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Broadband Zero-Bias RF Field-Effect Rectifiers
Based on AlGaN/GaN Nanowires

Giovanni Santoruvo, Mohammad Samizadeh Nikoo, and Elison Matioli, Member, IEEE

Abstract—Microwave zero-bias rectifiers are fast devices ca-
pable of rectifying RF signals without applied bias, which have
applications ranging from RF power detection to THz imaging
systems. Here we present gated nanowire field-effect rectifiers
(NW-FERs) fabricated with a process compatible with other
RF devices on a standard AlGaN-GaN High Electron Mobility
Transistor (HEMT) platform as a new potential RF zero-bias
diode. Signal rectification relies on the electrostatic modulation
of the gated-NW carrier concentration, which is optimized by
a judicious NW width design. NW-FERs presented a large
curvature (30.1 V−1), close to the theoretical limit (38.7 V−1)
for ideal Schottky diodes, and an excellent trade-off between a
flat frequency response, up to a few tens of GHz, and a large
responsivity (3000 V/W). The compatible fabrication process and
the very good results provide a promising high-performance zero-
bias diode architecture that could be integrated on AlGaN/GaN
microwave monolithic integrated circuits (MMICs).

Index Terms—Nanowire, RF zero-bias diode, THz imaging, RF
power detection.

I. INTRODUCTION

GAN-based high electron mobility transistors (HEMTs)
are one of the most promising platforms for the develop-

ment of MMICs, for which the integration of microwave power
detectors could enable both an improved performance as well
as new applications. Microwave power detectors are devices
generating a DC voltage proportional to the RF signal power at
their input. Applications include incoherent demodulation by
envelope detection, demodulation based on six-port receivers
[1]–[3], terahertz imaging [4]–[6] and power monitoring to
improve the efficiency of power amplifiers[7]–[9].

Detectors operating without the need for DC bias, called
zero-bias detectors, are very favorable for these applications
since they ensure a sharp reduction of the shot and flicker (1/f)
noise, and do not require energy nor DC biasing networks to
operate [10].

Excellent RF detection performances have been reached
with optimized Schottky contacts on heavily engineered epi-
taxial structures based on n/n+-GaAs [11], [12], as well as
in Sb-based tunnel junctions [13]–[18], however they are not
compatible with current MMIC epitaxial structures.

Zero-bias detectors based on AlGaN/GaN HEMTs have
been demonstrated using nanoscale devices, such as self-
switching diodes (SSDs) presenting very high-frequency oper-
ation (up to hundreds of GHz) [19]–[21], as well as in lateral
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field-effect diodes (L-FEDs) showing excellent detection ca-
pabilities (responsivity in the order of thousands of V−1) [10],
[22]–[24]. Devices based on GaN HEMT structures presenting
concurrently good detection and frequency capabilities would
expand the portfolio of RF devices for GaN MMICs. In
this letter, we demonstrate zero-bias NW-FERs, based on an
array of tri-gated nanowire HEMTs (Fig. 1a-d), presenting
excellent zero-bias rectification performance. Zero-bias field-
effect rectifiers (Fig. 1b) require the channel threshold voltage
(Vth) to be positive and close to 0 V [22], [25]. By using
NWs as channel (Fig. 1c), Vth could be finely tuned with high
precision and reproducibility to obtain a Von close to 0 V.
The tri-gates resulted in a steep sub-threshold slope, which
was exploited to enhance the rectification capabilities of the
devices [26], obtaining detection performance approaching the
behavior of ideal field effect rectifiers and Schottky diodes
used as RF detectors [27].

NW-FERs are first analyzed in DC, highlighting the influ-
ence of VTH on DC figures of merit. Then, responsivity mea-
surements, both versus input power (Pin) and frequency (f ),
are shown and discussed. Finally, S-parameters are reported
together with the equivalent circuit model.

Anode

GaN

HR-Si

Fig. 1. (a) SEM image of a 30 nm-wide NW-FER. The inset shows the NW
array before gate metal deposition. (b) Lateral and (c) cross-section (along
AA’) schematics of the device. (d) Optical image of a NW-FER showing the
ground-signal-ground (GSG) pads for RF measurements.

II. RESULTS AND DISCUSSION

NW-FERs were fabricated on GaN (2.7 nm)/ AlGaN
(25 nm)/GaN (500 nm) followed by a 1.7 µm-thick buffer
on high-resistive silicon substrate. The electron mobility
(µe), carrier concentration (ns) and sheet resistance (Rsh)
of the epitaxial structure measured at 300 K were 1917
cm2/Vs, 1.06×1013cm-2 and 300 Ω/�, respectively. NW-FERs
were fabricated by electron-beam lithography using hydrogen
silsesquioxane 2% (HSQ), followed by Cl2-based dry-etching
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Fig. 2. (a) Diode current |Id| versus voltage Vd in logarithmic (left axis) and
linear (right axis) scales for NW-FERs with NW widths of 30 nm, 45 nm,
60 nm, 75 nm and 90 nm. (b)Vth (defined at 1 µA/mm) for Schottky tri-gate
HEMTs versus NW width. (c) γ and Rd at Vd = 0 V for NW-FER with NW
width from 45 nm to 90 nm (devices with 30 nm wide NWs are not shown
since they cannot work as zero bias diode due to the large Von).

of the nanowires and mesa isolation. Ohmic contacts were
formed by Ti (200 Å)/Al (1200 Å)/Ti (400 Å)Ni (600 Å)/Au
(500 Å) annealed at 780 ◦C, resulting in a contact resistance
of 0.81 Ωmm, and Ni (300 Å)/ Au (1300 Å) was used as gate
for NW arrays.

