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A Transient SPICE Model for Dielectric-Charging
Effects in RF MEMS Capacitive Switches

Xiaobin Yuan, Student Member, IEEE, Zhen Peng, Student Member, IEEE, James C. M. Hwang, Fellow, IEEE,
David Forehand, Member, IEEE, and Charles L. Goldsmith, Senior Member, IEEE

Abstract—A transient SPICE model for dielectric-charging
effects in RF MEMS capacitive switches was developed and
implemented in a popular microwave circuit simulator. In this
implementation the dielectric-charging effects are represented by
RC sub-circuits with the sub-circuit parameters extracted from
directly measured charging and discharging currents in the pA
range. The resulted model was used to simulate the
actuation-voltage shift in RF MEMS capacitive switches due to
repeated operation and charging of the switch dielectric.
Agreement was obtained between the simulated and measured
actuation-voltage shift under various control waveforms. For RF
MEMS capacitive switches that fail mainly due to dielectric
charging, the present SPICE model can be used to design control
waveforms that can either prolong lifetime or accelerate failure.

Index Terms—Charging, dielectric, lifetime, MEMS, REF,
reliability, switch, SPICE, transient, trap, accelerated life test.

I INTRODUCTIHN

N the past decade, RF MEMS has emerged as a promising

technology for low-loss switch, phase shifter, and
reconfigurable network applications [1]-[4]. However,
commercialization of RF MEMS devices is hindered by the
need for continuing improvements in reliability and packaging.
In particular, lifetime of electrostatically actuated RF MEMS
capacitive switches is limited by dielectric-charging effects [5].
The dielectric is typically low-temperature deposited silicon
dioxide or nitride with a high density (10'® cm®) of traps
associated with silicon dangling bonds. During switch
operation, the electric field across the dielectric can be higher
than 10° V/cm causing charge carriers to be injected into the
dielectric and become trapped. With repeated operation, charge
gradually builds up in the dielectric, which modifies the
electrostatic force on the movable membrane resulting in
actuation-voltage shift [6].

Dielectric-charging effects in RF MEMS have been
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Fig. L. Top view of a state-of-the-art RF MEMS capacitive switch.

researched by different groups [5]-[9] with a qualitative
charging model proposed [9]. In comparison, we have
proposed an equation-based quantitative charging model to
predict charge injection and actuation-voltage shift [10]. In this
paper we implement the equation-based model as equivalent
circuit in a popular microwave circuit simulator ADS!, The
equivalent-circuit model is then used in transient circuit
simulation under various control waveforms. The results are in
general agreement with that simulated by the equation-based
model and the measured actuation-voltage shift. Therefore, for
RF MEMS capacitive switches that fail mainly due to dielectric
charging, the present model can be used to design control
waveforms that can either prolong lifetime or accelerate failure.
The present model complements existing equivalent-circuit
models of MEMS switches, hence can be used to simulate the
performance and reliability of circuits comprising multiple
MEMS and electronic devices in the future.

II. MODEL EXTRACTION

Fig. 1 illustrates a state-of-the-art metal-dielectric-metal REF
MEMS capacitive switch fabricated on a glass substrate. The
dielectric is sputtered silicon dioxide with a thickness of 0.25
um and a dielectric constant of 4.0. The top electrode is a
0.3-pm-thick flexible aluminum membrane that is grounded.
The bottom chromium/gold electrode serves as the center
conductor of a 50 Q coplanar waweguide for the RF signal.
Without any electrostatic force, the membrane is normally
suspended in air 2.5 pm above the dielectric. Control voltage
with a magnitude of 25-35 V is applied to the bottom electrode,
which brings the membrane in contact with the dielectric thus

' Agilent Technologies, Westlake Village, CA.
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forming a 120 um x 80 um capacitor to shunt the RF signal to
ground. When the control voltage is reduced to below the
release voltage of 8 V, the membrane springs back to its fully
suspended position, resulting in little capacitive load to the RF
signal. The switch has low insertion loss (0.06 dB) and
reasonable isolation (15 dB) at 35 GHz. The switching time is
less than 10 ps.

