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Owing to their atomic-level thickness, strong light-matter interaction, and wide range of bandgap tunability, transi-
tion metal dichalcogenides (TMDCs) hold great promise as light-emitting materials. Research on photoluminescence (PL)
plays an indispensable role in the development of related fields, with efficiency being one of the most critical metrics for
evaluating luminescence performance. Distinct from conventional direct-bandgap semiconductors, the unique exciton lumi-
nescence characteristics of TMDCs have established a new paradigm for investigating PL properties while simultaneously
posing fresh challenges for modulating PL efficiency. Consequently, the study of PL efficiency modulation in TMDCs
carries both fundamental physical significance and engineering application value. Based on an understanding of exciton
physics in TMDCs, this review first summarizes strategies for enhancing PL quantum yield (QY) under low generation
rates, including doping, defect engineering, interface engineering, and optical engineering. Subsequently, several strate-
gies for suppressing exciton—exciton annihilation (EEA) under high generation rates are introduced. Finally, the current
challenges are summarized, and an outlook on future development directions is provided.

Keywords: transition metal dichalcogenides (TMDCs), photoluminescence (PL), quantum yield (QY), exciton
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1. Introduction

Photoluminescent materials play an indispensable role
in modern society. As one of the most important forms of
luminescence, photoluminescence (PL) is not only a non-
contact characterization tool of great scientific significance
for studying the band structure, defect states, carrier dy-
namics, and excitonic behavior of materials, but also finds
ubiquitous applications ranging from daily lighting and dis-
play technologies to bioimaging, medical diagnostics, and
anti-counterfeiting markers. Among the plethora of emerg-
ing luminescent materials, two-dimensional transition metal
dichalcogenides (TMDCs) have garnered significant attention
due to their unique properties. When TMDCs such as MoS»
and WS, are thinned down to a monolayer, their band struc-
ture transitions from an indirect to a direct bandgap, exhibit-
ing a significant photoluminescence enhancement.!'! TMDCs
possess good thermal and chemical stability, with a tunable
bandgap in the range of 1-2 eV covering the visible to near-
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infrared spectral region.>3 Their optical absorption coeffi-
cient is an order of magnitude higher than that of conventional
semiconductors, ! laying a solid foundation for achieving ef-
ficient photoluminescence.

The pursuit of efficiency is an eternal theme in the devel-
opment of luminescent materials. For traditional II-VI and
III-V direct bandgap semiconductors (e.g., GaAs, InGaN),
the photoluminescence quantum yield (PL QY) is given by
PL QY = %/ (% + %), where % is the radiative recombi-
nation rate and 7%, is the non-radiative recombination rate.
Therefore, the key to increasing the luminescence efficiency
lies in improving crystal quality to reduce the density of de-
fects that act as non-radiative recombination centers.>! Differ-
ent from the interband recombination of free carriers in bulk
direct bandgap semiconductors, the luminescence of mono-
layer TMDCs is predominantly governed by excitons due to
the strong quantum confinement and weak dielectric screen-

ing arising from their atomic thickness.!®! The exciton bind-
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ing energies in TMDCs are as high as several hundred mil-
lielectronvolts, more than an order of magnitude larger than
those in traditional quantum well structures.!”! This allows
excitons and their complexes to exist stably at room tem-
perature and dominate the luminescence mechanism. Con-
sequently, for TMDCs, the PL. QY can be expressed as PL
QY = a X %/(%+ Yar), where « is the exciton formation prob-
ability, whose physical meaning lies in distinguishing the two
independent processes of “exciton formation” and “exciton re-
combination”. « measures the proportion of carriers that are
effectively converted into exciton states before undergoing ul-
trafast trapping (by defects) or direct non-radiative recombi-
nation. Experimentally, « is difficult to measure directly but
can be indirectly extracted by capturing the dynamics of car-
rier conversion into exciton states using time-resolved pho-
toluminescence spectroscopy, combined with rate equation
modeling.['” Precisely because of this exciton-dominated lu-
minescence characteristic, defects are no longer the sole dom-
inant factor affecting the PL QY.[“] On one hand, this re-
laxes the stringent requirements for material preparation; on
the other hand, it results in significant differences in the strate-
gies for modulating the PL QY of TMDCs compared to con-
ventional semiconductor materials. This distinction makes the
study of luminescence efficiency modulation not only con-
ducive to revealing exciton dynamics, defect-interface interac-
tions, and many-body physical mechanisms, thereby enriching
fundamental research in low-dimensional material systems,
but also of great engineering value, helping to unlock the po-
tential of TMDC:s in the fields of valleytronics, quantum infor-
mation, and low-power optoelectronics.

TMDC:s host a rich variety of excitonic species, including
neutral excitons, trions, biexcitons, and bound excitons,[12-15]
each with different binding energies and therefore different
formation probabilities. Furthermore, the exciton formation
probability is governed by multiple factors, including: the
transition of exciton types induced by doping, many-body
screening under high carrier density, scattering introduced by
exciton—phonon interactions, carrier trapping by defects and
local potentials, the introduction of bright/dark excitons due
to spin and valley selection rules, strain-induced changes in
band structure and carrier effective mass, the local electric
field strength in plasmonic structures and whether the excita-
tion energy satisfies resonant conditions. Naturally, the 9 and
Yar also vary depending on the exciton species. The Purcell
effect, achieved by modifying the optical environment, and
strain engineering are considered effective means to modulate
the 7. In contrast, the J, is more sensitive to defects and
exciton density. Particularly under high exciton concentra-
tion, exciton—exciton annihilation (EEA) becomes the dom-
inant non-radiative recombination mechanism. Additionally,
the o, %, and ¥, are collectively influenced by external en-

vironmental factors, including: dielectric screening and in-
terfacial phonon scattering induced by the substrate and en-
capsulation environment, as well as thermal perturbation and
changes in bright/dark exciton distribution caused by temper-
ature. These factors ultimately modulate the PL QY by influ-
encing Q, %, and Y,y as illustrated in Fig. 1.
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Fig. 1. Schematic illustration of the various factors that influence the ¢,
Y% and ¥y, thereby determining the PL. QY in TMDCs.

