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ABSTRACT This paper presents two designs of millimeter-wave single-pole single-throw switches based on
AlGaN/GaN heterostructure. The switches are based on two approaches to the travelling wave concept with
Schottky barrier shunt elements integrated into a coplanar waveguide. The first design utilizes a two-stage
artificial transmission line topology with distributed shunt elements in Schottky diode configuration. The
second one employs a single electrically large shunt element configured as a high electron mobility transistor.
Both arrangements allow the switches to achieve very high operational bandwidth, exceeding 100 GHz,
without the requirement for very high lithography resolution. Examined switches were fabricated in a 2-um
GaN-on-SiC process. Measurement results demonstrate upper operating frequencies exceeding 114.5 GHz
starting from 14 GHz or even DC, depending on the design. The W band on-off ratio over 17 dB and 21 dB
is achieved by the first and second construction, respectively. Measurements of transient parameters show
that high switching speed can also be achieved (rise/fall time as low as <17 ns for the first construction).

INDEX TERMS Millimeter-wave, SPST switch, RF switch, AlGaN/GaN, Schottky barrier, distributed shunt.

I. INTRODUCTION

The high-electron-mobility transistor (HEMT) developed on
a GaN basis demonstrates exceptional capabilities, com-
bining high voltage, high power, high speed, and high-
temperature operation [1], [2], [3]. Furthermore, GaN-on-Si
technology, which offers the potential for significant pro-
duction cost reduction and is better suited for high-volume
manufacturing, has garnered considerable attention [4]. Nev-
ertheless, the challenge lies in the substantial mismatch in lat-
tice constant and thermal expansion between Si substrates and
GaN, making it more difficult to achieve high-quality GaN
growth on Si substrates. This obstacle often necessitates the
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use of thicker or more complex buffer layer structures [5], [6].
When SiC substrates are used, the lattice constant and
thermal expansion coefficient mismatch are minimized. Con-
sequently, the quality of GaN epitaxy grown on SiC is
improved. Additionally, SiC substrates exhibit excellent ther-
mal conductivity, efficiently dissipating the heat generated
by GaN HEMTs during high-frequency operations, thereby
enhancing overall reliability [7].

High flexibility and dynamic reconfigurability are impor-
tant goals for the development of modern radio fre-
quency (RF) systems. One of the key components enabling
such features are RF switches. As the millimeter-waves
(mm-waves) continue to find an increasing number of appli-
cations in communication, sensing, imaging, testing, and
instrumentation systems, efficient devices operating in this
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region are necessary. Time-modulated antenna arrays are
one of the growing applications where optimizing switch
parameters is of paramount importance to ensure high per-
formance [8], [9]. GaN semiconductors offer good high
frequency characteristics and can be a prospective solution
for RF applications. However, development and optimiza-
tion of building blocks like GaN switches is required
to achieve satisfactory performance of on-chip integrated
systems [10], [11].

A single-pole single-throw (SPST) switch is a basic build-
ing block for signal control in RF systems as well as a
part of multiple-throw switching circuits. In the literature,
there are many examples of switch designs applying one
of the two main topologies: shunt or series [12]. The most
frequently used is shunt topology, where a switching element,
typically a transistor or a diode, is used to create a short
circuit in the transmission line. The shunt switching element
is generally better suited for wide bandwidth operation than
series one because when used directly in the transmission
line, its parasitic capacitance is connected in parallel to the
naturally present distributed capacitance of the transmission
line and does not significantly harm the operation of the line.
In contrast, the parasitic capacitance of the series element
resides in the line discontinuity, where its presence has solely
undesirable effects by reducing the isolation at high fre-
quencies [13], [14], [15]. The shunt and series elements can
also be combined in series-shunt topology to isolate inactive
paths in multiple-throw switches without using quarter-wave
transformers [16], [17].

A notable group of switch designs is based on various types
of resonant circuits. These constructions are inherently nar-
rowband, however, they allow to achieve very low insertion
loss and high isolation [16], [18], [19]. Nonetheless, wider
bandwidth devices using high order resonator circuits can
also be found [20], [21].

