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ABSTRACT: Pulsed laser deposition (PLD) on metal
substrates has recently been discovered to present an
alternative method for producing highly crystalline few-layer
MoS,. However, not every metal behaves in the same manner
during film growth, and hence, it is crucial that the ability of
various metals to produce crystalline MoS, be thoroughly
investigated. In this work, MoS, was deposited on metal
substrates, Al, Ag, Ni, and Cu, using a pulsed laser. Highly
crystalline few-layer MoS, was successfully grown on Ag, but is
absent in Al, Ni, and Cu under specific growth conditions. This
discrepancy was attributed to either excessively strong or
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insufficient adlayer—substrate interactions. In the case of Al, the effects of the strong interface interactions can be offset by
increasing the amount of source atoms supplied, thereby producing semicrystalline few-layer MoS,. The results show that despite
PLD being a physical vapor deposition technique, both physical and chemical processes play an important role in MoS, growth

on metal substrates.
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1. INTRODUCTION

Within the emerging class of ultrathin two-dimensional (2D)
layered materials, graphene has undoubtedly attracted the most
attention due to its remarkable mechanical' and electronic
properties.” However, the intrinsic limitations of graphene such
as the lack of a band gap necessary for efficient high
performance field effect transistors (FETs) has motivated
research on other 2D materials. One such material is
molybdenum disulfide (MoS,), from the family of layered
transition metal dichalcogenides (LTMDs). Unlike metallic
graphene, MoS, is an indirect band gap semiconductor with an
energy gap of 1.2 eV in bulk form.? But when thinned down to
a monolayer, quantum confinement effects gives rise to an
indirect-to-direct transition such that single layer MoS,
possesses a direct gap of 1.9 eV.*> This leads to an
enhancement in photoluminescence of single layer MoS,,
making the material attractive for use in optoelectronic devices.
In addition, transistors based on atomically thin MoS, present
impressive carrier mobilities of 200—500 cm?/(V s) and
excellent on/off current ratios, which render them suitable for
next generation electronic devices.”’

One of the key challenges in MoS, research is the fabrication
of high quality ultrathin films. Conventional “top-down”
techniques such as mechanical exfoliation®” and solvent
based exfoliation'®!" are time-consuming, are not scalable,
and produce flakes that are not thickness and shape
controllable, while lithium intercalation techniques'® suffer
from physical and electronic changes to the crystal structure.
Chemical vapor deposition (CVD) has recently been found to
be successful at producing large-area MoS,, >~ but the
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technique requires high process temperatures in the range of
650—1000 °C and long growth times. It is also more
challenging to obtain crystalline atomically thin MoS, with
controlled number of layers by CVD.'® Consequently, there is
growing focus toward alternative synthesis methods for
ultrathin MoS,, particularly on insulating substrates such as
alumina and mica.'” However, information and studies on the
growth of few-layer MoS, using metal substrates are still
severely limited. The use of insulating substrates is necessary
for studying the electronic properties of MoS,, but metal
substrates have their own set of advantages, including but not
limited to a reduction in growth temperatures and the ease of
producing metal—semiconductor contacts without film transfer.
Furthermore, increasing evidence suggests that hybridizing
MoS, with metallic materials can lead to their superior
performance as electrocatalysts for the hydrogen evolution
reaction (HER) due to synergistic interactions. For example,
the introduction of a metal support can substantially alter the H
binding energy of MoS,,'® enabled by charge transfer from the
substrate to the overlying film and through strong metal—MoS,
interaction at the interface. This improvement in the HER
activity through the use of conductive supports that promote
charge-transfer kinetics was also reported for MoS, nano-
clusters synthesized on graphene-protected 3D Ni foams'® and
reduced graphene oxide (RGO).” Aside from optimizing the
electrical contact between the active sites and the catalyst
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substrate, the presence of metallic species such as Ni and Co
can enhance the activity of unsaturated Mo and/or S atoms that
act as the active sites for HER,*! leading to higher intrinsic
catalytic ability of the MoS, hybrid material. It has been proven
experimentally that the active site for HER in 2H-MoS, is the
partially sulfide-terminated Mo-edge.”* The sulfur edges on the
other hand are not catalytically active. In promoted MoS,
nanocrystals, the incorporation of Ni or Co ions leads to a
change in morphology from truncated triangle to hexagonal,
with the metal ions located at the S—edges.21 The S-edges thus
become catalytically active, and there are more HER active sites
in the metal-promoted MoS, nanocrystals compared to pristine
MoS,, resulting in their higher intrinsic catalytic ability. From
these results, it can be seen that metal-supported MoS, films
have the potential to be used as novel catalysts for hydrogen
production.

