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Atomic layer deposition (ALD) as a flexible surface-controlled fabrication technique has attracted widespread interest in
numerous nanotechnology applications, which can obtain ultrathin or two-dimensional molybdenum disulfide (2D MoS,) films.
The ALD technique possesses the characteristics of precise thickness control, excellent uniformity, and conformality, relying on
the self-limiting surface reaction. In this mini-review, the knowledge about the fabrication mechanisms and applications of ALD
prepared MoS, films is reviewed. The surface reaction pathway about ALD synthesis MoS, is elaborated, and the corresponding
factors causing saturation adsorption are discussed. Two possible growth mechanisms of ALD-MoS, film based on the building
blocks and MoS, islands are compared. For both, the deposition process of MoS, can be divided into two stages, heterogeneous
deposition stage and homogeneous deposition stage. The mismatch between the as-deposited MoS, in the heterodeposition and
the lattice structure of the substrate surface is a key factor leading to the poor crystallinity of as-deposited MoS,. In addition, the
extensions of ALD MoS, technique to improve the as-deposited film quality are discussed. Finally, the applications of ALD

deposited MoS, film are summarized, and future perspectives are outlined.
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1 Introduction

Transition metal dichalcogenides (TMDs), mainly re-
presented by molybdenum disulfide (MoS,), have attracted
worldwide attention for the last few years [1]. 2D MoS,
consists of a sandwich structure in which a layer of Mo atoms
is hexagonally packed in the middle, and the top and bottom
are a layer of S atoms, respectively [2]. In a MoS, layer, one
Mo atom is connected with six S atoms by covalent bonds,
while MoS, layers can be stacked into a layered crystalline
structure by van der Waals force [3]. When the bulk of MoS,
is reduced to a single layer, an indirect bandgap (1.3 eV) will
be transformed to a direct bandgap (1.8 eV) [2]. Depending
on its unique and tunable electronic properties, 2D MoS, has
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been employed in many applications such as transistors [4—
6], spintronics [7], photovoltaics [8], sensors [9], biomedical
sciences [10], and nanotribology [11]. The fabrication of 2D
MoS, films with precise thickness control, excellent uni-
formity, and conformality is still challenging.

The preparation of 2D MoS, can usually be summarized as
a top-down method and a bottom-up method [12]. Mechan-
ical exfoliation as a top-down approach has first been de-
veloped to prepare ultrathin MoS,, mainly being used for
research purposes instead of large-scale productions [13].
Comparatively speaking, bottom-up approaches such as
various chemical vapor deposition methods [14-16] show
strong competitiveness and good application prospects in the
future large-scale production of ultrathin films. The methods
of chemical vapor deposition (CVD) [14] and metal-organic
chemical vapor deposition (MOCVD) [15] usually involve a
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direct gas phase reaction between precursors. Therefore,
these methods have a higher deposition temperature or a
strong dependence on the type of substrate. However, the
method of atomic layer deposition (ALD) [16] replaces the
direct chemical reaction with two half-reactions [17], which
seems the most suitable for the controllable fabricating 2D
MoS, [12,18,19]. In this way, the synthesized MoS, films
can exhibit precise layer controllability, wafer-scale uni-
formity and homogeneity, and excellent conformality.

Since 2D MoS, films were firstly prepared by Tan et al.
[16] through the ALD method with MoCls and H,S as pre-
cursors, the exploration of ALD technology has been de-
veloped in many ways, such as the discovery of novel Mo or
S precursors. Immediately afterward, Jin et al. [25] used
Mo(CO)¢ and CH;S,CHj; precursors to decrease the deposi-
tion temperature of ALD preparation of MoS, effectively.
Later, the literature has reported other innovative precursors,
such as Mo precursors of Mo(NMe,), [26] and S precursors
of H,S plasma [27]. In addition, some advanced techniques
to enhance the quality of ALD synthesis MoS, films have
also been developed, such as post-deposition annealing [22],
substrate surface pretreatment [28], plasma-enhanced atomic
layer deposition (PEALD) [29,30], and the method com-
bined the features of CVD and ALD [24,31] (Figure 1).
Especially for the last, MoS, can be prepared via CVD sul-
furizing MoO; film deposited by ALD. Thus the crystallinity
of MoS, deposited by combining the advantages of both
methods is further improved.

Although numerous successful applications of ALD de-
posited MoS, film have been practiced, the most essential
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physical or chemical processes that control the process of
ALD deposited MoS, are not thoroughly understood yet. To
achieve a greater degree of awareness about the fabrication
of MoS, film using ALD, an overview about the fabrication
mechanisms of MoS, film deposited by ALD technique,
especially for its surface chemistry and the detailed process,
is so desperately needed. However, there have been numer-
ous reviews on the ALD technique or 2D MoS,
[12,18,19,32-37]. Therefore, this mini-review focuses on the
fabrication mechanisms of ALD preparation of MoS,, such
as the self-limiting surface reaction and growth mechanisms.

