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Two-dimensional (2D) transition metal dichalcogenides (TMDs) such as MoS, are materials for multifar-
ious applications such as sensing, catalysis, and energy storage. Due to their peculiar charge-transport
properties, it is always desired to control their morphologies from vertical nanostructures to horizontal
basal-plane oriented smooth layers. In this work, we established a low-temperature ALD process for MoS,
deposition using bis(t-butylimino)bis(dimethylamino)molybdenum(vi) and H,S precursors. The ALD reac-
tion parameters, including reaction temperature and precursor pulse times, are systematically investigated
and optimized. Polycrystalline MoS, is conformally deposited on carbon nanotubes, Si-wafers, and glass
substrates. Moreover, the morphologies of the deposited MoS; films are tuned from smooth film to verti-
cally grown flakes, and to nano-dots, by controlling the reaction parameters/conditions. It is noticed that
our MoS, nanostructures showed morphology-dependent optical and electrocatalytic properties, allow-
ing us to choose the required morphology for a targeted application.

Introduction

Transition metal dichalcogenides (TMDs) such as MoS,, WS,
and WSe, are promising two-dimensional materials which
have been applied in various areas due to their peculiar
properties." ™ Among TMDs, MoS,, due to its excellent electro-
chemical and electrical properties, has shown a great potential
notably in sensors, catalysis, and transistors.”*> Up to now,
MosS, is synthesized by various approaches like mechanical
exfoliation,® chemical exfoliation,” hydrothermal methods,®
and chemical vapor deposition (CVD).” However, these syn-
thesis methods suffer from small particle size, poor film thick-
ness control, and scalability.'®'" Moreover, high deposition
temperature and inhomogeneous coating also limit the CVD
method."

The electronic and catalytic properties of MoS, are strongly
related to its thickness and morphology. For example, bulk
MoS, exhibits an indirect bandgap of 1.2 eV, while it transits
to a direct bandgap semiconductor with a 1.9 eV bandgap
when it is thinned down to a monolayer,">"® which is
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much more suitable for applications such as photonics,
transistors,”®'* and memory devices.'”” In addition, it is
always desired to achieve MoS, with high surface area or an
enhanced exposure of active sites for applications in energy
storage and conversion.>'®'” Sun et al. demonstrated that
flower-like MoS, shows a better performance for Li-ion
storage than MoS, spheres.'® Ho et al. also reported the
improvement in the hydrogen evolution reaction (HER) per-
formance of MoS, by tuning the active area.” Therefore, it is
important to develop synthesis approaches that easily allow
to tune the MoS, layer thickness, and to control the mor-
phology and nanostructure.

Atomic layer deposition (ALD), due to its high conformality,
shows great potential in the precise control of the thicknesses
and morphologies of the deposited layers, especially for the
preparation of complex nanostructures.”*®>* Based on these
peculiarities, several TMD nanomaterials with varying mor-
phologies and complex nanostructures have been synthesized
by ALD by modifying various deposition parameters and/or by
using different substrates and templates.>*>® For example,
Mattinen et al. deposited a ~3 nm thick SnS, film on 3D nano-
scale trench substrates with a depth of 90 and a width of
30 nm.”” In another study, the morphology of the MoS, films
could be tuned from vertical nano-flakes to smooth films by
controlling the sulfurization temperature of a precursor MoO;
film.>® Himaildinen et al. also reported the vertical-growth of
ReS, on 3D substrates.>® These morphology-controlled depo-
sitions demonstrated the applicability of ALD in the synthesis
of TMDs with tunable structure on various substrates.>**®

This journal is © The Royal Society of Chemistry 2020
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Simultaneously, researchers made a great effort on the ALD
of MoS,."*°7! Liu et al. fabricated MoS, with precise layer-
control using MoCl; and H,S as precursors.>’ Maclsaac et al.
developed an ALD/MLD process to synthesize MoS, using Mo
(CO)s and 1,2-ethanedithiol.>” High-temperature sulfurization
of thickness-controlled MoO; by ALD is also a useful approach
to obtain high-quality MoS,.'*? Although these approaches
produced promising materials, the high reaction temperatures
required as well as high sulfurization temperature still hin-
dered the progress of ALD-MoS,. Therefore, it is essential to
develop an ALD process at low-temperature, which is more
adaptive for temperature-sensitive substrates such as poly-
meric substrates and further facilitates device fabrication.'**

