recently analyzed in details [26], MTR has been
demonstrated effective also in the thin-film limit, down
to few tens of nm [27]. We achieve here reliable results
for approximately 5—6-nm-thick 2D materials. Despite the
limited MTR sensitivity to in-plane heat transport when
reducing the layer thickness and the more challenging
thermal anisotropy characterization, we demonstrate that
a complete thermoelectric characterization of actual 2D
material-based devices is possible.

II. DEVICE FABRICATION AND
MEASUREMENTS

Devices are fabricated by exfoliating the 2D materi-
als from their bulk single crystals (HQ Graphene) and by
transferring the selected flakes over the desired region by
the dry-transfer technique [28].

First, a local gate electrode and a nanowire acting as
microheater (spaced by approximately 350 nm) are fabri-
cated by e-beam lithography and metal deposition (Ti/Au,
5/35 nm) in a 100 x 100 pm? prepatterned area over
Si/Si0, substrates. Successively, a #-BN flake is placed
precisely on the top of the Au gate electrode; in a sec-
ond step, a thin flake of WSe; (sample S1) or MLGN
(sample S2) is transferred on the #2-BN flake. Two metal-
lic nanowires (6 pwm long, 80 nm thick, 400 nm wide,
and 6 wm far from each other), are fabricated on the
heterostructure. They are made in Co/Au (20/60 nm) for
sample S1 and Ti/Au (5/75 nm) for sample S2. The evap-
oration is performed at approximately 10~% mbar, after 2 h
of in-vacuum annealing at 120 °C to remove possible con-
taminants and improve the interface contact [29,30]. Each
nanowire is connected to four leads and is used as local
electrode, to measure the two-point electrical transport
through the flakes, and local thermometer, by measur-
ing accurately its resistances temperature dependence in a
four-point configuration. The microheater is 22 pm long,
almost 4 times the nanowire length, ensuring a uniform
temperature along them, as confirmed by finite-element
simulations (COMSOL Multiphysics).

Atomic force microscopy (AFM) is used to charac-
terize the surface state of the 2D flakes and to esti-
mate their thicknesses. AFM images of two representative
devices discussed in this work are shown in Figs. 1(a)
and 1(b). Analogous results are obtained at least on another
equivalent device with similar thickness of the 2D flake.
Schematics of the device showing the wiring for electric
and thermoelectric measurements as well as a schematic of
the MTR measurement setup are shown in Figs. 1(c)-1(e),
respectively.

Electric and thermoelectric measurements are carried
out at room temperature under high vacuum (P ~ 107’
mbar) in a microprobe station (Nextron) after in sifu
annealing (at 400°C) to improve adhesion between the
flakes and electrical contact quality. MTR measurements
are performed successively on the same devices in a dif-
ferent experimental setup, at room temperature and normal
pressure.

Transport measurements through the 2D flakes are made
in a two-point configuration by voltage biasing the sam-
ples by a source meter (Yokogawa 7651) typically in the
range —2 V < V4. < 2 V and probing the current flowing
through the 2D flake as a function of the gate voltage by a
low-noise current-voltage amplifier (Femto DLPCA-200).
Leakage currents between the heater and the source and
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AFM images of /-BN/WSe, (a) and MLGN- (b) based devices. The #-BN flakes are visible as the largest flakes, the WSe;

and MLGN flake edges are evidenced by dotted red lines. Examples of line profiles of the different 2D flakes steps are superposed
on the image with indicated thicknesses. Schematics of the device with the wiring for electric (c), thermoelectric (d), and modulated

thermoreflectance (MTR) (e) measurements.

drain electrodes as well as between the heater and the gate
electrode are lower than the sensitivity of our experimen-
tal setup (approximately 10 pA) in the explored gate and
source-drain applied voltages.

To perform thermoelectric measurement, we first deter-
mine the temperature gradient A7 induced in the longitudi-
nal direction of the device by Joule heating when applying
a dc current (Jpeater) through the microheater. We calibrate
each nanowire resistance in contact with the 2D flake [Th;
and Th, in Fig. 1(d)] as a function of the temperature,
controlled with a 0.05 °C accuracy, in a four-point config-
uration measurement. Successively, the temperature of the
environment is fixed and the same calibration procedure is
repeated as a function of ljeye;. The current in the micro-
heater is swept from 0 to 5 mA with a current step of 50 LA
and, for each current value, the metallic nanowire resis-
tances, R; and R;, are simultaneously measured. Thanks
to the first calibration, it is possible to extract the tem-
perature gradient AT induced in the device between the
positions of the two nanowires. These calibration steps
are repeated also after the thermoelectric measurement to
ensure the reproducibility of the estimated AT. The ther-
moelectric voltage, Vtg, is measured as the open-circuit
voltage between the two electrodes by a nanovoltmeter
(Keithley 2182A) as a function of the applied heating cur-
rent lheater and gate voltage Vi in the typical range of
—20V < Vs <20 V. Following Ref. [21], we keep as the
pure thermoelectric contribution of the measured voltage

only the second-order term in /Jpeaer, Which is however the
dominant one. The Seebeck coefficient is obtained for each
value of the gate voltage Vs as the slope of the Vg ver-
sus AT dependence. Note that, in evaluating the Seebeck
coefficient for sample S1 containing a WSe, flake, mea-
surements in the gap region are not considered reliable and
are discarded.

