Study on transfer-free graphene synthess process
utilizing spontaneous agglomer ation of catalytic
Ni and Co metals

Makoto Miyoshil? Masaya Mizunol2 Kazuya Banno®2P Toshiharu Kubo! Takashi Egawa! and
Tetsuo Soga
'Research Center for Nano Device and System, Nagoya Ingtitute of Technol ogy, Nagoya 466-8555, Japan

2Department of Frontier Materials, Nagoya | nstitute of Technology, Nagoya 466-8555, Japan

Transfer-free graphene synthesis process utilimetal agglomeration phenomena was investigated by
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dimensional uniformity in the structural quality.
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1. INTRODUCTION

Due to its novel characteristics such as extrerngly carrier mobility and ballistic transport
properties, graphene has recently been attractingp rmattention as material for future high-frequency
electronic devices and/or large-scale integrateditdeviceg1-4]. Since the discovery of outstanding
features in this two-dimensional material, varisysthesis processes have been proposed, such as the
sublimation of silicon from SiC surfacfs-8], chemical vapor depositidd-13], and plasma-assisted
vapor depositiofil4-17]  Also, several kinds of catalytic metals suchef®-14, 17, 18] Co[10], Cu
[15, 19] Ru[20], Ir [21] and P{22] have often been used for the synthesis of gradiese While
catalytically-synthesized graphene films have adviantage of having to be formed on conductivelmeta
materials, some useful ideas on transfer-free igabs have been sugged28t30] Recently, we have
also reported that graphene films can be formegttyiron insulating SieSi by using a thin Ni film as an
underlying catalyst film23]. Figure 1shows explanatory drawings of the graphene syathascess
[23]. First, a Ni/SI@Si stacking structure with the Ni film thinner thd0 nm is prepared as a substrate
for graphene synthesis. Then, an amorphous céHopfilm is deposited on the Ni film, where weus
the pulse arc plasma deposition (PAPD) technjjdé Then, the graphene film is formed via the
dissolution and precipitation at a high temperataed at almost the same time, spontaneous
agglomeration of the Ni metal occurs. It was slaged that the nucleation of graphene prefereptiall
starts from the step sites on the granulatingiisfio, 17, 23] Kato and Hatakeyama have reported that
graphene nano-ribbons can be grown from Ni nar®{Baf, which is considered to be due to a
phenomenon similar to our process. As a reseltgtaphene film is grown directly on the Sitim.
Although island-shaped metallic particles remairthensurface, it was confirmed that they can easily

removed by dipping in a hydrochloric a¢&8]. This process seems similar to that reportedviegik<et



al[25], who have proposed a low-temperature transfegfegghene synthesis process utilizing the carbon
diffusion through microstructured Ni films. Inshtase, the initial carbon deposition must be deste
by the formation of the Ni microstructure. Corilyaour process causes the graphene precipitatidn
metal agglomeration at almost the same time dwarismgle thermal treatment. We believe that this
process can expand the possibility of graphenehasist technique utilizing catalytic reactions. To
continue further development on the process, hawmare detailed study is indispensable especally
to how the graphene films are formed and two-dimeasly distributed on the surfaces. In this paper
therefore, we attempted comprehensive study ographene synthesis process. Thin Co films were
also examined as a catalytic metal in additionitidris. The dependency on annealing temperaages
well as on metal film thicknesses was carefullgstigated. The multipoint Raman mapping technique
was employed to analyze how the graphene film$oamed and two-dimensionally distributed on the

surfaces.

