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The ability of a material to conduct heat influences many physical phenomena, ranging 

from thermal management in nanoscale devices to thermoelectrics. Van der Waals two 

dimensional (2D) materials offer a versatile platform to tailor heat transfer due to 

their high surface-to-volume ratio and mechanical flexibility. Here, the nanoscale 

thermal properties of 2D indium selenide (InSe) are studied by scanning thermal 

microscopy. The high electrical conductivity, broad-band optical absorption and 

mechanical flexibility of 2D InSe are accompanied by an anomalous low thermal 

conductivity (κ). This can be smaller than that of low-κ dielectrics, such as silicon oxide, 

and it decreases with reducing the lateral size and/or thickness of InSe. The thermal 

response is probed in free-standing InSe layers as well as layers supported by a 

substrate, revealing the role of interfacial thermal resistance, phonon scattering, and 

strain. These thermal properties are critical for future emerging technologies, such as 

field effect transistors that require efficient heat dissipation or thermoelectric energy 

conversion with low-κ, high electron mobility 2D materials, such as InSe. 
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1. Introduction  

 
Atomically thin layers of van der Waals (vdW) crystals and their heterostructures offer a 

versatile two-dimensional (2D) materials base for quantum science and innovative 

technologies.[1-4] The compatibility of 2D vdW crystals and heterostructures with a wide 

range of metals and dielectric substrates can overcome limitations of traditional 

semiconductor heterojunctions (i.e. material and substrate incompatibility due to lattice 

mismatch, defected interfaces, etc.) enabling innovative ways to manipulate charge, spin and 

phonon quanta at the nanoscale, with prospects for miniaturized, high-performance functional 

devices. Amongst the 2D materials in the metal chalcogenide class, indium selenide (InSe) 

has emerged as a promising semiconductor.[5-14] It has a band edge absorption energy that 

increases with decreasing layer thickness;[5-6] high broad-photoresponsivity from the infrared 

(IR) to the ultra-violet (UV) range;[7-9] low-mass conduction band electrons and high electron 

mobility even in atomically thin films (i.e. larger than in silicon-based field effect transistors 

(FETs));[10-11] high mechanical strength;[12-13] a strain-sensitive band structure[14-15] with 1D 

van Hove singularities[16], etc. Thanks to this unique set of physical properties, 2D InSe holds 

promise for a wide range of applications, from ultra-thin and flexible electronics to next-

generation quantum metrology and photosensing.[15, 17-23] 

The science and technology of 2D InSe is a rapidly developing field. However, the 

investigation of phonon transport and thermal properties of 2D InSe is still in its infancy.[24-33] 

Although theoretical studies have provided an insight into the thermal conductivity (κ) of 2D 

InSe, the experimental investigation of heat transport at the nanoscale is rarer, as it requires 

advanced microscopy imaging techniques. Furthermore, real device structures involve heat 

transfer across interfaces and lateral boundaries that are generally ignored by theory. Phonon 

transport underpins a plethora of physical phenomena, ranging from heat conduction and 

thermal insulation to energy conversion. Thus, they play a key role in several emerging 
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applications. For example, a low thermal conductivity represents a drawback to heat 

dissipation in miniaturized FETs, but is desirable for thermoelectric energy conversion. 

Here, we use scanning thermal microscopy (SThM)[34-35] to probe and image the thermal 

response of 2D InSe with nanoscale resolution. We present studies on atomically thin InSe 

flakes with different thickness and/or in-plane area. The SThM study reveals a low-κ  for both 

free-standing InSe layers and layers supported by different substrate materials, such as low-

κ silicon dioxide (SiO2) and polymethyl methacrylate (PMMA), as well as high-κ hexagonal 

boron nitride (hBN). The thermal response is influenced by phonon scattering at edges and 

interfaces of 2D InSe, as well as strain and thermal coupling of InSe to its supporting 

substrate. We show that these phenomena become prominent in atomically thin layers and 

weakly thermally coupled interfaces.  

 

2. Results and Discussion 

 
2.1. Scanning Thermal Microscopy of 2D InSe 

 
Figure 1a illustrates a schematic of the experimental setup used for the ambient SThM studies 

of γ-InSe flakes containing a different number of layers (L) and with different in-plane area 

(A). The SThM is a specific scanning probe microscopy mode, which uses a thermal probe. 

