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Abstract – The nature of inter-layer optical phonons observed in the WS2/WSe2 hetero-structure
is being reported in this work. Additionally, phonon bunching between 3E2

2g modes of both WS2

and WSe2 can be ascertained in the acoustic region. The second-order bunching factor, g(2), is
seen to improve sharply upon reduction of temperature, below a critical temperature. Moreover,
the integral intensity of the peaks increases almost exponentially with the applied power of the
laser source. To a good approximation, the phonon frequency corresponding to most of the Raman
active modes varies linearly with altered temperature (78–300K). However, the A1g+A∗

1g mixed
mode located at ∼ 661 cm−1 exhibits a non-linear temperature dependence over the working
range of temperature. Prevailing phonon bunching aspects of the phonon replica discussed in
terms of bunching factor, frequency correlation parameter, etc., are highlighted based on acquired
low-temperature Raman data and theoretical analogy.

Copyright c© 2023 EPLA

Unfailing stories of graphene and its derivatives have
paved the path for a variety of two-dimensional (2D) ma-
terials, which in fact accelerated fundamental and applied
research. While the research community is eager to wit-
ness the unprecedented benefits of these layered systems in
the near future, major implications are expected to rely on
spintronics, energy harvesting, valley transport and quan-
tum transport [1–3]. Of recent interest, layered transi-
tion metal mono- (TMMs) and di-chalcogenides (TMDs)
have proven potential to act as new testbeds for study-
ing vibrational spectroscopy, exciton physics, charged ex-
citon dynamics and inter-valley transitions, in addition to
relevance in solid lubrication, photo sensing and photo-
catalytic activities [4–6]. In this work, the focus is on
the effect of temperature dependence on different phonon
modes in WS2/WSe2 hetero-structures.

Quantum effects in spatially confined systems are now
at the forefront owing to their incredibly high demand in
the field of quantum transport [7], quantum point con-
tacts (QPCs) and linkages [8], dissipative quantum en-
gineering [9] as well as quantum statistics [10]. In exotic
statistics, the correlation factors are critically examined to

(a)E-mail: best@tezu.ernet.in (corresponding author)

probe the information being exchanged between the two
non-interacting and distinguishable particles [11]. Undeni-
ably, bunching, and anti-bunching of photons form the ba-
sis behind any such influence [12]. Temporal correlation of
photons causing bunching/anti-bunching effects has been
rigorously studied after initial experiments laid down by
Brown and Twiss [13]. Retaining the equally important
bosonic criterion exhibited by phonons, it may also dic-
tate crowding under suitable environment. Originally,
Okuyama et al. hypothesized infrequent phonon bunching
in quantum dots (QDs) [14] and later elaborated by Guan
et al. [15] as regards explaining phonon anti-bunching in
coupled non-linear micro/nano mechanical resonators in
the light of a theoretical framework. Recently, Cayla
et al. has provided experimental evidence of bunching
of phonons in the case of the boson gas [16]. In another
study, vibrational features of WSe2/WS2 hetero-structure
have been reported [17]. However, the present work
highlights interlayer phonons and temperature-dependent
acoustic-phonon bunching spectral features divulged in
nanoscale WS2/WSe2 hetero-structures formed by virtue
of stacking-restacking attempt.
Morphological evidence of the exfoliation followed by

stacking of WS2/WSe2 hetero-structures can be visualized
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Fig. 1: (a) A schematic representation of the WS2/WSe2 hetero-structure derived using Quantum Espresso. (b) Electronic
band structure of the WS2/WSe2 hetero-structure, (c) electronic density of states profile, (d) phonon dispersion features for
theoretically obtained 18 modes. Note: two different regions for acoustic and optical phonon modes maybe seen. (e) Phonon
density of states.

