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Short-Channel Graphene Mixer
With High Linearity
Qingguo Gao, Xuefei Li, Mengchuan Tian, Xiong Xiong, Zhenfeng Zhang, and Yanqing Wu

Abstract — Frequency mixers based on short channel
transistors using single crystal chemical vapor deposited
graphene were fabricated and the linearity of these mixers were fully characterized. The linearity increases with
decreasing gate length while the input third-order intercept
point is independent on local oscillation (LO) power for the
short channel 100-nm transistors. 20-dBm 1-dB compression point (CP1dB ) and 29-dBm third-order intercept point
can be achieved for the 100-nm-gate-length graphene mixer
at 15-dBm LO Power. The excellent linearity of the short
channel graphene mixers shows potential for applications
in high-quality radio frequency front ends.
Index Terms — Graphene, field effect transistors, mixer,
linearity, IIP3.

I. I NTRODUCTION

G

RAPHENE has attracted enormous attention in radio
frequency (RF) electronics [1]–[4] due to its high carrier
mobility and saturation velocity. High-frequency graphene
transistors with cutoff frequency beyond 300 GHz [5]–[7] and
maximum oscillation frequency of 105 GHz [8] have been
demonstrated. Meanwhile, great progress has been made to
improve the performance of graphene RF circuits, especially
in graphene mixers. Madan et al. [9] used scaled gate oxide
and demonstrated a graphene mixer with a high conversion
gain of −14 dB. Andersson et al. [10] reported a resistive
subharmonic graphene mixer operating at 215 GHz based on
multichannel FETs.
It is well known that, other than conversion gain and
frequency, mixer linearity is a very important parameter in
transceiver designs, because the system linearity is mainly limited by the first down-conversion mixer. Andersson et al. [11]
investigated the linearity of a 1 μm long graphene mixer and
reported an input third-order intercept point (IIP3) of 4.9 dBm
at a local oscillation (LO) power of 2 dBm. An IIP3 of 21 dBm
at a LO power of −1.1 dBm was demonstrated by Lyu et al.
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on 500 nm gate length graphene FETs [12]. Moon et al. [13]
reported an IIP3 of 22 dBm based on a 250 nm gate length
graphene mixer at a LO power of 3.5 dBm. Despite the above
progress, more research about graphene mixer linearity is still
needed to fully explore the potential of graphene devices, as
well as systematic study on the linearity dependence on gate
length [14], [15].
In this letter, we investigated the linearity of graphene FETs
with gate lengths down to 100 nm. The 1dB compression
point (CP1dB ) of graphene FETs with 100 and 600 nm gate
length are 20 and 18 dBm at a LO power of 15 dBm, respectively. Moreover, a record high IIP3 29 dBm for graphene
mixer with a gate length of 100 nm at a LO power of 15 dBm
was achieved. Furthermore, the IIP3 versus LO power result
shows that IIP3 is independent of LO power for the 100 nm
gate length device, which is different from the long channel
devices.
II. D EVICE FABRICATION AND DC C HARACTERIZATION
Single crystal monolayer graphene film was grown on a
25 μm copper film by chemical vapor deposition (CVD)
process at 1070 °C. First, a Cu-foil enclosure was developed
to improve the growth environment. The copper enclosure was
loaded into the CVD system with a 3-inch quartz tube, then
heated to 1070 °C with 100 sccm Ar flow and pre-annealed in
Ar atmosphere for 60 min. Graphene was grown at 1070 °C
by flowing methane and hydrogen over the foil at flow rates
of 0.4 sccm and 60 sccm, respectively. Using a poly (methyl
methacrylate) (PMMA) film as a protective layer, the graphene
sheet was then separated by dissolving the copper film using
(NH4 )2 (SO4 )2 solution. The resulting graphene/PMMA layer
was transferred onto high resistive Si wafers covered with
24 nm atomic-layer-deposited (ALD) HfO2 , where high mobility graphene channel can be obtained [16], and lastly, the
PMMA layer was later dissolved in acetone. Fig. 1a shows
a scanning electron microscopy (SEM) image of our single
crystal graphene after transfer. To evaluate the quality of
the graphene, we performed Raman measurements on the
graphene as shown in Fig. 1b, confirming the high quality
of single crystal monolayer graphene.
Graphene transistors were fabricated using conventional
top-down approach. The schematic view of the graphene
transistors is shown in the inset of Fig. 1c. The source and
drain electrodes of titanium gold (10/50 nm thick) stack
were fabricated by e-beam lithography and e-beam evaporation. The top-gate dielectric was formed by oxidation of
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Fig. 1.
(a) SEM and (b) Raman characterization of single crystal
monolayer graphene transferred on 24 nm HfO2 /Si. Scale bar, 200 µm.
(c) Transfer characteristics of Lg = 600 nm mixer at Vd = −0.6 V.
Inset, schematic view of graphene mixer (d) Transfer characteristics of
Lg = 100 nm mixer at Vd = −0.6 V. Inset, a SEM image of the 100 nm
dual channel graphene mixer. Scale bar, 500 nm.

