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ABSTRACT: Recently, there has been considerable research
interest in two-dimensional (2D) transition-metal dichalcoge-
nides (TMDCs) for future optoelectronic applications. It has
been shown that surface passivation with the organic nonoxid-
izing superacid bis(trifluoromethane)sulfonamide (TFSI) pro-
duces MoS, and WS, monolayers whose recombination is at the
radiative limit, with a photoluminescence (PL) quantum yield
(QY) of ~100%. While the surface passivation persists under
ambient conditions, exposure to conditions such as water,
solvents, and low pressure found in typical semiconductor
processing degrades the PL QY. Here, an encapsulation/
passivation approach is demonstrated that yields near-unity
PL QY in MoS, and WS, monolayers which are highly stable
against postprocessing. The approach consists of two simple st
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fluoropolymer and a subsequent TFSI treatment. The TFSI molecules are able to diffuse through the encapsulation layer
and passivate the defect states of the monolayers. Additionally, we demonstrate that the encapsulation layer can be
patterned by lithography and is compatible with subsequent fabrication processes. Therefore, our work presents a feasible
route for future fabrication of highly efficient optoelectronic devices based on TMDCs.
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T wo-dimensional (2D) transition-metal dichalcogenides
(TMDCs), such as MoS, and WSe,, have a number of
properties which make them promising for future
optoelectronic devices.' > TMDC monolayers have direct
optical band gaps ranging from 0.8 to 2.0 eV®’ which can be
tuned through electric field and strain.®~'° In addition, these
materials can readily be fabricated into van der Waals
heterostructures without the need for lattice matching.'""”
While these properties could enable the application of TMDCs
for various optoelectronic devices, including lasers, photo-
detectors, and light-emitting diodes (LEDs),"~"® numerous
obstacles must still be overcome before they can be implemented
in practical applications. One of the main constraints is the low
photoluminescence (PL) quantum yield (QY) at room temper-
ature for as-processed monolayers, which is reported to be in the
range of 0.01—6%.'® This is attributed to the defect states within
TMDCs which contribute to nonradiative recombination and
accordingly reduce the PL QY."”~"? Among various strategies
that have been tried to improve the QY of TMDCs,~**
chemical treatment by the nonoxidizing organic superacid,
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bis(trifluoromethane)sulfonamide (TESI) has been shown to
dramatically enhance the PL QY of exfoliated MoS, monolayers
to near 100% at low injection levels, resulting in optoelectroni-
cally perfect monolayers.”®> The superacid treatment can
effectively passivate the defect states in sulfur-based TMDCs,
such as MoS, and WS,, thus dramatically reducing the defect-
mediated nonradiative recombination of carriers.”*

While the achievement of surface passivated TMDCs is
encouraging, the passivation does not persist during subsequent
device fabrication and processing. For example, the enhancement
in PL QY is easily removed after exposure to water and
commonly used organic solvents including acetone. In this work,
encapsulation of MoS, monolayers with CYTOP, which is an
amorphous perfluorinated polymer with environmental stability
and high optical transparency, is explored. This CYTOP-
encapsulated TMDC monolayer is subsequently treated by
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Figure 1. (a) Schematic of sample encapsulation/passivation scheme, showing a monolayer of Mo$, coated by CYTOP and subsequently treated
by TFSI. (b) Histogram showing the PL QY of 20 MoS$, flakes measured at an incident laser power of 1 X 107> W cm ™ after exfoliation, coating by
CYTOP, and treatment by TFSI. (c—e) PL images and corresponding optical micrographs of a MoS, monolayer (c) after exfoliation, (d) coating
by CYTOP, and (e) treatment by TFSI; PL images are plotted on a common logarithmic scale.
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Figure 2. (a) PL spectra measured at an incident power of 2 W cm™ for an as-exfoliated MoS, monolayer, after coating by CYTOP and after
treatment by TFSI; inset shows normalized spectra. (b) Absorption spectra measured for an as-exfoliated MoS, monolayer, after coating by
CYTOP and after treatment by TFSL (c) PL QY as a function of incident laser power measured on an as-exfoliated MoS, monolayer, after coating
by CYTOP and after treatment by TFSI. (d) Time-resolved PL decay measured on an as-exfoliated MoS, monolayer, after coating by CYTOP and

after treatment by TFSL

TES], resulting in the near-unity PL QY with excellent stability
under subsequent processing. We show that the dramatically
improved optoelectronic properties of the TMDC monolayer
can be directly attributed to the TFSI diftusion through the
encapsulating layer which effectively passivates the defect sites,
suggesting that this technique can be employed generally for the

development of monolayer optoelectronic devices with high
efficiency.

