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Nondestructive Picosecond Ultrasonic Probing of Intralayer
and van der Waals Interlayer Bonding in @~ and f-In,Se;

Wenjing Yan,* Andrey V. Akimov,* Joseph A. Page, Mark T. Greenaway,

Alexander G. Balanov, Amalia Patané, and Anthony J. Kent

The interplay between the strong intralayer covalent-ionic bonds and the
weak interlayer van der Waals (vdW) forces between the neighboring layers
of vdW crystals gives rise to unique physical and chemical properties. Here,
the intralayer and interlayer bondings in & and f§ polytypes of In,Se; are
studied, a vdW material with potential applications in advanced electronic
and optical devices. Picosecond ultrasonic experiments are conducted to
probe the sound velocity in the direction perpendicular to the vdW layers.
The measured sound velocities are different in &~ and f-In,Se;, suggesting a
significant difference in their elastic properties. Density functional theory and
an effective spring model are used to calculate the elastic stiffness of the layer
and vdW gap in o~ and S-In,Se;. The calculated elastic moduli show good
agreement with experimental values and reveal the dominant contribution of
interlayer atomic bonding to the different elastic properties of the two poly-
types. The findings show the power of picosecond ultrasonics for probing the
fundamental elastic properties of vdW materials. The data and analysis also

and quantum phenomena such as capillary
condensation,’! the quantum anomalous
Hall effect superconductivity, and car-
rier correlations.’) However, despite this
intensive investigation of vdW materials,
there are only very few experimental tech-
niques to measure nondestructively the
strength of atomic bonds and vdW forces.
The results of these experimental inves-
tigations reveal a great degree of discrep-
ancy."1% Also, calculations of the structural
properties of vdW materials by density
functional theory (DFT) are limited since
the vdW forces can only be included by
approximate methods, and more accurate
quantum Monte Carlo-based calculations
are extremely computationally costly.!
The lack of understanding of these forces

provide a reliable description of the intra- and interlayer forces in complex

crystal structures, such as the polytype phases of In,Se;.

1. Introduction

2D van der Waals materials (2D-vdW), such as graphene, MoS,
and similar, are typically described as strong covalently/ionically
bonded layered structures that are held together by weak vdW
forces."?l The utterly different nature and coexistence of these
strong and weak forces allow the exfoliation and isolation of
perfect single layered materials. Investigations of these types of
materials have led to the discovery of a wide range of classical
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is becoming a bottleneck for the study and
practical applications of functional sys-
tems. Detailed understanding both experi-
mentally and theoretically in this area will
permit important insight into the physical
origin of the measured properties of materials and predict the
properties of new polytype phases and heterostructures.

Here, we demonstrate an experimental technique, which can
be used to measure the elastic properties of 2D-vdW materials.
We consider the 2D-vdW material In,Se;, which can exist in sev-
eral polytypes, o, §, [, yand 6, each with a different crystalline
structure that develops under different growth conditions.[213l
This material demonstrates outstanding electronic properties,
promising for a range of technological applications including
solar cells,™! photodiodes,' ferroelectric field-effect tran-
sistors,/l and nonvolatile memory elements.'¥! Of particular
interest are o~ and (In,Se;. The o-phase is ferroelectric with dif-
ferent ferroelectric properties for hexagonal (2H) and rhombohe-
dral (3R) structures with AB and ABC stacking of the individual
quintuple layer, respectively.”->l On the other hand, BIn,Se;
(3R) is not ferroelectric and can emerge under thermal annealing
of o+In,Se;.2*?71 Furthermore, superconductivity was reported in
BIn,Se; under high pressure due to phonon softening.18l

