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ABSTRACT

Quantifying thermal non-equilibrium between different phonon branches in supported monolayered two-dimensional materials remains a
significant challenge due to complex substrate interactions and optical interference in Raman measurements. Here, we report on the direct
quantification of optical-acoustic phonon thermal non-equilibrium in supported monolayered WS, materials by leveraging the distinct ther-
mal response of optical phonons (OPs) and acoustic phonons (APs) under modulated laser excitation of different frequencies. The tempera-
ture response of different phonon branches is separated based on the measured Raman shift power coefficient (1) with high precision. The
reduction of the laser spot radius from ~1.7 to ~0.4 um increases the oA/t ap ratio by over 2.5 times, revealing a pronounced enhancement
of optical-acoustic phonon thermal non-equilibrium. Comparisons between transferred monolayered WS, and hetero-bilayered WS,/WSe,
show that the heterogeneous interface strongly strengthens optical to acoustic phonon scattering. In addition, smaller laser spots intensify the
hot carrier diffusion effect, reducing the associated OP-AP temperature difference by over 60%. Our method establishes a powerful experi-
mental platform for probing phonon transport in nanoscale materials.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0299944

Monolayered two-dimensional (2D) materials, due to their atom-
ically thin nature, present unique challenges for thermophysical char-
acterization.' Their low optical absorption requires high laser
intensities in Raman-based thermal measurements.” Such intense exci-
tation induces pronounced thermal non-equilibrium between optical
phonons (OPs) and acoustic phonons (APs), while APs dominate heat
transport in 2D systems.” This transient OP-AP thermal non-equilib-
rium” can lead to significant errors in measuring thermal properties,”
yet has been directly quantified in only a limited number of studies.

Our group has developed various Raman techniques aiming to
solve this issue. Hunter et al. distinguished the OP-AP thermal non-
equilibrium and measured the AP-based interfacial thermal resistance
(RY) of supported monolayered WSe, materials based on the fre-
quency domain energy transport state-resolved Raman (FET-
Raman).” Their model did not incorporate hot carrier diffusion, an
important factor strongly influencing local temperature distribution.
Our group has developed the energy transport state-resolved Raman
technique (ET-Raman) to evaluate the thermal non-equilibrium of

few-layered graphene paper,” MoS, and WS,,° but constraints,
including high instantaneous power, long accumulation time, and
complex modeling, have limited their suitability for monolayered
systems.

In this work, we introduce a FET-Raman method to directly
resolve the thermal non-equilibrium between phonon branches in
monolayered WS,. We construct two variables to quantify the OP-AP
thermal non-equilibrium under varying laser spot sizes. Also, we refine
our physical model by considering the hot carrier diffusion effects and
investigate different interfaces’ effect on the OP-AP thermal non-
equilibrium.

To extract the OP and AP temperatures, our improved FET-
Raman method combines temporally modulated Raman measure-
ments by using the distinct build-up times of OP temperature and
OP-AP thermal difference. Under laser irradiation, hot carriers in 2D
materials are thermalized within picoseconds (ps), subsequently diffus-
ing out of the irradiated region and recombining with holes. Their
energy is first transferred to OPs and build up the OP to AP
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temperature difference (ATo4) on a picosecond timescale, followed by
rapid OP-AP energy transport through phonon scattering. ATpa is
established almost instantaneously, but the AP temperature rise
(AT p), which governs heat conduction in 2D materials, evolves much
more slowly (from ps to ms). Consequently, when the laser heating
cycle is on the order of microseconds or shorter, AT reaches equilib-
rium, while AT»p remains below its steady-state value. This principle
forms the basis of the FET-Raman method in this work. As shown in
Fig. 1,a 532 nm continuous wave (CW) laser serves both as the heating
source and Raman excitation probe. The measured temperature rise
from the Raman shift (pink curve) has combined contributions from
both ATpa and ATap, whereas the blue curve is only for ATxp. The
laser passes through an electro-optical modulator to obtain an
amplitude-modulated laser beam. Note that as the CW laser source
does not change, the modulation frequency only affects AT,p rather
than AToa. Therefore, when the modulation frequency increases,
AToa remains the same, while ATyp gradually drops down due to its
slower thermal response, and finally converges to half of AT»p under
the CW case (AT ap.cw).

