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ABSTRACT: Direct growth of high-quality graphene on dielectric Ni cover
substrates without a sophisticated transfer process is one of the key
challenges to effectively integrate graphene synthesis with the cussio,si
existing semiconductor manufacturing process. In this study, we take
advantages offered by a customized reactor to realize the synthesis of g
uniform transfer-free graphene monolayers on SiO,/Si substrates via >
the metal-catalytic chemical vapor deposition method. The optimal
reactor is designed to be a Ni-covered quartz slit with a confined
reaction space (length X width X height = 85 X 13 X 0.55 mm?).
The slit structure of this reactor offers a spatially confined
environment for effectively suppressing Cu evaporation and
modulating the growth kinetics of graphene. In addition, the Ni
cover serves as a carbon absorbent for regulating the local
concentration of carbon species within the slit reactor, which increases the monolayer content of the produced graphene. With
the optimal synthesis protocol, transfer-free graphene with low defects and high monolayer content (>90%) was prepared directly on
Si0,/Si substrates as continuous large-area films (1 X 1 cm®) or microscale patterns with sheet resistance and field-effect mobility of
334 Q/sq and 962 cm?/(V s), respectively.
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1. INTRODUCTION

Graphene, which was the first isolated two-dimensional
nanomaterial,"” is considered to be a promising replacement
for silicon in the semiconductor industry because of its unique
electrical, optical, and flexibility properties.”* Chemical vapor
deposition (CVD) is one of the most reliable processes for the
mass production of high-quality large-area graphene. However,
CVD reactions for graphene synthesis commonly require the
use of catalytic metal substrates on which graphene formation
is initiated.” Consequently, an additional process is required to
transfer the produced graphene from the catalytic metal to
dielectric substrates for subsequent device fabrication.
Unfortunately, conventional transfer processes, such as
polymer-assisted,”” tap-assisted,® and polymer-free’™"* trans-
fer, inevitably introduce defects and contaminations in
graphene, which deteriorate the graphene quality. By contrast,
the direct synthesis of graphene on a target substrate
considerably simplifies the graphene preparation process by
eliminating laborious and sophisticated transfer steps. Con-
sequently, the production cost in terms of time and labor can
be considerably reduced. Moreover, the direct synthesis
method avoids the polymer residues, cracks, folding, and
other defects frequently introduced by conventional transfer
processes; thus, the production of high-quality graphene is
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ensured. The direct growth of transfer-free graphene on silica
substrates facilitates the integration of graphene synthesis with
the existing complementary metal—oxide—semiconductor
technology; thus, the potential of graphene in various industrial
applications is enhanced.

Transfer-free graphene has been directly grown on dielectric
substrates without using metallic catalysts.”'*~*' However,
without the use of powerful metallic catalysts, the production
of large-scale and high-quality graphene is challenging because
of harsh synthesis conditions, such as elevated temperature
(>1425 °C),*"** prolonged growth time (approximately 5—72
h),>** and ultrahigh vacuum (107'° Torr)."”*° Another
method that is promising for preparing transfer-free graphene
involves depositing metal films on target substrates and then
growing graphene at the metal—substrate interface through a
CVD process. The deposited metal film is subsequently etched
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away to leave the s;rnthesized graphene directly on the
dielectric substrate.**™® With this process, some studies have
achieved the formation of large-area, transfer-free %rasphene in
the laboratory scale (i.e, 1—4 cm in edge Iength)27’ §303%35 op
in the wafer scale (ie, 5—10 cm in diameter).””*"** In
addition, transfer-free graphene patterns with a desired
geometry can be produced at defined locations on a target
substrate using a patterned metal film without an elaborate
post-growth photolithographic process.””~* Such a prepara-
tion has not been realized in metal-catalyst-free graphene
synthesis.

Although the aforementioned pioneering studies indicate the
considerable potential of using deposited metal films to grow
transfer-free graphene, except the works reported by the Lu’s
and the Di’s group,”>*® most graphene produced in them were
multiple layered, lack of uniformity, without controllable
dimensions and/or with inadequate electrical properties, as
presented in Table S1. In other words, reliable methods to
synthesize transfer-free graphene monolayer with high
uniformity for both large-area films and defined patterns are
still limited. For the uniform deposition of graphene using
CVD method, well-controlled fluidic dynamics in the reaction
system is believed to be crucial™ and a confined reaction
environment has been demonstrated to benefit the growth of
large graphene single crystals on Cu foils."”* Herein, we
attempted to exploit a spatial confinement approach for
preparing uniform transfer-free graphene using deposited Cu
films on SiO,/Si substrates in a customized reactor. This
reactor comprised a quartz slit with a confined reaction space
and a Ni cover as the carbon absorbent. Within the spatially
confined reaction space, where Cu evaporation was consid-
erably suppressed and the local carbon concentration was
regulated by the Ni absorbent, high-quality transfer-free
graphene with a monolayer content >90% was successfully
prepared to form continuous films (1 X 1 cm?) and microscale
patterns with defined geometries (circles, squares, and
hexagons with characteristic lengths of 20—300 ym).

2. EXPERIMENTAL SECTION

2.1. Preparation of Catalytic Metal Films on SiO,/Si
Substrates. For directly growing transfer-free graphene on a
dielectric substrate via low-pressure CVD (LPCVD) method,
catalytic metal films were deposited on a Si substrate with a
300 nm thick thermal SiO, layer through ion-beam sputter
coating (Commonwealth Scientific IBS250). Prior to the
deposition of metal films, a 4-in. SiO,/Si wafer (thickness, 525
um) was cut into pieces with dimensions of 1 X 1 cm® These
pieces were cleaned with acetone for 10 min in an ultrasonic
bath, rinsed with isopropyl alcohol and deionized water, and
then blow-dried with nitrogen gas. The cleaned 1 X 1 cm®
SiO,/Si substrates were then sputter-coated with metal films
for graphene synthesis. To obtain uniform metal films with
high purity, the sputtering process was conducted in high
vacuum at an Ar pressure of 7.6 X 107* Torr with a deposition
rate of 0.8 A/s for Cu (99.999% purity) and 0.4 A/s for Ni
(99.999% purity). The deposited metal films with various
thicknesses (i.e., 400—1000 nm) and Ni/Cu compositions (i.e.,
Ni/Cu ratio = 0, S, and 10%) were examined. Patterned
transfer-free graphene was also synthesized in this study. For
this purpose, SiO,/Si substrates with desired photoresist
patterns were developed through a conventional photo-
lithography process, followed by the sputter deposition of
metal films and a lift-off process for removing the photoresist.

The aforementioned process enabled the creation of patterned
metal films on the SiO,/Si substrates.

2.2. CVD Growth of Transfer-Free Graphene. Transfer-
free graphene was synthesized in an LPCVD system with a
reaction chamber constructed by a 1l-in. quartz tube (wall
thickness of 0.1 cm) and a split-tube furnace (Thermo
Scientific, Lindberg Blue M) with a heating zone of 10 cm. In
the tubular reaction chamber, a customized quartz slit reactor
(Figures 1b and 2b) with a confined space to accommodate
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Figure 1. Procedure for preparing transfer-free graphene on SiO,/Si
substrates in a spatially confined reactor. (a) A SiO, (300 nm thick)/
Si substrate was first sputter-coated with a Cu thin film (thickness,
400—1000 nm). (b) Cu/SiO,/Si substrate was placed within the
quartz slit reactor for the CVD synthesis of graphene. (c) Graphene
grew on the upper Cu surface and at the Cu—SiO, interface. (d)
Transfer-free graphene grown at the Cu—SiO, interface was exposed
through chemical etching of the Cu film using 0.1 M ammonium
persulfate (APS).

the metal/SiO,/Si substrate was utilized to grow transfer-free
graphene. With the quartz slit reactor, synthesis conditions,
including the chamber pressure, reaction temperature,
annealing time, growth duration, reactant composition, reactor
configuration, and metal-film composition, were investigated
systematically (Table S2).

3. RESULTS AND DISCUSSION

The steps of the process adopted in this study for growing
transfer-free graphene are displayed in Figure 1. In brief, a Cu
film was first deposited onto a SiO,/Si substrate. The Cu/
SiO,/Si substrate was placed inside a quartz slit reactor, which
was then inserted into the heating zone of a tubular furnace to
conduct the CVD process. The transfer-free graphene grown at
the Cu—SiO, interface in the CVD process was then exposed
by etching the metal film with 0.1 M ammonium persulfate
(APS). We believed that the quartz slit reactor ensured the
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Figure 2. Two reactor configurations and optical images of the as-synthesized samples before the chemical etching of Cu. (a) Cu/SiO,/Si substrate
was placed on a tungsten (W) boat and exposed to the reaction gas directly. (b) Cu/SiO,/Si substrate was located inside a quartz slit reactor with a
confined space (length X width X height = 85 X 13 X 0.65 mm?®). Photographs (¢, e, g, i) and optical micrographs (d, f, h, j) of the 1 X 1 cm? Cu
(400 nm thick)/SiO,/Si substrate that underwent a complete CVD process without special control of the chamber pressure (c—f) and under a

controlled reaction pressure of 90.0 Torr (g—j). Scale bars: 200 pm.

integrity of the metal film over the Si substrate during the
entire CVD process, which enabled the formation of
continuous graphene films. This assumption was confirmed
by comparing the integrity of Cu films after performing the
CVD process with two distinct reactor configurations (Figure
2).