2. EXPERIMENTAL

Ni/SiO2/Si and Co/Si@Si stacking structures with different metal filnicknesses of 10, 20 and 30
nm were used as starting substrates for graphatieesis, where the thin Ni and Co films were depdsi
on 100-nm-thick Si@films on Si (111) substrates by electron-beam @&B)poration. The a-C films
were deposited in an ultrahigh-vacuum PAPD chafilze®3] in which the discharge pulse number was
maintained at 50 pulses. Subsequently, the samplesannealed at different temperatures of 700°C,
800°C, 900°C and 1000°C for 5 min in nitrogen gas imbient.  After the annealing processes, sample
surfaces were observed by scanning electron mapegSEM). In order to observe the cross-sectional

nanostructure, the transmission electron micros¢bp®) study including high-resolution TEM (HR-



TEM) and scanning TEM (STEM) was carried out. hia STEM observation, the high-angle annular-
dark-field (HAADF) observation and energy-dispessiX-ray spectroscopy (EDS) were applied in
addition to the conventional bright-filed (BF) ohaion. The EDS point analyses were conductdd wit
an electron-beam spot size of less than 1 nm. thEarross-sectional TEM observation, samples were
thinned to the thickness of approximately 80 nninwie use of a focus ion beam system (SMI3050TB),
in which a Gaion was used as the ion beam source by accetgi@tim energy of 30 keV. To investigate
how the graphene films were formed and two-dimeadiyp distributed on the surfaces, the multipoint
Raman mapping was carried out, in which a 532-nwelgagth solid-state laser with the output power
of 10 mW was used as an excitation light sourcer tltle Raman mapping study, the spot size of the
incident laser and the distance between measurgd pere maintained atin and 0.2um, respectively,

for a scanning area of\n x 5um.

3. RESULTS AND DISCUSSION
3.1. Electron microscope study

Figures 2(a) and 2(lphow SEM images for annealed surfaces of samptbstive different-
thickness metal films of Ni and Co, respectivel.was confirmed that the metal agglomeration aeclr
on both kinds of samples. In our experiments,ifgignt differences in metal agglomeration have not
been observed between samples with and withowdatten layer on top of the metals. From these
figures, the size of the island-shaped particlesrigl increased with the increase in the metdirieisses,
which is almost consistent with the result of o@vjous reporf23].  Also, the present study provides
additional information, which is about the tempaitdependency and about the agglomeration ofdhe C

films. From the observation results, the progeésSo agglomeration appeared to be quite similar bu



somewhat slower compared to the case of Ni filMi$is seems to be due to the similarity and small
difference in their cohesive energies (102 kcalfiord\i and 105 kcal/mol for C¢$32] and melting points
(1,728K for Ni and 1,768K for Cdp3]. As for the temperature dependency, it is clearttie metal
agglomeration progressed well with the increasthénannealing temperature. Basically, the metal
agglomeration originates from the surface migratibmetals, which occurs by transforming the heat
energy into the kinetic energy for lowering theirface energy. Therefore, it is natural to comdialat

the thicker metal films did not migrate at a lompeerature.  For both kinds of the samples, thelmeta
agglomeration was almost completed at temperétighsr than 900°C.

Typical cross-sectional HR-TEM images around thiéghes are shown ifrigures 3(a) and 3(b)
which have been taken after annealing at 900°Gdomples with the 20-nm-thick Ni and Co films,
respectively. Here, the imagesHigure 3(ajare the same as shown in our previous rép8jt The
dark rounding areas seen in these images correspdhd cross section of an island-shaped particle.
From these images, the formation of multilayer lyezye is confirmed for both samples, and they appear
to be formed directly on Sidilms.  The observation results showed that thplyene films derived from
Co were thicker than those from Ni.  We speculaeit was caused by the difference in solid stitybi
limits at the maximum reaction temperatures angretipitation temperatures. Samples were then
evaluated by STEM including HAADF and EDS analyaes, the results are summarize#figures 4(a)
and 4(b) where the EDS analyses were taken by focusirggo®s sections of particles (positions A and
E), graphene films (positions B and F), graphef@®/8oundaries (positions C and G) and Siins
(positions s D and H), respectively. The resalisaled that particles consisted mainly of metaibens,
and that graphene films were directly on 8ins. In Figure 4(a)a small amount of Pd is observed

inside the metallic particle, which is probably esult of contamination incorporated from our EB



evaporation furnace. On the basis of the abogehth Ni and Co films proved to be equally usésul

this transfer-free graphene-synthesis process. th®rother hand, metallic particles appeared to be
penetrating onto Si3surfaces, as seenkigures 3andFigure 4  This indicates that the catalyst metals
reacted with Si@in the process of metal agglomeration. The EB@tsesupport this idea, which show
that the metallic particles contain a certain amhoti8i. The uneven SiQurface as observedkigure

3 or Figure 4is probably another evidence of the reaction.

