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S1. MATERIAL AND DEVICE FABRICATION

S1.1. Single Crystal Growth and Characterization

InSe single crystals were grown using the vertical Bridg-
man method. Initially, polycrystalline InSe was synthesized
by reacting high-purity In (99.99 %) and Se (99.99 %) in a
52 at. % In to 48 at. % Se ratio in vacuum-sealed quartz
ampoules at 720 °C for 8 h in a rocking furnace. The am-
poules were graphitized by acetone pyrolysis to prevent se-
lenium from reacting with the quartz. A non-stoichiometric
mixture was used based on previous literature, which indi-
cated that an In-rich charge improves the yield of the InSe
phase by avoiding peritectic decomposition during the melt
cooling process1. The resulting poly-InSe was loaded into
a new ampoule, which was then sealed under vacuum and
placed in a vertical Bridgman furnace. Prior to crystal growth,
the InSe charge was maintained at 720 °C for 3 h to achieve
melt homogenization. The molten charge was then moved
through a thermal gradient at a rate of 0.5 mm/h. To obtain
n-type doped InSe crystals, Sn (5 at. %) was added to the
In:Se mixture during polycrystalline InSe synthesis. This re-
sulted in the production of InSe ingots with a length of 4 cm
and a diameter of 1 cm. Building on the previously reported
structural and electrical characterization of the samples (XRD,
ADF-STEM, and Hall measurements)2–4, we first assessed the
compositional uniformity using SEM–EDX analysis. The el-
emental mapping confirms the uniform spatial distribution of
indium (In) and selenium (Se) across the scanned area. The
absence of noticeable compositional segregation or clustering
indicates good chemical homogeneity of the sample, suggest-
ing stoichiometric and phase-uniform InSe within the probed
region as shown in Fig. S1.

Two single-crystal bulk samples studied here were cleaved
from the respective ingots using a razor blade and used
without further processing. The preparation method, there-
fore, is at least partially responsible for the observed sur-

FIG. S1. SEM-EDX scan representing uniform distribution of In and
Se atoms.

face roughness. Fig. S2 provides additional optical and three-
dimensional surface profilometry images of the cleaved n-type
InSe bulk crystals discussed in the main text. The profilome-
try maps highlight the surface roughness and lateral thickness
nonuniformity across the crystal surfaces, which underline the
thickness variations and associated uncertainties reported in
the main text.

S1.2. 2D Device Fabrication

Thin γ-InSe flakes were mechanically exfoliated from bulk
crystals onto pre-cleaned 300 nm SiO2/p+-Si substrates us-
ing adhesive tape (SPV 224PR-MJ, PVC-based surface pro-
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FIG. S2. (a) Bulk single crystal of n-type InSe, (b) Optical images
of the surface of bulk n-type InSe; Inset: zoomed-out image showing
the full extent of the sample, (c) 3D image of the surface roughness
generated by Optical Surface Profiler.

tective tape). The choice of substrate is dictated by the re-
quirements of the thermal conductivity measurements. We
employ heat diffusion imaging, which is based on the original
heat spreader method. In this technique, the film of interest
(InSe) should possess a higher in-plane thermal conductivity
than the supporting layer. Therefore, it should be supported
by a thin insulating layer (300 nm SiO2) on a high–thermal
conductivity substrate that serves as a heat sink or isothermal
substrate (p+-Si)5. Substrates were cleaned by sequential son-
ication in acetone and isopropyl alcohol, drying with N2, and
a final UV–ozone treatment. Flakes with lateral dimensions
larger than 15 µm × 20 µm were used for two devices, while
a flake with lateral dimensions of 6 µm × 20 µm was used
for a third device. Representative AFM topography images of
both intrinsic and doped flakes are shown in Fig. S3. Thinner
flakes generally exhibit lower surface roughness; in addition,
the doped flakes studied here show smaller roughness values
compared to the intrinsic flakes.

Fig. S4 shows an optical microscopy image of representa-
tive exfoliated flakes. Two-dimensional devices were subse-
quently fabricated by depositing metal lines (heater) on the
sample for in-plane thermal conductivity measurements. Ini-
tially, the heater/electrode pattern was prepared using Quan-
tum Design MicroWriter ML3 Pro direct-write laser lithogra-
phy (385 nm). 10 nm Ti and 190 nm Ni were evaporated as
contact metals (base pressure ≈ 1 mPa) at a deposition rate
0.5 Å s−1 for Ti and 1.0 Å s−1 for Ni. The samples were an-
nealed under high vacuum (≈0.1 mPa) at 300 ◦C for 30 min
in the cryostat immediately before measurements to minimize
the effects of environmental contamination during the fabrica-
tion processes.

