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ABSTRACT

Atomically thin two-dimensional (2D) materials have shown great potential for applications in 

nanoscale electronic and optical devices. A fundamental property of these 2D flakes that needs to 

be well characterized is the thermal expansion coefficient (TEC), which is instrumental to the dry 

transfer process and thermal management of 2D material-based devices. Yet, most of current 

studies of 2D materials’ TEC extensively rely on simulations due to the difficulty of performing 

experimental measurements on an atomically thin, micron-sized, and optically transparent 2D 

flake. In this work, we present a three-substrate approach to characterize the TEC of monolayer 

molybdenum disulfide (MoS2) using micro-Raman spectroscopy. The temperature dependence of 

the Raman peak shift was characterized with three different substrate conditions, from which the 

in-plane TEC of monolayer MoS2 was extracted based on lattice symmetries. Independently from 

two different phonon modes of MoS2, we measured the in-plane TECs as (7.6±0.9)×10-6 1/K and 

(7.4±0.5)×10-6 1/K, respectively, which are in good agreement with previously reported values 

based on first principle calculations. Our work is not only useful for thermal mismatch reduction 

during material transfer or device operation, but provides a general experimental method that does 

not rely on simulations to study key properties of 2D materials.  
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Recent advances in atomically thin two-dimensional (2D) materials, such as graphene and 

transition-metal dichalcogenide (TMD) have attracted particular interest due to their exceptional 

properties1–5 and promising applications in nanoscale devices.6–11 It is of both fundamental and 

practical significance to understand the thermal expansion coefficient (TEC) of such materials. On 

one hand, TEC provides access to general anharmonic vibrational behavior of low-dimensional 

systems.12,13 On the other hand, it is instrumental to reducing thermal mismatch, optimizing the 

dry transfer process, and avoiding device failure during operation.14 However, direct 

measurements of the TEC of 2D materials remain limited to date for various reasons. (1) These 

atomically thin 2D materials are, more often than not, attached to thick substrates which 

unfortunately dominate the thermal expansion behavior. Even though it is possible to suspend the 

sample on microfabricated holes or slots (~10 μm2 in area), the corresponding free expansion can 

hardly be observed. (2) Most 2D materials are optically transparent, which makes it difficult to 

measure the TEC using conventional optical approaches.15 Accordingly, current understanding of 

the TEC for 2D materials relies on either pure theoretical calculations16,17 or more recently, 

combining experimental characterization (such as electron energy-loss (EEL) spectroscopy18) with 

first-principle modeling which still depends on the choice of ab initio simulation methods.12,16–18 

In addition, Bao et al. characterized the TEC of a graphene membrane using scanning electron 

microscope, which utilized graphene’s negative TEC to create a sagging membrane on a trench 

and finite element simulation to estimate the TEC of the trench.19

In this work, we propose a method that experimentally determines the TEC for 2D materials in 

which the only necessary input is the lattice symmetry group. Specifically, we use micro-Raman 

spectroscopy, which is capable of probing optical phonons at the microscale and is widely applied 
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to materials characterization and thermometry.2,20–28 Raman spectroscopy has advantages to study 

the TEC of 2D materials as it can directly measure the phonon frequency shift due to the 

perturbation of the strain field induced by thermal expansion.29 In particular, Yoon et al. reported 

the substrate effect on the phonon frequency shift of graphene and showed the coupling between 

the thermal stress and thermal expansion.30 The negative TEC of graphene was measured which 

agrees well with Bao et al.’s measurement at room temperature.30 However, Yoon et al.’s approach 

requires biaxial strain coefficient and intrinsic temperature coefficient as inputs, which necessitates 

additional experimental and theoretical efforts.30 In this work, we propose a pure experimental 

approach to measure TEC that can decouple the effect of thermal stress, in-plane thermal 

expansion and out-of-plane thermal expansion effect on the Raman peak position and does not 

require theoretically computed parameters as inputs. As an example, we demonstrated the 

capability of our method by measuring the TEC of monolayer molybdenum disulfide (MoS2). We 

chose MoS2 monolayer since it is one of the most representative TMDs3,4 which is widely used in 

nanoscale devices.6–8 Many theoretical results of MoS2 are also available to validate our 

approach.16,17 We theoretically analyzed a temperature and stress dependent Raman spectrum of 

monolayer MoS2 through the phonon deformation potential and group theory, which describes the 

effect of substrates on the supported 2D flakes. This unified theoretical framework was then used 

to decouple the thermal stress, in-plane and out-of-plane thermal expansion effect and guide the 

