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This work presents the design, fabrication, and analysis of GaN Schottky barrier diodes with multi-finger structure on the silicon substrate using
various layout parameters, aiming for RF energy harvesting applications. The measured results demonstrate a low turn-on voltage (V,,) and a high
breakdown voltage (Vgk) of 0.56 V and 47 V, respectively. A high cut-off frequency ( f.) of 360.9 GHz under reverse bias of —10 V is also obtained
for a two-finger device with each finger of W= 12.5 ym and L = 0.2 um. © 2020 The Japan Society of Applied Physics

1. Introduction

The trend of the Internet of Things predicts there will be more
than 50 billion devices connected in 2020, including many
sensors for various applications. One major issue for these
sensors is the power supply."> Using batteries may not be a
good solution since these sensors could be deployed in
various locations and replacement of the batteries becomes
very inefficient. RF energy harvesting provides an attractive
solution, where the ambient EM signals generated by
different RF sources such as the cellphone base stations
and WiFi routers could be captured by the antenna.*™> An
energy harvesting system using matching circuits for the
antenna along with a rectifier can generate energy from the
wireless signals to charge the sensors or other mobile
devices.*” The Schottky barrier diode (SBD) is an essential
component for converting the RF energy to DC power. Since
the received RF power will be relatively low and the
frequency is high,*” the diodes with low turn-on voltage
(Von), low on-resistance (Roy) and high operating frequency
are important to enhance the conversion efficiency.'” Also, a
high breakdown voltage of the diode is preferred to improve
the system robustness, since a very high EM energy could be
encountered on some occasions.*'"

As a wide bandgap material, GaN has a large breakdown
field with a much higher saturation electron velocity com-
pared with other conventional semiconductor materials such
as silicon and GaAs. With fundamental material advantages,
GaN-based devices are very suitable for high power and
high-speed applications.'*™'> Recent progress also reported
high-quality GaN epitaxial layers grown on large-scale
silicon substrates, making low cost and high performance
GaN SBDs possible.m*lg) As a result, the GaN-based SBD is
an excellent candidate for RF energy harvesting
applications.'” Compared with the GaAs SBDs, the reported
cut-off frequency (f.) of GaN SBDs is relatively lower,””
which indicates that it is crucial to optimize the device design
such as the parasitic series resistance (R;), including contact
resistance (R.), cathode resistance (R.amode), anode resistance
(Ranode), and the resistance between anode and cathode
(RAC).21) Also, the junction capacitance (C;) which is related
to the doping profile of the epitaxial layer’” and the
capacitance between two electrodes (Cac) are the important
parameters to improve the device performance.
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Fig. 1. (Color online) Device (a) cross-section and (b) layout.

In this paper, we demonstrate high frequency multi-finger
AlGaN/GaN SBDs on the silicon substrate. Devices with
different layout geometries are designed, fabricated, and
analyzed for both DC and RF characteristics. In addition,
small-signal model parameters are extracted from the mea-
sured S-parameters for details analysis.”” In addition, the
simulated S-parameters based on the model are compared
with the measured results. The preliminary results have been
shown at the 2019 SSDM, and this paper further elaborates
the details of device fabrication and analysis.

2. Experimental methods

Figure 1 shows the epitaxial layer structure of the AlGaN/
GaN SBDs grown by metal-organic chemical vapor deposi-
tion (MOCVD) on a silicon substrate. The epitaxial layers
consist of a 100 nm AIN initial buffer layer, 4.3 pm carbon-
doped GaN buffer, 500 nm GaN channel layer, 25 nm
Aly»5Gag 75N barrier, and a 2 nm UID GaN cap layer, as
shown in Fig. 1(a).

Fabrication of the device began with mesa isolation, which
was done by a reactive ion etching (RIE) system with a
ClL,/BCl; mixture gas for an etching depth of ~150 nm. For
the formation of the cathode, Ti/Al/Ni/Au Ohmic metal was
deposited using a thermal evaporation system followed by
rapid thermal annealing at 850 °C for 30 s in the N, ambient,
which results in a low contact resistance.”**> The anode with
Ti/Au stack layers was then developed by e-beam litho-
graphy to improve the RF performance. After e-beam
lithography, the Schottky metal stack of Ti/Au was deposited
by thermal evaporation and followed by a lift-off process.

