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ABSTRACT

Developing a technology to terminate chalcogen vacancies for transition metal dichalcogenides is
a crucial task for applications, such as diodes, transistors, and sensors, because chalcogen
vacancies degrade the electronic and optical properties. This article reports a healing method of S
vacancies in MoS2 by high-pressure annealing under 5 atm of S vapor pressure. The crystal quality
after a mechanical transfer, S annealing, and vacuum annealing was systematically studied by
observing the photoluminescence (PL). The remarkable recovery of the A exciton emission peak
in the PL spectrum indicated repair of the crystal quality in MoS2 by the S annealing. We also

demonstrated that the S vacancies could be terminated by Se atoms using a high-pressure annealing



method. The crystal quality of MoSz21xSe2x alloy was confirmed by transmission electron

microscopy and electron diffraction.

KEYWORDS: high-pressure annealing, MoS:, S vacancies, photoluminescence, chemical vapor

deposition, monolayer

After the scotch tape method was established to make graphene from graphite,'many other
layered materials have attracted much attention in the past decade.?”’ Particularly, semiconducting
transition metal dichalcogenides (TMDCs), such as Mo0S2,%? MoSe2,!® WS2,!'"13 and HfS,!*16
have been widely studied due to the unique electronic and optical properties derived from the non-
zero bandgap unlike graphene. The non-zero bandgap is a crucial feature for practical applications

such as digital circuits and low-power-consumption electronics.

Although the scotch tape method is still used for the fundamental science of layered materials,
chemical vapor deposition (CVD) is one of the best methods to make high-quality monolayer
TMDCs on a wafer-scale. Due to the recent progress of CVD,!”"!” the crystal quality of MoS>
grown on sapphire is comparable to that of exfoliated MoS.. Since the crystal quality governs the

electronic and optical properties, such as carrier mobility?®?!

and the intensity of the
photoluminescence (PL),?*?>% it is vital to maintain the crystal quality during the device
fabrication process, for example, microscopic peeling off from the original substrate, mechanical
transfer to another substrate, and lithography for microfabrication. However, the chemical wet

process during mechanical transfer may cause damage to the MoS: due to the relatively weak bond

between the Mo and S. In other words, the formation of S vacancies and oxidation easily occur



during the mechanical transfer. Therefore, it is crucial to establish a defect healing technology for

8,24

high-performance transistors,*?* photovoltaics,” and phototransistors.?® While the dipping in a

thiol solution (thiol healing) was suggested as a simple defect healing method in 2012242728
several researchers insisted that thiol molecules were merely physisorbed on the Mo0S2.2° The
inconsistent conclusions of the thiol healing are probably because the property of MoS: is sensitive
to the small number of S vacancies (even less than 1%), and it is difficult to detect them in the
monolayer MoS:. Thermal annealing is another healing technology to improve the structural order
and release the stress. However, the thermal annealing under argon, oxygen, and vacuum resulted

in non-stoichiometric MoS2 due to the volatility of the S atoms.**~? In order to resolve these issues,

an alternative defect healing method should be established.

In this study, a high-pressure S annealing method was proposed as a defect healing method. A
high-quality MoS: as the standard material was synthesized on sapphire by CVD because it is well-
known that the monolayer MoS2 grown on sapphire has the best quality due to its epitaxial
growth.!7!® The MoS2 grown on the sapphire was transferred to a SiO2/Si substrate to investigate
the influence on the quality of the monolayer MoSz. The defective transferred monolayer MoS2
was annealed under 5 atm of S vapor pressure to heal the S vacancies. Vacuum annealing was also
carried out to examine the variation in the crystal quality. The change in crystal quality was
systematically studied by observing the PL that is sensitive to the defects to determine how the
mechanical transfer, high-pressure S annealing, vacuum annealing affects the crystal quality. Se
annealing was conducted to investigate whether Se atoms cure the S vacancies, which can be used

to make an MoSz(1-x)Se2 alloy by post annealing.



