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Two-dimensional (2D) heterostructures, formed by stacking 2D semiconductors through the van

der Waals force, have been extensively studied recently. However, the majority of the heterostruc-
tures discovered so far possess type-ll interfaces that facilitate interlayer charge separation. Type-|
interfaces, on the other hand, confine both electrons and holes in one layer, which is beneficial for
optical applications that utilize electron-hole radiative recombination. So far, only a few type-I 2D
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heterostructures have been achieved, which has limited the construction of multilayer heterostruc-
tures with sophisticated band landscapes. Here, we report experimental evidence of a type-| interface
between monolayer WS, and trilayer PdSe;. Two-dimensional PdSe; has emerged as a promising
material for infrared optoelectronic and other applications. We fabricated the heterostructure by
stacking an exfoliated monolayer WS, flake on top of a trilayer PdSe; film, synthesized by chemical
vapor deposition. Photoluminescence spectroscopy measurements revealed that the WS, exciton
peak is significantly quenched in the heterostructure, confirming efficient excitation transfer from
WS, to PdSe;. Femtosecond transient absorption measurements with various pump/probe configu-
rations showed that both electrons and holes photoexcited in the WS, layer of the heterostructure
can efficiently transfer to PdSe;, while neither type of carriers excited in PdSe; can transfer to WS,.
These experimental findings establish a type-l1 band alignment between monolayer WS, and trilayer
PdSe,. Our results further highlight PdSe, as an important 2D material for constructing van der
Waals heterostructures with emergent electronic and optoelectronic properties.

1 Introduction type-I band alignment, the conduction band minimum (CBM) of

Recently, studies on two-dimensional (2D) layered materials have
revealed the formation of van der Waals (vdW) heterostructures
through the stacking of different material layers via vdW forces.
These heterostructures offer several advantages for device appli-
cations™™, including flexible energy band tuning, precise control
over charge carrier transport and layer population, integration of
multiple functionalities, and tunable interfacial properties. Unlike
traditional interfaces, vdW interfaces do not require lattice match-
ing, enabling the creation of numerous novel artificial materials
and transforming material discovery. The energy band alignment
is a crucial characteristic that determines the electronic and opti-
cal properties of vdW heterostructures. In heterostructures with
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the narrow-gap material is lower than that of the wide-gap mate-
rial, while its valence band maximum (VBM) is higher than that
of the wide-gap material. As a result, both electrons and holes can
transfer from the wide-gap material to the narrow-gap material,
as depicted in Figures la and 1b. This type of band alignment
facilitates electron-hole recombination in the narrow-gap mate-
rial, making it advantageous for light-emission applications®. In
contrast, type-II heterostructures exhibit a band alignment where
both the CBM and VBM of one material are higher than those of
the other material. This band offset allows electrons and holes to
transfer in opposite directions, leading to interfacial charge sep-
aration, as illustrated in Figure 1c and Figure 1d. This feature
is particularly attractive for optoelectronic devices such as photo-
voltaics and photodetectorsm.

Currently, the majority of studied vdW heterostructures ex-
hibit type-II band alignments. Notably, all combinations involving
the four extensively examined transition metal dichalcogenides
(TMDs), MoS,, WS,, MoSe;, and WSe,;, display type-II char-
acteristics, showcasing unique charge transfer properties. In
contrast, only a limited number of type-I vdW heterostructures

Journal Name, [year], [vol.], 1 |1



Nanoscale

() (b)

() (d)

Fig. 1 Schematic of the band alignment between two semiconductors, showing type-1 (a and b) and type-Il (c and d) alignments.

have been identified, including MoS,/ReS,1% WSe,/MoTe, L,
PbI2/WS,12 and WSe,/PtSe, 3. Consequently, there is an ur-
gent need to explore additional type-I vdW interfaces to broaden
the applications of these materials. Discovery of new type-I inter-
faces will also facilitate the design and fabrication of multilayer
heterostructures with intricate band alignment landscapes.