2 nm-thick aluminum followed by 15 nm low-temperature
ALD Al2 O3 . The top-gate electrodes were patterned using the
same approach as source and drain electrodes. An SEM image
of a fabricated device is shown in the inset of Fig. 1d, confirming a gate length of 100 nm with an excellent alignment
between the gate and the source/drain electrodes. The un-gated
region between gate and source/drain is around 40 nm with
minimized access resistance for short channel devices [7].
DC transfer characteristics of the 100 and 600 nm transistors
are shown in Fig. 1c and 1d, respectively. As shown in Fig. 1d,
the Dirac point is very close to zero gate voltage for the L g =
100 nm device, indicating a low level charge doping of the
graphene FETs during the device fabrication processes. The
near zero Dirac point voltage decreases dc bias requirement
when the graphene devices function as an ambipolar mixer [2].
The carrier mobility of 3300 cm2 /Vs was extracted by the
method described in [17], using device with Lg = 40 μm and
W = 12 μm. The contact resistance of around 130 ·μm was
obtained by the transmission line method. All the measurement
was carried out in a vacuum environment at room temperature.
III. G RAPHENE M IXER AND 1dB C OMPRESSION P OINT
Due to the near-symmetric ambipolar current conduction,
graphene FETs-based mixers can effectively suppress oddorder intermodulation and lead to lower spurious emissions in
circuit [2]. To further explore the linearity of graphene RF circuits, we configured a graphene mixer as shown in Fig. 2a. The
graphene mixers were biased at Dirac points and ambipolar
mixing can be achieved through gate mixing of the LO and
RF input signals. First, the LO and RF inputs of 3.8 GHz
and 4 GHz were combined using an external power combiner.
When they were introduced to the gate, the graphene FET
mixes the signals to generate output signals with a frequency
of the difference ( f RF − f LO = 200 MHz) and sum ( f RF +
f LO = 7.8 GHz), as shown in the output power spectrum
in Fig. 2b. The conversion gain is −31 dB when both the
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Fig. 2. (a) Measurement setup for graphene mixer. (b) Output spectrum
of graphene mixer with fRF = 4 GHz and fLO = 3.8 GHz at equal power
5 dBm, Lg = 600 nm. (c) And (d) measured IF power versus RF power
at 4.2 GHz RF frequency, for Lg = 600 nm and Lg = 100 nm mixer,
respectively. LO power is equal to 15 dBm.

RF power and LO power are 5 dBm. The measured isolation
of LO-to-IF and RF-to-IF is higher than 40 dB at a LO power
of 5 dBm [18].
The linearity was first characterized by examining the output
intermediate frequency (IF) signal power dependence on input
power of RF signal. The graphene mixers with a gate length
of 600 nm and 100 nm exhibit a CP1dB of 18 dBm and
20 dBm as shown in Fig. 2c and 2d, respectively, where the
LO power is 15 dBm and Vd = 1 V. This is the highest
performance for graphene based mixer reported so far to the
best of our knowledge, and is 8 dB higher than that reported
in [13]. We attribute this high performance to the high material
quality and low access resistance and contact resistance of our
graphene transistors [19].
IV. T WO -TONE T EST
Another figure-of-merit to characterize linearity is IIP3,
which is the maximum level of the input RF signals that are
converted into undesired signals near or within the IF signal
band. IIP3 can be characterized by the intermodulation levels,
mostly the third-order intermodulation (IM3). To evaluate the
IIP3 of our graphene mixer, two-tone measurement was carried
out for intermodulation measurement with f RF,1 = 4.09 GHz,
f RF,2 = 4.11 GHz and fLO = 4 GHz. The graphene mixers
were biased at Dirac points and Vd is fixed at 1 V for all
gate lengths. Fig. 3a shows the measurement setup for the two
tone test on graphene mixer. The down-converted IF responses
were at f IF,1 = 90 MHz and f IF,2 = 110 MHz, and thirdorder intermodulation responses at 2 f IF,1 − f IF,2 = 70 MHz
and 2 f IF,2 − fIF,1 = 130 MHz as shown in Fig. 3b. For the
L g = 600 nm device, the IIP3 is calculated to be 17.4 dBm,
using
I I P3 = R Fin + (I F − I M3)/2,

