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Molybdenum disulfide (MoS;) thin films were grown directly on SiO, covered wafers by atomic layer
deposition (ALD) at the deposition temperatures ranging from 175 to 225 °C using molybdenum hexacar-
bonyl [Mo(CO)s] and H,S plasma as the precursor and reactant, respectively. Self-limited film growth on
the thermally-grown SiO, substrate was observed with both the precursor and reactant pulsing time. The
growth rate was ~0.05 nm/cycle and a short incubation cycle of around 13 was observed at a deposition
temperature of 175°C. The MoS, films formed nanocrystalline microstructure with a hexagonal crystal

{\(/iecj)/;nzxords: system (2H-MoS; ), which was confirmed by X-ray diffraction and transmission electron microscopy. Sin-
Atomic layer deposition gle crystal MoS; nanosheets, ~20 nm in size, were fabricated by controlling the number of ALD cycles. The
Mo(CO)s ALD-MoS; thin films exhibited good stoichiometry with negligible C impurities, approximately 0.1 at.%
H,S plasma from Rutherford backscattering spectrometry (RBS). X-ray photoelectron spectroscopy confirmed the

formation of chemical bonding from MoS,. The step coverage of ALD-MoS, was approximately 75% at a
100 nm sized trench. Overall, the ALD-MoS, process made uniform deposition possible on the wafer-scale

Step coverage

(4in. in diameter).

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

Molybdenum disulfide (MoS,) films have been traditionally
known as a solid lubricant for tribological applications in high tem-
perature and vacuum environments [1,2] and catalysis [3,4]. These
MoS, films have been prepared by sputtering from a MoS, target
[5-8] and chemical vapor deposition (CVD) [9-11] using various
Mo and S containing metalorganic precursor of tert-butyl thiolate
Mo(S-t-Bu)4 [9] or the reaction of inorganic precursors, molybde-
num hexafluoride (MoFg) and molybdenum pentachloride (MoCls),
with H,S[11].Recently, the significance of two dimensional materi-
als has been manifested by the discovery of graphene. Among them,
molybdenum disulfide is particularly interesting. In layered struc-
tures, each layer typically has a thickness of 6-7 A, which consists
of a hexagonally packed layer of molybdenum atoms sandwiched
between two layers of sulfur atoms [12]. Bulk MoS; has an indirect
band gap of 1.2 eV, whereas monolayer MoS, is a direct band gap
semiconductor with a band gap of 1.8 eV [13]. In addition, MoS,
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monolayers have been reported to exhibit an excellent on/off cur-
rent ratio of 1 x 108 and high carrier mobility of 168 cm?V-15-1 at
4K to 60cm2V-15-1 at 250K [14]. The presence of a direct band
gap in single layer MoS, makes it very interesting for applications,
such as transistors [ 14-16], lithium ion batteries [17,18], amplifier
devices [19], chemical sensors [20,21], and integrated circuits.
Significant efforts have been devoted to the preparation of
monolayers or a few layers of MoS,, including scotch tape-assisted
micromechanical exfoliation [14,22,23], chemically exfoliation
[17,24,25], vapor solid growth [26], sulfurization of MoO3; or Mo
films [27,28], annealing (NH4 ), MoS, films [29], and chemical vapor
deposition [30-35]. Most of these processes have several limita-
tions, such as difficulties in controlling the thickness and poor
large-area uniformity and the need for high deposition tempera-
ture. Therefore, a new preparation method is needed for producing
high-quality MoS, thin films, MoS; nanosheets by precisely con-
trolling the thickness of MoS, thin films, and for obtaining the
uniformity for fabricating devices in a large-sized wafer. To achieve
those objectives, atomic layer deposition (ALD) can be a viable
solution for the preparation of MoS, thin films and nanosheets
onto those emerging applications because ALD can provide excel-
lent conformality, digital controllability of the film thickness, and
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perfect large-area uniformity owing to its inherent surface-
saturated and self-limited reaction mechanisms. Despite its many
advantages, very few studies [36,37] have examined ALD-MoS,
processes. Tan et al. reported the deposition of ALD-MoS, films
using MoCls with H,S ata deposition temperature of 300 °C. Jin et al.
evaluated other chemical routes to ALD-MoS,, where molybdenum
hexacarbonyl [Mo(CO)g] and dimethyldisulfide (CH3SSCH3, DMDS)
as Mo and S precursor, respectively, were used. The deposition tem-
perature was quite low and was varied from 60 to 140 °C. Despite
this, the film was deposited as an amorphous phase according
to transmission electron microscopy (TEM) and X-ray diffraction
(XRD).

