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A GaN-based metal-semiconductor—metal varactor with a two-dimensional
electron gas (2DEG) layer is proposed and fabricated. The capacitance varia-
tion of this fabricated varactor biased at different external voltages is studied
and measured, and the frequency-dependent capacitance and resistance of the
varactor are simulated by a corresponding empirical formula. A high-fre-
quency protective filter is further constructed and placed under a large pulsed-
current injection in a malicious electromagnetic interference immunity test.
The results show that the proposed GaN-based module can reduce the large
pulsed current to an acceptably small level. Thus, the GaN-based 2DEG
varactor is an attractive candidate for applications designed to protect the
upcoming 5G high-frequency system from risks such as electrostatic dis-

charge, lightning, and electromagnetic pulses.

Key words: GaN metal-semiconductor-metal varactor,
two-dimensional electron gas,
malicious electromagnetic interference

INTRODUCTION

The prevalence of electric vehicles and high-speed
cellular phones in modern society is increasing.
However, the size of the electronics involved in
these devices is continually decreasing. Thus, the
probability that these devices will be exposed to
high transient current/voltage from the environ-
ment is also increasing. For example, the global
positioning system (GPS) may encounter harmful
electromagnetic pulses. To protect these electronic
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systems, which must have precise working proper-
ties, from conventional natural or man-made
threats,'™ current protection technologies are used.
These technologies can be largely classified into
three categories: gas discharge tubes (GDTs),%”
metal oxide varistors (MOVs),®>1° and transient
voltage suppression (TVS) diodes.'’ GDTs do not
have a fast reaction time because of their microsec-
ond-scale ionization of SFg gases. MOVs have large
“in parallel” shunt capacitance and have limited use
for high frequencies. TVS diodes have a very fast
response time but a small current-sinking ability.
Large TVS diodes can improve the current-sinking
abilities of these devices, but their parasitic
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capacitance causes issues with high-frequency
applications.

On the other hand, two-dimensional electron gas
(2DEG) metal-semiconductor—metal (MSM)-struc-
tured varactors, which are GaN- or GaAs-based
wide-band-gap compound semiconductor devices
with very short reaction times,'? are highly com-
patible. By connecting GaN-based 2DEG varactors
with an “in series” form, shunt capacitance is no
longer a problem, thus benefiting high-frequency
applications. Furthermore, these 2DEG varactors
represent open circuits at high input power, while
the other aforementioned three categories of those
types of systems, when connected in parallel at
such high input power, may short-circuit. Further,
some combination of all three categories of these
devices will theoretically increase the efficiency of
the protection system.'*'* GaN 2DEG varactors
have been used for high-power switching,'® photo-
diodes,'® and high-electron-mobility transistor
(HEMT) electrostatic discharge (ESD) protection®’
applications, but studies regarding their use with
fast, high-power malicious electromagnetic pulses
(MEMI) impulses are lacking. Additionally, fabri-
cation of comprehensive modules for protective
purposes and testing of these modules are also
lacking. In this study, 2DEG varactor protection
modules that use the property of the capacitance
variation with respect to the introduced voltage
and frequency are studied using a lab-made strip
filter and reported upon. The protection capability
of this device and module are shown to be compli-
ant with MIL-STD-188-125-2. By comparing the
resulting residual currents obtained before and
after the high-current double-exponential impulse
injections, we confirm that the GaN-biased 2DEG
MSM filter module can protect the following circuit
from high-impulse damage.

GAN 2DEG VARACTOR FABRICATION

In this section, we describe the structure of the
fabricated GaN 2DEG MSM varactor and its mea-
sured low-frequency capacitance under an external
bias voltage.

GaN 2DEG Device Structure

As shown in Fig. 1a, an MSM-2DEG varactor was
fabricated using an Alg7Gag73N/GaN espitaxial
structure on a silicon substrate.! The
Al 57Gag 73N/GaN heterojunction possesses a two-
dimensional electron gas (2DEG) structure. In
Fig. 1b, the metallization of the electrode Schottky
contact pads (Ti/Au) with 90 nm thickness is shown.
In Fig. 1c, the top view of the MSM-2DEG varactor
is shown. The separated spacing of the electrodes is
20 pym.

