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We investigate the photocarrier dynamics in bulk PdSe;, a layered transition metal dichalcogenide
DOI: 00.0000/XXXXXXXXXX . . . . . .
with a novel pentagonal structure and unique electronic and optical properties. Using femtosecond
transient absorption microscopy, we study the behavior of photocarriers in mechanically exfoliated
bulk PdSe, flakes at room temperature. By employing a 400 nm ultrafast laser pulse, electron-hole
pairs are generated, and their dynamics are probed using an 800 nm detection pulse. Our findings
reveal that the lifetime of photocarriers in bulk PdSe, is approximately 210 ps. Furthermore, by
spatially resolving the differential reflection signal, we determine a photocarrier diffusion coefficient
of about 7.3 cm? s~!. Based on these results, we estimate a diffusion length of around 400 nm and
a photocarrier mobility of approximately 300 cm? V~! s=!. These results shed light on the ultrafast

optoelectronic properties of PdSe;, offer valuable insights into photocarriers in this emerging material,

and enable design of high-performance optoelectronic devices based on PdSe;.

1 Introduction

The successful preparation of graphene has sparked significant in-
terest in two-dimensional layered materials with unique optical,
electrical, chemical, and thermal properties. In particular, layered
transition metal dichalcogenides (TMDCs) have garnered exten-
sive attention from researchers over the past decade due to their
excellent charge transport and thermoelectric properties, layer-
dependent electronic band structures, and good air stability. 1"
MoS;, in particular, with a moderate carrier mobility and a siz-
able band gap, has been widely studied. 5 The successful fabri-
cation of field-effect transistors (FETs) based on monolayer MoS,
was reported in 2011.%7 However, its relatively large band gap
(1.2-1.9 eV)® and the narrow tunable band gap range hinders its
optimal use in optoelectronic devices. Black phosphorus, which
has also been extensively studied, offers a widely tunable band
gap (0.3-2 eV); however, its air instability poses a significant chal-
lenge for practice devices. 29 Similarly, the more recently investi-
gated Bi;O;,Se system exhibits a narrow band gap (approximately
0.8 eV), limiting its application in visible optoelectronics. 112

In contrast to most TMDCs, PdSe, offer wide tunability of its
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physical properties by its thickness. For example, it band gap
changes from 1.43 €V in a monolayer to 0.6 €V in bulk.1¥ With
small band gaps, it can be used to manufacture near-infrared
photodetectors, sensors, and other devices with high sensitivity
and high stability. Additionally, PdSe; exhibits high carrier mo-
bility,2# in-plane optical anisotropy,*> and remarkable air stabil-
ity. FETs with PdSe, as the channel material have been demon-
strate, with high charge mobilities and superior bipolar character-
istics. 17 Theoretical calculations have predicted that the carrier
mobility of pentagonal two-dimensional PdSe; can exceed 1000
cm?/Vs, while experimentally achieved values are below 300
em?2/vs.I3L4I8I9 while such a mobility is moderate compared
to other narrow-gap 2D materials, the high stability of PdSe, in
air enhances the operational lifetime of devices in complex en-
vironments. Furthermore, PdSe,-based photodetectors demon-
strate excellent performance, such as ultra-wideband spectral de-
tection, ultrafast response and high sensitivity.20"22 For instance,
PdSe, photodetectors have achieved a responsivity of 708 A W~!
and a detectivity of 1.31x10° Jones.23

In additional to these applications as individual material, PdSe;
has also been used to fabricate heterostructures for photodetec-
tors with exceptional performance. A PdSe;/MoS, van der Waals
heterostructure photodetector demonstrated a detectivity as high
as 8.21x10° Jones, with excellent photocurrent response time.20
Likewise, a PdSe,/WS, heterostructure device exhibits a broad-
band spectral light response from 532 to 1550 nm, with a re-
sponse time of less than 100 ms.2¥ However, despite the early
study of PdSe, dating back to 1957,2% the dynamic properties of
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photocarrier in PdSe, have not been fully explored. These prop-
erties are crucial for the future design and optimization of FET
and photodetectors based on PdSe; and its heterostructures.

