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Abstract

In this study, we present an investigation on the growth of thin Mo,C crystals via
chemical vapor deposition using CH,. Optical microscopy (OM), scanning electron
microscopy (SEM), atomic force microscopy(AFM), and Raman spectroscopy stud-
ies show that the morphology and the thickness of Mo,C crystals are strongly af-
fected by the impurities in the system, the thickness of the copper substrate, and the
graphene presence on Cu surface prior to Mo,C formation. Our studies show that
during the CVD process, orthorhombic Mo,C crystals grow along the [100] direc-
tion on two different regions: directly on Cu surface or on graphene covered regions.
Mo,C crystals that form on graphene are found to be thinner and less defective com-
pared to the ones formed on the Cu surface. This is attributed to graphene acting as
an additional diffusion barrier for Mo atoms diffusing through the copper. In addition
to the graphene beneath the Mo,C crystal, Raman studies indicate that graphene may
grow also on top of the Mo,C crystal, forming a graphene/Mo,C/graphene sandwich

structure which may offer interesting properties for electronic applications.
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CVD has been a promising technique to achieve large
area and high quality thin layers of M02C3’13’22’14'21. In this

Recently, 2D Mo,C has drawn remarkable interest owing
to its high strength,' hardness,” good corrosion resistance
at high temperatures,3 high chemical stability,4 catalytic ac-
tiVity5 and superconductivity6 which make it an important
candidate material for various applications such as electro-
chemical batteries,7’8 supercapacit01rs,9‘10 electromagnetic in-
terference shielding,“’12 and hydrogen evaluation reactions.’
Not only for the uses in these applications but also to study
the fundamentals (eg the relationship between the morphol-
ogy and properties of 2D Mo,C at nanoscale), controlled syn-
thesis (thickness, lateral size, defects) of these thin crystals is
required.

method, Cu foil is placed on a Mo substrate and heated. At
above the melting temperature of copper, hydrocarbon gas
(CH,) is introduced into the system, so that the Mo atoms
diffusing through the copper, meet carbon atoms at the sur-
face and form M02C.3 In this process, besides the classical
CVD processing parameters such as reaction temperature®
and duration," copper thickness and CH, flow rate play
critical roles in the determination of the final Mo,C crystal
thickness.'*!'*

Firstly, Cu thickness is important because it does not only
act as a catalyst, but also as a valve or membrane, controlling
the Mo supply for the formation of 2D Mo,C crystals.”With
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respect to this, studies'>*° agree that Mo,C crystals get thin-

ner with increasing thickness of Cu layer. Secondly, CH,
flow rate is also very critical not only because it is the car-
bon source in Mo,C, but also the excess amount results in
the formation of graphene, which may act as an additional
diffusion barrier in the supply of Mo atoms.” Although vari-
ous groups have mentioned simultaneous growth of graphene
and Mo,C, there are conflicts in the positional relationship
between graphene and Mo,C as well as their formation mech-
anism.'"*'"?* For example, while Geng et al claims the evo-
lution of graphene beneath 2D M02C,14 with similar growth
conditions, Deng et al suggests the formation of graphene on
top of Mo,C crystals.15

In short, the effects of reaction temperature, duration,
copper thickness, and CH, flow rate on the final morphology
and thickness of Mo,C crystals were studied to some extent,
but there are discrepancies and conflicting data in litera-
ture. Furthermore, from the graphene CVD studies,”>?° it is
known that Si, originating from the quartz tube, affects the
nucleation and growth behavior of graphene, but there is not
any study showing the effect of impurities on the growth of
Mo,C crystals through this method. In this study, the effects
of impurities in the system, copper thickness, and graphene
formation on the growing Mo,C crystal's morphology and
thickness were studied systematically. The positional rela-
tionship between graphene and Mo,C was investigated di-
rectly on Cu surface and on transferred Si surface through
detailed Raman Spectroscopy studies.