The configuration for the MTR measurements is shown
in Fig. 1(e) and has been detailed in Ref. [27]. The pump
beam (green laser, 532 nm, model Cobolt Samba) gen-
erates a heated area, which is probed by measuring the
reflection of a probe beam (blue laser, 488 nm, model
LBX-488 Oxxyus). The pump is modulated by an acusto-
optic modulator (MT80-A1 AA optoelectronic) at a chosen
frequency, £, in the range 10 kHz—1 MHz and it is allowed
to scan the surface sample by an oscillating mirror. The
probe beam has a fixed position and is reflected by the
device surface on a photodiode (model 1801 FS 125 MHz
New Focus). A lock-in amplifier (SR 7280) detects the ac
part of the probe reflected signal impinging on the photo-
diode. The power of the lasers impinging on the device is
of few mW for the pump and of approximately 100 uW
for the probe. A microscope objective (Olympus BX RFA)
allows visualization of both laser’s spots on the device
for a fine alignment and focalization. Both laser beams
are assumed to be Gaussian and an effective diameter

d= \/ (B yp + Do) ~ 1.6 um is extracted.
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In MTR experiments, the measured signal is propor-
tional to the probe-beam optical reflection variation as a
function of the temperature in the heated area created by
the pump beam. We measure the amplitude and phase
of the probe signal as a function of the distance from
the pump-laser spot, following linear scans. Data analy-
sis is performed by solving a three-dimensional theoretical
model describing the temperature distribution in multilay-
ered samples, heated by an intensity-modulated Gaussian
laser beam, including lateral and vertical heat diffusion,
as discussed in Refs. [27,31-35]. The amplitude and the
phase of the modulated temperature are calculated by solv-
ing the heat-transport equation in three dimensions by a
standard Henkel transformation. Considering the thick-
nesses of the different layers composing the device, we
could expect that absorption occurs throughout the whole
sample (namely the stacking of the 2D flakes, #-BN, and
Au). The used model considers the heat source located
at the surface of the explored zone. Anyway, calculation
shows that the localization of the heat source with a sub-
micrometer precision induces a change in the result, which
is in the noise level.

Measurements are performed separately on the Au gate,
the 4-BN flakes and on the 2D flakes, in order to evalu-
ate the thermal properties of each device’s components by
taking into account the thermal properties of the underly-
ing layers. Linear scans are performed symmetrically with
respect to the zero position (spots superposed), after a fine
alignment and focalization of the laser spots. The length
of the linear scan can vary from zone to zone depend-
ing on the available space, i.e., typical scans over a range
of —10 pm < x < 10 wm are possible on the Au gate, a
reduced scan window of —6 pm < x < 6 um is used on
the 2D flakes. In the case of highly reduced scan space,
scans are acquired only in the window 0 <x < 6 pm or
—6 pm < x <0 and after symmetrized, being the mea-
sured signal symmetric with respect to the zero position.
The scan step is equal to 0.3 wm and each measurement
point is averaged 50 times with a 100-msec integration
time. For each scan zone, measurements are repeated at
different frequencies and for each frequency we calibrate
the reference phase of the experimental setup to correctly
define it when measuring our devices. We measure the
residual signal related to our experimental setup before
each scan by averaging 150 times the detected signal while
obscuring the pump laser, with a 100-msec integration
time. The residual signal is subtracted from the measured
data and used to evaluate the data error bars by standard
error propagation. This results in a SNR varying typically
from 103-10* (10*-10°) to 1-10 (10-10?) from the cen-
ter to the end of the scan lines for the measured amplitude
(phase) signal in the explored frequency range. This is true
for each scan location except on MLGN, where lower SNR
are observed from 10-10? to 1-10 from the center to the
end of the scan lines for both the measured amplitude and

TABLE I. Samples discussed in this work with the correspon-
dent 2D flakes thicknesses composing the heterostructure as
determined by AFM.

dp-BN dap flake No. of

2D flake  da, [nm] [nm] [nm] layers
S1  WSe; 5541 42+1 57406 ~8
S2  MLGN 45+ 1 32+4 6.5+04 ~ 19

phase signals. This can probably be related to enhanced
absorption of MLGN flakes.

In performing data analysis, we fix the thermal proper-
ties of the substrate, the mass density p and specific heat
C of Au, h-BN, WSe,, and MLGN; we use the measured
AFM thicknesses of the different layers and the effective
beam diameter; the fit parameters are the in-plane (k) and
out-of-plane (k) components of the thermal conductivity
of the different parts of the devices. First, values of & and
k, are obtained by fitting the amplitude and phase signals
at the different frequencies. Subsequently we minimize
the amplitude and phase variance between the calculated
fit and the experimental data by varying k; and k; (as
explained later on) to refine the best fit. This approach
reduces uncertainty in the extraction of the layer’s thermal
properties.

