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Abstract. The present paper aims to provide a better approach on the analysis
of pull-up capacitance-voltage characteristic of MEMS capacitive switches by
introducing an analytical model that takes into account the case of a real device, where
the charge is not uniformly distributed at the surface of the dielectric film and the switch
armatures are not parallel. The proposed model allows the use of capacitance- voltage
characteristic’s derivative, which slope is directly related to the device mechanical
characteristics and the stress induced during charging. The application of the model on a
MEMS switch with a parabolic up-state capacitance-voltage characteristic during
charging and discharging processes allows the draw of conclusions on the charging and
the mechanical performance of the devices.

1. Introduction

Capacitive RF MEMS switches are very promising devices for RF applications due
to their small size, weight and possibility to be integrated in ICs. Despite these
advantages reliability problems still hinder their commercialization, the most
important being the effect of the dielectric charging that causes erratic device
behavior [1].

The dielectric charging of the insulating film in capacitive MEMS switches
has been intensively investigated by employing various assessment methods in both
MEMS and MIM (Metal-Insulator-Metal) devices [2,3,4]. The lifetime of
capacitive switches has been determined by monitoring the number of cycles to
stiction or the shift of pull-in voltage under different actuation voltage profiles,
device temperatures [1,5,6,7] and ambient conditions [8]. Meanwhile, a different
approach has been proposed J. Wibbeler et al. [9] for the calculation of dielectric



Analysis of dielectric charging assessment through up-state C-Vcharacteristic 43

film’s surface net charge in capacitive MEMS switches with parallel armatures. The
latter approach has been adopted in [10, 11, 12, 13] and [14] where a fast algorithm
was derived for the calculation of the dielectric film charge density. The method in
[9] was based on the recording of the up-state capacitance-voltage (C-V)
characteristic, determining the bias for the minimum capacitance, calculating
the net surface charge and monitoring the evolution of the net charge during
charging or discharging processes. The advantage of this method arises from the
fact that it is not affected by the moving armature creep, which decreases the device
pull-in voltage and therefore does not allow the accurate calculation of net charge
from the shift of pull-in or pull-out voltages X.

Rottenberg et al. [15] has proposed a more realistic model for the case of
switches with non-parallel armatures and distributed charge across the surface of
the dielectric film. Assuming small capacitance variance, the model was applied to
the calculation of the long-term discharge current through the dielectric film [16]
and to study the contacted and induced charging as well as the discharging current
flowing through the dielectric film in capacitive switches during up-state [17].
Beyond these the observed broadening or narrowing of the up-state C-V
characteristic and its continuous variation during charging or discharging has not
received the appropriate consideration and obviously it has not been exploited for
extraction of additional information related to device degradation.

The aim of the present paper is to derive analytical equations for the up-state
capacitance-voltage characteristic of real MEMS capacitive switches with non-
planar electrodes and distributed trapped charges, which will improve the
characterization methodology and allow the obtaining of a better insight on the
dielectric charging assessment. Devices with symmetric up-state C-V
characteristics, for small displacement from equilibrium state, illustrate the
importance of the proposed model and the related methodology. The experimental
results are used to draw conclusion on the device electrical and mechanical
performance.

2. Theoretical Model

In order to investigate dielectric charging phenomena in the present work we
adopted the device model proposed in [15], presented in Fig.1, which includes a
fixed non-flat metal plate of area A covered with a dielectric film of uniform
thickness and a dielectric constant &r. Above it a rigid but non-flat moveable
metal plate is fastened with a linear spring k to a fixed wall above the dielectric
layer at a rest position do(X,y). When a DC voltage V is applied between the two
plates, the moving plate is displaced by A from its rest position to a new position
d(x,y). In such a device the movable electrode displacement (A) is given by:
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Fig. 1. Schematic model of a MEMS device with non-uniform
trapped charge and air-gap distribution

where p, o, and cov are the mean, the variance and the covariance, respectively,
of the capacitance per unit area [a(X,y,A)] and the induced charge density
[B(x,y,A)] at the armature area due to charges trapped at the dielectric. The
relationships of a(X,y,A) and B(X,y,A) are analytically given in [15].

