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a b s t r a c t 

Raman-based thermal characterization is regarded as an invaluable tool in micro/nanoscale heat trans- 

fer research, offering exceptional contrast in conjunction with high specificity of noncontact and ma- 

terial specific temperature measurement compared with competing thermometry techniques at the 

micro/nanoscale. It has been extensively used to determine the thermophysical properties of mi- 

cro/nanoscale materials. However, for commonly used steady state Raman methods, as two concluded 

main factors, the temperature coefficients of Raman properties and heating level (or optical absorption) 

will affect the accuracy of resulting temperature and thermal properties. In this review, we critically dis- 

cuss the mechanism of Raman spectrum response to temperature and possible error factors in calibration 

and measurement. In addition, the influence of measurement setup is discussed, and possible technical 

solutions for improving the measurement accuracy are reviewed. Among noble developments in Raman- 

based thermal characterizations, the transient heat transfer analysis has been coupled to advances in 

noncontact Raman-based thermal measurement. By enhancing the temporal and spatial resolution in ex- 

isting technical conditions, more efficient and accurate transient thermal properties measurement can be 

realized. Particular attention is paid to the so-called resolved Raman techniques for simultaneous mea- 

surement of multiple thermal properties at the micro/nanoscale. In particular, we critically review how 

these tools can reveal new insights into the complex energy transport processes in 2D semiconductors, 

which have been impossible to tackle using traditional tools. Considering its precision and sensitivity, 

there is still a large room for development of Raman techniques for the investigation of complex and 

coupled heat transfer process in low dimensions and new materials. 

© 2020 Elsevier Ltd. All rights reserved. 
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. Introduction 

.1. Raman spectroscopy background and mechanism 

When light irradiates a substance, scatterings will occur. In ad-

ition to Rayleigh scatterings (the elastic component) that have

he exact same wavelength of the excitation light, there are other

omponents which have longer or shorter wavelengths than that

f the excitation light [ 1 , 2 ]. The latter phenomenon was first ob-

erved by CV Raman and is thus termed as Raman scattering. Ra-

an scattering is an inelastic scattering between incident photons

nd molecules or lattices in materials [3] . The scattering mecha-
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ism is shown in Fig. 1 . When the incident light comes in at a

ertain frequency, molecules in the substance absorb some pho-

ons, jump to higher virtual states, then transit to different energy

tates, and release the rest energy to surroundings [4] . There are

wo types of Raman scatterings. The scattered photons that have

 lower frequency than the incident one are called Stokes scatter-

ng. Anti-stokes scatterings have a higher frequency than the inci-

ent light [5] . For the factor that the density of the ground state is

igher than that of excited states, the strength of Stokes scattering

sually is much stronger than that of anti-Stokes scattering. 

Since Raman scatterings are generated in the collision between

ncident photons and phonons in materials, the change of the

requency, termed Raman shift/frequency/wavenumber in Raman 

pectrum, is given as the characteristics of materials [6] . The vi-

ration of different kinds of atomic groups is matchless. For a spe-

ific atomic group, the frequency of the scattered light is unique.

urthermore, the Raman shift of Raman peaks is mainly related
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Fig. 1. The mechanism of Stokes and anti-Stokes scatterings. 
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to the internal structure and functional groups in tested materi-

als at room temperature, no matter what the wavelength of the

excited laser is. Thus, the resulting Raman spectrum is also called

“fingerprint spectrum”, and the molecules of the constituent sub-

stances can be identified according to their unique Raman shifts.

Though the Raman scattering signal is much weaker compared

with Rayleigh scattering, which is blocked in the optical system, it

has a pretty good signal-noise ratio if the integration time is long

enough for scattering accumulation in the detector. 

1.2. Raman thermometry 

Peaks in a Raman spectrum can characterize lots of features of

materials of interests [7] . To be specific, Raman shift could be used

to determine the composition of materials, the linewidth of Raman

peaks illustrates the lifetime of phonons in materials, and the in-

tensity of Raman peak depends on the population of phonons in

materials. Along the advancement of Raman spectroscopy appli-

cations, it is found that Raman scattering cannot only be used to

characterize chemical structures, but is also related to macroscale

physical properties, such as the temperature, stress, and grain size

of materials. From the classic physical perspective, when the inci-

dent light irradiates the Raman-active bonds, the electromagnetic

field of the light will alter its electric dipole oscillation, and the

electric dipole moment depends on the electric field intensity of

the incident light and its own polarizability. The change in temper-

ature varies the polarizability, which in turn affects the generation

of Raman signals. According to this, temperature probing and heat-

transfer analysis can be realized based on Raman signals. Thus, us-

ing the intrinsic properties of Raman peaks (intensity, linewidth

and Raman shift) and corresponding heat transfer models, temper-

ature and thermophysical properties could be determined. 

Raman thermometry has very unique advantages of non-

contact and micro/nanoscale accessibility in temperature measure-

ment and thermal probing than traditional methods, especially at

the micro/nanoscale [5] . In commonly used contact-mode temper-

ature probing methods, like thermocouples and thermal resistors,

a temperature probe is needed to attach to the sample’s surface,

and the temperature is then measured based on the voltages over

the resistors. Thermal paste is needed to ensure a good contact

between the probe and the sample surface, but it will inevitably

cause contamination or damage to the sample to a certain ex-

tent [8] . Noncontact optical temperature measurements are prefer-

able and have broader application prospects. On the other hand,

as the Micro-Electromechanical Systems (MEMS) continuously ad-

vance, the scale of critical temperature distribution is continuously

decreasing in micro devices as well as temperature measurement.
he scales are too small for the conventional thermal measurement

ethods to get access for precise and specific temperature mea-

urement. This is particularly true for nanomaterials, such as 2D

aterials. Alternatively, the excitation laser in the Raman system

an be focused to a very small spot with sub-micron size ( ∼500

m under 100 × objective [9] ) and thus achieves temperature prob-

ng at a very small scale. Besides, one critically important feature

f Raman-based temperature probing is material-specific, mean-

ng it does not only measure temperatures, but also tells whose

emperature it is based on the material-specific Raman spectrum

 8 , 10 , 11 ]. 

Therefore, Raman-based thermometry has wide applications as

n effective temperature-probing method at micro/nanoscale scale.

ecently, numbers of novel Raman-based temperature measure-

ent techniques have been developed to meet new demands of

he thermal measurement of new nanomaterials and structures. A

ew concept of laser flash-Raman spectroscopy method was first

roposed in July 2014 for conveniently investigating the transient

eat transfer process in suspended 2D materials and measuring

ts thermal diffusivity [12] . The method was developed and val-

dated in the same year for thermal properties measurement of

icro/nano wires based on steady state and transient response of

aman spectroscopy [13] . In 2015, the time-domain differential Ra-

an method [14] and frequency-resolved Raman method [15] were

stablished in February and October, respectively, for 1D structure

hermal characterization. These two methods eliminated the tem-

erature coefficients calibration of Raman properties and optical

roperties requirement in data processing. Besides, in the same

ime, the laser flash-Raman spectroscopy method was further de-

eloped for supported 2D materials measurement [16] . In 2017, a

ignificant advancement in Raman thermometry was energy trans-

ort state-resolved Raman (ET-Raman) with an emphasis on inter-

ace energy transport and the hot carrier diffusion measurement

17-21] . This is, for the first time, hot carriers were studied us-

ng Raman spectroscopy and the time resolution was pushed to

icoseconds. Based on ET-Raman, frequency-domain energy trans-

ort state-resolved Raman (FET-Raman) was developed in 2018 to

argely improve the measurement precision [22] . At the same time,

long with the development of 2D van der Waals heterostructures,

 variable-spot-size laser flash Raman spectroscopy method devel-

ped in 2018 enabled thermal and optical measurement of sup-

orted 2D van der Waals heterostructures [23] . Aiming to resolve

he modulation limit of the heating laser, a dual-wavelength laser

ash Raman spectroscopy method has been proposed in 2018 to

ombine a picosecond laser with the heating laser to realize high

emporal resolution for transient thermal measurement [24] . This

ethod was extended to map anisotropic thermal properties of

aterials in 2019 [25] . 

Our goal of this review is to provide in-depth comments and

iscussion on diverse advanced Raman techniques for characteriz-

ng heat transfer process in micro/nanomaterials, especially focus

n 2D atomic layer materials [26] . Pervious research has shown

reat achievement in measurement of thermal properties using Ra-

an techniques. However, take few-layered MoS 2 as an example,

or the same material, the value of measured thermal conductiv-

ty ranges from 15 W/(m 

•K) to 100 W/(m 

•K) [27-31] . This unex-

ected fact may be raised either by the difference in the intrinsic

tructure of the tested sample from one to another, or by the in-

eraction of the sample at the interface with substrates when it is

upported. Additionally, a preferred reason in this perspective is er-

ors in measurement. Therefore, in this review, some focus is given

n the physical mechanism of different Raman techniques, possible

ources of measurement errors, and advanced measures to reduce

r avoid the errors. Section 2 comprehensively introduces the tem-

erature responses of materials in Raman spectrums, the unique

dvantages of Raman temperature measurement, and the develop-
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ent of high spatial resolution Raman measurement. The critical

actors of Raman temperature measurement and the temperature

oefficient calibration are also discussed in Section 2 . The steady-

tate Raman-based characterization and the corresponding heating

evel evaluation are discussed in Section 3 . In Section 4 , new ad-

ancement is reviewed in temporal Raman-based characterization.

ection 5 introduces the recent new applications of the combina-

ion of steady-state and ultrafast Raman spectrum in complex heat

ransfer process investigations. Finally, a summary in the accom-

lishment and future work is given in Section 6 . 

. Raman-based Temperature Measurement: Principle, Feature 

nd Uncertainties 

.1. Temperature response of Raman properties: accuracies and errors 

In a Raman spectrum, all properties of Raman peaks (intensity,

aman shift, and linewidth) are observed in response to temper-

ture variations [ 8 , 32 , 33 ]. They are tightly related to the intrinsic

olecular structure, which is directly affected by temperature, so

hey can be used as temperature indicators for temperature prob-

ng. Generally, when temperature rises, the Stokes Raman shift of

 feature peak is red-shifting, the linewidth is broadening, and the

eak intensity is decreasing. When the temperature variation range

s not very large (e.g. ∼100 °C), the change of the Raman shift,

inewidth, and intensity of Raman peaks shows a linear relation

gainst temperature, so this relation could be utilized to quickly

etermine the temperature of tested samples. 

.1.1. Raman shift-based temperature measurement 

The Raman shift of feature peaks originates from dipoles in

hemical structures in lattice of materials. Since the lattice spacing

ill vary with temperature variation, the shift of Raman scatter-

ngs shifts against temperature. For most materials, Raman shifts

f feature peaks will shift to a lower value when temperature goes

igher. Both Stokes and anti-Stokes signals will shift simultane-

usly, however, the former one is much stronger and is more easily

ecognized as a steady and accurate signal for temperature mea-

urement. Variation of Stokes signal shift by temperature can be

xpressed using the following equation [34] . 

 ( T ) = ω 0 + A 

(
1 + 

2 

e 
h ω 0 

4 πkT − 1 

)
+ B 

( 

1 + 

3 

e 
h ω 0 

4 πkT − 1 

+ 

3 

( e 
h ω 0 

4 πkT − 1) 
2 

(1) 

here ω is the shift/frequency of a specific Raman peak, h the

lanck constant, k the Boltzmann constant, and T the absolute

emperature of the sample. ω 0 is the Raman frequency at room

emperature, and A and B are constants specific to materials. The

hift of Raman peaks is sensitive to temperature variation and

asy to observe and define in the spectrum. It is the most widely-

sed property for Raman-based temperature measurement. How-

ver, temperature gradient-induced stress in materials will shift

he Raman frequency (discussed later in this section) and con-

equently affect the accuracy of the results in Raman shift-based

emperature measurement. When the temperature rise is not very

igh, the stress effect will be very weak and could be neglected.

he Raman shift could still be an accurate temperature probe. 

.1.2. Raman linewidth-based temperature measurement 

Another intrinsic property of a Raman peak is its linewidth. It

epends on the lifetime of optical phonons in the process of Ra-

an signals generation. When temperature changes, the lifetime

f phonons changes and the linewidth of the Raman peak is con-

equently changed. Generally, the linewidth of Raman peaks broad-

ns when temperature rises. The relation between temperature
nd linewidth can be mathematically depicted as [34] . 

( T ) = C 

(
1 + 

2 

e 
h ω 0 

4 πkT − 1 

)
+ D 

( 

1 + 

3 

e 
h ω 0 

4 πkT − 1 

+ 

3 

( e 
h ω 0 

4 πkT − 1) 
2 

) 

. 