2 Fabrication mechanisms

2.1 ALD cycle and precursors

Generally, one complete ALD cycle of MoS, on the substrate
surface consists of four steps [16,20] (Figure 1): (1) Mo
precursors are injected into the vacuum chamber and ad-
sorbed by the hydroxyl groups terminated on the surface of
the substrate; (2) the remaining Mo precursors in the reaction
chamber are purged by nitrogen flows; (3) S precursors are
injected into the vacuum chamber and react with the Mo
precursors adsorbed on the surface of the substrate; (4) the
vacuum chamber is purged by nitrogen flows again. Steps 1—
4 constitute one complete ALD MoS, cycle, which consists
of two half-reactions (steps 1 and 3) and two evacuations
(steps 2 and 4). These steps are repeated with each cycle to
produce a definite thickness of MoS,.

The Mo and S precursors, which are never present at the
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Figure 1 (Color online) Schematic representation of the process of ALD and the techniques to improve the quality of ALD synthesis MoS, film. Reprinted
with permission from ref. [20], Copyright 2015, John Wiley and Sons. Ref. [21], Copyright 2017, John Wiley and Sons. Ref. [22], Copyright 2018, American
Chemical Society. Ref. [23], Copyright 2017, John Wiley and Sons. Ref. [24], Copyright 2017, John Wiley and Sons.
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same time, cannot directly react in the reaction chamber due
to the separation of the purge steps. The precursors react only
with the active site on the substrate surface in a self-limiting
surface reaction process. The two half-reaction sequences
could avoid uncontrolled straightforward gas phase reac-
tions, which is essentially different from other vapor de-
position methods (such as CVD) based on the direct gas-
phase chemical reaction between two precursors [38]. ALD
reaction sequences are independent of transport due to the
self-limiting surface reaction, which can concisely distin-
guish ALD from other chemical vapor deposition techniques
which depend on the type and rate of vapor precursor
transport [39].

Although most of the MoS, films deposited by ALD have a
similar binary process, the difference of precursor makes
each one ALD MoS, process has its own hallmarks. Gen-
erally, the precursor should be thermally stable and volatile
at the reaction temperature so that the precursor is highly
reactive toward the active site on the surface of the substrate
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[40], especially the surface of semimetal or metal [41]. Some
examples reported in the literature are summarized in
Table 1.

The precursors can be divided into homoleptic precursors
(all ligands identical) and heteroleptic precursors (not all
ligands identical). At present, the research content about the
precursors of ALD MoS, can be summed up in two aspects
of attempts. One effort is to find active precursors with high
thermal stability. The synthesis of heteroleptic precursors is
an availability strategy to tailor the properties of precursors.
For instance, (N'Bu),(NMe,),Mo as a heteroleptic precursor
is used to promote the quality of the film in the ALD
synthesis MoS,, in which Mo precursor can exhibit better
thermal stability at high deposition temperatures when its
oxidation state is lower than 4 [40]. Another effort is to
decrease the deposition temperature by using a new Mo
precursor or S precursor. For example, the deposition tem-
perature of MoCl;s processes is usually more than 300°C, but
the deposition temperature of Mo(NMe,),/HS(CH,),SH

Table 1 Summary about the Mo and S precursors for ALD-made MoS, film processes

Mo precursor S precursor Growth temperature (°C) Grain Grain after annealing Ref.
300 Amorphous ~2 um [16]

420-480 ~20-100 nm - [42]

HaS 300 Crystalline - [43]

MoCls 200420 10-25 nm - [5]
375 - Crystalline [44]

HMDST? 300-350 Amorphous Crystalline [45]

350 Amorphous Crystalline [6]

H,S 120-200 Amorphous - [46]

120-200 Amorphous Crystalline [47]

175-225 ~20 nm - [48]

H,S plasma 200 ~100 nm - [49]

Mo(CO); 200 ~6-10 nm ~14 nm [27]
60-140 Amorphous Crystalline [25]

CH;S,CH; 100 Amorphous - [50]

100 Amorphous and nanocrystalline - [51]

HMDST” 150 Amorphous Crystalline [52]

Mo(NMe,), H,S 60 Amorphous Crystalline [21]
HS(CH,),SH 50 Amorphous ~20 nm [26]

Mo(thd), H,S 300 ~10-30 nm - [53]
200 Amorphous 4-10 nm [22]