III. RESULTS AND DISCUSSION

We discuss here measurements on sample S1 and sample
S2 presented in Figs. 1(a) and 1(b). In both cases, the chan-
nel length (L) and width (W) are equal to approximately
6 pm and approximately 5 pm, respectively. Figures 1(a)
and 1(b) show a large area (approximately 40 x 40 pm?)
AFM images of the whole devices where the 4-BN flake
is clearly visible and the WSe, and MLGN flake edges are
evidenced by dotted red lines. Examples of line profiles of
the different 2D flake steps are superposed on the image;
thicknesses are listed in Table I and are evaluated by aver-
aging 50 step heights of line profiles taken in different
samples zones.

In both cases, we deal with multilayers 2D materials
with a thickness around approximately 6 nm, correspond-
ing to almost eight layers for the WSe, flake and to almost
19 layers for the MLGN flakes.

Figures 2 and 3 show the device electrical conductivity
and the Seebeck coefficient measured as a function of the
gate voltage, V¢ , at a source-drain bias Vpg = 10 mV for
sample S1 and sample S2, respectively. In both cases the
gate voltage is swept in both directions (as indicated by the
arrows), showing that a slight hysteresis can occur.

Sample S1 (Fig. 2) shows a clear ambipolar behavior as
already observed on analogous devices [18] with a max-
imum electrical conductivity o of the order of 10* S/m
and an on:off ratio of approximately 10*. An intrinsic -
doping is revealed at V' = 0. The correspondent Seebeck
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FIG. 2. (a) Electrical conductivity, o, and (b) Seebeck coeffi-

cient, S, of the WSe,/h-BN-based device (sample 1) measured
as a function of the gate voltage V¢ at a source-drain bias Vpg =
10 mV. Gate-voltage sweep direction is indicated by the arrows.

measurement confirms the device ambipolar behavior. The
sign of S reveals the nature of the majority carriers, nega-
tive for V¢ > 0 (electron injection) and positive for Vg < 0
(hole injection), with a maximum value of 250 WVK™!
for negative gate voltage. In the gap region the density
of charge carriers goes to zero and the Seebeck signal is
discharged due to higher uncertainty [shadowed region in
Fig. 2(b)]. The measured S increases at the conduction-
and the valence-band edges with a slope coherent with the
conductivity measurement, to successively decrease when
further increasing the density of charge carriers. The mea-
sured values of the Seebeck coefficient are in agreement
with what has been previously reported in the literature
[18-201].

Sample S2 (Fig. 3) shows a metal-like behavior, as
expected for MLGN, with a maximum electrical conduc-
tivity of approximately 10° S/m, 2 orders of magnitude
higher than sample S1. Nevertheless, a slight modulation
of the conductivity o (approximately 15% at maximum)
is observed by varying the applied gate voltage Vi . This
is confirmed by the Seebeck measurement that reveals a
change in the sign of S that can be ascribed to the nature
of the majority charge carriers in the system. For Vs <
—10 V, S passes from being negative to positive, indicat-
ing that the majority charge carriers pass from electrons
to holes. This behavior cannot be related to the presence
of any well-defined energy gap in the system, but rather
to the complexity of the MLGN band structure spanned

(a) 120 ; : : .
sample S2
1.154 R
£
» 1101 1
S
© 1,051 1
(b) 20 ]
0- J
¥ 20 ]
>
=2
5 40+ i
60 1 i
-20 -10 0 10 20
Ve (V)
FIG. 3. (a) Electrical conductivity, o, and (b) Seebeck coef-

ficient, S, of the MLGN/A-BN-based device (sample S2) mea-
sured as a function of the gate voltage V¢ at a source-drain bias
Vps = 10 mV. Gate-voltage sweep direction is indicated by the
arrows.

by varying the Fermi level. Also in the case of sample
S2, for Vi = 0, the majority charge carriers are electrons.
The measured S shows a maximum absolute value around
70 wVK~! for ¥ > 0, in agreement with previous mea-
surements on graphene or carbon nanotube [16,36,37].
Note that the sign change of S occurs at a slightly more
negative gate voltage with respect to the one for which a
minimum of the conductivity is measured. This is unex-
pected and can probably be related to inhomogeneities in
the MLGN flake.

