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arised emission from a MoS2/WS2
heterostructure†
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Satyam Sahu, Manikoth M. Shaijumon and Rajeev N. Kini *

We report circularly polarised emission, with helicity opposite to the optical excitation, from a van der Waals

heterostructure (HS) consisting of a monolayer MoS2 and three-layer WS2. Selective excitation of the MoS2
layer confirms that this cross-polarized emission is due to the charge transfer from the WS2 layers to the

MoS2 layer. We propose that the high levels of n-doping in the constituent layers due to sulphur

vacancies and defects give rise to an enhanced transition rate of electrons from the k valley of WS2 to

the k0 valley of MoS2, which leads to the emission, counter polarized to the excitation. Simulations based

on the rate equation model support this conclusion.
1. Introduction

Two-dimensional van der Waals heterostructures (HSs) made
up of atomically thin layers of transition metal dichalcogenides
(TMDs) have emerged as a platform for exploring spin and
valley physics and its applications.1,2 Many of these HSs have
a type II band alignment, leading to efficient and ultrafast
separation of the photoexcited electrons and holes into the
different layers.3–5 This makes the HSs particularly interesting
for light-harvesting applications. In HSs, the electrons and
holes are separated in both the real and the momentum space,
giving rise to a long valley lifetime.6–8 Hence, TMD HSs are
promising also for valleytronics applications. The separation of
the charges in different layers gives rise to interlayer excitons
(IXs).9–12 There have been extensive studies focussing on the
IXs9–12 as well as intralayer excitons.3,13

The HSs inherit the interesting spin–valley physics of the
constituent layers and lead to numerous intriguing
phenomena. Due to the large spin–orbit coupling and entan-
gled spin and valley degrees of freedom (DoF), TMDs provide
a unique platform to manipulate valley pseudospin through
circularly polarized light.14,15 Due to the valley contrasting Berry
curvature and magnetic moment, the valley DoF can be
manipulated using a magnetic eld.16–19 Additionally, the valley
splitting can be enhanced by more than an order of magnitude
by taking advantage of antiferromagnetic substrates' magnetic
proximity coupling.20 Doping provides another exotic way to
control the exchange interactions in TMDs, leading to giant and
tunable valley splitting in TMDs. TMDs grown by the chemical
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vapour deposition (CVD) method have a high density of chal-
cogen vacancies. In HSs with type-II band alignment, the elec-
trons and holes get localized in different layers via ultrafast
charge transfer.3 It has been shown that this leads to a dramatic
enhancement in the exchange interaction along with an
anomalous enhancement in the g-factor.13 The ultrafast charge
transfer in TMDHSs also provides an all-optical route to control
spin–valley phenomena by tuning the doping concentration by
varying the laser power.13

Another interesting feature of TMDs, due to the valley-
degenerate spin-contrasting bandstructure, is that they host
both optically active and inactive intravalley excitons, called
bright and dark excitons, respectively.21–24 In Mo-based mono-
layer TMDs, the ground state is a bright exciton, and the dark
state lies energetically above it. Though most of the studies on
TMDs focused on bright excitons, the existence of dark excitons
has been experimentally probed via different techniques.25–27

Dark excitons are highly interesting, and many of the optical
properties strongly depend on the competition between the
bright and dark exciton states. Experiments have shown that the
application of a magnetic eld can brighten the dark exciton
states.26–30 Plasmon induced brightening of dark excitons in the
TMDC monolayer has also been reported.31 In doped TMD
layers, trions (charged excitons) are also formed along with
excitons. The application of a magnetic eld has been shown to
brighten the corresponding dark (charged) excitons.28 Intrigu-
ingly, the emission from the brightened dark exciton states
showed helicity opposite to that of the excitation.28 However, in
TMD HSs, even though IXs with helicity opposite to the excita-
tion have been reported, reversing the helicity of intralayer
exciton emission has not been reported, and intralayer excitons
preserve the helicity of the excitation light. We report circularly
polarised intralayer exciton emission, with helicity opposite to
the optical excitation, from a MoS2/WS2 heterostructure.
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Selective excitation of the MoS2 layer conrms that this cross-
polarized emission is due to the charge transfer from the WS2
layers to the MoS2 layer. We propose that a dark exciton state in
the MoS2 layer gets brightened due to n-doping, and the
anomalous polarization arises due to the charge transfer from
the conduction band of WS2 to this brightened dark exciton
state. We provide simulations based on the rate equation model
to support this conclusion.
2. Sample growth and
characterisation

