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Graphene microwave transistors on sapphire substrates
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We have developed metal-oxide graphene field-effect transistors (MOGFETs) on sapphire
substrates working at microwave frequencies. For monolayers, we obtain a transit frequency up to
80 GHz for a gate length of 200 nm and a maximum oscillation frequency of about 3 GHz for
this specific sample. Given the strongly reduced charge noise for nanostructures on sapphire, the
high stability and high performance of this material at low temperature, our MOGFETs on sapphire
C 2011 American Institute of
are well suited for a cryogenic broadband low-noise amplifier. V
Physics. [doi:10.1063/1.3633105]

Graphene is a two-dimensional system with high carrier
mobility that provides a rich playground for building highfrequency devices.1 Although the characterization of graphene’s electronic properties is one of the most active fields in
condensed matter physics, most experiments focus on its dc
properties.
Metal-oxide graphene field-effect transistors (MOGFETs) operating in the microwave range have already been
realized.2–13 Early microwave measurements on MOGFETs
yielded transit frequencies of fT  14.7 GHz at 500-nm gate
length.2 These very promising results were later optimized
further by reducing the gate length3–6 and using different
techniques to grow the top-gate oxide layer.8 Transit frequencies of 100 GHz have been reported for wafer-scale
MOGFETs produced with graphene obtained by graphitization of SiC.5,9 Values up to 155 GHz for a 40-nm gate length
with an almost temperature independent gain6 have been
demonstrated using MOGFETs fabricated with CVD-grown
graphene.6,10 Very recently, transit frequencies up to 300
GHz have been reported using a Co2Si nanowire as gate.11
Despite the lack of an energy gap making graphene unsuitable for logic applications, these results are very promising
for the use of MOGFETs as microwave low-noise amplifiers.
Still, graphene has yet to show its full potential and the
“terahertz gap” remains to be bridged.1
Reducing the gate length and the contact resistance,
improving the carrier mobility, and limiting parasitic capacitances should further improve the high-frequency performance of MOGFETs.1,14–16 Here, we present microwave
measurements of MOGFET devices fabricated on sapphire
substrates. We find transit frequencies up to 80 GHz for a
gate length of 200 nm. The use of such a fully insulating substrate allows to minimize losses and parasitic capacitances
arising from finite conduction of the substrate, which is present even in intrinsic semiconductors. Charge noise is minimized on sapphire, which is therefore used as a substrate for
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microwave devices such as detectors and qubits. Moreover,
because of the high energy of polar optical phonons in sapphire, the substrate-limited mobility for graphene is expected
to be higher than on oxidized silicon. Given the high thermal
conductivity of sapphire, the very high cut-off frequency and
the low impedance of the MOGFET, our device could be
integrated in a monolithic microwave integrated circuit such
as ultra-high bandwidth amplifiers.
Graphene flakes were prepared using Scotch tape micromechanical cleavage on natural graphite and deposited on 330
lm thick C-plane sapphire substrate. The graphene sheets
were located using optical microscopy and characterized by
Raman spectroscopy. Fig. 1(a) shows the Raman spectrum of
the monolayer graphene flake on sapphire used for sample
SP15_MD. The samples were prepared by e-beam lithography. To avoid charging effects of the insulating substrate, we
used a layer of standard PMMA resist plus a second layer of
water-soluble conducting polymer (Espacer 300Z from Showa
Denko K.K.). The contacts were realized by evaporating a
Ti(10 nm)/Al(120 nm) bilayer. A 25-nm Al2O3 gate insulator
was prepared by atomic layer deposition as described by Kim
et al.17 The dielectric constant of our oxide is estimated to
j ¼ 6.4. A second lithography step allowed the patterning of
the top gates followed by a Ti(10 nm)/Al(100 nm) bilayer
deposition. We chose a geometry of a coplanar wave guide
with double-gate structure as shown in Fig. 1(b). The measurements were performed at room and low temperatures (77
K) on RF probe stations. The voltage biases (both drainsource voltage Vds and gate voltage Vg) were applied using a
voltage source and bias-tees (see Fig. 1(c)). The drain-source
current Ids was deduced from the voltage drop across the bias
resistor Rbias. The scattering parameters were measured with a
two-port vector network analyzer (VNA Anritsu 37369C)
calibrated using a short-open-load-thru calibration. In order to
extract the intrinsic transit frequency of the transistor, we
applied a de-embedding procedure by subtracting the signal of
an open and short structure strictly similar to the measured
1
¼ ðYfet  Yopen Þ1
MOGFET using the relation: Ydeemb
1
ðYshort  Yopen Þ , where Y is the admittance calculated
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FIG. 1. (Color online) (a) Raman spectrum of the graphene monolayer on a
C-plane sapphire substrate measured using a 1 mW laser excitation at a
wavelength of 632.9 nm. The small variations in the background are due to
the sapphire substrate. The G and 2D peaks are fitted with single Lorentzians. Inset: optical micrograph of the graphene sheet. (b) Schematics of the
coplanar wave guide (top) and optical micrograph (bottom) of a measured
MOGFET. (c) Schematics of the high-frequency measurement set-up.

from the measured scattering parameters using conventional
two-port network analysis.18 This technique has proven to be
useful to probe diffusion in graphene.19 We will present measurements of device SP15_MD, which showed the best performance in our batch of 10 samples. The double-gate device
has a 200 nm gate length, 800 nm and 3.7 lm channel length
L and width W, respectively. From geometrical considerations,
we estimate the total gate capacitance of the double-gate device Cg  3.5 fF.

