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Abstract: We investigate circularly polarized photoluminescence (PL) in the MoS;/MoQj3
heterostructure, which was fabricated by transferring MoS, monolayer to cover the MoO3 few
layers on the SiO,/Si substrate. It is shown that the PL with the same helicity as the excitation
light is dominant due to the inherent chiral optical selectivity, which allows exciting one of the
valleys in MoS, monolayer. The degree of polarization (DP), which characterizes the intensity
difference of two chiral components of PL, is unequal for the right-handed and left-handed
circularly polarized excitations in the MoS,/MoO3 heterostructure. This effect is different from
the one in pristine MoS,. Our Raman spectra results together with ab initio calculations indicate
the p-doped features of the MoS, when it covers the MoO3 layers. Thus the possible explanation
of the unequal DP is that the p-doping process generates a built-in voltage and therefore brings
the difference of electron-hole overlaps between K and K’ valleys. Namely the asymmetric valley
polarization may be obtained in the MoS,/MoO3 heterostructure. Consequently, the circularly
polarized PL caused by the electron-hole recombination at K and K’ valleys manifests unequal
DP for the right-handed and left-handed helix excitations. This asymmetric effect is further
enhanced by decreasing the temperature in the MoS,/MoOs heterostructure. Our investigation
provides a unique platform for developing novel two-dimensional valleytronic devices.

© 2019 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Since initial proposal of the valley index as potential information carriers by Gunawan et al.
in 2006 [1], considerable attention has been paid to the materials with the valley degree of
freedom (DOF) [2-5]. Due to their unique band structures, two-dimensional (2D) transition
metal dichalcogenides (TMDs) are considered as a group of promising candidates with the
common formula MX, (MoS;, MoSe,, WS,, WSe,, and so forth) [6—12]. Specifically, there
are two inequivalent valleys in the band structure of monolayer TMDs at the boundary of the
Brillouin zone, K and K’ points, with opposite spin splitting, i.e., the inherent spin and valley
locking, caused by strong spin-orbit coupling and the inversion symmetry breaking [13]. Carriers
in the two valleys are associated with opposite values of Berry curvature, and experience effective
magnetic fields with equal magnitudes but opposite signs [13]. When an in-plane electric
field is applied, valley-polarized carriers experience opposite Lorentz-like forces and flow to
opposite transverse edges, i.e., valley Hall effect, which has been demonstrated in monolayer
MoS; by using electric readout method [14]. Such effective magnetic fields can also lead to
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valley-dependent optical selection rules where the inter-band transitions in the vicinity of the
K (K’) point couple exclusively to right (left)-handed circularly polarized light o* (o-7) [15].
Circularly polarized photoluminescence (PL) in monolayer MoS; has been measured by Zeng et
al. [16]. They found that the right (left)-handed circularly polarized excitation generates right
(left)-handed luminescence. The PL spectra display a symmetric polarization for excitations with
opposite helicities, indicating the symmetric valley polarization in MoS; monolayer. Recently,
great efforts have been devoted to control the properties of optics by coupling a TMD monolayer to
plasmonic nanostructures [17-19]. Sun ef al. demonstrated that, by coupling a MoS, monolayer
to the designed metasurface, photons with opposite helicity can be guided to different directions
[20].

Precise controlling and manipulating the valley polarization is the fundamental basis for
the application of valley index as information carriers. The strategies of directly applying
perpendicular magnetic fields [21], generating pseudomagnetic fields by intense circularly
polarized optical pulses [22], and inducing a magnetic exchange field through magnetic proximity
effect [23] in monolayer TMDs, have been used to achieve this goal. On one hand, under the
magnetic fields, the energy degeneracy of valleys is lifted due to the time-reversal symmetry
breaking, leading to the change of valley polarization. Consequently the valley-dependent
circularly polarized PL can be manipulated by tuning external magnetic fields [21]. On the
other hand, by injecting specific spin-polarized charge carriers to populate K (or K’) valley
in monolayer TMDs, valley-polarized electroluminescence (EL) was captured because of the
spin-valley locking [24,25]. Valley-polarized EL has also been realized by Zhang et al. via an
in-plane electric field giving rise to valley overlap polarization (VOP) in MoS,, MoSe,, and
WSe, [26]. Recently, Yang et al. demonstrated the electrically tunable chiral EL from WS, by
constructing a p-i-n heterojunction [27]. Motivated by these researches, we propose that the
valley polarization and circularly polarized PL should also be altered in MoS, with specific
heterostructures.

