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Novel chemical route for atomic layer deposition
of MoS, thin film on SiO,/Si substratet

Zhenyu Jin,i Seokhee Shin,i Do Hyun Kwon, Seung-Joo Han and Yo-Sep Min*

Recently MoS, with a two-dimensional layered structure has attracted great attention as an emerging
material for electronics and catalysis applications. Although atomic layer deposition (ALD) is well-known
as a special modification of chemical vapor deposition in order to grow a thin film in a manner of layer-
by-layer, there is little literature on ALD of MoS, due to a lack of suitable chemistry. Here we report MoS;
growth by ALD using molybdenum hexacarbonyl and dimethyldisulfide as Mo and S precursors, respecti-
vely. MoS, can be directly grown on a SiO,/Si substrate at 100 °C via the novel chemical route. Although
the as-grown films are shown to be amorphous in X-ray diffraction analysis, they clearly show character-
istic Raman modes (Elzg and Ayg) of 2H-MoS, with a trigonal prismatic arrangement of S—Mo-S units.
After annealing at 900 °C for 5 min under Ar atmosphere, the film is crystallized for MoS, layers to be
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1 Introduction

Due to the success in recent research on graphene and its
various applications,' two-dimensional (2D) materials such
as transition metal dichalcogenides (TMDs) have attracted
great attention in academia and industry.>> Among the TMDs
(MX,), where M is a transition metal of groups 4-10 and X is
a chalcogen, MoS, is one of the potential materials for
electronics and catalysis applications.”” While bulk MoS, is an
n-type semiconductor with an indirect bandgap (~1.3 eV), the
atomic monolayer of MoS, has a direct bandgap (~1.8 eV).®
Several groups have reported performance of MoS, in field effect
transistors and logic devices in which a monolayer or a film of
MoS, was used as a semiconducting channel in the transistor,
instead of silicon.””® In addition, MoS, is a strong candidate to
replace expensive Pt catalyst in the electrochemical hydrogen
evolution reaction (HER) for renewable H, production.'®"*

For the electronic device applications of 2D materials, they
should have a bandgap to ensure a high on/off ratio of the
transistor, and should be directly grown with a high crystalli-
nity on an insulating material (e.g., SiO,). However, since
graphene has intrinsically no bandgap and cannot be grown
without a catalytic film (e.g., Ni and Cu), the performance of
the graphene transistor is not as excellent as expected from
theoretical calculations and the best experimental mobility
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aligned with its basal plane parallel to the substrate.

(10° em®> V' s7') was obtained by using an exfoliated
graphene.'” It was recently reported that a monolayer or ultra-
thin film of MoS, could be directly grown on an insulator
without any catalyst by chemical vapor deposition (CVD).***®
However, a common problem of CVD methods is that elemen-
tal sulfur is used as a sulfur precursor for MoS, CVD. The
vapor pressure of elemental sulfur is ~107> Torr at 40 °C,
which is much lower in comparison to typical vapor pressures
of CVD precursors."” Even though large-area MoS, monolayers
were demonstrated by the CVD method, it cannot be utilized
in mass production due to a lack of reliability and reproduci-
bility of the process.

On the other hand, atomic layer deposition (ALD) is a
special modification of CVD for growing a thin film via a self-
limiting mechanism.'® In CVD, while two precursors (e.g.,
Mo and S precursors) are simultaneously supplied to a sub-
strate, they are alternately exposed onto the substrate and sub-
sequently purged for each precursor in ALD. Therefore one
ALD cycle generally consists of two half reactions, which are
achieved by repeating four steps (the first precursor exposure
and purging steps for the first half reaction and the second
precursor exposure and purging steps for the second half reac-
tion). In addition, growth temperature in ALD is maintained to
be low enough in order to avoid thermal decomposition of the
precursors. Consequently, the film grows with the number of
ALD cycles via chemisorption of each precursor, which occurs
in turn repeatedly. Considering the principle of ALD being
based on chemisorption, it is expected that ALD may be an
excellent tool for preparing layered MoS,.

