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Abstract
Thermal conductivity measurement techniques for materials with nanoscale dimensions require
fabrication of very complicated devices or their applicability is limited to a class of materials.
Discovery of new methods with high thermal sensitivity are required for the widespread use of
thermal conductivity measurements in characterizing materials’ properties. We propose and
demonstrate a simple non-destructive method with superior thermal sensitivity to measure the
in-plane thermal conductivity of nanosheets and nanowires using the bolometric effect. The
method utilizes laser beam heating to create a temperature gradient, as small as a fraction of a
Kelvin, over the suspended section of the nanomaterial with electrical contacts. Local temperature
rise due to the laser irradiation alters the electrical resistance of the device, which can be measured
precisely. This resistance change is then used to extract the temperature profile along the
nanomaterial using thermal conductivity as a fitting parameter. We measured the thermal
conductivity of V2O3 nanosheets to validate the applicability of the method and found an excellent
agreement with the literature. Further, we measured the thermal conductivity of metallic 2H-TaS2
for the first time and performed ab initio calculations to support our measurements. Finally, we
discussed the applicability of the method on semiconducting nanosheets and performed
measurements on WS2 and MoS2 thin flakes.

Heat in solids is transferred via phonons and elec-
trons. Contribution of each heat carrier to the over-
all thermal conductivity of a solid depends on sev-
eral factors such as electrical conductivity of the
material, impurities, defects, crystallinity and elec-
tronic correlations [1, 2]. A precise measurement of
the thermal conductivity in nano-sized materials is
important as the heat removal has become a critical
issue for the electronics industry and as the temper-
ature dependent thermal properties can provide valu-
able insights to materials’ characteristics such as the
ones that result due to electronic correlations [3–5].
There are various steady-state and transient meas-
urement techniques available for thermal conduct-
ivity measurements for nanosheets and nanowires.
Micro-Raman thermometry [6–11] and microbridge
method [12, 13] are among the most commonly used
steady-state methods for the thermal conductivity

measurements. Time domain thermal reflectance
(TDTR) [14–17], frequency domain thermal reflect-
ance (FDTR) [18–20] and the 3ω method [21] are
among the transient measurement methods. Each
method has its own strengths andweaknesses over the
others [22].

Raman thermometry is a commonly usedmethod
to measure the thermal conductivity of nanosheets.
The technique relies on identification of the local
temperature rise over the suspended part of the
nanosheet by using the temperature dependent shift
of a Raman peak. Then, solving the heat trans-
port equation with the extracted average temper-
ature rise gives a measure of the in-plane thermal
conductivity. For the materials with Raman peaks
that are not very sensitive to temperature variations
or with broad featureless Raman spectra, applicab-
ility of the technique is limited [23]. For instance,
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low temperature thermal conductivity measurements
for graphene cannot be performed via Raman ther-
mometry as the shift in the 2D peak due to tem-
perature change at low temperatures is beyond the
measurement sensitivity [11, 24]. A similar challenge
exists for MoS2 and WS2 since the Raman shift of
the temperature sensitive peaks are measurable over
a 50 K temperature range [10, 25, 26]. Microbridge
thermometry is a scaled down version of the abso-
lute thermal conductivity measurement technique
[22]. The material under investigation is suspended
across the heating and sensing elements to extract the
thermal conductivity. The major drawback is the tre-
mendous difficulty with the fabrication of the nano-
structures. Sample contamination is another issue
with the multi-step processes performed to achieve
the desired device structure particularly for atom-
ically thin materials. Transient thermal conductivity
measurement methods pose challenges in the ana-
lysis of the acquired data [27–29] and complexity of
the measurement setups limits the applicability of the
methods [22]. The applicability of the 3ω technique
is very limited on two-dimensional due to the elec-
trically insulated sample requirement of the method.
The thermal boundary resistance across various inter-
faces must be measured for an accurate extraction of
the thermal conductivity, which limits the usability of
the method on two-dimensional materials [30].

In this paper, we introduce a novel method
to measure the thermal conductivity of nanosheets
based on the photothermally induced local electrical
resistivity change, known as the bolometric effect.
The electrical resistivity, ρ(T), of materials have
characteristic temperature dependency. In the lin-
ear approximation, metallic resistivity follow ρ(T) =
ρ0 + ϱ(T−T0). Here, ρ0, ϱ and T0 are the resistiv-
ity at room temperature, temperature coefficient of
resistivity and the room temperature, respectively.
Similarly, a thermally activated resistivity, ρ(T) =
ρ0exp(EA/kBT), can be defined for the semiconduct-
ors, where EA is the activation energy and kB is the
Boltzmann constant. Any local source of heat will res-
ult in a thermal distribution over the suspended part
of the nanosheet, T(r;κ), depending on the thermal
conductivity, κ, of the material. Using T(r;κ), elec-
trical resistivity for each point on the sample can be
defined and the total resistance of the laser heated
crystal can be calculated. Thus, a precise measure-
ment of the photothermally induced electrical resist-
ance change can be used to extract the thermal pro-
file by usingκ as a fitting parameter. A similarmethod
has been previously employed tomeasure the thermal
conductivity of the single-walled carbon nanotube
fibers in a much limited context [31].

