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Temperature and Strain Effects in Micro-Raman Thermometry for 
Measuring In-Plane Thermal Conductivity of Thin Films
Shouyuan Huang#, Yijie Chen#, Zhe Luo*, and Xianfan Xu

School of Mechanical Engineering and Birck Nanotechnology Center, Purdue University, West Lafayette, Indiana, USA

ABSTRACT
Micro-Raman thermometry is an effective method for measuring thermal 
conductivity of thin films. It features noncontact and nondestructive probing 
and convenience of sample preparation. However, there is a concern of its 
accuracy when using the Raman peak shift as the temperature transducer 
since it responds to both temperature and strain upon optical heating. In this 
work, a series of detailed experiments are carried out to evaluate contribu
tions to Raman signals from temperature only vs. from thermomechanical 
strain. It is shown that using proper calibration, contributions to Raman 
signals from temperature only and from thermomechanical strain can be 
decoupled and thermal conductivity can be evaluated correctly. These pro
cedures are then applied to bismuth telluride thin films to illustrate measure
ment of thin film thermal conductivity.
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Introduction

Raman scattering in solids reflects the information of certain phonon modes and can be calibrated as 
optical thermometry [1]. Since the laser used in Raman scattering can also serve as an optical heat 
source, the resulting temperature rise vs. Raman scattering can be used as a temperature transducer 
and the thermal conductivity can hence be extracted from heat conduction modeling. Contactless 
thermal conductivity measurement using micro-Raman thermometry was first demonstrated in 1999 
[2, 3]. The in-plane thermal conductivity measurement of graphene [4, 5] reintroduced the micro- 
Raman technique to the thermophysical community, along with the flourish of thermal transport 
studies in 2D materials and nanometer-thin films in the last decades. The micro–Raman technique was 
then applied to the measurements of numerous thin films such as transition metal dichalcogenides 
[6–8], hexagonal BN [9], bismuth [10], aluminum oxide [10], black phosphorus [11, 12], tetradymites 
[13, 14], 2D-tellurium [15], and 2D ferromagnetic materials [16], owing to the particular advantage in 
measuring the in-plane thermal conductivity of nanometer-thin films. Since no additional tempera
ture transducer is needed in this contactless method, the loss of resolution due to shunting of heat flow 
is avoided. The convenience of sample preparation is another advantage over the well-accepted 
electrothermal microbridge method [17, 18]. The capability of the micro–Raman method can also 
be expanded to transient measurements using ultrafast laser spectroscopy and to probe more detailed 
transport properties [19–25]. However, precautions are needed to perform reliable in-plane thermal 
conductivity measurements when using the micro-Raman technique. One example is that none
quilibrium phonons may exist even in steady-state measurement [26, 27], and Raman scattering 
with these modes should not be directly used as the temperature transducer. The temperature and 
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strain effects during the in-plane thermal conductivity measurement using the Raman method are 
another concern, and are the major focus of this work.

In micro-Raman measurements, it is a common practice to use the temperature-dependent Raman 
peak shift, i.e. the shift of the lattice vibrational frequency, as the temperature transducer. Due to the 
anharmonicity of the interatomic potential, the frequency shift responds to both temperature and 
strain in two ways [28]: The elongated atomic bonds are softened, resulting in a redshift of Raman 
peak responding to either mechanical stress or thermal expansion. Also, phonon–phonon interactions 
also contribute to the frequency shift (a pure temperature contribution, sometimes called the explicit 
contribution [28]), namely, the interatomic potential can be tailored by lattice vibrational energy 
changes, arising from the altered phonon population per Bose–Einstein distribution at varying 
temperatures. This combined effect has been applied to map the temperature and strain distribution 
in, e.g., power electronic or piezoelectric devices directly and simultaneously [29–31]. On the other 
hand, this temperature and strain complexity leads to concerns on the accuracy of the Raman- 
temperature transducer. This will be described with a brief review of the operation procedure for 
thermal conductivity measurement as follows. The sample is first placed in a thermal bath at varied 
temperatures and its Raman shift is monitored, with minimal laser incident power to reduce optical 
heating. The Raman shift vs. bath temperature is then fitted using a linear function and the fitted slope 
is calibrated as the Raman-temperature coefficient χT ¼ dω=dT. During thermal conductivity mea
surement, the laser heats the center of the suspended sample, and the Raman signal/shift is collected to 
indicate the temperature of the laser heated spot using the calibrated Raman-temperature coefficient. 
Thermal conductivity is then extracted using heat conduction modeling. Detailed procedures can be 
found in earlier works [10, 11, 13]. Here, it is important to understand that the temperature coefficient 
may vary for the sample at different mechanical states, i.e., when the sample is suspended or supported 
on a substrate. Furthermore, even if the temperature calibration and the thermal conductivity 
measurement are performed with the laser focused at the same spot of the suspended region (Figure 
1a), there is still a question if this “suspended Raman temperature coefficient” obtained when the 
entire sample is uniformly heated in the thermal bath during calibration, can be used when locally 
heated during the thermal conductivity measurement, since the strain distribution in these two cases 
can be different.

