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High-quality graphene materials and high-performance graphene transistors have attracted much attention
in recent years. To obtain high-performance graphene transistors, large single-crystal graphene is needed.
The synthesis of large-domain-sized single-crystal graphene requires low nucleation density; this can lead
to a lower growth rate. In this study, a Ni-foam assisted structure was developed to control the nucleation
density and growth rate of graphene by tuning the ﬂow dynamics. Lower nucleation density and high
growth rate (50 mm min1) were achieved with a 4 mm-gap Ni foam. With the graphene transistor
fabrication process, a pre-deposited Au ﬁlm as the protective layer was used during the graphene
transfer. Graphene transistors showed good current saturation with drain diﬀerential conductance as low
as 0.04 S mm1 in the strong saturation region. For the devices with gate length of 2 mm, the intrinsic
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cut-oﬀ frequency fT and maximum oscillation frequency fmax were 8.4 and 16.3 GHz, respectively, with
fmax/fT ¼ 1.9 and power gain of up to 6.4 dB at 1 GHz. The electron velocity saturation induced by the
surface optical phonons of SiO2 substrates was analyzed. Electron velocity saturation and ultra-thin
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Al2O3 gate dielectrics were thought to be the reasons for the good current saturation and high power
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gain of the graphene transistors.

Introduction
Graphene as the two-dimensional structure of graphite exhibits
numerous extraordinary physical, chemical, optical, biological
and electronic properties.1,2 The high carrier mobility of graphene results in its promising application in high-speed eldeﬀect transistors (FETs). The performance of graphene FETs
depends on the quality of the graphene channel. In this aspect
of graphene growth, a larger single-crystal domain indicates
reduced boundary in the graphene channel, and it tends to
maintain high electronic characteristics in graphene FETs.3
Therefore, the growth of large single-crystal graphene is
imperative. Low cost and large area are obtained using the Cucatalysed chemical vapor deposition (CVD) method, which is
a promising approach to achieve large single-crystal graphene
growth.4
The key to the growth of larger single-crystal graphene is to
maintain low nucleation density in the CVD process.5 There are
several approaches such as controlling the nucleation density
on Cu foils, smoothening the surface of Cu foil, growth of Cu
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oxide, substantially reducing the CH4 percentage, and controlling the channel structure or tube shape.5–9 The above methods
can eﬀectively increase the size of single-crystal graphene.
However, the low nucleation density also leads to a lower growth
rate; most growth rates are in the range of 1–10 mm min1, due
to which a longer time is required for larger single-crystal graphene growth.5,9–12
For graphene transistors used in wireless communication
circuits, high gain values still hinder the application due to lack
of current saturation.13–16 The way to obtain current saturation is
to open a bandgap by nanopatterning of monolayer graphene
(MLG)17 or by applying vertical electric displacement on Bernalstacked bilayer graphene (BLG).18,19 These methods have their
respective drawbacks for practical application. Thinning the
gate dielectric is thought to be another eﬃcient way to obtain
current saturation.20
In this study, we design a simple Ni foam-assisted structure
to control the graphene growth on a Cu foil. With the Ni foam,
the nucleation density and growth kinetics of graphene are
controlled. The state of the precursors on the top surface of the
Cu foil is controlled by regulating the gap of the Ni foam and Cu
foil. With the Ni foam-assisted graphene growth, the nucleation
density is lowered to 1/mm2, and the growth rate can be higher
than 50 mm min1. A Au lm was pre-deposited on the graphene
surface as a protective layer to avoid the contamination of graphene during the transfer and FET fabrication process. By
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thinning the gate dielectric Al2O3 down to 5 nm, graphene FETs
with gate length of 2 mm show good current saturation and
power gain up to 6.4 dB at 1 GHz.

