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Tuning the valley depolarization dynamics in selenium and vanadium alloyed monolayer MoS2
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The low valley polarization of monolayer transition-metal dichalcogenides at room temperature poses a
significant obstacle to the development of valleytronic devices, and a mechanistic insight into the valley
depolarization in such systems is still lacking. In this study, we demonstrate that substitutional doping leading
to alloyed monolayers offer an effective strategy for enhancing valley polarization at room temperature. The
degree of valley polarization, as determined by helicity-resolved transient absorption spectroscopy, is 15%
for Se-doped and 30% for Se- and V-doped monolayer layer MoS2 (referred to as MoSSe and VMoSSe,
respectively). The valley polarization persists for longer durations in MoSSe (∼15 ps) and VMoSSe (>500 ps)
compared to pristine MoS2 (∼1 ps). The prolonged valley depolarization in MoSSe is attributed to a reduction
in long-range electron-hole exchange interactions due to thermal mixing of bright and dark excitons. However,
the valley depolarization in VMoSSe takes place via intervalley scattering of carriers between hybridized and
defect excitons. Our study elucidates that altering the exciton ground state through the inclusion of additional
levels near the conduction-band or valence band edges via alloying can enhance and prolong valley polarization
in MoS2. These findings are pivotal in realizing valleytronics devices at room temperature.
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I. INTRODUCTION

Valley engineering of semiconducting materials towards
valleytronics applications is an emerging trend in materi-
als science [1,2]. Semiconducting transition-metal dichalco-
genides (TMDs) such as MoS2, WS2, WSe2, etc. in monolayer
limit are the potential systems in this venture due to their
inherent inversion symmetry breaking (EK↑ �= EK ′↑) and high
spin-valley coupling [3–5]. This allows chirality-dependent
valley-selective optical excitations and hence valley-selective
polarizations with minimum intervalley cross talking [6,7].
Valley-based information processing needs valley splitting of
the order of 25 meV for data retention and storage operations
at room temperature [1]. This demands breaking of valley
degeneracy; different approaches have been put forward for
creating this [1,8]. Application of an external magnetic field,
magnetic proximity effects, introduction of magnetic dopants
to bring long-range ordering, etc. are some of the possible
avenues explored in this juncture [9–11]. It has been shown
by the authors that vanadium (V) doping is an efficient method
for introducing the valley splitting in MoS2 monolayers [12].
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The effect of different concentrations of V doping can dras-
tically change the electronic properties of MoS2 monolayers
[13]. Medium amount of V doping (∼4 at. %) can keep the
semiconducting (with an optical band gap of ∼1.78 eV) prop-
erties of MoS2 while bringing the band-gap differences at the
K and K′ valley points due to V-induced time-reversal symme-
try breaking [12,13]. This has been proven by the differences
in photoluminescence peaks (optical band gap calculated us-
ing A-exciton emission) as witnessed in our chirality-selective
optical excitations [12]. Recent studies indicate that the most
efficient method to break time-reversal symmetry is doping
of various magnetic dopants such as Fe, Co, Ni, Cr, V, etc.
[14–16]. Among them, only V doping can introduce efficient
valley splitting in zero external magnetic field, enabling them
for room-temperature valleytronics applications [12].