Metal-amides complexes, due to their high reactivity,
became a class of promising metal precursors in ALD pro-
cesses for depositing high-quality metal dichalcogenides at
low reaction temperatures. For example, SnS, was prepared at
150 °C using tetrakis(dimethylamino)tin ((NMe,),Sn),*> MoS,
was deposited even at 50 °C with tetrakis(dimethylamino)mol-
ybdenum ((NMe,),Mo)."** Recently, we reported a low temp-
erature deposition of WS, with bis(t-butylimino)bis(dimethyl-
amino)tungsten(vi) (BTBMW), another class of amide-contain-
ing precursors, and H,S as precursors.*® Moreover, bis(t-butyli-
mino)bis(dimethylamino)molybdenum(vi) (BTBMMo) complex
with the similar molecular structure as BTBMW has been
used as molybdenum precursor for plasma-enhanced ALD
or thermal-ALD synthesis of molybdenum carbonitride
(MoC,N,),>” molybdenum nitride (MoN)***° and oxide (M0O;).*
Recently, BTBMMo was reported to be used for ALD-MoS, by
sulfurization of ALD molybdenum oxide'® and by depositing
directly with the assistance of H,S plasma at a temperature
above 300 °C.>® However, deposition of MoS, using BTBMMo
and H,S as precursors in a thermal ALD at low temperature
(below 250 °C) with control over the morphologies and thick-
nesses has not been systematically investigated so far.

In this work, an ALD process of MoS, was first established
in a thermal ALD system at low temperature (<250 °C), using
[(N‘Bu),(NMe,),Mo] as molybdenum precursor and H,S as a
sulfur source. MoS, was successfully deposited on Si wafers,
carbon nanotubes (CNTs), and glass under optimized ALD
parameters. Moreover, the influence of reaction temperature
on morphologies and optical properties of ALD-MoS, was also
discussed. Further, the role of in situ post-annealing at 300 °C
under H,S was investigated. Moreover, the influence of anneal-
ing temperature carried out under different environments was
also studied. Finally, the potential applications for MoS, were
demonstrated by testing the catalytic properties of MoS,/CNTs
nanostructures.

Experimental section

Pristine CNTs were first pretreated with nitric acid as pre-
viously reported.’® Then a CNTs dispersion was prepared by
dispersing 10 mg of oxidized CNTs into 20 mL ethanol with
sufficient sonication. Finally, 2 mL of the CNTs suspension
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was dropped cast onto a 5 x 5 ecm” aluminum foil for MoS,
ALD.

The MoS, was deposited in our homemade ALD system
using  bis(t-butylimino)bis(dimethylamino)molybdenum(vi)
(BTBMMo, 98%, Strem), stored in a stainless steel cylinder (at
55 °C) as a molybdenum precursor. The H,S (Air Liquide, CAS
number: 7783-06-4, H,S > 99.5%), kept at room temperature,
was used as a source of sulfur at 400 mbar pressure. N, (Air
Liquide, 99.99%) was used as a carrier and purging gas in the
ALD system to deliver the precursors and to remove the excess
of the reactants and by-products, respectively. Functionalized
CNTs, silicon wafers with natural oxide layer and glass were
used as substrates. The ALD parameters were first optimized
using silicon wafers as substrate. The ALD parameters were
fixed to pulse/exposure/purge times of 1.5 s/30 s/30 s for
BTBMMo and 0.2 s/75 s/30 s for H,S, respectively, unless
otherwise stated. The precursors supply lines were heated to
110 °C to avoid the condensation of the metal precursor. The
depositions were carried out at a chamber temperature
ranging from 100-300 °C. Post annealing process, a useful
approach to crystallize the deposited components, was carried
out at 300 °C for 4 hours under H,S unless otherwise
mentioned.

