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Abstract: The implementation of microwave and millimetre-wave switching networks using phase
change material (PCM) is presented in this paper. We propose integrating a combination of ultra-wide
bandwidth-optimised building cells into a unique semi-T type switch. The construction of arrays
with different dimensions is enabled. The present paper selected GeTe for the PCM-based switches,
which are 150 nm GeTe thin-film offering on- and off-state 0y, = 37,203,703 S/m and Toff = 9497 S/m
conductivities by a customised eight-step fabrication process. The integrated semi-T switch cell with
two, thru, and turn operational states allows easy expansion into the form of a staircase switch matrix.
The simulated results for the semi-T type switch show excellent insertion loss of better than 0.8 dB,
return loss of better than 20 dB, and isolation of 40 dB for both the thru and turn paths from DC to
120 GHz. The proposed 4 x 4 staircase switch matrix with a dimension of only 510 x 510 um? is also
the smallest in its class. The switch matrix exhibits better than 17 dB return loss and 40 dB isolations
across all possible combinations and paths.

Keywords: phase change material (PCM); switch; switching networks; switch matrix; monolithic

microwave integrated circuits

1. Introduction

Switches represent one of the most fundamental building blocks of electronic systems.
They are ‘everywhere’ and in ‘everything’. At the same time, wireless communications
systems are continually progressing and expanding to meet the demands for reliable,
high-data-rate operation in multiple frequency ranges, evolving into complex hardware
architectures with carrier aggregation and multiple-input multiple-output (MIMO) anten-
nas [1]. For instance, a 4G cellular radio-frequency (RF) front end needs to support more
than 16 bands, 60 RF ports, and 30 RF switches per RF port [2]. Given the rising consumer
demand for wireless ubiquity and the desire for anytime, anywhere access, billions of
connections are yet to be made. The 5G mobile and upcoming 6G networks expand into
higher frequency ranges (from 28 GHz towards 1 THz) with massive MIMO antennas that
make the RF front end much more complex and challenging. The increased complexity of
RF front ends poses severe design and layout challenges where reconfigurable RF front
ends and tuneable antennas are solutions to maintain the RF systems [3,4]. How these
breakthrough changes to networks and telecommunications affect the switching routing
and communication networks remain to be seen. An inevitable fact is that architectures of
high-performance, power-aware, low-loss, linear, minimised RF switches are integral parts
of these tuneable RF systems and redundancy networks.

The current state of commercial switches demonstrates that the most used mechanical
and semiconductor-type switches offer numerous advantages but come with several trade-
offs. Mechanical RF switches demonstrate excellent RF performance but are substantial
in size and expensive. The semiconductor switches are compact but have poor linearity
and signal leakage [5]. Commercial RF switches include field-effect transistors (FET),
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silicon on insulator (SOI), silicon on sapphire (SOS), gallium arsenide (GaAs), gallium
nitride (GaN), etc., technologies and radio frequency microelectromechanical systems (RF
MEMS). RF MEMS switches outperform the mechanical and semiconductor switches in
terms of linearity and power handling capability and offer the best figure of merit (FOM)
(f=1/RonCoff), but suffer from reliability and limited integration issues [6]. This justified the
quest for reinventing the next generation of RF switch technology, where the phase change
materials (PCM) are distinguished for their remarkable attributes. The latest series of PCM
RF switches raises new RF switch performance standards, marking another milestone in
RF devices’ history [7].

Phase change materials that are currently considered for microwave applications are
classified into chalcogenides alloys [8] and vanadium oxide (VO;) [9]. Chalcogenide-based
PCMs that involve one or more group VI elements, such as sulphur (S), selenium (Se),
and telluride (Te), were initially known for their applications in optical storage media and
non-volatile memory devices.

