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Abstract:

We have used the ultrafast pump-probe technique known as picosecond ultrasonics to generate
and detect coherent acoustic phonon pulses with frequencies reaching 40 GHz in exfoliated
crystals of MoSe; and WSe; on Si and sapphire substrates. We report picosecond time-resolved
reflectivity data from samples ranging from 180 nm to 920 nm in thickness and compare our
results to a 1D simulation of strain-induced changes in the optical reflectivity. We find the
longitudinal sound velocity along the c-axis (the interlayer direction) to be 2800 m/s + 40 m/s for
MoSe> and 2510 m/s = 60 m/s for WSe>. We also report the measured lifetime of longitudinal
acoustic phonons approaching 40 GHz to be 0.85 + 0.2 ns and compare this value with
predictions of relaxation damping and 3-phonon models as well as discuss its relationship to the
predicted thermal conductivity of MoSe:.

Keywords: ultrafast optics; picosecond ultrasonics; laser ultrasonics; sound velocity; acoustic
attenuation, phonon lifetime, transition metal dichalcogenides

1. Introduction

Mono- and few-layer transition metal dichalcogenides (TMDs) have become an important
material for optoelectronic device applications.!? In particular, the optical properties of these
materials are predicted to show an enormous sensitivity to the presence of strain,>*>%’ which
would make them an ideal material for novel coherent phonon imaging schemes.® Furthermore,
application of few-layer TMDs to nanoscale devices will depend strongly on their elastic and
thermal properties which will be related to the properties of TMD bulk crystals. In this paper,
we report ultrafast optical measurements of transient strain-induced reflectivity changes in bulk
crystals of two TMDs: MoSe> and WSe>. We used picosecond laser ultrasonics *'¢ (PLU) to
obtain measurements of the longitudinal sound velocity along the c-axis (the interlayer direction)
in these hexagonally structured layered crystals. Within experimental uncertainty, our results are
in agreement with the few available results in the literature. By measuring the relative size of the
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signals from ultrasonic pulses that have made multiple round trips in crystals ranging from 180
nm up to 920 nm, we have also measured the ultrasonic attenuation (and therefore the phonon
lifetime) for ~40 GHz longitudinal acoustic phonons. Our measured phonon lifetime in MoSe; is
about a factor of two lower than a previous report,'! but it is in slightly better agreement with a
2019 molecular dynamics calculation.!> A novel aspect of the present work is that measurements
are reported from samples that were mechanically exfoliated onto planar substrates, in contrast to
the more challenging arrangement of a suspended membrane.

II. Materials and Methods

PLU is an ultrafast optical pump-probe experiment that has been described extensively in the
literature.”! A close-up schematic of the experiment is illustrated in Fig. 1a. High-quality bulk
single crystals of 2H-MoSe> and 2H-WSe> (2H- refers to the trigonal prismatic crystallographic
phase; we hereafter omit this prefix) were synthesized by chemical vapor transport (CVT). Prior
to the growth of single crystals, the MoSe> and WSe: polycrystalline were compounded by
heating a stoichiometry mixture of pure elements at 850 °C for three days in an evacuated, sealed
quartz tube. The single crystals were grown from the synthesized polycrystalline by CVT with
iodine as the transport agent at a concentration of 3.5 mg/cm®. The growth ran for eight days in
which the charge and growth zone temperatures were set to 930 °C and 830 °C for MoSe; and
995 °C and 850 °C for WSe, respectively. The lateral dimensions of the single crystals can range
up to 5 mm x 7 mm. We then mechanically exfoliated flakes of the crystals onto Si or sapphire
substrates. We performed the PLU experiment using a Ti:Sapphire oscillator operating at a 76
MHz repetition rate with degenerate pump and probe wavelengths ranging from 760 nm to 830
nm. We used a pump beam with an average power ranging from 10 — 20 mW and probe beam
power ranging from 5 — 10 mW; both beams were focused to a spot size with a of 20 um
colinearly through a 5X long working distance microscope objective. The experiments were
performed at room temperature and pressure. During these experiments, optical pump pulses are
partially absorbed by the TMD layer, causing a rapid thermal expansion that is largest at the free
surface of the TMD. This expansion launches a coherent longitudinal strain pulse composed of
phonons with bandwidth and peak frequency approaching 40 GHz. As this strain pulse
propagates back and forth it modifies the optical constants of the TMD and these changes are
detected by measuring the reflectivity of probe pulses that are delayed by means of a mechanical
stage in the probe beam arm of the experiment. Figure 1b shows AR for a 630 nm thick crystal
of MoSe». There is initially a large reflectivity response to the arrival of the pump pulse which
for these wavelengths is close to the excitonic bandgap value for these two materials. This initial
response decays rapidly during the first few ps and the AR signal then settles into a more gradual
exponential decay that represents the cooling of the lattice on the time scale of 100’s of ps to a
few ns. The picosecond ultrasonic signals are the oscillations centered about 450 ps and again at
900 ps, that can be most clearly seen in the inset of Fig. 1b. The 450 ps delay between those two
sets of oscillations represents the time it takes the longitudinal strain pulse to make one round
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3 Figure 1: (a) Ultrafast pump-probe schematic. Measured exfoliated crystal thicknesses d ranged
4  from 180 nm to 920 nm as measured by AFM and/or picosecond ultrasonics. (b) AR for 800 nm
5 pump and 800 nm probe light for a 630 nm thick crystal of MoSez. (b, inset) AR for the same

