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ABSTRACT This paper presents the theoretical analysis and experimental validation of a
harmonic-terminated high-efficiency and high-power microwave rectifier. The rectifier is designed utilizing
a single-circuit gallium nitride (GaN) quasi-vertical Schottky barrier diode (SBD). Capitalizing on the
strengths of wide bandgap, high mobility and high saturation velocity of the GaN, the SBD achieved
a high breakdown voltage of 180 V and an ultra-low turn-on voltage of 0.23 V (at 1 A/cm2). These
characteristics enhance rectification performance across both high and low input power regions, making
it suitable for wireless power transfer (WPT) applications. The optimized high-power microwave rectifier
incorporates this advanced diode, featuring a wide input power range and high efficiency. The proposed
rectifier structure includes a single-shunt self-developed SBD and topology with a harmonics compression
network. It accomplishes a maximum RF-to-DC power conversion efficiency of 70.4% with an input power
of 42 dBm (15.8W) at 0.9 GHz. The highest efficient power handling ability is up to 20 W with an 18
dB (25-43 dBm) dynamic range achieving an efficiency exceeding 50%, demonstrating the high potential
of high-power GaN SBDs for wireless high-power transfer for future microwave WPT applications.

INDEX TERMS Wireless power transfer, microwave rectifier, GaN, Schottky barrier diode, high-power.

I. INTRODUCTION

OVER the last twenty years, with significant
advancements in electric-powered vehicles, portable

devices and implantable medical equipment, WPT
technology has garnered substantial attention. It seeks to
transmit electricity wirelessly over distances to applications
steadily [1]. Recently, interest in high power transfer at
radio frequencies, such as solar power satellites [2] and
unmanned aerial vehicles [3] has grown considerably.
Consequently, developing devices with high power handling
capability and efficiency for WPT is crucial.

FIGURE 1. Microwave wireless power transfer system.

A microwave WPT system is depicted in Fig. 1. An
RF signal generator transfers energy wirelessly into the
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atmosphere via a transmitting antenna. This energy is
collected by a receiving antenna, and the rectifier converts
the electromagnetic energy back into electrical energy,
supplying it to the electric load after rectification, filtering,
and other modifications. Over time, various rectifiers have
been proposed. An efficient Schottky barrier diode (SBD) is
typically chosen for its low junction capacitance, low turn-on
voltage, high saturation current (low potential barrier), and
speedy switching proficiency. These properties permit SBDs
to convert high-frequency currents by promoting a speedy
transition from the conducting to the blocking state.

Conventional diodes struggle to fulfill the high voltage
and current demands for high-power RF rectification.
With their relatively limited bandgaps, Silicon (Si)
and Gallium Arsenide (GaAs) diodes encounter material
restrictions that challenge their competence to operate
at high power levels efficiently [4], [5]. Table 1
details several popular commercially available diodes from
MACOM Corporation, Skyworks Solutions Inc., and Avago
Technologies, principally constructed Si and GaAs, including
their specifications. The input power handling of these diodes
is generally under 1 W (30 dBm) [6], [7], [8]. While
combining multiple diodes can theoretically boost power
handling capacity, it regularly reduces power conversion
efficiency and expands circuit dimensions [9], [10]. Gallium
Nitride (GaN) high electron mobility transistors (HEMTs)
are capable of achieving high-power RF rectification
because of their high breakdown voltage and superior
electron mobility, leveraging the concept of the third
quadrant operation model [11], [12]. Nonetheless, designing
transistor-based rectifiers is a lengthy process, and the
circuit systems are complicated compared to traditional
diode-based rectifiers. This complexity contradicts the
principle of cost-effectiveness. Transistor-based rectifiers
typically exhibit inferior efficiency than diode-based
rectifiers. The products available on the market severely
restrict the rectification performances of both diode-based
and transistor-based rectifiers. Therefore, a solid motivation
exists to develop GaN Schottky Barrier Diodes (SBDs) for
high-power microwave rectifying circuits.