A promising experimental approach to reveal the origin of
the differences between the polytypes and the effect on the tech-
nologically and fundamentally important properties of In,Se; is
to study their dynamical elasticity. Such a study would provide
information about intralayer and vdW atomic bonding, which
govern the fundamental phonon transport properties, electron—
phonon interaction, phase transition, and the mechanical exfo-
liation of vdW crystals. In this work, we study experimentally
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and theoretically the dynamical elasticity of o~ and In,Se; We
use the picosecond ultrasonic (PU) techniquel?*3% to measure
the sound velocity in flakes with thicknesses in the range
d = 30-760 nm and observe a surprisingly big difference in the
sound velocity between the two polytypes The latter suggests
a difference in the elastic properties of these polytypes despite
their similar layer thickness and width of their vdW gaps. To
provide insight into this finding, we performed DFT calcula-
tions, which show that different sound velocities arise from the
variation in vdW forces due to different stacking sequences and
crystal symmetry. The intralayer atomic bonding, although also
different, has a weaker impact on the net elasticity compared
to the vdW force. Our measurements provide an efficient and
accurate way to determine the mechanical properties of vdW
crystals. Hence, they can serve as a powerful tool for providing
insight into the nature of interlayer vdW forces, which will
inform the modeling and design of vdW heterostructures and
devices.

2. Results and Discussion

2.1. In,Se; Samples

Figure 1a shows the crystal structures of o+In,Se; and -In,Se;.
In both polytypes, each quintuple layer consists of five atomic
layers that are covalently bonded and sandwiched between two
vdW gaps. The thickness of the ¢~In,Se; and f-In,Se; quintuple
layer varies between 0.9 and 1 nm, with =30% of the thickness

www.afm-journal.de

corresponding to the vdW gap, as determined by X-ray and
electron microscopy.?>3! The stacking polymorph of studied
orIn,Se; is hexagonal (2H, space group P6;mc) with two quin-
tuple layers per unit cell; fIn,Se; is instead rhombohedral (3R,
space group R3m) with three quintuple layers per unit cell.
Flakes of o~ and f In,Se; were mechanically exfoliated from
bulk crystals purchased from HQ Graphene and dry trans-
ferred onto sapphire substrates. The thickness of the flakes
was measured by atomic force microscopy (AFM) and ranges
from d =7 to 760 nm. The phases of In,Se; can be easily dis-
tinguished by Raman spectroscopy measurements (Figure 1b).
Exfoliated flakes show distinct Raman peaks at A; = 104 cm™,
E, =182 cm™, A; = 205 cm™ for orIn,Se;, and A; = 110 cm™,
E, =175 cm™, A; =206 cm™! for fIn,Se;. A comparison of the
broadening of the Raman lines in ¢o+In,Se; and f-In,Se; sug-
gests that the S-phase is more defective: the full width at half
maximum (FWHM) of the A; peak in the o-phase is 2.8 cm™,
smaller than for the B-phase (FWHM of 176 cm™). We do not
observe the coexistence of different phases and, if any, the frac-
tion of a different polytype within the laser spot should be less
than 1%. We have conducted PU experiments on more than 30
flakes of o-In,Se; and f-In,Ses.

2.2. Experiment
Figure 1c,d shows the schematic of the pump-probe (PU)

experiments for measuring the velocity s of longitudinal pho-
nons with wavevector perpendicular to the vdW layer plane
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Figure 1. Samples and experimental setup. a) Crystal structure of a- and In,Se;.2%31 The solid boxes mark the unit cells of o In,Se; (2H) and
[In,Se; (3R). b) Raman spectra for o~ and [-In,Se; flakes; insets—optical images of the flakes. c) Schematic diagram of the pump-probe setup for
measuring the sound velocity: PD—photodetector; SHG—second harmonic generator; f; and f, are repetition rates of pulses from pump and probe
lasers, respectively. Here, f;, f, = 80 MHz and a small difference f; _ f, = 800 Hz results in a slow temporal scanning of the probe pulses relative to the
pump pulses, providing a temporal resolution =1 ps. The dotted arrows show the direction of light. d) The zoomed fragment of the sample space in

the PU experiments with 400 nm pump and 800 nm probe.
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Figure 2. Picosecond ultrasonic measurement schemes (upper panels) and typical temporal pump-probe signals (lower panels). Coherent phonons
are generated in the flake by an optical pump pulse with 4 =400 nm from the side of the substrate and detected by probe pulses (400 or 800 nm)
at the opposite side of the flake. a) Phonons propagate to the opposite side of the flake, where they are detected with the strongly absorbed 400 nm
probe pulse. The spikes in the signal appear at the time when phonons arrive at the flake surface after a single passage across the flake (t = 7)) or
after reflections at the free surface and flake/substrate interface (t = 73 = 3 77). b) While propagating across the flake, coherent phonons reflect the
probe pulse with 4 =800 nm, which interferes with the probe pulse reflected from the flake surface, resulting in temporal oscillations at the Brillouin
frequency. c) The optical pump pulse excites coherent vibrations of the flake, which are detected by the probe optical pulse. Oscillations are due to the
first quantized phonon mode for the case of a poor contact at flake/substrate interface. b,c) Signals as-measured (upper, blue) and after background
subtraction (lower, red). The insets in (b,c) show the fast Fourier transforms of the signals.

