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Abstract—Bipolar control-voltage waveforms, under which the
control voltage alter nates between positive and negative after each
cycle, have been proposed to mitigate dielectric charging in elec-
trostatically actuated RF microelectromechanical system capaci-
tiveswitches. I n thisstudy, dielectric charging under bipolar wave-
formsismodeled and characterized quantitatively. In general, the
experimental results agree with predictions based on the superpo-
sition of unipolar charging models that are extracted under posi-
tive and negative voltages, respectively. The basic assumptions for
such a superposition model are examined in detail and validated
experimentally. The current analysis indicates that, while bipolar
waveforms can reduce charging, it isdifficult to finetunethewave-
formsto completely eliminate charging.

Index Terms—Chargeinjection, dielectric films, dielectric mate-
rials, microelectromechanical devices, switches.

I. INTRODUCTION

URRENTLY, the life time of electrostatically actuated

RF microelectromechanical system (MEMS) capacitive
switches is primarily limited by dielectric charging, which can
cause actuation-voltage shift or, ultimately, stiction [1]-[25].
Experimentally, the dielectric charging phenomenon has
been investigated by monitoring shifts in RF transmission
characteristics [24], electrostatic and adhesion forces [14],
capacitance—voltage characteristics [2]-[6], [8]-[11], [16], and
current—voltage characteristics [7], [17], [18], [20], [25] with
an increasing level of physical understanding. For example,
charge transport was shown to be through the Frenkel-Poole
mechanism [11]. Material quality was found to have strong
effects on depolarization current [19] and discharging current
[20]. Theoretically, a qualitative charging model was proposed
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[4] and various charge distributions were assumed [6]. A quan-
titative charging model was developed and validated [21] for
charging from the bottom electrode [22] under unipolar con-
trol-voltage waveforms of different frequencies, voltages, and
duty factors, as well as under different ambient temperatures.

In this paper, to mitigate the charging problem, bipolar
control-voltage waveforms [e.g., No. 2-No. 4 in Table Il and
Fig. 2(b)], as opposed to unipolar control-voltage waveforms
[e.g., No. 1 and 5 in Table Il and Fig. 2(b)], have been proposed
[2]. Under a bipolar waveform, the control voltage alternates
between positive and negative after each switching cycle. If
a positive voltage is used to actuate a switch in one cycle,
a negative voltage will be used to actuate the switch in the
following cycle and vice versa. Since positive and negative
voltages are equally effective in actuating the switch, the switch
will function as if it is under a unipolar waveform. However,
incremental charging during each cycle will alternate between
positive and negative so that the cumulative effect will suppos-
edly be minimized. Such a cancellation effect was, for the first
time, modeled and characterized in [25]. The model is based on
the superposition of unipolar charging models that are extracted
under positive and negative voltages, respectively [18]. In spite
of the simplification, the superposition model predictions are
in general agreement with bipolar charging experiments under
different switching frequencies, voltages, and duty factors [25].
This paper expands on [25] by examining the superposition
assumptions in detail and by justifying the assumptions through
additional experimental data.

Fig. Lillustrates the construction of the current RF MEMS ca-
pacitive switches. The dielectric is sputtered SiO5 with a thick-
ness of 0.3 ;sm and a dielectric constant of 5.5. The top electrode
is a moveable 0.3-zm-thick Al membrane that is permanently
grounded. The bottom Cr/Au electrode serves as the center con-
ductor of a 50-€2 coplanar waveguide for the RF signal. Without
any electrostatic force, the Al membrane is normally suspended
in air 2.2 ;sm above the dielectric. A control voltage, either pos-
itive or negative, is applied to the bottom electrode, which pulls
the membrane in contact with the dielectric, thereby forming a
120 pm x 80 pm capacitor to shunt the RF signal to ground.
At 35 GHz, this results in >15-dB isolation at the on state
(membrane down) and <0.1-dB insertion loss at the off state
(membrane up). The actuation or pull-down voltage V' is typi-
cally +25 V, while the release voltage is typically £10 V. The
switching time is less than 10 us.

0018-9480/$25.00 © 2007 IEEE
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Fig. 1. (a) Top and (b) cross-sectional views of a state-of-the-art RF MEMS
capacitive switch. In (a), only the top half of the switch is shown, the bottom
half being a mirror image of the top half. In (b), the vertical scale is expanded
by approximately 60x for clarity.