from the high-resolution transmission electron micro-
graph (HRTEM) depicted in fig. S1 of the Supplemen-
tary Material Supplementarymaterial.pdf (SM). Ap-
parently, in the bilayer system with one layer (I: WS2)
lying beneath the other (II: WSe2), with respective inter-
atomic spacings ∼ 0.266 nm and ∼ 0.284 nm correspond-
ing to (100) planes. A clear indication of the overlapped
segments of the sheets with a twist angle of approximately
60◦ can be found. To be noted, formation of WS2/WSe2
hetero-structures in 0◦ and 60◦ twist angles has been re-
ported earlier via vapor growth method. Feasible in the
low-temperature region, the later stacking angle was be-
lieved to be favorable thermodynamically [18]. In addi-
tion, the TMDs hetero-structure in the 60◦ twist angle
exhibits the lowest values of band gap and inter-layer dis-
tance [19]. Moreover, the selective area electron diffraction
(SAED) pattern, captured in region A of layer-I portrays
assembly of bright spots in hexagonal configuration, and
that in region B of stacked layers (I and II), highlighting a
diffused ring pattern. Furthermore, X-ray photo-electron
spectroscopy (XPS) analysis was employed to substanti-
ate the development of WS2/WSe2 hetero-structure, pre-
sented in the SM (fig. S2).

A schematic illustration of WS2/WSe2 hetero-structure
is depicted in fig. 1(a). Calculations have been conducted
employing first-principle-based density functional theory
(DFT) and using Quantum Espresso c© package (QE) [20].

The projector augmented wave (PAW) pseudopotential
was considered to describe the electron-core interaction
process and the generalized gradient approximation
(GGA) of Perdew-Burke-Ernzerhof (PBE) to form the ex-
change correlation potential [21]. A grid of K point sam-
pling 9 × 9 × 1 is taken based on the Monkhorst-Pack
scheme to perform the Brillouin zone interactions with
a cut-off energy of 650 eV. Again, the supercell structure
has been optimized in all directions till the energy and the
force per atom are less than 1.0× 10−8 eV and 0.01 eV/Å,
respectively. The predicted electronic band structure of
WS2/WSe2 hetero-structure can be found from fig. 1(b).
Apparently, the WS2/WSe2 hetero-structure exhibits a
semiconducting direct band gap of ∼ 1.08 eV, positioned
at the K point of the reciprocal lattice. Besides that, the
finite gaps namely, ∼ 1.08 eV, ∼ 1.73 eV and ∼ 1.9 eV
could be traced for H , Γ and A valley points. Addi-
tionally, momentum-conserved, phonon-assisted indirect
band gaps amounting to 2.02 eV, 1.1 eV and 1.64 eV can
be visualized in the electronic structure. In pure form,
the WS2 and WSe2 would possess a band gap of ∼ 2 eV
and ∼ 1.73 eV, respectively; and thus, unusual gaps of
∼ 1.1 eV or 1.64 eV possibly represent intermediary in-
terlayer excitonic states. The existence of interlayer exci-
tons has already been discussed in the literature [22]. The
estimated values are slightly higher compared to the re-
ported ones, i.e., ∼ 1.5 eV. To obtain a better picture, the
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Fig. 2: (a) Power-dependent Raman spectra of the WS2/WSe2 hetero-structure. Note: in higher laser power (pl), modes related
to the WSe2 became more prominent compared to that of WS2. (b) Temperature-dependent Raman spectra of the WS2/WSe2
hetero-structure. (c) Deconvoluted Raman spectra at 78 K. (d) A contour plot of the Raman active modes with temperature.
(e) Second-order correlation factor (g(2)): a comparative view between theory and experiment. Note: here two different regions
can be witnessed. Region-I (above 123 K): g(2) value improves slowly with lowering temperature. Region-II (below 123K):
g(2) value rises steeply with declining temperature. A schematic representation of bunching and anti-bunching is depicted
in the inset, and (f) non-linear temperature dependency of different Raman active modes in reference to room temperature
characteristics.

