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Improvement of Conversion Loss of Resistive
Mixers Using Bernal-Stacked Bilayer Graphene
Mengchuan Tian, Xuefei Li , Qingguo Gao, Xiong Xiong, Zhenfeng Zhang, and Yanqing Wu
Abstract — In this letter, we present dual-gate Bernalstacked bilayer graphene FETs which are used for
gate-pumped resistive mixers. The results show that the
conversion loss improves when the device on/off ratio
increases. At 2 GHz, a record conversion loss of 12.7 dB
has been obtained from 0.16 µm device among graphene
resistive mixers. Furthermore, more than 10 dB change of
conversion loss has been obtained by adjusting the electric
displacement field by dual-gate Voltages. Finally, the hightemperature characteristics of this type of graphene mixer
exhibit excellent thermal stability with only 2 dB degradation
in conversion loss from 300 to 380 K. This result shows
that the Bernal-stacked bilayer graphene mixer is promising
for low-loss and high-temperature radio frequency circuit
applications.
Index Terms — Bilayer graphene, FETs, resistive mixer,
conversion loss, high temperature.

I. I NTRODUCTION
INCE the first report of the graphene-based mixer [1],
different types of graphene mixers have been proposed,
including ambipolar mixers [1]–[5], resistive mixers [6]–[13],
metal-insulator-graphene diode mixers [14], and broadband
mixer based on asymmetric two-terminal graphene device [15].
Among the various graphene mixers, the passive gate-pumped
resistive mixer has attracted much interest due to its low
level of undesired intermodulation products and virtually zero
dc power consumption. Up to now, the typical conversion
loss (CL) of the gate-pumped graphene resistive subharmonic
mixers is in the range of 18-31 dB at different operation
frequencies [7]–[9], [13]. Moon et al. [10] reported an IIP3 of
27 dBm and a CL of 14 dB at 2 GHz based on a gate-pumped
fundamental graphene resistive mixer. Lyu et al. [11] demonstrated an IIP3 of 21 dBm and a CL of 33 dB at 3.5 GHz by
using a double-balanced graphene gate-pumped resistive mixer
integrated circuit. Despite impressive progress on the linearity
of the resistive mixer, achieving a low CL remains a challenge.
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It is well known that the CL of a gate-pumped resistive mixer
is essentially proportional to 1/(max − min )2 , of which 
is the reflection coefficient expressed as (Rds − Z 0 )/(Rds +
Z 0 ) [16]. The Rds is drain-source channel resistance and Z 0
is circuit embedding impedance. To obtain a low CL, the onstate of the channel resistance should be as small as possible
to make the optimal impedance Z opt = (Rmax Rmin )1/2 close to
Z 0 [7], [9]. On the other hand, a high channel resistance is also
needed through gate voltage control, indicating the necessity of
a high on/off ratio, which is defined as Rmax /Rmin . It has been
proven that the theoretical CL of resistive mixers improves
with increasing on/off ratio and reaches saturation with on/off
ratio approaching 100 in traditional semiconductors [16]. To
date, however, all resistive graphene mixers are based on zerobandgap monolayer graphene (MLG) which suffers from a
small on/off ratio. In order to obtain a higher on/off ratio and
proper impedance levels, some have proposed a new type of
graphene device channel which is patterned in the form of an
array of bow-tie structures [9]. Although the maximum on/off
ratio of 7 has been obtained through the complex fabrication
process, it is still not large enough to obtain a desirable low
loss resistive mixer. In contrast to the MLG, Bernal-stacked
bilayer graphene (BLG) shows a tunable bandgap under a
vertically applied electric field, exhibiting a high on/off ratio
[17], which holds great potential for low-loss resistive mixers.
In this letter, we have carried out in-depth characterization
on the Bernal-stacked BLG resistive mixers for the first time.
Starting with the Bernal-stacked BLG growth by chemical
vapor deposition (CVD) process, we then characterize the CL
of the BLG FET mixers versus on/off ratio for different gate
length devices. Subsequently, the dependence of CL on the
gate voltage has also been studied. Finally, high-temperature
characteristics up to 380 K of this type graphene mixer have
been demonstrated. Our work provides a new method to obtain
resistive mixers with low CL for potential utilization of CVD
graphene in microwave electronics.
II. BLG G ROWTH AND C HARACTERIZATION
BLG films were synthesized by the CVD process using a
copper pocket method [18]. The BLG growth and transfer
process are following the method in our early work [5] and is
summarized as follows: first, the growth system was heated
to 1070 ◦ C under an H2 flow of 100 sccm and annealed
for 120 min. Subsequently, CH4 and H2 were introduced
into the system for BLG growth at flow rates of 0.5 sccm
and 60 sccm, respectively. Finally, the graphene films outside
the copper pocket were transferred onto a SiO2 /Si substrate
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Fig. 1. (a) SEM photograph of the transferred graphene film. Scale
bar, 40 µm. (b) The intensity ratios of the 2D peak and G peak from
the Raman spectroscopy of 20 BLG domains. Two insets represent the
Raman spectra of a BLG domain and its 2D peak fitting. (c) Resistance as a function of Vbg at different Vtg . The Vds is fixed at 0.1 V.
(d) Two-dimensional plot of resistivity in c.