FIG. 2. (Color online) Measured dc characteristics of the MOGFET: (a) Rds
and Ids versus Vg measured at Vds ¼ 10 mV. (b) I–V curves taken at
Vg ¼ 2.0 V to 0.25 V in 0.25-V steps (from bottom to top). (c) Maximum
transconductance gDC
mmax versus Vds, the black line is a guide for the eye.
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We characterize the sample’s dc properties to define the
@Ids
parameter range where the transconductance gDC
m ¼ @Vg is
maximum. Fig. 2(a) shows both the resistance and the drainsource current as a function of gate voltage Vg. The resistance was extracted from the I–V curves at relatively low bias
(Vds ¼ 10 mV). Note the low impedance of the device which
is of great advantage for integration in microwave circuits.
We observed that in all the samples the graphene sheet is
naturally n-doped, as expected for aluminum contacts. The
Dirac point could not be reached within our gate-voltage
range. Accordingly, the transconductance gDC
m ðVg Þ does not
saturate but reaches a still considerable value
gm
2WVds ¼ 0:22 mS=lmV. Fig. 2(b) displays I–V curves of the
MOGFET for several gate voltages becoming non-linear at
large bias. We observe a tendency to saturate, but despite the
large current passing through the device a full saturation is
not found, as typically observed in graphene field-effect transistors.20,21 Fig. 2(c) shows the maximum transconductance
gDC
mmax versus Vds, which deviates from linear behavior as
the I–V curves become non-ohmic.
We now discuss the RF properties of our MOGFET.
gm
 j xC
The short-circuit current gain defined as h21 ðxÞ ¼ YY21
11
g
is calculated from the scattering parameters Sij using the
common-source small-signal equivalent circuit model.18 In
Fig. 3(a), the high-frequency transconductance gRF
m corresponding to the real part of the admittance is displayed as a
function of Vds for Vg ¼ 4.3 V. As expected for a diffusive
transistor the gm increases linearly with Vds at low bias and
then starts to saturate. We find a maximum transconductance
gRF
mmax  0:25 mS=lmV at Vg ¼ 5.2 V and Vds ¼ 1.1 V.
According to the definition of the current gain, the transit frequency corresponds to the frequency at which the current
gain is equal to 1 (see Ref. 18 for example) and can be
gm
. We estimate the transit frequency
expressed as fT ¼ 2pC
g
of our device using the gate capacitance obtained from
the geometry, Cg ¼ 3.5 fF, and obtain a transit frequency
fT  70 GHz.

FIG. 3. (Color online) Microwave frequency characterization of the
SP15_MD MOGFET: (a) high-frequency transconductance gRF
m versus Vds
for Vg ¼ 4.3 V. (b) Current gain jh21j as a function of frequency f for
Vg ¼ 5.2 V and Vds ¼ 1.1 V; the lower curve (small blue squares) corresponds to the raw data with a fT  3 GHz and the upper curve (small red
dots) corresponds to the de-embedded data with fT  80 GHz. The inset
shows the MAG and the unilateral power gain (U) as a function of frequency.
For jh21j, MAG, and U, a 1/f dependence is indicated as solid line.

Downloaded 13 Sep 2011 to 129.199.116.200. Redistribution subject to AIP license or copyright; see http://apl.aip.org/about/rights_and_permissions

113502-3

Pallecchi et al.

Fig. 3(b) shows the measured current gain jh21(x)j as a
function of frequency obtained both from the raw data and after de-embedding. In both cases a clear 1/f behavior is
observed. The measured transit frequency of the raw data
reaches 3 GHz while after de-embedding, we obtained fT
 80 GHz which is very close to the estimated value, confirming the accuracy of our de-embedding procedure. It is important to note the very high transit frequency despite the
relatively low mobility of our top-gated devices
(200  l  500 cm2 s1 V1). The inset of Fig. 3(b) shows the
maximum available gain (MAG) and the unilateral power gain
U (also called Mason’s invariant)18,23,24 calculated from the
deembedded scattering parameters. We observe a maximum
oscillation frequency fmax (defined as Uðf Þjf ¼fmax ¼ 1) of about
3 GHz. However, the small value of the ratio f max
fT is character1
istic of graphene samples. We point out that a high current
bias induces additional doping of the graphene sheet leading to
a shift of the Dirac point towards higher negative Vg. As a consequence, the highest value of gm may lie outside the accessible
gate voltage range. Therefore, the full potential of the MOGFET may be even superior to what is shown by these
measurements.
The sample was measured several times, and despite a
long time between the measurements (up to two months) the
only difference was a higher n-doping level and a lower impedance but the microwave data were identical. Measurements at low temperature confirmed that the performance of
the MOGFET is extremely stable, as also reported by Wu et
al.,6 and remains strictly similar to the room-temperature
data. We have also investigated a MOGFET based on bilayer
graphene which showed much lower performance.22
To conclude, we have performed microwave measurements of MOGFETs on sapphire substrates. We find a large
cut-off frequency of 80 GHz, which is only a factor of two
smaller than state of the art MOGFET transistors with a
40-nm gate length, demonstrating the high performance of our
MOGFET. Our results confirm the high potential of sapphire
as a substrate for high-frequency ultra low noise graphene
transistors. The performance of the MOGFET could be further
improved by scaling down the gate length and by depositing
graphene on boron nitride for example.25 Low-temperature
measurements demonstrate that our MOGFET on sapphire is
compatible with the design of a broadband cryo-amplifier.
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