(for details see Experimental section). Pump optical pulses
with wavelength 4 = 400 nm from the femtosecond laser excite
coherent phonons in the In,Se; flake. These are detected by
measuring the reflectivity of the probe laser pulses with 4= 800
or 400 nm. The principles of the PU technique are described
elsewherel?*3% and the details of the PU experiments applied
to other vdW layers can be found in earlier publications.[32-3
We use three PU methods for extracting the sound velocity
s from the temporal dependence of the pump-probe signal.
The schematics of these methods are illustrated in the upper
panels of Figure 2. The choice of the method is governed by
the ratio of the optical absorption length x, and the thickness,
d, of the flake. For the pump beam (4 = 400 nm), we measure
x, = 40 nm for o-In,Se; and =30 nm for S-In,Se;. These values
are in the agreement with earlier optical studies of In,Se;.*%
For thick flakes (d >> x,) coherent phonons excited by the pump
in the near-surface region propagate in the form of a strain
pulse to the opposite side of the flake where they are detected
by the probe pulse. For thin flakes (d < x,) the pump excites
the whole flake, which results in the generation of resonant
breathing phonon modes.??38 The sensitivity of the probing
method is governed by the photoelastic properties of the mate-
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rial and interference of the probe beam on the studied flake.
In contrast to vdW materials with a direct bandgap and strong
excitonic resonances (e.g., MoS,,*2 MoSe,*’)), the absorption
energy edge for the indirect bandgap In,Se; is broad, which
results in a low sensitivity to dynamical strain and in low reflec-
tivity changes induced by a pump pulse.2% This prevents the
detection of coherent phonons in In,Se; flakes with d < 30 nm.
Three examples of the measured pump-probe signals are
shown in the lower panels of Figure 2, each associated with a
particular method:

i) Time of flight measurements. This method is very efficient
for flakes with d > 100 nm. Phonons generated by the pump
pulse within the absorption length propagate to the opposite
side of the flake where they are probed by optical pulses with
A =400 nm. Figure 2a shows examples of the measured probe
reflectivity signals R(t) and their simulation in B-In,Se; and
o-In,Ses. The R(t) traces show the distinct responses from
coherent phonons arriving at the flake surface after a single
(at t ~) or triple (at t ~ 73) path across the flake. The sound
velocity in this case is s=d/7; or s=3d/ 3. In all o+In,Se; sam-
ples, the phonon-induced signals for a probe have smaller

© 2021 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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amplitude than in S-In,Se; samples. The reason for this is

probably their different sensitivities to dynamical strain,

which is proportional to the derivative of refractive index,

n, on 412939 Our results suggest that dn/dA in orIn,Se; is

smaller than in B-In,Se; due to the different electronic band

structures.

Brillouin oscillations are detected in flakes with d > A/n,

where n is the refractive index of the flake. This method is

reliable for flakes with d > 200 nm. For a probe pulse with

A= 800 nm the flake may be considered as a transparent

one,* and the probe light being reflected from the propagat-

ing phonon wave packet interferes with light reflected from
the surface of the flake. As a result, R(t) reveals temporal os-
cillations as shown in the example of Figure 2b.[2*2 The fre-
quency of these oscillations is fz =2sn/A. In the flakes with
d > 300 nm the value of s may be also extracted from the
time 7, marked in Figure 2 by a vertical line when the oscilla-
tion amplitude changes instantly due to the reflection of the
phonon wavepacket at the flake/substrate interface. In our
experiments coherent phonons are generated by the pump
pulse at the interface and thus the first echo arrives there at

7, =27 and correspondingly s =2d/1, .