2 | EXPERIMENTAL PROCEDURE

2.1 | Mo,C synthesis

A Cu foil (Alfa Aesar, 0.025 mm thick, 99.8% purity,
5%X5 mmz) and a Mo foil (Nanografi, 0.1 mm thick, 99.5%
purity, 8 X 8 mm?) were pretreated by immersing the sub-
strates in acetic acid bath (99.8%-100.5%, Sigma-Aldrich),
DI water, and ethanol sequentially (10 minutes each) to re-
move the native oxide layer existing on the metal surface.
Cu foil on top of a Mo foil was then placed in a mass flow
controlled (MFC) hot-wall CVD furnace (Protherm) with
a 100 cm long horizontal quartz tube (d = 8 cm). Prior to
heating, the quartz chamber was first purged with argon and
then pumped down to base pressure (5 mTorr) using a me-
chanical pump. Subsequently, the substrates were heated to
1090°C in 2 hours under 20 sccm H, flow. Once the furnace
temperature reached 1090°C, 0.5 sccm methane flow was
introduced into the reaction tube to initiate the growth while
maintaining the H, flow at 20 sccm at ambient pressure of
700 Torr. Following the growth (30 minutes), the sample
was cooled down to room temperature in 2 hours by fur-
nace cooling. In order to investigate the effect of impurities
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coming from the furnace environment (eg quartz tube) the
experiments were conducted with and without carbon sheet
with a thickness of 35 um (Nanografi, NGO1GS0102)on top
of the substrates.

2.2 | Transfer of Mo,C crystals onto the Si/
SiO, wafers

For the transfer of the formed crystals on the surface, PMMA
layer, 200-300 nm in thickness, was first spin coated on the
surface of the heterostructures at 5000 rpm for 1 minutes and
cured at 150°C for 5 minutes. Subsequently, the samples were
immersed in a 0.7 mol/L. (NH,),S,04 solution at RT to etch
Cu foil and detach the Mo,C/PMMA stack from substrate.
Then, the samples were rinsed with DI water several times
to remove the etchant and Cu residues. Thereafter, PMMA-
coated crystals were placed onto HF treated Si/SiO, wafers.
Finally, the PMMA was removed by hot acetone (~50°C) to
obtain free crystals on Si/SiO, wafers.

2.3 | Characterization

The distribution of Mo,C crystals on Cu and their oxida-
tion behavior were studied using optical microscopy (Nikon
Eclipse LV150N). The surface morphology of Cu and gra-
phene/Mo,C heterostructures were identified via SEM
equipped with electron dispersive spectroscopy (EDS) (FEI
Quanta 200 FEG). The thicknesses of graphene/Mo,C struc-
tures were determined through AFM in the tapping mode
(Asylum MFP-30, Oxford Instruments, USA). Mo,C for-
mation along with graphene was confirmed using Raman
spectroscopy (Witec Alpha300S with an excitation wave-
length of 532 nm) and X-ray photoelectron spectroscopy
(XPS) (K-Alpha Model XPS spectrometer, Thermo Fisher
Scientific, UK; Al Ka radiation, 1486.6 eV was employed as
the X-ray source). X-ray diffraction (XRD) was employed to
determine the phase and the orientation of Mo,C crystals (D8
Advance Bruker with CuKa radiation).

2.4 | Raman off-resonant spectrum
calculations

The phonon frequency calculations were performed by
Density Functional Perturbation theory as implemented in the
Vienna ab initio simulation package (VASP) code?’ which is
based on Density Functional Theory (DFT).?** The gener-
alized gradient approximation in its PBE parameterization
was used for electronic exchange-correlation functional.*
An energy cut-off of 700 eV, and a 24X24X1 Monkhorst-
Pack k-point grid was used for the plane wave expansion
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and Brillouin-zone sampling respectively. The correspond-
ing Raman off-resonant spectrum was obtained by using the
derivative of a macroscopic dielectric tensor with respect to
each vibrational mode at gamma point.31

2.5 | Device fabrication and transport
measurements

Electrical characterization was performed on Mo,C crys-
tals transferred over the oxidized Si chips in two terminal
device configurations. The electrical contacts were formed
with molten indium needles. First, indium source was placed
over a hotplate under the optical microscope. Once the in-
dium melts around 160°C, a cold needle attached to a mo-
torized micromanipulator was inserted to the liquid indium
and drawn out to form the needle. Then, the substrate with
the transferred crystals was placed over the hotplate and the
indium needle is contacted with the target crystal. To speed
up the metal contacting process, another needle was formed
from the end of the placed indium needle and placed over
the crystal. The total exposure of the sample to the high tem-
peratures was limited to less than a minute. Current-Voltage
(I-V) measurements were taken using a source measure unit
(Keithley 2400) under the ambient conditions, immediately
after the device fabrication. The crystal thickness and the de-
vice dimensions for the resistivity calculations were deter-
mined from SEM images.
Crystal structure drawings were produced by VESTA.*

