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ABSTRACT
We measure the temperature-dependent in-plane thermal conductivity, jkðTÞ, of high-purity c-InSe bulk single crystals and exfoliated thin 
flakes (30–50 nm) from 50 to 300 K. Our bulk results agree with prior bulk reports and provide a reproducible reference for phonon trans
port. In the literature, cross-plane thermal conductivity of supported InSe flakes shows relatively modest variation, whereas reported room- 
temperature in-plane values for supported flakes span a wide range, including outliers that exceed bulk despite much smaller thickness. In 
our measurements, the flake jk at room temperature is lower than bulk, as expected, but exhibits substantial sample-to-sample variability; 
despite being thinner, intrinsic flakes show higher jk than doped flakes, consistent with reduced impurity scattering and improved flake 
uniformity. We analyze our data using a Callaway-type phonon-scattering model in which substrate interactions (including plausible 
strain-related renormalization of acoustic parameters) contribute to the observed spread near room temperature. However, below �150 K, 
the measured trends cannot be captured without invoking changes in sound velocity far larger than realistic strain levels, indicating that 
additional mechanisms beyond simple strain renormalization are required at low temperature. These measurements provide low- 
temperature jk benchmarks for c-InSe flakes and constrain how much of the reported room-temperature spread can be explained by thick
ness, nonuniformity, and substrate effects alone.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0324196

Two-dimensional (2D) layered materials are promising for nano
scale and flexible electronics because of their distinctive mechanical, 
thermal, and electronic properties. They consist of atomically thin 
layers held together by weak van der Waals interactions in the out-of- 
plane direction, while strong covalent bonding connects atoms within 
each layer. This structural anisotropy, including in III–VI metal mono
chalcogenides (MX; M ¼ Ga; In; X ¼ S; Se; Te), leads to strongly 
anisotropic thermal conductivity, j. Consequently, these materials 
have been proposed as anisotropic interfacial layers that spread heat 
laterally while limiting cross-plane heat exchange between a device and 
its substrate when such coupling is undesirable.1,2 Among this class, 

indium selenide (InSe) has attracted considerable attention in electron
ics, optoelectronics, and spintronics owing to its high electron mobil
ity,3–6 moderate bandgap,7,8 high photoresponsivity,9–11 and strong 
spin–orbit coupling.12,13 In addition, InSe is mechanically compliant; 
transferring onto dissimilar substrates can introduce built-in (residual) 
biaxial strain.14 Because strain perturbs phonon velocities and scatter
ing pathways, in-plane thermal conductivity can be modulated, provid
ing a practical handle for heat management in device stacks. Motivated 
by these considerations, we measure the temperature-dependent ther
mal conductivity of c-InSe bulk single crystals and exfoliated thin 
flakes. In what follows, we first present the bulk single-crystal 
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measurements and analysis; the resulting room-temperature values are 
consistent with prior bulk reports. We then report cross-plane thermal 
conductivity measurements for supported flakes, which show compar
atively modest sample-to-sample variation. Finally, we address in- 
plane heat transport in flakes: while published room-temperature jk
values for supported flakes span a wide range, sometimes exceeding 
bulk values, our measured jk at room temperature remain consistent 
with the bulk benchmark. By combining bulk and flake measurements 
under comparable conditions, we systematically assess the roles of 
thickness, roughness, and substrate effects in determining jk. In addi
tion, we extend jk(T) measurements to low temperatures, providing 
constraints on phonon transport mechanisms in c-InSe.

Thermal transport in rhombohedral indium selenide (c-InSe) 
bulk single crystals has been investigated previously. Reported room- 
temperature in-plane thermal conductivities fall in the range of 
�9–12 W m−1 K−1, while the cross-plane component is typically 
�1.7 W m−1 K−1.15–18 The relatively small spread among these bulk 
values (Fig. 1) likely reflects differences in crystal quality and surface 
condition, including impurity levels and roughness. We use this liter
ature range as a benchmark and begin by presenting our bulk single- 
crystal measurements.

