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ABSTRACT: Topological insulators (TI) have attracted
extensive research effort due to their insulating bulk states
but conducting surface states. However, investigation and
understanding of thermal transport in topological insu-
lators, particularly the effect of surface states, are lacking. In
this work, we studied thickness-dependent in-plane thermal
and electrical conductivity of Bi2Te2Se TI thin films. A large
enhancement in both thermal and electrical conductivity
was observed for films with thicknesses below 20 nm, which
is attributed to the surface states and bulk-insulating nature
of these films. Moreover, a surface Lorenz number much larger than the Sommerfeld value was found. Systematic transport
measurements indicated that the Fermi surface is located near the charge neutrality point (CNP) when the film thickness is
below 20 nm. Possible reasons for the large Lorenz number include electrical and thermal current decoupling in the surface
state Dirac fluid, and bipolar diffusion transport. A simple computational model indicates that the surface states and bipolar
diffusion indeed can lead to enhanced electrical and thermal transport and a large Lorenz number.
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Athree-dimensional (3D) topological insulator (TI) has
a bulk band gap and behaves as an insulator in its
interior but possesses protected conducting electronic

states on its surface known as topological surface states
(TSS).1−3 With the spin texture and linear energy-momentum
dispersion of the TSS, TIs exhibit exotic quantum-physical
properties and have been extensively studied for the past
decade.4−9 From a practical perspective, the spin-momentum
locking of TSS may yield a dissipationless spin current at the TI
surface, which is of great potential in applications such as
spintronics and quantum computation.1,2 Despite the abundant
research efforts regarding TIs, studies regarding thermal
transport in TSS are rare. In usual 3D semiconductor solids,
thermal energy is transferred through bulk electrons (or holes)
and phonons. For TIs, TSS provide yet another possible heat
conducting channel involving Dirac electrons, which may give
rise to intriguing heat-transfer phenomena. Among the TI
materials, Bi2Te2Se (BTS221) has been shown to have a
minimal bulk contribution to electronic transport and
prominent TSS properties,10−12 which serves as a good
platform to study thermal transport arising from TSS carriers.

In the past the Bi−Te−Se family material has been investigated
as thermoelectric materials.13−16 It has also been proposed that
TIs can exhibit large thermoelectric figure-of-merit enhance-
ment by proper manipulations of TSS,17−20 which brings more
interest to the investigation of thermal transport of TI surface
states.
Here, we report studies of in-plane thermal conductivity of

BTS221 TI films using Raman thermometry,21−26 together with
detailed transport measurements of electrical conductivity.
Raman thermometry is a well-established technique that utilizes
laser heating and measures the resulting temperature rise from
Raman scattering spectra and then extracts thermal transport
properties from temperature data. Our results and analysis
show that both effective 3D electrical and thermal conductivity
increase significantly as the BTS221 film thickness decreases,
which accounts for ∼70% of the electrical conductance and
nearly half of the total thermal conductance when the thickness
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is below 20 nm. The measured low carrier density and the
observed ambipolar field effect in the thin samples confirm their
topological nature. An exceptionally large Lorenz number
compared to the Sommerfeld value is found, demonstrating the
surface states provide additional thermal transport channels in
BTS thin films. Possible reasons for the large Lorenz number
include electrical and thermal current decoupling in the surface
state Dirac fluid and the bipolar diffusion transport. A simple
computational model indicates that the surface states and
bipolar diffusion indeed can lead to enhanced electrical and
thermal transport and large Lorenz number.