Given the diverse excitonic species and complex recom-
bination mechanisms in monolayer TMDC:s, this review will
first elucidate the excitonic physics in monolayer TMDCs and
Subse-
quently, according to the two regimes of low and high gen-

its impact on luminescence properties (Section 2).

eration rates, various strategies for enhancing the PL QY will
be systematically discussed: under low generation rates, the
focus will be on chemical doping, electrostatic doping, de-
fect engineering, interface engineering and optical engineer-
ing (Section 3); under high generation rates, the focus will
shift to methods for suppressing exciton—exciton annihilation,
including hBN encapsulation, metallic screening, and strain
engineering (Section 4). Finally, a summary and outlook will
be provided (Section 5).

2. Excitonic complexes in TMDCs

The weak dielectric screening and strong geometric con-
finement in TMDCs result in extremely strong Coulomb in-
teractions between charge carriers, leading to the formation
of various quasi-particles known as excitons, [®!116-18] a5 j]-
lustrated in Fig. 2(a). Firstly, neutral excitons are formed by
the Coulomb interaction between an electron-hole pair. This
is followed by charged excitons (trions), which carry posi-
tive or negative charges and are formed by the binding of a
neutral exciton with an additional electron or hole. Further-
more, when excitons are trapped by lattice defects, they give
rise to bound excitons. Additionally, higher-order excitonic

087801-2
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derivatives exist, such as biexcitons, which emerge from in-
teractions between excitons.!!>!3! Finally, in van der Waals
heterostructures composed of different TMDC:s, electrons and
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Fig. 2. (a) Illustration of different exciton types in TMDCs, with ED indicating defect energy levels. (b) Schematic diagram of thermal redis-
tribution of spin-allowed bright excitons (B) and spin-forbidden dark excitons (D) of MoX, and WX> at low temperature and high temperature.
Red arrows indicate spin-down, blue arrows indicate spin-up. Adapted with permission from Refs. [6,11-18].

2.1. Neutral excitons

Neutral excitons refer to bound states composed of an
electron and a hole, where their respective charges cancel each
other, rendering the entity electrically neutral. When the con-
centrations of positive and negative carriers are balanced, neu-
tral excitons dominate the excitonic population. In monolayer
TMDCs, due to the lack of inversion symmetry and strong
spin—orbit coupling, the valence band maximum exhibits an
energy splitting of approximately 150-500 meV.!'?! This split-
ting gives rise to lower-energy A excitons and higher-energy
B excitons. Since luminescence in TMDCs is dominated by
A excitons, the excitons discussed in this review refer specif-
ically to A excitons. Similarly, spin—orbit coupling induces a
spin splitting of several tens of meV at the bottom of the con-
duction band in TMDCs.!'?~?! Electrons in these two spin-
split conduction band levels possess opposite spin directions
and can each bind with a hole in the valence band via Coulomb
interactions to form neutral excitons. These excitons are clas-
sified as spin-allowed bright excitons and spin-forbidden dark
excitons. The differences between bright and dark excitons
obviously have a significant impact on the luminescence per-
formance of TMDCs. As illustrated in Fig. 2(b), in MoX»
(X =S, Se, Te), the lowest energy state is a bright exciton
due to the aligned spins of carriers at the conduction band
minimum and valence band maximum. Conversely, in WX>
(X =S, Se), the lowest energy state is a dark exciton. Con-
sidering the thermal redistribution of exciton populations, the
radiative recombination rates of excitons in MoX, and WX,
exhibit opposing temperature dependencies.'?!! This behavior
offers opportunities for designing TMDC-based light-emitting

devices tailored to specific temperature environments. On the
other hand, to enhance the radiative recombination rates of
dark excitons in WX>, researchers have proposed strategies
such as applying external magnetic fields and employing plas-
monic methods.??!

2.2. Trions

In TMDCs, the weak charge screening and large carrier
effective mass significantly enhance the Coulomb interaction
between charges. When excess carriers are present, neutral ex-
citons tend to bind with background carriers under Coulomb
forces, forming charged excitons known as trions, which low-
ers the system’s overall energy.!>*! The probability of trion for-
mation is positively correlated with the doping concentration
in TMDCs. Meanwhile, TMDCs are usually in a doped state
due to intrinsic material defects, such as vacancies and impu-
rities, as well as external environmental influences, including

5.[?*] The binding energy of

adsorbates and dielectric interface
trions in monolayer TMDC:s is approximately 30 meV, com-
parable to the thermal ionization energy at room temperature
(~ 26 meV) and an order of magnitude larger than that in tra-
ditional quasi-2D semiconductor systems, such as quantum

wells.[23

! The presence of trions markedly affects the lumi-
nescence properties of TMDC materials. Experimental stud-
ies on monolayer MoS; revealed that the PL intensity ratio of
trions to neutral excitons is strongly dependent on temperature
and doping concentration. ['223261 At room temperature, nega-
tive trions dominate the A exciton emission peak in exfoliated
monolayer MoS;, with their proportion increasing as temper-
ature decreases, indicating that trions play an important role in

the luminescence characteristics of TMDCs.
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2.3. Interlayer excitons

With the emergence of vertically stacked heterostruc-
tures, excitonic physics in TMDCs has become increasingly
complex and diverse. Excitons can be categorized based on
the spatial positions of the electron and hole as intralayer
excitons or interlayer excitons. Intralayer excitons refer to
electron—hole pairs that are bound within the same TMDC
layer. In TMDCs heterostructures, band alignment offsets
drive electrons and holes to separate into different TMDC lay-
ers, where they are bound by Coulomb forces to form inter-

14.26-32] The binding energy of interlayer exci-

[33,34]

layer excitons.|
tons in TMDCs heterostructures ranges around 100 meV,
enabling their stable existence at room temperature. Com-
pared to intralayer excitons in monolayer TMDCs, the spa-
tial separation of electrons and holes significantly reduces
wavefunction overlap, resulting in a much longer exciton
lifetime. 14351 However, due to unavoidable lattice mismatch
and/or interlayer twist, electrons and holes in interlayer exci-
tons often experience momentum mismatch, making the in-
terlayer exciton optically dark.[**) Consequently, radiative re-
combination of interlayer excitons requires phonon assistance,
significantly lowering their recombination efficiency. Ad-
ditionally, the spatial separation of charge carriers leads to
quenching of intralayer exciton emission.3”! These character-
istics collectively render TMDCs heterostructures less suitable

for developing high-brightness light-emitting devices.

