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An experimental method is described in which a orderly 3D array of graphene sheets is grown to conform to
the shape of an underlying nanowire (NW) substrate that remains on-site. The procedure uses a sacrificial
nickel catalyst-based CVD growth process that is capable of producing graphene onto an insulating SiO,
substrate. Nano-imprint silicon NWs serve both as the scaffolding for the catalyst and as the final
underlying substrate. The graphene is polycrystalline and multi-layered as expected from this nickel
catalyzed growth method. This presents a novel and quick method that can be used to produce
conductive graphene sheets in precise shapes and configurations seen in complex device applications
but which are difficult to produce with current transfer methods. The geometry of the nanostructured
substrate itself contributes to the on-site growth method by making it difficult for the graphene to wash
off during wet etching. The SiNWs used in this research have increased surface area and a light trapping
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Introduction

Graphene is often discussed as being a two-dimensional
material and many current methods of synthesizing graphene
consequently rely on planar catalytic substrates. These flat
catalysts are good for producing graphene sheets but the cata-
lysts themselves are usually not the desired location for appli-
cation. Various transfer methods are used to move the graphene
to other device substrates, but this often reduces control and
quality and takes more effort than if the graphene were
produced on-site." Moreover, limiting graphene to flat config-
urations limits its potential applications and its ability to be
incorporated into the current silicon device industry which
often uses three-dimensional structures.”> Some forms of 3D
graphene structures have been produced by various groups
either using suspended graphene solutions or using 3D catalytic
substrates.> However, the final 3D graphene structures have
been in random spatial orientations and are sometimes still
bound to the original catalyst. Our group's goal was to develop
continuous graphene sheets which can be grown in precisely
controlled and orderly 3D configurations, which remain on-site
after removal of the growth catalyst, and are compatible with
silicon nanostructure technology. Through such a combination
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of attributes, variable control of the graphene shape and
underlying substrate can lead to a diverse range of future
research endeavours.

There have been many early studies about chemical vapor
deposition (CVD) growth of graphene on a nickel substrate
which performs well as a catalyst both for breaking down the
carbon precursors and for initiating graphene growth.® It is
explained that Ni absorbs carbon over time which then
precipitates out as graphene during cooling, which can lead to
multilayer structures depending on how much carbon was
absorbed.”*® The graphene can be seen to grow on many of the
common Ni crystal planes but the growth dynamics and gra-
phene thicknesses are different along the different planes.*>** It
can be especially difficult to control the growth on the different
Ni crystal planes of a multi-crystalline or complex-shaped Ni
surface to meet the demand for thin graphene. However, Ni was
selected in this experiment as it is easy to deposit over a 3D
structure, it has a suitable thin-film melting point and because
of its compatibility with the severe growth conditions used here.
Whereas similar previous experiments have used thicker,
planar Ni substrates annealed over long periods of several
minutes,”™* this experiment necessitated a very thin Ni film
which has increased dewetting behavior at high temperatures.*
To compensate, the annealing times used here are very rapid
and other experimental parameters are adjusted accordingly.

To accomplish the 3D objective of this experiment, an
orderly array of nano-imprint silicon nanowires (SiNWs) were
used as the base substrate. The deposited nickel conforms to
the shape of the NWs, allowing the graphene to be grown in the
same configuration. Nanoimprint NWs were chosen to

This journal is © The Royal Society of Chemistry 2020
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showcase the process because of their controllable shape and
orientation. It is desirable that the graphene will remain on this
nanostructure surface after growth and after removal of Ni,
meaning the destructive chemical interaction between Ni and Si
which produces nickel silicide'” must be avoided by the use of
a passivation layer. For this current experiment, a SiO, thin film
was used to protect the Si and to act as an insulating layer for
future characterization.