In this work, we investigate circularly polarized photoluminescence (PL) in the MoS,/MoO3
heterostructure fabricated by transferring MoS, monolayer to cover the MoOj3 few layers on
the SiO,/Si substrate. By measuring the Raman spectra together with ab initio calculations,
it is found that the MoS, was p-doped in the MoS,/MoO3 heterostructure. This phenomenon
comes from the carriers transferring between MoS, and MoOj3 layers due to their specific
band structures. This process may generate a built-in voltage which leads to the difference of
electron-hole overlaps between the K and K’ valleys. Thus, the circularly polarized PL caused by
the electron-hole recombination at K and K’ valleys performs different degree of polarization
(DP) for the right and left-handed helix. Consequently, asymmetric valley polarization and the
unequal DP for the right and left-handed circularly polarized PL are obtained in the MoS,/MoO3
heterostructure. This asymmetric effect is further enhanced by decreasing the temperature in
the system. Our investigation provides an opportunity for developing valleytronics and novel
two-dimensional optoelectronic devices.

2. Fabrication and p-doping of MoS,/MoO; heterostructure

The configuration of the MoS,/MoO3 heterostructure on SiO,/Si substrate is schematically
illustrated in Fig. 1(a). The whole structure consists of a MoS, monolayer, the MoO3 few
layers, and the SiO,/Si substrate from top to bottom. The 514 nm laser (Stabilite 2018-RM,
Spectra-Physics) is used to excite the sample. Our measurements were carried out in an optical
microscope (BX51, Olympus) by using a X100 objective lens (NA = 0.9, Olympus) to focus laser
beams onto the sample surface. The combination of quarter waveplates and linear polarizers
were used to generate circularly polarized excitation beams and to analyze the degree of PL
circular polarization. The exciting light was suppressed by a long pass filter before the signal
enters the spectrograph (Acton SP2500, Princeton Instrument) in order to avoid the influence
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of the noise from pumping light [as shown in Fig. 1(b)]. In the experiments, the MoS; and
MoOj3 layers were grown by chemical vapor deposition (CVD) method [17] and ambient pressure
physical vapor deposition (APPVD) [28], respectively. Specifically, the MoO3 sheets were grown
on the mica firstly by vaporizing the MoO3; powder from room temperature to 680°C within
60 min. The distance between the MoO3; powder (Alfa Aesar, purity 99.95%) and the freshly
cleaved mica is 30 cm in size. The MoS; monolayers were grown on a SiO,/Si substrate by
heating the sulfur powder and the substrate to 140°C and 780°C, respectively, within 25 min.
The sulfur powder (Aladdin, purity 99.95%) was positioned 45 cm away from the substrate. A
flow rate 50 sccm Nj was used as the carrier gas. The as-grown MoOs/mica was spin-coated
with PMMA at 2000rpm for one minute. The edge of PMMA films was scraped off. Then
the PMMA/MoO3/mica was immersed in deionized water, leading to the PMMA/MoOs films
delaminate from the mica substrate. And the PMMA/MoQOj; film was collected by the SiO,/Si
substrate. Finally, the heterostructure sample is fabricated by transferring MoS, monolayer
(about 0.8 nm) to cover the MoOs3 few layers (about 16 nm) on the SiO,/Si substrate in the same
way. Figure 1(c) shows the optical image of prepared MoS,/MoO3 heterostructure. The white
scale bar is 2um. The fabricated MoS; monolayer and MoOj3 few layers are identified by the
mapping images of Raman shift [as shown in the insets of Fig. 1(c)], which were obtained by
scanning the region of heterostructure and extracting Raman shift signals of 403 rel cm™' and
815 rel cm™, respectively.
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Fig. 1. (a) Schematic image of the MoS;/MoOj3 heterostructure. It consists of a MoS;
monolayer, the MoOj3 few layers, and the SiO,/Si substrate from top to bottom. The 514 nm
laser is used to excite the sample. (b) Diagrammatic sketch of measurements. (c) Optical
image of MoS,/MoO3 heterostructure. The scale bar is 2um. The insets show the Raman
shift of 403 rel cm™! (from MoS,) and 815 rel cem™! (from MoO3), respectively.