According to the analysis in [18], for a small displacement of the moving
electrode (A<<d(X,y)) from the equilibrium position and neglecting the higher
order terms, the capacitance per unit area distribution a(X,y,A) can be written as:

%o 1+ A 1= a(x,y,0)+ a(x, y,0)* A (2)
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The switch measured capacitance, C(V), can be then calculated by integrating

Eq.2 over the active area and the substitution of A from Eq.1 leads to:
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where p, and o, are the mean value and the variance of the capacitance per unit
area, measured at applied bias V. The derivative of capacitance is thus given by:
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Eq.4 indicates that there is a linear dependence of MEMS up-state capacitance
derivative on the applied voltage, with slope S and abscissa V:
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The above analysis clearly shows that in the general case of non-flat electrode
switches the slope must be proportional to (,uj +o? ) and inverse proportional to

the magnitude of spring constant k, when the displacement of the moving electrode
from the equilibrium position is small. Thus the evolution of slope S, during a stress
as well as a recovery test process, will provide valuable information on the
deformation of the electrode, as long as the variance of the moving electrode
remains practically constant for small displacements close to equilibrium. On the
other hand, it may provide insight on the presence of a non-planarity that may
give rise to uncontrolled stress gradient and the formation of a dipole across the
dielectric film, due to contacted or field emission charging. In such a case, the up-
state capacitance variance will significantly vary with applied bias leading to a
non-linear derivative and hence non-constant S.

3. Experimental Details

The switches used in the present work are bridge-type capacitive switches
fabricated with a standard photolithographic process on high resistivity silicon
substrates on top of which a 3 pm SiO, film was deposited. The silicon nitride
(SiNx) dielectric film was grown on top of an electroplated gold (Au) layer with
HF (13.56 MHz) PECVD method at 200 °C and the thickness of the film is 250
nm. XPS measurements revealed that the stoichiometry of the investigated silicon
nitride (SiNx) films is x = N/Si = 1.04. The membrane consisted of an evaporated
titanium (Ti) — gold (Au) seed layer followed by a gold (Au) electroplated layer
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of 2.0 pm thickness. A 2.2 um sacrificial layer was used to determine the up-state

position of the bridge. The active area of the switches is 2.5x10 5cm2 and the
pull-in voltage is V., 20 V.

The contacted charging was performed under a bias of 30 V and the up-state
C-V characteristics were monitored after each successive stress step or after the
end of stress process with the aid of a Boonton 72B capacitance meter with a
resolution of 0.2 fF, while sweeping the voltage in 50 mV steps. The acquired bias
was applied to the transmission line by a 6487 Keithley voltage source
picoampere meter. The duration of each stress step was 30 s while the total stress
time was 5 min. The discharging process was monitored for time length up to 10" s.
Finally, all measurements have been performed under vacuum in a cryostat, with
prior 2 hours annealing at 140 °C in order to minimize interference from humidity

[3].
4. Results and Discussion

The typical up-state C-V characteristic of a MEMS capacitive switch,
according to Eq. 3, must exhibit a parabolic shape for small moving armature
displacement from equilibrium state (A<<d,) and the shape of the parabola is
expected be determined by the device mechanical properties solely. Due to
charging, the parabola will shift across bias axis with the magnitude of the shift
determined by the net charge, uf, while the value of minimum capacitance may
increase or decrease
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Fig. 2. (Color on line). Parabolic up-state C-V characteristics of a switch during charging.

with respect to the ideally uncharged film depending on both the charge distribution
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variance and the mechanical properties degradation.
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Fig. 3. The shift of bias V) during charging and the corresponding values of equivalent
surface charge density up calculated assuming that we have a uniform charge
distribution and that the switch electrodes are parallel.