In this work, we present a study on the viability of various
metals to act as the growth template for few-layer MoS, when a
limited amount of source atoms are supplied by pulsed laser
deposition (PLD). Among the advantages to using PLD for
thin film deposition is the ability to grow high quality films, to
ablate any material, and to obtain a stoichiometric transfer of
target material onto the substrate, which is especially useful in
the case of composite materials such as MoS,. While PLD has
found success in the fabrication of few-layer graphene as carried
out by Koh et al,*” it has yet to be explored as a technique for
growing other 2D layered materials. Furthermore, little is
known concerning the mechanism and parameters affecting
film growth of MoS, when using energetic source atoms that
may penetrate the substrate. For PLD fabricated graphene, it
has been found that the film is produced via segregation of
carbon atoms onto the surface after being implanted into the
metal?* But the situation is more complicated with MoS, due
the presence of multiple species as the source atoms, and the
high chemical reactivity of sulfur with various metals.

The metals chosen as substrates in this work were Al, Ag, Ni,
and Cu. Sapphire (a-Al,O;) substrates have been demon-
strated®® to successfully produce ultrathin MoS, by CVD. It
would be interesting to see if similar results can be replicated
using pure Al metal films and solid MoS, sources in PLD. Ag,
Nj, and Cu were chosen for their reactivity with sulfur to form
metal sulfides, which are thought to be beneficial to the growth
of highly crystalline MoS, due to the minimal lattice mismatch
between two sulfide compounds.

2. EXPERIMENTAL SECTION

Metal films of approximately 600 nm thickness were sputtered onto
normal doped (n+) Si substrates. The thin film substrates were loaded
in a KrF (4 = 248 nm) Lambda Physik excimer PLD system, which
was subsequently evacuated to 2 X 107 Torr. A MoS, target (99.9%
purity) was ablated with a SO mJ laser energy and for a duration of 10's
to yield an estimated S nm thick MoS, film on the substrate surface.
The laser frequency was set at 10 Hz for a pulse duration of 25 ns, and
the laser spot size was 1 mm® The target was rotated at a speed of 6
rpm with the laser ablating a circular outline of 2 cm in radius.
Substrate temperature was kept at 500 °C during ablation, and
subsequently decreased at a controlled rate of 50 °C/min until the
temperature reached 300 °C, thereupon natural cooling took over.
The as-deposited samples were characterized with a JEOL JEM-
2010F transmission electron microscope (TEM) operated at 200 kV
and a Renishaw Raman spectrometer 2000 with an excitation
wavelength of 514.5 nm. The green Raman laser beam had a spot
size of 1 pm and was focused using an optical microscope at 50X
magnification. Surface composition was analyzed by X-ray photo-

electron spectroscopy (XPS), using a Kratos Analytical Axis Ultra®®

UHV spectrometer with a monochromatized Al Ka X-ray source
(1486.6 eV) scanning a spot size of 700 ym by 300 ym. Core-level
XPS spectra were obtained by photoelectrons at a takeoff angle of 15°,
measured with respect to the sample surface at a vacuum of 5 X 10~
Torr. The pass energy for the narrow scans was set at 20 eV.