GaN is prominent as a highly promising wide-bandgap
semiconductor, outstripping Si devices in WPT such as
microwave frequency and high-efficiency power conversion
applications. The core advantage is the construction
of a two-dimensional electron gas (2DEG) at the
junction between GaN and AlGaN. This distinctive feature
creates GaN-based IC optimal candidates for high-power
and high-frequency applications [13], [14]. To improve
rectification efficiency and power, crucial factors such as
high breakdown voltage (Vbr) and low turn-on voltage (Von)
are studied [15], [16]. Typically, there is a conflict between
Vbr and Von because of a foundational conceptual problem:
lower turn-on voltage represents a low Schottky barrier
height, which results in the breakdown voltage decline [17].
Furthermore, the wide-bandgap nature of GaN material

TABLE 1. Parameters of Commercial Diodes

Diode
Rs

(W)

C j

(pF)

Von

(V)

Vbr

(V)

n

(ideality factor)

MA4E1317 4 0.02 0.32 7 1.5

SMS7630 20 0.14 0.34 2 1.05

HSMS28x 30 1.6 0.65 75 1.08

HSMS281x 10 1.1 0.65 25 1.08

HSMS282x 6 0.7 0.65 15 1.08

HSMS286x 6 0.18 0.65 7 1.08

(3.4 eV) poses an additional challenge as the Von of GaN
SBD is significantly higher than that of the narrow-bandgap
Si-based (1.14 eV) SBD [18]. This variance presents a
unique challenge for GaN-based SBD compared to Si-based
SBD.

Considering these factors, this paper proposes a 20
W high-power microwave rectifier with a wide dynamic
input range, utilizing one shunted GaN SBD. The recently
developed GaN SBD features an ultra-low Von by metals
were patterned onto the drift layer, and the Schottky contact
was formed using the lift-off process, elevating sensitivity
and power conversion efficiency at low input power levels.
In contrast, a high Vbr improves power-handling capability.
The diode is manufactured on a GaN-on-Si substrate. The
average Von is determined to be 0.23 V (at 1 A/cm2), with
an ideality factor (n) of 1.02 and a diode series resistance
(Rs) of 11Ω. A thickness of 2 �m n� drift layer with a
carrier concentration of 1 Ö 1016 cm�3 enables a high Vbr

of 180 V. Based on this developed SBD, a comprehensive
rectifying circuit has been designed, with detailed procedures
presented. This high-performance GaN SBD-based rectifier
achieves a maximum RF-to-DC power conversion efficiency
of 70.4% at 42 dBm (15.8 W) and an 18 dB (from 25 to
43 dBm) wide dynamic range with over 50% conversion
efficiency, offering a power handling capacity 15-fold higher
than commercially available diodes.

II. QUASI-VERTIACL GaN SBD FUNDAMENTALS
Aimed at achieving high efficiency in wireless high-power
transfer, one desirable approach is to use high inverse
voltage SBDs with a low Von. Accordingly, we are
motivated to incorporate high Vbr and low Von GaN
SBDs into the rectifier circuit and microwave WPT
system for far-field power transfer purposes. This section
offers a thorough investigation of integrating state-of-the-art
quasi-vertical GaN SBDs, covering SBD efficiency analysis,
chip fabrication, characterizations, and circuit performance.

2 VOLUME ,



FIGURE 2. Diagram of a classic single shunt Schottky diode-based rectifier
with the symbol and high-frequency equivalent circuit model.

A. DIODE-BASED RECTIFIER BEHAVIOR ANALYSIS
Fig. 2 depicts an ideal single shunt Schottky diode-based
rectifier with the Shockley model of the diode, including
a nonlinear junction capacitance (C j), a nonlinear junction
resistance (R j), and a series resistance (Rs). A low-pass
filter capacitor (Cl) is placed in parallel with the load to
smooth out the AC components. The model determines the
diode impedance at a specified input power. The junction
capacitance (C j) can be calculated using:

C j =
C j0(

1 � V
V j

)M (1)

where C j0 is the diode zero-bias junction capacitance, V j

is the barrier potential, V is the voltage across the junction
and m is the grading coefficient. The DC equivalent circuit
of the SBD is a voltage source in series with the junction
resistor R j which is obtained by differentiating the diode
voltage-current characteristic and is given by:

R j = nKT=q(Ib + Is) (2)

where K is the Boltzmann’s constant, T is the temperature
in Kelvin, q is the electronic charge, Ib is the external bias
current, and Is is the diode saturation current.

The efficiency of RF-to-DC power conversion is primarily
influenced by three elements: power reflection caused by
the impedance mismatch, dissipation in the substrate and
conductors within the PCB and the intrinsic loss of the diode.
Diode intrinsic loss is the primary one among these elements.
In scenarios where a rectifier is designed, appropriately
matched, and fabricated with a low-loss PCB, the conversion
efficiency of the rectifier is closely comparable to the diode
efficiency.

