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Previous multitemperature model (MTM) resolving phonon temperatures at the polarization level
and measurements have uncovered remarkable nonequilibrium among different phonon polarizations
in laser irradiated graphene and metals. Here, we develop a semiconductor-specific MTM (SC-
MTM) by including electron-hole pair generation, diffusion, and recombination, and show that
a phonon polarization-level model does not yield observable polarization-based nonequilibrium in
laser-irradiated molybdenum disulfide (MoS2). In contrast, appreciable nonequilibrium is predicted
between zone-center optical phonons and the other modes. The momentum-based nonequilibrium
ratio is found to increase with decreasing laser spot size and interaction with a substrate. This finding
is relevant to the understanding of the energy relaxation process in two-dimensional optoelectronic
devices and Raman measurements of thermal transport.

Thermal relaxation of nonequilibrium charge and en-
ergy carriers is essential in operating semiconductor de-
vices and laser processing of metals [1, 2]. The energy
cascade in such process is usually described as a hier-
archical energy flow from an electrical or optical exci-
tation to hot electrons, which are then coupled to op-
tical phonons and finally decayed into the lattice. The
efficiency of optoelectronic devices is increased by the
so-called “phonon bottleneck” [3–5] associated with the
coupling between the hot electrons and phonons. This
effect has been captured in previous two-temperature
model (TTM) and its refined successors [1, 2, 6–8] by
assigning lumped temperatures to individual carrier sub-
groups. The TTM is also extended to consider semi-
conductors under photoexcitations [9]. Recent studies
on thermalization of the lattice reveal that the nonequi-
librium between the optical and acoustical phonon po-
larizations and that among different acoustical phonon
polarizations can be even more pronounced than that
between electrons and phonons [10, 11]. The nonequi-
librium inside the lattice phonon bath can give rise to
nonthermal melting in devices [12] and inaccurate in-
terpretation of thermal conductivity measurement based
on Raman thermometry [10]. Past works have consid-
ered nonequilibrium between phonons with different fre-
quency ranges or at different polarizations in the multi-
temperature model (MTM) [10, 13] and the nonthermal
lattice model (NLM) [14] that assign different tempera-
tures to each phonon polarization or divide the phonons
into low-frequency and high-frequency groups [15]. A
polarization-based nonequilibrium has been considered
in past studies of graphene [10, 11, 13] as well as a recent
study of thin film molybdenum disulfide (MoS2) [16].

The polarization-based nonequilibrium is a result
of different coupling strengths between the hot elec-
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trons and different phonon polarizations, such as the
three different acoustic phonon branches in a simple
metal [14]. In addition, the out-of-plane polarized flex-
ural (ZA) phonons in monolayer graphene show a pe-
culiar quadratic dispersion and is subject to an ad-
ditional restrictive electron-phonon scattering selection
rule compared to that for the other two linear acoustic
dispersions [13]. Meanwhile, the size confinement effects
on in-plane phonons in nanosized graphene can modify
the coupling strength between different phonon polariza-
tions [15].

In this work, we search for potential phonon nonequi-
librium in MoS2 thin films irradiated by a focused laser
beam. The usual separation approach based on phonon
energies or branches did not yield apparent nonequi-
librium. Instead, we find that the zone-center optical
phonons are hot by separation of phonons in both the en-
ergy and momentum spaces in our first-principles calcu-
lations of electron-phonon and phonon-phonon couplings.
The calculated degree of nonequilibrium under the same
experimental setup agrees well with a concurrent Ra-
man experiment that reports a moderate nonequilib-
rium [17]. The zone-center optical phonon temperature
exceeds those of the other phonon modes increasingly at
a reduced laser spot size and by enhanced cooling of the
other modes via interface interaction between the MoS2