density of states (DOS), D(ε) calculations for the hetero-
layer WS2/WSe2 are shown in fig. 1(c). Although a finite
tailing gap of 1.06 eV has been predicted from the DOS
data, prominent transitions among the extended states
could be suspected above the exciton energies.
We could envision possible phonon modes as well

as phonon dispersion curves by implementing the den-
sity functional perturbation theory featuring calculations
based on the QE package and considering 3 × 3 × 1 su-
percell as the test sample. About 18 phononic modes,
including mixed and collective ones can be ascertained.
Phonon frequencies ascribed to distinctly different modes
and within the Brillioun zone were estimated and pre-
sented in table S1 in the SM. The dispersion curves, which
characterize variation of phonon frequency, ω with the
phonon wave vector, q are depicted in fig. 1(d). The
phonon density of state, Dq, is also calculated and pre-
sented in fig. 1(e). Ideally, the group velocity of the
phonon package is defined as

vg =
dω

dq
, (1)

with q being the wave vector in reciprocal space. Anoma-
lous variation of the group velocity for the predicted acous-
tic modes can be found in the SM. Note the maximum
attainable group velocity (∼ 600 a.u.) tending to drop to
its minimal value at the M point in the reciprocal lattice.
To explore vibrational features experimentally,

temperature-dependent (78–300K) resonant Raman
spectroscopy has been employed for the WS2/WSe2

hetero-structure, using a 532 nm line of He-Ne laser as
the excitation source. Also, power-dependent spectra
have been obtained by employing 514 nm line of Ar+ ion
laser (0–25mW, 300K), shown in fig. 2(a). Apparently,
the spectra reveal Raman active modes appearing at
131 cm−1, 251 cm−1, 257 cm−1, 333 cm−1, 350 cm−1,
418 cm−1, 664 cm−1, 707 cm−1 and 807 cm−1. Numerous
comparatives and analogous phononic modes as predicted
from the theoretical calculations are listed in table S1, in
the SM. Also, these peaks are quite evident in the low-
temperature regime, as substantiated from the fig. 2(b).
Besides, distinct modes have been obtained from the
independent WS2 and WSe2 layers. For instance, the
peaks positioned at ∼ 332 cm−1, 350 cm−1, 418 cm−1

and 707 cm−1 correspond to the associated Raman
active modes signifying (2LA−E2

2g), E
1
2g, A1g, and 4LA

in the WS2 system. On the other hand, the peaks
located at ∼ 131 cm−1, 185 cm−1 231 cm−1 and 273 cm−1

could emerge due to the mixed modes of (A∗
1g − LA∗),

(E1∗
2g − 3E2∗

2g ), (2LA
∗ − E2∗

2g ) and (E1∗
2g + E2∗

2g ). Also, two
independent modes located at ∼ 252 cm−1 and 257 cm−1

may be assigned to E1∗
2g and A∗

1g Raman active modes,
evident in the WSe2 system [23]. For clarity, the decon-
voluted spectral feature for the lowest temperature (78K)
case is depicted in fig. 2(c). To avoid technical ambiguity,
Raman modes of the WSe2 are designated with an “*”
mark. Interestingly, the presence of most prominent
mode at, ∼ 808 cm−1(ϕ) in all the cases is recognized as
the fourth harmonic of mode 7, which appears at high
laser power (and at low temperature discussed in the
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subsequent section, for ∼ 148K) and possibly because of
higher phonon population density (table S1). Astound-
ingly, exciting at a higher laser power of ∼ 25mW reveals
an asymmetrically broadened peak found at ∼ 707 cm−1

(4LA of WS2) which upon deconvolution, offered a
shoulder peak located at 661 cm−1. This unusual, mixed
mode (A1g+A∗

1g) was believed to have arisen from the
heterolayers, signifying interlayer phonons excited in
the WS2/WSe2 system. Arising interlayer phonon in
higher laser power indicates that a significant amount
of excitation energy is crucial for their excitation and
sustenance. Knowing that, Raman intensity is hugely
dependent on the phonon density trend with the phonons
obeying the Bose-Einstein (BE) statistics stated as

nph =
no

exp
(

�ωph

kBT

)
− 1

, (2)

where kBT is the thermal energy at the absolute tem-
perature, T and kB as Boltzmann’s constant. Not sur-
prisingly, an increase in laser power could excite more and
more phonons and consequently, populate the phonon den-
sity of states, Dq featuring intense Raman active modes of
E1∗

