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ABSTRACT: Because the direct formation of large, patterned gra-
phene layers on active electronic devices without any physical transfer
process is an ultimate important research goal for practical applica-
tions, we first developed a cost-effective, scalable, and sustainable
process to form graphene films from solution-processed common Capping Layer
polymers directly on a SiO,/Si substrate. We obtained few-layer
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graphene by heating the thin polymer films covered with a metal

capping layer in a high-temperature furnace under low vacuum in an Ar/H, atmosphere. We find that the metal capping layer
appears to have two functions: prevention of vaporization of dissociated molecules and catalysis of graphene formation. We suggest
that polymer-derived graphene growth directly on inert substrates in active electronic devices will have great advantages because of

its simple, inexpensive, and safer process.

SECTION: Macromolecules, Soft Matter

Graphene has been attracting great interest because of its out-
standing electronic, mechanical, and chemical properties since it
was first produced by mechanical exfoliation in 2004." > Several
methods of fabricating large graphene sheets are known,' >* but
realization of these applications requires a method of synthesizing
large uniform graphene sheets that can be scaled up to industrial
production levels. Recently, chemical vapor deposition (CVD) of
CH, or C,H, gases and solid carbon sources on catalytic metal (Ni or
Cu) substrates has been demonstrated as an attractive method to
synthesize large-area graphene for practical applications."””*> How-
ever, additional physical transfer processes of grown graphene films to
a receiver substrate are essentially required to be useful in electronic
devices."” > During these processes, special care should be taken to
avoid severe degradation of the graphene quality and properties.
Therefore, a new process to grow and pattern graphene films directly
on the electronic devices will have great advantages for scalable
practical applications.

In this work, we introduce an unprecedented method that
generates graphene sheets from common inexpensive polymers
on inert substrates (e.g,, SiO,). Because polymers can be easily
deposited on any substrate and can be patterned using simple
digital lithography (inkjet printing)®® or soft lithography,*” this
method of converting polymers to patterned graphene on an
inert substrate may accelerate the adoption of graphene films in
practical electronics. Moreover, it may have other great advan-
tages because common polymers such as polystyrene (PS),
polyacrylonitrile (PAN), and polymethylmetacrylate (PMMA)
are inexpensive and safe to handle, unlike explosive gaseous raw
carbon sources used in a CVD process.
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As the first step toward our ultimate goal of direct formation of
large, patterned graphene layers on active electronic devices, we
developed a scalable and sustainable process to form graphene films
from those common polymers on a SiO,/Si substrate. We obtained
few-layer graphene by capping the films with a metallic layer, then
heating them in a high temperature furnace under low vacuum in an
Ar/H, atmosphere.

In the basic process (Figure 1a), PS (Sigma-Aldrich, weight-
average molecular weight M,, = 130000 g/mol), PAN (Sigma-
Aldrich, M,, = 150000 g/mol), and PMMA (synthesized in the
laboratory, number-average molecular weight M,, = 130 000 g/mol)
(Figure 1b) were dissolved separately in chloroform (Anhydrous,
Sigma-Aldrich) and dimethylformamide (DMF, Extras Pure
grade, DAE JUNG chemicals) solvents. SiO, (300 nm)/Si
substrates (2 x 2 sz) were UV/ozone-treated for 30 min
before spin coating to make the substrates hydrophilic. The PS,
PMMA, and PAN solutions were spin coated on the SiO,/Si
substrates to fabricate polymer thin films with 10 nm thickness.

Such polymers have distinct thermal decomposition tempera-
tures Ty (PS: ~300 °C, PAN: ~235 °C, PMMA: ~310 °C).*®
When the polymers are heated above Ty, their chemical bonds
tend to dissociate. An important requirement for graphene
precursors is that the molecular backbone of polymers should
be composed entirely of carbon atoms, which would become the
main source of sp” hybridized carbon bonds in graphene sheets.
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Figure 1. (a) Graphene growth process and (b) chemical structure of
polymers used as graphene precursors.

Precursors composed of aliphatic C—C single bonds are prefer-
able because they have lower bond dissociation energies (284—
368 kJ/mol) than C=C (615 kJ/mol), C=C (812 kJ/mol), and
aromatic/heterocyclic C—C (410 kJ/mol).>® We chose the vinyl
polymers PS, PAN, and PMMA as graphene precursors because
we thought that their planar zigzag configuration may facilitate
cyclization of C—C bonds.

