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A bimetallic CoCu alloy thin-film catalyst is developed that enables the growth of uniform, high-quality
graphene at 750 °C in 3 min by chemical vapour deposition. The growth outcome is found to vary signifi-
cantly as the Cu concentration is varied, with ~1 at% Cu added to Co yielding complete coverage single-
layer graphene growth for the conditions used. The suppression of multilayer formation is attributable to
Cu decoration of high reactivity sites on the Co surface which otherwise serve as preferential nucleation
sites for multilayer graphene. X-ray photoemission spectroscopy shows that Co and Cu form an alloy at
high temperatures, which has a drastically lower carbon solubility, as determined by using the calculated
Co-Cu-C ternary phase diagram. Raman spectroscopy confirms the high quality (/p//g < 0.05) and spatial
uniformity of the single-layer graphene. The rational design of a bimetallic catalyst highlights the potential
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Introduction

Graphene’s 2D structure, excellent electronic properties, and
chemical stability’™* make it a promising material for device
applications including transparent electrodes, sensors, and
passivating layers.”” Chemical vapour deposition (CVD) has
emerged as the most scalable and versatile technique to grow
graphene for such applications, where a high-quality material
is typically required.®® Uniform single-layer graphene (SLG)
has been well demonstrated on low-cost polycrystalline Cu
foils over a broad window of processing conditions, ™
leading to the widespread adoption of Cu-based catalysts, with
full coverage SLG consisting of millimetre-scale domains
achievable through appropriate catalyst treatments.”* To
obtain large domain sizes and low defect densities, growth is
typically performed at relatively high growth temperatures
(>1000 °C) on thick catalyst foils (~25 pm)."” These conditions
are not readily compatible with many established device
materials or thin-film patterning/processing methods, limiting
the potential for direct integration. Current approaches to
device fabrication from CVD graphene therefore rely for the
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of catalyst alloying for producing two-dimensional materials with tailored properties.

most part on transfer to a target substrate, which is far from
straightforward, with many opportunities for deleterious con-
tamination and mechanical damage to be introduced.'®
Furthermore, given that significant Cu sublimation leads to
roughening of the catalyst surface at the growth temperature,'”
there is inevitable wrinkling of the material when it is trans-
ferred to the target substrate. For direct integration, methods
are therefore needed to grow high-quality SLG on selected
thin-film materials at low temperatures, allowing facile incor-
poration into device structures,'®'® as well as increased scal-
ability and reduced production costs. This requires the rational
design of the catalyst support and growth process to achieve a
desired outcome, which is only possible through a detailed
understanding of the underlying growth mechanisms and how
they can be controlled.

At lower temperatures, Ni, Co, and Fe show higher catalytic
activities than Cu, both for hydrocarbon dissociation and
carbon incorporation into graphitic structures. Indeed, they
have been widely employed as catalysts for the low temperature
growth of carbon nanotubes.”*®” However, attempts to grow
polycrystalline thin-films of these metals have generally
resulted in the formation of inhomogeneous multi-layer
graphene.”®?® This has often been attributed to the high
carbon solubility of these metals, based on the assumption
that carbon dissolved in the catalyst precipitates as multilayer
graphene on cooling."'** However, extensive in situ studies
confirm that growth, including multilayer formation, occurs
predominantly isothermally at typical growth temperatures.*> **
This multilayer formation is related to high catalytic activity of

Nanoscale, 2017, 9, 14467-14475 | 14467


www.rsc.li/nanoscale
http://orcid.org/0000-0003-0247-3445
http://orcid.org/0000-0001-8575-7288
http://orcid.org/0000-0001-6092-9768
http://orcid.org/0000-0002-0436-7825
http://orcid.org/0000-0001-9327-0592
http://orcid.org/0000-0002-5438-3305
http://orcid.org/0000-0002-3993-9045
http://crossmark.crossref.org/dialog/?doi=10.1039/c7nr02553j&domain=pdf&date_stamp=2017-09-28
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c7nr02553j
https://pubs.rsc.org/en/journals/journal/NR
https://pubs.rsc.org/en/journals/journal/NR?issueid=NR009038