2.4. Bound excitons

The presence of impurities or defects in semiconduc-
tors generates defect states, which act as localized poten-
tial traps that capture excitons, leading to the formation of
bound excitons, also known as localized excitons.[!!:38-41]
In intrinsic TMDCs, the low defect density and the large
laser spot size used in far-field PL spectroscopy typically pre-
vent the observation of bound exciton luminescence at room
temperature.*>*3] However, as the temperature decreases,
the emission peaks of these localized excitons become in-
creasingly prominent. Under low temperature and low ex-
citation power conditions, bound exciton emission can even
become the dominant luminescence mechanism in TMDCs.
This phenomenon has been observed in monolayer MoS,, 4]
WS, 451 WSe, #2] and MoSe,.[*0! On the other hand, artifi-
cial defect engineering using techniques such as electron beam

[47

irradiation,*’! plasma treatment*®! and UV exposure*’! can

intentionally introduce defects in TMDCs, increasing defect
density and potentially enabling the observation of bound ex-

citon luminescence peaks even at room temperature. 4]

3. QY enhancing strategies under low genera-
tion rate

Among the aforementioned exciton species, interlayer ex-
citons are optically dark. Additionally, bound exciton emis-
sion only becomes dominant at extremely low temperatures or
under high defect densities, making it less ideal for realizing
high-brightness PL. Therefore, in TMDCs, the QY is collec-
tively determined by the proportions of neutral excitons and
trions, as well as their respective o, %, and ¥,. This section
will systematically review various enhancement strategies de-
veloped in recent years according to this framework, clarifying
the dominant influence of each strategy on the three parame-
ters mentioned above. Unlike in bulk semiconductors, where
Auger recombination predominantly limits QY at high carrier
injection levels,>°! in TMDCs, the main factor leading to QY
degradation under high generation rates is EEA.'-33] Conse-
quently, based on the exciton generation rate, we will first in-
troduce QY-enhancing strategies under low generation rates in
this section, and subsequently discuss in the next section the
strategies for suppressing EEA under high generation rates.
Table 1 summarizes the PL properties of TMDCs under vari-
ous modulation methods reported in previous studies.

Under low generation rates, the exciton density is low,
leading to weak exciton—exciton interactions. Consequently,
carrier recombination is primarily dominated by single neu-
tral excitons or trions. The non-radiative recombination pro-
cess of trions is three orders of magnitude faster than the ra-
diative recombination process; thus, non-radiative recombina-
tion dominates in the trion recombination mechanism.!!!l The
formation of trions is related to the carrier concentration in
TMDCs, which is influenced by material defects such as va-
cancies and impurities, as well as external factors including
electrostatic fields, dielectric interfaces, and surface modifi-
cation layers. On the other hand, sulfur-based TMDCs and
selenide-based TMDCs exhibit significant differences in de-
fect types: sulfur-based TMDCs predominantly feature sim-
ple sulfur vacancies, whereas selenide-based TMDCs pos-

[5455] This disparity results in dis-

sess more complex defects.
tinct radiative recombination efficiencies for neutral excitons
in these two categories of TMDCs.!!!>#l Specifically, the ra-
diative recombination efficiency of neutral excitons in sulfur-
based TMDCs is significantly higher than that in selenide-
based TMDCs. For inherently N-type doped sulfur-based
TMDC:s, researchers have proposed various techniques to en-
hance the QY of TMDCs through strategies such as chemi-
cal doping, electrostatic doping, defect engineering, and inter-
face engineering. As a result, nearly 100% PL QY has been
successfully achieved under low generation rates.!!!>#¢] In
contrast, for nearly intrinsic selenide-based TMDCs with very
low carrier concentrations, doping treatments have proven in-
effective in enhancing PL QY. Instead, defect engineering and
interface engineering emerge as promising approaches for im-
proving PL QY.[7-8]
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Table 1. A summary of PL enhancement strategies in TMDCs. RT stands for room temperature.

Low generation rate

. . . Maximum PL
Enhancement strategies Active material PL QY Wavelength Temperature Ref.

enhancement
Chemical treatment doping MoS, Near 100% 660 nm RT 950-fold [56]
Chemical treatment doping MoS, \ 660 nm RT 2-fold [64]
Chemical treatment doping MoSe, 795 nm RT 30-fold [65]
Chemical treatment doping MoS, 660 nm RT 3-fold [66]
Chemical treatment doping MoS, 660 nm RT 35-fold [67]
Chemical treatment doping MoSe, 795 nm RT 30-fold [67]
Electrostatic doping MoS, Near 100% 660 nm RT 750-fold [11]
Electrostatic doping WS, 90% 620 nm RT [11]
Electrostatic doping MoS, 660 nm RT 100-fold [72]
Electrostatic doping MoS, 660 nm RT 3-fold [85]
Defect engineering MoS, 660 nm RT 200-fold [88]
Defect engineering MoS, 670 nm RT 100-fold [89]
Defect engineering WS, 9.3% 620 nm RT 10-fold [90]
Defect engineering MoSe; 794 nm RT 58-fold [58]
Defect engineering MoSe, 810 nm RT 30-fold [65]
Defect engineering WS, 618 nm RT 27-fold [83]
Defect engineering MoS, 678 nm RT 89-fold [91]
Defect engineering MoS, 660 nm RT 275-fold [93]
Defect engineering MoS, 670 nm RT [94]
Interface engineering MoS, 4.1% 660 nm RT 30-fold [98]
Interface engineering WS, 40% 620 nm RT 17-fold [98]
Interface engineering WSe, 22% 750 nm RT 37-fold [98]
Interface engineering MoS, 652 nm RT 20-fold [102]
Interface engineering MoS, 670 nm RT 4-fold [102]
Interface engineering WSe, 60% 751 nm RT 20-fold [57]
Optical engineering WSe, 710 nm 77K 7-fold [105]
Optical engineering MoS,; 660 nm RT 22-fold [106]
Optical engineering MoS, 675 nm RT 4.5-fold [107]
Optical engineering MoSe, 789 nm RT 1840-fold [111]
Optical engineering WSe; 750 nm RT 18000-fold [108]
Optical engineering WS, 633 nm RT 1265-fold [110]

