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Recently, palladium diselenide (PdSe,) has emerged as a promising material with potential applications in
electronic and optoelectronic devices due to its intriguing electronic and optical properties. The
performance of the device is strongly dependent on the charge—carrier dynamics and the related hot
phonon behavior. Here, we investigate the photoexcited—carrier dynamics and coherent acoustic pho-
non (CAP) oscillations in mechanically exfoliated PdSe; flakes with a thickness ranging from 10.6 nm to
54 nm using time-resolved non-degenerate pump-—probe transient reflection (TR) spectroscopy. The
results imply that the CAP frequency is thickness-dependent. Polarization-resolved transient reflection
(PRTR) measurements reveal the isotropic charge—carrier relaxation dynamics and the CAP frequency in

Received 14th July 2021, the 10.6 nm region. In addition, the deformation potential (DP) mechanism dominates the generation of
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into the ultrafast optical coherent acoustic phonon and optoelectronic properties of PdSe, and may
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Introduction

Recently, two-dimensional (2D) materials have attracted signifi-
cant attention due to their outstanding physical properties and
potential applications in electronics and optoelectronics.' ™ For
example, black phosphorus (BP) has a wide thickness-tunable
band gap,”® a high carrier mobility,” and prominent
anisotropy.® It has been applied in field-effect transistors (FETS)
and gas sensors.”'® However, its poor air stability limits its
broad practical applications."' ™ As a new member of the 2D
transition metal dichalcogenide (TMD) family, PdSe, has
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open new possibilities for PdSe, applications in THz-frequency mechanical resonators.

demonstrated unique physical properties such as a high carrier
mobility, a large on/off ratio,'®"” a thickness-tunable phase
transition (a semiconductor-semi-metal transition with increas-
ing thickness),'® superior ambipolar characteristics,'® long-term
air stability, and a linear dichroism transition."® Owing to its
small band gap, few-layer PdSe, has been used to fabricate near-
infrared to far-infrared photodetectors with high sensitivity and
stability.”%*!

PdSe, has also shown potential for optical and optoelectro-
nic applications due to its thickness-tunable band gap, which
can be narrowed from 1.3 eV for the monolayer to 0 eV in the
bulk.*® Recent optical measurements have revealed a phase
transition from a semiconductor (monolayer) to a semi-metal
(bulk).'® A PdSe, transport layer has been applied in a semi-
conductor device and a thick layer (above 50 layers) was used in
a semi-metallic device. The device based on PdSe, exhibited a
strong polarization-dependent photoresponse,® adding addi-
tional degrees of freedom in the design and applications of the
device. Photodetectors based on different thicknesses of PdSe,
have shown a high photoresponsivity,>® an ultra-broadband
response®® and the potential to be integrated with silicon
photonics. Besides, it has been demonstrated that different
thicknesses of PdSe, can be applied in other optoelectronic
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devices, including p-BP/n-PdSe, near-infrared photodiodes,****
PdSe,/SINWA heterostructure-based photovoltaic detectors,>®
and Q-switched lasers based on PdSe, nanosheets.”>” The appli-
cation of PdSe, in other types of device has also been investi-
gated, such as in infrared imaging and humidity sensing.>®>®

For these optoelectronic devices, photoexcited carrier
dynamics and the photoresponse process of different thick-
nesses of PdSe, play a key role in optimizing the performance of
the devices. Phonon vibrations are crucial in understanding
heat dissipation and charge-carrier mobility in the device.
Thus, studying the carrier dynamics and phonon vibrations
in PdSe, is important.>> However, a chemical vapor deposition
(CVD) sample is prone to defects during the growth process.
Defects have a great influence on the carrier-relaxation pro-
cesses of 2D materials.’>*! PdSe, exhibits distinct in-plane
optical anisotropy due to its unique pentagonal structure. To
reveal the anisotropy of the carrier-relaxation process of PdSe,
satisfactorily, the measured sample should have a good crystal
quality.