In this study, crystalline and stoichiometric MoS, films were
grown uniformly, reliably and directly on a wafer-scale (4in. in
diameter) without a post-sulfurization process by ALD using a
Mo(CO)g precursor and H,S plasma as the precursor and reactant,
respectively. The growth kinetics of the ALD-MoS, process was also
investigated with the deposition temperature ranging from 175 to
225°Cas well as their film properties. Based on the growth kinetics
of ALD-MoS, process, single crystal MoS, nanosheets could also be
prepared by controlling the number of ALD cycles.

2. Experiments

The MoS, film were deposited using a showerhead-type ALD
(ALD) reactor (Lucida-M100, NCD Technology) with Mo(CO)g and
H,S plasma as the precursor and reactant, respectively. The pre-
cursor was a white powder at room temperature with a vapor
pressure for 0.8 Torr at 40 °C. The deposition temperature was var-
ied from 175 to 225°C and the chamber pressure was fixed to
0.5 Torr, regardless of deposition temperature. The MoS, films were
deposited on thermally grown SiO,, single crystal GaN, and sap-
phire substrates. The Mo precursor was vaporized in a bubbler at
40°C and carried to the chamber by Ar gas at 50 standard cubic
centimeters per minute (sccm). The line temperature for precursor
delivery was kept at 60 °C to prevent condensation of the precursor.
H,S gas was delivered with a flow late of 50 sccm as a reactant for
the Mo precursor. During reactant pulsing, a radio frequency (RF)
power of 100 watts (W) was applied to the showerhead to ignite
the corresponding plasma. After the precursor pulse and reactant
pulse, a purge with 200 sccm of Ar was performed for 10s.

The properties of the MoS, films were analyzed using the fol-
lowing techniques. The thickness of the MoS, film was determined
by cross-sectional view TEM (XTEM, Tecnai F20 equipped with a
200KV accelerating voltage and a field emission gun) analysis. The
phase and crystallinity were confirmed using grazing-incidence
angle (incident angle, 8 =3°) X-ray diffraction (GIAXRD, PANalyt-
ical X’-pert PRO MRD with Cu Ka radiation at 1.5kW) analysis.
The film composition and impurities were measured by Rutherford
backscattering spectrometry (RBS) using He** ions with incident
energy of 2MeV. XPS (ESCALAP 250 XPS Spectrometer in Korea
Basic Science Institute Busan, Korea) was performed to examine
the chemical bonding of the MoS, films. The optical properties
were analyzed by UV-vis—-NIR spectrophotometry (Cary 5000, Agi-
lent Technologies). Plan-view bright field and high-resolution TEM
were also used to examine the microstructure of MoS, films. The
step coverage of the films was evaluated at the trench with a top
opening width of 100 nm using XTEM analysis.

3. Results and discussion

First, the thermal decomposition of the Mo precursor was
checked. For 20 min, the precursor was provided only to the sub-
strate at various temperatures and it was found that until 225°C,
deposition did not occur but when the substrate temperature was
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Fig. 1. Thicknesses of the films deposited on a thermally grown SiO, surface after
300 ALD cycles as a function of (a) Mo precursor pulsing time and (b) reactant (H,S
plasma) pulsing time. The reactant pulsing time was fixed to 20s for (a) and the
precursor pulsing time was 105 for (b).

increased to 250°C, indicating the thermal decomposition of the
precursor at this temperature. Therefore, the deposition tempera-
ture was controlled to be less than 250°C.