In order to understand how the MoS, is modified after it covers the MoOs3 few layers, Raman
shifts of both pristine MoS, and MoS,/Mo00Qj3 heterostructure have been measured. The solid blue
line in Fig. 2(a) illustrates the Raman shift of pristine MoS,. It is obvious that two Raman peaks,
i.e., in-plane Elzg and out-of-plane A, modes, were observed at 384 rel cm~! and 403 rel cm™!,
respectively. The frequency difference between the two modes is 19 rel cm™'. This indicates
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the monolayer nature of the CVD-grown MoS;. In contrast, the peak position of A, modes
is blue-shifted in the MoS,/MoQj3 heterostructure [see the red dashed line in Fig. 2(a)]. Blue
shift of the A, peak has been reported as an evidence of p-doping [29]. Therefore, the MoS, is
p-doped after it covers the MoO3 few layers forming the MoS,/MoOs3 heterostructure. On the
other hand, the normalized PL spectra of both pristine MoS, and MoS,/MoO3 heterostructure
have been measured for comparison. As shown in Fig. 2(b), there are two PL peaks both for
pristine MoS; [solid blue line in Fig. 2(b)] and the MoS,/MoO3 heterostructure [solid red line in
Fig. 2(b)]. The two PL peaks represent two kinds of excitons: A exciton and B exciton. Notice
that peak intensity of A exciton in the MoS,/MoOj3 heterostructure is enhanced and blue shifted
compared with that in the pristine MoS,. The enhancement of PL intensity might be related to
the phase-space filling effect [30-31]. Specifically, the MoS, sample was intrinsic n-doped due
to the S vacancy in CVD-grown MoS, monolayer [32]. The majority carriers of electron may
render part of the phase space unavailable for exciton formation. The transferring of holes from
MoOs; layer to MoS; layer can lead to the dedoping of monolayer n-doped MoS,. Thus the PL
from MoS,/MoO3 heterostructure is larger than that from pristine MoS,. The similar results
have been demonstrated in gate-tuned PL of monolayer MoS; in which the PL was enhanced due
to the injection of holes [33]. In addition, the peak intensity ratio between A and B excitons in
the MoS,/MoQj3 heterostructure is larger than that in the pristine MoS, [as shown in Fig. 2(b)].
These features confirm the process of p-doping of MoS; in the MoS,/Mo0QOj3 heterostructure [29].
To clarify this p-doping process, the band diagrams of MoS, and MoOs layers are illustrated
in Fig. 2(c). Obviously, there is a large band offset between MoS; and MoOs layers due to
their different band gaps [34]. The electrons in the conduction band of MoS; are apt to transfer
to the MoOs layer, and holes in the valence band of MoOj3 prefer to transfer to MoS; layer.
Therefore, the charge transfer process that results in the p-doping of MoS; is reasonable. Notice
that the conduction band minimum (CBM) and the valence band maximum (VBM) are located
in different layers. It is possible that the photoexcited electrons and holes localize in the band
edges in the different layers after rapid relaxation. Such bound electron-hole pairs are known as
interlayer excitons which can decrease the intralayer PL signal from individual TMD monolayers
[35]. However, the interlayer excitons are highly susceptible to the strength of the interlayer
interaction between the two constituent layers. The presence of the adsorbates and residuals
formed at the interface can reduce the degree of coupling between the two layers leading to the
unavailable of the interlayer exciton. In our experiments, we did not observe the interlayer PL
signal, and the PL of the M0S,/MoOj3 heterostructure mainly originated from the neutral excitons
in monolayer MoS, [as shown in the Fig. 2(b)]. Then the mechanism that the interlayer excitons
decrease the intralayer PL signal can be ruled out in our system.