Figure 2 shows the up-state parabolic C-V characteristics of a switch that
exhibit a good agreement with the theoretical one, predicted by Eq. 3. The C-V
characteristics shift to positive voltages after each successive stress step with a
positive bias and the shift of bias V, for capacitance minimum is presented in Fig.
3. Assuming that we have a uniform charge distribution (¢, = 0) and that the switch
electrode plates are parallel (o, = 0), which leads to zero covariance of parameters o
and B (covo,p = 0), we have also calculated the equivalent charge density pp from
Eq. 6 after each successive stress step and the results are shown in the right axis of Fig.3.

The minimum capacitance is found to increase with stress (Fig. 2), a behavior
that has been reported to arise from the increase of charge distribution variance
[15]. Here it must be pointed out that according to the proposed model, taking into
account Eq. 6, the capacitance minimum measured at V| is given by:

A2

Coin(Vy) = Az, + ng[(ﬂi + 02\t + o)~ (potty +covi, ) )

0

revealing a complex dependence on the parameters that are introduced to describe
the deviation from the ideal case. The derivative of the C-V characteristics before
and after two charging steps are plotted in Fig. 4a. In spite of the measurements’
noise the derivative exhibit a linear relation with the applied voltage, as shown by
applying linear fit to our experimental results. A fast decrease of the C-V
characteristic’s derivative slope S for the same switch as the charging process
evolves with time is presented in Fig. 4b. Assuming a short stress time, we may
attribute this behavior to uncontrolled stress gradient and to the formation of a non-
uniform charge distribution, the scale of which may give rise to the formation of a
dipole across the dielectric film. This behavior, according to Eq. 5, may affect
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the nominator (yj +a§) and taking into account that the minimum capacitance
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Fig. 4. (a) Typical capacitance derivatives before and after two stress steps and
(b) the dependence of the slope S on the charging time.

increases with stress time (Fig. 2), we are led to the conclusion that the switch may
exhibit a large capacitance variance ca that decreases significantly during stress.
We also mention that the decrease of S due to an increase of the spring constant k
cannot be overruled, because stress induced hardening, i.e. increase of dynamic
spring constant with stress time, has been observed in ultrafine crystalline nickel
devices [19] and also alternating hardening and softening behavior has been
reported until fracture in Au films [20].

The discharge process for the same switch has been also investigated by
monitoring the shift of the up-state C-V characteristics during discharge and the
previous theory model has been applied. The up-state C-V characteristics are
parabolic and the minimum up-state capacitance decreases with time during
discharge (Fig. 5a). Moreover, it has been found that the C-V characteristic’s
derivative slope S decreases with discharging time (Fig. 5b). This behavior is
similar to the one observed during charging but the decrease rate is much lower. As
already mentioned, the decrease of slope may result from a decrease of the
nominator (,u 2+ aj) (Eq. 5), which arises from the decrease of minimum
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capacitance (Fig. 5a) and/or the decrease of o-é due to the charge draining by the

bottom electrode and the redistribution across the surface of the dielectric film
[11]. Finally, the gradual recovery of the mechanical properties cannot be ignored.

6. Conclusion

An analytical model for the up-state capacitance-voltage characteristic has
been presented for the case of a real MEMS capacitive switch with non-
uniform charge and capacitance distributions. The derivative of the C-V
characteristic allows the separation of the parameters involving mechanical
properties and electrical ones, that is the charging of the dielectric film. The
application of the model to switches with smooth parabolic C-V characteristics
revealed that the slope
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Fig. 5. (a) Up-state C-V characteristics of a switch during discharge and
(b) the dependence of the slope S on the discharging time (dashed line shows the
trend of our data).

of the C-V characteristic derivative decreases with stress time suggesting a
decrease of capacitance variance or rather an increase of spring constant, the latter
being presently under further investigation. The slope of the C-V characteristic
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derivative has been also found to decrease during discharge, but the decrease in
this case is much lower. Finally, considering all these, we conclude that the slope
of the C-V characteristic’s derivative in MEMS capacitive switches requires
further investigation in order to extract the important information on the device
degradation.
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