Here, we investigate the type-I interface formed between a
newly discovered 2D semiconductor, PdSe;, and monolayer WS,,
a well-known prototype in the field. PdSe, has garnered signifi-
cant attention as an individual material due to its unique proper-
ties. Its orthorhombic structure exhibits a distinctive corrugated
pentagonal configuration, with each layer composed of three
atomic facets. The central Pd atom establishes covalent bonds
with four Se atoms in the upper and lower sublayersi#12 result-
ing in a rare folded pentagonal structure. This low-symmetry lat-
tice arrangement imparts PdSe; with remarkable physical proper-
ties, making it highly sought after in various research domains-©.
One notable attribute of PdSe; is its high carrier mobility, en-
abling efficient charge transport and rendering it suitable for
high-performance electronic devicesZ. Additionally, the bandgap
of PdSe, can be finely tuned by adjusting its thickness, allowing
for operation across a wide spectral range from deep ultraviolet
to mid-infrared®, This tunability, coupled with its high carrier
mobility, positions PdSe; as a promising candidate for thermo-
electric materials in energy conversion and thermal management
applications1®19,  Furthermore, PdSe, displays magnetic trans-
port properties, offering potential applications in magnetic and
memory devices??. Beyond its physical characteristics, PdSe, ex-
hibits excellent air stability!®, retaining its properties and struc-
ture under typical atmospheric conditions#., It also demonstrates
high photoresponsivity, enabling rapid response to optical sig-
nals and making it well-suited for various optoelectronic appli-
cations. Moreover, its exceptional nonlinear optical responses
and in-plane optical anisotropy make it a promising candidate
for optical and photonic devices?1'22, Consequently, air-stabilized
PdSe; has found applications in electronic and photonic devices.
Researchers have employed techniques such as mechanical strip-
ping and chemical synthesis to utilize PdSe; in field-effect transis-
tors23, gas sensors?¥, catalysts2>28 energy storage and harvest-
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ing devices2Z, photodetectors2228, photo-modulators<230, ther-

moelectric materials, and a wide array of other electronic and
photonic devices31-33.

Previously, attempted have been made to combined 2D PdSe,
with other vdW materials to form heterostructures, such as
MoSe,2% WS, 22l InSe36 MoS,27, and MoTe,8. Although there
have been reports that both PdSe, and PtS, can form Type I het-
erostructures with WS, crystals®>32, However, the discussion
surrounding the underlying physical mechanisms governing the
electronic properties of these heterostructures remains limited.
Notably, the interlayer charge transfer process plays a pivotal role
in realizing the exceptional electronic and optical properties of
vdWHSs. By manipulating interlayer charge transfer, it becomes
possible to modify the electronic properties, light absorption char-
acteristics, and surface active sites of PdSe,-based heterostruc-
tures. Such control directly impacts the performance of various
devices. For instance, it influences the sensitivity and efficiency
of photodetectors and optical modulators2L, the reactivity and se-
lectivity of catalysts4?, as well as the energy conversion and stor-
age capabilities of batteries and supercapacitors4Y. Moreover, the
precise control and modulation of electrons across distinct layers
open up exciting possibilities for the design of innovative nano-
electronic devices, including transistors, logic gates, and quantum
bits®3, Despite the importance of this issue for many application,
the interlayer charge transfer between PdSe; and other 2D mate-
rials has been rarely studied so far.

In this study, the interlayer electron and hole transfer between
a trilayer PdSe, and a monolayer WS, was experimentally inves-
tigated. The characterization of the WS,/PdSe, heterostructure
was performed using photoluminescence (PL) spectroscopy. The
results revealed a significant quenching of approximately 98% in
the A-exciton emission intensity of WS, within the heterostruc-
ture. This reduction in emission intensity suggests the occurrence
of interlayer excitation transfer from WS, to PdSe,. Transient ab-
sorption measurements showed that both interlayer electron and
hole transfers occur within the heterostructure on a picosecond
timescale. When exciting the PdSe; layer, it was observed that
electrons and holes do not transfer to WS, but instead remain
within the PdSe; layer. These experimental results establish a
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Fig. 2 Characterization of WS, /PdSe, heterostructure. (a) Schematics of a WS,/PdSe; heterostructure formed by vertically stacking together
monolayers of WS, (top) and trilayer PdSe;, (bottom). (b) Optical microscope image of WS, flakes on a PDMS substrate. Regions with different
contrasts are assigned to different numbers of layers. (c) Green-channel contrast of the regions labeled in (b) as a function of the assigned layer
number. The red line is a linear fit. (d) Atomic force microscope image of the PdSe, sample. (e) Atomic force microscope image of the fabricated
WS, /PdSe; heterostructure sample. The overall increase of background height with position, which is due to instrumentation calibration issue, has

been removed to show the height of the sample.