In the conventional CVD system (Figure 2a), the Cu/SiO,/
Si substrate with a 400 nm thick Cu film was placed on a
tungsten (W) boat, which was located in a free reaction space
defined by the quartz tubular chamber. The substrate
underwent a typical CVD process (Table S2, P0) at 1000
°C without special control of the chamber pressure, which
remained <1.12 Torr. Consequently, because of the low
pressure and the elevated temperature close to the melting
point of Cu at 1084 °C, considerable sublimation and
dewetting of the Cu film occurred over the entire substrate
(Figure 2c). On the Si substrate, even small Cu residues were
barely observed with an optical microscope (Figure 2d). By
contrast, for the CVD system with a quartz slit reactor (Figure
2b) inside the tubular chamber, a confined reaction space (85
X 13 X 0.65 mm®) was established to accommodate the Cu/
SiO,/Si substrate. When using the aforementioned synthesis
parameters except the CVD system comprising a confined
reaction space (Table S2, P1), the evaporation of copper was
effectively suppressed, as indicated by a notable Cu film
remaining on the substrate (Figure 2e,f).

This phenomenon can be attributed to the significant
decrease in the flow velocity within a confined space, which
effectively reduces the sublimation rate of Cu.** Furthermore,
the space restriction imposed by the slit reactor tends to shift
the kinetic equilibrium of the sublimated Cu atoms from
escape into the carrier gas (Ar, which is continuously
vacuumed out during the CVD process) toward redeposition
onto the Si substrate. Therefore, the experimental design with
a confined space allows an intact Cu film to be maintained
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throughout the CVD process. An intact Cu film is a
prerequisite for preparing a continuous graphene film because
the graphene synthesized via metal-catalytic CVD is typlcally
limited within the area covered by the catalytic metal.*® To
improve the coverage of the Cu film, the chamber pressure was
controlled at 90.0 Torr (upper limit of the LPCVD system
utilized in this study) for graphene growth (Table S2, P10).
Under a controlled pressure of 90.0 Torr, a confluent Cu film
(Figure 2i) with only a few pinholes (Figure 2j) was obtained
within the confined reaction space. By contrast, notable
dewetting of the Cu film (Figure 2gh) could not be avoided
with the conventional experimental setup associated with a free
reaction space.

To successfully prepare uniform and large-area transfer-free
graphene, the CVD parameters which could influence the
growth mechanisms of graphene were systematically inves-
tigated using the slit reactor. Figure 3a displays the commonly
accepted mechanisms for the metal-catalytic CVD synthesis of
graphene. In general, the growth process begins from the
dissociative chemisorption of methane to generate carbon
adatoms (Figure 3a,i). These active carbon species may (1)
increase the carbon concentration until local supersaturation to
initiate graphene nucleation (Figure 3ajii), (2) diffuse along
the Cu surface to attach existent carbon clusters for graphene
enlargement (Figure 3ajiii), or (3) escape from the upper
surface of Cu through thermal desorption (Figure 3a,iv).
Graphene formation is also observed at the Cu—SiO, interface.
In this case, carbon adatoms formed on the upper surface of
Cu are believed to transport through bulk diffusion (Figure
3a,v) or diffusion across the grain boundaries of Cu (Figure
3a,vi) and then reach the metal—dielectric interface where
carbon crystallizes to form graphene.””"” Considering the
aforementioned mechanisms, using the reactor configuration
illustrated in Figure 2b (i.e., the slit reactor with a quartz cover
and a gap size of 0.65 mm), crucial CVD parameters were
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Figure 3. (a) Schematic illustrates the formation mechanisms of graphene on both sides of the deposited Cu film: (i) dissociative chemisorption of
CH,, (ii) graphene nucleation due to local supersaturation of carbon atoms, (iii) surface diffusion, (iv) thermal desorption, (v) bulk diffusion of
carbon adatoms, and (vi) grain boundary diffusion of carbon adatoms. To optimize the synthesis protocol, the influence of CVD parameters,
including the (b) growth temperature, (c) annealing duration, (d) growth time, (e) Ar flow rate, (f) CH, flow rate, (g) H, flow rate, and (h) Cu
film thickness, on the quality of the produced graphene was investigated systematically in terms of the I,/I; and Ip/I; ratios determined from
Raman measurements. The data points obtained from the optimal setting of each parameter are marked by red strips.

selected for detailed examination, as described in Section 2 of
the Supporting Information (Figures 3 and S1; Table S2, P2—
P26).

The quality of the produced graphene was systematically
investigated by plotting the ratios of Lp/I; and Ip/I; as
functions of the synthesis parameters under study, as displayed
in Figure 3b—h, in which the optimal conditions resulting in
graphene with the highest I,,/I; ratio (i.e., thinnest thickness)
and an acceptable Ij,/Ij; ratio <0.4 (i.e., limited defects) are
marked with red strips. Considering the page limitation and
not to distract the focus of this report too much, detailed
discussions about how we select the optimal synthesis
parameters are moved to Section 2 of the Supporting
Information for the interested audiences. With the optimized
conditions of temperature, annealing time, growth duration,
and reactant compositions (P10 in Table S2), confluent
transfer-free graphene with a thickness of three to five layers
(estimated from an Lp/I; ratio of 0.58)* was obtained. To
further reduce the thickness of the produced graphene to a
monolayer, different strategies were adopted for adjusting the
carbon concentrations at the Cu—SiO, interface. These
strategies included (1) increasing the thickness of Cu films
to reduce the rate of carbon deposition in the vertical direction
through bulk and grain boundary diffusion, (2) reducing the

gap size of the slit reactor to suppress the internal flow rate and
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thus modify the kinetics of graphene growth, and (3) replacing
the quartz cover of the slit reactor with a Ni plate as a carbon
sink to absorb excessive carbon species.

To evaluate the relationship between the quality of the
produced graphene and the thickness of the Cu films, the effect
of various Cu film thicknesses (from 400 to 1000 nm) was
investigated (Table S2, P10, and P27—P31). Raman character-
ization (Figures 3h and S1h) indicated that increasing the Cu
film thickness from 400 to 700 nm did result in the formation
of a thinner graphene film, as demonstrated by the increased
Lp/I; ratio. This result can be attributed to the extended
vertical mass transport pathway of carbon through the bulk and
grain boundaries of Cu (Figure 3a,v,vi), leading to a decrease
in the carbon concentration at the Cu—SiO, interface under a
constant growth time. However, when the Cu film thickness
was increased to 800 nm, the thickness of graphene increased.
Although the vertical transport of carbon can be suppressed by
a thick Cu film, the total amount of dissolved carbon in Cu is
suspected to increase with the mass of the deposited Cu film.
Consequently, for a thick Cu film, the precipitation of
dissolved carbon during the cooling stage of a CVD process
might thicken the produced graphene film. Although graphene
growth catalyzed by Cu is commonly accepted to involve a
surface-limited mechanism rather than a dissolution—precip-
itation process because of the low carbon solubility of Cu,*” it

https://dx.doi.org/10.1021/acs.jpcc.0c05257
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Figure 4. With the other synthesis parameters being unchanged, quality improvement of the produced graphene by reducing the gap size of the slit
reactor from 1.20 to 0.55 mm was verified from (a) representative Raman spectra and (b) statistical analysis of the recorded L,,/I; and I,/ ratios.
(c) The Lyp/I; ratios of graphene obtained from slit reactors with different gap sizes are illustrated as histograms to identify the difference in the
layer number of graphene. (d) The density of point defects () and the crystallite area (L?) estimated for each sample indicated that the structural

defects decreased notably with the gap size of the slit reactor.

has been reported that the carbon solubility in nanometer-
sized Cu vapor, which is sublimated from Cu foil at elevated
temperature, is comparable to that in bulk Ni.>° Furthermore,
the redeposition of these carbon-rich Cu droplets is facilitated
by covering the Cu foil with a quartz cap (similar to the
confined space utilized in this study) for promoting the
transport of carbon feedstock from Cu vapor to bulk Cu.
Consequently, the coverage of the produced graphene film was
increased.’® Therefore, we believe that the competition
between reducing the vertical carbon transport and increasing
the amount of carbon feedstock is a function of the Cu film
thickness, which must be limited within a certain range
dominated by reducing the vertical diffusion for producing
graphene monolayers. Consequently, Cu/SiO,/Si substrates
with 700 nm thick Cu films were utilized for subsequent
graphene synthesis.

