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Sulfurization with sulfur vapor has been demonstrated to be useful for fab-
ricating sputtered-multilayer MoS, films with an approximately 4-nm thick-
ness. With this process, sulfur vacancies in the sputtered MoS, films were
remarkably compensated, and MoO3; was simultaneously sulfurized. Eventu-
ally, carrier densities of the sulfurized MoS, films were successfully reduced to
1.8 x 10 em™® and electron mobilities were considerably enhanced to

25.2 cm?/V-s.
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INTRODUCTION

Transition metal di-chalcogenides (TMDCs) have
attracted remarkable attention because of their
excellent electrical and optical properties, which
are suitable for fabricating not only three-dimen-
sional integrated circuits but also flexible and
optoelectronic  devices. Molybdenum disulfide
(MoS3) is the most promising candidate among
TMDCs because of its transparency, flexibility,
and high mobility (~ 700 cm?V-s) even with thin
atom layers.' ™ For example, MoS, has appropriate
energy band gaps of 1.9eV and 1.2eV in its
monolayers and multilayers, respectively.*® How-
ever, it is difficult to synthesize large and uniform
MoS, films using reported methods such as exfoli-
ation and chemical vapor deposition (CVD).
Although it is possible to achieve good-quality
MoS, thin films using the exfoliation method,' >
the resulting films have higher carrier densities of
up to 10 ecm 3?7 owing to contamination with
alkali metals.® In addition, with CVD, the MoS,
film forms triangular structures at random posi-
tions because of the uncontrollable sites of nucle-
ation and its lattice structure.’”'® To enlarge the
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grain size of MoS, films, it is necessary to coat a
polymer such as perylene-3,4,9,10-tetracarboxylic
acid tetra-potassium salt (PTAS) onto the SiOq
substrate directly.’? This potassium-containing
polymer leads to the Fermi-level pinning near the
conduction band minimum.®

Therefore, we selected a sputtering process using
an MoS, target to synthesize uniform and large-
area MoS, films to avoid alkali contamination.'®23
However, sulfur vacancies were formed even in the
sputtered film.?* In monolayer MoS, film, these
sulfur vacancies are classified as dopants because
the sulfur vacancies generate energy states at
0.2 eV, near the conduction band minimum.?32°
This consequently leads to higher carrier density
and depletion mode operation in accumulation
transistors. Therefore, compensation for the sulfur
vacancies is required, as demonstrated in
Refs. 18, 19, and 24. By using MoS; compound
target in Ar atmosphere during sputtering, it is
possible to deposit MoS, thin film with less chamber
contamination. Although no metals were deposited
by sputtering in this study, metals are going to be
sputtered after MoS, sputtering and sulfurization.
Accordingly, reducing contamination is important to
deposited pure metal at an industrial scale.?®
Therefore, we adopted a separate process of sput-
tering and sulfurization.
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In this study, we aimed to aggressively compen-
sate for sulfur vacancies and decrease the carrier
density by sulfurization, for obtaining both »- and p-
field-effect transistors (FETs) with normally off
operation in the accumulation mode.

EXPERIMENTS

Figures 1 and 2 show the process flow and cross-
sectional structure of the MoSy; sample, respec-
tively. An MoS, film was deposited on an SiO./Si
substrate using an ultra-high vacuum (UHV) radio
frequency (RF) magnetron sputtering system under
the following conditions: 80 mm¢ MoS, target
(99.79% pure); RF power of 50 W; a distance
between the MoS,; target and the substrate of
150 mm; argon partial pressure of 0.55 Pa; sub-
strate temperature of 300°C. Figure 3a and b shows
schematic diagrams of the sulfurization process and
temperature sequence, respectively. The sputtered
MoS, film was annealed at 300°C, 400°C, 500°C,
600°C, and 700°C in sulfur vapor made from sulfur
powder evaporated at 200°C, carried by Ar gas
flowing at a rate of 1000 sccm at 100 kPa, 300 kPa,
and 10 kPa. After the sulfurization, the thickness of
MoS, film was approximately 4 nm, confirmed by
transmission electron microscopy (TEM). In the
sulfurization process, two heaters were used, desig-
nated 1 and 2, as shown in Fig. 3a. The sulfur
powder and sputtered MoS, film were placed in a
quartz tube. The sulfur powder and the samples
were evaporated by heater 2 and annealed by heater
1. The temperature of heater 2 was set to 200°C and
the temperature of heater 1 was varied. As shown in
Fig. 3b, this process is divided into three time
domains, which consist of (a) ramping up the
temperatures of heaters 1 and 2 to 700°C and
200°C, respectively, under an Ar flow rate of 1000
scem, (b) sulfurization for 10 min, and (c) ramping
down of the temperature with an increase in the Ar
gas flow rate to 1500 scem over 10 min in order to
evacuate the sulfur vapor quickly.

