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Transient absorption measurements of interlayer
charge transfer in a WS,/GeS van der
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We introduce germanium sulfide (GeS) as a new layered material for the fabrication of two-dimensional
van der Waals materials and heterostructures. Heterostructures of WS,/GeS were fabricated using
mechanical exfoliation and dry transfer techniques. Significant photoluminescence quenching of WS; in
the heterostructures indicates efficient charge transfer. Transient absorption measurements were
performed to study the dynamics of charge transfer. The results show that the heterostructure forms a
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Accepted 5th July 2021 WS, and GeS layers, respectively. The ultrafast hole transfer from WS, to GeS is confirmed by the faster
decay of the lower peak value of the differential reflection signal in the heterostructure sample, in

comparison to the WS, monolayer. These results introduce GeS as a promising semiconductor material
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Introduction

Two-dimensional (2D) materials exist in layered structures, in
the form of stacks of strongly bonded layers with weak inter-
layer attraction, which allows exfoliation into individual and
atomically thin layers." Many 2D materials have excellent
electronic and optical properties; the most typical ones include
graphene, transition metal dichalcogenides (TMDs), phosphorene
and graphene analogues such as arsenene and antimonene.””®
Graphene has excellent properties such as high conductivity, wide
absorption band and high mechanical strength.”® However, its
lack of a band gap is a limiting factor in some electronic and
optoelectronic applications, such as using it as the channel
material for field-effect transistors.” The band gap range of
TMDs extends from visible light to the near-infrared band;'*™**
however, the charge mobility of these materials is several orders
of magnitude lower than that of graphene.”'® Low carrier
mobility makes it difficult to improve the response speed of
TMD-based optoelectronic devices. Phosphorene presents an
in-plane anisotropic response to external stimulations, which
brings new elements to the study of 2D materials."”® However,
due to the existence of lone-pair electrons, phosphorene is prone
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for developing new novel heterostructures.

to oxidation and decomposition in the ambient environment,
which presents a challenge for developing phosphorene based
devices.

Although the 2D material library is rapidly increasing, no
single 2D material can perfectly meet all the requirements for
practical applications.’®?° van der Waals (vdW) heterostructures,
which break the limitation of the restricted properties of single
materials, are attractive prospects for designing new devices with
tailored properties.>'>* VAW heterostructures are very different
from the traditional 3D semiconductor heterostructures, as each
layer acts simultaneously as the bulk material and the interface,
which reduces the amount of charge displacement in each layer.
At present, the research on vdW heterostructures mainly focuses
on graphene/TMD, graphene/phosphorene, TMD/TMD, and
TMD/phosphorene. Searching for new 2D materials, preferably
with new optoelectronic properties, to expand the library of vdW
heterostructures is highly desirable.

In this work, we introduce a new 2D material to the library of
vdW heterostructures, GeS. The family of monolayer group-IV
monochalcogenides (MXs), including GeS, GeSe, SnS, and SnSe,
has similar puckered and cellular structures to phosphorene.
They are a series of 2D semiconductors with many intriguing
properties, such as excellent performance in optoelectronics,
photovoltaics and ferroelectricity.>* Consisting of two elements
makes MXs possess different electronegativity from phosphorene,
which lacks centro-symmetry.>> For example, MXs present two
orders of magnitude higher piezoelectric coefficients than MoS,
and h-BN.?**” They also have an ultra-high thermoelectric figure of
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Fig. 1 (a) Side view along the y direction of a bulk GeS crystal. (b) Top view
of the atomic structure of the GeS monolayer, the purple and yellow balls
represent Ge and S atoms, respectively.

merit and the potential for realizing topological crystal insulators
as sensor materials. Among these single-layer IV-VI compounds,
GesS is regarded as a promising material for high-efficiency photo-
detectors and solar cells with high sensitivities and external
quantum efficiencies, as suggested by recent theoretical and
experimental studies.”®°