6  data with electronic and thermal response subtracted.
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trip back and forth in the TMD layer. In other words, the strain pulse detected at 450 ps has
traveled 1 round trip in the layer, and the strain pulse detected at 900 ps has traveled 2 round
trips in the layer. In all the measurements described here, The AR signals such as those in the
inset of Fig. 1b consist of an overall envelope and an oscillation with a Fourier spectrum that
peaks in the range of 30 — 40 GHz (See Fig. 3b). This oscillating signal (sometimes called
picosecond acoustic interferometry) in the AR is caused by the interference of the probe pulses
reflected from the top surface of the TMD layer with the probe pulses reflected from the
propagating strain pulse. The frequency f'can be calculated from the expression

f=2v,n/A (1)

where v, is the longitudinal sound velocity along the c-axis, n is the index of refraction of the

TMD and A is the wavelength of the light in vacuum. !* In the range of wavelengths studied
here, of MoSe; varies from 60 nm to 130 nm and » varies from 4.4 to 5.2.'* For WSe; the optical
penetration depth ranges from 60 nm up to 952 nm and 7 varies from 4.4 to 5.4.1>1° This
variation means that for certain wavelengths and thinner samples, a significant proportion of the
optical beam intensity penetrates entirely through the sample. For each sample we varied the
wavelength so that the signal-to-noise of the oscillations such as those at 450 and 900 ps in Fig.
1b was maximized while also ensuring that the consecutive signals did not overlap (note that in
the top curve of Fig. 3a the signals come very close to overlapping).

ITI. Results and Analysis - Sound Velocity, Thickness, and Elastic Stiffness Constant

To most accurately determine sample thickness and sound velocity, we fit the experimental
results to a 1-D numerical simulation of the AR that accounts for changes in the optical properties
of the sample due to the transient strain pulse as it propagates back and forth in the sample
layer.'” An example of the simulation’s capability is illustrated in Fig. 2a for comparison to 800
nm pump-probe data taken on a 350 nm WSe; layer exfoliated onto a Sapphire substrate. We
used literature values for the optical constants and density of the sample layers but varied the
thickness and sound velocity in order to obtain best fits to the data. Other properties such as the
dependence of optical properties on strain and the acoustic attenuation are treated as fitting
parameters. The former only modifies the sign and overall scaling factor of the simulated
oscillations, while the latter affects only the relative size of each returning signal and so these do
not impact the determination of the sound velocity. A compliant 3 — 5 nm layer is also added
between the Si and the MoSe» in order to represent the native Si oxide and the weak Van der
Waals interfacial bonding and this also affects the relative size of each returning signal. While
the time duration between each returning round-trip signal depends primarily on v; and sample
thickness d, the simulations provide enough information to independently obtain v, and d.

Furthermore, for one WSe> sample and one MoSe>; sample, we have compared our measurements
of d obtained this way with AFM measurements and found our results to be in agreement within
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Figure 2: (a) PLU data and 1-D simulation for a 350 nm WSe: sample. For this simulation v,
=2510 m/s, the attenuation factor was 0.02x®? in units of ps (equivalent to 5000 cm™' at 40
GHz), and a 3 nm compliant interface layer with v, =2700 m/s and p= 1.1 g cm™ (b) Fourier
transform of the data and simulation in (a).
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5%. In Fig. 2b, we compare the Fourier transforms of the reflectivity data and simulation. The
frequency comb behavior observed here is expected for free-standing membranes and is
discussed in more detail in Sec. IV. While the simulated spectrum correctly reproduces the
general features of the data spectrum, it is clear that the simulation fails to account for some of
the lowest and highest frequencies observed in the data. Barring any experimental anomalies,
this may indicate the limitations of using the simple w?>~dependent attenuation that we
implement our 1D simulations. We discuss attenuation more in detail in Sec. IV.