In order to increase the bandwidth travelling wave switch
concept was proposed [22], [23]. In this type of construction,
instead of a single shunt element, multiple stages of shunt
elements separated by transmission line sections are used.
Such a design constructively exploits parasitic capacitances
of switching elements to create an artificial transmission line.
In the on-state, the line exhibits low losses in very wide
bandwidth. Isolation in the off-state can also be significantly
improved. To illustrate the benefits of travelling wave switch
design, an example shown in Fig. 1 is used. It compares single
element shunt SPST switch against three stage travelling
wave construction (Fig. la). For this comparison, simpli-
fied models of shunt transistors are used. In the on-state,
the transistors are represented by their parasitic capacitances
(Fig. 1b), while in the off-state — by their channel resis-
tances (Fig. 1c). Travelling wave switch presents significantly
improved characteristics in terms of insertion loss, reflection
coefficient, and isolation (Fig. 1d), while the overall gate
width of transistors used in both models remains the same.
It should be noted that very limited number of shunt elements
is required to create a broadband artificial transmission line,
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FIGURE 1. Example comparison between single shunt (chestnut color)
and travelling wave (navy blue color) SPST switches. a) Schematic
diagrams of the switches. b) Equivalent circuits in on-state. c) Equivalent
circuits in off-state. d) Simulation results.

even 2 or 3 as shown in the example. Therefore, such a
construction can be relatively compact. Published implemen-
tations of travelling wave switches can be found in [10], [22],
[23], and [24].

If a shunt transistor is sufficiently small, it can be regarded
as a lumped element. At the mm-waves range this can be
achieved with contemporary high-resolution semiconductor
processing (100 nm or less). In travelling wave concept,
these lumped elements are used to create an electrically large
distributed structure. However, the similar effect can also
be achieved with a much larger size of the shunt elements,
which constitute distributed parts by themselves. This can
significantly reduce the requirement for the manufacturing
process resolution. Also, in this application, the transistors
may operate at frequencies above their transition frequency,
as they are not used as active components.

This paper presents two designs of AIGaN/GaN mm-wave
SPST distributed shunt switches integrated with a coplanar
waveguide (CPW). Both designs employ the travelling wave
switch concept. The first uses two-stage construction with
Schottky diode shunt elements, while the second utilizes
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single electrically large transistor shunt element. None of
them requires a high-resolution fabrication process as the
smallest details of both layouts are not finer than 2 um.
The designed switches were fabricated and characterized in
the frequency range up to 114.5 GHz. Also, the transient
characteristics were measured. The paper includes an analysis
of the impact of different design features on the switches
performance.

Il. SWITCHES DESIGNS

Schottky barrier switching elements used in both proposed
designs are distributed, i.e., their dimensions are compa-
rable to the wavelength as opposed to lumped elements
typically used in RF switches. The switching elements are
embedded in CPW and arranged in the shunt configuration.
In the off-state, they create a short-circuit in the waveg-
uide, therefore the proposed devices operate as reflective
switches.

The switches are fabricated based on the AlGaN/GaN
semiconductor structure typical for HEMT for high-
frequency applications [2], [25]. AlGaN/GaN epitaxial
heterostructures were grown by Metalorganic Vapor Phase
Epitaxy (MOVPE) on a silicon carbide substrate. MOVPE
growth was initialized from a 38 nm thick AIN nucleation
layer on a commercially available 500-pm-thick semi-
insulating SiC substrate. Then, a 2.3 um high-resistivity (HR)
GaN buffer was applied, followed by a 0.7 wm unintention-
ally doped (UID) GaN layer. The AlGaN barrier consisted
of: 1.2 nm AlytGa;_xN (X = 66%), 5 nm AlyGa;_xN UID
(x = 28%), 10 nm AlGaN:Si (n~1.5 x 10'® cm~3), and
a 2 nm UID AlGaN layer. The whole heterostructure was
covered by a 2 nm GaN cap layer.

At the AlGaN/GaN heterointerface, the 2-dimensional
electron gas (2DEG) is formed, which constitutes the chan-
nel in semiconductor devices. In proposed devices, 2DEG
channel creates a shunt connection from the center line of
the CPW to the ground. An electrode made of metal placed
over the 2DEG forms Schottky junction, the polarization
of which can be used to control the conductivity of the
channel. When the junction is reverse biased, the 2DEG
is depleted, resulting in increased resistivity of the shunt
element (on-state of the switch). Without bias, the 2DEG
resistivity is approximately 400 €2/sq. When embedded in the
CPW, such a component makes the waveguide section highly
lossy (off-state of the switch).