The enhancement of valley polarization is another impor-
tant aspect of valleytronics where it is directly associated with
the population differences among valleys [6,17]. Nayak et al.
have reported 35 and 80% valley polarization for chemical va-
por deposition (CVD)-grown WS2 monolayers and bilayers,
respectively at room temperature [18]. In a different work,
Cao et al. have reported valley polarization up to 50% for
MoS2 [7]. We previously reported the polarization differ-
ences (P) of ∼1% for MoS2, ∼1% for Se (∼24 at. %)-doped
MoS2, ∼42% for V-doped (∼5 at. %) MoS2, and ∼10%
for V (∼2 at. %) and Se (∼24 at. %)-codoped MoS2 using
chirality-selective photoluminescence (PL) studies with 532-
nm excitation [12,19]. Liu et al. have recently reported a very
high polarization ∼50% for monolayer MoSSe alloy system
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[20]. Carrier concentration modulation by optical or electrical
doping is also attempted to tune the valley polarization of
TMD systems [21,22]. For example, Feng et al. have shown
that valley polarization in WS2 can be tuned by electrostatic
and optical doping by applied bias and off-resonant laser
excitation condition modulations [21]. In a different work,
Shinokita et al. have shown that enhancing the valley polar-
ization from 20 to 40% can be achieved by modulating the
carrier density via biasing at lower temperatures (70 K) [22].
Similarly, with carrier tunability by applying bias, Back et al.
have shown giant paramagnetic-field induced valley polariza-
tion in MoSe2 [23]. Nonlinear valley Zeeman effect followed
by enhancement in g factor leading to enhanced valley mag-
netic response was reported in WSe2 [24]. All these systems
achieved tunable valley polarization mostly by controlling the
carrier concentration by external means and the studies are
limited to PL-based ones. The presence of different types of
defects, particularly in CVD-grown monolayer TMDs, makes
it harder to predict the resonant conditions in PL studies as
discussed in the following paragraphs.

The PL-based studies, as mentioned by the previous re-
ports, have limitations in measuring the exact degree of valley
polarization due to the possibilities of continuum-state exci-
tations and interband scattering of electrons. Recent studies
indicate that valley polarization at room temperature can be
enhanced by modifying internal Coulomb forces and spin-
orbit interactions in atomically thin TMDs via chalcogenide
alloying, whereas they have shown high degree of valley
polarization in Mo(S0.8Se0.2)2 unlike in MoS2 and MoSe2

at room temperature [20]. It has been stated that the mix-
ing of dark and bright excitons is leading to the observed
phenomenon in chalcogenide alloys [20]. But the roles of
defects, valley selective relaxations, etc. need to be probed,
opening up the possibilities for further investigations in this
direction. Moreover, the extent of valley polarization in PL-
based studied also depends on the energy of the pump used
for excitation.

As mentioned above, previously many strategies like mag-
netic doping, magnetic field, magnetic proximity effects
and optical pumping, defect engineering, and alloying were
used for enhancing the valley polarization of TMDs [11,25].
Among them, most of the studies, including our previous stud-
ies, were based on PL measurements, where their limitations
are discussed in our paper. Literature review indicates that
a mechanistic insight in a valley polarization and depolar-
ization dynamics in TMDs and their engineered systems are
still lacking. Until now no extended studies have been made
on the valley dynamics, especially when the ground state of
conduction band (CB) or valence band (VB) is changed. The
current paper addresses this lacuna using helicity-resolved
transient absorption studies using the model systems such
as monolayers of MoS2, Se-doped MoS2 (MoSSe), and V
along with Se-doped (alloyed) MoS2 (VMoSSe). The val-
ley dynamics of monolayer MoS2, MoSSe (Se-doped MoS2

where the at. % of Se amount is found as ∼19%, using
x-ray photoemission spectroscopy analyses), and VMoSSe
(V and Se co-doped MoS2, where the V and Se amounts are
found as ∼3 and ∼20%, respectively) systems are studied us-
ing polarization-dependent transient absorption (TA) studies.
Utilizing helicity-resolved TA spectroscopy, we observed an

increase in valley polarization for alloys that lasted longer
than single-layer MoS2. Furthermore, we comprehended the
valley dynamics and provided a plausible explanation for the
enhanced valley lifetime, attributing it to the alterations in the
band structure introduced by the doping process.