Recently, a MoO; thin film was grown by ALD using molyb-
denum hexacarbonyl (Mo(CO),) and various oxidants."® ALD of
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a Mo thin film was also reported by using MoF, and Si,He.>® A
MoS, HER catalyst was prepared by sulfurizing a MoO; thin
film, which was grown by ALD from Mo(CO), and ozone.”!
Very recently, the first report on ALD of MoS, was presented by
Loh et al. by using MoCl; and H,S on sapphire substrates.*” To
the best of our knowledge, this is the only paper for MoS, ALD
ever reported, due to a lack of suitable chemistry for ALD. Here
we present a novel chemical route for MoS, ALD in which
MoS, can be directly grown on a SiO,/Si substrate using
Mo(CO)e and dimethyldisulfide (CH;SSCH;, DMDS) as Mo and
S precursors, respectively.

2 Experimental

In order to investigate the growth behavior of MoS, using the
novel chemistry of ALD, thin films were simultaneously grown
on both Si0, (300 nm)/Si (1 x 1 or 2 x 2 cm?) and bare Si
wafers in a laminar flow type ALD reactor. The films grown on
the bare Si were used to measure the thickness by spectro-
scopic ellipsometry (SE). Mo(CO)s and DMDS (Aldrich) were
vaporized from external canisters at room temperature and led
into the reactor through solenoid valves with a carrier gas of
N, (100 sccm, 99.999%) for Mo(CO)s and without any carrier
gas for DMDS. The doses of Mo(CO)s and DMDS were ~1.8 x
107% and ~4.0 x 10~* mol s7*, respectively. For purging the
reactor, N, gas was used with a flow rate of 300 sccm. All deliv-
ery lines were maintained at 80 °C. The growth temperature
was controlled by using a lamp heater, and monitored with a
thermocouple which was closely placed to the specimen. The
base pressure of the reactor was less than 10 mTorr and ALD
was processed at a working pressure range of 1.4-3.3 Torr.

All thicknesses of the grown films were measured by SE
(MG-1000, NanoView). The incident angle of the polarized
light in the SE was fixed at around 70°, and the incident light
has a spectral range of 1.5-5.0 eV. The measured data by SE
was fitted with a Tauc-Lorentz dispersion function in order to
determine the thickness.>> Raman spectroscopy (Alpha 500R,
WiTec) was used to characterize MoS, films using a 532 nm
laser excitation. The Si peak at 521 cm™" was used as a refer-
ence for wavenumber calibration. X-ray photoelectron spectro-
scopic (XPS) spectra were obtained on a PHI 5000 Versaprobe
(ULVAC PHI) using monochromatic Al Ka emission. Binding
energies were measured using the C 1s peak (284.8 eV) of the
adventitious carbon as an internal standard. X-ray diffraction
(XRD) measurements were carried out in 6/26 scan mode
using a Philips X’pert Pro MRD X-ray diffractometer with
Cu Ka emission. The high resolution transmission electron
microscopy (HR-TEM) sample was prepared by using a focused
ion beam and its microstructure was imaged in a TITAN
TM 80-300 FEI microscope.

3 Results and discussion
3.1 Self-limiting growth of MoS, thin film by ALD

Although Mo(CO)s is a solid at ambient condition, it has a
vapor pressure of 0.10-0.15 Torr at room temperature, which is
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enough for deposition process in vacuum.>**> Several groups
have used Mo(CO)s as a Mo precursor in ALD or CVD of M0O;
thin films.'>***” It is well known that physisorbed Mo(CO),
undergoes decarbonylation to form chemisorbed subcarbo-
nyls, Mo(CO),, (n < 5), on the surface of various substrates.**™"
Therefore Mo(CO)s was chosen as a Mo precursor for the first-
half reaction of ALD.