InSe single crystals were grown using the vertical Bridgman 
method (details in the supplementary material). The n-type samples 
were doped with 5 at. % Sn. X-ray diffraction and annular dark-field 
STEM confirmed the c-InSe crystal phase.22–24 Room-temperature 
carrier concentration and mobility, obtained from Hall measurements, 
are 4� 1013 cm−3 with l ¼ 534 cm2 V−1 s−1 for undoped InSe, and 
3:5� 1016 cm−3 with l ¼ 782 cm2 V−1 s−1 for Sn-doped InSe.

Here, we study two bulk single-crystal samples: an intrinsic 
c-InSe crystal with a thickness of 0.17 mm and an n-doped InSe 

crystal with an average thickness of 0.82 mm. As shown in Fig. S2 in 
the supplementary material, the crystal surfaces have pronounced 
thickness nonuniformity and macroscopic height variations. The 
thickness variations are estimated to be 0.05 and 0.179 mm, corre
sponding to relative thickness uncertainties of �29:4% for the intrin
sic sample and �21:9% for the n-type sample, respectively. Thermal 
conductivity of the bulk samples was measured using the thermal 
transport option of a Quantum Design VERSALAB system.

Figure 2 shows the temperature-dependent thermal conductivity 
of the intrinsic and n-type c-InSe bulk crystals studied here. The elec
tronic contribution, je, estimated at 300 K from the Wiedemann– 
Franz law, is �2:5� 10−6 W m−1 K−1 for intrinsic InSe and 
�3:2� 10−3 W m−1 K−1 for Sn-doped InSe. Both values are far 
smaller than the measured total thermal conductivity, indicating that 
heat transport in c-InSe is dominated by phonons. The intrinsic bulk 
jkðTÞ is consistent with prior reports and remains larger than the 
cross-plane component.16 The reported j values carry an estimated 
systematic uncertainty of �20% − 30% due to thickness nonunifor
mity. Within our measurement range, we do not observe a low- 
temperature peak in jkðTÞ. In contrast, Zhang et al. reported a peak 
near 50 K in flexible bulk InSe samples.18 Differences in sample 
quality and geometry (e.g., defect density, surface condition, and 
finite-size effects) may contribute to the lower overall j values and the 
presence of a peak in that work.

The thermal conductivity reported in Fig. 2 follows an approxi
mate 1=T trend over much of the measured range, consistent with 
phonon–phonon (Umklapp) scattering dominating heat transport at 
elevated temperatures. To interpret the observed jðTÞ behavior, we 
fit the experimental data using the Callaway model.25 Within this 
framework, the thermal conductivity is expressed as 

FIG. 1. Comparison of room-temperature cross-plane (j?) and in-plane thermal conductivity (jjj) values of c-InSe and b-InSe from this work and the literature. 
(a) Thickness-dependent j? values of b-InSe1 (yellow bars) and c-InSe (orange bars), including intrinsic (80 nm) and n-doped (53 nm) c-InSe measured in this work. (b) 
Reported flake data showing a wide spread: b-InSe (100–200 nm) measured by TDTR1 on Si shows thickness-independent jjj, while c-InSe exhibits strong dependence on 
thickness, substrate, and measurement technique (TDTR, SThM, and Raman).19–21 Bulk c-InSe values (purple bars), including intrinsic and n-doped samples from this 
work, show greater consistency across studies.15–18
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where x ¼ �hx=kBT, kB is the Boltzmann constant, x is the phonon 
angular frequency, �h is the reduced Planck constant, T is the absolute 
temperature, vs is the (average) sound velocity, hD is the Debye tem
perature, and sc is the total phonon relaxation time.

The total scattering rate 1=sc is written using Matthiessen’s rule 
as 

1
sc
¼

1
sB
þ

1
sI
þ

1
sU
þ

1
sN
; (3) 

or equivalently, 

1
sc
¼

vs

L
1 − p
1þ p

þ Ax4 þ BUx2Te−hD=3T þ BNx2T3: (4) 

Here sB, sI , sU , and sN are the boundary, impurity, Umklapp, 
and normal phonon–phonon scattering times, respectively. L is an 
effective length scale and p is the specularity parameter (0 � p � 1). 
The coefficients A, BU , and BN parameterize impurity, Umklapp, and 
normal scattering, respectively.