The probe is a part of a biased Wheatstone bridge,[34, 36] which comprises two known resistors 

(R1 and R2), a variable resistor (R3) and the thermal probe resistor (Rprobe) of the SThM tip 

(see Experimental Section for details). The apex of the SThM probe acts as a local heater of 

the InSe flake. When the probe is brought into close contact with the flake surface, the 

probe’s temperature decreases due to the heat transfer to the sample, leading to a reduced 

resistance 𝑅𝑅probe that unbalances the bridge, as monitored by the output voltage Vout:  

𝑉𝑉𝑜𝑜𝑜𝑜𝑜𝑜 = gVs [Rprobe /(Rprobe +𝑅𝑅1)-𝑅𝑅3/(R2+𝑅𝑅3)],                               (1) 



 
 

5 
 

where g is the gain of the non-inverting amplifier and Vs is the voltage applied to the bridge 

(see Figure 1a). When the probe resistance Rprobe decreases due to cooling of the tip, the 

output voltage Vout changes. The corresponding change of electrical power dissipated by the 

probe resistor, ∆P = Rprobe ∆Vout, is proportional to the heat flux towards the sample and its 

thermal conductivity, but it is also influenced by the heat loss from the cantilever, air 

conduction/convection, tip-sample interfacial thermal resistance and heat propagation radius 

(see Experimental Section). In contrast to far-field optical techniques, such as Raman 

spectroscopy, SThM is not limited by optical diffraction and can image the thermal response 

of a sample with high spatial resolution (down to 50 nm). This is essential for thermal studies 

of 2D InSe flakes with different size and/or edges, and systems where the layers are supported 

by a substrate with a spatially varying topography, as described in the following sections. 

 

2.2. InSe on a SiO2/Si substrate 

 
 γ-InSe flakes of different thickness, down to a single layer, i.e. L = 1 (nominally thickness of 

0.83 nm), were mechanically exfoliated on a SiO2/Si (290 nm-thick SiO2) substrate (see inset 

of Figure 1a and Experimental Section). Figure 1b displays the atomic force microscopy 

(AFM) and SThM images for a representative InSe flake. The flake consists of two regions 

with L = 1 (measured thickness t = 0.9±0.5 nm) and L = 5 (t = 4.0±0.6 nm). In the SThM 

image, the InSe layers appear in red-orange on the dark-blue background of the SiO2 

substrate, indicating that InSe has a lower thermal conductivity than SiO2. The measured 

voltage, Vout, is scaled relative to that of SiO2, VSiO2, which is constant in different 

experiments and so set as a reference value, e.g. VSiO2 = 0 V. The associated standard 

deviation, ∆VSiO2, of the mean value of VSiO2 is then used to assess the experimental 

uncertainty of the SThM response. To show this in more detail, Figure 1c illustrates a profile 

of Vout -VSiO2 along the line marked on the SThM image of Figure 1b. Here, positive values of 
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Vout -VSiO2 correspond to regions of InSe on the SiO2 substrate. Also, larger values of Vout -

VSiO2 correspond to smaller κ. 

 

Figure 1. Scanning Thermal Microscopy (SThM) of 2D InSe. (a) SThM set-up showing the 
SThM probe as a resistor in a Wheatstone bridge. The SThM tip heats up due to the flowing 
current and transfers heat onto the sample. As a result, the tip cools down and changes its 
resistance, which is monitored by the output voltage Vout. Inset: optical image of InSe flakes 
on a SiO2/Si substrate. The SThM tip is visible on the top of the image. (b) Left: AFM image 
showing an exfoliated InSe flake on a SiO2/Si substrate. The flake consists of single and 5 
layers InSe. Right: SThM image acquired simultaneously to the AFM image. Here, larger 
output voltages correspond to lower thermal conductance values. The line marks the SThM 
profile shown in part (c). 
 

a

b

c

InSe
1 layer

InSe
5 layers

SiO2 SiO2

InSe

AFM                                             SThM

0.0 0.5 1.0 1.5

0.00

0.01

0.02

0.03 1 layer

SiO2

5 layers

 
 

 



 
 

7 
 

The SThM image indicates that the ability of the InSe flake to dissipate heat from the 

SThM tip is lower than that of SiO2, which is known to have a low κ (κSiO2 ~1.4 W m−1 K−1 at 

T = 300 K).[37] Our observations contrast with previous experiments on bulk crystals of InSe, 

which reported values of in-plane κ from 10.42 W m−1 K−1 to 12 W m−1 K−1 at T = 300 K. [38-

40] To interpret these results, we note that the ability of a material to conduct heat is influenced 

by many factors, including its thickness, lateral size, state of the surface,[36, 41] and, notably, 

the direction of heat propagation that can be a dominating factor in anisotropic materials, such 

as γ-InSe. For example, for bulk γ-InSe, the room temperature in-plane κ (10.42 W m−1 K−1) is 

6 times larger than the out-of-plane κ (1.74 W m−1 K−1) due to the weak vdW bonding 

between the layers typical of 2D materials.[38, 42] Also, the measured SThM signal can be 

affected by the thermal resistance of the flake interface with other materials and/or supporting 

substrate, the thermal conductivity of the substrate and the tip-surface thermal resistance.[43-45] 

We examine these phenomena by thermal microscopy studies of different InSe-based 

structures. 

