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Abstract—In this paper, a rectenna based on a graphene
self-switching diode is presented. The nonlinear behavior
of the diode is beneficial to efficiently detect the RF power
in the Ka band. The target operating frequency of 28 GHz
is of particular interest for the upcoming 5G and internet-
of-things telecommunication systems in the range
1-100 GHz. The 4-element patch antenna array was
designed for an on-wafer high-resistivity silicon/silicon
dioxide/graphene multi-layer system. Then, the optimal
number of parallel channels for the diode was calculated
by using analytical formulas, in order to achieve the
highest possible DC current and nonlinearity. Finally, the
diode was integrated in a coplanar waveguide structure
with open stub, in order to maximize the array-to-diode
power transfer. This step-by-step optimization resulted in
a high yield rate, a DC current of over 1.2 mA at +3V, a
responsivity of 96V/W at 28GHz and a NEP of
692 pW/VHz, with maximum measured values of 95 mV for
the DC voltage and of almost 4.5 yW for the DC power, for
an RF input power of about 500 pW.

Index Terms—Antenna arrays, graphene, diodes, signal
detection.

I. INTRODUCTION

DETECTION of low-power signals is a very important issue
for radar applications at microwaves [1], as well as for
the next-generation of 5G communications and internet-of-
things (IoT) in the range 1-100 GHz. Some bands are of great
importance, such as 28 GHz (permitted for 5G use) and
60 GHz for high-rate wireless systems [2]. The development
of IoT is tightly bound to self-powering devices [3-5]. For this
purpose, electromagnetic (EM) detection in the super high
frequency band (SHF, 3-30 GHz) is a crucial research area,
which relies upon efficient antenna geometries integrated with
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a rectifying diode (“rectennas” [6]). Classic Schottky diodes
make use of novel materials (like diamond and graphene
[7,8]). In this respect, a promising technology is represented
by the self-switching diodes (SSD), i.e. planar
semiconductor/semimetal diodes, used especially for THz
applications [9]. Their working principle is based on a
nonlinear current flow through nanometer-sized parallel
channels, controlled by field-effect phenomena. The SSD is a
geometrical diode: no junctions are necessary, hence no
doping (which has detrimental effects in case of graphene
monolayers). The geometrical design parameters of the SSD
are of utmost importance for the optimization of its
performance. In detail, the width of the channel is given by
lithographic constraints, whereas the channel length and the
number of channels are the main targets of the design
optimization process. Up to now, SSD detectors have
successfully been realized deploying various materials, such
as graphene for microwave and millimeter waves [10,11],
reduced graphene oxide/ZnO, InP/InGaAs/InP, AlGaN/GaN
and InAs [12—15], and the most promising results have been
obtained with GaAs SSDs (NEP of 330 pW/\/HZ at 1.5 THz).
Nevertheless, to the authors’ knowledge, no attempt has been
made to fully integrate an SSD with an antenna radiating
system, so as to create an SSD-based rectenna and to
demonstrate its effective microwave detection capabilities. In
this paper, we aim at filling this gap by presenting the
fabrication and experimental characterization of a graphene
SSD (GSSD) integrated with a patch antenna array, for EM
detection at 28 GHz. Wafer-level fabrication on 4-inch Si/SiO»
wafer covered with graphene monolayer, high fabrication
yield and very high DC current of the GSSDs represent the
major results of the proposed research.