In this paper, we investigate the intrinsic photoexcited
carrier dynamics and CAP oscillations of high-quality mechani-
cally exfoliated PdSe, flakes with a thickness ranging from
10.6 nm to 54 nm using time-resolved non-degenerate pump-
probe transient reflection (TR) spectroscopy. The results imply
that the relaxation time and the CAP frequency are thickness-
dependent. It was found that the fast recovery time is 12-53 ps
and the slow relaxation time is 0.4-3.0 ns. The non-monotonic
changes of the fast lifetime 7; and the slow lifetime 7, that
dramatically decrease by an order of magnitude appear in the
35 nm region as the thickness is increased. This implies that
the fast recovery times are attributed to carrier-carrier and
carrier-photon scattering and that band gap narrowing causes
the decrease of the slow decay times. Polarization-resolved
transient reflection (PRTR) measurements reveal the isotropic
charge-carrier relaxation dynamics and the CAP frequency in
the 10.6 nm region. In addition, the deformation potential (DP)
mechanism dominates the generation of the CAP. Moreover, a
sound velocity of 6.78 x 10> m s~ ' is extracted from the
variation of the oscillation period with the flake thickness
and the delay time of the acoustic echo.

Results and discussion

The top and side views of the pentagonal crystal structure of
PdSe, are illustrated in Fig. 1(a)."” The unit cell of bulk PdSe, is
of the orthorhombic structure with the space group Pbca
(no. 61) and D,;, point group symmetry.'”**> Each Pd atom is
covalently bonded to four Se atoms.** PdSe, flakes, with
different thicknesses, were isolated from the bulk PdSe, crystal
using mechanical exfoliation. It is very difficult to obtain thin
samples using mechanical exfoliation due to the strong inter-
layer coupling of PdSe,.** Optical microscopy images (in reflec-
tion geometry) of the flakes exfoliated on fused quartz are
shown in Fig. 1(b). The area uncovered by the PdSe, sample
is black due to the use of a transparent substrate. Fig. 1(b)
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shows the different thicknesses of three PdSe, regions. The
three images in Fig. 1(b) are labeled as region 1, region 2 and
region 3, respectively. The numbers 1-5 indicate the order of
the different thicknesses. Next, the thickness of the different
PdSe, regions was measured using atomic force microscopy
(AFM). Fig. 1(c) shows the number 1 AFM data taken from
PdSe, in region 1, which corresponds to the profile (red line)
near the dashed red lines in Fig. 1(b) (for the other AFM results,
see Fig. S1 in the ESIf). The AFM studies show that the
thickness range of the flakes was from ~10.6 nm to
~54 nm. As previously reported, the thickness of the mono-
layer crystals was ~0.6 nm."” The number of layers is from
~18 to ~90 layers. For simplicity, we will use D1, D4, D5 in
region 1 (Fig. 1(b)), D2 in region 2 (Fig. 1(b)) and D3 in region 3
(Fig. 1(b)) to represent for the PdSe, flakes with different
thicknesses from thin to thick in the following discussion. As
shown in Fig. 1(e), optical absorption measurements were
carried out to determine the thickness-dependent band gap.
Fig. 1(e) shows a broadband absorption response with a smooth
absorption band over a wide wavelength range from ~400 to
~1000 nm. The absorbance (Abs) was calculated as
Iy — Ig) — (Is — Ig)
(lo — In)

intensities transmitted through the SiO, substrate and the
PdSe, sample, respectively, and Iy is the background noise
intensity of the instrument and the surrounding environment.
We determine the absorption coefficient 6 from the absorbance
Abs as Abs = I, where I is the incident light intensity and ¢ is the
absorption coefficient. The photon energy Av is the energy of the
incident photons. Because PdSe, is an indirect band gap
semiconductor, y = 2 was adopted for 6av oc (hv — Eg)',>* where
E, is the optical band gap. The optical band gap (see Fig. S2 in
the ESIt) was then determined by extrapolating the linear region
in the Tauc plot of (3hv)"? versus hv. Fig. 1(f) shows the optical
band gaps versus the number of PdSe, layers; overall, the band
gap decreases as the thickness increases. Earlier DFT calcula-
tions have shown that the band gap changes slightly with
thickness when the number of layers is larger than 16 (it is
inferred that a band gap difference of 50 nm and 54 nm-thick
PdSe, should be less than 0.05 eV)."” The uncertainty in the
optical band gaps is about +0.02 eV for our measuring system.
Thus, it is hard to distinguish small changes in the optical band
gap as the thickness varies from 50 nm to 54 nm. Therefore, the
nearly unchanged band gaps for 50 nm and 54 nm is probably
due to the small band gap variation between the two thicknesses
and the limited band gap resolution of our measurement
system. The variation trend of the band gap with thickness is
consistent with earlier reports.'”*®* However, the band gap value
of thick PdSe, is different from the reported value in ref. 17 and
is in agreement with the value reported in ref. 36. The band gap
difference between ours and the result in ref. 17 may be caused
by the lower NA of the objective and noise in the optical
absorption measurements in ref. 17.