We focus now on the investigation of the thermal prop-
erties of the same devices by MTR. Modulated heat diffu-
sion induced by the laser beam is governed by the thermal-
diffusion length w, defined as u = /D/7zf ", where D is the
thermal diffusivity (D = k/pC, with k the thermal conduc-
tivity) and / the modulation frequency. This is a crucial
parameter, which defines the length scale over which heat
propagates into a material and it has to be compared with
the characteristic length scales of the devices, such as the
thickness of the layers, the device’s dimensions, the laser
beam diameter. Note that, the thermal-diffusion length
increases for good thermal conductors and decreases by
increasing the modulation frequency. By considering the
mass density p and the bulk specific heat C of the dif-
ferent materials composing the devices (Au, 2-BN, WSe,
and MLGN), and by using typical anisotropic £ values
extracted from the literature, we can estimate the expected
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diffusion Iengths. For the experimental spanned frequency
range of 10 kHz < f <1 MHz, we find out in-plane p
values always higher than few wm for all materials com-
posing the devices and out-of-plane  values higher than
few wm for 4-BN and MLGN and in the range of 100
nm—few pm for WSe,. This means that, in principle, heat
diffusion occurs over the whole device structure, includ-
ing the substrate. As a consequence, the integrality of the
device has to be considered.

The device consists of three different stacked materials
(Au, A-BN, 2D material) that do not fully overlap. There-
fore, we perform successive MTR measurements at three
different locations where the sample structure is, respec-
tively, Au, Au/h-BN, and Au/A-BN/2D flake. Figure 4(a)
shows the optical image of samples S1 (top) and S2 (bot-
tom) and in each case the different scan locations are
indicated by dotted green lines and numbered according
to the order in which scans are performed. With the first
measurement in location 1, we determine the thermal prop-
erties of the Au layer. The Au thermal conductivity is then
reported in the thermal model used to extract the in-plane
and out-of-plane thermal conductivities of A-BN from the
measurements performed at location 2. Finally, we perform
the MTR analysis on the Au/A-BN/2D flake in location 3

and we analyze the response by considering the thermal
properties of the whole underneath structure, as extracted
from the precedent measurements. For each zone, scans
are performed at least at four frequency values. We con-
sider the entire structure in thermodynamic equilibrium
and neglect the formation of hot carriers, since their life
time is shorter compared to the used modulation frequency
(<1 —100 psec).

Figures 4(b) and 4(c) presents, respectively, the exper-
imental amplitude and phase data (points) and the corre-
sponding best-fits (solid lines) for the Au gate thin film of
sample S1 (scan location 1) at four modulation frequencies
(10 kHz, 100 kHz, 500 kHz, and 1 MHz). For both ampli-
tude and phase, experiments and calculated fits agree well
at all frequencies. The best fit is obtained by minimizing
the variance between the experimental amplitude or phase
and the theory, for different values of the fit parameter,
which in the Au case is the isotropic thermal conductivity,
kay. Note that no SiO,/Au interfacial thermal resistance
is considered in this analysis. Following Li et al. [32] the

i~ y]/'l,i)z/ Z?:l 0/{,1')29

where y/"; is the measured data point, the j index indi-

variance is definedaso; = ) _,

cates the amplitude or phase data set, yj’l ; is the calculated

N @, \ N
% 10°1] o A N .12
5 1072 10 kHz g o {0.08
& 0 . Ml = = oot od
° |
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5 N / |
£ 10 = e o L
<C € ‘oot | g
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10- © 0 . o)
o 6 £ <
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X\ */ 180
801 100\ e
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40' :\ .—'..'.' // 140
1 MHz |
, , , : 0 20
-10 -5 0 10 90 105 120 135 150
X (pm) Kpy (W m™ K™')

FIG. 4.

(a) Optical image of the samples S1 (top) and S2 (bottom) showing the different 2D flakes in the devices (WSe, and MLGN

flake edges are evidenced by dotted red lines). The location where MTR scans are performed are indicated by numbered green dotted
lines. The green spot indicates the zero scan position. The Gaussian beam profile of the green laser is schematically represented on the
Au gate-scan profiles. (b) MTR amplitude and (c) phase data (points) and the corresponding best fits (solid lines) measured on the Au
gate of sample S1 at four modulation frequencies (10 kHz, 100 kHz, 500 kHz, and 1 MHz). Experimental data and best-fit curves are
vertically translated for the sake of clarity. (d) Calculated variance of the amplitude signal, oampi (black points—left axis), and phase
signal, oppase (red points—right axis), as a function of ka, for the data set acquired at 10 kHz, 100 kHz, 500 kHz, and 1 MHz (from the
top to the bottom). Solid black and red lines are the best polynomial fits of the data.
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fitting value and » is the total number of data points in
the given measurement. Figure 4(d) shows the calculated
variance for the amplitude, oampi (black points—Ileft axis),
and the phase signal, ophase (red points—right axis), as
a function of ku, for the data acquired at 10 kHz, 100
kHz, 500 kHz, and 1 MHz (from the top to the bottom).
Variance data are fitted by polynomial curves (solid black
and red lines). For each frequency, the ka, value used
for plotting the best-fit curves in Figs. 4(b) and 4(c) is
the average of the two values obtained by minimizing,
respectively, the amplitude and the phase variance. By
averaging the ka, values among all frequencies, we find
out kay = 128 £4 Wm~' K~!, where the uncertainty is
calculated by the standard deviation of the data. In general,
we reveal a Au thermal conductivity reduced to 30-40% of
its bulk value for a 45-55-nm-thick layer. In supported thin
film this is not surprising due to increased grain boundary
and surface scattering of electrons and phonons. A ther-
mal conductivity reduction of Au thin films is measured
as a function of the layer thickness in the range of 20300
nm [38,39] as well as a dramatic reduction from the bulk
value by approximately 80% for lower thicknesses (down
to approximately 6.5 nm) [40,41]. A consistent result is
obtained in the case of the Au gate of sample S2, for which
we find kay = 90 =5 Wm~! K~!. The difference in the

extracted ka, can probably be attributed to the different Au
thicknesses.