Figures 2a and b show the AFM and SThM images of a large area sample containing 

over 100 InSe flakes with different number of layers (L > 15) and in-plane area (A < 10 μm2). 

Individual flakes were identified from the AFM images using an Otsu thresholding[46] and 

corresponding masks were then applied to the SThM maps to correlate specific features in the 

SThM and AFM images. From this systematic analysis, we extract the data in Figure 2c, 

showing the SThM response as a function of A for samples with L >15 layers. We note that 

for this analysis we used data from the central area of the flake to avoid artefacts arising from 

the signal variation at the edge of the flake due to the a reduced contact area as well as 

directionality of heat propagation in the anisotropic flake.[47] These data indicate that the 

SThM response depends strongly on the flake area, with large values of Vout -VSiO2 (hence, 

smaller thermal conductance) for small area layers with A < 2 μm2.  
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Figure 2. Thermal properties of InSe flakes on a SiO2/Si substrate. AFM (a) and SThM (b) 
images of InSe flakes with different areas (A) and number of layers (L) on a SiO2/Si substrate. 
(c-d) SThM response as a function of A (L > 15 layers) (c) and L (A > 4 μm2) (d). Dashed 
lines are guides to the eye.  
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area flakes avoids conflating a dependence on thickness with a dependence on area. This 
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in a few layer (L = 1- 5) flakes, indicating a reduced thermal conductance in atomically thin 

layers. In these experiments, while we can safely assume that the tip-sample and sample-

substrate thermal resistance stays the same, the decrease of the relative contribution of across-

the-plane thermal conductance for smaller thicknesses may play a role in the observed 

reduction of thermal conductance. The dependence on L (Figure 2d) is weaker than that on A 

(Figure 2c) and in all cases the value of Vout -VSiO2 for InSe is larger than for bare SiO2. 

Previous studies of different 2D materials have demonstrated a size-dependent phonon 

transport.[45, 48-51] The value of κ decreases with decreasing the size of the sample as a result of 

an increase in phonon-boundary scattering. For free-standing graphene, κ decreases from 

1700 W m−1 K−1 to 250 W m−1 K−1 when the graphene domain size is reduced from 9 μm to 

300 nm.[48] A similar dependence was observed in graphene on SiO2, where κ decreases from 

580 W m−1 K−1 to 280 W m−1 K−1 going from 10 μm to 260 nm.[50] For single layer InSe, the 

calculated value of κ decreases from 27.60 W m−1 K−1 to 8.2 W m−1 K−1 when reducing the 

sample size from 10 μm to 100 nm at T = 300 K (Figure 3).[24] A similar behavior was 

predicted by Pandey et al., although the values of κ are larger by ~ 40%.[25] In both models, κ 

gives the summed contribution of thermal conductivity from all phonon modes, as derived 

from first-principle Peierls-Boltzmann transport theory for single layer InSe. As shown in 

Figure 3, the measured normalized dependence of [Vout -VSiO2 ]-1 (∝κ) on the flake size (A1/2) is 

in qualitative agreement with these models. 
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Figure 3. Thermal properties of 2D InSe: dependence on lateral size. Measured dependence 
of [Vout-VSiO2]

-1 on A1/2 for InSe flakes on a SiO2/Si substrate (circles), where A is the 
measured in-plane area of the flake. The measured dependence is compared with the 
calculated dependence of the thermal conductivity κ on the lateral size of single layer InSe 
(red symbols).[24-25] 

 

Both the experimentally measured and predicted values of in-plane κ for InSe are 

significantly smaller than for graphene and other 2D materials, such as hBN or black 

phosphorus, or than in silicon (κSi = 145 W m−1 K−1) or copper (κCu = 400 W m−1 K−1).[52-53] To 

explain this difference, we consider the atomic vibrations that carry most of the heat in InSe. 

In-plane acoustic phonons (transverse (TA) and longitudinal (LA)) and out-of-plane flexural 

phonon modes (ZA) carry most of the heat in the plane of the flake.[24-25] These are dominated 

by the vibrations of the heavy indium atoms and have higher group velocity than those of 

optical phonons. The group velocity for the ZA modes is smaller than for the TA and LA 

phonons, which have velocities of 1853 m s-1 and 3272 m s-1, respectively.[25] Furthermore, 

optical phonons have a relatively low frequency, providing strong scattering channels for 

acoustic modes and hence leading to short phonon transport lifetimes and a low κ. Reducing 
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the length scale for phonon transport reduces further the values of κ, as observed in our 

experiments and previous theory studies for A1/2 < 1 µm (Figure 3). 

The dependence of the SThM response on L (Figure 2d) indicates that the thermal 

conductance halves in few-layer InSe flakes (L = 1-5). We assign this behavior to phonon-

boundary surface scattering and to the modified phonon dispersions due to quantum 

confinement. The phonon coherence length tends to decrease proportionally with decreasing L 

and phonon modes change only in a few layers InSe (Supplementary Information S1).[54] 

Atomic displacement studies show that whereas optical modes are mostly confined within the 

InSe layers, acoustic modes that dominate the heat transport are spatially delocalized along 

the vdW layers.  Thus, the latter are more strongly affected in atomically thin layers.  

