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ARTICLE INFO ABSTRACT

Keywords:

In this research, we applied THz coherent phonon spectroscopy to optically probe the vibrational modes of the

MosS, epitaxially-grown bi-layer and tri-layer MoS, on sapphire substrate. The layers’ THz vibration is displacively

Van der Waals

Lattice vibration

Breathing mode

THz photoacoustic spectroscopy
Metal sulfurization

stimulated and temporally retrieved by near-UV femtosecond laser pulses, revealing Raman-active and Raman-
inactive modes in one measurement. With the complete breathing modes revealed, here we extend the linear
chain model by considering the elastic contact with the substrate and vdWs coupling of the next nearest MoSy
layer to analyze the effective spring constants. We further considered the intralayer stiffness as a correction term

to acquire the actual interlayer vdWs coupling. Our THz phonon spectroscopy results indicate the interlayer
spring constants of 9.03 x 10'° N/m? and 9.86 x 10'° N/m? for bi-layer and tri-layer respectively. The extended
model further suggests that a non-negligible substrate mechanical coupling and next nearest neighbor vdWs
coupling of 1.48 x 10'° N/m® and 1.04 x 10'° N/m?® have to be considered.

1. Introduction

Two decades ago, the first isolation of graphene has opened up a
wide road toward eventful investigation of two-dimensional materials
family [1]. Various 2D materials-based photonics and electronics have
been successfully synthesized and fabricated. Among the various choices
of 2D materials, the transition metal dichalcogenides (TMDs) are
attracting the spot light due to their high on-off ratio [2] and decent
carrier mobility [3]. Comparing to graphene, TMDs are more suitable for
transistor and visible wavelength optoelectronics applications [4].
However, numerous studies have reported that the interfaces of 2D
heterostructures are normally defective, either by intrinsic defects [5],
ripples [6], twisted multilayers (in-plane symmetry) [7], or residue
trapped inside the interface of the 2D materials [8]. These defects would
greatly affect the performance of the 2D based devices [9]. Therefore,
techniques for monitoring the quality of 2D structures is in demand for
large area growth method of TMDs and the heterostructures.

For the purpose of monitoring the actual interfacial quality after the
growing process, Raman spectroscopy is commonly applied to deduce
the interlayer [10] and intralayer [11] bonding strength via identifica-
tion of the vibration modes. The observation of layer breathing (LB) and

shearing (S) modes frequencies within Raman low frequency regime can
help to reveal the vdWs bonding by employing the linear chain model
[12]. Despite its great success as a molecular analysis tool, this method is
inherently limited by the selection rules of active modes, and only the
Raman active modes determined by the group theory can be excited
[13]. Moreover, the temporal motions of the 2D layers are not
time-resolved by Raman spectroscopy. In contrast, ultrafast pump-probe
measurement has been widely applied to investigate the femtosecond to
nanosecond response of the carrier and quasiparticles dynamics
[14-16]. Coherent resonant phonons have been generated and observed
by pump-probe in numerous 2D materials, ranging from few layers to
bulk types [17]. Sub-terahertz natural resonance has been found in few
layer WSe; and PtSey, and the calculated interlayer vdWs force constants
are 9 x 10'° N/m® [18] and ~6 x 10'° N/m* [19], respectively, which
are both lower than graphene of 11 x 10*° N/m? [20]. For few layers
MoSy, coherent longitudinal acoustic phonon with exfoliated layer
number down to 10 layers has been studied [21]. However, interlayer
vibrations of bi-layer and tri-layer MoS; studied by pump-probe tech-
niques and the temporal response have yet to be reported.