To determine the crystal axis of these PdSe, flakes, we
performed polarization-resolved Raman spectra measurements

Abs = loglo( , where I, and I are the light
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Fig. 1 Characterization of the PdSe; flakes. (a) Top and side views of the structure of the puckered PdSe, crystal. (b) Optical microscope images of
exfoliated few-layer PdSe, flakes on fused quartz, and the numbers 1-5 indicate the order of different thicknesses. All scale bars are 10 um.
(c) Corresponding atomic force microscope (AFM) image corresponding to number 1 in the first image of (b) labeled as region 1. The other two images
in (b) are labeled as region 2 and region 3. (d) Corresponding thickness of PdSe;. (e) Absorption spectra of PdSe; flakes. (f) Thickness-dependent optical
band gap extracted from the Tauc plots of vahv vs. hv for various numbers of PdSe; layers.

under a parallel configuration (i.e., e;| es, where e; and e; denote o between the crystallographic orientation and the linear polar-

the linear polarization of the incident and scattered light,
respectively). To do this, we rotated the polarizers in
the incident and scattered light paths to change the angle

20668 | Phys. Chem. Chem. Phys., 2021, 23, 20666-20674

ization orientation of the incident and scattered light (the blue
line shown in Fig. S4, ESIt). The Raman spectrum of 10.6 nm is
depicted in Fig. 2. The other Raman spectra are shown in
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Fig. 2 Polarization-dependent Raman spectra of PdSe, with a thickness
of 10.6 nm. Polarization orientations are shown in Fig. S4(d) (ESIt) — see red
line (0°) and black line (90°). Raman spectra are shifted vertically for clarity.

Fig. S3 (ESIt). Four distinct Raman peaks were observed at the
wavenumbers of ~143, ~206, ~222, and ~256 cm ', which
correspond to the Ay-Bl,, A;, Bi,, and A; modes, respectively,
which are consistent with previous studies.'”*” The Ag-Bi,, A,
and Bfg modes can be attributed to the movement of Se atoms,
while the A7 mode (at ~256 cm ') represents the relative
movement between the Pd and Se atoms. As expected, the
Raman peak intensity is strongly dependent on the polarization
of the excitation light due to its highly anisotropic optical
response. A previous report has shown that the peak intensity
of the A, (B;,) mode oscillates with a periodicity of 180° (90°) as
the orientation of the polarization is rotated.?” Using the polar
plot of the intensity of the A;-Bi, (~143 cm™ ') mode (see Fig.
S4 in the ESIY), it is inferred that the x axis is along the red line
(0°), while the y axis is represented by the black line (90°) in
Fig. 1(b). This offers a useful approach to determine the crystal
orientation of the PdSe, flakes.

To investigate the evolution of the carrier and phonon
dynamics with PdSe, thickness, time-resolved pump-probe
TR measurements were performed using a home-built pump-
probe system (see Fig. S5 in the ESIt). The TR measurements
were carried out via pump excitation using a 520 nm fs pulse
and probing with a 1040 nm fs pulse at room temperature. The
pump-induced probe reflection change (AR) in the PdSe, flakes
can be obtained by chopping the pump using an optical
chopper and monitoring the output of the photodiode using
a lock-in amplifier (Stanford Research Systems, SR865A).
Fig. 3(a)-(e) shows the time-resolved AR traces of different
PdSe, regions with a thickness ranging from ~10.6 nm to
~54 nm, respectively. The pump and probe beams were
polarized along the 0° direction (parallel configuration). A clear
negative differential reflection is observed around the zero
delay time, which is followed by a rapid AR increase and a
change to a positive value. Then, the positive differential
reflection superimposed with a damped oscillation signal
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decreases slowly to zero. AR < 0 indicates photoinduced
bleaching (PB), while AR > 0 indicates photoinduced absorp-
tion (PA). The damped oscillation reflects the CAP dynamics
during the process of charge-carrier recombination in these five
regions.

