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ABSTRACT: We report a method to neutralize the mid-gap
defect states in MoS, monolayers using laser soaking of an
organic/transition metal oxide (TMO) blend thin film. The
treated MoS, monolayer shows negligible emission from defect
states as compared to the as-exfoliated MoS,, accompanied by a
photoluminescence quantum yield improvement from 0.018 to
4.5% at excitation power densities of 10 W/cm? The effectiveness
of the method toward defect neutralization is governed by the
polaron pair generated at the organic/TMO interface, the diffusion
of free electrons, and the subsequent formation of TMO radicals at
the MoS, monolayer. The treated monolayers are stable in air,
vacuum, and acetone environments, potentially enabling the
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Laser Spot

s

fabrication of defect-free optoelectronic devices based on 2D materials and 2D/organic heterojunctions.

KEYWORDS: transition metal dichalcogenides, organic/transition metal oxide, defect neutralization, photoluminescence quantum yield,

laser soaking

B INTRODUCTION

Wafer-scale transition metal dichalcogenide (TMD) mono-
layers' ™ offer an emer%ing platform for next-generation
optoelectronic devices.”~"" However, realization of practical
devices has been hindered by the intrinsic and extrinsic surface
defects'”™"” present in the material system that results in
extremely low (~0.01%) photoluminescence quantum yield
(PLQY).'”"®'” Several methods'’~° based on chemical®"****
or physical’>** treatments have been proposed in recent years
to enhance the PL of monolayer TMDs. The most notable
approach is using “superacid” (bis-(trifluoromethane) sulfoni-
mide, TFSI) for surface treatment that leads to near-unity
PLQY of MoS,."” The superacid serves as a Lewis acid (i.e.,
electron pair acceptor) that suppresses the formation of
charged excitons (trions).”® Trions are nonexistent in the
pristine material and hence their elimination is regarded as the
underlyin§ mechanism for PL enhancement of
TMDs.>>%*"73! However, the PL enhancement in the case
of TFSI does not originate from the elimination of intrinsic
defect states as it has been shown that the native defect states
are preserved””’” after such treatment. On the other hand,
various approaches for passivation of defects have been
reported but with limited success. None of the reported
work quantifies the PLQY or show complete elimination of
defect states.”™*7>%33733

Here, we report a method and underlying physics of treating
mechanically exfoliated monolayer MoS, using an organic/
transition metal oxide (TMO) blend under laser excitation
(light soaking). We directly verify the elimination of defect
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states commonly associated with sulfur vacancies by the
disappearance of their luminescent spectral signature. For an
optimum blend ratio of 20%:80% (vol) 3,3’,5,5'-tetra[ (m-
pyridyl)-phen-3-yl]biphenyl (BP4mPy)/MoO,, the PL inten-
sity of a treated MoS, monolayer is enhanced by ~250 times
when compared to the as-exfoliated MoS,. The PLQY reaches
~4.5% at an excitation power density in the range from 0.5 to
10 W/cm?, followed by a gentle roll oftf with increasing power
density, reaching 1% at 1 kW/cm’. These values are
comparable to those achieved by the TFSI-treated samples'”
with PLQY reaching 3% at 10 W/ cm? and 1% at 100 W/cm?.
Furthermore, we find that the mid-gap defect states of MoS,
are neutralized in the light-soaked samples. As determined by
direct excitation as a function of photon energy, the
mechanism for neutralization of defect states for different
organic/TMO blends is governed by the polaron pair
concentration optically generated at the organic/TMO inter-
face and subsequent TMO radical formation at the MoS,
monolayer. Importantly, the treated monolayers (MoS, and
WS,) are found to be stable in air, vacaum, and acetone
environments over time.
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Figure 1. (a) Schematic of laser soaking in ambient with a 10 nm 1:1 (vol) BP4mPy/MoO, blend on a MoS, monolayer. (b) Energy levels of
BP4mPy, MoO,, and MoS,. The diagram also shows the negative polaron in MoO, and the positive polaron in BP4mPy. (c) Steady-state PL
spectra of MoS, over the course of laser soaking. Inset: evolution of the MoS, PL enhancement with soaking time compared to the as-exfoliated

MoS, PL. (d) PL intensity map around a soaked spot.
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Figure 2. Normalized temperature-dependent PL spectra of MoS, (capped by 1:1 (vol) BP4mPy/MoO, blend) (a) before and (b) after laser
soaking. The arrow represents the spectral changes with increasing temperature.