RESULTS AND DISCUSSION

BTS221 thin films were prepared via tape exfoliation from bulk
crystals synthesized by the Bridgman technique. Both the
ARPES and transport results demonstrate that our bulk crystals
possess clear TSS which may have significant contribution on
the transport even at room temperature.27 The exfoliated thin
films were subsequently suspended on holey SiN membranes
using a wet transfer technique for Raman thermometry
measurements (see the Experimental Methods and previous
work25,26). To unveil the role of surface states in the overall
thermal transport in BTS221, extensive effort was put forward
to bring the thickness down to 8 nm in order to reduce the bulk
contribution as much as possible. Figure 1a shows Raman
spectra and an optical image of a suspended 10 nm flake at
elevated temperature. The Eg

2 mode was used as the Raman
thermometer for its good sensitivity to temperature change,
with a temperature coefficient χEg2 = −0.0113 cm−1/K where χ
= Δω/ΔT, with ω being the frequency and T the temperature
(Figure 1b).

In the Raman thermometry measurements, the suspended
BTS221 films were heated by a He−Ne laser at various powers.
The temperature rise from laser heating was determined by the
shift in the Eg

2 Raman peak and subsequently used in a 2D
numerical heat-transfer model to extract the in-plane thermal
conductivity (see Experimental Methods and ref 26 for details).
The measurements were carried out near room temperature
(300 K), and the results are shown in Figure 2a. As the
thicknesses of the BTS221 films decrease to less than 20 nm,
the measured effective in-plane thermal conductivity k
undergoes a rapid increase from ∼1 to ∼3 W/mK for films
less than 10 nm thick, indicating the possible contributions
from surface carriers (the uncertainty analyses are provided in
the Supporting Information). Meanwhile, electrical-transport
measurements were conducted on a number of BTS221 devices
with different thicknesses. For these electrical transport
measurements, BTS221 flakes were exfoliated on a Si wafer
with 300 nm thermally grown SiO2 on top. Four Cr/Au
electrodes were patterned using electron beam lithography
(EBL) and standard lift-off processes, and four-probe sheet
resistance RS measurements were carried out at Vg = 0 V. Figure
2b shows the thickness-dependent effective 3D electrical
conductivity σ = 1/(RSt) measured at room temperature
where t is the film thickness. As seen in Figure 2b, σ also has an
uprising trend when the thickness is less than ∼20 nm, similar
to the thermal conductivity data in Figure 2a.
The higher effective 3D electrical conductivity at smaller

thicknesses in BTS221 films can be attributed to the increase of
TSS contribution due to the reduced bulk conduction.10

Generally in TIs, the topological surface state gives a metallic
conducting layer at the surface of the TI, while the bulk interior

Figure 1. Raman thermometer calibration of a 10 nm thick BTS221 film. (a) Raman spectrum of the film. Left inset: Typical Raman spectra of
the Eg

2 mode at various temperatures. Right inset: Optical image of the transferred film, scale bar: 5 μm. (b) Eg
2 mode Raman shift vs

temperature. Dashed line is linear fit, whose slope is the temperature coefficient.

Figure 2. Thermal and electrical transport of BTS221 thin films. (a) Thickness dependence of the effective in-plane thermal conductivity k
measured by the Raman thermometry. (b) Effective 3D electrical conductivity σ at Vg = 0 V. Relative uncertainty of data is ±2.5%. All
measurements are made at room temperature. Inset: optical graph of a typical device.
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can be much less conducting if its carrier density (doping) is
low. Furthermore, the surface state electrons can have high
mobility10,27 (∼2000 cm2/(V s) at low T and ∼500 cm2/(V s)
at room T for our samples) and weak electron−phonon
coupling with the insulating bulk.28,29