MoF¢ H,S 200 Amorphous 50-100 nm [54]
700 Crystalline — [55]

H,S 275 0.106 nm - [56]

100-300 Amorphous Crystalline [57]

(N’Bu)z(NMez)zMoh) (CH;)(CH,),SH 350 Amorphous Crystalline [58]
H,S-Ar plasma 250 ~5-7 nm - [29]

H,+H,S+Ar plasma 200450 Amorphous to polycrystalline - [30]

a) HMDST is hexamethyldisilathiane; b) (N'Bu),(NMe,),Mo is bis(t-butylimino)bis(dimethylamino)molybdenum.
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process is only 50°C [26]. This means MoS, can be deposited
on the polymeric substrates and photoresists. According to
the data in Table 1, Mo(CO), and H,S are obviously the most
used precursors of MoS,, because they reach a compromise
between the deposition temperature and the quality of the as-
deposited film. The adverse effect of low temperature reac-
tion (lower than 200°C) is a tremendous decrease of crys-
tallinity.

2.2 Self-limiting surface reaction

The underlying foundation of ALD is its self-limiting surface
reaction, which makes it to be a surface-controlled method
instead of a CVD related source-controlled method [59,60].
In a self-limiting surface reaction, the gaseous molecules are
adsorbed on the surface of a solid substrate, including phy-
sical adsorption and chemical adsorption determined by the
type of ALD process [59]. The thermal ALD is one of the
energy-enhanced ALD processes whose advantage is that it
can fulfill the requirement of self-terminating reactions on
the surface of the complex 3D structure. Although each one
has its individual features, most of thermal ALD reactions
usually can refer to the classical technologies used in the
precursor group of Al(CH;);/H,O [61].

Following the pioneering work of Tan et al. [16], more and
more researchers apply MoCls/H,S pairs as common pre-
cursors to ALD deposited MoS, film on the different sub-
strates. However, the precursor adsorption mechanism is
only illustrated by a scheme without specific supporting
experimental data in this article. Subsequently, in work
presented by Jin et al. [25], the self-limiting chemisorption is
firstly confirmed by two functions between the thickness of
the film (deposited with 100 cycles at 100°C) and the ex-
posure time of the precursors (Mo(CO), and CH;SSCH;),
respectively. When the exposure time of the precursors is
longer than a definite value (for Mo(CO), is 3 s and for
CH;SSCH; is 0.5 s) [25], the adsorption sites of precursors
on the substrate surface will reach saturation. In other words,
the thickness of the film is no longer changing. Besides,
some similar half-reactions have been proved in other ALD-
made MoS, practices by using various precursors, such as
Mo(CO)¢/H,S [47], Mo(CO)¢/H,S plasma [48], Mo(thd),/
H,S [53], Mo(NMe,),/H,S [21], MoF¢/H,S [54], and (N'Bu),-
(NMe,),Mo/(CH;)(CH,),SH [58]. The adsorption state of the
precursors can be indirectly estimated by monitoring the film
thickness in these experiments, which indicates that the ad-
sorption sites of the substrate can be fully occupied by pre-
cursors at a saturation state.

Although the state of adsorption can be determined by the
experimental data, the detailed self-limiting surface reaction
pathway of ALD deposited MoS, is not distinctly revealed.
Commonly, the research on the reaction pathway requires
using the in-situ characterization techniques, but the litera-
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ture about the surface reaction pathway of ALD MoS, is still
scarce currently. Fortunately, there are some articles using
the density functional theory (DFT) simulation to help us
figure out the self-limiting surface reaction pathway of the
ALD synthesis MoS, process, which can provide insightful
information. For example, the self-limiting surface reaction
pathway of ALD synthesized MoS, on SiO,(0001) surface
using Mo(NMe,),(N'Bu), and H,S precursor is investigated
by DFT [40]. Firstly, the Mo precursor is only physically
adsorbed on the fully hydroxylated SiO,, which means there
are not chemical bonds between the precursors and the
terminal OH groups on the surface of SiO,. Then, the proton
on a terminal OH group of SiO, is transferred to the N atom
of the dimethylamido (NMe,) ligand to produce chemical
adsorption of protonated precursors, and sequentially the
dimethylamine is desorbed (Figure 2(a)) [40]. After in-
troducing the H,S precursor, the dissociation of H,S on the
partially protonated ligand can produce the fers-butylamine
(HN'Bu) desorption (Figure 2(b)). A complete coordinate
Mo atom with terminal SH groups on the surface of SiO, is
configured after the first ALD cycle. Besides, the increases
in deposition temperature and H,S pressure can cause a
bigger H,S dissociation rate and impingement rate, which
can further enhance the desorption of fert-butylamine. By
using DFT simulation, the adsorption of precursor mole-
cules, the process of proton transfer, and the desorption of
ligands can be clearly demonstrated.

