catalysts

Article

Atmospheric Pressure Catalytic Vapor Deposition of Graphene
on Liquid In and Cu-In Alloy Substrates

Maryam A. Saeed 1"**({, Ian A. Kinloch 2

check for

updates
Citation: Saeed, M.A.; Kinloch, LA.;
Derby, B. Atmospheric Pressure
Catalytic Vapor Deposition of
Graphene on Liquid In and Cu-In
Alloy Substrates. Catalysts 2021, 11,
1318. https://doi.org/10.3390/
catal11111318

Academic Editors: Alessandro Di
Michele and Carlo Pirola

Received: 9 October 2021
Accepted: 24 October 2021
Published: 30 October 2021

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

and Brian Derby 3

Energy and Building Research Centre, Kuwait Institute for Scientific Research, P.O. Box 24885,

Safat 13109, Kuwait

Department of Materials and National Graphene Institute, University of Manchester, Oxford Road,

Manchester M13 9PL, UK; ian.kinloch@manchester.ac.uk

3 Department of Materials, University of Manchester, Oxford Road, Manchester M13 9PL, UK;
Brian.derby@manchester.ac.uk

*  Correspondence: msaeed@kisr.edu.kw; Tel.: +965-99490373

Abstract: Liquid substrates are great candidates for the growth of high-quality graphene using
chemical vapour deposition (CVD) due to their atomically flat and defect free surfaces. A detailed
study of graphene growth using atmospheric pressure CVD (APCVD) on liquid indium (In) was
conducted. It was found that the effect of the growth parameters on the quality of the graphene
produced is highly dependent on the properties of the substrate used. A short residence time of
6.8 sec for the reactive gases led to a high graphene quality, indicating the good catalytic behaviour
of In. The role of hydrogen partial pressure was found to be crucial, with monolayer and bilayer
graphene films with a low defect density obtained at low Py, (38.6 mbar), whilst more defective,
thicker graphene films with a partial coverage being obtained at high Py, (74.3 mbar). The graphene
deposition was insensitive to growth time as the graphene growth on liquid In was found to self-limit
to bilayer. For further investigation, five compositions of Cu-In alloys were made by arc-melting.
Graphene was then grown using the optimum conditions for In and the quality of the graphene was
found to degrade with increasing Cu wt.%. This work will aid the future optimisation of the growth
conditions based upon the substrate’s properties.

Keywords: 2D materials; graphene; diffusion and growth; adsorption/desorption; solubility

1. Introduction

Graphene synthesis techniques fall either into the categories of top-down or bottom-
up. Top-down approaches start with graphite and then chemically or mechanically
exfoliate it to produce 2D sheets of graphene with these methods referred as chemical
exfoliation [1-3] and mechanical exfoliation [4], respectively. Meanwhile, bottom-up
approaches start with a carbon precursor such as methane or acetylene which is then
deposited onto a substrate to grow high quality graphene films via chemical vapor de-
position (CVD) [5-7]. Each production technique has its advantages and disadvantages;
however, CVD shows the most promise for the production of large area, homogenous
monolayer graphene. The quality of the CVD graphene film varies with the substrates
and the growth conditions used. A key parameter in the choice of substrate, and its
corresponding growth conditions, is the substrate’s carbon solubility, which is metal-
dependent and defines the graphene deposition mechanism [8,9]. In a previous study,
it was found that hydrogen solubility also plays a major role in defining the growth
conditions. Liquid Sn and Cu-5n alloys were investigated, showing that altering the
growth conditions accordingly with the change in the catalytic activity of the substrates
directly affect the number of layers and defects density of the graphene grown [10].
Mostly, the CVD graphene is grown on solid substrates, where the morphology (e.g.,
surface impurities and grain boundaries) affects the nucleation density and hence the
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quality of the graphene produced [11]. Alternately, substrates in their liquid phase
provide a defect-free surface with no grain boundaries and hence lead to a uniform
graphene deposition [10,12-17]. It has been reported that the nature and the properties
of the produced graphene on liquid Cu are sensitive to the CVD growth parameters.
In addition, gallium (Ga), indium (In), and tin (Sn) have been used a liquid growth
substrates for graphene [18,19].

