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Patternable Large-Scale Molybdenium Disulfide Atomic Layers

. Grown by Gold-Assisted Chemical Vapor Deposition**

Intek Song, Chibeom Park, Misun Hong, Jaeyoon Baik, Hyun-Joon Shin, and Hee Cheul Choi*

Abstract: A novel way to grow MoS, on a large scale with
uniformity and in desired patterns is developed. We use Au film
as a catalyst on which [Mo(CO)4] vapor decomposes to form
a Mo-Au surface alloy that is an ideal Mo reservoir for the
growth of atomic layers of MoS,. Upon exposure to H,S, this
surface alloy transforms into a few layers of MoS,, which can
be isolated and transferred on an arbitrary substrate. By simply
patterning Au catalyst film by conventional lithographic
techniques, MoS, atomic layers in desired patterns can be
fabricated.

Two-dimensional (2D) MosS, has gained much attention for
its intrinsically semiconducting property that is absent in
graphene.™ To fully exploit such an advantage in various
applications, it is required to secure uniform, large-scale, and
patterned atomic layers of MoS,. The patternability of MoS,
is of special interest for the fabrication of MoS, atomic layers
into complex hybrid heterostructures composed with differ-
ent kinds of 2D nanomaterials.*” As a consequence, there
has been a rapid increase in the number of reports regarding
large-scale synthesis of MoS, by chemical vapor deposition
(CVD).12l However, none of these syntheses has accom-
plished all of the properties of uniformity, scalability, and
patternability owing to their intrinsic limitations."*) Among
these, the preparation of an atom-thick and uniform Mo layer
over a wide area of a substrate, that is, a large-scale Mo
reservoir, is currently the most difficult hurdle to overcome.

Herein, we report a novel way to prepare transferable
few-layer MoS, structures in desired sizes and patterns with
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high uniformity by a gold catalyst-assisted CVD process. Our
finding encompasses the following: 1) The Mo-Au surface
alloy is readily formed by the low-temperature reaction of
[Mo(CO),] and pre-deposited Au thin film, which acts as
a large-scale Mo reservoir; 2) large-scale MoS, atomic layers
are successfully grown upon the subsequent reaction of the
Mo-Au surface alloy with H,S; 3) the resulting MoS, atomic
layers are easily isolated from the substrate by etching Au
layers; and 4) atomic layers of MoS, can be grown in specific
patterns by simply defining the pattern of Au thin film.
Scheme 1 shows a flow chart to acquire large-scale and
patterned MoS, atomic layers through the formation of
a uniform Mo precursor reservoir by a Mo-Au alloy on a Au
thin film. The formation of Mo-Au alloy, the key step to
acquire a uniform and patternable Mo reservoir, is predicted
from their phase diagram (Supporting Information, Fig-
ure S1)." For this, the Au film pre-deposited on a Si substrate
was reacted with 0.1 atm of [Mo(CO)g] vapor followed by the
reaction with H,S at 300°C under atmospheric pressure for
sulfidation (Supporting Information, Figure S2a).'"] The
sample shows no significant change of color (Figure 1a).
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Scheme 1. CVD treatment of [Mo(CO)4] on Au thin film forms a Mo-Au
surface alloy, which further reacts with H,S to form MoS, atomic layers
in large scale (a) and in a specific pattern (b). The as-grown MoS,
atomic layers are easily removed from the Mo-Au alloy substrate and
transferred to arbitrary substrates.
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Figure 1. a),b) Optical images of as-grown MoS, atomic layers grown
on Au film (a) and those transferred on a fresh SiO, (b). c) Representa-
tive Raman spectrum of MoS, atomic layers. d) Positions of Raman
peaks measured at seven random positions. The dashed lines denote
the mean values (A,: 405.4 cm™, E',: 384.8 cm ™). e) AFM image
taken at the edge of transferred MoS, atomic layers. The scale bar
denotes 10 um. f) XPS data showing Mo** and S?~ in the Mo 3d and
S2s regions.