thin layer and a substrate. While a prior study [8] has ex-
amined momentum-dependent electron-phonon coupling
in multilayer tungsten diselenide (WSe2) irradiated by ul-
trafast optical pulses, our results reveal that momentum-
dependent electron-phonon and phonon-phonon coupling
results in hot nonequilibrium phonons in both the energy
and momentum spaces. Compared to recent theoretical
predictions of zone-center and zone-boundary hot optical
phonons in monolayer MoS2 [18] and MgB2 [19] during
ultrafast pump-probe measurements, our theoretical cal-
culation reveals zone-center hot optical phonons even in
relatively thick MoS2 flakes under steady-state focused
laser heating and explains the finding from a concurrent
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Raman measurement [17]. The current model has not
considered excitons formed as bound electron-hole pairs,
where the electrons are below the conduction band, and
the holes are above the valence bands. The exciton bind-
ing energy of bulk MoS2 might be close to room temper-
ature. If we focus on a lattice temperature well above the
room temperature with a high enough laser power, the
thermal energy is higher than the exciton binding energy
to break them into free electrons and holes in the con-
duction band and valence band, which are modeled here.
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FIG. 1. Schematic of energy pathway in localized laser heat-
ing on bulk MoS2. (a) Hot electrons relaxation with differ-
ent mechanisms mapped onto the calculated band structure
of bulk MoS2: 1○ photo-excitation, 2○ electron collisons, 3○
electron-phonon coupling, and 4○ multi-phonon recombina-
tion. In this plot, Γv represents the valence band maximum
and Σmin represents the conduction band minimum. The bot-
tom real space illustration represents the associated different
cooling lengths in the spatial domain. (b) Schematic showing
the energy transfer in electron-phonon coupling 3○ and sub-
sequent phonon-phonon scattering. q is the heat flux through
the lattice and G is the thermal conductance between the ma-
terial sample and the substrate. Γ-optical phonons (or zone-
center optical phonons) are singled out in this work. Atomic
structure in this figure is generated from a toolkit of Materials
Project [20, 21].

Unlike metals, laser irradiation of semiconductors
would create electron-hole pairs, which subsequently un-
dergo hierarchical energy relaxation in time and/or spa-
tial scales [9, 22]: quick thermalization of electrons
(holes) by internal collisions, further energy relaxation
by emission of phonons, and eventual energy decay by
electron-hole recombination process. These processes
are shown in Fig. 1(a) where we mark these relaxation
processes onto calculated band structure. In the case
of strong laser excitation, electrons and holes can be
separated to have different temperatures and warrant
separate treatment [23]. Figure 1(b) shows the en-
ergy dissipation through electron- (hole-)phonon interac-
tions (EPI) and subsequent phonon-phonon scattering.
Some phonon polarizations, usually the optical phonons,
receive the majority of the dissipated energy and be-
come overpopulated. The excess heat is then lost to
the other phonon modes through phonon-phonon scat-
terings, including three-phonon and four-phonon pro-
cesses. For a thin film material supported by a sub-
strate, phonon-mediated heat transfer across the inter-
face gives rise to an interfacial thermal conductance (Gi).
Besides mode-dependent electron-phonon and phonon-
phonon couplings in the thin layers, mode-dependent
phonon coupling across the interface with the substrate
phonons, usually characterized by large interface trans-
mission coefficient for low-frequency acoustic vibrational
modes [24], is another mechanism that can give rise to
nonequilibrium among different phonon modes in the
thin layer.

Our first-principles calculations are performed in the
framework of Density Functional Theory (DFT) as
implemented in Vienna Ab initio Simulation Package
(VASP) [25] and we obtain the phononic structure using
Density Functional Perturbation Theory (DFPT) [26].
Interatomic force constants are calculated using fi-
nite difference method [27]. Phonon-phonon coupling
strength is then calculated using a package developed
by some authors of the present work, FourPhonon [28].
We use QUANTUM-ESPRESSO [29] along with a modi-
fied EPW package [30] to calculate electron-phonon cou-
pling strength and further the electron scattering rates
due to phonons. In this framework, coupling strength
for a certain phonon mode (q) is computed as λq =

1
NFωq

∑
k,k′

|gqk,k′ |
2δkδk′+q [30], where |gqk,k′ | is the electron-

phonon coupling matrix element involving electronic
state |k〉, |k′ + q〉 and phonon mode |q〉 with frequency
ωq, δ is the Dirac delta function and NF is the density of
states. Further details on first-principles calculations are
presented in Supplemental Materials [31].

