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Graphene is a new promising candidate for application in radio-frequency (RF) electronics due to its excellent elec-
tronic properties such as ultrahigh carrier mobility, large threshold current density, and high saturation velocity. Recently,
much progress has been made in the graphene-based RF field-effect transistors (RF-FETs). Here we present for the first
time the high-performance top-gated RF transistors using millimeter-scale single graphene domain on a SiO,/Si substrate
through a conventional microfabrication process. A maximum cut-off frequency of 178 GHz and a peak maximum os-
cillation frequency of 35 GHz are achieved in the graphene-domain-based FET with a gate length of 50 nm and 150 nm,
respectively. This work shows that the millimeter-scale single graphene domain has great potential applications in RF

devices and circuits.
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1. Introduction

Graphene, one-atom-thick film of carbon, comes into be-
ing as a highly promising candidate for application in radio-
frequency (RF) devices due to its excellent electronic proper-
ties, such as an ultrahigh carrier mobility (2 x 10° sz/V'S),[”
alarge threshold current density (2 x 108 A/cm?),!?! and a high
saturation velocity (~ 5.5 x 107 cm/s).®! In recent years, much
progress has been made in the synthesis of graphene.*”]
Large-area, even wafer-scale, graphene has been readily pre-
pared by the thermal decomposition of SiC[*! or chemical va-
por deposition (CVD) method.>~71 The significant advances
in graphene synthesis provide practical opportunities for de-
In 2010, scien-
tists at IBM demonstrated 100-GHz transistors using wafer-

veloping graphene-based RF transistors.

scale epitaxial graphene.!®! Since then, the performance of
graphene RF devices has been greatly improved. The val-
ues of cut-off frequency (fr) of graphene transistors have
reached up to 300 GHz, 350 GHz,[°! and 427 GHz['9 us-
ing epitaxial, CVD and mechanically exfoliated graphene, re-
spectively. The maximum oscillation frequency (fiax) of the
RF transistor has achieved 70 GHz using epitaxial graphene
on SiC.['" The above significant improvements in RF perfor-
mances mainly result from continuous efforts to make high-
quality graphene, to utilize a new substrate (e.g., a diamond-
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like carbon film, DLC),[lz] and to develop the fabrication pro-
cess (e.g., a self-aligned process).[!%13] The ultimate perfor-
mance of the graphene-based RF transistors as indicated in
Ref. [10], is primarily limited by the quality of graphene.
Hence, it is highly desirable to grow high-quality graphene
with a lower defect density for RF application. Recently, the
process of growing large-domain single crystalline graphene
has been successfully developed.!!4-!6] The lateral size of an
individual graphene domain can range from several microme-
ters to 1 centimeter.!!>!%] Generally, there is no grain bound-
ary within a large-domain single-crystal graphene, which can
eliminate carriers scattering from the grain boundary to pos-
sess excellent electronic properties, such as a carrier mobil-
ity as high as 1.6 x 10* cm?-V~!.s71.l141 It is worth not-
ing that all the channel materials used in reported RF-FETs
so far are polycrystalline graphenes. No studies have yet
been performed to evaluate the performance of RF tran-
sistors made from an individual domain or single-crystal
graphene. In this paper, we explore the feasibility of devel-
oping high-performance field-effect transistors (RF-FETs) us-
ing the millimeter-scale single graphene domain. The cut-off
frequency (fr) and maximum oscillation frequency (finax) of
this kind of RF transistor can achieve as high as 178 GHz and
35 GHz, respectively.
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2. Experiment

Graphene with a large domain size was grown by the
chemical vapor deposition (CVD) method, as reported by
Zhou et al.'"¥1 The copper foil was first loaded into the CVD
system with a 4-inch quartz tube, which was pumped down to
5 x 10~* Pa and refilled with 100 sccm of ultra-pure Ar gas
(99.999%). The sample was then heated to 1070 °C within
40 min followed by a 5 min stabilization period with a pres-
sure of 1700 Pa. The 50 sccm of diluted methane (1000 p.p.m.
balanced in argon) and 50 sccm of hydrogen (99.999%) were
introduced into the CVD system for the graphene growth at
1070 °C for 8 h under a pressure of 7.6 x 10* Pa. The
growth was terminated by rapidly cooling the quartz tube to
room temperature at a rate of 100 °C/min. After growth, the
graphene was transferred onto the high-resistivity Si substrate
(> 20 kQ-cm) covered with a 300-nm-thick thermally grown
Si0s.

