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Abstract— Four-terminal, inline, indirectly heated phase-
change switches (IPCS) have emerged as great contenders
for reconfigurable radio frequency (RF) integrated circuits,
providing state-of-the-art cutoff frequency thanks to their
built-in dc-RF decoupling. However, the switching of IPCS
devices is determined by their temperature which is chal-
lenging to predict. In this article, we present a physics-based
compact model of the IPCS, validated by finite-element
method simulations and measurements of IPCS devices.
The model accurately predicts the thermal and electrical
dynamics of the device by considering the changes in
heater resistance, contact resistance, and parasitic capac-
itance. The complete model is implemented in Verilog-
A, and a downloadable version is freely available at the
nanoHUB.org. We show how the compact model can be used
for rapid device evaluation and optimization between RF
performance and energy efficiency. Nanosecond electrical
thermometry of the heater for varying pulses during IPCS
device operation and RF measurements is used to experi-
mentally validate the model.

Index Terms—Compact modeling, electrothermal,
GeTe, phase-change, radio frequency (RF), RF switch,
thermometry.

|. INTRODUCTION

OUR-TERMINAL, inline, indirectly heated phase-change
radio frequency (RF) switches (IPCS) have recently
emerged as great contenders for 5G, mmWave, and
reconfigurable RF circuits [1]-[9], owing to their excel-
lent transmission properties, nonvolatility, small footprint,
high switching endurance, and CMOS compatibility. These
devices exhibit order-of-magnitude better cutoff frequency
(fco = 2= RONCOFF)", where Ry 1S the ON-resistance,
and Cog is the OFF-capacitance) over standard semiconductor
technologies [10]-[13].
The IPCS consists of a phase-change material (PCM) con-
nected inline by two RF ports. The PCM is thermally activated
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from beneath by an embedded heater, which is isolated from
the PCM by a dielectric material. The thermal actuation
of a PCM poses a critical challenge to device and circuit
designers because the device temperature must be known to
determine the switching characteristics (i.e., switching voltage
and power). The switching voltage and power are tightly
related to the lateral dimensions of the IPCS even if the
thickness of the layers is kept constant. The design criteria
of IPCS are explored in [6], showing the dependence of the
RF and thermal performance on the device structure.

In [14] and [15], finite-element method (FEM) simulations
of the melt/quench process in IPCS were studied, and the
energy efficiency was explored. The electrical thermometry
of bare microheaters only (e.g., not complete devices) were
reported in [15] to validate the FEM model. In [16], an elec-
trothermal model of directly IPCS [17] is reported. This
model uses the frequency-domain solution of the heat transfer
function to predict the maximum power handling of these
switches. This model was adapted in [18] and [19] to predict
the maximum power handling of indirectly heated devices,
as the RF signal can also heat directly (and switch) the PCM
layer.

Currently, a computer-efficient compact model that can
rapidly predict the dynamic behavior of the IPCS in a circuit
environment is still lacking. Such a model is critical for fast
device design and optimization and to design its peripheral
circuitry. In this article, we present a compact model of the
IPCS device. The thermal dynamics are modeled using a
thermal-equivalent RC model, based on the physical dimen-
sions and thermal properties of the device. The temperature
feeds a behavioral model that determines if a phase transition
occurs. The electrothermal model is validated using FEM sim-
ulations and experimental electrical thermometry of complete
GeTe IPCS devices with different physical dimensions. Fur-
thermore, the compact model can predict the RF performance
of the device. Here, the RF behavior of the IPCS is modeled
similar to the lumped models presented in [5], [6], and [19].
The advantage of the model is that the lumped elements are
analytically determined by the dimensions of the device and
not by fitting as in the previous works. The lumped RF model
is validated with RF measurements.

The compact model is implemented in Verilog-A (SPICE-
compatible). Thus, it enables rapid device optimization, and
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Fig. 1. Fabricated GeTe IPCS. (a) Schematic cross section.
(b) False-colored SEM image. A PCM is connected in line by two RF
electrodes of width Wrr, separated by a small gap of length Lgr. The
PCM layer is thermally activated from beneath by a heater of width Wy
and length Lp.

the design and simulation of large-scale circuits and systems
composed of IPCS with varying substrates, dielectrics, and
PCM materials. The model is freely available online at the
nanoHUB.org [20]. The threshold voltages and the temperature
of the heater are predicted within 92% accuracy by the
model. We show experimentally that the devices can be pro-
gramed with lower voltage and power than the previous works
[11-[3], [5]-[71, [9], [21] by using wider pulses, as the model
predicts. Furthermore, we present the electrical thermometry
of operating IPCS devices, whereas the previous work [15]
reported only thermometry of bare heaters.