To confirm the contribution of TSS to electrical conduction
in the thin samples, we have systematically studied the electrical
field and Hall effects of the BTS221 samples (Figure 3 and
Supplementary Figures 7 and 8) at various thicknesses. Figure 3
represents the corresponding sheet resistance Rs as a function
of back gate voltage (Vg) and Hall resistance (Rxy) as a function
of magnetic field (B) measured at room temperature. We see
that the sample sheet resistance (or the carrier density) of all
samples can be modulated by back gating, and a clear ambipolar
field effect is observed when the thickness is below 20 nm. This
conclusion is further supported by the corresponding Hall
effect measured at Vg = 0 V (Figure 3b,c). For thick BTS221
samples (>30 nm), the curves of Hall resistance vs B field are
linear and have a small Hall coefficient (RH) (Figure 3b). The
2D carrier density extracted from RH using a single-band model
is on the order of 1014 cm−2, demonstrating that the electrical
transport is dominated by bulk (hole) carriers. When the
sample thickness is below 20 nm, RH changes sign (Figures
3b,c), which is consistent with the observed ambipolar field
effect (Figure 3a), indicating the carrier type changes from hole
to electron as the thickness decreases. The extracted 2D carrier
densities from RH (by using RH = 1/ne) of the thin samples are
∼1.0 × 1013 cm−2 (thus, 5 × 1012 cm−2 for one surface), which
is ∼10 times smaller than that of the thick sample (Figure 3b).
From the ARPES results of BTS221 bulk crystals,23 we know
that when the Fermi level is located at the bottom of
conduction band, the carrier density on one surface is ∼1.0 ×
1013 cm−2, which is two times higher than the carrier density (5
× 1012 cm−2 for one surface) extracted from our thin samples.
Therefore, the transport in our thin samples with a low carrier
density are contributed more by the TSS. We further find that

the room-temperature 2D carrier density (∼1.2 × 1013 cm−2) of
the 18 nm flake is only ∼1.7 times higher than that measured at
T = 1.6 K (∼7.0 × 1012 cm−2), whereas it is 5 times higher for a
50 nm thick sample (Supplementary Figure 8). We further note
that the Hall resistance of our thin samples shows nonlinearity
(Figure 3b). Thus, the actual carrier density is expected to be
even lower than the “single-band” carrier density extracted from
the nonlinear Hall resistance. We further rule out the possible
contribution from the band-bending induced trivial surface
states since they are derived from the bulk states and far away
for the CNP (if such states were populated we would expect to
have a much higher carrier density exceeding ∼1.0 × 1013 cm−2

per surface).
To further quantify the contribution of surface states to

electrical and thermal transport, we analyze the electrical
conductivity and thermal conductivity data using a two-layer
transport model accounting for the contributions from surface
states and bulk. The total electrical conductance (G) and
thermal conductance (Γ) are approximated as

σ= + = +G G G G tsurf bulk surf bulk (1a)

Γ = Γ + Γ = Γ + k tsurf bulk surf bulk (1b)

The subscripts “surf” and “bulk” represent contributions from
surface and bulk, respectively. G = σt and Γ = kt are the
conductance for the entire film. Here underlies an assumption
that the bulk thermal conductivity kbulk is independent of the
thickness, which does not hold if the thickness is smaller than
the phonon mean-free-path. It is noted for a similar material,
Bi2Te3, that more than 80% of heat is carried by phonons with a
phonon mean free path shorter than 8 nm.15 As our films have
thicknesses larger than 8 nm, it is expected the reduction of
bulk thermal conductivity due to boundary scattering is small.
However, if the reduction of bulk thermal conductivity due to a
smaller mean-free-path in thin films is considered, an even
higher surface contribution to the total thermal conductance

Figure 3. Field and Hall effects of BTS221 thin films. (a) Sheet resistance as a function of back gate voltage (Vg) measured on samples with
different thicknesses. (b, c) Corresponding Hall effects of the samples at Vg = 0 V. All of the measurements were performed at room
temperature.
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will be obtained, which will be consistent with our main
conclusions discussed below. An analysis of the effect of the
reduction of bulk thermal (and electrical) conductivity is
provided in the Supporting Information, which shows that the
surface contribution is indeed larger when the surface scattering
is considered.
The thickness-dependent total electrical and thermal