The transfer process was made using a temporary PMMA
film. One side of the graphene/Cu foils was first spin-coated
by polymethylmethacrylate (PMMA) and subsequently sac-
rificially etched in a solution of FeCls for 12 h. The free-
standing PMMA/graphene membrane was transferred from
the etchant bath to the DI water. The PMMA-protected
graphene was floated on the solution of HCI/H;O,/H,0
(1:1:20) for 15 min to remove the residual impurities, fol-
lowed by washing in the DI water again to remove the resid-
ual HCI. To further remove the residual organic impurities,
the PMMA/graphene membrane was floated on the NH4OH
/H,0,/H;0 (1:1:20) solution for 15 min followed by dipping
it in the DI water to remove the residual NH4OH.['7! The
PMMA/graphene was transferred onto the target substrate and
cured at 150 °C for 10 min after natural drying. The PMMA
was removed using acetone and alcohol for 2 h respectively,
and the graphene was finally transferred onto the surface of a
highly resistive Si/SiO; substrate. The Raman spectra of the
graphene were collected by a micro-Raman spectrometer with
an excitation energy of 1.96 eV (633 nm).

A top-gated, dual-channel graphene RF-FET was fab-

The
graphene channel was patterned using e-beam lithography

ricated by a CMOS-compatible top—down process.

(EBL) followed by induced coupled plasma reactive ion etch-
ing (ICP-RIE). The source (S), drain (D), and gate (G) elec-
trodes were defined by EBL lithography, e-beam metal evap-
oration and a lift-off process. The metal of S/D contacts was
Pd/Au (20 nm/40 nm), which was expected to enable low con-
tact resistance; '8! the gate electrode is a 70-nm-thick Au layer.
The gate dielectric, a layer of 10-nm Al,O3z, was grown by
atom layer deposition (ALD). To deposit a conformal dielec-
tric layer, a thin layer of Al (~2 nm thick) was pre-deposited
on the graphene surface by e-beam evaporation, which was
then naturally oxidized as the ALD seeds. It was found that
this ALD process of dielectrics can greatly improve the in-
terface between graphene and the Al,Os3, which can better
maintain the intrinsic electronic properties of graphene.!!%20]
The structure of RF-FETs was inspected by an optical micro-
scope (Olympus, BX 51) and a field-emission scanning elec-
tron microscope (FE-SEM, FEI NanoSEM 430). The radio-
frequency (RF) and direct current (DC) measurements were
carried out on a probe station (Cascade Summit 11101B) using
HP 4156C precision semiconductor parameter analyzer and
Agilent E8363B network analyzer. Both DC and RF charac-
teristics of graphene transistors were obtained at room temper-
ature under ambient conditions.

3. Results and discussion

The RF-FETs are fabricated based on single-domain
monolayer graphene thin films. Figure 1(a) shows a repre-
sentative hexagon-shaped graphene domain with a size up
to ~2 mm. The corresponding Raman spectra measured at
the various positions in this graphene domain are shown in
Fig. 1(b). There are two peaks in each of these Raman spectra,
i.e., the G peak at 1591-1593 cm~! and the 2D peak at 2643—
2645 cm™!.
spectra can be well fitted by a single, Lorentzian function. The
single 2D peaks with full width at half maximum (FWHM)
values of 35-39 cm~! and the peak intensity ratio hp/Ig > 1

The symmetric 2D peak in each of the Raman

(b)
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Fig. 1. (color online) A millimeter-scale graphene domain. (a) Low-magnification optical image showing an individual hexagonal graphene domain; and
the micro-scale patterns on the SiO,/Si substrate are the Ti/Au markers for microfabrication; (b) the corresponding Raman spectra in the ranges marked by
numbers. The hexagon in the inset is a schematic drawing of a graphene domain in panel (a).
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suggests that this domain is a monolayer graphene.[>2! Tt
is noted that no discernible Raman D-peak (disorder-induced
general at ~1345 cm_l) is observed, which indicates that the
graphene domain is a high-quality crystal without defects (or
defects are almost undetectable).[>!! The uniformity of the
millimeter-scale graphene domain is much better than that of
the polycrystalline CVD graphene since the spectral features
of the Raman spectra taken from different positions on this
graphene domain are nearly the same (see Fig. 1(b)).