In this research, we applied the terahertz photoacoustic spectroscopy
to study the sub-picosecond interlayer resonance of the bi-layer and tri-
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layer MoS,, which were epitaxially grown by sulfurization of the pre-
deposited transition metal thin film on a sapphire substrate. The near-
UV femtosecond light was focused on the 2D layers to displacively
stimulate the out-of-plane vibrations. By removing the carrier dynamics
background signal, THz coherent vibration is temporally retrieved by
near-UV femtosecond probe pulses. The vdWs force constants corre-
lating to a 1.225 THz resonant frequency of bi-layer MoSy can be
calculated to be 9.03 x 10'° N/m? by considering the vdWs coupling to
the substrate and the intralayer stiffness coupling. The spring constant
connected to substrate is calculated to be 1.48 x 10'° N/m>. In addition
to the 1st breathing mode at 1.010 THz of tri-layer MoS,, we also report
the observation of the 2nd breathing mode at 1.545 THz which is
inactive by Raman spectroscopy. In the tri-layer case, the mechanical
coupling of substrate and next nearest neighbor effect of the 1st and 3rd
layer have to be considered following a correction by the intralayer
stiffness in order to better fit the experimental results. In this case, the
effective spring constants for adjacent layers and the next nearest
neighbor layers can be found to be 9.86 x 10'° N/m® and 1.04 x 10'°N/
m® respectively for the first time.

2. Materials and methods
2.1. MoS; epitaxial growth and characterization

Our large area MoS; samples were first grown by deposition of
nanometer thickness molybdenum films following a sulfurizing process
at 850°C. With a sufficient sulfur condition [22], a complete MoS; film
can be obtained on a double side polished sapphire wafer. By fixing the
thickness of the Mo film, the layer’s number of MoS, can be precisely
controlled [23] with 2H stacking order [24]. This method is known for
its uniform and large area sequential growth capable of producing
arbitrary heterostructures and also controlling the layer numbers. The
cross-sectional high resolution transmission electron microscopy
(HRTEM) is applied to determine the actual layer number. As shown in
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Fig. 1(a), well arranged crystalline structure was observed and the layer
number can be counted to be 2 and 3 respectively. Photoluminescence
(PL) spectroscopy and Raman spectroscopy were also employed to
confirm the quality of the MoS; under 532 nm laser excitation. In the
Fig. 1(b), the PL spectra for bi-layer and tri-layer MoS, were acquired
under the same system condition. The PL emission peak related to A
exciton located at around 678 nm [25] for both samples shows a
red-shift comparing to mono-layer MoS,, which is normally 660 nm
[26]. The intensity of tri-layer emission is halved compared to that of the
bi-layer, resulted from higher degree of indirect bandgap feature [27].
The sharp emission peak at 694 nm is from the sapphire substrate [28].
As shown in Fig. 1(c), two Raman peaks can be observed on the spectra
corresponding to intralayer vibration modes Eég and A;,. Wavenumber
of Eig and A, modes are 382.2 cm™ and 403.6 cm™ for the bi-layer, and
382.2 cm™ and 405.6 cm! for the tri-layer. Increase of the layer number
will cause the separation of the two Raman modes [11], which can be
corroborated by our measured difference values of the bi-layer
(21.4 cm™)) and the tri-layer (23.4 cm™). After the synthesis and quali-
tative measurements, the sample was attached to a hollowed holder in a
vacuum chamber for the evacuation with pressure down to 10" mbar, in
order to prevent the oxidation of the MoS; resulting from the laser
illumination.

2.2. Ultrafast pump-probe system

Fig. 1(d) shows a schematic illustration of the THz coherent phonon
spectroscopy measurement system [29-31]. Ti:sapphire laser pulses
with a 808 nm central wavelength and a 160 fs pulse-width were fre-
quency doubled by a BBO nonlinear crystal. The 404 nm near-UV output
was divided by a polarized beam splitter into two beams, which are
considered as pump (10 mW) and probe (1 mW) and the pulse-width is
220 fs characterized by an autocorrelator. A motorized stage with
retroreflector was used to control the time difference of pump and probe
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Fig. 1. (a) HRTEM of the bi-layer and tri-layer MoS, on Sapphire; (b) PL spectra of bi-layer and tri-layer MoS, on Sapphire; (c) Raman spectra of bi-layer and tri-layer
MoS; on Sapphire; (d) Schematic illustration of the THz coherent phonon spectroscopy measurement.
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pulses. Both beams were later focused by an objective on the MoS,/-
Sapphire interface with a ~10 um spot size, and the maximum pump
fluence at the focal point was below 160 pJ/cm?.