In this study, we investigate the dynamics of photocarriers in
mechanically exfoliated thick flakes of PdSe, using time-resolved
and spatially-resolved transient absorption microscopy. We deter-
mine a lifetime of photocarriers in bulk PdSe, of approximately
210 ps, a diffusion coefficient is approximately 7.3 cm? s~!, and
a diffusion length of around 400 nm. The carrier lifetime is a
critical factor that significantly impacts the performance of op-
toelectronic devices. For instance, in solar cells, the photocarrier
lifetime determines the power conversion efficiency. The diffusion
length of the photocarriers has a significant impact on the perfor-
mance of semiconductor optoelectronic devices, such as photo-
diodes and solar cells. In these devices, the diffusion length of
the photocarriers determines the distance the photocarriers can
reach during their lifetime, and thus impacts the detectivity and
efficiency of these devices. The findings presented in this study
offer valuable insights into the comprehension, design, develop-
ment, and optimization of high-performance optoelectronic de-
vices based on PdSe;. Investigations of the ultrafast photocarrier
dynamics also provide insights into the underlying physical mech-
anisms and enable the development of new device architectures
and applications with improved performance.

2 Experimental Section

In this study, we utilized high-purity crystals of PdSe, obtained
from 2D Semiconductor. The bulk PdSe, sample was prepared
by mechanically exfoliating flakes from a crystal onto a poly-
dimethylsiloxane (PDMS) substrate using an adhensive tape.
Subsequently, a dry transfer technique was employed to trans-
fer the exfoliated PdSe; flakes onto a SiO,/Si substrate. During
the optical microscopic examination, it was observed that thicker
flakes exhibit higher contrasts. Therefore, by comparing the mi-
croscopic images, we were able to select the flakes of appropriate
thickness for our experiments. We chose samples that exhibited
relatively high contrasts so that they can be treated as bulk crys-
tals.

The photocarrier dynamics in PdSe; is studied by using a home-
built transient absorption microscopy setup with space-time res-
olution capabilities, as illustrated in Fig. 1. An 80-MHz fem-
tosecond titanium sapphire oscillator (MAI TAI HP by Newport)
outputs ultrashort pulses with a temporal width of less than 100
fs and a wavelength range of 690-1040 nm. For our experimental
requirements, the MAI TAI was adjusted to output 800-nm pulses.

The 800-nm pulse is divided into two parts through a beam
splitter. One part is used as the probe pulse for the measure-
ment, while the other part is used to generate a pump pulse of
400 nm, by passing it through a f—barium borate (BBO) crys-
tal. The pump pulse is directed to the sample for photoexcitation
of the carriers. The probe pulse is subsequently delivered to the
sample after a delay produced by a motorized translation stage.
The two pulses are spatially overlapped. When the optical path
lengths of the probe and pump are equal, the two pulses arrive at
the sample simultaneously, which is defined as zero delay (At =0
). During the experiment, half-wave plates (HWPs) are used to
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adjust the power of the pump and probe pulses, and polarizers
(PZs) are used to adjust their polarization state. A photodetector
is used to detect the power of the probe pulse that is reflected off
the sample, converting it to an electrical signal. A lock-in ampli-
fier is utilized to collect and record the signal on a computer. To
achieve a higher signal-to-noise ratio with the lock-in amplifier, a
chopper is used to modulate the pump pulse. With this configu-
ration, the lock-in amplifier measured the change of the detected
probe power induced by the pump. This signal is proportional
to the differential reflectance, AR/Ry = (R—Ry)/Ry, where R and
Ry are the probe reflectance with and without the pump pulse,
respectively.

Building upon this time-resolved system, the introduction of
spatially-resolved pump-probe allowed us to investigate the in-
plane transport characteristics of photocarriers. By combining ul-
trafast time and space resolution, we were able to study the dy-
namics of bulk PdSe, carriers on the ultrafast timescale and wm
length scales. In such measurements, the differential reflection
signal was recorded as a function of the spatial distance between
the centers of the probe and pump spots. By carefully adjusting
the pitch angle of the reflected probe light through controlled tilt-
ing of a beam splitter in the probe optical path, the probe light
was deviated from normal, enabling continuous variation of the
relative position of the two spots and thus measurement of the
differential reflection signal as a function of the probe delay and
the probe position. Throughout the measurements, the sample
was maintained at room temperature under ambient conditions.