After the thermal transport measurements, the thicknesses

FIG. S3. Atomic Force Microscopy (AFM) image of representative
(a) intrinsic and (b) doped flakes.

FIG. S4. Optical microscopy images of the exfoliated flakes (upper
panel) and fabricated devices (lower panel) used for thermal transport
measurements.

of the exfoliated InSe flakes were measured using a Tencor
P-7 stylus profiler. The measurements were performed last to
minimize exposure to the environment, preventing contamina-
tion that could alter the thermal conductivity values. Fig. S5
shows the thickness profile of one representative device out
of the three measured. The profile illustrates the local flake
thickness and any surface variation. The other two devices
exhibited similar thicknesses and uniformity, confirming that
the measured flakes are representative of the samples used for
thermal conductivity analysis.

S2. MEASUREMENT METHOD, APPLICABILITY AND
VALIDATION

We measured the cross-plane thermal conductivity of InSe
flakes using time-domain thermoreflectance (TDTR). We uti-
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FIG. S5. Thickness measurement from Stylus Profiler. (a) Opti-
cal image and (b) step profile of the 30nm thick sample for thermal
transport measurement.

lized a Ti:Sapphire laser to produce a pulsed beam with a cen-
tral wavelength of 808 nm, full width at half-maximum of 13
nm, and a pulse width of 150 fs. A two-tint configuration6.
is employed to separate the beam into pump and probe paths
spectrally. The pump is amplitude-modulated with an electro-
optic modulator at a frequency of 8.4 MHz. The probe pulses
are time-delayed, up to 5.5 ns relative to the pump, with an
optical delay line. The two beams are made colinear with
a dichroic mirror and focused upon the sample surface with
an objective lens, which results in 1/e2 diameters of 11 µm
and 19 µm for the probe and pump, respectively. The sam-
ple was coated with 95 nm of aluminum prior to measurement
with TDTR. We then measured the sample off-flake to ob-
tain the thermal conductivity of the 300 nm oxide layer. We
assume a value of 1.63 MJm−3K−17. for the heat capacity,
and fit the TDTR data (ratio of in-phase and out-of-phase sig-
nals from the lock-in amplifier) and obtained a thermal con-
ductivity of (1.33 ± 0.9) Wm−1K−1. The oxide thickness
was sufficiently thick such that sensitivity to the properties of
the underlying silicon substrate was minimal. Measurements
were subsequently performed on the InSe flake. To analyze
the thermoreflectance data, we assume a heat capacity of 1.3
MJm−3K−18 and apply the in-plane thermal conductivity ob-
tained from the electro-thermal measurement. The thermal
boundary conductance between the Al/InSe and InSe/SiO2
interfaces is unknown. However, we find that the resultant
cross-plane thermal conductivity varies approximately 10 %
in response to an order of magnitude change in the assumption
(100 MWm−2K−1 to 1000 MWm−2K−1). We therefore fit the
data at the extremes of this range and take the average value.
With this approach, we obtain a cross-plane thermal conduc-
tivity of (0.37 ± 0.06) Wm−1K−1, where the uncertainty ac-
counts for the variance in measurement repeatability as well as
uncertainty in the interface conductance on either side of the
film. For the case of an intrinsic sample, a flake was placed
on a silicon substrate. A modulation frequency of 11.05 MHz
was used, and interfacial thermal boundary conductances of
50 MWm−2K−1 and 20 Wm−2K−1 were assumed to provide
the best fit result for the cross-plane thermal conductivity.

In-plane Thermal transport measurements on the flakes
were performed using the Heat Diffusion Imaging (HDI)
technique9 in the in-plane direction. The HDI method is a hy-
brid method that combines thermoreflectance imaging system

FIG. S6. (a) Optical image of an InSe device for thermal transport
measurement (b) Thermoreflectance map of the sample surface with
a 3V bias applied to the heater. Temperature decay curves were taken
along the sample perpendicular to the heater. (c) Temperature decay
curves and their corresponding exponential fit for thermal conductiv-
ity extraction

to capture the temperature decay along the sample after a heat
flow is injected through a heater attached to the edge of the
sample, and the heat spreader method to analyze and extract
the thermal conductivity from the details of the temperature
decay along the sample. The concept of the heat spreader has
been successfully applied to 2D systems as thin as a few lay-
ers, demonstrating its effectiveness in such thin materials10–13.
This technique enables spatially resolved measurement of in-
plane thermal conductivity while minimizing sample damage
or contamination, making it particularly suitable for delicate
2D materials. Therefore, it has been successfully applied to
measure in-plane thermal conductivity of 2D materials with
thicknesses comparable to our InSe flakes ( 30 nm), including
NbSe2, MoTe2, and PtSe2

11–13. These studies demonstrate
that HDI can be reliably used to study intrinsic thermal trans-
port in few-layer systems.