The Debye temperature is defined as hD ¼ vs
�h
kB
ð6p2N

V Þ
1=3, where 

N=V is the number density. Following Pandey et al.,26 the longitudi
nal and transverse sound velocities in c-InSe are vl ¼ 3272 m/s and 
vt ¼ 1853 m/s, respectively. Using these values, we obtain an average 
sound velocity vs ¼ 2360 m/s, corresponding to hD ¼ 223 K.

Here, BU and BN are fitting coefficients for Umklapp and normal 
scattering, respectively. We assume these parameters are the same for 
the intrinsic and doped crystals, while A captures impurity scattering 
and is therefore allowed to differ between the two samples. Finally, 
since the samples are nonuniform with micrometer-size height varia
tions (see the supplementary material), we have considered the specu
larity parameter, p,27 to be close to zero as the system is at the rough 
boundary limit, where sb � v=L.

To reproduce the bulk data consistently, we simultaneously fit 
the intrinsic and doped samples using the same values of BU and BN , 

while allowing different A values. The effective length scale L is taken 
as the average thickness of each sample (0.17 mm for the intrinsic 
sample and 0.82 mm for the doped sample). The best-fit parameters 
(dashed lines in Fig. 2) are listed in Table I.

The scattering rates extracted from the best-fit parameters are 
plotted in Fig. 2(b). Within the Callaway framework, the bulk data are 
reproduced with a minimal contribution from normal scattering, i.e., 
the fitted 1=sN remains small compared to the resistive channels over 
most of the measured range. Umklapp scattering provides the domi
nant resistive phonon–phonon contribution at elevated temperatures. 
For reference, the calculated thermal conductivity, including only 
phonon–phonon scattering (Umklapp and normal terms, with impu
rity and boundary scattering neglected), is shown as the solid black 
line; this curve represents an idealized upper bound for crystals with
out extrinsic imperfection scattering. At room temperature, this 
bound is �15 W m−1 K−1. In the measured samples, impurity and 
boundary scattering (here grouped as “imperfection” scattering) 
reduce jðTÞ relative to this idealized limit and, together with 
Umklapp scattering, control the overall temperature dependence. 
Consistent with Sn doping, the doped crystal exhibits a larger 
impurity-scattering contribution. At low frequencies, the intrinsic 
crystal shows a larger boundary-scattering contribution owing to its 
smaller thickness (smaller effective L).

Next, we investigate thermal transport in exfoliated thin c-InSe 
flakes prepared from bulk crystals on SiO2/Si substrates. Details of 
exfoliation, substrate preparation, and structural characterization 
(optical microscopy, SEM–EDX, and AFM) are provided in the 
supplementary material. AFM analysis shows that thinner flakes gen
erally exhibit lower RMS surface roughness; within the studied sam
ples, doped flakes are smoother than intrinsic ones.

To measure cross-plane heat transport in supported flakes, the 
samples were coated with an Al transducer layer and characterized by 

FIG. 2. (a) Temperature-dependent in- 
plane thermal conductivity of bulk c-InSe 
for intrinsic and doped samples compared 
with literature data.16,18 (b) Phonon-scat
tering rates vs frequency up to the Debye 
frequency. Imperfection scattering rates 
reported are a sum of sB and sI defined in 
Eqs. (3) and (4), including the effect of 
impurities, finite size, and roughness. (c) 
The frequency-dependent spectral lattice 
thermal conductivities as defined by Mao 
et al.28

TABLE I. Fitting parameters used in Callaway’s model for bulk thermal conductivity. 

Sample A (s3) BU (s K−1) BN (s K−3)

Intrinsic 8:6� 10−43

2:6� 10−18 3:6� 10−35
n-doped 2:8� 10−42
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time-domain thermoreflectance (TDTR). We obtain a cross-plane 
thermal conductivity of j? ¼ 0:70 W m−1 K−1 for an 83 nm intrinsic 
flake and j? ¼ 0:37 W m−1 K−1 for a 53 nm n-doped flake. The esti
mated uncertainty is �0.06 W m−1 K−1, reflecting measurement 
repeatability and uncertainty in the interfacial thermal conductance at 
the metal/flake and flake/substrate interfaces. Compared with the 
bulk cross-plane value (j? � 1:7 W m−1 K−1; Fig. 1), the reduced j?
in flakes is consistent with finite-size effects expected when the thick
ness approaches or falls below a few hundred nanometers. Overall, 
our flake j? values are in the range of prior reports for InSe flakes 
(including studies on the b phase), which show comparatively modest 
variation and a general decrease in j? with decreasing thickness.1 

Consistent with the strong anisotropy of InSe, j? remains much 
smaller than jk.