TEC measurement. Next, we extracted the TEC by characterizing the temperature-dependent 

Raman spectra of monolayer MoS2 flakes which were transferred onto three different substrates: 

one suspended (or supported on an “air substrate”), one on fused silica, and another on copper. 

The measured TEC using this three-substrate method shows good agreement with previous 

theoretical calculations. This work presents a simple yet purely experimental method to measure 

Page 4 of 25

ACS Paragon Plus Environment

Nano Letters

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



5

the TEC of monolayer MoS2, which can also be widely applied to study the thermophysical 

properties of many other 2D materials and thin films.  

We performed our measurements on single crystalline monolayer MoS2 which was grown using 

chemical vapor deposition (CVD). The MoS2 monolayer was characterized using optical and 

spectroscopic approaches (Section I of the Supporting Information for more details). Figure 1(a) 

shows an optical image of the MoS2 flake over the 300 nm thick thermal oxide layer. The 

monolayer nature of this flake was confirmed by atomic force microscopy (AFM) characterization, 

where the thickness was determined to be about t = 1 nm (Figure 1(b)). As shown in Figure 1(c), 

monolayer MoS2 has a hexagonal lattice structure which belongs to the D3h point group.25,31 Each 

unit cell consists of one molybdenum atom and two sulfur atoms. Consequently, monolayer MoS2 

has three Raman active optical phonon modes, i.e., ,  and  where the  mode is forbidden 𝐴′1 𝐸′ 𝐸′′ 𝐸′′

in the back-scattering configuration.32 The  mode represents the out-of-plane vibration of atoms 𝐴′1

whereas both  and  modes represent the in-plane vibrations which have two-fold degeneracies 𝐸′ 𝐸′′

(Figure 1(c)). Figure 1(d) shows a typical Raman spectrum of monolayer MoS2 at room 

temperature where the characteristic peak positions of  and  modes are at about 405 cm-1 and 𝐴′1 𝐸′

385 cm-1 respectively. According to the symmetry group of the lattice structure, the irreducible 

representation of the Raman active optical phonon modes  at the  point can be decomposed 𝛤𝑝ℎ 𝛤

as,31

𝛤𝑝ℎ = 𝐴′1 + 𝐸′. (1)
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Figure 1 (a) Optical image of a CVD grown single crystalline monolayer MoS2 flake on a 

300 nm thick oxide layer from thermal oxidation of heavily doped silicon. The silicon substrate 

underneath is 1 mm thick. The bright small triangle at the center of the flake indicates the 

multilayer region which is more reflective than the monolayer region. (b) AFM image of a 

representative monolayer MoS2 flake. Inset: The step height measurement from the monolayer to 

the substrate along the yellow line. The measurement results (t≈1 nm thickness) confirmed that 

the MoS2 flake studied in this work is a single layer. (c) Lattice structure, unit cell, and  point 𝛤

phonon modes of the monolayer MoS2. The monolayer MoS2 belongs to the D3h group. The  𝐴′1

(~405 cm-1) and  (~385 cm-1) modes were detected in the backscattering configuration. (d) 𝐸′
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Typical Raman spectrum of the monolayer MoS2 flake on the thermal oxide substrate. Schematic 

shows the corresponding vibrational modes of  and  peaks.𝐴′1 𝐸′

To understand the role of TEC in the phonon frequency shift, we performed symmetry and 

perturbation analysis on the monolayer MoS2. According to the basis functions of the D3h group 