Furthermore, we studied the electronic state in the MoS,/MoQ3 heterostructure based on
density-functional theory [36-38]. The ab initio calculated results show that the electron cloud is
distorted in the interface region comparing to the ones in original free standing MoS, and clean
MoOs; substrate. As the charge density difference shows, displayed in Fig. 2(d), electrons tend
to accumulate in the interface, close to the MoOs3 substrate, away from monolayer MoS,. By
using the Bader charge analysis, we noticed that the distribution of valence electrons of MoO3
substrate is altered near the interface [see Figs. 2(e), 2(f), and Table 1]. These phenomena are

confirmed in both p (2\5 X 5) and p(6 X 6) MoS,; supercell models [39-43]. Based on the

theoretical results, it is estimated that the asymmetric PL for the right- and left-handed helix
excitations is mainly originated from the distortion of electronic state due to the interface of
the MoS,/MoOs heterostructure. The coupling between MoS, and MoOs layers distorted the
original electron cloud by weakly accumulating them in the interface region, acting as a p type
doping in monolayer MoS,. The corresponding p-doping is estimated at the same level of the
electric gating and chemical adsorption doping effect [44,45]. This type of distortion breaks
the original symmetry of our sample and therefore induces the different responds to incident
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Fig. 2. (a) Raman shift of pristine MoS; and MoS;/MoOj3 heterostructure. There is a
blue shift of Ajg peak in MoS;/MoQOj3 heterostructure, which is the evidence of p-doping
of monolayer MoS;. (b) PL signal of pristine MoS; and MoS,/MoOj3 heterostructure.
The increased peak intensity of A exciton and the increased peak intensity ratio between
A and B exciton confirm the p-doping of MoS; in the MoS,/MoQO3 heterostructure. (c)
Band structure of MoS;/MoOs heterostructure. After absorbing the energy of a photon,
electrons in conduction band of MoS; can transfer to MoO3 layer and the hole in valence
band is left. This process results the in-plane voltage in the heterostructure. (d) Charge
density difference in a unit cell of MoS,/MoO3 heterostructure. The isosurface value is set
to be 0.00015e/bohr?. Orange and green color represent for the electron accumulation and
depletion, respectively. The atoms with light purple, yellow, and red color are Mo, S, and O,
respectively. (e) The scheme of p(6 x 6) MoS; supercell on the three layers p(4 X 5) MoO3
supercell substrate. Each layer of MoQOj3 substrate is labeled. (f) The labeling for atoms in
each MoOj layer.
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light with opposite chirality. It is worth to mention that the phenomena discussed above are very
weak in amplitude, for both charge density difference and Bader charge data, since only very tiny
electrons are able to transfer through the interface of the heterostructure.

Table 1. The distribution of valence electrons in MoO3; substrates obtained from Bader charge
analysis of the p(6 x 6) MoS, supercell on the three layers p(4 x 5) MoO3 supercell substrate as it is
shown in Fig. 2(e) and Fig. 2(f). The numbers of the atoms close to the interface region are
different with the ones in the rest part of the substrate and are highlighted in red colour.

Mo-1 Mo-2  O-t1 O-12 O-b1  0-b2 O] o-f2
layer-1 3.68 3.66 6.66 6.59 6.99 6.99 6.77 6.76
layer-2 3.66 3.65 6.59 6.59 6.99 6.99 6.76 6.76
layer-3 3.66 3.66 6.59 6.57 6.99 6.99 6.75 6.77