The WS2/MoS2 HS was synthesised on a Si/SiO2 substrate via
single-step chemical vapour deposition (CVD) at 900 �C using
a Thermo Scientic Lindberg Blue M split-tube furnace. First,
WO3 powder (Aldrich puriss 99.9%) is dispersed in ethanol
(0.2 mg mL�1), and 10 mL dispersion is drop coated to each
cleaned substrate. Similarly, MoO3 powder is dispersed in
ethanol at a similar concentration. Aer drying the WO3

dispersion, 10 mL of MoO3 dispersion is drop coated on the
same substrate. Once dried in air, these substrates were loaded
at the centre of the tubular furnace. As the sulfur source, 500 mg
sulfur powder (Aldrich, purum 99.5%) is placed at the upstream
end of the tube, just outside the heating elements. The tube is
ushed several times using ultra-high-pure argon gas before the
deposition to remove moisture/oxygen from the furnace. The
heterostructure growth was observed at a temperature of 900 �C
aer a dwell time of 10 minutes while maintaining 200 sccm
argon ow throughout the experiment.

Temperature-dependent and helicity resolved photo-
luminescence (PL) was performed using a homebuilt micro-PL
setup in the backscattering conguration. For PL measure-
ments, a 532 nm solid-state laser with an average laser power of
3.5 mW was used as the excitation source. The excitation light
was focused on the sample using a 10� objective lens (NA ¼
0.24) which gave a spot size of z3 mm-diameter. The signals
were collected with the same objective lens, analysed using
a 0.32 m monochromator (Horiba-Jobin Yvon iHR320) and
detected with a thermoelectrically cooled CCD camera. The
experiments were performed at different temperatures in the
range of 16–300 K using an ultralow vibration closed-cycle
refrigerator. The PL and Raman maps were obtained using
a Raman microscope (XploRa PLUS, Horiba Scientic) with
532 nm laser excitation. A 50� microscope objective (NA ¼ 0.8)
was used, and it gave a spot size of z1 mm-diameter on the
sample during PL mapping.

An atomic force microscope (AFM) image of the HS is shown
in Fig. 1(a). The sample has a three-layer (3L) thick hexagonal
base (WS2) with a triangular monolayer (ML) on top of it (MoS2),
as indicated by the dotted lines in Fig. 1(a). The thickness of the
WS2 and MoS2 layers is conrmed using AFM line scans, as
shown in the inset of Fig. 1(a). It has been reported earlier that
in WS2, compared to ML, even though the emission is weaker in
thicker akes, thicker akes give rise to a higher degree of
polarization.32,33 Hence we have chosen a 3L thick WS2 to form
the HS. The top panel of Fig. 1(b) shows the PL from the
© 2021 The Author(s). Published by the Royal Society of Chemistry
triangular heterostructure region, which is similar to what has
been reported earlier.3,12,13,34 The PL spectra obtained from
a CVD grown ML-MoS2 and a 3L-WS2 is also shown in Fig. 1(b)
for reference. The PL spectra from HS show two peaks, an
intense peak close to the charged exciton peak (AX�) in MoS2
(XM) and a second peak at higher energy (XW). The dominant
peak XM near the MoS2 AX

� peak indicates that the HS is highly
doped, and the peak position agrees with the previous reports
on unintentionally doped MoS2/WS2 HS.13,35 The XW peak is
close to the emission peak observed in 3L-WS2 and the B-exciton
(BX) inML-MoS2. It has been reported that the PL from the HS is
an additive spectrum of emission from the constituent WS2 and
MoS2 layers in the ratio 1 : 5–10.5,34 We believe that the XW

consists of contributions from both the exciton emission of WS2
and the BX emission of MoS2. In this paper, we focus on the XM

emission peak. Fig. 1(c) and (d) show the 2D map of the emis-
sion intensity near XM and XW. It can be seen that the emission
from the triangular heterostructure region has a peak near XM,
and the XW emission is observed from the whole sample,
including the 3L-WS2 base. The Raman and PL intensity maps
conrm that the MoS2 layer is present only in the triangular
region, as indicated in Fig. 1(a).