RESULTS AND DISCUSSION

Figure la shows a schematic of the encapsulation/passivation
scheme. First, a MoS, monolayer is encapsulated by CYTOP
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Figure 3. (a) PL QY as a function of treatment time for MoS, samples coated by 100 nm, 400 nm, and 1 gm thick CYTOP films. Solid lines result
from the defect passivation model described by eqs 4 and 6. (b) Absorption spectra measured on a 100 nm CYTOP film coated on a KBr substrate
as a function of TFSI treatment time. (c) IR absorption near 1325 and 1140 cm ™" of the TFSI diffused through 100 nm CYTOP film coated on a
KBr substrate as a function of the TFSI treatment time. A, and A denote the absorption at time t and at equilibrium. Line is a fit to eq 5 with a

2 -1

TFSI diffusion coefficient of 1.1 X 10™* cm? s

deposited by spin-coating followed by thermal annealing. Next,
the encapsulated MoS, is immersed in a TFSI solution (see
Methods for details). It should be noted that although the
superacid treatment can also be applied to the other sulfur based
TMDCs such as WS, as shown in Figure S1, we focus on the
process and characterization of exfoliated MoS, monolayers, for
the scope of this paper. The PL QY measured at a laser power
below the onset of biexitonic recombination is used as a figure of
merit. The optimal CYTOP thickness for maximizing the PL QY
was found to be 60—200 nm when the TFSI concentration of the
solution is 0.2 mg/mL. As shown in the histogram in Figure 1b,
compared with the QY of untreated CYTOP-coated MoS, and
the QY of as-exfoliated MoS, monolayers, the QY of CYTOP-
coated MoS, monolayers after superacid treatment was
consistently enhanced by over 2 orders of magnitude. Based
on the optimized CYTOP and TFSI treatment for 20 samples,
the QY of MoS, monolayers was within the range of 55% to near
100%.

Optical and PL images of pristine, untreated CYTOP-coated,
and treated CYTOP-coated MoS, monolayer are shown in
Figure lc—e. In addition to the uniform enhancement of PL
emission in the CYTOP-coated MoS, monolayer after superacid
treatment, these images show that there were no significant
visible changes in the surface by encapsulation or superacid
treatment. In addition, the surface morphologies of MoS,
monolayer after encapsulation and superacid treatment were
characterized by atomic force microscopy (AFM) and showed no
visible changes, as shown in Figure S2.

We performed detailed steady-state and transient PL measure-
ments to characterize the optoelectronic properties of MoS,
before and after treatment. PL spectra of MoS, monolayers
measured at an incident power of 2 W cm ™ are shown in Figure
2a and indicate that the PL intensity was enhanced by over 2
orders of magnitude after superacid treatment. Furthermore, as
shown in the inset of Figure 2a, we do not detect a measurable
peak shift after both CYTOP encapsulation and TFSI treatment,
with the only significant spectral change being the reduction in
the low-energy tail after treatment. Additionally, using the
quantitative absorption measurements with two different
methods as described in previous studies,””** we observed that
CYTOP coating and the superacid treatment do not have
significant effects on the light absorption in the range of 1.6—2.6
eV, as shown in Figure 2b. The pump-power behavior of the PL
QY in MoS, monolayers was measured over a dynamic range of 6
orders of magnitude, as shown in Figure 2c. According to the
previously reported recombination model,” the QY is given as
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7, (N)
7, N) + B,n” + Cp(NY

QY =
()

where 7, is the radiative lifetime, (N) is the exciton concentration,
B, is the defect-mediated nonradiative recombination rate, Cy,, is
the biexcitonic recombination rate, and » is the optically
generated electron concentration, which is equal to the hole
concentration for lightly doped semiconductors. For the
untreated samples without and with CYTOP, both QY curves
can be fit to the recombination models with the same value of B,
=3 X 10° cm*s™, respectively. In the case of the treated CYTOP-
coated samples where B, is negligible, the QY results fit the
recombination model with a Cy,, = 0.3 cm®s™", which is consistent
with previous reports.”> The PL QY of CYTOP-encapsulated
MoS, monolayer after superacid treatment approaches 100% at a
low pump intensity (<5 X 107> W cm™?). From the coefficients
extracted in the recombination model, we found that the
encapsulation of MoS, with CYTOP affects the biexcitonic
recombination rate (C,) without changing B, while the
superacid treatment suppresses the defect-mediated nonradiative
recombination (B,,) without affecting Cy,. The reduction of Gy,
results in a slight increase of the PL at high injection levels. The
Cy, reduction can most likely be attributed to the change of the
dielectric surroundings from air/MoS,/substrate to CYTOP/
MoS,/substrate where CYTOP has a refractive index of 1.34. Gy,
is expected to vary with encapsulation layers because the
exciton—exciton interaction is strongly coupled with dielectric
environments due to screening effects.

