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ABSTRACT: Optoelectronic devices based on two-dimensional (2D) materials have shown tremendous promise over
the past few years; however, there are still numerous
challenges that need to be overcome to enable their
application in devices. These include improving their poor
photoluminescence (PL) quantum yield (QY) as well as better
understanding of exciton-based recombination kinetics.
Recently, we developed a chemical treatment technique
using an organic superacid, bis(triﬂuoromethane)sulfonimide
(TFSI), which was shown to improve the quantum yield in
MoS2 from less than 1% to over 95%. Here, we perform
detailed steady-state and transient optical characterization on
some of the most heavily studied direct bandgap 2D materials, speciﬁcally WS2, MoS2, WSe2, and MoSe2, over a large pump
dynamic range to study the recombination mechanisms present in these materials. We then explore the eﬀects of TFSI treatment
on the PL QY and recombination kinetics for each case. Our results suggest that sulfur-based 2D materials are amenable to
repair/passivation by TFSI, while the mechanism is thus far ineﬀective on selenium based systems. We also show that biexcitonic
recombination is the dominant nonradiative pathway in these materials and that the kinetics for TFSI treated MoS2 and WS2 can
be described using a simple two parameter model.
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Unlike conventional 3D materials, where terminations in the
crystal lattice result in dangling bonds, ideal 2D systems have
natural out-of-plane self-termination. As a result, it could be
expected that monolayer semiconductors should show nearunity PL QY, whereas materials such as GaAs require cladding
layers (i.e., AlGaAs) to show similar performance.17,18
However, due to the presence of defects, the QY in 2D
materials has typically been quite poor.5 Fortunately,
monolayer semiconductors also oﬀer a unique opportunity
for defect passivation/repair because there is no distinction
between bulk and surface defects, as such the entire
semiconductor can be accessed. In our previous work, we
demonstrated that PL QY in MoS2 monolayers on oxide
substrates can be dramatically enhanced through chemical
treatment by the nonoxidizing organic superacid, bis(triﬂuoromethane)sulfonimide (TFSI), resulting in the realization of near-unity QY.19 Recently, other chemical treatments
have also been developed which are able to enhance the PL of

onolayer optoelectronics has been a rapidly growing
ﬁeld since the isolation of graphene1−3 and has received
intensiﬁed interest after the identiﬁcation of direct-bandgap
monolayers, starting with MoS24 as well as other twodimensional (2D) transition metal dichalcogenides
(TMDCs). 5,6 At the monolayer limit, numerous new
phenomenon are observed in these materials such as the
presence of valley and spin-based physics,7−9 which can enable
new device paradigms. Furthermore, they possess several
advantages over conventional optically active materials such
as the ability to form heterostructures without the need for
lattice matching,10 exceptional tunability via electric ﬁeld or
strain,11,12 and high absorption given their atomic scale
thickness.5 One of the main challenges for two-dimensional
optoelectronics, however, is their poor photoluminescence
(PL) quantum yields (QY),5 which is the key metric for all
optoelectronic devices, including lasers, LEDs, and solar
cells.13,14 Furthermore, PL QY is an extremely sensitive probe
of defects and sub-bandgap states and thus semiconductor
quality,15 as such it can serve as a metric to determine the
viability of a material for device applications such as tunnel
transistors.16
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Figure 1. PL spectra for both the as-exfoliated and TFSI treated (a) WS2, (b) MoS2, (c) WSe2, and (d) MoSe2 monolayers measured at an incident
power density of 1 × 10−2 Wcm−2. The inset shows normalized spectra for each material. Absorption spectra of both as-exfoliated (dashed lines) and
chemically treated (solid lines) WS2, MoS2, WSe2, and MoSe2 monolayers (e).

