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Tailoring excitonic photoluminescence (PL) in molybdenum disulfide (MoS;) is critical for its various
applications. Although significant efforts have been devoted to enhancing the PL intensity of monolayer
MoS,, simultaneous tailoring of emission from both A excitons and B excitons remains largely
unexplored. Here, we demonstrate that both A-excitonic and B-excitonic PL of chemical vapor
deposition (CVD)-grown monolayer MoS, can be tuned by electrostatic doping in air. Our results
indicate that the B-excitonic PL changed in the opposite direction compared to A-excitonic PL when
a gate voltage (V) was applied, both in S-rich and Mo-rich monolayer MoS,. Through the combination
of gas adsorption and electrostatic doping, a 12-fold enhancement of the PL intensity for A excitons in
Mo-rich monolayer MoS, was achieved at V; = —40 V, and a 26-fold enhancement for the ratio of B/A
excitonic PL was observed at Vg = +40 V. Our results demonstrate not only the control of the

conversion between A® and A~, but also the modulation of intravalley and intervalley conversion
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Accepted 22nd April 2022 between A excitons and B excitons. With electrostatic electron doping, the population of B excitons can

be promoted due to the enhanced intravalley and intervalley transition process through electron—

DOI: 10.1039/d2na00071g phonon coupling. The electrostatic control of excitonic PL has potential applications in exciton physics
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Introduction

Two-dimensional (2D) transition metal dichalcogenides
(TMDCs), especially molybdenum disulfide (MoS,), have drawn
worldwide attention due to their unique optical and electronic
properties."® In particular, monolayer MoS, presents strong
photoluminescence (PL) and large exciton binding energy,
providing a new platform to realize the emerging developments
in various ultrathin optoelectronic devices."*® Due to the
extremely large Coulomb interactions in atomically thin MoS,,
stable excitons can be generated from the electron-hole pairs
induced by photoexcitation even at room temperature. Gener-
ally, PL in monolayer MoS, is dominated by the recombination
of electrons in the conduction band with holes in the spin-orbit
split valence bands, which refers to the A excitons and B exci-
tons at the direct bandgap transition at the K and K’ points. The
energy of B-excitonic PL peaks is 100-200 meV higher than that
of A excitons, corresponding to the valence band splitting due to
the strong spin orbital.>*® Various intrinsic defects widely exist
in MoS,, which act as active centers for trapping molecules and
chemical reactions. These defects greatly impact the carrier
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and valleytronics involving the B excitons.

concentration, exciton dynamics, and bandgap structure.
Controlling the defects and carrier density is an effective
method for modulating the PL properties of monolayer
MoS,."»"* Enhanced PL emission is generally achieved by
promoting defect-related doping and trion-exciton transitions.
The most widely reported strategies include depleting excessive
electrons through gas physisorption,”™* chemical doping'®"’,
and direct carrier injection through electrical doping.'®* The
0,, H,0 and N, molecules can be directly adsorbed on chal-
cogen vacancies and electrons extracted from MoS,."*** The
previous work involving chemical doping with bis(trifluoro-
methane) sulfonimide (TFSI), poly(4-styrenesulfonate) (PSS)
and 7,7,8,8-tetracyanoquinodimethane (TCNQ) drastically
enhanced the PL intensity of monolayer MoS,. The electrically
doped MoS, monolayers encapsulated in poly(methyl methac-
rylate) achieved a marked PL enhancement and near-unity
quantum yields due to the mechanism of electron counter-
doping without chemical defect passivation.® Indeed, exten-
sive studies on the PL properties and exciton dynamics in MoS,
have been reported, which focus on the interplay between
neutral A excitons (A°) and many-body bound states such as
charged trions (A7).>**> However, these studies are limited to
the enhancement of A-excitonic PL emission and valley
polarization.