In initial trials, we tried to use a process to convert 10 nm thick
polymer thin films on 300 nm SiO,/Si substrates to graphene
films in a furnace with Ar (50 sccm) and H, (10 sccm) gas flow
under vacuum (4.0 Torr) at 1000 °C for 1 min. The Raman
spectra and mapping images were obtained using a WITEC
Raman system with excitation of 532 nm. Raman spectroscopy
(Figure 2a) did not reveal any peaks related to graphene or
polymers. Even if we have tried the thermal conversion of
polymers to graphene on catalytic Ni (300 nm)/SiO,(300
nm)/Si substrates many times, we have not observed any Raman
peaks related to the graphenes from the samples (Figure 2b),
which is contradictory to the very recent report regarding the
growth of graphene from organic materials on the Ni catalyst.”®
Our Raman data indicate that most compounds formed by
dissociation of the polymers were removed from the substrates
during pyrolysis because of vaporization in the furnace and then
evacuated without readsorption on the substrate.

To prevent this vaporization, we formed a metal capping layer
of Ni or Cu atop the PAN/SiO,/Si substrates. We pyrolized
PAN films at 800 or 1000 °C in the furnace under Ar (50 sccm)
and H, (10 sccm) gas; then, we used Raman sg)ectroscopy to
observe the carbonization of the polymers.*>*° Pyrolysis at
800 °C did not result in the formation of graphenes: broad peaks
occurred around 1350 (D band) and 1580 cm ™' (G band) but
not at ~2700 cm ' (2D bands) (Figure 2b). These results indicate
that the pyrolysis converted the polymers to amorphous carbons.>
Pyrolysis at 1000 °C resulted in the formation of graphenes: Two
distinct peaks occurred at 1586 (G band) and 2705 cm ™' (2D
band) (Figure 3a). This result is consistent with the Raman spectra
of graphenes grown by CVD."””** Comparison of our Raman
spectrum with one for CVD-grown graphenes'” suggests that our
graphene consists of approximately three layers (Figure 3a); this
result is consistent with our high-resolution transmission electron
microscopy (HRTEM) results, which suggest three to five layers
(Figure 3¢,d). The 2D band of our graphene has full width at half-

Polymer (10 nm)
Si/SiO, (300 nm)
PS

e PMMA
w—/w

Counts / a.u.

PAN

1000 1500 2000 2500 3000
Raman Shift /cm™

b Polymer (10 nm)

Ni (400 nm)
Si/Si0, (300 nm)

PS

Counts / a.u.

PAN

PMMA

1000 1500 2000 2500 3000

Raman Shift / cm™

Ni (50 nm)
Polymer (10 nm)

SilSiO, (300 nm)

PS
PAN
PMM.

Counts / a.u.

1000 1500 2000 2500 3000
Raman Shift / cm™

Figure 2. Raman spectra after pyrolysis. (a) After pyrolysis of polymer
films without a capping layer at 1000 °C. (b) After pyrolysis of polymer
films on a 400 nm thick Ni catalyst layer at 1000 °C. (c) After pyrolysis of
polymer films with a 50 nm thick Ni capping layer at 800 °C.

maximum (fwhm) of ~89 cm ™', which is also similar to the
fwhm of CVD-grown three-layer graphene (~82 cm™'). We
observed a relatively small peak at 1352 cm™ ' (D band). The
D-to-G band peak intensity ratio (Ip/Ig) was 0.168; therefore, in
this current research stage of this new method, further optimiza-
tion is required to reduce further the intensity of the D band.

In Raman spectra maps (Figure 3b) of the D, G, and 2D bands,
the bright spots of G and 2D bands were distributed homo-
geneously on the surface, because of agglomeration of the Ni
capping layer. The grain size of graphene in the bright spots was
estimated to be 1.249 £ 0.215 um. However, according to
further detailed Raman analysis, we demonstrated that graphene
films synthesized from PAN covers most of substrate above
95.33% (or only 4.67% regions showed noise-level Raman
signal) (Supporting Information, Figure S1).

‘We observed similar Raman spectra after removing a 50 nm thick
Ni capping layer (Supporting Information, Figure S2); this means
that the graphene films were also formed underneath the Ni capping
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Figure 3. Properties of PAN-derived graphenes: (a) Raman spectra after pyrolysis of PAN polymer films with a SO nm thick Ni capping layer at 1000 °C
before removing the capping layer. (b) Raman spectra D, G, and 2D bands maps (S0 #m x S0 um) after pyrolysis of polymer films with a S0 nm thick Ni
capping layer at 1000 °C. (c) Cross-sectional HRTEM image of the graphenes formed on SiO,/Si substrate outside agglomerated Ni islands. (d)
Magnified HRTEM image and the intensity profile across the graphenes. (e) Raman spectra of PAN-derived graphene depending on the thickness of Ni
capping layer before removing the capping layer. (f) Raman spectra of PAN-derived graphene depending on the polymer layer thickness after removing

the capping layer.

