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ABSTRACT Chalcogenide Phase Change Materials (PCM) and metal insulator transition (MIT) materials
are a group of materials that are capable of switching between low resistance and high resistance states.
These emerging materials have been widely used in optical storage media and memory devices. Over the
past recent years, there have been interests in exploiting the PCM and MIT materials, especially germanium
antimony telluride (GST) aloys and vanadium dioxide (VOy), for radio frequency (RF) applications. The
PCM and MIT-based RF devices are expected to bridge the gap between semiconductor switches and
microel ectromechanical system (MEMS) switches as they combine the low insertion loss performance of
MEMS technology and the small size and reliability performance of semiconductor technology. This article
presents an overview of the PCM and MIT materials for RF circuits and discusses the recent advancements
in reconfigurable millimeter-wave (mmWave) devices based on PCM and MIT materials in depth.

INDEX TERMS Attenuators, delay networks, emerging technologies, germanium telluride (GeTe), MTT
70th Anniversary Special Issue, millimeter-wave (mmWave) components, MMICs, phase change material
(PCM), phase shifters, RF switches, RF integrated circuits, scalable PCM switch matrices, tunable circuits.

L. INTRODUCTION

Miniature, reliable, and high-performance radio frequency
(RF) switches are needed to configure antennas, matching
networks, phase shifters, filters, and multiband amplifiers in
RF front-end modules. RF switches are therefore the funda
mental building blocks for realizing reconfigurable front ends
in wireless communication systems. For future communica-
tions, RF devices are required to meet stringent specifications
of beyond 5G (B5G) networks with key enabling technolo-
gies such as, massive multiple-input multiple-output (MIMO),
millimeter wave (mmWave), beamforming, full duplex, and
machine to machine (M2M). Implementation of beamforming
and full-duplex systems requires the use of reconfigurable RF

devices, which in turn employ tunable elements and switches.
In particular, full duplex systems require the use of tunable
matching networks, phase shifters, tunable attenuators, and
tunable delay lines.

Traditional RF switches such as mechanical or semiconduc-
tor are used extensively. Some of the most used coaxial me-
chanical switches demonstrate exceptional RF performance
but are bulky in size and expensive [1]. Semiconductor-based
switch technologies such as solid-state CMOS, GaAs, SiGe,
and SOI offer devices with miniaturized overal footprints
and low-cost integration with other front-end RF modules, but
they exhibit several limitations including limited RF power
handling, poor linearity performance and high insertion loss
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particularly at mmWave frequencies [2], [3]. In the past few
years, microelectromechanical systems (MEMS)-based RF
switches and components have demonstrated promising RF
performance [4], [5], [6], but due to the mechanically moving
micro-scale membranes, MEM S-based devices suffer from
contact degradation over time, high operationa voltage re-
quirement, slow switching time, and havein general reliability
and packaging limitations [7]. More recently, commercial RF
MEMS switches have demonstrated improvement in reliabil-
ity, but only operate up to 26 GHz [§], [9].

Phase change materials (PCM) and metal insulator tran-
sition (MIT) materials based devices are two of the the
most promising candidates for building low-cost and low-
loss broadband microwave and mmWave components. PCM
based devices offer the development of highly miniaturized
and latching switches with negligible DC power consump-
tion. PCM’s property of offering more than five orders of
resistance change with the application of hanosecond voltage
pulses, makes this technology an ideal candidate for low-loss,
high-speed switching at microwave and mmWave frequencies.
PCM-based devices offer the flexibility to reduce the device
area by dense integration of switching unit-cells. One of the
key features of this PCM technology is its non-volatile func-
tionality, that does not require constant DC power to hold the
switch state [10], [11], [12], [13], [14], [15], [16]. Recently,
various reconfigurable phase change based mmWave compo-
nents have been demonstrated [17], [18], [19].

This article explores the recent advancements in the PCM
and MIT materials and discusses the microwave and mmWave
applications in detail. The PCM GeTe is explored at first
in-depth for RF applications including the characterization,
operation, and fabrication process. PCM GeTe-based RF
switches and discussed in detail and their performance is com-
pared with the current state-of-the-art. Various reconfigurable
devicesare presented such asacrosshar switch matrix, aphase
shifter and a variable attenuator using PCM GeTe switches.
Various emerging PCM materials are also explored briefly
for their use in future potentia reconfigurable devices. In
the second half of the paper, MIT material VO is described
extensively from reconfigurable RF applications viewpoint.
Devices including but not limited to RF switches, reconfig-
urable antennas, filters are discussed.

Il. HISTORY AND ORIGIN OF PHASE CHANGE MATERIAL
(GST) AND ITS ALLOYS

While Ovshinsky [12] is generally credited as the inventor of
phase change materials for information storage, the discovery
of phase changing electrical characteristics dates back to the
early 1900 sin the little known and seldom cited pioneering
work of Alan Tower Waterman. While studying thermionic
emission of certain hot salts [20], Waterman observed a large
negative coefficient of resistance of the molybdenum disul-
phide (MoS,) with respect to temperature. More significantly,
he observed a breakdown in resistivity characteristic when the
device under test was heated by means of the electric current.
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He pointed out that MoS, may exist intwo forms, « of high re-
sistance and S of low resistance. The breakdown phenomenon
and progressive conductivity changes are prominent of the
phase change behavior in chalcogenide materials. Waterman
also pointed out that the transition from « form to g form can
be initiated by heat, electric field or light. However, without
the use of modern physical analysistools such astransmission
electron microscopy and X-ray crystallography, he was not
able to observe any physical changes of MoS, along with the
conductivity changes. He did however notice an increase in
hardness with the increase in conductivity [21].

Since 1960, Ovshinsky has been working with amorphous
chalcogenides. He developed both electrically controlled
threshold and memory switching devices and first reported
his findings in a paper published in Physical Review Let-
tersin 1968 [12], which detailed the operations of reversible
switching in memory devices composed of 48% tellurium,
30% arsenic, 12% silicon, and 10% germanium. The most sig-
nificant contribution of Ovshinsky’swork is the demonstrated
practicality of the switching phenomenon in continuous suc-
cessful switching operations of multiple devices over periods
of many months. Interest in phase change memory was effec-
tively initiated by this ground-breaking paper by Ovshinsky
which remains the most cited literature in the field of phase
change memory [21].

In the early 1970’s, phase change memory drew a lot of
interest in industry and academia with the rapid expansion
of applications of computers. The most notable work was the
development of a 256-bit array comprised of a 16x16 matrix
of phase change memory cells by R. G. Neale and D. L.
Nelson of Energy Conversion Devices along with Gordon E.
Moore of Intel [22]. Their memory cell consisted of a stor-
age element, coined as the Ovonic amorphous semiconductor
switching device, in series with a silicon p-n junction diode.
The Ovonic memory element comprised of a thin film of
phase change material sandwiched between two molybdenum
electrodes as a non-volatile bi-stable resistor. The high-to-low
resistance ratio was about 10%. Another attempt to build a
phase change memory device was reported by Roy R. Shanks
and Craig Davis of the Burroughs Corporation. They pub-
lished their results of a 1024-bit phase change memory in
1978 [21], [23].

In early 2000's, the ability of having a rewritable media
was also an important requirement [24]. A landmark was
achieved in the late 1980 s by Matsushita/Panasonic who de-
veloped phase-change optical disc technology that remained
stable over amillion use cycles[25]. Thistechnology became
the mainstream in optical disc production and in the late
1990 s leading to the commerciaization of 4.7 GB digital
versatile disc random access memory (DVD-RAM). During
the development process, various materials were examined,
and the best performing PCM in terms of speed and stability
were found to be Ge,ShyTes (GST) for DVD-RAM and an
AgInSbTe dloy for DVD-RW [26] applications. The phe-
nomenology of phase-change optical recording is ssmple. An
initially amorphous as-deposited GST layer is crystallized by
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exposure to a laser beam of intensity sufficient to heat the
material to a temperature slightly above the glass-transition
temperature. A subsequent exposure to an intense and short
laser pulse melts the GST that is then converted into the
amorphous state on quenching. A recorded bit is an amor-
phized mark against the crystalline background. The re-
versibility of the crystallization—amorphization process allows
fabrication of rewritable memory [24].

A chalcogenide phase change material GeTe based recon-
figurable switch was first presented by E. Chuain 2010 [27],
[28]. The switch exhibited low ON state resistance of 180 ©
and alarge dynamic rangeof 7 x 10°. This paper also reported
apartia crystallization and partial re-amorphization model to
explain the differences between the measured and calculated
devicein OFF and ON state resistances, respectively. Although
this paper reports the switching properties of phase change
material by using a phase change via, no RF parameters are
reported.

Early research on using directly and indirectly heated
GeTe based RF switches was presented by University of
Michigan [29], Northrop Grumman Corp. [30], [31], HRL
Laboratories [32], [33], University of Limoges [34], and the
University of Waterloo [15], [35], [36]. Although, the PCM
via started the initial motivation towards the development
of high performance RF switches utilizing PCM, the four-
terminal PCM switch demonstrated by Northrop Grumman
Corp. [30] solves various issues associated with PCM vias
for RF applications including but not limited to, high sin-
gle via ON-resistance/insertion loss, partial recrystallization
and amorphization, low RF breakdown, difficulty/inability
to add vias in paralel to lower ON-resistance due to in-
consistent switching and large amorphization current, and
coincident switch control line and RF signal line, like a
diode. Most of these switches have a high cut-off fre-
quency of 10 THzto 12 THz with impressive RF performance,
encouraging the development of a wide range of reconfig-
urable PCM-based RF components for both microwave and
millimeter-meter wave applications [15], [17], [18], [19],
[36], [37], [38], [39], [40], [41], [42], [43], [44], [43], [46].
One advantage of the PCM technology compared to other
technologies is the ability to monoalithically integrate with
CMOS/BICMOS processes to significantly increase system
integration. The integration of PCM with a commercia SiGe
BiCMOS process [47] and commercial RFSOI process with 1
billion cycles [48] was recently demonstrated.