Pump Laser

800 nm BS A

> >
IOHWP
S BY-Y4

Ti:sapphire Laser

< >BBO

K)Chopper N\
400 nm
<P HWP

dbpz Lock-in
I e fl Photodiode
 — | l ,u

L]
Objective Lens BS BS Filter

Delay Stage

Sample

Fig. 1 Schematics of the transient absorption microscopy setup.

3 Results and Discussion

Unlike the 1T, 2H, and 1T structures commonly found in most
2D TMDCs, 227 pdSe, has a folded pentagonal atomic structure
with an orthogonal lattice arrangement, %8 as shown in Fig. 2a.
In this structure, each Pd atom forms covalent bonds with four Se
atoms, and the Se atoms within a single layer are bonded to each
other.2? The layers are connected through van der Waals forces,
making the structure highly stable.

The optical microscope image of the bulk PdSe, sample in Fig.
2b reveals that the sample has an irregular shape with approxi-
mate dimensions of 86 X 200 um?. To further characterize the
sample, a cross-sectional view by atomic force microscopy (AFM)
is shown in Fig. 2c, revealing a thickness of approximately 33
nm in Fig. 2d. From the perspectives of electronic properties,
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Fig. 2 (a) Crystalline structure of PdSe;. The gray and yellow spheres represent Pd and Se atoms, respectively. (b) Optical microscope image of the
bulk PdSe; sample on a SiO,/Si substrate. (c) Atomic force microscope image of the PdSe; sample. (d) Height profile of the sample along the white
line shown in panel c, indicating a sample thickness of approximately 33 nm. (e) Raman spectrum of the PdSe; sample shown in (b) measured with

a 532 nm laser beam.

the sample can be viewed as a bulk crystal as its electronic band
structure is expected to be bulk-like.

The Raman spectrum of the PdSe, sample is obtained at room
temperature using a 532 nm laser, as depicted in Fig. 2e. The
spectrum exhibits four distinct Raman characteristic peaks lo-
cated at approximately 144 cm~!, 206 cm~!, 222 cm~!, and 257
ecm~!. These peaks are in good agreement with those reported
in literature for PdSe, .1530 The observed peaks are sharp, indi-
cating the high quality of the sample. Specifically, the four peaks
correspond to the A}, A2, B%g and Aj vibrational modes, respec-
tively. The AL, A? and B%g modes primarily arise from the motion
of the Se atoms, whereas the Ag, mode (located at approximately
257 em™ 1) is associated with the relative motion between Pd and
Se atoms.

Next, we performed transient absorption measurements using
an 800-nm probe and a 400-nm pump to obtain the time-resolved
differential reflection signal of the sample at different pump flu-
ences. A combined experimental and computational study shew
that bulk-like PdSe; has an indirect band gap of about 0.6 eV and
a direct band gap of about 1.0 €V at its I point.2I Hence, the
400-nm (3.10-eV) pump excites photocarriers with large excess
energies. The 800-nm (1.55-eV) probe coupled to the direct tran-
sitions in the high energy states in the I" valley, and thus monitors
carrier density in these states. However, since the carrier system
form a thermal distribution, these carriers represents the overall
carrier population and its dynamics. Fig. 3a and 3b show exam-
ples of the observed differential reflection signals in the short (a)
and long time ranges (b), respectively. It has been reported that

the absorption coefficient of PdSe, at 400 nm is 5x108 m~! 32
Using this value, the areal carrier density injected by a fluence of
1 wJ cm~2 at the center of the pump spot and at the front surface

of the sample is approximately 2 X 10'2 cm 2.

The time-resolved differential reflection measurement of bulk
PdSe, reflects the evolution of the photocarrier density in the
sample following their injection by the pump pulse. As depicted
in Fig.3a, the signals at various pump fluences exhibit a rapid rise
immediately after excitation. Following the peak, the signal decay
can be fitted with a double exponential function:

AR/Ry(t) = Arexp(—t/T1) +Azexp(—t/72) + B,

as illustrated by the curves in Fig. 3a. The two decay time con-
stants deduced are plotted in Fig. 3d. We find that these time con-
stants are independent of the pump fluences. The long time con-
stant of approximately 210 ps represents the lifetime of the pho-
tocarriers. Notably, this carrier recombination lifetime is longer
than that of commonly studied two-dimensional bulk TMDCs,
such as WS, (110 ps),IEZI MoTe, (80 ps),@I and MoS, (180 ps).@.
The short time constant of about 0.87 ps could be attributed to
the exciton formation process, as has been generally observed in
other TMDCs 2638 Fig.3c depicts the relationship between the
peak differential reflection signal and the pump fluence. The plot
shows that the peak signal is proportional to the pump fluence,
further confirming that the differential reflectance is proportional
to the carrier density.