Il. GRAPHENE SELF-SWITCHING DIODE: MODELING,
FABRICATION AND PERFORMANCE

Since an SSD is a two-terminal geometrical diode, the
fabrication is performed with minimal process steps. An SSD
can be modeled very simply as a two-dimensional field-effect
transistor (FET), with short-circuited gate and drain, made of
narrow channels in parallel [16]. Its nonlinear I-V behavior
can be used for detection of radio frequency signals. First, we
investigated the geometric layout of the GSSD able to
guarantee the highest nonlinearity and DC current (l4) values.
The GSSD can be modeled as a capacitive divider with
quantum capacitance Cq and substrate capacitance Cs in series.
Each channel couples capacitively to the applied drain bias
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voltage (Vq) via Cq and Cs. The modeling procedure is
presented in [11] and we have I; = Nyeffcsglvd —Vp|Vy,
where N is the number of channels, e is the effective channel
(graphene) mobility, w is the distance between adjacent
channels, ¢ is the length of the channel and Vp is the Dirac
voltage (set equal to zero). After an optimization process on lg
to maximize the performance at low values of the DC bias, we
obtained N=12, wo=w=100 nm and ¢=1.1 um. This means that
the whole GSSD is made of 12 channels in parallel, which
entails that the currents flowing along each channel sum up,
thus increasing the total current of the device and reducing the
total parallel resistance. The reference substrate is a 4-inch
high-resistivity silicon/silicon dioxide (HRSI/SiO;) wafer,
with thickness of 525 pm/300 nm (respectively); the HRSi has
a nominal resistivity of 10,000 Q-cm. To properly measure the
GSSDs in DC and at microwaves, we resumed to a coplanar
waveguide (CPW) structure with open stubs of different
lengths (namely 300, 500, 700 and 900 um), in order to
provide different reactance values suitable to optimize the
impedance matching to 50 Q in correspondence of the port
connected to the antenna array. This guarantees the maximum
power transfer from the array to the diode that detects/rectifies
the RF signal. As regards the fabrication of the GSSDs, first
the CVD-grown graphene monolayer (by Graphenea) was
fixed in the diodes’ location using two rectangular metal pads.
The diodes were patterned by e-beam lithography using
PMMA 950k as electronresist and O, plasma etching. To
remove the graphene from the wafer surface, the diodes were
covered by a negative electronresist —hydrogen silsesquioxane
(HSQ)- patterned by e-beam lithography, defining rectangular
protective areas on top of diodes and the residual graphene
was etched away in oxygen plasma. The fabricated devices are
shown in Fig. 1. Fig. 1a is an optical picture of the CPW-
based devices with stubs of different lengths (denoted by the
numbers under each device), the inset being a magnification of
the diode area with the HSQ thin film on the graphene
monolayer; Fig. 1b is a SEM picture of the GSSD with four
channels. Fig. 2 shows the measured I-V characteristic of a
fabricated GSSD. All measurements were carried out at room
temperature (T=290 K) using a Keithley SCS 4200 station.
The maximum DC current value is over +1.2 mA at +3V (a
major results w.r.t. state-of-the-art GSSDs) thanks to the
optimized nanolithography process for multiple channels in
parallel. We also extracted the values of frequency-dependent
equivalent resistance (Req) and capacitance (Ceq) of the diode
(calculated from an equivalent R-C parallel circuit, seen from
the port directly connected to the GSSD): in this case, in the
band of interest (i.e. 26-30 GHz) the average value of the
resistance is around 264 Q (it can be considered, with good
approximation, the combination of the total parasitic linear
resistance Rsiot and of the intrinsic nonlinear resistance R; that
represents the electrical nonlinearity of the GSSD [17]),
whereas the average value for the capacitance is around
68.36 fF. The differential resistance of the diode Rp (defined
as Ro=0V¢0lg) spans the range 1.5-5 kQ. The yield rate of the
fabrication is very high: over 90% of the fabricated devices
show the same I-V characteristic. We verified that the GSSDs
burn out between +6 V and +7 V of applied DC bias: for this
reason, we did not exceed to bias the diodes over +3 V, to

@) (b)
Fig. 1. (a) Optical picture of the fabricated GSSDs with stubs in
CPW (inset: diode’s area with HSQ thin film on graphene
monolayer); (b) SEM picture of a GSSD with four channels.
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Fig. 2. Measured I-V characteristic of the generic GSSD.

avoid the saturation of the I-V characteristic. Since graphene
monolayer is a semimetal exhibiting ambipolar transport, from
the measured I-V curve it results that the GSSD works for
both positive and negative values of the DC bias. This was
reported previously [10] and can be interpreted by considering
two main interacting phenomena, i.e. the charge neutrality
near zero bias (V¢=Vp) and the current saturation at high bias
values. At zero bias, the measured voltage responsivity at
28 GHz (when the GSSD is fed from a 50 Q impedance with
an input power of 1.22 mW) is fsoo=7.04 V/W. The noise

equivalent power at 50 Q is NEPso, = /4KzTRpo/Bsoq [17],
where Kg is Boltzmann’s constant and Rpo=1.48 kQ is the
zero-bias differential resistance (reduced thanks to the 12
channels in parallel). In the present case, we obtained
NEPs0o=691.56 pW/VHz, which is of the same order of
magnitude of the actual state-of-the-art for GSSDs [10]. Since
the detection sensitivity for weak AM signals can be improved
by biasing the diode (in order to move the operating point
slightly closer to a higher nonlinearity, in either forward or
reverse conduction), we measured the maximum value of DC
bias voltage able to maximize fsoo: it was found that the
highest voltage responsivity at 28 GHz is £500=96.16 V/W for
a bias V4=-1.35 V.