Generally, the Mo precursor firstly reaches onto the sub-
strate surface, then the S precursor follows as the co-reagent
in the next exposure. The Mo precursor molecules are di-
rectly adsorbed on the active sites on the substrate surface,
which is the first half-reaction and the starting point of the
MoS, nucleus. However, H,S as the most commonly used S
precursor can decompose in H and SH groups, which will

Figure 2 (Color online) (a) The adsorption process of the Mo precursor at
the initial ALD cycle. (b) The dissociation of the S precursor at the initial
ALD cycle. Reprinted with permission from ref. [40], Copyright 2018, the
Royal Society of Chemistry.
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decompose on the surface adsorbed by the Mo precursor.

At present, the decomposition of H,S precursor can also be
studied through theory. For example, the H,S adsorption and
decomposition processes on three different surfaces of o-
quartz SiO, (cleaved O-terminated, dense O-terminated, and
fully hydroxylated) have been studied by DFT [62]. Ac-
cording to theoretical calculations, the SiO, surface with the
dense and fully hydroxylated is hard to adsorb chemically
with H,S, but the cleaved surface is highly reactive. It is an
exothermic reaction process between the H,S molecules and
the cleaved O-terminated surface; consequently, the as-ad-
sorbed H,S is effortlessly dissociated into SH and H groups.
The SH and H groups on the surface can constitute three
configurations, including the H-terminal surface (config-
uration II and IIT) and S-terminal surface (configuration IV)
(Figure 3(a)). The number of configuration IV is the most of
the H,S adsorption sites at low temperatures, but the number
of configuration II and III is increased as the temperature
increases (Figure 3(b), (c)).

Besides, an ALD surface reaction will become more
complicated after H,S is introduced. For example, Zhao et al.
[63,64] report that the reaction pathway of the heterogeneous
deposition stage (the initial ALD growth stage) is quite
distinctive from that in the homogeneous deposition stage
(the stable film growth stage) when the H,S has been in-
troduced. In the heterogeneous deposition stage, the con-
version from Ni—O to NiS in the H,S half-reaction is
followed by the spontaneous aggregation of Ni-containing
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species with ligand stripped to form NiS clusters on the
surface of the substrate. In the homogeneous deposition
stage, the production of a sulthydryl-amidine acid-base
complex during the H,S half-reaction on the substrate sur-
face could create steric hindrance, which would result in a
decrease in the growth rate of ALD films. In addition, the
H,S precursor has been replaced by an organosulfur com-
pound of di-fert-butyl disulfide (TBDS) in ALD of nickel
sulfide films [65], in which an ideal self-limiting surface
reaction has been found. Although an analogous chemical
has been recently used for the ALD MoS, [25], there is still a
lack of relevant mechanism studies of ALD deposited MoS,.

According to the above discussion, the OH groups on the
surface of a substrate are more likely to adsorb to the Mo
precursor molecules and are difficult to react with H,S. This
means that controlling the OH groups on the substrate sur-
face will be a powerful method for controlling the growth
process of ALD synthesized MoS,. Plasma treatment, as an
effective surface treatment tool, can controllably modify the
number of OH groups on the surface of the substrate, which
can facilitate the deposition of MoS, by the ALD process
[28].

Generally, the functional groups on the surface, the partial
pressure of precursors, and reaction conditions of ALD
process can affect the self-limiting surface reaction, as well
as the initial nucleation. Furthermore, steric hindrance can
control the saturation of chemisorption, which prevents the
formation of a full monolayer per precursor pulse. After Mo
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Figure 3 (Color online) (a) Top and side views and (b) the activation energy of H,S adsorbed (I) and dissociative adsorption process (II-IV) on the a-quartz
Si0, surface. (c) The temperature dependence of configuration II, III, IV sites. Reprinted with permission from ref. [62], Copyright 2018, American Institute
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precursor molecules chemisorb on the substrate surface, the
ligands bind to the metal atom covers the hydroxyl groups on
the subsurface, thus the hindered hydroxyl groups do not
react during the growth process [61]. This will prevent the
active sites on the surface from reaching the saturation state
so that it is not conducive to the next ALD reaction.
However, the complete steric hindrance effect in the
manufacturing process of ALD deposited MoS, film is still
open.