Three supported samples with different configurations (an as-
grown, a transferred monolayered WS, sample, and a hetero-bilayered
WS,/WSe, sample) are prepared. The fabrication and characterization
details of them can be found in Sec. S1 and Fig. S1 of the supplemen-
tary material. The FET-Raman measurement is conducted on the
above-mentioned WS, materials. Similar as our work reported before,”
a 532 nm continuous wave (CW) laser is used to heat the sample and
excite the Raman signal. Three objective lenses (20, 50, and 100 )
are introduced to produce different scales of space heating profiles.
Under each objective, five different temporal heating states including
one steady state under CW irradiation and four transient states at 10,
15, 20, and 25 MHz modulations are generated. To ensure the accuracy
of our measurement, all the modulated waveforms are calibrated to be
50% duty cycles with zero offset and verified through a high-speed

AT \
'y

532 nm laser
ATop cw
WS, sample
ATpcw
AT,
ATy,
AT,
vf

FIG. 1. The schematic of our FET-Raman method. As f increases, the temperature
rise induced by APs (ATap) gradually decreases (blue curve), ultimately approach-
ing AT, with AT, = 0.5ATap cw. However, due to the presence of AToa, the tem-
perature rise induced by the modulated laser ATop (pink curve) ultimately
approaches ATy = AT, + ATopa, exceeding 50% of ATopcw, and we have
AToa = 2ATy — ATopcw.
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photodiode. The Raman spectrum under each heating state is recorded
at room temperature under eight laser power levels and then fitted
to obtain the temperature-related Raman shift power coefficient
(RSC, denoted as iy = 0w/ P, cmfl/mW). We use a cross correlation
method to fit the Raman spectrum under various power levels to
obtain [ty|, which is less affected by data fluctuation compared with
the traditional Raman peak fitting.'” Figure 2 shows a case of
test results based on the above-mentioned steps. Specifically, the objec-
tive lens used is 20x, and the laser spot radius is 1.8 um. The test
sample is hetero-bilayered WS,/WSe, material mentioned earlier.
From Figs. 2(a)-2(d), the modulation frequencies are 0 MHz (CW),
25MHz, 20 MHz, and 10 MHz, respectively. Although the laser power
in all the heating states shown here is the same, as we set the duty
cycle of modulation as 50%, the Raman spectrum intensity under the
CW case reaches about twice as much as the others. Also, in three
transient heating states, the higher magnitude of RSC corresponds to
a lower modulation frequency, but all the magnitudes of RSC in tran-
sient states are larger than half of that in the CW case, which confirms
the rationality of our theory mentioned before about the OP-AP ther-
mal non-equilibrium.

Figure 3 comprehensively shows the FET-Raman test results of
hetero-bilayered WS,/WSe, materials. For each modulation frequency,
we do 5-8 measurements and get the average of RSC as the final value.
It can be seen that because of localized heating, under the same modu-
lation frequency, with the laser spot size decreasing, the || magnitude
increases. The || magnitude under infinite modulation frequency is
obtained by extrapolating the test results to the 0 limit of 1/f. Due to
the limitation of our optical-electrical modulator, 25 MHz is the high-
est laser modulation frequency we can reach. Still, the current four
data points are sufficient for fitting to capture the extrapolation value.
The rationality of it is confirmed by our recent work,'" in which we
build an exact physical model to simulate the relation between 2D
materials’ temperature rise and 1/f, and the results show that the
extrapolation value based on the ATsp of 10, 15, 20, and 25MHz
agrees well with the expected 0.5ATap cw. The ratio between extrapo-
lation temperature rise and the measured temperature rise under the
CW case is not affected by defects and OP relaxation time, as the laser
irradiation profile remains the same in the CW state and the four tran-
sient states. Note that such mathematical extrapolation does not corre-
spond to a physically realized steady state at the infinity modulation
frequency. Actually, our FET-Raman is only applied for situations in
which the laser modulation period is much longer than the hot carrier
and OP lifetime, so that the OA thermal non-equilibrium is effectively
frequency-invariant across the transient modulation. It is important to
note that the relation between || and 1/f would vary under different
scales of laser irradiation. We apply different fitting models to get the
extrapolation of the data under different laser spot sizes. Under the
20x objective, the linear fitting method is enough to capture the rela-
tion between || and 1/f [Fig. 3(a)]. Under 50x objective, with the
increase in 1/f, || grows rapidly at the beginning, and then this
growth rate gradually diminishes. To capture this change, the combi-
nation of linear fitting and exponential fitting methods is applied. As
shown in Figs. 3(b) and 3(c), the experimental data are fitted using a
linear and an exponential function, and the final extrapolated value is
the average of the two intercepts by these two methods. Under 100x
objective, the laser heating region becomes highly localized, and the
growth of |if| becomes larger when 1/f increases. In this case, the
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FIG. 2. Contour maps of the Raman spectrum of the E;g mode measured for the hetero-bilayered WS,/WSe, sample for CW (a), 25 MHz (b), 20 MHz (c), and 10 MHz (d) mod-