Because the Cu film thickness does not have a monotonic
influence on the graphene thickness, we attempted to enable
the formation of monolayer graphene by modifying the
configuration of the slit reactor. The effect of the confined
reaction space on the graphene quality was investigated using
slit reactors with four gap sizes ranging from 1.20 to 0.55 mm,
as displayed in Figure 4 (Table S2, P29 and P32—P34). Raman
measurement demonstrated that the graphene film synthesized
with the smallest gap size (0.55 mm) had the highest quality
among the synthesized graphene films, as indicated by its high
Lp/lg ratio and low Ip/I; ratio (Figure 4ab). Detailed
analyses of 400-point Raman spectra for samples synthesized
with different gap sizes were conducted. Considering that
many factors, such as defects, strain, and substrates,”' ™ could
affect the Raman spectra of graphene and the graphene
produced here did display a relatively higher amount of
defects, the following Raman criteria”*”>**>> are applied to

23098

determine the graphene layer number. For the monolayer
graphene with structural disorders,® it is generally accepted to
have an L,p/I ratio of >1.4 and a broadening full width at half
maximum of 2D band (I',p) ranging between 24 and 45 cm™.
(More detailed discussion about the Raman criteria of
monolayer graphene can be found in Section 3 of the
Supporting Information.) For bilayer graphene, the Raman
criteria are set to be 0.8—1.4 for the I,p/Ij ratio and 45—61
cm™ for the [',p,. For graphene samples with an L,p/I; ratio of
<0.8 and a [,y of >61 cm™, the number of layers is estimated
to be >3. The L/l ratios obtained for the samples in this
study are illustrated as histograms in Figure 4c. When the gap
size was reduced from 1.20 to 0.55 mm, the average I,p/Ig
ratio increased from 0.13 to 1.29, which indicated that the
graphene thickness significantly reduced from more than five
layers to no more than two layers.”**>>*3

The amount of structural defects in the produced graphene
was evaluated from the density of point defects (¢ = 1/7L},
where Ly, is the average distance between point defects)”***>
and the crystallite area (L2, where L, is the average distance of
line defects).””® Both the aforementioned parameters can be
estimated from the I,/I; ratios or the full width at half
maximum of the G band (I'g). The Raman spectra displayed in
Figure 4a indicates that the produced graphene samples had a
relatively broad I'; range (approximately 22.5—82.5 cm™).
The g values of these samples were higher than 15 cm™,
which is a characteristic I'g value for graphitic materials with
fairly limited structural defects.””>” Thus, the graphene
samples obtained here possessed a relatively high amount of
structural defects. Consequently, the density of point defects
(6) and the crystallite size (L,) could not be estimated
appropriately with the following well-known equations using
Ip/I; ratios:> ™

https://dx.doi.org/10.1021/acs.jpcc.0c05257
J. Phys. Chem. C 2020, 124, 23094—23105


http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.0c05257/suppl_file/jp0c05257_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.0c05257/suppl_file/jp0c05257_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.0c05257/suppl_file/jp0c05257_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.0c05257?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.0c05257?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.0c05257?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.0c05257?fig=fig4&ref=pdf
pubs.acs.org/JPCC?ref=pdf
https://dx.doi.org/10.1021/acs.jpcc.0c05257?ref=pdf

The Journal of Physical Chemistry C

pubs.acs.org/JPCC

Number of layer

Q
(2]

Frequency
(a.u.)

F A Ni cover }
[ A 10% Ni A

o Count
o

A 5% Ni \
L ﬂ 0% Ni H

1200 1500 1800 2100 2400 2700 3000

Intensity (a.u.)

~
=

60

. -1
Raman shift (cm™) 50

= -
LS

40

=
o

30

o
o

1,

2D FWHM (T,,)

4
o

20

)
IS

J19fe| jo JaquinN

ST

0.0 - - . - 0.0
0%Ni 5%Ni 10%Ni Nicover

I
N

1
00

4 Frequency
Count (a.u.)

2D/G ratio

Figure S. Nickel was utilized to regulate the layer number of the produced graphene by designing four types of catalyst substrates for CVD
synthesis: (1) 0% Ni: pure Cu (700 nm thick) films, (2) 5% Ni: Cu (665 nm thick, lower)/Ni (35 nm thick, top) films, (3) 10% Ni: Cu (630 nm
thick, lower)/Ni (70 nm thick, top) films; all of the aforementioned substrates were located in a pure quartz silt reactor, and (4) Ni cover: pure Cu
(700 nm thick) films inside a slit reactor with a Ni cover. (a) Raman spectra and (b) the corresponding I,;,/I; and I/I;; ratios of the graphene
prepared using the aforementioned four types of substrates demonstrated that the application of Ni is beneficial for the formation of monolayer
graphene. (c) Statistical analysis of >2000 Raman spectra of the graphene produced using the 0% Ni and Ni cover substrates indicated an overall
shift toward increased I,p/Ig ratios and reduced I',, values for the graphene obtained with the Ni cover substrates.
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which is known as the Tuinstra—Koenig—Cangado relation.”®
Alternatively, by fitting the recorded I'g values to the reported
relationship shown in Fi7gure SSc, which describes I'g as a
function of Ly and L,,>*"” the density of point defects (¢ = 1/
nL}) of the graphene samples decreased by approximately 3
orders of magnitude and the crystallite area (L?) increased by
approximately 2 orders of magnitude as the gap size of the slit
reactor reduced from 1.20 to 0.55 mm (Figure 4d). The
distinct reduction in the structural defects was attributed to
decreased mass transport (diffusion) of reactants onto the Cu
substrate through a fluid boundary (stagnant) layer, which was
significantly thickened because of reduced gas velocity within
the confined reaction space.*° The suppressed mass
transport of carbon in the confined space decreased the
carbon deposition rate, which reduced the graphene nucleation
density. The decrease in the carbon deposition rate and
graphene nucleation density suppressed the formation of
structural defects. Consequently, graphene with improved
crystallinity can be obtained with a spatially confined reactor.
When the gap size of the slit reactor was 0.55 mm, the
produced graphene possessed a monolayer content of
approximately 35% and a bilayer content of approximately
65% (Figure S6a,b). To further improve the uniformity of
graphene, we introduced Ni into the system to promote the
formation of monolayer graphene through the modulation of
the local carbon concentration within the slit reactor. Nickel,
which is another frequently used catalytic metal in graphene
synthesis, displays high carbon solubility at elevated temper-
ature and thus is believed to induce the formation of graphene
through a dissolution—precipitation mechanism.®' Therefore, a

sufficiently slow cooling speed is required to precipitate the
dissolved carbon in the bulk of Ni out on its surface for
graphene growth.”®>®* In addition, it has been proved that Ni
can serve as an effective carbon absorbent to spatially regulate
the nucleation and layer numbers of synthesized graphene.®***
According to these pioneering studies, we attempted to
facilitate the growth of uniform monolayer graphene by
exploiting the absorption ability of Ni for excess carbon and by
limiting carbon precipitation through a rapid cooling speed for
freezing the dissolved carbon inside the bulk Ni.

In this part of experiments, four types of metal/SiO,/Si
substrates were investigated (Figure S7): (1) 0% Ni: pure Cu
films with a thickness of 700 nm; (2) 5% Ni: metal films
composed of a 650 nm thick Cu (lower layer) and a 35 nm
thick Ni (top layer); (3) 10% Ni: metal films composed of a
630 nm thick Cu (lower layer) and a 70 nm thick Ni (top
layer); all of the aforementioned three types of substrates were
located within a pure quartz slit reactor; and (4) Ni cover: 700
nm thick pure Cu films inside a slit reactor with its quartz
cover replaced by a Ni plate. For the metal films composed of
Cu and Ni, a Cu—Ni alloy formed during the annealing step to
catalyze subsequent graphene growth.””°*®” The Raman
measurements indicated that the average I,/I; ratio increased
from 1.31 to 1.54 as the Ni composition increased from 0 to
10%, which implied evident enhancement in the monolayer
content of the produced graphene (Figure Sa,b and Table S2,
P32 and P35—P37). However, despite the increase in the I,/
I;; ratios, the graphene prepared with metal films containing Ni
exhibited structural deterioration, demonstrated by the
increased Ip/I; ratios. This result can be attributed to that a
significant amount of carbon was absorbed by Ni, which not
only reduced the graphene thickness but also increased the
graphene defects by reducing graphene grain size and
suppressing the formation of a continuous graphene film.
Large fluctuations in the ILp/Ig and Ip/Ig ratios for the
graphene prepared from metal films with 10% Ni implied that
the continuity of the produced graphene was restricted (Figure
Sb). In addition, graphene exhibits a stronger interaction with
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Figure 6. Photographs of an as-synthesized sample (a) before and (b) after the chemical etching of the Cu film. (c) Optical micrograph and (d)
scanning electron microscopy (SEM) image of the sample displayed in (b) revealed only a few tears (black arrows) and cracks (white solid arrow)
on the produced transfer-free graphene. The dark spots (white dash arrows) in the SEM image indicated the existence of bilayer graphene. (e)
Raman spectra recorded from nine different positions marked in (b) as well as the ratios of (f) Lp/I; and (g) Ip/I; demonstrated that the
synthesized graphene had a low number of defects and high uniformity. The high-resolution transmission electron microscopy (HR-TEM) images
indicated the presence of both (h) monolayer and (i) bilayer edges on the produced graphene. (j) Selected area electron diffraction (SAED)
pattern of the monolayer region displays a hexagonal symmetry. (k) A line profile of the diffraction peak intensities along the white arrows shown in
(j)- Scale bars: (c) 40 pm, (d) 1 pm, (f g) 20 pm, (h, i) 5 nm, and (j) 2 nm™".