2g (A
∗
1g), 2LA, and ϕ with increasing laser power (fig. S3,

(SM)). The intensity variation follows a nearly exponential
dependence with the laser power, pl and is given by

nph = χexp(Apl), (3)

where A is a constant and χ as the pre-exponential factor.
The origins of low-lying peaks located at ∼ 79.9 cm−1

and ∼ 64 cm−1 can be ascribed to acoustic phonons as pre-
dicted from the dispersion curves and depicted in fig. 2(d).
Compared with the usual modes of WS2 and WSe2 sys-
tems they were identified as third harmonic modes, 3E2

2g

and 3E2∗
2g . To be mentioned, the 3E2∗

2g peak is less promi-
nent as compared to the 3E2

2g mode at room tempera-
ture (I2∗3E2g

< I3E2
2g
). At lower temperature, however, the

peak 3E2∗
2g becomes significant (I2∗3E2g

≈ I3E2
2g
) and tend-

ing to shift towards 3E2
2g mode, offering an asymmetry.

Moreover, distinct variation in the peak positions with
increasing temperature can be witnessed in the contour
plot, depicted in fig. 2(d). Interestingly, the signature of
phonon bunching can be well resolved at lowered tempera-
tures owing to the superposition of phonon wavefunctions
while taking advantage of reduced thermal noise. Previ-
ous reports on photon bunching can help determine the
strengths of the phonon bunching expressed in terms of
the steady state density (ρ), creation (b†) and annihila-
tion operators (b) [14–16]:

g(2) =
〈 b†b†bbρ〉
〈 b†bρ〉2 . (4)

Here, the factor g(2) represents the probability of find-
ing both the phonons (from independent systems) simul-
taneously with respect to the probability of finding each

phonons separately. Using the experimental data, the g(2)

values were determined considering the ratio of square
of the overlapping area of both the peaks to the prod-
uct of integral intensities of those peaks. Referring to
the room temperature (300K) case, the g(2) value is esti-
mated to be as low as ∼ 0.21, which would signify negligi-
ble phonon bunching. In fact, an enhanced possibility of
phonon bunching effect can be anticipated at lower tem-
peratures, offering an augmented g(2) value of ∼ 0.56.
With a bosonic field in place, the superposition of two
phonon wave functions can be suspected due to suppressed
thermal agitation. Prior to this work, Gaun et al., have
showed the phonon bunching effect theoretically, analo-
gous to the photon bunching effect [15]. Implementing
the mechanical resonator model, the Hamiltonian can be
stated in terms of strength of the mechanical resonator in
energy unit (J), external perturbation in energy unit (F )
and non-linearity terms (U) as [15]

H = Δb†1b1 +Δb†2b2 + J(b†1b2 + b†2b1)

+F (b†1 + b1) + Ub2†2 b22. (5)

Here, Δ stands for frequency equivalent energy difference
between two phonons, and b†i (or bi) is the creation (or an-
nihilator) operator for the i-th resonator. The simplified
form of the second-order correlation factor g(2) is formu-
lated as [15]

g(2) =
2ρ66
(ρ44)2

. (6)

The ρ66 and ρ44 terms are presented in the SM.

Keeping in mind the best fitted trend between the the-
ory and experiment, the non-linear factor U is estimated
as ∼ 5 × 10−4. At the same time, considering other pa-
rameters namely, J = 11meV and F = 2.1 eV, an ap-
propriate trend for g(2) is expected, shown in fig. 2(e).
Here, To = 123K is the equivalent phonon temperature of
average energy between the two modes, offering bunching
phenomena in two separate regions. Noticeably, a slow yet
linearly growing trend was quite relevant over the tem-
perature range 298–123K, prior to witnessing sharp ris-
ing feature at relatively lower temperatures (123–77K).
The experimental and theoretical curves would meet in
the cross-over region at ∼ 150K.