Fig. 2a shows the DC performance of NW-FERs, composed
of 240 NWs with a length of 500 nm, widths (WNW) varying
from 30 nm to 90 nm and a constant NW spacing of 100 nm,
which corresponds to a variation of the NW filling factor from
23% to 47%. The device current was normalized by the width
of the entire device footprint (not by the NW width).

The NW width plays a key role in defining both the Von
and the reverse leakage current (Ir). Narrow NWs (30 nm-
wide) presented a much reduced Ir, down to 100 nA/mm, but
with large Von of around 0.4±0.05 V (at 1 mA/mm), while
wider nanowires (90 nm-wide) presented Von close to 0 V but
with much larger leakage current, on the order of the forward
current, which significantly degraded the device rectification
capability. A good compromise was achieved for devices with
45 nm-wide NWs, with Von of∼0 V and a flat Ir of 20 µA/mm.

Both Von and Ir are directly related to the Vth of the
NWs, which can be easily tuned from -1.2 V to + 0.4 V by
varying the NW width from 90 nm to 30 nm (Fig. 2b). Such
dependence is produced by the sidewall depletion of carriers
[28], strain relaxation of the barrier layer in narrow NWs [29]
(which depends also on the NW length [30]) and the enhanced
gate control from the tri-gate structures [26].
Vth has also a strong impact on the device detection

capability, which is characterized by the current curvature
γ = d2Id/dV

2
d (dId/dVd)−1 [16], and by the differential

resistance Rd, both at 0 V. For RF power detectors, low values
of Rd are desirable for low thermal noise, along with high
values of γ for good power detection. Fig. 2c shows the trade-
off between γ and Rd, which are both heavily influenced by
WNW. While the 45 nm-wide NW-FERs show the largest γ
of 30.1±0.9 V−1, their high Rd can be reduced by increasing
the number of NWs and by fine tuning WNW using wet etch
treatments [31], [32]. For instance, Rd was reduced by a factor

of 5-6x when increasing the number of NWs from 120 to 240
and a few nm of WNW.

For Vth � 0 V values (large WNW), devices work in
the triode-region (high conductive region allowing small Rd)
where the current can be modeled as Id ∝ (Vd/2− Vth)Vd, so
γ is equal to −V −1

th , which leads to a maximum γ of a few
V−1 [33]. When Vth approaches 0 V, devices work in the sub-
threshold region (low conductive region) and the current can be
modeled as Isub-th

d ∝ exp
(
−q Vth

kBT

)(
exp

(
qVd
kbT

)
− 1
)

, where
q is the elementary charge, kb is the Boltzmann constant and
T is the absolute temperature, resulting in a maximum γ of
q/kbT =38.7 V−1 [33]. This result resembles Schottky diodes
(γ = q/nkbT for which n is the ideality factor), so 45 nm-
wide NW-FERs have γ close to the theoretical limit, thanks
to the strong channel control of the tri-gate, and they behave
similarly to Schottky diodes with n= 1.28. Larger values of γ
can be achieved by exploiting different physical phenomena
than field effect or Schottky barrier rectification, as in tunnel
backward diodes [16].

Fig. 3a shows the rectified Vout versus Pin at 1 GHz for all
devices. The 30 nm-wide NW-FERs could not detect signals
below -10 dBm due to their large Von, thus they are not
considered for further analysis. The measurement setup used
for the responsivity measurement is shown in the inset of Fig.
3.a. The reported Pin refers to the power set in the vector
network analyzer (VNA) after removing the insertion losses
(IL) from the input cable (Pin = PVNA

in − ILcable). Vout has a
linear behavior for a large range of Pin, in agreement with the
“square-law” of diodes (Vout ∝ V 2

in ∝ Pin) [34]. At larger Pin
the impedance of diodes starts to depend on Pin causing the
sub-linear behavior observable in Fig. 3a [34]. The minimum
detectable power generating a stable Vout, measured using a
multimeter (which represents a real application case), was -
50 dBm for 45 nm-wide NW-FERs, which was degraded for
wider NWs devices. The dynamic range was about 30 dBm
(calculated from the 1 dB compression point) independently
from the NW widths.