Chemisorption of organosulfur compounds (e.g., DMDS)
has been intensively studied due to their importance in hydro-
desulfurization catalysis, self-assembled monolayers and so
on.**?? There are several reports for dissociative chemisorp-
tion of DMDS through S-S bond cleavage to form methyl-
thiolate intermediate (CH3;S-) on the surface of various
substrates.’*® The surface methylthiolates can undergo
additional decomposition via C-S bond cleavage to produce
sulfur adatoms releasing gaseous molecules such as (CHj3),S
and CH3;CHj;. This reaction is utilized in thiol desulfurization
by using Mo, sulfided Mo, or Mo(CO); catalysts.>® Because it is
expected that the formation of surface S atoms from the
methylthiolates may be also catalyzed by the chemisorbed Mo
(CO),,, DMDS was selected as a S precursor for the second-half
reaction of ALD. As a result, the chemistry for our MoS, ALD
may consist of the first- and second-half reactions given in
eqn (1) and (2):

|-S +Mo(CO),(g) — [-S-Mo(CO), + (6 —n)CO(g) (1)
|[-Mo(CO),, + CH;3S,CH;(g) — |[-Mo-S + byproduct(g) (2)

where |- denotes surface.

In order to confirm the self-limiting chemisorption of the
precursors in each half-reaction, thicknesses of the films
grown at 100 °C for 100 cycles were plotted against exposure
times of Mo(CO)s and DMDS, shown in Fig. 1. The chemisorp-
tion of Mo(CO)s in the first-half reaction (Fig. 1a) shows the
typical self-limiting growth at exposure times (x) of Mo(CO)s
longer than 3 s due to the saturation of adsorption sites occu-
pied by Mo(CO),. Similarly, DMDS also follows the self-limit-
ing growth mechanism as shown in Fig. 1b, however the
thickness saturates in a much shorter exposure time (y) owing

(a) (b)
2 Mo(CO), purge time: 30s ] ] Mo(CO), exposure time: 3s

DMDS exposure time: 1.5s Mo(CO), purge time: 30s
101 DMDS purge time: 30s 1049 DMDS purge time: 30s

Thickness (nm) for 100 cycles
Thickness (nm) for 100 cycles

0K T T T r T 0L T . r T
o 1 2 3 4 5 00 05 10 15 20
Mo(Co), exposure time (s) DMDS exposure time (s)

Fig. 1 Thicknesses of MoS; films against exposure times of Mo(CO)g (a)
and DMDS (b). ALD was performed at 100 °C for 100 cycles. The curves
are drawn for guiding the eye.
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Fig. 2 Thickness of MoS, films against growth temperature. ALD was
performed for 100 cycles with the process times given in the figure. The
curves are drawn for guiding the eye.

to its high vapor pressure (~29 Torr at room temperature).’” In
addition, when one of both half-reactions was performed with
only one precursor by making the exposure time of the other
precursor be zero, the thickness increase by a deposit was neg-
ligible as shown with the thicknesses at x = 0 (Fig. 1a) or y = 0
(Fig. 1b). Consequently, we can exclude the possibility of
uncontrolled thermal decomposition of both precursors in the
film growth. It should be noted that when only DMDS was
exposed without the exposure of Mo(CO), (i.e., x = 0), the thick-
ness of the deposit was also zero. However when the DMDS
was exposed on the surface Mo(CO),, (i.e., x > 0), the film can
grow as shown in Fig. 1a. This is evidence that reveals that the
decomposition of the methylthiolate via C-S bond cleavage is
also catalyzed by Mo(CO),, as done by Mo(C0O)s.>?

Generally, film growth by ALD shows a particular tempera-
ture window in which the growth-per-cycle (GPC) is weakly
dependent on the growth temperature.'® Fig. 2 shows the film
thicknesses grown for 100 cycles (x = 3 s and y = 1 s) at
different temperatures. Film growth is negligible at 60 °C.
However, as the growth temperature becomes higher, the film
thickness increases with the growth temperature and then
saturates at 100 °C. The typical plateau of the GPC is observed
in a temperature range of 100-120 °C. ALD process at higher
temperatures than 120 °C results in a rapid increase of the
GPC due to the uncontrolled thermal decomposition of
precursors.

In addition, due to the self-limiting nature of ALD, the film
thickness linearly increases with the number of ALD cycles.
This is a great advantage of ALD because the thickness of the
film can be controlled on an angstrom scale by the number of
ALD cycles with a value of GPC. Fig. 3a shows thicknesses of
MosS, films against the number of ALD cycles. The GPC of
MosS, at 100 °C was evaluated to be 0.11 + 0.01 nm per cycle
(when x =4 s and y = 1.5 s) from the slope in the figure.