covered with a 14 nm atomic layer deposited (ALD) high-k
HfSiO dielectric, which was deposited at 300 ◦ C followed by
rapid thermal annealing at 650 ◦ C in nitrogen ambient. The
HfSiO film shows crystallization and the content of Si and
Hf atomic in the HfSiO film is about 5 % and 20 %, respectively. Also, the HfSiO dielectric with a dielectric constant
of 18 is expected to screen the charged impurities located
in proximity to the channel layer, which results in better
carrier mobility [19], [20]. A scanning electron microscopy
(SEM) image of the transferred graphene film is shown in
Fig. 1(a), where BLG domains as large as 100 μm can
be obtained. Raman spectroscopy was used to characterize
the Bernal-stacked nature of the BLG domains, as shown in
Fig. 1(b). The intensity ratios of the 2D peak and G peak for
20 representative BLG domains are all near 1 as expected. The
two insets in Fig. 1(b) show the Raman spectrum of a BLG
domain (left) and its 2D peak fitted with four Lorentz peaks
(right), corresponding to the characteristics of Bernal-stacked
BLG [21]. Dual-gate RF transistors with ground-signal-ground
(GSG) coplanar pad design were fabricated [5]. Both electronbeam lithography (EBL) and electron-beam evaporation (EBE)
processes were used to define the channel (20 μm width),
source and drain contacts (20 nm Pd/60 nm Au), and the gate
electrodes (20 nm Ni/60 nm Au). For top-gate dielectrics, 2 nm
Al was first deposited by the EBE as a seed layer which was
oxidized subsequently, and then 15 nm Al2 O3 was deposited
by ALD at 300 ◦ C. All our devices were fabricated on single
crystalline BLG domains to avoid the scattering effect of grain
boundaries.
Fig. 1(c) shows the channel resistance as a function of the
back-gate voltage (Vbg ) and top-gate voltage (Vtg) at a fixed
drain voltage (Vds ) 0.1 V with a 0.5 μm long BLG FET. All
the measurements were carried out in a vacuum environment.
Fig. 1(d) shows the two-dimensional color plot of channel
resistance in Fig. 1(c). The off-resistance increases in both
directions of back-gate voltage away from Dirac point, which
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Fig. 2. (a) Measurement setup for the gate-pumped BLG FET resistive
mixer. (b) Channel Resistance as a function of Vtg at different Vbg with
Vds = 0.1 V. The inset shows extracted energy bandgap (EG ) versus
on/off ratio. (c) The mixer on/off ratio and CL versus Vbg for the 0.2 µm
long device. (d) The mixer CL versus on/off ratio for our results and those
in references.

is also consistent with previous reports on Bernal-stacked BLG
devices [17].
III. C ONVERSION L OSS OF R ESISTIVE M IXER
Fig. 2(a) shows a schematic view of the gate-pumped
resistive BLG FET mixer test circuit. The external high pass
RF filter and low pass intermediate frequency (IF) filter are
used to separate the RF signal (2.2 GHz) applied to the drain
port and the IF signal (200 MHz) extracted from the drain
port, respectively. The two filters provide good port isolation
which is more than 40 dB for both LO-IF and RF-IF port.
The applied local oscillator (LO) signal power and frequency
is 15 dBm and 2 GHz, respectively. Fig. 2(b) shows the
channel resistance as a function of Vtg at different Vbg for
a 0.2 μm long BLG FET with Vds = 0.1 V. The inset in
Fig. 2(b) shows extracted energy bandgap (EG ) versus on/off
ratio using the method described in previous report [22].
The bandgap at Vbg = −60 V is estimated to be 47 meV.
This relatively small bandgap can be attributed to the more
charge carrier inhomogeneities in wide channel (W = 20 μm)
and thick top-gate dielectric in our devices [23]. Fig. 2(c)
shows the dependence of CL and on/off ratio on the Vbg .
When the Vbg changes, the CL and on/off ratio have an
exactly opposite tendency. Fig. 2(d) shows the relationship
between CL and on/off ratio for our results together with
those in references. As expected, the CL decreases with
increasing on/off ratio. The minimal CL is 12.7 dB for the
0.16 μm device, which is the lowest CL at few gigahertz
frequencies compared with the reported single graphene-based
FET resistive mixers. Moreover, CL changes more than 10 dB
for 0.07 and 0.16 μm long devices over the operation voltage
range, indicating a significant tunable effect of the CL by the
dual-gate voltage. Noteworthily, short channel devices show a
lower CL at high on/off ratios compared to the long channel
device, which can be attributed to a better Z opt for the short
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Fig. 3. (a) CL versus the Vtg at different Vbg . (b) Explanation the CL
dependence on Vtg at fixed LO power of 15 dBm (about 3 V sweeping
range).