Spectroscopic ellipsometry (SENpro Sentech) was used to
characterize the relative thickness of the as-deposited thin film
on Si-wafer with data collection ranging from 370 to 1000 nm
under a 70° incidence angle. Transmission electron
microscopy (TEM, Philips CM200 LaBg) was used to character-
ize the morphology and structure of the as-deposited material
on the CNTs. High-resolution transmission electron
microscopy (HRTEM), high-angle annular dark-field scanning
transmission electron microscopy (HAADF-STEM) and energy
dispersive X-ray analysis (EDX) elemental mapping were
measured using a FEI Talos F200S scanning/transmission elec-
tron microscope (S/TEM), operated at 200 kV. Powder X-ray
diffraction (XRD) patterns were collected on a STOE Stadi MP
Diffractometer with Mo Ka, radiation source (4 = 0.7093 A).
MoS, formation was analyzed by an XPLORA plus Raman
microscope with an excitation wavelength of 532 nm laser and
the Raman spectra were calibrated with the 520 cm™' phonon
mode of Si. X-ray photoelectron spectroscopy (XPS) measure-
ments were carried out using a Jeol JPS-9030 set-up (base
pressure 2.10"° mbar) including a hemispherical energy analy-
zer and a monochromatic Al Ka (hv = 1486.6 eV) X-ray source
in an ultrahigh vacuum chamber. For reference, the C 1s peak
position from the CNTs was determined at 284.6 eV binding
energy. UV-Vis spectra were recorded on a UV-Vis spectrometer
(Thermo Fischer Evolution 220).

Results and discussion

In our recent report, we have developed a WS, ALD process
using the same thermal ALD system with bis(¢-butylimino)bis
(dimethylamino)tungsten(vi) (BTBMW) and H,S as precur-
sors.*® Thus, by using the experience acquired with WS, ALD,
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we started the MoS, ALD experiments by adjusting the pulse/
exposure/purge times as 1.5 s/30 s/30 s and 0.2 s/75 s/30 s for
BTBMMo and H,S, respectively. The BTBMMo precursor was
stored in a stainless steel cylinder and kept at 55 °C (keeping
in view the TGA data in ref. 40) for providing sufficient vapor
pressure. Finally, an in situ post-annealing process under H,S,
a simple but useful approach to obtain high-quality MoS,,**
was carried out at 300 °C after the ALD process for improving
the crystallinity and morphology of the deposited layers. The
MoS, deposited on Si/SiO, wafers at 200 °C (denoted as MoS,-
200) was first confirmed by Raman spectroscopy (Fig. Siaf).
The two characteristic Raman peaks at 382 and 407 cm™" are
related to the in-plane (E,,') and out of plane (A;,) vibrations
of MoS,, respectively, indicating the successful synthesis of
MoS, using BTBMMo as molybdenum precursor. The large fre-
quency difference between the two peaks (i.e., 25 cm™") con-
firmed that the thickness of the MoS, is larger than 6 layers.*"

Fig. S1bt shows the XRD pattern of MoS, deposited onto
the CNTs (MoS,/CNT) at 200 °C with 500 ALD cycles. The
peaks at 6.27°, 14.99°, 15.34°, and 17.91° can be attributed to
the (002), (100), (101) and (013) planes of MoS, according to
the reference card number COD 96-101-1287. The broad peaks
are attributed to the low thickness and poor crystallinity of de-
posited MoS, onto CNTs. The peak at 11.9° belongs to the
(002) plane of graphitized carbon from the CNTs substrate
(COD 96-101-1061). Both Raman and XRD results demon-
strated the successful synthesis of MoS, by ALD using
BTBMMo and H,S as precursors.