A bulk GeS crystal consists of double-layer slabs of Ge-S in a
zigzag configuration, which are bonded by vdW interactions
with an interlayer separation of 3.5 A as shown in Fig. 1(a). At room
temperature, its thermodynamically preferred phase is the orthor-
hombic a-GeS structure (a = 10.47 A, b = 3.64 A, ¢ = 4.3 A)***? The
original unit cell of the GeS monolayer (ML) contains eight atoms,
four of each type, arranged as shown in Fig. 1(b). Based on density
functional theory (DFT) calculations, the GeS monolayer is a
semiconductor with an indirect band gap of 2.34 eV. Its electron
mobility is 3680 cm”> V' s~ ', which is much higher than that of the
MoS, monolayer and silicene.**”* Besides, Zhang et al. found, using
theoretical calculations, that monolayer GeS is stable in the ambient
environment because there are no soft phonon modes in its phonon
spectrum.®® Experimentally, GeS nanosheets have recently been
fabricated using solution-phase synthesis or vapor deposition
processes.’®?” The smallest thickness achieved so far is 2 MLs
by liquid phase exfoliation.*®

Despite increasing studies on GeS as a new 2D material, its
inclusion in vdW heterostructures has only been speculated
theoretically. Based on first-principles calculations, Wang et al.
presented the control of the electronic properties of GeS/
phosphorene heterostructures by thickness.*® Zhu et al. predicted
that GeS/FeCl, heterostructures had potential applications in
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spintronic devices because of their tunable electronic band
structure and magnetic anisotropy.*® Furthermore, strain and
electric field control of the electronic properties in SiP(SiAs)/GeS
and the band alignment tuning in GeS/arsenene heterostructures
have been discussed theoretically.”"*> Hence, experimental
studies of GeS-based vdW heterostructures are highly desired
as they can validate the feasibility of its integration with other
2D materials. In particular, combining GeS with TMDs, the
most extensively studied 2D materials to date, would be of high
interest.

In this work, we fabricated a vdW heterostructure formed
by monolayer WS, and multilayer GeS. Transient absorption
measurements were performed to study the dynamics of charge
transfer between the two materials. We found that monolayer
WS, and multilayer GeS form a type-II band alignment. Our
transient absorption measurements indicate that charge trans-
fer from WS, to GeS occurs on a subpicosecond time scale.
These results provide useful information for developing TMDs/
MX heterostructures for various applications.

Experimental

The WS,/GeS heterostructure sample used in this study was
fabricated by mechanical exfoliation and dry transfer. First, GeS
multilayer flakes were cleaved from the fresh surface of a GeS
crystal using an adhesive tape and transferred to a Si/SiO,
(90 nm) substrate. Second, a large number of flakes containing
monolayers were exfoliated similarly from a WS, crystal and
transferred to a flexible polydimethylsiloxane (PDMS) substrate.
Next, under an optical microscope, a monolayer WS, flake was
transferred onto the GeS flake to form a WS,/GeS heterostructure.
Finally, the sample was annealed for 2 hours at 200 °C in a 100-sccm
Ar gas environment at a base pressure of 2-3 Torr.

The photocarrier dynamics in the WS,/GeS heterostructure
and monolayer WS, was studied by transient absorption
measurement.”® Fig. 2 shows schematically the home-made
setup used in this study. An 80 MHz mode-locked Ti:sapphire
laser pumped using a 532 nm diode laser produces 100 fs
pulses with a central wavelength of 790 nm. This beam was
divided into two parts by a beamsplitter. One part was sent to
an optical parametric oscillator to generate a tunable signal
output with a central wavelength in the range of 490-750 nm,
serving as the probe. The other part was sent to a beta barium
borate (BBO) crystal to generate its second harmonic at 395 nm,
serving as the pump. The pump and probe beams were com-
bined using a beamsplitter and focused on the sample surface
through a microscope objective lens with spot size of about
2 pm full width at half maximum. The reflected probe was sent
to a silicon photodiode, whose output was measured by a lock-
in amplifier. Color filters were used to prevent the pump light
from reaching the photodiode. The photocarrier dynamics was
revealed by detecting the pump-induced relative change of the
probe reflection (differential reflectance), AR/Ry = (R — Ro)/Ry,
where R and R, are the probe reflectance of the sample with and
without the presence of the pump. The intensity of the pump
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Fig. 2 Schematic of the transient absorption microscope setup.

reaching the sample was modulated at 2 KHz using a mechan-
ical chopper, which was placed in the pump arm. A linear
motor stage was used to control the path length of the pump
arm, and thus the arrival time of the pump pulse. We define
the probe delay as the arrival time of the probe pulse at the
sample with respect to the pump pulse. The differential reflec-
tance AR/R, was measured as a function of the probe delay.

