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of Dielectric Charging in RF MEMS

Capacitive Switches

Rodolf W. Herfst, Peter G. Steeneken, H. G. A. (Bert) Huizing, and Jurriaan Schmitz, Senior Member, IEEE

Abstract—Radio frequency (RF) micro-electro-mechanical sys-
tems (MEMS) capacitive switches show great promise for use in
wireless communication devices such as mobile phones, but for the
successful application of these switches their reliability needs to be
demonstrated. One of the main factors that limits the reliability is
charge injection in the dielectric layer (SiN) which can cause irre-
versible stiction of the moving part of the switch.

We present a way to characterize charge injection. By stressing
the dielectric with electric fields on the order of 1 MV/cm, we in-
ject charge in the dielectric and measure the effects it has on the
C'V curve. Instead of conventionally measuring the change of the
pull-in voltage, the presented center shift method measures the
change of the voltage at which the capacitance is minimal. This
way, the measurement method does not influence the charge in-
jected by the stress voltage. Another advantage is that the measure-
ment of the amount of injected charge is not influenced by changes
in the width of the C'V' curve. These two advantages make it pos-
sible to test RF-MEMS capacitive switches in a more accurate way.

Index Terms—Capacitive switch, charging, dielectric, radio (RF)
micro-electro-mechanical systems (MEMS), reliability.

I. INTRODUCTION

ADIO frequency (RF) micro-electro-mechanical systems

(MEMS) capacitive switches show great potential for use
in wireless communication devices such as mobile phones. This
is due to the low loss, high linearity, good power handling, and
low power consumption of the switches [1]. Fig. 1 shows a
schematic representation of an RF MEMS capacitive switch.
The top electrode is suspended by (tiny) springs and can be
pulled down by applying a voltage across the air gap between
the two electrodes. Above a certain voltage, the balance be-
tween the attracting electrostatic force F'r and restoring spring
force Fipring becomes unstable and the switch closes, which is
marked by a sudden increase in the capacitance of the switch
(Fig. 2). This voltage is called the pull-in voltage V;. A di-
electric layer prevents dc current flow. Once closed, the electric
forces are much higher due to the shorter distance between the
electrodes, and the switch will only open again if the voltage is
lowered below the so-called pull-out voltage (Vo). Vi and Vi,
can be found by measuring the hysteresis present in the capaci-
tance-voltage curve of the switch (Fig. 2). Since the electrostatic
force is proportional to the voltage squared, pull-in and pull-out
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Fig. 1. Schematic representation of RF MEMS. Top electrode of a parallel plate
capacitor can be pulled down by applying a voltage greater than the pull-in
voltage (|V| > |V,il), which is pulled up again by springs if voltage is low-
ered beneath the pull-out voltage (|[V| < |Vpo|)-

occur for both positive and negative applied voltage, indicated
in the figure by Vp"l' , Vp";, i-and Vo

In the closed state, the electric field in the dielectric layer is
on the order of 1 MV/cm. Because of this high field, charge is
injected into the dielectric, which changes both the electric field
present in the gap between the two plates and the amount of
charge in the bottom and top electrode, thereby influencing the
electrostatic force (Fig. 3). In case of a positive trapped charge,
negative image charges will appear on the top and bottom elec-
trode, which reduces the total amount of charge on the elec-
trodes if a positive voltage is applied. The net effect of injected
positive charges is a positive shift of the C'V curve [2]-[4],
which in turn affects the pull-in and pull-out voltages: V},; =
Voi + Venie and Vo = Vio + Vipire (Fig. 4). Here, Vipige is
linearly proportional to the amount of injected charge. A large
amount of injected charge can even lead to failure of the switch
due to stiction of the top electrode to the dielectric. This happens
when V7 becomes positive or when Vp"; becomes negative. In
that case, the switch can be in the closed branch of the hysteresis
curve even at 0 V. For instance, if Vp; > 0, and the switch is
closed by applying a voltage above Vp"i', it will not open again
when the voltage is suddenly set to zero.