In this work, we study the in-plane thermal conductivity measurement using a well-studied 
material, exfoliated thin–film Bi2Te3 [32–38] as an example to evaluate the temperature and strain 
effects in micro-Raman thermometry using a series of thermal and mechanical calibrations. We found 
that the measured Raman shift can be simply expressed as the linear summation of pure-temperature 
and thermomechanical contribution, and the higher-order terms are confirmed negligible within the 

Figure 1. Optothermal micro-Raman measurement of thin film in-plane thermal conductivity (a) Schematic of laser focusing at the 
center of the suspended thin film sample, locally heating inducing Raman scattering as temperature transducer, also resulting in 
local thermal expansion. (b) Raman shift (Eg

2 mode selected as Raman transducer) vs. incident laser power of a 16-nm thin film Bi2 

Te3. Inset: atomic force microscope image of the Bi2Te3 film.
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range of uncertainty. Lastly, we present the in-plane thermal conductivity measurement of Bi2Te3 thin 
films. The results address the temperature vs. strain effects and validate the operation procedure of 
micro-Raman technique for in-plane thermal conductivity measurement.

Experiment results and discussion

Bi2Te3 thin films are tape–exfoliated from the bulk crystals grown using the Bridgman method [39]. 
For thermal conductivity measurement, the thin film is suspended on holey SiN membranes using the 
PVA/PMMA wet transfer technique [11, 13, 40–42]. The micro-Raman measurement is performed at 
room temperature in a nitrogen environment. A 633-nm He-Ne laser with controlled incident power 
is focused (Olympus MPLN 100×, NA = 0.90) at the center of the suspended region. The laser heating 
locally elevates the temperature and the heat is mostly dissipated in-plane toward the SiN heat sink, 
creating a temperature gradient as shown in Figure 1a. The Raman spectra is obtained using 
a spectrometer with groove density of 1800 mm−1 giving a spectral resolution of 0.27 cm−1. The 
Raman peak of Eg

2 mode is selected as the temperature transducer due to the higher sensitivity (large 
Raman-temperature coefficient). Its dependence on the incident power is plotted in Figure 1b and can 
be linearly fitted with R2 > 0.99. Presuming that the Eg

2 mode Raman peak serves as a temperature 
transducer, Figure 1b can be interpreted into a relation of local temperature rise vs. laser heating. 
Subsequently, the in-plane thermal conductivity of the thin film can be extracted from a heat con
duction model. Temperature rise due to the minimal laser can be quantified using the calibrated 
Raman temperature transducer (showed below), and in our case is less than 1 K.

Now we address the validity of the Raman-temperature calibration for the mechanical condition of 
suspended film. We consider a general case of Raman shift with coexisting temperature rise and 
mechanical strain. In the following discussion on Raman coefficients, we use ς for the material 
properties in theory, and χ for the experimental measurables. The total Raman shift Δω can be written 
as in Equation (1). ςT is the pure temperature coefficient or the Raman-temperature coefficient with 
lattice constants fixed with respect to the value at room temperature, referred to as “strain free,” and ςε 
is the Raman-strain coefficient for uniaxial strain; and α is the thermal expansion coefficient. σi is the 
mechanical stress applied in the i-axis, and E is Young’s modulus, and ν is the Poisson ratio. The first 
term on the right-hand side is the Raman shift of pure temperature contribution (only due to the 
phonon–phonon interactions). The parentheses summarize the total (hydrodynamic) strain. The first 
term in the parentheses is the Raman shift due to thermal expansion, and the second term is the 
response to the normal mechanical strains. The last term represents the higher-order and covariant 
terms, which are expected to be negligible for small perturbations. We will also empirically show that it 
is indeed negligible. 