(2) 

Γ is the Raman peak linewidth. Analogously to Eq. (1) , C and D

re the constants depending on materials. However, the linewidth

s less used for temperature determination in the practical ther-

al measurement due to its less sensitivity to temperature. Ob-

aining the good linewidth information requires a sound Raman

ignal. Otherwise a large error may be induced in the measured

emperature. Contrast to the shift of Raman peaks, the linewidth is

east affected by stress, and could be used as an alternative tem-

erature probe when large stress exists in materials. 

.1.3. Intensity-based temperature measurement 

Raman scatterings originate from the inelastic scattering of

hoton-atom collision. At different temperatures, the density of

toms in diverse excited states is different, so the measured Ra-

an intensity changes with temperature under the same incident

ight source and the same acquisition time. Because of the differ-

nce in the mechanism of Stokes and anti-Stokes scattering, the

wo tend to have opposite trends in intensity change along tem-

erature change. Under the same excitation and integration condi-

ions, the Stokes peak intensity decreases as temperature increases

hile the anti-Stokes peak intensity increases. Take silicon as an

xample, the ratio of the two scatterings has the expression as

q. (3) [34] . 

I s 

I as 
= 

αi + αas 

αi + αas 

(
ω i − ω R 

ω i + ω R 

)4 

exp 

(
h ω R 

2 πkT 

)
, (3) 

here αi , αs , αas are the absorbance of the material at the inci-

ent light frequency, the Stokes frequency and the anti-Stokes fre-

uency, respectively. ω R is the frequency of the Raman peak; ω i 

s the incident light frequency. From Eq. (3) , it is clear that the

atio of the Stokes scattering intensity to anti-Stokes scattering is

 function of the absolute temperature in the unit of K. This fea-

ure can be directly used for temperature determination. However,

or many commercial Raman spectroscopies, anti-Stocks scatterings

ould not be measured simultaneously with the Stocks scatterings,

s its frequency is higher than the incident laser and is out of the

vailable range of Raman systems. Also, anti-Stocks scatterings are

uch weaker than Stocks scatterings, which reduces the accuracy

f the intensity-ratio based method in practical temperature mea-

urement. Instead, the intensity of Stocks scattering is often used

ndividually for temperature measurement. 

.2. Material specific temperature measurement: the great feature of 

aman 

Generally speaking, all structure related spectroscopy tech-

iques could be applied to measure temperature, such as flores-

ence methods and Fourier-transform infrared spectroscopy (FTIR),

tc. Florescence methods can be used to detect a single macro-

olecule [ 35 , 36 ] and probe temperature with a high sensitivity

 37 , 38 ]. Zhou, et al. developed a convenient method to produce a

oly(dimethylsiloxane) (PDMS)-ZnO quantum dots (QDs) compos- 

te film for the whole chip temperature measurement and a very

igh sensitivity of the QDs fluorescence to temperature was ob-

ained to be 0.4 nm/ °C [37] . However, the drawback of the flores-

ence method for temperature measurement is that the peak in

orescence spectrum is very broad and it is not material specific.

hen there is more than one molecule radiating florescence sig-

als, the overlapped peaks are hardly discrete. 
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Compared with the fluorescence method, highly structure-

distinguished characterization is one of the most promising fea-

tures of Raman spectroscopy [ 39 , 40 ]. That means the spatial res-

olution of its temperature measurement is not simply determined

by the optical focal spot, but by the material size. Also, the Raman

scattering based temperature measurement is material-specific,

meaning the Raman peak can used to distinguish and measure

the temperature of a specific material if several materials stack

together. For instance, when a 2D material is patterned to a size

smaller than the laser focal spot, still we can obtain the Raman

signal from that material and measure its temperature. Also for an

interface, when two materials are immediately next to each other,

Raman thermometry can provide the temperatures of both mate-

rials, such as a layer graphene on SiC [10] . In Tang’s work, as a

few-layered graphene is thin enough ( ∼ nanometers thick), the ex-

citation laser can easily penetrate the graphene layer and irradiate

the surface of substrate. As a result, two featured Raman peaks

were obtained simultaneously in one Raman spectrum: one for

graphene, and one for SiC. The temperature difference �T between

these two materials can be immediately determined in accordance

with their Raman temperature coefficients. With the knowledge of

the local laser heating level q , the interface thermal resistance can

be calculated using R tc = �T / q [ 8 , 10 , 11 ]. 

It is important to note that the measured temperature of

substrate is not the one directly at its surface, but rather an

intensity-weighted temperature [18] over a finite volume. This

includes two major contributions. First, it is an averaged tem-

perature in the substrate across the focal depth [11] . The skin

depth of incident laser is τ = λ/(4 πk ), where λ is the wave-

length of the laser and k the extinction coefficient of the sub-

strate. Then the average temperature across τ could be calculated

as 
∫ ∞ 

0 T e ( −x/ ( τ/ 2 ) ) dx / 
∫ ∞ 

0 e ( −x/ ( τ/ 2 ) ) dx , which approximates the tem-

perature value at x = τ /2. Take silicon substrate as an example,

its skin depth τ equals 820 nm when the incident wavelength is

532 nm. Thus, the measured temperature of Si substrate equals the

value at 410 nm away from its surface in Raman thermometry us-

ing a 532 nm laser. Second, the measured temperature is further

averaged over the irradiated area [18] in the lateral direction. The

energy of incident laser has a Gaussian spatial distribution at the

focal spot on the sample’s surface, and the resulting Raman scat-

tering will be non-uniform and also have a Gaussian distribution.

To fully consider this spatial effect, a Raman-intensity weighted av-

erage temperature has been proposed for temperature determina-

tion. It has the expression as �T̄ = 

∫ ∫ ∫ 
�T I Raman dV/ 

∫ ∫ ∫ 
I Raman dV . 

Numerical modeling is a powerful way to precisely determining

the interface thermal conductance based on the measured temper-

atures. A 3D numerical modeling could be conducted to simulate

the Raman intensity-weighted temperature [18] . In Yuan’s recent

work, a 3D theoretical model was developed to depict the heat

transfer in a MoS 2 layer and the substrate bulk, and across the in-

terface in a Raman-based experimental study. In the experiment,

Raman scatterings of MoS 2 and the substrate were measured at

two designed thermal steady-states: Raman excitation laser was

focused under 20 × and 100 × objectives to generate two different

heating spots. The modeling in accordance with the experiment

used two governing equations to describe the heat conduction in

MoS 2 and the substrate, respectively, and the interface heat con-

duction. Under a large heating spot, the upper figure in Fig. 2 (d),

the in-plane heat transfer is less important. The thermal energy

transported primarily across the interface and contributed to the

temperature rise in the substrate. In this case, the interface ther-

mal resistance is the main factor affecting the steady-state tem-

perature rise in both MoS 2 and the substrate. 

In contrast, the in-plane heat transfer becomes more significant

when the heating spot is extremely small in the second case [lower

figure shown in Fig. 2 (d)]. The in-plane thermal conductivity of
oS 2 dominated the overall heat transfer process and determined

he temperature rise. Initial values were given for the electron dif-

usion coefficient D , the parameter related to in-plane heat transfer

n MoS 2 , and interface thermal resistance R , and substituted in the

quations to simulate the temperature rise in MoS 2 and substrate.

hen the modeling result was compared with the experimental re-

ults in Raman-based thermal measurement to find out D and R

 17 , 18 ]. As shown in Fig. 2 (a) and 2(b), pairs of D and R were found

or 20 × and for 100 ×, respectively. The crossover point would in-

icate the real D and R for the tested sample as shown in Fig. 2 (c).

.3. Higher spatial resolution of Raman thermometry: material 

ontrol and optical field control 

.3.1. Material determined temperature resolution 

The temperature measurement based on Raman spectrum can

e done by evaluating the Raman anti-Stokes/Stokes ratio [41-43] ,

he full linewidth at half maximum of Raman peaks [44-46] , or

he red-shift of characteristic Raman wavenumber [ 34 , 46 , 47 ]. The

patial resolution of temperature measurement is limited by the

ize of focused laser spot if the sample’s size is larger than the

aser spot size. By using an objective lens with a high numerical

perture (NA), the diameter of optical focal spot can be close to

r smaller than 1 μm. However, as mentioned above, the spatial

esolution of temperature measurement can be further increased

o the nanometer level if the size of tested sample is at nanoscale,

uch as carbon nanotubes (CNT), nanowires, nanoribbons, etc. 

Besides this strategy for nanoscale temperature measurement,

nother way to breaking through the diffraction limit of a laser

pot is to use near-field Raman spectroscopy, e.g. surface-enhanced

r tip-enhanced Raman spectroscopy [48] , for probing temperature

n extremely small areas. The intensity of near-field Raman sig-

al can be significantly enhanced by a factor ranging from 10 3 to

0 6 or even higher [49-52] . Yue et al . conducted noncontact sub-10

m temperature measurement using tip-enhanced Raman method

48] . The incident Raman laser was focused by an AFM tip into a

emisphere with a diameter less than 10 nm in a silicon substrate.

ith the help of electric field enhancement near the tip, Raman

catterings from the substrate could be detected for temperature

easurement, while the scatterings from such a small area would

e too weak to measure in regular Raman thermometry. Tang et

l . used the microparticles and microfiber to introduce near-field

eating, and has achieved far-field simultaneous temperature and

tress mapping with a resolution of 20 nm in the substrate [53] .

ith the help of featured Raman peaks and near-field laser ultra-

ocusing, it could be possible for us to measure the temperature of

 single molecule or nanoparticle. 

.3.2. Spatial resolution in surface-enhanced Raman 

Maher et al. studied the temperature dependence of Raman

nti-Stokes/Stokes ratio in the case of surface-enhanced Raman

pectroscopy (SERS) [54] . 514 and 633 nm wavelength laser beams

ere used as different excitation sources on dried Ag colloids.

he result shows that the anti-Stokes/Stokes ratio has clear tem-

erature dependence under the surface-enhanced Raman scatter-

ng conditions. Such temperature dependence either comes from

he direct laser heating of molecules or vibrational pumping via

ERS processes, or a combination of both. Further analysis demon-

trates that these two effects can be distinguished by tempera-

ure scanning guided by a comprehensive model considering the

ffective mode tem perature and SERS enhancement factor due to

he electromagnetic and chemical interactions. Pozzi et al. stud-

ed the Stokes and anti-Stokes SERS down to single molecule level

nd found its correlation with local heating [55] . Higher excitation

ower increases local temperature of single molecule and increases
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Fig. 2. 3D numerical modeling for 3.6 nm thick MoS 2 sample on c-Si substrate. The temperature against the electron diffusion coefficient and interface thermal resistance 

under 20 × objective (a) and under 100 × objective (b). (c) Determined D and R as well as the uncertainty region. (d) Theoretical temperature rise distribution in the sample 

under laser heating with 20 × and 100 × objective lenses using the determined D and R for this sample. (Reprinted from Ref. [18] . Reproduced with permission of The Royal 

Society of Chemistry. All rights reserved) 
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ts diffusion from the hot spots. The local heating effect will in-

rease or decrease the anti-Stokes/Stokes ratio and SERS inten-

ity simultaneously, depending on the geometry of the given ag-

regate. However, confident temperature calculation was unlikely

ue to the large uncertainty in the wavelength dependence of en-

ancement factor, which was highly relevant to the location of the

olecule. The author suggested that more accurate temperature

etermination can be done by utilizing chemisorbed or anchored

olecules that can eliminate the variations caused by molecu-

ar diffusion, or by utilizing molecules with prominent modes at

erahertz Raman shift where the difference caused by different

avelength dependent detection efficiencies becomes negligible as

he difference between the anti-Stokes and Stokes frequencies ap-

roaches zero. 

.3.3. Molecular level temperature resolution in tip-enhanced Raman 

Balois et al. measured the local temperature of a single-walled

NT (SWCNT) by using tip-enhanced Raman spectroscopy (TERS)

56] . Similar to the temperature measurement from SERS, the lo-

al temperature of CNT can be detected by measuring the anti-

tokes/Stokes ratio according to the Boltzmann distribution func-

ion under the tip-enhanced Raman scattering conditions. The ra-
ial breathing mode (RBM) was chosen for TERS measurement in

his study, because of the small wavelength gap (10 nm) between

he anti-Stokes and Stokes frequencies. The result indicates that

he smaller gap distance between CNT and tip causes higher en-

ancement factor and higher temperature rise. In comparison with

ERS, TERS turns out to be a better choice for temperature mea-

urement at the nanoscale since the location of molecules can be

recisely known, reducing the uncertainty caused by the molecular

iffusion under laser heating. Park et al. investigated the tempera-

ure dependent TERS of malachite green on gold substrate and con-

rmed its feasibility in molecular temperature measurement and

ingle molecule dynamics [57] . 