Self-limited film growth behavior was identified at a deposition
temperature of 175 °C with the number of reaction cycles fixed to
500.Fig. 1(a)and (b) shows the growth kinetics with precursor puls-
ing time and reactant pulsing time. Fig. 1(a) shows the thickness of
the MoS, thin films deposited on thermally grown SiO, substrates
as a function of the precursor pulsing time, which was varied from
15 to 255 at a fixed reactant pulsing time of 10s. With increas-
ing precursor pulsing time from 15 to 20s, the film thickness was
slightly increased. The film thickness did not increase with further
increases in the precursor pulsing time to 25 s. For precursor puls-
ing times of more than 20 s, the films thickness appeared to become
saturated. Similar growth behavior was observed when the H,S gas
pulsing time was varied from 5 to 30, as shown in Fig. 1(b). In the
case of the reactant pulsing time, the film was saturated aftera10s
pulsing time. Therefore, from Fig. 1(a) and (b), the basic pulsing
conditions was determined to be a precursor pulsing time of 20s,
precursor purging time of 10s, reactant pulsing time of 10s, and
reactant purging time of 10s.

Fig. 2 shows the thicknesses of MoS, films deposited on SiO, as a
function of the number of ALD reaction cycles at a deposition tem-
perature of 175°C. Under basic pulsing conditions, the number of
reaction cycles was varied from 100 to 600 cycles. The film thick-
ness increased linearly with increasing number of reaction cycles.
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Fig. 2. Thickness of the ALD-MoS; films deposited under the basic pulsing condi-
tions as a function of number of the ALD reaction cycles.
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Fig. 3. Growth rate of ALD-MoS; films as a function of the deposition temperature.
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Fig. 4. GIAXRD analysis result on ALD-MoS; films with deposition temperature.

The growth rate on the SiO, substrate, as determined by linear
fitting, was approximately 0.05 nm/cycle. The number of incuba-
tion cycles was approximately 13 cycles from a linear fit of the
data. Compared to previous reports on ALD-MoS,, the growth
rate of the present process was lower. The growth rate of ALD-
MoS; deposited with MoCls with H,S at 300 °C was ~0.18 nm/cycle
[36] and that deposited with Mo(CO)g and dimethyldisulfide at
100°C was ~0.11 nm/cycle [37]. With increasing deposition tem-
perature to 140°C, the growth rate was increased significantly
to ~0.25 nm/cycle for ALD-MoS, using Mo(CO)g and dimethyld-
isulfide. This suggests that the growth rate of ALD-MoS; process
depends on the precursor and reactant used as well as the deposi-
tion temperature.
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Fig.5. RBS spectra of the ALD-MoS; films deposited on a SiO, (100 nm in thickness)-
covered Si wafer at 200°C with incident He** energies of 2 MeV.
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Fig. 6. XPS spectra of the ALD-MoS; films: (a) Mo 3d and (b) S 2p spectra.

Fig. 3 shows the growth rate of the MoS, film as a function of the
deposition temperature under basic pulsing conditions. The deposi-
tion temperatures were varied from 150 to 225 °C but film growth
did not occur at 150°C. At temperatures from 175 to 200°C, the
growth rate was relatively constant. On the other hand, when the
deposition temperature was increased further to 225 °C, the growth
rate again increased rapidly to approximately 0.12 nm/cycles due
to partial decomposition of the precursor. Therefore, the ALD tem-
perature window of between 175 and 200°C for the growth of
ALD-MoS,; using Mo hexacarbonyl and H,S plasma was confirmed.
In this temperature range, the growth rate was relatively constant
and the growth rate was approximately 0.05 nm/cycle.