In this study, indium is used as a liquid substrate to grow graphene, both as a pure
metal and in an alloy (Cu-In). Indium is a p-block metal from the post-transition group
and was chosen due to its low melting point (156 °C) and the Cu alloy was chosen as an
extension of our previous study using liquid Sn and Cu-5n alloys as growth substrates [10].
In order to reach a better understanding of the CVD process conditions, detailed investiga-
tions were conducted on the effects of residence time, partial pressure of reactive species,
gas flow rates, and growth time. In addition, the catalytic activity of Cu and the change
in physical/chemical properties of the growth substrate were explored by using different
compositions of Cu-In alloys. This systematic study paves the way for better process
optimisation for graphene growth.

2. Results and Discussion

2.1. CVD Graphene Growth on Liquid In Substrates—The Effect of Reactive Gas Flow Rates and
Temperature Control

2.1.1. The Effect of Residence Time Modulated by Hydrogen/Methane Ratio

Initially, the gas flow rate of Hy and Ar was increased whilst keeping CH, at a constant
flow rate of 5 sccm. The residence time is inversely proportional to the total gaseous mass
flow rate in a reactor, assuming laminar flow [20]. Thus, this series of experiments gave
different residence times and CHy concentrations in the reactor (Table S2). This was found
to significantly affect the growth of graphene deposition on liquid In.

The results on liquid In, as shown in Figure 1, display different behaviour to that
observed on Sn in our previous study. For most of the In experiments, multi-layer to
graphite films with high defects densities were produced (Figure 1a,b). However, flow
rate 50 H, /500 Ar/5 CHy (sccm), which corresponds to a residence time of 6.5 s, shows
an increase in the intensity of the 2D band with respect to the G band, indicating a bilayer
graphene film. The film coverage was highly developed when using a shorter residence
time (Figure 1c), as well as producing better graphene quality, the opposite to what was
obtained in graphene on liquid Sn. This results suggests a better catalytic behaviour for the
In over the Sn. In addition, increased CH4 concentration in the CVD reactor did not lead to
the formation of amorphous carbon on the surface of liquid In, indicating a self-limiting
nature that avoided any excess carbon depositing as adlayers. Thus, despite the residence
time, the deposited film retained its crystalline structure. Furthermore, the decreased
concentration of hydrocarbons led to thinner graphene flakes that could be explained
by the deposition rate increasing with the excess presence of the active species near the
substrate’s surface. Therefore, reducing the CHy concentration by scaling up Hp and Ar
flow rates resulted in the deposition of a reduced number of graphene layers. This is
discussed further in Section 2.1.3.

2.1.2. The Effect of Hydrogen Flow Rate

The catalytic nature of In is unknown due to the lack of literature, but the following
sections can provide an insight into the crucial factors that affect APCVD graphene growth
on liquid In. The effect of H; flow rate on the deposition of APCVD graphene on liquid In
was studied by varying the Hj flow rates in the range of 2040 sccm, while other growth
parameters were held constant (Table S3).
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Figure 1. (a) Raman spectra of the APCVD graphene on liquid In using different reactants residence

ol

times, (b) Average Raman intensity ratios of Iop/Ig and Ip/Ig of the grown graphene on liquid
In (dotted dash lines) and on liquid Sn from previous study [10] (doted solid lines) with respect
to residence time (error bars are smaller than some of the data points). (c) Optical images of the
as-grown graphene films (the dark areas) (scale bar: 20 um), some blurriness is due to the surface
curvature of the solidified In (APCVD, T = 1120 C, (25-50) H, /(250-500) Ar/5 CHy sccm, t = 5 min).