Ni than with Cu;*® thus, completely removing Ni or Ni alloys
from graphene through chemical etching by APS is difficult.
Consequently, considerable contamination of Ni residues was
observed on the produced transfer-free graphene (Figure S8d);
this contamination may have contributed to graphene defects.

Therefore, to use Ni as an effective modulator for local
carbon supply without introducing the contamination of
residual Cu—Ni alloys, we replaced the quartz cover of the
slit reactor (gap size of 0.55 mm) with a Ni plate as a local
carbon sink that did not have physical contact with the
deposited Cu film. By adopting this strategy, the contam-
ination of the residual Cu—Ni alloy was avoided and the
average I,,/I; ratio of the produced graphene increased to
1.96, with its Ip/I; ratio remaining at 0.21 (Figure Sb). The
Raman analysis results for the graphene synthesized from pure
Cu films using a slit reactor with a quartz cover (denoted as 0%
Ni) and a slit reactor with a nickel cover (denoted as Ni cover)
are illustrated in Figure Sc. A clear overall shift toward
increased I,p/I; ratios and reduced I',, values was observed,
which confirmed the decrease in the graphene layer number.
According to the aforementioned Raman criteria (i.e., an L/
I ratio of >1.4 and a I',; value of approximately 24—45 cm™
for monolayer graphene), transfer-free graphene with a
monolayer coverage of >90% was obtained using the slit
reactor with a Ni cover (Figure S6c,d).

When using the optimal synthesis protocol (Table S2, P37),
the Cu/SiO,/Si substrates undergoing a complete CVD
process displayed a uniform Cu surface without notable

dewetting (Figure 6a). In addition, we did observe Raman
signals of graphene films from the top surface of deposited Cu
(Figure S9b). Although the Raman analysis of this upper-layer
graphene was obscured by the background signal from the
photoluminescence of underlying Cu,”””° the thickness of this
graphene film appeared to be no more than two layers with an
average I,p/I ratio of ~1.2. To verify the growth of transfer-
free graphene at the Cu—SiO, interface, we applied a two-step
etching process (Figure S9a). With this process, we can ensure
there are no residual graphene films formed on the upper
surface of deposited Cu to be landed onto the silica substrate
during the etching of the Cu film and thus prevent the
ambiguous source of produced transfer-free graphene. Since it
took about 15 min to completely remove a 700 nm thick Cu
film using 0.1 M APS, the two-step etching process was
designed to be 3 and 12 min for the first and the second
etching stage, respectively. After the first etching step was
done, at least five locations over a 1 X 1 cm?® substrate were
examined by Raman measurement (Figure S9c), which
demonstrated that only amorphous carbon with a broad G
band was detected instead of well-crystallized graphene with
sharp G and 2D bands. The background signal from Cu
fluorescence remained notable indicating that only the
outermost Cu surface was removed while the bulk of the Cu
film still maintained. Therefore, the amorphous carbon was
detected in the bulk of the Cu film, confirming the vertical
diffusion of active carbon species in the Cu film, which is a
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Figure 7. (a) Optical micrograph and (b) SEM image of the synthesized graphene patterns. Raman mappings for the (c) L,p/I ratio as well as the
intensities of the (d) 2D, (e) G, and (f) D peaks of a representative graphene square with a 60 ym edge. (g) I;—V,q curves of the graphene field-
effect transistor (GFET) at V, = 0 V. The inset displays the contrast-enhanced optical micrograph of a representative GFET (S: source and D:

g

drain) made from a hexagonal pattern (Figure S12c,d) with a conducting channel having dimensions of 112 X 14 um® (h) Representative transfer
curve with Vp,, at 47 V. (i) Relationship between the ¢ and n values derived from the experimental data. The inset displays an enlargement of the

data region marked with a dashed rectangle. Scale bars: (a) 40 ym, (b—f) 20 um, and the inset of (g) 35 pm.

critical process for the growth of transfer-free graphene at the
Cu—Si0, interface as mentioned in Figure 3a.

After the complete removal of the Cu film via the second
etching step, the transfer-free graphene grown at the Cu—SiO,
interface was exposed to show well-characterized G and 2D
bands with an Lp/I; ratio of ~2.3 (Figure S9d). The
photograph of a representative 1 X 1 cm?® SiO,/Si substrate
covered with a confluent transfer-free graphene layer is
displayed in Figure 6b. In this figure, no significant color
contrast can be identified by naked eyes, implying that a
graphene film with uniform coverage was obtained. The optical
micrograph and scanning electron microscopy (SEM) image
(Figure 6¢,d) of the synthesized graphene sample confirmed
that it had limited morphological defects. The sample only had
a few tears (Figure 6c, black arrows) and cracks (Figure 6d,
white solid arrow). The dark spots (Figure 6d, white dashed
arrows) in the SEM image, which have a diameter of <250 nm,
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are regarded as bilayer graphene, which was estimated to have
<10% coverage in the graphene sample. This result is
consistent with the estimation from the Raman measurements.
Figure 6e displays the Raman spectra for nine positions on the
sample displayed in Figure 6b. The nine positions exhibited
outstanding spectral consistency, which demonstrated the
structural uniformity of the synthesized graphene. The Raman
spectra in Figure 6e exhibit the characteristic peaks of graphene
at ~1355 cm™! for the D band, ~1578 cm™! for the G band,
and ~2695 cm™! for the 2D band. The relative intensities of
these peaks agree well with the reported values for low-defect
graphene monolayers.”" Two-dimensional Raman mapping
was performed over a randomly selected area of 75 X 75 um?
for the sample displayed in Figure 6b. Mappings of the I,/I5
(Figure 6f) and I,/I; (Figure 6g) ratios were analyzed to have
an average value of 1.96 + 0.31 (where L,/I5 > 1.4 for >90%
of the data points) and 0.21 + 0.11, respectively. The spectral
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consistency between the point measurements and the two-
dimensional Raman mappings verified the structural homoge-
neity of the produced graphene in the micrometer and
centimeter scales. Furthermore, to obtain explicit evidence
regarding the crystallinity and thickness of the produced
graphene, transmission electron microscopy (TEM) character-
izations were performed. Using a conventional polymer-
assisted transfer process, the graphene synthesized on SiO,/
Si substrates was transferred onto a lacey-carbon-coated TEM
grid. The high-resolution TEM (HR-TEM) images indicated
that the synthesized graphene had monolayer (Figure 6h) and
bilayer edges (Figure 6i), which is consistent with the Raman
characterizations. The selected area electron diffraction
(SAED) pattern within the monolayer region exhibited a
typical hexagonal symmetry of graphene (Figure 6j). The
{1100} spots were more intense than the {2110} spots by a
factor of approximately 1.2 (Figure 6k), which implied that the
graphene sample had monolayer characteristics.”” In addition,
a number of ripples, tears, and folds (Figure S10a) were
introduced in the graphene film because of the imperfect
transfer process, which may lead to random twisting angles or
disoriented stacking configurations and thus resulted in the
generation of multiple sets of SAED patterns (Figure S10b).”
To further confirm the thickness of transfer-free graphene
films, atomic force microscopy (AFM) was applied to obtain
the height profiles of produced graphene (Figure S11). From
both the AFM and the corresponding optical microscopic
images (Figure Sllac), folds of the transfer-free graphene
were found at the edge of the 1 X 1 cm? Si substrate where the
detachment of the graphene film from the Si substrate
frequently occurred during the etching process of Cu films
using a solution-based etchant. From the recorded line profiles
(Figure S11b), the heights of produced graphene range
between 0.76 and 0.88 nm with an average of 0.83 + 0.05
nm, consistent with the reported monolayer characteristic of
graphene on SiO,/Si substrates.>”#77¢

Batch fabrication of transfer-free graphene patterns with a
characteristic dimension of 20—300 yum was realized using the
synthesis strategy reported in this study. In this study,
patterned Cu films (Figure S12a,c) with a thickness of 700
nm were deposited on SiO,/Si substrates through a conven-
tional photolithography process. The optimal synthesis
protocol (Table S2, P38) was performed with these substrates
to obtain transfer-free graphene patterns having well-defined
geometries (including microscale circles, squares, and
hexagons), which perfectly duplicated the Cu patterns
observed in the optical microscopy and SEM images (Figure
7a,b for square patterns and Figure S12 for all three patterns).
Raman mapping was performed for a representative graphene
square with a 60 um edge to examine its spatial uniformity.
The intensity maps of the I,/I; ratio and the 2D, G, and D
bands (Figure 7c—f) indicated that the graphene pattern had
high structural homogeneity. In addition, the statistical
analyses of >2000 Raman spectra obtained through two-
dimensional mapping (illustrated as histograms in Figure
S13a—f) indicated that the L,p/I; was 1.90 & 0.32 (where L/
Ig > 1.4 for approximately 95% of the data points), I',, was
39.3 + 2.8 cm™ !, the Ip/I; ratio was 0.31 + 0.09, and I'g was
21.7 + 1.3 cm™’, which suggested that the graphene pattern
represented a highly uniform monolayer.