Note that high-quality MoS, atomic layers are occasionally
obtained at this stage (Supporting Information, Figure S3).
The sample was then etched with Au etchant and transferred
to a SiO, substrate (Supporting Information, Figure S2b).
Further reaction with H,S at 800 °C enhances crystallinity and
completes sulfidation (Supporting Information, Figure S2c).

A representative bright-field optical image of a final piece
of MoS, atomic layers (2x2cm?) transferred on a SiO,/Si
substrate is shown in Figure 1b. The size and shape of the
transferred MoS, layers are very well matched with those of
Au film. The homogeneous color contrast induced by MoS,
layers on a SiO,/Si substrate implies that the as-grown MoS, is
fairly uniform in thickness.

The successful formation of MoS, in atomic layers was
initially characterized by Raman spectroscopy. A representa-
tive Raman spectrum of MoS, shows two characteristic peaks
of E',, and A,, at 385.3 and 405.6 cm ™', respectively (Fig-
ure 1c). The Raman spectra taken at seven different locations
inside the sample (Figure 1d) and at the edge of the sample
(Supporting Information, Figure S4) show comparable peak
positions. This result supports the notion that the product is
uniform over the large area. Furthermore, the energy differ-
ence of 20.3 cm ™' between E',, and A, peaks suggest that the
number of MoS, layers is two.'! This inference is well
supported by AFM results (Figure 1e) showing that the
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height of MoS, layers placed on a SiO,/Si substrate is 1.6 nm,
which matches to the height of two to three layers of MoS,.

X-ray photoelectron spectroscopy (XPS) studies con-
firmed the chemical identity of MoS,. The high-resolution
spectrum of Mo3d shows that there are two strong peaks at
232.6 eV (3d;,, blue) and 229.5eV (3ds,, green) with one
weak peak at 226.5e¢V (S2s, orange), all of which are
deconvoluted into single Gaussian—-Lorentzian curves (Fig-
ure 1f). The absence of peaks near 236 eV rules out the
presence of Mo®" and thus that of MoS;. The S2p spectrum
clarifies that the oxidation state of S is —2 (Supporting
Information, inset in Figure S5). Note that the presence of
oxides is ruled out, as the O1ls spectrum only shows the
presence SiO,, not metal oxide peaks.

The quality and the number of layers of MoS, were further
investigated by high-resolution transmission electron micros-
copy (HRTEM) using a sample transferred on a copper grid
coated with amorphous carbon film. A typical HRTEM image
of MoS, atomic layers shows distinct hexagonal atomic
arrangements (Figure 2a), and its reciprocal space image
obtained by its Fourier transform reveals clear hexagonal sets
of dots (Figure 2b), matching with P6;/mmc of the crystallo-
graphic space group of MoS,. The inner hexagon with the
radius of 3.8 nm™! corresponds to (100) planes with interpla-
nar distance of 2.7 A, and the outer with the radius of 6.3 nm ™!
corresponds to (110) planes having interplanar distance of
1.6 A in real space. These results imply that the zone axis is
[001] direction, showing that the sample is indeed composed
of a 2D atomic sheet lying on a substrate. The absence of
hexagonal dots in different orientations indicates that the
sample is single-crystalline at least within the range of scope,
the diameter of which is several tens of nanometers. A noise-
filtered HRTEM image obtained by selecting the hexagonal
dots from Figure 2b clearly shows an ordered hexagonal
symmetry of dots (Figure 2d), matching with a typical crystal
structure of MoS, (Figure2c) as well as with other
reports.”7 ! Figure 2e is an HRTEM image taken at the
region where MoS, atomic layers are folded, which provides
an evidence for the formation of two to three MoS, atomic
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Figure 2. a) HRTEM image of MoS, showing hexagonal symmetry of
the exiting wave function. The scale bar is T nm. b) Fourier-trans-
formed electron diffraction of (a). The scale bar is 2 nm™". c) A ball-
and-stick model of MoS, showing top and side views of the atomic
structure. d) Fourier-filtered image of (a). The scale bar is 1T nm.

e) Cross-section image of MoS, atomic layers exhibiting 6.7 A interlayer
distance. The scale bar is 2 nm.
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layers. The inter-layer distance of 6.7 A agrees well with the
aforementioned value measured from the AFM image.