A charging model was constructed for the switch from the
measured transient charging/discharging currents on the switch
dielectric [10]. The injected charge density in the dielectric is
modeled as

] E{?'_|. expi—i,, /1. )] expl—1,.. Fr..], {17

where Q; is the steady-state charge density of the Jt& species of
trap, 7c and 1p are the charging and discharging time constants,
tov and fopr are the on and off times of the switch
corresponding to the charging and discharging times.

Charging and discharging currents caused by the trapped
charges are expressed as in the following:
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where g is the electron charge and 4 is the surface area of the
dielectric.

From the measured charging and discharging transient
currents of the traps in the switch dielectric, model parameters
0O, Tc, and tp, were extracted for different control voltages by
fitting the measured data with exponential functions of (2) and
(3). Two exponential functions, representing two trap species,
were found to give good fit.

As shown in Fig. 2(a), the extracted charging and
discharging time constants for both positive and negative
control voltages exhibited little voltage dependence. Therefore,
tc and tp were taken as the average value under different
voltages. By contrast, the steady-state charge densities were
found to vary exponentially with control voltage, as illustrated
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Fig. 2. (a) Trap 1 (o) charging and (+) discharging and trap 2 ( A ) charging
and ( x ) discharging time constants. (b) Extracted (symbols) and fitted (lines)
steady-state charge densities for (0 ) trap 1 and ( A ) trap 2 under -40, -30, -20,
20, 30, and 40 V. The time constants show no significant bias dependence
whereas the steady-state charge densities are exponentially dependent on the
control voltage.

in Fig. 2(b). Voltage dependence of the steady-state charge
density for the Jth trap is therefore modeled as

Q2 =0 sapF D, (&)
where V is the absolute value of control voltage, Qp and ¥, are
fitting parameters. Using the above-described approach, two
sets of model parameters were extracted for positive and
negative control voltages, respectively, as listed in Table I.

The actuation-voltage shift due to dielectric charging can be
expressed as

AW mgh) i, (5]

where # is the distance between the bottom electrode and the
trapped charge sheet, Q is the injected charge density predicted
by the charging model (1), & is the permittivity of free space,
and ¢, is the relative dielectric constant. Approaches to
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Fig. 3. ADS equivalent-circuit model for transient circuit simulation. Voltage
dependence of the steady-state charge densities was implemented in the two
voltage sources. Diodes were used to direct charge flow. C=1F, Re; =6.5 Q,
Rp1 =70, Re=52.5Q,and Rp, =74.7 Q.

calculate @ under complex control waveforms will be
presented in the following section. The injected charges are
most likely distributed across the thickness of the dielectric.
Since their collective effect on the actuation voltage can be
approximated by a charge sheet, it greatly simplifies the model
by using the charge-sheet assumption. Since # cannot be
directly measured, actuation-voltage shift for a certain stress
period is predicted by the charging model (1), (4), and (5) with
an optimized 4 value to give the best fit between model
prediction and experimental data under all control waveforms.

1. MODEL IMPFLEMENTATION

A. Eguivalent-Circuit Model

In order to calculate charge injection under complex control
waveforms, the extracted charging model was implemented
into ADS using an approach similar to that in [11]. As shown in
Fig. 3, two RC sub-circuits were used to simulate charging and
discharging of two trap species. Both capacitances were set to
unity so that the resistance values represent different time
constants: Rei1 = tc1, Rex = Tco, Rp1 = tp1, and Rpy = 1p,. Diodes
in the sub-circuits were used to direct charge flow. Therefore,
the capacitor is charged through R¢ during the switch on time
when the source voltage is greater than the capacitor voltage.
Similarly, the capacitor discharges through Rp during the off
time when the source voltage is smaller than the capacitor
voltage. Total charge accumulated on the unity capacitances
represents total trapped charge in the switch dielectric. Voltage
dependence of the steady-state charge densities in (4) was
implemented into the two voltage sources. Therefore, after
defining the time-domain switch control waveform in the
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Fig. 4. Charging calculation under a square wave using the equation-based
model. 2oy and forr are the on and off times of the switch. After one operating
cycle, charge density increases from the initial state A to the end state E. Inset
illustrates the applied square wave and the corresponding charging states.

voltage sources, charge injection and actuation-voltage shift
can be simulated using transient circuit simulation.