Schematic Diagram of the
Experimental Setup
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FIGURE 1

3 | RESULTS AND DISCUSSION

In order to investigate the effect of impurities on the formation
and growth mechanisms of Mo,C crystals, the experiments
were conducted with and without carbon sheet on top of the
substrates (Figure 1). Studies show that if Cu was not cov-
ered by a carbon sheet, mostly equiaxed crystals with 2 um in
diameter, and columnar structures with 20 pm in length and
2 um in width were formed. EDAX result (Figure 1G), taken
from the surface of the sample (marked region in Figure 1E),
shows the presence of Mo, C, Cu, Ca, Si, and O. Given that
the atomic ratio of Ca, Si, and O is 1:1:3, it may indicate
the formation of CaSiO; compound as a contamination on
the Cucatalyst surface. Ca impurities were most probably
originated from 99.8% pure Cu foil due to the frequent use of
CaCOj; during Cu extraction.”

To synthesize large area Mo,C crystals free from contam-
ination, carbon sheet was placed on top of Mo-Cu substrate to
substantially block the Si atoms coming from the quartz tube
(Figure 1B). Thereby, it was ensured that Si atoms land on
top of carbon sheet rather than Cu surface and intensive for-
mation of nucleation centers was prevented. Optical micro-
scope and SEM images (Figure 1D,F) exhibit the evolution
of flower-like crystals which are relatively large in lateral size
(~15 pm). EDS studies confirm that carbon sheet success-
fully block the Si atoms (Figure 1H).

For the chemical analysis, flower-like crystals, shown
in Figure 1D,F, were investigated using XPS. The high-res-
olution Mo 3d spectrum was deconvoluted into three pairs

SEM Images EDS Spectrum
Mo
Si
Ca
Mo Ca
Mo
Mo
2.00 4.00keV

The effect of contamination on the growth of Mo,C crystals: (A, B), Schematic representations of the experimental setup; (C, D)

optical micrographs; (E, F) SEM images and (G, H) EDAX results of the samples synthesized without and with carbon sheet cap on top of Mo-Cu

substrate respectively [Color figure can be viewed at wileyonlinelibrary.com]
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of peaks (Figure 2A). In addition to the Mo-C peaks at 228
and 231.2 eV, the peaks at binding energies of 228.4, 232.2,
232.7, 235.5 eV are assigned to Mo™ and Mo*® species,
which can be attributed to the surface oxidation of Mo,C
in air.**** The high resolution C 1s spectra (Figure 2B) of
the sample can be well-fitted into two peaks, indicating the
formation of graphene (sp® hybridized C-C at 284.3 eV)®
along with Mo,C (Mo-C at 284.2 eV),* in line with previous
works where they demonstrated the formation of graphene
along with Mo,C crystals at a high ratio of CH, to H, flow
rate (>1:60)."*"°

In the CVD growth of Mo,C, Cu layer acts as a valve or
membrane, controlling the Mo supply for the formation of
2D Mo,C crystals. Hence, in order to decrease the thickness
and control the shape of the crystals, the supply of the Mo
atoms can be decreased by increasing the Cu layer thickness.
In order to test this hypothesis, various numbers of Cu foils
(1, 3, and 5) were placed on top of the Mo foils, and the crys-
tals formed at the center region of the samples were com-
pared (Figure 3). In the case of 1 layer Cu, the formed Mo,C
crystals have flower shape morphology with thickness reach-
ing to 200 nm (Figure 1A-D). When 3 Cu layers were used,
thinner crystals with facets were observed. Furthermore, ex-
periments performed by using 5 Cu layers resulted in the for-
mation of very thin Mo,C crystals (20 nm) with well-defined
facets (Figure 3I-L).