Experimental
Growth and characterization of graphene
Cu foil (98%, 25 mm, Alfa Aesar) was oxidized at 200  C for
20 min on a hot plate. The growth of graphene was conducted in
a vertical-type chemical vapor deposition furnace. The Cu foil
was loaded onto the heater, and the pressure was controlled at
25 mbar. Ar gas with a ow of 1000 sccm was used to remove the
air, and the temperature was kept at 1000  C for 10 min. Then,
graphene was grown at 1000  C with a methane ow of 2 sccm
and H2 ow of 60 sccm. The size and nucleation density of
graphene were measured by optical microscopy (OM). The Cu
foil with graphene was oxidized at 160  C for 10 min on a hot
plate to increase the contrast for OM observation. Micro-Raman
scattering experiments were performed at RT with a spectrometer (514 nm).
Graphene transfer
Aer the growth of graphene on the Cu foil, 30 nm of Au lm
was immediately deposited onto the graphene surface on the
top side of the Cu foil. The graphene on the bottom side of Cu
foil was removed by O2 plasma. Cu foil was etched by FeCl3
aqueous solution and then, the Au/graphene lm was rinsed in
deionized water three times. Au/graphene was transferred onto
an SiO2/Si wafer; the thickness of SiO2 was 90 nm. Au/graphene/
SiO2/Si was dried at 90  C for 20 min.
Device fabrication
Graphene FETs were fabricated by a self-aligned process
following the method reported in our previous study.21 Optical
lithography was adopted to dene the channel regions, followed
by electrical isolation by exposing the graphene surface to
oxygen plasma aer removal of the Au lm outside the channel.
We deposited Ti 20 nm/Pt 50 nm/Au 150 nm to form the electrode pads. Gates of 2 mm were patterned by optical lithography.
Subsequently, the Au layer under the gates was wet-etched to
form a self-aligned source and drain ohmic contacts automatically. Next, 1.7 nm-thick Al was deposited by e-beam evaporation, which was then oxidised in air for 1 day at room
temperature to form an Al2O3 dielectric. The thickness of the
alumina was tAl2O3 z 5 nm. Finally, a 150 nm-thick Al metal lm
was evaporated to form the gate electrodes.

Results and discussion
Ni foam is used to assist the graphene growth by controlling the
precursor ow dynamics. Fig. 1(a) shows the schematic of Ni
foam-assisted graphene growth. The distance between the Ni
foam and Cu substrate is 4 mm. The ow rate of the precursors
decreases due to the Ni foam on the top of the Cu substrate; the
decreased ow rate can lead to lower nucleation density and
a higher growth rate, as shown in Fig. 1(c), with a growth time of
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Fig. 1 (a) Schematic image and (c) OM image of Ni foam-assisted
graphene growth with a growth time of 15 min; (b) schematic image
and (d) OM image of conventional graphene growth on Cu foil with
a growth time of 10 min.

15 min. The schematic without Ni foam-assisted graphene
growth is shown in Fig. 1(b). Fig. 1(d) shows the results without
Ni foam-assisted growth. The growth time is 10 min. Fig. 1(d)
shows very high nucleation density and slower growth rate
compared with Fig. 1(c), demonstrating that we can decrease
the nucleation density and increase the growth rate with the Ni
foam-assisted graphene growth process.
The mechanism of the inuence of Ni foam in the graphene
growth process was studied. The Cu foil was oxidized before
insertion into the tube, and we used EDX to study the oxygen
coverage on the Cu foil. SEM and EDX images are shown in
Fig. S1.† Aer heating to 1030  C under Ar gas for 10 min, the
oxygen coverage of the Cu foil surface with the Ni foam structure
was signicantly higher than that without the Ni foam-assisted
structure. With the Ni foam structure, the surface oxygen
coverage was at 4.62%, and without the Ni foam structure, the
surface oxygen coverage was at 1.28%. The higher oxygen
content can suppress the nucleation and improve the graphene
growth rate.22
To study the eﬀect of the precursor ow rate, graphene
growth under diﬀerent gaps between the Ni foam and Cu
substrate is studied. The gaps are set as 3 mm, 4 mm, and 5
mm. The growth times of graphene with and without Ni foam
are 15 min and 10 min, respectively. Fig. 2(a), (b) and (c) show
the graphene growth with 3 mm, 4 mm, and 5 mm gaps,
respectively. It can be found that the nucleation density
increases as the gap increases. Fig. 2(d) shows the graphene
grown without Ni foam; the nucleation density is very high
(1.2  104/mm2) and the graphene size is very small. Fig. 2(e)
shows the corresponding nucleation density of the Ni foamassisted graphene growth with diﬀerent gaps. As the Ni foam
gap increases, the precursor ow rate increases, resulting in
higher nucleation density. Fig. 2(f) shows the average growth
rate of graphene with diﬀerent gaps. The rate of graphene
growth is the highest in the 4 mm Ni foam gap. Without Ni
foam, the graphene growth has very high precursor ow rate but
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Fig. 2 Graphene growth under diﬀerent gaps between the Ni foam and Cu substrate. Gap size: (a) 3 mm, (b) 4 mm, and (c) 5 mm. (d) Graphene
growth without the Ni foam. (e) Nucleation density. (f) Growth rate of graphene with diﬀerent Ni foam gaps.