The thermal ALD process was optimized by varying the depo-
sition parameters, including reaction temperature and precur-
sor pulse time (Fig. 1). Fig. 1a presents the MoS, thickness after
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200 ALD cycles as a function of the reaction temperature. A reac-
tion with steady growth at temperatures between 100-225 °C is
observed, while at higher temperatures (>225 °C) a slight
increase in the growth per cycle (GPC) is recorded. Notably,
this steady temperature window (100-225 °C) is close to the
reported results on molybdenum oxide deposition by ALD using
BMBMMo as a molybdenum precursor.*> However, due to the
limitation of the temperature in our reactor, we could not study
the reaction at a temperature higher than 300 °C and lower
than 100 °C. Noticeably, considering the previous reports that
show an ALD window using BTBMMo precursor between
260-300 °C for molybdenum nitride*® and oxide,'* suggests
that the slight increase of the film thickness at 250-300 °C may
not be caused by the decomposition of the metal precursor, but
rather by other factors such as roughness of the deposited film
(see below).”® The relationship between the MoS, thickness
after 100 ALD cycles and the pulse time of the metal precursor
is presented in Fig. 1b. The substrate temperature was set to
200 °C and the pulse/exposure/purge time for H,S was kept as
0.2 s/75 s/30 s. The exposure and purge time for the metal pre-
cursor are both kept at 30 s, while the pulse time of the metal
precursor was investigated in the range from 0.5 to 1.5 s with an
increment of 0.25 s in each step. The layer thickness with 100
ALD cycles first increased with the increasing of the pulse time
of BTBMMo and remained at ca. 7.5 nm when the dose time
was longer than 1 s. This indicates that 1 s dose time for the
metal precursor is sufficient to saturate the reaction chamber.
However, for depositing MoS, on high specific surface area sub-
strates such as CNTs, we adjusted the pulse/exposure/pump
time of BTBMMo and H,S at 1.5 s/30 s/30 s and 0.2 s/75 s/30 s,
respectively.
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Fig. 1 The thickness of the MoS; as a function of the (a) deposition temperature and (b) pulse duration of BTBMMo. (c) Spectroscopic ellipsometry
curves for the MoS, deposited films with different ALD cycles (15, 50, 100, 200 and 300) at a reaction temperature of 150 °C. (d) A linear dependence
between deposited film thickness and number of ALD cycles. All data sets are measured and fitted by spectroscopic ellipsometry on Si-substrates.
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The GPC was systematically determined by investigating the
relationship between thickness and number of ALD cycles at
150 °C (Fig. 1c and d). The original data collected by spectro-
scopic ellipsometry on Si/SiO, wafers are shown in Fig. 1c. It
can be seen that with increasing number of ALD cycles, the
curves shift to low delta values, indicating an increase in the
film thickness. The shift between 0 and 15 cycles is much
larger than that to the higher ALD cycle numbers, in contrast
to the nucleation-inhibited reaction of WS, reported in our
previous work.*® The more probable reason for the dramatic
increase of film thickness at the beginning of reaction may be
due to island-like nucleation growth modes during the initial
several deposition cycles.” The film thickness increases follow-
ing a linear relationship (R* > 0.97) with a slope of 0.08 nm per
cycle at 150 °C on Si wafer (Fig. 1d). Interestingly, the intercept
on the y-axis demonstrates that there may be a nucleation-
enhanced reaction at the beginning of the deposition.
Nevertheless, the thickness and GPC value are the reference
for guiding the experiment designing, the exact thickness
values on different substrates should be measured by direct
methods such as transmission electron microscopy.

The structure and morphologies of MoS, deposited onto
the CNTs (MoS,/CNTs), at a temperature range from 100 to
300 °C, are characterized by transmission electron microscopy
(TEM). All the samples were annealed at 300 °C under H,S
after the standard ALD process, except the samples that were
deposited at 300 °C directly. Fig. 2 presents the overview TEM
images for the samples deposited at 100, 125, 150, 175, 200,
225, 250 and 300 °C, respectively. It can be seen that the CNTs
are conformally coated with a smooth film of MoS, at relatively
low temperature, ie., 100-225 °C (Fig. 2a-f). Moreover, MoS,
deposited comparatively at lower temperatures (<150 °C) is
even smoother (Fig. 2a—-c) than those deposited at higher reac-
tion temperatures, i.e., >175 °C (Fig. 2d-f). On the other hand,
as the reaction temperature reached 250 °C, MoS, deposited
onto the CNTs as random nano-flakes rather than a continu-
ous and smooth film. Noticeably, the growth model of TMDs
from smooth film to vertical nano-flakes was also previously
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observed on planar substrates.*>** Interestingly, when the
reaction temperature reached 300 °C, there are only a few
nanodots decorated onto CNTs, which may be due to the de-
sorption of the molybdenum precursor from CNTs at this com-
paratively high temperature. On account of these results, it can
be concluded that MoS, with varying morphologies were de-
posited onto the CNTs by ALD through temperature-controlled
processes.