© 2020 The Japan Society of Applied Physics
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Due to the low metal work function of Ti/Au metal stack, the
turn-on voltage of the device can be reduced, while Vgx may
be degraded. It should be mentioned that Ti is used as the
Schottky metal instead of the typically used Ni for a low turn-
on voltage,”® which is beneficial for energy harvest applica-
tions. The RF pads wit ha metal stack of Ni/Au was deposited
using thermal evaporation to allow on-wafer measurements,
which are suitable for ground—signal-ground (GSG) probes.

Different layout geometries are designed to investigate the
tradeoff and find out the optimal solution regarding parasitic
resistance, cut-off frequency, and breakdown voltage.
Finally, device passivation with multilayer structure of
SiNx/SiO,/SiNy was deposited by a PECVD system at
300 °C. Note that the finger type layout is adopted, which
can be defined by W (finger width), Lapege (finger length of
anode), Lcamoqe (finger length of cathode), Lac (distance
between anode and cathode), and N (anode finger number).
Figure 1(b) shows an example of a two-finger SBD. A
contact resistance R, of 0.5 Q-mm and a sheet resistance R,
of 413 Q/[] were obtained, respectively, by the transmission
line method (TLM) after passivation. Figure 2 shows the
overall device structure by optical microscope with layout
parameters Lac =2 pum, Layoge = 0.2 pm, and W = 12.5 pm.

3. Device modeling

For in-depth analysis of the proposed AlIGaN/GaN SBDs, we
establish a high frequency diode equivalent circuit small-
signal model, according to the layout and device structure
characteristic as illustrated in Fig. 3(a). With the high
resistivity silicon substrate (p=6000 Q-cm), the parasitic
substrate capacitance (Cgy,) and resistance (Rg,), Which
appears in Fig. 3(a), are neglected for simplicity as shown in
Fig. 3(b). Considering the effect of bias voltage, a simplified
large-signal model is also established as shown in Fig. 3(c),
where L, and R are the parasitic series inductance and
resistance, Cj and R; represent the junction capacitance and
resistance, Ly,q and Cp,q are the parasitic effects of RF pads.
The pad capacitance (Cp.g) can be extracted as 24fF at
50 GHz. Based on the measured S-parameters of SBD under
different bias conditions, the open-short de-embedding pro-
cedure is performed first by the Y- and Z- parameters of the
testkeys to obtain the intrinsic device characteristics.”” The
bias-dependent R, can then be extracted using the simplified
small-signal model as shown in Fig. 3(b). At high frequen-
cies, Cj becomes a short circuit, the real part of Z;,, can be

Fig. 2.
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approximated as R;. The value of L is 90 pH, which can also
be obtained simultaneously.

After the extraction of small-signal model parameters, the
cut-off frequency (f;) of the device can be expressed by R;
and Cj_zs) Since R and Cj are under the influence of DC bias,
R and C;j turn into voltage-dependent parameters R (V) and
C; (V) in the large-signal model. Similarly, the small-signal
parameter R; [see Fig. 3(b)] becomes a voltage-dependent
current source ip described by the equation shown below,
where I, and iy represent DC and AC current, respectively,
and Vp is the bias voltage including DC and AC bias. Note
that the thermal resistance Ry, (V) is also considered in this
model, which is also related to the bias voltage.

4(VD—IDRS)

ip=1Ip+ig=Le wr (D)

4. Measured results and discussion

4.1. DC characteristics

To analyze the performance dependence of the device layout,
the SBDs on the silicon substrate are designed with various
layout parameters of Lac, Lanodes» W, and N. Note that
Lcamoge Of the device is fixed at 6 um for a better device
yield. Figure 4(a) shows the measured results of a two-finger
SBD (W=12.5 ym and Lcanoge = 6 pm) with two different
Lac of 2 and 3 um. The forward current densities of 90 and
77 mA mm ™~ can be achieved, respectively. Also, V,, of 0.56
and 0.63 V, Vg of 37 and 47 V are obtained for devices with
Lac of 2 and 3 pum, respectively, as shown in Fig. 4(b).