B. Equation-Based Model

Another modeling approach was used to calculate charge
injection under square-wave actuation. This is referred to as the
equation-based model in contrast to the above-described
equivalent-circuit model. Fig. 4 illustrates a charging curve that
starts from the origin and ends in saturation (state S), which is
followed by a discharging curve that falls exponentially as
shown in the charging model (1). The charging and discharging
curves shown in Fig. 4 are generated from the charging model
equations and can be expressed as in the following:
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where Q; is the voltage-dependent steady-state charge density
of the Jth species of trap, 7¢; and 7p, are the corresponding
charging and discharging time constants.

During real switch operation under a square wave, the
charging state at the beginning of each operating cycle can be
somewhere between empty and full, such as state A illustrated
on the charging curve. After the switch is turned on, the
charging state moves higher to state B during the on time of the
switch. After the switch is turned off, the dielectric starts to
discharge from state C on the discharging curve, which is
mapped horizontally from state B of the charging curve. After
certain off time, the dielectric is discharged to state D, which is
then mapped back to state E on the charging curve to start the
next operating cycle. Thus, the net effect of one operating cycle
of the switch is to move the charging state from A to E. This
equation-based charging/discharging model repeats in such a
ratchet fashion until the desired number of cycles has been
operated. To calculate charge injection under square waves, the
model needs four input parameters: peak voltage, on time, off
time, and number of cycles. Alternatively, on and off times can
be specified in terms of frequency and duty factor of the
waveform.



IV. COMPARISON WITH MEASURED RESULTS

A. Accelerated Test Setup

Accelerated life tests for the switch shown in Fig. 1 were
performed on a time-domain switch characterization setup [6].
A 6 GHz, 10 dBm sinusoidal signal was applied to the switch
input port together with the control waveform. RF output was
sensed by using a Narda 26.5 GHz diode detector. Both the
control and output waveforms were monitored by using an
oscilloscope. First, a 0 to —30 V saw-tooth control wave was
applied to the bottom electrode of a pristine switch to sense the
pre-stress actuation voltage. Next, the switch was stressed by
applying a square or dual-pulse wave for different stress
periods. After each stress period, another saw-tooth control
wave was applied to the switch to sense the post-stress
actuation voltage. This way, the actuation-voltage shift for each
stress period can be determined. Different stress waveforms
were used to drive the switch in order to study the acceleration
factors of the charging effects. Specifically, square waves with
different peak voltages, duty factors, and frequencies were
used, so were dual-pulse waveforms with different pull-down
pulse widths.

B. Square-Wave Actuation

Under a square control wave, the amount of charging within
one operating cycle is determined by three parameters: peak
voltage, duty factor, and frequency. We first investigate the
effects of frequency and duty factor, while keeping the peak
voltage constant. Specifically, the square wave used in the
study has an on voltage of —30 V and an off voltage of 0. The
actuation voltage of the pristine switch is approximately —22 V
at room temperature. Therefore, peak voltage of =30 V ensures
switch operation after significant actuation-voltage shift in
either direction. A pristine switch was operated at two different
frequencies: 10 and 100 Hz. Three duty factors were used at
each frequency: 25%, 50%, and 75%.