3.2 Characterization of MoS, thin film grown by ALD

Since the temperature window for our ALD chemistry is very
low for the film to be crystallized, the films grown in this temp-
erature range (100-120 °C) are shown to be amorphous by
TEM and XRD analysis (see Fig. 5b and 6). If the ALD MoS,
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Fig. 3 (a) Thickness of MoS, films against number of ALD cycles.
(b) Raman spectra (532 nm laser excitation) of MoS, films that were
grown for various numbers of ALD cycles (the numbers on each spec-
trum). ALD was performed on SiO,/Siat 100 °C (x =4 sandy = 1.5s).

films were completely amorphous, no clear peaks should be
visible in Raman spectra.®® However the Raman spectra in
Fig. 3b reveal that the amorphous MoS, film grown on SiO,/Si
has a locally-ordered S-Mo-S unit with an atomic arrangement
of 2H-MoS,. In the 2H structure of molybdenite (naturally
occurring MoS,), an atomic plane of Mo is sandwiched
between two atomic planes of S in a trigonal prismatic arrange-
ment. For the bulk MoS,, the characteristic E',, (in-plane) and

A (out-of-plane) Raman modes appear at 383 and 408 cm ™,

respectively.>**°

The ALD MosS, films grown with more than 60 ALD cycles
clearly show the characteristic E',, mode at 381 cm ™" and the
A, mode at 406 cm™'. However the film grown for 40 cycles
does not show any MoS, peak as compared with the Raman
spectrum of the SiO,/Si substrate (the Si peak at 304 cm™ is
marked with an asterisk in Fig. 3b). The E',, and A,, peaks
also show a significant red-shift of 2 cm™" and broadening of
the characteristic modes compared to the bulk MoS,. While
the bulk or few-layered MoS, generally show a line width (full
width at half maximum, FWHM) range of 2-6 cm™" for both
peaks,?® the FWHM of ALD MoS, films (12-14 cm™") is much
broader. It is possibly due to the locally-ordered microstruc-
ture. Recently, it has been reported that the E',, and A, peaks
can be shifted down and broadened for nanoparticles.'"*"**

Generally, the number of S-Mo-S layers in MoS, can be
determined from the wavenumber difference (A) between E',,
and A, peaks, because the frequency of the former decreases
and that of the latter increases with the number of layers.*®
For MoS, films with a higher number of layers than 5-6 layers,
the A values are around 25 cm™'. Even though the as-grown
film by ALD does not show the layered crystalline structure in
TEM and XRD analyses, since the thicknesses of the as-grown
MoS, films with Raman peaks are thicker than 6 nm, the
A values of them are also around 25 cm™" as expected.

One more concern for the Raman spectra is the broad peak
at 227 cm™' marked with D in Fig. 3b. Although there is no
Raman active mode for crystalline MoS, in the wavenumber
region,®® the D peak appears only when the E',, and A, peaks
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Fig. 4 XPS spectra of MoS, films as-grown by ALD or annealed at
900 °C for 5 min: Mo 3d (a) and S 2p (b) peaks. The binding energies
were calibrated by using the C 1s peak (284.8 eV) of the adventitious
carbon as an internal standard.

are observed. Raman inactive modes due to the Raman selec-
tion rule can be activated when the crystal symmetry is broken
by defects.*"*> We believe that the D peak may be attributed to
the disorder in the microstructure of MoS, film. This behavior
seems to be analogous to the disorder-induced mode found
in graphitic carbon materials.****
reported in deposited MoS, films by pulsed laser deposition.*®
They found that the intensity of the disorder peak (D) was rela-
tively attenuated compared to the intensity of the A, peak by
annealing the samples because the crystallinity was improved.