II. EXPERIMENTAL METHODS

A. MoS2, MoSSe, and VMoSSe synthesis

Monolayer MoS2, MoSSe, and VMoSSe are synthesized
over Si/SiO2 substrate using CVD-assisted method, as dis-
cussed in our previous papers [13,19,26]. The schematic of the
synthesis process is illustrated in Fig. S1 of the Supplemental
Material [27] information. In this method, MoO3 and V2O5

powders are used as precursors. Sulfur and selenium powders
are used as sulfur and selenium sources. To enable the growth
process, a carrier gas mixture of Ar/H2 is used. For the MoS2

growth the temperature on the sulfur side is maintained at
210 °C, while the temperature on the precursor side is set to
710 °C. For the case of MoSSe and VMoSSe, the temperatures
on the selenium side and precursor side are kept at 400 and
780 °C, respectively. The temperature ramp time and growth
time for all the growth are 30 min and 15 min. The gas-flow
rate during the MoS2 synthesis is 190 sccm and that for the
MoSSe and VMoSSe synthesis is 200 sccm.

B. Experimental techniques

Optical images of thin samples are captured using an
optical microscope, while a Renishaw Invia micro-Raman
spectrometer with 532-nm excitation wavelength, L50× ob-
jective lens, and 2400-gr/mm grating with 0.50 N.A. is used
to capture Raman and PL spectra. The chirality-resolved
emission following a linear polarized excitation (wavelength
532 nm) is detected from the samples using a quarter-wave
plate and a polarizer. The morphology of the samples is
measured using scanning electron microscopy (SEM, JEOL
FESEM JSM 7200). A homemade setup is used for transient
absorption measurements. A light beam (800 nm) obtained
from a laser amplifier (Spit fire Ace, Spectra Physics), with
output power 4 W, pulse width <35 fs, and a repetition rate 1
kHz, is used as a source. A focused beam (800 nm) through
a sapphire crystal is used to generate white-light continuum
probe. Two parametric amplifiers (TOPAS Prime from Light
Conversion) are used for generating different pump and probe
wavelengths. TA spectra are collected by charge-coupled de-
vice arrays fitted with a grating spectrograph (Acton spectra
Pro SP 2358). TA kinetic traces are obtained through two
well-aligned photodiodes of variable gain. We use Fresnel
rhomb retarders, FR600QM and FR600HM, manufactured by
Thorlabs, as quarter- and half wave plates, respectively. The
laser output from TOPAS is linearly polarized. We keep the
optical axis of the retarder, FR600QM (quarter wave plate) at
45 ° for obtaining circular polarized light. During experiment,
we fix the helicity of the pump beam for specifically exciting
the K valley. But, probe helicity is changed for obtaining the
carrier dynamics of K and −K (K ′) valleys. We used a retarder,
FR600HM (half wave plate) before the quarter wave plate for
changing the helicity of the probe.
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FIG. 1. SEM images of monolayers of: (a) MoS2 (b) MoSSe, and (c) VMoSSe alloy crystals, indicating the formation of triangular
monolayer crystals. The central part of the MoSSe has multiple layers but this region is not considered for experiments. The white particles
are MoO3. Raman spectra of (d) MoS2 (e) MoSSe, and (f) VMoSSe crystals indicating the characteristics phonon modes, as discussed in the
text. PL spectra of (g) MoS2, (h) MoSSe, and (i) VMoSSe at an excitation wavelength of 532 nm. The excitation is carried out with linear
polarization, and PL detection is not chirality resolved. The A excitons are prominent in all the crystals but as the defect increases, its intensity
decreases leading to the appearance of B exciton. Chirality-selective PL spectra using linearly polarized optical excitation using 532-nm light
and detection of σ+ and σ− in the output of (j) MoS2, (k) MoSSe, and (l) VMoSSe [19]. The experimental details have been discussed in our
previous work [19].

III. RESULTS AND DISCUSSION

Monolayers of MoS2, MoSSe, and VMoSSe are synthe-
sized using CVD technique, as discussed in our previous

papers [13,19]. Figures 1(a)–1(c) show the SEM images of
MoS2, MoSSe, and VMoSSe, indicating the formation of
crystals of sizes (lateral widths) ∼50, ∼60, and ∼50 µm,
respectively, over Si/SiO2 substrate. Figures 1(d)–1(f) indicate
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the Raman spectra of these samples, and the features of the
individual spectra are presented briefly here.