3. RESULTS

Figure 1 shows the Raman spectra of the as-deposited film on
the various metal substrates fabricated using a laser energy of 50
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Figure 1. Raman spectra of as-grown samples fabricated on different

metal substrates. Left and right dashed lines indicate the positions of
the ElZg and Ay, peaks in bulk MoS, respectively.

m]J and a deposition time of 10 s. Also included for comparison
is the spectrum of powder MoS,, consisting of two peaks at
379.1 and 404.8 cm™" that correspond to the 2H-MoS, Raman
modes of Elzg and Ay, respectively.”® The in-plane ElZg mode is
associated with the opposite vibration of two S atoms with
respect to the Mo atom in the x—y plane, while the out-of-plane
A;, mode results from vibration of only S atoms in the z-
direction of the unit cell.>” The presence and intensity of these
two peaks are indicators of the crystallinity of MoS,. Based on
the Raman spectra of our samples, it appears that only Ag was
successful in forming crystalline MoS, at this deposition
parameters, while the Mo and S atoms on other metal
substrates either form a more disordered structure or a separate
compound altogether.

For ultrathin MoS, with <4 layers, the ElZg band blue-shifts
while the A, vibration red-shifts with decreasing layer
thickness.”® The shift in the Ay, peak is attributed to stronger
interlayer van der Waals forces with increasing thickness,
caused by the influence of neighboring layers that suppress
atom vibration.”” For the shift in the Elzg mode, it is suggested
that stacking induced changes in structure or increased
dielectric screening of long-range Coulomb interactions in
multilayer MoS, are more dominant factors. These shifts in
Raman peak positions allow reliable identification of layer
thickness in MoS, samples with less than five layers. For our
MoS, on Ag samples, the E'), and A, peak positions are
determined to occur at 402.4 and 380.2 cm™' respectively,
indicating an ultrathin film with two to three layers. A TEM
image of the sample is shown in Figure 2, with few-layer MoS,
imaged as lattice fringes with interlayer spacing of 0.65 nm on
top of Ag, confirming the results from Raman spectroscopy.
The interplanar spacings of approximately 0.27 nm present just
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Figure 2. (a) Cross-sectional TEM image of Ag sample fabricated at
50 m]J laser energy and 10 s deposition time, showing MoS, lattice
fringes on top of silver. Inset (b) is an overview optical image showing
uniform coverage of the deposited film.

underneath the layer of MoS, can be ascribed to the (120)
plane of monoclinic Ag,S [JCPDS #14-0072]. As the MoS,
sheets were grown on top of an Ag layer, the domain size of the
MoS, crystals would follow the grain size of the underlying
metal. From scanning electron microscope images, the Ag layer
was determined to have an average grain size of ~600 nm, with
the smallest grains having an average diameter of 150 nm.
Crystalline MoS, was also formed on Al when the deposition
parameters was adjusted. As shown in Figure 3, the emergence
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Figure 3. Raman of Al samples fabricated using different laser energies
and deposition times. Left and right dashed lines indicate the positions
of the El2g and A, peaks in bulk MoS,, respectively.

of the characteristic Raman bands at approximately 379 and
404 cm™" indicate that a longer deposition time and higher laser
energies impart considerable crystal ordering to the MoS,
structure. This would suggest that a larger amount of source
atoms Mo and S are required for formation of a crystalline
structure on Al than is needed for Ag substrates. Compared to
MoS, on Ag, the Raman peak intensities are much lower and
the full width at half-maxiumum slightly wider for MoS, on Al
both indicators of multiple defects that degrade film quality.
The weak Raman signal also makes quantitative analysis of the

number of layers in the as-deposited film difficult, particularly in
the sample grown at 100 mJ laser energy. For the 50 mJ, 30 s
sample, a slight blue-shift of the Elzg band can be observed,
suggesting the formation of a MoS, film with approximately
three to four layers. This is corroborated by the TEM image
shown in Figure 4, in which the lattice fringes of MoS, are seen
on top of an aluminum native oxide coating, which appears to
be mostly amorphous. The TEM image also reveals that the
MoS, film obtained is essentially semicrystalline, as predicted
by the Raman spectra. Beyond a laser energy of 100 mJ, the
laser fabricated MoS, film on Al has more than four layers as
seen from the Raman peak positions.