The thermoreflectance imaging system used in the HDI
technique exploits the fact that the surface reflectivity, R, of a
material varies with temperature, T. This relation is expressed
as ∆T = ∆R/CT RR , where CT R is the thermoreflectance coef-
ficient. CT R depends primarily on the material surface, the am-
bient temperature, and the illumination wavelength. In prin-
ciple, CT R must be known to determine absolute surface tem-
peratures; however, absolute temperature calibration is not re-
quired for the extraction of in-plane thermal conductivity in
the HDI method. This is because κ∥ is determined from the
spatial decay rate of the temperature profile rather than from
its absolute magnitude, as described below.

A representative temperature profile along the flake is
shown in Fig. S6. The temperature decay along the x-axis
perpendicular to the heater is exponential and described by
exp(−βx), where β =

√
ki/(kxdid). Here, ki is the cross-

plane thermal conductivity of the insulating layer, di is its
thickness, d is the thickness of the target film, and kx is its
in-plane thermal conductivity being extracted. The charac-
teristic decay length 1/β , obtained from an exponential fit to
the measured temperature profile, is thus the key metric for
determining κ∥. In this fin-type model, heat leakage through
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the substrate is accounted for via the thermal resistance of the
insulating layer, which enters directly into the evaluation of β .

Measurements were performed using a 470 nm blue LED
as the illumination source. Electrical pulses of 3 to 5 V ampli-
tude and 5 ms duration were applied to the Ni heater at a 20%
duty cycle. The thermoreflectance map shown in Fig. S6 is
averaged over several hundred thermal excitation cycles and
acquired under 60x magnification. Since β depends only on
the rate of spatial temperature decay and not on absolute tem-
perature values, calibration of CT R is not required to extract
κ∥. The Ni heater line serves as the reference material: the
thermoreflectance coefficient of Ni under 470 nm illumina-
tion is known from the literature14, enabling us to monitor the
heater temperature rise and confirm that it remains below 50
K throughout all measurements. This ensures that the single-
CT R assumption across the heater remains valid, and the as-
sociated temperature uncertainty is included in the reported
error bars.

In the HDI method, it is necessary to separate the target
film and the heat sink by an insulating layer. Here we use a
SiO2/Si substrate, in which the bottom silicon layer acts as
a heat sink, and the top SiO2 layer serves as the insulating
layer. The thermal conductivity of SiO2 is reported to be less
than 1.4 Wm−1K−1 across the measured temperature range15,
which ensures a high thermal resistance of the cross-plane and
allows accurate measurements of the thermal conductivity of
the sample when it is larger than a few Wm−1K−1.The uncer-
tainties in the reported thermal conductivity values arise pri-
marily from an estimated 2% error in the sample temperature,
which also affects the referenced SiO2 thermal conductivity,
as well as variations in the extracted values of the decay con-
stant. To ensure reproducibility, the temperature decay was
measured over 5-10 lines perpendicular to the heater line (see
Fig. 3 in the main text) across multiple thermal images. Ther-
mal conductivity was extracted individually for each line and
each image, and the average over all measurements was re-
ported. The standard deviation of these values is presented as
the error bar, reflecting both the measurement reproducibility
and the intrinsic experimental uncertainty.

S3. SENSITIVITY OF THERMAL CONDUCTIVITY
CALCULATIONS TO ROUGHNESS

In the Callaway model, surface roughness enters
through a frequency-dependent specularity parameter
p(ω) = exp(−4η2

rmsω
2/v2

s ), which interpolates between
specular (p = 1) and fully diffuse (p = 0) boundary scat-
tering. For the bulk crystals, optical profilometry confirms
that the surface roughness is sufficiently large to place
the boundary scattering in the fully diffusive limit, where
τ
−1
b = vs/L, and the thermal conductivity is insensitive to

further variations in roughness.
For the exfoliated flakes, AFM measurements (Fig. S3) in-

dicate nanometer-scale RMS roughness. Figure S7 shows the
calculated in-plane thermal conductivity of the n-doped flake
as a function of ηrms. As ηrms increases from zero, κ∥ de-
creases rapidly, reflecting the transition from specular to dif-

FIG. S7. Roughness sensitivity analysis for doped-flake. The ηrms
values are changed from 0 (specular) to 1 nm (diffusive). Further
increase of roughness does not affect the results significantly.

fuse boundary scattering. Once ηrms approaches ∼1 nm —
consistent with the experimentally observed roughness — the
calculated κ∥ approaches the diffuse limit and becomes effec-
tively insensitive to further increases in roughness. Within the
physically realistic roughness range of our samples, boundary
scattering is therefore near saturation, and variations in ηrms
do not significantly alter the extracted κ∥(T ).
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