The historical challenge with the RF PCM switches has
been their reliability/cycle endurance. However, severa ef-
forts on the reliability aspects led by HRL Laboratories and
TowerJazz Semiconductors paved the way towards the de-
velopment of highly reliable RF switches. The first PCM
switch with 10 million cycles was demonstrated by J. Moon
et al. from HRL Laboratories [49] while N. El-Hinnawy et al.
from TowerJazz Semiconductors successfully the RF PCM
switch with impressive 1 hillion cycles and 25 THz cut-off
frequency [50].
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TABLE 1. Summary of the Measured Physical, Electrical, and Optical
Constants of Amorphous and Crystalline GeTe films [10]

Material Property Amorphous?* Crystalline
Density (g/cc) 5.6 £0.5 6.17
Resistivity (£2-cm)

at 300 K ~ 103 ~2x 1074

at 77 K > 1010 ~1.5%x 1074
Temp. Coeff. of Resistivity Negative Positive
Conductivity type (Hall) P P
Carrier conc. (cm™3) ~ 1018 1020 — 102t
Mobility (cm? V~1 sec™1)

at 300 K <1072 15— 120

at 77 K NAP 20 — 250
Susceptibility mass (ms/me) NAP 0.16 — 0.35
Fermi energy at 300 K (eV) NAP 0.3-0.5
Optical gap (eV) ~ 0.85 ~0.73 —0.95
Electrical band gap (eV) ~ 0.8 (intrinsic) ~0.1-0.2

2 Amorphous films are stable below 145 °C
" NA: Data not available

1Il. PHASE CHANGE MATERIAL: GERMANIUM TELLURIDE
(GETE)

GeTe is a chemical compound of germanium and tellurium
and is a component of chalcogenide glasses. It shows semi-
metallic conduction and ferroelectric behavior [51]. GeTe
exists in three major crystalline forms, room-temperature «
(rhombohedral) and y (orthorhombic) structures and high-
temperature 8 (cubicm rocksalt-type) phase; o phase being
the majority phase of pure GeTe below the ferroelectric Curie
temperature of approximately 670K [52]. Doped GeTe is a
low temperature superconductor [53]. Table 1 summarizes
the relevant measured physical, electrical, and optical con-
stants of amorphous and crystalline GeTe films [10]. The
ON (crystalline) state resistivity is 2 x 10~4 Q-cm and OFF
(amorphous) state resistivity is >10° Q-cm. This resultsin a
dynamic range (OFF state/ON state resistance ratio) of around
5 x 108, Such values have been the driver of using GeTe for
RF applications [39], [54].

Phase change (chalcogenide) material is defined as aloys
containing group VI elements such as sulfur (S), selenium
(Se) and telluride (Te). Alloys containing germanium (Ge),
antimony (Sh) and Te are most common, with germanium-
antimony-telluride (Ge,Sb,Tes) alloy being the most thor-
oughly researched material. Fig. 1 shows the ternary phase
diagram for this system where single phase aloys that lie
on the pseudo binary line of germanium telluride (GeTe)
and antimony telluride (Sh, Tes) areindicated. Alliesinclude
Ge; ShyTey, Gey ShyTes, and Ge; Sbh,Tey. Along the pseudo
binary line from GeTe to SbyTes, the properties change
from high stability and low speed to low stability and high
speed [54]. A material composition selected from the pseudo
binary line may typically achieve fast crystallization and rea-
sonable stability.
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FIGURE 1. Ge-Sb-Te ternary phase diagram depicting various phase
change alloys along with single phase compositions that reside on the
tie-line of GeTe and Sb,Tes.
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Time
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FIGURE 2. Reversible switching of phase change material using an
electrical pulse, in non-volatile memory applications [15].

A. PRINCIPLE OF OPERATION

The PCM has the unique property of reversible switching
between amorphous and crystalline states upon specific heat
treatment by means of electrical pulses. The state where atoms
are arranged in a disorderly manner (short range order) is
called the amorphous state, whereas the state where atoms are
organized in an orderly manner (long range order) is called
crystaline state. For non-volatile memory applications, the
conventional principle of PCM is illustrated in Fig. 2. The
large contrast in resistance between the two states is used
as a form of non-volatile memory to represent two states of
binary [54].

B. FABRICATION PROCESS

The PCM-based RF devices can be fabricated on a wide
range of substrates and thin films [15], [30], [42], [47], [49],
[49], [55], [56], [57], [58]. An example fabrication process
flow from [42] is discussed in this manuscript as shown in
Fig. 3. The fabrication of the PCM-based RF switch depicted
in Figure 10 involved the use of a high resistivity substrate
and the deposition of GeTe films, high resistivity thin-film
for the heater, dielectric layers to insulate the heater from the
GeTe switching element and high conductivity metallization
thin-films for the input/output ports of the switch. The micro-
fabrication process starts with a RCA-1 and Piranha cleaning
of high resistivity Si wafer (> 20k<2 - cm) and 500 pm thick-
ness. The process includes eight layers with four metal layers
(M0, M1, M2, and M3), one PCM layer and three dielectric
layers (DO, VO, and V1). DO isthe substrate oxide for thermal
isolation. M2 and M3 are used for RF signal routing and
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FIGURE 3. An example multi-layer fabrication process flow having two
metal layer for RF signal routing and two metal layers for bias routing [42].

MO layer is used for the micro-heaters while M1 is used for
biasing networks that can be used for some RF components.
a) 50nm tungsten (W) is sputtered (MO) at elevated temper-
ature of 850 °C deposited on a thin dielectric insulator oxide
layer that is b) patterned using RIE. ¢) 70nm silver (Ag) is
sputtered (M1) and d) patterned using RIE, followed by €)
deposition of 100nm AIN layer using RF sputtering and, f)
patterned using RIE to act as a barrier layer (V0) between
micro-heatersand PCM. g) 130 nm GeTethin filmis sputtered
using Ge [50]:Te [50] target (PC) and, h) patterned using ion
milling. i) evaporation of 350nm of Au that serves as M2
with 30nm of Ti as a seed layer. j) M2 is patterned using
lift-off technique. k) 200 nm SiO; layer is deposited using low
temperature PECVD and, 1) patterned using RIE that serves
as apassivation layer for PCM (V1). m) sputtering of 450 nm
Au layer (M3) with 40nm Ti layer as a seed layer. n) M2 is
patterned using lift-off technique.

Optimization of GeTe thin films is a crucia step in the
development of high performance RF switches with low ON-
state loss and high OFF-state isolation. Performance of the
PCM switch depends on the GeTe film quality. Poor quality
films exhibit lower resistance ratio between crystalline and
amorphous state. Various factors including but not limited
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FIGURE 4. A four terminal phase-change RF switch. Terminals 1 and 2 are
RF input and output ports while terminal 3 and 4 are bias pads to provide
actuation pulse to the switch. A simplified switch model in both ON and
OFF state is shown.

to deposition type, base pressure, chamber pressure, material
purity, deposition power, DC/RF sputtering, inert gas flow
rate, or deposition temperature can severely affect the film
quality [37], [40], [42]. Issues related to the change in the
PCM film quality with deposition temperature has been in-
vestigated using AFM and SEM in [15], [37]. The heated
deposition both improves resistivity and eliminates cracking
over surface topology.

C. PHASE CHANGE RF SWITCHES

The GeTe material exhibits a transition between crystalline
(ON) and amorphous state (OFF) that is attained by heating
the PCM above its melting temperature (Ty), and followed
by quenching the material, which solidifies the atoms in the
amorphous state as shown in Fig. 2. Switching from crys-
talline to amorphous state can be achieved by applying short
high voltage pulse via the embedded micro-heater. Switching
the PCM from amorphous to crystalline state is achieved
by heating the material beyond its recrystallization temper-
ature (T¢), a which the growth of crystalline grains and
nucleation is enabled [36], [40]. Typicaly as per the bias
conditions reported in [42], [46], ahigh voltage pulse of 12V
and (~200ns) is used to amorphize the material and a low
voltage pulse of 7.8V and (~1.2us) is used to crystallize
the PCM. Pulse amplitude scales with the micro-fabrication
process parameters of the thin-film resistor (TFR) material.
The voltage required to change the GeTe states can be down
scaled by reducing the resistivity of the micro-heater, either
through changing the design dimensions or thickness of the
thin-film. The actuation voltages can also be reduced by de-
positing lower resistivity crystalline material, as less device
width (smaller microheater lengths, lower resistance) can be
used to achieve insertion loss targets.

The RF PCM switch model in a series single-pole single-
throw (SPST) configuration is shown in Fig. 4. Terminals 1
and 2 are RF input and output ports while terminals 3 and 4
are bias pads to provide actuation pulse to the switch. A sim-
plified switch model is described in both ON and OFF state
is highlighted with the ON-state represented by a series Ry
resistor while in the OFF-state, capacitance Cpc dominates.

Various directly and indirectly heated GeTe based switches
are reported by University of Michigan [29], [57], [60],
Northrop Grumman Corp. [30], [31], [61], HRL Laborato-
ries [32], [33], [62], [63], University of Limoges [34], and
University of Waterloo [15], [19], [40], [42] are shown in
Figs. 59, respectively. These were some of the early stage
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FIGURE 5. SEM images of GeTe based RF switch from the University of
Michigan [59].

FIGURE 6. A low-loss phase change series RF switch from Northrop
Grumman Corp. [61].

FIGURE 7. (a) GeTe RF switch in a shunt configuration, (b) Measured
contract resistance versus GeTe channel resistance from HRL
Laboratories [33].

FIGURE 8. Optical photographs of a RF switch showing the color contrast
of the GST layer in the amorphous state and in the crystalline state from
the University of Limoges [34].

switches and most of these switches have a cut-off frequency
of 10THzto12 THz with acceptable RF performance. Over
the last few years, researchers from TowerSemi [47], [49],
HRL Laboratories [49], [64], University of Waterloo [15],
[42], [46], [65], and XLIM, University of Limoges [66] have
demonstrated some state-of-the-art RF switches as shown in

831



SINGH ET AL.: RECENT ADVANCEMENTS IN RECONFIGURABLE mmWAVE DEVICES

FIGURE 9. Optical micrograph of optimized RF PCM SPST switch from the
University of Waterloo [15].

FIGURE 10. The University of Waterloo’s PCM GeTe-based RF SPST switch.
(a) Optical micrograph. (b) 3-D rendered view. (c) SEM micrograph of the
switch junction showing width of the channel (ws) and length of the
embedded microheater (/). (d) False colored SEM micrograph of
zoomed-in view of the PCM channel highlighting channel length (/;) and
width of the microheater (wp). [42].

Figures 10 and 11 with exceptional RF performance over a
wide-band.

The PCM junction dimensions are highlighted in an optical
micrograph from the University of Waterloo in Fig. 10. The
RF signal input and output ports and bias ports for actuation
signal are shown in Fig. 10(a). The device is fully passivated
and can be used for heterogeneous integration via flip-chip
or by wire-bonding. A false coloured SEM image shows the
closeup view of the narrow PCM channel (Is) and width of
the micro-heater (wy) in Fig. 10(b). RF electrodes overlap the
micro-heater to avoid switch failure due to cracks formation
in GeTe near to the edges of micro-heater asdiscussed in [15],
[67]. Fig. 10(c) and (d) depicts SEM micrographs of the
junction. The overall switch area of the fabricated switch is
400x500m, including the test pads.

Another interesting chalcogenide PCM SbTe-based RF
SPST switch is reported by HRL Laboratories [49]. Optical

832

FIGURE 11. Optical microphotographs of PCM-based SPST CPW switch,
without integrated decoupling bias circuitry from XLIM, University of
Limoges [66].