Experimental

Silicon NWs in well-ordered 1 ¢cm® arrays were prepared by
nanoimprint lithography onto 2.25 cm® n-type Si wafer
squares.'® Standard samples had NWs with lengths of 500 nm
and diameters of 200 nm at 600 nm intervals. Samples were
cleaned in acetone, isopropanol, and DI-water for 10 minutes
each. SiO, thin films were produced on the Si surface by
annealing the SiNWs in an oxygen-rich atmosphere at 975 °C at
atmospheric pressure. A SiO, thickness of about 70 nm was
typically used but thicknesses down to 35 nm could also be
successfully used in this experiment. Ni was deposited on
samples under rotation using a Shibaura Mechatronics sput-
tering machine for a thickness of 200 nm on flat perpendicular
surfaces. Planar silicon substrates without nanowires were also
treated with the same procedures to serve as control samples.
An outline of the process of graphene formation on SINWs is
shown in Fig. 1. Immediately before annealing, the samples
were cleaned using 10 vol% HCIl: H,O for 1 minute for the
purpose of removing nickel oxide, then washed in ethanol and
DI-water. The samples were then placed in a quartz boat in the
cool zone of a custom-made hot-walled quartz tube furnace
(Fig. S1t) which was heated to 875 °C and stabilized. The
atmosphere was removed and 100 sccm He: 30 sccm CH, was
introduced and held at 400 torr. Then, the samples were
annealed by quickly placing them in the furnace hot zone for
approximately 1.5 minutes, then quickly moved back to the cool
zone to allow the samples to return to room temperature. Note
that the very short annealing time means that the samples spent
most of this time heating to the target temperature as depicted
in Fig. 1(b) and that the required time depends partly on the size
of the sample. To remove the Ni catalyst, the cooled samples
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Fig. 1

Graphene Crystallization
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were etched in Marble's reagent (1 g CuSO, : 5 ml HCl : 5 ml
H,O0) for 2 minutes and washed in DI water.

Imaging of the samples was conducted by scanning elec-
tron microscope (Hitachi SU8000 FE-SEM) at 5 kV, and by
transmission electron microscope (JEOL JEM-2100 200kV-
TEM/EDS). Energy dispersive spectroscopy was performed
using the above SEM and TEM systems. Vibrational spectros-
copy for molecular analysis was conducted using a Raman
micro-spectrometer with a 532 nm laser source and a 100x
magnification lens.

Results & discussion
Standard-sample characterization

SEM was used extensively to keep track of the structural
conditions and changes in the sample throughout the process.*
The nanoimprinted NWs as shown in Fig. 2(a) had smooth
walls, flat tops and enough room in-between to allow the
sputtered Ni to produce a smooth, dense, and mostly uniform-
thickness film as seen in Fig. 2(b). The thickness of the Ni is
highest on the NW tops and decreases going down the side-
walls due to the nature of the sputtering. Despite the short
annealing times, the thin Ni film reaches a temperature in
which grain growth occurs, the surface smooths out as seen in
Fig. 2(c), and the beginnings of hole nucleation leading to
dewetting can be observed. If the temperature is too high or
held for too long, the Ni thin film will continue to dewet from
the surface and disrupt proper graphene formation. The
annealing temperature and time are critical in determining the
final state of the Ni and therefore the graphene at the time of
cooling down.

After Ni is etched away, SEM observations in Fig. 2(d and e)
show that the SINWs are left mostly intact but are now clearly
covered with sheets that extend over the NWs and the bottom
substrate surface between them. The sheets are darker in
contrast than the underlying insulative SiO, substrate as ex-
pected for multilayer graphene*® while the NWs themselves
appear bright due to topography effects.” The sheet is contin-
uous from one NW to another and covers the entire NW sample
array. It is also loose in appearance and often includes wrinkles
though it appears to be in contact with the NW surface. The size
and shape of the visible sheets are similar to the Ni layer's outer
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(a) Proposed process outline of Ni on SiO, on SiNWs annealed at 875 °C with CH,4 to deposit carbon and form a graphene sheet. The Niis

etched with Marble's reagent to leave the graphene directly on the NWs. (b) Schematic depicting the standard experimental growth conditions of

graphene on the 2.25 cm? NWs substrate.
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(@) SEM image of evenly spaced SiNWs at 600 nm periods and inset photo of the entire sample. (b) Ni deposit on 500 nm period NWs (and

inset TEM-EDS map of Ni on larger NW to emphasize the thinner coating on the sides) (c) sample annealed with CH,4 for 1.5 min. (d) The sample is
etched to remove Ni and leave a graphene layer over a large area and (e) continuous over the NW and floor surfaces as made visible by the
presence of wrinkles, seen here on a severed edge. (f) Raman spectra of NWs before and after Ni etching. The Si peaks, mainly at 520 cm™* and
960 cm™! are suppressed by the Ni and revealed after etching. The carbon D, G, and 2D peaks at 1350 cm™, 1580 cm™, and 2700 cm™!
respectively remain similar before and after etching and suggest a multi-layered strained graphene structure. (g) NWs from the same sample at
random locations showing different G : 2D peak ratios and thereby a variation of graphene layering. The bottom spectrum is from the sample

edge.

dimensions and suggests that it originated from the top surface
of the Ni.