MoS220 and MoSe2.21 Here, we expand on upon the initial
results by studying the eﬀect of TFSI treatment in combination
with combined steady-state and transient optical measurements, on several of the most optoelectronically promising
TMDC monolayers5,6 including WS2, WSe2, and MoSe2. We
ﬁnd that the treatment is able to eﬀectively passivate/repair
defects in sulfur based compounds, while the selenide-based
materials are largely unaﬀected. Furthermore, we observe that
all of these materials display similar recombination kinetics, that
is, there is no observable Shockley−Read−Hall (SRH)
recombination at low injection levels while biexcitonic
recombination dominates at high injection levels.
To verify that treatment by TFSI does not damage the 2D
compounds investigated in this study, we performed Raman
spectroscopy for each material studied both in the as-exfoliated
case and after TFSI treatment, as illustrated in Figure S1a−d.
The Raman spectra of WS2 under 514.5 nm excitation is a
particularly interesting case, because under this condition there
is a second order-resonance with the longitudinal acoustic
mode (LA(M)) that is a result of coupling between the phonon
and electronic band structures.22 While there is no signiﬁcant
change in the Raman spectra for WSe2 or MoSe2 after chemical
treatment, both in terms of peak position and relative intensity,
as was observed for MoS2 in our previous report,19 we observe
a strong increase in the intensity ratio of the 2LA(M) peak to
the A′ peak from 2.9, which is comparable to what has been
previously observed for WS2 monolayers,22,23 to 5.3. The
increased relative intensity of the resonant mode suggests that
the inﬂuence of defects is reduced after chemical treatment.
Furthermore, this trend is consistent with reduced 2LA(M)/A′
peak intensity recently observed for lower quality WS2
samples.23
Steady-state calibrated PL spectra, measured at a low
excitation power density of 1 × 10−2 W × cm−2 for the four

materials examined in this study, are shown in Figure 1a−d.
Normalized spectra indicate that TFSI treatment does not
result in any shifts or signiﬁcant changes in the spectral line
shape at low excitation densities. We found that in addition to
being able to dramatically enhance the PL of MoS2, TFSI
treatment is also eﬀective in repairing/passivating defects in
WS2. As-exfoliated WS2 has been known to show the highest
quantum yield of all 2D materials, which have been previously
studied;24,25 despite this, we are still able to demonstrate an
order of magnitude enhancement of the emission, relative to
the as-exfoliated monolayer. To be able to extract the internal
photoluminescence quantum yield for the diﬀerent samples
quantitative absorption measurements were performed for each
system both before and after chemical treatment. The
measurements were performed using two diﬀerent methods,
following the procedure described in our previous work, and
are plotted in Figure 1e. As was previously shown for MoS2,
there is no measurable diﬀerence in the absorption spectra as a
result of TFSI treatment in WS2, WSe2, or MoSe2. The spectral
shape of the calibrated absorption spectra presented here is
consistent with previously reported diﬀerential reﬂectance
measurements on the various materials.26
One of the primary factors that aﬀects the observed
luminescence in 2D semiconductors is substrate-induced
interference and multiple reﬂection eﬀects.27 These phenomena
can modulate both the eﬀective absorption as well as the
emission by increasing the number of times an incident or
emitted photon can be absorbed by the 2D layer or the number
of chances it has to fall within the escape cone for emission. By
changing the oxide thickness on silicon substrates, it was
previously shown that this eﬀect can lead to an order of
magnitude modulation in the emitted light for the same
monolayer,27 indicating that this eﬀect is independent of the
materials internal PL QY. More importantly, this eﬀect has
B
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Figure 2. Pump-power dependence of the QY for as-exfoliated and chemically treated WS2, MoS2, WSe2, and MoSe2 (a). Dashed lines show the
recombination model for chemically treated MoS2 and WS2. Summary of the peak QY values for the various TMDCs obtained both before and after
treatment (b).

radiation are single body processes that leads to the observed
luminescence saturation.
The dynamic luminescence behavior for the diﬀerent
materials, both in the as-exfoliated and chemically treated
cases, was investigated to examine the carrier recombination
dynamics as well as independently conﬁrm the QY measurements. We show the decay curves for as-exfoliated and
chemically treated WS2 in Figure 3 panels a and b, respectively,
and the lifetime for both cases as a function of pump-ﬂuence is
shown in Figure 3c and is consistent with the behavior
observed in the steady-state measurements. Chemically treated
WS2 shows a single exponential decay with a radiative lifetime
(τr) of 3.4 ± 0.3 ns as the lowest measured ﬂuence of 2.3 ×
10−4 μJ/cm2. Similar measurements were performed on WSe2
and MoSe2 and are shown in Figure S5. Figure 3d summarizes
the observed lifetimes (τob) for the materials evaluated in this
study. Although the luminescence decay of the selenide
compounds is dominated by the nonradiative lifetime, we can
estimate the radiative lifetime using31