Open Access Article. Published on 28 August 2017. Downloaded on 3/19/2026 5:55:08 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

these catalysts which can result in direct multilayer nucleation,
or the thin-film catalysts becoming rapidly saturated with
carbon throughout their thickness with additional carbon dis-
sociation feeding multilayer formation.*>*® This can be
avoided by using thick catalyst foils, where the supply of
carbon from the gas-phase is mediated by ongoing carbon
diffusion into the catalyst bulk, resulting in a broad processing
window over which uniform SLG can be stabilised.*>*®
Alternatively single-crystalline substrates may be used, where
careful control of the exposure conditions can yield epitaxial,
SLG on specific surface orientations.*®*%*>*7%8  However
neither of these approaches can be readily integrated with
standard lithographic processing steps used in fabricating
device structures.

Catalyst alloying provides a means of tuning surface reactiv-
ity that can be directly applied to thin-film catalyst materials.
For example, by decorating high-reactivity sites on polycrystal-
line Ni with Au we have previously demonstrated the suppres-
sion of multilayer growth, with uniform SLG formed at temp-
eratures as low as 450 °C.>”*"*>% On the other hand, widen-
ing the selection of ferromagnetic materials on which SLG can
be formed is of significant importance for applications.
For example, SLG-covered Co electrodes show enhanced per-
pendicular magnetic anisotropy,”® remain stable against oxi-
dation in air,””" and are promising as spin filtering electro-
des.”® However, the low temperature growth of SLG with thin
Co catalysts has not been reported. In this paper, we consider
the addition of less catalytically active Cu to the surface of Co
thin-films, to tune the graphene growth behaviour. Using an
original combinatorial method,**>* we investigate the effect of
the alloy ratio on the growth of graphene, and find that there
is an optimum thickness for Cu to maximize the coverage of
SLG. With the optimum condition, we demonstrate the for-
mation of full coverage, high quality SLG on sputtered CoCu
catalyst films with a simple thermal CVD process at relatively
low temperatures. The underlying mechanisms that lead
to this improvement are systematically investigated using
ex situ growth calibrations, in situ scanning photoemission
microscopy (SPEM), and calculated ternary phase diagrams.
The Cu is found to decorate high reactivity sites on the
Co surface, suppressing multilayer graphene nucleation and
resulting in exclusively SLG formation. We thereby demon-
strate that the approach of catalyst alloying can be extended to
tune graphene growth on different transition metal catalysts,
offering new opportunities for directly integrating graphene
into device structures.

Results

We first investigate the effect of the catalyst composition on
the graphene growth using combinatorial CoCu samples.
Fig. 1a shows a schematic of the combinatorial method.****
We make a thickness gradient of Cu (~0.3-20 nm) on uniform
Co (500 nm) in one direction (~10 mm in length) by using a
slit mask. The area with the thickest Cu (~20 nm) appears
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Fig. 1 (a) A schematic of the combinatorial method where sputtering
Cu through a slit mask yields a thickness gradient (~0.3—20 nm) on top
of uniform Co (500 nm). (b) Optical image of the combinatorial sample
before growth. (c) SEM images of the as-grown graphene on different
regions of the catalyst with different Cu thicknesses (~1.5-10 nm) and
corresponding OM images following transfer of the graphene onto SiO,
(300 nm)/Si substrates. The scale bar in (c) is common for the SEM and
the OM images. The Cu thickness range shown in (c) corresponds to the
area of the sample shown with a dashed rectangle in (b).