3.2. Microscopic Raman Study

A few examples of Raman mapping results are showigure 5 in which the views of optical
microscopic (OM) images are almost consistentdsdlof the Raman mapping images. Although the
OM images are not as clear as SEM images as segniia 2 it is possible to recognize their morphology
changes by comparing with the SEM images. The Ramtensity maps represent the two-dimensional
distributions of the relative integrated intensitié 2D band (2,700 ci which confirms the existence of
graphene films. Figure 5(ashows a surface after annealing at 700°C for plsamith the Ni thickness
of 30 nm. As for this sample, there seemed tdrhest no graphene films on Ni-remained areas, but
they obviously existed around specific areas unmeoveith Ni metals. This indicates that graphene
flms were preferentially synthesized at areas whidr films disappeared with the progress of
agglomeration. This phenomenon does not contréakcinformation that the graphene nucleation
preferentially starts from the step sites on nsetdhce$9, 17, 23] Figures 5(b) and 5(show surfaces
after annealing at 900°C for samples with the 2edmok Ni films and Co films, respectively, whichea
the same samples as shownFigure 3and Figure 4 For these samples, graphene films almost

completely covered the whole observation surfasbgh even includes areas showing the weakest



Raman signals. Note that this estimation is lichitéthin the spatial resolution of this observation
technique, which approximately corresponds to tiedént-laser spot size of dm. From this
observation, however, neither huge pinholes narlglelivided pieces were observed on both kinds of
samples despite the existence of many metallicciesrion their surfaces. This will be accepted as
positive indication considering future perspectifithis graphene synthesis process.

To achieve further understanding for the graphermadtion processes as well as for their two-
dimensional distributions on the surfaces, the Ramapping data were statistically treate#ligure 6(a)
shows the changes in the integrated Raman inteasityf the G band (1,590 dixto the 2D band dl2p
ratio), which are considered to be related todlyerlnumber in graphene filf4]. FurtherFigures
6(b) and 6(cshow the changes in the ratio of the D band (1685 to the G band !l ratio), and the
changes in the full-width at half maximums of 2Rkee(2D-FWHMSs), respectively, which are considered
to represent structural disorders of graphene fii#s Here, each of the data was taken from almost
completely metal-agglomerated samples. All offitneres plot the average values obtained from the
multipoint Raman measurements as seéiigiare 5 and the standard deviatiar) ¢hanges of theslip
ratio, b/l ratio and 2D-FWHMs are also plotted in the saguarés. As shown in these figures, it was
found that the changes in the Raman signals degbexmajly not on the annealing temperatures butrath
on the starting metal thicknesses, which was obdefor both kinds of metals. Furthermore, the
evaluated Raman parameters showed a tendency iofjHawer values with the increase in metal
thicknesses. This indicates that graphene filmsetkfrom thicker metal films have better struatur
gualities with lower layer numbers.  Generally,gregohene synthesis process utilizing catalyticticaa
is explained by the phenomenon that carbon atdoygdliwith catalyst metals precipitate out as geaph

during cooling processes in accordance with théogity limit.  Therefore, it seems understandab



the larger amount of graphene is precipitatedrout the thinner metal films due to their incorpiorat
limit. As for the quality of graphene films, itrcde speculated that the increase in the layer @umb
caused the structural disorder of graphene filiiis indicates that the layer number as well adilthe
guality can be controlled over by choosing the @pmte metal thickness and carbon deposition atnoun
In addition, the standard deviation data indictitas the synthesized graphene films showed reiative
good two-dimensional uniformities at almost albs&  This is also considered a positive indicdtion

future research of this graphene synthesis process.