Similar results were also

The as-grown MoS, film was also characterized by X-ray
photoelectron spectroscopy (XPS) as shown in Fig. 4. The
spectra were obtained on the surface sputtered by 2 keV Ar* for
3 s in order to remove the adventitious carbon. The character-
istic binding energies of Mo 3d;, and 3ds,, which are
attributed to Mo*', were observed at 232.3 and 229.1 eV,
respectively.’®*® For the binding energies of S 2p;,, and 2ps,
for divalent sulfide ion (S*>7), the 2ps, peak was observed at
162.3 eV, and the 2p,, peak was not clearly resolved but
appeared as a shoulder of the 2p;z, peak. These binding
energy values are consistent with the previous reports
for MoS,.>**® However the stoichiometric ratio of S/Mo is
estimated to be 1.21 for the as-grown film, possibly due to
partial oxidation of the surface. Indeed, high oxygen content is
detected on the surface with an O/S ratio of 0.85 while the
carbon content is negligible (~0.1 at%). Furthermore, the
oxygen concentration in the as-grown film rapidly decreases
during XPS depth profiling (see Fig. S1 in ESIf). This supports
the partial oxidation of the surface due to vulnerable nature of
the as-grown film in air.

In order to crystallize the amorphous MoS,, the as-grown
film was annealed at 900 °C for 5 min under Ar atmosphere.
The XPS spectra of the annealed film are also shown in Fig. 4.
The Mo 3d;, and 3ds, peaks are located at 232.5 and
229.3 eV, respectively, and the S 2p doublet is clearly resolved
at 163.3 and 162.2 eV after the annealing. In addition, the
stoichiometric ratio of S/Mo is 2.01 and neither oxygen nor
carbon atoms are detected on the annealed film.
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Fig. 5 Raman spectra (a) and XRD patterns (b) of MoS, films as-grown
by ALD or annealed at 900 °C for 5 min.

After the annealing, the Raman modes become much stron-
ger and narrower (FWHM ~9 cm™'), compared with the as-
grown film (Fig. 5a). The D peak at 227 cm ™", originated from
the disorder of MoS,, is also relatively attenuated compared
with that of the as-grown film. But the A value was not
changed due to its 15 nm-thick thickness. For the same speci-
men, we investigated the crystal structure by XRD and high
resolution TEM. The strong peak (260 = 14.27) in Fig. 5b is
attributed to (002) basal planes, for which interplanar spacing
(dooz) is calculated to be ~0.625 nm from the 26 value. This
indicates a little expansion (~1.7%) of the layer spacing in
comparison to that (0.615 nm) of molybdenite.”” The cross-
sectional high resolution TEM image (Fig. 6) also shows that
the S-Mo-S layers are aligned with the (002) basal plane paral-
lel to the substrate. The averaged d,, obtained from the TEM

.14 Crystallized. -

118ls

AU S0 e
Nt

Fig. 6 Cross-sectional high resolution TEM image of the MoS, film
annealed at 900 °C for 5 min. The TEM image in the inset shows the
amorphous nature of the as-grown film.
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image is around 0.63 nm, which is also consistent with the
doo, value obtained by XRD. The crystallization of MoS, in
the parallel direction of the substrate will be advantageous to
prepare electronic devices based on MoS, such as transistors.
However, since the film is not fully crystallized in its thickness
due to the short annealing time (5 min), the crystallization
process of the as-grown film should be optimized for the
device fabrication.

4 Conclusions

In summary, we propose a novel chemical route for MoS, ALD
using Mo(CO)s and DMDS as Mo and S precursors, respect-
ively. Mo(CO); is chemically adsorbed to be Mo(CO),, (n < 5) in
the first-half reaction, and the methylthiolate intermediate
from the dissociative chemisorption of DMDS in the second-
half reaction may undergo additional decomposition to
produce sulfur adatoms, possibly owing to the catalytic effect
of the chemisorbed Mo(CO),,. Even though the as-grown film is
amorphous due to the low growth temperature (100 °C), it
clearly shows the characteristic Raman modes (E',, and A, ) of
MoS,. The as-grown amorphous MoS, may be utilized for cata-
lysis applications such as electrochemical HER. In addition,
the crystallized MoS, by annealing may be used for the
electronic applications, since the annealing process results in
crystallization of the (002) basal planes in a parallel direction
to the SiO,/Si substrate.
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