2.3 Growth mechanisms

Two possible growth mechanisms of ALD to prepare MoS,
film are proposed experimentally. For the first type of growth
mechanism, amorphous MoS, film deposited by ALD is
annealed to obtain the desired MoS, with a layered structure.
On the basis of the DFT simulation, an amorphous MoS,

(@)

600 °CH,S

November (2021) Vol.64 No.11

layer is formed on the SiO, substrate surface during the
heterogeneous deposition stage [66], in which the building
blocks created by the ALD self-limiting surface reaction
have coalesced. In this buffer-layer, The O atoms on the
surface of the SiO, substrate and the Mo atoms are connected
by covalent bonds. The mismatch between the as-deposited
MoS, after the heterogeneous stage and the crystalline SiO,
surface is the key cause for the formation of the amorphous
buffer-layer [66]. Under an ideal situation, there are 28 Mo
atoms on the slab, but there are only 9 Mo atoms on this
surface area in the amorphous buffer-layer (Figure 4(a)). The
amorphous buffer layer could be extended along the z-di-
rection through a different number of ALD cycles, or could
be transformed into the crystalline MoS, layer after post-
deposition annealing in a sulfur-containing atmosphere.
There are some reports on the amorphous MoS, layer in
refs. [16,21,27,58], in which a post-annealing process can

N Ao AN w s O N ®

Distance (A)

Figure 4 (Color online) (a) The formation process of a layer crystalline MoS, using annealing after several ALD cycles. Reprinted with permission from
ref. [66]. Copyright 2018, American Institute of Physics. TEM image, simulated model image, and the corresponding associated normalized pair distributions
functions of (b) 50 ALD cycles of as-deposited MoS, film and (c) the as-deposited film with 600°C H,S annealing. Reprinted with permission from ref. [22],

Copyright 2018, American Chemical Society.
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promote the crystallinity of the MoS, films. Experimental
data show that the crystallinity of as-deposited amorphous
MoS, film annealed in H,S environments is better than in H,
environments [22] when the samples are annealed at the
same temperature (at 400, 600°C, respectively). At the same
time, the crystallinity of MoS, film is also improved with the
temperature increasing (Figure 4(b), (¢)).

As the development of this domain, a new growth me-
chanism based on the island has been progressively proposed
[23,30,67]. Firstly, the nuclei of MoS, are formed in the
initial ALD growth stage. Immediately, the crystal nuclei
will grow into MoS, islands (Figure 5). Then, the size of the
islands will grow up along the horizontal direction of the
substrate surface. When the discrete MoS, islands coalesce,
the grain boundary acts as the nucleation site for the for-
mation of the next layer. The growth model of the top MoS,
layer is converted from in-plane mode to out-of-plane mode,
as the number of MoS, layers increases. The MoS, film
deposited by ALD ultimately emerges to highly textured and
perpendicular to the substrate surface (Figure 6).

MoS, islands firstly grow along the in-plane orientation
owing to the dangling bonds at the edge of the MoS, layer,
which play as active sites for the precursor adsorption. Due
to the inconsistency of the crystal orientation along with in-
plane orientation, defect sites will be generated at the junc-
tion of the grain boundaries. A new MoS, crystal layer will
be formed on these defect sites at the edge. Moreover, the
growth in the direction perpendicular to the substrate surface
is slower than the growth along the edges of the MoS, is-
lands. MoS, layers grow randomly in the out-of-plane or-
ientation due to crowding effects between the grains [30].

The type of growth mechanisms can be determined by the
actual experimental conditions, such as the type of pre-
cursors, the coverage of functional groups, and reactor
conditions of the ALD process. When the deposition tem-
perature is less than 200°C, it is usually the first type [68]. As

(a) cALD-MoS, Growth

Mo$; Nuclei
1st Layer MoS;

Grain Boundary

4

2nd Layer MoS,
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the deposition temperature increases, the growth mechanism
will transfer to the second growth type. No matter what type
of growth mechanism, the growth process of ALD to prepare
MoS, film consists of two stages, heterogencous deposition
stage and homogeneous deposition stage. The hetero-
deposition is the process by which the precursors are ad-
sorbed on the surface of the substrate at the initial ALD
cycles. The homodeposition is the process of adsorbing the
precursor on the surface of MoS, obtained by the hetero-
deposition. In heterodeposition, the self-limiting surface re-
action will be contributed by the adsorption between the
precursor molecules and the OH groups on the surface. In
homodeposition, the main active site is transferred to the S
and SH functional groups, which will adsorb the incoming
precursors. Usually, the growth rate of the homodeposition
stage is faster than that of the heterodeposition stage [66],
which conduces the difficulty for ALD to control the growth
of MoS,.