Raman spectra from both before and after Ni etching show
similar peaks at around 1350 cm ™', 1580 cm ™', and 2700 cm ™"
corresponding to carbon D, G, and 2D peaks respectively. The
strong G and 2D peaks are indicative of the presence of gra-
phene.?* For the bottom spectrum in Fig. 2(f), Ni is still
present on the sample surface and while Ni does not have
a Raman signature it does have the effect of dampening the Si
peaks at 520 cm™ ' and 960 cm ™! which are then revealed in the
upper spectrum of Fig. 2(f) after the nickel is removed.
Conversely, the carbon peaks do not change significantly in
peak ratio or intensity after the nickel is removed, showing that
the graphene is not considerably altered by the etching process
and probably exists on the outer surface of the nickel.

1720 | Nanoscale Adv, 2020, 2, 1718-1725

The size ratio between the G and 2D peaks roughly corre-
sponds to the degree of layering of the graphene and the ratios
seen here would indicate a few layers of graphene. The 2D peak
intensity does have some random variation between sample
locations as seen in Fig. 2(g), with particularly small 2D peaks
along the substrate edges as these areas are expected to have
different temperature conditions in our furnace setup. The
carbon D peak is often attributed to defects or edges in the
graphene crystal structure. Unlike the 2D peak, the clear D peak
in these samples tends to be a consistent size over the whole
sample and its cause is of interest for future analysis.

TEM analysis was performed to confirm the formation of
graphene layers after nickel removal. Scans of the surfaces of
mechanically severed NWs have produced images of carbon
sheets resting directly on the NWs as in Fig. 3(a). Individual
graphene layers can be seen in Fig. 3(b) as the dark stacked lines

This journal is © The Royal Society of Chemistry 2020
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Fig. 3 (a) TEM image of single NW mechanically severed from the sample and still covered with multilayer graphene. (b) TEM image showing

multilayers with 0.34 nm spacing corresponding to graphene directly on the SiO, surface. (c) SEM-EDS of multiple NWs after etching shows that

no or negligible Ni remains on the surface.

with 0.34 nm inter-layer spacing which is expected of stacked
graphene layers.”**” Often around 8 or more layers can be
observed with this TEM method, and the number varies from
place to place. This kind of multi-layered and polycrystalline
structure can be expected from CVD grown graphene on poly-
crystalline Ni and with high hydrocarbon exposure.®*® Addi-
tionally, both TEM energy dispersive spectroscopy (EDS) of
single NWs and SEM-EDS spectra over wide sample areas after
etching do not display Ni peaks, indicating that the nickel is
effectively removed from the sample after etching as seen in
Fig. 3(c), S2 and S3.1

Thick Ag on Ti electrodes were deposited onto the sample
corners to conduct a simple four-probe van der Pauw sheet
resistance test to see if the sheet connects over the entire
sample. Values of around 450 Q per square were produced
which is consistent with other reports of the sheet resistance of
un-doped graphene.” However, as the probes can break the
SiNWs during testing, possible contribution of the underlying
silicon substrate to this value cannot be disregarded.

Nickel behavior

As already mentioned, the dewetting behavior of Ni is both
a point of difficulty and interest in this experiment. As this
behavior had a dominant influence on the results, the effects of
temperature, annealing time and deposition thickness on the Ni
thin film were preliminarily examined. Although Ni sputtering
here produces a thickness of 200 nm on flat, perpendicular
surfaces, the Ni layer is thinner along the NW sides and can be as
thin as 50 nm at the base of the NWs. The melting temperature is
therefore drastically reduced from the bulk melting temperature
of 1455 °C. Tests of this Ni thickness at 775 °C showed no signs of
melting or grain growth, while heating to 850 °C and higher
eventually shows destructive dewetting and migration behavior
over long enough time periods. For the 2.25 cm” sample areas,
a time of 1 minute 30 seconds had minimal dewetting while
a time of 2 minutes or more showed extensive dewetting and
reduced surface quality. Altering the Ni thickness will change
these temperature findings, and this was seen in the experiment
as well. When the Ni thickness was reduced to 65 nm on flat

perpendicular surfaces, nickel dewetting was seemingly

This journal is © The Royal Society of Chemistry 2020

unavoidable at high enough temperatures required for this type
of CVD graphene formation, as seen in Fig. 4(a).