Based on measurements from three samples of WSe> and five samples of MoSe;, we find the
longitudinal sound velocity along the c-axis of crystalline MoSe: to be 2800 m/s = 40 m/s and
WSe; to be 2510 m/s £ 60 m/s. These correspond to values of the elastic stiffness constant Cs3 =
54.0 £ 1.5 GPa for MoSe: and C33 = 58.7 £ 2.8 GPa for WSe». A review of the literature does
not yield many reports of these material properties. Our measured values are, however,
comparable to two published results on thin layers: A Raman measurement of C33 on few-layer
WSe> in 2013 yielded a result of 52.1 GPa — roughly 10% below our measurement,'” and a 2019
report on ultrafast optical measurements of resonant frequencies of free standing MoSe>
membranes found a longitudinal sound velocity along the c-axis of 2820 m/s.!! These relatively
low values for sound speed and elastic constant along the c-axis (relative to those along the a-
axis) are expected in TMD materials due to the weak Van der Waal’s bonding in that

direction. 8192021

IV. Results and Analysis: Frequency Domain and Phonon Attenuation

Since our experiment gives us access to multiple ultrasonic signals traveling back and forth in
crystals of varying thickness, it is possible to obtain a measurement of the attenuation of phonons
approaching 40 GHz. We followed the techniques described in two previous studies of
crystalline and amorphous silicon,?>?* using measurements such as the ones shown in Fig. 3a to
determine the attenuation of longitudinal acoustic phonons along the c-axis in MoSez. The top
curve of Fig. 3a is from data taken on a 350 nm thick sample of MoSe», and shows five distinctly
separate AR(¢) signals from acoustic phonon pulses spaced roughly 200 ps apart after the initial
signal near time zero. Each successive signal is reduced compared to its predecessor due to a
combination of surface/interface losses and intrinsic losses in the bulk of the sample layer. The
920 nm thick sample shows only two returning signals in this same range of pump-probe time
delay. Figure 3b shows the Fourier transform amplitude of the two signals from the 920 nm
thick layer of MoSe», which shows measurable components approaching 40 GHz.

In addition to examining the Fourier spectra of the individual transients as in Fig. 3b, we also
plot the Fourier spectra of the entire AR versus delay time signal for the 350 nm and 920 nm
thick MoSe> in Fig. 4. These spectra take the form of a frequency comb with components for the

920 nm layer. These frequency spacings are approximately equal to (2d /v, )_1 which are
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Figure 3: (a) AR for two MoSe; samples with d =350 nm and 920 nm. 5 oscillatory signals each

separated by ~ 200 ps are visible for the thinner sample, while 2 signals separated by ~ 650 ps

are visible for the thicker sample. (b) Fourier transform of the individual transient signals at 650

ps and 1300 ps in the lower curve of (a).
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Figure 4: Fourier transforms of the data in Fig. 3a. (a) Frequency comb spacing is ~ 4.3 GHz
5  for the 350 nm MoSe: layer. (b) Frequency comb spacing is ~1.6 GHz for the 920 nm MoSe>
layer.
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reaching beyond 40 GHz that are evenly spaced by ~4.3 GHz for the 350 nm layer and ~1.6 GHz
for the resonant frequencies of a free-standing layer. This frequency comb behavior has been
previously observed in picosecond laser ultrasonic measurements on free-standing membranes of
Al coated Si** and is also reported in the studies of free standing MoSe> of Ref. 11. The fact that
we observe this frequency comb behavior in samples that were mechanically exfoliated onto a
planar substrate is indicative of weak sample-substrate bonding. To obtain a value for the
attenuation a for the ~40 GHz phonons we compare the changes in the peak-to-peak amplitudes
of successive AR() signals using the relationship

o= in| FAR, )
2d | AR

n+l

where AR, is the nth signal from a phonon pulse that has made » round trips in the sample and r
is a factor that represents the amount of phonon signal that is lost upon reflection at the interfaces
of the sample. In Fig. 5 we plot the ratio AR, /AR, ., for 5 different MoSe; samples of varying

