Liu et al. Surface Science and Technology (2024) 2:8 SU rface Science
https://doi.org/10.1007/544251-024-00037-6

and Technology

: : : ®
Perspectives on interfacial thermal s

resistance of 2D materials: Raman
characterization and underlying physics

Jing Liu™, Ibrahim Al Keyyam?', Yangsu Xie*" and Xinwei Wang?®’

Abstract

Interfacial thermal resistance plays a crucial role in efficient heat dissipation in modern electronic devices. It is critical
to understand the interfacial thermal transport from both experiments and underlying physics. This review is focused
on the transient opto-thermal Raman-based techniques for measuring the interfacial thermal resistance between 2D
materials and substrate. This transient idea eliminates the use of laser absorption and absolute temperature rise data,
therefore provides some of the highest level measurement accuracy and physics understanding. Physical concepts
and perspectives are given for the time-domain differential Raman (TD-Raman), frequency-resolved Raman (FR-
Raman), energy transport state-resolved Raman (ET-Raman), frequency domain ET-Raman (FET-Raman), as well

as laser flash Raman and dual-wavelength laser flash Raman techniques. The thermal nonequilibrium between optical
and acoustic phonons, as well as hot carrier diffusion must be considered for extremely small domain characterization
of interfacial thermal resistance. To have a better understanding of phonon transport across material interfaces, we
introduce a new concept termed effective interface energy transmission velocity. It is very striking that many reported
interfaces have an almost constant energy transmission velocity over a wide temperature range. This physics consid-
eration is inspired by the thermal reffusivity theory, which is effective for analyzing structure-phonon scattering. We
expect the effective interface energy transmission velocity to give an intrinsic picture of the transmission of energy
carriers, unaltered by the influence of their capacity to carry heat.

Keywords |nterfacial thermal resistance, 2D materials, TD-Raman, FR-Raman, ET-Raman, FET-Raman, Effective
interface energy transmission velocity, Thermal reffusivity

1 Introduction

Since the emergence of two-dimensional (2D) materials,
enormous interests have been attracted by their excep-
tional optical, thermal, and electric properties. One of the
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interfacial thermal transport both from physical perspec-
tives and experiments.

Experimental work and molecular dynamics simu-
lations have been done for better understanding the
atomic-scale thermal contact resistance of low-dimen-
sional materials as summarized in our previous work [6].
For interfacial thermal resistance/conductance measure-
ments, a methodology is to create a heat flux across the
interface and detect the temperature difference between
the 2D material and substrate. Based on heating and tem-
perature sensing methods, the techniques can be clas-
sified into two categories: electrical-heating and laser
heating techniques. The 3w technique belongs to the
electrical heating category [7]. The laser heating method
includes photothermal radiation technique (PTR) [8-10],
time-domain thermo-reflectance (TDTR) [11-15], fre-
quency-domain thermo-reflectance (FDTR) [16-18], and
steady state Raman (SS-Raman) techniques [19-23]. The
3w method is a contact technique that employs electri-
cal heating and temperature sensing based on electri-
cal resistance-temperature relationship. A metallic film
deposited on the sample serves as both heater and tem-
perature sensor. During experiment, an alternating cur-
rent (AC) with  frequency is fed to the sample, which
leads to temperature and electrical resistance change at
2w frequency. Finally, the voltage change at 3w frequency
is detected by a lock-in amplifier. The interfacial thermal
resistance can be extracted from the measured tempera-
ture response under different frequencies [7]. The PTR
technique employs an amplitude-modulated laser (50%
duty) to heat the sample surface. The thermal radiation
from the surface is then detected by an infrared detector
with a lock-in amplifier, which outputs information on
the amplitude and phase shift (time delay) between tem-
perature rise and incident laser. Based on this, the inter-
facial thermal resistance can be extracted [9].

The TDTR technique detects the optical reflectivity
change due to temperature change to obtain the ther-
mal responses of sample after ultrafast pulsed laser
heating [24]. A femo/picosecond laser pulse is split
into two beams. One serves as the pump beam to heat
the sample while another beam acts as the probe beam
to detect the thermoreflectance (Z) whose intensity
change is proportional to the surface temperature rise.
The time delay between the pump and probe beams
is controlled by varying their optical path. By detect-
ing the temporal decay of sample surface during cool-
ing period, the interfacial thermal conductance can
be extracted [13, 15]. It has been successfully applied
in measuring the interface thermal conductance of
Ga,0s/diamond [25], GaN/diamond [26], graphene/
GaN, and MoS,/GaN [27]. In this technique, the modu-
lation frequency should be properly selected to ensure

Page 2 of 20

high sensitivity of the detected signal to thermal prop-
erties. However, this sensitivity is closely related with
unknown thermal properties, thus it is difficult to
determine the modulation frequency before meas-
urement. The FDTR technique is further developed
to overcome this problem and reduce the complexity
of mechanical delay. Instead of detecting the thermo-
reflectance signal as a function of delay time, it detects
the thermo-reflectance signal as a function of modula-
tion frequency of the pump beam [16, 18]. By fitting the
thermo-reflectance against the modulation frequency
curve, thermal properties such as thermal conductivity
and interfacial thermal resistance can be obtained.

Among the above reviewed techniques, the 3w method
employs electrical heating and has higher measurement
accuracies than the laser-assisted techniques. However,
the sample preparation is complex and time-consuming
[28]. The PTR technique employs surface laser heating
and thermal radiation measurement from the heated sur-
face to extract the interfacial thermal resistance [8, 9].
Under cryogenic temperatures, the peak thermal radia-
tion wavelength becomes very long (e.g. 0.145 mm at 20
K) which is difficult to detect. Thus, the PTR technique is
difficult to use in cryogenic tests [24]. The advantages of
TDTR and FDTR include simple sample preparation, ver-
satile capability of determining multiple thermophysical
properties and high temporal and spatial resolutions [24].
Though TDTR has been successfully applied in interface
thermal conductance measurement between graphene
and metal [29, 30], it has the following disadvantages in
thermal property characterization of 2D materials. For
optically transparent materials like 2D materials, the sur-
face thermo-reflectance is affected by the temperatures
of both 2D material and substrate, which cannot be dif-
ferentiated in the signal. Besides, treatment by depositing
a metallic film on the 2D material (making a sandwich
structure) will significantly change the morphology of the
2D material, its interface structure, and the local thermal
transport properties.

The above problem can be resolved by using Raman-
based techniques. The characteristic peaks in Raman
spectrum of 2D materials have strong temperature
dependence, and can be used to probe and distinct its
temperature from that of the substrate. Its non-contact
and non-destructive feature makes the Raman tech-
nique a powerful tool for thermal characterization. A
large number of materials have their unique Raman
peaks. The Raman shift, linewidth, and intensity are
temperature dependent, which can be used for effi-
ciently monitoring the temperature of 2D materials. In
addition, derivative parameters from the unique Raman
signals, for example, the resonance Raman ratio (R3) of
WS, has been proven to be a robust and high-sensitive
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tool for temperature probing in the temperature range
of from 170 to 470 K [31].