a lower growth rate. The above results show that 4 mm Ni foam
gap is appropriate for assisted graphene growth; it can maintain
a higher growth rate and a relatively lower nucleation density.
Fig. 3 shows the images of graphene growth with Ni foam
(4 mm gap) and without Ni foam at 1060  C. For graphene with
Ni foam grown at 1060  C for 10 min, the grain size of graphene
is about 512 mm, as shown in Fig. 3(a). The nucleation density is
1/mm2 and growth rate is 51.2 mm min1. With prolonged
growth time, the grain size of graphene reaches millimeter
scale. Fig. 3(b) shows graphene grown for 1 min without Ni
foam at 1060  C. The nucleation density shows no decrease as
the growth temperature increases to 1060  C. Fig. 3(c) and (d)

show the OM images of the transferred graphene onto SiO2/Si
substrates. Fig. 3(c) shows the image of graphene growth with Ni
foam. The surface of graphene in optical microscopy view is very
clear. There are many adlayers for graphene grown without Ni
foam, as shown in Fig. 3(d). This is mainly due to the large
number of boundaries between the small grains. Precursors go
through to the boundary, forming many adlayers. Fig. 3(e) and (f)
show the Raman shi of transferred graphene on the SiO2/Si
substrates. As shown in Fig. 3(e), for graphene grown with Ni
foam, the intensity ratio of the 2D/G peak is 3.4 with no clear D
peak, demonstrating a single-layer graphene of high-quality.23 For
graphene grown without Ni foam, the Raman shis of the single-

Fig. 3 OM images of graphene growth on Cu foil (a) with Ni foam (4 mm gap) and (b) without Ni foam at 1060  C. OM images and Raman pattern
of graphene transferred to the SiO2/Si substrates: (c, e) with Ni foam (4 mm gap) and (d, f) without Ni foam.
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layer and adlayers (in Fig. 3(d)) are given in Fig. 3(f). The intensity
ratio of the 2D/G peak is 3.5 for the adlayer graphene, demonstrating that adlayers do not exhibit an AB stacking structure.24
The relative intensity of the D/G peak in Fig. 3(f) is higher than
that in Fig. 3(e), demonstrating that the quality of graphene grown
with Ni foam is higher than that without Ni foam.23
The relationship between the growth rate and material quality
was studied. We set up ve sets of experiments. The rst experiment involved the fabrication of a Cu foil without a Ni foamassisted structure with growth temperature of 1000  C; the other
experiments involved the fabrication of Cu foils with 4 mm-gap Ni
foam with growth temperatures of 1000  C, 1020  C, 1040  C and
1060  C. The graphene growth rates in these ve samples are
found to be 1 mm min1, 4 mm min1, 12 mm min1, 23
mm min1 and 50 mm min1. The Raman shis of these ve
graphene samples were also studied. The Raman results are
shown in Fig. S2.† The FWHM values of the 2D peaks of the ve
samples are 38 cm1, 37 cm1, 39 cm1, 38 cm1 and 43 cm1,
showing that the samples are all monolayer graphene. It was also
found that the ID/IG ratios decrease as the growth rates increase.
The ID/IG ratios of the ve samples are 0.05, 0.03, 0.03, 0.02 and
0.02. The larger ID/IG ratio of the graphene sample with a growth
rate of 1 mm min1 may be mainly due to the small single-crystal
size and numerous grain boundaries.
The fabrication schedule and OM image of graphene FETs
fabricated by a self-aligned process are shown in Fig. S3.† Dualgate graphene transistors with gate length of 2 mm and gate
width of 100 mm  2 were fabricated. The eld-eﬀect mobility
values of the graphene transistors were 2450 cm2 V1 s1 (hole)
and 3307 cm2 V1 s1 (electron), respectively (Fig. 4(d)), indicating the high quality of the graphene material and less
contamination in the device fabrication process.
Fig. 4 shows the DC electrical transport characteristics of
graphene FETs. The DC electrical transport measurements were
obtained using a Semiconductor Parameter Analyser (SPA). As
shown in Fig. 4(a), the drain current (Ids) shows strong saturation with maximum scaled on-current Ids reaching 0.54 A
mm1. The sample shows n-type doping with the Dirac point at
Vgs ¼ 0.85 V and the maximum transconductance (gm) is
measured at Vds ¼ 2 V is 0.2 S mm1, as shown in Fig. 4(b).
Due to the strong drain current saturation, the drain diﬀerential
conductance (gds) is small, as shown in Fig. 4(c). The gds value is
as low as 0.04 S mm1 in the strong saturation region (2 V #
Vds # 3 V).
High-frequency scattering parameters (S-parameters) of the
transistors were measured up to 10 GHz using standard GSG
probes. Fig. 5(a)–(c) show the as-measured, de-embedded, and
intrinsic short-circuit current gain (|H21|2), maximum stable/
available gain (MSG/MAG), and Mason's unilateral power gain
(U) extracted from S-parameters for the graphene transistor with
Lg ¼ 2 mm and Wg ¼ 100 mm  2. As a result, the intrinsic cut-oﬀ
frequency fT and maximum oscillation frequency fmax were
determined to be 8.4 and 16.3 GHz for the device. The calculated
fmax values from the maximum stable/available gain (MSG/MAG)
and Mason's unilateral power gain (U) showed good consistency
with each other, indicating the veracity of the derivation process.
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DC characteristics of the graphene transistors. (a) The current–
voltage characteristics at gate voltages ranging from 1.6 V to 2.5 V.
(b) Transfer characteristics at Vds ¼ 2 V with 2.5 V # Vgs # 0 V. (c)
Drain diﬀerential conductance gds. (d) Scaled resistance of a graphene
transistor versus gate voltage at Vds ¼ 0.1 V.
Fig. 4