Raman spectrum of MoS2 shows two characteristics
modes, E2g (in-plane vibration) and A1g (out-of-plane vibra-
tion) at ∼384 and ∼404 cm−1, respectively. The difference
between E2g and A1g modes is found to be ∼20 cm−1, in-
dicating the formation of a single layer [28]. In MoSSe, in
addition to the characteristic Raman modes of MoS2, another
Raman active mode at ∼267 cm−1 is observed. This mode
arises from the vibrations of partially selenized MoS2. Despite
being a monolayer, the MoSSe layer exhibits a separation of
approximately 23 cm−1 between the E2g and A1g modes.

The increased separation is due to strain effects induced
in the lattice by Se doping, as demonstrated in previous re-
ports [13,29]. Furthermore, in VMoSSe, an additional small
peak at 325 cm−1 is observed in the Raman spectrum. This
peak is a characteristic mode that emerges due to vanadium
(Cv peak) atoms doped into the MoSSe lattice and its intensity
is sensitive to the doping concentration [12,30]. Apart from
this, as the vanadium atoms are introduced as dopants, a set
of peaks begins to emerge in the range of 100–230 cm−1,
which was previously reported to be associated with defect-
site related phonon modes [13,31]. In VMoSSe, the position
of the E2g peak is slightly redshifted, while the position of
the A1g peak remains unaffected. The separation between E2g

and A1g modes is approximately ∼24 cm−1, which can be
attributed to the additional strain induced by vanadium dop-
ing [12,13]. Figures 1(g)–1(i) show the PL spectra of MoS2,
MoSSe, and VMoSSe with 532-nm excitation indicating two
emission peaks corresponding to A exciton (dominating one)
and B exciton (small peak).

The chirality-selective PL studies conducted with 532-nm
excitation [Figs. 1(j)–1(l)], as reported in our previous works,
indicate large differences in the emission (intensity and broad-
ness) with the variations in the range of dopants (with the
variations in V amount), nature of dopants (Se or V), and with
the changes in defects (postsulfurization (plasma) treatment
vs as-prepared MoS2) [12,19]. Previous studies also demon-
strated substrate-dependent differences in chirality-selective
PL. The room-temperature PL spectrum of MoS2 shows the
asymmetry nature [Fig. 1(j)], suggesting formation of trion.
To get the accurate value of intensity difference (P), we
fit both the spectra of MoS2 and find the value of P∼2%
(Fig. S3 [27]), although both the peak positions remain the
same, whereas the V and Se doping in MoS2 affects the PL
differently where both peak positions and intensities behave
differently [Figs. 1(j)–1(l)]. Room-temperature PL position
shifts of ∼35 and 8 meV are occurring for V-MoS2 (∼5 at. %
V) and V-MoSSe (∼2 at. % V) while there no such shifts
occurring in MoS2 and MoSSe [12,19]. Differences in the area
and intensity of PL spectra at two different chiral excitations
are occurring with extension of Se doping or post-treatment of
MoS2 with plasma or further sulfur annealing [12,19]. Though
these studies indicate that the PL position shifts are due to the
valley position shifts occurring due to time-reversal symmetry
breaking by the doping of V, such studies are inadequate to
comment on exact behavior of valley polarizations. Interval-
ley scattering, defect-mediated spin relaxation, defect-induced
variations in carrier dynamics, etc. cannot be understood with
the existing studies [32,33].