For physical evaluation of the MoS, films, Raman
spectroscopy was performed at a wavelength of
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Fig. 1. Process flow and measurement methods.

532 nm. X-ray photoelectron spectroscopy (XPS)
was also performed using an Al K, x-ray source.
The Voigt function (x) was used to fit the x-ray
photoelectron spectra of the MoS, films. A compo-
sition ratio of the MoS, film was expressed as shown
in the following equation:

A;/RSF;
Ci=—"— "
4, /RSE
where C; is the composition ratio, A; is the peak
area, and RSF; is the relative sensitivity factor of

the atom i. Hall-effect measurements were per-
formed on the sputtered MoS, film. Silver paste was

x 100 (1)

Ag Ag
MoS, (~4 nm)

SiO, (400 nm)

n-Si sub.

Fig. 2. Cross-sectional structure of the MoS, sample.

(@) Heater 2
200°C
Ar gas
(b) 400 e
[ | n m
r Ramp Main Ramp
r Up Anneal Down 1
300 [~ - 1500 g
oot S -
p - r 2,
R ] 2
Bogof [ e 1 2
s [ . 3
o L . o
T L B L T -1 1000 *=
2]
a 15
100 J -
)/ = Heater 1 <
—-- Heater 2
----- Ar gas flow rate 1
0 s b by B b bvnna benna e 500
0 5 10 15 20 25 30 35 40
Time [min]

Fig. 3. Sulfurization process using (a) a quartz tube with two hea-
ters, (b) time sequence of the temperature and gas flow rate, when
heaters 1 and 2 were set to 300°C and 200°C, respectively.
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attached to four corners as a metal contact, as
shown in Fig. 2.

RESULTS AND DISCUSSION

Figure 4 shows the Raman peak intensity depen-
dence on pressure. The large dashed line at this
center of the figure indicates the boiling point of the
sulfur powder at 200°C. In this figure, the Raman
peak intensities were successfully enhanced when
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Fig. 4. Raman peak intensity of A4 and E;g as a function of pres-
sure for the approximately 4-nm-thick MoS, film.
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Fig. 5. Raman peak intensity of A4 and E;g as a function of tem-
perature for the approximately 4-nm-thick MoS; film at 100 Pa.

the pressure decreased below 1000 Pa. This is
because the sulfur powder in the quartz tube
transitioned into the vapor phase with a decrease
in pressure below 1000 Pa even at 200°C.2"2®
Accordingly, we evaluated the temperature
dependence of sulfurization by Raman spectroscopy
and XPS at 100 Pa. Figure 5 shows the Raman peak
intensity, and Fig. 6a and b indicates the full-width
at half maximum (FWHM) value of both Alg (out-of-
plane mode vibration of sulfur) and Ezg (in-plane
vibration mode of sulfur and molybdenum) from the
Raman spectra when the temperature was raised to
700°C. As can be seen in these figures, as the
temperature rises, the Raman peak intensities
increase and the FWHM decreases. These indicate
that the sulfurization of the sulfur vapor is
enhanced at higher temperatures and sulfur
annealing was shown to improve the crystallinity
of the sputtered MOSQ film. As a result, the FWHM
decreases to 7-8 cm . The FWHM of the MoS, film
on SlOg fabricated by CVD is approximately
6 cm L.1! Therefore, the crystallinity of the sput-
tered MoS, film is comparable to that of the CVD
MoS, film. Figure 7a and b shows the x-ray photo-
electron spectra of molybdenum 3d and sulfur 2s for
the as-sputtered films sulfurized at 700°C, respec-
tively. As shown in Fig. 7a, peaks arising from Mo—
S bonds are observed, which are speculated to be in
the form of an MoS; crystal. However, peaks arising
from Mo—O bonds are also observed, and this can be
due to the presence of M0O3.2"*? This means that
the as-sputtered MoSz film is oxidized after the
sputtermg process in agreement with previous
reports.?*° Comparing Fig. 7a and b, both the
peaks corresponding to Mo—Mo and Mo—-O decrease
in intensity and those corresponding to Mo—S
increase in intensity simultaneously during the
sulfurization process. It is speculated that the Mo—
Mo bonding related to sulfur vacancies is sulfurized
and transformed toward MoSs film, and MoOs is
simultaneously reduced toward MoS, film. More-
over, Fig. 8a and b shows the x-ray photoelectron
spectra of the sulfur 2p orbital for the as-sputtered
films sulfurized at 700°C, respectively. Prior to
sulfurization, peaks due to S—-Mo chemical bonding
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Fig. 6. FWHM of (a) A4g and (b) Eég as a function of temperature for the approximately 4-nm-thick MoS; film at 100 Pa.



