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However, a complicated stacking process limits scalability and
practical applications. Furthermore, even though lots of efforts,
such as fabrication of vdW heterointerfaces, modification of the
surface, and structural phase transition, have been devoted to 'S
preserve or modulate the properties of TMDs, high environmental .0 MLMoSgMoOy1L-MoS; zflM;sWoo/qL.,\|os, 16 18 20 22
sensitivity and damage-prone characteristics of TMDs make it Sy
difficult to achieve a controllable technique for surface/interface

engineering. Here, we demonstrate a novel way to fabricate multiple two-dimensional (2D) vdW heterostructures consisting of
alternately stacked Mo$S, and MoO,, with enhanced photoluminescence (PL). We directly oxidized multilayer Mo$S, to a MoO,/1 L-
MoS, heterostructure with atomic layer precision through a customized oxygen plasma system. The monolayer MoS, covered by
MoO, showed an enhanced PL intensity 3.2 and 6.5 times higher in average than the as-exfoliated 1 L- and 2 L-MoS, because of
preserved crystallinity and compensated dedoping by MoO,. By using layer-by-layer oxidation and transfer processes, we fabricated
the heterostructures of MoO,/MoS,/MoO,/MoS,, where the MoS, monolayers are separated by MoO,. The heterostructures
showed the multiplied PL intensity as the number of embedded MoS, layers increases because of suppression of the nonradiative
trion formation and interlayer decoupling between stacked MoS, layers. Our work shows a novel way toward the fabrication of 2D
material-based multiple vdW heterostructures and our layer-by-layer oxidation process is beneficial for the fabrication of high
performance 2D optoelectronic devices.
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(TMDs) are promising for optoelectronics because of their high _loi e
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nitride have shown great potential for novel optoelectronic devices. W ranster 2
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B INTRODUCTION an insulating barrier is an effective way to build vdW
heterostructures of QWs, the absence of compatible oxides
for TMD-based heterostructures is another obstacle toward the
realization of high performance two-dimensional (2D) semi-
conductor devices. Therefore, a new way toward the
fabrication of TMD-compatible oxide and precise layer control
of TMDs is needed, similar to the case of native SiO, for Si. To

Transition metal dichalcogenides (TMDs), such as 2H-phase
MoS,, vary their inversion symmetry depending on the number
of layers, leading to different optical and electrical properties,
such as indirect-to-direct band transition and piezoelectricity of
odd number of layers." > Therefore, monolayer TMDs have
attracted more interest than their multilayer counterparts
because of strong luminescence and high quantum yield, which

are useful for optoelectronic applications. To exploit the Received:  October 13, 2020 el
intrinsic optical properties of TMDs and confine exciton Accepted:  December 1, 2020
complexes in the monolayer, the van der Waals (vdW) Published: December 23, 2020

heterostructures, such as monolayer TMD sandwiched
between hexagonal boron nitride (hBN) layers, have led to
efficient light emission.”” Even though stacking of the hBN as

© 2020 American Chemical Society https://dx.doi.org/10.1021/acsami.0c18364
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Figure 1. (a) Schematic of customized plasma equipment. (b, c) Optical and AFM images of 2 L-MoS, before and after oxygen plasma treatment at
two different pressures of (b) 220 mTorr and (c) 540 mTorr. (d) Calculated ion density of oxygen species at different pressures. (e) Calculated
energy distribution of O ions at the sample position at different pressures.

convert thin TMDs into high-quality monolayers and form an
oxide layer on the TMDs, various approaches, such as plasma
treatment, laser thinning, annealing, and ultraviolet treatment,
have been demonstrated.”'> However, uniform oxidation and
layer-by-layer thinning of bulk TMDs down to the monolayer
limit without generating significant damages are still
challenging because of the high etching rate and damage-
prone characteristics of TMDs. o