The dynamics of charge carriers that governs the optoelec-
tronic properties of semiconductors, particularly monolayers
of TMDs such as MoS2, can be largely affected by the defects.
For example, though emissions from both A- and B exci-
tons (those emissions due to the recombination of electrons
in the conduction band with holes in the spin-orbit split-
valence bands) [34] are highly likely in MoS2; the intensity
variations among them can occur due to increase of nonra-
diative recombination with the extension of defects. Hence
the intensity ratio of B and A (IB/IA) can be used as a mea-
sure of the quality of the crystal, with low ratio indicating
low defect density. Studies indicate that an expected lifetime
of ∼800 ps can be assigned to the A exciton in MoS2 at
room temperature but that of B exciton is quite short (∼10
ps), where the radiative recombination is highly affected by
temperature [34]. Due to additional relaxation pathways of
B exciton to A exciton, in defect-free(less) systems, a high
intensity of A-exciton emission is expected, as we have seen
in the PL of pristine MoS2 [Fig. 1(g)]. The nonradiative path-
ways, impacted by charge trapping in defects, exciton-exciton
annihilation, etc., occur in much shorter timescale (∼10 ps
for A) and hence A-exciton intensity is more largely affected
by defects than those of B exciton [34]. Hence, to calcu-
late the valley polarization in doped TMDs, carrier dynamics
need to be studied and pump-probe spectroscopy is ideal for
such studies. Since the optical selection rules allow selective
valley excitation with circular polarized lights in mono-
layer MoS2, chirality-selective valley excitations and probing
using same or different chirality probe beams are carried
out here.

Figure 2(a) illustrates the transient absorption (TA) spectra
for monolayer MoS2 having bleach bands at 675 and 610 nm
corresponding to A- and B-excitonic transitions, respectively.
However, the TA spectra of MoS2 are modified following
selenium- (Se) and vanadium (V) doping. In the TA spec-
tra of MoSSe [Fig. 2(b)], two bleach bands are observed at
640 nm (G band) and 710 nm (H band). Conversely, in the
case of VMoSSe [Fig. 2(c)], there are three bleach bands: X
(at 730 nm), Y (at 670 nm), and Z (at 575 nm) in the TA
spectra. The bleach bands in VMoSSe are broader than those
of MoS2 and MoSSe. We compare linear absorption spectra
of these samples to understand the difference in TA spectra
(Fig. S4(a) [27]). While A- and B bands are narrow in MoS2

and MoSSe, these bands become wider in VMoSSe. This
linewidth broadening is attributed to the induction of induced
defects states and strong carrier-phonon coupling in VMoSSe
[35]. Therefore, the broad and redshifted bleach bands in
the TA spectra of V-doped sample could arise from defect-
induced linewidth broadening and transitions from conduction
band to dopant-related defect states [33].

To investigate the difference between valley properties of
doped TMDs and MoS2, helicity-resolved (HR) TA kinetics
measurements are conducted. It is essential to note that the
time resolution of the HRTA measurements is worse (0.3 ps)
than that of the TA measurements (60 fs) due to the utilization
of prism quarter wave plates (Fig. S4(b) [27]). Figure 3(a)
shows the HRTA kinetics for the A exciton in MoS2, mea-
sured with a pump light of 660 nm, in close proximity to the
A-exciton level. The degree of valley polarization (DOP) can
be calculated from TA kinetics measured with same circular
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FIG. 2. Evolution of TA spectra with time for (a) MoS2, (b) MoSSe, and (c) VMoSSe. The TA spectra were measured with 480-nm pump
light.

polarisation (SCP) and opposite circular polarisation (OCP)
pump and probe beams using the following equation:

DOP (%) = �ASCP − �AOCP

�ASCP + �AOCP
× 100, (1)

where �ASCP and �AOCP are the transient absorption signals
for same and opposite circular polarisation of pump and probe
beams, respectively. The maximum value of the degree of
valley polarisation of MoS2 is found to be around 5% (Fig.
S5(a) [27]), which undergoes a fast (∼1 ps) depolarization.
Subsequently, the HRTA kinetics were measured with a pump
wavelength of 710 nm and probed near the H-band (720 nm)
for the MoSSe alloy (Fig. 3(b)). In contast to MoS2, the TA
kinetics for SCP significantly differ from OCP in MoSSe, re-
sulting in a high DOP (15%), which persists for approximately
∼15 ps (Fig. S5(a) [27]). Similarly, SCP and OCP kinetics
were recorded for VMoSSe by probing close to the defect
band (at 715 nm) following an excitation at 690 nm (Fig. 3(c)).
Interestingly, the highest DOP (30%) is achieved in VMoSSe,
and the valley polarization endures for a more extended period
(not decaying to zero until 500 ps) compared to the other two
TMDs (Fig. S5(b) [27]).