PCM can convert a high resistivity (in the amorphous phase) into a low resistivity
state (in the crystalline phase) and vice-versa upon thermal pulse application, as illustrated
in Figure 1. The thermal activation can be triggered by electrical [9] means provided by
localised embedded microheaters or optical [10] by lasers. A pulse with medium amplitude
(~1-2 V) and long duration (~us) is used for crystallisation to switch the PCM to an on-state.
When the PCM is in an amorphous state, the applied pulse produces sufficient heat to
the PCM between its crystallisation temperature T, and melting temperature T},. Slowly
the PCM cools down at a certain speed, and the atoms gradually rearrange in an orderly
manner to finally turn into a crystalline state. Re-amorphisation requires a pulse with high
amplitude (>2 V) and short duration (~ns). This pulse is applied to melt the PCM in a
crystalline state above T,;, where the atoms are arranged in a disorderly manner. After
rapid quenching, the atoms are frozen and remain disordered in the amorphous phase
for the off-PCM switch state. Amorphisation requires a higher energy pulse to melt the
material than crystallisation. A higher melting temperature than in the crystalline phase
temperature is needed from the electrical pulses.

Crystalline State Amorphous State

©Ge/Sb @Te Time @ oo

Figure 1. GeTe PCM reversible transformation using an electric pulse [8].

Critical performance parameters of RF switches include low insertion loss (IL), high
isolation, excellent linearity, low power consumption, easy integration with conventional
semiconductor technologies, reliability, and packaging. Large resistance contrast R/ Ron (for
an extensive dynamic range) represents an additional requirement for PCM-based switches,
where Ron and Ry signify crystalline and amorphous state resistivity, respectively.

The insertion loss and isolation of up to 20 GHz of PCM switches vs MEMS, alu-
minium gallium arsenide (AlGaAs) diode, GaN, high-electron-mobility transistor (HEMT),
complementary metal-oxide-semiconductor (CMOS), and GaAs pseudomorphic high-
electron-mobility transistor (pHEMT) technologies are illustrated in Figure 2 [11]. The
results show that PCM switches outperform RF MEMS and semiconductor switches with
the lowest insertion loss, better than 0.23 dB. The second-best isolation (better than 35 dB)
also highlights the significant potential of the RF industry for integration into complex
structures. The first chalcogenide phase change material GeTe-based reconfigurable switch
was presented in [12].
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Figure 2. RF performance comparison between various RF switch technologies [11].

Recently, GeTe-based switches were reported by Wang, M. from the University of
Michigan [13], El-Hinnawy, N. from Northrop Grumman Corp. [11,14] (Figure 3a), and
Moon, J. from HRL Laboratories [15] (Figure 3b). Most of these switches have a 10-12 THz
FOM with good RF performance [16]. Apart from single-pole single-throw (SPST) RF
PCM switches, Northrop Grumman Corp. also reported a PCM GeTe-based single-pole
double-throw (SPDT) switch for millimetre-wave applications [11], shown in Figure 3c.
An ongoing body of work targeting better than the currently available RF performance of
the RF switches (including the semiconductor) followed. Improvements in many different
parameters, such as power handling capability [17], linearity and extended operating
frequency range to millimetre-waves [18], and advancements of four-port switches [19-23],
etc., were further examined recently.

(a) (b)

Figure 3. Optical micrographs. (a) PCM RF series switch [11]; (b) GeTe RF shunt switch [15]; (c) GeTe
RF SPDT switch [11].

PCM offers more than five orders of resistance change with nanosecond voltage pulses,
establishing this technology as ideal for low loss at microwave and mm-wave frequencies.
The already developed devices provide the versatility of reduced device area by dense
integration of switching unit cells [23-25], increased reliability due to the lack of moving
parts, and good performance up to 67 GHz [18-25]. PCM also demonstrated its versatility
with applications in many other areas, such as in solar energy [26].