The B-exciton emission of monolayer MoS, has only been
investigated in a few studies.*®° It has been reported that PL

© 2022 The Author(s). Published by the Royal Society of Chemistry


http://crossmark.crossref.org/dialog/?doi=10.1039/d2na00071g&domain=pdf&date_stamp=2022-05-28
http://orcid.org/0000-0001-7562-1117
http://orcid.org/0000-0002-1426-3528
http://orcid.org/0000-0002-3976-6535
https://doi.org/10.1039/d2na00071g
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2na00071g
https://pubs.rsc.org/en/journals/journal/NA
https://pubs.rsc.org/en/journals/journal/NA?issueid=NA004011

Open Access Article. Published on 23 April 2022. Downloaded on 6/15/2026 9:14:18 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

emissions from both A and B excitons can vary widely from
sample to sample, which is related to the difference in non-
radiative recombination associated with defect density in
a given sample. B excitons exhibit a monotonic decline as the
defect density increases in the monolayer MoS, prepared by the
chemical vapor deposition (CVD) method.** Mikkelsen et al.
demonstrated tunable emission wavelengths of the A and B
excitons in monolayer MoS, by tuning the plasmonic nanocavity
resonance; this method successfully achieved a dominant B-
excitonic emission by overlapping the plasmon resonance
with the B exciton energy.”>*® McCreary et al. provided a facile
method to assess sample quality: a low B/A ratio indicates a low
defect density and high sample quality, while a large B/A ratio
represents a high defect density and poor-quality material.””
Sarkar et al. obtained a six-fold enhancement of the intrinsically
weak B excitonic emission in few layers of MoS, : Ag nano-
heterojunctions embedded into a glass matrix, which can be
attributed to the dipole-dipole interactions via exciton-plas-
mon coupling at room temperature.”® The simultaneous
tailoring of emission form both A excitons and B excitons
remains largely unexplored.

In this study, we explored the tunable excitonic PL from both
A excitons and B excitons in monolayer MoS, on SiO,/Si
substrates prepared by the traditional CVD method. Electro-
static doping was performed through back-gate voltage (V)
variation in a capacitor structure, demonstrating an effective
control method for both A-excitonic and B-excitonic PL in
monolayer MoS, in air at room temperature. Electrostatic
doping allowed us to tune the B-excitonic PL intensity in
a direction opposite to the A-excitonic PL. Electron injection
induced by a positive V, obviously enhanced the PL intensity
from B excitons, while the A-excitonic PL was suppressed in
both S-rich and Mo-rich monolayer MoS,. Our results not only
demonstrate good control of conversion between A° and A~
through a combination of gas adsorption and electrostatic
doping, but also show the presence of intravalley and intervalley
transitions between A excitons and B excitons. The B excitons
would relax to A excitons when a negative V, was applied,
leading to reduced B-excitonic PL and increased A-excitonic PL.
When the applied V, became positive, the B exciton population
was increased due to the enhanced intravalley and intervalley
transitions from A excitons. These transitions can be mediated
by flexural phonons in the realm of the Elliott-Yafet spin-flip
mechanism through intrinsic electron-phonon scattering.
Experimental results show that excitonic PL from both A and B
excitons was effectively controlled by the electrostatic method.
This could pave an additional pathway for investigating exciton
physics and valleytronics in 2D TMDCs at room temperature.

Experimental section

Monolayer MoS, was prepared on SiO,/Si substrates (280-
300 nm SiO,) by the CVD method in a double-zone furnace.
Sulfur powder and molybdenum(vi) oxide (MoO;) powder were
used as precursors, with sulfur placed upstream and MoO;
placed downstream of the two-zone furnace, respectively (as
shown in Fig. S1 of the ESIt). The temperature of the central
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zone-I and zone-II were set to 300 °C and 850-870 °C for the
sulfur and molybdenum precursor, respectively. High-purity
argon gas (Ar) was introduced into a quartz tube with a flow
rate of 100-150 sccm during the growth process. The growth
time was about 10-20 minutes for monolayer MoS, in our
growth system at nearly atmospheric pressure. The monolayer
MoS, flakes with different qualities can be achieved by
changing the Mo : S ratio of the precursor and the gas flow
rate.>** For the growth of S-rich monolayer MoS,, 200 mg sulfur
powder and 5 mg MoO; powder were used as precursors with an
Ar flow rate of 100-120 sccm. For the growth of Mo-rich
monolayer MoS,, 200 mg sulfur powder and 10 mg MoO;
powder were used as precursors with an Ar flow rate of 150
scem.