Δω ¼ ςTΔT þ ςε
P

i
αiΔT þ σi

1� νð Þ

E

� �
þ o T; εð Þ (1) 

The thermal expansion coefficient of SiN (3.3 × 10−6 K−1) is smaller than that of most of the thin- 
film materials (including bulk Bi2Te3 ~ 1.5 × 10−5 K−1 [36, 43]), thus the suspended films experience 
compression during both the uniform heating (calibration) and local heating cases. It is likely that the 
mechanical stress in suspended nanometer–thin films to be released due to buckling due to the large 
aspect ratio of thickness (tens of nm) and lateral size (several μm). The critical buckling strain of 
circular suspended films can be estimated using the Euler’s stability formula of drum surfaces in 
Equation (2) [44], where ν is the Poisson ratio of the suspended film (~0.2 for Bi2Te3), t is the 
thickness, and R is the radius of the circular suspension region. Taking the Bi2Te3 thin films reported 
in this work (6–30 nm) as an example, the critical buckling strain is estimated to be ~2 × 10−6– 
5 × 10−5, corresponding to the thermal expansion from a temperature rise of 0.15-4 K. Hence the 
suspended thin film samples achieve stress-free during the optothermal Raman tests with a typical 
temperature rise of tens of Kelvins in the experiments. 
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εc ¼
2:162

12 1� ν2ð Þ
t
R

� �2 (2) 

In this suspension and buckling scenario, Equation (1) can be simplified to Equation (3), describing 
the free thermal expansion. It is worth noticing that this reorganizing of terms introduces another 
Raman-temperature coefficient at the stress-free condition χT;σ¼0 shown in Equation (3) which is 
defined by the material properties ςT , ςε, and α. The definition of χT;σ¼0 is hence not specified to the 
detailed strain distribution, but is applicable as long as the film is stress-free. The Raman-temperature 
coefficient calibrated at the center of the suspension region χT is in essence the stress-free Raman 
temperature coefficient defined here. 

Δω ¼ ςT þ 2ςεαð ÞΔT ¼ χT;σ¼0ΔT (3) 

Next, we confirm the linearity and decoupling of the Raman coefficients before the suspended χT 
can be confidently used in the thermal conductivity measurement. We present below a systematic 
series of calibrations to show that the Raman responses of temperature and strain are linear and the o 
(T, ε) terms in Equation (1) are negligible within the range during the thermal conductivity measure
ment. This series of studies consists of temperature calibration of thin-film samples supported on three 
different types of substrates, and a calibration using a mechanical bending test at room temperature.

Thin films are transferred onto fused silica, silicon, and sapphire substrates to perform the Raman- 
temperature calibration. The PDMS stamping method was used to peel and transfer the films from one 
substrate to another to maximize the consistency of the sample used. For each case, a few samples 
ranging from 10 to 30 nm are examined to account for the uncertainties due to sample-to-sample 
variation. The Raman thermometry is conducted for the samples immerged in a nitrogen environment 
and a thermal bath of temperature ranging from room temperature to ~100°C, and one typical set of 
results are summarized in Figure 2. Figure 2a shows the peak shift of the Eg

2 mode of which is selected 
to be the temperature coefficient. The Raman shift vs. bath temperature of the thin film supported on 
fused silica, silicon, and sapphire substrates are plotted and linear fitted in Figure 2b–d respectively. 
The Raman-temperature relations are all linear with R2 > 0.98. It is seen that the (absolution value of) 
the Raman-temperature coefficients increase with the thermal expansion coefficients of the substrates. 
The thermal expansion coefficients (provided by the vendors) and the corresponding Raman- 
temperature coefficients are summarized in Table 1.