This paper presents state-of-the-art, highly miniaturised, easily integrated with other
RF circuits latching switches with negligible direct current (DC) power consumption. We
demonstrate the details of the excellent S-parameters of the innovative built models of
(a) an RF single-pole single-throw (SPST) switch in a series configuration, (b) a semi-T
switch, and (c) a 4 x 4 staircase switch matrix.
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2. Fabrication Process

The first step is to identify the best available PCM material for microwave applications,
particularly for microwave switches, as trial devices and fundamental enabling circuit el-
ements. Germanium-telluride (GeTe) is the most significant contender for low-cost and
low-loss broadband mm-wave components. Newly developed PCM GeTe-based RF switches
have outperformed currently available state-of-the-art semiconductor devices [7]. Antimony-
telluride (SbTe) has also been successfully implemented in RF applications, while promising
indium-antimony-telluride (InSbTe) and silicon—-antimony-telluride (SiSbTe)-based alloys
require further RF performance investigation and possible implementation [27,28]. A com-
parison among GeTe [7,29], Sb(Te) [3], and VO, [30]-based SPST switches reveal that GeTe
currently outperforms all. We also identified a wide range of other PCM materials providing
superior properties and their potential for high-frequency applications, as shown in Table 1.
GeTe and Ge;Sb;Tes (GST) are also included in the table for a quick comparison. One may
notice many vacant entries in the table, mainly due to the currently [31-37] unexplored
and, thus, unavailable data in the literature . We expect this table to expand in the next
couple of years with missing and extra content. Currently, the compound Sij( 7Sb3g 5Tesq 8
has desirable properties of an RF switch, including a high OFF to ON resistivity ratio of 7th
order and an additional property of minimal thickness reduction of 1.7% when crystallised
cf. 6.8% of GST. This may benefit larger operating lifetimes, improving its reliability as the
cyclic expansion and contraction are smaller. GeSeTl also has the same desirable property
with an 8th order resistivity ratio. However, due to the ease of access to materials and their
microwave parameters, all our designs are GeTe-based.

Table 1. List of PCM materials for comparison.

Material On (Qcm) Off (Qcm) Off/On Teryst °C) Tyt (°C) Mechanism
GeTe 2x 1074 103 5 x 10° >170 735 Heat
Ge,Sb,Tes (GST) 1 x 1072 1 x 102 1 x 10* 162-616 641 Heat
Si10.7Sb39.5Tesg g [31] 25 2.5 x 107 1 x 107 >200 <600 Heat
Si5Tegs.Bix [32] 1.5 —3 x 10° Heat
SinoTegoBix [33] 1.5 —3 x 10° Heat
Sip TegoSny [34] 0.6 — 1.6 x 10° 250 Heat
SeTe [35] 2 % 10° ~400 Heat
SesTe [35] 5 x 108 ~400 Heat
AsySes [36] 3.3 x 1010 Heat
GeSeTl [37] 4 %108 Heat

The tailored PCM microfabrication process based on our well-developed RF MEMS
fabrication at the UNSW is illustrated in Figure 4 [38]. High-performance microwave, mm-
wave substrates, alumina with ¢, = 9.8, 635 um thick, are used as the carrying substrate.

1. A resistive layer used for PCM’s microwave resistors or heaters is deposited and
patterned. A 70 nm layer of tungsten (W) is sputtered at 850 °C and patterned using
reactive ion etching (RIE);

2. A thinisolation/barrier layer of 50 nm silicon nitride (SiNy) is deposited by plasma-
enhanced chemical vapour deposition (PECVD);

3. A thin PCM layer is deposited. A 150 nm thick PCM is DC sputtered and patterned
using the lift-off technique, followed by an annealing process;

4.  The first RF metal layer, 1 um of gold (Au) layer, is DC sputtered together will 50 nm
of titanium (Ti) for better adhesion. A lift-off process is used to pattern these;

5. A second isolation layer, silicon dioxide (SiO;), primarily for MIM capacitors, is
PECVD deposited, followed by patterning with diluted hydrofluoric acid (HF). HF is
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selected to remove the SiO; as it etches SiO, at a much higher rate than the previously

deposited SiNy and all other materials exposed at the surface;

A sacrificial layer, polyimide, of 2.5 um is spun on, patterned, and baked;

7. Asecond RF metal layer (Au/Ti) is DC sputtered and patterned by the lift-off tech-
nique. This RF signal layer is primarily for airbridges and MIM capacitors.