A. SWITCH TYPE A

Switch type A shunt element operates in a lateral Schottky
diode configuration [26] shown in Fig. 2. The 2DEG is a
cathode of the diode, and metal Schottky electrode is an
anode. The cathode is connected to the ground conductor
of the CPW via ohmic contact. The ohmic contact was
created by Ti/Al/Ni/Au layers deposition and rapid thermal
annealing at 800°C for 60 s. The anode is connected to the
center conductor of the CPW along the whole length of the
shunt element and overlaps the 2DEG by 3 um to create
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FIGURE 2. Cross-section diagram of the switch type A shunt element.
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FIGURE 3. Fabricated structure of the switch type A [27].

lateral Schottky contact. The anode was created by Ni/Au
metallization deposition without any following annealing.
The diode configuration of the shunt element allows to apply
a control voltage through the center conductor of the CPW
together with the RF signal. In order to turn on the switch,
the diode has to be reverse polarized, therefore the negative
control voltage is required.

The switch type A uses double stage travelling wave con-
struction with two 50 p«m long shunt elements placed 175 um
apart, embedded in the coplanar waveguide (Fig. 3). This
arrangement takes advantage of the artificial transmission
line concept to achieve low insertion and return loss as
well as high isolation of the switch at frequencies exceed-
ing 100 GHz.

To analyze double stage construction and its advantages
over single stage one, RF equivalent circuits of these variants
were developed (Fig. 4). The single stage circuit (Fig. 4a)
consists of two sections of CPW and a section of distributed
shunt element between them. The CPW is represented by the
conventional lumped-element transmission line model [28]
and the shunt section by the modified lumped-element trans-
mission line model shown in Fig. 4c and d, respectively. The
additional conductance Gpgg in the modified model is used
to take into account the distributed conductivity of 2DEG in
the shunt element.

In the double stage circuit (Fig. 4b), two shunt sections
are used with a CPW section in between. The shunt section
length in the single stage switch is two times larger than in
the double-stage switch. Parameters of both transmission line
models were established from test structures measurements,
with the latter depending on the state of the switch. Their
values are gathered in Table 1.
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a) distributed
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FIGURE 4. Model of a) single stage, b) double stage shunt switching
device; c¢) Lumped-element transmission line model; d) Modified
lumped-element transmission line model. Parameters of transmission
line models are normalized per unit length.

TABLE 1. Parameter values for switch A transmission line models.

Parameter Value
—_ AR 20 + 0.419-/[GHz] kQ/m
g AL 408 nH/m
g AG 0 S/m
AC 163 pF/m
on-state off-state
AR nod 20+ 0.419-[GHz] kQ/m 20 + 0.419-/[GHz] kQ/m
N ALnea 122 nH/m 345 nH/m
€ AGuw 0 S/m 0 S/m
=) AChod 559 pF/m 16.3 nF/m
AGapeg 0 1.11 kS/m
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FIGURE 5. Calculated a) transmission, b) reflection characteristics of
single and double stage shunt switch models from Fig. 4.

The semiconductor stack of the switch type B is the same
as in type A. However, the transistor configuration is used
instead of a diode (Fig. 6). In this configuration, the 2DEG
channel extends from the ground to the center conductor of
the CPW. Both conductors have ohmic contact to the 2DEG.
Schottky electrodes are placed in the middle of the CPW gaps
along the whole length of the shunt element and connected
to a separate bias contact pad (Fig. 7). Such an arrangement
of the electrodes forms a vertical Schottky contact to 2DEG
channel. Transistor configuration requires negative control
voltage on the Schottky electrode to deplete the 2DEG and,
in consequence, turn on the switch.

Schottky electrode

Calculated transmission and reflection coefficients of the
switch equivalent circuits are shown in Fig. 5a and b, respec-
tively. Insertion loss in the on-state is similar for both
switches, however, in the off-state the double stage switch
exhibits superior isolation at mm-wave frequencies (Fig. 5a).
On-state reflection coefficient characteristic of double stage
switch shows expected return loss improvement at mm-wave
frequencies compared to single stage construction (Fig. 5b).

