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ABSTRACT: In a modern wireless communication system,
signal amplification is critical for overcoming losses during
multiple data transformations/processes and long-distance
transmission. Common mode and differential mode are two
fundamental amplification mechanisms, and they utilize totally
different circuit configurations. In this paper, we report a new
type of dual-gate graphene ambipolar device with capability of
operating under both common and differential modes to
realize signal amplification. The signal goes through two stages
of modulation where the phase of signal can be individually
modulated to be either in-phase or out-of-phase at two stages
by exploiting the ambipolarity of graphene. As a result, both
common and differential mode amplifications can be achieved
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within one single device, which is not possible in the conventional circuit configuration. In addition, a common-mode rejection
ratio as high as 80 dB can be achieved, making it possible for low noise circuit application. These results open up new directions
of graphene-based ambipolar electronics that greatly simplify the RF circuit complexity and the design of multifunction device

operation.
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With over half of the world’s population having access to
cellular phones and other mobile/wearable information
devices, there is a definite movement toward the realization of
ubiquitously available wireless communication system that are
even more compact and portable. Among the wireless
communication system, signal amplification is one of the key
processes for overcoming losses during multiple data trans-
formations and long-distance transmission. There are four basic
types of electronic amplifiers: voltage, current, transconduc-
tance, and transresistance amplifiers.” Generally, the voltage
amplifier is the most common one and widely used in modern
circuit architecture. More specifically, there are two main kinds
of amplification mechanisms for voltage amplifiers, that is,
common and differential mode amplifications, respectively.”
Common mode is basically the most generic concept of
amplification, which amplifies particular input signal, while the
differential mode amplifies the voltage difference between two
input signals. Both the common and differential mode
amplifiers are crucial and widely used in the circuitry nowadays,
however, they utilize two totally different circuit configurations.

During the past decade, graphene has been widely studied
and has shown extremely high intrinsic carrier mobility at room
temperature,” > linear dispersion relation in energy band
structure, and ambipolar behavior for both electron- and
hole-dominated regions.°”® In particular, the intriguing
ambipolarity of graphene has enabled unique RF device
applications”'? which not only provide greater controllability
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for signal processing and modulation but with much simplified
circuitry. Recent advances in graphene-integrated electronics
have led to notable progress: a number of RF integrated circuits
with various functionality have been successfully demonstrated
including mixer,"' ~'* frequency doubler,'>'° tripler,'” multi-

. 18,19
plier, ™ Moreover, researchers
—27

antenna,””"*” and receiver.”
also achieved circuit logic operation,™*
529 and electromechanical devices, such as resonators
and switch.””> Flexible and transparent graphene-based device
and circuitwere also demonstrated,”****° which further
showcase the possibilities of graphene for novel nanoelectronic
applications.

In this paper, we report an extremely simple device design
that can be programed to achieve the functionality of both
common and differential mode amplifications. We designed and
fabricated a new type of dual-gate graphene ambipolar device,
where the phase of the RF signal can be modulated
independently at two gates to be either in phase or out of
phase. This unusual tunability is enabled by the unique
ambipolarity of graphene and leads to both common mode and
differential mode operations in a single device. In addition,
these devices can achieve a common-mode rejection ratio
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Figure 1. Device geometry of dual-gate graphene ambipolar device and its operation mechanism. (a) Schematic of the device. Source (S) and drain
(D) electrodes are shown in red, and the dual-gate electrodes (G1 and G2) are shown in yellow. (b) The SEM image of the fabricated device. Scale
bar, 10 um. (c) The conductance versus gate voltage response curves for gate 1 (black) and gate 2 (red). The inset illustrates the proposed
equivalent circuit symbol of our dual-gate graphene ambipolar device. (d) Schematic showing the common mode operation mechanism. Two ac
inputs (v,; and v,,,) are supplied through two gates, and the output signal (v,,,) is recorded at the drain of the device with source grounded. (e)

Schematic showing the differential mode operation mechanism.

(CMRR) as high as 80 dB, making it relevant for low noise
circuit applications.