The dynamics of valley depolarization can be analyzed
from the time evolution of the difference between the SCP
and OCP TA signals [36,37]. In Fig. 4(a), we present the
calculated difference signal (�Ad) from the SCP and OCP
TA signals for monolayer MoS2, MoSSe, and VMoSSe. For
MoS2, the difference in signal was fitted with a single ex-
ponential function, yielding a lifetime of 0.45 ± 0.13 ps.
Previously, valley polarization of monolayer MoS2 was inves-
tigated, revealing two processes involved in valley dynamics
at room temperature: one was faster exciton spin precision
(<100 fs) and the other was excess carrier decay in the
valley (�1 ps) [36]. Although the time resolution of our
measurements did not allow us to observe the fast decay time
(∼100 fs), the observed lifetime of 0.45 ps (τVS) could be
associated with excess carrier decay via intervalley scattering.
This intervalley scattering process is depicted schematically in
Fig. 4(b). Here, τVS denotes the intervalley scattering lifetime
for bright excitons. The atomically thin nature of TMDs leads
to a robust electrostatic interaction between electrons and
holes [20]. As a result, a substantial overlap of wave functions
occurs between electrons and holes [20]. The consequence is
a high electron-hole exchange interaction between the valleys,
leading to intervalley scattering [20].

FIG. 3. (a) Helicity-resolved transient absorption TA kinetics of MoS2 measured with pump beam of 660 nm. Inset: Evolution of
helicity-resolved TA kinetics at short delay times. SCP (OCP) represents the same (opposite) circular polarization of pump and probe beams.
Helicity-resolved TA kinetics for (b) MoSSe (pump wavelength ∼710 nm) and (c) VMoSSe (pump wavelength ∼715 nm). Log scale is used
after 20 ps.
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FIG. 4. (a) The evolution of the difference (�Ad) between the SCP and OCP signals with pump-probe delay. Schematics illustrating the
valley depolarization processes after optical excitation in the K valley in monolayer layer (b) MoS2, and (c) MoSSe. The pink and blue color
parabolas represent CB levels corresponding to the dark and bright excitons, respectively. τSS is the scattering time of the carriers due to mixing
of bright and dark states. (d) The sketch depicts the possible intravalley and intervalley scattering of exciton in MoSSe. |0〉, |B〉, and |D〉 denote
ground state, bright-, and dark exciton state, resepectively. Here, γdb is intravalley scattering rate. �BB, �DD, and �BD represent the times of
intervalley bright-bright, dark-dark, and bright-dark exciton scattering, respectively.

The biexponential fitting of the decay of difference signal
(�Ad) for MoSSe [Fig. 4(a)] yields two lifetime components:
0.42 ± 0.06 ps (81%) and 25.26 ± 8.73 ps (19%). Similar
to MoS2, the faster decay component likely represents carrier
decay via intervalley scattering between the bright exciton. It
has been reported that Se doping in MoS2 alters spin-orbit
interactions, and the energetic ordering of the fine structure
of excitonic levels (bright and dark) changes [20]. Moreover,
an earlier report suggests that around 20% Se doping in MoS2

can result in mixed excitonic states, where the energy splitting
(�db) between dark and bright exciton states is nearly zero
[20]. Wang et al. reported that the intravalley relaxation time
of the exciton is of the same order as intervalley scattering,
and these relaxations are much faster when the splitting be-
tween levels is low, leading to instantaneous bright-to-dark
exciton relaxation [38]. In the case of the spin-forbidden dark
exciton, the absence of long-range electron-hole exchange
interactions inhibits the fast depolarization of valley [20].