Fig. 3 shows the temperature dependent TERS spectra of mala-

hite green. It is seen that the linewidth of characteristic Raman

eaks is broadened with increased temperature due to the en-

anced thermally activated modes. The broadened linewidth fol-

ows an Arrhenius behavior with tunable coupling strength and

ifetime of exchange modes, as illustrated in Fig. 4 . It was found in

he experiment that the center frequencies of TERS spectra were

cattered as temperature increased, unlike the continuously red-

hifted Raman wavenumber measured in micro-Raman method.
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Fig. 3. Temperature dependent TERS spectra of malachite green. The linewidths 

of characteristic Raman peaks increase as temperature increases, while the cen- 

ter wavenumber shift shows no positive correlation with the temperature change. 

(Reprinted with permission from Ref. [57] . Copyright (2016) American Chemical So- 

ciety) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4. Temperature dependent TERS linewidths at different modes, including C-H 

in-plain bends (1170 cm 

−1 ) and twists (1370 cm 

−1 ), bending of the methyl group 

(1480 cm 

−1 ) and N-C stretching mode (1610 cm 

−1 ). The broadened line linewidth 

from micro-Raman measurement is shown for comparison. The solid line is given 

by doing Lorentzian line fit analysis. (Reprinted with permission from Ref. [57] . 

Copyright (2016) American Chemical Society) 
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This is due to the inhomogeneous molecules tested in different

TERS measurements. 

The result shown in Fig. 4 demonstrates the feasibility of de-

tecting the local temperature of a few molecules within TERS prob-

ing volume. The micro-Raman method captures signal from the en-

semble average over ∼4 ×10 5 molecules, while the TERS spectra

show signal emerges only from average 1 ∼2 molecules. As a re-

sult, the line shape of micro-Raman peak is significantly broader

and the temperature sensitivity is much limited. 

2.4. Critical factors inducing large errors in Raman temperature 

measurement 

Although each of three properties of Raman peaks can be used

for temperature probing, they have different sensitivities to tem-

perature. The linewidth of Raman peaks has the weakest response

but mainly depends on temperature. The Raman frequency has a

relatively stronger sensitivity to temperature rise, but the thermal

stress raised in the measurement will lower the accuracy of shift in

temperature response. The intensity has a very strong sensitivity,

but is significantly affected by optical focusing, and thus requires

very carefully defined focus and control during the measurement.

Among these three properties, the Raman shift is most widely used

to measure temperature. Before using Raman-based temperature

measurement, several issues of the experimental setup should be

carefully addressed. 

2.4.1. Stress 

In Raman spectroscopy, the Raman excitation laser is focused

to a spot on a surface. The temperature distribution is inevitably

uneven. It induces a temperature gradient in the sample and thus

thermal stress is generated. Different types of stress in the sam-

ple will produce the opposite shifts in the shift of Raman peaks. If
he stress is tensile stress, a negative shift in Raman wavenum-

er will appear in Raman spectrum, while a positive shift indi-

ates a compressive stress [58-60] . Errors may exist in the Raman

avenumber-based temperature measurement when the stress ef-

ect in the material is non-negligible. On the other hand, the Ra-

an peak linewidth has weak dependence on stress. Beechem et

l . [61] reviewed the theory of temperature and mechanical re-

ponse in Raman spectrum, and further conducted the experimen-

al study in doped polysilicon microheaters. Their calibration re-

ults show that the wavenumber has a linear relation against both

emperature and stress. The linewidth shows a parabolic fit against

emperature over the temperature range from 0 °C to 600 °C, but it

s insensitive to stress in the same temperature range. It can pro-

ide a more accurate result in this situation in comparison with

avenumber-based method. This offers a possible way for study-

ng the thermal stress in the sample using both wavenumber-

ased and linewidth-based methods. In utilization of the distinct

esponse of Raman peak linewidth and wavenumber, Tang et al.

tudied the conjugated temperature and stress distribution in a sil-

con wafer under microscale glass particles and fibers [9] . Tang’s

ork shows that the stress-induced Raman shift is about 10 −1 or-

er of the temperature-induced Raman shift. If the temperature

ise is not very high, the stress effect can be neglected. 

.4.2. Optical focusing 

Another issue in Raman-based thermal characterization is op-

ical focusing. The quality of Raman peaks as well as their intrin-

ic properties is in fact very sensitive to the optical focusing level,

hough this effect has not been studied a lot or neglected in the

ast. Xu et al. has studied this effect in detail using a 100 × mi-

roscope objective on silicon wafers’ surface [62] . Fig. 5 shows that

aman intensity ( I ), linewidth ( Γ ), and shift ( ω) of Silicon’s 521

m 

−1 peak vary with the focal level in the vertical direction. The

ntensity is increasing, the linewidth is narrowing, and the shift is

ncreasing as the tested surface is approaching the focal point. Also

he maximum intensity, Raman shift and the minimum linewidth

rise at the well-focused level simultaneously (the red dash line
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Fig. 5. Out of focusing effect on the deviation of the Raman spectrum at different focal levels on single crystalline silicon wafers. (a) Peak intensity ( I ), (b) linewidth ( Γ ), 

and (c) 521 cm 

−1 peak shift ( ω). (Reprinted from Ref. [62] . Reproduced with permission of John Wiley & Sons, Ltd. All rights reserved) 
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n Fig. 5 ) [63] . Among these three properties, the Raman inten-

ity is most sensitive to the focal level. When the focusing level

s changed by up to 600 nm, the intensity is reduced by ∼37.5%,

hile the linewidth is increased by 16% and the wavenumber only

hifts by ∼1 cm 

−1 . 

Fig. 5 also shows that under a 100 × objective, the variation in

aman spectra is negligible when a tiny stage shift of 200 nm oc-

urs around the focal level in the z direction. Thus, the focusing

ssue is less critical in a fast measurement of several seconds. It

ecomes more noteworthy in a longer integration time. Well main-

aining the tested surface at a highly controlled focusing level be-

omes a key issue in Raman-based temperature measurement. 

Several reasons identified in previous work would cause the

hift of tested samples away from the focal level. As in Raman

cattering-temperature calibration, a heating stage was generally

pplied. Though the thermal expansion of film-like samples, such

s 2D materials, is negligible, thermal expansion from the sam-

le stage and supports is large during the heating process. They

re the main reasons for shifting the focal level. Great efforts have

een made in previous work to reduce this effect [ 9 , 63 ]. A surface

mage with laser spot at well focused level was used as a crite-

ion. After the sample shifted, the stage would be adjusted again

o match the reference image. Another reason causing the focal

evel’s shift is the backlash of the sample stage due to the mechan-

cal stress and the gravitational force. To reduce this effect, several

echnical methods have been employed in Wang’s lab. A tiny over-

djustment was applied to the stage before the stage was locked.

hen the stage is allowed to stay there in stationary state for a

T  
hile to remove the extra mechanical stress and reach the equi-

ibrium level. Recently an auto-focusing stage was developed in

ang’s lab to maintain the surface at the focused level [ 17 , 18 , 21 ].

 self-developed system controlled the movement of the sample

tage in the z direction with a minimum single step of ∼5 nm. It

oved the stage upward step by step, and the Raman spectrum of

he surface was recorded in each step. Simultaneously, the control

ystem would analyze the obtained Raman spectrums, define the

osition with the highest intensity that indicates the best focusing

evel, and send back the position information to the stage. Using

his auto-focusing technique, no matter how much the stage ther-

ally expands, the sample surface would be always best focused

n the Raman system. 

.4.3. Interface optical interference 

In Raman-based temperature measurement, the effect of inter-

ace optical interference is brought up in measurement of sup-

orted nanomaterials. Upon laser heating, a tiny spacing appears

etween the nanomaterial and its substrate because of the dif-

erent thermal expansion coefficients of two materials, or some

nterface spacing exists due to sample preparation. The incident

aser and Raman scatterings reflect multiple times at the two sur-

aces of the interface, and induce very strong optical interference.

t increases the incident laser absorption and enhances the Ra-

an intensity significantly [ 10 , 11 , 64 ]. Work by Tang et al. first

eported a nanoscale rough contact between chemical vapor de-

osition (CVD) graphene and substrate [65] , as shown in Fig. 6 .

he studied graphene/Si interface was found to contact with each
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Fig. 6. Interface optical interference effect study in unconstrained SLG/Si interface. (a) The temperature coefficients of SLG and Si Raman peaks and the thermal conductance 

at the SLG/Si interface determination based on linewidth. (b) Numerical study shows the interfacial thermal conductance/energy coupling weakening effect by separation 

widening between SLG and Si. (c) The temperature coefficients of SLG and Si Raman peaks and the thermal conductance at the SLG/Si interface determination based on 

Raman shift. (d) Stress induced Raman shift for SLG and Si is very little as the shift is negligible. (e) A simplified schematic of the weak energy coupling at the SLG/Si 

interface, including unconstrained SLG movement and separation induced interference at the interface. (f) Variation of the spacing layer in the experiment and calibration 

due to the thermal expansion mismatch between SLG and Si. (g) Interface optical interference effect induced additional Raman intensity increase for SLG and Si against 

heating laser heat flux. (h) Increment of the Raman intensity enhancement factor (F) of SLG with the thickness of separation layer ( δ). (Reprinted with permission from [11] . 

Copyright (2014) American Chemical Society) 
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s  
ther. However, in some areas, there existed separations between

he two materials, causing multi-reflectance of incident laser and

cattering and, consequently, Raman intensity enhancement. Fur-

hermore, the air spacing impeded the thermal energy coupling

cross the interface due to its low thermal conductivity. An obvi-

us temperature difference was observed between the two surfaces

t the interface. Due to this temperature difference, the graphene

ayer and the substrate showed different thermal expansion behav-

ors from those at the same temperature in thermal calibration.

dditional distance was increased in the graphene/Si substrate in-

erface as shown in Fig. 6 (h). This interface optical interference

ffect would lar gely increase the measured Raman intensity and

ntroduce errors in Raman-intensity based temperature measure-

ent and interface thermal resistance characterization. 

The choice of Raman temperature measurement method is

ased primarily on the quality of the sample and experimental

onditions. Raman intensity-based temperature measurement re-

uires the sample to remain extremely stationary during experi-

ent. Movement caused by backlash in any direction of the sam-

le stage would not be preferred. The Raman wavenumber-based

emperature measurement requires accurate determination of the

aman peak position. Gaussian and Lorentz shape fitting could

elp to better acquire the shift of Raman peaks. Also, sound Ra-

an signals and high resolution of Raman spectroscopy are pre-

erred in order to obtain an accurate wave number change. The

aman linewidth-based measurement could be used in the higher

emperature ranges and under the scenario of existing mechani-

al stress as it is least sensitive to stress [ 6 , 63 ]. However, when

ample quality is pretty good (high crystallinity and little lattice

efects) and the Raman excitation laser’s intensity is high enough,

he measured Raman signal (Stokes peak) will be strong, and each

f the above three methods could work well. If the sample has a

ignificant thermal expansion, it would affect the focusing level of

he laser at the sample’s surface, so only the Raman wavenumber-

r linewidth- based method could be selected. When using the

avenumber-based method for temperature measurement, if the

ype of sample (preparation method, lattice structure, etc.) or the

ype of laser (wavelength, energy, etc.) changes, the temperature

oefficient of the sample needs to be recalibrated. 

.5. Calibration of Raman-response to temperature: accuracies and 

ncertainties 

.5.1. Strongly structure-dependent Raman properties and 

emperature coefficients 

In Raman-based temperature measurement and thermal trans-

ort characterization, the temperature coefficient is a key param-

ter to calculate the temperature rise in materials. It is almost a

onstant for each property (shift, linewidth, and intensity) in a

ertain temperature range: from room temperature to 10 0 0 K for

ilicon as an example. Thus, the temperature in the Raman-based

ethod can be easily determined using: 

 = T 0 + 

(
∂X 

∂T 

)−1 

( X − X 0 ) . (4) 

X represents one property. However, the temperature coefficient

trongly depends on the Raman excitation laser and may vary to

ifferent Raman excitation sources. Take graphene as an example,

he temperature coefficient of Raman shift of graphene was mea-

ured to be in the range from -0.015 to -0.076 cm 

−1 / °C for the

-band using different lasers [66-68] . Yue’s work showed a tem-

erature coefficient of -0.016 cm 

−1 / °C from room temperature to

50 °C by using a 532 nm laser [8] . Balandin measured the ther-

al conductivity of single-layered graphene based on the tem-

erature coefficient of -0.015 cm 

−1 / °C [69] . In Calizo’s work, the
emperature coefficient of graphene was determined to be -0.016

m 

−1 / °C for a single layer and -0.015 cm 

−1 / °C for bilayer using a

88 nm laser [70] . Zhao et al. studied the graphene on SiO 2 sub-

trate and the temperature coefficient was calibrated to be -0.031

0.005 cm 

−1 / °C from 20 to 100 °C [71] . Nguyen et al. found the

emperature coefficient is round -0.03 cm 

−1 / °C after several an-

ealing cycles [72] . Wang et al. studied the temperature coefficient

f graphene deposited on copper coil in the lower temperature

ange from 150 K-390 K, and found the coefficient was less than

0.089 cm 

−1 / °C [73] . 