Figure la shows the schematic of dual-gate graphene
ambipolar device structure and the scanning electron micro-
scope (SEM) image of the actual fabricated device is shown in
Figure 1b. Briefly, a monolayer graphene film grown by
chemical vapor deposition (CVD) is transferred and patterned
into transistor channel, and two electrostatically coupled metal
gates, deposited after drain-source metal and dielectric layer,
provide modulation to the RF signal (Supporting Information
S1). During a typical operation, drain-source is dc biased with a
supplied voltage, and two gates are dc biased at the desired
biasing points. The ac input is supplied through two gates via
bias tees, and the output signal is recorded at the drain with a ac
lock-in amplifier and oscilloscope. The conductance-gate
voltage transfer curves for two independent gates are shown
in Figure lc, where the ambipolarity is clearly presented with
Dirac points at —0.6 and —0.34 V for gate 1 and 2, respectively.
The carrier mobility can be extracted by fitting the transistor
transfer curves,”**® and the device presented in Figure Ic has a
hole mobility of 844 cm”> V™' s™" and electron mobility of 866
cm?® V! 57! (Supporting Information S2). Here, both gate 1
and 2 offer electrostatic control of electron-dominated versus
hole-dominated transport within graphene channel (Supporting
Information Figure S1). We propose a new equivalent circuit
symbol, shown in Figure lc inset, for our ambipolar device to
represent in dual gate tuning.

Next, we examine how independent modulation by the two
gates can be configured to achieve common and differential
mode operations. The key principle lies in the ambipolarity of
graphene: the phase of an ac input can be shifted by 180° when
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switching the dc gate biasing point from electron-dominated
region to hole-dominated region, and vice versa.”®

To achieve common mode operation, one can configure the
phase modulation of gate 1 and 2 to be in phase by dc biasing
two gates in the same electron- (or hole-) dominated region
(Figure 1d). As shown in the schematic, two in-phase input
signals are amplified with the same phase, which lead to two in-
phase outputs and add up to a significant overall output signal.
On the other hand, two out-of-phase input signals yield two
out-of-phase outputs, which cancel each other and lead to a
negligible overall output signal. As the result, the dual-gate
graphene ambipolar device is functioning as a common-mode
amplifier.

For differential more operations, one can configure the phase
modulation of gate 1 and 2 to be out-of-phase (n—p or p—n
region) by dc biasing one gate in electron-dominated region,
and the other gate in hole-dominated region (Figure le).
Contrary to the common mode operation, two out-of-phase
input signals are amplified with opposite phase, which lead to
two in-phase outputs and add up to a significant overall output
signal. On the other hand, two in-phase input signals yield two
out-of-phase outputs, which cancel each other and lead to a
negligible overall output signal. As the result, the dual-gate
graphene ambipolar device is configured as a differential mode
amplifier by simply changing the gate biasing conditions. We
note that one can also operate one of the gates at the charge-
neutral Dirac point, and the device will become a typical
graphene transistor.

To experimentally verify the common mode operation, we
test our dual-gate graphene ambipolar device with two in-phase
ac inputs. Figure 2a shows the electrical measurement setup.
Here, we use the built-in sinusoidal wave generated from the
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Figure 2. Common mode operation demonstrated by the dual-gate graphene ambipolar device. (a) Diagram of the electrical measurement setup. R,
= 0.5 kohm and Vg4 = 10 V. (b) The time-traced ac voltage amplitude curves recorded for input and the outputs under n—n, p—n, p—p, and n—p
dual-gate biasing conditions. (c) Two-dimensional color plot of output voltage amplitude versus the dual-gate biasing voltages. In—phase ac inputs
(v, = 10 mV) are supplied at two gates during the measurement for common mode operation.

lock-in amplifier (Stanford Research Systems SR830) as our ac
source (v,. = 10 mV, f = 100 kHz), which is coupled into two
gates through bias tees for the two ac inputs. The output signal
is measured at the drain using the lock-in amplifier with source
grounded. Four different gate biasing conditions are tested,
which are n—n (V,; =3.5V, V, =2.8V), p—p (V; =02V, V,,

—0.3V), p—n (V,; = 2.5 V Vg =238 V), and n—p (Vgl =
3.6V, Vy,=-23 V% regions. Figure 2b shows real-time output
signal waveform under these four gate biasing conditions,
together with the input waveform. When two gates are biased
in the same electron-dominated (n—n) or hole-dominated (p—
p) region, we recover the sinusoidal waveform at the output.
On the contrary, when two gates are biased in p—n or n—p
region, the output signal amplitude is negligible. These results
confirm the common mode operation mechanism illustrated in
Figure 1d. Furthermore, in order to present the complete
picture of how dual-gate graphene ambipolar device response to
two in-phase inputs, we measure the output signal amplitude
when sweeping both gates across the Dirac point (Figure 2c).
As shown in the two-dimensional color plot, the output signals
in n—n and p—p regions are significantly larger than the signals
in p—n and n—p regions. The maximum achievable common
mode gain is larger than unity under corresponding gate biasing
point in n—n region. We note that the slight difference in n—n
and p—p regions is caused by the asymmetry of electron and
hole transport.