Despite the very rapid growth conditions, thick graphene
sheets and high coverage could be seen and so the graphene
growth pattern was also a point of interest. A typical explanation
of graphene growth on the Ni surface at high temperature
describes carbon absorption into the nickel during annealing
and carbon precipitation back to the surface during cooling,
especially from grain boundaries.** However, the amount of
absorption might be limited in this short of annealing time. In
our experiments, Ni dewetting and migration at high tempera-
ture can leave gaps in the Ni layer as seen in Fig. 4(b), but
graphene layers can still be seen bridging over the gaps where
Ni was presumably not present during cooling such as in
Fig. 4(c). This implies that part of the graphene was grown while
at high temperature before dewetting and not entirely during
cooling. One explanation is that the carbon absorption was at
such a high rate as to lead to immediate saturation and
subsequent graphene growth from high enough hydrocarbon
exposures.

Dependency on growth conditions

Following the observations at standard conditions, a systematic
series of samples grown under various conditions were

Fig. 4 (a) 65 nm Ni deposit showing drastic dewetting behaviour after
annealing (b) Graphene formed during annealing is visible on the
exposed SiO, after partial dewetting and migration of Ni that (c) when
etched forms a sheet over the entire NW and which is larger at the top
because of the shape of the dewetted Ni.

Nanoscale Adv., 2020, 2, 1718-1725 | 1721
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compared to find the best conditions and outline the effects of
variables. All other variables were kept at the standard values as
described in the experimental section. The Raman spectrum
results are shown in Fig. 5. When the temperature was held at
the standard 875 °C the Raman peak quality is good, while at
900 °C there is a noticeable decrease in quality. In SEM such as
in Fig. 5(h) and S4t it can be seen that, in addition to the ex-
pected dewetting behavior, the Ni damages some of the SiO,
substrate material at 900 °C which is clearly detrimental to the
NW quality. Therefore, 875 °C represents a near maximum
temperature in which dewetting could be avoided for the
amount of time required to form a graphene layer on this thin of
Ni. Lowering the temperature to 850 °C did not significantly
alter the Raman peak quality while its appearance in SEM in
Fig. S5t is similar to that at 875 °C but with more areas of
varying contrast.

When annealing time was increased to 2 minutes (at 875 °C)
the same SiO, damage caused by the Ni and subsequent loss in
quality could again be seen in the Raman spectrum and SEM
(Fig. S67). The similarity of the SiO, damage with the 900 °C

Temperature

Annealing Time
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sample leads us to believe that the damage occurs following Ni
dewetting, under whichever conditions that this may occur.
Conversely, a shorter time of 1 minute also had worse Raman
peak quality and the carbon film observed by SEM (Fig. 5(i) and
S7t) appears to be undefined with areas of varying contrast that
indicate small patches of different layer thicknesses***' and
which points to either incomplete growth and small domains or
folding. Therefore, the annealing time of 1.5 minutes was used
as a compromise and outlines the importance of finding the
right time in this process.

CH, concentration was controlled by the ratio of its flow rate
with the carrier gas He flow rate of 100 sccm. Due to the short
annealing time, relatively high ratios of 30 sccm of CH, were
necessary to increase growth rates. In samples that were
annealed in the same process but with an increased flow rate of
40 sccm CHy, thick rigid films that could be peeled off the
sample were produced (Fig. S8t). For lower rates of 25 sccm
CH,, a thin film with patches of different contrast is seen in
SEM (Fig. S91) and the Raman spectrum quality was signifi-
cantly reduced similar to that seen with the shorter annealing

CH4 Flow Rate
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(a—c) Raman spectra of different samples synthesized at different variable values as listed. (d—f) Corresponding variable effects on the

average carbon D : G Raman peak height ratio. Bars represent maximums and minimumes. (g) SEM image of sample at standard conditions with
homogeneous graphene appearance (h) SEM image of sample annealed at 900 °C and showing signs of SiO, damage, an effect seen whenever
Ni dewets. (i) Sample annealed for 1 minute with thin graphene sheet and various contrast, an effect also seen with low temperature, and low CH,4
flow rate. (j) Large NWs displaying a thick section of multi-layered graphene with hexagonally shaped edges.
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time, and it is thought that the reduced carbon exposure leads
to similar incomplete graphene sheet formation. Likewise,
lowering the chamber pressure to 50 torr also caused incom-
plete graphene growth as well as Ni dewetting leading to poor
Raman peak results and fragmented graphene (Fig. S107).