It can be noticed that the isolation of modelled switches
degrades significantly at very low frequencies (Fig. 5a). It is
caused by the fact that in the off-state, the shunt element does
not provide short-circuit at DC. The advantage of this solution
is the possibility to provide DC control voltage via RF path.

B. SWITCH TYPE B

Switch type B also utilizes travelling wave switch concept,
however instead of using the artificial transmission line, a sin-
gle distributed shunt element is applied. This electrically large
component acts as a continuous switchable transmission line
section in contrast to the chain of discrete elements forming
the artificial transmission line.
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FIGURE 6. Cross-section diagram of the switch type B shunt element.

The gate length of the shunt transistor equals 2 um with
the channel length of 8 um. Dimensions of the CPW are
tailored to minimize characteristic impedance discontinuities
between the shunt section and the rest of the CPW.

The RF equivalent circuit of switch B is shown in Fig. 8.
The structure of the model is the same as the model
shown in Fig. 4a, however, the length of the shunt element
is increased to 300 pum. Parameters of the models given
in Table 2 are adjusted to reflect the different geometry of
the CPW and distributed shunt element.

Calculated transmission and reflection coefficients of the
switch B equivalent circuit are shown in Fig. 9a and b,
respectively. The most significant differences compared to
switch A are greatly improved isolation and operation of

VOLUME 11, 2023



P. Bajurko et al.: AlGaN/GaN Distributed Schottky Barrier Single-Pole Single-Throw Millimeter-Wave Switches

IEEE Access

bias contact pad  needle probe

o [
el el
S <]
2 (5
a a
@} Q
2] 2
&} &}

Schottky electrodes

FIGURE 7. Fabricated structure of the switch type B [27].
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FIGURE 8. Model of the switch type B.

TABLE 2. Parameter values for switch B transmission line models.

Parameter Value
— AR 79 +0.33-f[GHz] kQ/m
g AL 453 nH/m
<] AG 0 S/m
B AC 181 pF/m
on-state off-state
ARpod  54.7+0.545-f[GHz] kQ/m 53 + 1.1-f[GHz] kQ/m
N ALpw 346 nH/m 1 nH/m
€ AGnu 0 S/m 354 S/m
g  AChu 317 pF/m 1.27 nF/m
AGopeg 1250 S/m 0

the switch from DC. The insertion loss is higher, mainly
due to narrower center conductor of the transmission lines.
Despite that, the on-off ratio is notably higher compared to
switch A. The advantage of the narrower center conductor
is reduction of characteristic impedance changes along the
length of the device. It allowed to maintain low on-state
return loss in the wide bandwidth even though single stage
design is employed. The simulation results allow to conclude
that single distributed shunt element can provide wideband
operation of the switch.

The main features of the proposed switches are gathered
in Table 3.

Ill. MEASUREMENTS

A. MEASUREMENT SETUP

The manufactured switches were measured in two frequency
ranges. For measurements in the lower range, from 10 MHz
to 50 GHz, measurement setup A (Fig. 10a) was used with
Agilent N5245A PNA-X vector network analyzer (VNA)
connected to the device under test (DUT) using a 100 um
pitch Cascade Microtech Infinity GSG probes. The probes
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TABLE 3. Comparison of the designs.

Switch type A B

single

double shunt

Switch configuration . electrically
travelling wave )
arge shunt
Schottky contact configuration lateral vertical
Shunt device diode transistor
2x50 pm,
Shunt length 175 pm spacing 300 um
CPW center conductor width 80 pm 14 um
Control voltage connection via RF port Via separate
electrode
Control voltage polarization negative negative

were positioned using the Cascade Microtech EPS200MMW
probe station. In the case of switch A, control voltage was
applied to the center line of the CPW via GSG probes using
external bias ports of the VNA. Switch B was controlled
by the voltage applied to the bias contact pad via additional
needle probe. The control voltage connections to the DUT are
illustrated in Fig. 11.

For measurements in the higher range, from 70.5 GHz
to 114.5 GHz, measurement setup B (Fig. 10b) was used.
In this setup, the VNA was connected to a pair of VDI
WR-10 waveguide frequency extenders with 100 um pitch
Cascade Microtech Infinity WR-10 waveguide GSG probes.
Bias voltage for switch A was provided via bias ports on
the probes. For the calibration and setting the measurement
plane to the contact pads, the Cascade 101-190C and Cascade
138-357 standard impedance substrates were used at lower
and higher frequency range, respectively.