To realize the theoretical scheme for the thermal
conductivity measurement outlined above, the fol-
lowing procedure can be applied. First, transfer the
crystal over the substrate with a hole drilled in
between electrical contacts. Measure the temperature

dependent resistance of the crystal around the tem-
perature in which the thermal conductivity is to be
measured. Then, place the Gaussian laser spot at
the center of the suspended part of the crystal over
the hole and measure the resistance of the sample
under illumination again. Finally, model the differ-
ence between the resistances via finite element mod-
elling (FEM) with the thermal conductivity being a
fitting parameter. This procedure outlines the basic
experimental realization of the proposed method.

We implemented the following experimental
setup for the thermal conductivity measurements
(figures 1(a) and (b)). A commercial scanning pho-
tocurrent microscope (SPCM) is used for the meas-
urements. SPCM is equipped with a 40× objective
that focuses a laser beam to a Gaussian spot. The gold
electrical contacts to the sample are patterned using
a negative tone resist to prevent side wall formation
after lift-off and deposited in to pits that are etched
by the thickness of the gold to be deposited to avert
the suspending of the thin flake (figure 1(b)). Res-
istance measurements are performed to extract the
electrical resistivity, ρ(T) of the sample with dimen-
sions measured via atomic force microscopy (AFM).
Then, the contacts are used for the SPCM measure-
ments. The laser beam chopped at a certain frequency
(f≈ 2 kHz) scans the whole sample. Scanning the
laser over the sample ensures that the laser will always
pass through the center of the hole and the error
due to the alignment of the laser spot with the hole
will be minimized. When the laser beam passes over
the hole of a radius d etched under the nanosheet,
laser heating induced resistance variation (δRM) in
the device leads to a negative photoresponse for the
metallic samples due to positive temperature coeffi-
cient of resistance (TCR). This resistance change can
be measured with a sensitivity of one part per million
via a lock-in amplifier attached to the signal out of a
current pre-amplifier. Such sensitivity in measuring
δRM implies a very large thermal sensitivity. Meas-
urement results are then used to extract the thermal
conductivity via thermal simulations.

Figures 1(c)–(g) shows a typical set of measure-
ments from a 32 nm thick 2H-TaS2 flake transferred
on to the pre-patterned gold contacts with a hole
of a= 2 µm and depth of 1 µm etched in between
using focused ion beam (FIB). Figure 1(c) shows
the SPCM reflection map of the device taken with
200 nm pixel−1 step size. Corresponding photocur-
rent (IPC) maps taken under 0 mV and 50 mV biases
on the sample (VB) in figures 1(d) and (e), respect-
ively, show the local photoresponse. When no bias
is applied, photoresponse results due to the electro-
motive force generated by the Seebeck effect at the
metal–TaS2 junctions. When the bias is applied, we
observe photoresponse from all over the nanoflake
due to the local resistance change upon laser beam
heating [32]. As proposed in the previous paragraph,
there is an enhancement of the absolute value of the
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Figure 1. (a) The proposed thermal conductivity measurement method is outlined on a false-colored SEM micrograph of a
2H-TaS2 flake placed on the gold contacts. The red cone represents the focused scanning laser beam chopped at the frequency, f. A
current pre-amplifier that acts as a virtual ground measures and amplifies the current due to applied dc bias and the current
generated by the laser beam. Output of the measurement is fed to a lock-in amplifier referenced by the laser chopper. The
measurement yields the change in the current due to the laser beam. (b) Cross-sectional view of the device is depicted in the figure.
Nanosheet, shown in orange, is overlaid on a hole of radius a and on gold contacts, shown by yellow rectangles, patterned in SiO2

with the top surfaces exposed. (c) Scanning photocurrent microscopy (SPCM) reflection map of a device with source and ground
contacts are labelled. The scale bar represents 5 µm. (d) Photocurrent map taken under 0 mV bias shows the Seebeck current
generated at the contact-flake boundaries. (e) Photocurrent map taken under 50 mV shows a negative photoresponse throughout
the crystal and a distinct decrease around the hole. (f) Line trace taken along the dashed lines in 0 and 50 mV scans show the
photocurrent generated via the laser scan and (g) shows the corresponding overall resistance change at each laser position.

photoresponse when the laser scans the region above
the hole. Line trace taken along the crystal, through
the center of the hole shows the change of local
photoresponse with the laser position (figure 1(f)).
Correspondingmeasured resistance change, δRM, can
be calculated from the photocurrent, applied bias and
the dark resistance (R) of the device: δRM ≈−R2 IPC

VB
.