Results and discussion

Fig. 3(a) shows an optical microscope image of a WS,/GeS
heterostructure sample with an area of nearly 200 square
micrometers, which is large enough for the photoluminescence
(PL) and transient absorption measurements. Fig. 3(b) shows the
PL spectra of the monolayer WS, (red) and the WS,/GeS hetero-
structure (black) regions under the excitation of a 405 nm
continuous-wave laser with an incident power of 3 UW and a spot
size of about 2 um full width at half maximum. The PL peak
position of the monolayer WS, region (612 nm) is consistent with
the previously reported values.** The PL of WS, in the hetero-
structure (black curve) is much lower than that of the individual
WS, ML. A quenching of about 96% indicates that most excited
electrons or holes (or both) transfer from WS, to GeS before their
recombination in WS,. There is a small shift of about 7 nm
between the two peaks, which originates from the different
dielectric environments in the heterostructure compared to the
individual WS, ML. Fig. 3(c) illustrates the predicted band align-
ment of the heterostructure, where the upper and lower boxes
represent the conduction and valence bands of WS, and GeS,
respectively. The numbers show the energy of the conduction band
minimum (CBM) and valence band maximum (VBM) with respect
to the vacuum level, according to theoretical results.*>*> As shown,
WS, and GeS are expected to form a type-II heterostructure with
the CBM and VBM located in the WS, and GeS layers, respectively.
Hence, electrons excited in GeS are expected to transfer to WS,,
driven by the potential offset, while holes excited in WS, would
transfer to GeS to lower their potential energy. This charge transfer
driven by the band offset in type-II heterostructures has been
previously discussed.**™® In our PL measurements, since the holes
excited in WS, transfer to GeS, instead of forming excitons and
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Fig. 3 (a) Optical microscope image of the WS,/GeS heterostructure; the
heterostructure is in the black box. (b) Photoluminescence spectra of
the samples measured from the regions of monolayer WS, (red) and the
heterostructure (black). (c) The predicted band alignment of the WS,/GeS
heterostructure.

recombining in WS,, we observed the quenching of the WS, PL
peak in the heterostructure.

In the transient absorption measurements, we first investi-
gated the individual monolayer WS, using a 395 nm pump pulse
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with an incident energy fluence of F; = 1 pJ cm™>. According to
Beer’s law, the transmitted fluence can be calculated by the
equation F, = Fiexp(—aL), where o and L represent the absorption
coefficient and thickness of the WS, ML, respectively. Hence, we
can get the absorbed fluence F, = F[1 — exp(—a«L)], and for oL « 1,
F, ~ FolL. Based on the assumption that every absorbed photon
excites one electron-hole pair, the injected carrier density is
N = F,/(hw) = FalL/(hw), where hw is the photon energy. Using
« =23 x 10°* m " and L = 0.7 nm" the estimated peak carrier
density is 3.2 x 10" m~". A 617 nm probe pulse is tuned to the
exciton resonance of the WS, ML. The differential reflectance of
this pulse, which was measured as a function of the probe delay, is
shown in Fig. 4 for long [Fig. 4(a)] and short time ranges [Fig. 4(b)].
The rise of the signal is rather fast, which can be fit by the integral
of a Gaussian function with a full width at half maximum of
0.38 ps, as indicated by the blue curve over the data points in
Fig. 4(b). This time is close to the cross-correlation of the pump
and probe pulse, which indicates that the injected carriers produce
a peak differential reflectance signal instantaneously, as has been
generally observed in TMD monolayers and has been attributed to
the ultrafast thermalization and relaxation of photocarriers in such
materials.>®>" The decay of the signal can be fit using a triple
exponential function AR/Ry = Ay + Aje™ 7™ + A,e™"™ + Aze™™, as
shown by the red curve over the data points in Fig. 4(a). The three
decay constants (and their relative weights in the total signal) are
0.94 + 0.05 (24%), 10.7 =+ 0.3 (61%), and 67 = 4 (13%), in which a
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Fig. 4 Differential reflection signal from monolayer WS, measured using
395 nm pump and 617 nm probe pulses over (a) long and (b) short-time
ranges. The red curve is a fit of the decay process by a triple exponential
function. The blue curve represents the integral of a Gaussian function
with a full width at half maximum of 0.38 ps.
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constant term accounts for 2% of the total signal. The sub-
picosecond decay can be attributed to the formation of excitons
from the injected electron-hole pairs.**>* The 10.7 ps and 67 ps
decay processes reflect the dynamics of excitons in WS, and are
reasonably consistent with previous studies.” The 2% background
could be induced by carriers trapped at the defect states.