High generation rate

. . . Maximum PL
Enhancement strategies Active material QY Wavelength Temperature Ref.

enhancement
hBN encapsulation WS, 623 nm RT 10-fold [116]
Metallic screening WS, 623 nm RT 18-fold [51]
Uniform strain engineering WSe, Near 100% 770 nm RT 100-fold [117]
Uniform strain engineering WS, Near 100% 623 nm RT [117]
Strain gradient engineering WS, 50% 620 nm RT [118]
Strain gradient engineering WSe; 47% 710 nm 4K [119]

3.1. Chemical treatment doping

When external molecules are introduced onto the sur-
face of TMDCs as dopants, charge transfer spontaneously
occurs between the TMDCs and the dopants due to differ-
ences in their energy levels. When the Fermi level/work func-
tion/electrochemical potential/electron affinity of the dopant
molecules is lower than that of the TMDCs, electrons trans-
fer from the TMDC:s to the dopants, leading to P-type doping
of the TMDCs.15%%1 Conversely, when this energy parameter
is higher, electrons transfer from the dopants to the TMDCs,
resulting in N-type doping. 2D TMDCs possess a large spe-
cific surface area and nanometer-scale thickness, making them

particularly suitable for modulating carrier concentration and

polarity via this method. In TMDCs, when the carrier polarity
and concentration change, the respective & of neutral excitons
and trions vary accordingly, thereby affecting the relative pro-
portion of the two exciton species. Combined with the fact
that neutral excitons and trions themselves have different
and 7., these changes collectively determine the PL QY. Nu-
merous studies have reported the enhancement of PL through
chemical doping,[38-34.61-63]
In 2015, Amani et al.
the treatment of ML MoS, with a non-oxidizing organic su-

reported a method involving

peracid, bis(trifluoromethanesulfonyl)imide (TFSI), which re-
sulted in significant PL enhancement. %! Figure 3(a) presents
the PL spectra before and after TFSI treatment, clearly demon-
strating a substantial increase in PL intensity following the
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treatment. Under identical conditions, TFSI treatment elevated
the PL QY by two orders of magnitude at low generation rate,
as shown in Fig. 3(b), approaching a value of 1. The authors
initially posited that TFSI might passivate electronically active
defect sites in ML MoS,, thereby mitigating defect-induced
non-radiative recombination. However, subsequent studies by
the same research group demonstrated that TFSI functions as a

(11 By withdrawing

Lewis acid rather than a defect passivator.
electrons from TMDCs via surface charge transfer, TFSI re-
duces the excess electron concentration in TMDCs, increases
the proportion of neutral excitons, and ultimately enhances the
PL QY. Nevertheless, the harsh nature of the TFSI superacid
restricts its practical application in optoelectronic devices.

In 2021, Li et al. discovered that a chemically milder
TFSI anion-based ionic salt could also achieve P-type dop-

ing, suppressing trion emission and enhancing PL.[%!! The au-

thors treated monolayer WS, with various chemical agents
and compared their PL enhancement effects, as shown in
Fig. 3(c), where Li-TFSI exhibited the most pronounced
PL enhancement. Following this rationale, doping TMDCs
with two opposite-polarity dopants should result in oppo-
A study by Zhang et
al. in 2018 confirmed this hypothesis.[® They found that
the PL intensity of MoS; could be enhanced through P-
type doping using “Magic Blue”, [N(CgH4-p-Br);]SbClg,
whereas N-type doping with pentamethylrhodocene dimer

site effects on their PL intensity.

quenched the PL emission.  Furthermore, research has
identified hydrohalic acids,!®! 2,3,5,6-tetrafluoro 7,7,8.8-
tetracyanoquinodimethane (F4;TCNQ),[3%% H,0,,l91 0,
and/or H,O!97! as electron-withdrawing dopants, each con-

tributing to an increase in PL QY to varying extents.
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a function of gate voltage (V). In the figure, X 0 X", and X~ represent the emission from neutral excitons, positively charged excitons, and negatively
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3.2. Electrostatic doping

Compared with conventional 3D semiconductor mate-
rials, the inherent 2D nature of TMDCs and their rela-
tively weak charge screening effects make their carrier type
and concentration highly susceptible to external electric field

n. [68-70

modulatio | Similar to chemical doping, this strategy

also changes the relative proportion of neutral excitons and

trions by affecting their respective «, thereby influencing ¥;
and %, which ultimately determines PL QY. Around 2012,
researchers employed field-effect transistors (FETSs) to in-
vestigate the influence of gate voltage on the PL emission
of TMDCs.!!171=73] They observed that the PL intensity of
monolayer MoS; exhibits a pronounced dependence on the

electric field, with the intensity increasing by up to three or-
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ders of magnitude as the gate voltage shifts from negative
Beyond MoS,, other TMDCs such as WSe;,
WS,, and MoTe; also exhibited gate voltage-dependent PL

to positive.

emission.[747%] The reason for the gate voltage dependence of
the PL intensity is usually attributed to the modulation of neu-
tral exciton emission weight by electrostatic doping, [!1:68.73:76]
as depicted in Fig. 3(d). When a high carrier concentration is
introduced via electrostatic doping, neutral exciton emission
is suppressed, favoring charged exciton emission and result-
ing in reduced PL intensity. Conversely, when the carrier con-
centration in TMDC:s is low, the proportion of neutral excitons
increases, enhancing PL emission. This suggests that some re-
searchers had already recognized the higher radiative recom-
bination efficiency of neutral excitons compared to charged
excitons, although no studies had systematically compared the
radiative recombination efficiencies of the two exciton types
at that time.