[1. DEVICE DESIGN AND FABRICATION

The cross section and scanning electron microscope (SEM)
view of the IPCS are shown in Fig. 1. A 100-nm GeTe layer
is connected in line by two RF electrodes of width Wgp,
separated by a small gap of length Lrp. The GeTe layer
is thermally activated from beneath by a heater of width
Wy and length Ly. The actuation path and the RF path are
electrically isolated, allowing for de-RF decoupling. Increasing
the thickness of this layer is beneficial to the RF performance
but at the expense of power and energy efficiency since more
heat is required to achieve switching temperature. The RF
performance of the IPCS is mainly determined by Lgg, Wgp,
and Wy [5], [6]. A smaller Lrr or wider Wgrg reduces Roy.
However, widening Wgrr will result in a larger Cogr, Which is
mainly determined by the parallel-plate capacitance between
the RF electrodes and the coupling capacitance between the
RF electrodes and the heater.

The physical limit of Roy as Lgr is scaled down and is
determined by the contact resistance between the PCM and
the metal electrodes. Rox can also be reduced by increasing
the thickness of the PCM layer, but this will result in larger
thermal capacitance of the PCM which will degrade switching
speed, power, and energy. The heater dimensions determine
its electrical resistance, crucial to achieve sufficient power
to switch the device. Device segmentation, as in [6], is a
possible solution to reduce the programming voltages with
almost negligible RF performance degradation.

The IPCS devices are fabricated on high-resistivity Si
wafers. First, a 100-nm SiO, layer is thermally grown, fol-
lowed by W dc magnetron sputtering (100 nm), and pattering
by reactive-ion etch (RIE). A Si3N, insulating layer (50 nm)
is then deposited using plasma-enhanced CVD. The 100-
nm GeTe layer is then dc sputtered and heated in situ up
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Fig. 2. Compact electrothermal model of the IPCS. (a) Macro model
of the IPCS. RFp and RFy are the RF ports (where the resistance
change occurs). dcp and dcy are the actuating terminals (heater). Tpom is
estimated to determine whether the Rjpcs will change or not. (b) Lumped
RC equivalent model of the thermal dynamics in the IPCS.
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to 200 °C, followed by patterning and etching with RIE.
Premetallization surface treatment of 3-min descum and 5-min
deionized water (DI) is carried out based on [22], and
Ti(10 nm)/Au(150 nm) contacts are e-beam evaporated by
lift-off. Finally, the GeTe is capped with 50-nm RF sputtered
Si0,, patterned by RIE, and the vias to heater pads are opened
through the SizN4 and metallized by Ti (10 nm)/Au (150 nm).

I1l. CompPACT MODEL OF IPCS

The proposed model is fully implemented in Verilog-A and
consists of four electrical ports: two RF ports (RFp and RFy)
and two actuation ports (dcp and dcy) as shown in Fig. 2(a).
The change in the resistance of the IPCS (Ripcs) and the
parasitic Cop: are probed between the RF ports, whereas the
programming pulse is applied to the actuation ports. The input
resistance of the latter ports is the resistance of the heater
(Ry). The model is subdivided in: 1) a behavioral model that
determines the variation in Rpcs and Ry according to the
temperature of the PCM (Tpcy) and the heater (7y) and 2) an
equivalent lumped thermal-impedance RC model [23], [24]
that predicts Ty and Tpcym as shown in Fig. 2(b).

The thermal conduction is ruled by the Fourier’s law of
conduction, Q = —kVT, where Q is the heat flux density,
ky, is the thermal conductivity of a material, and VT is the
temperature gradient. Assuming 1-D heat flow, the thermal
resistance for a material with thickness x and area A can
be defined as Ry, = x/(knA). The temperature variation is
also governed by the change in the internal energy due to
the heat flow (Q) through the device, which is determined
by the specific heat capacitance (c,) of each layer. Therefore,
the thermal capacitance will be Cy, = ¢, V, where V is volume.
The two most widely used thermal models are the Cauer and
Foster models. The former is correlated with the physical
structure of the device, whereas the latter is a mathematical
fitting model of the measured results. In this work, we use the
Cauer model since knowing the temperature of the PCM is
critical to determine whether the phase has changed. In this
model, we assume 1-D (vertical) heat flow, except for (lateral)
heat spreading in dielectric 2 [Fig. 1(a)] represented by Rgide-
The latter assumption holds when the heater dimensions are
large compared with the thermal healing length (~100 nm in
typical IPCS devices) [15].