conductance calculated (Gs = σt, Γs = kt) from the experimental
data (σ and k) are shown in Figure 4a,b. The linear fit of both
data show a non-zero intercept, which is attributed to the
surface conductance, and the slope is the bulk conductivity:
Gsurf = 0.11 kΩ−1, σbulk = 6.0 × 103 S/m, Γsurf = 1.4 × 10−8 W/
K, and kbulk = 1.0 W/mK. Figure 4c shows the surface electrical
(thermal) conductance to the total electrical (thermal)
conductance ratio, Gsurf/G (Γsurf/Γ). As the thickness decreases,
the contribution from the surface conductance rises up from
less than 20% up to 60% for electrical conductance, and up to
70% for thermal conductance. The extracted room-temperature
bulk electrical resistivity ρ = 1/σ ∼ 0.017 Ω·cm, is comparable
with the reported resistivity 0.01−0.02 Ω·cm measured in
thicker BTS221 bulk crystals.10 The bulk thermal conductivity
value is also consistent with previously reported theoretical and
experimental data of Bi2Te3,

13,16,30 which is of similar lattice
structure as BTS221. The results show that, at sufficiently small
thickness, the electrical and thermal transport of thin BTS221
film are significantly influenced by the surface state, consistent
with our field and Hall effects (Figure 3 and Supplementary
Figures 7 and 8).
The relation between the thermal and electrical conductivity

is described by the Wiedemann−Franz law, ke/σ = LT, where ke
is thermal conductivity due to charge carriers and L is the
Lorenz number. Rewriting it in conductance form gives Γ/G =
LT. For the surface contribution in the measured BTS221 thin

films, a surface Lorenz number Lsurf is defined here as Γsurf/Gsurf
= LsurfT. Gsurf and Γsurf are the surface electrical and thermal
conductance from fitting parts a and b, respectively, of Figure 4,
respectively. This gives us an estimation of the surface Lorenz
number. It is found that Lsurf = (4.2 ± 0.8) × 10−7 V2/K2, over
10 times larger than the Sommerfeld value L0 = 2.44 × 10−8

V2/K2, the theoretical value for metals and highly degenerate
semiconductors.
To compare the experimentally measured total thermal

conductivity with the model prediction using either Lsurf or L0,
the in-plane thermal conductivity is calculated using the
following equation following eq 2:

=
Γ

+ = +k
t

k
LTG

t
ksurf

bulk
surf

bulk (2)

We use both Lsurf and the Sommerfeld value L0 in the
calculation, and the calculated k values (using eq 2, with Gsurf
and kbulk fitted above) are shown as solid and dashed lines in
Figure 4d. The line calculated using Lsurf fits the experimental
data reasonably well, while the line using L0 cannot capture the
significant thermal conductivity rise for thinner films. Note that
we are not able to separate the contributions of bulk electrons
and phonons in Γ, so the Lorenz number Lbulk for bulk
electrons cannot be extracted.
An alternative way to estimate the Lorenz number without

using the linear extrapolation is directly using the measured
data for the thinnest films studied. We assume that for the
measured thermal conductivity, the phonon contribution is 1
W/mK, the value we measured for thicker films, and subtract
this value from the measured thermal conductivity to obtain the
thermal conductivity from charge carriers, ke. This will give us a
lower bound of the Lorenz number since the phonon
contribution is likely to be less for thin films. For the 8 nm-

Figure 4. Analyses of the transport properties of BTS221 thin films to extract surface and bulk contributions. (a) Electrical sheet conductance
Gtot measured at Vg = 0 V and a linear fit (dashed line). (b) Thermal conductance Γ and linear fit. (c) Calculated ratio of surface electrical
(thermal) conductance Gsurf (Γsurf) to the total conductance G (Γ). (d) Fitting the in-plane thermal conductivity k (experimental data from
Figure 2a) using the extracted Lorenz number L and Sommerfeld value L0 in eq 2. The black pyramid symbol in (a) and (b), and the black
diamond in (d) represents the value obtained from a separate four-terminal BTS221−SiN device.
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thick film, its ke and G values are 1.96 W/mK and 0.16 1/kΩ.
This yields a total Lorenz number of 3.2× 10−7 V2/K2,
including effects from both surface and bulk electrons, which is
also significantly higher than the Sommerfeld value.
There was a concern that the SiO2 dielectric layer