For further investigating the deposited MoS, and the influ-
ence of the reaction temperature on their morphologies, two
typical samples that were deposited at 200 °C (denoted as
MoS,/CNTs-200, CNTs with smooth MoS, coating layer) and at
250 °C (denoted as MoS,/CNTs-250, random nano-flakes grow
on CNTs) were analyzed by HR-TEM, SAED and EDS elemental
mappings (Fig. 3 and S21). High-resolution TEM (HRTEM)
images clearly revealed the morphologies and structures of
MoS,. It can be seen that both samples are completely coated
with crystalline MoS, (Fig. 3). Noticeably, MoS, is conformally
deposited both onto the inner and outer surfaces of the CNTs
with varying morphologies from smooth films to vertically
grown nano-flakes for MoS,/CNTs-200 (Fig. 3a and b) and
MoS,/CNTs-250 (Fig. 3e and f), respectively, further demon-
strating the advantages of ALD for the conformal deposition of
thin films onto the complex substrates. The HAADF-STEM and
the corresponding elemental mapping images of both samples
further revealed a homogenous distribution of Mo and S
throughout the inner and outer walls of the CNTs, forming a
smooth film of MoS, for MoS,/CNTs-200 (Fig. 3d) and a flakes-
like morphology of MoS, for MoS,/CNTs-250 samples (Fig. 3h).
The lattice fringes of 0.63 nm derived from the magnified
HRTEM (red square of Fig. 3b and f) can be assigned to the
(002) lattice plane for the MoS,. The selected area electron
diffraction (SAED) pattern (Fig. 3c and g) of MoS,/CNTs-200
and MoS,/CNTs-250 indicate that the MoS, coated on CNTSs is
polycrystalline.

Concurrently, the importance of the post-annealing process
is also confirmed by TEM images. Fig. S31 shows the TEM
images of MoS, deposited on CNTs at 200 and 250 °C, without

Fig. 2 High-resolution TEM images of MoS,/CNT deposited at (a)-(g) 100, 125, 150, 175, 200, 225 and 250 °C followed by in situ post-annealing at
300 °C under H,S, and as-deposited at (h) 300 °C without post-annealing. All samples are deposited with 200 ALD cycles.

This journal is © The Royal Society of Chemistry 2020
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Fig. 3 High-resolution TEM images (a and b), (e and f) and SAED (c and g) of MoS,/CNTs-200 (a—c) and MoS,/CNTs-250 (e—g). HAADF-STEM
images of MoS,/CNTs-200 (d) and MoS,/CNTs-250 (h) and corresponding EDS elemental mappings. Both samples were in situ annealed at 300 °C

under H,S.

post-annealing. It can be seen that the as-deposited samples at
200 °C show an amorphous MoS, film, smoothly deposited
onto the inner and outer walls of CNTs (Fig. S3a and bt), while
the morphology of MoS, deposited at 250 °C is obviously
rougher than that deposited at 200 °C, indicating that the
deposition temperature has a great effect on the morphology
of final materials (Fig. S3d and ef). It is further noticed that
the material deposited at 250 °C is a mixture of amorphous
components and crystalline grains of MoS,. Several MoS,
nanocrystals are imbedded in the amorphous component, c¢f.
the magnified view of the green dot square and the selected
areas with red dot circles, Fig. S3e.} The appearance of these
small MoS, crystals is attributed to the high deposition temp-
erature. This can analogously be observed on the samples de-
posited at 300 °C (Fig. S41). Both SAED patterns indicate that
the as-deposited samples are dominated by amorphous MoS,
(Fig. S3c and ff). As expected, the amorphous MoS, film is
converted to crystalline MoS, after 4 hours post-annealing
under H,S at 300 °C. Indeed, the crystalline MoS, smoothly de-

20408 | Nanoscale, 2020, 12, 20404-20412

posited on the surface of CNTs was confirmed by TEM data
(Fig. 2 and 3).