The impact of superacid treatment on the CYTOP-
encapsulated MoS, monolayers was further evaluated via the
carrier recombination dynamics measured from time-resolved
PL measurements. The steady-state model in eq 1 can be
rewritten as

dN (D) _
dt

- ey o

and the resulting carrier recombination dynamics can then be
extracted from the solution to the differential equation:

(N(0))e™"/™
1+ 7{N(0))Cpi(1 — /%)

(N(1)) =
€)

where (N(t)) is the exciton concentration as a function of time,
(N(0)) is the initial exciton concentration, and 7, and C, are the
same values as in the steady-state model mentioned above.”* In
order to fit the full carrier dynamics to the recombination model,
multiple decay spectra were measured at various initial exciton
concentrations, as shown in Figure S3. The resulting spectra were
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Figure 4. (a) PL QY of TFSI treated MoS, samples (a) not coated by CYTOP and (b) coated by 100 nm of CYTOP after various processing.
Solvent exposure was conducted by immersing the sample in each solvent for 15 s. For vacuum conditions, Mo$S, sample was coated by 2 gm of
secondary CYTOP layer after 100 nm of CYTOP and subsequent TFSI treatment.
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Figure S. (a—c) Optical micrographs and (d—f) corresponding PL images of an as-prepared CYTOP-patterned MoS, monolayer, after treatment
by TFSI, and after rinsing with water for 15 s; PL images are plotted on a common logarithmic scale.

then combined to form a single decay curve with over 5 orders of
magnitude of dynamic range. Using the recombination
parameters we extracted from the steady-state experiments, the
time-resolved results can be fit to the dynamic model, which is
given in eq 3. The radiative lifetime (7,) of the treated CYTOP-
encapsulated MoS, was measured to be 15 ns, which is similar to
what has been reported in our previous work without
CYTOP.>**

To investigate the mechanism of TFSI passivation of CYTOP-
encapsulated MoS,, QY was measured at a low pump intensity
(~3 % 107W cm™) as a function of treatment time and CYTOP
thickness, as shown in Figure 3a. Both the increases in QY with
TESI exposure time and with decreasing CYTOP thickness
suggest a diffusional mechanism. We constructed a simple model
for the process as follows. First, based on other studies which
discussed the diffusion kinetics regarding TFSI or polymer
film,”>~*" the diffusion of TFSI through CYTOP satisfies the
crlterlon of Fickian diftusion. It is assumed that the swelling effect
of the CYTOP film by the solvent is negligible, allowing the
concentration of TESI c(x,t) to be described as

X
- “‘(zﬁ) )

where x is the distance from the interface between the bulk
solution and the surface of the CYTOP, t is diffusion time, D is
the TFSI diffusion coefficient in CYTOP, and ¢ is the TFSI

c(x, t) — c(x, 0)
¢, — c(x,0)
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concentration at the interface between the bulk solution and the
surface of the CYTOP (x = 0). We used Fourier transform
infrared (FTIR) spectroscopy to measure the TFSI diffusion into
the CYTOP. Here, the samples were rinsed with 1,2-dichloro-
ethane (DCE)/1,2-dichlorobenzene (DCB), which were
solvents for TFSI solution, to remove residual TFSI molecules
from the top surface. As shown in Figure 3b, absorption peaks
associated with TESI were observed after treatment and
increased with increasing treatment time. While CYTOP
contains a significant number of C—F bonds, the S—N—S§ and
S=O0 peaks can directly be attributed to the diffused TFSIL As
such, the enhanced peak intensities can be used to measure the
concentration of diffused TFSI within the CYTOP layer. Figure
3c shows the time-dependent absorption A; at 1325 + 25 and
1140 + 25 cm™ for a 100 nm CYTOP layer normalized to the
steady state values, A, measured after 40 min of exposure. The
diftusion coeflicient measured from FTIR spectroscopy is 1.1 X
107" cm®s™" and the dotted line is a fit to ¢(x,t) integrated from 0

cm”s
to L, which is described as*>*°
2 t )
(8)