3. Results and discussion

3.1. Carrier dynamics background removal and thus revealed resonance
of bi-layer and tri-layer MoSz

Under the 3.07 eV pump pulse excitation, the carriers were gener-
ated well above bandgap in the band-nesting region related to C excitons
[32]. Fig. 2(a) shows the relative transmission change (AT/T) raw data
of both samples, and an abrupt transmission change of the probe light
can be observed. The AT/T would reach the maximum before 2.1 ps and
follow a decaying feature. In our results, the AT/T of both samples can
be well fitted by a summation of two exponential decays with distinct
time constants. The two fitted lifetimes are 8.9 ps and 82.3 ps for the
bi-layer MoS,, and 8.1 ps and 89.5 ps for the tri-layer MoS;,. The time
constants are as attributed to a fast decay process from surface state
trapping [32], and a relatively slow lifetime resulted from interband
recombination and exciton-phonon scattering [33,34]. As the inset of
Fig. 2(a) shows, an oscillatory signal can be observed in the residue after
removing the fitted exponential decay. Here we used the following

target function (AT(t) =ae (1 7e7%) . (efé) +b) to further remove

the background of the residue signal. In Fig. 2(b) we show thus revealed
vibrational oscillation signals of the bi-layer and the tri-layer samples
respectively. As the near-UV pump pulse excites carriers near the C
exciton in MoSy, energy transfer processes from high energy electrons to
lattice would take place immediately. Numerous studies have pointed
out that photocarriers on the TMDs lead to the in-plane strain and
deformation charge density [35,36], which will thus lead to a new
balance state of the lattice positions of the MoS; layers. The tendency of
moving to the new equilibrium position (minimum of the vdWs poten-
tial) would act as a displacive driving force to launch the interlayer
coherent vibration, and the natural resonance will be initiated. The
relative distance change from the natural resonance of the MoS; layers
will in turn lead to the variation of the electronic band structure,
including the deformation of the valley and the bandgap [37], which
will further affect the profile of the refractive index. Therefore, the op-
tical properties such as the light absorption will be modulated as the
layers are vibrating, and it provides the main mechanism for the
detection of the vibration of the 2D layers via the probe pulse.
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Considering the transmission change before ~1 ps is still under the
photocarrier transient state, we plotted the retrieved oscillatory traces of
the bi-layer and the tri-layer MoS; samples from the time when the
decaying negative cosinusoidal feature can be recognized. For the bi-
layer and the tri-layer MoS,, the average oscillating periods are 0.8 ps
and 1 ps with the first minimum, the starting point of the negative
cosinusoidal, extrapolated to be at 0.13 ps and 0.3 ps after time zero,
respectively. The femtosecond delay time for the initiation of the dis-
placive oscillation can be attributed to the ultrafast carrier thermaliza-
tion process usually occurs within tens of femtoseconds. The
thermalized photocarriers in the MoS; will result in the in-plane
compressive strain which has previously been observed and reported
in gold nanoparticles on a 2D surface [35], and such strain will also
result in the out-of-plane tensile strain. Finally, the vibration amplitude
of the tri-layer sample is not monotonically decreasing when compared
to the bi-layer sample, a clear indication of multiple frequency
interference.

3.2. Spectroscopy study for the layer breathing modes and the deduced
vdWs force constants

For the THz spectroscopy study, we applied fast Fourier transform to
the time-domain signal to acquire the power spectral density spectra,
and we calculated the mean value and the standard error of the mean
(SEM) from the distinct points we measured on our samples. The laser
spots positions were randomly chosen on samples and the data number
for statistics of bi-layer and tri-layer are 9 and 6 respectively. As Fig. 3(a)
shows, only one resonant peak of bi-layer sample appears at 1.225 THz
with a FWHM bandwidth of 0.290 THz. The SEM value of the central
frequency is 0.006 THz. For tri-layer sample, two resonant peaks can be
observed with central frequencies at 1.010 THz and 1.545 THz with
FWHM bandwidths of 0.280 THz and 0.300 THz respectively. The SEM
value of the resonant frequencies are 0.016 THz and 0.005 THz
respectively. The peak intensity of the lower frequency mode is about
7.7 times stronger than the higher frequency mode, partially attributed
to the limited detection bandwidth of our system. The oscillation’s decay
time constant can be calculated by (noFWHM)'l, which are 1.10
=+ 0.04 ps for all resonances of bi-layer and tri-layer MoSs.