Knowing the thermal properties of the Au gate, we pro-
ceed with the MTR analysis of the #-BN flake including
the underneath gate (scan location 2). We follow the same
approach used before, by considering now the in-plane,
kp-enj, and out-of plane, kj.gni, contributions to the A-
BN thermal conductivity. Figures 5(a) and 5(b) present
the experimental data (points) and the corresponding best-
fit curves (solid lines) for the A-BN flake of sample S1
at five modulation frequencies (10 kHz, 100 kHz, 400
kHz, 500 kHz, and 1 MHz) for the amplitude and phase
signals, respectively. Figure 5(c) shows the calculated vari-
ance for the amplitude, oumpl (black points—left axis), and
the phase signal, ophase (red points—right axis), as a func-
tion of k.pny for the data acquired at 10 kHz, 100 kHz,
400 kHz, 500 kHz, and 1 MHz (from the top to the bot-
tom). Analogously, Fig. 5 (d) shows the oymp1 and oppase as
a function of k;_gN, . Variance data not showing a defined
minimum are not reported in the graphs. A polynomial
best-fit procedure (solid black and red lines) is used to
define in each case the variance minimum. For each fre-
quency the averaged kj.gny and knpni minimizing values
are used for plotting the best fits in Figs. 5(a) and 5(b).
Experiments and calculated fits agree well at all
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FIG. 5. (a) MTR amplitude and (b) phase data (points) and the corresponding best fits (solid lines) measured on the #-BN flake of

sample S1 at five modulation frequencies (10 kHz, 100 kHz, 400 kHz, 500 kHz, and 1 MHz). Experimental data and best-fit curves are
vertically translated for the sake of clarity. (c) Calculated variance of the amplitude, oampi (black points—Ieft axis), and phase signal,
Ophase (red points—right axis), as a function of kj._gn; while fixing &gy at the value indicated in each plot for data acquired at 10
kHz, 100 kHz, 400 kHz, 500 kHz, and 1 MHz (from the top to the bottom). Solid black and red lines are the best polynomial fits of
the data. (d) Calculated variance of the amplitude, oumpl (black points—Ileft axis), and phase signal, ophase (red points—right axis), as a
function of k;,.gn. while fixing k;.gyj at the value indicated in each plot for data acquired at 10 kHz, 100 kHz, 400 kHz, 500 kHz, and
1 MHz (from the top to the bottom). Solid black and red lines are the best polynomial fits of the data.
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frequencies. By averaging the kj.gnj and kxpni values
among all the frequencies, we find out %;,_BN” = 284+
16 Wm™ 'K and kjpny = 5.5+ 1.0 Wm™' K~'. The
fitting procedure is very sensitive to variation of kj.pnj,
where a clear minimum of oymp1 and oppase is reached at
almost all frequencies. In contrast, a weaker sensitivity
is observed with respect to kjpny for which a weaker
variation of mostly only ouyp is visible. An analogous
analysis is performed over the #-BN thin layer of sample
S2, for which we find %;,_BN” =250+6 Wm~! K™ ! and
%h-BNJ_ =194+02Wm 'K

The values found for %;,_BN” and kjpn 1 agree well with
the theoretical literature. Room temperature &gy is com-
puted around approximately 300 W m~' K~! in the bulk
case [42] and approximately 550—750 W m~' K~! for sin-
gle layer [43,44] while a 2 orders of magnitude smaller out-
of-plane component of approximately 5 W m~! K~! [45]
is predicted. Experimental results report a spread range of
kn-gNny values. As an example, kj.pny of suspended 11-layer
h-BN has been probed by the microbridge technique to be
approximately 360 W m~! K~! [46]. In the case of single-
and few-layer 4-BN, it has been measured by optothermal
Raman spectroscopy in the range of 600-900 W m~! K~!
[44]. Time-domain thermoreflectance (TDTR) has been
used to measure bulk /4-BN single crystals, finding

values of &g around approximately 400 W m~' K ! at
room temperature [45], a value that can be increased up to
approximately 600 W m~! K~! by controlling the B iso-
tope concentration [47]. Less experimental works exist in
the literature on the measurement of the out-of-plane com-
ponent &, gn. . In exfoliated 4-BN flakes, kj_gn. has been
measured by the 3-omega method from a value of approx-

imately 0.2 W m~!' K~! for a 7-nm flake to approximately
8 Wm™! K~! on a 600-nm flake [48]. An analogous
result of the order of approximately 5 W m~' K~! at room
temperature has been obtained by nanosecond transient
thermoreflectance (TTR) technique [47] and by modulated
thermoreflectance [45] on A-BN crystals. Our findings
are in general agreement with the existing literature. We
underline anyway that the out-of-plane component kpgn 1
could include the contribution due to interfacial thermal
effects, that can be highly sample-to-sample-dependent.
The value found in the case of sample S1 seems to indi-
cate that the #-BN/Au interfacial thermal resistance is not
dominating the out-of-plane thermal transport. For sam-
ple S2 a reduced value of k;.n. is extracted, this could
be related to the reduced A#-BN thickness or to a finite
interfacial thermal resistance contribution.