Optical microscopy, atomic force microscopy (AFM), and
Raman spectroscopy were used to characterize the CVD-grown
monolayer MoS,. Then a Au electrode was fabricated by sput-
tering with polydimethylsiloxanes (PDMS) masks at the micron
scale. Electrostatic doping was conducted based on MoS,
samples in a structure similar to a field-effect transistor (FET),
with Au as the top electrode and Si as the back-gate electrode. PL
spectra were collected using an IsoPlane spectrometer equipped
with an emICCD (Princeton Instruments, PI-MAX4) under
532 nm continuous wave (CW) laser excitation. The Raman
measurements were taken by using a Renishaw inVia Raman
microscope under 532 nm laser excitation. The laser power
intensity was ~10° W cm™? for PL and Raman spectra
measurements with a spot size of ~2 um. The electrostatic
doping in the MoS, monolayer was systematically varied by
using a DC voltage supplier. The MoS, samples exhibited elec-
trostatic doping over the range of the gate voltage (—40 V to +40
V). All measurements were performed at room temperature
under ambient air conditions.

Results and discussion

Fig. 1(a) shows the microscopy image of monolayer MosS,
prepared by the CVD method. The thickness of triangular CVD-
grown MoS, was ~0.85 nm, which is consistent with the
monolayer thickness. The size of triangular monolayer MoS,
was 30-70 pm. The absorption spectra and Raman spectra of
the MoS, grown on SiO,/Si substrates under relatively S-rich and
Mo-rich conditions are shown in Fig. 1(b-c). Two distinguishing
absorption peaks were observed in both S-rich and Mo-rich
monolayer MoS,, which relate to the A and B excitons. The
Raman spectra peaks were located at ~384 c¢cm™ ' and
~404.5 cm ™' corresponding to the E',, and A, peaks for the in-
plane and out-of-plane vibration modes, respectively. The
frequency differences (A) between E',, and A,, peaks were
20.6 cm™ ! and 20.3 cm™! for the S-rich and Mo-rich MoS,,
respectively, in accordance with the observed separation in the
CVD-grown monolayer MoS, on SiO,/Si.** It has been reported
that n-type doping leads to a redshift of the A;, peak and an
increased line width of A;,, whereas the ElZg peak is insensitive
to the doping effect.**** The Mo-rich MoS, sample showed a red-
shifted A;, peak at 404.2 cm ™', compared to that of the S-rich
MoS, sample at 404.7 cm™'. The Raman mode peaks of MoS,
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Fig. 1
(Arg versus Elzg) of the S-rich and Mo-rich monolayer MoS,.

grown on SiO,/Si substrates were plotted on the Raman-derived
doping-strain map, as shown in Fig. 1(d). The zero strain and
zero doping lines crossed at a point, corresponding to the
literature values (E',, = 385.0.2 cm™ ' and A, = 405.0 cm™ ') of
the peak frequencies for a suspended MoS, membrane.**** The
correlation plot of the A;, peak positions versus the E12g peak
positions suggest that the Mo-rich MoS, grown on SiO, shows
a higher electron doping (2-3 x 10'> ecm?) than that of the S-
rich MoS, (0.5-1 x 10" cm™?). Raman peaks of both Mo-rich
and S-rich MoS, were located near a strain line at ¢ = 0.2%,
indicting no obvious difference in the strain effect. Therefore,
the peak shifts between the Mo-rich and S-rich MoS, in the
absorption spectra could be attributed to the different electron
doping effects. The AFM morphology and surface potential
mapping for the monolayer Mo-rich and S-rich MoS, with a Au
electrode on SiO,/Si substrates are shown in Fig. S2.1 The CVD-
grown Mo-rich MoS, exhibited a work function of ~96 meV,
which is lower than that of the S-rich MoS,.

A configuration similar to a back-gated FET was used for
electrostatically controlled excitonic PL emission in CVD-grown
monolayer MoS, on a SiO,/Si substrate, as shown in Fig. 2(a).
The PL spectra of our MoS, samples without electrostatic