It has been proved that the temperature coefficient varies with

he number of graphene layers. Since the temperature dependence

f Raman shift is determined by the inharmonic interaction of the

honons, the coefficients are different for materials with differ-

nt structures or if different probing lasers are used [74] . The Ra-

an shift against temperature can be regarded linear over a small

emperature range, but different temperature ranges will vary the

emperature coefficients in the calibration. Therefore, calibration is

ecessary for each sample measured in a defined Raman system. 

A widely adopted procedure for Raman properties/temperature

alibration can be concluded as followings [ 8 , 10 , 65 , 75-77 ]. A sam-

le is placed on a heating stage, so the heating stage could heat

he sample up uniformly. The whole sample-heating setup is fur-

her fixed on 3D stage and could be moved in three directions. The

ample is heated to an expected temperature, and a long setting

ime guarantees that the sample could reach a thermally steady

tate at the same temperature as the heating stage. Raman spec-

roscopy records the spectrum corresponding to this temperature.

hen the heating stage will be set to another temperature to ob-

ain another Raman spectrum. After repeating the same process

everal times, a series of Raman spectra against temperature will

e obtained. Further analysis will uncover the relations between

avenumber, linewidth, and intensity of a Raman peak against

emperature. 

.5.2. Undesired physics deviation in calibration and thermal 

haracterization 

In the aforementioned calibration, the focusing issue should

e carefully addressed. As mentioned in Section 2.4 , the heating

ower will also raise the temperature of the heating stage itself

nd the sample stage. Both stages will thermally expand largely

n all directions. Thus, the overall thermal expansion in the z di-

ection will move the sample away from the focal level. Repeating

efocusing the sample to the focal level is exactly what has been

one in previous temperature coefficient calibrations. Furthermore,

eating up in the sample/stage will give some non-negligible ef-

ects on the objective lens and the surrounding air. This issue has

ot been sufficiently addressed in the past. This is part of the

easons that even for the same material, the temperature coeffi-

ient of Raman shift varies from literature to literature. Take silicon

afer as an example, the temperature coefficient for the Raman

avenumber of c-Si ranged from -0.019 to -0.0355 cm 

−1 / °C under

ifferent MoS 2 sam ples of different layers [17] . Tang calibrated the

emperature coefficient to be 0.0201 cm 

−1 / °C for the wavenumber

f the same type of silicon wafers as above under unconstrained

raphene layer [11] . This coefficient was -0.0264 ±0.0012 cm 

−1 / o C

or c-Si substrate in Yuan’s work [18] . Thus, for c-Si wafer, the cal-

brated temperature coefficient is around -0.0252 cm 

−1 / °C with a

ossible error of ±0.0062 cm 

−1 / °C. 

For supported 2D materials, in the calibration the stress is in-

roduced by the different thermal expansion behaviors and dif-

erent temperature states in two materials from that of thermal

ransport characterization and would raise more errors in the cal-

brated temperature coefficients. In calibration, the entire sample

top film and beneath substrate) is heated up uniformly to the

ame temperature. No temperature gradient exists in both. How-



10 S. Xu, A. Fan and H. Wang et al. / International Journal of Heat and Mass Transfer 154 (2020) 119751 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

w  

i  

e

F  

w  

t  

b  

b  

c  

b  

v  

i  

e  

i  

a  

l  

u  

a

3

E

 

p  

t  

h  

i  

m  

u  

t  

S  

i  

m  

s

3

 

l  

e  

n  

i  

r  

t  

t  

i  

s  

e  

m  

t  

f  

2  

g  

t  

l  

b  

l

i

 

o  

f  

[  

a  
ever, due to the different thermal expansion coefficients of the 2D

material and substrate, a stress will be built up in the 2D material

due to thermal expansion mismatch. In contrast, in Raman-based

thermal probing, the exciting laser is well focused to a small spot

on the sample’s surface using objective lenses. The spot diameter

is around several microns and usually much smaller than the 2D

material sample’s size. The sample is heated up very locally, and a

very large temperature gradient arises, inevitably resulting stress

in the 2D material. The temperature of the substrate/supporting

material, however, does not rise much because of its high thermal

conductivity for Si or low absorption of the heating laser for glass.

Also, the thermal interface resistance between the 2D material and

the substrate will impede part of thermal energy transfer across

the interface. Compared with the case in the calibration, the tem-

perature of the substrate is much lower than the sample. Since the

2D material and substrate have different temperature rises, the fi-

nal thermal expansion mismatch-induced stress in the 2D material

will be different from that in calibration. Therefore, the calibration

results are not able to give sound temperature evaluation in ther-

mal characterization. 

Directly using the calibrated Raman shift temperature coeffi-

cient will lead to finite, yet sometimes nonnegligible tempera-

ture rise calculation errors. This was rarely addressed in most pre-

vious work. Tang et al. made great effort to distinguish the ef-

fect of this stress on Raman-based thermal measurement. Utiliz-

ing the different response to stress of Raman linewidth and shift,

the conjugation of temperature field and stress field could be dis-

tinguished [ 9 , 63 ]. Since the stress has the negligible effect on Ra-

man linewidth, the temperature measurement based on Raman

linewidth broadening could represent the real temperature of the

sample. The temperature from Raman shift, however, included the

stress-induced shift and would be higher or lower than the real

temperature which should be independent of stress. Consequently,

the temperature difference resulted from the two methods was di-

rectly related to stress and could be used to determine the stress

in quantity. 

The contraction in the substrate will also produce or enlarge

the gap between the 2D material and the substrate [ 10 , 65 ] due

to the thermal expansion mismatch between the 2D material and

substrate. The Raman intensity could further show us more infor-

mation about how large the gap is between the sample and the

substrate. Temperature rise, stress, and interface gap could all sig-

nificantly affect the accuracy for temperature measurement using

the intensity-based method. After the determination of tempera-

ture and stress using the above method, it is able to find out the

optical interference-induced intensity change. The Raman intensity

enhancement is due to factors: enhancement of the laser absorp-

tion and the enhancement of the Raman intensity emitting out. A

normalized enhancement factor was introduced in previous work

[ 10 , 64 , 65 , 78 ] for the laser absorption: 

F ab = t 1 
(1 + r 2 r 3 e 

−2 i β2 ) e −i βx + ( r 2 + r 3 e 
−2 i β2 ) e −i (2 β1 −βx ) 

1 + r 2 r 3 e −2 i β2 + ( r 2 + r 3 e −2 i β2 ) r 1 e −2 i β1 
, (5)

where t 1 = 2 n 0 / ( n 0 + ˜ n 1 ) , r 1 = ( n 0 − ˜ n 1 ) / ( n 0 + ˜ n 1 ) , r 2 =
( n 1 − ˜ n 2 ) / ( n 1 + ˜ n 2 ) , and r 3 = ( ̃  n 2 − ˜ n 3 ) / ( ̃  n 2 + ˜ n 3 ) are the Fres-

nel transmittance and reflection coefficients for the interfaces

involving air (0), nano-materials (1) , air (2) and substrate (3) .

n m 

is the refractive index for the involved materials, m = 0, 1,

2, 3. βx = 2 πx ̃  n 1 /λ, β1 = 2 πd 1 ̃  n 1 /λ, and β2 = 2 πd 2 ̃  n 2 /λ, where

x is the depth of the point where interaction occurs, λ is the

wavelength of the incident laser, and d 1 and d 2 are the thickness

of nano-materials and the gap in-between. 

The net scattering enhancement factor ( F sc ) (for the enhance-

ment of the Raman signal emitting out) is described as 

F sc = t ′ 1 
(1 + r 2 r 3 e 

−2 i β2 ) e −i βx + ( r 2 + r 3 e 
−2 i β2 ) e −i (2 β1 −βx ) 

1 + r r e −2 i β2 + ( r + r e −2 i β2 ) r e −2 i β1 
, (6)
2 3 2 3 1 
here t ′ 
1 

= 2 ̃  n 1 / ( n 0 + ˜ n 1 ) and in the scatterings, the wavelength

n β ’s become the wavelength of Raman scatterings. Thus, the total

nhancement factor of Raman signal ( F ) is given by 

 = N 

∫ d 1 

0 
| F ab F sc | 2 dx, (7)

here N is a normalized factor, which is a reciprocal number of the

otal enhancement factor for the layered structure without a gap

etween them, obtained by setting the thickness of the air layer in-

etween to be 0. The thickness of gap could be easily obtained by

omparing the real intensity enhancement with a theoretical one

ased on Eqns. (5 - 7 ). Fig. 6 (h) shows how the enhancement factor

aries against the separation distance of a single layer graphene/Si

nterface. In conclusion, the calibration could present a quite differ-

nt scenario from that in optical based heating and Raman prob-

ng. To mitigate this issue, the temperature rise in both calibration

nd thermal characterization should be kept to the lowest level as

ong as the signal-to-noise ratio is good. Also, it is feasible to eval-

ate the temperature rise using both Raman shift and linewidth

nd evaluate the effect of stress. 

. Steady-state Raman-based Characterization: Heating Level 

valuation 

In the thermal characterization of nanoscale thermal trans-

ort based on steady-state Raman thermometry, two critical fac-

ors are needed: temperature rise of the interested sample and

eating level. The thermophysical properties, thermal conductivity

n particular, can be directly obtained by the two factors, which

akes accurate temperature measurement and heating level eval-

ation are important. The influence factors and points for atten-

ion of temperature measurement have been detailed discussed in

ection 2 . Thus, this section will introduce the problems of heat-

ng level evaluation caused by direct laser absorption measure-

ent, and some other feasible evaluation approaches in steady-

tate measurement. 

.1. Problems in direct measurement to determine laser absorption 

In Raman-based thermal transport characterization, the heating

evel in the material is a critical parameter and will introduce large

rrors in the final measurement result when it is miscalculated. For

anomaterials, like 2D atomic layer materials, the light absorption

s very weak. One way to determine the light absorption is to di-

ectly measure the transmittance and reflectance by placing a de-

ector under/above the 2D material layer, and subtract them from

he total incident light. This usually introduces significant errors

n the measured results as the power meters may not be so sen-

itive to such little absorption in the atomic layer sample. Great

fforts have been applied to measure the optical properties of 2D

aterial layer. Take graphene as an example, Mak et al. experimen-

ally studied the optical conductivity of graphene [79] . They have

ound that the optical absorption of single layer graphene is round

.3%. Nair et al. investigated the effect of the number of layers of

raphene on its optical absorption, and the absorption was found

o increase almost linearly with the number of layers [80] . In Ba-

andin’s work, the power absorbed in graphene was determined

y P = I 0 A (1-exp(- αG δG )), where A is the illuminated area, I 0 is the

aser intensity on the surface, αG is the absorption coefficient, δG 

s the monolayer thickness [81] . 

Furthermore, the optical absorption depends on the wavelength

f the incident laser, and can also be affected by stress/strain, de-

ects, contaminations and near-field or multiple reflection effects

 21 , 22 , 82 ]. This could be one of the main causes for large devi-

tions in the measurement of thermal conductivity and interface
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hermal conductance. An alternative way is to use electrical heat-

ng instead of optical heating since the Joule heating could be very

ell defined [ 8 , 83 ]. A new route has been developed to combine

he Raman-based temperature measurement and electrical heating

ethod for accurate thermal characterization of nanomaterial. 

.2. Accurate heating control and evaluation by combined Joule 

eating and laser heating 

Yue, et al. did the first work on Joule-heating experiment for

he thermal contact resistance measurements with combination of

he electrical heating and Raman-based temperature probing. The

rinciple of the measurement is shown in Fig. 7 . A few-layered

raphene was placed on a SiC substrate and fixed by two elec-

rodes on its two ends. A current I was fed through the graphene

ayer as it is electrically conductive with a certain electrical resis-

ance R . Thus, a defined thermal energy input could be directly

etermined according to Joule heating. Since graphene has an ex-

remely high thermal conductivity, the temperature rise was as-

umed to be uniform in the graphene layer, and the generated heat

ainly dissipated across the interface to the substrate. A Raman

xcitation laser of low power was focused on the graphene layer

o probe the temperature of both graphene layer and SiC substrate,

 graphene and T SiC , simultaneously. The temperature rise caused by

he laser is ruled out by studying the temperature change of sam-

le against the Joule heating power. Thus, the interfacial ther-

al resistance could be further determined with above informa-

ion using R tc = ( T graphene - T SiC ) •( I 2 R ). Both the thermal and elec-

rical contact resistances at the electrodes were carefully treated

y adding little silver paste at the contact points. Using the com-

ined method, the R tc between graphene and SiC was measured to

e 5.30 ×10 −5 K 

•m 

2 /W, well agreeing with 1.01 ×10 −4 K 

•m 

2 /W of

he same sample in the independent laser heating measurement. 