The ability of InSe flakes to conduct heat can be affected by phonon scattering due to 

impurities.[55] Although our InSe crystals are nominally undoped, they were grown from an 

indium-rich melt of components with a non-stoichiometric composition of In1.03Se0.97
[56] that 

facilitates the formation of indium-interstitial atoms and n-type conductivity (n ~ 1016 cm-

3).[57] The interface of 2D InSe with the supporting SiO2 substrate can also play an important 

role. The two interfaces interact elastically via vdW and Coulomb forces. Due to the strong 

dependence of the potential energy on distance, the increase in the separation between the 

layer and its supporting substrate caused by an imperfect interface/ionized defects and large 

electron-phonon interaction in InSe can change the ability of phonons to be transmitted across 

the interface.[27, 58] Studies of coherent phonon transport by picosecond ultrasonics have 

revealed large (∼10 μm2) regions of “broken” interfaces where the InSe layers are weakly 

coupled to the supporting SiO2 substrate due to surface roughness of SiO2 and contamination 

at the InSe/SiO2 interface.[58-59] Thus, thermal coupling between InSe and SiO2 is reduced, 

causing an interfacial thermal resistance and suppressed heat dissipation from the flake. The 

InSe flake under the SThM probe can be overheated and appears hotter (i.e. less thermally 
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conductive) than the surrounding SiO2 (Figure 1c). To assess further the role of the substrate, 

we have examined free-standing flakes as well as flakes supported by different substrates. 

 

2.3. Free-standing InSe  
 
Figures 4a and b show AFM and SThM images of a representative 12 nm-thick (i.e. L = 14) 

InSe flake over an array of 3 μm-wide microwells. The inset in Figure 4b shows a zoomed-in 

SThM image of the free-standing flake on an individual microwell (see also schematic in 

Figure 4c).  

 

Figure 4. Thermal properties of free-standing InSe. AFM (a) and SThM (b) images of a 12 
nm-thick (L = 14) InSe flake that is free-standing over an array of 3 μm-wide cylindrical 
microwells on a SiO2 substrate. The inset in part (b) shows a zoomed-in region of the SThM 
For the preparation of free-standing InSe, freshly exfoliated flakes were dry-transferred onto 
periodic arrays of cylindrical microwells, which were pre-etched onto SiO2 (see Experimental 
Section). The microwells are equally spaced by a distance lw = 1.5 μm and have depth, 
hw = 95 nm, and diameter, dw = 3 μm or 5 μm. 
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In Figure 4b the free-standing part of the flake appears in dark blue (i.e. higher κ), 

whereas the surrounding regions, corresponding to the substrate supported flake, are red (i.e. 

lower κ). Thus, the SThM image indicates that the free-standing InSe is more thermally 

conducting than InSe on SiO2. This effect is observed in all our free-standing InSe flakes (L 

from 12 to 26 layers, not shown). We assign the reduced thermal transport in InSe/SiO2 to 

phonon scattering by interface defects due to surface roughness of SiO2 and/or contaminants 

trapped at the InSe/SiO2 interface. As for other 2D materials (including single- and few-layer 

graphene,[47, 60-62] single- and bilayer MoS2 and MoSe2,[63] etc.), a substrate can lower the 

value of κ (e.g. by up to a factor of 2.5 for MoS2 and MoSe2, and 5 for graphene). 

As shown in the SThM image of Figure 4b-inset, the edge of the microwell appears as a 

bright yellow ring, indicating a lower thermal conductance compared to the substrate 

supported or free-standing regions of InSe. While this could be a topographical artefact due to 

decreased contact area between the tip and the surface, it can also arises from the localized 

decrease of κ  due to a strain effect: at the edges of the microwells, the InSe flake is bent and 

thus subjected to tensile strain (Figure 4c). The latter assignment is confirmed by micro-

Raman spectroscopy images (Supplementary Information S2) revealing a Raman red shift of 

the vibrational modes A1′(Γ1
2) and A1′(Γ1

3) at the microwell edges. Tensile strain in bent InSe 

can shift these Raman modes [14, 64] and enhance anharmonic phonon scattering, reducing 

phonon group velocity and heat capacity.[31] Specifically, a reduction of κ from 25.9 W m−1 

K−1 to 13.1 W m−1 K−1 was predicted under a strain of 6%.[31] First-principles calculations 

indicate that the lattice thermal conductivity of micron-sized (2 μm - 200 μm) InSe 

monolayers decreases linearly as the applied tensile strain increases from 0.5% to 13%.[33]  

The suspended depth (h) of the free-standing InSe flake regions into the microwell 

varies from one microwell to another from h = 74 nm to 82 nm. However, in all cases the 

value of Vout -VSiO2 for the free-standing regions is lower (i.e. higher κ) than that of the InSe 
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regions on SiO2, but closer to that of SiO2 as h and hence strain increase (Supplementary 

Information S3). 