FIGURE 12. Optical micrograph of a SbTe based shunt RF switch from HRL
Laboratories [33].

micrograph of the SbTe based RF switch is shown in Fig. 12.
The switch design topology and fabrication process is sim-
ilar to the previously reported RF switches except from the
material composition. SbTe does not offer RF performance as
comparable to that of GeTe based switches due to the higher
ON state resistance and lower OFF state resistance compared
to GeTe-based RF switches. The advantage of SbTe material
is the lower temperature required for melt-quench sequence.
The melting temperature of SbTe material depends on the ma-
terial composition. Generally, SbTe melts at 635°C, which is
approximately 100°C lower than GeTe melting temperature.
The SbTe based switch reported in [49] claims 10 million
switching cycles endurance. PCM SbTe is primarily used for
memory applications, but characterization and optimization of
SbTealloy ratio might allow getting the optimal resistivity for
improved RF switchesin near future.

Apart from the PCM based RF single-pole single-throw
(SPST) switches, various multi-port switches have been re-
ported recently including but not limited to DC-65 GHz SPDT
switch from Northrop Grumman Corp. [55] shown in Fig. 13,
multiport DC-30 GHz C-type and R-type switch shown in
Fig. 14, and a DC-67 GHz T-type switch shown in Fig. 15
from the University of Waterloo [38], [39], [65], [68], and
TowerSemi’s various DC-40 GHz SPnT switches monalithi-
cally integrated with SiGe BiCMOS process [69] as depicted
inFig. 16.

D. TYPICAL RF PERFORMANCE OF THE PCM SWITCH
The measured and simulated results of the fabricated PCM-
based RF SPST switch from the University of Waterloo are
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FIGURE 13. A PCM GeTe RF SPDT switch from Northrop Grumman
Corp. [55].

FIGURE 14. (a) C-type RF PCM switch. (b) R-type RF switch with additional
route for routing the RF signal from the University of Waterloo [65].

FIGURE 15. A DC-67 GHz T-type phase-change switch from the University
of Waterloo [68].

shown in Fig. 17 [42]. It exhibits an insertion loss less than
0.4dB up to 60 GHz. The developed switches not only com-
pete with the state-of-the-art but also outperform in certain
aspects. Insertion loss and isolation performance is measured
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FIGURE 16. SPnT PCM switches monolithically integrated with SiGe
BiCMOS from Tower Semiconductor [69].
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FIGURE 17. Measured insertion loss and isolation performance the PCM
RF SPST switch over DC to 67 GHz at 20°C and 85 °C from the University of
Waterloo [42].

at 20°C and 85°C. An increase in insertion loss with tem-
perature is due to the increase in resistance of the material at
crystaline state. Various parameters of the switch including
switch cycle testing, RF performance measurements, two-
tone linearity, high-power handling, current carrying capacity,
self-actuation, and reliability (lifetime cycles) have been ex-
perimentally measured and reported in [42] and show similar
results to other performers.

The RF power handling of an RF switch is yet another
important performance metric as it determines the maximum
input power that the switch can withstand without any perma-
nent degradation in electrical performance. For semiconductor
switches, this power handling capability is affected by factors
such as the number of FETs stacked in series, the control
voltage applied to the FETSs, and the type of diode used. The
RF power handling capability of PCM switches is limited by
current density in the ON-state, and voltage-breakdown in the
OFF-state [39], [40], [42], [49].

E. COMPARISON WITH STATE-OF-THE-ART

It is essential to compare the reported PCM-based switches
with the current state-of-the-art. GaAs MMIC and CMOS are
top of the line switches in terms of short switching time and
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TABLE 2. Comparison With the State-of-the-Art RF Switches [42]

Frequency Control Switching Insertion Isolation Linearity
Technology Device Range Voltage Time Loss (dB) (dB) TOI
(GHz) ) 10-90% at fmax = @t fmax . (dBm)
PCM GeTe * SP3T DC-67 12V 1.2us 1.2 16 41
UltraCMOS SOI® SP2T DC-60 +3V 12ns 2.8 136 48
GaAs MMIC ¢ SP2T DC-50 -5V 11ns 3.0 30 40
Silicon SOI ¢ SPAT DC-44 +3.3V 50 ns 3.0 31 50
SOI RF-MEMS ¢ SPST DC-40 8V 2ms 2.8 14 —
GaAs pHEMT | SP2T DC-20 -7V 10ns 1.7 39 41
Magnetic Relay € SP2T DC-18 12V7 7ms 1.1 31 —
RF-MEMS " SP4AT DC-14 3.6V 75 us 3.0 10 69
RF-MEMS' SPAT DC-20 90V 15ps 1.0 18 95
PCM GeTe SP2T DC-65 6.5V 2 us 1.1 39 —
VO, ¢ SPST  DC-280 ~2V 9 — 2 13 55
PCM GeTe' SPST DC-67 — — 19 —
PCM SbTe ™ SPST DC-50 6.5V 1us 1 16 —
PCM-SiGe BICMOS" SPST DC-67 — — 0.6 20 42

* University of Waterloo

¢ Analog Devices, Inc., Part No. HMC986A
¢ University of Waterloo [6]

¢ Teledyne Relays, Part No. GRF121

' Menlo Micro, Inc., Part No. MM5130

k Teledyne Scientific [72], % Calculated

™ HRL Laboratories [50]

" fmax = maximum operation frequency

low control voltage requirements but lack in RF performance
compared to other technologies. Most of the commercial
RF switches are available in multi-port configurations. For a
fair comparison, the RF PCM GeTe-based multi-port device
is compared with the commercially available state-of-the-art
multi-port RF switches developed using various technolo-
gies. The measured S-parameters of the RF switches used for
comparison are taken directly from the manufacturers. The
performance of various PCM single-pole three-throw (SP3T)
switch [39], single-pole double-throw (SP2T) switch [55],
[72], and single-pole single-throw switches [49], [71] is com-
pared with various broadband microwave switches devel oped
using commercial RF-MEMS, magnetic relay, GaAspHEMT,
mmWave switches developed in-house using SOI-MEM S [ 6],
and commercia Silicon-CMOS, UltraCMOS SOI, and GaAs
MMIC technologies. Part number of the compared devices are
given in the footnotes of Table 2. The RF switches used in
comparison in Table 2 have their performance pros and cons
over the others [42].

The RF performance of the compared devicesin the ONand
OFF-statesis shown in Fig. 18, and a comparative summary in
tabular formisprovided in Table 2. The RF PCM GeTe switch
developed using the reported microfabrication process [42]
and Northrop Grumman Corp.'s fabrication process [55],
outshines other technologies with its exceptional and best-in-
classinsertion loss performance especially at mmWave range.
It offers the smallest die size among the state-of-the-art, has
non-volatile or latching functionality, and adequate switching
Speed.
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® pSemi, Part No. PE42525

‘_1 Analog Devices, Inc., Part No. ADRF5046
" Analog Devices, Inc., Part No. HMC347B
f“ Analog Devices, Inc., Part No. ADGM1304
) Northrop Grumman Corp. [57]

" HRL Laboratories [73]

" Tower Semiconductor [74]

" No steady state power consumption.

It isworth highlighting the contribution from Teledyne Sci-
entific [70] demonstrating MIT VO, DC-280 GHz RF switch
with exceptional performance. The fundamental limitation
of the VO, technology is the low transition temperature of
68,° C, which is not suitable for commercial 85°C specifica-
tions. The VO, based switches are also not usable for high
RF power applications as the heat from the RF signal could
potentially reach beyond 68 °C transition point and could self
actuate the switches. Due to the constant bias requirement,
these switches also have a slow transition speed. However,
VO, based switches are excellent candidates for various
low power RF applications where the surrounding temper-
ature won't exceed more than 50°C and doesn’t require
high switching speed. The UltraCMOS SOI technol ogy-based
single-port double-throw (SPDT) switch demonstrates ex-
cellent isolation, reasonable insertion loss till 60 GHz, low
voltage, but has 15x larger chip area than the PCM GeTe
SP3T switch. The TOI of the PCM GeTe reported in the
comparison is measured for the SPST series switch.

Two commercialy available and highly reliable single-
pole four-throw (SP4T) RF-MEMS switches that guarantee
more than one billion switching cycles are also included in
the comparison. Currently available commercial RF-MEM S
demonstrate exceptiona linearity performance but only work
up to 22 GHz. The compared RF-MEM S switch from Analog
Devices, Inc. (Part No. ADGM1304) has power handling ca-
pability closeto the PCM GeTe switches, but ismuch larger in
size. An RF-MEMS switch from Menlo Micro, Inc. (Part No.
MM5130) exhibits up to 44 dBm CW RF power handling and

VOLUME 3, NO. 2, APRIL 2023



This Work

Insertion Loss (dB)
I
"

Lower the better

This Work

Isolation (dB)

Higher the

=70 =
0 10 20 30 40 50 60
Frequency (GHz)
—&— PCM GeTe GaAs pHEMT —&— Mag. Relay
—=— RF MEMS —=— GaAs MMIC —<— Silicon SOI

—&—  UlraCMOS SOl —=— SOI MEMS —%— RF MEMS

FIGURE 18. Measured insertion loss and isolation performance of current
state-of-the-art RF switch technologies. Measured S-parameters data of
the commercial RF switches are taken directly from the manufacturers [42].

exceptional [1P3 of 95dBm, but islargein size and requires a
high 90V as a bias voltage.

The magnetic relay offers excellent RF performance, latch-
ing functionality, and outstanding power handling capability
among the competition, but works up to 18 GHz only, reliable
till 3million cycles with a slow switching time of 7 ms. Mag-
netic relays also have arelatively much larger size.

Out of all the RF devices compared, each switch technology
is unique in some way or the other and also lacks in one or
more aspects. Switch technology selection choice all comes
down to the applications and frequency range. It depends on
the use case scenario or application to decide which perfor-
mance parameter is the switches primary selection criteria.
The emerging PCM GeTe-based developed switches push the
boundaries by offering atechnology that leads to devices with
broadband operation frequency, low insertion loss, and minia-
ture die size [42], [49], [55], [71], [72]. Although, the PCM
technology offers many advantages over other RF switch tech-
nologies, but it is worth highlighting one of the drawback
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FIGURE 19. Control signal applied to the RF PCM GeTe-based SPST
switches for achieving non-volatile/latching reversible phase change
between crystalline and amorphous state. (a) Applied amorphous and
crystalline voltage pulse. (b) Measured current. (c) Measured temperature.
(d) Resistance of the device for applied average pulse power highlighting
more than five orders of reversible resistance change [42].

of PCM switches, namely the power consumption during the
transition state. While the switch is non-volatile, it does con-
sume energy switching between states resulting in switch-rate
dependent power consumption. For certain applications (such
as 5G duplex T/R switch) this could result in significant power
consumption compared to semiconductor technologies.