Fig. 3(a) displays the voltage-current characteristic curve
of a diode. The major challenge with diodes lies in their
inherent voltage drop when turning on during rectification.
In the forward-biased voltage region, a lower Von (blue dotted
curve in Fig. 3(a)) indicates a reduced voltage drop across
the Schottky diode. This results in a lower forward voltage
with the same current and reduced power dissipation (V Ö
I) across the diode. Regardless of the increased current, the
heat generated by power loss is reduced and a greater amount
of desired power is collected. Consequently, the conversion
efficiency will be improved with a decline in Von.

FIGURE 3. (a) V–I characteristic curve across the SBD of an ideal rectifier. (b)
The connection between the rectification efficiency and losses with the input
power. The efficiency trend with a higher Vbr and a lower Von are shown by red
and blue dotted lines, respectively.

In the reverse bias voltage region, the voltage amplitude of
the RF incident wave is mainly limited by Vbr, and the effect
of Von on the conversion efficiency is negligible (Vbr � Von).
A higher Vbr (red dotted curve in Fig. 3(a)) will result in a
larger DC output voltage Vout. Nevertheless, if the reverse
voltage applied to the diode exceeds the breakdown voltage,
an exponential reverse current will be generated, leading to
diode destruction and limiting the input power.

Fig. 3(b) illustrates the power conversion efficiency of a
microwave rectifier across different RF input power levels.
The efficiency initially increases continuously, reaching
a maximum value at a particular input power level.
Nevertheless, as the input power increases further, the
efficiency drops. In the left-hand blue box of Fig. 3(b), with
low input power, the reverse DC voltage V0 of the diode,
induced by the load voltage in the DC path, equals the load
voltage and is less than or similar to the turn-on voltage
Von. The efficiency loss along the diode (LossD), due to
the forward voltage drop Von, can be estimated logically as
follows [19]:

LossD = Von=(Von + V0) (3)

The power conversion efficiency of a half-wave rectifier
is constrained by the conduction loss across the SBD. If
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all other losses are disregarded, the overall efficiency is
governed by [20]:

� = 1=(1 +
Vd

2Vout
) (4)

where Vd is the voltage drop across the conducting diode
and is approximately equal to Von in this situation.

The breakdown voltage drastically influences rectification
efficiency by altering the diode peak power tolerance
capacity. In WPT applications with a broad input power
range, selecting a diode with a high Vbr is crucial to
withstand the maximum input power. Power conversion
efficiency commonly escalates with elevated power levels
and stabilizes when higher-order harmonics are produced.
However, this trend is immediately halted when the voltage
swing at the diode exceeds its Vbr, causing a large current
to flow through the diode and significantly increasing the
input power for maintaining the same level of the DC
output power. Consequently, the overall conversion efficiency
markedly decreases, as indicated by the right-hand red box
in Fig. 3(b). Therefore, achieving both high conversion
efficiency and high power-handling capacity requires a diode
with low Von and high Vbr.

III. QUASI-VERTICAL GaN SBD DESIGN AND
CHARACTERISTICS
A GaN Schottky barrier diode (SBD) featuring an ultra-low
turn-on voltage and high breakdown voltage, designed in
a quasi-vertical structure, has been developed to satisfy
the demands of high-performance rectification. The design
process for the proposed rectifier is outlined in Fig. 4(a):

1) The device fabrication process began with a standard
cleaning procedure, involving ultrasonic cleaning with
acetone and isopropyl alcohol (IPA), followed by
immersion in a buffered oxide etch (BOE) solution
and finishing with a rinse in flowing de-ionized (DI)
water. After the cleaning process, a hard mask (SiO2)
was deposited using plasma-enhanced chemical vapor
deposition (PECVD).

2) The etched region was defined using photolithography.
3) The etched window on the hard mask was formed

using the fluorine gas mixture.
4) The n+ GaN was etched using a chlorine gas mixture.

The SiO2 hard mask was then removed with BOE
solution, and the etched area was scanned with an
Alpha step surface profilometer to determine the etch
depth endpoint.

5) The samples underwent immersion in a mixture of HCl
and D.I. water (1:1) to eliminate the native oxide layer.
Using an evaporation system, multiple metal layers of
Ti/Al/Ti/Au were deposited onto the n+ GaN surface.
These layers were subsequently annealed at 825°C for
30 seconds in an N2 ambient environment to establish
low-resistance ohmic contacts.