The increasing trend of the g(2) value in the low tem-
perature implies that, in the absence of excessive thermal
disturbances, the acoustic in-plane modes for both the sys-
tems (WS2 and WSe2) could be supported independently,
along with the superposition of acoustic in-plane phonons.
Apart from these, optical out-of-plane phonon modes were
seen to be positioned at ∼ 257 cm−1 (WSe2) and 418 cm−1

(WS2) self-reliantly at all temperatures.

As can be found in fig. 2(d), the interlayer phonon peak,
(A1g+A∗

1g) appearing at ∼ 661 cm−1 reveals a noticeable
widening with varying temperature. To probe the depen-
dency of the interlayer phonons with its original modes
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A1g and A∗
1g, let us introduce a frequency correlation pa-

rameter:

fω =
ω
(
A1g +A∗

1g

)
ω (A1g) + ω

(
A∗

1g

) . (7)

The fω value could attain to the tune of 0.98 at 300K,
which slightly drops very sharply to a value of 0.92 at
250K, followed by steady non-linear behavior with the
lowering of temperature. Alteration of fω with varying
temperature is also shown in the SM (fig. S6).
Exhibiting linear temperature dependence over scat-

tered data (not shown), the shifting of the representative
modes, E1

2g, A1g, E
1∗
2g , A

∗
1g can be brought to a general

expression,
ω (T ) = ω (o) + β T, (8)

where ω (o) is the phonon frequency at absoulte zero tem-
perature, β is the thermal coefficient of vibration. It
is worth mentioning here that a noticeable temperature-
dependent shifting of the vibrational modes has already
been reported for the ReSe2 system [24].

In addition to frequency shifting of the Raman active
modes, anomalous intensity variation may be noted as
regards different temperature conditions, with significant
intensity drops for cases of 273K and 223K (fig. 2(b)).
This is substantiated by the non-linear oscillating trend
in the intensity vs. inverse temperature plot (fig. 2(f)).
This non-linear behavior is suspected due to adequate in-
teraction between phonons in heterolayers. Considering
x =

�ωph

kBT , the modified expression can be stated as

nph =
no

exp (a+ bx+ cx2)− 1
. (9)

Only for optical modes, �ωph � kBT so that the above
relation reduces to

log

(
nph

no

)
= −(a+ bx+ cx2), (10)

where a, b, and c are constants with c �= 0 representing
non-linear dependency of the phonon intensity of the sys-
tem. To be mentioned, prior to this work, anharmonic Ra-
man intensity due to phonon-phonon interaction was re-
ported elsewhere [25]. Despite obeying non-linear behav-
ior, acoustic and optic modes would manifest markedly.
Normalized intensity of the first kind is always greater
than unity at low temperature, while the second one is
lesser than unity (except for the ∼ 251 cm−1 peak). Inter-
estingly, optic mode intensities improve upon increasing
temperature, from 78K up to 123K. A further increase
in the temperature results in the declining of the peak in-
tensity up to 248K, followed by an increasing trend there-
after. Alteration in the peak intensities of different modes
could be easily witnessed both from the contour plot and
comprehensive 3D plots, presented in fig. 2(d) and fig. S4
(SM), respectively.
In summary, the evidence of interlayer phonons could

be adjudged in the WS2/WSe2 hetero-structure, which

arises due to the combinational effect of phononic fea-
tures. Additionally, phonon bunching is also witnessed
betwee16530n 3E2

2g modes of both material species. The
second-order bunching factor is seen to be improved upon
reduction of temperature, experimentally as well as the-
oretically. Moreover, the intensity of the peaks increases
almost exponentially with the applied power of the laser
source. With varying temperature, a linear tempera-
ture dependence of the phonon frequency has been pre-
dicted, except the (A1g+A∗

1g) mode, which initially drops
exponentially then tending to improve linearly. Apart
from these, the scope of theoretical treatments as regards
phonon modes and dispersion relation has also been ex-
amined and elaborated.
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