Il. MoDEL CONSTRUCTION

Although the actuation voltage is only +25 V, control volt-
ages up to +40 V are used to accelerate charging during accel-
erated life tests of the switch. These control voltages are high
enough to cause charge injection from the bottom electrode into
the dielectric, yet low enough to avoid charge injection from
the top electrode into the dielectric [22]. In fact, for the current
switches, the top-charging threshold is approximately +50 V,
while the bottom-charging threshold is approximately +10 V.
Under a positive control voltage, positive charge is injected from
the bottom electrode into the dielectric (physically, electrons mi-
grate from the dielectric to the bottom electrode, leaving positive
charge behind in the dielectric), which can help pull down the
membrane, thereby reducing the control voltage required for ac-
tuation from, for example, 25 to 24 V. On the other hand, under
a negative control voltage, negative charge is injected from the
bottom electrode into the dielectric, which can gradually in-
crease the actuation voltage from, for example, —25to —24 V.
Therefore, regardless of the sign of the control voltage, while
top charging always increases the magnitude of the actuation
voltage, bottom charging always decreases the magnitude of the
actuation voltage.

According to [18], charging-induced actuation-voltage shift
can be expressed as follows:

AV = —hQ/e Q)
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where the electrostatic effect of the distributed charge
throughout the dielectric is approximated by a sheet charge
of density @ located at height i above the bottom electrode,
and ¢ is the dielectric constant. Since the distribution of the
charge in the dielectric cannot be directly measured, / remains
a fitting parameter. A single A value of 0.12 ;m was found
to give the best fit between model predictions and measured
actuation-voltage shifts for the current switch under all con-
trol-voltage waveforms.

Following [18], unipolar charging under either positive or
negative voltage was separately characterized on 500 um X
500 pm fixed Cr-SiO-Al capacitors that were fabricated to-
gether with the MEMS switches on the same wafer. Capaci-
tors instead of switches are used because the former have larger
contact area and proportionally larger charging/discharging cur-
rents, which are still in the femto-ampere range. The capacitors
also have more consistent contact between the top electrode and
dielectric, while the top contact of the switches may vary ac-
cording to surface conditions. Obviously, the charging model
extracted from the capacitors needs to be validated on switches
and is only applicable to bottom charging (as opposed to top
charging).

The transient behaviors of charging and discharging currents
measured on the fixed capacitors were found [18] to be basically
exponential, but never truly saturated even after many hours.
Therefore, the accumulated charge in the dielectric is fitted with
a series of exponential terms of different time constants

_tont _ lOFFt
Q:l: = Z QOJ:l:(l — e TCJ+ )6 TDJ+ (2)
J=1,2...
where the subscripts “+” and “—" denote charging under pos-

itive and negative voltages, respectively, Q is the steady-state
charge density (usually, Q1+ > 0 and Q_ < 0), ton and iorr
are on and off times of the switching cycle, and =< and =, are
charging and discharging time constants. For rapid convergence
during model simulation, simple exponential terms are used in-
stead of the stretched exponential function [10]. In addition, the
summation is usually truncated at J = 2. Higher order terms
can be used to increase precision at the expense of difficult ex-
traction.

The steady-state charge density, in turn, was found [18] to
increase exponentially with voltage so that

T
Qo+ = Qoojre 0+ (3)

where Qg is a pre-exponential factor and Vj is a voltage scaling
factor. Table I lists the extracted values of Qqg, Vi, 7, and mp
of the current switch. Notice that, except for the sign of Qqg,
the values are very similar under positive and negative voltages.
This implies that a symmetrical bipolar waveform should indeed
minimize charging.

Table 11 lists the various control-voltage waveforms that are
illustrated in Fig. 2(b). For example, at a switching frequency
of 10 kHz, the period of a bipolar switching cycle At includes
one positive switching cycle and one negative switching cycle
so that At = tont + torr+ + ton— + torr— = 100 us.
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TABLE |
EXTRACTED MODEL PARAMETERS

Positive Voltage
J Ouos (g/cm?) Vor (V) L 0) 1p+ (s)
1 5x10° 12 10 15
2 9x10° 10 65 130
Negative Voltage
J Ooo- (g/em’) Vo- (V) Te- (s) - (5)
1 —2.5x10° 10 8 13
2 —7.5x10° 10 60 114
TABLE I
CONTROL-VOLTAGE WAVEFORMS
No Ve V- ton+ torrs ton- torr-
) V) V) (ps) (ps) (5)] (1+8)
1 30 -- 50 50 -- -
2 40 10 20 30
3 30 =30 25 25 25 25
4 10 30 40 20
5 - -30 - - 50 50
6 35 -35
7 40 —40
g 3 =0 10 30 40 20
9 30 -35
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Fig. 2. (a) Measured (symbol) versus modeled (curve) actuation-voltage shifts
under control-voltage waveforms No. 1-No. 5 (Table 1) and illustrated in (b).
The switching frequency is (l) 10 Hz and (<>) 10 kHz in (a), but 10 kHz only
in (b).