type-I band alignment in the WS,/PdSe, heterostructure.
2 Results and Discussion

2.1 Preparation and characterization of WS,/PdSe, het-
erostructure

Figure 2a illustrates the schematic representation of the mono-
layer WS, /trilayer PdSe; heterostructure. We employed a dry
transfer technique to stack a monolayer WS, flake onto a tri-
layer PdSe, film. The monolayer WS, flakes were obtained
through mechanical exfoliation, wherein large WS, crystals (ac-
quired from 2D Semiconductors) were pressed onto a transpar-
ent polydimethylsiloxane (PDMS) substrate using a tape and then
swiftly peeled off. To identify the monolayer flakes based on their
optical contrast, we examined the flakes on the PDMS substrate
under an optical microscope. It has been well established that for
a thin film on a thick and transparent substrate, its contrast is pro-
portional to its thickness.Figure 2b shows an optical microscope
image of some WS, flakes on a PDMS substrate, which shows re-
gions with different contrasts. For each region, we calculate its
contrast, which is defined as the difference in the green-channel
counts between the flake and bare PDMS substrate, divided by the
latter. Figure 2c shows the calculated contrast as a function of the
assigned layer numbers. A clear steplike feature of the contrast
is observed. Therefore, we can safely use the step (0.1) as the
monolayer contrast and unambiguously identify monolayer WS,
regions.

The trilayer PdSe; film used in this study was synthesized on a
c-cut sapphire substrate using chemical vapor deposition method
(acquired from 6 Carbon Technology Corp.). To confirm its thick-
ness, atomic force microscopy (AFM) is performed, as shown in
Figure 2d. A line-cut shows the step of 2.0 nm from the sapphire
substrate to PdSe;, which agrees with previously reported mono-
layer PdSe; thickness of 0.6 nm3.

To obtained the heterostructure sample, a selected WS, mono-
layer flake is transferred onto the trilayer PdSe, film. To improve
the interface quality, the samples were thermally annealled at 150
°C for 2 hours in an Ar/H, (100 sccm/5 scem) environment at a
base pressure of approximately 2 Torr. The hot annealing process
is crucial for obtaining a good interface through a self-cleaning
mechanism, in which van der Waals forces induce the aggrega-
tion of interface pollutants into bubble-like structures. At high
temperatures, impurities such as bubbles will undergo physical
movement and tend to aggregate into larger bubbles at larger in-
tervals, pushing them (as well as pollutants captured internally)
to the edge of the sample and eliminating them®*5, This helps
to obtain a sufficiently large, clean, and atomically flat area for ex-
perimental purposes without the need for external chemical treat-
ment or cleaning. Figure 2e shows the heterostructure sample ob-
tained by transferring the identified monolayer WS, wafer onto a
double-sided polished sapphire substrate completely covered with
PdSe,. As PdSe; is completely covered on a double-sided pol-
ished sapphire substrate, the AFM image shows clear monolayer
WS, profile. A line-cut shows the step of 1.3 nm from the WS, to
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Fig. 3 (a) Raman spectra of monolayer WS,, trilayer PdSe; and the WS, /PdSe; heterostructure. (b) Photoluminescence spectra of the heterostructure
sample, trilayer PdSe; and of the monolayer WS, flake before its transfer to PdSe;.

PdSe,, the thickness from line cut is more than WS, monolayer
(0.7 nm)but less than bilayer46, so it must be a monolayer.

The sample was characterized by Raman spectroscopy. Figure
3a displays the Raman spectra measured from three distinct re-
gions. The spectrum of the monolayer WS, region clearly exhibits
two characteristic peaks corresponding to the in-plane (Ezlg, 352
em—1) and out-of-plane (4,g, 419 cm 1) vibration modes#Z, con-
firming the WS, crystal structure. Notably, the characteristic WS,
peaks in the heterostructure region align with those of the mono-
layer WS,, suggesting that the dry transfer and thermal annealing
processes have minimal impact on the lattice properties of WS,.
The Raman spectrum of the PdSe, region reveals four peaks as-
sociated with the vibrational modes A}, A2, B%g and A3, with fre-
quencies at 144, 206, 222, and 257 cm~!, respectively. These
characteristic peaks align with the spectroscopic results reported
in the literature for PdSe,1%. In the heterostructure region, all
these characteristic peaks are clearly observed, further confirm-
ing the high quality of the heterostructure samples.