(see character table of D3h group in Supporting Information Section II), the perturbation potential 

 under an arbitrary strain field  can be explicitly expressed as,𝑉 {𝜀𝑖𝑗}

(2)

where  and  are the symmetric second rank tensors representing the strain perturbation {𝜀𝑖𝑗} {𝑉𝑖𝑗}

and the corresponding deformation potentials, respectively.  More specifically, the  and 𝑉𝑥𝑥 + 𝑉𝑦𝑦

 terms belong to ,  and  belong to , and  and  belong to , and therefore 𝑉𝑧𝑧 𝐴′1 𝑉𝑥𝑥 ― 𝑉𝑦𝑦 𝑉𝑥𝑦 𝐸′ 𝑉𝑦𝑧 𝑉𝑧𝑥 𝐸′′

the perturbation potential  can be represented by . The shift of phonon 𝑉 𝛤𝑉 = 𝐴′1 + 𝐸′ + 𝐸′′

frequency due to the perturbation potential  is given by the matrix element,33𝑉

Δ𝜔(𝑛) =
1
ℏ〈𝛤(𝑛)|𝑉|𝛤(𝑛)〉,    𝑛 = 𝐴′1 𝑜𝑟 𝐸′ (3)

where  is the change of phonon frequency of  or  mode,  is the corresponding Δ𝜔(𝑛)  𝐴′1  𝐸′ 𝛤(𝑛)

wavefunction, and  is the reduced Planck’s constant. Plugging Eq. (2) into Eq. (3) and applying ℏ
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orthogonality relationships (i.e., calculating the direct product ),33 Eq. (3) can be further 𝛤𝑝ℎ⨂𝛤𝑉

simplified as (see Supporting Information Section II for detailed derivations),

Δ𝜔𝐴′1 = 𝑎𝐴′1(𝜀𝑥𝑥 + 𝜀𝑦𝑦) + 𝑏𝐴′1𝜀𝑧𝑧 (4)

Δ𝜔𝐸′ = 𝑎𝐸′(𝜀𝑥𝑥 + 𝜀𝑦𝑦) + 𝑏𝐸′𝜀𝑧𝑧 ± 𝑐𝐸′[(𝜀𝑥𝑥 ― 𝜀𝑦𝑦)2 + 4𝜀2
𝑥𝑦]

1
2 (5)

where   and  are the phonon deformation potential constants (PDP) of the  mode, and , 𝑎𝐴′1 𝑏𝐴′1 𝐴′1 𝑎𝐸′

 and  are the PDP of the  mode. The  shown in Eq. (5) arises from the two-fold 𝑏𝐸′ 𝑐𝐸′ 𝐸′ ±

degeneracy of the  mode. As  is related to the thermal expansion and mechanical stress 𝐸′ {𝜀𝑖𝑗}

through the constitutive relation, we can obtain the general expressions describing the temperature 

and stress dependent phonon frequency (see Eqs. S(6) and S(8) in the Supporting Information). 

Note that the above analysis is valid for most of the TMD monolayers that belong to the D3h point 

group (such as MoSe2, MoTe2, WS2 and WSe2). Additionally, for other symmetry point groups, 

this general theoretical framework still applies as we change the phonon modes and perturbation 

potential accordingly. In the thermal measurement, all of the stresses arose from thermal mismatch 

as no external mechanical forces were applied.34 Accordingly, the MoS2 flake was in a biaxial 

stress state with equal in-plane normal stress components ( ) and negligible shear 𝜎𝑥𝑥 = 𝜎𝑦𝑦 = 𝜎

stress ( ).  In addition, the normal stress component  was negligible because the top of 𝜎𝑥𝑦 ≈ 0 𝜎𝑧𝑧

the flake was free to expand along c-axis. Consequently, we obtained the phonon frequency shift 

as a function of the in-plane thermal stress  and temperature rise :𝜎 Δ𝑇

Δ𝜔(𝑛) = 𝐾(𝑛)𝜎 + 𝐴(𝑛)Δ𝑇,    𝑛 = 𝐴′1 𝑜𝑟 𝐸′ (6)
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where   is known as the biaxial stress coefficient of  or  mode, and  represents the 𝐾(𝑛) 𝐴′1 𝐸′ 𝐴(𝑛)

temperature coefficients of the corresponding modes. It can be clearly seen from Eq. (6) that the 

thermal expansion can affect the phonon frequency through both the in-plane thermal stress  and 𝜎

the temperature coefficient . In this work, we eliminated the need to know the thermal stress 𝐴(𝑛)

 or the biaxial stress coefficient  from Eq. (6) using a three-substrate method.𝜎 𝐾(𝑛)