Finally, the electrical properties of the transfer-free graphene,
namely, the sheet resistances and field-effect mobility, were
examined under vacuum (~2 X 107 Torr) at room

temperature. Using a conventional four-point probe method,
the average sheet resistance of the continuous graphene films
covering the entire 1 X 1 cm? SiO,/Si substrate was
determined to be 334.4 + 112.3 €/sq, which is higher than
the values obtained in most of the studies listed in Table S1. In
addition, graphene field-effect transistors (GFETs) were
fabricated from the graphene patterns by a routine process
reported in our previous study (Section 4 of the Supporting
Information).** Briefly speaking, to fabricate GFETSs, metal
contacts were deposited over graphene patterns via thermal
evaporation using a TEM grid as the shadow mask. After the
device fabrication, the existence of metal contacts significantly
obscured the visualization of the underlying graphene as shown
in the recorded optical micrograph (Figure S14b). To improve
the visibility of the underlying graphene in GFETs, imaging
parameters of the charge-coupled device (CCD) camera,
including brightness, y nonlinearity, and the color saturation,
were adjusted accordingly. Consequently, the contrast-
enhanced micrograph of a representative GFET made from a
hexagonal graphene pattern was obtained (inset of Figures 7g
and S14c). The dependence of the source—drain currents (I,4)
on the source—drain voltages (V,4) at zero gate voltage (V) is
shown in Figure 7g, which represents a perfect ohmic response
with a linear I-V relationship and negligible leakage current
(<10 pA). Figure 7h illustrates the transfer curve recorded for a
representative GFET at V4 = 0.1 V. This transfer curve
exhibited considerable p-doping, which is attributed to
adcharges from SiO, defects (such as oxygen-rich dangling
bonds) and/or admolecules (such as water or hydrocarbons
from the air) trapped on the graphene surface or at the
graphene—SiO, interface.”’~”’ The transfer curve, which
describes I as a function of V,, can be utilized to evaluate
the device resistance (R,,), metal—graphene contact resistance
(Reontact), and graphene channel resistance (Rgnne)- By fitting
the experimental data with eq S1 (Supporting Information),
Reontace Was determined to be 363.2 Q. This value was then
subtracted from R,, to determine Rg,,..- The channel
resistivity (p), which was calculated from Ry, by the
following equation: p = Ryunna X (W/L), where W is the
channel width and L is the channel length, was utilized to
determine the field-effect mobility (u,, = 1/nep, where n is the

carrier density and e is the elementary charge). The field-effect
mobility (u,) was then plotted as a function of the carrier
density n (n = Cy(Vy = Vpirec) /¢, where Vi, is the Dirac point
at 47 V and Cg = 11.5 nF/cm? is the capacitance for the 300
nm thick SiO, layer), as displayed in Figure 7i. This plot
indicated that y_ was >5300 cm®/(V s) when n < § x 10"

cm ™2 Moreover, U, approached a limit of 962 cm?/(V's) at n

=3 X 10" cm ™%, which corresponded to a large (Vg = Vbirac)
value at +42 V, at which the mobility of the GFET was
dominated by Coulomb-impurity scattering for monolayer
graphene.

4. CONCLUSIONS

In this paper, we reported a practical method for preparing
high-quality transfer-free graphene directly on SiO,/Si
substrates using a reactor with a slit configuration. Because
of the spatially confined environment offered by the slit
reactor, the sublimation of Cu thin films, which is a problem
inevitably encountered in LPCVD process for graphene
synthesis, was effectively suppressed. Consequently, the
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integrity of Cu films was maintained throughout the entire
CVD process, which allowed the formation of large-area
transfer-free graphene in the laboratory regime. The gap size of
the slit reactor, which affects the quality of the produced
graphene by modifying its growth kinetics, could be easily
tuned to adapt to substrates with different thicknesses for
preparing uniform and low-defect graphene films. Further-
more, a Ni plate, which served as an effective remote carbon
absorbent, was utilized as the cover of the slit reactor to
modulate the local carbon concentration within the reactor.
The use of a Ni plate led to the successful synthesis of transfer-
free graphene with a monolayer content of >90% and without
nickel contamination. Using a patterned Cu film, graphene
patterns with desired geometry at the micrometer scale could
be accurately created at defined positions on a Si substrate.
Consequently, the graphene synthesis process adopted in this
study is highly compatible with the silicon-based integrated-
circuit technology for the mass production of graphene-based
devices. The prepared graphene displayed adequate electrical
properties, with a sheet resistance of 334 €2/sq and field-effect
mobility (¢,) of 962 cm*/(V s) at room temperature. These

electrical properties of the prepared graphene were competitive
with those of previously reported transfer-free graphene films.
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Section 1: Spectroscopic, nanoscopic, and microscopic characterization

After the chemical vapor deposition (CVD) process, the transfer-free graphene grown at the
metal-SiO, interface was exposed by chemical etching of the deposited metal film with 0.1 M
ammonium persulfate (Alfa Aesar, 98.0%). The exposed transfer-free graphene on the SiO,/Si
substrate was then characterized by micro-Raman microscopy (HORIBA Jobin Yvon/Labram HR)
using a 50-mW solid-state laser, which was focused by a 100x objective to have a beam size of
approximately 1 um? and exhibited an excitation wavelength of 532 nm. For all the Raman
measurements, Raman shifts were recorded from 1200 to 3500 cm* and the characteristic peak of
Si at 520.7 cm * was utilized as an internal standard to calibrate the spectral position. In addition to
point measurement, Raman mapping was also conducted by imaging a matrix of 64 x 64 pixels over
an area of 75 x 75 um? (~1.17 um/pixel), with an accumulation time of 1.5 sec at each spot. The
surface morphology of the deposited metal films and synthesized transfer-free graphene were
characterized using an optical microscope (Olympus, BX51M) equipped with a charge-coupled
device camera (Jenoptik C14 plus) as well as a field-emission scanning electron microscope
(HITACHI SU8000 and Zeiss AURIGA Compact FIB-SEM) and atomic force microscope (Bruker,
Dimension Icon) for microscopic and nanoscopic examination, respectively. High-resolution
transmission electron microscopy (TEM; JEOL JEM-2100F) was performed at 200 kV to examine

the layer numbers and crystallinity of the produced graphene.

Section 2: Effects of CVD parameters on graphene synthesis
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To successfully prepare homogenous large-area transfer-free graphene, crucial CVD
parameters were systematically investigated. For determining the appropriate reaction temperature,
graphene samples prepared at different temperatures were examined. A graphite-like material with
high nucleation density and thus ultra-small grains (i.e., nanocrystalline graphite) was obtained in a
low-temperature regime. The Raman measurements of samples prepared at different temperatures
(Figures 3b and S1b and Table S2, P2-P6) indicated that nanocrystalline graphite was formed at
<900 °C. This result was confirmed by the following spectral evidence: (1) blue shift of the G band
from 1581 (the characteristic of monolayer graphene) to approximately 1600 cm™*, (2) a negligible
2D band, and (3) high Ip/l ratios.>*® The sample obtained at 1000 °C exhibited a similar average
I.p/lG ratio as that obtained at 1050 °C, which implied these graphene samples had comparable film
thickness. However, the sublimation and dewetting of the deposited Cu film were more serious at
1050 °C, which led to the deteriorated integrity of the Cu film. The deteriorated integrity of the Cu
film resulted in degraded uniformity of the produced graphene, as indicated by a greater variation in
the I,p/lg ratios for the sample obtained at 1050 °C than that obtained at 1000 °C (Figure 3b).
Therefore, a reaction temperate of 1000 °C was selected for the remaining experiments.