RESULTS AND DISCUSSION

Monolayer MoS2 was grown on sapphire based on the gas-phase reaction of MoO3 and S vapor
using a specially designed separate-flow-system CVD. The detailed growth procedure is described
in the METHODS section and supplementary information. Figures 1(a) show an optical
microscopic (OM) image of the triangular monolayer MoS: with a single-crystal domain on
sapphire. The two distinctive crystallographical orientations of the MoS2 domains can be seen in
the OM image and interpreted as the epitaxial growth due to the lattice match.” The orientation
histogram shown in Fig. 1(b) illustrates that most of the single triangle domains are oriented to 0°
or £60°, which is consistent with the previously reported epitaxial MoS2 monolayer.** Since the
in-plane lattice constant of sapphire (0.476 nm) is approximately 1.5 times greater than that of
MoS2 (0.315 nm), a 3 x 3 structure of the MoS: fits on a 2 x 2 structure of the sapphire as shown
in Fig. S1.'"® While the MoS2 grown on the sapphire showed a nearly perfect triangle domain and
high orientation, the distorted triangle and randomly oriented MoS2 formed on the SiO2/Si is shown
in Fig. S2. The highly-oriented domains indicated that the quality of the MoS2 monolayer on the
sapphire was superior to that on the SiO2/Si. The thickness uniformity of MoS2 grown on sapphire
was observed by the homogeneous color contrast of the triangle domains as seen in Fig. 1(a).
Furthermore, the height of the MoS2 domains was measured to be 0.65 nm by AFM as seen in Figs.

I(c) and (d), which agrees well with the previously reported thickness of the monolayer

MoS:. 19,34,35
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Figure 1. (a) Microscopic image of monolayer MoS; grown on sapphire. The orange bar
is the original axis (0°) used to measure the orientation angles (theta) to make the histogram
shown in (b). (b) An orientation histogram of MoS: monolayer to illustrate the epitaxy
between MoS; and sapphire. The inset shows the geometrical relationship between the
original axis and MoS; to measure theta. (c) An AFM image of monolayer MoS;. (d) Line

profile at the blue line in (c) to show the thickness of the MoS; monolayer (0.65 nm).

We further confirmed the quality of the triangle-domain single-crystal monolayer MoS: by
obtaining Raman and photoluminescent (PL) spectra as shown in Figs. 2(a) and (b), respectively.
The Raman and PL spectra of the MoS2 monolayer grown on the SiO2/Si substrate are also shown
for comparison. Two characteristic peaks of E'zg at 385.6 cm-! and A1¢ 405.7 cm™! in the Raman
spectra represent the in-plane vibrational mode and out-of-plane vibrational mode of MoSa,
respectively. The shoulder peak at 415.0 cm™ was ascribed to the sapphire. The frequency

difference between the E'2y and Aig peaks (20.1 cm) is close to the reported value of the



monolayer MoS2.!33¢ The crystal quality of the MoS2 monolayer on the sapphire was better than
that on the Si02/Si because the full width at half maximum (FWHM) of the Aig peak for the MoS:
grown on the sapphire (5.43cm’!) was narrower than that on the SiO2/Si (9.52cm™). The intensity
of the Raman spectra in Fig. 2(a) was scaled to compare the FWHM. The PL spectrum (Fig. 2(b))
shows the strong A excitonic peak located at 655 nm (1.81 eV) while the negligible B excitonic
peak (616 nm) was observed. The sharp peak located at 694 nm originated from the sapphire. The
narrow FWHM (~25 nm) and intense A excitonic peak indicated the significant optical quality and
few defects in the monolayer MoS: because the PL spectra, especially the intensity of the A
excitonic peak, is sensitive to the crystal quality.?!** The broader and less intense PL peak of MoS:2
grown on the SiO2/Si were probably due to the defects of the S vacancies, the charge traps on the
SiO2 surface, and the distortion of the MoS: structure. The chemical compositions of the
monolayer MoS2 grown on the sapphire and SiO2/Si were determined to be 1:2.02 and 1:1.79,
respectively, by XPS (Fig. S3). The Mo/S ratios are consistent with the result of the OM image,
Raman, and PL spectrum that show few S vacancies exist in the MoS2 grown on the sapphire while

there were some S vacancies in that grown on SiO2/Si.
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Figure 2. (a) Raman spectrum of monolayer MoS: grown on sapphire (black) and SiO»/Si
(red). Two distinctive vibrational modes of E'», and A, illustrate the formation of MoS;. The
crystal quality of MoS; grown on the sapphire was superior to that on SiO2/Si because of the
narrower FWHM. (b) PL spectrum of monolayer MoS: grown on the sapphire (black) and
SiO»/Si (red). The strong A exciton emission peak indicates the high crystal quality of MoS;

on the sapphire.