The first developed Raman-based thermal characteri-
zation technique is steady-state Raman (SS-Raman).
The SS-Raman employs one single continuous wave
(CW) laser beam to heat the sample and excite Raman
signals at the same time. The Raman shift tempera-
ture coefficient (y;) and Raman shift as a function of
absorbed laser power (P) is obtained. Based on the
determined temperature rise under a specific laser
power, the interfacial thermal resistance can be deter-
mined [23]. However, the laser absorbance evaluation
and temperature calibration may introduce very large
uncertainties in interfacial thermal resistance deter-
mination. The laser absorbance is determined by the
optical properties of 2D material and substrate. For a
supported 2D material, the local optical interference
leads to low accuracy in the laser absorbance calcu-
lation. The temperature rise of 2D material requires
Raman shift temperature coefficient (x7 = dw/dT)
calibration in a separate experiment. During tempera-
ture calibration, the 2D material is in thermal equi-
librium with the substrate. However, it experiences a
very large lateral temperature gradient and large tem-
perature difference across the interface under the laser
heating during interface characterization. The resulting
strain in the 2D material affects the Raman shift, which
will introduce errors in temperature rise analysis and
laser absorption evaluation if interface delamination
happens [32, 33]. The mechanism of Raman spectrum
response to temperature and possible error factors in
calibration and measurement, as well as physical prob-
lems faced in Raman-based thermal characterization of
2D materials have been comprehensively discussed in
our previous work [33, 34].

In recent years, Raman based thermal characteriza-
tion techniques have been developed from SS-Raman
to transient opto-thermal Raman, which provide more
powerful tools for extreme thermal probing and pave
the way for studying novel physical phenomena in inter-
facial energy transport. In this paper, we systematically
review the transient opto-thermal Raman-based tech-
niques for measuring the interfacial thermal resistance
between 2D materials and substrate. Compared with the
SS-Raman, transient Raman techniques avoid the large
uncertainties from laser absorption coefficient and abso-
lute temperature rise estimation. We discuss the physical
principles, critical features, advantages, and applications
of each unique technique. In addition, to have a better
understanding of phonon transport across the 2D mate-
rial interface, we introduce a new concept termed effec-
tive interface energy transmission velocity and discuss
its effect on interface thermal conductance. The goal of
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this perspective is to provide critical guidance for under-
standing the interfacial thermal transport from both the
Raman measurement techniques and underlying physics.

2 Transient Raman techniques for 2D material
interface characterization

Based on aforementioned limitations of SS-Raman,
researchers are seeking Raman-based techniques with-
out needing the laser absorption coefficient and absolute
temperature rise. A good physical methodology proposed
by Wang’s group is to create different transient energy
transport states to rule out the need of absolute tempera-
ture rise and laser absorption coefficient [35—37]. In this
section, we will discuss the physical principles of tran-
sient thermal response in time domain of time-domain
differential Raman (TD-Raman) [37], in frequency
domain of frequency-resolved Raman (FR-Raman) [36],
accumulated response during an extremely short time
of frequency domain energy transport state-resolved
Raman (FET-Raman) [35, 38] and energy transport state-
resolved Raman (ET-Raman) [39, 40]. Zhang’s lab also
developed two promising Raman techniques based on
transient thermal response to determine the thermo-
physical properties of micro/nanoscale materials: laser
flash Raman [41, 42] and dual-wavelength laser flash
Raman [43, 44].

2.1 Hot carrier diffusion and nonequilibrium phonons
in 2D materials under laser irradiation

Before discussing the transient Raman techniques to
characterize the thermophysical properties of 2D mate-
rials, it is critical to understand the energy transfer
among carriers in a 2D material during and after laser
irradiation. The carriers include photons, electrons, opti-
cal phonons (OPs) and acoustic phonons (APs). Figure 1
shows the physics of hot carrier generation, diffusion and
recombination in MoS, under a CW 532 nm (2.33 eV)
laser irradiation [40]. Upon laser irradiation, the elec-
trons in valence band are excited to conduction band by
absorbing photons, leaving holes in the valence band. In
an extremely short time (0.5~ 1 ps), the excited electrons
lose excess energy (AE=E,E, E,: photon energy, E;
bandgap) by exciting phonons through a fast thermaliza-
tion process. The electrons carrying the remained pho-
ton energy will diffuse out of the excitation area (related
to the laser spot radius) [45, 46]. Then the excited elec-
trons and holes recombine through a non-radiative pro-
cess to release energy for multilayered 2D materials, and
through a radiative process for monolayers. In both ther-
malization and recombination processes, the energy is
transferred from hot electrons to lattice (phonons). The-
oretical research has shown that the hot electrons relax
mainly through optical phonons emission [47]. Due to
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Fig. 1 Schematic of hot carriers'generation, diffusion and recombination in MoS, under 532 nm CW laser irradiation [40]. (Not to scale) (Reprinted
from Ref. [40]. Reproduced with permission of Royal Society of Chemistry. All rights reserved)

the low group velocity of OPs, most of the energy carried
by OPs will transfer to APs which sustain the majority of
heat conduction [47].

The governing equation of hot carriers energy trans-
fer can be expressed as [45]:

AN

ang AT
AN — — +
T

2T L pa =
8Tr+a0 (1)
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Here, D, 7 and @ are the carrier diffusion coefficient,
electron—hole recombination time and the incident
photon flux. a (cm™') is the optical absorption coeffi-
cient of 2D materials. 7, (cm ™) is the equilibrium free-
carrier density at temperature 7. The second governing
equation (energy transport) involves the electron—hole
recombination process and energy transfer among lat-
tice (phonons) [45]:

KVZAT+(hv—Eg)q>a+€—g(1—ﬁ)=o 2)

Here, AT (r,t) and x are the temperature rise and
thermal conductivity of a 2D material. 4v is the pho-
ton energy of the laser source. 8 is the electron—hole
radiative recombination efficiency (for monolayer).
In supported 2D materials, the heat will transfer
from the lattice of 2D material to substrate, where the

interfacial thermal resistance dominates this process.
The heat transfer across the interface can be described
as ¢ = (Top — T)/R;,, where q” and R}, are the heat
flux across the interface and the local interfacial ther-
mal resistance.

Two critical points should be discussed here. Under
laser irradiation, the excited electrons diffuse out of the
laser spot area, which results in a heating area larger than
the laser spot. It has been reported that the hot carrier
diffusion length in few-layered MoS, is in the order of
a few 0.1 um, which is comparable to the laser heating
spot size under 100 X objective (0.3 um radius) [36]. The
underestimated heating area leads to an overestimated
laser heating flux which finally lowers the determined
interfacial thermal resistance. The hot carrier genera-
tion and diffusion have been extensively studied by the
Schottky diode method [48-51]. However, the Schottky
diode method can only investigate the hot electron dif-
fusion in metal-2D material diode where the hot electron
diffusion will be different from that in 2D material under
laser irradiation. Thus, it is critical to take the hot carrier
diffusion into account simultaneously when the thermal
transport in 2D material is investigated. In addition, Ruan
et al. reported that under laser irradiation, different pho-
non branches are in strong thermal nonequilibrium, with
the ratio of temperature rise of phonon branches as high
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as six [47]. A multitemperature model (MTM) was devel-
oped by using phonon branch-resolved e-p coupling fac-
tors to predict the phonon branch-resolved temperature
under laser irradiation [52]. The results show that within
the laser spot area, different phonon modes are in ther-
mal nonequilibrium, especially flexural phonons showing
the largest nonequilibrium from other phonon modes.
The Raman-based technique has assumed that the phon-
ons are in thermal equilibrium and the detected tempera-
ture by Raman shift is the lattice temperature. Since the
determined interface thermal conductance is inversely
proportional to the temperature difference between 2D
material and substrate, it is critical to assess the interpho-
non thermal nonequilibrium when using Raman-based
techniques. Based on the above analysis, taking the hot
carrier diffusion and interphonon thermal nonequilib-
rium into consideration is essential in high-level charac-
terization of 2D material interfacial thermal resistance.