Fig. 4 shows the grazing incidence angle (6=3°) XRD patterns
of the MoS, films deposited at a deposition temperature of 175
and 200°C with the ALD cycles of 300. Here, the film thickness
was similar, ~15nm. For both MoS, films, three peaks [(002),
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Fig. 7. Plan-view TEM image of ALD-MoS; films: (a) bright-field image of ALD-MoS; film deposited on SiO, (the inset shows the SAD pattern of the film), (b) high resolution
(HR) image, (c) the constructed HR image from the Fourier transformation of the real HR image, and (d) the line profile showing the layer spacing in (c).

14.378° 20; (100), 32.677° 20; and (103), 39.539° 26| from 2H-
MoS, phase where each Mo atom is prismatically coordinated by
six surrounding S atoms, were clearly observed, indicating that
the MoS, film forms a polycrystalline structure. Fig. 4 also shows
that the intensities of the XRD peaks increased with increasing
deposition temperature, suggesting that increasing the deposition
temperature improved the film crystallinity.

The film composition was measured by RBS analysis. Fig. 5
showed the RBS spectra of the MoS, film deposited on the SiO,
substrate, where the incident He** energy is 2.0 MeV. The He** ions
backscattered from a collision with Mo and S atoms in the films are
shown at the channel number at approximately ~860 and ~600,
respectively. Backscattered peaks from Si consist of 2 different pos-
itions. The first peak is at a channel number of ~530, which is the
backscattered one from Si in the thermally grown SiO,. In addition,
the backscattered peak from Si in the Si wafer was observed at a
channel number of ~500 with the highest yield. The backscattered
peak shown at a channel number of ~300 was from O in the SiO,.
The backscattered peak related to O in MoS, film, which should be
shown at higher channel numbers than ~300 (or higher backscat-
tered He** energy) was not detected as well as that related to C in
MoS; film were not detected from RBS. Using a RUMP simulation
for RBS analysis, the film composition was determined to be MoS, 5,
which closely matched the XRD results showing the formation of
a 2H-MoS; phase. The formation of almost pure and stoichiomet-
ric MoS, using the present ALD scheme was notable considering

that even sputter-deposited MoS, films contained oxygen or car-
bon impurities of approximately 8at.% [5,6] and CVD-MoS, film
also contained 6 at.% carbon and 3 at.% oxygen [9]. Therefore, the
RBS results suggested that the ALD-MoS, process examined in this
study could have advantages in terms of film stoichiometry and
purity.

The films deposited under the basic pulsing conditions were
analyzed by XPS to determine the chemical bonding configura-
tion. The XPS data was obtained after sputtering an approximately
10-nm-thick film at the surface to exclude C and O contamina-
tion and to characterize the bonding status of the film itself. The
XPS data was calibrated to the adventitious C 1s peak detected on
the film surface. Fig. 6(a) shows the spectrum of the Mo 3d pho-
toelectrons. The most intensive peak centered at approximately
229eV was assigned to the Mo—S bonding to form 2H-MoS; (Mo
3ds)y: 229eV) [24]. The second intensive peak centered at approx-
imately 232.3 eV could be also due to the Mo—S bonding to form
2H-MoS; (Mo 3d3,: 232eV). The broad peak centered at approx-
imately 226.8 eV was a S-related XPS peak not a Mo-related XPS
one [38]. The binding energy peak related to the bonding with Mo
and O, which is shown at ~235 eV, was not shown, indicating that
the MoS; film does not contain the oxygen impurities, which is the
same result with RBS analysis. Fig. 6(b) shows the spectrum of S
2p photoelectrons. Two intensive peaks were clearly observed at
162.1 and 163.2 eV, which could be identified as S 2p3, and S 2py 5,
respectively, and are related to S—Mo boding to form 2H-MoS, [24].
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Fig. 8. (a) XTEM image showing step coverage of the ALD-MoS; film over the nano-
scale trenches structure and (b) the large-area uniform growth of ALD-MoS, film
(the inset figure shows the ALD-MoS, thin film grown in a 4 in.-diameter wafer).