Figure 2 shows the concept of the three-substrate method. The single crystalline monolayer MoS2 

flake was firstly transferred to a substrate consisting of 300 nm thick thermal oxide and 1 mm thick 

silicon with holes patterned in it (see Figure 2(a)). The diameter of the hole is D = 5 μm. As the 

suspended MoS2 monolayer has a very large aspect ratio (D/t≈5000), the possible compressive 

stress can be relaxed through buckling. Thus, the suspended area should be nearly free-of-stress 

(see Supporting Information Section III for detailed assessment of the stress-free condition).2,20–22 

Since this region (on the 5 μm diameter hole) is larger than the laser spot size (≈1 μm), we can 

perform the temperature-dependent Raman measurements and obtain the temperature coefficient 

. Next, monolayer MoS2 flakes were transferred onto 1 mm thick fused silica substrate 𝐴(𝑛)

(MolTech GmbH Molecular Technology) and 1 mm thick pure copper (99.999% purity, CU-M-

05-WF American Elements) wafers, respectively (Figures 2(b) and (c)). As the fused silica has 

very low TEC ( ), compressive thermal stress  was induced 𝛼𝑆𝑖𝑂2 = 0.55 × 10 ―6 1/𝐾 𝜎𝑆𝑖𝑂2 < 0

within the MoS2 flakes when temperature rose. On the other hand, the thermal mismatch due to 

the very high TEC of pure copper ( ) led to tensile stress  acting on 𝛼𝐶𝑢 = 16.5 × 10 ―6 1/𝐾 𝜎𝑐𝑢 > 0

the MoS2 flakes. Since the supporting substrates were much thicker than the MoS2 flakes, i.e., 1 

mm ≫ 1 nm, the substrates experienced free expansion with temperature rise. Note that no slip 
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between the MoS2 flakes and the substrates is expected when the strain rate was relatively low due 

to the strong van der Waals (vdW) interaction (see Supporting Information Section III for detailed 

assessment of the no-slip condition).22,35,36 The strain-stress relations of the flakes supported on 

different substrates can be expressed as

𝜀𝑆𝑖𝑂2 = 𝛼Δ𝑇 +
1 ― 𝜈

𝐸 𝜎𝑆𝑖𝑂2 = 𝛼𝑆𝑖𝑂2Δ𝑇 (7)

𝜀𝐶𝑢 = 𝛼Δ𝑇 +
1 ― 𝜈

𝐸 𝜎𝐶𝑢 = 𝛼𝐶𝑢Δ𝑇 (8)

where  and  are the in-plane thermal strain within the MoS2 flake when they were supported 𝜀𝑆𝑖𝑂2 𝜀𝐶𝑢

by fused silica and pure copper substrates respectively.  and  are the corresponding in-𝜎𝑆𝑖𝑂2 𝜎𝐶𝑢

plane thermal stress within the flake on the fused silica and pure copper substrates, which were 

induced by the thermal mismatches. , , and  represent the in-plane TEC, Young’s modulus, 𝛼 𝐸 𝜈

and Poisson ratio of the monolayer MoS2 flake, respectively. Inserting Eqs. (7) and (8) into Eq. 