iii) Quantized phonons. In thin flakes (d < 100 nm), R(t) shows
oscillations due to phonon quantization, as reported for vari-
ous vdW nanolayers.’2-3 In this case, the fundamental fre-
quency of the flake vibrations is given by f = s/2d or f = s/4d
depending on the elastic properties of the interface.l3¢38l
Then the value of s is obtained from the measurements of f
or its higher harmonics. Figure 2c shows an example of the
signal for quantized phonons in the case of weak flake/sub-
strate elastic stiffness.

ii

=

The accuracy of each method for measuring s depends on
the flake thickness d and in our experiments is better than
+5%. The most precise values for s are obtained from time
of flight measurements in relatively thick flakes when the
response from phonons propagating from one side of the flake
to another is clearly measured. In this case, a fit to the R(f)
data by the theoretical curve gives a value of s with an accuracy
better than 1%.

We present the PU experiments conducted on 14 and 13
flakes of o-In,Se; and B-In,Se;, respectively. The values of
the sound velocity are summarized in Figure 3, where the
vertical bars show the number of flakes with the measured
sound velocity in the interval between s — As and s + As. The
uncertainty in the value of s in a single flake does not exceed
As =50 m s\. The comparison of the distributions for o~ and
[-In,Se; in Figure 3 obviously points at different sound veloci-
ties in different polytypes. We obtain mean sound velocities
of $=3000£200 m s~! for o-In,Se; and $=2300+130 m s!
for [-In,Se;. There is a flake-to-flake variation of s for the
sound velocity of the studied o~ and f-In,Se;. The most likely
reasons for this variation are the uncertainty in the thick-
ness due to the flake tilting (up to 1.5°) and various degrees
of elastic stiffness at the flake/substrate interface.}%! We also
do not exclude twinning effects in the formation of the layer
sequence. We did not find any correlation of the measured s
with the PU method used, the flake thickness or the quality of
the flakes, as measured from the existence of defects revealed
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Figure 3. Sound velocity measured by the PU technique in various flakes
of o+ and In,Ses. The height of the bars represents the number of flakes
with sound velocity s within an interval As =50 m s™' centered ons.

by the Raman spectra. Raman spectroscopy was performed
on the flakes before and after the pump-probe (PU) measure-
ments to investigate whether the laser induced any modifica-
tion of the flakes. Some flakes exhibit a slight local amorphi-
zation under average pump powers higher than 5 mW. The
amorphization of a van der Waals crystal can result into the
disappearance of the van der Waals gaps, thus leading to a
strong increase of the sound velocity. In our experiments on
one o-In,Se; sample, we observe an increase of velocity of
up to 20% relative to the average value. This relatively small
increase and the observation of the Raman modes expected
for o-In,Se; suggest only a partial (surface) amorphization
of the crystal. For most samples, the change of the sound
velocity from the average value is less than 5%, suggesting
that the laser-induced damage is minimal and affects mostly
the surface of the flake.

The large difference in the sound velocities of o~ and
[In,Ses is the important new finding of this work. The sound
velocity in the direction perpendicular to the plane of vdW
materials is a characteristic defined by the vdW and intra-
layer atomic bonding. Experimentally, we measure the net
wave elastic modulus Gy = ¢33 = s* p, where p is the density
(P = 5669 kg m~*2% and pg = 5920 kg m~3PY). Substituting the
measured s, we obtain G§ =51+ 7 GPa and G{ =32+ 3 GPa
for o and f-In,Se; respectively. As discussed in the following
section, the value of Gy is directly related to the values of the
partial moduli G, and G for the vdW gap and layer, respec-
tively. Thus, to obtain information about the microscopic
elastic properties of these very different physical bonds, we
performed DFT studies on the vdW and intralayer atomic
forces.

© 2021 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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2.3. DFT Models and Comparison with the Experiment

In the experiments, the dynamical strain created by the pump
excitation has a value of =10~, which corresponds to changes
of the total vdW gap and layer thickness by =10 m. Thus, in
the theoretical analysis of elasticity in In,Se; we assume that
the deformation created by coherent phonons is small. In this
case, we can model the elastic properties of our samples by a
series of alternating effective springs, as shown in Figure 4. One
type of spring with specific stiffness 7, and length x; models the
atomic bonds in the quintuple layer and the other, with stiffness
7, and length x,, models the vdW bonding between the layers.