The thin crystals formed by using 5 Cu foils were fur-
ther analyzed through XRD. The diffraction patterns were
assigned to orthorhombic Mo,C phase® (Figure 4A).
Moreover, from XRD analysis one can deduce that the crys-
tals grew along the [100] direction which is in parallel with
the literature.’

XRD results were also confirmed by the experimen-
tal and theoretical Raman Spectroscopy studies. Figure 4B
shows the Raman spectrum measurement (blue solid line) for
a thin-film structure exemplarily depicted in Figure 3, and
off-resonant Raman spectrum (solid red lines) calculated for
orthorhombic a-Mo,C bulk crystal, along with Gamma point
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phonon frequency values (grey dashed lines). Theoretical and
experimental results are in good agreement and confirms that
grown Mo,C crystals are orthorhombic. Both results are dis-
tinctly different from the Raman spectrum of other possible
crystal formations well-known as 2H- and 1T-MoS,, possess-
ing three discrete Raman active modes.>’

During the growth of Mo,C crystals, due to the CH, flow
at high temperature, graphene forms at the surface simulta-
neously. The graphene formation is critical, because it acts
as an additional diffusion barrier which may help to form
the thinner Mo,C crystals by slowing down the Mo supply.
In order to study this effect, detailed experiments were con-
ducted using five Cu foils.

The graphene covered regions were revealed by oxidation
experiments. The surfaces of the samples with Mo,C crys-
tals before and after oxidation are compared in Figure 5A,B.
Upon oxidation, graphene covered Cu surface was protected
from oxidation, whereas Cu regions were oxidized (dark or-
ange regions in Figure 5B).SEM image of the selected area
in Figure 5A is given in Figure 5C, where the different re-
gions are clearly seen. These results indicate that during
the CVD process, Mo,C crystals may form on two differ-
ent regions: directly on Cu surface (designated as Region
3 in Figure 5) or on graphene (designated as Region 4 in
Figure 5). Furthermore, Mo,C crystals that form on graphene
were found to be thinner and less defective compared to the
ones formed on the Cu surface.

To determine the positional relationship of graphene and
Mo,C crystals, Raman spectrum was collected from the des-
ignated regions in Figure 5C. Raman spectroscopy studies to-
gether with oxidation experiments confirmed that the region
1 is graphene on copper, region 2 is only copper and region
3 is Mo,C (650 cm™) on copper. Surprisingly, the Raman
spectrum taken from region 4 also shows that there is also
graphene layer on Mo,C crystal (Region 4).

In order to check whether there is graphene under the
Mo,C crystal in region 4 and to decrease the noise to sig-
nal ratio (fluorescence caused by Cu substrate), structures

(A)

MO-_Q

Intensity (a.u.)

FIGURE 2  Surface chemical
analysis of Mo,C crystals through XPS.

Mo 3d || (B) C1s

MOjC

High resolution (A) Mo 3d and (B) C Is
spectra [Color figure can be viewed at
wileyonlinelibrary.com]
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FIGURE 3 Optical microscope, SEM, AFM images, and corresponding height profiles of Mo,C crystals grown on (A-D) one, (E-H) three,

and (I-L) five copper foils [Color figure can be viewed at wileyonlinelibrary.com]
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FIGURE 4 A, XRD pattern of Mo,C domains on Cu (inset shows Mo,C crystal's top and side view); (B) measured Raman spectrum of an

as-grown thin film structure (blue line) and off-resonant Raman spectrum calculated for bulk a-Mo,C crystal. Here, the gray dashed lines show the

calculated Gamma point phonon frequencies [Color figure can be viewed at wileyonlinelibrary.com]

formed on Cu surface were transferred onto Si substrates.
Figure 6A,C exhibits the typical optical microscope image
of the transferred structures on Si substrate and the corre-
sponding Raman spectra taken from the marked spots respec-
tively. Raman spectrum taken from the rectangular crystal (A
in Figure 6A) confirms the formation of Mo,C (650 cm'l)/
graphene (G peak at 1580 cm™" and 2D peak at 2673 em™h)
heterostructure. Intensity ratio of 2D peak to G peak about
2.8 and narrow symmetric 2D peak (FWHM value of