signiﬁcant wavelength dependence and will nonlinearly weight
the observed luminescence for diﬀerent light emitters. In the
case of GaAs, by placing the sample on a highly reﬂective
mirror substrate, it is possible to dramatically increase the
probability of the emitted light escaping to ∼70%.17 In
addition, complex optical environments such as Si/SiO2 can
impact the radiative lifetime through changes in the eﬀective
refractive index.28 For our case, we utilized quartz substrates for
all measurements, which provides a very simple, nonwavelength
dependent analysis, although this lowers the externally
measured luminescence.
To probe the recombination mechanisms present in the
various TMDCs, we extended our PL measurements to cover a
pump dynamic range of over 6 orders of magnitude, while
avoiding incident laser powers greater than 50 μW that are
known to damage as well as cause local heating eﬀects in these
materials.29 The pump-power dependence of luminesce for the
diﬀerent materials is shown both before and after chemical
treatment in Figure S2, as well as empirical power laws ﬁts,
given by I = Pn, to the dominant recombination regimes. From
these curves we extract the QY, which is plotted in Figure 2 for
each material both before and after treatment. After treatment,
the QY for both MoS2 and WS2 reaches a value near-unity at
low pump power, while the QY for the two selenide materials is
moderately reduced as summarized in Figure 2b. At high
injection levels all of the investigated materials show sublinear
dependence of the light emission with rate-laws in the range of
0.43−0.58. The rate law is indicative of a two-body nonradiative
process and can be attributed to biexcitonic recombination
(annihilation of two excitons), knowing that free electron−hole
pairs in 2D materials nonreversibly form excitons due to their
high binding energies.30 In all cases, as the excitation power is
reduced, the materials show saturation of the PL, that is, no
reduction of the luminescence yield. This is strongly in contrast
with traditional semiconductors where a reduction of the PL
QY is typically observed due to SRH recombination of a carrier
at a defect site (one body process) as opposed to meeting an
oppositely charged carrier and radiating (two body process).31
For the excitonic case, both recombination with a defect and

QY =

τob
τr

which results in τr = 19.3 ns and τr = 116.3 ns for WSe2 and
MoSe2, respectively.
The carrier density-dependent recombination mechanisms
for TFSI treated WS2 and MoS2 can be eﬀectively described
using the kinetic model that we previously proposed for exciton
dominated semiconductors.19 This diﬀers from the free carrier
model used to describe III−V semiconductors that is based
solely on free carriers due to their negligible exciton binding
energies at room temperature. For the free carrier approach, at
low background doping concentrations where the majority of
free-carriers are generated by optical pumping n = p, where n
and p are the electron and hole concentrations, respectively.
For this case, at steady state the total recombination rate R is
equal to the generation rate and can be written as R = An + Bn2
+ Cn3, where A is the SRH recombination rate, B is the
radiative recombination rate, C is the Auger recombination rate,
and QY is given as the ratio of radiative recombination over
total recombination.31 Auger processes dominate at high
C
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Figure 3. Radiative decay of as-exfoliated (a) and chemically treated (b) WS2 at various initial carrier concentrations (n0) as well as the instrument
response function (IRF). Eﬀective PL lifetime as a function of pump-ﬂuence for WS2 both before and after chemical treatment; the dashed line
shows a power law ﬁt for the dominant recombination regimes (c). Summary of longest measured lifetimes for the various TMDCs obtained both
before and after treatment (d); lifetime measurements before and after treatment are shown in Figure S5.

Cbx⟨N⟩2, where τr is the radiative lifetime and Cbx is the
biexcitonic recombination rate. The ﬁnal QY is then given as

injection levels, while SRH recombination dominates at low
injection levels. For the case of SRH dominated recombination,
the QY increases as a function of pump-power, which was not
observed for any of the studied TMDCs.
Because the standard model was found to poorly describe the
data both here and in our initial work,19 we utilized a simple
model based on the total exciton population, ⟨N⟩. In this
interpretation, the dominant intrinsic nonradiative recombination method occurs from the collision of two excitons and is
proportional to ⟨N⟩2. Total recombination of free carriers is set
to R = Bnrn2 + Brn2. Here, Bnr is the nonradiative defectmediated recombination rate and Br is the formation rate of
excitons. It is likely that there are multiple nonradiative
pathways possible due to the diverse nature of defects present
in 2D materials,32,33 and the role of the various optoelectronically active defects in recombination must evaluated using
controlled techniques to fully understand their behavior. For
the purpose of the present work, we only consider the cases of
TFSI treated WS2 and MoS2 that show no nonradiative
pathways at low excitation levels. In this case, excitons can then
undergo radiative recombination or nonradiatively recombine
with a second exciton, which is given by Brn2 = τ−1
r ⟨N⟩ +

