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Mono- to multilayer thick MoS, film has been grown by atomic layer deposition (ALD) technique at 300
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°C on sapphire wafer. ALD provides precise control of MoS, film thickness due to pulsed introduction of
the reactants and self-limiting reactions of MoCls and H,S. A post-deposition annealing of the ALD-
deposited monolayer film improves the crystallinity of the film, which is evident from the presence of

triangle-shaped crystals that exhibit strong photoluminescence in the visible range.
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1. Introduction

Two dimensional transition-metal dichalcogenides (TMDCs) are the
“semiconductor” analogues of graphene. Due to its 2D confinement,
TMDCs show unique electronic and optical properties which can be
applied in light harvesting or photochemical devices."™ Some unique
properties of the monolayer film compared to the bulk crystal
band valley
polarization.”* Among various TMDCs, molybdenum disulphide

include indirect-to-direct transitions*®  and

(MoS,) has been intensively studied because of its excellent opticalg'
1 electrochemical>'* and electrical properties.””'>"!7 There are
many approaches to grow this atomically thin film. Mechanical
exfoliation'®? has been the workhorse to prepare high quality
monolayer MoS, flakes, but it suffers from small sample size and
scalability. Synthetic methods such as liquid exfoliation”?!"?,
chemical vapour deposition (CVD)>, hydrotherma125 and
electrochemical'? methods are limited by the small surface areas of
the samples, lack of control of film thickness and produce generally
poor crystalline quality films. Precise growth of atomic layered

MoS, films over a large area remains a challenge.

Atomic layer deposition (ALD)?*

affords precise film thickness
control because it involves sequential and repeated exposure of
precursor vapours that undergo self-limiting reactions on the
substrate surface. ALD also offers the benefit of wafer scale
fabrication of various inorganic films, including oxides, nitrides,

metals and chalcogenides.?®*

In this work, we report the ALD of MoS, film on sapphire
substrate. MoS, films are prepared by alternating exposure of
molybdenum (V) chloride (MoCls) and hydrogen disulphide (H,S)
vapours (see experimental section for details). Due to the self-
limiting reactions of the vapours, the number of MoS, film layers
can be precisely controlled by the number of deposition cycles. As
our ALD system only allows an upper temperature limit of 300 °C
on the substrate, we performed a post-annealing at 800 °C to
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improve film crystallinity; the as-deposited film on sapphire can be
restructured to produce faceted triangular crystals.

2. Experimental section
2.1 Growth of ALD MoS, film

c-plane single crystal sapphire (AlL,O; > 99.99%) with <0001>
orientation, 2-inch diameter, 0.5 mm thick and single side polished
was cleaned successively in acetone and isopropanol using an
ultrasonic bath. MoS, film was deposited in a home-built ALD setup.
The sapphire substrate was alternately exposed to vapours of
anhydrous MoCls (Strem, 99.6%) and H,S (NOX, 3.5%, balance N,)
at a base pressure of 1 x 107 torr at 300 °C. The temperature of
MoCls source was kept at 120 °C to generate sufficient vapour
pressure, and this is carried in N, at a flow rate of 20 sccm. The
dosing conditions for the MoCls precursor are: a 5 s exposure time, 5
s dwelling time and 30 s N, purging time. H,S precursor have a 0.1 s
exposure time, 5 s dwelling time and 20 s N, purging time.

2.2 Annealing of ALD MoS; film.

MoS, film was annealed under saturated sulfur vapour in a tube
furnace (MTI OTF-1200X) at 800 °C, with a ramping rate of 50
K/min and a dwelling for 30 mins. The annealing was
performed under saturated sulfur vapour to prevent any
oxidation or evaporation of the as-deposited film.

3. Results and discussion

Fig. 1 depicts the schematic diagram of a complete one growth
cycle of ALD of MoS, on sapphire substrate. One growth cycle
consists of six main steps: 1) 5 s exposure to MoCls 2) 5 s
dwelling 3) 30 s N, purge 4) 0.1 s exposure to HyS 5) 5 s
dwelling 6) 20 s N, purge. In the ALD process, nucleation is an
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important step.>’ Nucleation is difficult on a lattice-mismatched
substrate. Thus, instead of using continuous flow mode, we use
a quasi-static mode® in a viscous flow ALD chamber. The
quasi-static mode has an additional dwelling step so that
precursors have ample time to react with substrate surface. This
will increase nucleation rate (faster formation of a continuous
layer) and promotes surface reactions. The cycle is repeated
until the desired film thickness is reached. As shown in Fig, 1,
the MoS, film deposited on a 2 inch size sapphire (001)
substrate changes to a darker shade from 10 to 50 ALD cycles.
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Fig. | Schematic illustration of one growth cycle of ALD MoS, film. The
photograph shows (a) 10 and (b) 50 cycles of ALD MoS, film grown on 2-
inch sapphire (001) substrate.