underneath the TI film used for the electrical measurements
could alter the electronic properties of the TI films to be
different from those suspended TI films (without such a SiO2
substrate layer) in the thermal transport measurements, for
example by shifting the Fermi level relative to the Dirac
point.31,32 There was also a concern that the BTS221 device
fabrication process for the electrical measurements could alter
the quality of the BTS221 films. To check this, a four-probe
device was first patterned on SiN membrane, and then the
BTS221 flake was transferred onto the probes. The same
sample was then used for both thermal and electrical
conductivity measurements at room temperature. Therefore,
this flake did not go through any nanofabrication processes.
The measurement results are shown as the black pyramid
symbol in Figure 4a,b,d. It is seen that the measured electrical
conductance and thermal conductivity are in good agreement
with other experimental data, and they also lie in vicinity of the
model prediction using the large Lsurf.
Now we discuss the possible reasons for the large surface

Lorenz number or the large Lorenz number for very thin films.
The observed large surface Lorenz number Lsurf can be
attributed to several possible origins. One possible reason for
the observed large Lorenz number is the bipolar diffusion in
semiconductor materials.33 Wiedemann−Franz law is based on
the single band picture, so that when two or more bands
contribute to transport, Wiedemann−Franz law can break
down.34 When both electrons and holes are thermally excited
(for example, in nondegenerate semiconductors with small
band gap at room or elevated temperature) and a temperature
difference is created, the carriers diffuse to the colder region. In

addition to the sum of the thermal transport by electrons and
holes separately, the carrier recombination at the colder side
releases energy, which enhances the total thermal conductiv-
ity.13,35 This can be the case for the zero band gap, nearly
charge neutral surface states as the electrons and holes are
readily excited thermally. Based on the Boltzmann transport
equation, the electronic thermal conductivity ke can be written
as33

σ σ
σ σ

α α= + +
+

+k k k T( )e n p
n p

n p
n p

2

(3)

where α is the Seebeck coefficient. The third term comes from
the bipolar diffusion which takes a maximum value when σn =
σp, and it could be much larger than either kn and kp. Therefore,
the bipolar contribution is in favor of small band gap (for high
σn and σp) as well as the Fermi level pinned around the
neutrality point to achieve σn = σp. While enhancing heat
transfer, bipolar diffusion does not increase electrical
conductivity (meaning σ = σn + σp), hence resulting in an
increased Lorenz number. Experimentally, bipolar effect
enhanced electronic thermal conductivity was previously
observed at elevated temperature in small-gap semiconductors
such as Bi2Te3,

13 Al-based quasicrystals,36 and In4Se3−xTex.
37

Further, first-principles calculations predict that a large increase
of Lorenz number (up to 10 times the Sommerfeld value) can
occur in Bi2Te3

16,38 and skutterudites39 when the Fermi level
sits near the charge neutral point (center of the bulk band gap).
Additionally, it has been predicted that the bipolar effect exists
for Dirac electrons in graphene with a 1.8- to 4-fold increase of
L at room temperature, or any systems with a zero band gap
and near charge neutrality condition.35 Our BTS221 thin films
do have a small bulk band gap measured to be ∼0.3 eV27 and
gapless TSS. Moreover, as discussed above, transport measure-
ments indeed indicated that for thicknesses less than 20 nm,
our samples were nearly charge neutral. Therefore, in our case,

