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Influence of defects on the valley polarization properties of monolayer MoS2 grown
by chemical vapor deposition
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Temperature-dependent polarization-resolved photoluminescence spectroscopy is carried out on as-grown,
transferred, and coated 1L-MoS2 samples grown by the chemical vapor deposition technique to explore the
underlying mechanism behind the valley depolarization process. It has been found that the momentum scattering
of the excitons due to the sulfur-vacancies-attached-with-air-molecules type of defects has a strong influence in
the suppression of valley polarization. Our study reveals that at sufficiently low densities of such defects and
temperatures, the long-range electron-hole exchange mediated intervalley transfer of excitons via the Maialle-
Silva-Sham (MSS) mechanism, as suggested by a recent theory [Yu and Wu, Phys. Rev. B 89, 205303 (2014)],
is indeed the most dominant spin-flip process. In the process, the momentum scattering of the excitons by the
defects takes the central stage. Interestingly, the study finds the scattering rate to be proportional to the cube
root of the density of the defects. The intervalley transfer process of excitons involving the � valley also has
significance in valley depolarization, especially when the layer is either under a tensile strain or has a high
density of VS defects, as these perturbations reduces K to �-energy separation. Band-structural calculations
carried out within a density functional theory framework validate these findings. The study further suggests that
exchange interactions with the physisorbed oxygen molecules can result in the intervalley spin-flip scattering of
the excitons and this process gives an important contribution to valley depolarization, especially at the strong
scattering regime.
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I. INTRODUCTION

Two-dimensional transition-metal dichalcogenides
(TMDs) offer a valley degree of freedom, which can be
exploited to design next-generation valley-based electronics
or “valleytronics” [1]. The broken inversion symmetry,
together with strong spin-orbit coupling, results in the
valley-dependent optical selection rules in monolayer
(1L)-MoS2. This property enables an exciton to sustain its
valley character throughout the time of its existence. In fact,
valley polarization approaching 100% has been reported in
exfoliated 1L-MoS2 samples [1–5], whereas 1L-MoS2 films
grown by the chemical vapor deposition (CVD) technique,
which is frequently used to grow large area films on different
substrates, show only moderate polarization values (less than
50%) [6]. Since large area coverage of the monolayer film
has to be ensured for any practical application of the material,
it is imperative to understand the reason for the moderation
of valley polarization in CVD-grown 1L-MoS2. Note that the
optical and electrical properties of CVD-grown layers often
suffer from the presence of a high density of sulfur vacancy
defects (VS) and the residual strain [7–13]. Since the valley
and spin properties are closely related to the crystal symmetry,
both the strain [13,14] and the defects [15–18] are expected
to have certain impacts on the valley polarization (VP)
property of 1L-MoS2 grown by the CVD technique. It has

*dhar@phy.iitb.ac.in

indeed been experimentally demonstrated that VP decreases
with increasing tensile strain in the 1L-MoS2 [13,14]. This
has been explained in terms of longitudinal acoustic (LA)
phonon-assisted intervalley scattering of the excitons via the
� valley as the K to �-valley energy separation decreases
with the increase of biaxial tensile strain [19,20]. However,
the underlying mechanism through which defects govern VP
in this system is yet to be systematically investigated.

There have been several theoretical studies to understand
the valley depolarization process in transition-metal dichalco-
genides [21–23]. Recently, theoretical focus has been on the
satellite valley effects [24] and phonon-limited valley polar-
ization [25]. In an ideal scenario, bright excitons generated in
one of the K valleys through circularly polarized (σ+ or σ−
polarization) photons, are expected to stay in the same valley
until recombination. One may think that intervalley phonon
scattering along with spin flipping of both the electron and
hole are necessary to transfer a bright exciton between K
to K ′ valleys. However, such processes are rare because the
D’yakonov-Perel (DP) mechanism cannot result in the spin
relaxation of electrons/holes as the out-of-plane spin compo-
nent is conserved for both carriers [1,26–28]. But in reality,
excitons do move between the K to K ′ valleys and, in cer-
tain cases, the depolarization rate is shown to be extremely
fast even in exfoliated 1L-MoS2 samples [29–31]. A recent
theory suggests that the long-range part of the electron-hole
exchange interaction can virtually transfer excitons between
K to K ′ valleys without directly involving any phonon [32].
In this process, excitons can experience the in-plane effective
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magnetic field �(Pex ) that depends upon its in-plane center-of-
mass momentum Pex. Precession of the exciton total angular
momentum about �(Pex ) can cause valley depolarization due
to inhomogeneous broadening. The exciton momentum scat-
tering rate can influence its spin scattering rate through the
Maialle-Silva-Sham (MSS) mechanism, which has similar
characteristics as the DP process for the electrons as well
as holes. In the weak scattering regime, the spin scattering
rate is proportional to the momentum scattering rate, while
the two rates follow the inverse relationship in the strong
scattering regime. The presence of defects can thus influence
the momentum relaxation rate of the excitons and hence can
affect the valley depolarization.