MoS: grown on the sapphire was used as a standard sample to investigate how the mechanical
transfer, S annealing, and vacuum annealing affect the quality of the monolayer MoS: because the
defect formation and healing can be detected by observing the PL.>” Each step of mechanical
transfer, S annealing, and vacuum annealing was carried out as follows. First, the monolayer MoS:
grown on the sapphire was transferred onto a SiO2/Si substrate by the chemical wet process
according to Ref. 38. Next, the transferred MoS2 was annealed in a sealed quartz tube at 800 °C
for 30 min under 5 atm of S vapor pressure that was estimated by the ideal gas equation (pV=nRT).
Lastly, the sample was annealed under a vacuum of 10~ Pa at 800 °C for 30 min. The detailed
procedures of the mechanical transfer and S annealing are described in the METHODS section
and supplementary information. Figure 3 shows the PL spectra of MoS:2 (i) grown on sapphire, (ii)
transferred on Si102/Si, (ii1) annealed in the S atmosphere, and (iv) annealed under vacuum.
Broadening the peak and lowering the intensity of PL for the transferred MoS: illustrate that strain
or/and defects were induced in the lattice because a pronounced peak located at 655 nm from the
A exciton is easily quenched by strain and defects. The recovery of the peak sharpness implies that
the strain or defects was healed by the S annealing. Vacuum annealing introduced many defects

(S vacancies) again, resulting in lowering the intensity.
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Figure 3. PL spectra of MoS; (i) grown on sapphire (ii) transferred on SiO»/Si (iii)
annealed under 5 atm of S vapor pressure (iv) annealed under vacuum. The peak intensity

of the A exciton shows the crystal quality of MoS,.

In order to quantitatively analyze the PL spectra, each spectrum was deconvoluted with three or
four emission peaks (Gaussian-Lorentzian function) including the A exciton peak. Each emission
peak was labeled by Xa, Xg, X", and Xbe as shown in Figs. 4(a)-(d). All the spectra were scaled to
compare the results of the deconvolution. The sapphire peak located at 695 nm in Fig. 4(a) was
removed to obtain a good fitting curve. Xa is the neutral A excitons as already mentioned, which
is associated with direct optical transitions from the valence band to the conduction band. The
emission peak at 616 nm (Xg) is due to the spin split of the valance band at the K-valley. The other
emission peak at 678 nm (X) is derived from a trion which is a bound state of one exciton and one
electron, in other words, a negatively-charged exciton. The weakest peak at 698 nm (Xbe) appeared
after the mechanical transfer is assignable to the bound excitons (Xbe) that are neutral excitons
bound to defects such as S vacancies. The spectral contributions from the four kinds of excitons

are understandable by the schematic band diagram shown in Fig. 4(e).’”*° Figure 4(f) shows the



variation of the individual spectral contribution obtained from the deconvoluted curves and total
intensity of the PL spectra. It should be noted that the Xa is sensitive to the carrier density because
the excessive carrier is bound to the excitons (formation of trion), resulting in a quenching of PL
from Xa.?** Since the S vacancies emit two extra electrons, the Xa peak strongly depends on the
number of S vacancies. Besides, Xve can be used to estimate the defect density (S vacancies)®’
while XB and X" were hardly used to discuss the MoS: quality. The PL spectra of the as-grown
sample on the sapphire (Fig. 4(a)) has a significant contribution from the Xa exciton and no
contribution from the Xbe exciton due to the high crystal quality (defect-free). Mechanical transfer
of'the MoS:z onto a SiO2/Si induced the defects, such as S vacancies, because the Xa peak decreased
and Xve peak appeared (Fig. 4(b)). The chemical wet process during mechanical transfer may cause
damage such as oxidation, wrinkles, and formation of S vacancies. The broad peak also indicates
the disorder of the MoS: crystal structure. High-pressure annealing in the S atmosphere (Fig. 4(c))
recovered the crystal quality since the contribution of Xa returned to nearly the original value and
the spectrum can be fitted without the Xve peak. However, the incomplete recovery of the total
intensity implies that the influence of charge traps on SiO2 and charge transfer from SiO2 could
not be eliminated by S annealing. These effects can be removed by using hexagonal boron nitride
as the substrate.” Vacuum annealing (Fig. 4(d)) drastically induced the S vacancies due to the
volatility of the S atoms. A decrease in the total intensity shows the increase in the nonradiative

recombination rate due to the defect states.
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Figure 4. The deconvolution of PL spectra of MoS; (a) grown on sapphire (b) transferred
on Si0y/Si (c) annealed under 5 atm of S vapor pressure (d) annealed under vacuum. (e)
Schematic band diagram of MoS; and four emissive transitions that were used to deconvolute

the PL spectra. (f) The variation in the spectral weight and total intensity after each step.