In contrast, reported in-plane thermal conductivity values, jk, of 
exfoliated or few-layer InSe exhibit a wide spread, arising from differ
ences in thickness, residual strain, substrate interactions, flake size, 
and measurement techniques, as summarized in Fig. 1. Temperature- 
dependent Raman thermometry reported jk ¼ 27:5 W m−1 K−1 at 
room temperature for a 4 nm InSe flake on SiO2 protected by a thin 
SiO2 passivation layer.21 In the same work, replacing SiO2 with high- 
K Al2O3 increased jk to 65.1 W m−1 K−1, discussed in terms of 
substrate-induced compressive strain.21 Related Raman-based mea
surements showed that adding an Al2O3 capping layer to a 29 nm 
c-InSe flake on SiO2 enhanced jk from 38.2 to 53.1 W m−1 K−1, 
attributed to interfacial effects such as interface charges and electron– 
phonon interactions.19 In contrast, scanning thermal microscopy 
(SThM) measurements by Buckley et al. suggested comparatively 
weak heat dissipation in thin InSe flakes relative to SiO2, implying 
lower effective in-plane thermal transport.29 They reported that the 
thermal conductance decreases as the number of layers (L � 5) and/ 
or flake area (A < 2 lm2) decreases, and further showed that the 
effective thermal transport can be enhanced on a high-K h-BN sub
strate and suppressed on a low-K PMMA substrate.29 Taken together, 
these studies indicate that jk in 2D InSe can be strongly influenced by 
substrate/interface effects (including strain and interfacial coupling), 
flake geometry, and the measurement approach. Raman thermometry 
is indirect and relies on assumptions about optical absorption, heating 
profiles, and phonon decay pathways, whereas SThM probes local 
heat flow and is highly sensitive to boundary scattering and interfacial 
thermal resistances; such differences can lead to method-dependent 
systematic shifts in the apparent jk.

In this work, using a consistent SiO2/Si platform, we measure 
the room-temperature in-plane thermal conductivity of all flakes to 
be slightly below 10 W m−1 K−1, comparable to bulk values. Devices 
for in-plane measurements were fabricated by patterning a metal 
heater on selected flakes with a Ti/Ni stack; representative optical 
images are shown in Fig. S4 (supplementary material). Thermal trans
port was measured by heat diffusion imaging (HDI),30 with method
ology, uncertainty analysis, and fabrication details provided in the 
supplementary material. Figure 3 shows the temperature-dependent 
in-plane thermal conductivity, jkðTÞ, for representative intrinsic and 
n-doped c-InSe flakes with thicknesses in the range of 30–50 nm. 
Over 150–230 K, the extracted jk values for flakes are slightly higher 
than the bulk reference; however, this difference is within the com
bined experimental uncertainty of the bulk and flake measurements 
and should not be over-interpreted as a robust “super-bulk” effect. 

We also do not observe a systematic increase in jk with increasing 
flake thickness within this limited thickness window. A thickness- 
independence in the in-plane direction has been reported previously 
for thicker flakes (100–300 nm);1 our flakes are thinner than 100 nm, 
where additional sample-to-sample variability can arise from thick
ness nonuniformity and substrate interactions (Fig. 1).