It was found that tradeoffs exist among forward current,
Von and Vpg regarding the anode—cathode distance. As Lac
reduces, the parasitic access resistance becomes smaller,
resulting in improvement of V,, and current density (Ip).
However, Vg is also degraded due to the smaller distance
between the two electrodes. Figure 5 presents the dependence
of V,, and Vg on the finger length La,0qe- AS can be seen,
the current density increases with the finger length [Fig. 5(a)].
The increased current density can be attributed to the reduced
parasitic anode resistance with an increased Lapode- A highest
current density of 130mAmm~' can be obtained for
Lanoge = 0.8 pm. On the other hand, the impact of Laode 1S
not obvious on Vg as shown in Fig. 5(b). Changing of W
and N has a similar effect on the SBD characteristic. As the
size reduces, the current density increases and V,,, reduces, as
shown in Figs. 6(a) and 6(c). This could be attributed to the

(Color online) Micro graphs of fabricated SBDs with (a) N=2 (b) N = 4.
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reduced thermal effect, which is studied, and shows that
smaller W and N are easier affected by self-heating, leading to
the thermal current.>” Also, devices with a larger finger
width (W) and more fingers (N) with an increased device
periphery could have more potential leakage paths, resulting
in reduced Vg [Figs. 6(b) and 6(d)]. It should be emphasized
that the dependence of V,, on the device geometry is not
obvious, which is mainly determined by the Schottky metal

work function.
4.2. RF characteristics

Figure 7 presents the bias dependence of f- for diodes with
different geometries. As is shown in Fig. 7, when the bias
voltage is lower than —4 V, due to the extremely low value of
C;, the device has increased fc. It can also be observed that f
drops rapidly between —4 V to +0.6 V due to the reduced
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(Color online) (a) High frequency equivalent model for AIGaN/GaN SBDs on silicon. (b) Simplistic small-signal model and large-signal model.

depletion region width resulting in increased C;. For all the
geometrical parameters, the decreased Lapoge, Lac, W, and
Nall lead to an increased cut-off frequency, which means the
RF characteristics of the device can be improved as the size is
reduced. This is consistent with the general rules for high
frequency characteristics for devices. The highest value of fc
appears at the bias voltage of —10 V for the device with
Lac=2pm, and Lapoge=0.2pum, which is about
360.9 GHz.

As mentioned, the established large-signal model should
include the bias-dependent elements such as Rg, Cj and Ry, to
more accurately describe the SBD characteristics. Figure 8
shows the extracted parameters from measurements com-
pared with the modeled results using semi-empirical equa-
tions.

Modeling of Rg is relatively straightforward, only deter-
mined by the on/off state shows a linear behavior as shown in
Fig. 8(a), described by Eq. (2). In contrast, both C; and Ry,
show typical sigmoidal behavior as a function of bias voltage
described by the Eq. (3). The junction capacitance Cj increases
markedly as Vp exceeds —4 V, which can be attributed to the
rapid change of the depletion region during the device on/off
transition. Also, an obvious change of Ry, can be observed as a
function of bias voltage. A large Ry, results from the thermal
effects as the current starts flowing through the SBD. On the
other hand, the thermal effect almost does not exist when the
device is off, causing the sigmoidal behavior of Ry, Figure 9
shows the simulated and measurement S-parameters of SBD
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based on the large-signal model. A very good agreement canbe  6)
obtained as shown in Fig. 9. 7
Ry =mvp + b )
8)
_ A — A 9)
Ry, Cj= A + m (3)
10)
11)
5. Conclusions
Aiming for RF energy harvesting applications, GaN Schottky 12)
barrier diodes with low turn-on voltage and high breakdown 13)
voltage were designed and fabricated in this work. SBDs with
different layout parameters Lac, Lanodes W and N are fabricated 14)
to investigate the dependence between device layout para- 5)
meters and characteristics and to find optimal layout geometry  16)
for the desired applications. A low V,, and a high Vgi of
0.56 V and 47 V, respectively, were demonstrated. A high cut- 17)
off frequency of 360.9 GHz was also obtained for a two-finger g,
device with each finger of W=12.5 yum, Lyc=2pm and
Lanode = 0.2 pm. The analysis based on the extracted small- 19)
signal model also provides more insight into the obtained
results. The large-signal model was established by analyzing o)
the behavior of Rs, Cj and Ry,, where the simulation results
showed a good agreement with the measurements. 21)
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