As shown in the optical images (Figure 2c) which illustrate the deposited graphene
films on liquid In, the degree of coverage was found to vary. The graphene film reached
full coverage at the lowest H, flow rate of 20 sccm, giving Py = 38.6 mbar, in agreement
with the H; effect on the graphene deposition on liquid Sn [10]. Given the lack of data
regarding Hj solubility in In, this observation of the H; effect may lead to the conclusion
that, similar to Sn, In has a low Hj solubility.
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Figure 2. (a) Raman spectra of the graphene grown on liquid In, showing the effect of changing the
H; flow rate. (b) Average Raman intensity ratio of the I,p/Ig and Ip /Ig values vs. the H; flow rate
based on map data (error bars are smaller than some of the data points). (c¢) Optical images of the
as- grown graphene films (scale bar: 20 um), some blurriness is due to the surface curvature of the
solidified In (APCVD, T = 1120 °C, (20-40) H, /500 Ar/5 CH, sccm, t = 5 min).
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The Raman results from the graphene on the In (Figure 2a,b) show that the intensity ra-
tio Ip /I decreases with decreasing H, flow rates, implying that the graphene crystals’ size
increases and the density of defects decreases as the H; flow is reduced to the experimental
limit of 20 sccm. These results can thus be described by the hypothesis that for substrates
with low hydrogen solubility, the H, molecules are governed by surface reaction as fewer
molecules diffuse into the bulk of the substrate; thus, a high flow rate is not required. The
H-H recombination is believed to be more likely at higher H, flow rates, which leads
to more available surface sites and hence causing non-uniform graphene nucleation and
growth. Therefore, In does not require high H, flow rates in order to provide sufficient
surface sites for CHy chemisorption for the subsequent deposition of graphene.

2.1.3. The Effect of Reactant Species (H, and CHj) Partial Pressure

A range of Ar flow rates was used (300-1000 sccm) to lower the Py, cp in the range
of 62.3-19.7 mbar (Table S4). This variation of the Ar flow rate also directly affected the
total gas flow rate, which subsequently affected the residence time of the active species in
the hot zone of the CVD reactor. In order to eliminate the effect of changing hydrogen to
hydrocarbon ratio and instead solely investigate the effect of partial pressure of the active
species in the reaction chamber (Py.cH), Hy and CHy flow rates were held constant. The
reactor was limited to a maximum possible Ar flow rate of 1000 sccm due to the MFC fitted.
The number of layers, defects density, and surface coverage of the graphene films grown
were assessed for each different Ar flow rate.

An immediate difference between the growth conditions, which was visible even
by eye, was that the degree of coverage of the deposited film increased with increasing
Pr.cu (Figure 3¢). Optical images identified that the films at the highest Pry,cpy = (77.9
and 59.6 mbar) were thick and comprised of sooty deposits. These thick films had a
high Ip/Ig =~ 1, as well as a right shoulder in the G peak, indicating phonon scattering
from in-plane defects rather than stacking induced disorder. Whereas, the incomplete
films which were grown at the lower concentrations comprised of mono- to few-layer
graphene. Furthermore, the graphene films obtained at low Py.cy were found to deposit
predominantly at the exhaust end of the reaction tube (Figure 4 and Figure S2).

This positional dependence implies that the film was produced on the limits of its
growth conditions (hence its higher quality nature) and is believed to be related to the
spatial concentration of methyl radicals (CH3). These radicals were produced by the
cracking of CHy as the gas passed along the hot zone. Thus the parts of the sample’s
surface near the inlet had no graphene deposition due to an insufficient amount of active
species in their non-equilibrium state. Li et al. observed a similar behaviour using
Cu foils, and also related it to the gas phase composition changes within the reaction
chamber, with the gas nearing equilibrium as the residence time increased along the
reaction zone [21].