B. RF CHARACTERISTICS

Measured transmission and reflection coefficient character-
istics in both frequency ranges are presented in Fig. 12.
The on-state transmission characteristics of both devices
(Fig. 12a, solid lines) exhibit very broadband operation with
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a) Setup A

power supply

DUT
b) Setup B VNA

frequency extender frequency extender

GSG probes

¢)

FIGURE 10. Schematic diagram of measurement setup: a) A for 10 MHz -
50 GHz, b) B for 70.5 - 114.5 GHz frequency range. c) Photo of the
measurement setup A.

a) b)

DUT

power supply power supply

DUT

FIGURE 11. Schematic diagram of bias voltage supply for: a) switch A
controlled through RF port, b) switch B controlled through external
electrode.

insertion loss increasing slightly with frequency. However,
switch A shows significantly lower insertion loss (under
3.5 dB in the whole measured frequency range).

The off-state transmission characteristics are shown
in Fig. 12a with dashed lines. The isolation of both switches
increases with frequency and above 100 GHz reaches 22 dB
and 29 dB for switches A and B, respectively. Switch A
exhibits a significant decrease of the isolation below 20 GHz,
which is related to the construction of the shunt element
(described in Section II-A). This restriction does not apply
to switch B, which operates in the whole measurement
frequency range, from DC to 114.5 GHz, with isolation
above 16 dB.

Reflection coefficient characteristics in the off-state
(Fig. 12b, dashed lines) show relatively high values for both
switches as both are reflective RF switches. More impor-
tant for the switch performance are the on-state reflection
coefficient characteristics (Fig. 12b, solid lines). The one
for switch A closely resembles the simulated characteristics

125914

A B
- ON
= = OFF
8 : :
o~ T
Z ————————
=
2 -10 1 1
2
=)
Q
S-1I5¢ 1
220t et P J
E M“ﬂ..
w)
s
E-25} 1
~—i
-30 i i i i Trr--
0 20 40 60 80 100
frequency (GHz)
b) o : ; : : :

g st | , -
E 7 TTEm e TN e o = = ™
=
o
5 10 1
=]
o
S
Q
=
.2
8
=
1

20 40 60 80 100
frequency (GHz)

FIGURE 12. Measured transmission (a) and reflection (b) characteristics
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shown in Fig. 5b, proving the validity of the artificial trans-
mission line model incorporating distributed shunt elements.
Switch B result (reflection coefficient below —14 dB in the
whole measurement frequency range) shows that wideband
matching can also be achieved with a single distributed
electrically large shunt element corroborating findings from
simulations (Fig. 9).

Although the measurement setups do not cover the
50-70.5 GHz frequency range, it can be seen that the trends
observed in the lower and upper bands are consistent. Com-
bined with the simulation results, it allows to assume that
there should not be any notable deviations from these trends
in the frequency gap. It should be also noted that although
the upper measurement frequency limit was 114.5 GHz, the
characteristics of the switches indicate that they can operate
above the measurement bandwidth. It is especially the case
for switch B, which exhibits relatively flat reflection coeffi-
cient characteristic at the highest measurement frequencies.

C. TRANSIENT CHARACTERISTICS

Transient characteristics of the switches were measured
at a frequency of 38 GHz. Fig. 13a and 13c present
turn-on transient characteristics normalized to the on-state
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FIGURE 13. Switch-on (a, c) and switch-off (b, d) transient characteristics
of output RF voltage envelope of the switches measured at 38 GHz. The
waveforms are normalized to their own amplitude in steady on-state.

RF voltage level. Switch A exhibits a rise time not exceed-
ing 17 ns, significantly shorter than switch B. In the turn-on
process of switch B, at least two phases can be distin-
guished. The first phase has noticeably shorter time constant
than the second. This behavior may result from metal layer
defects locally decreasing the conductivity of the Schottky
electrodes. Switch B comprises relatively long and narrow
electrodes driven only from one side, which makes them
susceptible to imperfections. When such a defect occurs,
a part of the electrode can operate more slowly, resulting in
a two-phase switching characteristic. It can also differently
affect the electrodes on both sides of the CPW, leading to a
similar effect.