Wang et al. developed an electrical heating assisted Raman

ethod to capture the thermal conductivity and optical absorp-

ion coefficient of the same micro/nano wire simultaneously [84] .

n this method, an electrical current was used to heat an individ-

al suspended CNT, while its temperature rise was measured by

onitoring its Raman shift. The temperature rise by the incident

aser was considered. A weak laser beam was focused on the CNT

o collect Raman signal, and it would cause unavoidable temper-

ture rise of several kelvins. In order to eliminate the influence

aused by laser heating, the laser power was kept constant and the

emperature difference before and after switching on the electrical

urrent was measured in the experiment. 

Fig. 8 shows the G-band wavenumber shift of suspended CNT

nder the electrical heating and laser heating conditions. In data

nalysis, the first step was to calculate the thermal conductivity of

NT based on the measured temperature rise and corresponding

oule heating power, giving a value of 2630 W/(m 

•K). After switch-

ng off the electrical power, laser was the only heating source for

NT. Taking the thermal conductivity of CNT as a known parame-

er, the optical absorption coefficient of CNT remained is the only

nknown parameter. The laser power distribution along CNT can

e well described by a Gaussian function. Substituting the mea-

ured thermal conductivity and temperature rise due to laser heat-

ng into the heat conduction equation, the optical absorption coef-

cient of single CNT was calculated to be 0.194%. 

.3. Simultaneous optical absorption coefficient determination 

Another way to evaluating the optical absorption coefficient of

NT is the T-type thermal probe method, proposed by Li et al. [85] .

 suspended CNT was attached to a free-standing Pt nanofilm at

ne end, forming a T-type probe. Then a laser beam was focused

n the suspended CNT as a heat source. The average temperature
ise of CNT was measured through the electrical resistance change

f Pt film. Ignoring the convective heat transfer and thermal radia-

ion, the absorbed laser power in CNT can be calculated by a sim-

le heat conduction model with the measured temperature rise as

nown parameter. Then the optical absorption coefficient was de-

ermined as the ratio between the absorbed and input laser power.

or a multiwall CNT with 100 nm diameter, the optical absorption

oefficient is measured as 13.2%. It is found that the optical ab-

orption coefficient of CNT is roughly proportional to its diameter. 

With the knowledge of optical absorption of individual SWCNT,

iu et al. measured the length dependent thermal conductivity of

ristine SWCNT [86] . An ultra-long SWCNT was grown on a sili-

on substrate with different trenches by using a CVD method. An

xperimental schematic diagram is shown in Fig. 9 . 

As shown in Fig. 9 , there are two methods to change the length

f heat conduction in SWCNT. The first method is to suspend a

WCNT over a series of trenches with different linewidth and the

robing laser is focused on each segment with different lengths.

he second method is to suspend a long SWCNT over a wide

rench and the focused laser is moving along the sample. In the

atter one, heat is conducted from the focusing center to the heat

inks through the left and right segments, which are connected in

arallel. By solving a parallel thermal resistance model, the length

ependent thermal conductivity of SWCNT can be obtained. 

Fig. 10 shows the length dependent thermal conductivity of

WCNT, where different thermal contact resistances are chosen for

alculation. It is observed that the thermal conductivity of SWCNT

ncreases with increased length and saturates around 10 μm. The

wo methods of changing trench linewidth and changing laser spot

osition give the similar trend of thermal conductivity, and the dif-

erent thermal contact resistances do not change the trend much.

or short CNTs, the mean free path (MFP) of phonons increases

ith increased sample length, where the boundary scattering at

wo ends play a significant role. For long CNTs, the boundary scat-

ering becomes less important and the Umklapp scattering is dom-

nant, resulting in a constant thermal conductivity. 

Based on the precisely measured thermal conductivity and op-

ical absorption coefficient of single CNT, Wang et al. managed

o measure the heat transfer coefficient between an individual

WCNT and surrounding air molecules [85] . The measurement

rinciple was almost the same as the one described above, ex-

ept the additional heat transfer term in the governing equation

o address the interactions between SWCNT and air molecules. In

ata analysis, the thermal conductivity and optical absorption co-

fficient of SWCNT were measured beforehand, leaving the heat

ransfer coefficient as the only unknown parameter. Substituting

he measured temperature rise of SWCNT into the heat conduction

quation, the heat transfer coefficient h could be decided. 

If a suspended SWCNT is heated by a large electrical current,

he heat flux along the nanotube may exceed 10 11 W/m 

2 due to its

xtremely small cross-sectional area and an extremely high tem-

erature gradient will be built. Liu et al. obtained the tempera-

ure distribution along a suspended SWCNT under large electrical

urrent heating conditions [86] . The local temperature of SWCNT

as measured through its G-band Raman peak shift and the spa-

ial resolution was about 5 μm, mainly limited by the size of fo-

used laser spot. The temperature dependent thermal conductiv-

ty of SWCNT was measured simultaneously in the experiment.

he result indicates that the Fourier’s law still holds true at the

anoscale under extremely high heat flux (10 11 W/m 

2 ) conditions.

n the other hand, knowing the spatial temperature distribution,

ne can easily calculate the thermal contact resistance between the

anotube/wire and substrate [87] . 

Through combining the electrical heating and laser heating, Liu

t al. measured the thermal conductivity and laser absorptivity of

raphitized carbon fiber sample and the thermal contact resistance
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Fig. 7. Principle of the Joule-heating experiment used for the thermal contact resistance measurements. (a) The sample Raman spectrum of epitaxial graphene on 4H-SiC 

(0 0 01). (b) The scheme of experimental setup for the thermal contact-resistance measurement. (c) The spot size of the laser is determined to be 4 μ m × 2 μ m. (d) Focal 

depth of lens is determined as 25 μm from the evolution of Raman intensity when the lens approaches the sample. (Reprinted from Ref. [8] . Reproduced with permission 

of Wiley. All rights reserved) 
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between the sample and heat sink [88] . As shown in Fig. 11 , the

suspended sample is simultaneously heated by Joule self-heating

and a focused laser spot. In a vacuum chamber, both the convec-

tive and radiative heat transfer was neglected compared with con-

ductive heat transfer. To cancel the unknown laser absorptivity, the

electric power is changed from I 1 U 1 to I 2 U 2 , and then the laser ab-

sorptivity can be eliminated by comparing two independent energy
onservation equations with two measured temperature rises θ L/2, 1 

nd θ L/2, 2 . To separate the thermal conductivity and thermal con-

act resistance, the focused laser irradiates at two different posi-

ions with two different laser power P 1 and P 2 , and the measured

emperature rise is θ1 and θ2 . 

With the determination of thermal conductivity k and the ther-

al contact resistance between the sample and the heat sink R c ,
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Fig. 8. Raman shift of suspended CNT caused by electrical heating (a) or laser heating (b). The Raman shift of G-band peak is given in the figure for comparison. (Reprinted 

from Ref. [84] . Reproduced with permission of IOP Publishing. All rights reserved) 
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y measuring two different powers P ′ and P ′ ′ , the local tempera-

ure change at the irradiation point is defined as �θ , then the laser

bsorptivity can be determined using Eq. (8) . 

= 

[
�θ

L 1 / ( kA ) + R c 
+ 

�θ

L 2 / ( kA ) + R c 

]
/ 
(
P ′ − P ′′ 

)
, (8) 

here L 1 and L 2 are the distances from the laser spot to the two

eat sinks. 

Though the Joule heating method can offer well-defined heat-

ng energy input, the electrodes are hard to prepare. The common

ethods to prepare micro/nano-electrodes include photolithogra-

hy, nanoimprint [89] , and nanotransfer printing [90] . In these pro-

esses, complex steps are needed and a long preparation time is

ecessary, which largely increases the difficulty in sample prepara-

ion and field/measurement application. 

.4. Optical heating evaluation based on optic calculation 

Another way to evaluating the laser absorption in 2D materials

s to use the reported optical properties and directly calculate how

uch laser power is absorbed [91] . Three issues in this method
sually raise a lot of deviation in measurement results. First, the

eported optical refractive index in literature could be different

rom the one of the material used in thermal characterization due

o sample synthesis, defects, and impurity level [ 79 , 80 ]. Even for

he same material, the reported optical index could vary signif-

cantly because of the optical measurement methods and errors.

or example, the refractive index of MoS 2 is ∼3.05 determined by

pectroscopic ellipsometry [92] and ∼5.2 (1.7 times larger) by a

patially resolved spectrum system [93] . 

Second, the very tiny, yet unknown spacing between the 2D

aterial and the substrate will give very strong optical interfer-

nce, and significantly affect the absorbance. The newly appeared

pacing will introduce one more interface, and more reflections

ill happen than that in the case without spacing. Variation in Ra-

an scattering signal enhancement has been observed and proved

heoretically [64] and experimentally [11] . In both works, an en-

ancement factor has been defined to describe the total increase

n absorption of incident beams and scattering beams of the in-

erested layer. The theoretical study shows that the enhancement

actor of graphene on a silicon substrate with a layer of SiO 2 in be-

ween has tripled when the thickness SiO layer increases from 0
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Fig. 9. Schematic diagram for measuring SWCNT with different lengths. (a) The 

same SWCNT is suspended over trenches of different linewidths and the probing 

laser is focused on each segment. (b) A long SWCNT is suspended over a wide 

trench and the focused laser is moving along the sample. (Reprinted from Ref. [86] . 

Reproduced with permission of The Royal Society of Chemistry. All rights reserved) 

Fig. 10. Length dependent thermal conductivity of SWCNT. Different symbols repre- 

sent the result calculated by using different thermal contact resistances. (Reprinted 

from Ref. [86] . Reproduced with permission of The Royal Society of Chemistry. All 

rights reserved) 

Fig. 11. Schematic of the measurement principle for separating the thermal conduc- 

tivity and thermal contact resistance. (Reprinted from Ref. [88] . Reproduced with 

permission of Elsevier. All rights reserved) 
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to 100 nm [64] . In Tang’s work, a separation increment of 1.8 nm

for the graphene on a silicon substrate with an air gap in between

gave a 4.5% increase in the measured enhancement factor [11] . 

Third, in the optical absorption calculation [81] , the light is usu-

ally assumed normal to the tested material. In experiment, the

light comes with a certain numeral aperture. That is: parallel in-

cident light is focused and become a conical beam when it arrives

at the surface. The light passes through the outer place will have

a larger incident angle, while the light comes in the center of the
ens has a smaller one, so that all the lights can pass through the

ame point of incidence. When the light arrives at the sample’s

urface, only the light beams in the center will be perpendicular to

he surface. The angle of incidence of other rays will vary and thus

he amount of light energy reflected and transmitted may vary ac-

ording to the incident angle. 

Tang investigated the absorption of an incident laser for sam-

les [11] . A heating laser came in with an incident angle of 60 o .

he laser was first passed through a glass substrate and main-

ained 92.4% energy when reaching the graphene next to the glass

ubstrate. The laser absorption coefficient was determined using

he refractive indices of graphene, glass, and air, and the prop-

gation path was calculated based on the incident angle. A total

bsorption of 2.63% laser energy by the single layer graphene was

ound after four reflection processes of light. Given the Raman inci-

ent light composed of laser rays with different incident angles, all

hese will combine together to give enormous, yet not well-known

ncertainty in the laser beam absorption. This uncertainty directly

ropagates to the final results and gives very large uncertainties in

he measured thermal conductivity and interface thermal conduc-

ance. 

In summary, the uncertainty comes with the not well-defined

eating level and raises a large deviation in the final measured

hermal properties. One way to resolving this issue is to conduct

he measurement in time or frequency domains without needing

he knowledge of the light absorption. 

. Temporal Raman-based Characterization: Frequency and 

ime Domains 

For Raman measurement at steady states, careful evaluation

nd calibration of the optical absorptivity is essential for perform-

ng precise thermal characterization. However, this process can be

ery challenging and time-consuming, especially for micro/nano

aterials. The characterization of transient parameters, like ther-

al diffusivity, is also missing in the steady-state methods. More

mportantly, the steady state Raman method is based on the as-

umption that all phonon modes are in thermal equilibrium and

ave the same temperature in the Raman excitation laser spot.

he recent work of Vallabhaneni et al . [94] revealed that strong

onequilibrium exists among different phonon branches in single-

ayered graphene under laser irradiation. The incident photons ex-

ite electrons and generate hot electrons fast due to fast electron-

lectron scattering. Then the electrons relax and release energy

o in-plane optical phonons (TO and LO). These phonons func-

ion as an energy receiver and transfer energy to in-plane acoustic

honons and out-of-plane phonons through phonon-phonon scat-

ering. This phonon-phonon scattering is proved to be at strong

onequilibrium, so the acoustic phonons have a lower temperature

han the optical phonons, but they are responsible for transferring

eat to heat sinks and contribute to the 2D materials’ thermal con-

uctivity. Thus, the measured temperature from Raman spectrum

s the temperature of optical phonons, and could not reflect the

eal temperature (acoustic phonons) in 2D material and so as to

he measured thermal properties. 