2.2 Time-domain differential Raman (TD-Raman)

The time-domain differential Raman (TD-Raman) was
the first Raman-based technique that detects the tran-
sient thermal response of samples for thermophysical
characterization. The TD-Raman employs a square-
wave amplitude modulated laser with varying duties
to realize different heating state and transient thermal
response probing. Figure 2 shows the physical concept
of TD-Raman [37]. With the pulse-on period increas-
ing from a short one to a sufficiently long one, the
final state in the sample transits from transient state
to steady state. The pulse-off period is fixed and long
enough for the sample to cool down before the next
pulse comes in, so there is no heat accumulation from
the previous cycle [37].

The TD-Raman was validated by measuring a tipless Si
AFM cantilever. A square-wave modulated laser irradi-
ated the tip end. The heat conduction in the Si cantilever
can be regarded as one-dimensional. Since the detected
Raman signal reflects the temperature in the whole heat-
ing area and pulse-on period, the temperature rise was
integrated in both whole heating time and heating area.
The pulse-on period time was carefully designed from
20 ps to 2 ms. By fitting the Raman shift or Raman peak
intensity variation against laser pulse-on time, the ther-
mal diffusivity of Si was determined successfully.

The TD-Raman fits the normalized Raman emis-
sion and Raman wavenumber change with the heat-
ing time, so no temperature calibration was needed.
Also, since the irradiating laser intensity is the same
in different heating period, the temperature difference
(AT,,) between OPs and APs is constant. Therefore,
the Raman shifts caused by AT, are constant, which
will not affect the fitting result. However, when the
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laser pulse-on time is extremely short like 20 ps (which
is needed for characterizing very fast heat conduction
processes), the Raman signal becomes very weak. The
integration time in Raman spectroscopy could be as
long as half an hour to get sound Raman spectra. This
will introduce environmental interference to the exper-
iment and downgrade the measurement accuracy.

2.3 Frequency-resolved Raman (FR-Raman)

To overcome the drawback of TD-Raman for very-
short timescale thermal probing, the FR-Raman was
developed for probing the transient thermal response.
Figure 3 shows the physical concept of FR-Raman [53].
It employs a square-wave amplitude modulated laser
with fixed 50% duty to heat the sample. Instead of vary-
ing the pulse-on period in TD-Raman, the FR-Raman
varies the modulation frequency (f). The Raman sig-
nal is acquired during pulse-on period which reflects
the time integral of temperature evolution during the
heating period [36]. As shown in Fig. 3b and c, the
temperature evolution is f~dependent. When f is very
high, the temperature variations in both heating and
cooling periods are very small and negligible. This state
was named as ‘quasi-steady state. When fis very low,
there is a sufficiently long time for the sample to reach
steady-state during heating period and cool down to
environmental temperature during cooling period. The
FR-Raman was developed and validated by measuring
a tipless Si cantilever. The Raman properties including
Raman shift, Raman peak intensity, and linewidth vary
with f, and can be used to determine the sample’s ther-
mal diffusivity.

The FR-Raman overcomes the drawback of TD-Raman
for very-short timescale thermal probing and receives
very good spectrum for data processing. At the same
time, limited by the ability of modulator, the physical
process shorter than nanoseconds is challenging to inves-
tigate. As the laser frequency is very high, there is no
sufficient time for the sample to cool down to environ-
mental temperature before next pulse. Under this situa-
tion, heat accumulation occurs, resulting in downgraded
measurement sensitivity. The heat accumulation also
requires many pulses calculation in numerical modelling,
leading to extensive numerical calculation in data pro-
cessing. The same as the TD-Raman, the FR-Raman elim-
inates the temperature calibration error in determining
thermal properties since it only uses Raman properties ~ f
shape to determine thermal properties. Additionally,
ATy, is constant under different modulation frequen-
cies, therefore the interphonon thermal nonequilib-
rium will not introduce errors into the thermal property
determination.
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(b) Temporally-accumulative
Raman spectra
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Fig. 2 Physical concept of the TD-Raman. a Evolution of temperature rise, Raman intensity (/), Raman shift (w) and Raman peak linewidth (/)
under different pulse-on periods. b Temporally-accumulative Raman spectra under different pulse-on periods [37]. (Reprinted from Ref. [37].
Reproduced with permission of Optical Society of America. All rights reserved)

2.4 Frequency-domain energy transport state
resolved-Raman (FET-Raman)

Development of the FET-Raman is intended to elimi-
nate the need of so many frequencies measurement in
FR-Raman, and still achieve the same level accuracy, or
even improve it. The FET-Raman employs a CW laser
and an amplitude-modulated laser (frequency f) to heat
the 2D material and create two distinct energy trans-
port states. Figure 4 shows the detailed physical

concept of FET-Raman. In the case of steady-state heat-
ing by a CW laser, the substratgo thermal resistance can

be approximated as Ry, cw = [ (27rxsubr2)_1dr, where

Ky is the thermal conductiv?ty of substrate. In the
amplitude-modulated heating case, the thermal diffu-
sion length into the substrate is much shorted, limited
by the heating time, can be approximated as
Lt = +/ma, /f, where a) is the cross-plane thermal
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diffusivity of the substrate and fis the modulation fre-

quency. The resulting substrate thermal resistance is
Lt

approximated as Ryprr = [ (271Ksubr2)_1dr. The total

thermal resistance (R,,,,) isO the summation of interfa-
cial thermal resistance (R;) and substrate thermal
resistance (R,,;): Ryprai = RT + Rgyyp. The contribution of
Ry to R, is much stronger under amplitude-modu-
lated laser heating. Therefore, the interfacial thermal
resistance can be obtained by investigating the thermal
response in these two distinct energy transport states.

As a CW laser irradiates a supported 2D mate-
rial with different laser power (P), the Raman shift (w)
power coefficient (RSC) of the steady state case (Ycw)
is wcw = 0w/0P. Ycw depends on laser absorption
coefficient (a), Raman shift temperature coefficient
(0w/dT), the thermal conductivity (x,5) of 2D mate-
rial and substrate (x,,,), and interfacial thermal resist-
ance (R},) as: Ycw = o - 0w/ T - fow (Kap, Ksup, Ry, pCp).
By choosing an appropriate frequency (f) and collect-
ing the Raman signals under different laser powers, the
RSC in frequency-resolved Raman state can be obtained:
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ViR = - 0w /3T - frr(k2ps Ksups Ry, pcp).To rule out the
effect of laser absorption and Raman shift temperature
coefficient, a normalized RSC (®) is used and defined as
©® = Yrr/¥cw. Itis clear that @ is a function of R}, as the
thermal conductivity of 2D material and substrate and
volumetric heat capacity are known. Numerical modeling
can be used to evaluate ® and determine R}.. Note in
all Raman-based measurements, the measured thermal
response in fact is a Raman intensity weighted average in
spatial and time domains. Such fact should be considered
rigorously in data processing.