To determine the relaxation times, we used a semi-log plot
to fit the transient curves shown in Fig. 3 for reading the time
constants. A tri-exponential decay function plus a damped
exponentially attenuated oscillation term is used to fit the
measured TR curves.*® ™

—t —t —t
y=A +Bexp<—) + Cexp<—> + Dexp<—)
T1 T2 T3

+ E cos(2mawy, + @) exp <;—Z) (1)
p

where 4, B, C, D and E denote the fitting parameters, and ¢ is the
delay time between the pump and probe pulses. Furthermore,
74, T, and 73 are the lifetimes of the three carrier-relaxation
processes in few-layer PdSe,. Here, we define t; < 7, < 73. The
last exponentially decaying sinusoidal part was used to describe
the CAP oscillation. E denotes the initial amplitude of the CAP
oscillations, while w;, and 7, are the oscillation frequency and
lifetime of the damped CAP oscillations, respectively. ¢ is the
initial phase of the periodic oscillation. We combine the semi-
log fit with the three-exponential fit for better evaluation of the
time constants.

The extracted time constants 7,, 7, and t; for different
thicknesses are shown in Fig. 3(f) and (g). It is shown that for
the 10.6 nm thick region, the relaxation time of the PB signal
consists of a fast lifetime 7, of ~12 ps, 7, of ~3 ns and 73 of
~5 ns. For the 24 nm thick region, the relaxation time of the PB
signal consists of a fast lifetime t; which is increased to
~29 ps. A non-monotonic change of the fast lifetime 7, appears
for the 35 nm thick region. For the 35 nm, 50 nm and 54 nm
thick regions, the fast relaxation time t; of the PB signal is
41-53 ps. As the thickness increases (L = 24-54 nm), the slow
decay time 7, decreases sharply and falls in the time range of
0.4-0.6 ns. The regions with thicknesses of 50 and 54 nm show
similar relaxation times. The fast recovery time 7, of the PB
signal is ~46 ps for the 50 nm region. It is very close to the time
constant of the 54 nm region (t; & 41 ps). The slow decay time
for the 50 nm region (7, &~ 0.6 ns) is also close to that of the
54 nm region (7, &~ 0.5 ns). For the 10.6 nm, 24 nm, 35 nm and
50 nm regions, the slow recovery time 13 increases from ~5 ns
to ~18 ns. The slow recovery time of the 50 nm region (73 ~
18 ns) is larger than that of the 54 nm region (73 ~ 10 ns).

The TR curves shown in Fig. 3 indicate that PB around ¢t =0s
appears for 10.6 nm, 24 nm, 35 nm, 50 nm and 54 nm thick
samples of region 1, region 2 and region 3. Furthermore, the
increasing time of the signal indicates that thermalization and
energy relaxation of hot carriers occurs on a ps time scale in
this material. We attributed this fast time constant () to
carrier-carrier and carrier-phonon scattering during the
carrier-cooling process. Carrier-phonon scattering causes lat-
tice heating, which sets up a transient stress.*' The TR curves
also show that stress-wave-inducing coherent phonon

Phys. Chem. Chem. Phys., 2021, 23, 20666-20674 | 20669
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Fig. 3 (a—e) Time-resolved TR traces in different PdSe;, regions. The pump (520 nm) and probe (1040 nm) beam fluences were 8 and 4.8 pJ cm™*,
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2

respectively. (f and g) Variation of the time constant with the thickness. (h) Fast Fourier transform (FFT) of the oscillations from the TR traces of 10.6 nm.

(i) Oscillation frequency vs. PdSe; thickness.

oscillation influences the process of hot carrier cooling.
Then, the fast time constant (t;) of different thicknesses
(L = 10.6-54 nm) is of the order of a few dozen picoseconds.
The time-resolved AR traces of the five thicknesses show that
the positive signal returned to equilibrium very slowly. The
decay time 1, for the 10.6 nm think sample was about 3 ns,
which is attributed to the interband relaxation time in semi-
conductors. However, for the 24 nm, 35 nm, 50 nm and 54 nm
thicknesses, 7, decreases dramatically by an order of magni-
tude to 0.4-0.5 ns. As shown in Fig. 1(f), the band gap indicates
a rapid decreasing trend from 24 nm to 50 nm. The band gaps
of 50 nm and 54 nm are similar. The slow lifetime 7, values of
50 nm and 54 nm are very close. It is inferred that the band gap
decrease with increasing PdSe, thickness causes a sharp
decrease of the slow decay time 7, from 10.6 nm (18 layers) to
24 nm (40 layers). Therefore, it is reasonable to deduce that the
sudden decrease of the relaxation time indicates the accelera-
tion of the slow interband relaxation process due to band gap
narrowing. When the thickness of PdSe, is larger than 50 layers
(30 nm), PdSe, can be seen as a semi-metal."”'® For 35 nm,
50 nm and 54 nm, 1, is nearly thickness-independent. However,