slightly orange in colour before graphene growth (left area in
Fig. 1b). Fig. 1c shows SEM images of graphene grown on the
CoCu catalyst at 750 °C for 3 min, and OM images following
transfer of the graphene to SiO, (300 nm)/Si. The Cu thickness
range considered in Fig. 1c corresponds to the area shown
with the dashed rectangle in the Fig. 1b. Depending on the Cu
thickness, the graphene grows with different nucleation den-
sities, numbers of layers, and grain sizes. Multilayer graphene
grows when the Cu adlayer is less than ~2.4 nm thick (right
part of Fig. 1c). We note that the contrast associated with multi-
layer graphene is most apparent in the OM images following
transfer of the graphene onto SiO,(300 nm)/Si.>>>® Increasing
the Cu thickness to ~3.8 nm results in a SLG coverage of
~90%, whilst with ~6.0 nm of Cu full SLG coverage is achieved
as highlighted with the red rectangle in Fig. 1c. Further
increasing the Cu thickness results in the formation of bilayer
and multilayer graphene regions as readily apparent with
~10 nm of Cu (leftmost images in Fig. 1c).

Our focus herein is obtaining uniform SLG coverage, and
therefore we further investigate samples with Cu (6.0 nm) uni-
formly deposited over Co (500 nm) and compare these to bare
Co (500 nm). Fig. 2a and b show the SEM and OM images of
graphene films grown on Co, and CoCu under the same con-
ditions as in Fig. 1 (750 °C, 3 min). The SEM images are
acquired from the as-grown graphene on the catalyst while the

This journal is © The Royal Society of Chemistry 2017
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Fig. 2 SEM and OM images of fully covered graphene grown on (a) Co
(500 nm) and (b) CoCu [Cu: 6 nm on Co: 500 nm] catalyst. (c)
Representative Raman spectra of the samples shown in (a) and (b).
Raman maps of (d) Ixp/lg ratio, (e) Ip/lg ratio, and (f) FWHM (2D) of the
CoCu sample shown in (a) measured over a 40 x 40 pm? area at a pitch
of 2 pm. The scale bars in (a) and (b) are common for SEM and OM
images, respectively.

o um

OM images are taken after transferring the graphene to
Si0,(300 nm)/Si substrates. As observed with the combinator-
ial samples in Fig. 1, the sample with elemental Co yields com-
plete coverage with inhomogeneous multilayer graphene,
while the CoCu sample is completely covered with uniform
SLG. We note that if the Ti adhesion layer is not present under
the Co film, it is found to dewet at high temperature and form
holes of ~300 nm diameter (see Fig. S17).

Fig. 2c shows the Raman spectra of the samples in Fig. 2a
and b. With the elemental Co sample, we observe the D-peak
at 1348 cm ™, the G-peak at 1582 cm ™" with full width at half
maximum (FWHM) of 36 cm™, and the 2D-peak at 2697 cm™"
(FWHM: 96 cm™"). The Ip/Ig ratio is 0.18 and the I/l ratio is
0.61, which along with the large FWHM of the 2D-peak are
consistent with those reported for reasonably defective multi-
layer graphene. With the CoCu sample, on the other hand, we
observe a very small D-peak at 1359 cm™', the G-peak at
1593 cm™' (FWHM: 16 cm™'), and the 2D-peak at 2683 cm™"
(FWHM: 35 cm™"). The small Ip/Is ratio of under 0.05, Ip/Ig
ratio of 2.1, and narrow 2D-peak which is well-fitted by a
single-lorentzian confirm the presence of high quality SLG.””
We note that there is an increase in the I/I; ratio to 0.38 as
the growth temperature is lowered to 700 °C (50 °C lower than
the standard condition) indicating deterioration in the gra-
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phene crystallinity (see Fig. S2f). For the CoCu sample
grown under standard conditions, we perform Raman
mapping over a 40 x 40 pm” area with a pitch of 2 pm. Fig. 2d,
e, and f show maps of the ILp/Is ratio, Ip/lg ratio, and 2D
FWHM, respectively. In the mapped area, it is confirmed that
95% has a I,p/Ig ratio >1.8, 93% has a Ip/Ig ratio <0.10, and
94% has a FWHM <39 cm™" which confirms the good spatial
uniformity of the SLG. In addition to Raman spectroscopy
which gives a relatively direct measure of defect density based
on the I/l ratio,”® we have also measured the carrier mobility
of the graphene which provides a more indirect indicator of
graphene quality. Hall effect measurements on a device made
from the graphene on SiO,(300 nm)/Si reveal that the hole
mobility is ~1100 em® V™' s7* for a carrier concentration of
~3.9 x 10"* em ™ under ambient conditions. The carrier con-
centration herein shows a slightly higher value than that of
graphene grown on elemental Cu catalysts in our previous
study (~1.5 x 10"* cm™?) with the same measurement setup.>’
However we note that this falls within the variation expected
as a result of the transfer process and processing in air, where
polymer and etchant residues and air-borne contaminants can
alter the doping.