In this paper, we consider three different methods for mea-
suring the shift of the C'V curve with a low-frequency mea-
surement setup. Two are based on determining V},; and one is
based on determining the center shift of the C'V curve, which,
to our knowledge, has not been proposed before. The influence
that the measurements have on the switches is investigated and
is compared with results obtained with a fast RF-C'V' measure-
ment setup. The new method, in contrast to other methods, does
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Fig. 2. Typical C'V curve of RF MEMS capacitive switch. By increasing voltage, top electrode is pulled down and capacitance increases. Above |V| = |V,;]

switch closes. When voltage is lowered again, switch opens for [V]| < [V,0].
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Fig. 3. E-field and electrostatic force in parallel plate capacitor with positive
bias voltage. (a) No fixed charges in dielectric. (b) Fixed surface charge in and
on dielectric.
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Fig. 4. CV curve before (black) and after (grey) switch has been stressed at
65 V for 727 s.

not degrade the switches. This makes it possible to test the im-
pact that changes in the RF MEMS manufacturing process have
on the reliability more accurately. The new method is used to
characterize dielectric charging at several voltages.
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Fig. 5. Schematic view of measurement setup. LabVIEW computer program
controls HP4275 LCR meter and Keithley 230 V Programmable Voltage Source.
LCR meter is connected to RF MEMS capacitive switches, which are stressed
and measured in a dry N2 atmosphere.

II. MEASURING DIELECTRIC CHARGES

A. Setups and Measurement Methods

To study charge injection, Vi is measured as a function of
stress voltage and time. One of the setups with which these mea-
surements can be done is depicted schematically in Fig. 5. To
avoid moisture from influencing the measurements, the switches
are stressed and measured in a dry nitrogen environment at at-
mospheric pressure. A bias voltage is provided by a Keithley
230 Programmable Voltage Source to a HP4275 LCR meter
which is then used to measure the capacitance as function of
voltage. The test signal of the LCR meter was 4 MHz. A picture
of the switches which were used for the measurements is shown
in Fig. 6.

The switches are stressed and Vi, is measured periodically.
To measure Vs, three methods are considered.

1) Whole CV curve method: Measure the C'V' curve with
equidistant steps from below V- to above V"i' back to
below —V,,; again. Compare to the first CV curve by de-
termining the pull-in and pull-out voltages [5], [6]. Vinift
is determined by Vipire = Vpi — Vi 0.

2) Successive approximation method: Similar to the whole
CV curve method, this method searches for the value of
Vpi by an algorithm based on successive approximation.
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Fig. 6. One of the switches used in measurements. Top electrode of device
under study is 0.46 x 0.46 mm?, dielectric has thickness of approximately 0.4
pm, and air gap is approximately 5.2 pm.
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Fig. 7. Center of C'V curve before (black) and after (grey) switch has been
stressed at 65V for 727 s. By fitting parabola through data, center Vp;¢ can be
accurately determined.

Note that after each guess for the pull-in voltage the switch
must be allowed to open again. Again, Vs is determined
by Vinire = Vi — V0.

3) Center shift method: Only measure the shift of the center
(opened switch) part of the C'V curve, and calculate the
voltage at which the capacitance has the lowest value. This
is done by fitting a parabola C(V) = a - (V — Vipire)? +
Copen through the center of the C'V curve (Fig. 7). Since
the electrostatic force is proportional to (V' — ‘/Shift)z [71,
C(V) is symmetric around V' = Vs, therefore this
fitted parabola accurately determines Vgpif. To our knowl-
edge, this is a new method. A known published noncontact
method [8] differs from our method: it requires RF mea-
surements and Vgp;¢ is determined by manually tuning the
bias voltage for minimum capacitance. This method is ap-
plicable for both low-frequency LCR meters and RF equip-
ment and requires no manual tuning of the bias voltage.

The whole CV curve method has the disadvantage that for

each measurement of Viy;s, the capacitance has to be measured
at least 4 x V5, /Vieep times, where Vyiep is the voltage step size
with which the C'V curve is measured. Since the LCR meter
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Fig. 8. Schematic of 1-port S-parameter measurement system. Phase and am-
plitude of reflected RF signal are measured with an IQ-demodulator, from which
capacitance can be determined.

takes roughly 1 s to accurately measure the capacitance, mea-
suring Vgpie takes a significant amount of time so that during
the measurement of Vi charge can leak away again. Also,
voltages above Vp; have to be applied so that the switch “sees”
additional stress during the determination of Vs . The succes-
sive approximation method is faster and also more accurate, but
still has one of the problems of the whole C'V curve method:
during the measurements voltages above V},; have to be applied.