(6), the effect of TEC on phonon frequency shift through thermal stresses  and  can be 𝜎𝑆𝑖𝑂2 𝜎𝐶𝑢

explicitly shown as,

Δ𝜔(𝑛)
𝑆𝑖𝑂2 = (𝐾(𝑛)(𝛼𝑆𝑖𝑂2 ― 𝛼)𝐸

1 ― 𝜈 + 𝐴(𝑛))Δ𝑇 = 𝐴(𝑛)
𝑆𝑖𝑂2Δ𝑇,    𝑛 = 𝐴′1 𝑜𝑟 𝐸′ (9)

Δ𝜔(𝑛)
𝐶𝑢 = (𝐾(𝑛)(𝛼𝐶𝑢 ― 𝛼)𝐸

1 ― 𝜈 + 𝐴(𝑛))Δ𝑇 = 𝐴(𝑛)
𝐶𝑢 Δ𝑇,    𝑛 = 𝐴′1 𝑜𝑟 𝐸′. (10)

Eqs. (9) and (10) suggest that we can relate the TEC to temperature coefficients of Raman 

measurements ( and ) and eliminate the biaxial stress coefficient . Further, for each 𝐴(𝑛)
𝑆𝑖𝑂2 𝐴(𝑛)

𝐶𝑢 𝐾(𝑛)

symmetry class, we can explicitly express α as a function of ,  and  (Supporting 𝐴(𝑛)
𝑆𝑖𝑂2 𝐴(𝑛)

𝐶𝑢 𝐴(𝑛)

Information II for detailed derivations):
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𝛼 =
(𝐴(𝑛)

𝑐𝑢 ― 𝐴(𝑛))𝛼𝑆𝑖𝑂2 ― (𝐴(𝑛)
𝑆𝑖𝑂2 ― 𝐴(𝑛))𝛼𝐶𝑢

𝐴(𝑛)
𝑐𝑢 ― 𝐴(𝑛)

𝑆𝑖𝑂2

,    𝑛 = 𝐴′1 𝑜𝑟 𝐸′. (11)

where , , and  can all be determined experimentally and   and  are the bulk 𝐴(𝑛) 𝐴(𝑛)
𝑆𝑖𝑂2 𝐴(𝑛)

𝑐𝑢 𝛼𝑆𝑖𝑂2 𝛼𝐶𝑢

properties (characterized by the substrate suppliers in this work). Eq. (11) also suggests that we 

can obtain the in-plane TEC from either the   or  mode independently. Since α determined 𝐴′1 𝐸′

from different modes should ideally be the same, this was used as a criterion to assess the 

consistency of our method. 

Figure 2 Schematics of the concept of three-substrate method for TEC characterization. (a) 

Temperature-dependent Raman measurement on monolayer MoS2 suspended over 5 μm diameter 

holes. Bottom: 100X magnification optical image of a monolayer MoS2 flake transferred onto the 

holey substrate. The dashed-circle indicates the suspended free expansion area where the 

measurement was performed. (b) Temperature-dependent Raman measurement on monolayer 

MoS2 supported by a 1 mm-thick fused silica substrate. Bottom: 100X magnification optical image 

of a monolayer MoS2 flake transferred onto the fused silica substrate. (c) Temperature-dependent 
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12

Raman measurement on monolayer MoS2 supported by a 1 mm-thick pure copper substrate. 

Bottom: 100X magnification optical image of a monolayer MoS2 flake transferred onto pure 

copper substrate. The dashed-triangle indicates the position of the flake (see Figure S1 for details).

The temperature-dependent Raman measurements were performed to characterize the temperature 

coefficients for different substrates (Supporting Information Section IV for details about the micro-

Raman system). The Raman scattering was excited by a 532 nm wavelength diode laser (05-01 

series, Cobolt). The 100X,  microscope objective (LMPlanFL N, Olympus) was used to 𝑁𝐴 = 0.8

focus the laser excitation and collect the Raman scattering. The corresponding laser spot size was 

≈1 μm. The laser power was maintained at < 0.1 mW for the suspended flakes measurement and 

at < 1 mW for the supported flakes measurements to avoid excessive laser heating. The samples 

were heated by a temperature control stage with 0.01 ℃ stability (HCP621 V, Instec). Raman peak 

positions were measured with temperature increasing from 20 ℃ to 200 ℃ for both the suspended 

and fused silica supported sample. The pure copper supported flakes were heated up to 160 ℃ to 

avoid copper oxidation. Figure 3 shows that the Raman peak positions of  and  modes vary 𝐴′1 𝐸′

with the temperature rise on different substrates. Variations of the peak position at 20 ℃ can be 

seen on different substrates which is attributed to the residual stress during sample preparation. 