We now consider the differences in the graphene nuclea-
tion and the domain growth on the CoCu and Co by varying
the growth time whilst otherwise keeping the same growth con-
ditions as used in Fig. 1. After 20 s of exposure to the carbon
precursor (CH,), no graphene grows on the Co (Fig. 3a). After
100 s, multilayer graphene domains with diameters of several
tens of um appear and already starts to merge, giving an areal
coverage of ~80% (Fig. 3b). Complete multilayer graphene is
observed for samples exposed to the carbon precursor for 180 s
(Fig. 3c). In contrast, after 20 s of exposure to the carbon pre-
cursor (CH,), the CoCu surface shows the presence of dark
spots several tens of nanometres in size (indicated by arrows
in the inset of Fig. 3d) with a number density of ~60 um™>.
After 100 s, SLG domains of up to 25 pm in diameter are
present with an areal coverage of ~10%. This corresponds to
an ~8 times smaller areal coverage than that observed for
elemental Co with the same growth time, and in fact corres-
ponds to an even smaller extent of graphene formation as only
single-layer domains are formed. Domains with diameters as
small as a few micrometres are observed, as shown by arrows
and the x10 enlargement of a region of the image in Fig. 3e.
Besides these micrometre-scale graphene domains, we also
observe dark spots which are at least a hundred times smaller
and resemble those obtained after 20 s (arrow indications in
the inset of Fig. 3e). After 180 s, the micrometre-scale domains
merge with each other, resulting in complete coverage of the
catalyst surface (Fig. 3f).

To further investigate the chemical influence of Cu on the
Co catalyst surface, we perform in situ XPS measurements
during the annealing of CoCu [Cu: 6 nm on Co: 500 nm] and
Co (500 nm) samples. Fig. 4a and b show Cu 2p;/, and Co 2p;,
XP spectra of the CoCu sample, and Fig. 4c shows the Co 2p3/,
XP spectra of the elemental Co sample at salient stages
during annealing in 107® mbar of H,. The Cu 2p;,, spectrum

Nanoscale, 2017, 9, 14467-14475 | 14469
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Fig. 3 SEM images of the surface of (a—c) Co (500 nm) and (d—f) CoCu [Cu: 6 nm on Co: 500 nm] samples with different growth times. The scale
bars in (a) are common for all the low magnification images and the higher magnification insets, respectively.
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In situ XPS spectra [photon energy: 1102 eV] of (a) Cu 2psz/» and (b) Co 2ps,, of the CoCu [Cu: 6 nm on Co: 500 nm] sample, and (c) Co 2ps/»

of the elemental Co (500 nm) sample at different temperatures during annealing in H; (~1 x 10~® mbar). A Shirley background is used and the peaks
are fitted with Doniach—Sunjic functions convoluted with Gaussian profiles.

of the CoCu sample at room temperature (RT) shows a single
peak at 932.0 eV, characteristic of Cu,0.®° During annealing
under H,, the Cu,O peak decreases in intensity while a peak at
932.6 eV rises indicating the reduction of Cu,O towards met-

14470 | Nanoscale, 2017, 9, 14467-14475

allic Cu, with no Cu,O remaining at 550 °C. A similar
reduction behaviour is observed in the Co 2p3,, spectra of both
the CoCu and the elemental Co samples. At temperatures
below 200 °C the spectra correspond to predominantly oxi-

This journal is © The Royal Society of Chemistry 2017
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dised Co (blue components), while at higher temperatures Co
is gradually reduced, showing a complete reduction at 550 °C
(green metallic peaks).