To probe potential extrinsic origins of the observed spread, we 
examined flake morphology by AFM (Fig. S3 in the supplementary 
material). The supported flakes are comparatively uniform, with 
nanometer-scale RMS surface roughness (grms � 1 nm for flakes thin
ner than 100 nm), and thinner flakes tend to exhibit smaller grms. In 
addition, the n-doped flakes consistently show lower jk than intrinsic 
flakes of comparable thickness, consistent with enhanced impurity 
scattering. In the Callaway analysis of the flakes (below), we incorpo
rate surface roughness through a frequency-dependent specularity 
parameter pðxÞ ¼ expð−4g2

rmsx
2=v2

s Þ, which provides a convenient 
way to parameterize the effect of diffuse boundary scattering on jk.

In modeling the flake data, we treat the surface-roughness input 
as an effective parameter because direct AFM roughness measure
ments are not available for the specific flakes measured by HDI. We 
nevertheless constrain this parameter to remain consistent with the 
nanometer-scale RMS values observed in representative AFM topog
raphy (Fig. S3 in the supplementary material). Within these bounds, 
variations in boundary scattering alone are insufficient to reproduce 
the full temperature dependence of jkðTÞ.

A more plausible additional contribution is substrate-induced 
strain and related substrate interactions in supported flakes. Strain 
can modify elastic constants and thereby renormalize acoustic pho
non velocities, which enter the Callaway model through vs and hD. 
While we do not directly measure the strain state of each flake, prior 
Raman studies of c-InSe on SiO2/Si report temperature-dependent 
shifts of phonon peaks, consistent with an evolving strain state with 
temperature.14,21 In our analysis, holding vs and hD fixed at the bulk 
values does not reproduce the flake jkðTÞ data. Allowing a 
temperature-dependent renormalization of vs (and consequently hD) 

FIG. 3. Temperature-dependent in-plane thermal conductivity of 2D flakes of 
c-InSe. Upper part of the plot demonstrates aðTÞ, the scaling factor used to repre
sent the effect of strain. Red circles denote experimental data for an intrinsic flake 
(30 nm); blue and black squares for two doped flakes, 53 and 37 nm, respectively. 
Solid red and blue lines are fits for the intrinsic and doped (53 nm) samples, 
respectively.
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provides a phenomenological way to capture the observed trends 
within the Callaway framework [Eqs. (1)–(4)].

We introduce a phenomenological temperature-dependent 
renormalization of the acoustic velocity through a factor aðTÞ, 
vsðTÞ ¼ vs;bulk aðTÞ, where aðTÞ � 1 would correspond to bulk-like 
acoustic properties. This renormalization may reflect substrate- 
induced strain and/or interfacial coupling effects in supported flakes. 
Because multiple quantities in Eqs. (1)–(4) depend on vs, they are 
updated consistently when aðTÞ is introduced. In particular, the 
Debye temperature scales as hD / vs. Within the Debye–Callaway 
parameterization used here, the impurity and phonon–phonon coeffi
cients scale approximately as A / v−3

s , BN / v−5
s , and BU / v−2

s . 
Strain and substrate coupling may also renormalize anharmonicity; as 
a first-order approximation, we allow the Gr€uneisen parameter, c, to 
vary inversely with sound velocity, c / 1=vs, which enters the 
Umklapp coefficient through BU / c2.

Figure 3 compares the measured jkðTÞ of the InSe flakes with 
fits obtained from the Callaway analysis. We anchor the scattering 
parameters to the bulk values and introduce only two additional 
degrees of freedom for the flakes: (i) a temperature-dependent veloc
ity renormalization factor aðTÞ and (ii) an effective surface-roughness 
parameter that controls boundary scattering. The fitted aðTÞ (upper 
panel) remains close to unity for T � 100 K, but decreases to unphysi
cally small values at lower temperatures. Thus, within the present 
Debye–Callaway framework—even allowing for plausible strain-/sub
strate-induced renormalization of acoustic parameters—we can cap
ture the high- and intermediate-temperature behavior, but a simple 
strain-based renormalization is insufficient to reproduce the low-T 
trends. The in-plane thermal-expansion coefficient of c-InSe is small 
(on the order of 10−6 K−1) over the measured temperature range,31,32 