After several bipolar switching cycles, due to the subtle differ-
ence between positive and negative charging behaviors, a small
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amount of charge Q(¢) may accumulate in the dielectric. As-
suming Q(¢) > 0, it can be fitted to (2) as follows:

Q) = Qo1 — ¢ 767) (4)

where ¢ is the equivalent time it takes to accumulate Q(¢) under

a constant positive voltage. In other words, as far as charging is

concerned, dc stress for ¢’ is equivalent to ac stress for ¢. Notice

that the summation over the subscript .J is omitted for clarity.
During the next switching cycle,

Qt + ton+)
_t’+tON+
= Qo+ <1—€ et )

_ _toN4 _ toN4
(=) )

_ toN4 _ton+

= Qe T+ + Qo <1 —e 7o ) ©)

Q(t + ton+ + torr+)
_torr+

= Q(t+tony)e TPt (6)
and
Q(t + ton+ + torr+ + ton-)

_toN-— _toNn—
= Q(t + tont+ + torr4)e P+ 4+ Qo- <1 —e To- ) .
)

In (7), we assume discharging of the positive charge under a
negative voltage is the same as that without any applied voltage,
while negative charging is unaffected by any accumulated pos-
itive charge. These assumptions justify the use of the superpo-
sition principle. They will be examined in detail in Section III.
Finally,

_torr—

o+ ., (8)

Qt+ At) = Q(t + tony + torrt +ton-)e

Thus, starting with Q(0) = 0, (5)—(8) can be iterated » times to
determine Q(nAt).

If Q(t) < 0, then it is more convenient to start with negative
charging during the second half of the bipolar switching cycle
so that (5)—(8) can be duplicated, except for sign change. Thus,

Q{t+ton-)

Qe (1
Q{t+ ton- + torr-)

_torr—
= Q(t—l—tON_)e TD—
Q{t+ ton- + torr— + tont)

tON+

= Q(t + tox- +torr-)e TP-
_toN4
+Q0+ <1—6 To+ >
Qt + At)
_torw
= Q(t +ton_ +torr- +tont)e P .

—) ©)

(10)

(11)

12)
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Fig. 3. Measured (symbol) versus modeled (curve) actuation-voltage shifts
under control-voltage waveforms: (a) 4, 6, and 7 and (b) 4, 8, and 9, as listed in
Table 1I. The switching frequency is 10 kHz.

In (11), we assume discharging of the negative charge under a
positive voltage is the same as that without any applied voltage,
while positive charging is unaffected by any accumulated nega-
tive charge. These assumptions will also be examined in detail
in Section IlI.

Once ¢ is found through iterations of (5)—(8) or (9)-(12), (1)
can be used to predict the actuation-voltage shift of switch. The
predicted actuation-voltage shift is then compared with experi-
mental data, as discussed in the following.

I1l. RESULTS AND DISCUSSION

Using a previously developed [18] test setup and procedure,
actuation-voltage shifts under control-voltage waveforms of dif-
ferent frequencies, voltages, and duty factors were measured on
real switches and compared with model predictions based on
fixed capacitors, as shown in Figs. 2 and 3. As can be seen in
these figures, general agreement was found in all cases exam-
ined. Similar to unipolar charging [18], bipolar charging, al-
though of smaller magnitude, increases with stress time and
voltage, but is independent of switching frequency as long as
the switching cycle is much shorter than charging/discharging
time constants.

As mentioned earlier, due to the subtle difference between
positive and negative charging, a small amount of charge grad-
ually accumulates even under a symmetrical bipolar waveform
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Fig. 4. (a) Measured discharging currents under different discharging voltages,
after a capacitor is charged at 30 V for 10 s (left of the dashed line). (b) Same
measured discharging currents after subtracting the charging currents by the
discharging voltages themselves.

[No. 3 in Table Il or Fig. 2(b)]. Thus, it is tempting to fine tune
the waveform in order to exactly balance out positive and nega-
tive charging within each switching cycle. This implies that

tON—
o

(13)

Qo+ <1 —e T+ o+ = Qo- <1 —e

tON+ ) _ tOPP4+ttON—
€

Usually, the switching cycle is much shorter than charging/dis-
charging time constants and (13) can be simplified as follows:

Qotton+/Toy = Qo—ton—/To— (14)
or
toNg/ton— = Qo—_Toy /QoyrTe—- (15)

Therefore, for such a delicate balance within each bipolar
switching cycle, the on times of positive and negative voltages
need to be fine tuned according to (15). If the application calls
for ton+ = toN_, then

Qo+/CQo— = Ty /To—. (16)



PENG et al.: SUPERPOSITION MODEL FOR DIELECTRIC CHARGING OF RF MEMS CAPACITIVE SWITCHES

10 1
: =30V
1 20V
d ; y =10V
= Discharging -0y
=
-
=
w
o
o
=
© T
L1
-5 }/' T T
0 100 200 300
TIME (s)
(a)
2
=30V
=20V
<
2o
-
=
w
o
[+
=2
o

TIME (s)
(b)

Fig. 5. (a) Measured discharging currents under different discharging voltages,
after a capacitor is charged at —30 V for 10 s (left of the dashed line). (b) Same
measured discharging currents after subtracting the charging currents by the
discharging voltages themselves.