After stressing the switch with the 0 to —30 V square wave
for a certain period, actuation voltage was shifted in the
positive direction (less negative) indicating injection of
electrons from the bottom electrode into the dielectric.
Agreement was found between simulated and measured
actuation-voltage shifts at both frequencies as shown in Fig. 5.
Simulation results from both equivalent-circuit and
equation-based models are presented. Difference between the
two modeling approaches will be discussed at the end of this
section. Both simulated and measured data suggest that for a
fixed duty factor, dielectric charging and actuation-voltage
shift depend strongly on the total stress time instead of number
of operating cycles. Notice that for both frequencies,
actuation-voltage shifts for the same stress period are almost
identical. So long as the stress frequency is much greater than
the inverse of charging/discharging time constants, charge
injection has no obvious dependence on the stress frequency.
This is consistent with the experimental results in [9]. On the
other hand, increasing the duty factor accelerates dielectric
charging and actuation-voltage shift at both frequencies as

a
= Frequaney =10 Hz
I
¥ Peak Voltage = -30 V
- 54
o
]
=
:
-
=
=
g
0
S
1] b 1] 100 150 200
TIME (s)
] —_—
) Fraquancy = 100 Hz
'-;. Peak Voitage = -30 V
i
w
]
of
=
g
.
=}
%
=]
g
0 50 100 150 200
TIME (s)
ihi
1,082
=
l
]
w .67 4
T
5
=]
Ey
E 164
E
of
5
=
T
S
1,50 — ; ;
524 62.8 63.2 638

TIME (s)
1=}

Fig. 5. Actuation-voltage shift as a function of stress time and frequency. The
stress signal is a 0 to —30 V square wave at (a) 10 and (b) 100 Hz.
Actuation-voltage shifts are simulated using (==) equivalent-circuit and (---)
equation-based models with 25%, 50%, and 75% duty factors bottom up.
Measured actuation-voltage shifts are for (o ) 25%, (¢ ) 50%, and (A ) 75%
duty factors. (c) Detailed view of the 25% duty factor trace in (a) simulated by
the equivalent-circuit model showing the charging and discharging dynamics
of the traps. Dashed line represents the envelope of the charging/discharging
transient. Both simulated and measured data show that, giving the present test
conditions, actuation-voltage shift is accelerated by duty factor, but not by
frequency.



shown in Fig. 5. Fig. 5(c) shows a detailed view of the ADS
simulated actuation-voltage shift, which increases in a
saw-tooth fashion through charging and discharging of the
traps within each operating cycle.

For a giving frequency, the charging and discharging times
within one operating cycle are determined by the duty factor.
For the extreme case of dc stress (duty factor = 100%), the
charge density will eventually reach a saturated value YQ,
which is implemented in the voltage sources using (4). For an
extremely low duty factor such as 0.01%, the charge
accumulated during the on time of the switch will be discharged
almost completely during the off time; hence little charge will
ever be accumulated. An intermediate duty factor, e.g., 50%,
will cause the charge density to saturate at a value somewhere
between 0 and YO, when the charging and discharging
processes are balanced. In a pristine switch, charging is fast to
start with while discharging is slow. This builds up charge so
that charging slows down while discharging accelerates until
charging and discharging are balanced. With the proper switch
design and control waveform, it is possible to avoid switch
failure even after charging or actuation-voltage shift saturates.
Therefore, the commonly quoted number of cycles before
failure, due to its dependence on the detailed actuation
waveform, is not a vniversal figure of merit for RF MEMS
capacitive switches [9]. For a square control wave with a peak
voltage that is defined by the actuation voltage, frequency and
duty factor must be specified for the quoted life cycles to be
meaningful. Conversely, with the acceleration effects
quantified through the present charging model, a fair
comparison can be made between lifetimes measured under
different frequencies and duty factors.

Empirically it has been reported that the switch lifetime
depends on the total on time and not on duty factor or frequency
of the control waveform. Our results in Fig. 5 also show that
charging has no obvious dependence on stress frequency.
Using the present model we show in the following analysis that
this is only the limiting case when the switching period is much
shorter than charging/discharging time constants and the total
accumulated charge is much smaller than the saturated
(steady-state) charge.