Figure 1(g) shows δRM at each laser position. Using
the δRM value taken at the laser position over the
center of the hole, we can calculate the thermal con-
ductivity.

Thermal distribution as a function of the position
on the crystal when the laser is at the center of the hole
can be calculated by solving the heat equation in two-
dimensions. Under the illumination of a laser spot
with a Gaussian profile, we solve the heat equation
with steady-state heat flow [33]. Similar calculations
for the anisotropic measurements [34] or nanowires
are provided in the supporting information .We need
to solve the heat equation for; r⩾ a and r< a, where
r is the radial distance from the center of the hole.

r< a κ
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Here, κ and κ′ are the thermal conductivities
of the material and the material supported by the
substrate, respectively. I, α, t, r0, T1 (r), T2 (r),T0

and G are the laser power per unit area, absorb-
ance of the crystal, thickness of the crystal, laser spot

diameter, temperature distribution function for r< a
and r> a, ambient temperature and thermal bound-
ary conductance between the crystal and the substrate
from the unsuspended part of the crystal, respect-
ively. We used volumetric Gaussian beam heating as
the heat source in the equations [33]. We ignore the
Newtonian cooling term as the heat loss to the air will
be relatively small [35]. The general solutions for the
above equations yield:
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)
+

αIr20
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(1)

T2 (γ) = c3I0 (γ)+ c4K0 (γ)+T0 (2)

Here, Ei(x) denotes the exponential integral, I0 and
K0 are zero order modified Bessel functions of the

first and second kind, respectively with γ = r
√

G
κ′t .

To solve for the cn constants, we apply appropriate
boundary conditions:

T2 (γ →∞) = T0 (3)

dT1 (r)
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= 0 (4)

T1 (a) = T2 (γ)|r=a (5)
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. (6)
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The first two boundary conditions imply that the
temperature far away from the center equilibrates
with the ambient and the temperature under the
laser spot has a finite value. The last two boundary
conditions impose the continuity of the heat flow at
the boundary of the suspended part of the crystal.
Full solutions for T1 (r) and T2 (γ) are given in the
supporting information. We assume that the lateral
size of the crystal is large enough that at distances lar-
ger than a, sample temperature equilibrates with the
substrate. Even for a material with an unusually low
thermal conductivity such as 1Wm−1 K−1, solutions
to the heat equation above show that the temperat-
ure equilibrates with the substrate at the boundary
of the suspended part of the crystal (see supporting
information for details). For the solutions, we assume
κ′ value to be similar to κ, and we usedG from the lit-
erature [33, 35] for similar materials. However, these
assumptions have no orminimal effect on the thermal
distribution over the suspended part of the crystal for
the aforementioned reasons and as reported for the
Raman based thermal conductivity technique [10].

T(x,y) is used to calculate the expected resistance
change, δRE, due to photothermal heating. We can
write ρ(x,y) = ρ0exp(EA/kBT(x,y)) for a semicon-
ducting sample and ρ(x,y) = ρ0 + ϱ [T(x,y)−T0]
for a metallic sample to solve for the resistance of
the laser heated sample, RH, numerically. It is pos-
sible to write the electrical field within the mater-
ial as E(r) = ρ(r) J(r), and along with the continuity
equation for the current density J and the Poisson’s
equation for E it is possible to obtain the electrical
resistance [32]. However, as the crystal geometries
here are typically complicated and the local cur-
rent density also depends on the temperature, we
used a commercially available finite element method
(FEM) package (COMSOL Multiphysics) to solve for
RH. For simpler geometries and materials with low
electrical resistance the analytical solutions can be
used. Figure 2(a) shows an SEM image of a typical
device and figure 2(b) shows the corresponding FEM
simulations of the thermal distribution, the current
density distribution and the electric potential over
the sample. The expected resistance change can be
obtained by subtracting the measured dark resist-
ance from the calculated RH, δRE = RH −R. We can
match the values of δRE with the measured resistance
change, δRM, by usingκ as the fitting parameter in the
temperature distribution function.