From (3),

Qoot exp(Vy /Voy)/Qoo— exp(V_/Vo_) = teq [Tc—.
(17)

Since Qoo+ ~ Qoo and 7¢4 ~ ¢,

Vi /Vo = Vo [Vo—. (18)
However, due to the exponential voltage dependence of (17),
(18) is difficult to exactly satisfy, especially if higher order terms
are included in the summation over .J.

The current model is based on the superposition principle.
The superposition principle applies to the current Cr-SiO >—Al
capacitors probably because they have similar charging behav-
iors under both positive and negative voltages without strong
interaction between positive charging and negative charging.
As mentioned in Section Il, we assume discharging of positive
charge under negative voltage is the same as that without any
voltage, while negative charging is unaffected by accumulated
positive charge. Conversely, we assume discharging of negative
charge under positive voltage is the same as that without any
voltage, while positive charging is unaffected by accumulated
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Fig. 6. (a) Measured charging currents at 30 V after a capacitor is charged
under different charging voltages for 10 s (left of the dashed line). (b) Same
measured charging currents after subtracting the discharging currents by the
initial charging voltages.

negative charge. These assumptions are examined experimen-
tally as follows.

In [18], charging currents were measured on fixed capac-
itors under constant control voltages, while discharging cur-
rents were measured without any control voltage. To validate the
above-mentioned assumptions, charging currents are measured
the same as before, but discharging currents are now measured
under different control voltages. Fig. 4(a) shows the discharging
currents measured on a capacitor that was first charged under
30 V for 10 s, which is of the order of the first-order charging
time constant. As is, it appears that the discharging current is
strongly dependent on the discharging voltage. However, after
the charging current by the discharging voltage itself [calcu-
lated according to (2)] is subtracted from the net discharging
current, Fig. 4(b) shows that discharging of the original charge
accumulated under 30 V is not a strong function of the dis-
charging voltage. Similarly, Fig. 5(b) shows that discharging of
the charge accumulated under —30 V is not a strong function of
discharging voltage.

Using similar approaches, Fig. 6 confirms that positive
charging is not strongly affected by various amounts of accu-
mulated positive or negative charge, while Fig. 7 confirms that
negative charging is not strongly affected by various amounts
of accumulated negative or positive charge. This is because,
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Fig. 7. (a) Measured charging currents at —30 V after a capacitor is charged
under different charging voltages for 10 s (left of the dashed line). (b) Same
measured charging currents after subtracting for the discharging currents by the
initial charging voltages.

although the superposition assumptions are at best approxima-
tions, the resulted errors tend to cancel each other. For example,
the right side of (7) consists of a positive term and a negative
term (@ > 0, while Qo— < 0). Under the superposition
assumptions, the absolute magnitudes of both terms would be
underestimated, resulting in a net error smaller than the error
of either term. Thus, it is not surprising that (7) and (11) can
model charging/discharging reasonably well when the control
voltage changes from positive to negative or vice versa, as
shown in Fig. 8. This is also why (5)—(8) or (9)-(12) can model
actuation-voltage shifts under different bipolar waveforms, as
shown in Figs. 2 and 3.

Table | shows that the first-order charging/discharging time
constants are of the order of 10 s, while the second-order
charging/discharging time constants are of the order of 107 s.
In this paper, the charging/discharging model is truncated after
the second-order terms so that the experimental validation is
truncated after 103 s. For high-cycle life tests [24] that last for
many months or 10° s, it will be necessary to extract higher
order model terms with correspondingly longer time constants.
However, as mentioned before, higher order terms are increas-
ingly more difficult to extract due to instrument noise and drift.
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Fig. 8. Measured (symbol) versus modeled (curve) charge after the control
voltage changes: (a) from 30 to —30 V or (b) from —30 to 30 V. The mea-
sured charge is based on integrating the measured transient current with time.
The modeled charge is based on (7) and (11) in (a) and (b), respectively.

Nevertheless, [24] shows that the current model could be used
to optimize the design of the switch to allow billions of cycles
of operation, and the charging behavior over 10° s is consistent
with the general trends predicted by the current model. This is
probably because most of the charging occurs initially before it
gradually diminishes.

IV. CONCLUSION

In conclusion, bipolar control-voltage waveforms were found
to reduce dielectric charging in RF MEMS capacitive switches.
A bipolar charging model was developed from the superposi-
tion of unipolar charging models. The model agrees well with
the experimental results obtained on real switches under bipolar
waveforms of different frequencies, voltages, and duty factors.
The model also shows that it is difficult to fine tune the wave-
form to completely eliminate charging.
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