Since the FET-Raman probes the transient thermal
response in the heating period, there is a temperature dif-
ference between OPs and APs in the 2D material. Wang
et al. further developed a method which will be discussed
later to determine the intrinsic thermal conductivity
and interfacial thermal resistance with consideration
of OP-AP thermal nonequilibrium [38, 54-57]. In FET-
Raman, the duty is 50%, so the Raman signal is strong
enough for data processing. However, the sample cannot
cool down completely as the laser-off period is equal to
the laser-on period. The heat accumulation in the sample
hinders the measurement sensitivity.

2.5 Laser flash Raman spectroscopy

The laser flash Raman spectroscopy was first developed
by Zhang’s group [58-61]. In this technique, a series of
square laser pulses are used to heat the sample and real-
ize simultaneous Raman excitation. Between two adja-
cent pulses, the interval time is long enough for the
sample to cool down to prevent heat accumulation. The
average temperature rise of the 2D material and substrate
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can be simultaneously determined by Raman signals. The
laser flash Raman spectroscopy shares the similar princi-
ple with the TD-Raman. By varying the laser pulse dura-
tion (#,) and laser spot radius, the average temperature
rise will change, which can be used to determine ther-
mal properties. By fitting the normalized T- ¢, curve, the
interfacial thermal resistance and thermal conductivity of
a 2D material can be determined [59].

2.6 Dual-wavelength laser flash Raman spectroscopy

The temporal resolution of the laser flash Raman is lim-
ited by the rising time of the electro-optical modulator
(EOM) signal. To push the temporal resolution of Raman
spectroscopy to hundreds of picoseconds, Fan et al
developed a transient method called “dual-wavelength
laser flash Raman spectroscopy” with the temporal reso-
lution being pushed down to 100 ps [43, 59]. As shown
in Fig. 5, a square wave-modulated laser is used to heat
the sample. The temperature variation during the heat-
ing and cooling period is detected by a delayed pulsed
laser with different wavelength and negligible heating
effect. To eliminate the Raman shift peaks excited by the
heating pulse, an appropriate cut-off filter or changing
the grating position of the Raman spectrometer is set-
tled. By changing the delay time (¢,) between the probe
and heating pulse, the temperature rise evolution dur-
ing heating period and temperature fall evolution during
cooling period can be obtained. This concept is similar to
the transient thermal reflectance detection in TDTR. To
eliminate the laser absorption coefficient in data process-
ing, a normalized temperature rise to the highest meas-
ured one is used to determine the thermal diffusivity of

— Heating pulse
— Probing pulse
Temp. of sample
————— Temp. of substrate

1 1]

||

Time

Fig.5 Physical principle of the dual-wavelength laser flash Raman spectroscopy method
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suspended materials. For supported materials, the tem-
perature variation during the cooling period is obtained
since it is not influenced by the laser absorption. In sup-
ported materials, the temperature variation of the sub-
strate is affected by the interfacial thermal resistance. The
normalized temperature rise of the 2D material carries
the effect of the interfacial thermal resistance, and can be
used to determine it.

When the temperature variation during the cooling
period is used to determine the interfacial thermal resist-
ance, the hot carrier diffusion has no effect since there is
no hot carrier generation and heating. Also in the laser-off
period, OPs and APs are in thermal equilibrium, so the
measured temperature response reflects the true AP tem-
perature. Similar to the TDTR technique, the complexity
of experimental setup could hinder the wide application of
dual-wavelength laser flash Raman spectroscopy.

2.7 Energy transport state-resolved Raman (ET-Raman):
down to ps resolution and probing of hot carrier
diffusion

In the abovementioned Raman-characterized physical

processes, hot carriers diffuse out of the irradiated area

until they recombine with holes, leading to an enlarged

Laser heating &
(a) Raman probing

CW laser
& ps laser

(c)
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More R effect

Only (R,D) effect

Picosecond (ps) laser 3
Time variation
to differentiate
the effect of
pc, and (R,D).

More pc, and
much less (R,D)
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heating area. This heating area is strongly interrelated
with the hot carrier diffusion length [45], which could be
comparable to the laser spot size. Recently, Wang’s lab has
done pioneering work about simultaneous determina-
tion of hot carrier diffusion coefficient (D) and interfacial
thermal resistance (R) [39, 40, 45, 46, 62]. They developed
a picosecond (ps) energy transport state-resolved Raman
(ET-Raman) which realized a ps heat transfer scenario
to directly probe the diffusion of hot carriers and their
contribution to energy transfer. Figure 6 shows the sche-
matic of ET-Raman for simultaneous measurement of D
and R. As shown in Fig. 6¢ and d, the steady-state heat-
ing is accomplished by applying a CW (532 nm) laser.
Under CW laser irradiation, different objective lenses
(20xand 100 x) were employed to differentiate the effect
of D and R. By applying a picosecond laser (532 nm, the
pulse duration is 13 ps, the repetition rate is 48.2 MHz),
a near zero-transport state is constructed. Within such a
short laser pulse (13 ps), no electron-hole recombination
occurs. The temperature rise under ps laser heating is
more determined by volumetric heat capacity (pc,) rather
than the R and D.

To rule out the effect of laser absorption coefficient
and Raman temperature coefficient, a normalized RSC

(b) Near-zero energy transport

Heating & Raman excitation time

/ | Cooling
| _ time
t,=13 ps ||t =20.8 ns

g Time

Laser enel

(d) CW laser
—)

d=0.588 ym
More D effect

Only (R,D) effect

Fig. 6 a Schematic of CW and ps laser irradiating of MoS, on a Si substrate with simultaneous Raman probing. b-d Artistic representation
of the ET-Raman experiment concept [45]. (Reprinted from Ref. [45]. Reproduced with permission of American Chemical Society. All rights reserved)
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is defined as ©®1 = Ycw1/Vps and O = Ycwa/Vps. The
subscripts ‘CW’ and ‘ps’ represent CW laser and pico-
second laser heating cases. The subscripts ‘1" and ‘2’ rep-
resent different objective lens (20 x and 100 X). ®; and ®,
are functions of pc,, R and D. By solving the 3D heat con-
duction and hot carrier diffusion equations numerically,
the D and R of a 2D material can be determined. Figure 7
shows the determination of D and R as well as tempera-
ture rise distribution in MoS, under different laser heat-
ing and objective lenses.

The ET-Raman creates different energy transport
states to differentiate the hot carrier diffusion and
the interface thermal transport. The distinct energy
transport states can be realized in temporal or space
domains. It is worth noting that the hot carrier dif-
fusion effect is important in supported 2D material,
while in suspended 2D material, its effect on thermal
transport is negligible since most of heat is conducted
in the in-plane direction. While in supported 2D mate-
rials, the majority of heat flux is transferred from the

=4 o =~
=) © <)

Carrier Diffusion Coefficient (cm?/s)
o
=
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2D material to substrate. Under this situation, the hot
carrier diffusion affects a lot in the temperature rise
distribution. It has been proven that the tempera-
ture rise in a 2D material is more sensitive to D under
smaller laser spot sizes. Thus, as the laser spot size
is much larger than the hot carrier diffusion length,
its effect on thermal property measurement can be
neglected [40, 45, 46, 63].