Here we explore the influence of sulfur-vacancy-related
defects on the valley polarization property of CVD-grown
1L-MoS2. Our study reveals that momentum scattering of the
excitons due to the sulfur vacancies, which are physisorbed
with air molecules, influences the intervalley spin-flip transi-
tion rate of the excitons and hence the valley depolarization
process. Both weak and strong scattering regimes of the inter-
valley excitonic transfer processes could indeed be identified
from the dependence of the degree of valley polarization on
the defect concentration as well as on the temperature, val-
idating the MSS mechanism. It has been found that in the
presence of biaxial tensile strain, high defect densities and/or
at sufficiently high temperatures, (LA) phonon-assisted inter-
valley scattering via the � valley becomes important. This has
been corroborated by ab initio band-structural calculations.

II. EXPERIMENTAL TECHNIQUES

Three types of samples were used for the study.
Monolayer-MoS2 films, which had been grown on c-sapphire
substrates using a microcavity-based CVD technique [33],
were labeled as sample M1. One of the as-grown 1L-MoS2

samples, which was vacuum annealed at 200 ◦C in a pulsed
laser deposition (PLD) chamber for 10 minutes and eventually
coated with the deposit resulting from laser ablation of the
hBN pellet, was labeled as sample M2. A ∼20-nm-thick coat-
ing of a material consisting of B, N, and oxygen was found to
be deposited on top of the MoS2 film (see the Supplemental
Material for more information about the deposited layer and
the deposition process [34]; see, also, Refs. [35–42] therein).
Another as-grown 1L-MoS2 film was dislodged from the sap-
phire substrate and placed on a SiO2 coated Si substrate using
a surface-energy-assisted transfer method using polystyrene
(PS) as the carrier polymer [43]. This sample was termed
sample M3. More details about the growth, transfer process,
and characterizations of these samples can be found in the
Supplemental Material [34].

Photoluminescence (PL) and polarization-resolved PL
studies were conducted keeping the samples in a liquid-
nitrogen cryostat. Measurements were carried out in a
backscattering configuration within a microscope setup
equipped with a 50× long working distance objective
(NA= 0.5). For PL, a 532 nm diode laser was used as the
excitation source. For polarization-resolved PL, an achromatic
quarter wave plate was used to produce circularly polarized
lights (σ−/+) from the linearly polarized HeNe (632.8 nm)
laser. Another achromatic quarter wave plate in combination

FIG. 1. Normalized (with respect to the A-excitonic feature)
photoluminescence spectra recorded with 532 nm laser excitation for
different samples at (a) room temperature and (b) 85 K.

with a Glan-Taylor analyzer was placed before the spec-
trometer entrance slit to select between σ− and σ+ emitted
photons. The spectra were recorded using a 0.55 m focal
length monochromator equipped with a Peltier cooled CCD
detector. To avoid Joule heating, the excitation intensity was
kept at 150 µW on a spot diameter of ∼5 µm.

III. RESULTS AND DISCUSSION

In the room-temperature PL spectra recorded with 532 nm
laser excitation for the three samples as shown in Fig. 1(a),
A-excitonic features are found at almost the same energy
positions for the as-grown and the capped samples, whereas
the feature appears at a higher energy position for the trans-
ferred sample. This blueshift implies the release of the tensile
strain after transfer of the monolayer from the sapphire to the
amorphous SiO2/Si substrate [12,13]. Note that the as-grown
1L-MoS2 layer on sapphire is expected to be under tensile
biaxial strain due to the mismatch in the thermal expansion
coefficient and/or lattice constant [44–46]. The broad lumi-
nescence feature (D) appearing at ∼1.75 eV in Fig. 1(b),
where 85 K PL spectra are compared, can be attributed to
those VS sites where air molecules are physisorbed [10,14,47].
Evidently, the intensity of the D peak is significantly less
in the transferred sample M3 as compared to that of the as-
grown sample M1. The D peak is almost fully suppressed
in the capped sample M2. Annealing followed by capping in
the preparation process of samples M2 and M3 are found to
be the reason for the reduction of the D feature [14]. It is
interesting to note that the trion peak is stronger than the exci-
tonic feature in sample M3, implying a large enhancement of
electron concentration, which can be attributed to polystyrene.
As an aromatic hydrocarbon, PS has the potential to act as
donors [14].