Fig. 3b shows β, defined as Vout/Pin, for all devices versus
Pin, revealing a significant increase of up to 2 orders of
magnitude for narrow NW-FERs, which is a consequence
of the much larger γ (Fig. 2a). The 45 nm-wide NW-FERs
presented a maximum β of 3000 V/W, which is very close
to the theoretical value of 2Zsγ = 3010 V/W, defined in the
case of complete mismatch between the device impedance (∼
100 kΩ) and the source impedance Zs (50 Ω of the VNA
port) [33]. At large power, the responsivity approaches the
theoretical value of 2

√
2Z0/Pin, which considers a capacitive

load connected to an ideal diode in off-state (Ir = 0 A), for
which the entire reflected power causes the doubling of input
voltage. Therefore, NW-FERs provide good responsivities, in
the same order (> 1000 V/W) of those for state of the art
devices [10], [12], [14]–[16], [35], on a platform compatible
to RF GaN HEMTs. Such results were achieved without
any matching network, allowing a simpler and more compact
design as well as broader band operation.

Fig. 4a shows the measured frequency response of β at
Pin = -20 dBm (square law region for all devices) for a large
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Fig. 3. (a) Vout and (b) β versus Pin at 1 GHz. Inset: Schematic of the
measurement setup for RF detection. Losses in measurement cables have been
compensated for a precise determination of β.

frequency range, up to 50 GHz. The 45 nm-wide NW-FERs
showed a large and flat β over almost the entire measured
range, corresponding to an improved frequency performance
compared to other lateral FERs [24] together with a very
good responsivity. The oscillations seen in Fig. 4a are due
to impedance mismatches between the devices and the VNA.

The S-parameters of 45 nm-wide NW-FERs were measured
(Fig. 4b) to extract the equivalent circuit parameters (inset of
4b) defining the impedance matrix shown in Eq. 1:

ZDUT =

[
ZFER −ZFER
−ZFER ZFER

]
;ZFER = Rs +Rj//(jωCj) (1)

The fluctuations observed in S21 at low frequency are due to
the higher noise in the VNA at low frequency and the very low
power transmitted through the device. The equivalent circuit
element extraction, after open-short de-embedding, resulted in
an Rs of 37.9 ±1.6 Ω, a junction resistance Rj of 101 ±17.5
kΩ (similar to the DC Rd = Rs + Rj ∼ Rj since Rj �
Rs) and junction capacitance Cj of 30.6 ±1.7 fF for the 45
nm-wide NW-FERs. S-parameter simulations performed using
these parameters show a very good match with the measured
ones (Fig. 4.b). In addition, we use these circuit parameters to
determine the cut-off frequency, defined as fc = 1/(2πCjRs)
[16], obtaining a value of 140 GHz. The cut-off frequency
can be significantly improved by reducing Rs and Cj with an
optimized geometry, smaller anode and cathode access regions
and reduced contact resistances.

The characterization of zero-bias rectifiers also required
considerations about the thermal noise generated and rectified
by the device itself. This is described by the noise-equivalent
power (NEP), which considers the amount of self-generated
rectified thermal noise per unit of frequency that produces
a DC value at the output. NEP is equal to

√
4kBTR0/β,

where R0 is the DC resistance of the device at zero bias.
Differently from other reports [20], [36], we believe that the
correct value for R0 should be Rs +Rj obtained from the S-
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(solid blue) and modeled (dashed red) S11 and S12 of a 45 nm-wide NW-
FER. Inset: Equivalent circuit model of the device with values obtained from
S-parameter measurement fitting.

parameters, since it represents the real resistance that generates
thermal noise when the device is working at a certain power
and frequency. With this definition, a NEP of 18.7 ± 2.3
pW/
√

Hz was obtained at 1 GHz for Pin = -20 dBm, which
is more than 30 % smaller than that for devices with 120
NWs (∼27 pW/

√
Hz), showing that increasing the number

of parallel NWs, thus reducing the device resistance, can
effectively reduce the effect of thermal noise.

CONCLUSIONS

In conclusion, we demonstrated high-performance zero-bias
RF rectifiers based on NW-FERs fabricated on a commercial
AlGaN/GaN HEMT. The use of NWs offered a flexible design
tool and much-improved rectification capabilities. By adjusting
the width of NWs, Vth could be properly designed, with very
high reproducibility, which resulted in a normally-off channel
with low Von (required for zero-bias operation in FERs). The
tri-gate structure wrapping the NWs yielded a much better
channel control than in planar FERs, resulting in a curvature
coefficient of 30.1 V−1, which is close to the theoretical
limit of 38.7 V−1. NW-FERs showed a large responsivity
of 3000 V/W, as predicted by the used model, with a flat
frequency response, and a high fc of 140 GHz. Such value
can be significantly improved by reducing Rs and Cj with an
optimized geometry and which opens opportunities for high-
frequency detectors. The large responsivity reported together
with the good frequency response shows that NW-FERs are
an excellent alternative to GaN-HEMT-based SSDs and lateral
FERs, thus further expanding the device portfolio compatible
with GaN MMICs.
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