Here, we demonstrate multiple 2D vdW heterostructures of
MoO,/MoS,/Mo0O,/MoS,, consisting of two MoS, mono-
layers separated by oxidized layers of MoO,. For layer-by-layer
oxidation of MoS,, a customized oxygen plasma tool was
developed. The topmost layers of exfoliated multilayer MoS,
was uniformly oxidized by precisely controlled oxygen plasma
treatment. This leads to the formation of MoO,-passivated 1 L-
MoS, with enhanced photoluminescence (PL) intensity,
whose values were 3.2 and 6.5 times higher in average than
the as-exfoliated 1 L- and 2 L-MoS,, respectively. This
enhancement can be ascribed to the suppression of defect-
induced nonradiative exciton recombination and charged
exciton-related light emission in the MoO,-covered MoS,
layer. For the fabrication of multiple 2D vdW heterostructures,
another bilayer MoS, was transferred onto the MoO,/MoS,
stack followed by a subsequent oxidation process. This
heterostructure, two MoS, monolayers separated by ultrathin
MoO,, showed increased PL intensity as the number of stacked
layers increased, reaching a higher PL intensity by 4.9 times
compared to monolayer MoS,.

B RESULTS AND DISCUSSIONS

Oxygen plasma has been widely used to etch or oxidize TMDs.
However, conventional oxygen plasma treatments are too
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harsh for ultrathin 2D materials, such as graphene, hBN, and
TMDs, such that the 2D layers are etched away at a high rate
or quickly damaged.”® To oxidize TMDs without damage by
oxygen plasma, the chemical reaction of ionized gas molecules
with TMDs is preferred with minimized physical ion
bombardment.>'*'* For this, we first developed a plasma
tool that has two independent electrodes floating in the
grounded chamber, without a coupled capacitor (Figure 1a).
An AC voltage can be selectively applied to either the bottom
electrode or top electrode for reactive ion etching mode or
plasma etching (PE) mode, respectively, as shown in the
circuit diagram in Figure la. The PE mode was primarily used
in this work to oxidize multilayer MoS, in a layer-by-layer
manner. To optimize oxidation conditions for MoS,, we
modulated several parameters of the plasma system, such as
power, frequency, time, and gas pressure. The power was
controlled by using the duration of driving voltage in +500 V
square-wave. The AC voltage was applied for certain portion
(4—40% for 10—100 W) of the operating time in a cycle of S
ms. (see Supplementary Figure S1) In this work, the oxygen
pressure was used as a main parameter to control the oxidation
of MoS,. For comparison, we treated the exfoliated MoS, at
two different oxygen pressures of 220 and 540 mTorr with
fixed parameters of 10 W and 50 kHz (Figure 1b,c). At a low
pressure of 220 mTorr, 1 L- and 2 L-MoS, were etched after
150 s. The remaining cracked and scrolled regions are shown
in the atomic force microscopy (AFM) image (Figure 1b) and
are similar to the oxidized MoS, under harsh oxygen plasma
conditions.""'® Meanwhile, when a higher oxygen pressure of
540 mTorr was used, the monolayer region and topmost layer
of the bilayer were uniformly oxidized, leading to a smooth
surface as shown in Figure lc. The thickness of the oxidized

https://dx.doi.org/10.1021/acsami.0c18364
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Figure 2. (a) XPS of the as-exfoliated, 80 and 150 s plasma-treated MoS,. (b) Plasma duration-dependent atomic ratio of Mo and S. (c) ARXPS of

150 s-treated MoS,. (d) Angle-dependent atomic ratio of Mo and S.

layer measured by AFM was ~2 nm, which is consistent with
previous reports that show the formation of 1.8 nm-thick
amorphous MoO, from plasma oxidation of monolayer
MoSz.ll