The composition and chemical state of MoS, deposited
onto the CNTs were analyzed by X-ray photoelectron spec-
troscopy (XPS). The XPS data for MoS,/CNTs-200 are shown in
Fig. 4a and b. The high-resolution XPS spectrum in Fig. 4a dis-
plays the Mo 3d and S 2s regions and Fig. 4b shows the S 2p
region. In Fig. 4a, the peak at low binding energy at ca. 226.7
eV is due to the S 2s core level, which is followed by two dis-
tinct pairs of Mo 3d doublets. The Mo 3ds, from the low
binding energy doublet is found at 229.0 eV and that of the
high binding energy doublet is found at 232.7 eV, both doub-
lets showing a spin-orbit splitting of ca. 3.1 eV (Fig. 4a).
According to the literature, the low binding energy doublet can
be readily ascribed to MoS, and the high binding energy one
to the MoO3,** which could be mainly ascribed to the insuffi-
cient reduction of high valence Mo®" by such a low sulfuriza-
tion temperature of 300 °C, as well as the oxidation of the
MosS, film at the near-surface when it is exposed to the air. In

This journal is © The Royal Society of Chemistry 2020
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Fig. 4 XPS spectra of Mo 3d (a and c) and S 2p (b and d) for MoS,/CNTs-200 sample, annealed in H,S at 300 °C for 4 h (a and b), and for MoS,-

HTA-H,S sample, annealed in H,S at 700 °C for 2 h (c and d).

Fig. 4b, only one S 2p doublet is found with the S 2p3,, peak
position at 162.2 eV, in agreement with the reported value of
basal plane S>~ ligands in MoS,.*

Compared to the as-synthesized sample without post-
annealing, the MoS,/CNTs-200 sample with post-ALD anneal-
ing under H,S shows comparatively a lower binding energy of
Mo 3ds;,, which indicates a lower valence state of Mo
(Fig. S5at) demonstrating that the molybdenum has been
reduced during the H,S annealing process. Moreover, the
shape of the S 2p lines for the components with post-anneal-
ing at 300 °C, with a clear doublet and sharp peaks, differs
strongly from that without post-sulfurization (Fig. S5b¥). The
latter is composed of two broad doublets, one corresponding
to sulfur from MoS, as in the sample with a post-ALD anneal-
ing process (S 2ps/, at ca. 162 eV) and one at higher binding
energy (S 2ps/, at ca. 163.5 eV), which may be attributed to the
presence elemental sulfur or amorphous MoS;.*® These results
indicate that the post-annealing process is necessary to the as-
deposited MoS, component for obtaining a higher quality
MosS,. This is also confirmed by the high-resolution spectra of
the Mo 3p-N 1s energy region (Fig. S5ct), in which the Mo 3p
becomes much sharper after post-ALD annealing. Besides, no
obvious N 1s signal can be observed around 400 eV both in the
samples with and without post sulfurization, suggesting the
complete exchange of amino and imino ligands with sulfur
during the ALD process.