. . . 1 1.
In this case, one can estimate the net stiffness 1y =(—+—)",
1

the net wave elastic modulus Gy = 75 (x; + ), and galso the
partial moduli for the gap, G, = 74 %,, and the layer, G; = 1 x;.
To determine 1, we used DFT to calculate the dependence of
the total energy of the unit cell E on the variation, x, of either
the total thickness of the quintuple layers or the total vdW gap
width. Figure 4a,b illustrates the dependences of the relative
energy AE as the layer thicknesses (upper panels) and vdW gaps
(lower panels) are varied for o~In,Se; (2H) and S-In,Se; (3R),

(a) a-In,Se;

5 O 0
o O O

AE (ueV/uc)

o

3 2 4 0 3§ 2 3
X — X (pm)
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respectively. Here AE is the deviation of the energy per unit cell
(uc) from its equilibrium value calculated for the unit cell of 10
and 15 atoms for o+In,Se; (2H) and fIn,Se; (3R), respectively.
Each unit cell consists of Ny layers which we can represent by
Ny springs of stiffness 7, connected in series. Therefore, we
estimate 17, =N, d’E/dx’|,_,,, where x, is the equilibrium
spring length, whose value for different polytypes are given in
Table 1. The number of layers in the unit cell N; depends on the
polytype: N = 2 for o+In,Se; (2H) and Ny = 3 for fIn,Se; (3R).

The results of the DFT calculations for different In,Se; poly-
types are presented in Table 1 together with the net moduli Gy
obtained from the experiments. In our calculations, we used
two different semiempirical methods, D2 and D3, to account
for the long-range dispersion contribution to the energy, see
Section 4 for details. The calculated equilibrium thicknesses
of the layers and gaps are similar to those reported earlier for
In,Se;.2%31 Our calculations show that the vdW gaps are much
softer than the layers (i.e., G > G,) in all polytypes, which is
consistent with the nature of the different atomic bonds in the
layers and gaps. In the former, the forces between atoms are
strong due to covalent bonds while the layers are connected
with each other by weak vdW forces. Due to essentially softer

(b) B-In.Se,

2]
o

AE (peV/uc)
8 3

N
o

o

5 @5 O 25 8
X — Xo (pm)

Figure 4. Density functional theory calculations. The schemes of the spring model and the dependences of the unit cell energy on the spring length x
for the layers and vdW gaps for a) o+In,Se; (2H) and b) f+In,Se; (3R). AE = E — Ey, where Ej is the equilibrium energy of the unit cell (uc); xo is the

equilibrium value of the spring length.
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Table 1. Elastic parameters calculated by DFT (D2) and DFT (D3)
methods for o~ and f-In,Se;. The bottom line corresponds to the experi-
mentally measured wave modulus.

DFT method S-In,Se;
3R 2H 3R

D2 D3 D2 D3 D2 D3

o-In,Se;

Equilibrium thicknesses (A)

Layer, x 6.84 6.77 6.85 6.78 646 643
Gap, xg 2.83 2.89 2.90 3.01 282 281
Period, x| + X, 9.67 9.66 9.75 979 928 9.24
Specific stiffnesses (10" N m™)

Layer, 7 244 225 237 231 189 180
Gap, 1 7.21 3.88 7.76 4.83 6.87 3.86
Partial modulus (GPa)

Layer, G 167 152 162 157 122 116
Gap, G, 20.4 1n.2 22.5 14.5 193 10.8
Net modulus Gy, (GPa)

Theory 54 32 57 39 47 29
Experiment 40.4% 51+7 32+3

AThe data is taken from the paper by Raranskii et al.[*’]
vdW gap over the layer, the net modulus Gy is mainly gov-
erned by the vdW gap stiffness. However, the role of the final
layer stiffness cannot be ignored completely. For instance, for
[S-In,Se; (3R), if we assume that the layers are infinitely solid,
the calculations with D2 obtain Gy= 63 GPa, which is 30%
larger than Gy =47 GPa calculated for the case which includes
the finite stiffness of the layer.