(1)

and at the LO power is equal to 0 dBm. For the L g =
100 nm device, the IIP3 is calculated to be 28.7 dBm, and
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Fig. 4. (a) Linear and third-order response on RF power of Lg = 600 nm
mixer at 4 GHz, LO power is equal to 0 dBm. The IIP3 is extrapolated
to be 17.6 dBm. (b) Linear and third-order response on RF power of
Lg = 100 nm mixer at 4 GHz, LO power is equal to 15 dBm. The IIP3
is extrapolated to be 29 dBm. (c) Extrapolated IIP3 versus LO power at
different gate lengths.

Fig. 3.
Two-tone test. (a) Measurement setup for graphene mixer
linearity. (b) Measured two-tone spectra of Lg = 600 nm mixer at 4 GHz,
LO power is equal to 0 dBm. The IIP3 is calculated to be 17.4 dBm.
(c) Measured two-tone spectra of Lg = 100 nm mixer at 4 GHz,
LO power is equal to 15 dBm. The IIP3 is calculated to be 28.7 dBm.
(d) Calculated IIP3 versus LO power at different gate lengths. As the
gate length decrease, IIP3 has weaker dependence on LO power.

at the LO power is equal to 15 dBm, as shown in Fig. 3c.
To further characterize the dependence of IIP3 on LO power,
we also measured the IIP3 dependence on LO power with
gate lengths of 100, 200, and 600 nm, and the result is shown
in Fig. 3d. It is clear that for the 600 nm device IIP3 increase
as LO power increase as other reports [11], [20]. As the
gate lengths decrease, the dependence of IIP3 on LO power
becomes weaker. When gate lengths scaled to 100 nm, IIP3 is
almost independent of the LO power. This phenomenon can
be attributed to the different IM3 dependence on LO power
at different gate lengths. For the 600 nm device, the IF signal
power increases monotonically as LO power increases, while
IM3 increases first and starts to decrease at a LO power of
0 dBm. However, for the 100 nm devices, both IM3 and IF
increase monotonically as LO power increases from −5 dBm
to 15 dBm. Thus, from formula (1) IIP3 increases as LO power
increases for 600nm device and becomes independent for
the 100 nm device. The difference of IM3 dependence on
LO power for different gate lengths can be attributed to
capacitance nonlinearity [2], [15], [21].
We also extracted IIP3 by the extrapolation, as the output
power at IFs and IMs follows the theoretical 10- and 30-dB/dec
trend, respectively. As shown in Fig. 4a, the IIP3 of 600 nm
device from extrapolation method is 17.6 dBm at LO power
of 0 dBm. Fig. 4b shows the IIP3 of the 100 nm device, which
is as high as 29 dBm at LO power of 15 dBm, exhibiting the
high linearity of our graphene mixers. The extrapolated values
are consistent with the calculated ones use the formula (1).
The extrapolated IIP3 dependence on LO power with different
gate lengths is shown in Fig. 4c, exhibiting the same trends
of calculated values. It should be noted that, the ratio of IIP3
to 1 dB compression point is 8.7 dB and 9 dB for 600 and
100 nm device, respectively, which are close to the theoretical
value of 9.6 dB for a general two-port system [14], [22].

TABLE I
C OMPARISON OF M IXER W ITH D IFFERENT T ECHNOLOGIES

Another method of comparing linearity is IIP3 quality factor,
Q(I I P3) = I I P3/PLO , where PLO refers to LO power. The
maximum Q (IIP3) achieved here is 33.6 dB at LO power of
−5 dBm, which is the highest value among graphene mixers.
In addition, the comparison between our graphene mixers
and other graphene mixers as well as those based on CMOS
technology [23] is presented in Table I. It is clear that the
linearity of our graphene mixer is higher than other results.
We should note that, the conversion gain of graphene mixers
still needs further improvement in order to approach the performance of mixers based on existing technologies. We believe
mixers based on AB stacking bilayer graphene with a tunable
bandgap, which have better current saturation and larger on-off
ratio, have the potential of achieving higher conversion gain.
V. C ONCLUSION
In conclusion, this letter studies short-channel graphene
mixer based on single crystal CVD graphene on HfO2 substrates. As the gate length of graphene device decreases, the
linearity of graphene device becomes better, and we achieve
record high IIP3 and Q (IIP3) at 100 nm gate length. Meanwhile, we find that as gate lengths decrease, the dependence
of IIP3 on LO power becomes weaker and the IIP3 of the
shortest 100 nm device is almost independent on LO power.
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