Figure S depicts the XPS high resolution scans of Mo and S
for films deposited at 50 m] energy and for 10 s on Ag, Al, and
Ni substrates. Two peaks at approximately 228.7 and 231.9 eV
that correspond to Mo*" 3d;, and Mo* 3d;;, of MoS,,
respectively, are present for all three substrates. In the S 2p
spectra, the known doublet peaks of the S> species in MoS,
occurs at 161.9 and 163.1 eV, and is similarly present for all
metals. This independently confirms that MoS, and not a
different compound forms on Ag, Al, and Ni. There is an
additional S 2p doublet in the Al sample located at 163 and
164.2 eV, assigned to the bindin% energies of apical $>~ or
bridging disulfide S,*~ ligands,”® and can essentially be
attributed to the presence of amorphous sulfur that significantly
reduces the crystalline quality of MoS,. This pattern of two
doublets in the S 2p spectrum of MoS, deposited on Al is
consistent throughout different growth conditions, and is
similar to that of MoS;."* The obtained film is also considerably
oxidized, judging by the presence and high relative intensity of
peaks consistent with Mo®* and Mo®" oxidation states.
Compared to the Al samples, the MoS, on Ag substrates are
of superior crystalline quality; the S 2p doublet of amorphous
sulfur is absent, and the degree of Mo oxidation is much lower,
with the stoichiometric ratio of S atoms to Mo calculated to be
close to the ideal value of 2. The additional S 2p doublet for the
Ag sample occurs at binding energies of 161.1 and 162.4 eV,
which matches well with that of the S* species in Ag,S.

The Ni samples exhibit Mo 3d scans that are similar to that
of Al, but with lower relative intensities of Mo*" and Mo®"
peaks, indicating a lower degree of oxidation. Its S 2p spectra
on the other hand is a combination of the Al and Ag samples,
consisting of three doublets: the first pair contributed by
amorphous sulfur, the second due to the $?~ of MoS,, and the
final doublet appearing at 161.1 eV is within the range for metal
sulfide groups. It can thus be concluded that a small amount of
Ni—S phase was formed at the growth temperature of 500 °C.
The obtained MoS, film on Ni appears to exhibit aggregation
or clustering when the laser energy is increased, as supported
by the development of a broad peak centered at 403 cm™ in
the Raman spectra of Ni (Figure 7). In the XPS scans of Cu
(Figure 6), we observe that no Mo is detected in the sample,
with the peak at 226 eV in the Mo 3d scan attributed to S 2s.
The S 2p spectra contains two doublets, one occurring at
binding energies of 161.7 and 162.9 eV and in the absence of
Mo is matched to S* of” a Cu—S phase that forms in situ. The
second doublet occurs at 168.5 and 169.7 eV, signifying the
presence of oxidized sulfur species SO,>".

4. DISCUSSION

Across the four metals tested, highly crystalline few-layer MoS,
was formed only on Ag, but not on Al Ni, and Cu. To
understand this phenomenon, we must take into account the
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Figure 4. Cross-sectional TEM image of Al sample fabricated at S0 mJ energy and 30 s deposition time. (a) The Al metal layer is uneven and
covered with an amorphous native oxide coating. (b) Lattice fringes of MoS, are seen above the Al native oxide layer.
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Figure 5. XPS spectra showing Mo 3d, S 2s, and S 2p core level peak
regions for (a,b) Ag, (c,d) Al, and (e,f) Ni samples fabricated using SO
m] laser energy and 10 s deposition time.

solubility and chemical reactivity of Mo and S atoms with these
metals. We consider also that, with PLD, the supplied source
atoms are energetic and can penetrate into the metal layer
rather than simply being deposited onto the surface. In the case
of silver, Mo is insoluble in solid Ag at any temperature,”" while
S reacts with Ag to form silver sulfide. During the initial growth
process, chemisorption of S atoms into silver gives rise to the
formation of an Ag,S phase at the surface regions of the
substrate. The relatively intense XPS signals from the S>~

15969
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Figure 6. XPS spectra showing (a) Mo 3d, S 2s, and (b) S 2p core
level peak regions for the Cu samples fabricated using 50 mJ laser
energy and 10 s deposition time.