The thermal mixing of bright and dark excitons can lead
to a reduction in electron-hole exchange interactions [20].
Therefore, the longer lifetime (∼25 ps) for MoSSe could be
attributed to the decay of carriers in mixed states (dark and
bright exciton) via intervalley scattering. The processes of
bright-exciton intervalley scattering (lifetime τVS) and car-
rier scattering in mixed states (lifetime τSS) are illustrated
in Fig. 4(c). To elaborate, valley depolarization dynamics
in MoSSe is governed by both intravalley- and intervalley
scattering of excitons [Fig. 4(d)]. In a previous study, the
intravalley scattering rate from the dark to bright state was
reported as γdb = 1ps−1 [35]. However, the scattering from
dark to bright excitons via thermal excitation can be described
by γdb exp(−|�E |

kT ), where it depends upon the energy splitting
(�E) between the bright and dark excitons and temperature
[35]. Consequently, this scattering rate may increase even
further at room temperature as the energy splitting diminishes.
In typical TMDs, the exciton ground state is usually either
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FIG. 5. (a) Schematics illustrating the valley depolarization processes after optical excitation in the K valley in monolayer layer VmoSSe,
where �S represents the enegy shift (8 meV) of −K valley with respect to K as a result of time-reversal symmetry breaking. The pink and
blue color parabolas represent the dark and bright exciton levels, respectively. τTS is the intervalley scattering time of the hybride excitons and
τDS denotes scattering time of the defect bound excitons. (b) The sketch depicts the possible intervalley scattering of excitons having mixed
bright–dark–defect character in VMoSSe.

a bright or a dark state. However, MoSSe exhibits a unique
exciton ground state, resulting from the mixing of CB levels,
which combines characteristicsof both bright and dark states.
As a result, intervalley scattering in MoSSe can occur through
three distinct mechanisms: (1) bright-bright (B-B), (2) dark-
dark (D-D), and (3) bright-dark (B-D) exciton scatterings. It
has been noted that B-B exciton intervalley scattering occurs
very rapidly, with a scattering time of 0.4 ps. Conversely,
the scattering processes involving D-D and B-D excitons are
comparatively slower. Specifically, the D-D exciton scatter-
ing time was reported to be approximately 70 ps [35]. The
observed 25-ps lifetime likely represents the scattering time
of B-D excitons. Therefore, the sluggish nature of B-D and
D-D exciton scattering can result in high valley polarization
of MoSSe at room temperature.

Next, we fitted the dynamics of �Ad for VMoSSe
[Fig. 4(a)] and obtained two lifetimes: 2.22 ± 0.44 ps
(51%) and 124.42 ± 20.89 ps (49%). As the kinetics of
�Ad is very different compared to MoSSe, the carrier dy-
namics in VMoSSe is expected to be dominated by the
vanadium-induced states. Recently, theoretical calculations
on monolayer TMDs with point defects reported strong hy-
bridization between the A exciton and defect excitons, leading
to changes in valley and optical properties [39]. According
to these calculations, excitonic optical transitions between
the defect states and the pristine crystal state possess the
circular dichroism selectivity [39]. However, both A and B
excitons in the pristine monolayer can significantly mix with
transitions involving the defect states, causing broadening of
absorption spectrum [39]. We observed broadening in the
linear absorption (Fig. S4(a) [27]) and bleach band of TA
[Fig. 2(c)] spectra of VMoSSe, which could be attributed
to the mixing of untrapped and trapped transitions. This is
further suppported by our density-functional theory calcula-
tions that suggested the introduction of vanadium states near
the CB and VB edges [19]. As we measured TA kinetics
at 715 nm, the calculated valley polarization is not for the