Considering the RC sub-circuits in Fig. 3, during the on time
of an operating cycle, the capacitor is charged through R, the
voltage accumulated on the capacitor after the on time is
Fi{t +i,0 = F [ =expl{-i,, . )]+ Fexpl=r, 'r. ) (&)
where Vg is the source voltage and ¥(#) is the initial voltage on
the capacitor before the on time starts. For now we assume that
there is only one species of traps so the subscript “J”’” can be
dropped. During the off time of the operating cycle, the
capacitance is discharged through Rp, the voltage/charge left on
the capacitor at the end of the off time is

FIT Lo 4 Fgap ) = F [+ £ g PEXP <L e / T ) 4]

Thus, (8) and (9) can be used repeatedly to evaluate the
charging state after ensuing operation cycles.
If toy << tcand torr << 1tp, (8) and (9) reduce to

Vt+t Y2V, byl +V (-t /7.); [l
V(t+ty, +to) =V (t+t,, )2,/ T,). [y
Assuming a pristine capacitor without any charge at £ = 0, after
the on time of the first operating cycle, the accumulated voltage
given by (10) is

L 1 T T S | [1X)

The voltage left on the capacitor after the ensuing off time is
given by (11) as

Fillg o 1 BV, to Tl = foge /75

T

(13)

Following the same procedure, charge accumulation after the
second on time is expressed as

V(2'toN +t0FF) = (Vs “fon /Tc)'
N+QA-2,, /t At /7))

Hence, charge accumulation after the nth on time is expressed
as

Fla- s, +{n-1%,
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After Taylor Series expansion and dropping higher order terms,
(15) reduces to
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After summing the arithmetical progression in (16) anu
dropping insignificant terms, (16) is reduced to
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where T=n(tox + torFr) is the total stress time and P = 1oy /( ton
+ topr ) is the duty factor. Therefore, when the frequency is high
so that foy << 1¢ and fgpr << 7p, charge injection is only
affected by total stress time and duty factor, but not by
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Fig. 6. Actuation-voltage shift as a function of stress time and peak wizliape
under a 100 Hz, 50% duty factor square wave. Actuation-voltage shifts are
simulated using (=) equivalent-circuit and (---) equation-based models with
=25 V, =30 V, and -35 V peak voltages bottom up. Measured
actuation-voltage shifts are for (o) -25V, (0)-30V, and (A) —35 V peak
voltages. Both simulated and measured data show that charge injection is
accelerated by increasing the peak voltage.

frequency. In addition to the assumption of foy << tcand fopr
<< p, if we also assume that n - (¢lon/ ¢ + topr [ tp) << 1, (17)
reduces to

FiTy=¥F (T -P}r., {18&)
where T-P is the total on time. Therefore, when the switching
period is much shorter than charging/discharging time
constants and the total number of operated cycles is small so
that accumulated charge is much smaller than the saturated
(steady-state) charge, trapped charge is proportional to the total
switch on time as has been observed.

It has been shown that increasing the peak voltage
accelerates charge injection and shortens the switch lifetime
[5]. Voltage acceleration of dielectric charging was studied
using a 100 Hz, 50% duty factor square wave with —25 V, —30
V, and —35 V peak voltages. Both simulated and measured data
in Fig. 6 confirm that increasing the peak voltage accelerates
dielectric charging resulting in larger actuation-voltage shifts at
higher voltages. Since peak voltage affects steady-state charge
densities but not charging/discharging time constants (Fig. 2),
similar voltage acceleration can be expected for other
frequencies and duty factors.

As shown by the measured and simulated results in Fig. 5
and 6, both equivalent-circuit and equation-based models
predict that dielectric charging is accelerated by duty factor and
peak voltage instead of operating frequency of the control
waveform. However, when there are more than one species of
traps with different time constants involved, there can be subtle
differences between the two modeling approaches causing the
simulated results from the two models to be slightly different.
To examine such differences, we need to sum over the subscript

=k
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Fig. 7. Simulated charge density during the off time after a —30 V, 50 ms on
time using the (==) equivalent-circuit model and (---) equation-based model.