It can be seen that post-deposition annealing largely
improved the MoS, film (Fig. 2, 3 and Fig. S51), even at rela-
tively low annealing temperature, i.e., 300 °C, suggesting that a
higher annealing temperature most probably will further
increase the quality of ALD-MoS,. Therefore, a higher tempera-
ture sulfurization process was carried out at 700 °C under H,S

This journal is © The Royal Society of Chemistry 2020

flow in a tubular furnace. The sample was denoted as MoS,-
HTA-H,S. The high-resolution XPS spectra in Fig. 4c and d
show the Mo 3d and S 2p regions of MoS,-HTA-H,S. The Mo
3d spectrum shows only one doublet at 229.0 eV with a spin-
orbit splitting of ca. 3.1 eV, which corresponds to the Mo** in
MoS, (Fig. 4c).** Interestingly, the sample produced at a
higher temperature sulfurization shows no signals belonging
to Mo®", compared to the 17.4% of Mo®" in the sample of
MoS,/CNT-200, which indicates that all Mo components com-
pletely convert to MoS, during high-temperature sulfurization.
The broad peak around 228.3 eV could be ascribed to elemen-
tal S, which can be further confirmed from the S 2p spectrum.
There are two distinct pairs of S 2p doublets (Fig. 4d), one
located at low binding energy at ca. 162.0 eV attributed to
MoS, while another located at a higher binding energy of ca.
163.7 that can be ascribed to the elemental S.*” This elemental
S might be generated during the long sulfurization process
under H,S at 700 °C,*® which may be controlled by reducing
the sulfurization time or temperature.

The TEM images of MoS,-HTA-H,S depict the high crystalli-
nity MoS, film smoothly coated onto the CNTs walls (Fig. 5a
and b). The SAED pattern (Fig. 5c) shows diffraction rings,
which correspond to polycrystalline MoS,. The morphology of
MoS,-HTA-H,S (annealed at 700 °C in H,S) is quite different
from the vertical nano-flakes in MoS,/CNT-250 (Fig. 3e and f),
which is in situ annealed at 300 °C under H,S. The MoS,-
HTA-H,S shows a relatively smooth MoS, film coated onto the
CNTs, although there are still some nanocrystalls grown with
random orientations (Fig. 5a and b). All of these results
demonstrated that sulfurization at high temperatures could be
a useful approach to improve the quality of as-deposited MoS,
film.

Nanoscale, 2020, 12, 20404-20412 | 20409
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Fig. 5 TEM images (a and b) and SAED (c) of MoS, deposited at 250 °C
with post sulfurization under H,S atmosphere at 700 °C.

Moreover, to see the effect of different annealing environ-
ments, the as-deposited samples were further annealed under
forming gas (5% H, in Ar) and inert gas (Ar) at 700 °C for
2 hours. Fig. S67 shows the TEM results of MoS, deposited
onto the CNTs at 200 °C followed by annealing at 700 °C
under forming gas (denoted as MoS,-HTA-H,/Ar, Fig. S6a-c¥)
and under Ar (denoted as MoS,-HTA-Ar, Fig. S6d-ff) with a
mass flow of 30 scem. The HRTEM images of MoS,-HTA-H,/Ar
(Fig. S6a and bt) show the presence of crystalline MoS, film
with typical lattice fringes of ~0.63 nm, which can be ascribed
to the (002) plane of MoS, crystals. The SAED pattern
(Fig. Séct) of MoS,-HTA-H,/Ar demonstrates that the as-de-
posited MoS, annealed at 700 °C under forming gas is poly-
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crystalline. Although no obvious lattice fringes corresponding
to MoS, were observed in the MoS,-HTA-Ar sample (Fig. S6d
and et), nevertheless, the clear SAED pattern (Fig. S6ff) indi-
cates that MoS, is converted from amorphous to polycrystal-
line MoS, during high-temperature annealing under Ar.

