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Uniform and large-area graphene films grown directly on sapphire substrates by using a low-
pressure chemical vapor deposition system are demonstrated in this paper. The evolution process
and the similar Raman spectra of the samples with different growth durations have confirmed that
the continuous graphene film is formed by graphene flakes with similar sizes. The layer-by-layer
growth mechanism of this approach is attributed to the preferential graphene deposition on
sapphire surfaces. The etching effect of H, gas is demonstrated to be advantageous for the larger
graphene grain formation. The smooth surface of substrates is also proved to be a key parameter
for continuous graphene film formation with better crystalline quality. © 2014 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4883359]

. INTRODUCTION

Since the two-dimensional material graphene was fabri-
cated by using the mechanical exfoliation method at 2004,
massive efforts have been devoted to this research area.'
Among them, most of the effort is focused on the expansion
of the graphene film area via different growth methods since
only flakes of graphene are obtained by using the mechanical
exfoliation approach. At this stage, there are two major
approaches, which have been proven to be promising for
large-area graphene growth. They are Si sublimation from
SiC substrates at high temperatures leaving C atoms on the
surface for graphitization and chemical vapor deposition
(CVD) for graphene growth on metal templates.>™ Although
the SiC sublimation method does provide large-area gra-
phene films, the high price of SiC substrates and the only
substrate choice would limit the practical application of this
approach. Compared with the SiC sublimation method, CVD
growth of graphene on metal templates has provided a
cheaper and layer number controllable approach to obtain
large-area graphene films. Two metals, including Cu and Ni,
are commonly chosen in the CVD growth method. Because
the graphene film is grown on the metal template, film trans-
fer procedure is required. During the transfer process, dam-
ages to the graphene films, including broken holes and
doping effect, are usually observed.’ These damages would
reduce the mobility of the graphene transistors and they are
difficult to recover. Therefore, an alternate approach to pro-
vide transfer-free graphene films on the dielectric substrates
is required for the practical applications of the material.

In previous publications, graphene growth underneath
pre-deposited Ni or Cu templates on the SiO,/Si substrates
has been demonstrated.®® These approaches do provide gra-
phene films on dielectric substrates without the common
transferring procedure required for CVD grown graphene.
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However, the high growth temperature of these approaches
may result in the metal template de-wetting and evaporating
problem during graphene growth, which would affect the
graphene film quality and completeness.’ The required metal
removal procedure via chemical etching of these approaches
may also bring in extrinsic doping to the graphene films. It
has been demonstrated in previous publications that gra-
phene films can be grown directly on sapphire substrate
without using metal catalyst.'” Due to the graphene films
prepared by using this method is composed of nano-scale
graphene flakes, high defect density is observed on the film.
Although high temperature is still required, both film trans-
ferring procedure for CVD-grown graphene or metal re-
moval for underneath graphene can be avoided by using this
approach. Another important parameter for graphene growth
is the H, flow rate during growth. It has been reported else-
where that the D peak intensity of the directly grown gra-
phene would be greatly affected by the H, flow ratios during
growth.!' Therefore, graphene growth directly on sapphire
substrates with proper H, flow ratios can be an alternate
approach for large-area graphene growth without metal
catalyst.

In this paper, we have demonstrated the growth of uni-
form and large-area graphene films directly on sapphire sub-
strates by using the low-pressure CVD (LPCVD) system.
The influence of different growth parameters and growth
evolution of the films are investigated. The evolution process
and the similar Raman spectra of the samples with growth
different durations have confirmed that the continuous gra-
phene film is formed by graphene flakes with similar sizes.
By changing the H, flow ratios during, the etching effect of
H, gas is demonstrated to be advantageous for the larger gra-
phene grain formation.

Il. EXPERIMENTS

Before growth, sapphire substrates are cleaned with ace-
tone, isopropanol, and de-ionized (DI) water. The substrate

© 2014 AIP Publishing LLC
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is then annealed in a 1-in. quartz tube furnace system at
1100 °C under Ar environment for 30 min. Since low pres-
sure is required for the sapphire substrate during the high-
temperature annealing procedure, the LPCVD technique is
adopted for graphene growth.> By using the BRUKER
Dimension Icon atomic force microscope system (AFM), the
surface roughness of the sapphire substrate improves from
0.09 to 0.05 nm after the high-temperature annealing proce-
dure. After the annealing procedure, the Ar, H,, and CHy
mixture gas is introduced into the CVD system to grow gra-
phene films directly on the substrate surface. The flow rates
of Ar, H,, and CHy are set as 200, 200, and 30 sccm, respec-
tively. After 3 h of growth, the sample is removed out of the
chamber. The Raman spectra of the graphene films are meas-
ured by a HORIBA Jobin Yvon HR800UV Raman spectros-
copy system equipped with 532 nm laser. The surface
morphologies of the graphene films are studied by using
AFM and scanning electron microscope (SEM) systems.