An underlying difference between the two growth me-
chanisms is the formation time of the crystalline layer of
MoS,. For the first type, the crystalline layer of MoS, is
formed after annealing, whereas the crystalline layer has
been formed at the initial stage of ALD deposited MoS, film
for the second type. In other words, the amorphous structure
can spread along the parallel and perpendicular direction to
the substrate surface in the first type. But the crystalline layer
of MoS, grows only along the lateral direction in the second
type. If grains oriented in the same direction can be obtained
by tuning the growth process, these grains should be able to
coalesce with each other to form a larger single crystal ac-
cording to the second growth mechanism. For example,
Mattinen et al. [69] researched the crystal orientation of
MoS, multilayer films deposited by ALD on the sapphire,
mica, and SiO,/Si substrates. The 2H phase MoS, only ex-
hibits van der Waals epitaxial growth on the mica, but it is
fiber texture growth on the other two substrates. For the

(b) IALD-MoS, Growth
MoS; Nuclei

=W g

1st Layer MoS,

R

Grain Boundary

2nd Layer MoS,

Figure S (Color online) The growth models and corresponding TEM images of MoS, film deposited by (a) the conventional ALD and (b) the inhibitor-
utilizing ALD. Reprinted with permission from ref. [23], Copyright 2017, John Wiley and Sons.
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(b)

590! nm ~ In-plane layers

Figure 6 (Color online) Cross-sectional TEM images of MoS, film using
(a) 300 ALD cycles and (b) 1000 ALD cycles (250-300°C) on p-type
silicon substrate (Reprinted with permission from ref. [67], Copyright
2018, Multidisciplinary Digital Publishing Institute). (c) Cross-sectional
TEM images and the corresponding magnified view of MoS, film using
200 ALD cycles (450°C) on SiO,/Si substrate (Reprinted with permission
from ref. [30], Copyright 2018, Royal Society of Chemistry).

MoS, deposited on the mica, the main epitaxial relation is
[1210]or[2110] MoS,|/[100]mica(0°/60°)and [0T1 0]
or [1 10 0] MoS, || [1 0 0] mica (30°/90°). Therefore, it is
necessary to further tune the growth conditions to decrease
the number of the epitaxial direction, contributing to the
fusion of grains. This will be quite interesting and potentially
useful.

In addition, it can be deduced from this growth mechanism
that the nucleation density at the heterogeneous deposition
stage could affect the formation of the first MoS, layer,
which can be proved in refs. [23,70]. A decreasing nuclea-
tion density could provide a more horizontal growth area at
the initial ALD stage, which will increase the grain size of
MoS,. However, it is still a significant challenge to obtain the
centimeter length scale of MoS, grains (the level of CVD
MoS,) by using ALD [71]. Until now, ALD is usually used to
fabricate MoS, with out-of-plane orientation, which has an
excellent catalytic performance [30,72-77]. The out-of-
plane standing structures of MoS, deposited by ALD can be
evidently observed by TEM images (Figure 6). Additionally,
the polarized Raman spectroscopy as a non-destructive
technique can rapidly elucidate the texture of MoS, films
[78].

2.4 Extension of ALD technique

Almost all the early literature on ALD manufacturing MoS,
films is based on the binary ALD process. As the progress of
this field, there are two main efforts in the extension of as-
deposited MoS, film by ALD, inside the ALD chamber and
outside the ALD chamber. Some new deposition strategies of
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the inside chamber, such as pretreatment of the substrate
surface and dispersing the precursor flow, can improve the
crystallinity of as-deposited MoS,. Some strategies of the
outside chamber, such as the ternary ALD process, can ex-
tend the application of MoS, film.

The strategies of the inside chamber can influence the
growth process of MoS, film. For example, pretreatment of
the substrate surface and dispersing the precursor flow can
decrease nucleation density, which strongly affects not only
the grain size of MoS, film formed by the first layer but also
the formation of the following MoS, layers. For example, an
inhibitor-utilizing ALD process of synthesizing MoS, to
achieve nucleation control has been reported by Jeon et al.
[23]. The O-S or O-C bonds will be produced at the surface
when the surface of SiO, substrate is pretreated with diethyl
sulfide (DES). Compared with the DES pretreated surface,
the Mo precursor is easier to adsorb on the pristine SiO,
surface by the production of Mo-O bond. The reaction en-
ergy between the Mo precursor and the DES pretreated
surface (+1.75 eV) is much greater than that between the Mo
precursor and the pristine SiO, surface (—0.92 eV), which
means that DES could passivate the active sites by forming
stable C-O bonds, inhibiting the adsorption of Mo pre-
cursors. Therefore, DES inhibitors can decrease the nuclea-
tion density.