Capacitance Variation Under an External
Voltage

The GaN 2DEG varactor consists of two Schottky
diodes that are connected back-to-back and a 2DEG
channel layer as a backside connector. Capacitances
are formed in the Schottky depletion zone between
the metal and the 2DEG channel, as well as in the
lateral depletion zone of the 2DEG. The measured
capacitance of the GaN 2DEG varactor under an
external bias voltage at 1 MHz is shown in Fig. 1d.
As the external bias voltage increases from 0 V to
+8 V, the capacitance changes from a maximum to
a minimum value. The variation of the capacitance
is a symmetrical step function. The cutoff voltage,
Vr, is around £4.5 V. When the bias voltage is less
than Vi, the capacitance approaches its maximum
value of 450 pF (C,ax), Which is dominated by the
capacitance of the Schottky depletion zone between
the metal and 2DEG channel (Cgchottky). When the
bias voltage is greater than Vr, the depletion zone
penetrates the 2DEG channel, creating an addi-
tional and small lateral 2DEG capacitance (Copgg)
in series with Cgchottky- As a result, the minimum
capacitance of 6.5 pF (C;n) is equal to Copgg. The
ratio of the maximum to minimum capacitance is
around 65~70.

MEASUREMENT RESULTS
AND DISCUSSION FOR HIGH-FREQUENCY
MEMI IMMUNITY

The GaN 2DEG capacitance is dependent not only
on the biasing voltage, but also on the measuring
frequency. Most of the time, we measured the
frequency-dependent capacitance of semiconductor
devices at low frequency (less than 2 MHz). For
high-frequency applications, we first constructed a
simple 50 Q micro-strip circuit matched with the
GaN 2DEG varactor and from which the corre-
sponding high-frequency capacitance was extracted,
as shown in Fig. 2a. Next, another micro-strip
protective filter with a 2DEG MSM varactor and
two high-pass inductors is constructed (as shown in
Figs. 6, 7), and its MEMI immunity under a high-
current impulse source is investigated.

Frequency-Dependent GaN 2DEG
Capacitance Determination

We measured the frequency response and inser-
tion loss of the 50 Q matched circuit, as depicted in
Fig. 2a, for the extraction of the high-frequency
capacitance of this system. The capacitance and
parallel resistance of the GaN 2DEG varactor diode
for frequencies ranging from 1 MHz to 3 GHz were
extracted using a network analyzer (shown in
Fig. 2b). The maximum capacitance is 450 pF,
which is the same as that measured in Fig. 1d.
The parallel resistance is also dependent upon the
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Fig. 1. (a) AlGaN/GaN MSM-2DEG epitaxial structure. (b) Metallization of the electrode contact pads located on the top of the wafer. (c) Top
view of MSM-2DEG varactor with two contacts. (d) Varactor diode under an external voltage measured at 1 MHz.

measuring frequencies, and the parallel resistance
at 1 MHz is 430 Q. The quality factor, @, of the GaN
2DEG varactor, calculated using the formula
@ = 2nfRC, where f is the frequency, R is the
parasitic resistance, and C is the capacitance, is
shown in Fig. 2c.

For frequencies below 100 MHz, we can use the
capacitance variation as our initial value, and we
can use a straight line to obtain the capacitance
curve, as shown in Fig. 2d. This fitting is achieved
using the following empirical formula:

C:C0<1—O.5log%>), (1)

where f, and C, are the initial values of the
frequency and capacitance, respectively. In this
study, Cy = 450 pF and f, = 1 MHz. This equation
demonstrates that the capacitance is a logarithmic
function of the frequency.