Finally, we examine free-standing InSe flakes on microwells with different diameter dw. 

Flakes suspended over 5 μm-wide microwells tend to show a slightly higher thermal 

conductance (i.e. lower Vout -VSiO2) than those over 3 μm-wide ones (Figure 4d). To eliminate 

the effect of the flake size, only large flakes were considered for this comparison (L > 10 and 

A > 7 μm2), i.e. flakes with dimensions at which κ does not depend on L and/or A. This 

behavior resembles that reported in other suspended 2D materials: for MoS2, WS2 and 

WSe2
[51, 65-67] κ increases with increasing size, d, of the suspended flake due to the 

anharmonicity of the phonon potential and boundary scattering.[67] Although the phonon mean 

free path of these 2D materials is only a few tens of nanometers, which is orders of magnitude 

smaller than the suspended lengths of the flakes, κ increases by a factor of about 3 going from 

d = 2 μm to 13 μm.[67] The thermal transport is defined by a broad spectrum of phonons with 

various polarizations and frequencies. In particular, phonons with long mean free path of up 

to 20 μm at T = 300 K in InSe can make a significant contribution to κ.[24] 

 

2.4. InSe on different substrates 

 
The choice of the substrate and/or capping material offers means to modulate the thermal 

response of a 2D material, but requires an understanding of interface interactions and heat 

exchange mechanisms between materials. Previous Raman studies of InSe flakes have shown 

that the thermal conductivity can be significantly enhanced by a substrate or a capping layer 

with high κ, such as Al2O3 (κAl2O3 = 50 W m−1 K−1), which can facilitate heat dissipation and 

charge-phonon interactions at the InSe/Al2O3 interface.[26-27] The estimated value of κ for a 4 

nm-thick (L = 5) InSe flake on Al2O3 was found to be κ = 53.4 W m−1 K−1, higher than on 
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SiO2 (κ = 28.7 W m−1 K−1).[27] Here, we use SThM to probe the substrate-induced 

modification of the thermal response of InSe. For this study, we transferred InSe flakes on 

substrates with κ that is either lower or higher than that of SiO2 (κSiO2 = 1.4 W m−1 K−1)[37], 

namely PMMA (κPMMA = 0.21 W m−1 K−1)[68] and multilayer hBN (κhBN = 400 W m−1 K−1)[69-

70], respectively.  

InSe flakes were exfoliated and transferred onto a periodic array of PMMA-micropillars 

on a SiO2/Si substrate (see Experimental Section). The micropillars are equally spaced by a 

distance lp = 1 μm and have width, wp = 1 μm, and average height, hp ≈ 16 nm. Figures 5a 

and b show AFM and SThM images, respectively, of a representative 45 nm-thick (i.e. L = 

54) InSe flake bent onto the array of PMMA-micropillars. Figure 5c illustrates a schematic 

representation of a flake bent over the array. In the SThM image of Figure 5b, the substrate-

supported part of the InSe flake is red-colored, whereas the bare PMMA-micropillars appear 

as bright yellow (i.e. lower κ) circular spots on the dark blue (i.e. higher κ) background of the 

SiO2 substrate. This indicates that InSe has a lower κ than SiO2, but higher than that of the 

bare PMMA-micropillars. The inset in Figure 5b shows a zoomed-in SThM image of an 

individual micropillar with an InSe flake bent over it, revealing a yellow circular region (i.e. 

lower κ) at the location of the pillar, whereas the surrounding area, corresponding to the layer 

supported by the SiO2 substrate, is dark blue-colored (i.e. higher κ). Hence, InSe on PMMA-

micropillars is less thermally conductive than on SiO2. This can also be seen in Figure 5d, 

which plots together AFM height and SThM response profiles for several InSe-capped 

PMMA-micropillars, as measured simultaneously along the line marked in Figures 5a and b, 

respectively. There is a good correlation between the two data sets with peaks in Vout -VSiO2 

(i.e. drops in κ) matching the positions of the pillars. A similar response was obtained for 

flakes with different number of layers. 
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Figure 5. Thermal properties of InSe supported by PMMA-micropillars. AFM (a) and SThM 
(b) images of a 45-nm thick (L = 54) InSe flake transferred onto an array of PMMA-
micropillars with average height of ~16 nm and width of 1 μm. The green lines mark the AFM 
and SThM profiles shown in part (d). The inset in part (b) shows a zoomed-in SThM image of 
a region of the InSe flake supported by an individual micropillar, enclosed in the dotted 
square. (c) Schematic representation of the heat conduction for a flake supported by the 
micropillars. (d) AFM and SThM profiles along the green lines shown in parts (a) and (b).  