*
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Figure 4. Our proposed standard PCM-based fabrication process.

3. Design and Methodology

An HFSS 3D view of a PCM SPST series-type switch is illustrated in Figure 5. The
designs are based on the proposed fabrication process, with the materials” properties and
thickness details as follows. In all cases, alumina (Al203) substrate &, = 9.8, 635 um thick,
and coplanar waveguide (CPW) 1 um thick gold transmission lines were used. Tungsten
(W) 70 nm and silicon nitride (SiNx) 50 nm layers were used for the microheater and barrier.
The chosen 150 nm GeTe thin-film conductivities were measured by a four-point probe,
with on- and off-state ¢,;, = 37,203,703 S/m and Toff = 94.97 S/m. The PCM-based SPST
series switch is a four-terminal device with two terminals for RF signal flow and two
terminals (bias) for providing electrical pulses connected to the embedded microheater.
The microheater’s width (wy,) is a crucial design parameter, as it must have a minimum
feature in the design. It also determines the signal line separation that governs the on-state
insertion loss (IL) and off-state isolation (Iso). Figure 6 shows the simulated PCM-based
SPST RF performance. As shown in Figure 6a, as wy, increases, IL and return loss (RL)
worsen. The inverse happens with the isolation when wy, varies between 0.5 ym to 2 pm,
as seen in Figure 6b. It should be noted that these SPST simulation results demonstrate
excellent RF behaviour up to 120 GHz, outperforming any existing technology. We further
examine the simulation results and extract the actual loss after removing the mismatch
loss from Figure 6a. It is worth mentioning in Figure 6¢ that the IL are represented by
the dashed lines, showing only the contribution of the PCM and metal losses. The figure
suggests a possible operation with IL as little as <0.4 dB and Iso at least >30 dB from DC
to 120 GHz, even when a wider wy, must be selected. IL and Iso could further enhance
operation at even higher frequencies with improved PCM materials under investigation.

'Sy oy T T T T T T !
| 1
1 Gap (0.5

e um,)z\ l\‘\| Heater i
s A
| - 1

1.7 ¥

ISO’ation I
(Blye )
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Figure 5. PCM SPST-simulated HFSS 3D model with features.
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Figure 6. PCM switch simulation results vs. microheater width wy, (a) on-state, (b) off-state, and
(c) on-state with dashed lines showing the insertion loss after removing the mismatch loss.