—-D(2m + 1)z
L2

A, 8 -«
A 2Z=:(2m+1)2 Xp(

We adapted a model used for describing surface passivation in
hydrogenated silicon to relate the QY of the of MoS, monolayer
to the concentration of TFSI at its surface c(L,t):
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QY e—(I\Id—KXC(L,t)Xd) - eKXc(L,t) (6)
where Nj is total defect concentration, d is the thickness of
monolayer, and K is introduced as a passivation constant,
indicating the effectiveness of defect passivation by TESL>'~*
The solid lines in Figure 3a are obtained from solving eqs 4 and 6
with a diffusion coefficient of 1.2 X 10™** cm? s}, which is a value
nearly identical to that obtained from the FTIR measurement.
The simple model is in excellent quantitative agreement with the
experimental data, showing that the increase of QY over
treatment time can be explained through diffusion of TFSI into
the CYTOP layer.

We found that CYTOP encapsulation not only promotes a
high yield and control of PL QY enhancement during treatment
but also preserves the near-unity PL QY against external
conditions. Figure 4ab illustrates the stability of CYTOP-
encapsulated MoS, monolayers after TFSI treatment, compared
to treated samples without encapsulation. For TFSI treated
MoS, without encapsulation, the PL QY is significantly degraded
after processing with each solvent for 15 s or when the sample is
exposed to low pressure (~107° Torr). Due to the high chemical
resistance and hydrophobicity of CYTOP, we find that it is also
able to act as a protective capping layer.”*™*” For vacuum
measurement, to minimize the release of diffused TFSI by
degassing of the fluoropolymer at low pressure, a secondary,
thicker CYTOP (~2 ym) layer was additionally spin-coated after
CYTOP encapsulation and subsequent TFSI treatment. Also, for
the vacuum-processed sample, the Raman spectrum of CYTOP-
encapsulated MoS, monolayer after treatment was measured to
ensure that there is negligible strain, which may be caused by the
volume change of CYTOP under vacuum condition (Figure $4).
The PL QY of CYTOP-encapsulated WS, monolayer is also
stable against post-rinsing processing and various external
conditions.

Finally, we demonstrate that CYTOP encapsulant can be
patterned, which provides a potential route toward the
fabrication of practical devices. We develop a patterning method
that consists of photolithography and lift-off of CYTOP. Figure 5
shows the PL images and corresponding optical micrographs of a
MoS, monolayer with CYTOP patterns which were examined
after treatment and after subsequent rinsing in water. After
treatment, both exposed and CYTOP encapsulated portions of
the monolayer showed high and uniform PL QY. When the
treated MoS, monolayer with CYTOP patterns was rinsed with
water, significant degradation of the PL in the unencapsulated
regions was observed. However, as shown in Figure 5f, the part of
the MoS, monolayer with CYTOP encapsulation retained high
PL QY. This result indicates that our encapsulating layer, which is
compatible with a general patterning process, can be stable
during subsequent fabrication process and suitable for future
device applications, preserving dramatically enhanced PL QY
against external conditions.

CONCLUSION

In conclusion, we have demonstrated 2D TMDCs with near-
unity PL QY and excellent stability through superacid treatment
after encapsulation by an environment-resistive fluoropolymer.
Based on the diffusion mechanism, TFSI is able to penetrate
through CYTOP encapsulant and suppresses defect-mediated
nonradiative recombination in the monolayer, resulting in near-
unity PL QY in both MoS, and WS, at low injection levels. Our
encapsulation and treatment strategy can facilitate emerging
studies on the excitonic properties and the mechanism of defect
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passivation in 2D TMDCs due to the additional control during
treatment. Furthermore, due to its ability to be directly patterned
and its compatibility with general fabrication processes, this
method can potentially be utilized for the fabrication of high-
performance 2D optoelectronic devices.

METHODS

Sample Preparation and Encapsulation. Quartz was used as the
substrate for all calibrated optical measurements. The substrates were
cleaned in a piranha solution for 15 min and subsequently rinsed with
acetone, isopropyl alcohol (IPA), and deionized (DI) water for S min.
MoS, was mechanically exfoliated on quartz substrate from bulk crystals
(SPI). Prior to spin-coating, samples were annealed in forming gas (5%
H,, 95% N,) at 300 °C for 3 h. In order to obtain 100 nm thick CYTOP
film, a CYTOP solution (CTL-809M, Asahi Glass Co.) was diluted in its
solvent (CT-Solv.180, Asahi Glass Co.) to make a 3 wt % CYTOP
solution and spin-coated at 500 rpm for 10 s, then at 4000 rpm for 30's,
followed by thermal annealing in a N, ambient, where the temperature
was gradually increased from 30 to 200 °C over a span of 50 min.