We first consider the bi-layer MoS, resonating without any me-
chanical coupling to the sapphire substrate. Under this assumption, the
resonant frequency can be related to the interlayer effective spring

constant (K) by f = -1 \/2K/j, where p is the area density of monolayer
MoS; and the factor of 2 inside the square root is resulted from the
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Fig. 2. (a) Ilustration of the relative transmission change of bi-layer and tri-layer MoS, on sapphire (black solid line) fitted by the exponential decay with two time
constants (green dotted line). The inset shows the residue (black solid line) and its fitting results (orange dotted line); (b) The measured interlayer-resonance-induced
optical transmission change of bi-layer and tri-layer MoS,, showing a decaying negative cosinusoidal displacement of the layers. Both traces showed in the figure are

single measurements.
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Fig. 3. (a) Coherent phonon spectra of the bi-layer (black line) and tri-layer (red line) MoS2 with all corresponding layer breathing modes labeled on the peaks. In
the right side of the figure, the layers’ displacements (yellow lines) and their equilibrium positions (dashed lines) have been schematic illustrated; (b) The fan di-
agram of LB modes of bi-layer and tri-layer MoS, from the experiments, ref [36], and the simple LCM model prediction.

reduced mass of the two-body problem. With the MoS, area density
value of 3.1 x 10® kg/m2 [38] and the average of observed resonant
central frequency, the effective spring constant can be calculated as
9.18 x 10'° N/m>. However, according to the reported low-frequency
Raman spectroscopy of few layer suspended 2H-MoS; by M. O’Brien
et al. in 2017 [39], the layer breathing mode is at 40 cm™, and our
experimental measured frequency is corresponding to 40.86 cm™. The
shifted frequency implies that a better model has to be addressed, and it
would be discussed in depth in the next section.

Generally, by solving the equation of motion of the linear chain
model with N layers of identical 2D films and N-1 identical springs
connecting the adjacent layers, the solutions of the resonant frequencies

can be written as f (LByy-j) = v2f(LBa1)sin (%) , of which the integer j
represents index of the j-th mode and ranges from 1 to (N-1). Therefore,
the maximum frequency as the layer number increase would not exceed
Vof (LB2,1), which is 1.732 THz for MoS; from our experimental results.

In addition, the i-th layer’s displacement Ar{: of the j-th mode can also be

: . j(2i-1
calculated to be linearly proportional to cos [J(;T)”] Therefore, the

center of the mass remains unchanged during the resonating process
around the new equilibrium position.

For the tri-layer MoS,, there are two LB modes denoted as LB3 5 and
LB3;, and the theoretically estimated resonant frequencies are
0.866 THz and 1.500 THz respectively if we assumed that the force
constant of bi-layer MoS, and tri-layer are identical. Particularly, LB3 o:
LBo1:LBz; is 1:v2:v/3 and LB3; mode is Raman-inactive but is
observable by the ultrafast pump-probe measurement. However, both of
our experimentally measured frequencies in the tri-layer are higher than
the aforesaid estimation, especially the LB3 » mode with a + 0.144 THz
discrepancy (see Fig. 3(b)), which is greater than the SEM value.

3.3. vdWs force constants correction for bi-layer and tri-layer MoSz by
considering the substrate’s mechanical coupling and next nearest neighbor

effect

The vdWs interlayer coupling force constants are not exactly iden-
tical for the samples of distinct layer numbers, especially when the
layers are down to few-layer regime. This effect can be observed in the
reference [21]. Secondly, the bi-layer and tri-layer MoS; were epitaxi-
ally grown on sapphire substrate and thus the mechanical coupling at
the interface would be stronger than the exfoliation samples. There have

been studies [40,41] which report the quantification of the substrate
coupling by introducing a force constant in the interface. Moreover, a
next nearest neighbour effect has been applied in the study of twisted
multilayer graphene to explain the LB modes’ difference between theory
and experiment [42]. Numerous simulation tools have been developed
for the estimation of the potential [43], and the conventional
Lennard-Jones potential apparently cannot well-describe those profiles.
In order to increase the accuracy of our model, we not only consider the
different interlayer force constant values of Ky, and K3;,, we also consider
the vdWs coupling between the 1st and the 3rd MoS; layers by intro-
ducing the K; 3 to represent the long range interaction force constant. We
also take Kg to represent the vdWs coupling between the substrate and
the 1st epitaxial grown MoS; layer (see Fig. 4). Since the number of the
measured LB modes are three in total, we have to make assumptions to
reduce the unknown force constants down to three. Here we considered
four cases, which are (1) Ks= 0, (2) K13 = 0, (3) Ko, = K3, and (4) Ky,
acquired from low frequency Raman spectroscopy as a known param-
eter. Every case is corresponding to two force constant dynamics matrix