We focus now on the determination of the thermal
properties of the thin 2D materials integrating sample S1
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FIG. 6. (a) MTR amplitude and (b) phase data (points) and the corresponding best fits (solid lines) measured on WSe, of sample

S1 at four modulation frequencies (10 kHz, 100 kHz, 500 kHz, and 1 MHz). Experimental data and best-fit curves are vertically
translated for the sake of clarity. (c) Calculated variance of the amplitude, ompl (black points—Ieft axis), and phase signal, oppase (red
points—right axis), as a function of ks, while fixing kwse, 1 at the value indicated in each plot for data acquired at 10 kHz, 100 kHz,
500 kHz, and 1 MHz (from the top to the bottom). Solid black and red lines are the best polynomial fits of the data. (d) Calculated
variance of the amplitude, oampi (black points—left axis), and phase signal, oppase (red points—right axis), as a function of kwse, |
while fixing kwse, at the value indicated in each plot for data acquired at 10 kHz, 100 kHz, 500 kHz, and 1 MHz (from the top to the
bottom). Solid black and red lines are the best polynomial fits of the data.
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and sample S2, namely WSe, and MLGN (scan location
3). Figures 6(a) and 6(b) show the analysis of the MTR
signal (points) acquired on the WSe, flake at four modula-
tion frequencies (10 kHz, 100 kHz, 500 kHz, and 1 MHz)
with the best fits (solid lines). Note that a phase shift of
180° occurs, indicating a change of sign of the probe-laser
optical reflection variation as a function of the tempera-
ture. We note that both amplitude and phase signals have a
different shape with respect to the precedent measurement,
with a pronounced nose around x = 0, this is the typical
signature of a poor thermal-conducting layer deposited on
a good one. In this case, we expect that when the pump and
probe beams are superposed (central part of the data), the
signal is dominated by the poor thermal-conductor proper-
ties, while at larger distances (wings of the data) thermal
properties of the inner layers take over the response.

We show in Figs. 6(c) and 6(d) the same analysis pre-
sented in Figs. 5(c) and 5(d), by plotting the variance cal-
culated for the amplitude, oamp (black points—left axis),
and the phase signal, oppase (red points—right axis), as
a function of kwse,| and kwse, 1 for the data acquired at
10 kHz, 100 kHz, 500 kHz, and 1 MHz (from the top
to the bottom). Also in this case, when the variance plot
does not show a defined minimum we do not report it in
the graphs. The polynomial best-fit procedure (solid black
and red lines) for each frequency and the averaging of
the kwse,| and kwse, | values among all frequencies, allow
extraction of %WSezII =24+6 Wm! K! and %WSez L=
0.134+0.01 Wm~' K~'. We note here a reduced sen-
sibility to change in kwse,, With respect to changes in
kwse, 1 . For such a thin layer, in fact, heat transport occurs
dominantly in the vertical direction, resulting in a higher
sensibility to kwse, 1 .

The determination of thermal transport properties of
WSe, is an open question, with few and controversial
results in the literature. Compared to other 2D materials
of the TMD family, WSe, is expected to show a lower
thermal conductivity, particularly in the monolayer case,
due to its low Debye frequency. The dominant contribu-
tion to thermal transport is attributed to ZA phonons at
room temperature. In the limit of single-layer, theoretical
calculations based on nonequilibrium molecular dynam-
ics, predict a value of kwse,) ~2 Wm™! K™! [7] while
for single crystals, a first-principles approach combined
with the phonon Boltzmann transport equations predict
kwse,| ~ 4 W m~! K~! [5] with a strong reduction (about
95%) for few-nm-sized samples. In the meanwhile, other
theoretical works are not in agreement with these pre-
dictions. Muratore et al. have investigated bulk #-based
TMD by density functional and Boltzmann transport the-
ory and find out kwse, =45 W m~!' K~! and kwse,1 =
3 Wm™!' K~! for single crystals [8]. By reducing the
dimensions (approximately 50 atomic layers), they pre-
dict a lower value of kwse,1 down to approximately