Dual-channel graphene RF transistors with a ground—
signal-ground (G-S—G) configuration are fabricated by a top—
down process. Figure 2(a) shows the schematic illustration of
the graphene RF transistor on the SiO,/Si substrate. A low-
magnification optical image of arrays of the RF transistors
using a single graphene domain is shown in Fig. 2(b). Fig-
ure 2(c) shows the SEM image of a graphene RF transistor
with two gate fingers. An enlarged SEM image of a graphene
RF-FET with a 50-nm gate length is shown in Fig. 2(d). The
top gate is well aligned with the source/drain electrodes. The
un-gated region between gate and source/drain is only about
20 nm, which can reduce the serial access resistance.

b
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Fig. 2. (color online) Schematic, optical and SEM images of graphene
RF transistors. (a) Schematic diagram of a top-gated, dual-channel
graphene RF transistor on the high-resistivity Si/SiO; substrate. (b)
Optical image of RF transistor arrays, scale bar being 500 um. (Inset)
optical image of an RF transistor with a G-S-G configuration, scale bar
being 500 um. (c) SEM image of a typical top-gated dual-channel RF
device. (d) An enlarged SEM image of a graphene RF transistor with a
gate length of 50 nm.

Figure 3 shows the typical transfer and output character-
istics for graphene transistors with various gate lengths. The
drain current (Ipg) of the graphene transistors shows n-type
FET characteristics since the Dirac point (the minimum drain
current) is always observed at Vg < 0 V. A similar doping be-
havior is also previously observed in graphene FETs fabricated
on SiCP81 and DLCU?! substrates. Generally, the back-gated
graphene transistors fabricated on SiO,/Si exposed to ambi-
ent environment display strong p-doping.*?! For our top-gated

graphene FETs, the exact reason for n-doping remains unclear
but may be due to the doping effect from the top-gate dielec-
tric (Al,03) deposition.[”! With the gate length scaling down
both the Dirac point voltage (Vpp) and the on/off ratio of the
graphene FETs will change. The Vpp will exhibit a negative
shift (e.g., from —1.8 V to —3.8 V) and the on/off ratio will de-
crease from ~4.8 to ~1.7 when the gate length is scaled from
1 wm down to 50 nm as shown in Figs. 3(a)-3(c). The variation
of Vpp and the decrease of on/off ratio are mainly attributed to
two reasons: one is the short-channel effect, which is ascribed
to low electrostatic influence efficiency on the graphene chan-
nel; the other is the contact resistance, whose influence may
become more pronounced in short channel graphene transis-
tors.

The contact resistance (Rc) can be estimated from the
saturated resistance (Rpesiqual) at high top-gate voltage.?¥ As
shown in Figs. 3(a)-3(c), the values of drain current (Isp) in
the graphene transistors with various gate lengths all exhibit
a tendency to saturate as the gate voltage (V) increases more
positively. At a saturated point of Ips (e.g., Vg =5 V), the
total device resistance can be considered to be nearly equal to
the saturated resistance (Ryesiqual) due to the fact that the resis-
tance of heavily doped graphene in the short-channel case can
be neglected.>32*] The Ryegiquar is thus equal to 2Rc. Hence,
the contact resistance Rc is estimated to be in the range of
238 Q- um-263 Q- um from the transfer characteristics of five
50-nm-gate graphene transistors. These Rc values are much
lower than the theoretical value (403 Q - um) for single-sided
Pd contact, which is calculated by using density-functional
theory and non-equilibrium Green’s function methods.>>! The
low contact resistance in our graphene transistor is mainly at-
tributed to both the Pd/Au electrodes and the high quality of
graphene. The millimeter-scale graphene domain is a high-
quality crystal with no detectable defects as shown in Raman
spectra (Fig. 1(b)). The Pd/Au contact is expected to exhibit
relatively low contact resistance compared with other noble
metals, such as titanium. 20!