F. BIAS SIGNATURE, RESISTANCE CHANGE AND THERMAL
CROSSTALK

For biasing the monolithic RF PCM switches, example ap-
plied actuation voltage pulses are shown in Fig. 19(a) and
the measured current is shown in Fig. 19(b). A high-speed
tungsten micro-heater isintegrated underneath the PCM GeTe
with a sandwiched barrier layer. The refractory micro-heaters
utilized in the fabrication process exhibit a measured linear
temperature coefficient of resistance, «, of 0.0031°C and a
DC resistance of 352 at 20°C that is measured using a1l mV
read-out voltage. The measured temperature profile of the
micro-heater is shown in Fig. 19(c). The measured resistance
with varying average pulse power is shown in Fig. 19(d). The
RF PCM switch described above exhibits a resistance change
of over five orders of magnitude between crystaline and
amorphous states. Compared to the current state-of-the-art
semiconductor-based RF switches, the non-volatile function-
ality of the PCM GeTe switches does not consume any static
DC power to hold the switch state.
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FIGURE 20. Heat distribution across 300 xm A-A’ cross-section of the RF
PCM switch to study thermal crosstalk. (a) A crystalline pulse of amplitude
8V and 1.2 us width generates sufficient heat (T) to crystalline the PCM
switch. (b) An amorphous pulse of amplitude 12V and 200 ns width
generates temperature (7,) to melt the PCM GeTe. No thermal crosstalk is
seen in (a) and (b) [41].

It is worth highlighting that despite the high temperature
requirements beyond 750°C, the PCM-based RF switches
can be integrated monolithically to develop complex RF de-
vices without any thermal crosstalk concerns [19], [43]. The
thermal energy is confined to the PCM junction area for
few nanoseconds only. The thermal actuation crosstalk and
transient heat distribution in PCM switches has been experi-
mentally verified utilizing thermoreflectance imaging [41].

Various multi-port miniaturized monolithically integrated
complex RF components require a number of switches to be
integrated very close to each other. PCM technology allows
very tight integration of switches due to the smaller size of
switches compared to other technologies. Experimental inves-
tigation of thermal actuation crosstalk using transient thermal
imaging proves no actuation crosstalk as detailed in [41]. It
also provide safe limits to closely integrate PCM switches
monolithically.

To investigate the thermal cross-section in PCM switches,
heat profiles are measured across 300 um A—A’ cross-section
of the RF PCM switch as shown in Fig. 20 using transient ther-
moreflectance imaging technique. T is the recrystallization
temperature and T, isamorphization temperature. With acrys-
talline actuation pulse (8V, 1.2 1s), heat distribution across
the A—A’ cross-section is measured at t=1.2 um. No thermal
crosstalk or any hot-spots are observed across 300 «m length.
Temperature rises past T within 7m length and is less
than 200°C within 14 um around the junction. Metal elec-
trodes sink the temperature, thus heat is extremely localized
and confined within 15m junction surface area as shown
in Fig. 20(a). Amorphous pulse (12V, 200ns) is applied
across micro-heater terminal and across A—A’ cross-section,

836

RFi,, = .
SD,,1 SD,,» SD,,5 SD,, 1
RFi,, = vee
SUna1 SUmaz  SUpas SUpama SDyy,
. . . . . .
. . . . .
. . .
SU; SUs, SUs3 SUj; . SD;,

) ’ SUsn
RFij = eee
SUpi  SUsa  SUps SUpur  SDoy o oo /I
RFi, = cee
SUii  SUip  SUis SUsua . SDi, -
RFi; = coe ) I

RFo; RFo, RFo; e e e RFo,; RFo,

FIGURE 21. Scalable m x n crossbar switch matrix architecture utilizing

switch unit-cells and SP2T switches arranged in a grid pattern to achieve
signal routing [46].

no thermal hot-spots or crosstalk is observed. Across 300 um,
temperature above Ty is confined to 5 wm junction areaand is
below 200 °C within 16 m region. With the amorphous and
crystalline pulses, temperature is localized to 20 um area of
the PCM junction and is below safe limits of 50 °C as shown
in Fig. 20(b).

For the rated bias signature, RF PCM switches can be in-
tegrated as close at a distance of 20 um. If miniaturization is
not the primary design criteria, switches should be placed at
least 100 um apart as ultimate safe limits. Further details on
the analysis is described in [39], [41]. Recently, researchers
have also analytically analyzed the PCM switch models and
reported the thermo-electrical design/modeling process [58],
[73].

G. PCM-BASED RECONFIGURABLE MMWAVE
COMPONENTS

1) A SCALABLE CROSSBAR SWITCH MATRIX

Switch matrices and switching networks operating at RF and
mmWave have tremendous applications in telecommunica-
tion, radar systems, and instrumentation for effective band-
width utilization, providing efficient signal routing, and for
enhancing system redundancy. A common approach towards
switch matrices is to integrate several single-pole n-throw
(SPnT) switching unit-cells along with mxn interconnection
network. Crossbar switch matrices offer a highly miniature
design and makes it easily amenable to the realization of
large size switch matrices. Crosshbar switch matrices typically
consist of cascaded cells with signal routing functionality. In
general, the crossbar switch unit cells are cascaded to form
large matrices.

A scalable crossbar switch matrix architecture shown in
Fig. 21 consists of an array of switch unit-cells (SUy y) and
SP2T switches (SDy,y) connected in a grid pattern to achieve
signal routing. RF signal at any m input (RFi1, RFiy, ---
RFim_1, RFim) can be routed to any available n output port
(RFo1, RFoy, - - - RFop_1, RFO). Cross-over paths designed
in switch unit-cells offer signal routing between two overlap-
ping RF paths. With the switch architecture shown in Fig. 21,
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FIGURE 22. Optical micrograph of the PCM GeTe-based 4 x 4 switch
matrix. Inset shows magnified optical micrographs of SP2T switch
elements, impedance matching and capacitance compensation of bias
network, and a unit-cell implemented in switch matrix highlighting turn
state [46].

am x n crossbar switch matrix requires a total of (mn — 1)
total cells, with ((m— 1) x (n— 1)) switch unit-cells and
((m—=1) + (n— 1)) SP2T switches[45], [46].

An optical micrograph of the PCM GeTe-based 4 x 4
switch matrix is shown in Fig. 22. Inset shows magnified
optical micrographs of SP2T switch elements, impedance
matching and capacitance compensation of bias network,
and a unit-cell implemented in the crossbar switch matrix
highlighting turn state. The crossbar switch matrix is highly
miniaturized with overall device size of 0.5 x 0.75 um in-
cluding RF input and output ports and excluding control pads.
With the control pads arrangement depicted in Fig. 22, the
device periphery is0.96 x 0.77 mm.

The RF performance is measured between 7 unique routes
to get minimum and maximum performance limits of the
4 x 4 crossbar switch matrix as shown in Fig. 23. In best case
scenario (Route 1), the signal passes through two PCM SPST
switches, one 90 ° bend and one RF crossover junction. While,
in the worst case (Route 7), the signa is routed between
RFi4,—RFo,4 ports, which consists of 6 SPDT switches, one
90° bend and three bias bridges with more than 16 conductive
bias wires crossing underneath bias bridges. Despite of all
the signal degradation elements in the RF path, the switch
matrix is designed to exhibit less than 4.2dB insertion loss
in worst case. Most of the signal routing combinations show
performance with loss less than 4 dB, measured return loss is
better than 18dB and isolation higher than 26 dB over DC to
40 GHz. EM simulated performance shows a close match with
the measured results with worst case loss lower than 3.2dB,
return loss better than 20dB and isolation higher than 26 dB.
The difference between the measured and simulation insertion
lossis due to the fabrication tolerances and deposited material
properties different from simulation models.
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2) MMWAVE PHASE SHIFTERS

Phase shifters are crucial components for electronic beam
steering in phased-array systems. Phase shifters are widely
used to change the excitation phase of an individual antenna
element in phased-array antennas. mmWave phased array an-
tennas provide the capability of real-time beam steering with
high efficiency in a miniaturized package for applications
including but not limited to high-speed 5G cellular commu-
nication, automotive radar and satellite communication.

A 3-bit mmWave switched true-time-delay (TTD) phase
shifter based on PCM GeTe is discussed. The phase shifter
is designed using four monoalithically integrated PCM SP3T
switches to route the signal through delay lines. The inser-
tion loss variation between various states is minimized by
integrating two fixed PCM GeTe elements maintained in the
crystalline state, along with optimized width of the delay lines.
The SP3T switches are connected back-to-back in two stages
to provide 3-bit phase shift with 20° precision.

The phase shifter is designed to operate over a 8 GHz
wide frequency band with a center frequency of 30GHz.
The presented phase shifter is highly miniaturized with over-
al device area of 0.42mm?. The phase shifter exhibits a
measured average loss of 4.3dB with a variation of only +
0.3 dB and a return loss better than 20dB. It provides 180°
linear phase shift with a figure-of-merit of 42°/dB. The phase
shifter exhibits less than 15ps delay with 2 ps precision per
state, which is lowest compared to currently available state-
of-the-art MEM S-based phase shifters.

An optical micrograph of the fabricated PCM-based 3-bit
switched TTD phase shifter is shown in Fig. 24, highlighting
the overall device size, control pads and delay lines and loss
compensation fixed PCM elements. Inset of Fig. 24 shows
the optical micrograph of the close-up view of monolithically
integrated PCM SP3T switches. 3D rendered SP3T switch is
also shown in Fig. 24. Control pads provide the desired phase
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FIGURE 24. Optical micrograph of the monolithically integrated
PCM-based 3-bit mmWave switched TTD phase shifter. Inset shows an
optical micrograph of the zoomed-in view of a PCM-based SP3T switch. 3D
rendered view of PCM SP3T switch core is highlighted [19].
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FIGURE 25. Measured and simulated phase shift and group delay of the
PCM-based 3-bit TTD phase shifter over 26-34 GHz band. Response of all
possible states is shown [19].

shift by reconfiguring the respective PCM switches in desired
phase shift path. Four RF PCM GeTe-based SP3T switches
(12 RF SPST switch elements) along with two fixed PCM
GeTe elements § in tp sections (these elements are awaysin
the ON-state to compensate [0ss) are monolithically integrated
to form the phase shifter as shown in Fig. 24.

Measured and simulated relative phase shift is depicted in
Fig. 25 reporting highly linear 180° phase shift with 20° step
precision over the operational bandwidth with figure-of-merit
(FoM) of 42°/dB. The presented phase shifter exhibits less
than 15ps of measured group delay in 2ps per state preci-
sion as shown in Fig. 25. The demonstrated group delay is
the lowest compared to current state-of-the-art [19]. A PCM
true-time-delay circuit monolithically integrated with SiGe
BiCMOS isdemonstrated in [74].
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FIGURE 26. Optical micrograph of the monolithically integrated
PCM-based 4-bit variable attenuator. Control pads 1-16 are used to tune
the attenuation levels. Four passive bridged-T attenuator sections are
shown in zoomed-in view [18].

3) WIDEBAND MMWAVE DIGITAL ATTENUATOR

Variable attenuators are commonly used for adjusting sig-
nal levels in various radio frequency (RF) circuits such as
full duplex wireless systems, radar systems, automatic gain
control amplifiers, vector modulators to name a few [75].
Miniaturized attenuators with high linearity and precision are
highly in demand particularly for millimeter wave (mmWave)
application [76]. Ka-band especially at 28 GHz have tremen-
dous applications for 5G wireless communication systems
especially beamforming networks [18].