channel device. At the on/off ratio of about 4, the Z opt is
about 115  and 48  for the 0.16 μm and 0.07 μm devices,
respectively. The Z opt for the short channel device is closer to
Z 0 = 50  thus leading to a lower CL. This result suggests
a significant advantage of the short channel Bernal-stacked
BLG devices with high on/off ratio for the low-loss resistive
mixers. The performance of the mixer can be further improved
by using higher mobility or higher charge density graphene
materials, where low on-state resistance can be obtained for
optimal Zopt closer to Z0 . In addition, we also measured the
dependence of the CL on the top-gate voltage applied to the
gate port, as shown in Fig. 3(a). It is noted that a minimum
CL can be obtained under optimal bias point which depends
on the channel interface quality, where minimal hysteresis in
the transfer characteristics is highly desired. Fig. 3(b) explains
the dependence of CL on top-gate bias voltage at fixed LO
power. For a fixed LO power level, the gate swing voltage
range remains the same. The Rmax and Rmin change with the
shift of the bias point, thus resulting in the CL change. A large
LO power is necessary to properly pump the resistive mixer
device between the ON and OFF states. Thinner dielectric and
high-k materials can be used for gate dielectric to reduce the
LO power.
IV. H IGH T EMPERATURE C HARACTERISTICS
The ability to operate devices at high temperatures has
proven crucial for reliability assessment. To evaluate the
performance of the gate-pumped graphene resistive mixer with
varying temperatures, we measured the mixer performance as
a function of temperature up to T = 380 K. Fig. 4(a) shows
the channel resistance as a function of Vtg at different Vbg for
the 0.2 μm long device at T = 380 K. Both on-resistance and
off-resistance are increasing with increasing the temperature.
The maximum on/off ratio is about 5 at T = 380 K and
Vbg = −60 V. Fig. 4(b) shows the dependence of CL
and on/off ratio on the temperature. When the temperature
increases, the on/off is decreasing and results in degradation
of the CL. It can be seen that the CL increases by only 2 dB
as the temperature increases from 300 to 380 K. Fig. 4(c)
shows the mixer IF output power versus the RF input power
(RFin ) at Vbg = −60 V. The input 1-dB compression point
decreases from about 2.5 dBm at 300 K to about 1.5 dBm
at 380 K. The inset in Fig. 4(c) shows the time dependent
measurement of the CL at 380 K. There is about 2 dB
degradation of CL after three hours. Fig. 4(d) shows the CL of
the mixer versus LO power. As can be seen, the CL decreases

Fig. 4. (a) The channel resistance as a function of Vtg at different Vbg for
the 0.2 µm BLG FET at 380 K. (b) The mixer on/off ratio and CL versus
temperature. (c) Measured IF output power versus RF input power. Inset
shows long-term thermal stability at 380 K. (d) Measured CL versus
LO power.
TABLE I
C OMPARISON OF S INGLE G RAPHENE FET R ESISTIVE M IXERS

linearly with LO power up to the onset of saturation at
about 15 dBm.
Table I summarizes the measured performance of the BLG
FET mixer and the comparison with other single graphenebased resistive mixers. It is clear that the on/off ratio maximum
and CL minimum of our BLG FET mixer outperform other
results. The minimal CL of the BLG FET mixer is also better
than metal-insulator-graphene diode mixer (15 dB) [14] and
asymmetric two-terminal graphene broadband RF heterodyne
mixer (27 ± 3 dB) [15].
V. C ONCLUSION
In conclusion, the radio frequency characteristics of the
Bernal-stacked BLG gate-pumped resistive FET mixers have
been presented for the first time. The high on/off ratio of 12 by
a perpendicularly electric displacement field results in a record
CL of 12.7 dB. Also, the mixer exhibits relatively good
thermal stability with a 2 dB increase in CL from 300 to 380 K.
The reported Bernal-stacked BLG FET mixer performance
provides important guidelines to obtain high-performance low
power consumption graphene resistive mixers.
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