To determine the reason for this difference, we calculated
the densities of ionized oxygen at different pressures of 220
and 540 mTorr by using the finite element method (COMSOL
Multiphysics). All the parameters used in the calculation, such
as reaction equations, threshold energy, and rate constants,
were taken from the literature.'” When +500 V square-wave
with a fixed frequency of 50 kHz was applied, the power of the
electrode was controlled by the on/off time ratio of the
electrode, i.e., the electrode is on for 0.2 ms and off for 4.8 ms
per S ms with a fixed power of 10 W. (Supplementary Figure
S1) The calculated total ion densities increase up to ~1 X 10"
m ™ for 220 mTorr and ~4 X 10" m™> for 540 mTorr once the
electrode turns on, indicating that larger oxygen pressure
creates more ions (Figure 1d). However, higher oxygen
pressure leads to more collisions among oxygen ions, leading
to the reduction of the mean free path and average
bombardment energy, as shown in Figure le. Therefore, the
oxygen plasma treatment at higher oxygen pressure enables
more precise and uniform oxidation of ultrathin MoS, because
of the reduced bombardment effect of the oxygen ions.
Hereafter, we used the optimized plasma condition (10 W, 50
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kHz, 540 mTorr) for the oxidation of MoS,. (See
Supplementary Figure S2 for the effect of power and frequency
on the density distribution of ions.)

To investigate compositional evolution of MoS, during the
oxidation process, X-ray photoelectron spectroscopy (XPS)
was used to characterize a thick MoS, flake exfoliated onto an
Au-coated Si substrate; here, the Au was added to minimize
the sample charging effect. Figure 2a shows that the as-
exfoliated MoS, has two dominant peaks of Mo** 3d at 229.5
and 233.6 €V as previously reported for Mo-S bonds.'® As the
plasma treatment time increased, two peaks of Mo® 3d
emerged at 232.5 and 235.6 eV, indicating the formation of
Mo—O bonds."® The XPS peaks of S 2p were observed at
162.3 and 163.5 eV."” In the plasma-treated MoS, for 80 s, a
broad peak of an intermediate state corresponding to S—O
bonding appeared at 168 eV; meanwhile, it disappeared after
150 s treatment. This indicates that the sulfur atoms of the
topmost layer react with oxygen in the beginning stage and are
completely removed after 150 s with no remaining S—O
bonds.*”*! From the XPS results, we calculated the atomic
ratio of Mo and S as shown in Figure 2b. The atomic ratios of
S and Mo*" decreased with increasing plasma treatment time
because of the loss of Mo—S bonds. Meanwhile, the atom
fraction of Mo®" increased because of oxidation of MoS, to
MoO,. To investigate depth-profile composition of oxidized

https://dx.doi.org/10.1021/acsami.0c18364
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Figure 3. (a) Raman and (b) PL spectra in terms of oxygen plasma treatment duration. (c) Peak positions of A, and E',, vibrational mode and

their difference of (d) PL intensity in height.

MoS,, we analyzed the 150 s-treated thick MoS, flake by using
angle-resolved XPS (ARXPS) (Figure 2c). The incident angle
(0) is defined as the angle between the electron emission
direction and out-of-plane direction of the sample (inset of
Figure 2d). As the incident angle increased, i.e., the measured
depth decreased and XPS peaks of Mo*" 3d decreased,
meanwhile Mo®" 3d peaks increased. As shown in Figure 2d,
atomic ratios of S and Mo*" decreased with increasing incident
angle; meanwhile the amount of Mo®" increased. This result
indicates that the oxidation occurs only at the topmost layer of
thick MoS, because of negligibly small bombardment energy of
oxygen ions.