Particularly, after the excitation with the laser, the electrons are promoted from the valence
band of MoS, to the conduction band. These excited electrons diffuse to the vicinities, and
eventually populate the MoOj3 layer. This charge transfer process results in the p-doping of
MoS,. However, the MoS, pristine layer is intrinsic n-doping [46]. Therefore, it is p-doped
in some regions while it is n-doped in the other regions in the same plane. As a result, the
in-plane voltage should be generated in the MoS,/MoQj3 heterostructure. The possible orientation
of the in-plane electric field can be evaluated based on the observed PL spectra. It has been
demonstrated that the degree of circular polarized electroluminescence is quite sensitive to the
relative angle between the crystal orientation and the field direction in TMDs [26-27]. If the
orientation of electric field is along the zigzag side of MoS,, and from I to K’ in the reciprocal
space, the right-handed circular component is stronger than the left one. On the contrary, the
left-handed circular component is stronger than the right one when the orientation of electric
field is from I' to K in the reciprocal space. The reason is that the carrier distribution in TMDs
are intrinsically anisotropic due to trigonal warping [47], and the built-in electric field can lead
to the shift of electron and hole distributions toward opposite directions. This process introduces
different overlaps of electron-hole distributions in the momentum space between the K and K’
valleys. That is to say that the asymmetric valley polarization may happen in the MoS,/MoO3
heterostructure.

3. Circularly polarized photoluminescence in MoS,/MoO; heterostructure

The asymmetric valley polarization can be determined through circularly polarized PL in the
MoS,/Mo0O3 heterostructure. In the experiments, we have used right-handed circular polarized
light (o*) to excite the sample, and then analyzed the PL signal by o-* and o=~ resolved detection,
respectively. Similarly, left-handed polarized light (o-~) was used to excite the sample, and
the PL signal was analyzed by ot and o~ resolved detection, respectively. Figures 3(a)-3(b)
and 3(d)-3(e) show the polarization resolved PL spectra of pristine MoS, and the MoS,/MoO3
heterostructure, respectively. Here, o* — o* indicates the o* resolved spectra with o* excitation,
and o~ — o* denotes the o* resolved spectra with o=~ excitation. It is demonstrated in Figs. 3(a)
and 3(b), the intensity of o~ — o~ is stronger than that of o~ — 0¥, and the intensity of o* — o*
is stronger than that of o* — o=~ at an arbitrary wavelength in the pristine MoS,. That means the
left-handed circularly polarized PL is dominant with left-handed circularly polarized excitation
while the right-handed circularly polarized PL is dominant with right-handed circularly polarized
excitation. Moreover, the contour between the curves of 0~ — 0~ and o~ — o is much alike
to that between ot — o+ and o™ — o=~ [as shown in Figs. 3(a) and 3(b)]. The reason is that
the K and K’ valleys are energetically degenerate although they have opposite spin splitting in
the pristine MoS,. As a consequence, the PL with the helicity following that of the excitation
light is dominant, and the intensity difference between the two chiral components is equal at an
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arbitrary wavelength for the right and left-handed circularly polarized excitation. The results
coincide with the valley contrasting selection rule in the pristine MoS,. On the other hand, we
have measured the circularly polarized PL in the MoS,/MoQOs heterostructure. Obviously, the
intensity of o~ — o=~ is stronger than or equal to that of o~ — ¢*, and the intensity of o — o
is stronger than that of o* — o=~ at an arbitrary wavelength [as shown in Figs. 3(d) and 3(e)].
Interestingly, it is noted that the spacing between o~ — 0~ and oo~ — 0" is reduced while the
spacing between ot — o+ and o — o=~ is enhanced in the MoS,/Mo0O3 heterostructure compared
with that in the pristine MoS,. It implies that the MoS,/MoQO3 heterostructure is in favor of
right-handed circularly polarized PL from the K valley of MoS,. The possible explanation
is that the p-doping of MoS; in the MoS,;/MoQj3 heterostructure causes the emergence of a
built-in voltage which can shift the overlaps of electron-hole distribution at K and K’ valleys in
momentum space. When the orientation of built-in electric field is from I to K’ in the reciprocal
space, the right-handed circular component is stronger than the left one [26]. Specifically, the
asymmetric valley polarization is obtained which impacts the electron-hole recombination in
the K and K’ valleys [as shown in the insets of Figs. 3(c) and 3(f)]. As a result, the intensity
difference between the two chiral components of PL is unequal for the right and left-handed
circularly polarized excitation in the MoS,/MoO3 heterostructure. Particularly, the MoS,/MoO3
heterostructure is in favor of right-handed circularly polarized PL from the K valley of MoS,.
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Fig. 3. o ~ and o * detected PL signal of pristine MoS, with (a) o ~ excitation (b) o *
excitation. o * and o ~ detected PL signal of MoS,/MoOj3 heterostructure with (d) o ~
excitation (e) o  excitation. DP of PL with o ~ (P (oc 7)) and o * (P (o~ ™)) excitation in (c)
pristine MoS, and (f) MoS,/MoQOj3 heterostructure. Obviously, P (o ~) is unequal to P (o +)
in the M0S;/Mo0O3 heterostructure. The inset of (c) shows the electron-hole recombination
when the K’ and K valleys are symmetric polarized in pristine MoS,, and the inset of (f)
shows the electron-hole recombination when the K’ and K valleys are asymmetric polarized
in the MoS,/MoQOj3 heterostructure.
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For the sake of clarity, the DPs of PL were defined as P(o-~) = [[(c™) = 1(o")]/[I(c7) +I(c7")]
and P(c*) = [I(c*)—1(c7)]/[I(0™) + I(0-™)] when the M0S,/MoOj3 heterostructure was excited
by o~ and o*, respectively. I(c*) indicates the intensity of detected o*. It is found that the
curves of P(o~) and P(o*) are almost coincided with each other in the pristine MoS, [as shown
in Fig. 3(c)]. The reason is that the contour between o~ — o~ and o~ — o+ is alike to that between
o —o* and o — o~ due to the spin-valley locking and the energetic degeneracy of K and K’
valleys in the pristine MoS;. However, the curves of P(o*) and P(o") are separated, and P(o-™")
is larger than P(o ") at an arbitrary wavelength in the MoS,/MoQj3 heterostructure [as shown
in Fig. 3(f)]. This feature comes from the fact that the intensity difference between ot — o
and ot — o~ is larger than that between o~ — o~ and o~ — o* because of the asymmetric
valley polarization [as shown in Figs. 3(d) and 3(e)]. Possibly, the overlaps of electron-hole
distribution at K and K’ valleys are shifted in MoS, when it covers the MoO3 few layers to
form the MoS,/MoQO3 heterostructure. Therefore, the PL caused by electron-hole recombination
shows unequal DP for the right and left-handed circularly polarized excitation [as shown in the
inset of Figs. 3(c) and 3(f)]. The experiment suggests that the MoS,/MoOs3 heterostructure is in
favor of right-handed circularly polarized PL. Namely P(o*) is larger than P(o-~) at an arbitrary
wavelength in the MoS,/MoOj3 heterostructure.