B RESULTS AND DISCUSSION

Figure la shows an illustration of a 10 nm 1:1 (vol) blend
comprising BP4mPy/MoO,, that is vapor-deposited under high
vacuum onto a mechanically exfoliated monolayer of MoS, on
a quartz substrate. The BP4mPy and MoO, molecules serve as
electron donors and acceptors, respectively, and are trans-
parent across the visible spectrum due to their wide energy
gaps, as shown in Figure 1b. The sample is light-soaked in
ambient by a continuous wave laser (photon energy = 2.3 eV
and power density = 10° W/cm?). Electrons in the highest
occupied molecular orbital (HOMO) of BP4mPy are trans-
ferred to the conduction band (CB) of MoO,, generating a
Coulombically bound charge-transfer (CT) state. The CT
state dissociates into free charged polarons via an intermediate
precursor state often referred as a polaron pair. Simultaneously,
excitons are created in the underlying MoS, monolayer, and
the resulting PL is measured periodically during light soaking
until no further enhancement in PL is observed. Figure Ic
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shows the evolution of PL intensity over 80 min of laser
treatment. The PL peak shows a 16X enhancement and a ~20
meV blue shift compared with the untreated sample. Figure 1d
shows the PL map around a laser-soaked area. No significant
change in PL is observed after storing the treated samples in
ambient for 2 weeks (refer Supporting Information Figure S1),
or after dipping in acetone for 30 min (refer Supporting
Information Figure S9), indicating that the sample properties
are passivated following this process. In addition, thermal
annealing is ruled out as the driving mechanism for the
neutralization process (refer to Figure S2 in the Supporting
Information).

To understand the origin of the increased PL, the emission
spectra of the unsoaked and soaked MoS, were acquired at
temperatures varied between 6 and 300 K, with results shown
in Figure 2a. Laser soaking was performed locally at room
temperature before the sample temperature was changed. The
spectra are taken from the same exfoliated MoS, monolayer
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Figure 3. (a) Time evolution of PL enhancement and shift of the MoS, monolayer PL peak under laser soaking (10° W/cm?) for the BP4mPy/
MoO, blend with the optimum ratio (BP4mPy (vol %) = 25%) compared to the as-exfoliated MoS, PL. (b) Pump-power-dependent PLQY of
laser-soaked and as-exfoliated MoS, (error bars are smaller than the data symbols). (c) PLQY comparison of the laser-soaked sample with the
TFESI-treated sample. The green squares are data-extracted from ref 19. Reprinted in part with permission from ref 19. Copyright 2015 American

Association for the Advancement of Science.
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Figure 4. (a) Energies of the bound polaron pair (AEr) and band gap of MoS, (Eg) and of laser source (Ephomn). Green (effective) and red (non-
effective) labels indicate the effectiveness of PL enhancement, respectively. (b) Energy levels of TAPC, BP4mPy, HATCN, FATCNQ, MoO,, WO,,
MoS,, and WS,. (c) PL enhancement vs soaking time with passivation layer thickness, d (3, 6, and 12 nm) MoO,, capped by S nm BP4mPy. The

laser energy is Ehoon = 2.3 €V. Inset: Sample structure.

capped by the BP4mPy/MoO, blend. The blend shows no
emission from BP4mPy or MoO,, due to the low pump photon
energy. In addition, broad mid-energy gap emission is observed
at 1.7 eV, which has previously been attributed to crystallo-
graphic defect (sulfur vacancy) bound excitons.'>'>*>3¢73%
The strong low-energy emission at 6 K suggests the existence
of a large density of such defect states. In contrast, the laser-
soaked sample in Figure 2b shows only band-edge excitons,
suggesting that the mid-gap defect states are eliminated or
neutralized. The narrowing of the full width at half-maximum
of the PL after laser soaking indicates reduction in the
inhomogeneous broadening arising from exciton defect
scattering, further supporting the conclusion.