while that of SiO2 is also small and positive (�0:5� 10−6 K−1).33 The 
resulting thermal mismatch yields at most �0:03 % − 0:1% strain 
upon cooling. Near the Ti/Ni contacts, larger local strain 
(�0:2%– 0:3%) may occur, but is expected to be partially relaxed and 
spatially nonuniform. Using the reported Gr€uneisen parameters 
(c � 0:65 − 1:38),14 this corresponds to a velocity renormalization of 
� 0:5%, far smaller than the �5% reduction implied by aðTÞ at low 
temperature. Strain alone, therefore, cannot explain the observed 
behavior. Resolving this discrepancy will require direct characteriza
tion of the strain state in the measured flakes and a more complete 
assessment (experimental and/or first-principles) of how substrate 
coupling and strain modify phonon velocities and scattering channels. 
Consistent with this interpretation, the failure of the Debye–Callaway 
fit below �150 K indicates that the low-temperature behavior cannot 
be described by a spatially uniform renormalization of acoustic veloc
ity alone. A more plausible explanation is additional suppression of 
long-wavelength heat-carrying phonons in supported flakes, for 
example, through substrate/interface coupling and defect-related scat
tering associated with nonuniformity or local disorder. An analogous 
substrate-induced reduction of in-plane thermal conductivity has 
been discussed previously for encased graphene34 and ultrathin 
graphite, although the detailed phonon physics in c-InSe is expected 
to differ. Quantitative separation of these effects in c-InSe will require 
thickness-dependent low-temperature measurements and/or micro
scopic calculations that explicitly include substrate coupling.

Our measurements of intrinsic and n-doped bulk c-InSe provide 
a reproducible reference for phonon transport. The temperature 

dependence of jðTÞ is captured within a Debye–Callaway analysis 
using bulk-consistent parameters, with Umklapp and impurity scat
tering providing the dominant resistive channels over the measured 
range. Normal scattering contributes only weakly within the present 
fits, and the intrinsic and doped bulk datasets are reproduced by using 
shared phonon–phonon parameters (BU and BN) while allowing the 
impurity coefficient A to differ between samples. Optical profilometry 
further indicates pronounced macroscopic thickness nonuniformity, 
consistent with predominantly diffuse boundary scattering in the bulk 
samples.

Against this bulk benchmark, exfoliated flakes on SiO2/Si exhibit 
two robust trends. Importantly, these measurements provide system
atic, temperature-dependent in-plane jkðTÞ for c-InSe flakes. In con
trast to the wide variability reported in the literature, the measured jk
values remain close to the bulk benchmark at room temperature, with 
deviations that can be partially explained by sample nonuniformity 
and substrate effects. First, intrinsic flakes show higher jkðTÞ than 
doped flakes despite being thinner, consistent with reduced impurity 
scattering. Second, within the limited 30–50 nm thickness window 
studied here, jkðTÞ does not increase systematically with thickness, 
indicating that sample-to-sample variations in uniformity and sub
strate interactions can compete with simple size effects. Using the 
bulk parameters as anchors, we obtain good agreement with the flake 
data at intermediate and high temperatures by introducing a 
temperature-dependent renormalization factor aðTÞ for the acoustic 
velocity (and dependent quantities), together with an effective 
boundary-scattering parameter. The fitted aðTÞ remains close to unity 
above �100 K but decreases to unphysically small values at lower 
temperatures, indicating that a simple phenomenological rescaling is 
insufficient to describe the low-T behavior.

At low temperatures, however, the observed behavior cannot be 
fully captured within the standard Debye–Callaway framework, indi
cating the need for additional mechanisms, potentially including 
temperature-dependent strain and interfacial coupling (e.g., thermal- 
expansion mismatch, conformity changes), as well as other low-T 
scattering mechanisms not captured by the model. Future work com
bining direct strain metrology on the measured devices (e.g., Raman 
mapping), standardized areal roughness/uniformity characterization, 
and first-principles calculations of strain-dependent phonon disper
sions and anharmonicity should clarify the origin of the low-T trends 
and reduce reliance on aðTÞ. Overall, our measurements establish 
low-temperature benchmarks for jkðTÞ in c-InSe flakes and constrain 
how much of the reported room-temperature spread can be explained 
by thickness, doping, and substrate/interface quality.

See the supplementary material for the complete details on crys
tal growth, sample preparation, and device fabrication, as well as mea
surement methods.
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