In ET-Raman, when the interval time between two
adjacent pulses is long enough for the sample to com-
pletely cool down, no heat accumulation occurs. The
measurement sensitivity of the ET-Raman is high. How-
ever, since proportion of the pulse duration is very small
(e.g. 0.06%) in one cycle, the Raman signal of a thin 2D
material can be very weak. To assure sound Raman signal
for data processing, the laser power to irradiate the thin
2D material can be very high, leading to damage or laser
absorption saturation in 2D materials. The FET-Raman
has advantages in resolving this issue, although its meas-
urement sensitivity is lower than the ET-Raman.
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Fig. 7 a-c 3D numerical modeling results for determinating D and R. d-e Temperature rise distribution in MoS, under CW laser heating
with 20 xand 100 x objectives and ps laser heating under 50 x objective [45]. (Reprinted from Ref. [45]. Reproduced with permission of American

Chemical Society. All rights reserved)
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2.8 Resolving thermal nonequilibrium among phonon
branches

Regardless of different measurement principles in
Raman techniques, under laser irradiation, the energy
transfer in 2D materials all involves photon absorp-
tion, electron excitation and diffusion, electron-hole
recombination and lattice heat conduction. The ques-
tion to the reliability of Raman thermometry was
first raised by Ruan’s lab [47, 52, 64]. They discovered
that under laser irradiation, electrons, OP and AP are
in strong nonequilibrium, especially for the flexural
acoustic phonons which are the major heat carriers,
showing the largest nonequilibrium from other pho-
non modes. However, the temperature rise detected by
Raman thermometry reflects the temperature of OPs.
Neglect of the nonequilibrium between OPs and APs
will significantly limit the accuracy of thermal property

CW or ns laser
E=233eV

tre e

Energy Level : ;
Laser intensity
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measurement from physics base and hinder the deep
understanding of energy transport.

This OP and AP temperature distinguishing is very chal-
lenging and is achieved by using different behaviors of T,
and T in space and temporal domains. In the first work
published in 2020, Wang’s lab first differentiated the tem-
perature rise of OPs and APs by evaluating laser-spot-
size dependent temperature rises [54]. Figure 8 shows the
physics of thermal nonequilibrium between OPs and APs
under laser irradiation [54]. The fundamental physics
used in the work is: AT, is proportional to r, 2 (ro: laser
spot radius). Due to strong heat conduction by APs, the
temperature rise of AP (AT,,) has a weaker dependence
on ry, namely ATup o f(k) - ry" with n<2. They firmly
proved this physics base by first-principle calculation of
graphene paper [54]. The temperature rise (AT,,) detected
by Raman scattering is the temperature rise of OPs,

Laser ( ) T T T T T T T T
absorption a (c)
Hot carrier diffusion P L AT +AT, |
(Very weak)f g < A1+ f(x)-1,"
—— Electrons g -
= gk Measured in experiments
AT, o T ocr? S 1 1
-
Probed by L 4
Heat conduction Raman
(Very weak) . i | 7
P Optical phonons b
AT, =ATy, +AT, " " o
TO Laser spot size (ry)
LO AT, <l ocr? ry, I, and r; are achievable
in experiments
Z0
Heat conduction
(Domlnant) . L) T T T T T T T T
Acoustic phonons (b) Physics ——AT,
—AT,
TA o | & i
2
LA AT, < f(x)-1," g
ZA (n<2) £ !
o L -
»}_
Laser spot size (ry)
Silicon

Fig. 8 Physics of thermal nonequilibrium between OPs and APs under laser irradiation [54]. (Reprinted from Ref. [54]. Reproduced with permission

of WILEY-VCH. All rights reserved)
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AT, = ATos + ATap o<Ar(;2 +f (k) -1y ", as shown in
Fig. 8c. AT, is measured with different laser spot sizes. The
obtained AT,,~r, relationship is fitted with the function
Arg® +f () - 75" to determine the contribution of AT,
to AT,

The laser spot size in the above work [54] was limited
by the experimental setup, which results in large fitting
errors. Besides, this work needs intrinsic thermal conduc-
tivity while the intrinsic thermal conductivity was meas-
ured by neglecting this nonequilibrium. More importantly,
the phonon mode nonequilibrium under CW and ns laser
heating can be different due to different hot carrier densi-
ties. Xu et al. further developed this methodology by creat-
ing an AP thermal field invariant to rigorously distinguish
the temperatures of OPs and APs without the need of
intrinsic thermal conductivity of 2D materials [57]. In the
experiment, a suspended WS, was used as an example for
the study. The AP temperature rise ratio &, » is defined as:

_In(ry) —In(ran) 3
T ATapy  InG) —In(r) ®)

where r;; and r;, are laser spot radius under different
objectives. r;, is the radius of the hole for suspending
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WS,. £4p is found to be an invariant with negligible effect
from the sample’s thermal conductivity. Figure 9 shows
this invariant for two different diameter samples. More
details about the simulation can be found in reference
[57]. The Raman spectroscopy in fact measures the OP
temperature rise ratio &, [57]:

ATopoox _ X1 - (dw/0P)190x _ (3/0P)100x
AToppox  XT - (dw/3P)yg  (dw/3P)yg,

(4)
where y; is the Raman shift temperature coefficient
(xy=0w/0T). Under unit incident laser power, the aver-
age temperature rise (A Top) detected by Raman can be
expressed as:

top =

ATop = ATuapyi + AToayi = AT + Coa/r? (5)

where C,, is a constant. The subscript ‘i’ indicates differ-
ent objective scenarios. With §,, obtained from simula-
tion and measured ,, from experiments, the ratio () of
AToato AT4p can be obtained.

The above thermal field invariant method provides
probably the best method for distinguishing the tem-
peratures of OPs and APs for suspended 2D materials.
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Fig. 9 a-b Temperature rise distribution in suspended WS, under 100 x and 20 x objective lens. ¢ Simulated §xp =T 100x/ Tap20x Variation
against the intrinsic thermal conductivity for sample 1 suspended over a 12.5 um hole and sample 2 suspended over a 6.14 um hole. [57] (d)
Raman shift laser power coefficient under 100 x and 20 x objective lens. (Reprinted from Ref. [57]. Reproduced with permission of Elsevier. All rights
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Liu et al. Surface Science and Technology

(2024) 2:8

si02

Page 13 of 20

e 30 =
®
25 = ...
..
o =Yy o ®
= 20 - @ [ ]
£ @ | |
A © -
: PY 0 o
= ® o
E 15 Py - |
g ¢ n"
B 10 = .. .. Typ =V Ty
© m
54 [C o™
[
0 T T 1 T T T T T 1
0 02 04 06 08 1 1.2 14 16 1.8 2

ro (Lm)

Fig. 10 Physics of thermal nonequilibrium between OPs and APs under laser irradiation. a Optical image of monolayer WS, on SiO.. b lllustration
of temperature rise under laser irradiation. ¢ OPs (thicker wave packets) and APs (thinner wave packets) inside the laser heated area. d Only APs
diffuse out of the laser spot at the edge of the laser heated area. e w~ r, relationship obtained by modeling a tri-layer MoS, on SiO, under 1 mW
laser irradiation [38]. (Reprinted from Ref. [38]. Reproduced with permission of WILEY-VCH. All rights reserved)

This method is difficult to apply for supported 2D mate-
rials for interfacial thermal resistance characterization.
Distinguishing OP and AP temperatures of supported
2D materials remains a big challenge, although some
efforts have been tried. In the work published in 2021
[38], Wang’s lab first differentiated the temperature rise
of OPs and APs by evaluating laser spot size dependent
Raman wavenumber coefficient (o = wrg, ro: laser spot
radius) in a supported 2D material. Figure 10a shows the
physics of thermal nonequilibrium between OPs and APs
under laser irradiation in supported monolayer WS,.
The temperature rise of OPs (AT,p) is the sum of tem-
perature rise of substrate (ATy,;), temperature difference
between the surface of the substrate and the supported
2D material (A Tint), and temperature difference between
OPs and APs (ATp4). The Raman shift power coeffi-
cient y is proportional to AT, which can be written as
Y o ATy + ATint + AToa. The key point to determine
AT, is to find the laser spot size effect on the three tem-
perature rise contributions listed above.