No peaks are detectable in the Co 2ps/, spectrum of the
CoCu sample at RT, as the photoemission signal is dominated
by the Cu film at the surface, which has a thickness of 6 nm.
The signal, however, progressively rises above the noise as the
temperature is increased (from roughly 200 °C). A chemical
map of Cu obtained at 550 °C using SPEM (with 100 nm
lateral resolution) shows a uniformly low Cu signal without
any significant lateral inhomogeneity in the Cu distribution
(Fig. S3t), indicating that the Cu diffuses into the Co substrate
rather than simply redistributing at the surface. This is further
confirmed by the difference in asymmetry (alpha) of the main
metallic peak of Co in the 550 °C spectrum of both CoCu
(alpha ~0.20) and elemental Co (alpha ~0.14) samples. The
increased asymmetry of the Co peak for the CoCu sample is
linked to a higher density of states (DOS) at the Fermi edge®’
compared to the elemental Co sample,®® consistent with alloy-
ing of Co with Cu. The Co-Cu binary phase diagram shows a
miscibility gap for the temperature range considered here,
with the Co-rich phase having a Cu solubility of ~1 at% at
750 °C whilst above this level Co- and Cu-rich phases
coexist.®®* Thus for the thickness ratio investigated here [Cu:
6 nm on Co: 500 nm, e. ~1 at%], we expect a Co-rich alloy to
be formed that is almost saturated with Cu.

To further understand the role that this alloying plays in
growth, we calculate a Co-Cu-C ternary phase diagram using
the Thermo-calc package.®® Fig. 5 shows a part of the calcu-
lated phase diagram where small amounts of Cu and/or C
(<0.4 at%) are present as a solid solution in Co at 750 °C. As
the amount of Cu is increased, a FCC(ordered) phase emerges
in FCC(L1,) which has almost no carbon solubility. The
carbon solubility in Co therefore drastically decreases from

0.4 FCC(L1,)

+

°
7 50 C graphite
FCC(L1,)
(&) +
°\o FCC(ordered)
w 0.2 +

graphite

FCC(L1y)

017 reeqwty
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+

graphite

FCC(ordered)

Co 0.1 0.2 0.3 0.4
at. % Cu

Fig. 5 Part of the Co-Cu-C ternary phase diagram calculated using
Thermo-Calc and SSOL5 database.
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~0.23 at% in pure Co to nearly zero when alloying with ~0.23
at% of Cu (arrow indication in Fig. 5).

Based on our results, and in the context of previous litera-
ture we now explain the origins of the different graphene
growth behaviours on elemental Co and CoCu catalysts, as
summarized in Fig. 6. Although Co has a relatively high
carbon solubility, our previous in situ studies of graphene
growth on catalysts with comparable or even higher carbon
solubilities (Ni, Pt),*’?%4*341 and similar reports in the
literature®>?¢3%4%667 show that isothermal growth typically
dominates at the temperature considered here, with precipitation
on cooling remaining a minor contribution due to the rapid
decrease in carbon diffusivity with temperature.*® We therefore
note that the graphene growth observed herein is expected to
occur predominantly isothermally ie. at temperature during
the hydrocarbon exposure, and have further confirmed this
with in situ XPS measurements performed on Co thin films at
similar temperatures.®® For elemental Co, during the early
stages of hydrocarbon exposure (~20 s) there is a significant
incubation period where no graphene nucleation occurs
(Fig. 3a and 6a) as the supply of carbon from hydrocarbon dis-
sociation is matched by diffusion into the Co bulk due to its
relatively high carbon solubility (0.23 at% at 750 °C, see
Fig. 5). With continuing exposure the carbon concentration at
the Co surface increases until it exceeds the solubility limit
leading to the preferential nucleation of multilayer graphene
at high reactivity surface sites such as step edges (Fig. 3b and
6b).>”*> After 180 s, a continuous multilayer graphene film has
been formed (Fig. 2a, 3¢, and 6c¢), which is consistent with the
many other reports of multilayer graphene formation on poly-
crystalline thin films of elemental Co.*" %648