However, these variations only affect the bias of the temperature dependent phonon frequency 

curve and do not change the intrinsic and substrate dependent temperature coefficients (see 

Supporting Information V for detailed explanations). The corresponding temperature coefficients 

extracted using linear fitting are listed in Table 1. The effect of thermal stress on the phonon 

frequency shift was confirmed experimentally. The temperature coefficients of the suspended 
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MoS2 flakes were   and , 𝐴𝐴′1 = ―0.0148 ± 0.0001 𝑐𝑚 ―1/𝐾 𝐴𝐸′ = ―0.0145 ± 0.0002 𝑐𝑚 ―1/𝐾

which agrees with previously reported values.20,32,37 For the  mode, the temperature coefficient 𝐴′1

changed to  when the MoS2 flakes were transferred to the fused silica ―0.0125 ± 0.0002 𝑐𝑚 ―1/𝐾

substrate (see Figures 3(a) and (b)), indicating a compressive thermal stress acting on the flakes 

according to Eqs. (6) and (9). On the pure copper substrate, however, the temperature coefficient 

became  due to the tensile thermal stress (see Eqs. (6) and (10)). ―0.0177 ± 0.0005 𝑐𝑚 ―1/𝐾

Similar trends were found for the  mode as well (Table 1). The no-slip condition mentioned 𝐸′

above was also confirmed through the temperature-dependent Raman measurements, since the 

temperature coefficient highly depends on the TEC of the substrate and no kinks were observed in 

Figure 3 (see Supporting Information Section III for detailed analysis). In addition, it is worth 

noting that the change of temperature coefficients due to the in-plane thermal stress for the  mode 𝐸′

was more significant than that for the  mode because the in-plane vibrational mode  was more 𝐴′1 𝐸′

sensitive to the in-plane perturbation than the out-of-plane vibrational mode . Using Eq. (11), 𝐴′1

the in-plane TEC of monolayer MoS2 was   determined from the  mode, (7.6 ± 0.9) × 10 ―6 1/𝐾 𝐴′1

while using  mode resulted in . The agreement between these two 𝐸′ (7.4 ± 0.5) × 10 ―6 1/𝐾

independent calculations demonstrates the consistency of the proposed method. Note that 

measurements from the  mode had smaller uncertainty because the change of temperature 𝐸′

coefficients of  mode is larger than that of  mode (Supporting Information Section VI for 𝐸′ 𝐴′1

uncertainty analysis).
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Figure 3 Temperature-dependent Raman measurements for  and  modes on different 𝐴′1 𝐸′

substrates. (a)-(c) Raman peak position of  mode as a function of temperature on (a) suspended, 𝐴′1

(b) fused silica supported and (c) pure copper supported monolayer MoS2 flakes. Inset: schematic 

of the out-of-plane  vibrational mode. Inset: 100X magnification optical images the monolayer 𝐴′1

MoS2 flakes on three corresponding substrates. Scale bars represent 5 μm. The red dots indicate 

where the laser excitation was focused. (d)-(e) Raman peak position of  mode as a function of 𝐸′

temperature on (d) suspended, (e) fused silica supported and (f) pure copper supported monolayer 

MoS2 flakes. Inset: schematic of the in-plane  vibrational mode. The y-axis error bars represent 𝐸′

random errors from multiple measurements. 

