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Abstract

Interlayer charge transfer between PtSe2 and WS2 is studied experimentally. Layer-

selective pump-probe and photoluminescence quenching measurements reveal ultrafast

interlayer charge transfer in the heterostructure formed by bilayer PtSe2 and monolayer

WS2, confirming its type-II band alignment. The charge transfer facilitates formation

of the interlayer excitons with a lifetime of several hundred ps to 1 ns, a diffusion co-

efficient of 0.9 cm2 s−1, and a diffusion length reaching 200 nm. These results demon-

strate the integration of PtSe2 with other materials in van der Waals heterostructures

with novel charge transfer properties, and help develop fundamental understanding on

the performance of various optoelectronic devices based on heterostructures involving

PtSe2.
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Introduction

As a newly emerged two-dimensional (2D) material,1–4 PtSe2 nanofilms usually form a trigo-

nal lattice.5 Compared to the hexagonal transition metal dichalcogenides (TMDs), its band

structures and electronic properties show stronger thickness dependence.6,7 PtSe2 changes

from a zero-gap semimetal in bulk form8 to a semiconductor with a 1.2-eV band gap in mono-

layers,9,10 with semiconductor-to-semimetal transition occurring in the few-layer range.11

Several techniques have been developed to fabricate 2D PtSe2, including chemical vapor

deposition (CVD),12,13 molecular-beam epitaxy,14 and selenization of 2D platinum films.15

As many other 2D materials, monolayer and few-layer PtSe2 can also be produced by sim-

ple mechanical exfoliation procedures.16 The high-quality 2D PtSe2 samples produced by

these techniques allowed studies of their band structures,9,17 charge transport properties,18,19

and spin properties.15,20 Potential applications of PtSe2 in several types of devices have

been investigated, such as field-effect transistors,10 photovoltaic devices,12 and photodetec-

tors.10,12,16,18,21

Due to its novel electronic and optical properties, 2D PtSe2 has been regarded as an

attractive material to develop van der Waals heterostructures.22 Very recently, such het-

erostructures have been fabricated and studied, combining 2D PtSe2 with other layered

materials, such as graphene,17,23 MoS2,
4,24 MoSe2,

25 and PtS2.
26 Interlayer charge trans-

fer (CT) is an critical process to achieve superior electronic and optical properties of van

der Waals heterostructures. For example, ultrafast charge transfer in several heterobilayers

formed by TMDs has been observed.27–33 However, charge transfer between PtSe2 and other

2D materials has been less studied.
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Here we report an experimental study on interlayer CT between bilayer PtSe2 and mono-

layer WS2. Photoluminescence quenching and transient absorption measurements reveal

ultrafast CT processes, establishing a type-II band alignment of this structure. The lifetime

and the diffusion coefficient of the interlayer excitons formed after CT are measured. These

results establish PtSe2 as a valuable member of the material library for developing 2D het-

erostructures with novel electronic and optoelectronic properties. The information revealed

here is useful for developing fundamental understanding on the performance of PtSe2-based

devices.

Results and Discussion

The heterostructure sample of bilayer-PtSe2/monolayer-WS2 is schematically shown in Fig-

ure 1(a) and is obtained by stacking a mechanically exfoliated WS2 monolayer flake onto a

bilayer PtSe2 film by dry transfer (see Experimental Section). Figure 1(b) shows an optical

microscope image of the heterostructure sample. For comparison, another monolayer WS2

flake is transferred onto the same substrate [Figure 1(c)]. The sample is thermally annealed

at 473 K for 8 hrs in 2-Torr of Ar environment. This is a critical step, as previous studies

have shown that thermal annealing enables a self-cleaning process utilizing the van der Waals

force, with can significantly improve the interface quality.34,35 To confirm the sample thick-

ness, Figure 1(d) presents the Raman spectra of WS2, PtSe2, and heterostructure samples

under 532-nm excitation. The two main peaks at 181 cm−1 and 209 cm−1 are assigned to the

in-plane (Eg) and out-of-plane (A1g) modes, respectively, according to previous reports.10,12

The intensity ratio of the A1g and Eg modes (0.26) confirms the bilayer thickness of the

sample, according to the previously established result.36 For WS2, the two Raman modes

observed at 356 and 417 cm−1 agree well with previously established results of monolayer

WS2.
37,38 From the heterostructure sample, features of both materials are observed.