It is worthwhile to verify the repeatability of the above properties. We have fabricated several
samples of MoS,/MoOj3 heterostructures and surveyed their circularly polarized PL. As shown in
Fig. 4, there are several prominent features as follows. First, the profiles of P(c-*) (or P(c7)) are
somewhat distorted when we choose different samples [as shown in Figs. 4(a)-4(d)]. Second, the
lines of P(o*) and P(o ™) are separated for the same sample. This feature may originate from
the asymmetric valley polarization in the MoS,/MoQOs3 heterostructures. A possible mechanism
is that the overlaps of electron-hole distribution at K and K’ valleys are different which can
influence the electron-hole recombination. Consequently, the DP of PL is unequal for the right
and left-handed circularly polarized excitations. Third, the line of P(c*) is above that of P(c™)
for each sample, i.e., the MoS,/MoOj3 heterostructure is in favor of right-handed circularly
polarized PL. The reason is that the defects or disorders might be introduced during the sample
fabrication process. The component of in-plane electric field that supports P(o-")<P(o-~) might
be blocked which make the right-handed polarization preferred to the opposite helicity in the
MoS,/Mo0O3 heterostructure. Similar phenomenon has also been found in [26]. Therefore, the
features of asymmetric valley polarization and unequal DP of PL are universal in MoS,;/MoO3
heterostructures.