Figure 2 shows the polarization-resolved PL spectra with
σ− excitation recorded at 85 K on the three samples. The de-
gree of valley polarization, which is defined as P =(I−−I+)/
(I− + I+) with I−/+ as the intensity of σ−/+ light, is also
plotted as a function of photon energy in the respective panels.
Evidently, in all cases, polarization could only be observed
at the A-exciton/trion features, while the D band does not
show any polarization at all. Note that the D feature is al-
most completely suppressed in the sample M2 and the sample
shows higher P than what is typically obtained in as-grown
samples. This finding highlights the role of VS-Air defects in
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FIG. 2. Circular polarization-resolved PL spectra recorded at
85 K for the samples (a) M1, (b) M2, and (c) M3. The degree of
polarization (P) is also plotted as a function of photon energy in these
figures (dashed blue lines). The red and black lines represent the
spectra obtained for σ− and σ+ polarized luminescence, respectively,
when σ− polarized 633 nm laser light is used for excitation.

determining the valley polarization property of the material.
Interestingly, P goes to as high as 82% in the case of sample
M3, where the intensity of the D peak is significantly reduced
compared to what is generally found in as-grown samples, but
the reduction is not as much as is found in sample M2. The
observation of higher P in sample M3 compared to M2, even
when the VS-Air defect density is larger in the former, can be
attributed to the relaxation of biaxial strain in the MoS2 film
after the transfer [14]. Polarization-resolved PL spectra are
recorded at several spots on samples M1, M2, and M3. The
relative intensity of the D feature with respect to A-exciton
complex ID/IA at each sampling point can serve as a measure
for the density of VS-Air defects at that location. Note that in
the case of the as-grown sample, even though the ratio is found
to vary significantly from spot to spot, the position of the A
feature does not change much (see the Supplemental Material,
Fig. S5 [34]). In the case of capped and transferred samples,
neither the ID/IA ratio nor the excitonic peak position show
much spatial variation. The degree of polarization P obtained
at 85 K from various parts of these samples is plotted versus
ID/IA in Fig. 3(a) (see the Supplemental Material, Fig. S6,
for the polarization-resolved PL spectra recorded at different
spots on these samples [34]). In the case of the as-grown
and the capped samples (M1 and M2), P is obtained at a
fixed energy of 1.945 eV, while for the transferred sample,
P measured at the peak of the A-exciton/trion complex is
used for the plot. Since the higher-energy side of the PL
feature corresponding to the A-exciton/trion complex cannot
be visible with the 633 nm (1.96 eV) excitation, the ID/IA

ratio is obtained from the PL spectra recorded with 532 nm
laser excitation at the same spot in all cases. Evidently, for
the as-grown and the capped samples, all the data obey a
trend of rapid initial decrease followed by a plateauing as
the ID/IA ratio increases. Interestingly, beyond a certain ID/IA

ratio, P suddenly drops to zero. Note that the data obtained
from the transferred sample stay clearly isolated from other

FIG. 3. (a) Degree of circular polarization (P) as a function
of ID/IA obtained at various sampling points on different samples.
(b) Plot of ln (P−1 − 1) vs ln (ID/IA) for all the sampling points.
Temperature dependence of P for (c) as-grown samples with two
different ID/IA ratios and (d) the transferred sample.

data points in the plot. But, they also show a reduction as
ID/IA increases. These observations clearly demonstrate the
correlation between the VS-Air defects and P. The data points
from the rapid initial decrease part for all the samples are
plotted as ln(P−1 − 1) versus ln(ID/IA) in Fig. 3(b). It should
be noted that both of the data sets show a straight line. This
point will be discussed later.