In 2019, Lien et al. quantitatively explored the effect of
gate voltage on the PL QY of TMDCs by constructing a metal—
oxide—semiconductor (MOS) capacitor.!' ! To mitigate the in-
fluence of ionized impurities at the gate dielectric interface and
adsorbed species from the environment, unlike previous stud-
ies that typically utilized back-gated FET structures, the re-
searchers encapsulated TMDCs within poly(methyl methacry-
late) (PMMA) and transferred gold electrodes to establish
electrical connections, thereby forming an MOS capacitor
(Fig. 3(e)). Using this structure, they quantitatively assessed
the impact of gate voltage on the PL QY of TMDCs. Fig-
ure 3(f) presents the PL QY of MoS; under different gate
voltages and generation rates, revealing that even without any
chemical passivation, monolayer MoS; and WS, can achieve
near-unity PL QY. Although prior chemical treatment doping
had already enabled near-unity PL. QY in monolayer MoS;
and WS,,5%31 such treatments might involve not only doping
effects but also the repair or passivation of defects in TMDCs
by molecules or ions, which could also affect exciton radiative
recombination efficiency. Given that the exfoliated TMDCs
exhibit defect densities ranging from 10'° cm~2 to 10'3 cm—2,
Lien et al.’s work provided the first unambiguous evidence that
defects in monolayer MoS; and WS, have no detrimental ef-
fect on the radiative recombination of neutral excitons, indicat-
ing that neutral exciton recombination is entirely radiative.!”’!
This marks a significant departure from traditional inorganic
semiconductors, where even a small number of defects can
act as nonradiative recombination centers and adversely af-
fect the luminescence properties of the material.[>! Under low
injection conditions, non-radiative recombination is predomi-
nantly governed by defect-related Shockley—Read—Hall (SRH)
recombination.®”) Consequently, efforts to enhance lumines-
cence efficiency in II-VI and III-V direct bandgap semicon-
ductors have primarily focused on reducing defect densities,

particularly dislocations. [73-81]

However, it should be noted that in Lien et al.’s study,
the defects in monolayer MoS, and WS, are predominantly
sulfur vacancies, thus only demonstrating that the radiative re-
combination efficiency of neutral excitons is insensitive to sul-
fur vacancies. On the other hand, defects in TMDCs encom-
pass multiple types, closely linked to the material type and
fabrication process.[3?! Possibly due to the fact that defects in
selenide-based TMDCs are not simply chalcogen vacancies,
neither TFSI treatment nor electrostatic doping can enhance
the PL QY of selenide-based TMDCs.>* Even in sulfur-based
TMDCs, differences in material synthesis methods may lead
to variations in defect types, and other research groups have
found that using TFSI for P-type doping alone has a limited
effect on improving PL QY.[®183] Therefore, defect engineer-
ing is necessary to repair or passivate defects that reduce the
radiative recombination efficiency of neutral excitons. The
subsequent section will address content related to defect en-
gineering. Although electrostatic doping avoids the instability
issues associated with chemical treatments and is beneficial for
applications in optoelectronic devices, conventional electro-
static doping is volatile, requiring a continuous voltage input
to maintain the doped state of TMDC:s. In contrast, ferroelec-
tric polarization offers advantages such as non-volatility, low
power consumption, and high integration density.[®* In 2024,
Pucher et al. integrated monolayer MoS, with BaTiO3 (BTO),
leveraging the electrostatic field induced by BTO’s ferroelec-
tric polarization to alter the doping level of MoS,, thereby

achieving modulation of PL emission intensity. ]

3.3. Defect engineering

Defects in semiconductors generally refer to disruptions
or interruptions in the periodic arrangement of the crystal lat-
tice, resulting in structural anomalies or imperfections. Com-
mon types of defects in TMDCs include vacancies, impuri-
ties, interstitial defects, and antisite defects.l’780] The nature
of these defects is closely related to the elemental composition
of TMDCs as well as the fabrication methods used for crys-
tal growth. 82871 Accordingly, defect engineering approaches
to enhancing the PL QY of TMDCs can be classified into two
distinct technical approaches. The first technical approach in-
volves elemental substitution doping to improve PL QY.[88-20]
Similar to chemical and electrostatic doping, substitutional
doping effectively modulates the background carrier concen-
tration in TMDCs, thereby reducing the o of trions and uti-
lizing the higher ¥ of neutral excitons to enhance PL QY.
For example, Chen et al. achieved strontium (Sr) doping in
MoS; via chemical vapor deposition (CVD),[3°! as shown in
Figs. 4(a) and 4(b). In this process, Sr atoms replaced Mo
atoms, introducing defect levels that acted synergistically with

the intrinsic defect states of MoS; to neutralize excess elec-
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trons, thereby suppressing trion formation and significantly
enhancing the PL intensity (Fig. 4(c)). Additionally, Wei et
al. demonstrated that annealing monolayer MoS; samples in
air at temperatures ranging from 200 °C to 400 °C led to a

[88] This enhancement

significant enhancement in PL intensity.
arises from the substitution of sulfur (S) atoms with oxygen
(O) atoms during annealing, resulting in p-type doping.

The second technical approach focuses on repairing or
passivating defects to enhance PL emission.[38:63:83.91-93] The
mechanisms underlying PL. enhancement vary depending on
the type of defect and the chemical modification molecule
employed. For sulfur-based TMDCs, annealing in a sulfur
vapor environment can directly fill sulfur vacancies, reduc-
ing the excess electrons introduced by these vacancies and
thereby increasing PL intensity.[”*! In this case, the PL en-
hancement mechanism is the same as that of elemental sub-
stitution doping. On the other hand, Tanoh ef al. discov-
ered that oleic acid (OA) treatment significantly improves the
PL QY of MoSe,.[8! The researchers believe that the en-
hancement of PL stems from OA passivating chalcogen va-
cancy defects by coordinating with molybdenum (Mo) dan-
gling bonds, thereby suppressing non-radiative recombination
at defect states, rather than originating from chemical dop-