To systematically study the structural change and optical
properties of MoS, during the oxidation process, we measured
Raman and PL spectra of 2 L-MoS, during plasma oxidation
(Figure 3a,b). The oxidation process can be divided into three
stages as indicated with different colors in Raman and PL
spectra: stage I (blue), stage II (green), and stage III (red). In
stage I, the positions of two dominant Raman peaks (in-plane
Elzg mode at 384 cm™ and out-of-plane Aj; mode at 406
cm ') showed no recognizable change, maintaining a
frequency difference (Ak) of ~22 cm™" (Figure 3c), which is
a footprint for bilayer MoS,.” In stage II, a significant shift of
the Elzg peak was observed with small variation of the A;, peak.
Note that this observation is opposite to the previous reports
that the A, peak mainly downshifts because of decoupling of
MoS, layers by O, intercalation.”’ Interestingly, the defect-
activated peak around 380 cm™' (indicated by green arrows in
Figure 3a) emerged at SO s, then decreased as oxidation
proceeded.”* Raman spectra are deconvoluted into the five
distinctive peaks (Supplementary Figure S3). Except for Elzg
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and A, we observed the longitudinal optical and transverse
optical modes near Elzg and out-of-plane optical branch near
Ayg which are present in the defective MoS,.** The fact that
these defect-related Raman modes disappear in stage II
indicates that the partially oxidized top layer with sulfur
vacancies is fully oxidized. In stage III, the frequency difference
decreased to Ak = 20.4 cm™" (Figure 3c), close to that of the
pristine monolayer.”* Furthermore, the defect-activated Raman
peak was not observed. This implies that the 2 L-MoS, was
oxidized into the MoO,-covered 1 L-MoS, without noticeable
damage to the bottom layer from the oxygen plasma treatment.

As shown in Figure 3b,d, the PL intensity of 2 L-MoS, was
reduced with increasing plasma treatment time in stage I and
almost quenched in stage II, probably because of nonradiative
recombination of excitons in the partially oxidized top layer.®
In stage III, the PL intensity substantially increased at 1.88 eV.
Although oxygen plasma has been used for the oxidation of
MoS, in a few papers,' "> the bottom MoS, layer covered by
the oxidized layer showed a significant PL quenching because
of damage of the bottom layer during the oxidation process. In
contrast, our results clearly show that the top layer of 2 L-MoS,
is transformed into MoO,, maintaining the bottom layer intact.

To explore the effect of the MoO, layer on the electrical and
optical properties of the underlying MoS, layer, positions of
Elzg and A;, modes are plotted as shown in Figure 42’ The
red and blue arrows indicate the increasing directions of
compressive strain and the p-doping level, respectively. The
neutral point for strain and doping is not indicated since the
as-exfoliated 1 L-MoS, generally shows different neutral points
because of influences of the SiO, substrate and intrinsic defects
as reported elsewhere.”*™>? Nevertheless, we can verify relative

https://dx.doi.org/10.1021/acsami.0c18364
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Figure 4. (a) Strain and doping comparison of the as-exfoliated 1 L-MoS, and MoO,/1 L-MoS,. (b) PL of the as-exfoliated 1 L-MoS,, 2 L-MoS,,
MoO,, and MoO,/MoS,. (c) Integrated PL intensity of the as-exfoliated 1 L-MoS,, 2 L-MoS,, MoO,, and MoO,/1 L-MoS,. (d) Deconvolution of

the as-exfoliated 1 L-, 2 L-MoS,, and MoO,/1 L-MoS,.

changes of strain and doping from the shifts of two Raman
peaks. It is clear that after oxidation, the strain barely changed
in the MoO,/1 L-MoS,, meanwhile the bottom MoS, was
more p-doped than the as-exfoliated 1 L-MoS,, probably
because of charge transfer from MoO,.*”*" We also compared
the PL spectra of the as-exfoliated 1 L- and 2 L-MoS,, MoO,,
(oxidized from 1 L-MoS,), and MoO,/1 L-MoS, (oxidized
from 2 L-MoS,) in Figure 4b. The MoO, showed no PL signal
because of complete oxidation. However, the PL intensity of
Mo0O,/1 L-MoS, was strongly enhanced, compared to the as-
exfoliated 1 L- and 2 L-MoS,. We summarized all PL
intensities of the samples (three samples for each case) as
shown in Figure 4c. The PL intensity of MoO,/1 L-MoS, is
2.7-3.9 times and 5.0—8.3 times higher than those of the as-
exfoliated 1 L- and 2 L-MoS,, respectively.