An important question is how we should partition and
regroup the energy carriers to represent the aforemen-
tioned origins of nonequilibrium phonons. For simplic-
ity, we first consider suspended sample and set Gi =
0 to examine the effects of mode-dependent electron-
phonon and phonon-phonon coupling. We perform first-
principles calculations to find spectral EPI and phonon
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FIG. 2. Electron-phonon coupling and phonon transport properties at 300 K in bulk MoS2. (a) The electron-phonon coupling
strength λq and its mapping onto the phonon dispersion curve. (b) Electron linewidth or imaginary part of its self-energy as
a function of electron energy. This plot shows the contribution of electron-phonon scattering to the electronic linewidth. (c)
Phonon-phonon scattering rates τ−1 and its mapping onto the phonon dispersion curve. (d) Anharmonic phonon scattering
rates with contributions from three- (τ−1

3ph, blue dots) and four-phonon scatterings (τ−1
4ph, orange dots). In (a) and (c), the

contour colorbar levels are in logarithm scale.

scatterings. Figure 2 shows our calculated mode-wise
electron-phonon scattering and phonon-phonon scatter-
ing strengths that are mapped onto phonon dispersions in
bulk MoS2. We observe from Fig. 2(a) that electrons are
mainly coupled with zone-center phonons and the cou-
pling strength (λq) for a certain mode specified by its mo-
mentum (q) shows a strong dependence on the wavevec-
tor for each phonon branch. Additionally, some optical
phonons with low frequencies and near the zone center
still show strong coupling with electrons. This feature
implies that grouping phonons only by their energy range
or phonon branches may not be sufficient for this par-
ticular material. The calculated electron linewidth as a
function of the electron energy is also shown in Fig. 2(b).
In addition, we also obtain the electron-phonon coupling
factor Gep for energy flow from electrons into different
phonon groups. As shown by the calculated phonon-
phonon scattering rates in Fig. 2(c,d), optical phonons
have higher scattering rates that generally increases with
increasing phonon frequency. A detailed analysis into dif-
ferent phonon scattering channels in Fig. 2(d) indicates
that four-phonon scatterings (τ−14ph) are generally one

magnitude lower than three-phonon counterpart (τ−13ph).
Thus, in the present work we only calculate phonon cou-
pling factors Gpp based on three-phonon scattering rates.
In our work, the coupling factors Gep and Gpp are all ob-
tained through first-principles calculations.

In previous works [10, 13], the standard multitemper-
ature model (MTM) resolves phonons at the polariza-
tion level without differentiating phonons from the same
branch at different momentum spaces. Based on our
mode-wise scattering rate calculation results for MoS2,
we specify five different equivalent temperatures for elec-
trons, zone-center optical phonons, high-frequency non-
zone-center optical phonons, low-frequency non-zone-
center optical phonons, and acoustic phonons. In this
way, the previous MTM [10, 13] is extended to resolve
phonons in both energy and momentum spaces. In ad-
dition, energy equation is modified to include recombi-
nation process and hole diffusion for semiconductor sys-
tems. We call this approach as semiconductor MTM (or

SC-MTM):

Ce(h)
∂Te(h)

∂t
= ∇

(
κe(h)∇Te(h)

)
+ re(h)

Q

hν
(hν − Eg)

−
∑
i

Ge(h)p,i
(
Te(h) − Tp,i

)
− 3

2
kBTe(h)n

′
r,

(1)
where the subscript e(h) represents electrons (holes)

and (p, i) represents a certain phonon subgroup, C de-
notes specific heat, κ is the thermal conductivity, T is
temperature and G is the coupling factor for each sub-
group, Q is external energy source, Eg is the band gap,
hν is the photon energy, 3

2kBTe(h) is the thermal energy
electrons (holes) have, n′r is the recombination rate. The

ratio of effective mass is defined as re(h) =
m∗r,e(h)

m∗r,e+m
∗
r,h

. In

this formulation, the second term on the RHS represents
the kinetic energy from photons in excess of the band gap
gained by electron/hole, the third term is the cooling by
electron- (hole-)phonon coupling, and the last term rep-
resents the thermal energy lost in recombination. Com-
pared to metals, band gap should be subtracted when
determining carrier temperatures.

For each phonon subgroup i, we have

Cp,i
∂Tp,i
∂t

=∇ (κp,i∇Tp,i) +Ge(h)p,i
(
Te(h) − Tp,i

)
+Gpp,i (Tlat − Tp,i) + q̇i.