With analysis, ¥ can be written as a function of the
laser spot radius and arbitrary proportionality con-
stants: Y = A/(ro + Ar) + B/(ro + Ar)> + C/r2.
Here, a new parameter w is defined as: w=yry” This
parameter represents the Raman wavenumber shift
under unit laser peak intensity and termed as Raman
shift intensity coefficient. @ can be expressed as
@ = Arg/(ro + Ar) + Br3 /(ro + Ar)?> + C. It is ready to
find the contribution from AT, to w is constant. Thus,
the constant value C can be obtained by plotting the
w~ 1, relationship with r, approaches to zero as shown
in Fig. 10e. With known C obtained from experiments,
the temperature difference between OPs and APs can be

determined. More details about determining the temper-
ature difference between OPs and APs in supported 2D
materials and interface thermal conductance measure-
ment can be found in the works of Wang’s lab [38, 55].

3 Perspectives on ET-Raman

One critical feature of the ET-Raman is that the normal-
ized RSC eliminates the need of temperature rise and laser
absorption in interface thermal conductance (G) deter-
mination. Another critical feature and advantage of ET-
Raman is that it significantly magnifies the effect of G of 2D
materials on a substrate of low thermal conductivity (x,).
In the measurement, under a laser spot of radius rg, under
steady state laser heating the substrate’s thermal resistance
is Ry = 1/(4roks) and the interfacial thermal resistance is
R; = 1/(nrgG). We have R;/Rs = 4«,/(wroG). For a typi-
cal G of 10 MW-m2K and rq of 2 um, this ratio is 9.4 for
a silicon substrate (x,=148 W/m-K) and 0.09 for a fused
silica (k,=1.4 W/m-K). So for a 2D material on a fused sil-
ica, the temperature rise of the 2D material under steady
state laser heating is largely determined by the thermal
resistance of the substrate (>90%). The interfacial ther-
mal resistance has negligible effect, making the measure-
ment sensitivity very low for SS-Raman. In ET-Raman,
the transient state heating using a pulsed laser in fact will
strongly reduce the effect of substrate’s thermal resistance,
and significantly improve the measurement sensitivity. For
instance, when the laser pulse width is 20 ns, the heat dif-
fusion length (L) in fused silica during laser heating will
be~130 nm. The corresponding R, of this thickness is
about L;/ (JTI”%KS). So we have R;/R; = 1.08, meaning the
interfacial thermal resistance plays a big role in the probed
thermal response of the 2D material.
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In ET-Raman, the heating time design and selection is
critical for high- sensitivity measurement. This transient
energy transport state indeed is to reduce the effect of
substrate and increase the effect of interfacial thermal
resistance. This means the laser pulse width needs to be
short enough so the substrate is far from reaching its
steady state. The time (,) taken for the substrate to reach
the steady state can be estimated as t; = (1079)%/(ra),
here a is the thermal diffusivity of substrate. A charac-
teristic thermal diffusion length of 10r, is used here for
the characteristic time estimation. Over this distance, the
thermal resistance of the substrate is around 0.94/ (4roks),
which is 94% of the steady state resistance. ¢, is~ 1.4 ps
for Si and 0.15 ms for fused silica with ry=2 um. This
means the pulse width should be much shorter than this
time so the effect of interfacial thermal resistance more
stands out.

During pulsed laser heating, however, it takes a much
shorter time for the 2D material to reach thermal equi-
librium with the substrate surface. The corresponding
characteristic time is t; = Azpc,/G with all the prop-
erties for the 2D material, Az is the thickness of the 2D
material. For a thickness of 10 nm and G of 10 MW-m2K,
t; is 1.93 ns for MoS,. A monolayer 2D material usually
has a thickness less than 1 nm, so ¢; is around 0.2 ns or
less. Therefore, during the pulsed laser measurement in
ET-Raman, it is safe to assume that the 2D layer and the
substrate reaches thermal equilibrium if a ns laser pulse
is used.

4 Interfacial thermal conductance: effective
interface energy transmission velocity

A. Background of the thermal reffusivity

In solid-state physics, the electron mobility (4,)
characterizes how quickly an electron can move
through a metal or semiconductor under an electric
field. It is determined by the mean free time of elec-
trons (r.) as w. = etr./m}, where m, is the effective
mass of an electron. Based on Matthiessen’s rule, the
scattering from multiple sources including the impuri-
ties and phonons can be combined to obtain the actual
scattering effect: el = /,Ll‘mpm«,‘[y_l —f—upho,,on_l as a
good approximation. The electrical resistivity of met-
als is related to electron mobility and electron density
(n) as: po = 1/(enite). As a result, for metals, the elec-
trical resistivity can be expressed as the sum of “resid-
ual electrical resistivity” caused by defect scattering
and the temperature (7)-dependent resistivity which
is resulted from phonon induced scattering. Such rela-
tion can be expressed based on the Bloch-Griineisen
formula as [65]:
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T\® i x°
Pe=po+op| — / % (6)
0) J @—-1A—-e™)
0

where 6 is the Debye temperature. a, is a constant, which
is proportional to the electron—phonon coupling con-
stant A,,. The “residual electrical resistivity” p, is induced
solely by structural defects and often independent of
temperature. Using the Fermi velocity, the mean free
path resulted only from structure defects scattering,
which reflects an effective structural domain size, can
be evaluated from the p, value. Based on this model, the
experimentally measured p,-T curves of metals have his-
torically been used for characterizing the structure and
electrical resistivity relation. This also provides a pow-
erful and convenient tool for studying structural defect
levels, the Debye temperature, and the structural domain
sizes in metals.

A general question is: Does thermal resistivity concept
exist like electrical resistivity? Can it be used to charac-
terize the structure characteristics and defect-induced
energy carrier scattering? Unfortunately the inverse of
thermal conductivity, although represents the thermal
resistivity concept, cannot be used directly to explore the
structure-scattering of energy carriers. In recent decades,
theoretical studies of heat conduction in nanomateri-
als have developed complex phonon/electron models to
have a better understanding of the relation between dif-
ferent structures and the corresponding thermal con-
ductivity. For materials with phonons as the main heat
carriers, based on the phonon dispersion relation, differ-
ent phonon branches contribute to thermal conductivity
based on their unique velocity, scattering, and phonon
density of state [66—68]. Furthermore, four phonon scat-
tering has been found to significantly reduce the intrin-
sic thermal conductivity of various solids [69, 70]. There
are more complicated models that attempt to take other
effects into account [66—68]. These advanced models sig-
nificantly deepen our understanding of phonon propa-
gation and thermal conductivity. Nevertheless, a simple
yet very effective model is in demand for conveniently
analyzing the experimental data and understanding the
structure-thermal conductivity relationship.