TEM images shown in Fig. 7(a)-(c) confirmed the phase and
characterized the microstructure of the MoS, film in details. The
plan-view TEM bright-field (BF) image of the MoS, film deposited
on SiO, substrate with 100 ALD cycles shows poly-crystalline grains
with sizes ranging from 15 to 20 nm. The corresponding selected-
area electron diffraction (SAED) pattern (inset) was matched with
that of the 2H-MoS,, which is consistent with the XRD results. MoS,
single crystalline nanosheets could be prepared by controlling the
number of ALD cycles, as shown by Fig. 7(b). Fig. 7(b) presents a
plan-view TEM high resolution (HR) image of MoS, deposited with
30 ALD cycles. A honeycomb-like structure and 6-fold coordina-
tion symmetry were observed and the fast Fourier transformation
[insetin Fig. 7(b)] clearly showed a spot pattern in reciprocal space,
indicating the formation of a single crystal with a size of ~20 nm.
The grain size of single crystal nanosheet from this study was sig-
nificantly lower than those from mechanical exfoliation and CVD
method, which showed the grain sizes of several pm [14,21,31-33].
To extract the lattice spacing and crystal direction precisely, inverse

fast Fourier transformation was performed by applying a mask to
the inset figure in Fig. 7(b) using the Gatan Digital Micrograph soft-
ware package, leading to a constructed HR image [Fig. 7(c)]. From
the constructed HR image, the lattice spacing in each direction was
determined from the intensity profile [Fig. 7(d)], and was 0.26 nm
and 0.16 nm for the (100) and (1 10) planes, respectively.

Fig. 8(a) shows the cross-section TEM (XTEM) images of the
overall trenches (top opening width of ~100 nm) coated with the
ALD-MoS, layer grown under the basic pulsing conditions. The
XTEM images clearly show that the ALD-MoS; film was coated con-
formally and uniformly over the surface of the nano-scale trenches.
The thicknesses of the ALD-MoS, film at the top, middle, and
bottom of the trench were approximately 10.0, 5.0 and 7.5 nm, indi-
cating ~75% bottom coverage. The good step coverage on these
nano-scale trenches shows that the MoS, film can be deposited
under ideal ALD growth mode without partial decomposition of the
precursor. Fig. 8(b) shows XTEM images of the MoS, films grown
on a single crystal GaN substrate. The XTEM image clearly showed
that the 5 nm-thick ALD-MoS, films could be grown very uniformly
in a large region and TEM observations were possible (~1 pm). In
addition, the inset figure clearly shows that the MoS, film (20 nm
in thickness) was grown uniformly on a SiO, covered Si wafer (4 in.
in diameter).

4. Summary and conclusion

Highly conformal MoS, thin films were deposited by ALD using
a Mo(CO)g and H,S plasma as the precursor and reactant on a 4in.
diameter wafer from 175 to 225°C, and their physical properties
were investigated. The ALD window temperature was observed
between 175 and 200°C. Self-limiting film growth was observed
with both the precursor and reactant pulsing time, and the growth
rate on the thermally-grown SiO, substrate was approximately
0.05nm/cycle and a short incubation cycle of approximately 13
was observed at a deposition temperature of 175 °C. Owing to the
inherent advantages of the ALD process, the film thickness could
be controlled precisely and single crystal MoS, nanosheets could
be prepared by controlling the number of ALD cycles. The ALD-
MoS, thin films were quite stoichiometric and pure with negligible
impurities, such as C and O in the film according to RBS and XPS.
The step coverage of MoS, was excellent at approximately 75% at a
100 nm sized trench and wafer-scale growth (4 in. in diameter) was
demonstrated. In conclusion, the ALD-MoS, process developed in
this study could be a viable solution for preparing MoS, nanosheets
and thin films reliably and uniformly for various applications, such
as catalysts, electronic devices and sensors.
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