35 cm™') shows the presence of single layer grapheme.%’39

The absence of Si peak shows that the Mo,C crystal is thick
enough that no signal is coming from beneath. Therefore, in
this spectrum the graphene signal is coming from the top of
the Mo,C crystal, supporting the result given as the spec-
tra 4 in Figure 5. The spectrum from point C in Figure 6A
verifies the growth of graphene on the Cu as well, consis-
tent with the above optical microscope results obtained by
oxidation studies. In addition, we observed that some Mo,C
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FIGURE 5 Optical micrographs of
the sample surface (A) before and (B) after
oxidation. Blue crystals are Mo,C crystals;
(C) SEM image of the designated region

in (A); (D) Raman spectrum of the labeled
regions in (C); (E) Schematic representation
of the evolution of different structures

on Cu surface, where the region numbers
correspond to the labels in (C) [Color figure
can be viewed at wileyonlinelibrary.com]

FIGURE 6 A and B, Optical
micrographs and (C, D) corresponding
Raman spectrums taken from the designated
regions of the transferred samples (A,

C) before and (B, D) after acid etching

to remove the crystal from Si/SiO,

surface [Color figure can be viewed at
wileyonlinelibrary.com]

FIGURE 7 A, Optical microscope
image of an indium contacted Mo,C crystal
on Si/Si0O, substrate. B, I-V curves for

two different devices of similar sample
geometry [Color figure can be viewed at
wileyonlinelibrary.com]
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crystals fell off during the transfer process, leaving behind
regular shaped edge traces (B), as presented before in Ref
[19]. Raman signals collected from this region (B) shows the
absence of graphene underneath the Mo,C crystal. To answer
the question if there is graphene under the rectangular Mo,C
crystal or not, the sample was etched in 1M FeCl; solution
to remove the Mo,C selectively (Figure 6B). The Raman
spectroscopy studies after etching (Figure 6D) verified the
presence of graphene under the crystal as well (G peak at
1595 cm™" and 2D peak at 2676 cm™"). This result shows
that the direct growth of graphene/Mo,C/graphene sandwich
heterostructure is possible through this method.

Finally, electrical characterization of the thin Mo,C crys-
tals was also performed. I-V scans taken from two different
devices show the Ohmic behavior of the transferred Mo,C
crystals up to 100 mV. Device 1 is shown in Figure 7A.
Two I-V cycles for device 1 and 2 are given in Figure 7B.
Resistivity of the device was measured to be 130 x 10 Q.
cm and 1200 x 10* Q.cm respectively. Differences in the
graphene coverage and quality of the crystals may lead to de-
viations in the resistivity of the samples.

4 | CONCLUSIONS

In this study, the effects of impurities, copper thickness, and
graphene presence on the morphology of growing Mo,C crys-
tals were discussed. It was shown that Si atoms coming from the
quartz tube affect the nucleation and growth behavior of Mo,C,
hence to form thin crystals with large lateral size, the surface
of the sample should be covered and kept from Si deposition.

In the CVD growth of Mo,C, Cu layer acts as a valve, con-
trolling the Mo supply for the formation of 2D Mo,C crystals.
Our studies also confirmed that to decrease the thickness and
to control the shape of the crystals further, the supply of the Mo
atoms can be decreased by increasing the Cu layer thickness.

During the growth of Mo,C crystals, due to the CH, flow
at high temperature, graphene may form at the surface simul-
taneously. The graphene formation is critical, because it acts
as an additional diffusion barrier which may promote the for-
mation of thinner Mo,C crystals.

In the light of detailed characterization studies, we showed
that Mo,C crystals, which have orthorhombic phase growing
along the [100] direction, may form on two different regions: on
Cu surface or on graphene. Our studies also indicated that the
Mo,C crystals that form on graphene are thinner and less defec-
tive compared to the ones formed on the Cu surface. This was at-
tributed to the presence of graphene which acts as an additional
diffusion barrier for Mo atoms coming from the bulk of copper.
Furthermore, we showed that Mo,C formed on graphene was
also covered with graphene forming graphene/Mo,C/graphene
sandwich structure. To our best knowledge direct growth of
graphene/Mo,C/graphene sandwich structure is shown for the

first time through this method and this heterostructure may be
interesting for advanced electronic applications.
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