Raman measurements when Bi2Te3 thin films supported on Si substrates are subject to mechanical 
uniaxial bending are performed using a home-made bending tool, as shown in Figure 3a. The strain is 
controlled using a pair of micrometers. The tensile strain on the top surface of the Si wafer 
(t = 525 μm) can be calculated using the beam equation Equation (4) [45], where dz is the deflection 
of the plate in the vertical direction, t is the wafer thickness, and a and L are the dimensions (nearest 
and farthest points) of the contact points of the bending tool. The Raman spectra of the Bi2Te3 thin 
film at given calculated tensile strain are shown in Figure 3b. We again select the Eg

2 mode of Bi2Te3 as 
its Raman strain transducer, and the Eg

2 mode Raman shift are fitted and plotted against the applied 
mechanical strain calculated from the micrometer readings as shown in Figure 3c. The linearity of 
Raman shift vs. strain relation, as shown in Figure 3c, leads to a constant Grüneisen parameter γ 
(Equation (5), ςε ¼ γω0) which is a signature of the no-slip condition during the mechanical bending 
tests [46]. According to Equation (1), the Raman strain coefficient obtained from the uniaxial bending 
test is χε ¼ 1 � νSið Þςε. Using the Poisson ratio of silicon (νSi = 0.25) and the averaged slope in the 
uniaxial bending tests, the Raman-strain coefficient ςε is extracted to be −4.324 cm−1/%. It is also 
confirmed that the no-slip interface condition by strain cycling that the Raman shift followed the same 
line as the tensile strain is released. We would also want to point out that there is no slip at the 
heterointerface of supported samples and the substrates during the temperature calibrations because 
the maximum strain applied in the bending test is greater than the differences of thermal expansion 
between sample and substrate. Furthermore, the Raman response of silicon is examined to verify the 
correctness of the applied strain. In Figure 3d, the uniaxial strains of the Si top surface calculated using 
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Equation (4) and the micrometer readings are compared with those extracted from the Raman shift. 
The strains obtained from the two methods can be linearly fitted with a < 7% discrepancy between 
their slopes. The Raman responses of Bi2Te3 and Si are also plotted in Figure 3d and fall on one line. 
We hence validate that the strain is correctly applied to thin-film samples. 

ε ¼ 3dzt
a 3L� 4að Þ (4) 

γ ¼ � V
ω0

@ω0
@V ¼ �

Δω0
εnω0
¼ � Δω0

εk 1� νSið Þω0
(5) 

Now we summarize the calibration data described above to show that the Raman responses to 
temperature and strain can be expressed as a linear combination, and the higher-order and covariance 
terms can be safely neglected during the thermal conductivity measurement. During the temperature 
rise in the thermal bath, the thin film samples experience isotropic strain according to the thermal 
expansion of the substrates. The Raman shift of the supported thin film on a certain substrate 
(subscript “s”) and the corresponding temperature coefficient χT;s can thus be written as Equation 6 
(a,b), which is a generalization of Equation (3). Performing the temperature calibration of the thin 

Figure 2. Raman thermometry: temperature calibration of Bi2Te3 thin film supported on varied substrates (a) Raman spectra of Bi2Te3 

thin film under different temperature supported on fused silica. (b, c, d) Raman shift of Eg
2 mode vs. bath temperature of a 14-nm Bi2 

Te3 film on (b) fused silica (c) silicon and of a 11-nm Bi2Te3 film on (d) sapphire. Insets: atomic force microscope images of the Bi2Te3 

films.

Table 1. Thermal expansion coefficients and Raman-temperature 
coefficients of Bi2Te3 thin film supported on substrates.

α (×10−6 K−1) χT,s (cm−1/K)

Fused silica 0.55 −0.0110
Silicon (100) 2.6 −0.0136
Sapphire (0001) 6.95 −0.0170
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films on substrates with different thermal expansion coefficients provides additional data points and 
improves the fidelity of the strain-temperature decoupling. In Figure 4, we summarize the Raman- 
temperature coefficient obtained from samples supported on fused silica, silicon, and sapphire. The 
error bars represent the uncertainties due to sample-to-sample variation when multiple samples 
(ranging from 10 to 30 nm) were used. The fitted slope is very close to the Raman-(hydro)strain 
coefficient 2ςε (the factor of 2 comes from biaxial thermal expansion) as we suggested in Equation (3). 
Here we plot the (red dashed) fitting line with the slope prescribed as 2ςε, and the temperature 

Figure 3. Raman response to uniaxial strain (a) Four-point bended thin film samples measured by Raman spectroscopy. (b) Raman 
spectra of Bi2Te3 thin film under different temperatures supported on Si substrate. (c) Raman shift of Eg

2 mode of Bi2Te3 thin film vs. 
mechanical uniaxial strain. Inset: atomic force microscope image of the Bi2Te3 thin film. (d) The strain calculated from the micrometer 
and the strain extracted from Raman shift of silicon of the data points. inset: Eg

2 mode Raman shift of the Bi2Te3 thin film vs. the 
corresponding Raman shift of silicon.