Figure 5. Calculated transport properties of BTS221 thin films with surface and bulk contributions. (a) Electrical sheet conductance G versus
film thickness, with contributions from surface and bulk. (b) Thermal conductivity k versus film thickness, with contributions from surface,
bulk, and lattice. (c) Ratio of surface electrical (thermal) conductance Gsurf (Γsurf) to the total conductance G(Γ). (d) Lorenz number versus
film thickness, compared against the Sommerfeld value 2.44 × 10−8 V2/K2.
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it is possible that the thermally populated surface electrons and
holes are involved in the bipolar diffusion process that causes
the observed large Lorenz number in our BTS221 thin films.
We note that another possible cause for the large Lorenz
number in our TI samples is the band bending induced trivial
surface states.27 However, as discussed earlier, we have ruled
out such a contribution because the Fermi levels of our thin
samples are located in TSS and close to the CNP.
Another possibility is the effect of Dirac fluid of TSS

electrons, with a strongly interacting electron−hole plasma
formed near the Dirac point.40,41 The Dirac fluid theory
suggests that when the electron−electron scattering is the
dominating charge carrier scattering mechanism, the hydro-
dynamic nature of the charge carriers leads to the decoupling of
charge and (electronic) heat current.40−42 In this case, the
charge current is limited by the viscosity of Dirac fluid, while
the heat current carried by electrons (holes) is limited only by
impurity scattering. This will inevitably lead to the breakdown
of the Wiedemann−Franz law, which has been theoretically
predicted in graphene.43,44 Indeed, a nearly 20-fold increase of
the Lorenz number over the Sommerfeld value was recently
experimentally observed in graphene near 75 K.40 In our case,
as the sample thickness decreases from 80 nm to below 20 nm,
the extracted carrier density decreases by more than 1 order of
magnitude and the transport in our thin samples is dominated
by the TSS with its Fermi level near the CNP (Figure 3).
Furthermore, the observed nonlinearity of the Hall resistance in
the samples indicates the coexistence of electrons and holes
(Figure 3). Thus, in our thin samples, the majority of electrical
and/or thermal transport originates from both the electrons
and holes near the CNP of TSS, where the coupling between
electronic and heat currents due to the charge carrier (electron
or hole) may be significantly weakened, which can lead to a
large Lorenz number.
To illustrate the possible contributions from surface states

and bipolar diffusion to the transport processes, we utilize a
simple electronic band model to calculate the transport
properties and provide some physical insight. Our adopted
band model for BTS221, depicted in the inset of Figure 5b,
includes a 3D parabolic dispersion (E(k) = ℏ2k3D

2 /2m*) for the
conduction and valence bands (bulk states) and a 2D linear
dispersion (E(k) = ℏvFk2D) for the TSS band (surface states).
The bulk bands are 3D, the number of states increases with film
thickness, whereas the 2D surface bands have a constant
number of states. Using this simple electronic band model, and
assuming a constant mean-free-path for the surface and bulk
states, we solve the Boltzmann transport equation within the
Landauer approach45,46 and extract the electronic conductivity,
Seebeck coefficient, electronic thermal conductivity, and Lorenz
number. Note that bipolar, or multiband, effects are included in
the calculation. Details of the modeling parameters and
calculation method are provided in the Supporting Information.
Figure 5a shows the calculated electrical sheet conductance
(electrical conductivity times film thickness) versus film
thickness. The total G scales linearly with thickness, as a
thicker film increases the number of conducting bulk states. As
the film thickness goes to zero, a constant contribution from
the surface states remains. The thermal conductivity, presented
in Figure 5b, increases with decreasing film thickness, as the
surface contribution becomes larger and dominates in the
thinnest films. With thicker films the lattice contribution is
dominant (the phonon contribution is approximately 0.85 W/
mK, see the Supporting Information). To illustrate the

contribution of the surface states to the electrical and heat
transport characteristics, Figure 5c shows the calculated Gsurf/G
and Γsurf /Γ. As expected the surface states play an important
role in the thinnest films, when there are fewer bulk conduction
channels. Γsurf/Γ is smaller than Gsurf/G in part because of the
lattice contribution to thermal conductivity which increases Γ.
The calculated Lorenz number, presented in Figure 5d, is found
to be greater than the Sommerfeld value and shows a peak
value of 7 × 10−8 V2/K2 for a 20 nm thickness. L is thickness
dependent due to the relative contributions of surface versus
bulk (including the bipolar diffusion) conduction, and exhibits a
peak when both are roughly equal. The calculation also shows
that the maximum L from the surface states alone is 5.8 × 10−8

V2/K2, and the combination of both surface and bulk leads to
an effective L that is greater than their individual components.
This simple band model shows results consistent with
experimentally observed trends and demonstrates a large
contribution to transport from the surface states in the thinnest
films. Differences between theory and experiment can result
from the band model and the parameters used, for example, a
thickness dependence of the Fermi level in the samples and the
particular energy dependence of the dominant scattering
mechanism and the mean-free-paths.