I1l. INTEGRATION OF ANTENNA ARRAY WITH GSSD

The radiating element is a 4-element patch antenna array
(Fig. 3a) fabricated by means of optical lithography. The
metallization is a 500 nm thick Au layer, deposited and
patterned using a lift-off process. The array configuration is
2x2, the length and width of each patch antenna being
L=1.5mm (x-direction) and W=2.206 mm (y-direction),
respectively, while the spacing between antennas is about
0.514¢ in the x-direction and about 0.374¢ in the y-direction,
with 40=10.71 mm the free-space wavelength at 28 GHz.
These dimensions provide the optimal broadside radiation and
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in-phase excitation of all the radiating elements. The reference
array input impedance of 50 Q is guaranteed by a microstrip
line with a width of 300 um. The array ensures a higher gain
(i.e. about 8.1 dB from EM simulations) w.r.t. the single patch.
We chose to use two arrays on the same metal support, each
array connected to a GSSD with different stub length, namely
500 pm and 700 um, in order to verify the different effect of
stub’s length on the array-to-diode power transfer. It was
found that the antenna-GSSD matching is enhanced with the
500-um-long stub. The array-GSSD electrical connection is
performed with two 17 um diameter Au wires (soldered in
parallel, with silver conductive paste polymerized at 120 °C
for 1 hour). The simulated and measured return loss (|Si1]) of
the standalone array are shown in Fig. 3b. The resonance
occurs at 27.8 GHz showing a very good agreement with
simulation. The measured voltage standing wave ratio
(VSWR) is about 1.34 and the -10 dB fractional bandwidth is
1.76%. The measurement setup for the RF characterization
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Fig. 3. (a) Fabricated rectenna prototypes assembled on metal
support; (b) simulated (solid blue line) and measured (solid red
line) return loss of the standalone patch antenna array.

comprises an Agilent analog signal generator, connected to a
horn antenna (“transmitter”, Ka band, 24 dBi gain), excited by
a 28 GHz sinusoidal carrier modulated by a square AM signal
of frequency fiy=1 kHz. The transmitter was put at various
distances from the rectenna, which was connected to a
Tektronix oscilloscope. The load resistance of the rectenna
(connected in parallel to the oscilloscope’s port) is a 2 kQ
resistor. This value of resistance was chosen as it is very close
to Rp, thus enhancing the output DC signal. No optimization
was carried out for the capacitive part of rectenna’s load,
useful to smooth out the output ripple and store the rectified
energy. In order to verify the effect of a DC bias on the diode,
we used a linear power supply. By varying the distance
between transmitter and receiver from 5 to 15 cm (in the far
field region of the rectenna), the effective RF input power
delivered to the GSSD is in the range 13-470 uW. The
calculated voltage responsivity fsoo for different values of the
DC bias gives the proof that negative values provide a clear
enhancement of the responsivity w.r.t. positive ones, due to
diode’s asymmetry, with a maximum value of 96.16 V/W at
28 GHz for V;~=-1.35 V. Considering the very low RF power
levels at diode’s input, the responsivity is comparable to the
actual state-of-the-art for semiconductor SSDs [18,19].
Finally, in Fig. 4a the measured DC voltage Vpc and power
Poc is presented as a function of the distance between
transmitter and rectenna, for V4=-0.66 V and for two values of
the power at transmitter’s input (i.e. 1 mW and 0.25 mW). The
maximum values are Vpc=94.5 mV and Ppc=4.47 uW at 5 cm
distance, whereas the minimum values are Vpc=3.8 mV and
Ppc=7nW at 15cm distance. Beyond V;=0.66V, the

performance of the GSSD does not change due to saturation of
the I-V characteristic. Moreover, higher values of RF input
power seem to affect graphene’s atomic structure, causing a
degradation of diode’s performance (and a decrease of Vpc). A
further proof of the detection capabilities of the proposed
rectenna is given in Fig. 4b, which is a screenshot of the
detected voltage: the AM signal is well shaped in all the
measured situations.
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Fig. 4. (a) Measured DC voltage (left axis, black lines) and power
(right axis, grey lines); (b) screenshot of the detected voltage.
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