The important result obtained is the pronounced difference
in the stiffnesses and the elastic moduli for o+In,Se; (2H) and
[S-In,Se; (3R). Th;: ratios of the elastic moduli %alculated using

G
DFT (D3) are %: 0.74 for the layers and G—iz 0.75 for the

1

vdW gaps. The difference between layer moduli provides evi-
dence that o-In,Se; is stiffer than f-In,Se; due to the different
positions of the atoms in the individual layers. On other hand,
the ratio of elastic moduli for the vdW gaps suggests that a
softer gap is realized for the layer stacking sequence ABCABC
in the 3R-polytype compared with the ABAB-stacking in the
2H-polytype. The dependence of the vdW gap modulus G, on
the stacking of neighboring layers points at a possible depend-
ence of the vdW bonding on the thickness of the flake. We
note that this dependence is not evident in our experiments
on flakes with layer thickness down to about 30 nm. However,
it may emerge in the limit of a few atomic layers, which is a
prospective task for future experiments and calculations. In
contrast, the layer modulus G, is independent on the stacking,
suggesting that it is independent on the layer thickness, as
confirmed in our calculations for single o~In,Se; and B-In,Se;
layers.

From the comparison of the calculated and measured data,
we infer that the net modulus Gy of o+In,Se; (2H) is large% than

that of f-In,Se; (3R). The calculated net moduli ratios G_z are

o

by
equal to 0.77 (DFT-D3) and 0.81(DFT-D2) which compare sat-

Adv. Funct. Mater. 2021, 31, 2106206 2106206 (6 of 8)

isfactory with the measured value of 0.63. However, the abso-
lute value of the calculated parameters of the gap stiffness and
modulus strongly depend on the DFT method (D2 or D3). The
absolute values of Gy are in good agreement with the experi-
ment when calculated by DFT-D2 in ¢o+In,Se; (2H) and DFT-D3
in In,Se; (3R). This might suggest that the long-range disper-
sion energy is better approximated by D3 for 3R polytypes and
D2 for 2H polytypes. Further investigations of this discrepancy
could provide insight into how the dispersion energy should be
approximated for crystals with different symmetries.

It is worth mentioning that the sound velocity was also
measured by the traditional (MHz) ultrasonic technique in
bulk o-In,Se;.?! In this previous work, the authors obtained
Gy = 40.4 GPa, which compares satisfactorily with our theo-
retical and experimental results. However, we also note that this
value is closer to the calculated for o+In,Se; (3R), which was
not available in our PU experiments. This value with its corre-
sponding reference is included in Table 1.

3. Conclusions

In summary, the picosecond ultrasonic probing of the o~ and
[ polytypes of In,Se; flakes reveal a significant difference in
the sound velocity due to different elastic properties of these
materials. The elastic wave modulus of ¢+In,Se; (2H) is 60%
higher than that of In,Se; (3R). This inequality of the elastic
moduli and the corresponding sound velocities is understood
by performing DFT calculations using two different models,
D2 and D3. The calculation shows that the variation in the
net elasticity between two polytypes is the combined result of
the atomic bonds in the quintuple layer and the vdW bond.
In the extreme case, where the quintuple layer is treated as an
infinitively rigid layer, the elastic modulus differs by up to 30%.
Therefore, the large reduction of 60% in the elastic modulus of
[B-In,Se;(3R) compared to o-In,Se;(2H) is governed primarily
by the vdW bond in our simple spring model. The comparison
of experimental and theoretical results shows that both DFT
(D2) and DFT (D3) models sufficiently describe qualitatively the
intralayer and vdW bonding and that there is a good quantita-
tive agreement when DFT (D2) and DFT (D3) are applied to
o-In,Se; (2H) and S-In,Se; (3R), respectively.