The field effect mobility ppg of graphene can be approx-
imated as

ey

HFE =

where g, is the transconductance, L is the gate length, Cg is
the gate capacitance, and Vpg is the drain voltage. Cg con-
sists of gate—drain capacitance (Cgp) and gate—source capaci-
tance (Cgs), which can be extracted from the high-frequency
S-parameter measurements. The estimated electron mobility
is 1504 cm?/Vs for the specified 1-um-gate transistor (see
Fig. 3(c)), corresponding to the electron concentration of ~
1.65 x 10'? cm? at room temperature. The as-estimated elec-
tron mobility ranges from 1411 cm?/Vs to 1564 cm?/Vs for
the 1-pm-gate transistors in our research.
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Fig. 3. (color online) Transfer and output characteristics for graphene RF transistors with gate lengths of (a, d) 50 nm, (b, e) 150 nm and (c, f) 1 pm,
respectively. Transfer characteristics are measured at drain-source voltage Vps of 50 mV. Curves of transconductance g, versus gate voltage are shown in

panels (a)—(c) (right y axis).

According to the model proposed in Ref. [27], the elec-
trical transport in the graphene transistor exhibits a transition
from diffusion transport to ballistic transport with the decrease
of gate length. The estimated mean free path (MFP) of our
graphene domain is roughly in the range of 300 nm—600 nm,
which is much larger than that of polycrystalline graphene
(50 nm—110 nm).[?8!

The RF performances of graphene transistors are char-
acterized by measuring S parameters in a frequency range
from 100 MHz to 30 GHz by an Agilent E8363B network
analyzer. A ground-signal-ground (G—S—-G) configuration is
adopted for the RF measurements. A careful open-short de-
embedding procedure is used to remove the parasitic capac-
itances and resistances and evaluate the intrinsic RF perfor-

(8-131 The on-chip “open”

mances of the graphene transistors.
and “short” structures are fabricated with exactly the same lay-
out as that in the graphene transistor, in which no graphene ex-
ists in the “open” structure nor the gate, while the source and
drain are shortened by Pd/Au metal in the “short” structure.
The cut-off frequency (fr) is a key figure of merit for
the RF circuit design, at which frequency, the short-circuit
small-signal current gain || of a graphene transistor drops
to unity. The fr is theoretically predicted to be proportional
to gm/Cg. The DC characteristics of the graphene transis-
tors thus provide a reference for selecting an appropriate DC
bias. In RF measurements, the electron conduction branch,
with higher transconductance, is chosen to evaluate ft of the

graphene transistor. Figure 4(a) displays the values of intrinsic
current gain |hy1| of the three graphene transistors with gate
lengths of 1 pum, 600 nm, and 150 nm, showing cut-off fre-
quencies of 20 GHz, 34 GHz, and 85 GHz, respectively, by an
ideal —20 dB/dec linear extrapolation. The cut-off frequency
reaches 178 GHz after the de-embedding when scaling the gate
length down to 50 nm. The Gummel’s method is employed to
verify the accuracy of the cut-off frequency obtained by linear
extrapolation.[%!% The consistency between the two methods
confirms the accuracy of the fr value, as shown in the inset of
Fig. 4(b).

Figure 4(c) shows the gate length dependences of the cut-
off frequency. The top five highest cut-off frequencies for each
gate length are counted and plotted. The dependence of the ft
curve exhibits a 1/L trend, which is in good agreement with

s.[%121 The fr variations for graphene

that in previous report
transistors of the same gate size, especially in the channel case
(L <300 nm), may result from the variation of the channel
mobility.®®! From this fr—L curve, the further scaling down of
the gate length is still an effective way to reach a much higher
fr. Note that the dependence of fr does not follow a theo-
retically predicted 1/L? relation, which suggests that the con-
tact resistance (Rc) may limit the device performances in the
short-channel graphene transistors. ']

Another important RF characteristic is the maximum os-
cillation frequency fmax, defined as the frequency at which
the power gain of the graphene transistor falls to unity. The

117201-4



Chin. Phys. B Vol. 23, No. 11 (2014) 117201

10°
‘\(&) L= 150 nm
‘\\ e L= 600 nm
B \ aL=1pm
< 10!
% 85 GHz
100 \s i
10° 10 10°
Frequency/GHz
200 =y
N |(C)
o |
E 150 F
9]
2 \
E \
g 100F §
o i 1/L trend
-
© \
= 50f \{
© ~ o 8
Tt~z
0 . N . . N