Turn-off transient characteristics are shown in Fig. 13b
and 13d. Switch A exhibits very short fall times, not exceed-
ing 15 ns. Switch B exhibits excessively long fall time. As it
is consistent with long rise time, the defects of the Schottky
electrodes are the most likely cause of this behavior.

The measured switching times are gathered in Table 4. The
times for switch A can not be strictly determined as they
are reaching the resolution limits of the measurement equip-
ment. Nevertheless, switch A can be considered high speed
compared to commercially available mm-wave switches.
In contrast, switch B operates at much lower speeds. How-
ever, this behavior may originate from accidental defects,
as explained above. Therefore, the results for switch B are not
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conclusive with only one specimen of the switch examined.
It should be noticed that defects causing observed inferior
transient performance do not affect steady-state characteris-
tics. This lends credence to the hypothesis that the defects
relate to the conductivity of the control electrodes. Further
investigation and tuning of manufacturing processes’ param-
eters are required to improve the quality of the Schottky metal
layer. Another possible solution to improve the transient
characteristics of switch B can be a change in the Schottky
electrodes design. For example, providing more than one con-
nection to the bias contact pad could mitigate the influence of
the defects.

TABLE 4. Measured switching times (between 10% and 90% of the
RF voltage).

Switch type A B
Rise time <17ns 2375 ns
Fall time <15ns 5580 ns

IV. CONCLUSION

Two SPST switch designs based on the AlGaN/GaN semicon-
ductor are presented. Both designs employ travelling wave
concept with distributed shunt switching elements embedded
in the transmission line. Switch A is a two-stage device
constructed using artificial transmission line topology with
distributed shunt elements in a diode configuration. Switch B
is based on a single electrically large distributed shunt ele-
ment in transistor configuration. Application of travelling
wave concept allows to achieve wide bandwidth operation.
Table 5 compares the proposed devices against other state-
of-the-art mm-wave GaN switches. Both switches, A and B,
exhibit significantly wider bandwidth than other compared
devices. Particularly, switch B allows operation down to DC,
which is a relatively rare feature of RF switches. Switch A
also operates down to very low frequencies, however its
on-off ratio decreases below 10 dB under 14 GHz due to
the diode configuration of the switching element. Moreover,
the measured characteristics indicate that the operational fre-
quency range of the investigated switches can extend even
beyond the upper measurement frequency limit.

The experimental evaluation shows that the proposed
designs can achieve very low switching times (under 17 ns
in case of switch A). However, examination of switch B
indicates that large switching components are susceptible
to manufacturing defects, which can significantly impact
switching speed.

It should be noted that the presented designs based on the
distributed shunt elements have very modest fabrication pro-
cess resolution requirements, therefore they can be manufac-
tured without the most sophisticated tools (e.g., a regular UV
mask aligner machine can be used instead of deep/extreme
UV or e-beam machine). It was shown that 2-pm resolution
is sufficient to create switches operating over 100 GHz with
satisfactory performance.
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TABLE 5. State-of-the-art mm-wave GaN HEMT SPST switches.

. Frequency IL Isolation

Switch type (GHz) (dB) (dB) Ref
SPST, two stage
100-nm GaN-on-Si 26.2-36 1.1-1.6 4347 [29]
SPST, four stage
100-nm GaN-on-Si 242-363  1.75-2.25 >56 [29]
SPST four stage
250-nm GaN 2.7-36.3 0.64-1.64 16.5-28 [24]
SPST, resonator,
100-nm GaN-on-Si 11-40.5 0.55-1 27-37 [21]
SPST
100-nm GaN-on-Si 20-44.8 0.62-1.1 >34 [30]
SPST
40-nm GaN on SiC 60-110 0.9-1.4 8-10 [31]
SPST
40-nm GaN on SiC 75-110 0.9-3.5 25-30 [32]
f’v}v’szt;ygze A, 1(4\;,1;:;1? 1134 111219  this
2-um GaN on SiC 75-110) (2.8-3.3)  (20.2-21.8) work
SPST type B D(Cv;l}j;f 1972 162295  this
2-pm GaN on SiC 7110 (6072 (273-295)  work
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