layer and on the SiO, substrate outside agglomerated Ni islands, as
confirmed by HRTEM results (Figure 3c). However, the graphene
films on top of Ni islands were removed during Ni etching process.
Some parts of the graphene films underneath the Ni islands can also
be removed together during the etching process. Finally, we estimated
that the percentage of noise-level Raman signal was estimated to be
17.15%, which indicates that the area covered with graphenes was
reduced after Ni etching (Supporting Information, Figure S3).
When thinner capping layers (10 and 25 nm) were employed,
Raman spectra revealed strong D bands and a very weak 2D band
because of very small coverage after agglomeration (Figure 3e). This
indicates that the metal capping layer also functions as a catalyst for
graphene formation similarly to the recent conversion processes of
amorphous SiC and carbon films to graphene.*"* Indeed, the type
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of metal capping layer is important because the graphene growth
mechanism using Ni would not be the same as that when using
Cu.* For example, graphene is chemisorbed relatively strongly on
Ni but weakly on Cu.>* We verified this conjecture by preparing
with Ni or Cu capping layers. The Ni capping layer helped to form
graphenes better than did Cu under the same experimental condi-
tions (Supporting Information, Figures S4 and SS) because carbon
atoms are much more soluble in Ni** than in Cu.*

The thickness of the metal capping layer is also important because
if it is too thin (<50 nm), then the metal easily agglomerated and
partially departed from the substrate at high temperature. When we
used a thinner metal capping layer (10 and 25 nm), the conversion
from the polymer to graphene was not successful because of the
strong agglomeration of the metal capping layers and very small
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Figure 4. Raman spectra of PS and PMMA-derived graphene: (a) Raman spectra after pyrolysis of PS polymer films with a S0 nm thick Ni capping layer
at 1000 °C. (b) Raman spectra D, G, and 2D band maps (50 #m x 50 um) after pyrolysis of PS polymer films with a SO nm thick Ni capping layer at 1000
°C. (c) Raman spectra after pyrolysis of PMMA polymer films with a S0 nm thick Ni capping layer at 1000 °C. (d) Raman spectra D, G, and 2D band
maps after pyrolysis of PMMA polymer films with a 50 nm thick Ni capping layer at 1000 °C.

coverage of the polymer film surface (Figure 3e). Therefore, the
carbon films obtained from conversion of PAN films were more
amorphous under 10 or 25 nm thick Ni capping layers than under 50
nm layers. These results suggest that graphene forms under the Ni
capping layer as a result of carbon diffusion into the metal and
subsequent precipitation as a graphene layer on the metal surface
upon cooling* In contrast, we did not observe distinct Raman peaks
from the top surface of the Ni when we used a 100 nm thick Ni
capping layer (Figure 3e). This implies that the dissociated carbon
atoms or aliphatic molecules generated by pyrolysis cannot diffuse
completely into the 100 nm thick Ni layer at 1000 °C during such a
short time of 1 min, and thus precipitation of carbon at the top surface
after cooling could not take place. We also observed the dependence
of the polymer film thickness (Figure 3f). As we increased the film
thickness from 10 to 100 nm, the D band tended to be stronger,
implying the formation of graphenes with more defects. The polymer
close to the Ni capping layer in the thicker polymer film is likely to be
converted to higher quality graphene, whereas the polymer close to
the SiO,/Si substrate is likely to be converted to lower quality
graphene including partial amorphous carbon regions. Therefore,
thinner films turned out to be better to improve the graphene quality.

Additional experiments are required to elucidate the precise
mechanism of graphene formation in this system. Technical im-
plementation of this fabrication method for practical electronics
faces some challenges such as prevention of metal capping layer
agglomeration and control of number of the graphene layers. We
believe that the number of graphene layers and the uniformity can
be controlled by optimizing the cooling rate as well as pyrolysis
conditions and the type of metal capping layer.

We performed the same experiments using PS and PMMA
precursors instead of PAN (Figure 4). In the case of PS, we
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observed strong G and 2D peaks, but the D peak was more
pronounced than that when using PAN, which might be attrib-
uted to the higher dissociation energy of aromatic carbon
pendants. However, graphene yield using PMMA was similar
to that obtained using PAN. Therefore, we demonstrate that the
graphene formation from common polymers is not limited to
specific polymers. PAN unlike PS and PMMA is also known as a
precursor of carbon fibers because of efficient graphitization at
very high temperatures (2000—3000 °C).*” The successful few-
layer-graphene formation from PS and PMMA as we achieved
from PAN indicates that the carbonization mechanism is differ-
ent from the general graphitization process from pyropolymers
to carbon fibers.

In conclusion, we demonstrated a cost-effective, scalable and
sustainable process to fabricate graphene films from common
vinyl polymer thin films on inert substrates under a metal capping
layer. We achieved graphene films of a few layers by brief
pyrolysis at 1000 °C for 1 min under a 50 nm thick Ni capping
layer. The metal capping layer appears to have two functions:
prevention of vaporization of dissociated molecules and catalysis
of graphene formation. Our approaches may provide a method of
forming large, patterned graphene layers directly on electronic
devices without using any transfer process.
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