“J.” Comsidering a pristine switch without irapped charge, after
the first on time, the amount of trapped charge is determined by

{ 1%y

Y i .
B L = expl=d . )

Fiel
for both models. The charge after the ensuing off time is
predicted by the equivalent-circuit model as

Filtgn + loe b= 3 Vo[l —expi—,, /1 {20)
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On the other hand, by using the calculation routine illustrated in
Fig. 4, the amount of charge during the ensuing off time is
predicted by the equation-based model as

Fr, 1) - expl (e, FT T {21}

o
i

where the prime on »” indicates that it is calculated by the
equation-based model. Azygxis the time it takes for a full charge
of 2V, to discharge to V(foy) as illustrated in Fig. 4. Therefore,
we have V’(fo}v) = ZVs] CXp(—AtopF / TD_]) = V(tON). This shows
that both models predict same amount of charge at 2oz = 0. In
contrast, the discharging rates for the two models are different.
In other words, derivatives of (20) and (21) are different
resulting in the difference between simulation results generated
by the two models. The derivatives of (20) and (21) at fgrr =0
can be expressed as

AV e + o)l 5 Vol — el (2]
il = !

V't + 0] + e —Ar L)
oy, Z_' e ;

(2%
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Fig. 8. (a) Illustration of (=) dual pulse with #p =5 ms, (---) dual pulse with ¢p
=25 ms, and (--) 0 to —30 V square wave. The stress waveform frequency is 10
Hz. Both square and dual-pulse waves have 50% duty factor. For the
dual-pulse waves, pull-down voltage is —30 V and hold-down voltage is —15
V. (b) Actuation-voltage shift as a function of stress time. ADS simulated
actuation-voltage shifts are for (==) dual pulse with ¢p = 5 ms, (---) dual pulse
with 2, =25 ms, and () 0 to —30 V square wave. Measured actuation-voltage
shifts are for (0 ) dual pulse with =5 ms, ( ¢ ) dual pulse with £,=25 ms, and
(A) 0 to —30 V square wave. Charge injection is minimized by using the
dual-pulse waves instead of the square wave.

Fig. 7 shows the comparison of the trapped charge during
switch off time predicted by the two models indicating the
difference between (22) and (23). Although both models start
with the same amount of charge, the equation-based model has
a smaller discharging rate and shows a more gradual decrease
than the equivalent-circuit model. This causes more aggressive
charge accumulation using the equation-based model. As a
result, Fig. 6 shows that, trapped charge calculated by using the
equation-based model will start with a sharper increase and will
saturate sooner than that simulated by using the
equivalent-circuit model. The difference between the two
discharging traces in Fig. 7 will diminish as the on time before
discharging increases. For extremely long on times (e.g., 500
8), traps are all charged to their steady-state values before the
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Fig. 9. ADS Simulated actuation-voltage shift as a function of stress time
under a 10 Hz, 50% duty factor dual pulse with fp = 25 ms. The pull-down
voltage is —30 V and hold-down voltage is —15 V. (a) At the early stage of the
stress period, charge is injected for the entire on time, resulting in continuous
increasing of the actuation-voltage shift during the on time. (b) After the
injected charge density exceeds the steady-state charge density defined by the
hold-down voltage, traps start to discharge for the hold-down period of the on
time resulting in decreasing of the actuation-voltage shift during the period.

off time starts so that Arorr = exp(—ton/7c) = 0 and (20) and
(21) become the same. In addition, if there is only one set of
charging and discharging time constants representing one trap
species, (22) and (23) are essentially the same, and so are (20)
and (21). However, when a more complicated control
waveform is involved in the analysis, the calculation routine
using the equation-based model is not as straight forward as the
square-wave case. Therefore, the equivalent-circuit model will
be advantageous when analyzing dielectric charging under
complex control waveforms (e.g., dual-pulse waveforms in the
next section).

C. Dual-Pulse Actuation

A dual-pulse waveform has been proposed to minimize
charging [5]. The waveform comprises a short high-voltage
pulse to quickly pull down the membrane and a low-voltage



pulse to hold down the membrane for the remaining on time.
Thus, for most of the on time the dielectric is subject to the
low-voltage hold-down pulse and charging is minimized due to
its exponential voltage dependence. As illustrated in Fig. 8(a),
the dual pulse used in our measurement and simulation is a 10
Hz, 50% duty factor (tox = torr = 50 ms) signal. The pull-down
voltage is —30 V and the hold-down voltage is —15 V. The
pull-down pulse width (#) was varied as a parameter.
Comparing with a 0 to —30 V square wave, the dual-pulse
waveforms minimized dielectric charging as expected. The
present model can correctly predict the charging trend under
such dual-pulse waveforms as shown in Fig. 8(b).