For another example, a trickle flow ALD process for re-
ducing the nucleation density has been reported by Yang and
Liu [70]. The precursor airstream is dispersed into a trickle-
fluidization gas current by a Ni foam on top of the sample.
This strategy of trickle-fluidization precursor flow can re-
duce the precursors that reach the substrate per unit time.
Few precursors can effectively decrease the nucleation
density and increase the lateral space of grains, increasing
the size of grains.

More complex TMDs materials, such as ternary materials,
cannot be synthesized directly through a binary ALD pro-
cess, but they can be synthesized by a supercycle ALD
process [41]. For example, a ternary ALD process is firstly
introduced to synthesize MoS,/ReS, heterojunctions by Liu
et al. [79]. MoS,/ReS, heterojunctions manufactured by
ALD, a bimetallic co-chamber feeding ALD process, have a
controllable Mo/Re ratio (Figure 7(a)—(d)). The formation
mechanism of the in-plane MoS,/ReS, heterojunction is that
the precursors of MoCls; and ReCl; may not be completely
mixed. Furthermore, Lv et al. [80] deposited the MoS,/ReS,
heterojunction film on the AFM tip by using the same ALD
process (Figure 7(e)—(h)). By controlling the thickness of the
MoS,/ReS, heterojunction film deposited on the AFM tip,
the adhesion between the tip and the surface of the substrate
can be adjusted, which is between 13.5 and 136.3 nN. AFM
tip is a powerful tool for exploring nanoworld. Therefore,
AFM tip modified by ultrathin heterojunction films may be
an important potential tool in the practice of science and
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Figure 7 (Color online) (a) Schematic illustration of the bimetallic co-chamber feeding ALD, (b) SEM images of MoS,/ReS, heterojunctions (RM-3), (c)
the HRTEM image of the corresponding sample, (d) Raman spectra of the samples with different Mo/Re ratio (reprinted with permission from ref. [79],
Copyright 2019, American Chemical Society). (e) Schematic illustration of preparation process of depositing heterojunction film on the AFM tip, the SEM
images of (f) pristine Si tip and (g) the tip covered with heterojunction film, (h) Raman spectra of the tips coated MoS, with different Mo/Re ratio (reprinted

with permission from ref. [80], Copyright 2020, American Chemical Society).

technology innovation.

3 Applications

The applications of ALD deposited MoS, are usually the
extension of the growth mechanism. ALD deposited MoS,
film has attracted enormous attention from the fields of
batteries [43,46,56,81], supercapacitors [49], electronics
[5,6,23,44,52,82], catalysis [27,30,51,72-75,77,83], and lu-
brication [48,84]. Although the fields of application are wide
(Table 2), these applications essentially utilize the char-
acteristics of self-limiting surface reaction, which makes it
possible to fabricate thickness controlled, uniform, and
conformal MoS, film. For the feature of thickness control,
the growth rate (growth thickness of MoS, film deposited in
one ALD cycle) is a linear relationship [25,58]. This means
that the number of ALD cycles can simply precisely control
the film thickness in an ALD process. The uniformity of film
usually means having the same composition, thickness, and
physical properties at each point on the surface of a planar
substrate. [18]. For example, the MoS, film can be uniformly
grown on the wafer-scale (4-inch in diameter, 1 inch=2.54 cm)
[47,48,85]. However, large area uniform MoS, film without
damaging a pristine structure using the ALD process still
needs to be further researched.

The most special feature of the ALD deposited MoS,
process is ~100% conformality, which means that the as-
deposited MoS, film has equal thickness and properties for

the surface of the 3D complex structures with a large aspect
ratio [18]. For example, the MoS, films are deposited on
single-crystalline CdS nanorod arrays by the ALD process
[74]. Besides, more structures with high aspect ratio have
been reported in the literature (Figure 8), such as anodic
aluminum oxide [86], porous TiO, inverse opals [87], 3D
foam [49,77], nanotube [56,57,72,75,81], and carbon fiber
paper [73]. MoS, is deposited on these structures by ALD to
improve the performance of MoS,.