To demonstrate the applicability of our method,
wemeasured the thermal conductivity of V2O3 nano-
plates. V2O3 is an exemplary correlated oxide with
a known thermal conductivity in its metallic state
and shows a little variation in its properties from
bulk to thin sheets [36]. Thus, we used V2O3 as a
test sample to check the validity of the proposed
thermal conductivity measurement method The syn-
thesis of the nanoplates are discussed elsewhere [36].
These V2O3 nanoplates are synthesized over sapphire

substrates with thicknesses ranging from a few to
a few hundred nanometers and can be transferred
on other substrates using polymer assisted transfer
techniques. Once the crystals are transferred on to a
FIB drilled sapphire substrate, they are in the para-
magnetic metallic (PM) state and the thermal con-
ductivity of the PM phase has been reported as
4.5 W m−1 K−1 at room temperature [37]. We pre-
ferred a V2O3 crystal with the thickness of ∼130 nm
to make a better comparison with the literature.
Absorption coefficient for V2O3 is determined from
an earlier report [38]. We measured the thermal con-
ductivity as 4.5± 1.0 W m−1 K−1 (see supporting
information for the details). In our measurements,
we ignored the heating by the reflected light from
the bottom of the hole. Our measurements are in an
excellent agreement with the value reported in the
literature. Thermal simulations show that the crys-
tal under the laser spot heats up by ∼0.2 K µW−1

during the measurements. This implies that our
method can be used to measure the thermal conduct-
ivity of nanosheets in the vicinity of the thermally
induced phase transitions observed in materials such
as V2O3.

To further illustrate the applicability of the bolo-
metric thermal conductivity measurement method,
we measured the thermal conductivity of 2H-TaS2
flakes. 2H-TaS2 is an intriguing van der Waals layered
material that displays superconductivity [39] at 0.5 K
and charge density wave (CDW) transition [40, 41]
around 75 K. The superconducting transition tem-
perature increases from 0.5 to 2.2 K as the num-
ber of layers decrease [42]. Thermal conductivity of
2H-TaS2 has not been measured to date. We fab-
ricated four devices with similar crystal thicknesses
and measured the thermal conductivity of each crys-
tal. Once the thermal conductivity measurements are
finished, we measured the crystal dimensions using
AFM. The thermal profile is calculated from the tem-
perature dependent resistivity of 2H-TaS2, ρ(T) =
0.4(0.2 ) mΩ cm

(
1+ 0.0025 K−1 [T−T0]

)
[43, 44].

This relation holds down to the onset of the CDW
transition. Average in-plane thermal conductivity of
2H-TaS2 is measured as 13.2± 1.0Wm−1 K−1 (table
S1 in the supporting information shows the detailed
parameters for all the measurements). The absorp-
tion coefficient (α) of 2H-TaS2 measured for each
device we fabricated before transferring the crystals
on to the gold contacts. Figure 3(a) shows the change
of absorption coefficient with the crystal thickness for
2H-TaS2 at 642 nm. Radius of the Gaussian beam
(r0) is extracted from first derivative of the intens-
ity with respect to the laser position at the edge of
the gold contacts (figure 3(b)). Figure 3(c) shows the
calculated change in the device resistance for vari-
ous κ and G values. Even for very low thermal con-
ductivity materials, a large range of thermal bound-
ary conductance values give accurate δRE. Thermal
conductivity measurements taken with 532 nm laser
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Figure 2. (a) SEM micrograph of a 40 nm thick 2H-TaS2 flake suspended over a hole of a= 2 µm. (b) (i) Thermal distribution
over the region of the crystal between the contacts when the Gaussian laser spot is at the center of the hole. Black circle indicates
the edge of the hole. (ii) Current density distribution and (iii) electric potential distribution between the contacts are calculated
based on the local resistivity, ρ(x,y).

(see supporting information) yields the same thermal
conductivity within the error margin.

To support the bolometric thermal conductivity
measurements of 2H-TaS2, its electronic and thermal
properties are obtained via the first-principles cal-
culations based on density functional theory (DFT)
[45, 46] as implemented in the Vienna ab initio sim-
ulation package (VASP) [47, 48] (see section 1 for
further details). Ground state geometry (figure 4(a))
of 2H-TaS2 is obtained and the calculated lattice
constants (acalc. = 3.31 A and ccalc. = 12.07 A)
are in well agreement with the experimental data
(aexp.= 3.32A and cexp.= 12.10A) [49]. Following the
structural optimization, the electronic band structure
and the phonon spectrum is calculated as shown in
figures 4(b) and (c), respectively. In line with experi-
mental results, 2H-TaS2 has a metallic character and
degeneracy at high symmetry points is altered with
inclusion of spin–orbit coupling. All phonon modes
are real indicating the structural stability [50].

Relaxation time and the density of electrons must
be specified to determine the in-plane thermal con-
ductivity. Relation between the mobility and the
relaxation time is given by the following equation,
µ= τe

me
, where e is the electron charge, me is the

mass of electron and τ is the relaxation time. By
considering the room temperature in-plane mobil-
ity data reported in literature [51], τ is specified as
5.69× 10–15 s which is reasonable based on the Drude
theory of metals. The density of electrons (n) can be
determined from the experimental measurements of
Hall coefficient (RH) [52], RH = 1

ne and calculated as
3.13 × 1022 cm3 at room temperature. Accordingly,
electronic thermal conductivity (κe) using the calcu-
lated electronic density and relaxation time is estim-
ated as 4.73 W m−1 K−1. The lattice thermal con-
ductivity (κl) is determined as 8.62 W m−1 K−1 and
6.81 W m−1 K−1 by using the iterative solution and
relaxation time approximationmethods, respectively.
Therefore, the total thermal conductivity of 2H-TaS2
at room temperature is determined to be in the range
of 11.55–13.36Wm−1 K−1. This range is in an excel-
lent agreement with our experimentalmeasurements.