lll. RESULTS AND DISCUSSIONS

The Raman spectrum of the graphene film grown
directly on a sapphire substrate for 3 h is shown in
Fig. 1(a). For comparison, the Raman spectrum of the gra-
phene film prepared by using the same method on 25 yum Cu
foil and then re-attached to a 300 nm SiO,/Si substrate is
also shown in the figure. Compared with the film grown on
Cu foil, more intense D peak and lower 2D peak located
near 1346 and 2684 cmfl, respectively, are observed for the
film grown directly on the sapphire substrate. The more
intense 2D peak of the directly grown graphene film com-
pared with its G peak might suggest that a single-layer gra-
phene can be obtained. However, the similar 2D peak full
width at half maximum (FWHM) 43 cm ' with the value
45cm™" for the bi-layer graphene film grown on Cu foil
suggests that bi-layer graphene should be obtained by using
this method.'? And from the Ip/Ig ratio, the graphene flake
sizes of the film would be around 83 nm."? To investigate
the surface morphology of the graphene film grown directly
on the sapphire substrate, a 10 x 10 um* AFM image of the
film is shown in Fig. 1(b). As shown in the figure, uniform
distributed graphene film can be observed on the sample
surface. However, due to the different thermal expansion
coefficients between graphene and the sapphire substrates,
the cooling procedure from the high temperature 1100 °C
would result in winkle formation on the sample surface. To
verify if bi-layer graphene is obtained via this approach, a
scratch is fabricated on the film and measured by using
AFM. The measured 1.2nm depth across the scratch edge
has confirmed that bi-layer graphene is obtained via this
approach.'® To further investigate the uniformity of the gra-
phene film, Raman mapping over the 5 x 5 um” sample area
is performed. The spatial resolution of the mapping is deter-
mined by the laser spot size 500 nm. The I,p/Ig ratios over
the area are shown in Fig. 1(c). As shown in the figure,
quite uniform 2D/G peak ratios are observed, which also
suggest a uniform graphene film is obtained via this
approach. The results are consistent with the observation of
the AFM image shown in Fig. 1(b).
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FIG. 1. (a) The Raman spectra of the graphene films prepared by the CVD
system on Cu foil and directly on the sapphire substrate, (b) the AFM image
of the graphene film grown directly on the sapphire substrate, and (c) the
Ip/lg ratios obtained from the Raman mapping results over the 5 x 5 ,um2
sample area.

To investigate the growth mechanisms of the directly
grown graphene, the SEM images of the graphene films
grown for 60, 120, 180 and 240 min are shown in Figs.
2(a)-2(d), respectively. The normalized Raman spectra to
the G peak of the four samples are shown in Fig. 2(e). As
shown in Fig. 2(a), the sapphire substrate (the dark region)
can still be observed between the graphene clusters. The



223510-3

Lin et al.

]
N\

180 min.

Raman Intensity (a.u.)

240 min.
1000 1500 2000 2500 3000
Raman shift (cm™)

(e)

FIG. 2. (a)—~(d) The SEM images and (e) Raman spectra of the graphene films
grown directly on sapphire substrates with different growth periods. They are
60, 120, 180, and 240 min for figures (a), (b), (c), and (d), respectively.