The monolithically integrated PCM-based 4-bit attenuator
from the University of Waterloo isdesigned by utilizing SPDT
switches to route the RF signal through a section of transmis-
sion line or through an attenuator section (bit). Four attenuator
bits (A-D) are cascaded to form a 4-bit device. Individual
attenuator bits are designed using high frequency wide-band
integrated passive bridged-T resistor networks to provide dis-
crete attenuation levels. Bits (A—D) provides attenuation level
of 3dB, 6dB, 9dB and 18dB respectively. Combining four
bits provides 16 discrete attenuation levels [18]. An optical
micrograph of the fabricated reconfigurable PCM-based 4-
bit attenuator is shown in Fig. 26, highlighting the overall
device size, control pads and individual passive bridged-T
attenuators. Embedded high frequency wide-band resistors
are optimized for the desired 8 GHz frequency band. Eight
SPDT switches are monolithically integrated to load/unload
desired passive bridged-T resistor network which provides
certain attenuation in the RF path. Measured and simul ated RF
response of the proposed PCM-based 4-bit variabl e attenuator
is shown in Fig. 27 from 24 GHzto 32 GHz. The response of
all 16 states (4-hit) is demonstrated in Fig. 27. EM simulated
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FIGURE 27. Measured and simulated insertion loss and return loss of the
proposed PCM-based 4-bit variable attenuator over 24-32 GHz band.
Response of all 16 states (4-bit) is shown [18].

response shows minimum attenuation of 3.6 dB and maximum
attenuation of 38dB at 28 GHz. All measurements were done
onwafer at room temperature. M easured RF response exhibits
minimum attenuation of 4.7 dB and maximum attenuation of
37 dB at the centre frequency. Simulated and measured return
loss is better than 20dB over the bandwidth. Attenuator bits
(A-D) are designed to provide fixed attenuation relative to
reset state, where all attenuator bits are unloaded. Another 4-
bit mmWave phase change attenuator is reported by Northrop
Grumman demonstrates 1, 2, 4 and 8 dB bitsin [77].

IV. OTHER POTENTIAL PCMS FOR RF APPLICATIONS

A. OVONIC SWITCHING

Discovered in 1980 by S. Ovshinsky [78], Ovonic switch-
ing is the method many phase change materials (PCMs) go
through in order to convert from amorphous to crystalline
and back again. The ovonic switching method involves the
formation of a conducting filament through the phase change
material, changing it to the crystalline state. In order to switch
back to the amorphous state, this filament must be broken
or disrupted in order to interrupt the conducting pathway.
This type of filamentary switching can occur in two different
types of devices: ovonic threshold switching devices, where
the filament is temporary, only existing as long as a bias is
applied, and ovonic memory switching devices, where the
filament is permanent, until a new trigger is applied to break
the filament [79]. Ovonic threshold switching devices are of -
ten used as selectors, and can be useful in RF applications
for things such as delay lines, due to their volatile nature.
Ovonic memory switching devices are used for memory stor-
age, but can be useful in RF applications for any RF switch
that is required to hold the information until a new trigger is
applied, highlighting their non-volatile nature. As shown in
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FIGURE 28. The key components of the 3D phase-change memory product
(middle) are OMS data storage medium (left) and OTS selectors (right). The
disordered configuration in the red rectangle in the left panel represents
the amorphous state, while the ordered structure is the crystalline state. In
contrast, the ideal OTS materials should remain amorphous without any
phase transition, thus requiring high thermal stability.

Fig. 28, ovonic memory materials, such as GeTe, have two
distinct states, a disordered amorphous state, and an ordered
crystalline state, which can be toggled with certain triggers.
Ovonic threshold materials, such as SiTe, on the other hand,
remain the in the amorphous state, and only form a filament
when abiasisapplied to the material. In general, the materials
in this section present challenges for RF applications due to
relatively high ON resistance and high OFF capacitance.

B. SILICON TELLURIDE

Silicon Telluride (SiTe) is a chalcogenide material that op-
erates as an ovonic threshold switching material, meaning the
filament formed isonly temporary, and therefore the switching
isvolatile. SiTe creates homopolar bonds (Si-Si and Te-Te) in
addition to heteropolar bonds (Si-Te). This varies from other
materials, such as GeTe, which exhibits primarily heteropo-
lar bonds (Ge-Te) [79]. Variations in SiTe behavior can be
seen between unannealed and annealed films (annealed under
vacuum at 300°C for 30 ), but both have potential for RF
applications. Thefollowing values were measured for adevice
area of 5um by 5um by 50 nm. For unannealed films, SiTe
exhibits a 50 ns transition time from high resistance (230
kOhm) to low resistance (1.8 kOhm) at a threshold of 0.4 V.
For annealed films, SiTe exhibits a 35 ns transition time from
high resistance (1.2 MOhm) to low resistance (6.6 kOhm) at a
threshold of 0.7 V. Using amemristor endurance test, SiTe de-
vices demonstrated 100 k cycles before failure [80]. The SiTe
process is also back-end-of-line compatible with the CMOS
process, which isvery important in considerations for modern
RF switch technologies. The schematic diagrams explaining
the volatile switching mechanism of threshold selectors is
shown in Fig. 29.

C. HAFNIUM OXIDE

Hafnium Oxide (HfOx) is a binary transition metal oxide
which behaves in a similar way to vanadium oxides. HfOx
switching is non-volatile, meaning it will retain a state un-
til switched again. Interestingly, with proper tuning of the
structure, HfOx can also operate in a volatile manner. To
switch HfOx from a high resistance to a low resistance state,
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FIGURE 29. Schematic diagrams explaining volatile switching mechanism
of threshold selectors. (a) The blank denotes the grain boundary for Ag
migration. The annealing process helps the nano-crystals in as-deposited
layer grow and nucleate and decrease the amounts of grain boundaries for
Ag atoms migration. Thus there is much less grain boundaries in annealed
devices (right) than un-annealed devices (left). (b) Ag atoms forms flimsy
filament under electrical stimulus. (c) Filament spontaneously ruptures
after removing voltage. [80].

FIGURE 30. Schematic diagram of the switching mechanism (a) from high
resistance to low resistance state and (b) from low resistance to high
resistance state. The green arrow represents the movement direction of
oxygen ions, the green box is the top electrode, and the blue box is the
bottom electrode [81].

a positive pulse of approximately 1V for less than 20 us was
applied. To switch from the low resistance to the high resis-
tance state required a negative pulse of approximately —1 V
for less than 25 s [81]. While HfOx acts like non-volatile
chalcogenides, in that it holds its state, it is worth noting that
the switching behavior mimics that of a memristor, requiring
a positive voltage to switch one way, and a negative voltage
to reverse that switching. It is thought that oxygen vacancies
are attracted to the positive bias, alowing a hafnium filament
to form, creating a conducting pathway through the material.
When a negative voltage is applied, oxygen ions enter the
HfOx film and fill the vacancies, breaking the filament, as seen
in Fig. 30 [81]. It can aso be found in [81], that doping the
HfOx with Sulphur increases the switching speed and lowers
the energy necessary to switch between states. HfOx is also
one of the most established materials in the CMOS domain,
making it an excellent candidate for RF applications.

D. ZINC TELLURIDE
Zinc Telluride (ZnTe) is a chalcogenide materia that, like
SiTe, demonstrates ovonic threshold switching, or volatile
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FIGURE 31. (a) Voltage and current characteristics for input pulse. (b)
Endurance testing for threshold switching of ZnTe device, showing no
significant variation over 1 billion switching cycles [82].

FIGURE 32. Schematic diagram of TaOx device under (a) positive voltage
and (b) negative voltage [83].

switching behavior. ZnTe devices demonstrated in [82] were
formed with a TiN/ZnTe/W metal-chal cogenide-metal stack,
and were found to have a selectivity of over 10* and thermal
stability over 400°C. These ZnTe devices demonstrated ex-
tremely fast threshold switching of 10 ns, a high resistance
of approx. 10 MOhm, a low resistance of around 1 kOhm,
and endurance of 1 billion switching cycles. Input pulses to
trigger the low resistance state were 3 V, with pulse width
of 100 ns, and riseffall time of 20 ns. Characteristics and
endurance testing results can be seen in Fig. 31. ZnTe de-
vices exhibit similar characteristics to Germanium Antimony
Telluride (GST), a common chalcogenide used in commercial
memory applications, but ZnTe provides a volatile switching
option as compared to the non-volatile switching of GST.

E. TANTALUM OXIDE

Tantalum Oxide (TaOx) is a transition metal oxide material,
and like HfOx, demonstrates non-volatile switching triggered
by opposite polarity bias. TaOx is appealing due to easy fab-
rication and good reliability endurance in combination with a
metastable layer [83]. TaOx devices form a conducting fila-
ment when a positive voltage is applied to the top electrode.
The device remains in this state until a negative voltage is
applied to the top electrode, breaking the filament as seen in
Fig. 32. TaOx devices in [83] demonstrated a high resistance
state of approximately 3 kOhm, a low resistance state of
3 Ohm, and an endurance of more than 10 million cycles, with
some degradation of the high resistance state manifesting after
3 x 10° cycles.
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V. HISTORY OF METAL INSULATOR TRANSITION
MATERIALS

Since the discovery of MIT by F. J. Morin at Bell Labs in
1959 [84], the initial research was mainly focused on the
understanding of MIT transition behavior [85]. Meanwhile,
preparation of the stable forms of vanadium oxides for mi-
croelectronic devices got the attention among the researcher.
In 1965, Futaki [86] was the first who reported the develop-
ment of sensitive thermistors based on vanadium dioxide; the
use of such thermistors in an oscillator at frequencies up to
1 MHz implies a switching speed of less than 1 us. Takel
and Koide in 1966 [87] reported the epitaxially grown VO,
single crystal film on substrate and observed the electrical
resistivity change of 1k2. This is the same time when the
study of infrared optical properties of vanadium dioxide above
and below the transition temperature was performed by A. S.
Barker in 1966 [88] which paved the way for electro-optical
device applications. As the vanadium oxide has large number
of distinct phased, initial research was dedicated towards the
careful optimization of the working parameters required to
obtain thin films of the pure VO, phase.

MIT materids are a group of materias that are capable
of switching between metal and insulator states through the
application of external stimuli, such as mechanical (external
pressure or strain), optical (photon excitation), temperature
(conductive heating) and electrical stimuli (charge injection
or Joule heating). There are many different materials, such as
RNiOg, Fes O4, BaVSs;, Tip 03, V203, V205, V305, V407,
V509, V011, Vg0Oi5, and VO, [89]. Their electrical con-
ductivity changes abruptly at a certain temperature, which is
called the transition temperature (Tt). Among various other
MIT materias, only the VO, has T; of 68°C that makes it
quite suitable for many practical applications.