Fig. 1(e) shows the Raman signals from the top of the het-
erostructure and the edge of the sample. The Raman signal
from the top of the heterostructure consists of peaks corre-
sponding to the in-plane (E12g) and out-of-plane (A1g) modes of
MoS2 and WS2. The Raman signal from the edge of the sample
shows only (E12g) and (A1g) modes corresponding to the WS2
layer, conrming that the hexagonal base consists of WS2, and
MoS2 is present only in the triangular region. Apart from the
E1
2g and A1g modes, there are two other modes, marked U1 and

U2 in ESI Fig. S1,† which appear both in the heterostructure
region and the edge of the sample. However, their origin is not
clear at this point. Fig. 1(f) shows the 2Dmap of the A1g mode of
WS2. In the triangular HS region, A1g of WS2 shows a slight
decrease in intensity due to the presence of the MoS2 layer.
Hence, we conrm that the heterostructure consists of
a hexagonal 3L-WS2 with a triangular ML-MoS2 on top of it.

3. Results and discussion

We studied the polarisation characteristics of the emission
from the HS. The HS was excited with a circularly polarised laser
at 532 nm, and the polarisation of the PL emission was ana-
lysed. Fig. 2(a) shows the PL emission from the heterostructure
at room temperature and low temperature (z16 K) upon exci-
tation with right-circularly polarised light (s+). At room
temperature, the XW peak is predominantly co-polarised (s+)
with the excitation, while the XM is cross-polarised (s�) with the
excitation. The peaks are blue-shied at low temperature;
however, similar polarisation dependence is observed; the XM

peak is cross-polarised (s�), and the XW peak is co-polarised
(s+) with the excitation. Again same polarization characteris-
tics were observed upon excitation with le-circularly polarised
light (s�), as shown in ESI Fig. S1.†

We dene the degree of circular polarisation (DCP) as r ¼ (I+
� I�)/(I+ + I�), where I+ (I�) denotes the intensity of the PL
Nanoscale Adv., 2021, 3, 5676–5682 | 5677
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Fig. 1 (a) Atomic force microscope image of the MoS2/WS2 heterostructure (HS). The dashed lines indicate the boundary of the constituent WS2
andMoS2 layers. The scale bar is 2microns. Inset shows the line profile along an edge of the sample indicated by the grey line (b) low temperature
(T ¼ 17 K) PL spectra from MoS2/WS2 HS (top panel), 3L-WS2 (middle panel) and ML-MoS2 (bottom panel) obtained using 532 nm, linearly
polarized excitation. The open symbols are the experimental data; the solid black lines are obtained by fitting the peaks to Lorentzian. The red,
blue and pink lines represent the individual Lorentzian peaks. The data and the Lorentzian peaks are offset vertically for clarity. PL intensity map of
(c) XM and (d) XW peaks in the HS sample. (e) Raman signal from the top (red) and edge (black) of the HS sample. (f) Raman intensity map of the A1g

peak of the HS sample.
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component co-polarized (cross-polarized) with the excitation.
DCP is plotted in the bottom panel of Fig. 2(a), and it can be
seen that the DCP is negative near XM. Similar measurements
were performed on individual ML MoS2 and 3L WS2 akes,
shown in supplementary Fig. S2.† The ML MoS2 and the 3L WS2
akes do not show this anomalous counter polarisation for the
emission, which agree with earlier reports.14,32,36–38 Fig. 2(b)
shows the temperature dependence of the DCP near XM and XW

peaks. For reference, the temperature dependence of the DCP of
5678 | Nanoscale Adv., 2021, 3, 5676–5682
AX� emission fromML-MoS2 is also shown in Fig. 2(b). It can be
seen that the DCP near the XW peak in the HS at all tempera-
tures, even though very low (z1–4%), remains positive, and the
DCP remains negative for the XM peak. DCP measurements
have been reported earlier on MoS2/WS2 HSs, and interlayer
excitons have been shown to have negative DCP.10,11,13 However,
intralayer exciton emission has not been reported to show
negative DCP.10,13 Most of the earlier work was reported on HSs
comprising of MLs of MoS2 and WS2.3,12,13,34 Hence, we rst look
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 (a) Helicity resolved PL spectra obtained from theMoS2/WS2 HSwith 532 nm, circularly polarized (s+) excitation at T¼ 16 K (top panel) and
T¼ 300 K (middle panel). Degree of polarization (DCP) at T¼ 16 K and T¼ 300 K (bottom panel) obtainedwith 532 nm, s+ excitation of theMoS2/
WS2 HS. (b) DCP near the XM and XW peaks, at different temperatures, obtained with 532 nm, s+ excitation of the MoS2/WS2 HS. The DCP data
corresponding to the charged exciton (AX�) in ML-MoS2 are also shown in the top panel. The solid lines are a guide for the eye.

