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Abstract

This paper presents a method to increase the cut-off
frequency of GaN Schottky barrier diodes (SBDs) without
reducing too much of the anode area and power capacity.
SBD models are proposed first to understand the mecha-
nism of parasitic resistance. Then patterned SBD and
multi-feeds techniques are adopted to reduce the parasitic
effect. SBDs with U-shaped and o-shaped anodes were fi-
nally designed and fabricated. The parasitic resistances in
both the two types are reduced, while the resistance is fur-
ther reduced along the finger direction for the o-shaped
one. Compared with traditional finger-type GaN SBDs,
the series resistance of the w-shaped one is reduced to 1.96
Q with reduction rate of 13.3%. The cut-off frequency of
121.57 GHz is achieved which is enhanced by more than
32.1% compared with traditional finger-type without sac-
rificing the breakdown performance (40 V).

1. Introduction

Microwave wireless power transmission (MWPT) is con-
sidered as a technology which improves the quality of human
life [1-3]. However, limited by efficiency, system volume, ra-
diation safety and other factors, MWPT is still far away from
commercialization [4-5]. As one of the core components of
the MWPT system, the performance of the microwave recti-
fier significantly affects the entire system. In recent years, Si
and GaAs Schottky barrier diode (SBD) based microwave
rectifiers have been widely reported. However, the conver-
sion efficiency is still not satisfied, especially at high power
cases [6-9]. Therefore, microwave rectifiers with high power
capacity and efficiency have become an urgent demand for
MWPT system.

GaN SBD is regarded as one of the best solutions for high
power microwave rectification. The superior electrical prop-
erties such as wide bandgap, high breakdown electric field,
and fast reverse recovery make the GaN SBDs with extraor-
dinary performance on power and frequency [10-12]. In [13],
a quasi-vertical GaN SBD with small anodes was reported to
be able to apply in 110 GHz. But the cut-off frequency is ap-
parently achieved at the cost of power capacity and break-
down voltage (Vy =15.6V). In our previous work, the quasi-
vertical GaN SBD with finger-type layout was proposed to
reduce the series resistance (Rs) without sacrificing the power
capacity [14]. However, the cut-off frequency is hard to in-
crease due to the parasitic resistance generated by the poten-
tial imbalance between fingers.

In this paper, patterned SBDs and multi-feeds techniques

are proposed to further reduce the SBD series resistance and
increase the cut-off frequency without sacrificing power ca-
pacity. Quasi-vertical GaN SBDs with U-shaped, o-shaped
are designed, fabricated, and measured based on the charac-
teristics of GaN material and the SBD model. Compared with
the traditional finger-type SBDs, the average R of the ®-
shaped one is reduced by more than 13.3 % and the cut-off
frequency is increased by 32.1%. Considering the quality of
the GaN material is hard to enhance in the short term, the
SBD performance can be pushed to its limitation by the two
techniques, which finally improve the efficiency and power
capacity of microwave rectifiers.

2. Experiments

The Ry of the quasi-vertical GaN SBD can be divided into
three parts, i.e., drift layer resistance (Rn-), access layer re-
sistance (Ry+), and contact resistance (Rc). For the quasi-ver-
tical SBDs with finger-type/finger-like-shaped layout, the Ry-
can be decomposed into X and Z directions (defined as Ry and
R7), and the Ry+ is mainly distributed along Y direction (de-
fined as Ry), as the model shown in Fig. 1 (a) and (b), respec-
tively. Therefore, the resistance of finger-type SBDs with sin-
gle feed can be calculated by
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Where Ry is the sheet resistivity of N*-layer, / is the length
of anode, s is the acreage of N'-mesa, /4 is the thickness of N
-layer, d is the distance between anode and cathode, uy- is
the electron mobility of N™-layer, # is the drift layer impurity
density and ¢ is the elementary charge. Ideally, Rxcan be con-
sidered as zero, which means the R; of the SBD can be signif-
icantly reduced by increasing length and number of the finger.
In practical, this will lead to serious side effects, i.e., increas-
ing Ry and R,. Where R, is a parasitic resistance between fin-
gers, which is mainly caused by the potential imbalance be-
tween fingers, as observed in Fig 1 (b). The model indicates
that the increasing of finger’s area and amount may even de-
grades the cut-off frequency (fc=1/2zRC) of SBD since the
effect of R, and Ry is positively associated with finger number
and length.