Intensity (a.u.)

— T T T T T T T T T T T
300 320 340 360 380 400 420 440 460 480 500
Raman Shift (cm™)

Figure 7. Raman of Ni samples fabricated using different laser
energies. Left and right dashed lines indicate the positions of the El2g
and A, peaks in bulk MoS, respectively.

species of Ag,S suggests that MoS, is strongly interacting with
the silver substrate through the formation of sulfide bonds; Mo
atoms that segregate out of silver bind to the sulfur species in
Ag,S, in addition to unreacted S atoms. The energy supplied by
the pulsed laser and by heating imparts mobility to the Mo and
S atoms that allow them to rearrange into an orderly
configuration during the subsequent cooling process. Small
crystallites of MoS, nucleating in the first part of the
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crystallization process are supported and surrounded by a soft
Ag,S phase matrix, which grants further mobility to the atoms
and thus promotes grain growth. Minimal lattice mismatch
(~2.6%) between the (120) plane of Ag,S and the b-axis of the
MoS, unit cell (Figure 8) further facilitates periodic ordering

~0.273 nm

Ag2S (120) plane

Molybdenum

4—~‘
547 A

Figure 8. Schematic diagram of MoS, film on top of (120) plane of
Ag,S. Lattice misfit between the two is calculated to be ~2.6%.

that gives the obtained film its high crystallinity. As laser energy
can be increased and cooling rate decreased to provide more
energetic source atoms, the degree of crystallinity in the
resulting MoS, film can be tuned as desired to achieve the
optimum value.** The quality of the as-deposited MoS, film is
believed to be minimally affected by oxide formation, which is
mostly due to excess Mo atoms on the substrate surface
reacting with oxygen when exposed to air. This was deduced
from angle resolved XPS measurements and the calculated
stoichiometric ratio of S: Mo atoms, which is close to the ideal
value of 2. The crystalline quality of PLD grown MoS, on silver
appears to be comparable to CVD grown MoS, sheets, with
uniform coverage of layers over the entire substrate and average
crystallite dimensions of a few hundred nanometers. Photo-
luminescence measurements of the few-layer MoS, film have
also demonstrated pronounced signals at the direct excitonic
transitions occurring at wavelengths of 615 and 670 nm,?
indicating strong semiconducting characteristics of the 2H-
MoS, crystal structure and a low density of defects.

Under atmospheric conditions, aluminum metal forms a
passivating oxide layer with chemical formula Al,Os, which can
be clearly observed as a bright amorphous layer in the TEM
images of Al samples. Mo atoms implanted into the Al substrate
subsequently interact strongly with the oxide layer through
bond formation with oxygen atoms, as shown by the prominent
peaks from Mo>* and Mo®" states in the XPS scans. As Mo
atoms are initially consumed by oxide formation, there are
always excess S atoms on the substrate surface that bond to
each other to form elemental sulfur. Furthermore, the uneven
surface of the substrate oxide layer and its mostly amorphous
nature creates a high energy barrier to crystallization. On such
amorphous substrates, nuclei are randomly oriented, and there
is competition among crystallites in that nucleate various
orientation during film growth. Consequently, coalescence does
not occur as it is more favorable for crystallites to remain as
islands embedded in an amorphous matrix rather than form a
continuous crystalline film. This leads to the formation of a
broken, semicrystalline MoS, film on top of aluminum. An
increase in deposition time improves the crystallinity of the film
slightly because the first layer of semicrystalline MoS, becomes
part of the support/template for succeeding layers, lowering the
energy barrier to crystallization. Increasing the laser energy
gives rise to the same effects, in addition to imparting enhanced
mobility to the atoms.