2486 | Nanoscale Adv., 2022, 4, 2484-2493
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(a) Microscopy image of the CVD-grown MoS; on a SiO,/Si substrate; (b—d) Absorption spectra, Raman spectra, and the correlation plot

doping in Fig. 2(b) exhibit clear peaks at 1.83-1.86 eV (A-
excitonic emission) and an inconspicuous peak at near 2.0 eV
(B-excitonic emission). This MoS, monolayer on a SiO,/Si
substrate showed PL bands that were red-shifted with respect to
the peak positions of high-quality exfoliated monolayers, which
is typical of the CVD-grown monolayer MoS, and caused by
intrinsic strain and defects. The S-rich MoS, sample also pre-
sented a blue-shifted PL peak with a PL intensity that was 2.2-
fold higher compared to the Mo-rich MoS, under laser excita-
tion with a power intensity of <10> W cm™>. The greater PL
emission observed in the S-rich MoS, is consistent with the
Raman spectra results. Fig. 2(c and d) presents the PL spectra at
different V, for the S-rich and Mo-rich MoS, samples with Au
and P*-Si as the electrodes. Both the S-rich and Mo-rich MoS,
samples exhibited remarkably gate-dependent excitonic PL
emission. Application of a negative V, enhanced the A-excitonic
PL intensity, while an applied positive V, markedly reduced the
A-excitonic PL. The PL peak positions of the S-rich MoS,
remained almost constant at ~1.855 eV for the main excitonic
PL within a range of —40 V to +40 V of the applied V,. However,
in the Mo-rich MoS, samples, both the PL intensity and PL peak
positions were noticeably changed. The main excitonic PL peak

© 2022 The Author(s). Published by the Royal Society of Chemistry
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(a) Schematic diagram of the experimental setup for the electrostatic doping of CVD-grown MoS;; inset: optical image of the sample; (b)

PL spectra of the monolayer MoS, samples without electrostatic doping; (c and d) PL spectra at various Vj for (c) S-rich MoS; and (d) Mo-rich

MOSz.

of the Mo-rich MoS, was located at 1.835 eV at V, = 0 V, and
then shifted to 1.823 eV at V; = +40 V and 1.851 eV at V, =
—40 V, respectively.

To clarify the changes in A-excitonic and B-excitonic PL
emission at different applied Vg, the PL spectra of MoS, were
fitted with Lorentzian curves. The three peaks were denoted by
the emission of neutral excitons (A°), trions (A~) and B excitons.
The gate-dependent PL spectral fittings of the S-rich MoS,
sample are shown in Fig. 3, with three PL peaks at 1.86 eV,
1.82 eV and 2.00 eV. A negative V, could enhance the A-excitonic
PL intensity (A’ and A7), but decrease the PL intensity from B
excitons. When the V, was adjusted to the positive range, the A-
excitonic PL decreased, but B-excitonic PL increased and the
peak became obvious. Quantitative analysis was conducted to
assign the changes in PL intensity to the contribution of A%, A~
or B. The normalized PL at various V, suggested almost
unshifted PL peaks and obvious changes in the B-excitonic PL
intensity. The respective PL intensity and relative spectral
weight distribution can be attributed to the free electron density
in monolayer MoS,, which can be changed by the applied V,; and
gaseous environments. Fig. 3(f) shows the PL intensity ratio of
A® and A™ (Iexciton/Iirion) Of the S-rich MoS, at different V,. The
Iexciton/Itrion Tatio decreased monotonically from 2.08 to 0.86 as
the V, was adjusted from —40 V toward +40 V.

The electron density n.; in monolayer MoS, can be estimated
from the PL intensity analysis of neutral exciton and trion
emissions according to the mass action model based on the

© 2022 The Author(s). Published by the Royal Society of Chemistry

dynamic equilibrium between A excitons (A” and A™) and free
electrons, which can be expressed as:*>*

In- a0 4m ome E,

o= | Ga Joren (7)) o
Here, kg is the Boltzmann constant, E;, is the trion binding
energy (~20 meV),>* m, is the mass of free electrons, and m.
(0.35 myg), mpo (0.8 my), and m,- (1.15 m,) are the effective masses
of electrons, A° and A, respectively. I,o and I,- are the inte-
grated PL intensities of A® and A~, respectively, while v, and
va- are the relative decay rates of A’ and A, respectively. The
value of ys-/yae is ~0.15." According to the PL intensity ratio
Texciton/Iirion, the electron density n; at each Vy in the S-rich MoS,
was calculated, as shown in Fig. 3(f). According to eqn (1), the
estimated electron density in the S-rich MoS, was ~1.47 x 10"
em 2 at V; = 0 V. At Vy = —40 V, and the calculated value of
electron density in the S-rich MoS, sample was ~1.20 x 10"

cm 2, while at V, = +40 V, the value was ~2.89 x 10" cm 2.
The gate-dependent PL spectra of the Mo-rich MoS, sample
were fitted with the Lorentzian function, with three peaks
denoted by the emissions of A°, A~, and B excitons, corre-
sponding to the energies of 1.852 eV, 1.812 eV and 1.962 eV,
respectively. As shown in Fig. 4, the A-excitonic PL intensity
decreased when V, changed from —40 V to +40 V, but the B-
excitonic PL increased and the peak became obvious. The
quantitative analysis can assign the changes in PL intensity to
the contributions of A°, A~, and B. The normalized PL at various
V, suggested the shifted A-excitonic PL peaks and obvious