Such PL enhancement has been reported in oxygen plasma-
treated MoS,, which was explained in terms of decoupling of
layers in multilayer MoS, by oxygen intercalation”® and O,
molecule adsorption.” However, we ruled out the first
possibility in our work because no gradual enhancement of
PL was observed in trilayer MoS, (Supplementary Figure S4)
and the Elzg peak upshifted with a negligible shift of A,
(Figure 3c), which are in contrast to the previous report.23 It
was reported that the second possible reason for PL
enhancement, chemisorption of the O, molecule to S vacancy
sites, leads to suﬂ)ression of nonradiative recombination by
sulfur vacancies.””** However, we observed a gradual decrease
of PL in the as-exfoliated monolayer during plasma treatment.
(Supplementary Figure S5). Furthermore, our low-temperature
PL measurements at 4 K showed that low energy PL around
1.8 eV of the as-exfoliated 1 L-MoS,, indicative of surface
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adsorbate-related bound exciton, is quenched in the MoO,/1
L-MoS, (Supplementary Figure S6).** This indicates that
surface adsorption is not responsible for the PL enhancement
of the MoO,/1 L-MoS,. A similar change of PL in the oxidized
trilayer MoS, shows that our layer-by-layer oxidation technique
can be applied to transform the thicker MoS, to MoO,-coated
1 L-MoS, (Supplementary Figure S4). To find out the origin
for the enhanced PL in MoO,/1 L-MoS,, we deconvoluted the
PL spectra of the as-exfoliated 1 L- and 2 L-MoS, and MoO,/1
L-MoS, as shown in Figure 4d. Note that all PL spectra are
normalized for comparison. The three main PL peaks
originated from A exciton, B exciton, and A” trion showed
different relative intensities. The as-exfoliated 1 L-MoS,
showed a stronger PL peak of A™ trion than neutral A and B
excitons as it is naturally n-doped by sulfur vacancies or the
substrate.> > The as-exfoliated 2 L-MoS, with an indirect
band structure also showed a dominant PL peak of A™ trion.
Notably, in the MoO,/1 L-MoS,, the A exciton peak was
enhanced with suppression of the A™ trion peak. (Supple-
mentary Figure S7) This is attributed to high dedoping of the
bottom MoS, layer by MoO, as aforementioned in Figure 4a.
In other words, formation of trions can be restrained by
eliminating a number of residual electrons in MoS,.*° Because
nonradiative recombination is dominant for A~ trion,
generation of more neutral A exciton leads to significant PL
enhancement.” When the trilayer MoS, was oxidized by
plasma treatment, it showed a PL spectrum similar to that of
the monolayer, indicating that multilayer MoS, can be oxidized
layer-by-layer by our oxidation process.

Finally, we fabricated a multiple 2D vdW heterostructure of
MoO,/1 L-MoS,/Mo0O,/1 L-MoS, by repeatedly performing

https://dx.doi.org/10.1021/acsami.0c18364
ACS Appl. Mater. Interfaces 2021, 13, 1245—1252
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oxidation and transfer processes as shown in Figure Sa. First,
the as-exfoliated 2 L-MoS, was oxidized into the MoO,/1 L-
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Figure S. (a) Fabrication of AMQW (MoO,/1 L-MoS,/MoO,/1 L-
MoS,). (b) PL of AMQW at each fabrication step. (c) PL intensity
comparison of AMQW at each step and 1 L-MoS,. (d) Dark field
cross-sectional STEM image of AMQW (MoO,/1 L-MoS,/Mo0O,/1
L-MoS,).