thickness exfoliated onto Si. For the thicker samples such as the 920 nm sample (lower curve of
Fig. 3a), only the signal ratio AR, /AR, could be used, but for the thinner samples signal ratios up

through AR, /AR, were available, reducing the measurements’ uncertainties. Reflection and

interface losses are determined by noting that for the three thinnest samples, the signal ratios are
effectively the same within the margin of uncertainty of the experiment. This average is
indicated by the blue dashed horizontal line at AR, /AR, ., =1.90. The value of the

experimentally determined reflection coefficient » to be used in Eq. (2) is determined by taking
the inverse of this number, in this case » = 0.53. If we had a well-bonded interface between
MoSe> and Si we would expect this reflection coefficient to be given by an acoustic mismatch
calculation

r= (:OS,‘VL& = Ptose, Vi Mose, ) / (pSiVLSi T Pitose, Vi MoSe, ) 3)

where using the accepted literature values p, =2.3gcm™, Priose, =098 cm{vw =8400ms",
along with v, 5, =2800 m 57! as reported in this work coincidentally yields a value of 7 = 0.

The two materials are elastically very well-matched, though it should be noted that the silicon
native oxide layer would be somewhat more compliant than the Si. Our experimental value of »
is another indicator of the weak nature of the bonding that occurs in a mechanical exfoliation
onto an Si wafer. A 2016 picosecond ultrasonic study of InSe on Sapphire found a similar effect
— the high frequency ultrasonic behavior of thin flakes mechanically exfoliated onto substrates is
more akin to that of a free-standing layer than that of an ideal elastic interface.?”®> The fact that r
is not equal to unity as would be the case for an ideal free standing layer is due to multiple



1

N o o AW

00

10

11

12

13

14

15

16

17

18

19

20

Figure 5

+1

w W

o (@)}
T T

A
N
(&2

T

—_—
a1

T T

1

1

HH

1

1

I—I—'

Thickness (nm)

Figure 5: Averaged value of AR /AR

n+l

| | | |
0 200 400 600 800 1000

(m) for the ~40 GHz phonon pulses for five MoSe»

samples of varying thickness. The reflection and interface losses are determined experimentally
and are indicated by the dashed line at 1.90. All loss above this line is considered to be intrinsic

to the MoSe;.

10



A WON -

O 00 N oo un

10
11
12
13
14
15

16
17
18
19
20
21
22
23
24
25

26
27

28
29

30
31
32
33
34
35

factors including the limited transmission of some acoustic energy into the Si through the weak
Van der Waal’s bonding and the native silicon oxide, scattering of acoustic energy due to
roughness of the mechanically exfoliated layers, and losses due to thickness variation over the 20
pum optical spot size.

Employing Eq. 2 using the values of AR, /AR, for the two thicker samples yields a

measurement of the attenuation & of 2100 + 670 cm! for these longitudinal ultrasonic pulses.
This is over 20 times higher than the attenuation of 50 GHz longitudinal ultrasound in [100] Si

reported in Ref. 22. From the relationship 7 = (ZavL )_1 we find the phonon lifetime 7 for ~ 40

GHz longitudinal acoustic phonons to be 0.85 + 0.2 ns. This measured lifetime is a factor of

two lower than was reported in Ref. 11 for 40 GHz LA phonons resonating in a 54-layer
suspended membrane of 2H-MoSez. A 2019 molecular dynamics study of phonon lifetimes and
thermal conductivity in TMD materials predicted a lifetime for the longest wavelength phonons
that is in closer agreement with our measurement.'? The supplemental material for Ref. 12
reports lifetimes of 0.4 ns — 0.8 ns for acoustic phonons with frequency less than 150 GHz in
MoSe:.

A rigorous analysis of the lifetime of long wavelength phonons in the range of 10 GHz to
a few 100 GHz is often challenging due to the sparse amount of data available and the
applicability of two distinct models that are well-described in the literature. The first of these
models is a Landau-Rumer approach that describes a fully quantum mechanical three-phonon
scattering process in which the long wavelength phonon of interest is the lowest frequency
phonon in a collision involving two higher frequency phonons.?® The second is a relaxation
damping or Akhieser approach where the long wavelength phonon of interest disturbs the overall
thermal phonon population which then removes energy from the long wavelength mode as it
returns to thermal equilibrium.?”-?® The first approach is considered ideal for frequencies such
that wz,,, >1 while the second approach, originally envisioned as an explanation for ultrasound

attenuation in the 10 MHz — 1 GHz range, is expected to be most applicable for w7, <1.
However, here considering ~40 GHz phonons in a material with typical thermal phonon lifetimes

ranging from 1-2 ps at optical phonon frequencies up to typical values of 100 ps at acoustic
phonon frequencies,'? an intermediate range of wr,,, =0.2—20 can be expected.