Our findings are relevant to the understanding of vdW crys-
tals and their properties, such as emergence and absence of fer-
roelectricity of the specific polytype o (2H) and 3 (3R) phases of
In,Se;.[?*%] Indeed, the macroscopic polarization in these fer-
roelectrics and vdW forces are governed by dipole—dipole inter-
actions, and thus they are related to each other. The ultrathin
layer regime is particularly interesting for ferroelectric o~In,Ses.
The rapid development of epitaxial growth techniques of metal
chalcogenides offers a realistic prospect for such studies in
the near future. Furthermore, electrons are scattered by pho-
nons whose spectrum is governed by the intralayer and vdW
bonding. The efficiency of thermoelectric devices is directly
related to the ratio of in-plane and out-of-plane thermal conduc-
tivities, which is dependent on the difference of the intralayer
and vdW atomic bonding.*¥l The significantly different elastic
properties of the polytypes suggest that controlled transitions
between polytype phases, caused for example by heating and
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cooling,?>?’] can be used to tune the acousto-electrical prop-
erties of materials like In,Se;. Our analysis provides a prom-
ising methodology to understand the interlayer forces in vdW
crystals that are of fundamental importance for the design and
fabrication of heterostructures, including those comprising dif-
ferent types of monolayers and twist angles between the lattices
of the layers.

4. Experimental Section

Sample Preparation: Both o-In,Se; (2H) and S- In,Se; (3R) bulk
crystals with purity >99.995% were purchased from HQ graphene.
Preparation of the flakes follows the same method as in ref. [36].
The crystal structure and phase of the crystals were identified by
X-ray diffraction and Raman scattering. The flakes were prepared by
mechanical exfoliation using semiconductor grade non-UV dicing
tape 6000 series from Loadpoint. Bulk flakes were first exfoliated
onto the tape and the exfoliation was repeated two to three times for
obtaining higher proportion of thin flakes. The tape with flakes was then
immediately brought into contact with a double-side-polished sapphire
substrate, which had been freshly washed in acetone followed by an
isopropanol rinse. After peeling of the tape, homogenous flakes were
identified under an optical microscope. The thickness of the flakes was
identified before pump-probe measurement using tapping mode atomic
force microscopy under ambient conditions (asylum research MFP-3D).
Due to the complex phase diagram of indium selenide and its polytypes,
Raman spectroscopy was performed on individual flakes to ensure the
phase and quality of the material. The experimental set-up for Raman
measurements comprised a He—Ne laser (4 = 633 nm), an optical
confocal microscope system, and a spectrometer with 1200 groves mm
equipped with a charge-coupled device. The laser beam was focused
to a diameter of about 2 um using a 100 x objective and the spectra
were measured at low power (P = 0.1 mW) to avoid lattice heating and
damage of the flakes.

Picosecond ultrasonic experiments were performed using two
Tsunami mode-locked lasers (see Figure 1b) generating pump
and probe optical pulses with a duration of 120 fs and repetition
rates f;, f, = 80 MHz. The picosecond temporal resolution between
pump and probe pulses was realized by using the asynchronous
optical sampling (ASOPS) techniquel®! with the offset frequency
Af =f; — f,=2800 Hz. The lasers were set on the wavelength =800 nm.
The pump beam was passed through second harmonic generator
(SHQG) and optical pulses with wavelength 400 nm were focused on
the sample with 30 mm lens from the sapphire substrate side. The
pump power did not exceed 10 mW and the diameter of the spot at
the sample surface was =20 pum. In the time of flight experiments
(Figure 2a), the probe beam was passed through another SHG and
400 nm pulses were focused with micro objective 20x at the side of
the flake opposite to the pump excitation. The power of the probe
beam did not exceed 0.5 mW and the spot diameter was =5-7 um to
have the excitation density below the damage threshold. The reflected
probe beam is detected by the 10 MHz Newport photodiode (PD), the
signals from which were digitized and stored in the computer. Usually,
the number of =10° averages was enough to have a reliable signal
for distinguishing the contribution from coherent phonons. Brillouin
(Figure 2b) and quantized phonon (Figure 2c) experiments require a
large penetration depth for probe beam and we have used 800 nm
optical pulses for phonon detection.

The DFT analysis was performed in a plane-wave basis set using
the Quantum Espresso code with the Perdew-Burke-Ernzerhof (PBE)
generalized gradient approximation.l*®#l To account for the long-range
dispersion contribution to the energy, two semiempirical methods were
used, D2 and D3, proposed by Grimme et al. The calculations were
performed using a 12 X 12 X 1 Monkhorst-Pack k-point grid and a kinetic
energy cutoff of 48 Ry.
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