For the CoCu catalyst we observe that dark spots of several
tens of nanometres in size form on the surface within just 20 s
of hydrocarbon exposure (Fig. 3d and 6d), whilst no similar
spots are observed on the elemental Co for the same exposure
time (Fig. 3a). This difference is attributed to the lower carbon
solubility of the CoCu alloy, as shown by the Co-Cu-C ternary
phase diagram in Fig. 5, which means that there is limited
carbon diffusion into the catalyst bulk but instead the carbon
supplied to the surface in the initial stages of hydrocarbon
exposure remains at the catalyst surface forming these dark
spots. As growth proceeds, exclusively SLG domains nucleate
and grow on the catalyst surface (Fig. 3e and 6e). In situ XPS
reveals that Cu remains at the catalyst surface following
annealing, and is thus present at the point of hydrocarbon
introduction. We therefore attribute this suppression of multi-
layer graphene formation to the Cu decorating and passivating
high reactivity sites on the Co surface (e.g. step edges) which
are preferential nucleation sites for multilayer graphene,®®”°
as has also been previously demonstrated for Ni surfaces deco-
rated with Au. These same high reactivity sites are implicated
in hydrocarbon dissociation, and thus their decoration with
Cu is also expected to reduce the hydrocarbon dissociation
rate (as highlighted by a smaller arrow in Fig. 6d).>> Indeed,
the much lower graphene coverage seen for CoCu after 100 s,
in spite of its lower C solubility and thus smaller expected

Nanoscale, 2017, 9, 14467-14475 | 14471
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Fig. 6 Schematics of the graphene growth mechanism on Co and CoCu catalyst.

incubation time, is fully consistent with this picture.
Extending the exposure time to 180 s leads to the lateral
growth of the SLG domains to form a continuous film without
any multilayer graphene observed (Fig. 3f and 6f).

Our results show that when the Cu thickness is too low,
multilayer graphene formation is not completely suppressed
(~2.4 nm in Fig. 1c), suggesting insufficient decoration of the
high-reactivity sites. We also find that too thick a Cu layer
leads to the formation of discontinuous multilayer graphene
domains (~10 nm in Fig. 1c), which we attribute to a phase
separation (i.e. incomplete alloying) at the catalyst surface,
with graphene growth constrained to Co-rich regions whilst
the Cu-rich regions remain bare. An intermediate Cu thickness
of ~4-6 nm leads to exclusively SLG formation, whose coverage
for a given growth time increases slightly with Cu thickness.
This is consistent with the reduction in C solubility, and thus
incubation time that is expected as the Cu content of the CuCo
alloy is increased. We therefore find that a Cu to Co ratio [Cu:
6 nm on Co: 500 nm] that closely approaches the solubility
limit of Cu in Co (~1 at% at 750 °C) results in the formation of
a fully covered uniform SLG film (Fig. 2b, 3f, and 6f). We attri-
bute this to the decoration of high-reactivity surface sites
being maximised, whilst phase separation is still avoided.

As well as suppressing multilayer formation, we note that
the Co-Cu alloying also leads to a significant improvement
in the graphitic quality of the graphene formed, with a
lower D-peak apparent in Raman spectra (Fig. 2c). Although we
are unable to directly resolve the origins of this improvement
with the experimental methods used here, we expect that
a lower hydrocarbon dissociation rate, and thus rate of
carbon incorporation into existing graphene domains, plays an
important role.

The general approach of catalyst alloying to control the
layer number and domain sizes when growing 2D materials

14472 | Nanoscale, 2017, 9, 14467-14475

has been applied with other catalyst systems including
Ni-Au,*”*"** Ni-Mo,”" and Cu-Ni’>"? for graphene, and Fe-Si’*
and Cu-Ni”> for hexagonal boron nitride. We show here that a
detailed understanding of the underlying growth behaviour
allows the rational design of a binary alloy catalyst to achieve
improved graphene properties, highlighting that catalyst alloy-
ing is a powerful tool in tuning the catalytic growth of 2D
materials. This is particularly pertinent for applications of 2D
materials where constraints are placed on the processing
temperature or catalyst materials that can be used, such as
when the 2D material and catalyst are to be directly integrated
into devices without any transfer step. This includes appli-
cations where the 2D material is used as a passivation layer”*°
or a tunnel barrier.”®