4. SUMMARY AND CONCLUSIONS

In summary, we investigated the transfer-free gmphsynthesis process utilizing metal
agglomeration phenomena. The SEM and TEM studicatedl that multilayer graphene was
synthesized on SiJilms as a consequence of metal agglomeratiorghwiuas equally observed on Ni
and Co catalyst films. The microscopic Raman nmapptudy indicated that graphene films were
preferentially synthesized at areas where metad filisappeared at an early stage of their aggltiorera
and that they finally covered almost the wholeasi@$. The synthesized graphene films showed a
tendency of having better structural qualities Eweer layer numbers with the increase in the metal
thicknesses. Also, they showed relatively gooddimeensional uniformities at almost all stagesoag
as the metal agglomeration sufficiently progressétile believe that the present results will prousieful

information to future perspective of the graphegmtesis process utilizing catalytic reaction.
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Figure captions

Figure 1. (Color online) Schematic drawings for drephene synthesis process utilizing the metal
agglomeration phenomena; (a) Amorphous carbonidildeposited on Ni/Si5i substrate. (b) After
annealing, graphene films are formed on the 8 with metallic particles. (c) Metallic partes are

removed by dipping in a hydrochloric acid solution.

Figure 2. Surface SEM images for after annealingpges with different-thickness (a) Ni and (b) Gm§.
The scale bars areuin.

Figure 3. Cross-sectional TEM images and its mghifiR-TEM images after annealing at 900°C for
samples with 20-nm-thick (a) Ni films and (b) ClanB, in which the dark rounded area corresponds to

cross sections of island-shaped particles.

Figure 4. Cross-sectional BF-STEM and HAADF-STEMges after annealing at 900°C for samples
with 20-nm-thickness (a) Ni and (b) Co films. Esbéhow results of EDS analyses taken from specific
points marked in HAADF-STEM images.

Figure 5. (Color online) Integrated Raman intensiéps for 2D bands with OM view images, and Raman
spectra from a few specific points in the Ramanamaamples are (a) 30-nm-thick Ni films annealed a
700°C and (b) 20-nm-thick Ni films annealed at @G&nd (c) 20-nm-thick Co films annealed at 900°C.

In Raman maps, the increase in the intensitiessmonds to the change in color from dark bluedo re

Figure 6. Metal thickness dependence ofdfgd ratio, (b) b/l ratio and (c) 2D-FWHMs, in which the
standard deviation values) (of those are also shown. All of the data wekeridrom the microscopic

Raman mapping measurements as seen in Fig. 5.

12



Amorphous carbon
(a)

Figurel Miyoshi etd.



700°C__ _800°C _900°C__ 1000°C

Figure2 Miyoshi etd.



(a) Sample derived with Ni agglomeration

(b) Sample derived with
Co agglomeration

Figure3 Miyoshi et d.



(a) Sample derived with Ni agglomeration
(HAADF-STEM)

Position C (0] Si Ni Pd  Total
A. 16.0 26.1 19.1 368 1.9 100.0
B. 995 0.0 05 00 0.0 100.0
C. 263 425 31.2 0.0 0.0 100.0
D. 0.0 579 421 0.0 0.0 100.0

(atm.%)

(b) Sample derived with Co agglomeration
(HAADF-STEM)

Position C (o) Si Co  Total

E. 268 38 121 573 100.0
F. 988 0.6 0.6 0.0 100.0
G. 13.6 513 351 0.0 100.0
H. 09 609 382 0.0 100.0
(atm.%)

Figure4 Miyoshi etd.



(a) 30-nm-thick Ni sample
annealed at 700°C

(b) 20-nm-thick Ni sample

annealed at 900°C

(c) 20-nm-thick Co sample
annealed at 900°C
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