By contrast, the center shift method is faster and has no risk
of charging the dielectric further during the determination of
Vinite- In our case, we measured the center part from the CV
curve in 17 steps, significantly less than the 162 steps required
to measure a complete C'V curve from —40 to +40 V with 1 V
resolution and also less than the 26 steps used for the succes-
sive approximation method. Also, since a large Vypis, may pre-
vent the switch from opening at 0 V, the measurement voltage
is first set to the previous value of Vg, rather than 0 V. Due
to this step, the switch will be forced into the open branch of
the hysteresis curve and open. The new value of V¢ is deter-
mined by measuring C'(V') around the previous measured value
of Vgpie. This way, Vipise can even be measured when fog >0
(or Vplf, < 0), thereby extending the range of voltage shifts that
can be measured.

To reduce the measurement time of C'V curves, a second
setup with which we can do reliability measurements was con-
structed. Here, instead of an off-the-shelf LCR meter, a custom
RF setup is used to measure the C'V curve. The bias voltage is
provided by an amplified signal from a function generator. Com-
pared to the LCR setup this RF setup has several advantages as
well as disadvantages: while the capacitance can be measured
very quickly, it is more difficult to implement, requires some te-
dious calibration steps, and requires the capacitive switches to
have a layout which is compatible with RF-probes. It also has a
lower signal-to-noise ratio.

With the RF setup, capacitances are measured with a dis-
crete single-frequency 1-port S-parameter measurement system
based on the description given by Nieminen et al. [9] which
is schematically depicted in Fig. 8. An RF signal (890 MHz)
from a signal generator is split in two. One part goes into the
local oscillator of the IQ-demodulator. The other part of the
signal passes through a circulator, after which a bias voltage is
added to the signal. The signal then reflects back from the RF
MEMS capacitive switch. The reflected signal passes through
the bias-T and the circulator to the RF-in port of the IQ-demod-
ulator. The amplitude and phase of the reflected signal are deter-
mined from the I and Q signals using an oscilloscope. A 10-dB
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Fig. 9. Effect of measurements on voltage shift determined by measuring
change in pull-in voltage and by determining center of C'V' curve when
applying no stress voltage. Before switch was stressed, an initial Viniee of
—444 mV measured. This was subtracted from center shift results for better
comparison with two other methods.

attenuator (Fig. 8) between the circulator and the signal port of
the IQ-demodulator reduces the effect of small nonlinearities
in the IQ-demodulator. By first performing an open-short-load
calibration, the capacitance can be calculated from the measured
reflection. The capacitance measurement speed is high, and the
CV curve measurement time is limited by the mechanical re-
sponse time of the MEMS: if the measurement is performed too
quickly, the voltage changes while the switch is closing. In this
case, the flanks at pull-in and pull-out in the C'V' curve are not
vertical. To eliminate this effect, we measure a whole C'V curve
in 400 ms and parabolas for the center shift method in 100 ms.
To increase the accuracy of the measurement, the average of
two C'V curves is taken for the whole C'V' curve method. The
parabolas for the extraction of the center shift are measured and
averaged eight times. The successive approximation method is
not used with the RF setup.

B. Results: Comparison of Measurement Setups and Methods

In this section, we compare the influence of the different
measurement methods and setups on the measurement results.
In Fig. 9, the effects and reproducibility of the determination
of Vinire With the different methods and setups are shown. No
stress voltage was applied between consecutive measurements
of Viniee. As can be seen, the measured values of Vi ob-
tained with the center shift method on the LCR setup only
show a negligible drift (approximately 30 mV at the 50th
measurement). If we apply a linear fit to this data we find a
drift rate of 0.3 mV per measurement and an offset of 16 mV.
The measured values of Vi obtained with the whole CV
curve (also with the LCR setup) and successive approximation
method show a significant change when measured repeatedly:
with the successive approximation method was —635 mV after
the 50th measurement, more than 21 times larger than the drift
of the center shift method. The noise on Vs is also low with
the center shift method: the standard deviation with respect to
the linear fit is 8.2 mV.

With the RF setup, there is no significant drift for both the
center shift method and for the whole C'V' curve method. This
shows that if you measure the C'V' curve fast enough, the whole
C'V curve method can also be used. However, due to the lower
signal-to-noise ratio of the discrete RF setup and the noise on
the amplified voltage from the signal generator, there is a larger
spread in the measured voltage shift. The standard deviation on
the values of Vy;¢; determined with the RF center shift method
is 170 mV, which is mainly due to the uncertainty of the parabola
fit. Although the accuracy of the parabola fit obtained with the
RF setup is worse than the results obtained with the LCR setup
(170 mV for the RF setup versus 8.2 mV for the LCR meter),
the RF setup faster (2.5 versus 17 s). The standard deviation in
the values of Vs, determined from the change in V,,; is 80 mV.