It has been reported that crystalline structure of the metal film influences the quality of the
transfer-free graphene synthesized at the metal—dielectric interface.>* In addition, the grain size and
thus the density of the metal grain boundaries are considerably affected by the annealing process,
which is a heat treatment procedure commonly applied to alter the microstructure of metals. In this

study, the annealing duration did exert a distinct influence on the copper grain size and the quality
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of the produced graphene. The Cu film prepared through sputtering deposition was composed of
nanocrystallites (Figure S2a). After 40 min of temperature ramping at a speed of 25 °C/min from
room temperature to 1000 °C, the deposited Cu film underwent recrystallization, which
considerably increased its grain diameter from <200 nm (Figure S2a) to 2-20 um (Figure S2b). By
maintaining the temperature at 1000 °C, the grain diameter further expanded to approximately 10—
40 um with an annealing duration of 30 min, which led to a considerable decrease in the total length
of the grain boundaries (Figure S2e). A reduction in the grain boundary length is believed to
suppress the nucleation density of the produced transfer-free graphene by slowing down the
supersaturation of interfacial carbon species, which reach the Cu-SiO; interface mainly through
grain boundary diffusion rather than bulk diffusion due to the low carbon solubility of Cu.

In addition, interfacial carbon species are preferentially nuclearized along the Cu grain
boundaries due to their relatively high surface energy.>® This assumption was verified by examining
the traces of the metal grain boundaries in the produced transfer-free graphene samples,®® ’
particularly on the exposed SiO, surface that was not covered by a confluent graphene films (Figure
S3, white arrows). These traces are considered to be amorphous carbon (a-C) or diamond-like
carbon accumulated by carbon species, which diffuse through the Cu film to be deposited along the
metal grain boundaries before recrystallization to form graphene films.*® For the Cu films subjected
only to a temperature ramping process without an extended annealing time (i.e., annealing for 0
min), the resultant sample was nanocrystalline graphite with a negligible 2D band (black line in

Figure S1c). By contrast, the quality of the transfer-free graphene significantly improved in terms of

S4



the reduced defect density (Ip/lg decreased from 0.62 to 0.37) and the decreased layer number

(I2p/ls increased from 0.10 to 0.58) with the extension of the annealing time (Figures 3c and Sic;

Table S2, P7-P10). Correlating the morphology observations of the Cu film (Figure S2) with the

Raman measurements of graphene (Figures 3c and S1c) indicates that without sufficient annealing

time, the Cu film tends to consist of small grains with dense grain boundaries. Consequently,

excessive carbon accumulates at the Cu-SiO, interface, which leads to the formation of

nanocrystalline graphite rather than thin-layer graphene. Therefore, an annealing time of 30 min

was applied in addition to 40-min temperature ramping for graphene synthesis in this study.

To determine an appropriate duration for graphene growth, graphene samples prepared with

various growth times were investigated (Table S2, P10-P12). The Raman measurements (Figures

3d and S1d) indicated that the I,p/lg ratio decreased monotonically with an increase in the growth

time within the range of 5-30 min. This result suggested that the layer number of the produced

graphene increased with the growth duration, which is proportional to the amount of carbon species

available for thin-film deposition. In addition, the Ip/lg ratio decreased to a local minimum with

considerably reduced fluctuation when the growth time was >15 min, which implied that a

confluent graphene film began to form at around 15 min of growth. This assumption was verified

through atomic force microscopy (AFM) characterization. For the sample subjected to 2 min of

growth, no detectable thin-film structure but subtle traces of Cu grain boundaries were observed on

the surface of the SiO,/Si substrate after the removal of the Cu film (Figure S4a). Thin-film

structures were observed for the samples subjected to 5-min growth (Figure S4b), and the coverage
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of the produced graphene film reached approximately 87% for 10-min growth (Figure S4c). At the
end of 15-min growth, a confluent graphene film was obtained without noticeable pin holes or
cracks (Figure S4d). The AFM results for the evolution of the graphene film are consistent with the
Raman measurements. This phenomenon confirms that although 5-min growth is beneficial for the
formation of graphene having few layers and a relatively high I,p/lg ratio, the produced graphene
film is not continuous and thus displays a high number of structural defects and low uniformity, as
indicated by the high Ip/Ig ratio with a large fluctuation. Consequently, a growth time of 15 min was
selected for the synthesis of large-area transfer-free graphene with high uniformity.

The composition of reactant flows also influences the final quality of the produced
graphene. In this study, the reactants utilized included Ar as the carrier gas, H, as the co-catalyst,
and CH,4 as the carbon source. Argon is commonly used as an inert carrier gas to dilute the
concentrations of active reactants (H; and CHj, in this study), which are preferentially kept low to
limit the carbon deposition rate for preventing the excessive formation of graphene nuclei and
layers.>® As displayed in Figures 3e and Sie (Table S2, P10 and P13-P16), when the flow rates of
H, and CH, were maintained at 15 and 1 sccm, respectively, the quality of the produced graphene
could be improved by increasing the Ar supply. The improvement in the quality was verified by the
enhanced Ip/lg ratios (i.e., reduced layer number) and reduced Ip/lg ratios (i.e., decrease in
structural defects). Both these ratios stabilized when an Ar flow of at least 100 sccm was utilized
(Figure 3e). Therefore, an Ar flow of 200 sccm was applied for saving reagent and achieving

suitable reproducibility in product quality. Furthermore, when the flow rates of Ar and H, were
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maintained at 200 and 15 sccm, respectively, the Ip/lg ratio of the produced graphene decreased
monotonically with an increase in the methane supply as long as the flow rate of CH, was >1 sccm
(Figures 3f and S1f; Table S2, P10 and P17-P19). The trend of the I,p/lg ratio changed at a CH,4
flow rate of 0.5 sccm possibly because of the insufficient carbon supply for graphene growth and
the relatively unstable control of the mass flow meter at low flow rate. Consequently, graphene
produced with a CH,4 flow rate of 0.5 sccm exhibited a relatively low average I.p/lg value with a
large fluctuation, which implied that the produced film had degraded uniformity and limited two-
dimensional crystallinity. As a co-catalyst, hydrogen has a complicated influence on the growth
mechanism of graphene. It improves the catalytic capability of Cu by eliminating contaminants and
oxides on Cu®® and affects graphene growth by altering the kinetics of methane dissociation and
hydrogen etching.>'® ** Therefore, appropriate relative amounts of H, and CH, should be used to
balance efficient methane dissociation with limited hydrogen etching. Under a constant CH, flow
rate of 1 sccm, low-defect graphene with the smallest thickness (i.e., the highest I,p/lg ratio) was

obtained when using a H; flow rate of 15 sccm (Figures 3g and S1g; Table S2, P10 and P20-P26).

Section 3: Raman criteria utilized to determine graphene monolayer

Raman criteria utilized in this study for monolayer graphene are assigned to be >1.4 for the
l,o/lg ratio and 24-45 cm™ for the FWHM of 2D peak (/3p) based on several reported studies.>*? ™
Although not strictly following the classical standards (i.e., >2 for the lop/lg ratio and 24-30 cm™
for I;p) defined form exfoliated graphene monolayer, the Raman criteria utilized here are generally

accepted for graphene films prepared with CVD method. Deviations in the Raman characteristics of
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the synthesized graphene from those of the exfoliated graphene have been attributed to several

51617 and mechanical strains>*® on the synthesized graphene

factors, including the structural defects
films as well as the substrate effects.>* In our case, structural defects on the produced graphene
could be the main reason for both the reduced I,p/lc ratio and the 2D band broadening. As discussed
in the main text, band broadening was also observed in G band (>15 cm™) from our products,
implying that the graphene samples produced here possessed a relatively high amount of structural
defects. From the reported relationship between the FWHM of G peak and the average distance

between point defects (Lp) (the dashed line in Figure S5c),>'

the Lp of the graphene synthesized
here was determine to be about 4 nm corresponding to a point defect density (o) of ~0.02 nm (the
blue sphere in Figure 4d). Because of this small Lp, the 2D band width (/3p) of the graphene
monolayer prepared in this study displayed an averaged value of 39.3 + 2.78 cm™*, which is in good
agreement with the reported 73p of about 40 cm™ for monolayer graphene with Lo = 4 nm (Figure
S5a). In addition, from the reported relationship between Lp and the normalized intensity of 2D
(also noted as G’ band) and G bands (Figure S5b), the ratio of I,p/lg was estimated to be ~1 for

monolayer graphene with Lp = 4 nm, consistent with the Raman criterion of the I,p/l¢ ratio >1.4 for

the graphene monolayer synthesized in this study.