PL spectroscopic measurements were conducted to investigate
the interfacial quality of the heterostructure sample and potential
charge transfer processes. For comparison, an individual mono-
layer WS, sample was first studied, using a continuous-wave
2.33-eV laser beam with a power of 2.6 uW. As shown in Figure
3b, a prominent peak at 2.01 eV (615 nm) was observed, which
is consistent with previous results on monolayer WS,48. The tri-
layer PdSe, has a relatively low PL intensity#?, as shown by the
red line in Figure 3b. In the WS,/PdSe, heterostructure, this peak
is quenched by 64 times, as depicted as the yellow curve. Such
a significant quenching shows that the photocarriers excited in
the WS, layer of the heterostructure samples experience a much
more efficient decay channel compared to those in individual WS,
layer. This phenomenon can be attributed to transfer of electrons
or holes or transfer of both electrons and holes, or excitons, from
WS, to PdSe;. Additionally, we observe a significant red shift of
about 9 meV of the PL peak in the heterostructure compared to
the individual WS, monolayer. Previously, this redshift has been

4 Journal Name, [year], [vol.], 1

attributed to the dielectric screening effect of the adjacent layer,
which alters both the bandgap and the exciton binding energy of
WS, 201 These PL results indicate the presence of a high-quality
interface between the WS, and PdSe, layers in the heterostruc-
ture samples and show that at least one type of the photoexcited
carriers can efficiently transfer to the trilayer PdSe, on a time
scale that is much shorter than the recombination lifetime of ex-
citons in WS,.

2.2 Ultrafast electron and hole transfer from WS, to PdSe,

The efficient excitation transfer from WS, to PdSe, established
by PL spectroscopy can be achieved by different physical mecha-
nisms, depending on the band alignment of this heterostructure.
With a type-I band alignment, both electrons and holes are ex-
pected to transfer from WS, (the wide-gap material) to PdSe;
(the narrow-gap material). This can be achieved by sequential
transfer of electrons and holes, or excitonic transfer. On the other
hand, if the band alignment is type-II, only one type of the carriers
(electrons or holes) could transfer from WS, to PdSe,, resulting
in layer-separate electron and hole populations.

To study the mechanisms of the observed transfer process and
the nature of the band alignment, we performed time-resolved
transient absorption spectroscopy. In our homemade setup, a
3.02-eV (410 nm) pump pulse is focused onto the heterostruc-
ture region of the sample with a spot size of 1.8 um. To probe
the carrier dynamics, we used a probe pulse that is tuned to near
the A-exciton resonance of WS,. Since the pump photon energy
exceeds the bandgaps of both layers, the pump excites electrons
and holes on both sides of the interface. If the band alignment is
type-I, we expect that the photoexcited electrons and holes will
transfer from the WS, layer to the PdSe; layer.

We first measured the dependence of the peak differential
reflectance (obtained when the probe pulse slightly delays the
pump pulse) on the probe photon energy, as shown in Figure
4a. Here, the differential reflectance is defined as AR/Ry =
(R—Rp)/Ry, where R and Ry are the sample reflectance with and

Page 4 of 11



Page 5 of 11

Nanoscale

a) 20 1.6 (c) 16
@ @ - WS,/PdSe, (b) I WS,/PdSe, Pump Fluence (uJ-cm?) ©) A WS,/PdSe,
i H + 10 25 Laf A 2
15} i 35 - 50 + Pump Fluence (pJ-cm™)
N 3 12p} : : 12p R © 10 - 25
@ } [] o’.:, .
S 1o} ¥ ¥ty o ~ 10} 85 ¢« 50
< 3 go,s- 308- g "\1‘\
9 osf o z & e N\, W
06F ¥ —
§ ; % Ed X Nt e A e
a oof 04rlh 04F  Fa AN et N g
{ 7 Ve
1 0.2f -
os| ¥ e d : e
192 194 196 198 200 202 204 0 100 200 300 400 500 600 -1 0 1 2 3 4 5 6 7 8
Probe Photon Energy (eV) Probe Delay (ps) Probe Delay (ps)
(d) (e) (f) soof
16 WS,/PdSe, 80} WS,/PdSe, ——A3 700k WS,/PdSe, {
600fF . i {
1.4} 240l 500 i
A E w 2400 F § % } }
g 12t z0 9 3%0f ol
<10} o ——Al s T |
g odof ‘ 2 ol ° T
3 g . S
~ 08F I o
8 50 g 20
o 06f ESO F [= { g 3
0.4} st Ap 10 } } }
0.2 L L L L L 0 L L L L N 0 L L h L N
1 2 3 4 5 1 2 3 4 5 1 2 3 4 5

Pump Fluence (uJ-cm?)