To perform TEM, the as-grown MoS, films were exfoliated from
the substrate and suspended on a lacey carbon TEM grid. Fig. 2a
shows planar view of the lattice planes in mono- and multilayered
MoS, film grown by ALD. The typical atomic spacing is indicated
in Fig. 2b. The Fast Fourier transformation (FFT) pattern (inset)
shows hexagonal lattice structure with d-spacing of 0.274 nm and
0.162 nm for lattice planes (100) and (110) respectively.?* The grain
boundaries between two MoS, domains can be easily seen in this
TEM image, indicated by dotted white lines. Cross-sectional view of
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Fig. 2 (a) TEM image of mono- and multilayered ALD MoS, film exfoliated
from (001) sapphire substrate and suspended on TEM grid for imaging. (b)
TEM image of MoS, film reveals crystalline film grown by ALD. The inset
FFT pattern confirms the hexagonal lattice structure. (c) Lattice spacing
from cross-sectional TEM view (d) Line profile shows the layer spacing in
(c). Cross-sectional TEM view of (e) 50 cycles ALD MoS, film. (f) 10 cycles
ALD MoS, film. The substrate is sapphire.

MoS; film in Fig. 2c and its intensity profile in Fig. 2d clearly show
the inter-planar spacing of 0.610 nm for the (002) planes. The TEM
images in Fig. 2e and 2f provide evidence of the precise thickness
control of ALD technique by simply controlling the number of ALD
cycles. A gap between the MoS, film and sapphire substrate is
observed at Fig. 2e as the film was delaminated from the substrate
during sample preparation for TEM. The film thickness of ~9 nm
(Fig. 2e) and ~1.5 nm (Fig. 2f) corresponds to 50 and 10 ALD cycles
respectively.
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Fig. 3 AFM images and height profiles of (a) 20 (b) 10 (c) 5 cycles of as-
grown ALD MoS, film on sapphire substrate.

Fig. 3a to 3c shows the AFM images and height profiles of 20, 10
and 5 cycles respectively of as-grown ALD MoS, films on sapphire
substrate. The film thicknesses are ~3.2 nm, ~1.7 nm and ~0.6 nm,
respectively. As reported previously, the thickness of one monolayer
of MoS, film ranges between 0.6 to 1.2 nm, depending on the
preparation method and the surface interactions between MoS, flake
and substrate.”**** We observed that at least 10 ALD cycles are
required for the formation of a complete MoS, monolayer film,
which has a film thickness of ~1.7 nm. The AFM images in Fig. S1
(ESIT) compares the changes in morphology for 5 and 10 ALD
cycles within an area of 5 x 5 um” 5 ALD cycles result in early-
stage island growth and incomplete coverage on the substrate. 10
ALD cycles produce a continuous, ~1.7 nm thick monolayer film, as
shown by the TEM image in Fig. S2 (ESIT). The MoS, film grown
on sapphire substrate is subsequently transferred onto Si substrate
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for photoluminescence (PL) measurements, as shown in Fig. S3
(ESI). The relationship between the number of ALD cycles and
film thickness, as measured by both TEM imaging and AFM height
profiles, is shown in Fig. S4 (ESIy).

To improve the crystallinity of the film, the as-deposited film was
subjected to a post-annealing step at 500 °C, 700 °C or 800 °C in
sulfur vapour. Fig. 4a shows optical absorption spectra of 30 ALD
cycles of MoS, film on sapphire and the inset plots the differential
absorption spectra. The as-grown MoS, thin film on sapphire does
not show any excitonic features in the optical absorption. This could
be due to the poor crystallinity of the as-grown film at 300 °C. After
annealing between 700-800 °C, excitonic peaks A (~ 1.85eV) and B
(~ 2.00 eV) appear.** This suggests that high temperature
annealing is able to reconstruct the as-grown film and improves its
crystallinity.