In the case of In, the ternary plot in Figure 5 shows that the best graphene quality,
based on the highest Irp/Ig and lowest Ip/Ig, are obtained at low hydrocarbon and
hydrogen partial pressures (P and Pcpy) as well as high argon partial pressure P,. This
agrees with the literature regarding graphene grown by an APCVD system on Cu, where
the produced films tend to have a few-layer graphene nature with a high defect density
at high partial pressures of the reactive gases. However, the graphene film quality was
found to be enhanced when the hydrocarbon species were highly diluted [22-24]. The
negligible carbon solubility of In [25] could be the main reason for similar behaviour to
that of Cu. As a driving force, low Py.ch affects the carbon adsorbates” concentration
as it decreases on the surface of the substrate, which is possibly the reason behind the
formation of a monolayer graphene film, while when it increases, graphene layers increase
accordingly [26].
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Figure 3. (a) Raman spectra of the graphene grown on liquid In showing the effect of changing the
Ar flow rate. (b) Average Raman intensity ratio for the I,p/Ig and Ip/Ig values vs. the Ar flow
rate based on map data (error bars are smaller than some of the data points). (c) Optical images of
the grown graphene films (scale bar: 20 um), some blurriness is due to the surface curvature of the
solidified In (APCVD, T = 1120 °C, 20 H, /(300-1000) Ar/5 CHy4 sccm, t = 5 min).

@ ’ ) ®)

Figure 4. (a) and (b) represent SEM and optical images, respectively, of APCVD graphene on liquid
In, using Ar flow rate of 1000 sccm. Both images show three regions where the graphene growth
develops, (1) shows no deposition (2) the area of early deposition as a transition stage as dendritric
graphene merges to initiate a more continuous graphene film in (3). The flow direction is in the
direction of 1 to 3. (The SEM image was taken at low magnification in order to show the three regions
with a scale bar of 100 um, while the optical image scale bar is 20 um).

2.1.4. The Effect of Growth Time

As demonstrated, the quality of the grown graphene increases with reducing partial
pressure of the hydrocarbon reactants. However, these conditions also lead to the poor
coverage, leaving only a small area of the sample’s surface covered with graphene. Hence, a
longer growth time of 15 min was used to grow graphene with Ar flow rate four times high.

The longer growth time was found to have no major effect on the degree of graphene
coverage (Figure 6¢) compared to that produced in a shorter time (Figure 3c). The optical
images presented in (Figure 6c) were of the grown graphene film on the small area of
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the sample’s surface. Another observation is that the CVD reaction tube became less
transparent due to the carbon deposition on its inner walls (Figure S2). This observation
suggests that the effect of positional dependence persists at a given growth temperature
despite the use of different growth times. This makes the conversion rate of CHy to
graphene solely dependent on Py.cy and the reactants’ residence time. Longer growth
time only led to an increase in exposure time to the active carbon species in the gas
downstream. This caused an undesired accumulation of carbon snowing on the inner walls

of the reaction tube.

(a) l2/lg

Figure 5. Ternary plots showing Raman intensity ratios as a function of gas partial pressures (P,
Py and Pcpy), (a) Ip/Ig and (b) Ip/Ig (All axes are normalised with respect to total gas pressure).
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Interestingly, at longer growth time, the I,p/Ig ratio was found to decrease to 1.2
for all the Py.cy used at higher Ar flow rates, in comparison to using shorter growth
time where the Raman intensity ratio is in agreement with the reported value for bilayer
graphene [27]. Thus, for growth conditions that are suitably carbon lean, the graphene
growth self-limits to the bilayer. Increasing the growth time can also be seen to result
in a line in the ternary plot which is a constant as the quality of graphene film remains
insensitive to Ar flow rate at longer growth times (Figure 7).
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Figure 7. Ternary plots showing Raman intensity ratios as a function of gas partial pressures (Ppp,
Par and Pcra), (a) p/Ig and (b) Ip/Ig using growth time of 15 min (all axes are normalised with
respect to total gas pressure).

2.2. CVD Graphene Growth on Liquid Cu-In Alloys-the Study of Catalytic Activity of Copper

The effect of introducing Cu at different dosages to In to form Cu-In alloy is explored
in this section. Cu is the most favourable catalyst for CVD graphene growth and produces
high quality graphene with a complete absence of D band, indicating a defect-free film.
However, increasing the content of Cu in a Cu-5n alloy was found previously to degrade
graphene quality when optimum growth conditions for pure liquid Sn substrate were
used [10].