Cope and Penn [90] reported the first solid-state thermal
switches with fast switching of 20 ns. During the recent
decades the advancement in thin-film deposition using e beam
evaporator [91], pulsed-laser deposition (PLD) [92] and rf
sputtering provided the necessary technologies to achieve the
single-phase vanadium dioxide. Later in 1991, P. J. Hood
and J. F. DeNatale [91] reported the dielectric properties of
epitaxial grown VO3 thin films at mm-wave frequency (at
38 GHz). Thisgivesan insight on thickness dependent permit-
tivity change of VO, thin filmsthat are strongly influenced by
microstructure, crystalline orientation, grain-boundary stress,
and stoichiometry at mm-wave frequency.

VI. METAL INSULATOR TRANSITION IN VANADIUM
DIOXIDE (VO,)

Vanadium dioxide (VOy) has attracted tremendous attention
among the researchers owing to its lower MIT transition
a 68°C. Although the most common method to induce
the phase change in VO, material is through temperature
(conductive heating), other triggering mechanism such as
electrical (charge injection of Joule heating), optical (photon
excitation) and mechanical (pressure or strain) are also well
documented. An activation time as short as 100 fs has been
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reported for the optically driven MIT transition [93], and
the electronically induced transition occurs within nanosec-
onds [94], which paved the way towards various exciting ap-
plication. Since the optical absorption and electrical resistance
changes, VO, has shown as a emerging material candidate
for electrical switching [94], optical switching [95], ther-
mochromic smart windows [96], sensor [97], terahertz [98],
memories [99], and field-effect [100]. In addition, drastic
changes in its resistivity and permittivity during MIT tran-
sition led VO, to be considered for many RF microwave
applications.

E. Sovero et a. [101] performed the first RF characteriza-
tion of VO, switches followed by Michael Stotz et al. [102]
and F. Dumas-Bouchiat et a. [92], a key contributors towards
theinvestigation of VO, based RF switching performance. Af-
ter several reports on VO, based RF switches, the pioneering
work on using VO, switches for tunable filter and reconfig-
urable antenna was initiated by Julien Givernaud et al. [103]
and Dimitris E. Anagnostou et al. [104], respectively.

A thermaly driven RF switch using the properties of
metal insulator transition in VO, was reported by XLIM
in 2010 [105] and Harvard University in 2013 [106]. Tele-
dyne reported a high performance RF switch based on MIT
materials in 2015 [107]. The switch reported shows promis-
ing results for millimeter wave frequencies till 50 GHz with
cut-off frequency of 45 THz. The heating mechanismisimple-
mented using integrated chip heaters to provide local thermal
control. The switch reported 0.13dB of insertion loss and
20dB isolation till 50 GHz. Dynamic range for this switch is
(4.4 x 10 with low resistance of 3.3 at 68°C.

In the last decade, there was tremendous interest in tunable
and reconfigurable VO, based microwave componentsinclud-
ing but not limited to phase-shifter [108], absorber [109],
inductor [110], actuator [111], attenuator [112], reflectar-
rays [113] and intelligent reflective surface (IRS) [114].
Recently, A. Shamim [115], [116], [117], [118], [119] has
come with an idea of printing VO, switches, which paved a
way for additively manufactured reconfigurable RF compo-
nents.

A. PRINCIPLE OF OPERATION

The MIT in VO, takes place at around 68 °C, accompanying
the lattice structural transition from a high-temperature rutile
structure (R phase) to a low-temperature monoclinic struc-
ture (M phase) and vice versa, as illustrated in Fig. 33. The
monoclinic structure (M phase) corresponds to an insulator
or semiconductor characteristic due to V-V zigzag chains in
its crystal structure (a). However, when the temperature is
above (Tt), the VO, adopts arutile structure (R phase), which
corresponds to a metallic characteristic due to linear arrange-
ment of V-V atoms (b). In addition to electrical characteristics,
VO, also shows selective infrared (IR) switching. For exam-
ple, at low temperature monoclinic phase, it allows infrared
to transmit while at high temperature rutile phase the IR is
blocked. It is worth mentioning that there is till no model
about the MIT that can explain broad range of phenomenon
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FIGURE 33. The VO, in (a) monoclinic, (b) rutile crystal structures and (c)
Temperature dependence of the resistivity based on the fully-reversible
phase transition [102].

occurring in the material. The precise mechanism of the MIT
in VO islong been disputed among temperature driven mech-
anism arising from instabilities in electron-lattice dynamics
(Peierls-like transition) and a pure electronic mechanism due
to strong electron-electron correlations (Mott-MIT transition)
or the cooperation of both mechanisms. The MIT induces an
electrica resistance of VO, changes by 3-5 order of magni-
tude depending on the crystalline quality of deposited films,
elemental stoichiometry and doping. For example, VO, films
produced in a plasma assisted reactive evaporation process
demonstrated reversible resistivity change of 10* €-cm with
the hysteresis width of 3°C (as shown in Fig. 33(c)) [102].
The change in state of VO, from metal into an insulator and
vice versa makes it quite attractive for electrical engineering
applications.

B. RF SWITCHES

Compared to other MIT materials, VO, appears to be suited
to practical RF-switching applications because of its lower
MIT temperature (68°C). Thus, it has drawn attention from
researchers interested in this domain and there have been
several demonstrations of VO,-based RF switchesin last three
decades. For example, E. Sovero et al. [101] reported the first
microwave switch, employing VO, thin films, consisting of
a microstrip transmission line on a GaAs substrate compati-
ble with IC technology. They observed insertion loss of less
than 1 dB in the ON state and more than 12 dB in the OFF
state at 40 GHz with fast response time of 30 ns (ns). Later,
Michael Stotz et al. [102] reported the thermally controlled
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FIGURE 34. lllustration of (a) CPW transmission line, (b) shunt switch, and
(c) series switch. The measured S,; parameters of (d) VO, shunt RF
switches and (e) VO, series RF switches [92].

novel coplanar VO, switches designed for 24 GHz operation
on sapphire substrate. VO,-films was produced in a plasma
assisted evaporation process, which demonstrated smaller re-
sistivity change (1k2to10ks2) as compared to VO, single
crystal (105). The single pole single throw (SPST) and single
pole double throw (SPDT) devices have shown the insertion
loss of 2.7 dB and 2 dB at ON state, with isolation of -25 dB
and -18 dB at OFF state, respectively. Later on, F. Dumas-
Bouchiat et al. [92] reported pulsed-laser deposited (PLD)
VO,-thin films switches on Al,O3 substrate using shunt and
series configuration with coplanar waveguide (CPW) lines, as
shown in Fig. 34 For the shunt switch, VO, is deposited such
that it covers an entire part of the CPW line that includes
the signal and the ground traces (Fig. 34(b)). It operates in
the following way: at room temperature (or zero excitation
current), VOo filmisnot conducting, so it allowsthe RF signa
to pass through the metallic signa trace (this is termed the
ON condition for the switch). When the VO film is activated,
either through thermal or current excitation, it becomes con-
ductive and thus shorts the signal trace to the ground traces.
Therefore, nothing is transmitted through the CPW line (this
is termed the OFF state of the switch). In the case of the
series switch configuration, in contrast to the shunt switch
configuration, as shown in Fig. 34(c), at room temperature (or
zero current excitation) VO; film is not conducting, thus the
gap in the signal trace does not allow any signal transmission
(OFF state).

When the VO> film is activated, it becomes conductive and
thus bridges the gap at the signal trace, allowing signal trans-
mission (ON state). In the shunt configuration, low losses of
0.8 dB isobserved at OFF state and with ON state the attenua-
tion of 25 dB until 12 GHz, and higher than 35 dB from 13 to
35 GHz is observed (as shown in Fig. 34(d)). In the series con-
figuration, average attenuation of 40 dB is observed at OFF
state while 2.5 dB insertion loss when the switch is turned
ON (Fig. 34(e)). With such VO, switch performance, further
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research dedicated to explore the failure behavior and reliabil -
ity test for their integration in practical electronic circuits. For
example, A. Crunteanu et a. [120] performed systematic life-
time investigations of 10 GHz series configuration based VO,
switches activated by voltage and current-controlled modes.
They observed more than 260 million and almost 16 million
cycles without failure when activated through current and
voltage, respectively. Thus, the lifetime was at least 16 times
longer for the current-driven than the voltage-driven VO,
devices, primarily; due to current-induced activation is less
affected by thermal effects, resulting in a smaller degradation
of the VO films. As the fabrication techniques advances, J.
Leroy et a. [121] reported the high speed switching of 4.5 ns
with 125 nm gaps between two electrodes that was achieved
using optical lithography and shadow evaporation. Sieu D. Ha
et al. [106] reported a VO, switch that had 25 dB of isolation
and 3 dB of IL, up to 13.5 GHz. This switch was fabricated
using nanofabrication methods and utilizing RF sputtering (at
550°C). The same group [122] also observed that increasing
input RF power lowers the insertion loss of VO, similarly as
increasing bias current which was in good agreement with the
delivered power for a voltage-driven phase transition, demon-
strating that RF power alone can trigger the phase transition
of VO,. C. Hillman et al. [123] reported a SPST based VO,
switch, which have the lowest insertion losses of 0.2 dB at
50 GHz with isolation of 21.5 dB and 0.5 dB at 110 GHz
with isolation of 15 dB. The same group aso expanded the
frequency range to 220 GHz with insertion loss of 1.3 dB
and isolation of 15.7 dB. These switches have been fabricated
having an off-state capacitance of approximately 4 fF and ON
state resistance of about 1 Ohm. Such switches reached a 40
THz cut-off frequency with low power budget (2 V, 8 mA)
enabling high-performance millimeter wave devices.

As noted in the above, each type of conventionally fabri-
cated VO, based RF switch has both advantages and disad-
vantages. It isrealized that the cost of reported VO, switches
is understandably high due to the involvement of complex
and expensive nanofabrication processes. In addition, these
switches are not flexible because of the rigid substrates used
in their implementation. To reduce the fabrication cost and
render RF switches compatible with wearable and conformal
applications, additive manufacturing is an attractive option.
Thus, printed VO, based switches are attractive and only a
few tiny layers at the site of interest will be suffix to control
the device functionality. In this regard, Vaseem et al. [115]
developed VO, nanoparticles based electronic ink which was
later on used for the fully inkjet-printed switches by Shual
et a. [117]. The authors proposed CPW based shunt and
series configuration. It was observed that the printed VO, film
has limited conductivity under both the activated and non-
activated conditions. The conductivity in combination with
the size of the VO, switch determines the resistance of the
VO, switch, which directly affectsits RF performance.