ing induced by OA (Fig. 4(d)). Additionally, OA forms an

insulating protective layer on the MoSe, surface, function-
ing similarly to hexagonal boron nitride (hBN) encapsula-
tion. This layer minimizes doping effects from atmospheric
0, and H,O, thereby reducing trap states induced by ad-
sorbed external molecules. A comparison of MoSe, PL before
and after OA treatment (Fig. 4(e)) shows that the PL inten-
sity of MoSe, increased by approximately 60-fold after OA
treatment. Furthermore, researchers have found that poly(4-
styrenesulfonate) (PSS) can also significantly enhance the PL
of TMDCs by repairing sulfur vacancies; however, PSS treat-
ment also alters the doping state of TMDCs, suggesting that
the observed PL enhancement may also include contributions
from chemical doping.[°?! Therefore, combining defect passi-
vation with doping could be a highly promising strategy for
improving PL QY. In this context, the change in PL QY arises
not only from the alteration of the respective ¢ of neutral ex-
citons and trions, but also from the suppression of 7, for both
exciton species by passivation. Bretscher ef al. demonstrated
that sequential treatment using a passivating agent (PA), such
as thiols or sulfides, followed by TFSI treatment to remove
excess electrons, resulted in a 275-fold enhancement in PL, an
improvement superior to that achieved using TFSI chemical
doping alone (Fig. 4(f)).[*3]

Defect Engineering
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Fig. 4. (a) and (b) Schematic illustration of the preparation process and atomic structure of Sr-doped monolayer MoS,. (c) PL spectra of undoped MoS,
and Sr-doped MoS,. The inset shows the intensity-normalized spectra. (d) Schematic diagram of OA ligand coordination with Se vacancies. (¢) Comparison
of PL emission intensity between pristine monolayer MoSe; (blue) and OA-treated monolayer MoSe; (red). (f) Comparison of PL emission intensity for
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3.4. Interface engineering

Due to the atomic-scale thickness of TMDCs, their physi-
cal properties are highly sensitive to the interfacial conditions.
The interfacial environment can influence the PL emission of

TMDCs through multiple mechanisms. First, the dielectric en-
vironment, including both the substrate and the capping lay-
ers, can induce doping effects through surface charge transfer

between the TMDCs and the surrounding media.[®>=71 The
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presence of ionized impurities in commonly used oxide sub-
strates, such as SiO», introduces significant N-type doping in
TMDC:s, thereby increasing the trion population and reducing
the PL intensity.>! Therefore, increasing the spacing between
the TMDCs and the oxide substrate or inserting spacer layers
with weaker doping effects, such as hBN!*! or mica,[*®! can
markedly mitigate substrate-induced doping, thereby increas-
ing the a of neutral excitons and ultimately enhancing the PL
intensity.

In 2016, Yu et al. fabricated prepatterned hole struc-
tures on Si0,/Si substrates and found that, for both selenide-
based and sulfur-based TMDCs, the PL intensity in the sus-
pended regions was significantly enhanced compared to the
supported regions, with increases of up to two orders of magni-
tude (Figs. 5(a) and 5(b)).[*8] They observed that although the
suspended configuration effectively avoids substrate-induced
doping, the enhancement in PL intensity cannot be solely at-

tributed to changes in doping levels. Furthermore, Yu et al.
employed various substrates, including mica, hBN, and sap-
phire, to compare their effects on the PL intensity of mono-
layer MoS,, as depicted in Fig. 5(c). Compared to suspended
structures, mica-supported MoS, exhibited similar PL emis-
sion characteristics in terms of spectral peak broadening and
the ratio of neutral exciton to trion emission, suggesting com-
parable doping levels between suspended and mica-supported
MoS,. Nevertheless, the PL QY of the mica-supported sam-
ple was lower by an order of magnitude. This reflects the
second pathway of dielectric-mediated luminescence modula-
tion in TMDCs: interfacial phonon—electron interactions. !
Temperature-dependent PL. measurements have shown that
electron—phonon interactions can significantly alter the non-

e,[190:1011 with defects potentially

S. [97.98]

radiative recombination rat
playing a critical role in this proces
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Thirdly, the dielectric screening effect of surrounding ma-
terials can influence the Coulomb interactions between elec-
trons and holes within excitons as well as the scattering be-
tween excitons and ionized impurities. Therefore, increasing
the dielectric constant of the substrate or capping layers is ex-
pected to screen interface charge traps, reduce ¥, and thereby
prolong exciton lifetimes and enhance PL emission. In a 2014

102]

study by Lin et al.,''%! monolayer MoS; on SiO; substrates

was immersed in solvents with varying dielectric constants,
and it was found that the PL intensity increased significantly
with the solvent’s dielectric constant, as shown in Fig. 5(d).
Finally, disparities in thermal expansion coefficients between
TMDCs and substrate materials often introduce strain during
the growth and fabrication processes, particularly in samples
synthesized via CVD.371931 Strain can alter the band struc-
ture, thereby affecting the % of excitons.['%4 In 2019, Kim et
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al. demonstrated that substrate decoupling via solvent evap-
oration could release the strain induced during the growth
process,?”! as illustrated in Fig. 5(e). This method signifi-
cantly enhanced the PL emission of CVD-grown WSe;. As
shown in Fig. 5(f), the PL QY of monolayer WSe, processed
via this method exceeded that of mechanically exfoliated sam-
ples by an order of magnitude, reaching 60%. It should be
noted that substrate decoupling not only releases strain but also
modifies other interfacial effects such as doping and surface
phonon coupling, and these factors may also contribute to the
enhancement of PL QY.