Similarly, the Cu-In alloys of five different compositions were used to grow graphene
using the optimum conditions established for pure liquid In substrates (Table S5). This
study involved monitoring the changes in graphene quality, with respect to the number of
layers and density of defects.

An increased number of layers of the grown graphene film can be observed from
the decreased Raman ratio I;p/Ig as the Cu wt.% increased in the Cu-In alloy (Figure 8).
This result agrees with the previous results of the Cu-Sn system. As described earlier, the
catalytic nature of Cu that aided the dehydrogenation of CHy led to excess carbon species
in the central hot zone of the furnace tube and above the growth substrate. Therefore, the
presence of excess carbon, in addition to the change in carbon and hydrogen solubility and
other surface and bulk properties based on the different alloy compositions, affected the
material’s catalytic nature and, therefore, the deposition kinetics.

The graphene density of defects within the film drastically increased at Cuyge,—Inzoe,
and Cugge,—Injge, as the ratio Ip/Ig had an average value of 0.8 and 1.5, respectively,
consistent with the deposition of amorphous carbon rather than crystalline graphene.
Ip /I remains very close for the other compositions, with the major difference occurring in
the number of graphene layers, as this changes from monolayer to bilayer, with few layer
graphene and amorphous carbon arising due to the increased Cu wt.%.

SEM images of 100 % and 80 % In reveal a bumpy surface, even though the graphene
grown was still monolayer/bilayer in nature (Figure 9). This could be due to the contraction
and shrinkage of the In-rich surface during solidification, causing folds in the graphene
film. Liquid In has high surface tension that reduces its thermally induced roughness,
when, for example, compared with alkali metals which have low surface tension [28]. The
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thermal expansion coefficient of In is reported to be 32.1 um/(m-K) at 25 °C and it should
vary linearly with the change in temperature [29]. Therefore, the large difference between
the melting point of In and the growth temperature, 963.4 °C, was expected to lead to
an increased thermal contraction during the post-growth cooling process. At higher Cu
wt.%, a smoother surface was obtained due to the lower thermal expansion of Cu, which is
almost half that of In, with a value of 16.5 um/(m-K) at 25 °C.
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Figure 8. (a) Raman spectra from points taken randomly on the surface of the deposited film for
the different Cu-In compositions (In%). (b) A plot of the average Raman intensity ratios based on
>100 points Raman maps, I,p/Ig and Ip /Ig vs. the wt.% content of In in each Cu-In composition
(error bars are smaller than some of the data points) (APCVD, T = 1120 °C, 20 H, /500 Ar/5 CHy
sccm, t = 5 min).
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Figure 9. SEM images of Cu-In alloys at different compositions after AP-CVD graphene growth,
(Scale bar: 5 um).
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3. Materials and Methods

Pure In (99.995%) (melting point 156 °C) and Cu (99.9999%) (melting point 1085 °C)
metals were used (Goodfellow, Wrexham, UK) as growth substrates, held in tungsten
boats (Agar Scientific, Elektron Technology, Cambridge, UK). Cu-In alloys were prepared
using an arc-melting technique; elemental pure Cu and In were selected to give a total
weight of 5 g at various nominal compositions (10, 30, 50, 60, and 80 of In wt.%) with their
compositions given in Table S1.

In all CVD runs, the samples (substrate/W boat) were placed at the centre of the
isothermic zone of the reaction tube. Air was then evacuated from the reaction tube using
a rotary pump until it reached a pressure of ~2.3 x 10~3 mbar, followed by back-filling the
tube with hydrogen/argon mixture until it reached atmospheric pressure. The furnace was
then switched on and the temperature was held at 1120 °C for 30 min. The growth step
began when hydrocarbon feedstock was introduced to the reaction tube using methane
gas for the duration of the required growth time at the same temperature of 1120 °C. Then,
the methane flow and furnace were switched off at the same time and the tube was cooled
down naturally under the flow of hydrogen/argon mixture, which was kept constant
similar to the flow rate used during the entire CVD run for each experiment. Each CVD run
was typically repeated 3-5 times to ensure consistency (a schematic diagram is illustrated
in Figure S1).