To investigate the in-plane transport properties of photocarri-
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Fig. 3 (a) Differential reflection signal of the bulk PdSe; sample as a
function of the probe delay measured with an 800 nm probe and a 400
nm pump pulses with various fluences. Curves are exponential fits. (b)
The same as (a) but with a shorter range of probe delays. (c) The decay
time constants deduced from the fits shown in (b) as a function of the
pump fluence. (d) Peak differential reflection signal as a function of the
pump fluence. The red line is a linear fit.

ers in bulk PdSe,, we conduct a spatially resolved measurement.
Fig. 4a illustrates the temporal and spatial evolution of the sig-
nal, obtained by scanning the probe delay and position. Driven
by the density gradient, the photocarriers are expected to diffuse
laterally, resulting in the spatial broadening of the Gaussian dis-
tribution over time. Fig.4b presents some examples of the spatial
distributions of the differential reflection signal measured at dif-
ferent probe delays of 18 ps (green), 41 ps (yellow), 63 ps (blue),
and 81 ps (orange), respectively, along with their Gaussian fits
(curves). Fig.4c illustrates the squared Gaussian width as a func-
tion of the probe delay. This relation provides insights into the
carrier diffusion dynamics and enables the determination of im-
portant transport parameters.

Classical diffusion-recombination model reveals that for photo-
carriers with an initial Gaussian spatial distribution, the spatial
profile maintains a Gaussian shape throughout the diffusion and
recombination process. The full-width at half-maxima of the spa-
tial profile evolves as

w? (1) = w4 16In(2) Dt

here, D and wy denote the carrier diffusion coefficient and the
initial Gaussian profile width.2? The red line in Fig. 4c represents
a linear fit, from which we extract a diffusion coefficient of 7.3
cm? s~!. Multiple measurements were performed on this sample,
and similar results have been obtained as shown in Fig. S1 and
Fig. S2, Supporting Information.

Using the lifetime (210 ps) obtained above, the diffusion length
(L) in bulk PdSe; can be calculated as 400 nm. Furthermore, by

applying the Einstein relation, a photocarrier mobility of approx-
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imately 300 cm? V—! s~! can be obtained. This mobility value is
comparable to those reported in the literature '* and highlights
the advancements in optoelectronic device fabrication technol-
ogy. It is worth noting that the diffusion coefficient and diffusion
length measured in our experiment are larger than the previously
reported values of typical TMDC crystals. For instance, the diffu-
sion coefficient and length bulk WS, is 3.5 cm? s—! and 196 nm,
respectively,2? and 4.2 cm? s~! and 270 nm, respectively, in bulk
MoS,;. 33

Other basic parameters of carrier dynamics can be extracted
from these results. The observed diffusion of carriers is driven by
density gradients through thermal motion of the carriers. At room
temperature, the thermal velocity of the carriers is approximately
10° m/s. With a diffusion coefficient of 7.3 cm? s~!, the corre-
sponding mean free time is 0.073 ps, and the mean free path is
7.3 nm. The insights gained into carrier dynamics and transport
properties provide a theoretical basis for the development of new
microdevices based on PdSe; in the fields of optoelectronics and
electronics.

4 Conclusions

This study provides insights into the dynamical behavior of pho-
tocarriers in bulk PdSe; using spatiotemporally resolved transient
absorption microscopy. We obtain a recombination lifetime of ap-
proximately 210 ps, a photocarrier diffusion coefficient of approx-
imately 7.3 cm? s~!, a diffusion length of about 400 nm, and a
mobility of around 300 cm? V~! s~!. These findings enhance our
understanding of optoelectronic properties of PdSe;. This knowl-
edge serves as a solid foundation for future material advance-
ments and provides a basis for designing optoelectronic devices
with optimal performance using this novel material.
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