1 Wm™! K~!, due to increased phonon scattering by
domain boundaries. Despite the discrete amount of com-
putational studies [5-9], the experimental literature is still
poor due to the difficulty to obtain a proper measurement,
particularly in the supported configuration. For single
crystals, values of kwse,| =40 W m~' K~ and kwse,1 =
2 Wm~! K~! have been measured by TDTR [49], a
lower in-plane value of approximately 1.6 W m~! K~! has
been reported by suspended microthermometry in thin-film
WSe, [24]. Chiritescu et al. have measured a surpris-
ingly low kwse, 1 of approximately 0.05 Wm~' K™ at
room temperature by TDTR in the case of thin films [23].
More recently, Easy et al. have measured by opthother-
mal Raman spectroscopy and computed theoretically by a
full-atom nonequilibrium molecular dynamics kwse, for
1L, 2L, and 3L WSe, [50]. They find out for suspended
IL kwse,| ~ 49 W m~! K~!, while in the supported case
this value reduces to 37, 24, and 20 Wm~! K~!, for 1L,
2L, and 3L, respectively, showing a decreasing trend as a
function of the layer number. In this scenario, our measure-
ments are in quite good agreement with the literature. Note
that our estimate of kws., 1 includes interfacial thermal
resistance contributions. No estimation or experimental
measurements are present in the literature of the interfa-
cial thermal conductance Gy, of WSe; over #-BN. Easy
et al. have extracted Gy, values for WSe, on SiO, around
approximately 3-3.5 M W m~2 K~! [50]. In comparison
to SiO, substrate, #-BN is expected to better couple to
2D materials due to its flatten hexagonal lattice surface
[51], its utilization has shown to improve clearly elec-
tronic properties of fully #-BN encapsulated MoS, and
GN field-effect transistors (FETs) [52,53]. In the case of
MoS;, a 2D TMD largely studied, the interfacial thermal
conductance over 4#-BN has been measured of the order
of 17 MW m~2 K~! [54]. Higher values are reported in
h-BN-encapsulated MoS, heterostructures, of the order of
70 MW m~2 K~! [55,56]. Obviously fabrication residues
can affect strongly thermal transport at the interface, mak-
ing Gy, sample dependent. Anyway, in the case of our
devices, assuming kwse,1 = 0.13 Wm™!' K™, this results
in a perpendicular thermal conductance Gwse, 1 of approx-
imately 20 M W m~2 K~!, which is comparable to what is
measured at the MoS,/A-BN interface. We can conclude
that our measured value is reasonably a lower limit for
kwse, 1 -

We discuss finally the thermal properties of the MLGN
in sample S2. Figures 7(a) and 7(b) show the amplitude
and phase MTR signals (points) at four modulation fre-
quencies (10 kHz, 100 kHz, 500 kHz, and 1 MHz) with the
best fits (solid lines) obtained following the same approach
used before. Note that a negative phase and a nose-shaped
signal is measured also over the MLGN flake. In Figs. 7(c)
and 7(d) we show the variance calculation for the ampli-
tude, oamp1 (black points—Ieft axis), and the phase signal,
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FIG. 7. (a) MTR amplitude and (b) phase data (points) and the corresponding best fits (solid lines) measured on the MLGN flake of

sample S2 at four modulation frequencies (10 kHz, 100 kHz, 500 kHz, and 1 MHz). Experimental data and best-fit curves are vertically
translated for the sake of clarity. (c) Calculated variance of the amplitude, oampl (black points—left axis), and phase signal, oppase (red
points—right axis), as a function of kv gny while fixing kvign . at the value indicated in each plot for the data acquired at 10 kHz, 100
kHz, 500 kHz, and 1 MHz (from the top to the bottom). Solid black ad red lines are the best polynomial fits of the data. (d) Calculated
variance of the amplitude, o,mp (black points—left axis), as a function of kv gny while fixing kv gy at the value indicated in each
plot for the data acquired at 10 kHz, 100 kHz, 500 kHz, and 1 MHz (from the top to the bottom). Solid black and red lines are the best

polynomial fits of the data.

Ophase (red points—right axis), as a function of kvigny and
kmrgn. for the data acquired at 10 kHz, 100 kHz, 500 kHz,
and 1 MHz (from the top to the bottom). By averaging
the found minimum values we obtain %MLGNH = 1052 £+
70 Wm~' K~ and kyirony = 1 £04 Wm™! KL
Thermal properties of single-layer (SLGN) and few-
layer graphene (FLGN) have been intensively studied, in
particular, SLGN has received enormous attention being
a very promising heat dissipating 2D material for nano-
electronics [57]. Its ultrahigh in-plane thermal conduc-
tivity, has been measured at room temperature up to
approximately 3000-5000 W m~' K~! [12—14] higher
than graphite [58,59]. However, when deposited on a
substrate, it has been demonstrated that the thermal prop-
erties of SLGN are profoundly modified [14,15,59,60].
Interaction with the substrate substantially reduces heat
transport due to strong interfacial scattering of flexu-
ral phonon modes, which results in a measured room-
temperature thermal conductivity of SLGN on SiO; of
the order of 600 W m~! K~! [14,15,61]. Further reduced
values have been observed in encased SLGN, down to
160 W m~!' K~! [60] and even stronger reduction in sup-
ported GN nanoribbons [62,63] and FLGN nanowires over
rough SiO, surfaces, down to 80-100 W m~! K~! [64].