The electrical properties of MoS, atomic layers were
investigated using MoS, field-effect transistor (FET) devices
exhibiting the mobility of 0.004 cm?>V~'s™!. Details of the
fabrication method and discussion are included in the
Supporting Information (Figure S6).

Considering the fact that the same CVD reactions
attempted on a bare SiO, or Si substrate without Au catalyst
yields irregular MoS, particulates by both sequential (Sup-
porting Information, Figure S7) and simultaneous injections
of Mo and S precursors,”?!! the formation of uniform and
large-scale MoS, atomic layers by our method seems mainly
attributed to the realization of large-scale and homogeneous
Mo-Au alloy on the target substrate. This result, however,
contradicts the bulk Mo-Au binary phase diagram (Support-
ing Information, Figure S1). The diagram states that the
solubility of Mo in crystalline Au fcc structure is only up to
0.34 atomic % at 300°C to form a homogenous substitutional
alloy, and excess Mo should form separate crystalline Mo bcc
islands. Our alloy system, in contrast, seems completely
miscible, as the resulting MoS, is uniform in large area. This
anomaly can be explained by the concept of a surface alloy.
The surface alloy denotes an alloy that is confined to atom-
thick layers at the surface, especially composed of a pair of
elements that are immiscible in the bulk.”? Therefore, the
formation of surface alloy is often observed in various
immiscible binary systems, such as K-Al®! or Au-Nj®!
where the atomic radius differs from each other significantly.
One of the main driving forces to produce surface alloys of
immiscible elements is the reduction of interface energy
arising from the mismatch at near the surface. As a result,
alloying occurs only at the surface at atomic thickness
level.?224

The successful formation of Mo-Au surface alloy was
investigated by XPS (Figure 3a) and AFM (Supporting
Information, Figure S8). When the Au surface is only reacted
with [Mo(CO),] vapor, its XPS spectrum shows two Mo3d
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Figure 3. a),b) X-ray photoelectron spectrum at Mo 3d and S2s regions
for Mo-Au alloy (a) and sulfidated Mo-Au alloy (b). c) Proposed
mechanism for the formation of Mo-Au surface alloy and atomic layers
of MoS, at 300°C. Incomplete dissociation of CO from [Mo(CO)]
results in Mo clusters that eventually yield MoS, clusters.

www.angewandte.org

© 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

peaks appearing at 235.2 eV (3d;,) and 232.1 eV (3ds;,). These
Mo3d binding energies are blue-shifted with respect to
metallic Mo (3d;,: 228 eV, 3ds,,: 225 eV), which owes not to
the oxide formation (Supporting Information, Figure S9) but
to the charge transfer between Mo and Au atoms upon the
formation of Mo-Au alloy at 300°C.>*"! Such shift of XPS
peak is often observed in many alloy systems such as Ag-Au®*!
or Pd-Au.”! Their positions are also clearly differentiated
from those of MoS, atomic layers. The XPS spectrum after
sulfidation (Figure 3b) reveals successful formation of MoS,,
as three related peaks appearing at 232.5eV (Mo*" 3d,,,
blue), 229.4 eV (Mo*" 3ds,, blue), and 226.0eV (S* 2s,
orange). The other two green peaks have the same position as
Mo-Au alloy, indicating that a certain portion of the alloy
remains unreacted. This process does not involve the
formation of other chemical species (Supporting Information,
Figure S10). The uniformity of the Mo-Au surface alloy is
confirmed by observing comparable XPS peak positions from
five different locations of the sample.