3.5. Optical engineering
3.5.1. Purcell enhancement

Coupling TMDCs with optical microcavities or plas-
monic nanostructures can significantly enhance their PL inten-
sity through the Purcell effect. The essence of the Purcell ef-
fect lies in utilizing a high local photonic density of states (LP-

DOS) to accelerate the radiative recombination rate, allowing
it to dominate in the competition against non-radiative recom-
bination processes. Luo et al. designed circular Bragg grating
(CBQG) cavities specifically matched to the emission frequency
of WSe, (Figs. 6(a) and 6(b)).[1%] Since Bragg reflection and
cavity resonance enhancement can dramatically increase the
LPDOS within the cavity, triggering a significant Purcell ef-
fect, this structure enhanced the PL intensity of WSe, by ap-
proximately 3-fold at room temperature and up to 7-fold at
77 K. Beyond optical microcavities, plasmonics can also in-
crease the LPDOS. Kim ef al. transferred few-layer MoS,;
onto pre-fabricated gold nanostructure arrays and investigated
the resulting impact on MoS;, PL (as shown in Figs. 6(c) and
6(d)).[1%] The study revealed that even when the localized
surface plasmon resonance (LSPR) frequency of the metallic
nanostructures exhibited a significant redshift detuning rela-
tive to the excitation wavelength, the PL still showed a roughly
10-fold enhancement, primarily attributed to the Purcell effect.
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On the other hand, the aforementioned metallic nanos-
tructure modifications typically involve plasmonic arrays,
which host complex interactions, including near-field cou-
pling, far-field radiative coupling, and surface plasmon polari-
tons (SPPs), making it difficult to quantify the Purcell effect
precisely. To address this, Palacios ef al. employed single Au
nanoantennas to study the enhancement effect of the near-field
Purcell effect within the antenna gap on monolayer MoS; PL
(Figs. 6(e) and 6(f)).['%7] The research identified the antenna
gap distance as the most critical parameter for modulating the
Purcell effect. As the gap decreases, the local field intensi-
fies sharply, and the corresponding Purcell factor increases ac-
cordingly. Ultimately, the experiment measured a peak PL en-
hancement of 8-fold using bow-tie antennas.

3.5.2. Synergistic strategies beyond Purcell effect

Relying solely on the Purcell effect usually yields only
a few-fold to tens-fold PL enhancement. In recent years,
researchers have introduced additional physical mechanisms
into plasmonic nanocavities, achieving enhancement fac-
tors far beyond the sole Purcell effect. Xiao er al. re-
ported three types of metal nanostructure-on-mirror nanocav-
ities.  The first, based on an Au nanosphere-on-mirror
nanocavity, achieved 1265-fold and 680-fold enhancements
for neutral exciton and trion emission in monolayer WS,
respectively.[!1%) The second, based on an Ag nanowire-on-
mirror nanocavity, achieved 1840-fold PL enhancement in
monolayer MoSe,.[!!!
on-mirror nanocavity, achieved 18000-fold PL enhancement

in monolayer WSe, (as shown in Figs. 6(g) and 6(h)). The

I The third, based on an Au nanocube-

above three works involve synergistic enhancement from mul-
tiple physical mechanisms, mainly including: using plasmonic
hotspots and double-resonance design to increase «, utilizing
the Purcell effect combined with Fano resonance or plasmon—
exciton intermediate coupling to enhance %, and employ-
ing an Al,O3 spacer to suppress metal-induced ;.. Further-
more, Xiao et al. introduced strain engineering through the
sharp corners of Au nanocube-on-mirror nanocavity, using
exciton localization to suppress 7, achieving a significant
PL intensity increase (Figs. 6(i) and 6(j)).!' In addition to
the above physical mechanisms, some new phenomena, such
as multiphoton-excitation resonance energy transfer between
quantum dots and two-dimensional materials, are in principle
beneficial for increasing o and thus hold promise for applica-
tion in PL QY modulation.!'1?]

4. Strategies for suppressing EEA under high
generation rates

As the optical excitation power increases, the exciton gen-
eration rate rises, and the factors affecting the PL QY will also
change accordingly. Under high generation rates, excessive
exciton density enhances exciton—exciton interactions, thereby

triggering EEA. EEA is a four-body interaction in which one
exciton is annihilated, transferring its energy to another exci-
ton, thereby reducing the PL QY. In 2014, Sun et al. observed
efficient EEA in monolayer MoS; through ultrafast transient
absorption measurements. >3 Additionally, numerous studies
have also reported the occurrence of EEA.1,52113-1151 The
EEA effect significantly reduces the QY under high carrier
injection conditions. Therefore, suppressing EEA is crucial
for the development of high-brightness and high-efficiency
TMDC-based light-emitting devices.

Researchers have proposed various strategies to suppress
the EEA effect.['!'*] In 2017, Hoshi et al. discovered that
simple hBN encapsulation could reduce the EEA rate con-
stant by two orders of magnitude in WS,, leading to a re-
markable enhancement of PL intensity under high excitation
power densities, 1% as shown in Figs. 7(a)-7(c). Compared
to unencapsulated WS, on SiO;, hBN encapsulation reduced
the surface roughness of SiO, and the potential fluctuations
induced by ionized impurities in WS,. This facilitated the de-
localization of excitons, which suppressed exciton—exciton in-
teractions and lowered the probability of EEA.

In 2021, Lee et al. designed a structure with proximal
metallic screening effects, as shown in Fig. 7(d), using an
ultra-flat gold (Au) thin film substrate and isolating the Au
film from WS, with multilayer hBN.5!! The formation of im-
age dipoles in the Au film transformed the original dipolar
exciton—exciton interaction into a quadrupole—quadrupole in-
teraction, effectively screening the exciton—exciton interaction
and suppressing EEA (Fig. 7(e)), leading to increased PL in-
tensity. Figure 7(f) compares the absolute QY of monolayer
WS, on a 7 nm hBN/Au substrate versus a SiO, substrate.
The results indicate that, for both substrates, PL intensity de-
creases with increasing exciton generation rate; however, at
high excitation levels, the hBN/Au substrate exhibits a less
pronounced decline compared to the SiO, substrate. Specifi-
cally, at generation rates of approximately 6.8 x 106 cm=2.s~!
and 7.5x10%° ¢cm~2.s7!, the absolute PL intensity on the
hBN/Au substrate is enhanced by factors of 3 and 18, respec-
tively, relative to the SiO; substrate.