Next, we performed transient absorption measurements to
study the carrier transfer in the WS,/GeS heterostructure. A
395 nm pump pulse with a peak fluence of 1 pJ cm™> was used
to excite the heterostructure sample. As theoretically predicted
in Fig. 3(c), holes are expected to transfer from WS, to GeS,
driven by the potential energy offset. By using a 612 nm probe
pulse, we monitor the differential reflectance of the sample, as
shown by the black symbols in Fig. 5(a). We find that the peak
signal from the heterostructure is about half of that from the
WS, ML. The increase of the signal is also ultrafast, as indicated
by the blue curve in Fig. 5(b). The decay of the signal is also fit
using the triple exponential function, as shown by the red
curve. The deduced decay time constants (and their relative
weights) are 0.13 + 0.02 ps (69%), 1.3 £ 0.5 ps (4%), and
8.4 £+ 0.5 ps (22%), with a constant of about 5%.

The dramatically different dynamics observed for the hetero-
structure sample provides convincing evidence of charge trans-
fer between WS, and GeS. If charge transfer was absent, one
would expect the dynamics from the two samples to be identical.
Overall, the decay of the signal from the heterostructure is shorter
than that from the WS, monolayer. In particular, the majority of
the signal (73%) decays on the 0.13 to 1.3 ps time scales. This
result shows that GeS provides a fast decay channel for the
photocarriers in WS,. Along with the predicted type-I band
alignment, we attribute this decay to the transfer of holes from
WS, to GeS, which reduces the carrier population in WS,. This
conclusion is also consistent with the PL quenching observed
in the heterostructure sample. The 8.4 ps process could be due to
the exciton dynamics inside WS, that originates from regions of
the sample with poor interfacial quality, which blocks charge
transfer. The 5% constant could indicate the long lifetime of
electrons in WS, after the holes are transferred to GeS. Previously,
interlayer charge transfer in various heterostructures has been
studied using density functional theory.>®>® However, we are not
aware of such studies on WS,/GeS yet. Our experimental funding
could encourage more computational studies of this promising
heterostructure.

To further confirm that the observed differential reflection
signal originates from the WS, layer of the heterostructure, we
studied the dependence of the signal on the probe wavelength.
As shown in Fig. 5(c), the peak of the signal depends strongly
on the probe wavelength, which is consistent with the WS, PL
peak as shown by the blue curve. This result proves that the
differential reflection signal is indeed from the exciton resonance
of WS,. In the measurement shown in Fig. 5(a), the pump pulse
fluence is 1 pJ em ™2, which is the same as that in the measure-
ment of monolayer WS, shown in Fig. 3. By repeating the
measurement with different pump fluences, we find that the
peak of the signal is proportional to the pump fluence, as shown
in Fig. 5(d). This shows that the pump fluence of 1 pJ em™> used

This journal is © the Owner Societies 2021
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Fig. 5 Differential reflection signal from the WS,/GeS heterostructure measured with 395 nm pump and 617 nm probe pulses over (a) long and (b) short-
time ranges. The red curve is a fit of the decay process by a triple exponential function. The blue curve represents the integral of a Gaussian function with
a full width at half maximum of 0.38 ps. (c) Peak differential reflection signal from the heterostructure as a function of the pump wavelength (black
squares) and the PL spectrum of the WS, (blue curve). (d) Peak differential reflection (black squares) as a function of the pump fluence. The red line is a

linear fit.

in our measurement is in the unsaturated absorption regime of
WS,, which satisfies the basic assumption of the transient
absorption measurement.

Conclusions

We have studied charge transfer in a WS,/GeS heterostructure
by transient absorption measurements. Our experimental
results are consistent with the predicted type-II band alignment
of this heterostructure. We conclude that holes injected in WS,
can transfer to GeS on an ultrafast time scale based on three
experimental observations in the WS,/GeS heterostructure
sample in comparison to the WS, monolayer: the PL quench-
ing, the faster decay of the differential reflection signal, and the
lower peak differential reflection signal. Hence, our study
shows that GeS can be integrated with TMDs to form vdwW
heterostructures with superior charge transfer properties. Since
GeS has attractive optoelectronic and ferroelectric properties
and is environmentally friendly, earth-abundant, and low-cost,
its inclusion brings promise for developing new novel vdW
heterostructures.
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