Section 4: Device fabrication and electrical measurement
Graphene field-effect-transistors (GFETs) were fabricated from the transfer-free graphene
patterns synthesized in this study. A TEM copper grid was utilized as a shadow mask for the

thermal-evaporation deposition of source and drain electrodes (10-nm Cr/50-nm Au) on the
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graphene patterns. The fabricated GFETs were annealed at 250 °C under an inert atmosphere (100
sccm of Ar) for 2 h to improve the metal-graphene contact. Electrical measurements of the annealed
GFETs were performed using a probe station (Lakeshore, TTPX) equipped with a source meter
(Keithley, 2636A) under vacuum (~2 x 10 Torr) at room temperature. For all the measurements, a
back-gate voltage (Vy) was applied to the Si substrate with a 300-nm-thick SiO, layer. Using the
transfer curve (ls4—Vg) recorded at a source—drain voltage (Vsq) of 0.1 V, the device resistance (Rio)
determined from ohm’s law (Rt = Vsd/lsq) can be expressed as a combination of the metal-graphene
1.820, 21

contact resistance (Rcontact) @and the graphene channel resistance (Rchanner), @S described in eq S

%4

__Vsd _ L .
Rtot - a - Rcontact + Rchannel - Rcontact + W 0O

L 1

= Reontact + wo >
uEFJezn§+[Cg(Vg—VDirac)]

(S1)

In eq S1, L refers to the channel length between the source and drain electrodes; W is the channel
width; and p denotes the channel resistivity, which is a function of the field-effect mobility (z¢),
elementary charge (e), residual carrier density (no), capacitance of the 300-nm-thick SiO; layer (Cq
= 11.5 nF/cm?), and difference between the gate voltage (Vg) and the potential shift at the Dirac
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Table S1. Comparison of Representative Protocols? for the Synthesis of Large-Area Transfer-Free Graphene Using the Metal-Catalyzed CVD Process

Synthesis parameters Figure of merit for the quality of transfer-free graphene
Ref. Reactor type Substrate for synthesis Carbon source Growth Synthesg S'.Ze of th? Average Average Layer number* S_heet mobility
temp.  duration continuous film oo/l Iollg resistance
(°C) (min) (cm?) (Q/sq) (cm?/Vs)
25 Free spacec) Cu/SiO,/Si CH, 900 30 5.1 1.6 0.1 2 layers 2000 672
20% monolayer
26 In Cu enclosure PMMAVJ/NI/SiO,/Si PMMAY 1000 10 N.A. 1.11 <01 70% bilayer 2000 N.A.
10% few-layer
27 In Cu enclosure Ni/PPMS/SiO,/Si VIS 1000 7-20 1.0 1.0 0.1 2 layers 2000 160 + 41
28 Free space Graphite/Ni/SiO,/Si Graphite 160 5 1-2 0.83+0.13 0.24+0.08 1-few layers 977 667
29 Free space Ni/glass CH, 450 12 N.A. 0.28 1.18 1-30 layers 500 N.A.
30 Free space Ni/SiO,/Si CH, 950 3 1.0 1.8 <0.1 1-2 layers N.A. 362
31 Free space CulNi/sioysi  Co-deposited 5, 30 50 148+0.16 0.18+0.08 1-2 layers N.A. N.A.
carbon in metal
92% monolayer
32 Free space Ni/a-C/SiO,/Si amorphous C 1100 2 81 1.42+0.05 0.16+0.08 7% bilayer 50 N.A.
1% few-layer
Ni/SiC/SiO,/Si amorphous C or o
33 Free space SIC/Ni/SiO,/Si sic 1000 2 N.A. N.A. <0.1 40% monolayer N.A. N.A.
34 Free space Ni/SiO,/Si C,H, 875 7 1.0 0.57 0.13 2-few layers N.A. N.A.
35 Free space Cu/PS%(;)SI?/Ie)gl PhSi(OMe)3d) 1000 30 1.0 0.48 0.42 7 layers 3500 N.A.
2
36 Free space PMMAV/Cu/SiO,/Si PMMAY 1000 4-8 0.01 (= 1 mm?® 1.8 0.05 monolayer N.A. 2800
37 Free space Sn/a-C/SiO,/Si amorphous C 250 N.A. N.A. 0.44 0.14 15-20 layers N.A. N.A.
38 Free space Ge/SiO,/Si CH, 920 300 1.0 1.42+0.18 0.71+£0.20 monolayer N.A. 730
L ————— .= e e
This o nfined space CU/SIOy/Si CH, 1000 45 1.0 1964031 0214011 21% monolayer 334 962
work 9% bilayer

% These representative works are the top 14 of ~50 studies reported since 2009 for preparing transfer-free graphene using deposited metal film on Si
substrates, which are selected by evaluating the produced graphene quality in terms of film continuity, layer numbers, uniformity and the defective level.

®) " The synthesis duration includes the annealing and growth periods to obtain a continuous graphene film.

©  “Free space” indicates that the substrate was located in a conventional CVD furnace without special design for the modulation of the fluid dynamics.
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9 PMMA: poly(methyl methacrylate), PPMS: poly(2-phenylpropyl)methylsiloxane, PhSi(OMe)s: trimethoxyphenylsilane.

®  Transfer-free graphene films with less competitive quality than that achieved in this study are shaded in gray.
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Table S2. Synthesis Protocols Utilized in This Study

Protocol Temp. Annealing step Growth step Reactor type Catalyst composition
oc Pressure Ar H, Time Pressure Ar H, CH, Time Confined space
(© (Torr) (sccm) (min) (Torr) (sccm) (min) (mm)
PO 1000  floatingat~1.10 200 10 30 floating at ~1.12 200 15 1 15 Free space Cu 400 nm
P1 1000  floatingat~1.10 200 10 30 floating at ~1.12 200 15 1 15 0.65 Cu 400 nm
P2 700 90 200 10 5 90 200 15 1 30 0.65 Cu 400 nm
P3 800 90 200 10 5 90 200 15 1 30 0.65 Cu 400 nm
P4 900 90 200 10 5 90 200 15 1 30 0.65 Cu 400 nm
P5 1000 90 200 10 5 90 200 15 1 30 0.65 Cu 400 nm
P6 1050 90 200 10 5 90 200 15 1 30 0.65 Cu 400 nm
P7 1000 90 200 10 0 90 200 15 1 15 0.65 Cu 400 nm
P8 1000 90 200 10 5 90 200 15 1 15 0.65 Cu 400 nm
P9 1000 90 200 10 20 90 200 15 1 15 0.65 Cu 400 nm
P10 1000 90 200 10 30 90 200 15 1 15 0.65 Cu 400 nm
P11 1000 90 200 10 30 90 200 15 1 5 0.65 Cu 400 nm
P12 1000 90 200 10 30 90 200 15 1 30 0.65 Cu 400 nm
P13 1000 90 200 10 30 90 0 15 1 15 0.65 Cu 400 nm
P14 1000 90 200 10 30 90 25 15 1 15 0.65 Cu 400 nm
P15 1000 90 200 10 30 90 50 15 1 15 0.65 Cu 400 nm
P16 1000 90 200 10 30 90 100 15 1 15 0.65 Cu 400 nm
P17 1000 90 200 10 30 90 200 15 0.5 15 0.65 Cu 400 nm
P18 1000 90 200 10 30 90 200 15 3 15 0.65 Cu 400 nm
P19 1000 90 200 10 30 90 200 15 5 15 0.65 Cu 400 nm
P20 1000 90 200 10 30 90 200 10 1 15 0.65 Cu 400 nm
P21 1000 90 200 10 30 90 200 125 1 15 0.65 Cu 400 nm
P22 1000 90 200 10 30 90 200 175 1 15 0.65 Cu 400 nm
P23 1000 90 200 10 30 90 200 20 1 15 0.65 Cu 400 nm
P24 1000 90 200 10 30 90 200 25 1 15 0.65 Cu 400 nm
P25 1000 90 200 10 30 90 200 30 1 15 0.65 Cu 400 nm
P26 1000 90 200 10 30 90 200 40 1 15 0.65 Cu 400 nm
P27 1000 90 200 10 30 90 200 15 1 15 0.65 Cu 500 nm
P28 1000 90 200 10 30 90 200 15 1 15 0.65 Cu 640 nm
P29 1000 90 200 10 30 90 200 15 1 15 0.65 Cu 700 nm
P30 1000 90 200 10 30 90 200 15 1 15 0.65 Cu 800 nm
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Table S2. Synthesis Protocols utilized in This Study (Continued)

Protocol Temp. Annealing step Growth step Reactor type Catalyst composition

oc Pressure Ar H, Time Pressure Ar H, CH, Time Confined space
() (Torr) (sccm) (min) (Torr) (sccm) (min) (mm)

P31 1000 90 200 10 30 90 200 15 1 15 0.65 Cul1000 nm

P32 1000 90 200 10 30 90 200 15 1 15 0.55 Cu 700 nm

P33 1000 90 200 10 30 90 200 15 1 15 0.75 Cu 700 nm

P34 1000 90 200 10 30 90 200 15 1 15 1.20 Cu 700 nm

P35 1000 90 200 10 30 90 200 15 1 15 0.55 Cu 665 nm/Ni 35 hm

P36 1000 90 200 10 30 90 200 15 1 15 0.55 Cu 630 nm/Ni 70 nm

P37 1000 90 200 10 30 90 200 15 1 15 0.55 (Ni Cover) Cu 700 nm

P38 1000 90 200 10 30 90 200 15 1 15 0.55 (Ni Cover) Patterned Cu 700 nm
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Figure S1. (a) Workflow diagram for the CVD synthesis of transfer-free graphene in this study. The

effects of CVD parameters, namely the (b) growth temperature, (c) annealing time, (d) growth time,