4 Summary and outlook

Although ALD-made MoS, has some problems such as nu-
cleation and crystallinity, the ALD technique proves to be
efficient for preparing controlled MoS, films. So far, the
nucleation process of ALD deposited MoS, film is only
demonstrated through DFT theoretical calculation. The nu-
cleation process includes the adsorption of precursor mole-
cules, the transformation of the proton, and the desorption of
the protonated ligands, and these processes need further
support using in-situ characterization techniques. The reactor
conditions, the functional groups, and the partial pressure
will affect the nucleation in the initial ALD cycles in actual
experiments. Besides, the precursor gas transmission mode
in the high aspect ratio structure is determined by the partial
pressure of the precursor, which further affects the conformal
coating process in the ALD process. Currently, although the
crystallinity of MoS, film deposited by ALD is still poor, it
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Table 2 Summary about substrates and applications for MoS, film deposited by ALD

Substrate Thickness of MoS, Application Characteristics Ref.
Sapphire 0.6-3.2 nm - 2-inch [16]
Sapphire 25-30 nm Na-ion battery Capacity: 1710 mA h g_1 [43]
. . On/off current ratio: 10°
Sapphire 2-9 nm Transistor arrays Mobility: 11.56 em2 Vs [52]
Sapphire ~2.8 nm Switching and sensing devices On/off current ratio: ~5%10 [44]
Si0, 5-27.5 nm - 4-inch [48]
SiO, 0-25 nm - 4-inch [47]
SiO, 2-3 layers - 150 mm [85]
. . Tafel slope: 56.6-55.6 mV dec
Carbon fiber papers 2.6-14 nm Electrochemical hydrogen evolution Overpotential: 220 mV [51]
. . Tafel slope: 65.8 mV dec ';
Carbon fiber paper 28-60 nm Electrochemical oxygen evolution Overpotential: 311 mV [73]
Si/SisN, 10 nm Photolithographici ligd lift-off pattern- _ [21]
TiO, inverse opals 20 nm - - [87]
3D Ni foam 10 nm Supercapacitor Areal capacitance: 3400 mF cm’ [49]
Si photocathodes 14 nm Photoelectrochir:rzllicctia(l)rfvater reduction Photocurrent density: 21.7 mA cm’ [27]
. . Current density: 10 mA cm’ %
Cobalt foam - Electrochemical oxygen evolution Overpotential: 270 mV: [77]
Titania nanotube array 7.5-20 nm Hydrogen evolution reaction Current density: 50 mA cm’’ [75]
CdS nanorod array 7 nm Photoelectrochemical Photocurrent density: 1.9 mA cm? [74]
TiO, nanotube - Photocatalysis - [72]
TiO, nanotube - Electrochemical Coulombic efficiency: 98% [56]
Anodic aluminum oxide nanochannel - Ultrasensitive detection The detection limit of miRNA-155: 3 aM [86]
Carbon nanotube ~5 nm Li-O, batteries Capacity: 4844 mA h g7l [81]
Gold pads 2.76-17.9 nm - - [45]

50.0 pm

Figure 8 (Color online) SEM images of MoS, deposited on (a) anodic aluminum oxide, (b) CdS nanorod arrays, (¢) 3D-Ni-foam, (d) TNTAs, (e) CFP, and
TEM image of MoS, deposited on (f) CNT. Reprinted with permission from ref. [86], Copyright 2020, John Wiley and Sons. Ref. [74], Copyright 2019,
American Chemical Society. Ref. [49], Copyright 2017, American Chemical Society. Ref. [75], Copyright 2019, American Chemical Society. Ref. [73],
Copyright 2019, Institute of Physics. Ref. [57], Copyright 2020, Royal Society of Chemistry.
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can be improved by some technique-level methods such as
PEALD, post-deposition annealing, and the method com-
bined ALD and CVD. In addition, some mechanism-level
methods have also been used to promote the crystallinity of
MoS,, for example, decreasing the nucleation density in the
initial ALD stage. If the crystallinity of MoS, film is ex-
pected to be completely solved, the mismatch between the
as-deposited MoS, in the heterodeposition and the surface of
the substrate needs to be solved first.

In addition, area-selective ALD may offer another oppor-
tunity in the synthesis of 2D MoS, with atomic-level preci-
sion. Area-selective ALD can limit the lateral arrangement of
the atoms by the differences in local self-limiting surface
reaction, which can pattern the ALD-grown films. Previous
work about ALD prepared MoS, has focused on the con-
trolled thickness deposition on the entire surface. Area-se-
lective ALD is expected to break through this limitation,
which is considered as a step toward using atoms as building
blocks for synthesizing 2D MoS,. Recently, atomic layer
etching (ALE), as a variation of the ALD process, has been
introduced for preparing 2D TMDs. The forthright way to
combine the ALE process and area-selective ALD is to de-
velop a supercycle program. Furthermore, the supercycle
ALD approach combined with binary ALD cycles can be
used to synthesize more complex TMDs materials.

Currently, ALD deposited MoS, film has been mainly
applied in the domains of electronics and energy, as-de-
posited MoS, film has also been used to manufacture bio-
sensor devices. Due to the numerous advantages of ALD-
made MoS, film, it can be expected that MoS, film obtained
in ALD will be utilized in more domains, such as surface-
enhanced Raman scattering.
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