The simulation for both types of RF switches with different
resistanceisillustrated in Fig. 35. For the series configuration
shown in Fig. 35(a), the IL decreases with the decreased
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FIGURE 35. Simulated S,; of the RF switches with different resistance. (a)
Series switch. (b) Shunt switch.

resistance. Inversely, for the shunt configuration shown in
Fig. 35(b), the IL increases as the resistance decreases. The
conductivity of the inkjet-printed VO, film is tested in the
range from about 4 S/m to about 620 S/m under non-activated
and activated conditions, respectively. Therefore, the resis-
tance ratio is estimated at 150. Considering this value and
observing Fig. 35(a), it is concluded that a possible resistance
combination is 10 Ohm and 1.5 kOhm for the series config-
uration, which offers a balanced RF performance in terms of
IL and isolation. Similarly, in the case of the shunt configura-
tion shown in Fig. 35(b), a possible resistance combination is
5 Ohm and 750 Ohm. However, it isworth noting that the ideal
resi stance combination is dependent on different applications,
where the isolation is more important than the IL, or vice
versa. The inkjet-printed VO, switches demonstrates that the
ratio of the resistance between non-activated and activated
conditionsisin therange of 120 and 180, which iscomparable
to some other VO, switches[92]. These switches have shown
good performance from very low frequencies up to 40 GHz.
In the OFF state, isolation ranging from 30 to 15 dB have been
achieved (fromlow to high frequency, respectively). Inthe ON
state, insertion loss of around 1 dB has been achieved for shunt
configuration and around 3 dB for the series configuration. A
more than 100 ON/OFF ratio and a switching speed of 0.4 us
have been achieved.

Later on, the same group realized that to improve the elec-
trical performance from inkjet-printed devices, thick films
(tens of micrometers) are typically required; thus, tens or
hundreds of printing passes are necessary to generate high-
quality VO3 films, which is not favorable for high-efficiency
fabrication, especially for large-area printing. Thus, Weiwei
Li et a. [119] reported the preparation of high-crystalline
VO, microparticles and report a simple route to produce
VO ink suitable for screen-printing techniques [119]. With
this ink, authors demonstrated high-throughput printing of
VO, switches on both flexible polymers (Kapton and poly
[ethyleneterephthalate] (PET)) and rigid sapphire waferswith
high resolution (down to 60 .m) at high speed over a large
area. The screen-printed VO, switches exhibited excellent
electrical performance with ON/OFF ratio of 300, as shown
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FIGURE 36. (a) The measured resistance of the screen-printed VO, switch
at different temperatures in the heating and cooling process. (b) The
measured resistance at different bias currents of 10 nA and 150 mA.

(c) The calculated electrical conductivity as a function of switch length.
Inset in (b) is showing the resistance as a function of cyclic electrical
triggering [119].

FIGURE 37. (a) Digital photograph of the fully screen-printed series
switches on a sapphire wafer. (b) Optical image of one series switch under
the RF performance test. (c) The measured S; of the series switch at 24°C
and 90°C. (d) The measured S,; of the series switch at 24°C and

90°C [119].

in Fig. 36(a). A similar resistance response was observed
by applying different bias currents to the VO, switches, as
presented in Fig. 36(b). One important exception with the
electrical stimulus is the maximum current applied to the
switch. It is observed in the measurements that a 160 mA
of current can permanently damage the switch and render it
usefulness. Thus, for this case the current should be increased
step by step. The conductivity values in the ON state for al
the samples are almost similar with some minor fluctuations
(in the range of 852 to 1037 S/m) (Fig. 36(c)). These values
are superior to the value of 180 S/m obtained for inkjet-printed
VO; films [117] primarily due to high crystalline microparti-
cles used in screen-printing ink.

After DC characterization, authors have screen-printed the
CPW lines with VO, on sapphire substrate, as shown in
Fig. 37(a) and (b). The measured S;; for screen-printed series
switches, at room temperature (OFF state), resulted -1 dB over
the entire measured frequency range up to 20 GHz, as shown
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FIGURE 38. (a) The layout of a reconfigurable bowtie antenna with VO,
(turquoise) on both arms [124]. (b) The simulated and measured S;; for
the heated (up to 90°C) and cooled (to 21 °C) bowtie configurations [124].

in Fig. 37(c). This was also confirmed by the S measure-
ment, in which less than -13 dB was observed (Fig. 37(d)). In
contrast, S;1 became lower than -12 dB, and $; increased to
-2.6 dB IL when the temperature was 90 °C, demonstrating a
reasonable transmission of the RF signal.

C. RECONFIGURABLE ANTENNAS

An interesting component which helps in achieving reconfig-
urability is RF switch. Thus, the VO, switches are used in
multiple reconfigurable antenna design. For instance, Dimitris
E. Anagnostou et al. [124] reported the first proof-of-concept
bowtie antenna design working around 4.5 GHz using VO as
the catalyst (VO thin film deposition using PLD) for recon-
figurability (Fig. 38(a)). The bowtie antennawas fabricated on
a sapphire substrate that is fed using a coaxia sleeve balun.
The fabricated antenna shifts its frequency when VO is ther-
mally heated, as shown in Fig. 38(b). At room-temperature
(when VO3 is not heated), the measured antenna gain was
0.14 dBi while heated state resulted -0.67 dBi. They expected
that the reduced antenna gain with heated state was primarily
due to losses attributed by the series capacitance of thin and
narrow VO, film with adjacent thicker metal arms of the
antenna which resulted power being stored within the antenna
near field. Authors suggested that the series capacitance can
be minimized by depositing a thick and larger VO, but with
the cost of slower switch. Although, the antenna has lower
efficiency of 40.7% when heated and 48.9% when cooled,
the results proven that VO, can be used in the creation of re-
configurable antennas. In addition, It should be noted that the
VO on the antenna was activated using an external directive
heating source which is much slower than the el ectrical activa-
tion. Later on, L. Huitema et a. [125] reported the frequency
reconfigurability using VO, with electrical activation that was
explored for millimeter wave frequency domain. Initially, the
authors design and fabricated a VO, switch based CPW line
to extract the VO, dielectric properties, as shown in Table l11,
Fig. 39.

Once the VO, materials properties were extracted, it has
been integrated within antenna device designed for optimizing
its response up to 40 GHz. The antenna design was based on a
dlot radiating element excited with amicrostrip line (50 Ohm)
having alength that can be varied with VO, switch, as shown
in Fig. 39(a). The microstrip line feeds the millimeter-waves
to the device, and is also used to apply the DC-bias to switch
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FIGURE 39. (a) Electromagnetic simulated design. (b) Fabricated prototype
of the reconfigurable antenna. (c) The corresponding S;; parameters with
the VO, pattern in the OFF- or ON-states [125].

the VO film. The fabricated prototype is shown in Fig. 39(b).
The ON state is obtained when applying a DC-bias voltage
of 2V a VO, terminas using mm-wave choke. Thus, de-
pending on the VO, material state, the antenna device can be
switched between 33 and 37 GHz operating frequency bands,
as shown in Fig. 39(c). The frequency ratio was about 1:1.13
and maximum gains of 5.28 dBi and 5.41 dBi, respectively.
The measured total efficiency was extrapolated by gain pattern
integration, and the obtained values are equal to 83.5% for the
ON-state case and 86% for the OFF-state.

Another notable work combined a VO,-based reconfig-
urable antenna platform with individually controlled micro-
heater pixels capable of creating different antenna patterns
with unique resonance properties[126]. In this approach, elec-
trical stimuli was only applied to microheaters (Ni-Cr based)
which transfer the heat generated to the VO, layer. Thus,
authors shown a planar antenna placed on a 9 x 9 micro-
heater matrix that can be configured into different patterns
with the operating frequencies in S-band (24 GHz), C-band
(48 GHz), and X-band (8-12 GHz) which cover the entire
UWB spectrum (3.1-10.6 GHZz). In recent years, a variety
of tunable omnidirectional circularly polarized (CP) antenna
have been reported using VO,. For example, Guo-Biao Liu
et al. [127] reported dual band and wideband omnidirectional
CP antenna which shown a 10-dB impedance bandwidth of
45.7% (1.67-2.66 GHz) and a 3-dB AR bandwidth of 40%
(1.9-2.85 GHz), when the VO, was thermally elevated at
50°C (statel). When T = 80°C (Statell), the omnidirectional
CP antenna operates at alower frequency band, with a 10-dB
impedance bandwidth of 13.8% (1.62-1.86 GHz), and a 3-dB
AR bandwidth of 21.8% (1.68-2.09 GHz). The same group
also reported [128] another CP antenna design whereat T >
68°C (state 1), the proposed antenna has a 10-dB impedance
bandwidth of 15.9% (2.09-2.45 GHz), and a 3 dB AR band-
width of 23.4% (2.04-2.58 GHz). When T < 68°C (state Il),
it has a bandwidth of 6.5% (2.38-2.54 GHz) with S;1 below
—10dB, and abandwidth of 19.9% (2.39- 2.92 GHz) with AR
below 3 dB.

The proposed omnidirectional CP antenna has the advan-
tages of wideband, reconfigurable operating bandwidth, and
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temperature tailored, which is suitable for wireless communi-
cation occasions where antennas have different performance
requirements. It can be observed that most of the reported
VO, based reconfigurable antenna only focused on small
dipole or dot antennas with relatively small frequency re-
configurable ratios and gains. In addition, mostly tuned with
integrated thermal heaters or directive heating source, which
is slower than the electrical activation of VO,. To overcome
these shortcomings, Wanchen Yang et al. [129] reported a
novel millimeter-wave frequency reconfigurable metasurface
antenna (FRMSA) by electrically controlled VO film. In
brief, the VO, film was inserted into a uniplanar compact
photonic-bandgap (UC-PBG) structure to achieve afrequency
reconfigurable metasurfaces (FRMS). Due to convenient con-
nectivity of the UC-PBG, a simple DC bias coplanar with the
metasurfaces structure was designed. They observed that re-
sistance of the VO, film (larger resistance at OFF state require
higher bias voltage) has big influence on the bias voltage of
the phase transition, the resonance, and loss of the UC-PBG
after the phase transition. They realized that the resistivity
reduction of the VOo film is difficult in material fabrication,
thus, authors introduced interdigitated structures in UC-PBG
structure to further reduce the resistances of the film in OFF
and ON state. When the VO» film is at insulating state, the
proposed antenna can operate in 23.25-24.3 GHz with the
maximum gain of 8.7 dBi. However, by applying DC signals
it can work in 37-39.8 GHz with a peak gain of 7.6 dBi
when driven to metallic state. The proposed antenna exhibited
larger frequency ratio and higher gain in mm-wave bands, as
compared to other reported VO, based antennas, thus authors
speculated that such antenna design might find potential ap-
plications in future 5G mm-wave communications systems. It
is also worth highlighting a significant contribution from D.
Anagnostou et al. [104], [130] highlighting the on-wafer inte-
gration of resistive heaters with the VO, antenna having DC
bias lines electrically disconnected from the RF device. This
significantly reduces the RC time constant and thus reducing
the switching time and opens new design capabilitiies, mass
production, and technology commercialization.