Chemical Treatment. A procedure for superacid treatment used in
this work was similar to the method described in the previous
studies,”>** but with further optimization. Prior to solution preparation,
all chemical bottles were first opened inside a N, atmosphere. Twenty
mg of TFSI (Sigma-Aldrich) was dissolved in 10 mL of DCE (Sigma-
Aldrich) to make a 2 mg/mL TFSI solution and further diluted with
DCB (Sigma-Aldrich) to make a 0.2 mg/mL TFSI solution in a 1:9
mixture of DCE and DCB. For treatment, samples and solution were
taken out from the glovebox, and then samples were immersed in the 0.2
mg/mL TFSI solution for 40 min under ambient air condition at room
temperature. After the samples were removed from the solution, they
were blow-dried with nitrogen without rinsing or annealing.

Optical Spectroscopy. The instruments and procedures used for
calibrated steady-state and transient optical characterization utilized
here were same as our previous study.”” In brief, the 514.5 nm line of Ar*
laser (Lexel 95) was used for excitation in steady-state PL and Raman
measurements, and the power density was adjusted by neutral density
filters. The power of incident laser beam was continuously monitored by
a photodiode power meter (ThorLabs S120C); in order to accurately
measure low laser powers, the power on the laser diode was
approximately 100X higher than the power incident on the sample. A
CCD detector (Andor iDus BEX2-DD) on a f = 340 mm spectrometer
with a 150 g/mm grating was used for steady-state measurements. The
CCD background was measured prior to the PL measurement and
subtracted from the PL acquisition. The external sample PL efficiency
was determined using the wavelength-dependent response and the
collection efficiency of the instrument, which were estimated using
previously described methods after the measurement. The absolute
internal PL QY was extracted using the quantitative absorption data.
Time-resolved measurements were performed using a 514 nm line
selected from a supercontinuum laser (Fianium WhiteLase SC-400)
using a double monochromator and subsequently detected using a
single photon counting avalanche photodiode (IDQuantique) and
analyzed using a time-correlated single photon counting module
(Becker-Hickl GmbH). Raman measurements were measured in the
backscattering geometry and using a triple spectrometer configured in
subtractive mode with a 2400 g/mm grating in the final stage. For all
measurements, the laser was focused on the sample using a 50X
objective lens with a numerical aperture of 0.55. PL images were
acquired on MoS, monolayers prepared by gold exfoliation™ using a
florescence microscopy setup and a 470 nm LED as the excitation
source. IR absorption measurements were performed using an FTIR
microscope (Nicolet, ThermoFisher). Prior to IR absorption measure-
ments, the samples were rinsed with DCE/DCB to remove residual
TESI molecules on the sample surface.

Stability Characterization. Stability tests were performed on TFSI
treated MoS, samples with and without CYTOP encapsulation. After PL
QY measurement for as-treated samples, each sample was immersed in
acetone, distilled water (80 °C), methanol, and DCE/DCB (1:9 in
weight ratio) for 15 s, respectively. When the samples were removed
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from solvents, they were blow-dried with nitrogen, and the QY was
measured using the same procedure as was performed for as-treated
samples. For vacuum measurement, after CYTOP encapsulation and
subsequent TFSI treatment, a secondary, thicker CYTOP (~2 um)
layer was additionally spin-coated and annealed at 80 °C for 30 min in a
N, ambient. PL QY measurements in the vacuum chamber were
performed at a pressure <10~° Torr.

Patterning Process. MoS, monolayers were prepared on a cleaned
260 nm SiO,/Si substrate and spin-coated with a positive photoresist
(51818, Shipley) at SO0 rpm for S s and then at 3000 rpm for 30 s,
followed by baking at 115 °C for 60 s on a hot plate. After UV exposure
at a constant intensity of 100 mJ/cm?, the sample was developed with
ME-26A (Microchem) for 1 min, rinsed with DI water, and blow-dried
with nitrogen. A 3 wt % CYTOP solution was then spin-coated at 500
rpm for 10 /4000 rpm for 30 s. The sample was heated on a hot plate at
80 °C for 2 min. To remove the photoresist and the CYTOP layer on the
remaining photoresist, the lift-off was carried out by immersing the
sample in warm acetone for 1 h. Finally, the sample was thermally
annealed to postbake the CYTOP patterns using the same procedure
described as above.
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