The temperature-dependent exciton peak energy of both
unsoaked and soaked areas follow the Varshni equation™ that
characterizes temperature dependence of the semiconductor
energy gap (refer the Supporting Information, Figure S3). We
note that a ~20 meV blue shift is observed between the spectra
of soaked and unsoaked areas, suggesting a change of the free
charge distribution of the inherently n-type MoS, monolayer
that results in a transition of the dominant excited state species
from charged (trions) to neutral excitons.'¥>**1 9% Gince we
observe reduction of intrinsic defect states accompanied by an
increase in PL, we infer that the capping layers help to extract
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13,20,32
the excess charge, ™"

mid-gap defect states.

We investigated the PL enhancement normalized to that of
the as-exfoliated MoS, as a function of BP4mPy volume
percentage in the BP4mPy/MoO, blend ranging from 50 to
20%. An enhancement of ~60X is observed for the 25%
BP4mPy sample at a laser power of 1 kW/ cm? as shown in
Figure 3a. In comparison, the 50, 40, 30, and 20% samples
yielded 16X, 29X, 40X, and 47X increases in PL intensity,
respectively (refer Supporting Information Figure S4c). We
note that a small, concentration-dependent enhancement was
observed immediately before laser soaking—the MoO,-rich
blends resulted in higher enhancements. To understand the
origin of this trend, we conducted the experiments with only
one material layered onto MoS,. The PL from MoS, increased
by 3X after capping with neat MoO, (refer Supporting
Information Figure S4a). This enhancement is possibly due to
very deep CB minimum of MoO, relative to MoS, (refer
Figure 1b) that results in a strong electron-withdrawing
tendency (leading to a transition of dominant PL emission
from trions to neutral excitons). In contrast, we observe a 5X
decease in PL accompanied by a 16 meV red shift when
capped only with BP4mPy, implying that the Fermi level of
BP4mPy is higher than that of MoS,, thereby acting as an
electron donor. Hence, the MoO,-rich blends lead to increased

while laser soaking neutralizes the
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enhancement. Thus, the difference in PL enhancement after
soaking is attributed to the different net charge concentration
of MoS, provided by the various blends during soaking. We
verified this by monitoring the blue shift in PL (refer Figure
3a), which follows the PL enhancement. In addition, we
observed that the blue shift only occurs during the first 10 min
of laser soaking (phase I). The continuous blue shift results
due to charge extraction, possibly due to an increase of work
function (i.e., a decrease of Fermi level) of MoO,** from laser-
induced oxidation.*> No further shift in the MoS, peak was
observed beyond phase I, although the PL continued to
increase (soaking time >10 min, phase II), implying the
termination of the charge extraction process, while neutraliza-
tion of the intrinsic defect states continued.

Figure 3b shows the pump-power-dependent PLQY of a
MoS, monolayer after laser-soaking for different capping blend
ratios (refer Supporting Information Figure SS for methods).
In all cases, the PLQY increases dramatically with decreasing
power density due to a decrease in nonradiative exciton—
exciton Auger recombination, until saturating at ~10 W/ cm?
Compared to the intrinsic PLQY = 0.018 + 0.001% of as-
exfoliated MoS,, the 20%:80% BP4mPy/MoO, blend yielded a
maximum of 4.5 =+ 0.2% at 10 W/cm? (~250x PL
enhancement) that decreased to 2.6 + 0.1% at 10> W/cm?.
These values are comparable to TFSI-treated samples from ref
19 as shown in Figure 3¢, where PLQY = 3% at 10 W/cm? and
1% at 10* W/cm?. Figure 3c also includes data for exfoliated
samples that were treated with TFSI in our lab. The values are
comparable to those obtained from laser-soaked samples, albeit
the defects are eliminated in the case of laser soaking.