2L-MoS,/Sapphire = 3L-MoS,/Sapphire

PP P P PP PP PP
X d 4 d ot g d d g x
8 0 A T

oL P P PP PP PP
{RR R R R R AR

/

2. PP P PP P PP
X g 4 d dt g g d g x
2 " T T T

KS\

Fig. 4. Schematically illustrating the complete models with interlayer vdWs
coupling, next nearest neighbour effect, and substrate’s mechanical coupling.
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Dynamics matrix K for bi-layer and tri-layer MoS, under different constraints so as to limit the number of the unknown force constants. Four cases are discussed, and
the fitting results and fitted error show the best-fit force constant values and the sum of the error (%) for the three target frequencies.

- - Constraints Fitting error % Fitting results
K (2L-MoS,) K (3L-MoS,) (%1019 N/In3)
1 Ko, —Kop [Kar +Kis —Ka —Ki3 Ks =0 0 Ko, =9.18 K3, =9.74 Ki3 =1.37
|:*K2L Kop, ] —Ksp, 2K3;, —Ks1,
| —Kis —Ks. Ks +Kais
2 Ks + Ko —Kop [Ks + K3, —Ks 0 Kiz3 =0 0.58 % Ks =472 Ky =7.89 K3 =9.39
[ —Kar Ko, ] —Ks.  2K3, —Ks
L O —K3. Kz
3 [Ks +K —K] [K+Ks+Kis —K —Kis Ky =Kz =K 2.82% Ks =0 K =925 K3 =162
-K K -K 2K —-K
| K K K+Kis ]
4 Ks + Koy —Kop [Ka; + Ks +Kizs —Kag —Ki3 K>, adopted from ref[39] 0 Ks =148 Ky =880 K3 =9.65 K3 =1.04
[ —Kar, Ko, ] —Ks 2K3 —Ks :|
L —Ki3 —K3. K3 +Kis

K for bi-layer and tri-layer MoS (see Table 1). We solved the equation of

Ku = pw?u, where u is the displacement vector and o is the angular
frequency, and fitted the model to our measured resonant frequencies to
find the solution of the unknown force constants.

The fitted solutions of force constants are summarized in the Table 1

and we used Lfﬁ“‘}‘g—j"‘ to quantify the error between the best-fit results

and the experiments. By numerically analysing the effect of the Kg and
Ki3, both of them were found to lead to the increase of the modelled
frequencies, thus agreeing with our observations. Specifically, the Kj3
would only affect the lower breathing mode of the tri-layer structure
under the substrate-free condition, and non-zero Kg will cause the
degenerate branch of the coupled oscillator to reappear again at low
frequency regime (tens of GHz). Moreover, the LB modes of 1.225 THz
and 1.010 THz for bi-layer and tri-layer are more sensitive to the change
of the Kg.

For the 1st case, the substrate was neglected and we saw an increase
of the interlayer force constant and a strong next nearest neighbour
spring can well-fit the up-shift of the resonance frequencies of tri-layer
MoS,. However, this model fails to explain the increase of the LB
mode frequency for bi-layer MoSy, which obviously arises from the
substrate effect. For the 2nd case, we excluded the next nearest neigh-
bour effect and only considered the substrate effect (Ks) with two
distinct interlayer force constant Ky, and Ksy.. The best-fit results bring a
0.58 % total error, and we can see that the fitted substrate effect of
4.72 x 10'° N/m® is too large so as to become even greater than the
reported interlayer force constants of hBN and InSe [40], which are
about 3.7 x 10'° N/m® and 4.5 x 10'° N/m?® respectively. In the 3rd
case, we assumed that the interlayer force constant was identical for
both bi-layer and tri-layer. However, this model brought an even worse
fitting result with a high error of 2.82 % when comparing to previous
two cases. Moreover, the Kg tends to be zero in this model, contradicting

(a)

=~

M ————
\
NW
—

the assumption of the non-zero value for the substrate effect.