The design parameters of the model are Wy, Wrg, Lgrr, and
the thicknesses of the different layers. For simplicity, Ly is
chosen to be equal to Wgp, and the OFF-resistance is provided
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as fitting parameter to the model. With these parameters,
the model determines the thermal resistances and capacitance,
ON-resistance (Roy), Corr, and the electrical resistance of the
heater at room temperature (Rp,,). Rox is determined as

Rox = 2Rcpen/ WRE + Rihpen LRE/ WrE (N

where Rc,., is the contact resistance per unit length, and
Ry 18 the sheet resistance of crystalline PCM. The parasitic
capacitance depends on the connection of the heater while the
RF signal is applied. If the pads are floating, Copr = Cr +
Crr + Cpy /2 [6], where Cr is the fringe capacitance between
the heater pads and the RF path, Crr = €9 kWgpt./Lgg is the
parallel plate capacitance between the RF contacts, and Cy
is the coupling capacitance between the RF contacts and the
heater, modeled as the fringe capacitance of a wire [25]. The
resistance of the heater is

Ry =2Rc,/Wu + Raw, Lu/Wu (2)

where Rc, is the contact resistance per unit length, and Ry,
is sheet resistance of the heater. The electrical resistance of
the heater increases with temperature as

ARy = Ry, - TCR - ATy 3)

where TCR is the temperature coefficient of resistance, which
is experimentally characterized in the W heaters, TCRy =
1.3-1073 K.

Parameters Rcy.y» Rshpens Reyy» and Ry, are obtained from
the measurements of transfer-length method (TLM) structures
that are fabricated with the IPCS devices, and the extracted
values are 10 Q - um, 33 Q/sq, 15 Q- um, and 3.6 Q/sq,
respectively. The Cp is extracted from RF measurements
as in [6] and equals 3.6 fF. The ks of W and GeTe are
estimated from the measured electrical conductivity using
Wiedemann-Franz law, leading to kg, = 20.3 WK ~'m~! and
Khere = 2.2 WK™'m™!, respectively. The remaining para-
meters are estimated using thermal properties taken from the
literature [26]-[31]: kg, = 4 - 10*/T WK 'm~! and kg, =
In(7%32)—1.6 WK'm~!, where T is in K. For Si3Ny kg, =
3 WK~'m~!. The thermal boundary resistance (TBR) of the
Si0,—W interface is estimated to be equivalent to the thermal
resistance of 20 nm SiO,, and TBR of the Si-SiO, interface
is negligible [15]. The side heat spreading is modeled by
R™. = 10(Ryb + Rsiox)/(1 + 2Lnea/ Wi), where R™, and
R®, are the thermal resistances of the substrate and SiO»,
respectively, whereas Ly, is the thermal healing length of
the heater. The electrical and thermal parameters used in the
model are shown in Table I. The expressions that determine
the circuit elements for the lumped electrothermal model and
the RF model are shown in Table II.

When a pulse is applied to the actuation ports, a polynomial
voltage-controlled current source converts the applied voltage
into the input power for the thermal-impedance model. To
amorphize (reset) the PCM, Tpcym must rise above its melting
point (Ty; ~ 720 °C) and quickly quench to low temperature
(i.e., below the crystallization temperature, Terys) so that the
PCM does not recrystallize. For crystallization (set), Tpcm
must rise above Ty for sufficient time (i.e., crystallization

TABLE |
PARAMETERS OF COMPACT MODEL

Thermal Parameters

Parameter  Value Parameter  Value
Kihgor. 2.2 W/(K-m) Cogere 3.07- 108 J/(Km3)
Eihy, 20.3 W/(K-m) Coyy 2.58- 105 J/(Km?)
Ethsion In(T%52)—1.6 W/(K'm)  cugi0n 2.27-106 J/(Km?)
kihg, 4. 10* /T W/(K-m) Cug; 1.66- 106 J/(Km?)
Kthgina 3 W/(K-m) Coyy 2.28- 10 J/(Km?)
TCR 1.3- 1073 K1 Lheal 100 nm

Electrical Parameters
Parameter  Value Parameter  Value
Repon 10 Q- um Rohpoa 33 Q/sq
Rcy, 15Q-um Rgpyy 3.6 Q/sq

TABLE Il
CIRCUIT ELEMENTS OF COMPACT MODEL

Thermal RC Model
Parameter  Expression Parameter  Expression
A WuLy Rair 10-106 KW—1
R, 1/(2king; A) Cl Cugitsid
Rg};Oz ta1/(kthgiopA) Cgf;Oz Cusiogtd1A
Ry rer th/(kthy A) Chlpier CowtaA
R taz/(kihg, no ) cih il tagA
R pe trem/(kthgor.A)  Clire CogeretPCMA
RZpring tmp/(kthsz'm A) Cégpping Cvsiox tCaPA
TBR 20 nm/(keng,o, A) R, 1Rt Ri0s)