CONCLUSIONS
The thickness-dependent in-plane thermal and electrical
conductivity of BTS221 TI thin films was studied and a large
enhancement was observed when the thickness is reduced to
less than 20 nm. Moreover, a Lorenz number much larger than
the Sommerfeld value for the TI surface was found. Possible
mechanisms include the transport properties of surface states
due to the electrical and thermal current decoupling in the
Dirac fluid as well as bipolar diffusion of electrons and holes at
TI surface. A simple computational model was employed to
explain that the surface states and bipolar diffusion can indeed
lead to enhanced electrical and thermal transport and large
Lorenz number. Further work is needed to examine the detailed
relative importance of these two mechanisms (or possible
involvement of additional mechanisms) in the observed
enhancement of the Lorenz number.

EXPERIMENTAL METHODS
Sample Preparation. BTS221 flakes were exfoliated using dicing

tape onto poly(methyl methacrylate) (PMMA) and poly(vinyl
alcohol) (PVA) thin film stack spin-coated onto Si wafer. The film
stack with flakes was examined under the microscope to identify
candidate flakes for transfer, then the desired flakes were precisely
aligned to the holey silicon nitride membrane (Ted Pella) and
attached. The entire sample was then soaked into acetone to remove
the PMMA, leaving the flakes suspended on the holes for Raman
thermal measurements. The thin films were suspended on through-
holes, which avoids additional laser absorption during Raman
thermometry experiments. For electrical measurements, BTS221
flakes (typical thickness ∼10−200 nm) are tape-exfoliated and placed
on top of heavily doped Si substrates capped with 300 nm SiO2. TI
flakes with different thicknesses are selected under the optical
microscope and characterized using atomic force microscopy
(AFM). The four-terminal (inset of Figure 2b) and Hall bar electrodes
(Supplementary Figure 6) of the devices are fabricated by e-beam
lithography, followed by e-beam deposition of Au/Cr (90/5 nm). The
sample resistances R are measured using the standard 4-terminal lock-
in technique with an AC driving current of 1 μA at 13.33 Hz. The
sample sheet resistance RS is calculated by RS = R × W/L, where W
and L are the width and length of the conduction channel in the TI
device, respectively. All the electrical conductivity measurements are
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performed at room temperature and ambient pressure. The field and
Hall effects are performed at both room and low temperatures in a
variable temperature insert system with a base temperature of 1.6 K.
Raman Thermometry Measurements. A HORIBA LabRAM

HR800 system was used. A 632.8 nm wavelength He−Ne laser
focused by a 100x (Olympus MPLN 100x, NA(dry) = 0.90) objective
was used both as a heat source and Raman excitation source. The
grating used has a groove density of 1800 l/mm, which gives a nominal
spectral resolution of 0.27 cm−1 per pixel. The Raman spectra were
fitted using Lorentzian function to extract the Raman peak position,
and the Lorentzian peak fitting yields a peak position shift uncertainty
less than 0.02 cm−1, corresponding to a temperature rise measurement
uncertainty of 1 K. The reflectivity of each suspended film was
measured by the same laser using a silver-coated mirror as reference
with known reflectivity, while the transmissivity of the sample was
obtained by a photon detector placed underneath it. Then the amount
of absorbed laser power was derived from the reflectivity, trans-
missivity and the total incident laser power, and was subsequently used
as heat source input for the numerical heat transfer model to extract
the in-plane thermal conductivity of the suspended thin film. More
details can be found in the Supporting Information.
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