Fig. 3 Helicity resolved PL spectra and degree of polarization (DCP)
obtained from the MoS2/WS2 HS with 633 nm, circularly polarized (s+)
excitation at T ¼ 17 K. The shaded blue region indicates the stopband
of the filter used to block the laser light from reaching the detector.
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at the possibility of the negative DCP to be due to the different
layer structure used here, i.e., 3L-WS2 and ML-MoS2.

Even though density functional theory (DFT) oen under-
estimates the bandgap, it can provide necessary information for
distinguishing different excitations in different hetero-
structures. We computed the bandstructure of the HS consist-
ing of 3L-WS2 and ML-MoS2 using DFT (see ESI Note 1† for
details) and compared it with the bandstructure of the well-
studied HS comprising MLs of MoS2 and WS2 in ESI Fig. S3.†
The band structure calculations demonstrate type-II band
alignment.4,5 Compared to the HS with ML-WS2, for the HS with
3L-WS2, the band minimum at the Q-point is further lowered,
and the VB maximum at the G-point is further pushed up.12,13,34

Hence the IX is at much lower energy than what has been
observed in the literature and is beyond the spectral range
accessible in our measurements. However, the band minima
near K-points are very similar in both the HSs. Hence, the
difference in the polarization behaviour of XM emission cannot
be attributed to the changes in the band structure.

We rst conducted measurements with a 633 nm (1.96 eV)
laser excitation to understand the origin of this cross-polarised
emission. 633 nm laser allowed us to selectively excite the MoS2
layer in the HS and ensure that the WS2 layers were not popu-
lated. The helicity resolved PL and DCP from the HS at 17 K with
633 nm, s+ polarized excitation is shown in Fig. 3. It can be seen
that with 633 nm excitation, the DCP of the XM peak is positive.
Similar behaviour was obtained with s� polarized 633 nm
excitation as shown in ESI Fig. S4(a).† Positive DCP was ob-
tained for all temperatures up to room temperature, with
633 nm excitation as shown in ESI Fig. S4(b).† The absence of
© 2021 The Author(s). Published by the Royal Society of Chemistry
negative DCP when WS2 is not populated conrms that the
negative DCP arises from the transfer of electrons from the WS2
layer to the MoS2 layer.

Aer the excitation of the HS layers, charge transfer occurs,
mostly via spin-conserving transfers to the lowest energy band,
irrespective of the interlayer momentum mismatch.10 So the
excitation of the WS2 layer with s+ polarized light and subse-
quent charge transfer could lead to the population of the spin-
up state in the k valley of MoS2, which would result in the
emission of s+ polarized light. However, negative DCP results
Nanoscale Adv., 2021, 3, 5676–5682 | 5679
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from the dominant emission of s� polarized light. Negative
DCP indicates that interlayer scattering results in the enhanced
exciton population in the k0 valley of MoS2, which would give
rise to the emission of s� polarized light. To examine this
possibility, we use a rate equation model as described below. A
schematic of the band structure and the spin conguration is
shown in Fig. 4(a). The system of rate equations for the WS2/
MoS2 HS can be written as follows:

dNw

dt
¼ g � Nw

swr
� Nw

s
� Nw

s0

dNMo

dt
¼ g � NMo

sMo
r

þ Nw

s
� NMo

sMo
s

� N
0
Mo

sMo
s

dN
0
Mo

dt
¼ g

0 � N
0
Mo

sMo
r

þ Nw

s0
þ NMo

sMo
s

� N
0
Mo

sMo
s

NMo ðN 0
MoÞ is the exciton population in the k (k0) valley of the

MoS2 layer and Nw the exciton population in the k valley of the
WS2 layer. g (g0) is the generation rate in the k (k0) valley, which is
assumed to be a constant for continuous-wave excitation. We
assumed that s+ excitation generates excitons in the k valleys of
MoS2 and WS2 layers, and for simplicity, we have ignored the
scattering of electrons to the k0 valley of the WS2 layer. This
assumption is valid since, due to the type-II band alignment, the
transfer of photogenerated electrons from the WS2 k valley to
the MoS2 valleys is more efficient than their scattering to the k0

valley of the WS2.39 s
Mo
s and sMo

r represent the intervalley scat-
tering time and the radiative recombination time, respectively,
in the MoS2 layer. swr represents the radiative recombination
time in the WS2 layer. s (s0) represents the intralayer scattering
time between the k valley in WS2 and the k (k0) valley in MoS2.
The polarization state is calculated under steady-state condi-