0 200 400 600 800 1000
Gate length/nm

10° ~
s (D)

e =178 GHz,

0 10 20 30
Frequency/GHz

. L= 50 nm
‘. 178 GHz

100 .l AY
10° 10' 10
Frequency/GHz

1
10 (d) ¢L = 50 nm

«» L= 150 nm|
oad L = 600 nm|

L4 »L=1pm

U2

10°

10° 10
Frequency/GHz

Fig. 4. (color online) Radio-frequency performances of FETSs using millimeter-scale graphene domains. (a) Variations of de-embedded small-signal current
gain |hy; | with frequency for a 150-nm-gate (m), a 600-nm-gate (o), and a 1-um-gate (A) graphene FET. The cut-off frequencies are 85 GHz, 34 GHz, and
20 GHz for the 150-nm, 600-nm, and 1-pm devices, respectively. (b) Curves of small-signal current gain || versus frequency for a 50-nm-gate graphene
FET before (M) and after (#) de-embedding. The inset shows the linear fitting using Gummel’s method. (c) Variations of peak fr with gate length (L),
obtained from 30 devices; the dashed line denotes a 1/L dependence; and (d) Mason’s unilateral power gains versus frequency for the four devices. A peak

fmax of 35 GHz is obtained from the 150-nm device.

Mason unilateral power gain U is extracted from the de-
embedded S parameters and plotted in Fig. 4(d). Here, U is
introduced only when the transistor acts as an amplifier with
unconditional stability (i.e., stability factor K > 1). The max-
imum oscillation frequency fmax of 22 GHz, 33 GHz, and
29 GHz are obtained for the transistors with the gate lengths of
50 nm, 600 nm, and 1 pum, respectively. The maximum fax
reaches 35 GHz for the transistor with L = 150 nm. The avail-
able fmax further confirms the accuracy of our de-embedding
process. Unlike the gate length dependence trend of fr, fmax
does not increase continuously, but exhibits a peak value when
scaling down the gate length of RF transistors.[”"1% The fiax,
representing the extrinsic performance of the device, is af-
fected by various factors, such as output resistance (rp), gate
resistance (Rg), gate capacitor (Cg), and fr, which lead to
the nonmonotonic trend of the fiax—L curve and the perfor-

(9121 The gate length depen-

mance gap between fp.x and fr.
dence trends of fnax in our devices are coincident with those
reported in Refs. [9] and [10]. Although the device structure is
not yet fully optimized, a high cutoff frequency up to 178 GHz
is realized directly on the bare SiO,/Si substrate using a con-
ventional microfabrication process, which demonstrates that
the millimeter-scale graphene domain has great potential ap-

plications in the radio frequency technique.

4. Conclusion

In this paper, we propose a new route to develop high-
performance transistors for radio-frequency (RF) applications
using a single graphene domain. We successfully prepare the
monolayer graphene domain with a size up to ~2 mm. No
discernible Raman D peak is observed in the graphene do-
main, which indicates that the graphene domain is a high-
quality thin film without detectable defects. Top-gated, dual-
channel graphene RF transistors, each with a ground-signal—
ground (G-S-G) configuration, are fabricated by a CMOS
compatible top—down process on the high-resistivity Si/SiO;
substrates. Three graphene transistors with gate lengths of
1 wm, 600 nm, and 150 nm are achieved to have cut-off fre-
quencies of 20 GHz, 34 GHz, and 85 GHz, respectively. The
cut-off frequency reaches up to 178 GHz when scaling the gate
length down to 50 nm. A maximum oscillation frequency fiax
of the 150-nm transistor reaches 35 GHz. Our work demon-
strates that it is feasible to create high-performance RF-FETs
using the millimeter-scale single graphene domain, which will
have great potential applications in radio-frequency electron-
ics. Most recently, the wafer-scale growth of single-crystal
graphene has been demonstrated on the surface of hydrogen-
terminated Ge (110) or Ge (111).1?! It is suggested that our
work may open up possibilities of achieving the wafer-scale
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RF integrated circuit using single-crystal graphene.
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