Nanoscale Adv., 2022, 4, 2484-2493 | 2487
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Fig.3 Gate-dependent PL properties of the S-rich monolayer MoS, sample: (a—c) PLat V=0V, —40 Vand +40 V, fitted by using the Lorentzian
function; (d) normalized PL at Vg =0V, =40V, and +40 V; (e) integrated PL intensities of A°, A~, and B; (f) ratio of the integrated PL intensities of

A® and A~ versus Vg, and calculated electron density versus Vg

changes in B-excitonic PL intensity. The PL emission of A° and
A" steadily decreased and the B-excitonic PL intensity increased
monotonically when V, was adjusted from —40 V to +40 V. As
shown in Fig. 4(f), the Iexciton/Iwion ratio of Mo-rich MoS,
decreased monotonically from 1.69 to 0.18 as V, was changed
from —40 V toward +40 V. The calculated value of the electron
density ne in Mo-rich MoS, was ~3.36 x 10"* cm > at Vo =0V,
~1.48 x 10" em ?at V; = —40 V, and ~1.42 x 10" cm > at V,
= +40 V. Moreover, the statistical value of the PL intensity ratio
for both the S-rich and Mo-rich MoS, with error bars were ob-
tained from more than 10 tests, as shown in Fig. S3.1 At V, =
—40V, the A-excitonic PL intensity ratio Iexciton/Ztrion Of Mo-rich

2488 | Nanoscale Adv., 2022, 4, 2484-2493

MoS, was approximately 12-fold that of the ratio at V, = +40 V.
The PL intensity ratio of B and A excitons (Iz/I,) was approxi-
mately 26 times higher at V; = +40 V, compared to that at V, =
—40 V. Both the I citon/Iirion and Ig/I, ratios in Mo-rich MoS,
were more sensitive to the applied V, than that in S-rich MoS,.

Generally, the as-prepared MoS, is n-doped due to the
presence of unavoidable defects or unintentional doping of
substrates. The excitonic PL in monolayer MoS, varies
according to the changes in electron density and strain effects.
By applying a negative V,, holes are injected into MoS, and
bind with excess electrons to form A° excitons, resulting in
pronounced trion-exciton conversion and enhanced PL

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Gate-dependent PL properties of the Mo-rich monolayer MoS, sample: (a—c) PLat Vg =0V, —40 V and +40 V, fitted with the Lorentzian
function; (d) normalized PLat Vg =0V, —40 V and +40 V; () integrated PL intensities of A%, A=, and B; (f) ratio of the integrated PL intensities of A°

and A~ versus Vg, and calculated electron density versus V.

intensity in the A-exciton band. The enhanced A° and A~
emission can be attributed to the suppression of non-radiative
recombination of A® and A~ at the defect sites, as well as the
proposed transition from B to A exciton recombination.
Meanwhile, at a positive Vg, n-type doping with injected elec-
trons facilitates the increased formation of A, leading to
a decrease in both the A° exciton density and total PL intensity.
The probability of forming excitons and trions is expected to
rapidly decrease at a high electron density in MoS, due to the
nonradiative recombination via the Auger process, which
leads to a low PL intensity from A excitons. The excitonic PL
intensity from A~ decreased monotonically even when the

© 2022 The Author(s). Published by the Royal Society of Chemistry

applied V, changed from negative to positive in our experi-
ment. The trion PL in our study seems more sensitive to V,
than that in the former reported results, where the trion PL is
nearly gate independent or exhibits weak gate bias
dependence.