Steady-state PL spectra of MoS, film deposited by 10, 20 and 30
ALD cycles, before and after 800 °C annealing, is shown in Fig. 4b.
The sharp twin peak at 694 nm is due to the sapphire substrate. To
uncouple the influence of the sapphire substrate, we transferred the
film onto SiO, (Fig. S3 ESIf). No excitonic peak was observed on
as-grown ALD films at first. After annealing at 800 °C, the
monolayer film grown by 10 ALD cycles shows a distinct peak at
665 nm (1.86 eV) and a weak peak at 630 nm. With increasing
thickness of the MoS, film, the PL intensities weaken, which is
explained by the change in optical band gap from direct to indirect.*
® Fluctuation in the excitonic peak position is attributed to the

unintentional doping by the substrate or environment.**%’
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Fig. 4 (a) Optical absorption (b) Photoluminescence spectra for ALD-
deposited, as-grown or annealed MoS, films.

As discussed, MoS, film which is grown by at least 10 ALD
cycles, and which has been subjected to an annealing temperature of
800 °C, is found to possess good crystalline quality. Fig. 5a shows
SEM image of one such film where triangular MoS, crystals are
observed on the sapphire substrate. Fig. Sb, reveal that these triangle
flakes are typically ~2 wm in width. Thermal re-structuring reduces
the thickness of the flakes to ~0.8 nm, as compared to ~1.7 nm
before annealing. For 20 ALD cycles, a much thicker, continuous
film is formed. The height profile of the 20 ALD cycles film after
annealing was measured and the thickness was found to decrease
from ~3.2 nm to ~1.3 nm after the annealing process as shown in
Fig. S5 (ESIY).
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Fig 5 (a) SEM and (b) AFM images of monolayer 800 °C-annealed ALD MoS,
film. The inset shows the height profile of the triangular flakes.

The improvement in MoS; film crystallinity after annealing is also
as evident from the XRD and Raman spectrum. As shown in Fig. 6a,
diffraction peak intensities of 50 ALD cycles film increase by four
times after annealing compared to as-grown film. The characteristic
sharp MoS, (002) diffraction peak at 20 = 14.5 is clearly evident in
the XRD spectra. This lattice plane corresponds to the interplanar
spacing of 0.610 nm in TEM image Fig. 2c.

Both A, and Elzg vibrational modes, which are associated with
out-of-plane vibration of sulfur atoms and in-plane vibration of Mo

and S atoms, respectively”®*’

can be observed clearly in the Raman
spectrum (Fig. 6b). The Raman peaks intensities increase with ALD
cycles for both as-grown and annealed films. In addition, the Raman
peaks clearly sharpen after the annealing process and the frequency
difference (Ak) between A;, and Elzg modes reduces, which is
indicative of improved crystallinity in the films. Previously, Ak has
been used as a parameter to predict the thickness of the MoS, layers.
However, ALD monolayer film produced by 10 ALD cycles shows a
relatively large Ak of 26 cm™ (after annealing) compared to 19.4 cm”
! of the exfoliated MoS, flakes. Due to rotational stacking disorder,’
direct determination of film thickness from Ak is not possible for
ALD grown MoS, film.
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Fig 6 (a) XRD and (b) Raman spectra for as-grown and 800°C-annealed ALD
MoS, films.

The bonding characteristics and stoichiometry of as-grown and
annealed MoS, films is studied by X-ray photoelectron spectroscopy
(XPS). Fig. 7 shows the characteristic Mo 3d doublet peaks and S 2§
peaks with binding energies (BE) around 232.6 eV, 229.4 eV and
226.9 eV, respectively. The as-grown film reveals a partially
resolved S 2p doublet at 163.4 eV and 162.2 eV while this doublet is
seen to be sharper after annealing. These observations are consistent
with previous report.” The calculated stoichiometric ratio is 1.97

J. Name., 2012, 00, 1-3 | 3
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(S/Mo) before annealing and 2.03 after annealing in sulfur, which
suggests that the as-grown film may be slightly sulphur deficient.
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Fig 7 XPS spectra of (a) Mo 3d, S 2s and (b) S 2p core level peaks for as-
grown and 800°C-annealed ALD MoS, film.

The instrumental restriction in our ALD deposition system
precludes deposition at substrate temperatures above 300 °C. It is
if the
temperatures, but not exceeding the window for ALD process, the
quality of the film should be significantly improved.

expected that deposition is carried out at elevated

4. Conclusions

In summary, atomically thin, highly crystalline MoS, film can be
prepared by ALD deposition on sapphire substrate. Due to the
precise film thickness control by ALD technique, wafer-scale mono-
and multilayer MoS, films can be readily prepared. Post annealing of
the as-deposited MoS, film further improves its crystallinity, as
evidenced by the strong PL emission from the monolayer film after
annealing.
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