Pump Fluence (uJ-cm?)

Pump Fluence (uJ-cm?)

Fig. 4 (a) Peak differential reflectance as a function of the probe wavelength. (b) and (c) Differential reflectance of the WS, /PdSe; heterostructure
measured with 3.02 eV pump and 1.99 eV probe under various pump fluences as labeled. The orange curves are three-exponential fits. (d) Peak
differential reflectance as a function of the pump fluence. The red line is a linear fit. (e) The weight of the decay component. (f) Decay time constants

deduced from the three-exponential fits to the data.

without the pump presence, respectively. The pump fluence used
in this measurement is 3.5 pJ cm~2. We observed a strong reso-
nance characteristic near 2.0 €V, the A-exciton resonance of WS,.
The peak occurs at 1.99 eV (622 nm), which aligns well with the
PL peak of the heterostructure.

We next performed time-resolved measurements with a 1.99-eV
probe, which corresponds to the peak signal shown in Figure 4a,
with various 3.02-eV pump fluences. The measured differential
reflectance in long and short time ranges are shown in Figure 4b
and 4c, respectively. The peak signal is proportional to the pump
fluence, as confirmed by the linear fit shown in Figure 4d. The ab-
sorbance of monolayer WS, and trilayer PdSe, at the pump pho-
ton energy of 3.02 €V is 0.0722 and 0.265Z respectively. Based
on these values, we estimate that the carrier densities injected in
the WS, and PdSe, layers by a 1 uJ cm~2 pump pulse is approxi-
mately 1.4 and 4.6 x10'! cm~2, respectively. The linear relation
between the peak signal and the pump fluence (which is propor-
tional to the injected carrier density) ensures that the evolution
of the signal reflects the carrier dynamics.

As shown in Figure 4b and 4c, at each pump fluence, the signal
raise to a peak on a timescale of approximately 0.39 ps, which
is limited by the instrument response time. This shows that the
carriers injected in the sample produces a peak differential re-
flectance signal instantaneously. The decay of the singal is fit by a
tri-exponential function, AR/Ry = Ajexp(—1/71) +Azexp(—t/T) +
Aszexp(—t/13) + B. Here, 1), 7, and 73 represent the decay time
constants associated with different decay processes. A, A, and
Ajz denote the weights of these processes, while B represents the

weight of a time-independent background component. We plot-
ted the weights of the different decay processes and the time con-
stants against the pump fluence in Figures 4e and 4f. We observed
a 1y process of approximately 1 ps, a 7, process of approximately
15 ps, and a very slow 73 process of several hundred ps.

To understand the origin of these processes, we repeated the
measurement on the individual monolayer WS, sample with the
same experimental condition and procedures. The results are
plotted in Figure 5. Similar to the heterostructure sample, the
peak differential reflectance signal show a strong resonant feature
near the A-exciton line of WS, (Figure 5a). The time-resolved sig-
nal is plotted in Figure 5b and 5c, with a probe of 2.01 eV. The
peak signal is also proportional to the pump fluence, as shown in
Figure 5d. The decay of the signal is bi-exponential, with a short
time constant of about 0.4 ps (Figure 5f), accounting for about
80% of the signal (Figure 5e), and a long time constant of about
15 ps. Previous studies have well established that under these
conditions, the 0.4-ps process is due to the exciton formation
from the injected free electron-hole pairs, while the 15-ps pro-
cess is from the exciton recombination®3. Hence, we can assign
the 7; and 7, processes observed in the heterostructure sample to
these carrier dynamics in its WS, layer.