Now, we would like to discuss the applicability
of our method on semiconducting nanosheets. Our
method relies on the precisemeasurement of the elec-
trical resistance variation upon the laser heating. The
change in the electrical resistance over the suspended
part of the crystal due to the light induced heating
must be differentiated from the other photoresponse
mechanisms prevalent in semiconductors. As the
photoresponse in semiconductors may have multiple
reasons, applicability of the bolometric thermal con-
ductivity measurement technique on semiconduct-
ing nanosheets and nanowires requires a deeper ana-
lysis of the measurements. For the timescales shorter
than a millisecond, photoconductivity in a semicon-
ductor under bias can result from the formation of
non-equilibriumcarriers due to light absorption, sep-
aration of non-equilibrium carriers due to built-in
electric fields or photothermal effects [53]. Further-
more, the strain induced bandgap changes within the
suspended region will create built-in electric fields
and will further complicate the analysis of the data.
We attempted measuring the thermal conductivity
of 2H-MoS2 and 2H-WS2 few layer crystals mech-
anically exfoliated from the bulk using a sticky tape.
Both materials are exemplary layered TMDCs with
direct bandgaps in the monolayer and become indir-
ect gap semiconductors in the bulk. The exfoliated
crystals are transferred over the holes etched on sap-
phire and indium needles are drawn on to the crys-
tals at elevated temperatures as top contacts to min-
imize the contact resistance. For a 12 nm thick WS2
sample wemeasured the thermal conductivity of flake
as 8 W m−1 K−1 by assuming that the enhancement
of the photocurrent over the hole is entirely due to
the bolometric effect (see supporting information for
details). This value is smaller than what has been
reported previously (12 W m−1 K−1) [54] possibly
due to the aforementioned reasons. In some samples
we observed formation of multipolar junction like
photoresponse that can be attributed to the strain
induced changes in the charge doping over the sus-
pended part of the crystal [55, 56]. This manifests
itself as multiple peaks in the photoresponse under
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Figure 3. (a) Absorbance vs. crystal thickness measured for four different 2H-TaS2 crystals of various thicknesses. (b) Reflected
light intensity (I) profile extracted from the reflection map shown in the inset is used to calculate the Gaussian beam radius. ∂I

∂L
is

the derivative of light intensity with respect to the laser position, L. The Gaussian fit to the profile gives the radius, r0, of the
focused laser spot. (c) Contour plot shows how δRE changes for various set of G and κ values. Shaded area indicates the κ values
for δRE = δRM. It is evident that the variation in κ due to G is∼10% for a very large range of G values.

Figure 4. (a) Top and side views of 2H-TaS2 crystal structure is depicted with 2H layers are stacked together and the lower layer is
rotated by 60◦ with respect to the upper layer. Ta and S atoms are marked on the figure. (b) All positive phonon modes reveal the
dynamical stability of 2H-TaS2 and provide a basis (harmonic force constants) to determine lattice thermal conductivity together
with the anharmonic force constants. (c) Electronic band structure with inclusion of spin–orbit coupling along with high
symmetry points indicate the metallic character of the system and band dispersions form a basis for the electronic thermal
conductivity.

bias and complicates the extraction of the bolometric
effect (see supporting information). Further investig-
ation is needed to elucidate the usability of the bolo-
metric thermal conductivity measurement on semi-
conducting nanosheets.

Our method is very similar to the Raman ther-
mometry in terms of the measurement errors and
limitations [57, 58]. Local temperature measure-
ments both in Raman thermometry and our method
relies on modeling of the temperature distribu-
tion over the suspended part of the crystal with κ
being a fitting parameter. Our method is applicable
at any temperature if the resistivity of the mater-
ial varies with the temperature. Phenomena due
to the electronic correlations that results in abrupt
changes in the electrical resistivity would jeopard-
ize our measurement method in the close vicinity
of the phase transitions, yet this limitation applies
to all thermal conductivity measurement techniques.
Moreover, since the residual resistance for the metals
at very low temperatures have very weak temperature
dependence, ourmethodwould fail at such regimes as
well. Another problem associated with the bolomet-
ric measurement method we introduce would be the

large contact resistance [32]. When the contact res-
istance dominates the total resistance of the device,
bolometric response is significantly reduced.