Patterned SBD technique that connects the separated fin-
gers is adopted to balance the potential between fingers.
Meanwhile, multi-feeds technique was used to alleviate the
effect of Ry (The feed is defined as the number of points
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Fig. 1. (a) Normal section of GaN SBD with one/two feeds, (b) Cross
section, (¢) Equivalent circuit of SBD with one feed, (d) two feeds (e)
SEM image of m-shaped SBD with pads

where current flows into the anode, see the dot line in Fig.1
(a) and Fig.1 (e)). Fig 1 (c) and (d) show the equivalent circuit
of the finger-type SBD with one and two feeds. The N™-layer
resistances of one feed (R,y and two feeds (R;) SBDs are re-
spectively given by Eq. (1) and Eq. (4),
_ 2RZ+RxRz

Rep = 2Rx+6R; )
It can be calculated that Ry is smaller than R,y i.e., the total
resistance can be decreased.

To verify the proposed model, U-shaped and w-shaped
GaN SBDs based on patterned SBDs and multi-feeds tech-
nique are designed and fabricated. As the comparison, tradi-
tional finger-type and circular-type SBDs were also fabri-
cated.

More than 200 SBDs with various types were measured.
The data were averaged to reduce the influences of process
and material errors. Fig.2 (a) shows that the average R; of the
o-shaped SBDs is decreased to 1.96 Q, which is an 8.2% re-
duction compared with that of the U-shaped (2100 pm, 2.08
Q). The enhancement is mainly attributed to multi-feeds tech-
nique that reduces the effect of Rx, which implies that Rx is
not negligible when finger is long. The Comparison between
the U-shaped, o-shaped, and traditional circular-type and fin-
ger-type SBDs is given in Fig.2 (b). It can be found that, alt-
hough the area of the circular-type SBDs (radius=90 pm) is
large enough, the value of Rs (2.8 Q) is still higher than that
of the finger-type one. Benefiting from the patterned SBDs,
the average Rs of both the U-shaped (2x100 pm) and o-
shaped are lower than that of the finger-type (2.26 Q), with
the reduction rate of 8.3 % and 13.3 %, respectively. The
leakage current of the SBDs at reverse 30 V is all less than 1
mA, and a breakdown voltage of 40 V is achieved, as shown
in Fig.2 (c). Fig. 2 (d) shows the junction capacitance (C;) of
the SBDs with different voltage. the zero-biased junction ca-
pacitance (Cjo) of the w-shaped SBD is 0.668 pF, which is
about 87.3 %, 88.8 % and 73.4 % of the finger-type (0.765
pF), U-shaped (2x100 um, 0.752 pF) and U-shaped (2x<125
um, 0.91 pF). Since the Rs and C; are reduced at the same time,
the average cut-off frequency of w-shaped increases to 121.57
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Fig. 2. (a) Representative -V characteristics of multi-feeds versus
single feed, (b) Finger/U/w-shaped versus circular-type, (c) reverse
leakage. (d) Representative characteristics for junction capacitance.

GHz, which is improved by 32.1% compared with the tradi-
tional finger-type SBDs.

3. Conclusions

This paper presents a method to enhance cut-off frequency
of the GaN SBDs without reducing too much of the anode
acreage. By proposing an o-shaped GaN SBD, both the series
resistance and junction capacitance are reduced. Compared
with traditional finger-type GaN SBDs, the cut-off frequency
of the proposed structure is enhanced by 32.1 % and the series
resistance is reduced by 13.3 %, with the breakdown voltage
maintained at 40V.
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