ulated laser.

extrapolation value is obtained through fitting the experimental data
solely based on the exponential function. The detailed fitting and cal-
culation results of all the samples are shown in Table S1. For conve-
nience, we use the absolute value of i, while its true value is negative.
Figure 4(a) presents a comparative analysis of Y/, /i ,p under dif-
ferent objectives to directly show the OP-AP thermal non-equilibrium.
When the laser spot radius decreases from ~1.7 to ~0.4 um, Yo, /¥ sp
of the hetero-bilayered WS,/WSe,, transferred monolayered, and as-
grown monolayered WS, materials increases by 2.63, 2.73, and 3.78
times. This observed inverse relationship between the laser spot size and
Voa/Wap reflects a fundamental shift in the degree of OP-AP thermal
non-equilibrium. Such observation can be rationalized by considering
the spatial coupling characteristics of hot carriers and phonons. Under
laser irradiation, the photon energy is transferred from hot carriers to
OPs, and then to APs. The hot carriers are rapidly thermalized by the
absorbed photons, diffuse through the concentration gradient, and then
transfer the energy to the OPs. The OPs serve as energy intermediaries

to rapidly transfer the absorbed photon energy out, for their limited life-
time and negligible contribution to heat conduction. Therefore, the spa-
tial extent of their energy influence is thus largely determined by spatial
distribution of extended hot carrier diffusion length Ary, which can be
expressed as ATop o< (Ar] + ro)fz, where 7 is the laser spot radius.
However, the temperature rise of APs is affected by both hot carrier dif-
fusion and intrinsic phonon scattering, enabling them to spread
energy over a larger region Ar,, which can be expressed as
ATyp x (Ary + ro)_z, where Ar, > Ary. Consequently, AToa/ATap
scales with (Ar, + ro)z /(Ary + ro)z. If ry decreases, this ratio increases,
leading to a higher (AToa/ATap) o< (Yoa/W sp)- This is aligned with
the observed enhancement in the OP-AP thermal non-equilibrium for
tightly focused laser excitation. While for larger spot sizes, the spatial
gradient diminishes, and the system approaches a quasi-local thermal
equilibrium regime where ATos becomes negligible relative to ATyp.
Therefore, the measured || can be more accurately interpreted as rep-
resenting the AP temperature alone.
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FIG. 3. Fitting to determine /| induced by AToa, and the corresponding laser spot image. Under 20 x objective (a), 50 x objective (b, c), and 100x objective (d).

It is critical that the hetero stacking of different 2D materials
largely affects the OP-AP thermal non-equilibrium. In Fig. 4(a), for
the sample of transferred monolayered WS,, the ratio ¥/, // 5p under
100x (0.456 um), 50 (0.872 um), and 20x objectives (1.837 um) are
about 71%, 45% and 20%, respectively. For the hetero-bilayered WS,/
WSe,, the ratio Yo,/ p under three different objectives (0.493,
0.797, and 1.800 um) are about 41%, 30%, and 11%. Comparing the
Voa/Wap of the two WS, samples under the corresponding objective,
the Yo, /W sp values of the transferred monolayered WS, is larger than
those of the hetero-bilayered WS,/WSe, sample. This can be attributed
to the reduced R{. from more intensive van der Waals coupling at the
WS,/WSe, interface,'” which can facilitate more rapid energy transfer
between the OPs and APs and thus decrease ATo,."”