Figure 4. Summary of the Raman-temperature coefficient calibrated on substrates with different thermal expansion coefficients 
(blue circles) and fitted by the slope of Raman-(hydro) strain coefficient of 2ςε= −8.648 cm−1%−1. Inset: Raman shift of E2g mode vs. 
bath temperature of suspended Bi2Te3 thin film (temperature coefficient included in the main figure as the green triangle).
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calibration results fall on this fitting line within the uncertainties. The temperature and strain 
calibration results in Figure 4 hence show high fidelity of the superposition of the temperature and 
the strain effects, and the negligible higher-order/covariance terms within the experimental uncer
tainty. The result of calibration of a suspended film (Figure 4 inset) is also included in Figure 4 as the 
green triangle. The fact that the green triangle falls on the line indicates that expansion of the film is 
determined by the its own thermal expansion, hence it is buckled to release stress. It is found that both 
thermal expansion determined by the substrate and intrinsic phonon–phonon interactions of the film 
contribute a significant percentage to the temperature-dependent Raman shift. The Raman tempera
ture coefficients obtained from different substrates can vary by more than 50% from −0.011 cm−1/K to 
−0.017 cm−1/K, depending on thermal expansion of the substrate. On the other hand, the temperature 
calibration at the buckled suspended region associates neither with external material properties nor 
the local strain distribution. Hence in the thermal conductivity measurement, it is critical to use the 
temperature coefficient calibrated for the suspended film as the thermal transducer. The Raman- 
temperature coefficient of the suspended film can also be used to extract the thermal expansion 
coefficient of the thin film [47]. 

Δω ¼ ςT;ε¼0 þ 2αsςε
� �

ΔT (6a) 

χT;s ¼ ςT þ 2αsςε ¼ ςT þ
2αsχε
1� νSi

(6a) 

Based on the above discussions, the temperature calibration results χT;σ¼0 at the center of the 
suspended region can be confidently used as the temperature transducer. We perform and analyze 
measurements for in–plane thermal conductivity of Bi2Te3 thin film ranging from 10-30 nm. Both the 
temperature calibration and the thermal conductivity measurement (Raman shift vs. laser heating, e.g. 
Figure 1b) are performed with the laser focused at the center of the suspended region. Optical 
absorptivity is obtained from reflection/transmission measurements. A numerical heat conduction 
model is subsequently used to extract the in-plane thermal conductivity [10, 11, 13]. The extracted 
thermal conductivities are plotted in Figure 5. A clear reduction of thermal conductivity from a near 
bulk value of ~3.5 W/mK [35] is observed for films below 20 nm, to as low as ~2.5 W/mK for ~10-nm 
samples. This is mainly attributed to the boundary scattering of the phonons due to boundary 
scattering [32, 34, 48]. Here we fit the thickness-dependent thermal conductivities considering the 
classical size effect using a simple equation κ ¼ t

tþλð Þ
κb [49], while detailed calculations of thermal 

conductivity with size effect are outside the scope of this work. The phonon mean-free-path λ is fitted 
to be about 6 nm and the bulk thermal conductivity κb is fitted to about 3.6 W/mK.

Figure 5. In plane thermal conductivity results of Bi2Te3 thin films at varied thickness, fitted considering classical size effect with 
a mean-free-path of 6 nm.
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To conclude, we used a series of testing and calibration procedures to study the complex tempera
ture vs. strain response during optothermal micro-Raman measurements of in-plane thermal con
ductivity of thin films. These studies showed the Raman response to temperature and 
thermomechanical strains are both linear and can are superimposed. The stress-free Raman tempera
ture coefficient can be defined which is not specific to detailed strain distribution. The results justified 
the Raman temperature coefficient obtained at the center of a suspended thin film as a valid tempera
ture transducer for thin films with tens of nanometer thickness that experience buckling. On the other 
hand, our studies showed that the calibration performed on supported samples would fail to serve this 
purpose due to the thermal expansion of the substrate. We measured the thermal conductivity of Bi2 
Te3 thin films, and the results showed strong suppression of thermal conductivity due to boundary 
scattering when the thickness was reduced.
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