If the S vacancies can be repaired by different chalcogenides, such as Se, it is useful to optimize
the electric properties after the MoS2 growth. Therefore, the MoS2(1-x)Se2x alloy was made by post-
annealing under a Se atmosphere in a quartz tube (the same pressure and temperature as the S
annealing) using the defective MoS:z created by vacuum annealing. The formation of MoSz(1-x)Seax
was confirmed by its Raman and PL spectra as shown in Fig. 5. The Raman and PL spectra of the
transferred and vacuum annealed samples are also shown for comparison. The Raman spectrum
shows that the Se-Mo vibrational modes (Aig and Ezg) located at 282 and 302 cm™! were observed
after the Se annealing while only the S-Mo modes were seen before the Se annealing. There still

remained two peaks of MoS: located at 380 cm™ (E2¢(S-Mo)) and 405 cm™! (A14(S-Mo)) even after

10



the Se annealing. The peak position of the E2¢(S-Mo) vibrational mode shifted to a lower frequency
because the S-Mo bonding would be softened by the incorporation of the heavy Se atoms, which
is consistent with the previous reports.*!** It has already been reported that the A1¢(S-Mo) was not
significantly affected by the introduction of Se.*'** The Se annealing was also carried out for the
as-grown sample (without vacuum annealing) as shown in Fig. S4. Although a small Aig peak was
observed due to the S/Se exchange reaction, the two-step annealing (vacuum annealing and Se

annealing) was more efficient to incorporate Se atoms into the MoSa.

Figure 5(b) shows the PL spectra of the transferred sample, vacuum-annealed sample, and Se
annealed sample. The emission peak from the exciton (Xa) was red-shifted because the bandgap
would become narrower due to the alloying with Se. The Se molar fraction was estimated from
the center of the emission peak to be approximately 10%*'. Non-recovery of the PL intensity did

not mean many S vacancies remained (poor crystal quality) because the introduction of Se atoms

quenches the PL*!.
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Figure 5. (a) Raman spectra of MoS; transferred to SiO»/Si, annealed under vacuum, and

annealed in Se atmosphere. Two peaks located at 282 and 302 cm! correspond to the Se-Mo
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vibrational modes. (b) PL spectra of MoS; transferred to SiO»/Si, annealed under vacuum,
and annealed in Se atmosphere. The red shift of peak top shows the bandgap shrinkage due

to the alloying with Se.

A TEM image and electron diffraction were acquired to confirm the crystal quality of
MoSz2(1-x)Se2x as shown in Figs. 6(a) and (b). The TEM-EDS indicates the inclusion of Se atoms
after the Se annealing as shown in Fig. S5. The edge angle of the crystal (118°) reflects the
hexagonal crystal system of MoS21-x)Sezx. Electron diffraction from the area marked with a blue
circle in Fig. 6(a) revealed that the nanosheet of MoS21x)Se2x was a single-crystal hexagonal
structure. The d value calculated from a line profile (Fig. 6(c)) of the <100> direction (yellow line
in Fig. (b)) was 0.271 nm which is good agreement with the previously reported (100) plane

spacing of MoSx(1-xSez2x with the same composition ratio (10% Se)*!.
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Figure 6. (a) TEM image of MoS:u.xSeax after high-pressure annealing under Se
atmosphere. (b) Electron diffraction of M0S2(1-xSe2x obtained from the area marked with the

blue circle in (a). (¢) A line profile of the yellow line in (b) to calculate the d value of (100).
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CONCLUSIONS

The influence of mechanical transfer, S annealing, vacuum annealing, and Se annealing on the
monolayer MoS:> was systematically studied by observing the PL spectra. Even though the
mechanical transfer damaged the MoS, it can be repaired by high-pressure annealing under 5 atm
of S vapor pressure. In addition, the S vacancies created by vacuum annealing were terminated
with the Se atoms by high-pressure annealing. The post-annealing at elevated temperature can be
used to heal the defects and modulate the composition ratio of the TMDCs, which could be an

essential technique to fabricate practical electronic and optoelectronic devices.