Figure 3(c) compares the temperature (T ) variation of P
recorded for an as-grown sample at two spots with different
ID/IA ratios. Interestingly, P shows a monotonous decrease
with the increase in temperature when ID/IA is only 0.19,
while P initially increases and then decreases with rising
temperature for ID/IA = 1.87. We have investigated several
spots with different ID/IA ratios, and P is found to consistently
exhibit an initial trend of either reduction or enhancement with
increasing T depending upon whether ID/IA is sufficiently low
or high, respectively. Note that a recent study has reported the
enhancement of valley polarization via increasing the scat-
tering rate by raising the sample temperature or introducing
charge doping in exfoliated 1L-MoS2 [48]. Figure 3(d) plots
P as a function of T for the transferred sample M3 at a spot
with ID/IA = 0.2. P, in this case, shows a reduction followed
by a plateauing tendency as T increases. Beyond ∼250 K, the
polarization suddenly drops to zero.

Upon illumination with a circularly polarized light falling
perpendicularly to the layer plane, A-excitons/trions are gen-
erated in one of the K valleys depending upon the helicity
of the incident light. The generated excitons can either be
transferred to other nonequivalent K valleys through inter-
valley transition processes or can be captured by the VS-Air
defect centers before recombination. One can consider that
the excitons are generated at a rate of G in only one of
the valleys (say, K valley). At the steady-state condition, the
concentration of excitons in the K , K ′ valleys (X and X ′) and
the defect sites (XD) can be governed by the following rate

115429-3



FAIHA MUJEEB et al. PHYSICAL REVIEW B 107, 115429 (2023)

equations:

G − γ X − β(No − XD)X − (X − X ′)γs = 0, (1)

−γ X ′ − β(No − XD)X ′ − (X ′ − X )γs = 0, (2)

β(No − XD)(X + X ′) − γDXD = 0, (3)

where γ and γs are the total recombination (radiative plus
nonradiative) and the intervalley relaxation rates of the A-
excitons. γD is the total recombination rate of the bound
excitons, No is the defect concentration in the sample, and
β is the coefficient of transition of A-excitons to the defect
bound state. Considering XD/No � 1, polarization can be ob-
tained as P=(I− − I+)/(I− + I+) = (X − X ′)/(X + X ′)=1/

[1 + 2γs/(γ + βNo)] from Eqs. (1) and (2). One may further
contemplate that the rate of recombination of A-excitons, γ ,
is much more than the rate of capture of those excitons in
the defect sites, βNo. Polarization can then be expressed as
P = 1/[1 + 2γs/γ ].

According to the theory proposed by Yu and Wu, the inter-
valley spin scattering rate γs of the A-excitons should depend
on the momentum scattering rate (rp) of the excitons through
the Maialle-Silva-Sham (MSS) mechanism [32]. It is quite
reasonable to believe that the presence of air molecules at the
S-vacancy sites introduces certain additional local vibrational
modes, which can take part in the momentum scattering of
excitons. One may thus consider that rp ∝ (No)α , where the
power α is a constant. In the weak scattering regime, γs ∝ rp

and hence γs = Qs(No)α , where Qs is a constant. One can
also express defect concentration No in terms of the intensity
ratio ID/IA as No = (γrγD/βγrD)(ID/IA), where γr and γrD

are the radiative recombination rate of A-excitons/trions and
the defect bound excitons, respectively (see the Supplemental
Material [34]). P can now be given by

P = 1

[1 + S(ID/IA)α]
, (4)

where S = 2(Qs/γ )(γrγD/βγrD)α . Note that γr and γrD are
independent of the defect concentration. At low defect den-
sities and sufficiently low temperatures, the recombination
of excitons takes place mostly through radiative pathways
and hence γ ≈ γr and γD ≈ γrD. S can thus be treated as
independent of No. The rapid initial fall in the P versus ID/IA

plot shown in Fig. 3(a) can now be explained through Eq. (4).
Note that the data points from the weak scattering regime
in all these samples show a linear behavior when plotted as
ln (P−1 − 1) versus ln (ID/IA), as shown in Fig. 3(b). Data
obtained for samples M1 and M2 clearly follow a straight line,
while those from sample M3 can be fitted with a separate but
parallel straight line with a slope of α = 0.33. This further
establishes the validity of Eq. (4), especially in the weak
scattering regime. It should be noted that the MSS mechanism
predicts γs ∝ r−1

p in the strong scattering regime, meaning P
should increase with rp, while rp is expected to increase with
T . In Figs. 3(c) and 3(d), the observation of the initial decrease
and increase of P with the rising temperature when ID/IA is
low and high, respectively, can be assigned to the weak and
strong scattering regimes, respectively.