We hypothesize the type of band alignment of this heterostructure based on the indi-
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Figure 1: (a) Schematics of the crystalline structure of a heterostructure formed by monolayer
WS2 and bilayer PtSe2. (b) and (c) Images of WS2 monolayer on top of a bilayer PtSe2
film and on a bare sapphire substrate, respectively. (d) Raman spectra of monolayer WS2,
bilayer PtSe2, and their heterostructure samples. (e) Hypothesized type-II band alignment
of the WS2/PtSe2 heterostructure. (f) Photoluminescence spectra of WS2 monolayer and
WS2/PtSe2 heterostructure (multiplied by 170).

vidual band structures of monolayer WS2 and bilayer PtSe2. Recent photoemission electron

microscopy studies have determined the conduction band minimum (CBM) and valence band

maximum (VBM) of monolayer WS2 of -3.7 and -5.7 eV (measured from vacuum level), re-

spectively.39 Meanwhile, DFT calculations predicted typical CBM values in the range of

-3.75 to -3.96 eV and VBM values ranging from -5.36 to -5.88 eV.40–44 The relatively small

range of the DFT results and their consistency with the experimental findings suggest that

the band structure of monolayer WS2 is well established. However, studies of band structure

of bilayer PtSe2 are rare, and with larger uncertainties. The band gap values of bilayer PtSe2

predicted by DFT range from 0.21,9,17 0.35,10 to as high as 1.0 eV.45 An CBM of -4.51 eV

and a VBM of -4.72 eV were predicted,17 while the corresponding experimental values are

-3.75 and -4.5 eV, respectively.46 Based on these results, we can safely assume that the VBM
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of bilayer PtSe2 is within the forbidden band of monolayer WS2. That is, it is higher than the

VBM but lower than the CBM of monolayer WS2. This rules out a type-III band alignment.

However, the location of the CBM of bilayer PtSe2 is rather uncertain. We hypothesize that

it is higher than the CBM of monolayer WS2, and thus the heterostructure forms a type-II

band alignment, as shown in Figure 1(e). Our experimental results below will support this

hypothesis.

To probe the interface quality and potential CT processes of the heterostructure, steady-

state photoluminescence (PL) spectra of the heterostructure and monolayer WS2, are mea-

sured under 2.33-eV and 1.3-µW excitation. As shown in Figure 1(f), a pronounced 2.01-eV

peak is observed from WS2, further confirming its monolayer thickness.37,38 This peak is

quenched by about 170 times in the heterostructure. Since the same WS2 exciton density is

excited in both samples, such significant PL quenching indicates that the WS2 excitons in

the heterostructure are much shorter lived than those in the individual WS2 monolayer. This

can be attributed to the additional decay channel provided by the PtSe2 layer, via mecha-

nisms of transfer of electrons or holes (i.e. CT) or transfer of both types of carriers (energy

transfer). Previously, significant PL quenching has been established as a strong indicator of

efficient interlayer CT or energy transfer.47 The PL peak energy of the heterostructure is also

lower than that of monolayer WS2 by about 10 meV, which is due to the change of the band

gap and exciton binding energy of WS2 by the PtSe2 layer through dielectric screening.48,49

Next, CT in the heterostructure is studied by transient absorption measurements using a

homemade experimental setup, which details have been described previously.32,33 A 3.02-eV

and 1-µJ cm−2 pump pulse excites electrons (-) and holes (+) in both layers, as schematically

shown in Figure 2(a). By using absorption coefficients50,51 of 2×108 and 3.6×107 m−1 for WS2

and PtSe2, respectively, the pump pulse excites peak carrier densities of 3.2 and 1.1 × 1011

cm−2 in the WS2 and PtSe2 layers, accordingly. Based on the hypothesized type-II band

alignment, electrons (holes) excited in PtSe2 (WS2) can transfer to WS2 (PtSe2). As shown

(red arrow) in Figure 2(a), the probe pulse is tuned to the optical band gap of the WS2
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Figure 2: (a) Schematics of the pump-probe configuration where a pump pulse excites carriers
in both layers of the WS2/PtSe2 heterostructure and a probe pulse senses carriers in WS2. (b)
Differential reflectance measured from the monolayer WS2 (black) and the heterostructure
(red). The curves are fits (see text). The inset shows the peak differential reflectance of
the monolayer WS2 (black) and the heterostructure (red) versus the probe photon energy.
(c) Same as (b) but for a long time range. The curves are fits using an exponential decay
function (see text).

monolayer and thus mainly senses its carrier population. This is achieved by measuring the

percentage change of the probe reflectance by the pump excitation, known as differential

reflectance, ∆R/R0 = (R − R0)/R0, where R and R0 are the reflectance with and without

the pump, respectively.52 The result is shown in Figure 2(b) and 2(c) as the red circles, along

with the result from the monolayer WS2 sample (black squares) under the same conditions.