results suggest that after 1 h of growth, the graphene grains
do not fully cover the whole substrate. Compared with the
~1 h growth time of fully covered graphene film on Cu foil,
the growth rate of direct graphene growth on sapphire sub-
strates is much slower. And since the film shown in Fig. 2(a)
is composed of discrete flakes, more intense D peak of the
sample is observed in Fig. 2(e) indicating higher defects
around the flakes. With increasing growth duration to 120
min, the density of the graphene flakes increases as shown in
Fig. 2(b). Although some of the graphene flakes seem to
merge with each other, the graphene flake sizes are similar to
the sample with 60 min growth duration. The similar D peak
intensity ratios of the two samples confirm this point. This
result indicates that unlike the growth mechanism of gra-
phene on Cu foil, in which, the graphene growth starts from
seeding and then expands to a continuous film," direct gra-
phene growth on sapphire substrates does not seem to
undergo lateral growth on substrates. It seems that the gra-
phene grains just fall on the substrates. The limited lateral
growth procedure may only take place when the flakes over-
lap. With further increasing the growth duration to 180 min,
the SEM image shown in Fig. 2(c) reveals a continuous gra-
phene film on the entire sapphire substrate. The sheet resist-
ance of the graphene film is 5.7 x 10Q/sq, which is
compatible to the film grown on Cu foil. The slightly lower
D peak intensity ratio of the sample suggests that although
the film is composed of small graphene grains, the limited
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lateral growth at the grain overlapping would still slightly
increase the graphene grain sizes. For the sample with even
longer growth time 240 min, besides the underlying graphene
film, cluster structures are again observed in Fig. 2(d). With
the observed higher D peak and lower 2D peak intensity
ratios of the sample shown in Fig. 2(e), the results suggest
that thicker layer of graphene starts to grow on the graphene
film, which is quite different with the self-limited growth
process of graphene films on the Cu foil.?

One commonly adopted approach to derive the mobility
value of the graphene film is to fabricate back-gated gra-
phene transistors. However, since the conventional graphene
transferring method cannot applied to the film grown directly
on sapphire substrates, a different transferring procedure'® is
employed as follows: (a) deposit 300nm Cu on directly
grown graphene on sapphire substrates, (b) deposit 500 nm
polymethylmethacrylate (PMMA) by using spin coating on
the Cu film, (c) peel off the PMMA/Cu/graphene film from
sapphire substrates in DI water, (d) reattach the film to a
300nm SiO,/Si substrate, and (e) remove the top PMMA
and Cu films by using acetone and FeNOj; solutions, respec-
tively. After the film transferring, a standard back-gated gra-
phene transistor is fabricated by using photo-lithography.
The Ip — Vgs curve of the device is shown in Fig. 3. The
inset figure shows the SEM image of the device. The gra-
phene film is prepared under the same conditions of the film
shown in the SEM image of Fig. 2(c). As shown in the fig-
ure, although the standard graphene transistor behavior is
observed, the derived mobility 35.6 cm® V' s™! from the
curve is low compared with other devices fabricated by using
CVD-prepared graphene. Since low D-peak intensity is
observed from the film, the low mobility of the device may
be attributed to the increasing defect number on the graphene
film induced during the brutal peeling process. To improve
the device performances, other transferring procedure for the
graphene film grown on sapphire substrates is to be devel-
oped in the future.

To further explain the growth mechanisms of the gra-
phene films on sapphire substrates, schematic diagrams of
the growth model are shown in Fig. 4. At the initial stage
shown in the figure, methane decomposition into C atoms
would take place in the atmosphere of the 1100 °C quartz
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FIG. 3. The I, — Vgs curve of the back-gated graphene transistor fabricated
by using the directly grown graphene on sapphire substrate. The inset figure
shows the SEM image of the device.
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tube.'® After methane decomposition, the C atoms would
collide and undergo homogeneous nucleation. In this case,
graphene flakes would be formed in the gaseous environ-
ment. The graphene flakes would continue to grow in sizes
until they fall on the substrate surfaces. Although there
seems to be no preference sites for the graphene flake dep-
osition, the growth evolution shown in Figs. 2(a)-2(d) sug-
gests that the graphene/substrate interface adhesion should
be superior to graphene/graphene interfaces. In this case,
before the substrate surface is fully covered with graphene,
most of the flakes fall on the other graphene flakes would
be blown away by the injected gas flow. The limited lateral
graphene growth in the flake overlappings would also
enhance the crystalline quality of the film at this stage.
After the substrate surface is fully covered with graphene,
the phenomenon of preferential graphene flake deposition
on sapphire surfaces disappears and upper graphene flakes
start to deposit on the complete graphene film covering the
sapphire substrates. However, due to the lack of preferen-
tial graphene deposition, uniform upper layer graphene
with high crystalline quality is not available by using this
approach as shown in the SEM image of Fig. 2(d) and the
higher D peak of Fig. 2(e).