Fig. 5(d) shows forward power gain |S21| and the AC opencircuit voltage gain Z21/Z11 as a function of frequency for the graphene transistor. The AC open-circuit voltage gain reaches 15 dB

Fig. 5 High-frequency characteristics of the GFET with a gate length
of 2 mm and a gate width of 100 mm  2. (a) Measured, de-embedded,
and intrinsic |H21|2; (b) measured, de-embedded, and intrinsic
maximum stable/available gain (MSG/MAG); (c) measured, deembedded, and intrinsic Mason's unilateral power gain (U); and (d)
measured frequency response of AC open-circuit voltage gain (Z21/
Z11) and forward power gain (|S21|).
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Component parameters of the graphene transistor with gate length of 2 mm and gate width of 100 mm  2

Cgd (fF)

Cgs (fF)

Cds (fF)

gds (mS)

gm (mS)

Ri (U)

Rg (U)

Rs (U)

Rd (U)

341

1407

785

17

96

3.2

5

6.5

6.5

for the measured frequency range. Power gain |S21|, which reects
the real power amplication of a two-port network, is around 6.4
dB at 1 GHz for the device, which is among the highest reported
values for CVD graphene transistors.25,26 The graphene FETs show
very high power gain, which is a result of the strong drain current
saturation-induced low drain diﬀerential conductance (gds).
There are two possible reasons for the strong drain current
saturation. One is the electron velocity saturation induced by
the surface optical phonons of SiO2 substrates.27,28 In the case of
graphene with mobility limited by impurity scattering, the high
eld behavior is determined by the emission of surface optical
phonons in the SiO2 substrate.29 The energy of the surface
optical phonons of SiO2 is 3SO z 59 meV. From 3SO, the saturated electron velocity vsat can be estimated via emission of the
surface optical phonons, which is denoted as follows:30,31
sﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
2 3SO
3SO 2
1
(1)
vsat ¼
pﬃﬃﬃﬃﬃﬃﬃﬃ 1 
 2
ħ p pns
4pns ħvf NOP þ 1
here, NOP is the phonon occupation number. In the high carrier
density limit, the above relation may be reduced to
vsat ¼

23SO
pﬃﬃﬃﬃﬃﬃﬃﬃ
ħp pns

(2)

Table 1 shows the small signal model parameters of
GFET.32–34 The extracted gate capacitance Cg ¼ Cgs + Cgd is 1748
fF. The sheet density of the graphene channel can be estimated
by ns ¼ VDirac  Cg/e.35 The sample shows n-type doping with the
Dirac point at Vgs ¼ 0.85 V, and the calculated graphene
channel (ns) is 2.3  1012 cm2. From eqn (2), one can expect
saturated electron velocity of 1.5  107 cm s1 with ns ¼ 2.3 
1012/cm2 in the graphene on Si/SiO2 substrates. The intrinsic
cut-oﬀ frequency fT in an FET can be estimated as follows:
fT ¼

vsat
2pLg

For a graphene transistor with gate length Lg of 2 mm, the
estimated intrinsic cut-oﬀ frequency fT is 12 GHz for nsh of 2.3 
1012 cm2. The measured intrinsic fT of our device is 8.4 GHz,
which is slightly lower than the estimated one, indicating that
the electron velocity can achieve saturation. The ultra-thin selfoxidized AlOx gate dielectric should also be helpful in drain
current saturation. Han et al. have shown that the low-density
state (DOS) of graphene can help obtain drain current saturated characteristics in thin dielectric devices.20 They demonstrated that by employing a very thin gate dielectric (equivalent
oxide thickness (EOT) less than 2 nm), full drain current saturation can be obtained for graphene FETs with short channels.
EOT of graphene FETs in this study is approximately 2 nm,
which will be benecial for current saturation.
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Conclusions
With a Ni foam-assisted structure to control the graphene
growth on a Cu foil, graphene with grain size of millimeters was
prepared. A pre-deposited Au lm as a protective layer to avoid
the pollution of graphene was used during the transfer and
graphene FET fabrication process. Graphene FETs with gate
length of 2 mm show good current saturation and power gain up
to 6.4 dB at 1 GHz. Electron velocity saturation induced by
surface optical phonons of SiO2 substrates and ultra-thin gate
dielectric were thought to be the reasons for good current
saturation and high power gain. Graphene transistors with
short gate length will be developed in the next study to push
frequency and power gain.
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