Table 1. Temperature coefficients for  and  optical phonon modes of single crystalline 𝐴′1 𝐸′

monolayer MoS2 flakes on different substrates.
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MoS2 samples  (cm-1/K)𝐴𝐴′1  (cm-1/K)𝐴𝐸′

suspended -0.0148±0.0001 -0.0145±0.0002

fused silica supported -0.0125±0.0002 -0.0098±0.0002

pure copper supported -0.0177±0.0005 -0.0207±0.0006

glass supported -0.0152±0.0004 -0.0151±0.0003

Moreover, we transferred the MoS2 flakes on a glass substrate which has the TEC ranging from 

 to ,38 very close to the TEC of monolayer MoS2 measured in this 7.5 × 10 ―6 1/𝐾 8.5 × 10 ―6 1/𝐾

work. Based on the TEC of monolayer MoS2 reported with our method, the thermal mismatch is 

minimal in this case. Therefore, we expect the temperature coefficients to be very similar to the 

one measured on the suspended flakes, which we confirmed with experimental data (row 5 of 

Table 1). This result further validates our three-substrate method (see Supporting Information 

Section VII for details of the measurement result and full analysis). We compared our 

measurement results with literature values listed in Table 2. Previous theoretical calculations used 

different density functional theory (DFT) methods such as the quasi-harmonic approximation 

(QHA) method12,16,18,39,40 and the symmetry-preserving deformations (SPD) method.17 As shown 

in Table 2, the calculated TEC varied from  to  depending on the 6.7 × 10 ―6 1/𝐾 7.3 × 10 ―6 1/𝐾

choice of computation method, which shows excellent agreement with our measurement. The 

measured TEC of MoS2 monolayer is larger than the bulk value ( ) characterized 4.9 × 10 ―6 1/𝐾

by Murray and Evans41 due to the absence of the interlayer vdW interaction, which is an agreement 

with the theoretical prediction by Gan et al.17 However, the unusually high TEC of the MoS2 

monolayer ( ) reported in Hu et al’s work18 was not observed in our measurement. 64.9 × 10 ―6 1/𝐾

Since our approach might be further extended to study the TEC of other thin films or 2D materials 
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including those belonging to D3h point group and other symmetry groups, we list experimentally 

measured temperature coefficients by other works for reference (Supporting Information Section 

VIII).

Table 2. Comparison of the in-plane TEC of monolayer MoS2 obtained from this work and 

previous literature presented data.  

References Methods TECs (10-6 1/K)

Sevik (2014)16 DFT-QHA (theoretical) 7.2

Huang et al. (2014)39 DFT-QHA (theoretical) 7.2

Gan et al. (2016)17 DFT-SPD (theoretical) 6.7

Wang et al. (2015)40 DFT-QHA (theoretical) 7.3

This work Micro-Raman (experimental) 7.6±0.9 ( ), 7.4±0.5 ( )𝐴′1 𝐸′

In summary, we proposed an experimental approach to measure the in-plane TEC of 2D materials 

and demonstrated its application by measuring the monolayer MoS2 flakes. Based on symmetry 

analysis, we showed that the TEC can affect the  point optical phonon frequency through both 𝛤

the in-plane thermal stress and temperature coefficients due to the contribution of thermal 

mismatch and free expansion, respectively. We decoupled these two effects using the three-

substrate method, where the monolayer flakes were transferred on a holey substrate, fused silica 

substrate, and pure copper substrate. Temperature-dependent Raman measurements were carried 

out on all three substrates, and the corresponding temperature coefficients for each mode were 

characterized. We extracted the in-plane TEC from two different phonon modes, i.e.,  and , 𝐴′1 𝐸′

independently and showed consistent results. The TEC that we measured in this work agrees well 
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with previously reported values obtained from theoretical or semi-experimental approaches.  We 

demonstrated a useful method for thermal mismatch analysis of MoS2 based devices. More 

specifically, our procedure involves: (1) deriving the temperature and stress dependent phonon 

frequency based on crystal symmetry; (2) obtaining the expression for the TEC of 2D flakes with 

three carefully chosen substrates; (3) performing temperature-dependent Raman measurement on 

the three substrates to solve for the coefficients. This is a general framework for TEC measurement 

that can be applied to many other 2D materials or thin films.
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