In 2022, Uddin ef al. explored the use of strain engi-
neering and found that applying a small tensile strain to WSe;
could significantly enhance the PL. QY while suppressing the
reduction of PL QY at high excitation powers (Figs. 8(a)—
8(c)).[1171 Figure 8(b) shows the effect of different strain levels
on PL intensity. Uddin et al. suggested that the strain could
alter the band structure and inhibit van Hove singularity reso-
nance at twice the exciton transition energy (EX) in the joint
density of states, thus suppressing EEA. As the strain in WSe;
increased, the PL QY improved significantly. At a strain level
of 1.0% in WSe,, a gate voltage of —20 V enabled the achieve-
ment of nearly unity PL QY, with the PL QY exhibiting a roll-
off-free characteristic across all generation rates (Fig. 6(c)).
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In addition to the global uniform strain induced by sub-
strate deformation mentioned above, when a localized strain
field is introduced into TMDCs through atomic force mi-
croscopy (AFM) tip indentation or nanopillar arrays, the band
structure within the strained region is locally modulated, form-

18] During diffusion, excitons

ing an energy potential well.
migrate toward lower-energy regions and are captured and
localized by the strain-induced potential well — this phe-
nomenon is known as the “exciton funneling” effect. Moon
et al. " realized dynamic exciton funneling in suspended
monolayer WSe, using an AFM tip. By precisely control-
ling the strain gradient through tip displacement, they guided
excitons to drift directionally over distances of several hun-
dred nanometers. The strain-gradient-induced redistribution
of excitons reduces the local exciton density near the excita-
tion spot, thereby effectively suppressing EEA and enhancing

the PL intensity (Figs. 8(d)—-8(f)).
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Fig. 9. Development of modulation techniques for PL intensity in TMDCs.!

Among these, studies on chemical and electrostatic dop-
ing have shown that even in the presence of defects, a simple
doping-induced conversion of exciton species from charged
excitons (trions) to neutral excitons is sufficient to increase the
PL QY of MoS; and WS, to nearly 100%.[!1-3¢! This finding
opens promising prospects for the application of TMDCs in
high-efficiency light-emitting devices. On the other hand, the
atomic thickness and weak dielectric screening of TMDCs not
only limit exciton diffusion lengths but also enhance Coulomb
interactions between excitons, making EEA the primary fac-
tor restricting their application in high-brightness light emis-
sion. Encouragingly, various techniques have been developed
to suppress EEA, such as hBN encapsulation, metallic image-
dipole screening, and strain engineering, which mitigate the

reduction of PL. QY under high generation rates. In partic-

MoSe, 30-fold*

MoS, 950-fold’

MoS, 35-fold*

MoS, 3-fold*

: "-cx\\“‘““‘

popine

5. Conclusions and outlook

As atomically thin direct-bandgap semiconductors,
TMDCs exhibit tremendous potential in the field of light-
emitting materials. However, due to multiple limiting factors,
even mechanically exfoliated TMDCs typically possess intrin-
sically low PL QY (< 10%), which is insufficient for practical
applications. Over the past decade, significant progress has
been made in understanding the photophysical mechanisms,
influencing factors, and regulation strategies of PL in TMDCs.
Centered on exciton formation probability, nonradiative re-
combination rates, and radiative recombination rates, numer-
ous technical approaches have been proposed to enhance the
PL QY of TMDCs under low excitation density conditions,
including chemical doping, electrostatic doping, defect engi-
neering, interface engineering, and optical engineering. Fig-
ure 9 summarizes the development of modulation techniques
for PL intensity in TMDCs.
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77K

MoS, 750-fold®
PLQY 100%

MoS, 4.5-fold*

MoS, 100-fold”

hBN Encapsulation

High Generation Metallic Screening

Rate Uniform Strain Engineering

Strain Gradient Engineering

11,51,56-58,64-67,72,83,85,88-91,93,94,98,102,105-107,116-119]

ular, strain engineering based on flexible substrates has even
demonstrated a roll-off-free characteristic within the experi-
mental range, '] further consolidating the foundation for the
engineering application of TMDC materials.

Despite substantial progress, several challenges remain
before TMDCs can be practically implemented in light-
emitting applications. First, although nearly 100% PL QY has
been achieved in sulfur-based TMDCs, the chemical or elec-
trostatic doping methods employed often possess specific con-
straints, which may greatly limit their practical applicability.
Second, the understanding of the underlying physical mecha-
nisms still requires further improvement. For instance, stud-
ies have shown that doping strategies are far less effective in
enhancing the PL QY of selenide-based TMDCs, indicating

that neutral excitons in TMDCs are not universally immune
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to all types of defects. Third, most reports of high PL QY
are based on mechanically exfoliated TMDCs. For scalable
applications, CVD-grown TMDCs are clearly preferred; how-
ever, compared with high-quality exfoliated samples, CVD-
grown TMDCs typically contain a higher density and diver-
sity of defects,®”! further increasing the difficulty of PL QY
regulation. Finally, practical applications require not only a
high PL QY but also minimal efficiency roll-off with increas-
ing generation rates. At present, however, research on enhanc-
ing PL intensity and suppressing EEA remains insufficiently
integrated.

It is evident that relying on a single technical approach to
simultaneously address these challenges is unrealistic. There-
fore, future development in TMDC PL research should focus
on synergistic multi-strategy approaches. Taking CVD-grown
monolayer TMDCs as an example, suppressing non-radiative
channels and enhancing radiative recombination require si-
multaneous consideration of defect passivation, strain release,
doping modulation, etc., which inevitably involves multiple
strategies, such as defect engineering, interface engineering,
chemical treatment, and optical structure design. Several such
collaborative strategies have already been reported. For ex-
ample, Bretscher et al.??! proposed combining defect passi-
vation with doping during chemical treatment; Abramov et
al.'"%) introduced a PL regulation strategy based on the syner-
gistic effects of localized strain and defects; and Koo et al. (121]
developed a tip-enhanced PL technique, in which an Au tip
serves simultaneously as a plasmonic resonant cavity and a
strain-inducing tool. We believe that the continued develop-
ment of such synergistic multi-technology strategies will not
only accelerate the maturation and practical implementation
of PL regulation techniques but also greatly facilitate a deeper
understanding of the underlying physical mechanisms.
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