The conductance or resistance of the GaN 2DEG
varactor decreases more rapidly than the capaci-
tance. The resistance variation shown in Fig. 3a is
the initial value in determining the straight-line
resistance curve. The empirical formula used to
obtain the resistance curve is

R R, (?O> 0.677 2

where R is the resistance, f is the frequency, and fj
and R, are the initial values of the frequency and
resistance, respectively. In this study, Ry = 430 Q
and fo = 1 MHz. Figure 3b shows the same curves
plotted on a linear scale below 100 MHz.

These equations therefore demonstrate that after
the initial low-frequency values have been deter-
mined (from the common 1 MHz CV meters), the
high-frequency (100 MHz)-dependent capacitance
and resistance of this varactor can be predicted.

By measuring two port parameters of the GaN
2DEG varactor using a network analyzer, we can
compare the differences between these values and
the fitted formulas. The results are shown in Fig. 4.
The insertion loss, S21, and return loss, S11, are
shown to be well correlated.

For higher frequencies from 100 MHz to 3 GHz,
we see that the product of the frequency and
capacitance is almost a constant value, i.e.,
27fC = constant. Therefore, we can use a straight
line to fit the capacitance curve on a log scale, as
shown in Fig. 5a and b. The empirical formula is

c-alf)

where the initial values (C; and f; for the capaci-
tance and frequency, respectively) can be chosen at
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Fig. 2. (a) The 50 Q matched micro-strip circuit. (b) Capacitance and resistance of the GaN 2DEG varactor for different frequencies. The red line
indicates the capacitance, and the black line indicates the parallel resistance. (c) Quality factor of the GaN 2DEG varactor. (d) Fitted curve of the
capacitance of the GaN 2DEG varactor. The dotted line shows the measurement results, while the solid line is the fitted curve (Color figure online).
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Fig. 3. Fitted curves of the resistance of the GaN 2DEG varactor. The dotted lines indicate the measurement results, while the solid line is the
fitted function. (a) The resistance is fitted using a straight line on a log scale. The plotted frequency ranges from 1 MHz to 3 GHz. (b) The fitted
resistance curve on a linear scale, over a frequency range below 100 MHz.

any point between this interval of the measurement
line; in this study, we choose f; = 1.1 GHz and
C1 =3 pF. The curve correlates well with the
experimentally obtained results from 100 MHz to
3 GHz, as shown in Fig. 5b.

Figure 5¢ shows the capacitance of the varactor.
All of the values of fabricated GaN 2DEG varactors
are below 4 pF for frequencies from 1 GHz to 3 GHz.

The dotted line shows the measured values, and the
solid line is the fitted curve.

Protection Module Design with GaN 2DEG
Varactor

An ADS schematic diagram of the filter with the
GaN 2DEG varactor as a protection module for
high-current pulses is shown in Fig. 6.
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The micro-strip filter, as shown in Fig. 7a, was
built on a 0.6-mm-thick FR4 substrate with a
relative dielectric constant (er) of 4.3. The width of
the input/output 50 Q line is 1.14 mm. Two micro-
strip lines (L1 and L2) act as inductors and are
connected to the ground. They are each 17 mm long
and 0.3 mm wide. The GaN 2DEG varactor is placed
at the center.

The prototype of this setup is shown in Fig. 7b.
The lines L1 and L2 are form meander lines to save

S11 and S21 (dB)

20111
1 11 21 31 41 51 61 71 81 91 100

Frequency (MHz)

Fig. 4. Two port measurements of the GaN 2DEG varactor. The
dotted lines indicate the measurements, while the solid lines are the
fitted lines. The insertion loss, S21 (black), and return loss, S11
(red), are plotted on a dB scale. The frequency ranges from 1 MHz to
100 MHz (Color figure online).
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space. The GaN 2DEG varactor (shown as the white
block in Fig. 7b) is placed in the center and is flip-
chip mounted on the surface.

The filter responses of the simulated and mea-
sured data are shown in Fig. 7c. A parallel resis-
tance was added to the simulation to compensate for
the insertion loss. The added parallel resistance is
20 Q, which corresponds to a quality factor of 1. This
is confirmed in Fig. 2c. The experimentally obtained
center frequency is lower than the corresponding
simulation value. This resulted from the L1 and L2
lengths with respect to the ground. The micro-strip
lines used in the experimental setup are longer than
the simulated lines because of the additional dis-
tance due to holes, and this shifts the measured
frequencies to lower values.