The printed VO, switches are also used in multiple printed
reconfigurable antenna design on hard (glass) and soft sub-
strate (Kapton) [50], [69], [70], [71]. For instance, Su et al.
shown first a fully inkjet-printed reconfigurable PIFA antenna
using VO, switcheswhich isalso assessed for itsflexibility on
antenna performance [50], [69]. The antenna is designed on
50 um thick Kapton substrate (¢ = 3,0 = 0.003 at 1 GHz)
that is fed by 50 Ohm coplanar waveguide line. The VO,
layer is inkjet printed in the gap of the arm of the antenna,
whichresultedin‘ON’ and * OFF' resistance of 10 Ohm and 1
kOhm respectively. The measured impedance performance of
the antenna shows matched conditions in the frequency band
of 1.7-2.5 GHz when the switch is a ‘ON’ state, while in
the OFF state of the switch the antenna works from 2.75 to
3.5 GHz. The §;1 of the antennawith different bending condi-
tion, such as convex and concave, is shown in Fig. 40(a) and
(b). In case of concave bending, a maximum shift of 10 MHz

845



SINGH ET AL.: RECENT ADVANCEMENTS IN RECONFIGURABLE mmWAVE DEVICES

FIGURE 40. Flexibility assessment of PIFA antenna with different
switching state (a) OFF state, (b) ON state [116].

FIGURE 41. (a) The geometry of radiation pattern reconfigurable antenna
array. (b) Fabricated prototype [131].

is observed when the switch is at OFF state and 10-40 MHz
in ON state. The wide impedance bandwidth of the antenna
retains the matching at the desired operating frequencies with
different bending condition, which further confirms its mode
of operation on flexible substrates.

In [131], radiation pattern reconfigurable antenna design
has also been reported where the design comprises a power
divider (with 100 Ohm resistor) to split the power into two
parts and feed two patch antenna elements as labelled 1 and
2 in Fig. 41(a). In order to control the feed of the left side
antenna 1, a quarter wavelength open stub (L2) is connected
with VO, switch. The switch with ‘ON’ state short circuited
at point G2, thus no signal receive to antenna 1 from main
feedline which resulted radiation only with antenna 2 with
bore-sight maximum radiation pattern, as shown in Fig. 42(a).
Here, the antenna array has 3 dB broad beam at the broadside
from -56.9° to 54.57° in the H-plane. In contrast, switch with
“OFF" state isolate the open stub from feeding line of patch
antenna 1 which resulted both antennain operation. The 3 dB
beam split into two beams, oneisfrom -47.75° to -30° and the
other isfrom 12.85° t0 58.31° whilethereisanull at boresight
due to the intended phase shift between both the patch antenna
elements, as shown in Fig. 42(b). The gain difference between
the “ON” and “OFF” state is more than 13 dBs in simulation
and more than 8 dBs in measurement, as shown in Fig. 42(c).
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FIGURE 42. The radiation pattern for (a) ON state, (b) OFF state, and (c)
measured gain at 5.2 GHz [131].

FIGURE 43. The simulated S,; of the filter while sweeping the resistance
of the VO, switch. The inset is the zoomed-in figure. (from [118]).

Theresults confirmed the viability of fully printed VO, switch
based radiation pattern reconfigurability.

D. RECONFIGURABLE FILTERS

A RF filter is an essential component in wireless systems due
to their ability to control the spectral profile of the transmitter
and receiver while excluding undesirable narrowband signals.
In particular, bandpass filters are used to transmit the RF
signal at a specific frequency band of interest, with minimal
losses, while attenuating the signals as much as possible for
other frequency bands. Thefirst VO, based tunable band stop
filters operating in 11-13 GHz was reported by Julien Giver-
naud et al. [103]. The design consisted of transmission lines
coupled with four U-shaped resonators which was fabricated
in a clean room environment using classical micro fabrica-
tion technology. With the thermally and electrically activated
VO, switches integration, they proposed two types of tunable
band-stop filters such as a “switchable stop band filter” for
which the rejection band can be switched ON and OFF and
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FIGURE 44. The simulated and measured S-parameters (a) S;; and (b) S1;
of the filter at both ON and OFF states. Inset in (b) is showing the
fabricated filter. (from [118]).

a “discrete tunable stop-band filter” for which the width and
position of the stop-band can be discretely tuned.

Later, Wolfgang A. Vitale et al. [132] realized that high
parasitic capacitance between metal contacts limited the fre-
quency range (11-13 GHz), asreported in [103]. To overcome
this problem, they introduced novel VO,-based tunable ca-
pacitors for the design and fabrication of CMOS-compatible
thermally actuated tunable bandstop filters working in the
K band. The proposed device shown 12% tunability from
22.5 GHz to 19.8 GHz and insertion loss better than -2 dB
up to 40 GHz. Later, Varittha Sanphuang et a. [132] re-
ported the reconfigurable filters in terahertz (THz) domain
using standard photolithography, thin-film deposition and lift-
off techniques. The filters were made of frequency selective
surfaces (FSS) and heater were integrated for VO, excitation.
A broadband ON/OFF filter at 0.35 THz is demonstrated with
20 dB changein transmission between the ON and OFF states.
Then, areconfigurable stopband FSS filter with tunable rejec-
tion from 0.75 to 0.55 THz was reported.

Emanuele Andrea Casu et al. [133] proposed and validates
anew principle in coplanar waveguide (CPW) bandstop filter
tuning by defected ground plane (DGS) design by shortcutting
the turns of spiral inductor by using VO, tuning switch. Thus,
the resonant frequency was controlled by the DGS inductor
self resonance. The filter was designed to work in Ka band
with tunable central frequencies ranging from 28.2 GHz to
35 GHz. The measured results show a tuning range of more
than 19%, a low insertion loss in the neighbouring frequency
bands (below 2 dB at 20 GHz and 40 GHz in ON/OFF-states)
while a maximum rejection level closeto 18 dB in OFF-state.
Fig. 43 and 44 illustrates the ssimulated and measured VO,
based tunable filter operating over 3-5 GHz band developed
by Yang et al. [118].

VII. FUTURE DIRECTIONS

Both PCM GeTe and MIT VO, exhibit promising proper-
ties for RF applications in terms of low loss, high switching
speed and good isolation performance over a broad frequency
range compared to conventional semiconductor or MEMS
switches. These devices also have much higher cut-off fre-

guency and linearity compared to solid state switches. Low
VOLUME 3, NO. 2, APRIL 2023

cost, simple fabrication and easy integration with standard
CMOS processes make these materials very appealing to the
RF community.

Based on the recent advancements in the PCM and MIT
materials, there are pros and cons of these materials depending
on the use case scenario. PCM GeTe has certain advantages
over MIT VO, including but not limited to non-volatile oper-
ation, minimum two order of higher resistance ratio compared
to MIT materials, ease in deposition, low intertion loss, high
isolation, no thermal crosstalk, and reliability to name a few,
makes it, an ideal material of choice for the development of
reconfigurable RF devices and systems. However, the switch-
ing timeis still a concern for fast tuning of various mmWave
devices such as phased arrays. Various other possible PCMs
such as GST, SbTe, SiTe, Hf Oy, ZnTe, and TaOx are potential
candidates to improve the performance of the devices. For
faster switching, GST ratios can be tweaked to reduce the
switching time towards ns regime, but at an expense of a high
insertion loss. Extensive research from materials engineering
isrequired to develop a PCM to have the advantages of GeTe
[50:50] with high switching speed, high power handling capa-
bility and reliability. GeTe based devices also requires ultra
high speed refractory micro-heater to generate high speed
thermal pulses under every switching element.

On the other hand, MIT VO, based RF devices are volatile
and thus require constant bias with much lower heat require-
ment for actuation. Currently, the power handling capability of
VO,-based RF devicesis very poor dueto the lower transition
temperature of 68°C. High RF powers or high surrounding
temperatures make VO,-based devices unusable. The transi-
tion temperature can be improved by doping the material or by
tweaking theV and O ratio or by doping [134]. Switching time
of these devices are also worse than PCM GeTe-based devices
which is one of the stringent requirement of future communi-
cation devices. From the fabrication standpoint, the MIT VO2
material can either be deposited using PLD or by molecular
beam epitaxy. Both of these techniques requires a dedicated
chamber and is not suitable for production foundries. The de-
position of VO3 is very inconsistent due to the requirement of
reactive sputtering. As depositing thin films of VO, requires
precise amount of oxygen in the sputtering chamber, slight
variation of oxygen rate or pressure can produce different
undesired oxides like vanadium trioxide (V203), vanadium
pentoxide (V20s) or other oxides, which do not exhibit metal -
insulator transition (MIT) or in simple words, do not show
resistance change behavior. Moreover, sputtering targets get
oxidized fast and needs cleaning after 3-4 depositions. On the
other hand, GeTe target can be used for DC sputtering. As
there is no any reactive component involved, thus design to
development time is short.

Printed MIT material is one possible development
tragjectory to lower the cost of fabrication but at an expense
of low resistance ratio than the films deposited using PLD.
Although a complete study of the printed VO, switch for
reconfigurable RF applications has been conducted and
promising results have been achieved, the performance can

be further enhanced. First, the VO, switch has demonstrated
847



SINGH ET AL.: RECENT ADVANCEMENTS IN RECONFIGURABLE mmWAVE DEVICES

a maximum ON/OFF ratio of around 300. This ON/OFF ratio
value is acceptable for the RF applications as presented in
this paper with careful optimization steps to achieve decent
results. However, higher ON/OFF ratio can not only improve
the performance of the switch but also the performance of the
reconfigurable components which utilize these switches. The
improvement of the ON/OFF ratio is largely related to the
physical properties of the VO, ink, which has to be tackled
in the initiad VO» nanoparticlesmicroparticles synthesis
stage. This requires more work on chemical experiments and
material characterization. Second, atrend of RF performance
degradation can be observed for the VO, switch at the
frequency around 40 GHz. It is expected that the performance
of the switch for higher frequency ranges may further degrade,
until it becomes unusable. Further development could be done
to enhance the frequency of operation of the switch.

VIIl. CONCLUSION

RF switches are the fundamental building blocks for realiz-
ing reconfigurable devices in communication systems. While
semiconductor RF switches are widely used in magjority of
commercial applications, they perform adequately up to a
few GHz. The PCM and MIT-based RF devices carry the
potential to realize RF switches with a superior performance
up to mmWave frequencies. The PCM GeTe based switches
in particular offers a unique latching capability reducing the
DC power consumption. The key advantage of the PCM and
MIT technologies is that it is easily amenable to monolithic
integration with RF circuits such as phase shifters, tunable
filters, antenna impedance tuners, switched attenuator and
tunable delay lines. While recent advancements in the PCM
and MIT for RF applications are promising towards the de-
velopment of a wide range reconfigurable mmWave circuits,
the RF PCM/MIT technology is still considered at itsinfancy.
While there are some potential and promising materials that
can be used for RF applications, but more research efforts are
certainly needed to improve the switch reliability, switching
speed and power handling capability to demonstrate devices
for future communications.
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