One of the major advantages of our method is
the high sensitivity of the measurements. Especially
for the materials with large |ϱ| values, laser power
as small as ∼µW produces a measurable photore-
sponse. 0.2 K average temperature rise under the
laser spot can increase the electrical resistance by a
few mΩ and this change is easily measurable in a
∼100 Ω crystal. As a comparison with the Raman
thermometry-based method, typical first-order lin-
ear temperature coefficients of the Raman modes
are in the range of ∼0.005 to 0.02 cm−1 K−1. Even
for a long-focal-length spectrometer equipped with
a cutting-edge charge coupled device, the resolution
is ∼0.5 cm−1 for the visible light. Thus, the min-
imum average temperature rise of 25–100 K over
the sample is required for a reliable measurement.
This is particularly important for the temperature
dependent study of the thermal conductivity espe-
cially in the vicinity of thermally induced phase trans-
itions. Moreover, oxidation or sample degradation
due to laser heating is minimized in our method.
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Another advantage of our method is the relative sim-
plicity of the measurement setup. Although we used
an SPCM for the measurements, a laser coupled to an
optical microscope could be used to perform similar
measurements. Finally, the method is also applicable
to nanowires and materials with anisotropic in-plane
thermal conductivity with a suitable choice of the
laser shape.

In summary, we introduced a novel bolomet-
ric effect based thermal conductivity measurement
method that can be applied to nanosheets and
nanowires with temperature dependent electrical res-
istivity. As a demonstration of the method, we meas-
ured the room temperature thermal conductivity for
V2O3 nanosheets and showed that themeasured value
is comparable to the previous reports. We measured
the room temperature thermal conductivity of 2H-
TaS2 as 13.2 ± 1.0 W m−1 K−1 for the first time and
performed ab initio calculations to find its thermal
conductivity numerically. We discussed the versatil-
ity of our technique in detail and showed that it is
superior to other commonly used methods in terms
of the thermal sensitivity. Accuracy and applicab-
ility of our method is comparable to Raman ther-
mometry, yet, with much higher thermal sensitiv-
ity. As a final remark, our technique can be exten-
ded to the scanning thermal microscopy. Although
we used a laser beam as the heat source, same meas-
urement can be performed using a heated scanning
probe instead. This could eliminate the need for the
measurement of α and as with the precise position-
ing of the scanning probe is possible, a better model-
ling of the thermal distribution could be performed
to increase the accuracy.

1. Methods

SPCM measurements are performed using a com-
mercial setup (LST Scientific Instruments) under
642 nm illumination unless otherwise stated.

For the ab initio calculations, the exchange–
correlation interactions were estimated by gener-
alized gradient approximation (GGA) with inclu-
sion of spin–orbit coupling [59]. The van der
Waals (vdW) interactions were taken into account
by using Grimme method [60, 61]. The element
potentials described by projector augmented wave
(PAW) [62, 63] method with a kinetic energy cutoff
of 450 eV. The Brillouin zone was sampled with
17 × 17 × 3 k-point mesh by using Monkhorst-
Pack grids [64]. The energy convergence for ionic
and electronic relaxations was set to 10–6 eV whereas
the maximum force allowed on atoms is less than
10–4 eV/A−1.

The electronic thermal conductivity was calcu-
lated by solving semi-classical Boltzmann transport
equation (BTE) considering constant relaxation time
and the rigid band approximation [65]. The lattice
thermal conductivity was determined by iteratively

solving BTE equation where zeroth iteration solu-
tion corresponding to the relaxation time approxima-
tion (RTA) [66, 67]. Harmonic and anharmonic force
constants were calculated by using finite displacement
method [68].
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[6] Périchon S, Lysenko V, Remaki B, Barbier D and

Champagnon B 1999 J. Appl. Phys. 86 4700
[7] Balandin A A, Ghosh S, Bao W, Calizo I, Teweldebrhan D,

Miao F and Lau C N 2008 Nano Lett. 8 902
[8] Liu J H, Xie H H, Hu Y D, Zhang X and Zhang Y Y 2017 Int.

J. Heat Mass Transfer 108 572
[9] Sahoo S, Gaur A P S, Ahmadi M, Guinel M J-F and

Katiyar R S 2013 J. Phys. Chem. C 117 9042
[10] Yan R, Simpson J R, Bertolazzi S, Brivio J, Watson M, Wu X,

Kis A, Luo T, Hight Walker A R and Xing H G 2014 ACS
Nano 8 986

[11] Chen S et al 2011 ACS Nano 5 321
[12] Seol J H et al 2010 Science 328 213
[13] Jo I, Pettes M T, Kim J, Watanabe K, Taniguchi T, Yao Z and

Shi L 2013 Nano Lett. 13 550
[14] Paddock C A and Eesley G L 1986 J. Appl. Phys. 60 285
[15] Capinski W S, Maris H J, Ruf T, Cardona M, Ploog K and