(2)

In particular, we define a lattice reservoir Tlat with which
all phonon subgroups should exchange energy to satisfy
energy conservation:

∑
Gpp,i (Tlat − Tp,i) = 0. By doing

this, the phonon coupling factors are easily related to the
phonon lifetime τi under relaxation time approximations

(RTA): Gpp,i =
Cp,i

τi
. Note that q̇i is the fraction of the

total recombination heating q̇ that goes to group i and
we assume that all the recombination process is nonradia-
tive. Considering the band gap energy is large compared
to phonon energy, the nonradiative recombination will
be a multi-phonon process. The most probable process
would be depositing the energy to the zone-center opti-
cal phonons (detailed discussions on the above reasonings
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can be found in Supplymental Materials [31]):

q̇(x) =

(
Eg +

3

2
kBTe

)
n′r. (3)

Energy source Q represents the absorbed Gaussian
laser power density in an axisymmetric system and it
reads Q(r, z) = αI(r, z) with I(r, z) being the laser in-
tensity profile [32]:

I(r, z) =
2P (1−R)

πw(z)2
e
− 2r2

w(z)2
−αz

. (4)

In the above equation, P denotes the laser power, R is the
reflectance, α is the absorption coefficients of the sample,
and w(z) is the laser beam divergence relation at a certain
depth z (these parameters are discussed in Supplemental
Materials [31]).

The recombination rate can be expressed as relaxation
time form n′r ≈ n

τn
where τn is the carrier recombination

lifetime, n is the excited carrier density. Thus, to solve
the extended MTM energy equation Eq. 1 and 2, we need
to determine the spatial carrier density n by carrier dif-
fusion equation [33]:

∂ne(h)

∂t
= De(h)∇2ne(h) + n′g − n′r, (5)

where De(h) is the diffusion coefficient of carriers, and

n′g = Q
hν is the carrier generation rate. We estimate that

electrons and holes in our material system have similar
diffusion coefficients and effective masses [34, 35] and sim-
ilar behaviors. Thus, in this specific work the solution of
the above equations can be simplified to have just one
equation where electrons and holes are lumped [31]. De-
tails and some discussions on electron/hole diffusion, car-
rier density profile and Fermi level are also presented in
Supplemental Materials [31] which include Ref. [34–39].
Equations 1, 2 and 5 are solved numerically in real-space
with axisymmetric boundary conditions using finite ele-
ment methods in COMSOL Multiphysics [40].

Figure 3 compares the calculation results from the
branch-wise SC-MTM and the present momentum-
resolved SC-MTM model. The branch-wise MTM as-
signs two different average phonon temperatures, one
for the optical branches and the other for the acoustical
branches. While the previous branch-wise MTM can re-
veal phonon nonequilibrium in metals and graphene [10,
13–15], its semiconductor modification cannot produce
any observable phonon nonequilibrium in bulk MoS2,
as shown in Fig. 3(a). In comparison, the momentum-
resolved SC-MTM model reveals apparently higher tem-
peratures for the zone-center optical phonons than Tlat.
This result suggests that the zone-center optical phonons
in bulk MoS2 are coupled preferentially to electrons and
are not effectively cooled down by the lattice. Based
on this result, phonon nonequilibrium in laser irradiated
MoS2 mainly occurs in the momentum space between the
zone center modes and other modes, instead of between
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FIG. 3. Extended semiconductor multitemperature model
with both energy and momentum resolutions. The x axis of
this plot is the distance from the laser spot center. The sus-
pended region of our sample is 15 µm in radius and here we
show the localized heating up to 8 µm. The data is calculated
under laser irradiation with the Gaussian radius r = 0.71 µm
and power P = 2.35 mW.

phonons of different polarizations. Essentially, the en-
ergy flow bottleneck is mainly in the momentum space
instead of across the different energy ranges or polar-
izations. Electron temperature (shown in gray lines) is
also higher in the eyes of branch-wise SC-MTM than pre-
dicted by momentum-resolved SC-MTM. Electrons are at
equilibrium with zone-center optical phonons as revealed
by our extended model.