The two signals are significantly different, with the former having a lower peak and a long-

lived component that persists for over 1 ns. The observed difference confirms the existence

of CT or energy transfer, which is consistent with the PL quenching shown in Figure 1(f).

Without such transfer, the two signals would have been similar since both would reflect the

photocarrier dynamics solely in the WS2 layer. To further confirm that the probe pulse

monitors the carriers in WS2, the peak differential reflectance is measured as a function of

the probe photon energy for each sample. Both signal show clear resonant features at the

exciton resonance of WS2 [Figure 2(b)].

To quantitatively analyses these results, we note that the signal from the WS2 monolayer

rises to a peak rapidly. We fit the signal with a Gaussian integral with a full width at half

maximum of 0.4 ps, which is close to the cross-correlation of the two pulses, as shown by
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the gray curve over the black squares in Figure 2(b). Such an instrument-limited rise time

is consistent with previous pump-probe measurements of WS2, and shows that the pump-

injected carriers induces a peak differential reflectance on a time scale shorter than the time

resolution of the measurement.52 The decay of the WS2 signal is fit by a triple exponential

function, ∆R/R0(t) = A1exp(−t/τ1) +A2exp(−t/τ2) +A3exp(−t/τ3), as shown by the cyan

curve over the black squares in Figure 2(b) and 2(c), with three decay constants (and their

weights) of 0.24± 0.03 ps (83 %), 2.4± 0.3 ps (9 %), and 27± 2 ps (8 %), respectively. The

initial sub-ps fast decay have been previously assigned to the exciton formation process of the

excited electron-hole pairs.53–55 The 2.4- and 27-ps processes reflect the excitonic dynamics

in monolayer WS2, with the latter being the exciton recombination lifetime. These results

agree well with previous studies.52 The rise of the signal from the WS2/PtSe2 heterostructure

sample is equally fast [Figure 2(b)]. Its decay is fit by the same exponential function, with

three decay constants of 0.97 ± 0.1 ps (60 %), 18 ± 3 ps (20 %), and 1050 ± 50 ps (20 %),

respectively.

We interpret the results from the heterostructure sample as the following: Upon injection,

the holes excited in WS2 transfer to PtSe2 while the electrons excited in PtSe2 transfer to

WS2, both occurring faster than 0.4 ps. Since the hole density injected in WS2 is significantly

higher than the electron density in PtSe2, the electron and hole transfers result in a net loss

of carrier density in WS2 and thus a reduction of the peak signal. The transferred electrons

and holes relax their energy and form interlayer excitons. These processes account for the

0.97-ps decay. The 1050-ps process is assigned to the long recombination lifetime of these

interlayer excitons, due to the spatial separation of the electron and hole wavefunctions. It

is also much longer than the exciton lifetime in bilayer PtSe2, which is on the order of 100

ps, as will be shown below in Figure 4. Such long interlayer exciton lifetimes have been

generally observed in type-II heterostructures.28,47 The 18-ps process could be due to the

dynamics of the excitons in WS2 formed by electrons and holes that do not participate in

the interlayer transfer process, due to low interface quality experienced by them.
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Figure 3: (a) Differential reflectance measured from the WS2/PtSe2 heterostructure using
the configuration shown in Figure 2(a) but with various pump fluences. (b) Differential
reflectance at a probe delay of 2 ps as a function of the pump-injected carrier density. (c)
Time evolution of carrier density calculated from data shown in (a) by using the relation
between the differential reflectance and the carrier density as shown in (b). (d) Time con-
stants deduced from the exponential fits shown as the cyan curves in (c) as a function of the
injected carrier density.

The nanosecond decay process observed in the heterostructure is strong evidence of its

type-II band alignment as we hypothesized. If the alignment was type-I, both the CBM and

VBM would be in PtSe2, and thus electrons and holes excited in WS2 should both transfer

to PtSe2. This additional channel should reduce the lifetime of carriers in WS2, causing a

faster decay of the signal compared to that of monolayer WS2. Hence, the long-lived signal

proves that one type of carriers (most likely electrons, based on our analysis on the band

structures of both materials 6242) stay in WS2 and are separated from their counterparts.

To further confirm the above interpretation, the measurement on the heterostructure
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shown in Figure 2 is repeated with various pump fluences, as presented in Figure 3(a).