Electrical & RF Model
Parameter  Expression
Ron 2Rcpon /WRF + Rshpoy LRF/WRF
Ry 2Rcy, /Wa + Rshy Lu /Wa
CrF E0€ox WRFtcont/LRF
W 025 £ \0b

Cu esine L |0.77 + 1.06 (( i) () )
Cp 6 fF
Corr Cr+Cg/2+CRrFr

time, foys > 1 us). From the electrothermal measurements,
we estimate Torys at ferys = 1 s to be ~450 °C, confirmed by
recent thermoreflectance measurements [32]. Thus, the behav-
ioral model works as follows. If Tpcym > Ty and the quenching
time is shorter than 250 ns, the Ripcs will reset. Whenever
Tyt < Tpem < Ty, the set process is triggered. If Tpem
stays between those boundaries for at least 1 us, then Roy is
achieved. Otherwise, Rjpcs remains unchanged.

Note that the physical dimensions of the devices (Wrg, LR,
Wy), the thickness of the layers, and the thermal parameters
can be changed to model different device geometries or mate-
rials and to perform variability analysis. For instance, if the
material or deposition conditions of the heater are changed, its
resistance (R¢,,, R, ), and TCR will change [5], [6], affecting
the overall electrothermal performance of the device (captured
by the model). The compact model presents some limitations,
namely, it does not include: 1) the temperature dependence of
ky, for some layers and the TCR of the heater; 2) temperature
rise due to direct heating through the RF electrodes; and
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Fig. 3. Electro-thermal measurements setup. The heater voltage is
measured using SG probes, connected in parallel to the scope in high Z.
The RF path is probed using two SMUs of the B1500A.

3) crystallization kinetics (currently the model assumes that
the PCM will crystallize if Tpcm > Terys Tor 1 us).

IV. MEASUREMENT SETUP

Transient electrothermal measurements are performed using
a Keysight B1S00A semiconductor parameter analyzer (SPA)
with high-voltage semiconductor pulse generator unit
(HV-SPGU). A Keysight Infiium DSOS804A scope in high
Z, connected in parallel to the signal-ground (SG) RF probe
used to program the device, measures Vg (Fig. 3). The reset
and set pulses are 800 ns and 1 us wide, respectively, with
50 ns rise time and 20 ns fall time. Relatively long reset
pulses are chosen to have a better understanding on the
heating time of the heater. The resistance of the IPCS is then
measured in dc, using a four-probe setup.

The heater voltage is Vy = 2V, Ry /(Rs + Ry), where
Vapp 1s the voltage applied by the SPGU to a 50 Q load, and
R is the source resistance of the HV-SPGU set to 50 Q.
The resistance of the IPCS is probed using standard dc probes
connected to the semiconductor measurement unit (SMU) of
the BI500A after the programming pulse is applied.

The TCR was measured using a Linkam thermal stage
measuring the TLM heater structures at varying temperature,
from 25 °C to 300 °C. RF measurements were performed using
a Keysight Streamline USB vector network analyzer with
ground-signal-ground (GSG) Cascade air co-planar (ACP)
probes. The RF measurements were calibrated using the
short-open-load-thru (SOLT) standard. No deembedding was
performed.

V. RESULTS AND MODEL VALIDATION

The sheet resistance and contact resistance of the GeTe
layer are extracted using TLM structures with 20-um width
and length varying from 2 to 20 um [Fig. 4(a)]. The TCR
of the W-heaters was extracted from TLM structures with
Wy = 2 um. The resistance variation of the heater with
temperature is shown in Fig. 4(b) for a 40 um-long heater
measured from 25 °C to 300 °C.

As Ty rises, Ry increases, changing Vy until a steady-state
temperature is reached (few hundred ns). The change in
heater resistance (ARpy) is probed by measuring AVy =
Vi, — VHer, Where Vg is the maximum voltage drop at

max

the heater when the programming pulse is applied and Vg,,.

500 80
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Fig. 4. DC characterization. (a) TLM of the GeTe PCM layer.

(b) Measured TCR W-heater.
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Fig. 5. Measured versus simulated electrical thermometry. Mea-
sured (colored) and simulated (black). (a) Heater voltage Vy and
(b) temperature rise ATy for the reset of a 2-um-wide and 20-um-long
heater. (c) Vi and (d) ATy for reset of a 2-um-wide and 10-um-long
heater.