The major difference observed between the heterostructure
and the WS, monolayer samples is the presence of a slow pro-
cess with a timescale of 400 ps in the heterostructure. This slow
component could have two possible origins. If the band align-
ment of the heterostructure is type-II, one type of carriers (either
electrons or holes) would predominantly reside in the WS, layer,

Journal Name, [year], [vol.], 1 |5
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Fig. 5 (a) Peak differential reflectance as a function of the probe wavelength. (b) and (c) Differential reflectance of the monolayer WS, measured
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reflectance as a function of the pump fluence. The red line is a linear fit. (e) The weight of the decay component. (f) Decay time constants deduced

from the bi-exponential fits to the data.

while the other type would be localized in the PdSe; layer. Due to
the spatial separation of these carriers, their recombination life-
time would be relatively long. Alternatively, if the band alignment
within the heterostructure is type-I, both types of carriers would
efficiently transfer to the PdSe, layer. In this case, the carriers in
the PdSe; layer could produce a long-lived signal if they have a
prolonged lifetime due to the indirect bandgap of PdSe;.

To distinguish these two possible origins, we next performed
a comparison study of monolayer WS,, trilayer PdSe,, and the
heterostructure. Figure 6a, 6b, and 6¢ shows the time-resolved
differential reflectance signal obtained with the sample 3.02-eV
pump of 3.1 uJ cm?, and with various probe wavelengths, as la-
beled. Interestingly, the long-lived component of the signal exists
in both the heterostructure and the PdSe, samples. To better an-
alyze the effect of the probe photon energy, we plot the signal as
a function of the probe photon energy at 3 probe delays for each
sample in Figure 6d, 6e, and 6f. The signal from PdSe, show a
peak in the range of 1.95-1.98 eV (Figure 6€). The origin of this
feature is unclear; however, at late probe delays (500 ps), the
signal shows no dependence on the probe photon energy in this
range. This is reasonable since the probe photon energy is much
larger than the bandgap of trilayer PdSe;. The peak signal and
that at 2 ps from the heterostructure show a peak corresponding
to monolayer WS, and a secondary peak that resembles the PdSe;
peak.

The comparison measurement is establishes that the long-lived
signal observed in the heterostructure sample does not exhibit
any dependence on the probe photon energy. This observation is

6 | Journal Name, [year], [vol.], 1

crucial because if the band alignment were type-II and the signal
component originated from one type of carriers in WS,, it would
be expected to show a resonant feature near the A-exciton line
of WS, (as shown in Figure 6f). However, the absence of this
resonant feature, coupled with the similarity of the signal to that
from the PdSe, sample, provides strong evidence that the long-
lived signal in the heterostructure originates from carriers in the
PdSe; layer. This finding supports the hypothesis that the het-
erostructure has a type-I band alignment, where the photoexcited
electrons and holes both transfer to the PdSe; layer, resulting in
a prolonged recombination lifetime. Furthermore, the two short
decay time constants of the heterostructure are similar to those
in monolayer WS,, which correspond to exciton formation and
recombination processes, respectively. This shows that the elec-
tron and hole transfer process from WS, to PdSe, occurs on an
ultrafast time scale that convolutes with the exciton formation
process. Otherwise, an additional decay process would have been
observed in the heterostructure.

2.3 Lack of carrier transfer from PdSe, to WS,

To further confirm the type-I band alignment in the WS,/PdSe;
heterostructure and validate the absence of charge transfer from
WS, to PdSe,, an alternate pump and probe configuration was
employed. This configuration utilized a pump photon energy of
1.52 eV (equivalent to 820 nm), which was not sufficient to ex-
cite the WS; layer. Therefore, the photoexcited carriers were only
injected into the PdSe; layer. Subsequently, a probe photon with
an energy of 2.01 eV (corresponding to 620 nm) was utilized to
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resonantly match the A-exciton in the monolayer WS,, primar-
ily detecting carriers in the WS, layer. The resulting differential
reflectance signals are presented in Figure 7a (long range) and
7b (short range). These figures clearly demonstrate that the sig-
nal from the heterostructure closely resembles that of the trilayer
PdSe;. Importantly, no signal is detected from the monolayer
WS, sample (indicated by the orange symbols in Figure 7b), con-
firming that it remains unexcited under this pump and probe con-
figuration. If the energy band alignment were type II, electrons
or holes would transfer from PdSe, to WS;, resulting in a sig-
nificantly different signal compared to that of the trilayer PdSe;.
However, the similarity between the heterostructure and the tri-
layer PdSe, signals confirms the absence of charge transfer from
WS, to PdSe; in the heterostructure. This experimental result
provides further evidence supporting the type-I band alignment
of the WS,/PdSe, heterostructure, where carriers are predomi-
nantly confined within the PdSe, layer and do not transfer to the
WS, layer.