To overcome the challenges induced by heating level evaluation,

alibration, and inevitable deviation in temperature, one alterna-

ive and very promising way for thermal characterization using Ra-

an spectroscopy is to use a temporal characterization concept. It

haracterizes 2D material’s transient thermal response and deter-

ines its thermal diffusivity and normalized interface conductance

 / ρc ( ρ and c : density and specific heat of the material of interest;

 : interface thermal conductance). Since the 2D material’s density

nd specific heat have negligible difference from those of the bulk

ounterpart, the sample’s thermal conductivity and interface ther-

al conductance can be determined readily with high confidence. 
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In the past, the transient way has been proved to work over-

helmingly well to characterize the thermal diffusivity of ma-

erials. A material’s density and specific heat can be measured

ery precisely using various available techniques. The transient

easurement techniques include the hot-wire technique for liq-

id measurement [95] , photothermal method for coating measure-

ent [ 96 , 97 ], pump-probe method for coating measurement [98-

01] , and laser flash method for disk-like material measurement.

ll these techniques have become the golden standards in ther-

al characterization. To overcome the challenges in the steady-

tate Raman measurement and utilize the advantages of transient

ethods, temporal Raman-based characterization methods were

ecently developed in Wang’s [ 14 , 15 , 18 , 22 ] and Zhang’s groups

 12 , 13 , 16 , 23-25 , 87 , 102 ]. 

.1. Time-domain differential Raman (TD-Raman) 

Four techniques have been established in Wang’s lab for

ransient Raman thermal characterization: time-domain differ-

ntial Raman (TD-Raman) [14] , frequency-resolved Raman (FR-

aman) [15] , and energy transport-state resolved Raman (ET-

aman) [ 18 , 21 ], and frequency-domain ET-Raman (FET-Raman)

22] . TD-Raman was the first one designed for realizing the tran-

ient thermal probing using Raman technique. As shown in Fig. 12 ,

he TD-Raman employed a carefully designed pulsed laser for both

eating and Raman excitation. The pulsed laser consisted of a var-

ed pulse-on period and a fixed pulse-off period. During the laser

ulse-on period, the tested sample was heated up and the length

f the pulse-on period varies from a very short one to a sufficiently

ong one. In those short periods, the sample cannot reach the ther-

ally steady state when the laser is on. As the pulse-on period be-

omes longer, the sample could be closer to the thermally steady

tate until the sample can reach the steady state. The pulse-off pe-

iod is long enough for the sample to completely cool down to the

oom temperature before the next pulse comes in. 

Evaluation of the TD-Raman method was conducted on a tipless

i cantilever. The cantilever has an approximately 1-dimensional

hape and the Raman laser was focused on its tip end. The laser

eated the tip and the generated thermal energy would dissipate

long the cantilever to the chip (heat sink). Note in TD-Raman, the

emperature reflected by the Raman spectrum is an average over

he whole heating time and the space covered by the laser spot ̄θ =
 t e 
0 

∫ x 2 
x 1 

θ ( x, t ) dx dt / ( x 2 − x 1 ) t e . It can be expressed as: 

¯ = 

2 ̇

 g L 3 

( x 2 − x 1 ) k t e 

∞ ∑ 

m =1 

1 

m 

4 π4 

(
1 + 

L 2 

m 

2 π2 α
e −m 

2 π2 αt e / L 
2 

)

×
(

cos 
mπ

L 
x 1 − cos 

mπ

L 
x 2 

)2 

, (9) 

here x 1 and x 2 are the coordinates of the heated region in this 1-

 model. α is the thermal diffusivity, L is the length of the sample,

 e is the heating duration, k is the thermal conductivity, and ˙ g is

he heat induced by the incident laser on the sample. In data pro-

essing, this should be taken into consideration in order to deter-

ine the thermophysical properties with great accuracy. Since the

ulse interval is long enough, the sample does not have heat ac-

umulation. Therefore, the thermal response of the sample can be

trictly determined by the temporal square-wave heating source. 

Based on the length of the cantilever and the reference value of

ilicon’s thermal diffusivity, a laser-on time span was then carefully

esigned from 20 μs to 2 ms to cover the time length in which

he tip would reach steady state in this heating condition. By fit-

ing the variation of Si Raman peak against time, using 1-D tran-

ient heat transfer physical model, the thermal diffusivity was de-

ermined to be 9.17 × 10 −5 , 8.14 × 10 −5 , and 9.51 × 10 −5 m 

2 /s from

he normalized Raman peak intensity, shift, and peak area against
he heating time. They were all within 10% errors of the reference

alue of thermal diffusivity for silicon. 

.2. Frequency-resolved Raman (FR-Raman) 

The TD-Raman technique realizes the first Raman characteri-

ation of the transient heat transfer process in low-dimensional

aterials. However, it still has one obvious technical drawback:

hen the heating time is extremely short, ∼20 μs in the above-

entioned evaluating experiment, the integration time in the Ra-

an spectroscopy would become as long as half an hour to get a

ound Raman spectrum. This long integration will introduce more

nvironmental interference to the experiment, and lower the mea-

urement accuracy. One way to solving this issue is to use the

requency-resolved Raman (FR-Raman) method [15] , which is an

dvanced technique developed in Wang’s lab. The FR-Raman tech-

ique redesigns the duty of the pulsed laser based on TD-Raman

echnique, and extends its measuring capability to probe a very

ast transient thermal transport at the scale of microsecond to

anosecond. Meanwhile, it could provide a sound spectrum with

 sufficient signal-to-noise ratio for data processing. 

FR-Raman still uses the pulsed laser as heating and exciting

ources as shown in Fig. 13 , but the pulse duty is kept to be 50%.

hat means the laser is on in half time of a period and is off in

he other half. In this way, Raman signal is always collected in half

f the integration time, and will become much stronger compared

ith TD-Raman. However, since the cooling time between pulses is

ot enough for the sample to cool down completely, FR-Raman will

ave less theoretical sensitivity in thermal characterization com-

ared with TD-Raman. 

In FR-Raman, since the pulse interval is not sufficiently long

o allow the sample to cool down, heat accumulation occurs, and

 quasi-steady state was then defined when the modulation fre-

uency is very large. The temperature rise in quasi-steady state

as the half of the temperature rise at thermally steady state. That

eans many pulses will need to be calculated in numerical model-

ng to obtain quasi-steady state response of the system to period-

cal laser heating. This could be very time consuming numerically

ince there are rare analytical solutions for the physical problems

nder study. Such data processing obstacle has been overcome by

onstructing the periodical heating source in the heat transfer gov-

rning equation to consist of many step function heating sources.

nalogous to TD Raman, an evaluation experiment was carried out

sing the same type of the silicon cantilever. For laser heating of a

icro-scale Si cantilever, the temperature response probed by the

aman can be expressed as 

¯(t) pulse = C 0 

∞ ∑ 

m =1 

C m 

[
1 − e −m 

2 π2 αt/ 4 l 2 / 
(
1 + e −m 

2 π2 α/ (8 f 0 l 
2 ) 
)]

, (10) 

here C m 

= { [ 1 − ( −1 ) m 

] cos [ mπx 1 / ( 2 l ) ] } 2 / ( m 

4 π4 ) and 

 0 = 8 ̇ g l 3 / [ ( l − x 1 ) k ] . Besides, x 1 and x 2 define the heated re-

ion on the micro-scale Si cantilever. α and k is the thermal

iffusivity and thermal conductivity of Si. l is the effective length

f the cantilever after fully considering the geometry of the

antilever’s end. f 0 is the modulation frequency, and ˙ g is the

eat induced by the incident laser on the sample. The thermal

iffusivity of the Si cantilever was determined at 9.57 × 10 −5 m 

2 /s,

1.00 × 10 −5 m 

2 /s, and 9.02 × 10 −5 m 

2 /s through intensity, shift,

nd total Raman emission, respectively. 

Despite the less sensitivity of FR-Raman method, its most im-

ortant advantage is that the collection of Raman signals be-

omes more efficient than TD-Raman. Take the 20 μs-laser-on-

ach-period case in the Si cantilever evaluating measurement as an

xample: In TD-Raman it took 100 s to get a sound Raman spec-

rum, while only 2 s in FR-Raman. Also, in FR-Raman, the inte-
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Fig. 12. Physical concept of time-domain differential Raman. (a) Timing profiles of the laser pulse and the temperature evolution, and instant changes of Raman peak inten- 

sity ( I ), peak shift ( ω) and linewidth ( Γ ). (b) The corresponding temporally accumulative Raman spectra of one cycle in three cases. (Reprinted from Ref. [14] . Reproduced 

with permission of Optical Society of America. All rights reserved) 
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gration time would be the same no matter how fast the laser is

modulated. This helps a great deal to significantly weaken the dis-

turbance from surroundings. This great advantage may improve the

possible temporal resolution to faster than nanoseconds in Raman-

based temperature response. Although both the TD-Raman and FR-

Raman have been developed to measure the thermal diffusivity of

materials at the micro/nanoscale, it should be able to probe the

transient thermal response of two materials immediately next to

each other because of its superior material-specific temperature

measurement capacity. This will provide a great potential to di-

rectly measure the interface thermal conductance. 
s  
.3. Laser flash Raman spectroscopy method 

In Zhang’s group, another powerful temporal Raman-based

haracterization method, named laser flash Raman spectroscopy

ethod, has been well developed [ 12 , 13 , 16 , 23 , 87 , 102 ]. It has been

urther improved to a dual-wavelength laser flash Raman spec-

roscopy method [24] for wider applications. Liu et al. first devel-

ped the laser flash Raman spectroscopy method and applied this

ew method to measure the thermal properties for MWCNTs [13] .

nstead of continuous wave laser heating, the laser flash Raman

pectroscopy method employs a square pulsed laser to heat the

ample as shown in Fig. 14 . The laser flash Raman spectroscopy
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Fig. 13. Concept and physics of FR-Raman. (a) Timing profiles of the laser pulse and the temperature evolution, and instant changes of Raman peak intensity ( I ), shift ( ω) 

and linewidth ( Γ ). (b) The quasi-steady state at very high f . (c) The steady state at very low f . (d) Contour map of Si Raman peak intensity against the modulated frequency 

and Raman shifts. (Reprinted from Ref. [15] . Reproduced with permission of 2015 Optical Society of America. All rights reserved) 

Fig. 14. Physical model of the laser-flash Raman method.(Reprinted from Ref. [87] . 

Reproduced with permission of Elsevier. All rights reserved) 
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hares the similar principle as the TD-Raman, and involves nor-

alization to the steady-state Raman data. The sample experiences

ignificant temperature rises during the heating period, and the

eating period is short enough that no temperature rise exists at

he far end away from the heating point. Then a long enough time

nterval between two pulses is applied to completely cool the sam-

le down to the ambient temperature. 

A physical model is developed to describe the average tempera-

ure rise along the length of the pulse duration over the irradiated

rea: 

¯(0 , 0 ∼ τh ) = 

4 ηP 1 
√ 

α

3 Ak 
√ 

π

√ 

τh , (11)

here θ̄ is the average temperature rise at the heating point, η is

he optical absorption coefficient, P 1 is the incident laser power in

he pulsed measure, τ h is the flash time. A, k , and α are the cross-

ection area, thermal conductivity, and thermal diffusivity of the

ample. In the meantime, the Raman spectrum of the same sample

n the steady-state Raman method, θ̄ (0) = ηP 2 l / ( kA ) , is obtained

o normalize the transient Raman response, in order to eliminate

he optical absorption coefficient η and the unknown thermal con-

uctivity k of the sample. P 2 is the incident laser power in the

W laser measurement. By fitting the normalized temperature rise

urve against the length of the pulse duration, the thermal diffu-
ivity can be determined without knowing the optical absorption

oefficient. Different from the steady-state Raman measurement

here the accurate optical absorption is essential for thermal char-

cterization, the laser flash Raman spectroscopy method calculates

he thermal diffusivity through fitting the normalized temperature

ise curve, the absolute laser heating level is not required. 

Li et al. applied a “laser-flash Raman mapping” method to si-

ultaneously measure the thermal contact resistance at the carbon

ber–carbon fiber junction and their thermal conductivities [87] .

aser is used to heat the sample and the laser absorptivity is exper-

mentally determined by a transient laser-flash Raman technique.

he laser heating position is changed along two connected carbon

bers, and the change of temperature rise with varying positions

s in-situ measured from the temperature dependent Raman shifts.

he high spatial resolution of the micro-Raman mapping allows di-

ect observation of the abrupt jump of thermal resistance at the

arbon fiber–carbon fiber junction, from which Li et al. extracted

he thermal contact resistance as well as the thermal conductivity.