To accurately relate the signal to the carrier density, the density-dependent differential re-

flectance at 2 ps is presented in Figure 3(b). Here, the injected carrier density is estimated

from the pump fluence by using the aforementioned relation (that is, a 1-µJ cm−2 of the

3.02-eV pump pulse excites carrier densities of 3.2 and 1.1 × 1011 cm−2 in the WS2 and

PtSe2 layers, respectively). The signal at 2 ps, instead of the peak signal, is used to avoid

complications due to the exciton formation process. However, this choice does not impact

our conclusion. The signal shows a nonlinear dependence on the injected carrier density,

N , which can be well fit by an absorption saturation model,56 ∆R/R0 = AN/(N + Ns),

as shown in Figure 3(b), with A = 5.67 × 10−3 and a saturation density Ns = 4.0 × 1012

cm−2. Although transient absorption is typically proportional to the carrier density in the

low-density regimes, such sub-linear dependence has been generally observed in 2D semicon-

ductors at elevated densities, due to the saturation of the carrier-induced transient absorption

at such densities.52 This relation is then used to convert the differential reflectance shown

in Figure 3(a) to the carrier density [in Figure 3(c)]. By fitting the carrier density by the

aforementioned triple exponential function (cyan curves), we deduce the decay constants,

as summarized in Figure 3(d). Both τ2 and τ3 decrease with increasing the carrier density,

suggesting shorter intralayer and interlayer exciton lifetimes at higher densities. This feature

is consistent with previously reported effects of exciton-exciton annihilation.57,58 For com-

parison, the same power-dependent measurement is also performed on monolayer WS2 (see

Supporting Information Figure S1).

In the next configuration, we selectively excite electrons in PtSe2 with a 1.51-eV pump

and monitor their transfer to WS2 by using a 2.01-eV probe, as schematically shown in Figure

4(a). With an absorption coefficient of 1×107 m−1,51 the 16-µJ cm−2 pump pulse is estimated

to inject carriers with a peak density of about 8× 1011 cm−2 in PtSe2. No excitation of the

WS2 layer is expected since the pump is below the its optical band gap. With the probe

tuned to the exciton resonance of WS2, it senses the electrons that are excited in PtSe2 and
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Figure 4: (a) Schematics of the pump-probe configuration to study electron transfer from
PtSe2 bilayer to WS2 monolayer. A 1.51-eV pump pulse excites carriers in PtSe2 while a
2.01-eV probe pulse senses the electrons that transferred to WS2. (b) and (c) Differential
reflectance measured from the bilayer PtSe2 (blue) and the heterostructure (red). The cyan
curves in (c) are fits (see text).

subsequently transferred to WS2. The measured differential reflectance signal is shown as the

red circles in Figure 4(b) and 4(c), along with the result of the same measurement performed

on bilayer PtSe2 (blue triangles). The oscillatory feature observed in the few-ps range from

bilayer PtSe2 is due to coherent lattice vibration, with the period and decay time being

both consistent with previous results.59,60 After this short-lived feature, the carrier-induced

signal decays exponentially with a decay constant of 103 ± 5 ps (cyan curve over the blue

triangles), which is consistent with recent results on carrier dynamics in 2D PtSe2.
25,61–63

The signal from the heterostructure shows similar oscillatory feature in early probe delays.

However, the rest of the signal decays much slower, with a decay constant of 403± 10 ps. If

the electron transfer from PtSe2 to WS2 is absent, the two signals should be similar, since

both would reflect the dynamics in the bilayer PtSe2. The observed long-lived signal can

thus be attributed to the interlayer excitons formed between the transferred electrons the

holes that reside in PtSe2. Due to the strong oscillatory feature in early probe delays, we

cannot directly probe the transfer time of these electrons. However, both the results shown

in Figure 2 and the significant long-lived component of the signal observed here suggest

that the CT occurs on an ultrafast time scale. Furthermore, when the same measurement

is performed on monolayer WS2, no signal is observed (see Supporting Information Figure
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with the configuration shown in Figure 4(a) but with various pump fluences. (b) The signal
at 25 ps versus the pump fluence. (c) Decay time constant versus the pump fluence deduced
from exponential fits shown as the cyan curves in (a).

S2). This confirms that WS2 is not excited and thus the electrons observed are transferred

from PtSe2.