From the single relaxation time approximation, for
an isotropic material the thermal conductivity can be
expressed as k = Cvl;/3, where C is the energy carri-
ers’ heat capacity per unit volume, v is the average heat
carrier velocity, and [, is the mean free path of heat car-
riers. Based on this approximation, a new parameter
named “thermal reffusivity (®)” has been proposed and
the corresponding physical model has been developed by
Wang'’s group in recent years to directly characterize the
phonon and electron scattering [71-73]. For electrons,
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Fig. 11 O-T of two reduced graphene oxide microfibers before and after thermal annealing, respectively [79]. The parallel trend of ©-T curves

can be observed for both samples. O, is fitted based on the thermal reffusivity model in Eq. (7), where a significant reduction of ©, demonstrates
the structural domain size is greatly increased by thermal annealing treatment. (Reprinted from Carbon, 203, Lin et al., Ultra-high thermal sensitivity
of graphene microfiber, 620-629, Copyright 2023, with permission from Elsevier.)

the thermal reffusivity is defined as: ® = C./k. Here C,
is the specific heat of free electrons (C, = y T with y as
a constant), and metal’s thermal conductivity k is mainly
sustained by free electrons [73]. For phonons, the thermal
reffusivity is defined as: ® = 1/«, where a is thermal dif-
fusivity [72]. If the phonon velocity of a material is inde-
pendent of temperature (which is a good approximation
for most of materials), ® of phonons can be expressed as
a function of temperature as [71, 72]:

© =0y + Co x e 2T, (7)

Here Cg is a constant. ®, is the “residual thermal ref-
fusivity” at the 0 K limit, which is solely resulted from
structural defects induced phonon scattering. It can be
further expressed in terms of the phonon mean free
path induced solely by structure (/;) as: ©¢ = 3/(vlp)
(for isotropic material). /; is an effective structure ther-
mal domain (STD) size accounting for all structural
defect effects on phonon-scattering, whose value is
comparable to the crystallite size characterized by x-ray
diffraction. The second part on the right of the equation
is associated with Umklapp phonon scattering, whose
intensity is determined by the phonon population par-
ticipating in heat conduction. For normal materials,
Umbklapp phonon scattering dominates heat conduc-
tion at high temperatures. The slope of ®-T curves is
determined by the Debye temperature. As temperature
goes down, ® decreases and approaches to a residual
value ®,, which is determined by the defect density and
structural domain size of the test-material. For highly
defected materials or materials with strong interface
effect, however, ® could stay almost constant in the
whole temperature range, demonstrating the dominat-
ing role of structural defects/interfaces induced phonon
scattering in thermal conduction [74, 75].

Based on the experimentally measured ®-T curves,
the thermal reffusivity model is advantageous in analyz-
ing the Debye temperature, structural defect levels, and
the structural thermal domain sizes in various materi-
als [72, 73, 76, 77]. Even for single-walled carbon nano-
tubes with nanoscale scattering cross section, the average
structure thermal domain size could be measured based
on the thermal reffusivity model [78]. To show the appli-
cation of thermal reffusivity model, Fig. 11 shows the
experimentally measured ®-T curves of two reduced gra-
phene oxide microfibers before and after thermal anneal-
ing, respectively [79]. The significantly reduced ®, value
at the 0 K limit showed that the defect-induced phonon
mean free path increases greatly after thermal annealing,
indicating a much larger STD size. It is also interesting
to observe the parallel feature of the ®-T curves before
and after thermal annealing. The similar slope of the ®-T
curves demonstrate that the inner connecting strength
(reflected in the Debye temperature) is not significantly
changed by thermal annealing. Compared with the tra-
ditionally used thermal conductivity (x) against tem-
perature curves, the ®-T curves provide a much clearer
observation and more effective analysis for understand-
ing the structural effect on thermal transport. For most
cases, the -T curves contains complex information about
the temperature dependency of specific heat, which
overshadows the phonon scattering effect; while the
®-T model directly characterizes the phonon scattering
intensity.

B. Effective interface energy transmission velocity

Understanding phonon transport across material
interfaces is crucial, especially in heterogeneous materi-

als. The study of this phenomenon under the continuum
theory is primarily guided by two theoretical models: the
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Acoustic Mismatch Model (AMM) and the Diffuse Mis-
match Model (DMM). These models provide frameworks
for predicting and analyzing the behavior of phonons at
the interface. The AMM, based on the acoustic theory
of wave propagation, is effective in scenarios involv-
ing atomically smooth and well-ordered interfaces. This
model utilizes the concept of acoustic impedance, a fac-
tor dependent on the material’s density (p) and sound
velocity (v). In AMM, phonons are considered analogous
to acoustic waves, with their transmission and reflec-
tion at an interface determined by the acoustic imped-
ance mismatch between the adjoining materials. A higher
mismatch results in increased phonon reflection, and a
lower mismatch favors transmission. The AMM has been
instrumental in calculating the interfacial thermal con-
ductance (G), particularly in semiconductors and insu-
lators. However, its applicability is limited in cases with
significant structural disorder at the interfaces.

Conversely, the DMM addresses interfacial phonon
transport in materials with rough or imperfect inter-
faces. It diverges from the specular phonon transport
assumption of the AMM and considers that phonons
are diffusely scattered at the interface, leading to a loss
of phonon directional memory. The DMM is thus more
relevant for interfaces in polycrystalline materials, thin
films, or materials with lattice disorder, offering a com-
prehensive approach to modeling thermal conductance
in these contexts. Both models have their respective
strengths and limitations. The AMM provides accurate
predictions for clean and well-ordered interfaces, while
the DMM is better suited for interfaces characterized by
roughness or disorder. Both models have their respective
strengths and limitations. In terms of practical applica-
tions for thermal managements, the design often focuses
on minimizing acoustic impedance mismatch to enhance
thermal transport across interfaces, which is essential
in microelectronics for efficient heat dissipation and
maintaining optimal junction temperatures. The deter-
mination of G is a critical aspect of these models. G is
primarily influenced by the transmissivity of phonons at
interfaces, with the phonon mean free path within each
solid being a significant factor. The consideration of G is
particularly relevant in ultra-thin films where traditional
temperature definitions based on thermal equilibrium
are not applicable. Here, temperature is interpreted as an
average energy representation of phonons, aligning with
the equilibrium temperature that phonons would have
upon redistributing adiabatically.

In the diffuse mismatch model, the calculation of G can

be simplified as: G = l(n/lS)(/<B4/h3) Zvi,j_zézi(a)) T3
)

where kg is the Boltzmann constant, £ is the reduced Planck
constant, and &;(w) the averaged transmission probability
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of phonons. Here, i denotes the side of the interface and
goes from 1 to 2, j denotes the phonon mode, which are
restricted to the acoustic modes at each side, and v is the
phonon group velocity. The T® dependency in the G rela-
tion is analogous to the dependency of the specific heat in
the Debye model. It is worth noting that the transmission
coefficient «; (w) is effectively calculated by the mismatch in
the density of states for the two materials across the inter-
face. The Debye approximation of linear dispersion allows
to calculate the average transmission coefficient as:

ai(w) = (1/2)21/3_,',1_2/2 vi; "% Classically, G under
J if

the diffuse limit can be further approximated as
G = (T412C1v1)/4 [80], where Ty, is the phonon trans-
missivity at the interface and can be calculated as
Ty = CGvj/(Civi + Gvy) [81], C is the volumetric heat
capacity and v the phonon group velocity, which can be
obtained under the Debye approximation or from the dis-
persion relations [82] for more accurate calculations.