20670 | Phys. Chem. Chem. Phys., 2021, 23, 20666-20674

the 7, of PtSe,, which is an analogue of PdSe,, is thickness-
dependent.*” The slow lifetime t; is attributed to lattice cooling
by dissipating the energy to the substrate.*® Fig. 3(h) shows the
fast Fourier transform (FFT) of the oscillations from the TR
traces of the 10.6 nm thick sample (see Fig. S6 for more in
ESIt). Fig. 3(i) indicates that the oscillation frequency decreases
from 0.109 THz to 29 GHz with the increase of the thickness.
Because PdSe, exhibits distinct in-plane optical anisotropy
due to its unique pentagonal structure, the polarization-
resolved measurement of the TR curves in PdSe, is insightful.
For the PdSe, flake in Fig. 1(b), the TR traces were measured at
the D1 region (L = 10.6 nm). This was performed for a series of
beam polarization angles 0, ranging from 0° (x axis) to 90°
(v axis). The polarization angles of the pump and probe pulses
were controlled by rotating half-wave plates and ensuring that
they were parallel to each other, as in ref. 44. In this way, we
could obtain the carrier dynamics of the PdSe, flake from the
x axis to the y axis. As shown in Fig. 4(a), the negative signals of
different angles are almost the same and the maximum values
of the positive signals (anti-saturation absorption) increase
from 0° to 90°. When the laser polarization approached the

This journal is © the Owner Societies 2021
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Fig. 4 (a) TR traces, recorded for a series of beam polarizations ranging from 0° to 90°, where the pump and probe polarization directions were parallel

to each other. The beam polarization angle is shown in Fig. 1(b). The pump (520 nm) and probe (1040 nm) beam fluences were 8 and 4.8 pJ cm

-2

respectively. (b) Peak differential reflection signal as a function of beam polarization angles with respect to sample orientation.

90° direction, the positive signal is maximized, while its nor-
malized decay time indicated no clear change (see Fig. S7 in the
ESIYT). The respective peak following a sinusoidal dependence
on the polarization angle is shown in Fig. 4(b). This can be
attributed to pump anisotropic absorption.*®

As shown in Fig. 3(a)-(e), CAP oscillations appear in all these
measured regions. The amplitude of the oscillation gradually
decreases on a long time-scale, which can be attributed to three
factors.”**® One is the process of a pump-induced stress wave,
which spreads from the surface to the inner PdSe,, where the
absorption of each layer dampens the oscillation. The second factor
is that the CAP energy of gradually weakens. The third factor is that
the energy of the PdSe, lattice is gradually dissipated to the
substrate and the surrounding environment. The oscillation fre-
quencies were obtained using FFT of the time-resolved traces.
Fig. 5(a) shows that the oscillation frequency has no obvious drift
with changing laser polarization. This result implies that the
oscillation frequency is independent of the pump-probe polariza-
tion (parallel configuration). Furthermore, Fig. 5(b) shows that the
oscillation period has a linear dependence on the PdSe, thickness.
As shown in Fig. 4(a) and 5(a), although PdSe, shows different light
absorption under different polarizations, the oscillation frequency is
independent of the polarization.

The observed oscillating signal should originate from the
CAP oscillation, which could induce the reflection change of
the time delayed probe via two forms including the photoelastic
effect (the dielectric function being modified due to the
presence of acoustic strain field, the first term in eqn (2)) and
the interferometric effect (CAPs are able to displace surfaces
and interfaces, the second term in eqn (2)). For a semi-infinite
medium (z = [0, +o0]), the transient differential reflectivity of
the probe is written as follows:

4ikon On [*° in .
AR/R x Real — idz — 2 2
/R o Rea (1 — 2 a’?JO 1(z, t)e”™0*dz — 2ikou(0) 2)

where k, 4(0), n, (z,t) and g—}; are the probe light wave vector in

a vacuum, the free surface displacement of the sample, the
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complex optical index, stress and the photoelastic coefficient,
respectively.?® According to the signal being linearly dependent
on the thickness, this can be attributed to the CAP standing
wave. CAP oscillations have previously been studied in GaAs,>°
MoS,,*! PtSe,,*® BP,** and 2H-MoSe,.** Coherent phonons are
phonons that have the same phase when the crystal lattice
vibrates. Phonons are divided into acoustic phonons and
optical phonons. The acoustic phonon does a centroid motion,
that is, each atom in the same unit cell does an overall motion.
The optical phonon is a motion with the center of mass
unchanged, that is, the relative vibration of different atoms in
the unit cell. The acoustic mode can be regarded as a contin-
uous medium elastic wave at low frequency. As previously
reported, the pump-induced stress wave interferes with the
reflected stress wave in the flakes to form a standing wave.*
One surface of the film is free, but the other is in contact with
the hard fused silica. Based on the standing-wave model, the
oscillation period (7) can be described via the following for-
mula under an approximately zero-displacement boundary
condition:*?

I=— (3)

where d is the thickness of PdSe, and v is the sound velocity of
the CAP. Based on this formula, we can calculate the sound
velocity (6.78 x 10° m s~ ") from the slope of the linear fitting to
the data in Fig. 5(b). The sound velocity (6.78 x 10° m s~ ") is
close to the sound velocity of PtSe, (6.61 x 10° m s').>* The
characteristics of the oscillation period are only dominated by
the thickness, which is consistent with the fact that the
oscillation period is independent of the pump-probe
polarization.

Now, we focus on the generation mechanism of the CAP in
our experiment. Two mainstream mechanisms can induce CAP
oscillations: the DP and thermoelasticity (TE) mechanisms. For
the DP mechanism, the action of light can modify the energy of
the electronic distribution in the solid. Since the interatomic
forces are indeed completely dependent on the electronic

Phys. Chem. Chem. Phys., 2021, 23, 20666-20674 | 20671


https://doi.org/10.1039/d1cp03202j

Published on 19 august 2021. Downloaded on 20.10.2025 14.34.13.

PCCP

o
a
S
T

e
Y
N
T

0.10 p»

0 10 20 30 40 50 60 70 80 90

&
Oscillation frequency (THz) —

View Article Online

Paper

(b)

30

Oscillation period (ps)

10 20 30 40 50 60

(C) Polarization (deg) ( d) Thickness (nm)
10 — 0.8 ) fom® 4 8 1)/cm’ N
.8 ud /cm .8 nd/icm b - =
P 1.6 pJcm? 56 ) /cm? 12k - — 1 =
08k —04pllem?  e—p.4 ) fom? b = == L e
B =32 ) lom? 72 ) /cm? _‘ =1 0.10 g
0.6 4 fom? N o
& : | §
0.4 [ 4005
! S
0.2 - d &
O'O-I.l.l.l.l.l.l.l.l.l. g

20 40 60 10 20 30 40 50 60 70 80 90 100
Delay time (ps) Pump power (uw)

Fig. 5 (a) Oscillation frequency as a function of the polarization angle. The oscillation frequency was obtained using the FFT of the TR traces in Fig. 4(a).
(b) The oscillation period as a function of the PdSe, thickness follows a linear fit. (c) CAP oscillation for the 10.6 nm thick sample with different pump
fluences. The probe fluence was 4.8 uJ cm~2. (d) Initial amplitude of the coherent acoustic phonon oscillation as a function of the pump power shown in
(a). The black dots represent the experimental data, and the red solid line is the linear fit. The right axis is the oscillation frequency for different pump

fluences using the FFT. The blue dots represent the experimental data.

distribution, the action of light can further induce a modifica-
tion of the interatomic forces via a change of the interactions
between cations and electrons, cations and cations and elec-
trons and electrons. Modification of the interatomic forces will
result in a variation in the equilibrium position (i.e., deforma-
tion occurs) of the lattice and the emission of acoustic pho-
nons. The second mechanism of TE is related to lattice heating
and elasticity. Under the action of light, the electrons are
excited. The energy of the initially excited electrons is trans-
ferred to the phonon sublattice while the non-equilibrium
carriers relax to lower energy levels via carrier-phonon scatter-
ing, then the lattice is heated. When relaxation processes take
place, acoustic phonons are emitted and there is no definite
phase relation for these emitted phonons.*®