At sufficiently high temperatures, P has been found to
decrease with increasing T in all cases. This can be attributed

to the increase of the center-of-mass momentum of the exci-
tons pex. Since the band gap of the material decreases with
the increase of T , for the same photon energy of excitation,
the probability of generation of excitons with higher pex in-
creases and, according to the theory [32], γs increases with
pex. Further, the polarization data presented in Fig. 3(a) show a
plateauing tendency beyond ID/IA≈1.5 before abruptly drop-
ping down to zero at ID/IA ≈ 6. However, theory predicts P
to enhance with ID/IA beyond a certain point as the defect
density moves from the weak to strong scattering regime.
This may indicate the presence of other competing mecha-
nisms, which increase the excitonic spin relaxation rate with
ID/IA. One of the possible candidates might be the exchange
interaction of the excitons with the air molecules attached
at the VS sites. Note that certain air molecules, such as O2

and H2O, possess magnetic moment [49,50]. Physisorption of
such molecules at the VS sites can interact with the excitons
through exchange coupling. The spin relaxation rate of the
excitons due to these scattering processes is expected to be
proportional to the density of these defects [51,52]. It should
be mentioned that the increase of disorder in the lattice as a
result of the increase of defect density (ID/IA), which leads
to the change in the band structure, also results in the re-
duction of the valley polarization [24]. We believe that the
sudden drop of P to zero when plotted as a function of ID/IA

(at ∼6) in Fig. 3(a) is due to the inclusion of a large density of
disorder in the lattice at such a high defect concentration. In
fact, the reduction of the valley polarization with the increase
of disorder in 1L-MoS2 has been reported [31].

We have carried out band-structural calculations under the
framework of density functional theory (DFT) [53], consid-
ering the spin-orbit coupling effect to understand the role of
different perturbations such as VS formation, physiadsorption
of air molecules with the VS sites, and biaxial strain on the
band structure of 1L-MoS2. The van der Waals interaction
between the oxygen molecule and MoS2 surface is taken into
account by employing Grimme’s dispersion corrections of the
DFT-D3 type [54]. A 4×4 supercell of MoS2 is considered
for the simulations, and a vacuum space of 20 Å is introduced
along the z direction to avoid the periodic interactions in our
system. A single VS is introduced in the 4×4 supercell of
MoS2, and one oxygen molecule is introduced on top of VS .
Details of the calculation are provided in the Supplemental
Material [34] (see, also, Refs. [55–58] therein).

Calculated band structures for 1L-MoS2, when the layer
is pristine, biaxially strained (tensile), unstrained but with
bare VS defects, and unstrained but with VS-O2 defects are
compared in Fig. 4. It is noticeable that as compared to the
pristine layer, the energy separation between the K/K ′ and the
� valley is reduced whenever the layer is either under a tensile
biaxial strain or incorporated with the defects. Reduction of
the energy gap can enhance the chance of the holes to transfer
between the K and K ′ valleys via the � valley through phonon-
assisted intervalley processes [24]. However, it has to be noted
that the z component of the hole spin is still a good quantum
number even for the � valley. The DP mechanism cannot thus
be a dominant process for spin relaxation in this pathway [32].
Rather, the Elliott-Yafet (EY) mechanism should play a more
significant role in the hole spin relaxation process at the �

valley.
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FIG. 4. Calculated band structures of 1L-MoS2: when the film is
(a) pristine, (b) biaxially strained (tensile), (c) unstrained but with
bare VS defects, and (d) unstrained but with VS-O2 defects.

IV. CONCLUSION

In conclusion, the momentum scattering of excitons due to
VS-air defects has been found to play a vital role in the valley
depolarization process of CVD-grown 1L-MoS2. The study

demonstrates that at sufficiently low defect densities and tem-
peratures, the long-range electron-hole exchange mediated
transfer of excitons between K/K ′ valleys indeed happens
due to momentum scattering via the MSS mechanism, as
theoretically proposed [32]. The momentum scattering rate
of the excitons due to these defects comes out to be propor-
tional to the cube root of the defect density. The intervalley
transfer process of excitons involving the � valley also plays
a substantial role, especially when the layer has tensile strain
or a high density of VS defects as K to �-energy separation
decreases with these perturbations. The study further suggests
that the exchange interaction between the excitons and the
physisorbed air molecules can also lead to intervalley spin-flip
scattering. Such processes also give a substantial contribu-
tion to valley depolarization especially at a strong scattering
regime.
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