The PCM semi-T switch, a four-port device with two operational states, ‘thru” and
‘turn’, is achieved by combining several infrastructure elements, 8 x SPST, a crossover
(Figure 7a), 4 x Tjunction (Figure 7b), and 2 x 90° turn (Figure 7c). Each infrastructure el-
ement must be designed and optimised with the best performance for wideband operation,
as per our RF MEMS article [39-41]. Figure 7d shows the simulated model with the PCM
switches grouped according to their operational state, thru and turn, with the full semi-T
switch size of only 170 pm x 170 um. Figure 7c,d shows the simulation results of the
thru-state and turn-state. From the simulation RF performance, it can be concluded that the
semi-T switch achieves the best wideband performance, unmatched by other technologies.
Both states have better than 1 dB insertion loss, and better than 20 dB return loss, and the
disconnected ports have better than 44 dB isolation from DC to 120 GHz.
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semi-T switch based on SPST switches grouped by thru and turn operational states, (e) thru-state,
and (f) turn-state simulations S-parameters.
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The staircase switch matrix topology is chosen to demonstrate its smallest physical
size with minimal numbers of building blocks and scalability. The staircase switch matrix
is designed and assembled using the semi-T switch building block and the 90° turn with
an overall dimension of 510 um x 510 pm. Compared to a crossbar topology, for example,
the staircase only requires N(N — 1)/2 building blocks instead of N> — 1, where N is
the matrix dimension, resulting in almost % of the physical size. For demonstration, a
4 x 4 PCM-based staircase switch is designed and simulated. Figure 8a shows its physical
layout and Figure 8b demonstrates four configurations covering all the possible paths. All
four sets of connections, set 1 (IN1 — OUT 1 (I1/01), IN1 — OUT 2 (I1/02), IN 3 —
OUT 3 (I13/03),IN 4 — OUT 4 (14/04)), set 2 (11 /02,12/01,13/04, 14/03), set 3 (11/O3,
12/04,13/02,14/01), and set 4 (I11/04, 12/03, 13/01, 14/02) are simulated as shown
in Figure 8c,d, Figures 9 and 10, respectively. Figure 8c,d, Figures 9 and 10 (i) illustrate
the connected ports’ insertion losses and disconnected ports” isolations, (ii) display all
ports’ return losses, and (iii) show the connected paths’ phases vs. frequencies. In set 1,
the maximum insertion losses vary from 0.9 dB to 3.98 dB, while the isolations and return
losses are better than 40 dB and 20 dB, respectively, with the maximum phase difference of
294 degrees between all paths across the frequencies of interest. In set 2, a similar trend
is observed, with the maximum insertion losses differing from 1.6 dB to 4 dB, and a most
significant phase difference of 221 degrees. Between all ports, the isolations are still 40 dB,
while the return losses at I1 and O2 ports degrade to 16 dB instead of 20 dB at other ports at
120 GHz. For sets 3 and 4, one can notice that the insertion losses variation reduces to less
than 0.2 dB, with the maximum insertion losses ranging from 2.3 dB to 2.5 dB. This is due to
the similar path lengths across all the connected ports. The reduced path length difference
is verified by the maximum phase variation between the connected paths in these sets,
which is only 63 degrees at 120 GHz. It should be noted that the isolations between all
ports in sets 3 and 4 are better than 40 dB, while only ports I1, 02, and O3 in set 3 and port
O1 have degraded return loss to 16 dB, while all other ports are better than 20 dB from DC
to 120 GHz. It can be concluded that the 4 x 4 staircase switch matrix exhibits outstanding
RF performance with return losses better than 17 dB in all sets across all ports from DC
to 120 GHz. In all cases, the port-to-port isolations are better than 40 dB between all the
disconnected ports across the frequency band of interest. Figure 11 shows the insertion
losses and phase lengths of all possible paths of the 4 x 4 staircase switch matrix. These
simulations demonstrate, for the first time, a microwave switch matrix capable of operating
up to 120 GHz with the worst-case insertion loss of better than 4 dB.
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Figure 8. (a) Simulated HFSS model of the 4 x 4 staircase PCM-based switch matrix, (b) the 4 sets of
configurations covering all the possible connections of, (c) set 1 with (i) showing the insertion losses
of the connected paths and isolations between the disconnected ports, (ii) the return losses at all ports
and (iii) the connected paths’ phases and (d) set 2 RF performances with (i) showing the insertion
losses of the connected paths and isolations between the disconnected ports, (ii) the return losses at
all ports and (iii) the connected paths’ phases. It should be noted that no legends are included for the
port-to-port isolations due to the large number of disconnected ports.
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paths’ phases. It should be noted that no legends are included for the port-to-port isolations due to a
large number of disconnected ports.
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4. Conclusions

A PCM-based switching network implementation method based on optimising indi-
vidual building blocks is proposed, together with its fabrication method. These building
blocks are used to construct an ultra-wideband semi-T switch for a large switch matrix
that can operate up to 120 GHz for the first time. The semi-T switch offers better than
0.7 dB insertion loss, 20 dB return loss, and 40 dB isolations in both the thru and turn
states. As a demonstration, a 4 x 4 staircase switch matrix is shown with all its possible
connection paths simulated. A 4 x 4 switching network that can operate from DC to
120 GHz with excellent RF performance is demonstrated for the first time. Better than
17 dB return loss and better than 40 dB isolations are achieved for all ports. To the best of
the authors” knowledge, this is the first PCM-based staircase switch matrix ever reported,
and it outclasses all existing technologies.
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