To investigate which mechanism is dominant in our experi-
ment, we performed pump fluence-dependent measurements
for the 10.6 nm thick flake. As shown in Fig. 5(c), similar
temporal features in TR traces were observed for different
pump fluences. Clearly, the amplitude of the CAP oscillations
increased gradually with increasing pump fluence. The initial
amplitudes of the CAP oscillations were extracted and are
shown in Fig. 5(d). Based on the experimental results, it is
inferred that the DP mechanism makes the dominating con-
tribution due to the following three reasons:

20672 | Phys. Chem. Chem. Phys., 2021, 23, 20666-20674

(1) The measured PdSe, samples are a semiconductor mate-
rial and with band gaps larger than 0.44 eV, and the extracted
oscillation frequencies range from 29 GHz to 0.109 THz. In
solids with a forbidden band, once the electrons in the valence
band have been excited by light to the conduction band, the DP
mechanism is usually important for roughly 1 GHz to 1 THz
frequencies.*’

(2) The DP mechanism is efficient for solids in which the
lifetime of the photoexcited carriers is longer than the inverse
of the CAP cyclic frequency.?” The measured photoexcited
carrier lifetime of PdSe, (larger than 5 ns) is longer than the
period of the CAP (smaller than 35 ps). The photoexcited carrier
lifetimes of PdSe, are longer than the period of the CAP
oscillations.

(3) As previous reports have shown that the DP-generated
CAP oscillation has a typical feature, the initial oscillation
amplitude of the coherent acoustic phonon oscillation is pro-
portional to the pump intensity at a relatively low power or
fluence.*"** The measured initial amplitudes of the CAP oscil-
lations of PdSe, are linearly correlated with the pump power/
fluence and the oscillation frequency is independent of the
pump power (Fig. 5(d)).

Therefore, the DP mechanism should dominate the CAP
generation, and the TE mechanism contributes at longer delay
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times. In addition, the linear dependence of the initial ampli-
tude vs. the pump power allows us to rule out any significant
role played by non-linear two-photon absorption in the transi-
ent reflection.

Summary

In summary, the photoexcited carrier dynamics and the CAPs of
mechanically exfoliated PdSe, with different thicknesses were
studied via time-resolved pump-probe differential reflection
spectroscopy. The carrier dynamics of different thicknesses
were investigated using time-resolved pump-probe TR spectro-
scopy. Polarization-resolved measurement of the TR in PdSe,
reveals the isotropic charge-carrier relaxation dynamics and
the CAP frequency in 10.6 nm region. Moreover, the DP
mechanism dominates the CAP generation. A sound velocity
of 6.78 x 10°> m s' was determined based on the oscillation
period of the CAP. These new phenomena in thin flakes have
many potential applications in optical and THz resonator
devices.

Experimental section
Sample fabrication and characterization

PdSe, flakes were fabricated via mechanical exfoliation from
the bulk PdSe, crystal and transferred onto a fused silica
substrate (2 mm thickness) using a stock tape. The thickness
of the single PdSe, layer was ~ 0.6 nm. The thicknesses of the
samples (from 10.6 nm to 54 nm) were measured using atomic
force microscopy (Witec Alpha 300) in tapping mode, with
0.1 nm vertical resolution and 8 nm resolution in the transverse
direction. Raman spectra were measured with 532 nm laser
excitation using the Witec Alpha 300 instrument. The light of
the absorption spectra is a halogen lamp. The transmitted light
was captured using a microscope objective (100x NA = 0.9) and
directed using a spectrometer (PG 2000, Ideaoptics) equipped
with a CCD camera (Exmor CMOS Sensor, Sony).

Transient reflection measurements

A Yb fiber-based laser (Menlo Systems) was used to provide
ultrashort pulses with a central wavelength of 1040 nm and a
100 MHz repetition rate. The pulse width is ~150 fs. The
majority of the output is used as the probe beam and the
minority is separated to generate at 520 nm pulse and used as
the pump pulse. The probe fluence is attenuated via a combi-
nation of a half-wave plate and a Glan Taylor prism. Both the
pump pulse and probe pulse were focused into the sample
surface with a Gaussian spot, using an objective lens (Tu Plan
Fluor 50x NA = 0.8, Nikon). Using this two-color pump-probe
setup, the reflected pump beam was stopped from reaching the
silicon photodetector using color filters. This significantly
improved the signal-to-noise ratio. The reflection change (AR)
of the probe beam due to the pump excitation was measured
using a lock-in amplifier (SR865A, Stanford Research Systems)
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referenced to 1.5 kHz mechanically chopped pump (SR542,
Stanford Research Systems).
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