The other parameter affecting graphene growth would
be the composition of the flowing gas and the role of H, gas
during growth. With the flow rate of methane kept at 30
sccm and the total flow rate of H, and Ar kept at 400 sccm,
four samples grown under different H,/Ar flow ratios
50/350, 100/300, 150/250, and 200/200 are prepared. The
growth duration of the four samples is set at 60 min. The
SEM image of the sample with the H,/Ar flow ratio 50/350
is shown in Fig. 5(a). Compared with the SEM image of the
sample grown with the H,/Ar flow ratio 200/200 and the
same growth duration shown in Fig. 2(a), a continuous gra-
phene film fully covers the sapphire substrate instead of sep-
arate graphene flakes. The results suggest that with higher
H, composition in the gas flow during growth, the growth
rate of the graphene film would be greatly depressed. The
possible mechanism responsible for this phenomenon would
be the H, etching effect over defective graphene at high
growth temperature.'” In this case, although methane gas
flow is the same for the two samples, the H, etching effect
would effectively decrease the growth rate of the direct gra-
phene growth on sapphire substrates. The same effect may
also benefit the formation of larger graphene flakes since
smaller ones would be etched off by H, gas during growth.
The decreasing D peak intensities of the normalized Raman
spectra over the G peak intensities shown in Fig. 5(b) of the
samples grown with increasing H,/Ar ratios have also
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FIG. 4. The schematic diagrams show-
ing the mechanisms of the direct gra-
phene growth on sapphire substrates.

Stage IV

confirmed this attribution since the graphene grain size is
inverse proportional to the D/G peak ratios.''®

The last major parameter, which might affect the gra-
phene growth would be the substrate choice. With the growth
conditions of methane, H,, and Ar flow rates 30, 200, and
200 sccm and the same growth duration 60 min, direct gra-
phene growth is performed on a 600 nm SiO,/Si substrate.
The growth conditions of the sample are described in Sec. II.
The SEM image of the graphene grown on SiO, surface is
shown in Fig. 6(a). Unlike the case on the sapphire sub-
strates, the graphene that grows on the SiO,/Si substrate
shows a very rough surface. The possible mechanism respon-
sible for this phenomenon may lie on the different surface
roughnesses of the substrates after the high-temperature

H,/Ar=50/ 350

N
M)

H,/Ar=150/250

Nant/

Raman Intensity (a.u.)

H,/Ar =200/200

1000 1500 2000 2500 3000
Raman Shift (cm™)

(b)

FIG. 5. (a) The SEM image of the sample prepared under H,/Ar flow ratio
50/350 and (b) the Raman spectra of the sample grown under different
H,/Ar flow ratios.
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FIG. 6. (a) The Raman spectrum and (b) the SEM image of the direct gra-
phene growth sample on a 600 nm SiO,/Si substrate.

1200 3200

growth procedure. The surface roughnesses of SiO,/Si and
sapphire substrates are 0.13 and 0.05 nm, respectively, after
1100°C annealing for 60min under Ar environment.
Therefore, the graphene flakes would not uniformly distrib-
ute over rougher surfaces. The same mechanism would also
affect the crystalline quality of the graphene film. The
Raman spectra of the two samples grown under the same
growth conditions but on the two different substrates are
shown in Fig. 6(b). As shown in the figure, significant differ-
ence can be observed on the FWHM of the 2D- and the
D-peak intensities. The 2D-peak FWHM of the graphene
film grown on sapphire substrates is 43 cm ™', while for the
film grown the SiO,/Si substrate, the 2D-peak FWHM value
is increased to 97 cm ™', which indicates the graphene grown
on SiO, surface has thicker layer number. Also observed in
the figure is the much higher D-peak intensity of the gra-
phene film grown on the SiO,/Si substrate. The results sug-
gest that although the directly grown graphene film is
composed by graphene flakes, the limited lateral growth of
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overlapped graphene flakes would still benefit larger gra-
phene flake growth. Graphene deposition preference could
be the other key issue for uniform graphene growth. In this
case, the rougher surface and different substrate choices
would result in a smaller graphene flakes and
non-continuous films.

IV. CONCLUSIONS

In conclusion, the growth mechanism of the directly
formed graphene on the dielectric substrate has been investi-
gated. By changing the growth conditions, the formation
mechanism of the graphene films directly on sapphire sub-
strates is investigated. With the removal of the required film
transferring procedure for conventional graphene films
grown on Cu foil or metal etching process for underneath
graphene films, the direct graphene growth method on
dielectric substrates has provided a ready approach for prac-
tical applications.
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