The R;. of the three WS, samples are extracted using our estab-
lished 3D numerical model * combined with Raman measurements."”
Briefly, we determine the normalized theoretical and experimental [1/|
values, 0;(R{.) and 0;cxp, based on 0 = W zp ppr/Wap cw under the
20x objective and 25 MHz modulation frequency to suppress the
effect of the hot carrier diffusion and in-plane heat conduction,'® with
the input including the in-plane thermal conductivity of 28 W/mK'”

and the hot carrier diffusivity of 2.0cm®s ™' for the monolayered
WS,.'"" Note that we adopt an effective treatment PCp effect
= (pcpws, - Ows, + PCp.wse, - Owse, )/ (Ows, + Owse,) for the hetero-
bilayered WS,/WSe, case, where ¢ is the material’s thickness, to
address the R;. contribution from the WSe,/SiO, interface. A probabil-
ity distribution function incorporating the experimental uncertainty
(67) is then constructed: Q = exp[—(0;(RL.) — 0; e )’ /207]. When
Q = 1, the optimized Ry, of the hetero-bilayered WS,/WSe,, the trans-
ferred WS,, and the as-grown WS, are determined as 4.8 x 107,
394%10°° and 85x10 % Km>W |, respectively. Notably, the
smaller R;. of the hetero-bilayered WS,/WSe, and the as-grown WS,
directly reflects the improved interface contact, indicating stronger
interface energy coupling.

We further evaluate the energy coupling coefficient Goa
between OPs and APs from the approximate relation:
Goa ~ (‘//OA/‘//APY1 'Gint/5WSz4 with  Gipe = 1/R. and  Jws,
= 0.618nm."” Goa of the hetero-bilayered WS,/WSe,, the trans-
ferred monolayered WS,, and the as-grown monolayered WS,
materials are 2.96 x 10'%, 2.15 x 10'*, and 1.33 x 10" W-m *.K ",
respectively. The Goa of the three WS, samples show the same
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FIG. 4. (a) Dependence of yoa/1/ap ON 1y for the three different WS, samples. (b) Dependence of [{/op| - nrg with ry for the three different samples.

order of magnitude as our previous works.” It has been docu-
mented that Goa ~ Cyp, / 7,°" where the phonon heat capacity Cp,
is not easily affected by the substrate, while the phonon’s relaxation
time 7 is strongly influenced by the substrate.”’ The measured Goa
reveals that the OP’s relaxation time decreases sequentially from
the transferred monolayered WS, to the as-grown monolayered
WS, and further to the hetero-bilayered WS,/WSe,. This trend
indicates that the stronger interface coupling gives rise to better
interface contact, which causes more OP scattering, thereby reduc-
ing the OP’s relaxation time. Note that external defects, strain, and
contamination may reduce the lifetime of hot carriers and pho-
nons, shifting the magnitude of i and R]. across multiple flakes.
Here, we treat them as covariates, interpreting the case-by-case
variations in Goa across multiple flakes with the same layer config-
uration. From our experience, the reproducibility of results in sus-
pended samples is better with more uniform geometry and
reduced interfacial disorder."”

The [yoa| in our work encapsulates an ensemble-averaged tem-
perature difference between overall OP and AP branches, rather than
pinpointing the dynamics of any specific phonon mode. Due to the
ultrafast relaxation timescales within each phonon branch, we assume
that intra-branch thermal equilibrium shares a common effective tem-
perature.”” This simplification allows us to treat the OP-AP tempera-
ture disparity as a scalar metric of the average non-equilibrium, which
is especially practical for interpreting experimental Raman data that
are insensitive to individual phonon modes but are influenced by their
collective behavior.