Conclusion

We have developed a CoCu bimetallic catalyst thin film for gra-
phene growth that achieves complete SLG coverage in 3 min at
750 °C, and have investigated the underlying growth behaviour.
The layer number, incubation time, and growth rate change sen-
sitively depending on the Cu thickness. In situ XPS measure-
ments show that the addition of ~1 at% Cu (~6 nm) into Co
(500 nm) results in a Co-rich alloy forming at the growth temp-
erature. The Cu decorates high reactivity sites on the Co surface
(e.g. step edges), thereby suppressing multilayer graphene
nucleation, and resulting in exclusively SLG formation. Raman
mapping confirms the high quality (In/Ig < 0.05) and good
spatial uniformity of the SLG. The relatively low temperature
growth process with a simple thermal CVD using sputtered
metal films is suitable for the direct growth and integration of
graphene into devices, and highlights that catalyst alloying can
be used to produce graphene with tailored properties.

This journal is © The Royal Society of Chemistry 2017
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Methods

We use Si (100) wafers with a thermal oxide layer (200 nm) as
substrates. We deposit Ti (10 nm) as an adhesion layer fol-
lowed by Co (500 nm) as the catalyst. The deposition is carried
out without breaking the vacuum between Ti and Co. After
exposing the samples to air, Cu is deposited on top of the Co
either uniformly (6 nm) or with a thickness gradient obtained
using a combinatorial masked deposition method.>*>* All the
depositions are carried out by DC sputtering under Ar
(3.5 x 10* mbar). For the growth of graphene by thermal CVD,
the samples are loaded into a cold-wall CVD apparatus. The
chamber is pumped below 2.0 x 10~ mbar by a screw pump in
~10 min, and then the samples are heated up to 700-750 °C at
a rate of 5 °C s~' under H, (240 sccm) with the pressure
adjusted to 40 mbar. When the desired temperature is
reached, CH, (60 sccm) is immediately added for 20-180 s to
induce graphene growth. The total pressure is kept at 50 mbar
during the hydrocarbon exposure (CH, + H,), and the samples
are subsequently cooled down quickly (~10 °C s™') under Ar
(200 sccm).

The as-grown graphene on catalyst metals is characterized
by scanning electron microscopy (SEM, Carl Zeiss, SIGMA VP).
Optical microscopy (OM) and Raman spectroscopy (Renishaw,
InVia spectrometer, 532 nm excitation) measurements are per-
formed following transfer of the graphene onto Si0,(300 nm)/
Si substrates using a PMMA support layer and FeCl; solution
(1 M) to dissolve the catalyst layer. We measure the charge
carrier mobility of the SLG by the Hall effect using Van der
Pauw structures (MMR Technologies, H-50).”” We pattern
20 x 20 pm” squares of graphene on SiO,(300 nm)/Si substrates
by e-beam lithography, where Au(45 nm)/Cr(5 nm) electrodes
have already been patterned on the substrate by thermal evap-
oration and a lift-off process before the transfer of graphene.
The measurement is carried out under 1 T magnetic field at
room temperature.

In situ X-ray photoemission spectroscopy (XPS) is used to
characterize the chemical state of the catalyst metals. The
measurements are performed at the ESCAmicroscopy beam-
line at the Elettra synchrotron (Trieste, Italy). The X-ray beam
with a photon energy of 1102 eV is focused on the samples to
a diameter of ~200 nm using Fresnel zone plate optics, and
the sample can be raster scanned with respect to the micro-
probe.”® The sample is measured during annealing under H,
(~1 x 107° mbar). The spectra are background-corrected
(Shirley) and the peaks are fitted with Doniach-Sunjic func-
tions convoluted with Gaussian profiles. A Co-Cu-C ternary
phase diagram is calculated using Thermo-Cale and SSOL5
database.®
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