It is interesting to investigate the DP of PL by changing the excitation wavelength and the
power of excitation laser. As shown in Figs. 5(a) and 5(b), the profiles of P(o*) (or P(0-7))
are somewhat distorted when the excitation wavelength is changed. For the same excitation
wavelength, the lines of P(oc*) and P(o ") are separated. However, there isn’t distinct variation
for the gap between P(0-") and P(0-~) by changing the excitation wavelengh. This effect agrees
with the previous report in [48] that the excitation wavelength doesn’t impact the electron transfer
in MoS; based heterojunction. On the other hand, the DP of PL can be tuned by the input
power of excitation. It is found that the gap between lines of P(c-*) and P(o~) is enhanced by
increasing the power of extitaion laser [as shown in Figs. 5(b)-5(d)]. The reason is that excitation
laser with stronger power generates more excited electrons from the valence band of MoS; to
the conduction band. These excited electrons diffuse to the vicinities, and eventually populate
the MoOs layer. As a result, the electric field in heterostructure is enhanced by increasing the
power of excitation laser, which can lead to the enlargement of the difference between P(o*) and
P(0 7). Therefore, the DP of PL can be enhanced by incresing the power of excitation laser in the
MoS,;/Mo0O3 heterostructures.

Figure 6 displays the temperature dependence of DP of the circularly polarized PL in the
MoS,/Mo0Oj3 heterostructure. The liquid helium cryostat (ST-500-UC, JANIS) has been utilized
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MoS,/MoO3 heterostructure samples (S2-S5).
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to approach the temperature as low as 4.8 K [49]. Here, the sample is different from the one used
in Fig. 3(f). We have measured the circularly polarized PL at two different temperatures: 4.8 K
and 270 K. It is shown in Figs. 6(a) and 6(b) that the curves of P(o-*) and P(o-~) are misaligned,
and the curve of P(o-") is above that of P(o-~) at each temperature. The gap between the curves
of P(o*) and P(0-~) at 270 K is smaller than that at 4.8 K [as shown in Fig. 6(c)]. This feature
can be understood in terms of two competing factors: the recombination rate of the electron-hole
and the transferring rate of electrons from MoS; layer to MoO3 layer forming p-doping MoS,. At
low temperature, the PL has a much longer lifetime, and the recombination rate of electrons-holes
in MoS; is smaller which benefits the amplification of the gap between P(c*) and P(o~). The
other reason is that there is more phonon scattering at higher temperature, which hinders the
electron transfer from MoS, to MoOj layers forming p-doping MoS,. This procedure doesn’t
benefit the amplification of the gap between P(o-*) and P(0~). However, the phonon scattering
is unlikely to hinder electron transfer significantly since the offset between conduction bands of
MoS, and MoOQs3 is as large as ~2 eV illustrated in Fig. 2(c). Therefore, at lower temperature, the
recombination rate is smaller while the electron transferring rate is not affected much, leading to
the increased gap between P(o*) and P(o ™).

—P(c")
—P(0)

|
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Fig. 6. (a) DP measured at 4.8 K. (b) DP measured at 270 K. The difference between P (o
*)and P (o 7) is decreased with increasing the temperature. (c) The gap between two curves
of P(c™) and P(oc7) i.e., 4P = P(c™) — P(0™), as a function of wavelength at different
temperature.

4. Conclusions

In conclusion, we have studied the circular polarization resolved PL in the MoS,/MoO3
heterostructure. It is found that the DPs of P(c*) and P(o~) are unequal. This effect might
come from the p-doping of MoS, caused by the carriers transfer between MoS; and MoOj3 layers
due to their specific band structures. Then, built-in voltage is generated which may lead to the
shift of overlaps of electron-hole distributions at the K and K’ valleys. As a result, asymmetric
valley polarization is obtained, and the DPs for the right and left-handed circularly polarized PL
are unequal in the MoS,/MoOj3 heterostructure. Particularly, the MoS,/MoO3 heterostructure
is in favor of right-handed circularly polarized PL from the K valley of MoS,. By decreasing
the temperature in the MoS,;/MoOj3 heterostructure, the difference between P(o-*) and P(o7) is
enlarged. These results are universal in MoS,/MoOs3 heterostructures. Our investigation provides
an opportunity for developing valleytronics and novel two-dimensional optoelectronic devices.
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