 

We assign the low thermal conductance of InSe on PMMA compared to InSe on SiO2 

(Figures 5b and d) to the low value of κ for PMMA (κPMMA = 0.21 W m−1 K−1),[68] which 

reduces the ability of InSe to dissipate heat. Similar effects were also observed in graphene, 

where the κ values of PMMA supported layers were found to be reduced down to 360 

W m−1 K−1, which is about half of the value for graphene on SiO2 and an order of magnitude 

lower than for free-standing graphene.[68] This lower thermal conductance is a limiting factor 

in the thermal management of recent InSe-based FETs, where PMMA provides electrical 

stability and increases the electrical conductivity compared to InSe/SiO2 FETs.[71-72] We also 

note that PMMA is widely used in the fabrication of 2D materials, for example as a carrier 

layer in deterministic transfer of flakes to assemble vdW heterostructures and as a standard 

electron-beam lithography resist.[73] Almost unavoidably, this results in PMMA residues 
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remaining on the surfaces of 2D layers or at their interfaces, even after cleaning.[74] In 

addition, PMMA is used to encapsulate 2D structures, including InSe FETs, to enhance their 

stability under ambient conditions.[71-72] Thus, the presence of PMMA, even in a form of local 

inclusions in 2D materials, can substantially distort the thermal transport leading to 

overheating. On the other hand, the use of a low-κ flexible dielectrics compatible with InSe, 

such as PMMA, can be beneficial for thermoelectrics.[71]  

A substrate-induced enhancement of κ would naturally be expected from a material with 

high κ, such as hBN, which has the second largest κ per unit weight among all insulating and 

semiconducting compounds.[70] Furthermore, since hBN is electrically insulating, it could 

provide an excellent heat spreader in 2D technologies.[75] However, our SThM of InSe on 

hBN did not reveal any significant increase in thermal conductance compared to InSe on SiO2 

(Supplementary Information S4). This unexpected result could potentially originate from 

strain caused by lattice mismatch (ε = [aInSe – ahBN]/aInSe ≈ 37%),[76-77] thermal expansion 

mismatch and/or rotational crystal misalignment. These factors can affect the thermal 

resistance at the interface of 2D vdW crystals.[78-80] In our samples, the InSe and hBN flakes 

were randomly stacked without an intentional lattice alignment. Also, we cannot exclude the 

possibility of contaminants being trapped between the vdW flakes during the polymer-

assisted fabrication, which would cause significant perturbation of interface coupling, thus 

reducing thermal conductance. Although all the exfoliated flakes of InSe and hBN were 

thoroughly selected and inspected with dark-field optical microscopy at each stage of 

processing to avoid any visible contaminants or defects (see Experimental Section) and the 

AFM images of the resulting heterostructures reveal flat and clean layers (Supplementary 

Information S4), the polymer residues can still be present at the interface in the form of 

atomically thin films that are difficult to detect by optical microscopy or AFM.[74] Further 

advances in the current technology of assembly of vdW heterostructures, relying on polymer-
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free exfoliation and transfer methods, are required to address this issue. Atomically thin layers 

to improve thermal coupling with a supporting substrate should also be explored.[81] 

 

3. Conclusion  
 
In summary, 2D InSe has opened promising directions in science and technology, but its 

thermal response should be carefully considered and tailored for specific studies and 

applications. The imaging capability of scanning thermal microscopy and its high spatial 

resolution have enabled us to investigate how the surface topography of a 2D InSe flake and 

its supporting substrate influence the thermal response. Our investigation of 2D InSe flakes 

with different size and/or non-uniform topography and systems where the layers are supported 

by different substrates have revealed a low thermal conductance for 2D InSe, lower than in 

low-κ SiO2. This anomalous finding contrasts with previous theoretical studies in the 

literature, where the role of the substrate was not taken into account. The ability of 2D InSe to 

conduct heat depends on the thermal interfacial resistance between InSe and the supporting 

substrate, number of layers, lateral size, and/or strain. It decreases with a decreasing number 

of layers (L ≤ 5) and/or flake area (A < 2 μm2). This behavior is consistent with earlier 

theoretical studies of 2D InSe and is attributed to phonon-boundary surface scattering and to 

the modified phonon dispersions due to quantum confinement. Enhanced phonon scattering 

by impurities and/or strain can further influence the thermal conductivity, as discussed for 

layers transferred onto microwells and micropillars. These experimental findings are 

important for advancing the use of InSe in thermoelectric technologies that can benefit from 

the exceptional combination of the unusually low-κ and high electron mobility of this 2D 

material. We also note that improving the ability of 2D InSe to dissipate heat in 

nanoelectronics should be further examined by the implementation of high-κ dielectrics, such 
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as hBN. Advances in the controlled fabrication of multilayered InSe/hBN stacks will be 

required to address this important future development. 