As shown in Fig. 15 , the thermal conductivities of the individual

arbon fibers are around 200 W/(m 

•K), and the thermal contact re-

istance of the carbon fiber–carbon fiber junction is (2.98 ± 0.92)

10 5 K/W. That verified this method is a feasible non-contact mea-

urement method for simultaneous characterization and manipu-

ation of contact/interface heat conduction between various micro-

nd nano-fibers. Using the laser-flash Raman method, Li et al. also

easured the thermal diffusivity and thermal conductivity of sup-

orted and suspended graphene [102] and the result is shown in

ig. 16 . 

As shown in Fig. 16 , the thermal conductivity and thermal diffu-

ivity were extracted by analytically fitting the temperature rise ra-

ios as a function of spot size and pulse duration, respectively. The

easured thermal conductivities were in the range of 0.84 ×10 3 -

.5 ×10 3 W/(m 

•K) and the measured thermal diffusivity is in the

ange of 5.3 ×10 −4 -6.8 ×10 −4 m 

2 /s. Furthermore, the specific heat

f the measured graphene samples can be calculated as C = k / αρ ,

hich is about 700 J/(kg •K). The value of specific heat agrees well

ith that of graphite. 

.4. Variable-spot-size laser flash Raman spectroscopy method 

Due to the recent research [103] showing that local phonon

on-equilibrium for samples with long phonon relaxation lengths

easured in a highly focused laser spot using advanced Ra-

an methods, the variable-spot-size laser-flash Raman method has
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Fig. 15. (a) Mechanism of contact resistance measurement across the junction be- 

tween two carbon fibers. (b) Measured thermal resistance distribution of the carbon 

fiber-carbon fiber sample and the best fit of the individual carbon fibers’ thermal 

conductivities and thermal contact resistance of the carbon fiber–carbon fiber junc- 

tion. (Reprinted from Ref. [87] . Reproduced with permission of Elsevier. All rights 

reserved) 

 

 

 

Fig. 17. Schematic of the heat conduction model for Gaussian laser heating 

substrate-supported n-layer 2D heterostructure. (Reprinted from Ref. [23] . Repro- 

duced with permission of Elsevier. All rights reserved) 
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been proposed. It can measure the thermal properties as well as

the laser absorption in supported 2D van der Waals heterostruc-

ture with arbitrary layers as shown in Fig. 17 . Li et al. established
Fig. 16. Extraction of thermophysical properties from normalized temperature rise curves.

of the heat conduction model for circular suspended graphene. (c) Extraction of thermal

the two suspended graphene samples by the analytical fitting of the normalized tempera

ne supported and two suspended graphene samples by the analytical fitting of the norm

lines respectively represent the measured temperature rise ratios and the best fits to the

Royal Society of Chemistry. All rights reserved) 
he heat conduction model of the supported 2D van der Waals

eterostructure and analyzed the sensitivity and uncertainty for

he multi-response multi-parameter [23] . Investigation of multiple

teady-state and transient-state cases showed that the transient

emperature curves are sensitive to the thermal properties. This

ariable-spot-size technique with submicron spot sizes is more ap-

licable to 2D materials with short relaxation length, while a suf-

cient large spot is required for the samples with long relaxation

ength. 

.5. Dual-wavelength flash Raman spectroscopy method 

The temporal resolutions of the laser flash Raman Spectroscopy

ethod are still not satisfactory due to limits in the rising time

f the electro-optical modulator (EOM) signal. For instance, the

emperature rise of a supported carbon nanotube can approach

teady state within 10 ns, while the highest reported temporal

esolution of the transient Raman spectroscopy method is ∼15

s, so this method cannot be used with supported carbon nan-

tubes. To resolve this problem, Fan et al. proposed an in-situ
 (a) Schematic of the heat conduction model for supported graphene. (b) Schematic 

 conductivity λsup and g for the two supported graphene samples and ( λsu s R c ) for 

ture rise as a function of laser spot radius. (d) Extraction of thermal diffusivity of 

alized temperature rise as a function of laser pulse duration. The symbols and solid 

 experimental data. (Reprinted from Ref. [102] . Reproduced with permission of The 
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Fig. 18. (a) Measurement principle of the dual-wavelength laser flash Raman spectroscopy method. (b) Measured and best-fit normalized temperature rise of the silicon 

sample during heating and cooling. (Reprinted from Ref. [24] . Reproduced with permission of Springer Nature. All rights reserved) 
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dual-wavelength laser flash Raman spectroscopy method” [24] . As

hown in Fig. 18 (a), in this method, a heating pulse is used to heat

he sample and another pulsed laser with a different wavelength

nd negligible heating effect is employed as a probe to measure

he sample temperature variation. The temperature rise and fall

urves can be measured by changing the delay between the heat-

ng pulse and the probing pulse, and the thermal diffusivity of the

ample can be characterized by fitting the temperature variation

urves. The time delay between the heating and probing pulses can

e precisely controlled with a minimum step of 100 ps so that the

emperature variations can be scanned with an ultra-high tempo-

al resolution of 100 ps. This is similar to the transient thermal

eflectance concept used in the pump-probe technique. Fan et al.

stablished a bulk material model to verify the measurement ac-

uracy. Fig. 18 (b) shows the measured thermal diffusivity of a sili-

on sample, which is 8.8 ×10 −5 m 

2 /s with a 3% difference between

he measured value and the average result for bulk silicon in the

iterature. 

Based on the dual-wavelength laser flash Raman spectroscopy

rinciple, Hu et al. proposed a method for measuring supported

-D nanowire, and then measured a supported silicon nanowire

106] . The temperature variations of single nanowire in the heating

nd cooling processes are shown in Fig. 19 . The thermal diffusivity

f silicon nanowire is calculated to be 8.3 ×10 −5 m 

2 /s. Furthermore,

ith the density and specific heat capacity of nanowire consistent

ith the bulk values [2.33 g/cm 

3 , 745 J/(kg •K)], the thermal con-

uctivity can be determined with high accuracy. Finally, the best-

tted thermal conductivity is 145 W/(m 

•K) and the laser absorp-

ion is 6.6%. Meanwhile, the thermal resistance R c can be deter-

ined as 2.63 m 

•K/W. 

The laser flash Raman spectroscopy method and its advanced

ethods utilize multiple laser sources to feasibly realize diverse

hermal properties characterization in different nanostructures. 

.6. Dual-wavelength flash Raman spectroscopy mapping method 

As mentioned in Section 2.3 , for normal Raman measurement,

he spatial resolution of temperature measurement is limited by

he size of the focused laser spot if the sample’s size is larger

han the laser spot size. Material control and optical field control

an further enhance the spatial resolution. However, these con-

rol approaches are not suitable for all samples and will make

he experiment more complicated. To simply enhance the spatial

esolution and then further enhance the measurement sensitivity
f the DFR method, Fan et al. further developed a DFR mapping

ethod [ 24 , 25 ]. Using a fixed heating laser spot to heat the sam-

le to induce a temperature distribution, then moving the posi-

ion of the probing laser spot, the temperature variation curves at

arious positions can be measured, and the thermophysical prop-

rties can be then obtained. The spatial resolution of the center

istance between heating and probing laser spots can reach 50

m. As shown in Fig. 20 , case analysis showed that the measure-

ent sensitivity of this mapping method for nanofilm [25] and

anofiber [24] can be significantly enhanced compared with the

oncentric DFR method. Meanwhile, a temperature phase method

as proposed to analyze the measured data, and the virtual exper-

ments showed the measurement uncertainty of thermal diffusivity

or suspended nanofilm can be better than 5% [25] . 

This method can also be used to determine the thermal diffu-

ivity of 2D anisotropic materials [104] . The principal axis can be

dentified from a steady state temperature mapping as shown in

ig. 21 , and the anisotropic thermal diffusivities can then be accu-

ately extracted from transient temperature variation curves. This

ethod is the only reported approach that can directly measure

he thermal diffusivity of 2D anisotropic materials with thicknesses

f < 100 nm with an uncertainty less than 5%. 

. Energy Transport State-resolved Raman (ET-Raman): Down 

o ps Resolution and Probing of Conjugated Hot Carrier 

iffusion 

.1. ET-Raman: ns and ps scale resolution 

In the abovementioned work, phonons are the main carriers for

ransferring thermal energy in materials. Most 2D atomic layer ma-

erials belong to the realm of semiconductor and they have band

aps. In Raman-based thermal measurements for the heat trans-

er process in 2D semiconductors, the photons of Raman excita-

ion laser have a higher energy than the band gap, and will ex-

ite electron-hole pairs. The generated electrons then participate

n transferring heat in materials. Thus, both electrons and phonons

re main carriers contributing to the thermal energy transport in

D materials. The heat transfer in 2D semiconductors supported

n a substrate consists of three physical processes as shown in the

ig. 22 (a). First, as the incident photons arrive at the surface of

D semiconductors, the 2D semiconductors absorb incident energy

nd the electron-hole pairs are excited and then generate hot car-

iers (free electrons) which will diffuse immediately in space and
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Fig. 19. Measured and best-fit normalized temperature rise of the supported silicon nanowire during heating and cooling. (Reprinted from Ref. [106] . Reproduced with 

permission of Elsevier. All rights reserved) 

Fig. 20. (a) Schematic of the suspended nanofilm; (b) Sensitivity of nanofilm thermal diffusivity for various center distances between heating and probing laser spots; (c) 

Schematic of the suspended nanofiber; (d) Sensitivity of nanofiber thermal diffusivity for various center distances between heating and probing laser spots. (Reprinted from 

Ref. [ 24 , 25 ]. Reproduced with permission of Elsevier and Science China Press. All rights reserved) 
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recombine with holes at another place away from the heating area.

This process can be analytically described as 

D ∇ 

2 �N − �N 

τ
+ 

∂ n 0 

∂T 

�T 

τ
+ �α = 0 , (12)

where D (cm 

2 s −1 ), τ (s) and � (photons per cm 

3 per s) are the

carrier diffusion coefficient, the electron-hole recombination time

of the 2D semiconductor and the incident photon flux. α is the

optical absorption coefficient of the 2D semiconductor. 
The second process is that phonons obtain thermal energy from

ot carriers and electron-hole recombination and transfer the en-

rgy to another place of lower energy. This process mainly happens

n the in-plane and depends on the thermal conductivity of the 2D

emiconductors. It has the following governing equation 

 ∇ 

2 �T + (hν − E g )�α + E g 
�N 

τ
= 0 , (13)

here �T( r , t ) (K), k [W/(m 

•K)] and Eg (eV) are the temperature

ise, the thermal conductivity and the bandgap energy of the 2D
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Fig. 21. (a) Steady in-plane temperature distribution in BP heated with a Gaussian laser. The 1 μm radius red circle represents the probe beam circumference. (b) The green 

dots are the temperatures at different positions along the probe circumference and the blue elliptical contour is the temperature fit in polar coordinates. (Reprinted from 

Ref. [104] . Reproduced with permission of Elsevier. All rights reserved) 
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emiconductor. The third process is heat transfer across the plane

nd obviously that interface thermal resistances will dominate this

rocess. The heat transfer across the interface can be described

onceptually as �q = A ( T 2D - T s )/ R , where �q is the net heat flow,

 is the heating area, and R is the interface thermal resistance. It

s important to note that A may be larger than the irradiated area,

ince the hot-carrier-diffusion will enlarge the heating region. 

The hot carrier is very important, but has not been consid-

red before until recent pioneering work in Wang’s lab [17-21] .

hey have combined the continuous wave Raman method and pi-

osecond Raman method and developed an energy transport state

esolved Raman (ET-Raman) to characterize these processes and

easured the in-plane thermal conductivity, hot carrier mobility,

nd interface thermal conductance of supported MoS 2 . In their

ork, they used a Raman system with an excitation laser of 532

m wavelength (2.33 eV), that is higher than the band gap of MoS 2 
f 1.8eV-1.29eV [ 92 , 105 ] and can excite the hot electron-hole pairs.

In the picosecond Raman measurement showed in Figs. 22 (d)-

f), since the pulse of the excited/heating laser is so short ( ∼ 13

s) that the thermal diffusion lengths of both MoS 2 and the sub-

trate are shorter than the diameter of the dimension of the irra-

iated area. The temperature rise is mostly determined by the spe-

ific heat of the sample and substrate. In contrast, when using the

ontinuous wave Raman method in Figs. 22 (d)-(f), the heating time

s long enough that heat transfer in both in-plane and cross-plane

irections occur and reach steady state. By varying the size of the

rradiated spot, the contributions of in-plane and cross-plane heat

ransfer and hot carrier diffusion to the total energy transport can

e differentiated. For instance, when the laser spot is very large

e.g. under 20 × objective), the 2D material’s temperature rise is

ostly determined by the interface thermal resistance. When the

aser spot size is very small (e.g. under 100 × objective), the in-

lane heat conduction and hot carrier diffusion play more impor-

ant roles in the measured temperature rise/Raman response. 