Decoupling GN from the substrate can preserve its thermal
properties, for example, in MLGN stacks, the top graphene
layers are isolated from the substrate due to poor out-of-
plane heat transport [58,65]. A-BN is increasingly used
as the substrate for GN, the two materials having very
close crystallographic structures, and being A#-BN inert,
lacking of dangling bonds and surface-charge traps. This
has demonstrated to improve SLGN electronic properties
in a supported configuration [51,66] as well as preserve
good thermal-transport properties [67,68]. In our analysis,
we find out results that confirm a high value of kmrany
of ~ 1050 W m~! K~! over 4-BN and a particularly low
value of approximately 1 W m~! K=! for kyi gy, coher-
ently with the literature [65]. The out-of-plane thermal
conductivity of graphite is around 5 — 6 W m~! K~! [69],
it has been demonstrated that in MLGN it increases with
the number of layers, ranging from 0.1 to 1.25 W m~! K~!
for a layer number from 6 to 48, in agreement with our
findings [70,71]. As for sample S1, also in this case the
determination of kyygn. is limited by interfacial thermal
properties, that can be strongly sample related [72,73].
For SLGN and FLGN over the SiO, interface thermal
conductance values reported in the literature spread over
the range 1-180 M W m~2 K~! [74-76]. In the case of
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TABLE II. Summarized results of the MTR analysis of the
samples discussed in this work together with the extracted
thermoelectric performances, ZT ., and PF .

k” ki meax ZTmax
[Wm 'K [Wm™'K™'] [wWem™'K 2]
h-BN (S1) 284 55 — -
h-BN (S2) 250 1.9 — -
WSe, 24 0.13 23 0.003
MLGN 1050 1 60 0.002

SLGN over 4-BN, very high values have been theoreti-
cally predicted, as high as 3-10 G W m~2 K~! [77-80].
Experimentally, fewer works exist and values of the order
of 10-50 M W m~2 K~! are indeed reported for GN [54,
81,82]. As for sample S1, we can give a rough estimation
of the perpendicular thermal conductance of the MLGN
flake, Gpmrgn 1, by assuming kvirgne = 1 Wm™! K1, this
results in a value of approximately 150 M W m=2 K~!,
comparable to the literature. We can conclude that our
measured value is reasonably a lower limit for kg .

Finally, in Table II we summarize results of the per-
formed MTR analysis together with the extracted maxi-
mum Z7T and PF values for the two discussed samples.
Note that, ZTx and PFy,x are underestimated being the
electrical conductivity measured in a two-point configura-
tion, which includes contact resistance contribution. This
analysis represents a complete estimation of thermoelec-
tric performance of 2D material flakes embedded in real
devices.

IV. CONCLUSIONS

In conclusion, we experimentally investigate the elec-
tric, thermoelectric, and thermal properties of thin 2D
material flakes, multilayer graphene and WSe,, embed-
ded in a three-terminal-device configuration. In both cases,
a h-BN layer is used as the underlying dielectric spacer
to couple the flake to a metallic gate. We demonstrate
that modulated thermoreflectance represents a powerful
approach allowing the nondestructive local investigation
of the in-plane and out-of-plane thermal transport proper-
ties of the different 2D flakes in a real device configuration.
A detailed fitting procedure based on the simultaneous
minimization of the variance of the amplitude and phase
MTR signals enables the extraction of the anisotropic
thermal conductivities of the different 2D flakes form-
ing the device. In the in-plane case, we find out val-
ues in agreement with the theoretical and experimen-
tal literature for the isolated materials, with Awse, ~
24Wm™! Kil, kMLGNH ~ 1050 W m™! Kil, and kh-BNH ~
250 — 284 W m~! K~!, proving that #-BN efficiently pre-
serves the thermal properties of the above 2D flake. In
the out-of-plane direction, the values found are particu-
larly low, with kypni ~ 1.9 — 5.5 Wm™ K71, kwse,1 ~

0.13Wm™' K™, kyirgne ~ 1 Wm™! K71, probably lim-
ited by the uncontrolled interface thermal conductance. We
stress that for the thin 2D material flakes under investi-
gation, the MTR sensitivity is strongly dependent on the
thermal contrast between the thin layers and the underly-
ing structure. If the 2D layer is a better thermal conductor
than the underlying structure, heat diffusion occurs in a 2D
regime and the MTR measurement has a higher sensibility
to the in-plane properties of the 2D layer. In the opposite
case, heat diffusion occurs in a three-dimensional regime,
as a consequence the MTR measurement is more sensible
to the out-of-plane thermal conductivity of the 2D flake.

Our work demonstrates a complete thermoelectric char-
acterization of 2D material flakes embedded in real
devices. It proposes MTR as a robust approach for the
investigation of thermal properties of low-dimensional
materials in realistic device configuration, which is a
challenging issue for future applications.
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