Katzer D S 1999 Phys. Rev. B 59 8105
[16] Huxtable S, Cahill D G, Fauconnier V, White J O and

Zhao J-C 2004 Nat. Mater. 3 298
[17] Cahill D G 2004 Rev. Sci. Instrum. 75 5119
[18] Mandelis A 1986 Rev. Sci. Instrum. 57 617
[19] Rosencwaig A, Opsal J, Smith W L and Willenborg D L 1985

Appl. Phys. Lett. 46 1013

7

https://orcid.org/0000-0002-1278-5875
https://orcid.org/0000-0002-1278-5875
https://orcid.org/0000-0002-1278-5875
https://orcid.org/0000-0003-3510-5059
https://orcid.org/0000-0003-3510-5059
https://orcid.org/0000-0003-3510-5059
https://doi.org/10.1038/s41567-019-0520-x
https://doi.org/10.1038/s41567-019-0520-x
https://doi.org/10.1016/0921-4526(95)00655-9
https://doi.org/10.1016/0921-4526(95)00655-9
https://doi.org/10.1126/science.aag0410
https://doi.org/10.1126/science.aag0410
https://doi.org/10.1039/C8NR08493A
https://doi.org/10.1039/C8NR08493A
https://doi.org/10.1063/1.371424
https://doi.org/10.1063/1.371424
https://doi.org/10.1021/nl0731872
https://doi.org/10.1021/nl0731872
https://doi.org/10.1016/j.ijheatmasstransfer.2016.12.059
https://doi.org/10.1016/j.ijheatmasstransfer.2016.12.059
https://doi.org/10.1021/jp402509w
https://doi.org/10.1021/jp402509w
https://doi.org/10.1021/nn405826k
https://doi.org/10.1021/nn405826k
https://doi.org/10.1021/nn102915x
https://doi.org/10.1021/nn102915x
https://doi.org/10.1126/science.1184014
https://doi.org/10.1126/science.1184014
https://doi.org/10.1021/nl304060g
https://doi.org/10.1021/nl304060g
https://doi.org/10.1063/1.337642
https://doi.org/10.1063/1.337642
https://doi.org/10.1103/PhysRevB.59.8105
https://doi.org/10.1103/PhysRevB.59.8105
https://doi.org/10.1038/nmat1114
https://doi.org/10.1038/nmat1114
https://doi.org/10.1063/1.1819431
https://doi.org/10.1063/1.1819431
https://doi.org/10.1063/1.1138879
https://doi.org/10.1063/1.1138879
https://doi.org/10.1063/1.95794
https://doi.org/10.1063/1.95794


2D Mater. 7 (2020) 035003 O Çakıroğlu et al

[20] Langer G, Hartmann J and Reichling M 1997 Rev. Sci.
Instrum. 68 1510

[21] Cahill D G and Pohl R O 1987 Phys. Rev. B 35 4067
[22] Zhao D, Qian X, Gu X, Jajja S A and Yang R 2016 J. Electron.

Packag. 138 040802
[23] Sarua A, Hangfeng J M, Kuball M J, Martin U T, Hilton K P

and Balmer R S 2006 IEEE Trans. Electron Devices
53 2438

[24] Lee J-U, Yoon D, Kim H, Lee S W and Cheong H 2011 Phys.
Rev. B 83 081419
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Chem. A 114 11814
[61] Grimme S 2006 J. Comput. Chem. 27 1787
[62] Blöchl P E 1994 Phys. Rev. B 50 17953
[63] Kresse G and Joubert D 1999 Phys. Rev. B 59 1758
[64] Monkhorst H J and Pack J D 1976 Phys. Rev. B 13 5188
[65] Madsen G K H, Carrete J and Verstraete M J 2018 Comput.

Phys. Commun. 231 140
[66] Li W, Lindsay L, Broido D A, Stewart D A and Mingo N 2012

Phys. Rev. B 86 174307
[67] Li W, Carrete J, Katcho N A and Mingo N 2014 Comput.

Phys. Commun. 185 1747
[68] Togo A, Oba F and Tanaka I 2008 Phys. Rev. B 78 134106