We observed no PL enhancement after 3 h of soaking with a
0.6 eV (infrared) laser source (refer Figure 4a), whose energy
is lower than the energy offset between the HOMO level of
BP4mPY and the CB of MoO, (AEcr = 0.7 €V and refer
Supporting Information Figure S6). In contrast, an intensity
increase is observed immediately after soaking with 0.8 eV
photons (refer Supporting Information Figure S6). This
suggests that generation of CT states within the capping
layer is necessary for the observed effect. However, the PL is
found to decrease when MoO, is replaced by the organic
acceptor, 1,4,5,8,9,11-hexaazatriphenylenehexacarbonitrile
(HAT-CN) or 2,3,5,6-tetrafluoro-7,7,8,8-tetracyanoquinodi-
methane (F4-TCNQ), that creates an organic/organic blend
with a similar energy alignment as the BP4mPy/MoO,, blend
(refer Figure 4b and Supporting Information Figure S7). In
contrast, the PL responds to light soaking when MoO, is
replaced by WO, (refer Supporting Information Figures S7
and S8 and Table S1). Hence, we conclude that TMO radicals
formed following the dissociation of CT excitons play an
essential role in the neutralization process. Indeed, light-
soaking BP4mPy/MoO, on MoS, in a N, atmosphere (O,
H,0 < 1 ppm) does not result in PL enhancement.
Furthermore, a heterobilayer structure comprising 5 nm
BP4mPy/d nm MoO,/MoS, was used to determine the effect
of CT state formation as a function of distance d (varied from
3 to 12 nm) from the TMD (refer Figure 4c). In such a
configuration, CTs are formed at the BP4mPy and MoO,
heterojunction and must diffuse across the MoO, before
reaching the MoS,. The reduction in PL enhancement with
increasing d results from the limited diffusion length of
electrons formed following CT dissociation. This shows that
the morphology between the immiscible components is critical
for the process.

These results suggest a two-phase neutralization process
described by the model in Figure 5. The photogenerated CT

I Charge Transfer and Oxidation
> _O
§ [ MoS:2 @
[P 4

o lweor d@@eg

11 Defect Neutralization

Figure 5. Schematic of the passivation process. The top panel shows
phase I that is dominated by CT. The bottom panel (phase II)
portrays the defect neutralization by the MoO,, radical.

states in the organic/TMO blend dissociate into free polarons
via an intermediate polaron pair. The electron in MoO,
diffuses to the MoS, surface. Laser excitation creates MoO,
(or other TMO) radicals that bond to sulfur vacancy sites,
neutralizing the reduced MoS, surface due to CT from MoO,.
Phase II is consistent with the reported work by Barja et al.,*
where passivation of the selenide vacancies and elimination of
the mid-gap defect states are achieved via oxygen exposure.
The insertion of TMO radicals at the sulfur vacancies is also
supported by the observed shift and narrowing of the Raman
peaks (refer Supporting Information Figure S10). Further-
more, the intensity of the LA(M) peak (~225 cm™) is
proportional to the density of defects,"* and we observe a
decreasing trend, confirming the neutralization of the defect
states (refer Supporting Information Figure S11). To further
test this model, we substituted an inherently p-doped
exfoliated WSe, monolayer for MoS,. As expected, no PL
enhancement was observed. We note that MoO,, has previously
been observed to function as a photocatalyst. Hence, defect
neutralization is also possible via formation of an oxygen
radical (O,*7). However, this is unlikely since we observe that
the defect neutralization process is reversed upon rinsing the
sample with a strong polar solvent such as water, since MoO,
dissolves in water (refer Supporting Information Figure S9).