Dependency on NW architecture

It was found that the dimensions of the NWs also had some
influence on the final properties of the graphene sheets. The
dimensions of the NWs presented in the results above have
a diameter of 200 nm, height of 500 nm, and are spaced at
600 nm intervals. When the NW diameter was increased to
400 nm and therefore the radius of curvature of the NW walls
was increased, darker and therefore thicker hexagonal
patches of graphene with sharp edges and corners with ~120°
angles were often seen on the NW walls and on the planar
sections of the sample such as in Fig. 5(j). These patches
seemingly correspond to the Ni (111) surface and are possibly
due to the growth of large Ni crystal facets on the broad
surfaces of the larger NWs and planar floors. Reducing the
NW dimensions consequently has an effect of suppressing
the formation of large Ni crystal surface planes which lead to
the inhomogeneity problem seen on CVD graphene grown on
polycrystalline Ni. On the other hand, when reducing the
distance between NWs from 600 nm to 500 nm and increasing
the NW length from 500 nm to 700 nm, the Ni was more likely
to migrate away from the bases of the NWs due to the diffi-
culty of sputtering Ni between these NWs (Fig. S117). There-
fore, small diameter and sufficiently spaced NWs produces
the best results.

Lastly, the NW configuration proved to be critical for the on-
site growth properties. Experiments using the same conditions
on both planar SiO, thin-film Si substrates and pyramidal
textured surfaces could successfully form graphene sheets, but
wet-etching the Ni caused the graphene sheets to detach and
float on the etching solution (Fig. S12t). This occurrence is not
unusual as the same behavior is sometimes used to transfer
graphene off of flat catalysts and onto other substrates by
scooping.”?* In contrast, the graphene on the NWs does not
exhibit this behavior even while the flat sections around the
NWs detach and rip off (Fig. S131). This is proposed to be
a result of the geometry of the NWs causing counter forces to
horizontal movement and the difficulty of the graphene to be
pulled up and off of multiple NWs both simultaneously or
sequentially. We see that these complex structures can thereby
be used in this way to secure the graphene onto the substrate
that it was originally grown on.

Conclusions

In this research, a process for extending the mechanism of Ni
catalyst-based CVD graphene synthesis onto the 3D surface of
NWs was outlined and the experimental results were described.
This process was successfully able to produce a continuous
carbon sheet with graphene signatures and NW shape on the
entire NW sample surface. This shows that graphene sheets can

This journal is © The Royal Society of Chemistry 2020
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be produced with various nanostructures if the right growth
conditions are found. The final architecture is not random but
is orderly, repetitive, and controllable over a large area.

The quality of the graphene produced in this experiment
was multi-layered and therefore may be appropriate for use
as a conductive layer. Although single-layer graphene is often
sought after, this is likely to be difficult to obtain with a Ni
substrate, even with short growth times. Moreover, the hot-
walled furnace system described here, though sufficient for
our experiment's purpose, acted as a limitation on the
control of temperature, annealing time, and the introduction
of gases. With the Ni catalyst's sensitivity to high tempera-
tures over time, a more direct heating approach and obser-
vation of the true sample temperature would likely improve
the results.

An exposed Si surface could not be used as it will react with
the Ni, so it is necessary to use a passivation layer between the Si
and the Ni during annealing. The passivation layer that was
used for this experiment was SiO, because it electrically isolates
the graphene which aids characterization. Applications of this
structure may include contacts and leads that have been shaped
for complex surfaces and grown on-site by using NWs to anchor
flat sheets. The NW configuration shown here increases the
surface area of the graphene sheet and may be used for
improved sensor applications. The silicon NWs themselves also
have a light-trapping property which can be used to improve the
absorption properties of light collecting devices.** By removing
the SiO, layer after graphene growth, or by using an alternative
passivation material, a graphene-based Schottky junction
device is envisioned for photodetector or solar cell applications.
Such a NW configuration could help to decrease the high
absorption loss issue of equivalent planar graphene-silicon
photovoltaic devices while increasing the interface area.®
Future experiments using alternative substrate layers and
catalyst materials are being investigated in our laboratory.

This experiment has been a starting point for exploring the
flexibility of graphene's ability to be grown in pre-arranged 3D
configurations and in combination with other nanostructured
material technology. The two-dimensionality of graphene has
been one of its greatest characteristics, but by synthesizing it
and retaining it in precise non-flat configurations we can
expand its range of properties and its capability to be produced
for future applications.
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