To elucidate the spatial influence of laser spot size on the degree
of OP-AP non-equilibrium, we compare a parameter [q,| - 7
under different laser spot sizes of the three WS, samples. [/, - 7r2
characterizes the extent of the OP-AP temperature difference under
unit laser irradiation per unit area, which reflects the optical phonon
energy retention under standardized laser irradiation areas, and offers
a normalized metric for comparing non-equilibrium strength across

varying laser spot sizes. As shown in Fig. 4(b), our experiment results
for three different samples show that |Wq,| - 7r? increases with
increased laser spot radius. This trend is consistently observed from all
the WS, samples, apart from the result under the 50 objective lens in
the as-grown monolayered WS, sample, where minor deviations are
caused by measurement fluctuations. As described in our physical
model before, photon absorption excites hot carriers that undergo
ultrafast thermalization, followed by lateral diffusion out of the irradia-
tion area. When the laser spot is large, the hot carrier diffusion length
is much smaller than the spot radius, and most of the hot carriers
remain within the beam area, leading to spatial confinement of energy
and a correspondingly higher value of [, | - 7rZ. However, for small
laser spots, the carrier diffusion length becomes comparable to or
exceeds the irradiation size. A significant number of hot carriers diffuse
out of the irradiated region before transferring their energy to OPs.
Consequently, the normalized parameter |q,|-7r? decreases,
highlighting the important role of lateral energy dissipation at small
laser spot sizes.

In addition, [fo,| - 7rg also varies across different material con-
figurations. As shown in Fig. 4(b), under the same objective lens, the
transferred monolayered WS, and the hetero-bilayered WS,/WSe,
have higher || - 772 values. This can be attributed to the presence
of a tiny interface spacing under the WS, layer, which is introduced
from the sample transfer process. Based on our past work,” such spac-
ing modifies the local optical field, enhancing the optical absorption
within the 2D material and thus resulting in a higher |y, | - nr3.
Although the transfer of WS, leads to loosen interface coupling and
may affect the cross-plane hot carrier diffusion,” we only consider the
in-plane hot carrier diffusion here. This approximation does not com-
promise accuracy under our conditions, as all the WS, samples’ thick-
ness here (~0.7nm) is much smaller than their optical absorption
depth (tens of nm) and cross-plane hot carrier diffusion length
(~um). Therefore, the hot carrier population can be considered
depth-uniform. Although some reports show that the existence of
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ultrafast hot carriers transfer through hetero stacking interfaces;”” in
our case, the hot carriers will be rendered inside the 2D materials
because of the density of state mismatch between WSe, and SiO,.”
However, when applying our FET-Raman method to multilayered or
bulk materials, a cross-plane hot carrier diffusion model with depth-
dependent generation, diffusion, and recombination kinetics needs to
be considered. In addition, our FET-Raman can be applied to nanoma-
terials with different dimensions. The similar i ~ 1/f relation and half
of the CW case extrapolation limit are suitable for disparate materials.
With similar profiles, it can be applied to evaluate the OA thermal
non-equilibrium in single-walled carbon nanotubes,” supported few-
layered MoS,, and few-layered suspended graphene.””

In summary, we employed the FET-Raman method to effectively
measure the OP-AP thermal non-equilibrium in supported monolay-
ered WS,. Our experimental results and analysis showed that the OP-
AP thermal non-equilibrium was largely enhanced under localized
heating. With the laser spot radius decreased from ~1.7 to ~0.4 um,
Voa/Wap increased by over 2.5 times for the three WS, materials.
Also, the W, /Y 4p discrepancy between hetero-bilayered WS,/WSe,
and monolayered WS, showed that the stronger van der Waals cou-
pling may contribute to the diminishing OP-AP temperature differ-
ence. In addition, the hot carrier diffusion became more pronounced
under small laser spots. As a result, |o,| - mr3 decreased by more
than 60% after the laser spot radius decreased from ~1.7 to ~0.4 um.
Our study established a robust and precise experimental framework
for probing phonon non-equilibrium in nanoscale materials, thereby
providing pathways for understanding phonon transport and its impli-
cations for thermal management, nanoscale energy conversion, and
high-performance electronic technologies.

See the supplementary material for details on sample preparation,
structure characterization, the measured RSC under steady and tran-
sient states, and the RSC caused by OA thermal non-equilibrium and
AP temperature rise.
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