METHODS

Growth procedure of monolayer MoS;. The monolayer MoS: was synthesized by an
atmospheric pressure CVD (APCVD) with a separate-flow system. The detailed geometry of our
APCVD is shown in Fig. S6.7** In this system, we can separately control the temperatures of
MoOs, S, and substrate as well as flow rates of the MoOs and S lines to guarantee the controllability
and reproducibility. MoO3 (Kanto Chemical Co., Inc. >99.5%) and S (Kanto Chemical Co., Inc.
>99.5%) powders were utilized as the source materials without further purification. 5 x 5 mm?
sapphire (c-plane) and 1 x 1 cm? Si02(285 nm)/Si wafers were used as the substrates. The sapphire
and SiO2/Si were cleaned by the RCA (Radio Corporation of America) cleaning method* to
remove any metal and organic contaminants. The sapphire was annealed in air for 1 hour at 1000
°C, which is a key to make the atomically smooth oriented MoS2 monolayer.!®* After the
introduction of the substrate in a quartz tube, the system was purged with Ar. The temperatures of
the MoOs3, S, and substrates increased to the set points while keeping the flow through the S line

in order not have air enter the quartz tube. When the temperatures reached the set points, the Ar

13



flow through the MoOs line was set to 150 sccm to start the MoS2 growth. The growth time was
defined as the duration of Ar flowing through the MoOs line. After the growth of the MoS:
monolayer, the furnace was naturally cooled while the S supply was maintained until the
temperature of the substrate had decreased to 350 °C in order for the MoS2 not to be oxidized. The
reaction conditions of the temperatures, flow rates, and reaction time to make the monolayer MoS:

are summarized at the bottom of Fig. S6.

Characterization of MoS2/MoSzi-xSe2x. The morphology of the monolayer MoS2 on the
substrate was observed by an optical microscope (OM, OM mode of a laser microscope, VK-8710)
and an atomic force microscope (AFM, SII SPI-3800). The quality of the monolayer MoS> was
confirmed by Raman and PL spectroscopies (Reinshaw Invia) with 532 nm laser excitation. The
chemical composition was measured by X-ray photoelectron spectroscopy (XPS, JPS-9200). The
morphology and crystallinity of the MoSz2x1-x)Se2x alloy were confirmed by transmission electron

microscopy and electron diffraction(TEM, JEM-2010).

Mechanical transfer of the monolayer MoS; onto a SiO»/Si substrate. A 1.0 wt% PMMA
dichloromethane (DCM) solution was spin-coated on a monolayer MoS2 grown on sapphire at a
speed of 3000 rpm for 60 seconds. A polydimethylsiloxane (PDMS) film was placed on the
sapphire substrate, then the substrate was cooled at 2 °C in a refrigerator. The surface of a SiO2/Si
was fluorinated under vacuum with a drop of trichloro(1H,1H,2H,2H-perfluorooctyl)silane for 12
hours. A mixture of PDMS and curative with a ratio of 10:1 was spin-coated at the speed of 1250
rpm for 30 sec, then the wafer was dried in an oven at 80 °C. The PDMS/PMMA/MoS: film was
peeled off from the sapphire and transferred onto the fluorinated SiO2/Si. Only the PDMS film

could be removed by warming the SiO2/Si wafer at 110 °C because the adhesion between the

14



PDMS and PMMA/MoS: weakened. The PMMA was washed away with DCM, then the SiO2/Si
was dried using a nitrogen gun.

Sulfur/selenium annealing. The MoS: (on substrate) was sealed in a quartz tube with S (Se)
powder under a vacuum of 1.0x107 Pa. In order to avoid direct contact between the MoS:2 and S
(Se), the substrate was located at the center of the quartz tube. The amount of S (Se) powder was
calculated by the ideal gas equation to reach 5 atm of S (Se) vapor pressure. The quartz tube was
annealed in a furnace at 800 °C for 30 min. The schematic illustration of the procedure is depicted
in Fig. S7.

Vacuum annealing. The MoS: was sealed in a quartz tube under a vacuum of 1 X 107 Pa. The

MoS: was placed in a furnace at 800 °C for 30 min. It should be noted that complete removal of
air (oxygen) was critical to making adequate S vacancies because the oxidation or etching of MoS2

occurred when it was higher than 5 Pa.
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