A detailed 3-phonon calculation employing the single-mode relaxation time (SMRT)
approximation and which also accounts for the strong elastic anisotropy in MoSe; is presented in
Ref. 11 and its supplementary materials. The one variable parameter in this 3-phonon model is
the average Gruneisen parameter y and by fitting their experimental data on resonant modes in
suspended flakes of MoSe> they found a best value of y = 1.8, which can be compared with a
predicted value of 1.2 calculated by density functional theory.?” However, given that our

11
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measured lifetime is half of that reported in Ref. 11, and the fact that the lifetime 7 of our long
wavelength phonon is proportional to 2, then a similar calculation for our result would require
y= 2.5 which would be somewhat large for this constant that reliably remains near 1 for most
materials.

The relaxation damping approach predicts a lifetime for the long wavelength phonon
given by!!:2227

4 CT o'ty

T

(4)

- ov,’ 1+ o'ty
where C is the volumetric heat capacity (1.87 x10°J m= K™') and 7'is 300 K. To find 7, we can

use the kinetic formula for thermal conductivity x = Cv,,’7,,, /3. Here v,,=3220 ms!is a

phonon velocity (see supplemental materials of Ref. 11) averaged over the TA and LA modes as
well as averaged over the highly elastically anisotropic hexagonal crystal structure. The kinetic
formula can then be used to determine a value for 7,,, . With no measurements of x for MoSe:

available in the literature we can rely on the range of predictions 18 W m! K'! —60 W m! K'!

12,29,30

from various calculations which give a range for 7,,, of 3 ps—9 ps. If we employ the

lowest value of 7, =3 ps in Eq. 4 we find y= 1.7 would yield our measured lifetime for ~40
GHz phonons of 0.85 ns, but using 7., =9 ps we find y=1.35. This Gruneisen constant value

closer to unity gives us increased confidence in the higher end of the room temperature thermal
conductivity and thermal phonon lifetime predictions. It also lends support to the relaxation
damping approach as opposed to the 3-phonon approach for determining the lifetime of such
long wavelength phonons.

V. Summary

In summary, we have used the ultrafast optical technique of picosecond ultrasonics to measure
the sound velocity and Cs3 of WSe2 and MoSez, and the lifetime of ~40 GHz longitudinal
acoustic phonons along the c-axis of MoSe>. While we did not make measurements directly on
mono- or few-layer samples, our results can be used to predict the thermal and vibrational
behavior of devices constructed from monolayer versions of these materials. Our technique is
relatively simple compared to techniques that rely on free standing samples, as our samples were
simply exfoliated onto planar substrates.
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Figure Captions

Figure 1: (a) Ultrafast pump-probe schematic. Measured exfoliated crystal thicknesses d ranged
from 180 nm to 920 nm as measured by AFM and/or picosecond ultrasonics. (b) AR for 800 nm
pump and probe light for a 630 nm thick crystal of MoSe;. (b, inset) AR for the same data with
electronic and thermal response subtracted.

Figure 2: (a) PLU data and 1-D simulation for a 350 nm WSe; sample. Simulation sound
velocity is 2510 m/s. (b) Fourier transform of the data and simulation in (a).

Figure 3: (a) AR for two MoSe> samples with d =350 nm and 920 nm. 5 oscillatory signals each
separated by ~ 200 ps are visible for the thinner sample, while 2 signals separated by ~ 650 ps
are visible for the thicker sample. (b) Fourier transform of the individual transient signals at 650
ps and 1300 ps in the lower curve of (a).

Figure 4: Fourier transforms of the data in Fig. 3a. (a) Frequency comb spacing is ~ 4.3 GHz
for the 350 nm MoSe: layer. (b) Frequency comb spacing is ~1.6 GHz for the 920 nm MoSe:
layer.

Figure 5: Averaged value of AR, /AR, ., (m) for the ~40 GHz phonon pulses for five MoSe»

samples of varying thickness. The reflection and interface losses are determined experimentally
and are indicated by the dashed line at 1.90. All loss above this line is considered to be intrinsic
to the MoSe».
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