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Abstract—The present paper investigates the effect of stressing
bias magnitude and stressing time on the discharging process in
MEMS capacitive switches. The calculation of discharge current
through the dielectric film is based on monitoring the rate of shift
of bias for up-state minimum capacitance. The data analysis
shows that the discharge current lies in the range of femto-
Amperes and the calculated discharge time constant depends
directly on the time window of observation and on the stressing
conditions. Moreover the analysis reveals an increase of trapped
charge that remains in the bulk of the dielectric film for very long
time as the stressing bias increases. The dominant discharge
process, taking place under an intrinsic field of about 10% V/cm, is
found to be the hopping effect.
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L INTRODUCTION

The effect of dielectric charging constitutes a major
reliability issue in MEMS capacitive switches. In spite of the
intensive research during last decade the effect is still not fully
understood. The presence of high electric field during actuation
gives rise to charge injection that in turn shifts the capacitance
voltage characteristic [1] and limits the device lifetime, the
latter depending significantly on the actuation voltage
magnitude [2]. In a cycling device the time to failure is
determined by the charging and discharging, the later through
the bottom electrode, and the time during pull-in and pull-up
state respectively. In order to balance these processes various
actuation bias profiles [2] or adjustable duty cycles [3] have
been proposed.

The lifetime of a capacitive switch is directly determined by
the competition between the charging process, which occurs
under high electric fields, and the discharging one, which
occurs under the presence of low intrinsic fields that are
generated by the non-uniform distribution of the injected
charge [4]. The charging process has been investigated in
MEMS switches [5] and bare silicon nitride films [6] and in
both cases it was found that macroscopically follows power
law relation. The discharge process through the dielectric film
has been investigated by Kelvin Probe Force Microscopy
(KPFM) method, applied on both silicon nitride dielectric films
for MEMS and on the top electrode potential of Metal-
Insulator-Metal (MIM) capacitors [7], as well as by the shift of
the bias for minimum capacitance of MEMS capacitive
switches [8, 9]. Moreover, the discharge current transient has
been directly recorded for a time window of observation of a

few hundred seconds [10] and calculated for a window in
excess of 10* sec [9], the latter leading to a better
approximation of the total stored charge dissipation. In all cases
it was reported that macroscopically it follows the stretched
exponential law. This behavior has been attributed to the fact
that the charge collection is complex because the dielectric film
is deposited at low temperatures, fact that leads to highly
disordered materials, which deviate from stoichiometry and
contain large concentration of defects [11, 12]. Finally, the
investigation of temperature effect on the dielectric charging in
silicon nitride based MEMS has revealed that the process is
thermally activated and attributed to hopping in a continuum of
trap states, where the hopping is expected to be variable rather
than nearest neighbor [13].

The aim of the present work is to exploit the possibility of
monitoring the long time discharge current in order to
investigate the effect of stress bias level and stressing time on
the discharge process in MEMS capacitive switches and
provide a better understanding of the responsible mechanism.
The discharge process takes 3place under the presence of
intrinsic field in the range of 10°- 10* V/cm, a fact that has not
been taken into account up to now. Finally, it is shown that
stressing time plays a key issue role on the discharge process.

IL. THEORETICAL BACKGROUND

A. Discharge in MEMScapacitive switches

In order to determine the discharge current transient in a
MEMS capacitive switch we adopt the device model proposed
in [14] which includes a fixed non-flat metal plate of area 4
covered with a dielectric film of uniform thickness d,,
dielectric constant ¢, and a volume charge density w(x,y,z).

Rest position F;W.g =k(dy-d)

x y
Fig. 1: Model of a capacitive switch with non-uniform trapped charge
and air gap distributions [14].
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Above it a rigid but non-flat moveable metal plate is fastened
with a linear spring & to a fixed wall above the dielectric layer
at a rest position dy(x,y), as shown in Fig. 1. According to [14]
the electrostatic force F,; exerted to the top plate and resulting
to a displacement 4 when a dc bias source of amplitude V is
applied to the two plates can be expressed in a compact form
of:
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where i, o, and cov denote the mean, variance, and
covariance, respectively, of the capacitance a(x, y ,A) and
charge B(x, y ,A) density distributions. The distributions of
capacitance per unit area and charge density induced at
armature area are respectively:
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where ,,(x,y) denotes the equivalent surface charge density
distribution.