 

4. Experimental Section 

Crystal growth and exfoliation of flakes: The InSe crystals were grown using the Bridgman 

method from a polycrystalline melt of In1.03Se0.97. The crystal structure and γ-phase were 

assessed by X-ray diffraction studies: the rhombohedral unit cell has lattice parameters a = b 

= 4.002 Å and c = 24.961 Å. InSe flakes of various thicknesses were prepared from the as-

grown crystals by mechanical exfoliation using adhesive tape and then transferred onto a 

SiO2/Si (290 nm-thick SiO2) substrate. Prior to exfoliation, the substrate was ultrasonically 

cleaned in acetone and 2-propanol. The bath was applied for 10 minutes for each solvent. The 

substrate was subsequently cleaned with deionized water and then subjected to oxygen plasma 

to ensure the removal of any ambient adsorbent or organic molecule on the surface. The InSe 

flakes were exfoliated using a Nitto ELP-BT-150P-LC tape, with the first layers of exfoliated 

material being sacrificed to avoid air-exposed material. The InSe on the tape was then brought 

into contact with the surface of the substrate. The back side of the tape was rubbed with a 

small rolling pin for 5 minutes to increase the yield of flakes attached to the SiO2 surface. 

Finally, the tape was peeled off from the substrate. Optical inspection revealed the successful 

transfer of several few-layer InSe flakes on the substrate.  

Fabrication of free-standing and PMMA supported InSe layers: Free-standing and PMMA 

supported InSe flakes were fabricated by a combination of standard electron beam lithography 

(EBL) and mechanical exfoliation of a bulk Bridgman grown γ-InSe crystal. Firstly, an array 

of circles with diameters of 1 µm, 3 µm and 5 µm were defined by EBL on an oxidized Si 

wafer with a SiO2 thickness of 290 nm. Then reactive ion etching was used to etch the circles 

into cylindrical wells with a nominal depth of 95 nm. Thin layers of γ-InSe were mechanically 
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exfoliated on a PMMA membrane using the Nitto Denko ELP-BT-150P-ALC tape. The 

PMMA membranes were then peeled on to the 3 µm and 5 µm cylindrical wells leaving the 

InSe layers covering the wells. To remove the polymer on the surface of InSe, the sample was 

cleaned by its full immersion in a bath of acetone and then 2-proponal, for 5 minutes in each. 

For a second set of samples, the PMMA/InSe membranes were deposited on 1 µm cylindrical 

wells and immersed in acetone and then 2-propanole, for 5 minutes in each. The microwells 

were then filled with PMMA, forming micropillars on the SiO2/Si substrate. 

Fabrication of InSe/hBN heterostructures: Firstly, hBN layers were exfoliated using the Nitto 

Denko ELP-BT-150P-ALC tape on an oxidized Si wafer with a SiO2 thickness of 290 nm. 

Suitable flakes were then identified using an optical microscope. Secondly, few-layer γ-InSe 

flakes were exfoliated using the Nitto Denko ELP-BT-150P-ALC tape onto a PMMA 

membrane and peeled-off onto the selected hBN flakes using a bespoke micromanipulation 

setup. To remove the polymer on the surface of the InSe/hBN heterostructure, the sample was 

cleaned by full immersion in acetone, and then 2-proponal, for 5 minutes in each. 

Scanning Thermal Microscopy: SThM operates by biasing a voltage across a Wheatstone 

bridge, which comprises two known resistors, a variable resistor and the probe resistance of 

the SThM tip (Figure 1a). The SThM tip is used as a local heater and the fractional change in 

its resistance is used to detect the temperature and/or the thermal conductance of the sample. 

Before the measurements (when the tip is millimeters above the sample surface), the variable 

resistor is adjusted to null the voltage across the bridge. For the measurements presented here, 

the tip is heated to an equilibrium temperature by controlling the current flowing through it. 

The sample is a passive component and is heated only by the probe tip once in contact as the 

heat flows from the tip into the sample. In turn, the tip’s temperature decreases, leading to a 

reduced resistance that unbalances the bridge, as measured by Vout. The magnitude of the 

measured voltage is thus related to the thermal conductance of the sample in contact with the 



 
 

21 
 

tip. By monitoring Vout, one can create a thermal conductance map of the sample. A standard 

commercial setup operating in air was used in this study. In the analysis of the data, the heat 

loss from the cantilever, air conduction/convection that affects the cantilever-sample distance, 

and, hence, flake thickness, the tip-sample interfacial thermal resistance (which might differ 

significantly for the probe in contact with InSe, SiO2, PMMA and hBN) and heat propagation 

radius have not been taken into account. These simplifying assumptions prevent us from 

determining directly the thermal conductivity from the measured thermal conductance.[82-83] 

The SThM tip used for our experiments is a KNT-SThM-2an Resistive Tip (resistance R ≈ 

325 Ω at 25 °C; sensitivity of ≈1 Ω °C-1). Typically, scans containing 512 × 512 pixels were 

performed at a line rate of 0.1 Hz. The Wheatstone bridge was biased with 1 V, with a 1000× 

gain used on the amplifier (the maximum sensitivity of the Anasys NanoIR2s microscope). 