The fabricated filter is next tested for use with
high-current impulse injections. As shown in
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500hm L1 MSM L2
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Fig. 6. ADS schematic diagram of the filter. The horizontal line on
the right-hand side indicates the input, while the horizontal line on the
left-hand side indicates the output.
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Fig. 5. Fitted capacitance of the GaN 2DEG varactor. The dotted lines are the measured values, and the solid lines are the fitted curves. (a) The
capacitance is fitted using a straight line on a log scale. The plotted frequency ranges from 1 MHz to 3 GHz. (b) The same fitted curve, but with a
linear-scale y-axis. (c) The overall capacitance of the GaN 2DEG varactor below 3 GHz.
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Fig. 7. Prototype of the filter system. The lines L1 and L2 are form meander lines. (a) Printed circuit board pattern. (b) The prototype of the filter
system with the GaN 2DEG varactor and SMA connectors. (c) Filter responses of the simulation (solid lines) and measured data (dotted lines).

The insertion loss, S21 (black), and return loss, S11 (red), are plotted on a dB scale. The insertion loss is 1 dB. The x-axis shows the frequency
over a range from DC to 5 GHz (Color figure online).
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Fig. 8. The high-current pulse source. (a) The maximum current is 110 A with a 3 us pulse width to a 50 Q load. (b) Residual output of the high-

current test. The maximum residual current is 3.5 A.

Fig. 8a, the maximum current of the test source is
110 A with a 3 us pulse width to a 50 Q load
(~ 5500 V).

After the high-input-current test, the output to a
50 Q load is determined, as shown in Fig. 8b. The
maximum residual current is as low as 3.5 A. This
proves that the GaN-based 2DEG varactor can
reduce the high-current impulse injection to a safe
level.

After the high-input-current test, the filter is once
again measured using a network analyzer. Fig-
ure 9a and b shows the measurement results of the
proposed module. The dotted lines indicate the
measurements before the high-current impulse test,

while the solid lines show the measurements
obtained after this test. The insertion losses (band
pass at 1200~3000 MHz) are the same, while the
return loss shifts by only a minor amount. This
shows that the GaN 2DEG MSM varactor can
protect the circuit from MEMI- or malicious elec-

tromagnetic pulse (MEMP)-related damage and
without its own degradation.

CONCLUSIONS

GaN-based 2DEG MSM varactors were fabricated
and tested using positive and negative applied
biases. Their capacitance was shown to undergo
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Fig. 9. Measurements obtained before and after the high-current pulse test. The red line shows the results obtained before the test, and the
black line shows those obtained after the test. (a) The insertion loss, S21, of the filter. The results obtained before and after the test are the same.
(b) The return loss, S11, of the filter. Only a minor shift between these results is apparent (Color figure online).

an abrupt and fast change under external bias
voltage (~ 4.5 V). Their frequency-dependent capac-
itance is also studied and corresponding empirical
equations are fitted. These equations demonstrate
that after the initial low-frequency values have been
determined (from the common 1 MHz CV meters),
the high-frequency (> 100 MHz) capacitance and
resistance of GaN varactors can be predicted.

The proposed protection module demonstrates the
use of this varactor in high-frequency communica-
tion systems as an “in series” device to prevent
natural MEMP- or MEMI-related damage, in which
the proposed varactor is combined with a strip
band-pass filter (1200-3000 MHz) to form a protec-
tive module. A current injection of 110 A at a 3 us
impulse width was shown to be efficiently sup-
pressed to a value of as low as 3.5 A by using the
proposed module and without degradation on its
own performance. This makes the GaN 2DEG MSM
varactor based module a useful component for
protection from ESD, lightning electromagnetic
pulse (LEMP), or even MEMI impulses in the
high-frequency range.
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