In the general case of distributed equivalent charge
[w(x,y,z)] and air gap [dy(x,y)], Eq. 1 cannot be further
simplified. The bias at which the up-state capacitance attains
minimum (V,,;,) is the bias for which the electrostatic force
becomes minimum independently of the charge and air gap
distributions and it is given by:
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The assessment of a MEMS capacitive switch, in the pull-
up state, is based on the analysis of capacitance-voltage
characteristic, which provides information on both the shift of
the bias for minimum capacitance and the vitiation of the
magnitude of the minimum capacitance, both with time.
Further, if for the sake of simplicity it is assumed that the
capacitance variance is low then Eq. 3 simplifies to:
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where u,, represents the mean value of the charge distribution
projected at dielectric film surface [y, (x,y)]. In order to
proceed it is necessary to emphasize that the impact of the
minimum electrostatic force on the measured capacitance, at
minimum of C-V characteristic, is mitigated by creep, which
increases the value of C.;,. Obviously this introduces an
important drawback that allows the exploitation of the time
evolution of charge distribution variance with extreme care.
Such problem can be practically dealt only with carefully
designed test structures. Taking all these into account the
calculated net discharge current density is given by:
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which describes the average value of discharge current density
due to charge collection by the bottom electrode.

Finally, taking into account that the injected charges are
confined near the injecting electrodes [4, 8] we can assume
that the intrinsic electric field can be approximated by:

V. . .. .
F :? . Then the corresponding conductivity at time t,
during the discharge process, is given by:
O'(t) L, de—m(t) (6)
v, min (t) dt

B.  Hopping conductivity

According to a traditional approach to the analysis of
charge carrier kinetics in disordered hopping systems, the
carrier jump rate v from a starting site of energy E; to a target
site of energy E, over the distance r is [15,16]:

v=v,-exp(-u) @)
where u is a hopping parameter defined as:
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Here, F is the intensity of the electric field, T is temperature,
vo the attempt to jump frequency, y the inverse localization
radius, e the elementary charge, kg is the Boltzmann’s constant
and z = cosB with 0 being the angle between the field and the
jump direction. The hopping parameter clearly shows that the
jump rate is determined by the presence and magnitude of
electric field intensity, but only if the latter is strong enough in
order to significantly change the energy difference between
starting and target sites. Moreover the distribution of trapping
states in the band gap plays a key issue role on the application
of Eq. 8.

The field effect on the variable range hopping was
considered by Shklovskii [17] who showed that electric field
plays a role similar to temperature. In order to obtain the field
dependence of the conductivity o(F) at high fields, the
temperature T in the well-known dependence o(T) for low
fields can be replaced by a function T of the form:

eF

kBTe/f' = 2_7/ (9)

Extending the percolation theory of hopping conduction
beyond the limit of linear response and including the effect of
local chemical potential, Pollak and Riess [18] have shown that
in the regime of moderate fields (smaller than about 10° V/cm
at 300K), where the condition eFr,>kgT holds, the hopping
conductivity o(F) = J(F)/F obeys a relationship of the form:

G(F)za(o).exp{ek:j';} (10)

Here, F is the intensity of the electric field, J the current
density, e the electron charge, 1 = Cry,, the hopping length, 1,
the maximum hopping length on the percolation paths, kg
Boltzmann’s constant, T is the temperature and C is a constant
which is found to be equal to 0.17 and 0.18 for the case of three
and two dimensions respectively.
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Fig. 2: Electron hop over a distance x in the case of high electric field F
[171.