Feedback gains were varied to ensure trace and retrace matched for both the topography and 

the SThM signal. The Wheatstone bridge was zeroed in air with the tip 2 mm away from the 

surface and held for 30 minutes to ensure that no drift of the bridge and that the tip reached an 

equilibrium temperature, before the tip was contacted onto the sample and scanned. All data 

analyzed were taken from the retrace direction. 

X-ray diffraction studies: these studies were conducted using a DRON-3 X-ray diffractometer 

with a monochromatic Cu-Kα radiation of wavelength λ = 1.5418 Å. 

Raman spectroscopy studies: Raman spectroscopy studies on InSe flakes of different 

thickness in the Supplementary Information S1 were performed using a Horiba LabRAM HR 

Raman Microscope. Raman spectroscopy studies in the Supplementary Information S2 were 

performed using a Renishaw inVia confocal Raman microscope. For the latter, we used a 532 

nm excitation laser focused through a 100× objective, with a numerical aperture of 0.85. The 

laser power incident on the sample was ~85 μW. A 2400 line mm−1 diffraction grating was 
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used. The measurements were taken in high confocality mode, resulting in an estimated spot 

size of ~450 nm in FWHM.  
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The ability of atomically-thin InSe to conduct heat is probed by scanning thermal microscopy. 
This reveals an anomalous low thermal conductivity that decreases with reducing the lateral 
size and thickness of InSe, under strain and in layers weakly coupled to a substrate. These 
properties are critical for future emerging technologies. 
 
D. Buckley, Z. R. Kudrynskyi*, N. Balakrishnan, T. Vincent, D. Mazumder, E. Castanon, 
Z. D. Kovalyuk, O. Kolosov, O. Kazakova, A. Tzalenchuk, and A. Patanè* 
 
Anomalous low thermal conductivity of atomically thin InSe probed by scanning 
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S1. Raman spectroscopy of InSe with different layer thickness 
 

Distinct Raman peaks can be seen in flakes with thickness ≥ 5 layers (L), corresponding 

to different vibrational modes, as sketched in the Figure. The intensity of the Raman peaks 

decreases with decreasing L. The position of some of the Raman lines is modified in few-

layer flakes (~ 5L). No clear peaks can be seen below 5 layers. 

 

 
Figure S1. Room temperature (T = 300 K) micro-Raman spectra for InSe flakes with different 
number of layers L. The top inset illustrates different Raman modes. The right insets compare 
specific Raman modes for L = 10 (blue) and 5 (red) layers. The spectra were acquired with 
laser light of wavelength λ= 532 nm and P = 0.2 mW. The positions of the Raman modes and 
their dependence on the layer thickness are similar to those reported in the literature for γ-
InSe.[54] 
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S2. Raman spectroscopy of strained InSe on SiO2 microwell 

 

Figure S2. Raman spectroscopy of a 12 nm-thick (L = 14) InSe flake that is free-standing 
over a 3 μm-wide cylindrical microwell on a SiO2 substrate. Color maps of the micro-Raman 
peak area (a and b) and peak position (b and c) for A1′(Γ1

2) and A1′(Γ1
3) vibrational modes, 

respectively. Single Raman spectra of substrate supported (e and f), microwell edge (g and h) 
and free-standing (i and j) regions of the InSe flake for A1′(Γ1

2) and A1′(Γ1
3) vibrational 

modes, respectively. Blue dots denote measured data points and red lines denote fitting 
curves. All measurements conducted at T = 300 K with λ = 532 nm, P = ~85 μW. 
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S3. Free-standing InSe on microwells with different suspended depth 
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Figure S3. SThM response of a 12 nm-thick (L = 14) InSe flake that is free-standing over 
26 different 3 μm-wide cylindrical microwells on a SiO2 substrate. Here, h is the suspended 
depth of the flake over each microwell, as sketched in Figure 4c. The solid green line shows a 
linear fit to the data. The dashed red line is the corresponding average value of the SThM 
response for the InSe flake on SiO2. 
 
S4. InSe on hBN 

 
Figure S4. AFM (a) and SThM (b) images of a 46-nm thick (L = 55 layers) InSe flake 
stamped on a 51 nm-thick (L = 153 layers) hBN flake exfoliated on a SiO2 substrate. 
(c) SThM response as a function of the InSe flake area A. The dash line is a guide to the eye. 
Similar data were obtained for InSe flakes with L ranging from 13 to 82 layers. 
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