(e) Ar flow rate, (f) CH4 flow rate, (g) H. flow rate, and (h) Cu film thickness, on the quality of

produced graphene were examined using Raman spectra.
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Figure S2. Scanning electron microscopy (SEM) images of the morphology of (a) an as-deposited
Cu film, (b) the deposited Cu film subjected to 40-min heating from room temperature to 1000 °C,
(c) the Cu film annealed at 1000 °C for 5 min after the heating-up process, (d) the Cu film annealed
at 1000 °C for 20 min after the heating-up process, and (e) the Cu film annealed at 1000 °C for 30
min after the heating-up process. Scale bar of (a—e): 5 um. The insets of (a) and (e) are zoomed-in
images that indicate that an extended annealing time considerably increases the Cu grain size and

reduces the grain boundary length per unit area. Scale bar for the insets of (a) and (e): 1 um.
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Figure S3. AFM image of a transfer-free graphene sample on a SiO,/Si substrate prepared with an

insufficient growth time (5 min). Since the growth time was too short to develop a confluent

graphene film, a significant portion of the substrate surface was exposed on which the traces of the

Cu grain boundaries were clearly observed (white arrows). The traces of the Cu grain boundaries

were also observed on the graphene film (blue arrow); however, the boundaries were less clear due

to possible interference from the wrinkles and ripples of the graphene film. In addition, because the

graphene film was not confluent, it was difficult to prevent detachment and folding (green arrow) at

the edge of the graphene thin film during the process of Cu removal via wet-chemical etching.
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Figure S4. AFM images of the transfer-free graphene samples obtained with a growth time of (a) 2,

(b) 5, (c) 10, and (d) 15 min. Scale bar: 5 um.
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Figure S5. (a) The full width at half maximum (FWHM) of the G’ (2D), D, G and D’ bands as a
function of Lp (the distance between point defects) for monolayer graphene. (b) The intensities of
G’ (2D) and G bands were normalized by the integrated area of G band and were plotted as a
function of Lp for monolayer graphene. Reprinted with permission from ref. S17. Copyright 2010
American Physical Society. (c) The full width at half maximum (FWHM) of the G band (I') as a

function of Lp and L, (the distance between line defects) for graphene-related materials. Reprinted

PP P
10 20 30
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with permission from ref. S16. Copyright 2017 10P Publishing Limited.
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Figure S6. For the transfer-free graphene prepared using pure Cu films within a quartz slit reactor
(denoted as 0% Ni), the cumulative count plots of the (a) I.p/lg ratios and (b) FWHM of the 2D
band determined from Raman measurements indicated that the graphene was composed of 35%
monolayers and 65% bilayers. By contrast, for the graphene prepared using pure Cu films within a
slit reactor containing a Ni cover (denoted as Ni cover), the cumulative count plots of the (c) l.p/lc
ratios and (d) FWHM of the 2D band indicated that the produced graphene had a monolayer content

of >90%.
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Figure S7. Illustration of four types of metal/SiO,/Si substrates utilized in this study: (1) deposited

pure Cu films with a thickness of 700 nm, denoted as 0% Ni, (2) deposited metal films composed of

650-nm thick Cu (lower layer) and 35-nm-thick Ni (top layer), denoted as 5% Ni, (3) deposited

metal films composed of 630-nm-thick Cu (lower layer) and 70-nm-thick Ni (top layer), denoted as

10% Ni; all of the aforementioned three types of substrates were located within a pure quartz slit

reactor, and (4) 700-nm-thick pure Cu films within a slit reactor whose quartz cover was replaced

by a Ni plate, denoted as Ni cover.
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Element  unn. C [wt. %] norm. C [wt. %] Atom. C [at. %]
SiK £0.74 5541
0K 33.80 40.72
NiK 819 2.69
CK 0.56 0.89
CuK 0.94 0.20
Total 124.23 100.00

T

Element  unn. C [wt. %] norm. C [wt. %] Atom. C [at. %]
SiK 54.65 72.54 60,51
0K 20.06 26.62 3899
NiK 0.55 0.73 0.29
CK 0.08 0.10 0.20
CuK 0.00 0.00 0.00
Total 124.23 100.00 100.00

Figure S8. A representative transfer-free graphene prepared using deposited metal films composed
of 630-nm-thick Cu (lower layer) and 70-nm-thick Ni (top layer) was examined by SEM under
three magnifications: (a) 700x%, scale bar = 25 um; (b) 7000x, scale bar = 2 um; and (c) 40 000x,
scale bar = 500 nm. The obtained SEM images indicated that the produced graphene (darkest
contrast) was covered by evenly distributed nanoparticles (brightest contrast). The graphene surface
and nanoparticles were analyzed with energy-dispersive X-ray spectroscopy (EDS). The EDS
examination indicated that (d) the nanoparticles were composed of Cu and Ni (signals of Si and O

were from the SiO,/Si substrate) and that (e) the graphene surface comprised a larger amount of Ni

residue than Cu residue.
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Figure S9. The Cu/SiO,/Si substrate undergoing a complete CVD process was analyzed with
Raman measurement at each step of the Cu removal process. (a) Schematic of the two-step etching
process utilized to remove the deposited Cu film. (b) Before etching, the Raman analysis indicated
that there were graphene films grown on the top surface of the deposited Cu film. (c) After the first
etching step of about 3 mins, the outermost surface of Cu along with the graphene film grown on
the upper Cu surface were removed, demonstrated by the disappearance of the 2D band in the
recoded Raman spectrum. (d) After the complete removal of the deposited Cu film by the second
etching step, the transfer-free graphene grown at the Cu-SiO, interface was exposed to show well-
characterized G and 2D bands. All of the Raman spectra were determined by the point measurement

of at least 5 different locations over a 1 x 1-cm? substrate.
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Figure S10. (a) Bright-field TEM image of a transfer-free graphene grown directly on a SiO-/Si

substrate. For TEM examination, the transfer-free graphene was transferred onto a lacey-carbon-

coated TEM grid through a conventional polymer-assisted procedure using poly(methyl

methacrylate) (PMMA) as the support layer and 40% KOH as the etchant to detach the

PMMA/graphene film from the surface of the SiO,/Si substrate. (b) The selected area electron

diffraction (SAED) pattern was recorded from the area defined by the white dashed circle shown in

(a). The SAED pattern displayed a typical hexagonal crystalline structure of graphene. The multiple

sets of SAED patterns observed in (b) were obtained due to random twisting angles or disoriented

stacking order of graphene caused by ripples (a, white solid arrows), tears (a, white dashed arrow),

and folds (a, black solid arrow).
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Figure S11. The transfer-free graphene prepared with the optimal synthesis parameters (P37 in
Table S2) was characterized by atomic force microscopy (AFM) and optical microscopy. (a) The
AFM image shows excellent consistency with the (c) optical microscopic image, on both of which
folds of the transfer-free graphene induced by the imperfect etching process of Cu were observed at
the edge of the 1 x 1-cm® Si substrate. Scale bars: 10 um. (b) Line profiles of the height recorded at
four different locations marked in (a) demonstrated that the produced graphene with a thickness of
about 0.83 + 0.05 nm, consistent with the monolayer characteristic of graphene on SiO,/Si

substrates.
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Figure S12. Optical micrographs of (a, c) a patterned Cu film fabricated on a SiO,/Si substrate by a

conventional photolithography process and (b, d) transfer-free graphene patterns obtained with the
optimal synthesis protocol (Table S2, P38) using the patterned Cu film depicted in (a) and (c),

respectively. Scale bars: 200 pum.
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Figure S13. Raman mapping of a representative graphene square with a 60-um edge was performed

to obtain >2000 spectra. The statistical analysis results for these spectra are illustrated as

histograms, which indicate that the (a) 2D peak was at 2694.5 + 4.6 cm™*, (b) FWHM of the 2D

band was 39.3 + 2.78 cm 7, (c) lop/lg ratio was 1.90 + 0.32, (d) G peak was at 1581.3 + 6.1 cm 7, ()

and (f) Ip/lg ratio was 0.31 £ 0.09.

-1
H

FWHM of the G band was 21.7 + 1.3 cm
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device fabrication contrast
with a TEM grid enhancement

Figure S14. (a) Hexagonal transfer-free graphene patterns prepared with the optimal synthesis

protocol (P38 in Table S2). (b) Metal contacts were deposited over the hexagonal transfer-free

graphene patterns via thermal evaporation of 10 nm-thick Cr and 50 nm-thick Au using TEM grids

as the shadow mask. Scratches and breakage on the metal contacts indicated by black arrows were

produced during the electrical measurement using a probe station with sharp probe tips, which must

physically contact with the metal pads to apply voltages and thus resulted in damage on the metal

pads. (c) The contrast-enhanced optical micrograph of a representative GFET obtained by

appropriately adjusting imaging parameters of the CCD camera. Scale bars: (a, b) 100 um, (c) 35

um.
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