MoS,. Then, another as-exfoliated 2 L-MoS, flake was
transferred onto the MoO,/1 L-MoS, followed by the second
oxidation. As shown in Figure Sb,c, the PL substantially
increased as the layers were stacked, indicating that two light-
emitting monolayers are well separated by ultrathin MoO,, in
the heterostructure. The MoO,/1 L-MoS,/Mo0O,/1 L-MoS,
showed 2.0 and 4.8 times higher PL intensity than MoO,/1 L-
MoS, and 1 L-MoS,, respectively. The multiplied PL intensity
of double 2D vdW heterostructure indicates that monolayers
in the heterostructure are decoupled, preventing direct-to-
indirect band transition of stacked MoS, layers and carrier
transport between the layers. Figure Sd shows a cross-sectional
scanning transmission electron microscopy (STEM) image of
the multiple 2D vdW heterostructure of MoO,/MoS,/MoO,/
MoS,, which was protected by additional top multilayer
graphene during the sample preparation process. This clearly
shows that the MoS, layers (bright) are separated by uniform
MoO, (dark). The MoO,/MoS, forms a sharp heterointerface
without any trapped residue.

Bl CONCLUSIONS

In conclusion, we demonstrate a layer-by-layer oxidation
method for MoS, using a specially designed oxygen plasma
system. By optimizing the plasma condition, multilayer MoS,
can be oxidized layer-by-layer and monolayer MoS, covered by
MoO, can be fabricated while maintaining the high quality of
the bottom monolayer MoS,. The neutral exciton PL intensity
of monolayer MoS, underneath MoO, is remarkably enhanced
because of suppression of defect-induced nonradiative
recombination and charged exciton by dedoping MoS, by
MoO,. In the multiple 2D vdW heterostructure, the MoS,
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monolayers are well separated by uniform MoO, layers so that
multiplied PL intensity was obtained as the number of
embedded MoS, layers increases because of suppression of
the defect-induced PL quenching and interlayer decoupling.
Our work suggests a novel way to fabricate the multiple 2D
vdW heterostructures for advanced optoelectronic applications,
which can be applied in the fabrication of high performance 2D
electronic devices.

B EXPERIMENTAL SECTION

Sample Preparation. The scotch-tape method was used for
mechanical exfoliation from the MoS, bulk crystal (SPI Supplies
Molybdenum Disulfide Crystal) onto an SiO,(285 nm)/Si substrate.
For XPS, three different pieces of bulk MoS, were exfoliated on the
Au substrate, two of which were plasma oxidized for 80 and 150 s
each. The oxidation was performed ex-situ. Multiple 2D vdW
heterostructures was fabricated using the PDMS dry transfer method
between the two oxidation processes. For cross-sectional STEM,
samples were prepared using a dual-beam focused ion beam. Few-
layer graphene was transferred onto multiple 2D vdW hetero-
structures to minimize the damage from the C deposition followed by
Pt deposition.

Plasma Treatment. Mechanically exfoliated MoS, was oxidized in
PE mode in the plasma system (FemtoScience, CUTE); oxygen
condition at a base pressure of 540 mTorr (~22 sccm), 10 W, 50 kHz
for 150 s for layer-by-layer oxidation. The details are described in the
Supporting Information.

Finite Element Calculation. Simulation of plasma behavior and
ion bombardment energy distribution to the sample surface was
performed by commercial finite element method program COMSOL
Multiphysics 5.3a. The details are described in Supporting
Information S2.

Material Characterization. The samples were examined by AFM
(Park Systems, NX-10), XPS (Kratos, Axis Supra, monochromatic Al-
Ka), Raman spectroscopy and photoluminescence (Renishaw Raman,
inVia Confocal Raman Microscope, 532 nm CW laser), low
temperature PL (Attocube, Attodry 110, 532 nm CW laser) and cs-
STEM (JEOL, JEM-ARM200F).
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The Supporting Information is available free of charge at
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