B CONCLUSIONS

Using laser soaking of organic/TMO blends, we confirmed the
neutralization of mid-gap defect states in monolayer TMDs by
low-temperature PL as shown in Figure 2. In this work, we use
direct excitation as a function of photon energy to reveal the
mechanism for neutralization of defect states for different
organic/TMO blends. We find that the neutralization process
is governed by the polaron pair concentration optically
generated at the organic/TMO interface, and subsequent
TMO radical formation at the MoS, monolayer. The intrinsic
defect states in MoS, that lead to non-radiative exciton
recombination are eliminated after treatment, leading to ~250
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times enhancement in PLQY, increasing from 0.018 to ~4.5%.
We find that the negative TMO radicals play an important role
in neutralizing the sulfur vacancy defects on MoS, monolayers.
Our approach provides a potential route to achieve defect-free
optoelectronic devices based on 2D materials and 2D/organic
heterojunctions.

B METHODS

Sample Fabrication. Monolayers of MoS,, WS,, and WSe, (from
2D semiconductors, HQ Graphene) were mechanically exfoliated
from bulk crystals on quartz substrates.*® The materials BP4mPy (LT-
N862), TAPC (LT-N137), HAT-CN (LT-N221), F4 TCNQ (LT-
E208), and CBP (LT-E409) were purchased from Lumtec. MoO,, and
WO, were purchased from Sigma-Aldrich. Organic and TMO thin
films were deposited onto the substrates or MoS, in a vacuum thermal
evaporator at a base pressure of less than 5 X 1077 Torr with
deposition rates between 0.05 and 1 A s™'. The film thickness was
measured using variable-angle spectroscopic ellipsometry (HS-190,
J-A. Woollam, Inc). A cover glass slide was bonded to the substrate
with an ultraviolet-curable epoxy (OG159-2, Epoxy Technology, Inc.)
in a glovebox (O, H,0 < 1 ppm) to seal the sample in N,. The
treatment procedure with bis(trifluoromethane)sulfonimide (TESI)"
is as follows: 20 mg of TFSI (Sigma-Aldrich) was dissolved in 10 mL
of 1,2-dichloroethane (DCE) (Sigma-Aldrich) to prepare a 2 mg/mL
solution. The solution is further diluted with DCE to prepare a 0.2
mg/mL TEFSI solution. The exfoliated sample was then immersed in
the 0.2 mg/mL solution in a tightly closed vial for 10 min on a
hotplate (100 °C). The sample was then removed and blow-dried
with nitrogen without rinsing and subsequently annealed at 100 °C
for S min. This process is repeated to maximize the PLQY.

Optical Measurements. The sample was pumped using a 2.33
eV continuous-wave diode laser focused toward a diffraction-limited
spot for all PL measurements. The PL signal was directed to a
spectrometer (IsoPlane-320 from Princeton Instruments), dispersed
by a diffraction grating (300 grooves per mm), and detected by a
CCD camera (PIXIS: 400BR). The low-temperature measurements
were performed in a He flow cryostat (AttoDRY800). The absorption
spectra were collected using a calibrated PerkinElmer LAMBDA 1050
ultraviolet—visible spectrometer. The PLQY of the organic thin film
(10% PQIr/CBP) for calibration was measured using an integrating
sphere connected to two-channel optical paths. One channel was
designated for the optical pump, whereas the other channel was for
the sample emission, incorporating a long- and short-pass filter,
respectively, with a band edge of 550 nm. An additional optical
neutral density (ND) filter of OD (optical density) 4 was added in the
optical pump channel to reduce the pump intensity for improved
sample emission sensitivity. The PL quantum yield was obtained from
the spectrum following the previous work as follows*’

a[amp.em. %I(/’{)di
@) - (@)
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where OD is the optical density of the ND filter, & is the calibration
factor for the measurement setup, 4 is the wavelength, h is Planck’s
constant, c is the speed of light, I(1) is the PL spectrum with the
sample present, and I'(4) is the PL spectrum of the excitation laser
without the sample. The power-dependent PLQY of MoS,
monolayers was achieved using a time-correlated single-photon
counting module (HydraHarp 400) and a single-photon avalanche
photodiode (Micro Photon Devices) and calibrated by the PLQY of
the organic thin film. The supercontinuum laser is described in
reference.”® Raman spectra were collected using a Renishaw in Via
Raman Microscopy system equipped with a 500 W 532 nm
continuous-wave laser, an 1800 lines/mm grating and a RenCam
CCD detector.
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