3500

(a)14000 'Before sulfurlzanon] I
[ooee- Measured data Mo 3d 1

—_ 12000 £ F — Fitting data E
(2] F n 4
3, 10000 2 ]
> 8000 F ]
2 6000} Mo-$ e
£ 4000 F A A
- r Mo-O H \ \ S 2s 1
2000 _—Mf&t v \ » .

O 2 Il 1 |

238 236 234 232 230 228 226 224
Binding energy [eV]

—~
O
~—

Intensity [c/s]

Matsuura, Ohashi, Muneta, Ishihara, Kakushima, Tsutsui, Ogura, and Wakabayashi

. (¢]
14000 SulfurlzedI at 700 C B

i ----- Measured data n
12000 Fitting data i

Mo 3d
10000
8000
6000 f
4000
2000 £

0 E 3
238 236 234 232 230 228 226 224
Binding Energy [eV]

Fig. 7. XPS spectra of molybdenum 3d of (a) the as-sputtered film and (b) the sulfurized film at 700°C.
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Fig. 8. X-ray photoelectron spectra of sulfur 2p for (a) the as-sputtered film and (b) the sulfurized film at 700°C.
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Fig. 9. MoO3 contents determined from the Mo—O peak area and S-
to-Mo ratio of the MoS, film determined from the Mo—S and S—Mo
peak areas in x-ray photoelectron spectra for the approximately 4-
nm-thick MoS;, film shown in Figs. 7 and 8.

are observed, which possibly arise from the MoS,
film. Compared to Fig. 8b, the S—-Mo peaks increase
due to the introduction of sulfur vapor, causing a
simultaneous reduction in the non-bonding Mo and
MoOj; contributions. In contrast S-S peaks appear-
ing just after sputtering'® decrease because sulfur
residues in the sputtered film are successfully
reduced by the sulfurization process sequence.
These results are consistent with those shown in
Fig. 7. As seen in Fig. 8b, even after sulfurization, a
small amount of non-bonding sulfur remains.
Therefore, higher vacuum ambient and longer evac-
uation time are required until the temperature is
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Fig. 10. Hall-effect measurement results of carrier density and
electron mobility for approximately 4-nm-thick MoS; film as function
of temperature at 100 Pa.

sufficiently reduced. Furthermore, as shown in
Fig. 9, the MoOs content in the MoS, film, as
calculated from peak area, is reduced by the sulfur-
ization process.

Moreover, the S-to-Mo composition ratios of the
MoS, film calculated from Mo—S and S-Mo peak
areas in the x-ray photoelectron spectra increase
with an increase in temperature, reaching a ratio of
approximately 2.0 in Fig. 9. Eventually, this sulfur-
ization results in not only the reduction of MoQOs,
but the sulfurization toward MoSs film. Figure 10
shows the results of the Hall-effect measurements of
carrier density and electron mobility. The carrier
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density decreases to 1.8 x 10'® cm ™ monotonically.

It is speculated that the number of sulfur vacancies,
which act as donors, is remarkably reduced by
sulfurization. The electron mobility simultaneously
increases up to a maximum of 25.2 cm?V-s. It was
confirmed that the electrical properties of the
sputtered MoS, film were successfully improved by
the sulfurization process. In previous study, it was
reported the carrier density of thin film MoS; made
by the exfoliation method and CVD is approximately
10%° cm™® and 10'® em™3, respectively.”?! It is
found that the carrier density of sputtered MoS,
thin film becomes lower than reported methods by
this sulfurization process. Thus, reduction of sulfur
vacancies within the MoS, film is essential for
achieving an intrinsic semiconductor MoS, film.

CONCLUSION

We aimed to compensate for sulfur vacancies in a
sputtered MoS, film by vapor-phase sulfurization.
Sulfur vacancy compensation and improvements in
crystallinity were achieved with a decrease in pres-
sure to 100 Pa and an increase in temperature to
700°C. The composition ratio of the sputtered MoS,
increased and the carrier density decreased to
1.8 x 10" cm ™3 with sulfurization. This indicated
that the sulfur vacancies acting as dopants
decreased. This carrier density is lower than that of
reported processes, exfoliation, or CVD. It is con-
cluded that this sulfurization process is promising for
the realization of intrinsic channels of n- and p-FETs
for normally off operation in the accumulation mode.
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