A parameter termed Raman shift power coefficient (RSC) is then

roposed and has an expression as χ = ∂ω / ∂P . It is determined by

 , D , R , and laser absorption coefficient, and temperature coefficient

f Raman shift. With the different states in Figs. 22 (b-f), five dif-

erent χ can be obtained and based on them, three new normal-

zed RSCs are then determined: �n = χcw,n / ( χps 1 − χps 2 ) , n = 1, 2,

nd 3. The term χps 1 − χps 2 is from picosecond Raman and used

o eliminate steady-state heat accumulation in the supported 2D

emiconductor. The laser absorption coefficient and temperature
oefficient of Raman shift are eliminated in �, and make it only

epend on k , D , and R . 

Since there were three variables, ( k , D , and R , and corre-

pondingly, three �’s), the regular data fitting was hard to per-

orm for this case. A 3D theoretical model was built to sim-

late the temperature rise in the MoS 2 sample in the experi-

ent. Statistically, the normalized probability distribution func-

ion, �i = exp [ −( �i − �exp _ i ) 
2 
/ ( 2 σi ) 

2 
] , was employed to describe

he precision of k , D , and R . �i and �exp _ i are the normalized

SC from simulation and experiment, and i = 1, 2, 3 denotes k ,

 , and R , respectively. σ i is the uncertainty of the experiment.

he combined influence of three variables was written as � ( k ,

 , R ) = � 1 •� 2 •� 3 . The best set of the interface resistance, hot

arrier mobility, and in-plane thermal conductivity of the sample

ould be determined when � ( k , D , R ) equals one. That means

hat the theoretical result agreed with the experimental result to

he best. Fig. 23 shows the process of determining k , D , and R .

ased on this energy-resolved Raman technique, the complex en-

rgy transport process in the 2D semiconductors has been revealed

o the highest extent to date. 

.2. Frequency-domain energy transport state resolved ET-Raman 

FET-Raman) 

Zobeiri et al. took one more step forward to develop a

requency domain Energy Transport state-resolved Raman (FET-

aman) on the basis of FR-Raman and ET Raman, aiming at in-

estigating the thermal energy transport in the in-plane direction

f suspended 2-D materials. It employed a CW laser and a modu-

ator instead of two different laser sources as the heating source

nd Raman excitation source. Fig. 24 shows the detailed mech-

nism of in-plane thermal conductivity measurement using FET-

aman. First, the CW laser was applied to heat a suspended sam-

le to various thermally steady-states at accordingly different laser

ower levels. RSC of the steady-state case ( ψ cw 

) had the expres-

ion of ψ cw 

= ∂ω / ∂P ∝ α( ∂ω / ∂T ) /k , where k is the in-plane ther-

al conductivity of the sample, α is the laser absorption coeffi-

ient, and ∂ ω/∂ T is the temperature coefficient of shift. However,

t still needs α and ∂ ω/∂ T calibration to determine k with only

teady state measurement. The frequency-resolved states were fur-

her employed to eliminate α and ∂ ω/∂ T . 
In the frequency resolved cases, the CW laser was modu-

ated to be a pulsed laser with equal on and off duration as
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Fig. 22. The physical concept of five-state picosecond ET-Raman technique. (a) The generation, diffusion, and recombination of hot carriers in MoS 2 upon laser illumination 

(not to scale). (b) and (c) Laser heating in ps domain with weak heat transfer under 50 × (b) and 100 × (c) objectives. (b −f) CW laser heating with simultaneous heat 

transfer under 20 × (d), 50 × (e), and 100 × (f) objectives to achieve different laser spot size heating to differentiate the effects of R , k , and D . (Reproduced from Ref. [21] with 

permission from the PCCP Owner Societies.) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

m  

m  

a  

m  

n  

u  

s  

t  

t  

c

 

d  

a  

s  ∫
 

t  

c  

m  

s  ∫
 

t  

o  

d  

t  

p  

U  
shown in Figs. 24 (c) and (d). In the laser-on period, the inci-

dent laser heated the sample to raise its temperature, while dur-

ing the laser-off period, the thermal energy dissipated to in and

cross the plane of the sample and its temperature cooled down.

Two typical heating states exist in frequency-resolved measure-

ment shown in Figs. 24 (e) and (f). One is heating the sample

at a very high frequency and the sample cannot reach the ther-

mal steady state temperature, but a temperature at quasi-steady

state which was termed in FR-Raman and readily proved to be

half of the steady state temperature at the same incident power

before modulation [15] . The other heating state is with very low

frequency. The sample has a long enough time to reach the ther-

mally steady-state during each laser-on period and also a long

enough cooling time to cool down to room temperature thereafter

in the laser-off period. However, the frequency-resolved measure-

ment was achieved by selecting one appropriate frequency in mid-

dle of the frequency range from quasi-steady state to steady state.

The obtained RSC in frequency-resolved case ψ f r is proportional

to α( ∂ω / ∂T ) / ( ρc p ) f ( k/ ρc p ) . Thus, the value of ψ cw 

/ ψ f r termed as

normalized RSC is equal to κ/ ( ρc p ) f ( k/ ρc p ) . From this correlation,

it is clear that the normalized RSC could exclude the effect of the

accuracy of the laser absorption coefficient and Raman tempera-

ture coefficient, and is only dependent on the thermal conductivity

when the volumetric heat capacity is assumed to be a constant in

a small temperature rising process. 

A 3D heat conduction model was built in Zobeiri’s work to sim-

ulate the temperature rise in the abovementioned two measure-
ent cases, and to further define the correlation between the nor-

alized RSC and thermal conductivity. In the simulation, the laser

bsorption coefficient, incident power and the cross-plane ther-

al conductivity were arbitrarily selected as their effects on the

ormalized RSC were eliminated in the normalization. The author

sed a 36 nm-thick suspended MoSe 2 film as a sample, and the

imulation result was shown in Fig. 25 . Figs. 25 (a1)-(g1) show

he temperature evolution and distribution in the sample, while

he steady-state temperature distribution at the surface and in the

ross-plane are illustrated in Figs. 25 (h1) and (h2). 

Given that Raman signals are accumulated result over a space

omain and a time span under laser irradiation, the concept of the

verage temperature was introduced in processing simulated re-

ults. For the steady-state case, the average temperature is T̄ cw 

=
 V 0 
0 

I e −z/ τL T dv / 
∫ V 0 

0 
I e −z/ τL dv , where I is the laser intensity, T is the

emperature of each point of the sample, and τ L is the opti-

al absorption length at the wavelength of incident laser. In the

easurement under a modulated laser, analogous to the steady-

tate case, the average temperature can be expressed as T̄ f r =
 t 
0 

∫ V 0 
0 

I e −z/ τL T d v d t / 
∫ t 

0 

∫ V 0 
0 

I e −z/ τL d v d t . After this averaging process,

he theoretical normalized RSC with the definition of the ratio

f T̄ cw 

to T̄ f r was simulated for different in-plane thermal con-

uctivities of the sample. Compared with the experimental result

o the theoretical curve of the normalized RSC against k , the in-

lane thermal conductivity of the sample is finally determined.

sing this method, Zobeiri, et al. has successfully measured the
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Fig. 23. Simultaneous determination of k , D , and R of 2.4 nm-thick MoS 2 sample. (a–d) the evolution of distribution of � ( k , D , R ), when its value is increasing from 0.65 to 

1. (e–g) The 2D contours of cross-sectional views of � ( k , D , R ) across the point of � ( k , D , R ) = 1 in (a) in three directions. (h–j) The determination of the uncertainty in k , 

D , and R . (Reproduced from Ref. [21] with permission from the PCCP Owner Societies.) 
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c  

s  

m  

s  
n-plane thermal conductivity of suspended MoSe 2 with different

hicknesses: it increases from 6.2 ± 0.9 to 25.7 ± 7.7 W/(m 

•K), as

ts thickness changes from 5 nm to 80 nm. 

The FET-Raman has been developed to investigate the in-plane

eat transfer of suspended 2D materials. Similar to the laser flash

aman spectroscopy method, it employs two states, transient state

nd steady state, to eliminate the unknown laser absorption and

emperature coefficients of Raman properties. However, different

xperimental procedures introduce differences into two physical

odels. In the laser flash Raman spectroscopy method, the pulsed

aser in transient case had a short laser on duration and a long

aser off duration in each period, so the sample could return to

he original temperature after pulsed laser heating [ 12 , 13 , 102 ]. In

ontrast, in FET-Raman, the laser on and off durations are equal,

nd the sample could not totally cool down before the next pulse

omes in. Then the quasi-steady-state and half of the temperature

ise at steady state are utilized to account for this situation. 

The physical models of two methods also show the different de-

endencies on thermal properties of the sample. In the laser flash

aman method, the temperature rise ratio of the transient state

o steady state is applied and relies on the unknown properties of

r  
n-plane thermal conductivity, thermal diffusivity, and the thermal

ontract resistance between the sample layer and the heat sink.

he controllable parameters of the radius of the laser spot were

aried to extract those unknown thermal properties. Compared

ith the laser flash method, the physical model in FET-Raman was

implified by assuming the volumetric heat capacity of the sam-

le layer to be constant in the measurement. The normalized RSC

nly depends on the in-plane thermal conductivity of the sample

ayer. By varying the incident power, the in-plane thermal conduc-

ivity of the sample was determined. Both methods have success-

ully measured the in-plane thermal conductivity of suspended 2D

aterial layer, though different em phases are considered on the

eat conduction model development and experimental measure. 

. Concluding Remarks 

The recent advancements in Raman spectroscopy methods were

ritically reviewed for temperature and thermal properties mea-

urements. The intrinsic properties of Raman peaks, including Ra-

an shift, linewidth, and intensity, show good temperature re-

ponses with different sensitivities, and deconjugation of the cor-

elations among these properties can reveal the effects of ther-
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Fig. 24. Physical concept of Frequency-domain Energy Transport state-resolved Raman (FET-Raman) method. (a) A MoSe 2 nanosheet is suspended on a silicon substrate 

with a circular hole and irradiated with a 532 nm CW laser (b) and a 532 nm frequency-modulated laser (c). Temporal profiling of square-wave modulation of the laser 

(d). Theoretical temperature evolutions of the sample under very high modulation frequency (e) and under very low modulation frequency (f). (Reprinted from Ref. [22] . 

Reproduced with permission of Elsevier. All rights reserved) 

Fig. 25. Contour map of the temperature rise of the 36 nm MoSe 2 sample under laser irradiation as a function of time. The total heating time is 5 μs. (a1–h1) show the 

evolution of temperature rise of the sample top (10 μm × 10 μm). Figs. a2–h2 show the temperature rise of the sample side (cross-section view, 10 μm wide × 36 nm high). 

(Reprinted from Ref. [22] . Reproduced with permission of Elsevier. All rights reserved) 
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al stress, interface optical interference, and optical focusing on

he measured temperatures. Other sources of errors in the steady

tate Raman method are from the accuracy in the temperature

oefficient calibration for Raman properties and the heating level

valuation. Different scenarios in temperature coefficients calibra-

ion and real measurement situation have been experimentally ob-

erved. The heating power and temperature rise should be kept

s low as possible to minimize the errors in measurement. For

eating level examination, large errors may arise when using op-

ical properties from references due to structure difference from

ne sample to another. Alternatively, the feasibility of the temporal

aman methods demonstrates excellent performance of avoiding

hese errors as they are eliminated in the physical models. They

rovide a more efficient way for thermal properties determination

ith high accuracy. 

However, the signal accumulation in Raman spectroscopy low-

rs the sensitivity of temperature probing in both time and space

omains. To improve the resolution in both domains remains a

heoretical and technical challenge. With the help of temporal Ra-

an methods, the time resolution can be improved to picoseconds.

urthermore, taking advantage of both steady-state and transient

aman methods, the hot electron-hole pairs’ generation and their

ontribution to heat transfer has been decomposed and deeply in-

estigated in 2D semiconductors. Also, preliminary scanning Ra-

an measurement has been performed to study the interface. To

xtend the capability of Raman method, the scanning application

hould be developed in future for the study of complexity in nano-

aterials, since the Raman-based methods mainly study the ther-

al properties under or near the radiated area and the samples

ere usually assumed to have a uniform thermal property in- or

ross-plane. Also, based on its noncontact feature, it is possible

o apply these advanced Raman methods using an environment

hamber to investigate the thermal properties over a wide tem-

erature range. 
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