Both Cu and Ni develop native oxide coatings in air, similar
to aluminum. Oxides of molybdenum are formed when Mo
atoms are embedded in the Ni substrate because of the low

solubility of Mo in NiO, but the adlayer—substrate interaction
through the oxygen bonding is much weaker than that in the Al
substrate, as deduced from the lower relative intensity of the
XPS peaks from Mo oxidation states. A lower degree of
oxidation means that more Mo atoms are available for reaction
with sulfur, and thus, the relative intensity of the XPS peaks
from amorphous sulfur is also significantly lower in comparison
to the Al samples. According to the Ni—S phase diagram,*® a
Ni,S,_; phase can be in equilibrium with the solid phase with
increasing sulfur content. While a Ni—S phase does form in
situ, the S 2p peak corresponding to this phase is very weak, as
opposed to the intense signal from S*~ of Ag,S in the Ag
sample. This suggests that the amount of Ni—S phase present
in the sample is very low, and insufficient to act as a template
for thin film growth. The Ni/NiO layer thus makes up the bulk
of the surface upon which MoS, grows, and the resulting film is
amorphous at low laser energies. With an increase in the laser
energy, the MoS, film begins to exhibit signs of clustering due
to enhanced atomic mobility and some order in the
arrangement of atoms is achieved, marked by the emergence
of a broad peak at ~403 cm™ in the Raman spectra. Increasing
the deposition time makes little to no difference, however, as
clustering requires energy that must be provided by heating or
from the laser. Crystallization is unable to take place owing to
the relatively large lattice mismatches between the template and
MoS,, which creates large stresses in the obtained film that
must be released by breaking the periodic arrangement of
atoms. In the case of Cu, the formation of its characteristic
patina, composed of a mixture of sulfates, carbonates and
sulfides, dominates over any other reaction. This inferred from
the presence of oxidized sulfur species SO,*” in the XPS scans,
and an observable color change in the film from reddish to
cyan. Mo has near-zero solubility in Cu, and as it is unable to
bind to oxygen, all of which is consumed by the formation of
the patina, the Mo atoms exists only as adsorbates on the Cu
film. They are thus easily released by desorption with the
thermal energy provided by heating during the deposition
process, and consequently, no Mo species are detected in XPS
scans.

5. CONCLUSION

We have presented the fabrication of crystalline few-layer MoS,
on metal substrates using pulsed laser deposition. This
technique involves the in situ formation of an appropriate
scaffold/template for growth, and subsequent segregation of
dissolved source atoms in the metal onto the surface. As such,
the method is a combined physical and chemical process in
which solubility and chemical reactivity of the source atoms
with the underlying metal substrate are important factors
affecting thin film growth. Of particular significance is the
reaction of sulfur with the substrate; formation of a metal
sulfide phase in situ is critical to growth of highly crystalline
MoS,. Any interactions between Mo and the substrate,
however, are usually detrimental to the film quality, as this
leaves excess S atoms on the surface that bind to each other to
form amorphous sulfur. Despite the formation of metal sulfides
in situ, both Ni and Cu failed to produce crystalline MoS,. For
either case, the sulfide formed was insufficient, in addition to
being consumed to formed sulfates in the Cu substrates. In
contrast, Ag was found to be very successful as a substrate for
highly crystalline few-layer MoS, fabrication, even at low laser
energies, due to the formation of substantial amounts of an
Ag,S phase. Even though alumina substrates have been
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effectively utilized as epitaxial substrates for MoS, in CVD
processes, the aluminum substrates used in this work could
produce only semicrystalline few-layer MoS, when the growth
parameters were adjusted to cater to the metal. This is partly
attributed to the amorphous nature of the native oxide coating
and partly to the energetic Mo atoms supplied by PLD that
penetrate into the substrate, resulting in high levels of
molybdenum oxide.
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