QY =

τr−1⟨N ⟩
τr−1⟨N ⟩ + Bnr n2 + C bx⟨N ⟩2

For TFSI-treated MoS2 and WS2, Bnr is negligible, resulting in a
biexcitonic recombination coeﬃcient of 0.5 and 2.8 cm2 s−1,
respectively. The ﬁtting results for both cases are plotted as
dashed lines in Figure 2a. The speciﬁc value of the biexcitonic
recombination coeﬃcient for WS2 and MoS2 was found to be
highly reproducible among diﬀerent samples as shown in
Figures S3 and S4, suggesting that it is an intrinsic material
parameter.
The 2D materials are known to be host to a signiﬁcant
variety of defect types23,32−35 in naturally or synthesized
crystals as well as monolayers grown by chemical vapor
deposition.36 In the case of both exfoliated WS2 and MoS2,
which can achieve near-unity QY after TFSI treatment, one of
the dominant defect types is likely sulfur vacancies.26,34 On the
other hand, TFSI treatment is not able to improve the
luminescence of both WSe2 and MoSe2 and typically results in a
D
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with the largest imperfection density found on MoS2, (ii)
sulﬁde surfaces are dominated by structural defects and by
acceptor impurities causing local depressions, and (iii) selenide
surfaces are predominantly dominated by hillock-like structures
induced by donor impurities. This drastic diﬀerence in the
nature of defects may explain why sulfur-based TMDC
materials are more responsive to the TFSI treatment.
In summary, we have presented a comprehensive study on
the recombination behavior as well as the impact of TFSI
treatment on the most heavily studied direct band gap 2D
semiconductors. We show that the dominant recombination
pathway at high pump-power for all of these materials is
biexcitonic recombination and that there is no evidence for
SRH-related recombination at low injection levels. Furthermore, through the combination of lifetime and calibrated QY
measurements we estimate the radiative lifetimes and provide
the biexcitonic recombination coeﬃcients for the studied
systems. Our results show that sulfur-based TMDCs are
amenable to repair by TFSI treatment, while high QY in
selenium-based compounds cannot be obtained by this method.

small drop from the as-exfoliated intensity. The treatment
conditions for the selenium-based compounds were systematically varied, as discussed further in the Supporting Information,
however no TFSI-based treatment condition was found to
enhance the PL. High-resolution TEM studies on WSe2 have
suggested that defects in this material do not simply exist as
simple vacancy sites but rather as complexes that include both
missing chalcogen and metal atoms.33
To better understand the nature of the native defects that
exist in the various crystals, scanning tunneling microscopy
(STM) measurements were performed on freshly exfoliated
crystals of the materials studied here. Representative STM
images taken over a similar area of 100 nm × 100 nm for the
diﬀerent TMDC materials are shown in Figure 4; it is
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Figure 4. Large area representative STM images (100 nm × 100 nm)
measured on bulk ﬂakes of (a) WS2 (Vbias = 0.9 V, It = 1.0 nA), (b)
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and (d) MoSe2 (Vbias = 1.5 V, It = 0.5 nA). Red circles show examples
of either donor impurities or missing fragments of material (dark
contrast); black circles indicate show examples of acceptor impurities
(bright contrast).
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important to note here that the spatial variation of surface
defects is high. The poor QY observed in as-exfoliated MoS2
can be understood from the comparatively large defect density
observed in STM (as high as 8% of the imaged surface area),
relative to WS2 (∼0.1−1.6%). Dark contrast defects, predominantly observed in WS2 and MoS2, can be caused by missing
fragments of the material as well as the presence of acceptor
impurities at the vicinity of the surface region.36−38 This is
consistent with sulfur vacancies and the n-type behavior
observed in WS2 and MoS2 ﬁeld eﬀect devices,35,39 which do
not utilize doping or extremely high work function contacts to
enable p-type conduction.40,41 The opposite behavior is seen in
selenides where a high density of bright contrast defects (>2%)
that can primarily be related to donor impurities at or near the
surface are observed.42 The interpretation of the localized
imperfections were well documented for GaAs(110) and other
semiconductors.43 Our surface inspection reveals the following
ﬁndings: (i) high spatial variation even across the same material
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