Field emission gun scanning electron microscopy (FEG-SEM) (FEGSEM, FEI, Eind-
hoven, Netherlands) was used for the characterisation of the as-grown graphene. An
accelerating voltage of 8 kV was used with a maximum working distance of 10 mm.

Raman spectroscopy was the main technique used to investigate the graphene grown
on the different substrates. All Raman measurements were conducted using a Renishaw
inVia system with an excitation laser wavelength of 633 nm (Renishaw, Wooton-under-
Edge, UK). The main graphene characteristic peaks (D at 1350 cm !, G at 1583 cm !, and
2D at 2670 cm 1) were fitted using mixed Lorentzian-Gaussian functions in the Wire 4.2™
software (Renishaw, Wooton-under-Edge, UK)). The software was used to calculate the
band intensity ratio, Irp/Ig and Ip/Ig. Those band intensity ratios were used to reveal
valuable information about the number of graphene layers by considering I,p/Ig and the
defects density by Ip/Ig [30-33]. Optical images were taken by the optical microscope
Leica DM2700M (Leica Microsystems Ltd., Milton Keynes, UK) which is attached to the
Renishaw Raman system.

4. Conclusions

APCVD graphene was sucessfully grown on a liquid In substrate, showing In as a low
melting point metal substrate with possibly good catalytic properties. The graphene growth
on In was insensitive to the CH4 concentration and at the highest obtained concentration,
the graphene grown retained its crystalline nature with no formation of amorphous carbon.
The shortest reactants’ residence time of 6.5 s led to a higher graphene quality compared
to that gorwn under the longer residence times, again indicating the catalytic nature of
In. The H;, flow rate was inversally related to the graphene crystals’ size increase and
density of defects. The effect of the diluent gas, Ar, in terms of reducing the partial pressure
of the hydrocarbon species while holding the H, to CHy ratio constant, showed better
graphene quality as Pyy,cy decreased. However, the graphene film had many breakages
in it at significantly low Py,cy. Longer growth times were examined at high Ar flow
rates but these resulted in no enhancement in the film coverage, although a thicker film
was obtained.

Cu-In alloy was used in five different compositions for APCVD graphene growth,
utilising the optimised In growth recipe, to examine the effect of introducing Cu into the
alloy system. As Cu is a strong catalyst, this catalytic nature aided faster CHy cracking,
resulting in a richer carbon environment. This was indicated by the number of layers in the
graphene grown increasing with the increase of Cu-wt.% in the Cu-In alloy. This extended
study of investigating the relationship between the physical properties (e.g., hydrogen and
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carbon solubility) of the substrate and determining the optimum conditions for the growth
of CVD graphene shall provide great insight into the advances of CVD graphene synthesis.
A better control over the quality of the produced graphene can be obtained by having such
a matrix of correlation between substrate’s properties and growth parameters.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article/
10.3390/catal11111318/s1, Figure S1: Schematic of the used CVD apparatus, Table S1: The weight of
elemental metal used to form each Cu-In alloy composition, Table S2: Summary of the used APCVD
graphene growth parameters on liquid In to study the effect of CH4 concentration and residence
time, Table S3: APCVD graphene growth parameters on liquid In using different H, flow rates,
Table S4: APCVD graphene growth parameters on liquid In using different Ar flow rates, Figure S2:
Photograph showing the position of the sample in the APCVD reactor in the middle of the furnace
hot zone while the sooty patch where graphene was deposited on the surface is shown as observed,
towards the exhaust end of the reactor, Figure S3: APCVD graphene grown on liquid In using Ar
flow rate of 1000 sccm and a growth time of 15 min. (a) Optical image of the graphene film showing
three regions noted by numbers where one has no graphene, two has early deposition and three
is the grown graphene film. (b) Photograph of the CVD reaction tube that shows the change in its
colour as it becomes less transparent. This shows that the growth time does not affect the degree of
coverage but leads to a slight increase in the sooting of the reaction tube. Table S5: Optimised growth
parameters for APCVD graphene on liquid In.
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