The applied gate voltage can be converted to the charge
carrier doping density (Aftpjectea = CVy/€), Where C = eqe,/d, &g =
8.85 x 10" Fm™ ', &, = 3.9, and d = 280 nm. The injected hole
density was ~3 x 10> em™? at V, = —40 V, while the injected
electron density was ~3 x 10'> em ™2 at Vy = +40 V. It should be
noted that in the S-rich MoS, sample, the calculated Aninjectea
was almost equivalent to the inferred electron density change

Nanoscale Adv., 2022, 4, 2484-2493 | 2489
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(Aney) from Ieyciton/Irion at Vg = —40 V but much smaller than
that at V, = +40 V. In the Mo-rich MoS, sample, the calculated
ARjpjectea Was much smaller than the inferred Ang at a both
negative and positive V,. Furthermore, the inferred An. from
Texciton/Itrion at Vg = —40 V was smaller than that at V, = +40 V in
both the S-rich and Mo-rich MoS, samples. The different elec-
tron density changes An,, in S-rich and Mo-rich MoS, could be
attributed to the different gas adsorption situations of MoS, at
a positive and negative V.

Sulfur vacancies in monolayer MoS, have the lowest forma-
tion energy and can act as active centers for trapping molecules
and chemical reactions. Generally, the physically and chemi-
cally adsorbed ambient gas molecules on the MoS, surface can
reduce the electron density and enhance the PL intensity with
a blue shift.****> Due to the interactions of O, and H,O mole-
cules with S vacancies, charge transfer from defective MoS, to
0,/H,0 leads to a decrease in the relative trion intensity.*
Considering the basic electrostatics theory, the SiO,-MoS,

View Article Online
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interface either attracts electrons or repels electrons to or from
0,, depending on the polarity.** Charge transfer between the
adsorbed molecule and MoS, can even be significantly modu-
lated by a perpendicular electric field.*> Therefore, the physi-
cally adsorbed molecules on monolayer MoS, can act as either
charge acceptors or donors, depending on the situation. The
applied V, can consistently modify the charge transfer between
the adsorbed molecules and monolayer MoS,. Since the elec-
tron density is further reduced in MoS, when a negative V, was
applied with hole-doping, the charge transfer from MoS, to the
adsorbed molecules could be suppressed. Meanwhile, the
positive V, induced by electron-doping resulted in an increased
density of electrons in MoS,, which may affect the charge
transfer between MoS, and O,/H,0 molecules, and lead to an
adsorption situation different from that of MoS, at a negative
Ve Since the position of the Fermi level can significantly
influence the adsorption and desorption processes of oxygen
molecules on the surface,”**® we suppose that the external

(b)

§—\
j__

—\>

(c)

a

<

—

K K’

(U]

|
7N

Fig. 5

(a and b) Traditional excitonic radiative recombination at the K valley for A and B excitons, respectively; (c—f) intravalley and intervalley

transition processes in monolayer MoS;: (c) at the K valley, a spin-up electron in the valence band (VB) is excited to the spin-up conduction band
(CB), then it scatters to the spin-down CB at the K valley before A-excitonic recombination occurs; (d) at the K valley, a spin-down VB electron is
excited to the spin-down CB, then phonon-assisted spin—flip intravalley scattering occurs before B-excitonic recombination; (e) at the K valley,
a spin-up VB electron is excited to the spin-up CB, then intervalley scattering occurs before A-excitonic recombination at the K’ valley; (f) at the K
valley, a spin-down VB electron is excited to the spin-down CB, then phonon-assisted intervalley scattering occurs before B-excitonic
recombination at the K’ valley.
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absorption of O,/H,0 molecules from the ambient environment
partly depends on the different electrostatic dopings in mono-
layer MoS,. The S-rich MoS, sample doped with PEDOT : PSS
was used to confirm the effects of gas adsorption and surface
defects. After doping with PEDOT : PSS, the sulfur vacancies can
be healed spontaneously by the sulfur ad atom clusters through
PSS-induced hydrogenation.”” The PEDOT : PSS layer even
insulated MoS, from the H,0/O, in air, leading to suppressed
charge transfer between the MoS, surface and the gas mole-
cules. Fig. S41 shows the PL spectra and integrated PL intensity
of the doped MoS, sample at different V,. The PL intensity from
A" in the doped MoS, showed a weak dependence on V,, similar
to the results in previously reported studies. Thereby, the
monotonic change in the intensity of A-excitonic PL as the V,
increased from —40 V to +40 V can be attributed to variations in
charge density, which were simultaneously affected by electro-
static doping and gas adsorption in both S-rich and Mo-rich
MoS,.