Finally, the measurements were repeated on the heterostruc-
ture sample using various probe photon energies. The results,
depicted in Figure 7c, 7d, and 7e, showed that the differential
reflectance signal remained constant regardless of the probe pho-
ton energy. This observation provides further confirmation of
the absence of carrier population in WS,. If there were carri-
ers present in WS,, the differential reflectance induced by these
carriers would exhibit pronounced resonant features within the
range of photon energies used in the measurement.

3  Conclusion

In this study, a comprehensive investigation was conducted to an-
alyze the energy band arrangement and photocarrier dynamics
in a vdWs heterostructure consisting of a monolayer WS, and a
trilayer PdSe,. The analysis involved the use of PL and transient
absorption spectroscopy techniques. Notably, in the heterostruc-
ture samples, a significant quenching effect was observed in the
PL of WS,, indicating efficient excitation transfer from WS, to
PdSe,. Transient absorption measurements with reflective ge-
ometry provided strong evidence of the type-I band alignment
in this heterostructure. Through selective excitation and probing
of photocarriers in different layers of the heterostructures and
comparing them with individual WS, and PdSe; samples, it was
found that both electrons and holes excited in WS, transfer to
PdSe, and eventually recombine within PdSe,. However, neither
electrons nor holes excited in PdSe, were observed to transfer to
WS,. These insights into the charge transfer properties of the het-
erostructure are crucial for the design and fabrication of 2D het-
erostructures with unique properties and for optimizing the per-
formance of PdSe;-based heterostructures in optoelectronic de-
vices.

4 Experimental

Raman and PL spectroscopy: Raman and PL spectroscopy mea-
surements were conducted using a LabRAM HR Evolution Raman
spectrometer (Horiba Jobin Yvon, Japan) equipped with a 532
nm continuous wave excitation source. The excitation light was
focused onto the samples using a 50x objective lens, resulting in
a spot size of approximately 1.8 um. To ensure consistency, all

Journal Name, [year], [vol.], 1 |7
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spectra were acquired under identical experimental conditions.

Transient Absorption Measurements: In transient absorption
measurements using reflective geometry, the probe beam is
aligned with the pump beam to interrogate the sample’s surface.
A Newport Ti: Sapphire laser is employed, generating a 100 fs
femtosecond laser pulse with a repetition frequency of 80 MHz
and a wavelength of 820 nm. The laser pulse is divided into
two parts: one part pumps an OPO (optical parametric oscilla-
tor) to produce pulses within the 490-750 nm range, while the
other part is focused into a barium borate (BBO) crystal to gen-
erate the second harmonic, a 410 nm pump laser pulse used for
sample excitation. Alternatively, this part of the 820 beam can be
directly used in the experiment as a pump pulse. The pump and
probe light pulses are sent into the same optical path through a
beam splitter. The two beams are focused onto the sample sur-
face using a microscope objective with a numerical aperture of
0.4. The reflected pump beam from the sample is obstructed by
a set of color filters, while the reflected probe beam retraces its
path, passing through the microscope objective again before be-
ing detected by a silicon photodiode connected to a lock-in ampli-
fier. The voltage of the detector is measured and presented using
a lock-in amplifier, which operates in synchronization with a light
chopper positioned along the path. This light chopper modulates
the intensity of the pump light directed towards the sample at
a frequency of approximately 2 kHz. To manipulate the relative
positions of the pump and the probe as they reach the sample, a
motorized translational stage with a retroreflector is employed in
the experimental setup. This arrangement allows for adjustments
in the delay of the probe pulse relative to the pump pulse. The

8 | Journal Name, [year], [vol.], 1

change in normalized probe reflectivity, expressed as the differ-
ential reflectivity AR/Ry = (R—Ry)/Ro is measured. Here, R and
Ry represent the probe reflectivity in the presence and absence of
the pump light, respectively. All measurements are conducted at
room temperature with the sample exposed to air, and no degra-
dation of the sample is observed throughout the study.
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