6) Au/Ni metals were shaped on the drift layer and the
lift-off process was employed to form the Schottky

FIGURE 4. (a) SBD fabrication procedure. (b) Cross-sectional schematic view
of the quasi-vertical GaN on Si SBD and the real fabrication top view inserted.

contact. This process is crucial for achieving excellent
forward characteristics (with an ideality factor of 1.02)
and minimizing efficiency loss at low input power.

Fig. 4(b) illustrates the final cross-sectional schematic of
the proposed SBD and the real fabrication top view including
dimensional details. The epitaxial structure consists of an n+

layer (1 �m thick), an n� GaN drift layer (2 �m thick), and
an AlGaN buffer were all grown on a 6-inch Si substrate
using metal-organic chemical vapor deposition. This design
offers several advantages. It is more cost-effective than
free-standing substrates and exhibits greater device stability
compared to lateral AlGaN on GaN devices. The anode
contact features a low Schottky barrier height (0.7 eV),
contributing to an ultra-low turn-on voltage. Notably, the
GaN surface beneath the Schottky contact likely comprises
both Ga and N polarities, which reduces the effective
Schottky barrier height. The short span between the anode
and cathode also reduces the turn-on voltage and series
resistance, facilitating enhanced lateral electron flow through
the drift layer.

A high breakdown reverse voltage of 180 V is another
essential attribute that improves the SBD power-handling
ability in the high input power region. Relative to recent
literature employing a similar device with a breakdown
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FIGURE 5. Schematic of the SBD DC performance testing system.

voltage of 35 V [21], a relatively 2 �m n� drift thicker layer
and lower carrier concentration (1 Ö 1016 cm�3) conduce to
attaining a greater reverse voltage (180 V) without causing
an excessive increase in current leakage.

Fig. 5 illustrates a schematic of the SBD DC testing
system. The proposed SBD is positioned within a probe
station and tested. A semiconductor analyser (Keysight
B1500 series) is connected to the diode via the probe to test
the forward bias I-V, C-V, and reverse bias characteristics.

The DC performance of the quasi-vertical GaN SBD,
including (a) forward, (b) reverse characteristics, and (c)
capacitance-voltage (C-V) of the fabricated quasi-vertical
diode is shown in Fig. 6. An ideality factor (n) of 1.02
ensures good quality of the SBD contact. The turn-on voltage
of the SBD is determined to be 0.23 V (Fig. 6 (a)) when we
define the condition for turning on is the current density
(J) equals 1 A/cm2, the on-resistance values are measured
to be 4.3 – 0.1 mΩ·cm2, Rs = ∆V/I = ∆V/(JÖS) = 11 Ω,
and S is the area of the anode (S = 120 �m Ö 120 �m
corresponding to the dimension in Fig.4 (b)). The breakdown
voltage obtained from the reverse current-voltage curve is
-180 V (Fig. 6 (b)). The value of C j0 is measured to be 4.65
pF (Fig. 6 (c)).

To assess the performance of GaN Schottky barrier
diodes intended for wireless power transfer applications,
a comparison of two different structures of state-of-the-art
SBDs, lateral AlGaN/GaN and quasi-vertical GaN, with
detailed circuit parameters, are summarized in Table 2.
[16] reported the lowest turn-on voltage and the highest
breakdown voltage in [22] for the lateral AlGaN/GaN
Schottky barrier diode. Meanwhile, [23] achieved a
breakthrough with a quasi-vertical GaN Schottky barrier
diode, reaching a breakdown voltage of 106 V for use
in WPT applications. Additionally, [21] recently achieved
the lowest Rs. Notably, our device demonstrates superior
performance with the lowest turn-on voltage and highest
breakdown voltage compared to previous studies.

FIGURE 6. Parameters characteristics of a quasi-vertical GaN SBD. (a)
Forward condition, inserted with Log I shows Von = 0.23 V when the current
density J = 1A/cm2 and the corresponding specific on-resistance of the SBD
(b) Reverse condition with Vbr = -180 V. (c) C j-V waveform across the SBD.

TABLE 2. Comparisons with Recently GaN SBDs

Ref. Structure
Von (V) @

1 A/cm2

C j0

(pF)

Rs

(Ω)

Vbr

(V)

[16]
Lateral

AlGaN/GaN
0.38 0.32 4.5 164

[22]
Lateral

AlGaN/GaN

0.36

(@ 1mA)
0.9 2.5 71

[23]
Quasi-vertical

GaN
0.76 0.73 5.9 106

[21]
Quasi-vertical

GaN
- 0.845 1.81 35

This work
Quasi-vertical

GaN
0.23 4.65 11 180
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