pure A exciton but for hybridized or defect excitions. The
longer lifetime (∼124 ps) could be associated with the decay
of excess defect excitons from defect levels indtroduced by
V doping [40,41], supported by a previous study on mono-
layer WSe2 with chalcogen vacancies, by Moody et al. [40].
They found long-lived valley polarization and microsecond
valley scattering time from time-resolved PL measurements
that was interpreted as originated from defect excitons [40].
Figure 5(a) illustrates the valley depolarization processes after
optical excitation in the K valley in monolayer VMoSSe.
Nonetheless, the shorter decay time (2.22 ps) of the difference
signal could possibly be assigned to the intervalley scattering
of hybridized excitons. In VMoSSe, the faster valley depolar-
ization time is 5 times longer than that of MoS2 or MoSSe
(∼0.4 ps). Such differences can arise due to multiple rea-
sons, such as (1) time-reversal symmetry breaking (TRSB)
of valleys in VMoSSe, as evidenced from Fig. 1(l); (2) the
intravalley transtion between the different energy states of VB
and CB; (3) hybridized excitons near defect levels inhibiting
the free movement of excitons via localization, preventing
long-range electron-hole exchange interactions [39]; and (4)
possible alteration of the spin-orbit interactions of exciton
levels, which also impact valley polarization. The possible
intervalley scattering of the carriers in the hybrid (scattering
time, τTS) and the defect (scattering time, τDS) excitons are
shown in Fig. 5(a). Furthermore, Fig. 5(b) depicts all the
possible scattering routes responsible for valley depolarization
in VMoSSe. TRSB induces an approximately 8 meV shift
in the VB edge of the −K valley of VMoSSe. Simultane-
ously, the introduction of states (due to V doping) near the
VB and CB edges at the K valley triggers a modification in
the exciton ground states [19]. These altered exciton states,
possessing comparable energy levels at both the K and −K
valleys, can undergo intervalley scattering. Furthermore, the
change in energy-level alignment in both valleys can lead
to the transition of the exciton ground state from bright to
dark, resulting in distinctive intervalley scattering behaviors.
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Consequently, TRSB and the emergence of energy states near
the VB and CB levels collectively give rise to multiple in-
tervalley scattering pathways between the K and −K valleys.
Some of these scattering routes exhibit slower dynamics com-
pared to bright-exciton intervalley scattering, thereby leading
to an extended valley depolarization lifetime [42]. In a nut-
shell, changes in the character of exciton ground state along
with localization of exciton by defect states leads to high and
long-lived valley polarization in VMoSSe.

The steady-state valley DOP (Pc) is related to the valley
scattering time according to the equation [40]

Pc = P0(
1 + τ

τs

) , (2)

where P0, τ , and τs represent the valley DOP immediately
after photoexcitation, the recombination time of carriers and
the intervalley scattering time, respectively. By utilizing P0 =
30% (DOP at 0.3 ps) and Pc = 10% (DOP at 550 ps in
Fig. S5(b) [27]), we determine that τs = τ /2 for VMoSSe.
This implies that the valley scattering time is equal to half
the decay time of trapped carriers. These observations infer
that trapped excitons in the defect states exhibit a long val-
ley scattering time, leading to long-lived valley polarization
in VMoSSe.

IV. CONCLUSIONS

In summary, we employed helicity-resolved TA spec-
troscopy to investigate the valley polarization in monolayer
MoS2, MoSSe, and VMoSSe. A notably high valley po-
larization is achieved at room temperature in monolayer
MoS2 through substitutional (Mo/S) doping using V/Se. The

maximum values of the DOP achieved for MoS2, MoSSe, and
VMoSSe are 5, 15, and 30%, respectively. While valley de-
polarization in MoS2 and MoSSe is attributed to carrier decay
via intervalley scattering between bright excitons, in VMoSSe
it occurs through carrier scattering in mixed exciton states
(bright/dark) induced by Se and V doping. Moreover, the
valley polarization in VMoSSe is much longer lived (>500 ps)
than the other two materials, owing to the involvement of
V-doping related defect excitons. The prolonged intervalley
scattering lifetime (∼124 ps) for the hybridized (defect) exci-
tons contributes to slower valley depolarization in VMoSSe,
making V-doped MoSSe a promising candidate for valleytron-
ics applications at room temperature. These findings offer
insights into the design of TMD-based valleytronics materials
through different doping strategies.
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