Another key issue is the PL emission of B excitons, which
changes with electrostatic doping in MoS,. Generally, A and B
excitons are quickly formed at K and K’ valleys under photo-
excitation with circular polarization. After the excitons are
generated, besides the direct excitonic radiative recombination
at the K and K valleys, A and B excitons can also undergo
intravalley and intervalley scattering before recombination, as
shown in Fig. 5. The B excitons can serve as a population
supplier to the energetically lower A excitons.** As shown in
Fig. 5(c) and (e), the rapid relaxation from B to A excitons
reduces the available B-excitonic PL emission while simulta-
neously increasing the A-excitonic PL. Meanwhile, as shown in
Fig. 5(d) and (f), the photoexcited electron with a spin-down
state for the A exciton at the K valley can exhibit an intravalley
spin reversal to occupy the electron spin-up state for the B
exciton at the K valley, or exhibit intervalley scatter to the elec-
tron spin-down state for the B exciton at the K valley. The
intravalley transition with electron spin reversal can be medi-
ated by flexural phonons via the Elliott-Yafet spin-flip mecha-
nism due to intrinsic electron-phonon scattering.””~*° These
intravalley and intervalley transitions from A to B excitons can
also be understood as a phonon-assisted process. Auger
recombination leads to the annihilation of electrons in the
conduction band and holes in valence sub-band A, while
creating phonons coupled with electrons. Then, electron-
phonon coupling contributes to the new formation of B
excitons.

Since the effective exciton lifetime of both A and B excitons
are sensitive to the density of defects due to the induced non-
radiative recombination pathways, the transition between A
and B excitons would be affected by the defect density in
MoS,. High electron density in MoS, can result in signifi-
cantly different non-radiative recombinations, resulting in
a greater B exciton population available due to the phonon-
assisted process. Furthermore, typical electrostatic gating
and the dielectric environment of 2D materials can break the
o, symmetry and induce electron-phonon coupling to the
flexural phonon modes, which manifest in a linear depen-
dence on the electron density via the gate voltages.*®

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Consequently, the increased electron-phonon coupling
would enhance electron spin reversal when more electrons
are injected into MoS,, leading to an obvious enhancement in
the B exciton population with the phonon-assisted process.
Thereby, we explain the observed increase of B excitonic
emission with increasing electron density by considering the
enhanced intravalley A-to-B exciton transition as a result of
the phonon-assisted process. The B-excitonic PL intensity
increased due to the transition from A to B excitons when
more electrons were injected by a negative V,, while the
reduction of B-excitonic PL emission could be attributed to
the B to A exciton relaxation effect in a hole-doping situation
under the condition of a negative V,.

Conclusions

In summary, excitonic PL from both A excitons and B excitons
in monolayer CVD-grown MoS, was investigated at room
temperature. Electrostatic doping through V, variation was
shown to be an effective control method for the A-excitonic and
B-excitonic PL in monolayer MoS, with different defect densi-
ties. Electrostatic doping led to a change in the B-excitonic PL
intensity that occurred in the opposite direction to changes in A-
excitonic PL. The applied positive V, promoted electron injec-
tion and obviously enhanced the PL intensity from B excitons,
while the A-excitonic PL was suppressed in both S-rich and Mo-
rich monolayer MoS,. Our results demonstrate not only the
ability to control the conversion between A° and A~ through the
combination of gas adsorption and electrostatic doping, but
also the presence of transitions between A excitons and B
excitons. The B excitons would relax to A excitons when
a negative V, was applied, leading to reduced B exciton pop-
ulation and increased A-excitonic PL. When the applied V,
became positive with electron doping, the population of B
excitons was promoted due to the intravalley and intervalley
transition from A excitons, which can be mediated by flexural
phonons in the realm of the Elliott-Yafet spin—flip mechanism
through electron-phonon coupling. In Mo-rich monolayer
MoS,, a 12-fold increase in the A-excitonic PL intensity ratio
ITexciton/Itrion Was observed at a V, of —40 V and an approximately
26-fold increase in Ig/I, occurred at the applied V, of +40 V. This
electrostatic doping method could offer an important method
for excitonic PL modulation. The efficient tunability of B-
excitonic PL emission may provide potential applications in
exciton physics and valleytronic devices involving the B
excitons.
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