Detailed charging/discharging dynamics for the dual-pulse
waveforms are more complicated than the square wave case
shown in Fig. 5(c). The pull-down and hold-down voltages
correspond to two steady-state charge densities predicted by
(4). For the dual-pulse waveform shown in Fig. 8(a) with zp =
25 ms, detailed trap charging/discharging dynamics after
different stress periods are shown in Fig. 9. At the beginning of
the dual-pulse stress, the trapped charge starts with a sharp
increase under the —~30 V pull-down pulse, followed by a
gradual increase for the rest of the on time under the —15 V
hold-down pulse, then decreases during the off time as shown
in Fig. 9(a). As the trapped charge builds up in the dielectric
and exceeds the steady-state charge density defined by the
hold-down voltage, the hold-down pulse is no longer able to
inject charge into the dielectric. Therefore, the traps will
discharge under the hold-down pulse causing the
actuation-voltage shift to decrease during the hold-down period
as shown in Fig. 9(b). The above-described dynamics is
determined by the shape of the specific dual-pulse waveform
(i.e., pull-down voltage and pulse width, hold-down voltage
and pulse width, on and off times).

W, [hsCussos

Transient circuit simulation using the equivalent-circuit
model in Fig. 3 can take hours to converge for high frequency
control waveforms (e.g., 10 KHz). This is caused by the fact
that the simulator will try to capture the full transient response
(saw-tooth like charging/discharging dynamics as illustrated in
Fig. 5(c) and Fig. 9) of the RC circuits with long settling times.
Using (8) and (9), charge injection under square waves for
certain stress period can be calculated iteratively. Within each
operating cycle, injected charge can be calculated at the end of
the on time resulting in an envelope of the charging/discharging
transient shown in Fig. 5(c). Thus, for high frequency square
waves, this iterative calculation routine is a much more
efficient alternative to the transient circuit simulation in that it
is capable of obtaining the envelope of the transient without
having to capture the charging/discharging details within each
operating cycle. However, when a more complex control
waveform is used to drive the switch, theoretical analysis can
be much mare ivolved than the square-wave case making the
circuit simulation favorable.

For RF MEMS capacitive switches whose lifetime is limited
by dielectric charging, the present analysis shows that the
number of operating cycles before failure is not a universal
figure of merit. As shown in {17), as long as the stress
frequency is much greater than the inverse of
charging/discharging time constants, charge injection is
determined by the total stress time and duty factor instead of
stress frequency or number of cycles. Peak voltage is also a
critical acceleration factor as shown in (4). These acceleration
effects are experimentally verified and compared with
simulated results as shown in Fig. 5 and 6. Therefore, control
waveforms with high peak voltage, high duty factor, and low
frequency can be used to accelerate failure. Conversely, control
waveforms of low peak voltage, high frequency, and low duty
factor may retard failure and result in improved lifetimes. In
general, peak voltage, frequency, and duty factor must be
specified to allow fair comparison of switch lifetimes.

V1. CONCLUSION

A transient SPICE model for dielectric-charging effects in
RF MEMS capacitive switches was developed and
implemented in a commercially available circuit simulator
ADS. The model was used to analyze charge injection under
different control waveforms and was found to be in agreement
with experimental data. Both simulated and measured data
show that, dielectric-charging effects can be accelerated
through duty factor and peak voltage of the control waveform
whereas frequency is not an acceleration factor. Therefore, for
RF MEMS capacitive switches that fail mainly due to dielectric
charging, the present model can be used to analyze and design
control waveforms that can either prolong lifetime or accelerate
failure. This transient SPICE model also makes it convenient to
simulate circuits that comprise multiple MEMS and electronic
devices in the future.
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