tions
�
dNw

dt
¼ dNMo

dt
¼ dN 0

Mo

dt
¼ 0

�
: The DCP of the XM emis-

sion is related to the population of exciton states in the k (k0)
valleys of MoS2,
Fig. 4 (a) A schematic of the different bands in the MoS2/WS2 HS. Solid a
bands are labelled with the z-component of their total angular momen
arrows correspond to s� and s+ excitation, respectively. The black and g
wiggly arrows represent spin-conserving interlayer transfer to the lowest
rate equation model described in the main text for gMo

r ¼ 1/2 and differe

5680 | Nanoscale Adv., 2021, 3, 5676–5682
r ¼ NMo �N
0
Mo

NMo þN 0
Mo

Solving the above set of rate equations for g¼ 1 and g0 ¼ 0 we
obtain

r ¼ gMo
r ðgð1� aÞ þ 1Þ�

2þ gMo
r

�ðgð1þ aÞ þ 1Þ
where gMo

r ¼ sMo
s

sMo
r

and g ¼ sMo
s

s
represent the relaxation rates

and a ¼ s

s0
:

If we ignore the interlayer scattering (g ¼ 0), the above
equation describes an isolated MoS2 layer, and it reduces to

r ¼ 1

1þ 2
gMo
r

¼ 1

1þ 2
sMo
r

sMo
s

:40 In that case, we obtain rz 20% for

gMo
r z 1/2, which agrees with the r obtained for ML-MoS2 at low

temperature. sMo/W
r is in the range of picoseconds to hundreds

of picoseconds.25,41,42 The intervalley scattering time
sMo
s depends on the excitation energy but will be of the same
order of sMo/W

r .40 It has been shown that the interlayer scattering
time (s0, s) is of the order of 50–450 fs (ref. 3, 34, 43 and 44)
which means g, g0 > 1. Fig. 4(b) shows r as a function of a for
gMo
r ¼ 1/2 and for different values of g, which shows that

negative DCP is indeed possible for s0 < s. This means that
electrons photoexcited to the k valley of WS2 by s+ polarised
light are scattered preferentially to the k0 valley compared to the
k valley of MoS2. We believe that this is due to unintentional
doping of the HS. CVD grown samples have a high density of
sulphur vacancies, leading to high levels of n-doping which is
evident from the emission XM near the charged exciton energy
in MoS2.13 The high levels of n-doping has two effects. Firstly,
the Fermi level will be located in the spin-split upper conduc-
tion band of MoS2.13 Because of this, the electrons from WS2
layers will be scattered to the spin-split upper conduction bands
of MoS2. The transition to the spin-split upper conduction band
of MoS2 k0 valley (mj ¼ �3/2) would be a spin-conserving tran-
sition. Hence, possibly, the transition rate of this spin-
conserving transition is enhanced compared to the spin-ip
nd dotted lines represent bands with different spin configurations. The
tum, mj. Vertical arrows indicate optical excitations: black and green
reen wiggly arrows indicate s� and s+ emission, respectively. The gray
energy band. (b) Degree of circular polarization, r, calculated using the
nt values of a.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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transition to the k valley (mj ¼ +3/2). Normally, the spin-
conserving transition from WS2 to the spin-split upper
conduction band of the MoS2 k0 valley would give rise to dark
(neutral or charged) excitons. However, as another consequence
of the n-doping of the layers the dark exciton state is bright-
ened, similar to the brightening observed earlier for the dark IX
state in MoS2/WS2 HSs due to electrostatic doping.9
4. Conclusions

In conclusion, we unveil anomalous polarization from a van der
Waals heterostructure (HS) consisting of ML-MoS2 and 3L-WS2.
Selective excitation of the MoS2 layer in the HS demonstrates
that this anomalous polarization originates from the charge
transfer from WS2 to MoS2 layers. We propose that due to high
levels of n-doping in the layers, caused by sulphur vacancies and
defects, the transition rate of electrons from the k valley of WS2
to the k0 valley of MoS2 is enhanced, which leads to emission,
counter polarized (s�) to the excitation (s+). We simulated this
scenario using a set of coupled rate equations, and the simu-
lations agree well with our experimental observations. Our
measurements provide new prospects to control the helicity of
the emission from van der Waals HSs via doping.
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