In ultra-thin films, traditional equilibrium thermody-
namics is insufficient due to non-equilibrium conditions.
Here, temperature is redefined as the average phonon
energy at a given point, anticipating an equilibrium tem-
perature achievable through adiabatic redistribution.
This redefinition deviates from the classical G concept,
which relies on emitted phonon temperatures where
equivalent equilibrium temperatures at the interface do
not align with the temperatures of emitted phonons. The
framework proposed by Simon [83], which utilizes equiv-
alent equilibrium temperatures of phonons on both sides
of an interface, offers a more accurate representation for
G in such nonequilibrium systems. Under these assump-
tions, G can be expressed using the following equation:
G = (T121Cov2)/(4[1 — 0.5(T 412 + T421)]). Several mod-
ifications have been attempted in literatures to improve
the accuracy of DMM calculations. Beechem et al. [82]
further improved upon this by including the effects of
optical phonon modes noting the significant role of these
modes despite their lower group velocities. Hopkins and
Norris [84] introduced an alternative approach by using
joint vibrational states defined by phonons on both sides
of the interface, essentially replacing the phonons at the
interface itself. Loh et al. [85] then extended the DMM
to account for the influence of thermal flux on phonon
transmission. Furthermore, the DMM was expanded by
incorporating inelastic scattering effects [86] and the
impact of disorder on G [87].

Inspired by the previous continuum models, and
to subtract the impact of heat capacity on the energy
transport variation across the interface, we introduce
a concept termed effective interface energy transmis-
sion velocity (termed “v;.z” hereafter), which is defined
as Vief = G/PCp. We expect this parameter to give an
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Fig. 12 The variation of the effective interface energy transmission velocity with temperature for (a) Cu/Al,O; [88] and (b) ZnO/GaN [89] interfaces

intrinsic picture of the transmission of heat carriers, unal-
tered by the influence of their capacity to carry the heat.
We process several interfaces for which G is reported in
literatures to analyze how v; .z varies with temperature.
Very strikingly, we observe an almost constant value over
a wide range of temperatures, particularly at high tempera-
tures. For instance, Fig. 12a shows the variation of v; ¢ for
Cu/AlO; interface [88]. Since v; o5 involves accounting for
the specific heat, we process the data twice based on the
specific heat of each material. We observe that the v; 5
values are roughly around 100 m/s especially for tempera-
tures above 150 K. The discrepancies in the trend between
the two curves can be explained by the large mismatch in
the Debye temperature of each side (347 and 980 K for Cu
and Al O, respectively), which dictates the behavior of
the specific heat with temperatures. At low temperatures,
the impact of mismatch in the Debye temperature is more
prominent where it yields an obvious variation for v; ..
On the other hand, Fig. 12b which examines the ZnO/
GaN interface [89] shows almost similar trend, unlike
the Cu/Al,O; interface. This also can be explained by
the relatively matching Debye temperatures (650 and
416 K for GaN and ZnO, respectively). The velocity
seems to be constant around 170-190 m/s. We find the
range of v; .z to be consistent with the classical results
Vieff ~ Ta12v1/4. For instance, GaN has avia ~ 6.9 and
via ~ 5.0 km/s. The average phonon group velocity can
be calculated as 3/v4,; = 1/vi4 + 2/vra which yields a
value of ~ 5.5 km/s. Using the previous formula, we esti-
mate the average transmission coefficient to be ~14.5%.
We note that the above discussion is limited to dealing
with phonons of each side of the interface independently
and does not incorporate the impact of their interactions

which will ultimately dictate how v; .7 changes with tem-
perature. For energy transport across an interface sus-
tained by phonons, the underlying physics in fact is the
interaction between atom-pair across the interface. This
cross-interface inter-atomic action in fact prompts a
third type of phonons, coined "interface phonons", that
are different from those of both sides of the interface.
Therefore, the specific heat to be used in v; ;¢ calculation
should that of interface phonons. For phonons sustained
by covalent bonds, its volumetric specific heat varies, but
is pretty much in the same order at any specified tem-
perature. For instance, at room temperature, pcy of most
solids falls in the range of 1.5~2.5% 10° J/m3. Therefore,
for the interfaces discussed above, even when the specific
heat of interface phonons are used, v; 7 will not differ
significantly. Further model development for this theory
is still going on in our lab and will be published in the
near future.

5 Concluding remarks and outlook

To understand the interfacial thermal transport from
experiments, various techniques have been developed
including the 3w technique, PTR technique, TDTR,
FDTR, and SS-Raman techniques. In this perspective,
we systematically reviewed the transient opto-thermal
Raman-based techniques developed in recent years for
measuring the interfacial thermal resistance between
2D materials and substrate. These transient Raman
techniques show great advantages for not only being
noncontact and nondestructive, but also avoids the
uncertainties from laser absorption coefficient and abso-
lute temperature rise. The energy transport among carri-
ers in a 2D material during and after laser irradiation is
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first introduced for furthering understanding of the tran-
sient process. The TD-Raman and FR-Raman involve
probing a material’s thermal response in time and fre-
quency domains. The TD-Raman features a high sensi-
tivity over FR-Raman, but has very weak Raman signal
when the heating time is very short. In addition, the laser
flash Raman is another powerful technique for detect-
ing the transient thermal response. To push the temporal
resolution of Raman spectroscopy to hundreds of pico-
seconds, dual-wavelength laser flash Raman spectros-
copy was further developed.

Out of the Raman techniques for interface thermal
transport characterization, the ET-Raman probably pro-
vides the best solution. It features very high sensitivity,
being able to reach ps resolution, and could distinguish
the phonon and hot carrier transport. The hot carrier dif-
fusion effect is a critical process and must be considered
when the laser spot size is small, e.g. 0.2~ 0.3 pm radius.
The thermal nonequilibrium among phonon branches
for both suspended and supported 2D materials is very
challenging to quantify. The thermal field invariant tech-
nique is the best one for distinguishing OP and AP tem-
peratures for suspended 2D materials. For supported 2D
materials in interface characterization, it remains a great
challenge to distinguish OP and AP temperatures.

Compared with the thermal conductivity-temperature
curves, the thermal reffusivity model provides a much
clearer observation and more effective analysis for under-
standing the structural effect on thermal transport in
solids. To understand phonon transport across material
interfaces, the AMM and DMM still have much room
for improvement in physics understanding. Inspired by
the thermal reffusivity theory, a new concept termed
"effective interface energy transmission velocity" (v;eg)
is introduced. It provides significant physical meaning
in understanding the interface energy transport mecha-
nism. We observed an almost constant v; .z value over
a wide temperature range for many reported interfaces.
This new model is very promising to give an intrinsic pic-
ture of the transmission of heat carriers, unaltered by the
influence of their capacity to carry heat.
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