We define a nonequilibrium ratio as ξ = ∆Th/∆Tlat
between the temperature rise of the hottest group (∆Th)
and that of the lattice (∆Tlat). In the case of bulk MoS2,
∆Th is the temperature rise (∆Top) of the zone-center
optical phonons. In Fig. 4(a) that has accounted for the
effect of the laser-induced temperature rise, this ratio
is obtained as the slope of the calculated ∆Top versus
∆Tlat at different laser power and each laser spot size
for suspended sample. Though the change of nonequilib-
rium with respect to laser power is marginal in this sys-
tem (indicated by the almost linear relation in Fig. 4(a)),
the numerical solutions do show a decrease of nonequi-
librium with higher laser power level. This power de-
pendence is in agreement with and explained in the prior
study of graphene [11]. Our simulated nonequilibrium ra-
tio under the same experimental condition is 1.15 when
r = 0.71 µm, in good agreement with Ref. [17]. Com-
pared to the degree of phonon nonequilibrium observed
in graphene (ξ > 2) [10, 11], this reduced ratio is under-
standable as bulk MoS2 has lower thermal conductivity
and generally stronger phonon scatterings than graphene.
Additionally, the ZA mode in graphene couples weakly
with other phonon modes and essentially cools down the
lattice. When the Gaussian laser beam radius decreases
from 1.15 µm to 0.71 µm and approaches the thermaliza-
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FIG. 4. Effect of laser spot size and substrate coupling on
the nonequilibrium ratio ξ. ξ is interpreted as the slope of
line passing through the origin. (a) The hottest phonon tem-
perature rise with respect to the lattice temperature rise at
increasing laser power levels 1 to 5 for suspended MoS2 that
has a thickness of 72 nm. The slope yields ξ, and r is the
laser spot size. The solid black line with unity slope indicates
the equilibrium state. (b) The hottest phonon temperature
rise with respect to the lattice temperature rise for supported
MoS2 that has a thickness of 10 nm at different thermal inter-
face conductance, a fixed laser radius r = 0.71 µm and power
P = 2.35 mW. The inset shows the calculated nonequilib-
rium ratio ξ as a function of conductance Gi.

tion length of hot zone-center phonons, the zone-center
phonons are not able to thermalize with the lattice within
the laser spot, resulting in a higher ξ at a smaller laser
spot size.

We further examine the effect of substrate phonon cou-
pling on the nonequilibrium ratio, as the findings will
have practical implications for electronic devices made
with supported MoS2 layers [41]. Thus, we choose a

model sample with a thickness of 10 nm on SiO2 sub-
strate in this case. Acoustic phonon modes of SiO2 lie in
the same frequency range as MoS2 (∼5 THz). Since high-
group-velocity acoustic phonons usually have the domi-
nant contribution to the interface conductance and con-
sidering the fact that the low-frequency optical phonons
in bulk MoS2 are in near equilibrium with the lattice, in
our model the interface conductance term is only added
to acoustic phonon group, where the energy outflow to
the substrate is proportional to the temperature differ-
ence between the acoustic group (p, a) and the substrate
(Tsub):

Cp,a
∂Tp,a
∂t

= ∇ (κp,a∇Tp,a) +Gep,a (Te − Tp,a) +

Gpp,a (Tlat − Tp,a)−Gi (Tp,a − Tsub ) .
(6)

As shown in Fig. 4(b), an increase in the interface conduc-
tance Gi would decrease the overall lattice temperature
rise ∆Tlat more than ∆Top for a given laser power level
and laser spot size, because ∆Tlat is cooled directly by
interface heat transport mainly caused by interface cou-
pling of acoustic phonons. Consequently, the nonequilib-
rium ratio ξ increases with Gi.

These results show that the conventional phonon
branch-wise multitemperature model (MTM) revised for
semiconductors (SC-MTM) does not yield any observ-
able phonon nonequilibrium in laser-irradiated MoS2.
However, when we extend the model to have both en-
ergy and momentum dimensions, a moderate nonequi-
librium is produced and can explain the experimental
data in Ref. [17]. This implies that thermal equilibrium
is well established between phonon groups having dif-
ferent energy states, but not between phonons with dif-
ferent momenta even in the same branch. Only the ex-
tended SC-MTM that treats the zone-center phonon sep-
arately, while not the conventional phonon branch-wise
SC-MTM, can predict the phonon nonequilibrium that is
observed in concurrent experiments. Based on this find-
ing, whether phonons should be resolved in both energy
and momentum space should be based on first-principles
calculations of electron-phonon and phonon-phonon in-
teractions. The degree of hot zone-center optical phonons
is increased with reduced laser spot size and substrate
coupling of acoustic modes. These findings provide de-
tailed insights on phonon nonequilibrium phenomena in
optically or electrically excited functional materials and
devices.
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