The optical properties of as-deposited MoS, were investi-
gated by UV-vis absorption spectroscopy on MoS, deposited
on glass (Fig. 6). Fig. 6a shows the UV-vis spectra of MoS, de-
posited on glass at 200 °C with 100 (black), 200 (blue) and 400
(red) ALD cycles. The prominent C and D excitonic peaks
around 410 nm belong to nanosized MoS, sheets,* while the
broad and relatively lower intensity absorption peak around
600-700 nm reflects the A and B excitonic peaks derived from
the K point of the Brillouin zone.>® The disappearance of distin-
guished A and B excitonic peaks (~600-700 nm) may be due to
the amorphous or poor crystallinity of MoS, deposited and
annealed at low temperatures.”">> The appearance of a promi-
nent peak around 410 nm also reflects the simultaneous exist-
ence of few-layer and nanocrystals.”® With the increase of the
number of ALD cycles the absorption intensity increased signifi-
cantly, which reflects the increase of mass loading of MoS,.
Importantly, the absorption peaks always appeared at around
415 nm and without a significant shift. However, when the
deposition temperature increased to 250 °C, the absorption
peak undergoes a blue-shift from 410 to 380 nm (Fig. 6b and c).
With the temperature increased to 275 °C, the absorption peak
shifts to ~370 nm. This blue-shift of the excitonic peaks may
reflect the decrease of the nanocrystal size,*>® as confirmed
from TEM measurements. Furthermore, as the reaction temp-
erature decreased to 100 °C, the absorption peak also shows a
tendency to blue-shift with a ~15 nm wavelength range (Fig. 6c).

100°C ——MoS,-Uv7
150°C ——MoS,-Uv8
200°C ——MoS,-Uv1
250°C ——MoS,-Uv4

z 0.20 4 275°C ——MoS,-UV9
8 0.15- 200ALD
@
Qo
S 0.10
17
2
0.05
_M
0.00 . - = =
300 400 500 600 700 800

Wavelength (nm)

a 030
100ALD—— MoS,-UV3
200ALD——MoS,-UVv1
0:25+ 400ALD—— MoS,-UV2
3 0.20- 200°C
S
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o
e}
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172}
<
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0.00 - . . . :
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E 4004 =
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Fig. 6 UV-vis spectra of MoS, deposited on glass at 200 °C for different numbers of ALD cycles (a) and at different reaction temperatures with 200
ALD cycles (b). Variation of the wavelength of the absorption peak as a function of the reaction temperature (c). All the samples are post-sulfurized

under a H,S atmosphere at 300 °C.
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As discussed in the introduction, different applications
require specific characteristics of the TMDs materials in terms
of morphology, nanostructure and film thickness. For
example, smooth and even few-layer films of TMDs are much
more suitable for semiconductor applications due to their
tunable bandgap via controlling the film thickness, while
TMDs with flake-like morphologies are more suitable for
energy and catalysis applications, because of their high
specific surface area and more exposed edges along with active
sites.”® It is reported that few-layer exfoliated MoS, presented
high selectivity in gas sensors,* while flower-liked MoS, exhibi-
ted excellent HER performance.’® As an example of appli-
cations for our MoS,/CNTs synthesized heterostructure, HER
measurements are briefly presented (Fig. S71). Undoubtedly,
the MoS,/CNTs-250 sample shows a comparatively lower over-
potential at current densities of 10 mA cm~? than the MoS,/
CNTs-200 sample due to the exposed nanoflakes, which
provide more catalytic active sites.

Conclusions

In summary, we report a successful deposition of MoS, by
thermal ALD at a low reaction temperature, using bis(¢-butyli-
mino)bis(dimethylamino)molybdenum(vi) (BTBMMo) and H,S
as a Mo precursor and sulfur source, respectively. The MoS,
has been deposited onto different substrates including Si-
wafer, CNTs and glass, where the morphologies of the MoS,
film were controlled from smooth film to vertical nanoflakes,
and to nanodots by controlling the ALD reaction temperature
and post-ALD annealing steps. The influence of annealing
temperature and environments on the quality of final MoS,
films are also studied systematically. Moreover, the optical pro-
perties and the electrocatalytic activities of the MoS, films
show noticeable dependence on the morphology of the MoS,
nanostructures. As a matter of fact, vertically grown MoS,
flakes show a comparatively higher HER performance than the
smoothly deposited MoS, thin films, because of the higher
surface area and surface concentration of catalytically active
sites. All in all, we believe that the advantages and practical
applications of such a facile low-temperature ALD process for
morphology-controlled MoS, thin films will enhance its poten-
tial applicability in electronics, catalysis and sensing devices.
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