Next, the measurement is repeated with different fluences of the 1.51-eV pump, as shown

in Figure 5(a). The signal at 25 ps (that is, after the oscillatory part) is proportional to

the pump fluence [Figure 5(b)]. Hence, the signal decay directly reflects that of the carrier

density. By single exponential fits [cyan curves in Figure 5(a)], the decay time constant at

each pump fluence is deduced and summarized in Figure 5(c), which is nearly independent

of the pump fluence. This shows that the interlayer exciton lifetime is density-independent

in this range.

The in-plane diffusion of the interlayer excitons is studied by spatially resolved measure-

ments. Here, the focused 3.02-eV pump pulse injects photocarriers in both layers. After

the CT process, interlayer excitons with a Gaussian spatial distribution are formed with

the electrons and holes in the WS2 and PtSe2 layers, respectively. Figure 6(a) shows the

differential reflectance of the 2.01-eV probe versus the probe delay and probe position. A

few spatially profiles are shown in Figure 6(b). The squared width deduced from such fits

is plotted in Figure 6(c) against the probe delay. For a classical diffusion process with a

diffusion coefficient D and an initial exciton density profile width W0, the full width at half

maximum width of the profile evolves as w2(t) = w2
0 + 11.09Dt.52,64,65 A linear fit (the red
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line) yields D = 0.9 ± 0.2 cm2 s−1. This value is significantly smaller than the intralayer

exciton diffusion coefficient of monolayer WS2.
66–68 However, owing to their long lifetime (τ)

of about 400 ps, the diffusion length of these interlayer excitons reaches
√
Dτ = 200 nm.

Conclusions

In summary, photoluminescence spectroscopy and layer-selective transient absorption mea-

surements with various pump-probe configurations showed ultrafast interlayer CT in the

heterostructure formed by bilayer PtSe2 and monolayer WS2, confirming its type-II band

alignment with the CBM and VBM located in WS2 and PtSe2 layers, respectively. The CT

facilitates formation of the interlayer excitons with a lifetime of several hundred ps to 1 ns, a
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diffusion coefficient of 0.9 cm2 s−1, and a diffusion length of 200 nm. In this study, all mea-

surements are performed with the sample under ambient condition and at room temperature.

However, a recent study has revealed that the ultrafast interlayer CT is rather robust against

lattice temperature.69 Our results demonstrate integration of PtSe2 with other 2D materials

with novel CT properties and help develop fundamental understanding on the performance

of various optoelectronic devices based on 2D heterostructures involving PtSe2.

Experimental Method

Sample Fabrication. The bilayer PtSe2 films are prepared by 6 Carbon Technology

Corporation by chemical vapor deposition on c-cut sapphire substrates. To obtain WS2

monolayers, a bulk WS2 crystal from 2D Semiconductors is first exfoliated by an adhesive

tape. The produced flakes are transferred to a polydimethylsiloxane substrate by press the

take against it, followed by quickly peeling of the tape. The flakes reside on the poly-

dimethylsiloxane substrate are examined under an optical microscope to identity monolayer

flakes according to their optical contrast. A selected monolayer WS2 flake is transferred onto

a bilayer PtSe2 film by first overlaying the two substrates and then lowering the former onto

the latter, followed by quick lifting-up. Another monolayer WS2 flake is transferred onto the

same substrate that is not covered by PtSe2.

Transient Absorption Measurements. The transient absorption measurements are

done in the reflection geometry. The laser system is based on a Newport Ti:sapphire laser

with a reparation rate of 80 MHz, a temporal pulse width of 100 fs, and wavelength of 820

nm. An optical parametric oscillator with a second-harmonic-generation unit is pumped

by the Ti:sapphire laser, producing pulses in the range of 500 - 750 nm. The Ti:sapphire

output is also used to generate its second harmonic at 410 nm in a nonlinear optical crystal.

Depending on the measurement configuration, two of these pulses are selected as pump and

probe, which are combined by a beamsplitter and co-focused on the sample by an objective.

13



The pump is modulated by a chopper at about 3 KHz. A lock-in amplifier measures the

voltage output of a photodiode that received the reflected probe. The differential reflectance

(∆R/R0 = (R − R0)/R0, where R and R0 are the probe reflectance with and without

the pump, respectively), is recorded as a function of the probe delay to reveal the carrier

dynamics.

Supporting Information Available

The Supporting Information is available free of charge at https://pubs.acs.org.

Transient absorption signal from monolayer WS2 with 3.02-eV pump and 2.01-eV probe

pulses and with various pump fluences, transient absorption signal from monolayer WS2 with

1.51-eV pump and 2.01-eV probe pulses.
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