A notable surface feature of Mo-Au surface alloy is that
the Mo layer goes underneath the topmost Au layer when
pure Mo reacts with Au to minimize surface energy, while
incompletely defragmentized Mo, such as [Mo(CO),] (0 < x <
6), induces local aggregations through surface migration
(Figure 3c; Supporting Information, Scheme S1).%”:33 The
formation of such Mo clusters on Mo-Au surface alloy is
confirmed by AFM (Supporting Information, Figure S8c).”!
When the Mo-Au surface alloy reacts with H,S, the buried Mo
layer is diffused out and sulfidated to form film-type MoS,
layers as a major product while MoS, particles are formed
from Mo clusters as a minor product (Supporting Informa-
tion, Figure $8d).**¥ The co-presence of both MoS, layer
and particles is also found in Figure le. More detailed
discussion about the reaction mechanism is available in the
Supporting Information.

The critical role of Au as a support for the homogenous
Mo precursor over a large area of substrate suggests that
a patterned growth of MoS, atomic layers is feasible simply by
defining the pattern of Au film. Thus, the direct formation of
patterned MoS, atomic layers was attempted by running the
CVD process using a Si substrate on which Au thin film was
pre-patterned. Figure 4a and b show optical microscope
images of pre-patterned Au thin film with letters of “MoS,”
and “M”, respectively, having 1 um of width of the line of each
letter. After running CVD process at the same reaction
condition used to obtain the samples shown in Figure 1 and 2,
the patterned MoS, atomic layers were grown and transferred
on a fresh SiO,/Si substrate. As shown in Figure 4c and d, the
shape and size of the transferred MoS, patterned atomic
layers are well-retained. This is the first time to demonstrate
the synthesis of few-layer MoS, in a desired pattern without
any post-synthesis tailoring, of which resolution reaches down
to sub-micrometers.

In summary, we have presented a novel way to synthesize
MoS, atomic layers in desired sizes and patterns by Au-
assisted CVD process. The successful growth of MoS, atomic
layers in large-scale and patterned shape has been realized
through securing Mo-Au surface alloy as a homogeneous and
large-scale Mo precursor reservoir. The successive reaction
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Figure 4. a),b) Optical microscope images of Au patterns on Si
substrates obtained by electron-beam lithography. c),d) Patterned
MoS, atomic layers corresponding to (a) and (b), respectively. Note
that (c) and (d) are taken after transferring MoS, atomic layers formed
on (a) and (b) onto new SiO, substrates. All of the scale bars are

10 pm.

with H,S completes the formation of MoS, atomic layers. By
simply defining the pattern of Au film, patterned growth of
MoS, atomic layers has been also achieved. Our method
illuminates a simple inspection for the utilization of bimetal
surface alloy (Mo-Au) that successfully provides an ideal
environment maximizing the reactivity between Mo and S on
a solid substrate. We believe that other proper sets of catalytic
substrate and metal precursor would prepare various TMDs
in atomic layers not only in large-scale but also in desired
patterns with high uniformity.

Experimental Section

Synthesis of atomic layers of MoS, on Au film (Supporting
Information, Figure S2a): A 50 nm thick Au film was deposited on
a pre-cleaned Si(100) substrate by electron-beam evaporation. The
substrate was located in a protection quartz tube that is placed at the
center of electric tube furnace. Molybdenum hexacarbonyl
([Mo(CO)4]; 0.1 g, Aldrich, 99%) was loaded on a ceramic boat
and placed at the upstream verge slightly outside of the furnace. Ar
gas was then supplied at 300 sccm for 10 min to purge the quartz tube
then heated by closing the top lid of the furnace up to 300°C at the
rate of 30°C per minute, under which the temperature applied to
[Mo(CO);] becomes about 66°C. After 30 min, 5 sccm of H,S gas was
supplied for another 30 min for sulfidation reaction. After the
reaction was completed, the furnace was cooled down at the rate of
50°C per minute by opening the top lid of the furnace under Ar
atmosphere.
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