8

https://doi.org/10.1063/1.1147638
https://doi.org/10.1063/1.1147638
https://doi.org/10.1103/PhysRevB.35.4067
https://doi.org/10.1103/PhysRevB.35.4067
https://doi.org/10.1115/1.4034605
https://doi.org/10.1115/1.4034605
https://doi.org/10.1109/TED.2006.882274
https://doi.org/10.1109/TED.2006.882274
https://doi.org/10.1103/PhysRevB.83.081419
https://doi.org/10.1103/PhysRevB.83.081419
https://doi.org/10.1021/acsami.5b00690
https://doi.org/10.1021/acsami.5b00690
https://doi.org/10.1038/s41598-016-0001-8
https://doi.org/10.1038/s41598-016-0001-8
https://doi.org/10.1115/IHTC14-22268
https://doi.org/10.1115/IHTC14-22268
https://doi.org/10.1038/ncomms6075
https://doi.org/10.1038/ncomms6075
https://doi.org/10.1063/1.3117486
https://doi.org/10.1063/1.3117486
https://doi.org/10.1063/1.2349601
https://doi.org/10.1021/nl062689x
https://doi.org/10.1021/nl062689x
https://doi.org/10.1103/PhysRevB.97.195412
https://doi.org/10.1103/PhysRevB.97.195412
https://doi.org/10.1021/nl9041966
https://doi.org/10.1021/nl9041966
https://doi.org/10.1038/ncomms9572
https://doi.org/10.1038/ncomms9572
https://doi.org/10.1021/acsami.5b08580
https://doi.org/10.1021/acsami.5b08580
https://doi.org/10.1103/PhysRevB.100.161107
https://doi.org/10.1103/PhysRevB.100.161107
https://doi.org/10.1002/(ISSN)1521-396X
https://doi.org/10.1002/(ISSN)1521-396X
https://doi.org/10.1007/s10853-013-7433-3
https://doi.org/10.1007/s10853-013-7433-3
https://doi.org/10.1016/0022-3697(92)90242-6
https://doi.org/10.1016/0022-3697(92)90242-6
https://doi.org/10.1088/1367-2630/13/10/103020
https://doi.org/10.1088/1367-2630/13/10/103020
https://doi.org/10.1080/00018737500101391
https://doi.org/10.1080/00018737500101391
https://doi.org/10.1038/ncomms11043
https://doi.org/10.1038/ncomms11043
https://doi.org/10.1016/j.physc.2013.06.002
https://doi.org/10.1016/j.physc.2013.06.002
https://doi.org/10.1016/j.jmmm.2011.04.002
https://doi.org/10.1016/j.jmmm.2011.04.002
https://doi.org/10.1103/PhysRev.140.A1133
https://doi.org/10.1103/PhysRev.140.A1133
https://doi.org/10.1103/PhysRev.136.B864
https://doi.org/10.1103/PhysRev.136.B864
https://doi.org/10.1103/PhysRevB.49.14251
https://doi.org/10.1103/PhysRevB.49.14251
https://doi.org/10.1103/PhysRevB.54.11169
https://doi.org/10.1103/PhysRevB.54.11169
https://doi.org/10.1016/0022-5088(62)90053-X
https://doi.org/10.1016/0022-5088(62)90053-X
https://doi.org/10.1103/PhysRevB.99.245144
https://doi.org/10.1103/PhysRevB.99.245144
https://doi.org/10.1088/2053-1583/aa8e6c
https://doi.org/10.1088/2053-1583/aa8e6c
https://doi.org/10.1103/PhysRevB.5.2811
https://doi.org/10.1103/PhysRevB.5.2811
https://doi.org/10.1038/nnano.2012.176
https://doi.org/10.1038/nnano.2012.176
https://doi.org/10.1016/j.actamat.2019.06.011
https://doi.org/10.1016/j.actamat.2019.06.011
https://doi.org/10.1103/PhysRevB.90.035414
https://doi.org/10.1103/PhysRevB.90.035414
https://doi.org/10.1063/1.4998284
https://doi.org/10.1063/1.4998284
https://doi.org/10.1063/1.4918623
https://doi.org/10.1063/1.4918623
https://doi.org/10.1016/j.applthermaleng.2017.11.033
https://doi.org/10.1016/j.applthermaleng.2017.11.033
https://doi.org/10.1103/PhysRevLett.77.3865
https://doi.org/10.1103/PhysRevLett.77.3865
https://doi.org/10.1021/jp106469x
https://doi.org/10.1021/jp106469x
https://doi.org/10.1002/(ISSN)1096-987X
https://doi.org/10.1002/(ISSN)1096-987X
https://doi.org/10.1103/PhysRevB.50.17953
https://doi.org/10.1103/PhysRevB.50.17953
https://doi.org/10.1103/PhysRevB.59.1758
https://doi.org/10.1103/PhysRevB.59.1758
https://doi.org/10.1103/PhysRevB.13.5188
https://doi.org/10.1103/PhysRevB.13.5188
https://doi.org/10.1016/j.cpc.2018.05.010
https://doi.org/10.1016/j.cpc.2018.05.010
https://doi.org/10.1103/PhysRevB.86.174307
https://doi.org/10.1103/PhysRevB.86.174307
https://doi.org/10.1016/j.cpc.2014.02.015
https://doi.org/10.1016/j.cpc.2014.02.015
https://doi.org/10.1103/PhysRevB.78.134106
https://doi.org/10.1103/PhysRevB.78.134106

	Thermal conductivity measurements in nanosheets via bolometric effect
	1. Methods
	Acknowledgment
	References