We also examine the differential mode operation by testing
the same dual-gate graphene ambipolar device with two out-of-
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phase inputs. Here, we use a phase shift circuit (Supporting
Information Figure S2) in one of the gates in order to achieve
180° phase difference between two inputs (Figure 3a). We
again tested four different gate biasing conditions, which are n—
n(Vl—ZSV Vg =34 V), p—n (V, 08VV2—3.2V),
p— p( OSVV =—03V),andn —p (V, 1—24V
0.5 V). As shown in Flgure 3b, we recover a strong smusmdal
waveform at the output when two gates are biased in p—n or
n—p regions. On the contrary, when two gates are biased in n—
n or p—p region, the output signal amplitude is negligible.
These results contrast the common mode operation shown
earlier, and confirm the differential mode operation mechanism
illustrated in Figure le. A more complete picture is shown in
Figure 3¢, where the output signal amplitude is again plotted
against two gate biasing voltages. Noticeably, large output signal
regions are located in n—p or p—n regions, which is the exact
opposite of the common mode operation scenario shown in
Figure 2c. Furthermore, a voltage gain higher than 1.7 is
obtained under differential mode operation.

With the results from both common and differential mode
operations, we can further calculate the common mode
rejection ratio (CMRR) given by

Ad
CMRR = 20 lng m dB

where Ay and A, are the amplification gain for differential and
common mode operation. The calculated two-dimensional
CMRR at varying gate biasing voltages is shown in Figure 4.
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Figure 3. Differential mode operation demonstrated by the dual-gate graphene ambipolar device. (a) Diagram of the electrical measurement setup.
Ry = 0.5 kohm and V4 = 10 V. A phase shift circuit is used in one of the gates in order to achieve 180° phase difference between two inputs. (b) The
time-traced ac voltage amplitude curves recorded for input and outputs under n—n, p—n, p—p, and n—p dual-gate biasing conditions. (c) Two-
dimensional color plot of output voltage amplitude versus the dual-gate biasing voltages. Out-of-phase ac inputs (v, = 10 mV) are supplied at two

gates during the measurement for differential mode operation.
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Figure 4. Two-dimensional color plot of common mode rejection
ratio versus the dual-gate biasing voltages. The CMRR values are
calculated from the common mode and differential mode measure-
ments plotted in Figures 2¢ and 3c. High noise rejection can be
achieved with either p—n or n—p differential mode biasing conditions.

From the plot, we observe under appropriate gate biasing
points that our unoptimized dual-gate graphene ambipolar

1067

device can already achieve CMRR of over 80 dB. Importantly,
our device utilizes a much simplified design compared to
conventional amplifier, namely a single device can achieve both
common and differential mode amplifications. We note that all
measured devices show the same characteristics and confirm
the high CMRR (Supporting Information Figure S3). In
addition, our device shows a clean spectrum and higher order
harmonics are negligible (Supporting Information Figure S4).

In summary, we demonstrated a new type of dual-gate
graphene ambipolar device that can be configured as both
common mode and differential mode amplifiers. Compared to
conventional silicon-based amplifiers, our design consists of one
single graphene device yet can achieve CMRR of over 80 dB.
Our current generation of devices is not without some serious
limitations. First, the lack of current saturation (Supporting
Information Figure SS) due to the semimetallic nature of
graphene, potentially limits the intrinsic voltage gain and
maximum frequency of the devices. Second, the device is still
limited by the small voltage gain, ~1 for common mode
operation and close to 2 for differential mode operation.
However, high gain graphene amplifiers have been shown in
literatures through the adoption of high-k dielectrics®” and
thinner dielectrics.”® More importantly, the results shown here
hint at a broad range of graphene-based ambipolar electronics
which can enable More-Moore and More-than-Moore tech-
nologies®~* in the post-CMOS era.
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