With the AVy, ARy is calculated and converted to AT using
the TCR value. Fig. 5(a) and (b) shows the simulated versus
measured Vy and ATy for a Lgp = Wy = 2 um and
Wrr = 20 um device, whereas Fig. 5(c) and (d) shows the
results, respectively, for Wgrp = 10 um device. Note that in
Fig. 5(b) and (d), the quenching time is not captured since
the measured Vj signal is lost after the 20-ns fall time of the
applied voltage pulse.

Fig. 6(a) and (b) shows the simulated ATy and ATpcm
for a 4.5- V pulse and the temperature distribution from
FEM simulations, respectively. It can be observed that the
ATpcnm is correctly predicted. Fig. 6(c) shows the compact-
model-predicted ATpcy and FEM simulations for different
amplitudes and varying pulsewidth. A AT ~ 150 K is
observed between 100- and 200-ns-wide pulses, confirming the
advantage of using wider pulses to reduce the switching power.
The maximum deviation of the simulated Vy from the experi-
mental measurements is less than 1.5%. The error in predicting
the AT of the heater is less than 5% for T < 1000 K and
smaller than 10% for T > 1000 K. This deviation is related to
changes in ky, of the different layers and variations of the TCR
over a large range of temperatures. The switching behavior for
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Fig. 7. Measured and simulated RF performance and power
efficiency. (a) Measured (triangle markers) versus modeled (solid line)
RF transmission for Wy = Lgg = 2 um and Wgrg = 20 um. (b) Measured
(triangle markers) versus modeled (solid line) isolation of Wgrr = 20 um
and Wre = 40 um switches.

reset and set is shown in Fig. 6(d). The measured minimum
power for amorphization (MPA) and minimum power for
crystallization (MPC) [6] are 0.51 and 0.23 W, respectively,
for 20- ym-wide devices. The corresponding threshold voltages
(Vi) are 5.2 and 3.4 V. The simulated MPA and MPC are,
respectively, 0.46 and 0.25 W, corresponding to 4.8 and 3.5 V.

The measured and modeled RF performance is shown in
Fig. 7(a) for an IPCS with Lggp = Wy = 2 um and Wgp =
20 um. The device presents an insertion loss <0.48 dB and an
isolation >26 dB up to 10 GHz, leading to an fco of 3.5 THz.
Note that the modeled insertion loss in Fig. 7(a) includes the
losses of the signal trace (estimated 0.08 dB). The modeled and
measured isolation for 20-um-wide and 40-um-wide IPCS
is shown in Fig. 7(b), and the estimated vs. measured RF
parameters are shown in Table III. The compact model can
be used for the rapid evaluation of IPCS device design. For

Lop (um)

Fig. 8. RF performance versus power efficiency fco for a 20-um-wide
switch and MPA per switch width for Lgr = Wy varying from 100 nm to
3 um, for tpocmy = 100 nm (blue) and 200 nm (red).

example, the fco for a 20-um-wide switch and the MPA per
switch width is shown in Fig. 8 when Lgr = Wy, with Lgg
varying from 100 nm to 3 gm. Due to the wider reset pulses,
the Vips in the devices are reduced compared to [1]-[3], [6],
[71, [9]. Experiments on 20-um-wide devices with 300-ns-
wide reset pulses show that the MPA may increase up to 0.8 W.
The obtained Ry is slightly higher than the one obtained with
TLM structures due to the steep topographic change caused by
the heater, which forms voids in the PCM layer as described
in [5] and [33]. These voids also cause reliability issues, such
as increasing the Ry after a number of cycles. This can be
avoided in planarized devices [34].

VI. CONCLUSION

In this article, we presented a physics-based compact model
for IPCS devices. The model is fully implemented in VerilogA,
allowing for fast device and circuit design and optimization.
We compared the model to experimental electrical thermom-
etry, RF measurements, and FEM simulations, showing its
accuracy in simulating the electrothermal dynamics of the
switch. The compact model can rapidly predict the threshold
voltage, device temperature, relevant power figures of merit
(MPA, MPC), and fco with 92% accuracy.

We show that IPCS devices can be programed with lower
actuation voltages than the previous reports by using wider
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pulses, thanks to the smaller AT between the PCM and the
heater. Overall, we expect that the work will help make IPCS
technology more accessible to device, circuit, and system
designers. In the future work, we will extend the model to
account for the crystallization kinetics and possible direct
heating through the RF electrodes. Furthermore, we will
extend the valid frequency range by including second order
parasitic effects such as coupling capacitance to the substrate.
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