Finally, we took Ky, (8.80 %x10'® N/m®) as the known factor, which
was adopted from previous literatures with free-standing bi-layer MoS,
[39], and utilized the measured 0.86 cm™! resonance frequency differ-
ence to estimate our substrate effect. We acquired a value of 1.48 x 101°
N/m? for Ks. We then took the K into the model of tri-layer with un-
known K3, and Kj3 to fit the experimentally measured 1.010 THz and
1.545 THz. The fitting results of K3, = 9.65 X 10'° N/m® and K3
=1.04 x 10'° N/m?® brought a negligible error. We can see that under
this model, the substrate coupling effect and the next nearest neighbour
effect can both be quantified and we also observed an increase of the
force constant as the layer increase from 2 layers to 3 layers, agreeing
with the ref [44] for bi-layer and tri-layer suspended 2H-MoSe, with ~3
% increase. The study of the acoustic parameters for vdWs interfaces of
exfoliated hBN and Al film on sapphire substrate from ref [41] gave a
range of Kg lower than 10'° N/m?>, and our deduced value 1.48 x 10'°
N/m? is slightly higher, agreeing with the expected higher binding en-
ergy between the sapphire and the epitaxial growth of MoS,.

3.4. Intralayer stiffness effect on the net vdWs force constants

We considered that the intralayer of a single MoS; layer is completely
rigid in our previous models. However, the force constant for intralayer
covalent bonding is about 2 orders of magnitude greater than that of the
interlayer vdWs bonding. A study by W. Yan et al. [45] considered the
intralayer covalent bonding springs connecting the rather weak vdWs
springs in series, and they used the net springs to estimate the actual
force constant in the vdWs gap. Here we followed the same approach
and directly took the reported intralayer force constant (Kopys) of single
layer MoS; to be 6.92 x 10%! N/m?® [46]. Please refer to Fig. 5(a) for the
connected springs in series and this approach was applied to further
correct both Ky, and next nearest neighbour Kj3. The relation can be

written as effective Ko or13 = (Kids + 2K5I§Ms)71, in which the Kyaws

(b)

Fig. 5. Schematically illustrating the strong covalent bonding intralayer stiffness connected in series with the force constant for weak vdWs interlayer bonding.
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represents the actual vdWs force constant without the effect of intralayer
stiffness coupling. Similarly, see Fig. 5(b), the correction relation for
interlayer force constant of tri-layer can be written as Ks =
2(2K v, + 3K -

Here we took the previously acquired effective (Ky,K31,K13) = (8.80,
9.65, 1.04)x 10'° N/m? into the relations, and deduced the corrected
interlayer force constants (Kygws) as 9.03 x 10'° N/rns, 9.86 x 109N/
m3,and 1.04 x 10*° N/m? respectively. For the next nearest neighbour
effect, our fitted value of K; 3 is about 10 times lower than the interlayer
force constant Ks;. It is further noted that the interlayer vdWs coupling
of few-layer graphene measured by low-frequency Raman spectroscopy
has been reported. Comparing to the two corresponding effective spring
constants of graphene which are 11.5 x 10'° N/m® and 0.93 x 10'° N/
m® [42] respectively, our results show a similiar next nearest neighbour
effect.

4. Conclusion

In conclusion, we used epitaxial growth method to synthesize large
area bi-layer and tri-layer MoS; and optically probed all LB modes of the
interlayer vibrations. We identified the resonance peaks from the spec-
troscopy results. The increase of the LB mode for substrate supported bi-
layer MoS; indicates the mechanical coupling to the substrate has to be
considered. The successful observation of the Raman-inactivated mode
LB3; from the tri-layer MoS; sample can help provide the actual inter-
layer force constant, including the next nearest neighbour spring con-
stant, and we observe a stronger force constant as the layer number
increases from 2 to 3. Our results further suggest that it is insufficient to
only consider the linear chain model with an identical effective spring
constant of the nearest neighbor. The substrate effect (Ks) and the next
nearest neighbor vdWs coupling (K; 3) have to be taken into account, and
both of them are responsible for the correction of the LB3 » mode.
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