All in all, the results clearly show the necessity of measuring
charging effects in the open state by using the center shift
method or to very rapidly measure the C'V curve to avoid that
the measurement itself influences the result by using a fast RF
setup. They further show that the LCR setup is slower and more
accurate than the RF setup.

In Fig. 10, we have used the center shift method to determine
the shifts in the C'V' curve due to three different stress voltages
on 20 devices which were not used prior to the stress test. As
one would expect, a higher stress voltage results in a faster and
larger change of Vyyist. According to Fig. 9, if these measure-
ments had been done with the successive approximation method
instead of the center shift method, a drift of about —470 mV
would have been induced during the 20 measurements of Vyp;st
which were conducted during the 30 min of applied stress. This
would give a significant deviation: at 50 V the voltage shift of
the C'V curve after 27 min was between 1.0 and 1.8 V. Even
at 60 V, the drift part would have been 7.5% of the measured
value. With the center shift method a drift of less than 6 mV is
expected. This indicates that the use of the center shift method is
much better suited to characterize charging, especially at lower
stress voltages. We also observe a spread in the measurement
data. It is speculated that this is due to small variations in the
composition, thickness of the dielectric, and surface roughness
of the top electrode, which leads to variations in the electric field
and charging current.

In Fig. 11, the RF setup is used to measure Vypif (deter-
mined with the center shift method) and the positive and nega-
tive pull-in voltage extracted from the whole C'V' curve as func-
tion of stress time at a stress voltage of 45 V. Closer inspec-
tion reveals that the curves get closer together after more voltage
stress has been applied. To make this clearer, the voltage axis in
Fig. 11 has been divided into three parts. Additionally, the Vgpif
has also been determined as (Vinr + V. )/2. As can be seen, the
results almost overlap with the results from the fitted parabola.

The phenomena of C'V' curve narrowing has been observed
before and an explanation for this has been proposed by Rot-
tenberg et al. [10]: if the injected charge is laterally inhomoge-
neous, the internal F-field caused by the charge can never be
completely compensated by applying a laterally homogeneous
FE-field. The net result is that there are two effects: the center of
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Fig. 10. Shift of C'V' curve as function of time at room temperature for 50,
60, and 70 V stress for 20 devices, measured with center shift method on LCR
setup. Each device was not used prior to stress test.
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Fig. 11. V7, Vinirt, (fo + Vr;) /2, and Vinr as function of stress time as

measured with RF setup at stress voltage of 45 V.

the C'V' curve proportional undergoes a shift proportional to the
mean of the injected charge, while the lateral inhomogeneity re-
sults in an extra contribution in the electrostatic force, which is
proportional to the standard deviation of the amount of injected
charge. This causes the C'V' curve to narrow. Other causes for
CV curve narrowing could be changes in the spring constant
and the gap height.

From the observed C'V' curve narrowing we can conclude that
even if the C'V curve can be measured fast enough so that vir-
tually no charge is injected during the C'V measurement, Vyp;s
should not be determined as a change in one of the pull-in volt-
ages, but from the shift of the center of the C'V' curve. This
center shift can be determined by fitting a parabola or from
(Vor +V50)/2.

III. CONCLUSION

The effects of charge injection in the dielectric layer of an
RF MEMS capacitive switch are studied using a center shift
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measurement method which is both accurate (8.2 mV standard
deviation on the LCR setup) and has less influence on the de-
vice under test than the commonly used procedure of measuring
the change in the pull-in voltage. By measuring only the central
part of the C'V curve and fitting a parabola C(V) = a - (V —
‘/;hift)Z + Copen to the data, Vipig can be determined while the
switch is in the open position, so that no additional charge is in-
jected during the measurement, thereby separating the effect of
intentionally induced stress and the stress effect that the mea-
surement has on the device under test. This is especially impor-
tant if dielectric charging at lower stress voltages is studied: at
these lower voltages the C'V curve shifts are smaller and slower,
thereby requiring more accurate measurements. Another advan-
tage is that if the C'V curve narrows due to laterally inhomoge-
neous charging, a Vs, determined with the center shift method
will not be affected. This allows homogeneous charging to be
studied independently from C'V' curve narrowing effects. If ex-
periments are done with RF equipment which quickly measure
a C'V curve, the effect of the measurement on the device be-
comes negligible. In this case, V¢, may also be determined by
(Vi +Vi)/2.
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