III. EXPERIMENTAL PROCEDURE

The switches measured are bridge-type capacitive
switches with 250 nm thick Si;N, diclectric film. The
membrane is suspended about 2.2 pm above the dielectric in
the unactuated position forming a 150 um x 80 um capacitor
which shunts the RF signal to ground in the pull-in state. The
devices were stressed for different times with bias levels
ranging from V,; to 1.6V, while the pull-in voltage was
V,i=20 V. After each stress cycle the devices were assessed by
obtaining the C-V characteristics in the up state for 10000 s
(Fig. 3) in order to monitor the shift of the bias for minimum
capacitance towards the pre-stress level. The bias for up state
capacitance minimum was determined by fitting a parabola to
the experimental data, assuming a very small capacitance
variance in order to take advantage of Eqs. 4 and 5.

All measurements have been performed at room
temperature and in vacuum in order to avoid any interference
from humidity [19].
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Fig. 3: Evolution of pull-up state capacitance-voltage characteristic of a
switch after being stressed for 5 min at 30V.

IV. RESULTS AND DISCUSSION

The shift of bias for minimum capacitance (Fig. 4) after
stressing the devices at different bias levels clearly shows an
increase of potential offset (V) during the time window of
the present experiment, arising from charges which are
collected under very long time constants, as the stressing bias
increases. This shows that only a fraction of stored charge is
collected within the selected time window of observation (10*
s) while more and more charges with very long relaxation
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Fig. 4: Transients of V,y, after stressing the devices for 5 min at different
bias levels.

times remain in the bulk of the dielectric as the stressing bias
increases.

Moreover, taking into account that the dielectric film
thickness is 250nm, the discharge process takes place under an
intrinsic electric field in the range 1-10x10* V/cm, a fact that
indicates that the Poole-Frenkel effect does not contribute and
the dominant mechanism during discharge is expected to be
the hopping effect [20].

The transients of V ,;, after stressing the devices at 30V for
different stressing times have shown an increase of relaxation
times, as it is shown in Fig. 5. In a previous investigation [4] it
has been shown that an increase of stressing time on the
dielectric film of MEMS capacitive switches results to an
increase of trapped charge. In addition, the trapped charge
centroid is shifting deeper into the dielectric film, as the
stressing time increases.
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Fig. 5: Relaxation time for the decay of V., after stressing the devices
at 30V for different stressing times.

In silicon rich hydrogenated silicon nitride metal —
semiconductor — metal capacitors the photon-emission
experiments have shown the existence of nonthermal (hot)
electrons under strong applied electric fields [21]. The



breaking of Si — H bonds from these hot electrons free H atoms
that move further to break weak Si — Si bonds, thus generating
additional deep trap states in the bulk of the dielectric.
Moreover, it has been reported that adding charge to an
insulating system takes it out of thermal equilibrium and that
conductivity in hopping systems may relax to an equilibrium
value with extremely long time periods that are many orders of
magnitude larger than the Maxwell time [22]. This slow
equilibration process of the electronic system is ascribed to the
inhomogeneous nature of charge transport and to the slow
energy relaxation which are inherent features of disordered
materials.

According to all these, it becomes apparent that the increase
of stressing time results to generation of deep defect states with
large relaxation times. This phenomenon is even pronounced
when the stressing field is increased. In this case the defect
states that are created during stress introduce a significant
offset to the transients of V;,. The increase of the stressing
field introduces deeper trap states in the bulk of the dielectric
with relaxation times greater than the time window of
observation.

The calculated discharge current is found to be in the range
of femto-Amperes (Fig. 6) and for the present devices vanishes
after a time of about 1000 s. The total charge density per unit
area that will be collected at infinite time can also be calculated
by integrating the discharge current density:

ptmal = J.Jdisch (t)dt (1 1)
0

and as it is shown from the inset graph of Fig. 6 it increases
with the intensity of the stressing field. This has also been
reported for the discharge process in Metal — Insulator — Metal
structures, obtained from TSDC assessment [23].
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Fig. 6: Calculated discharge currents after stressing the devices for 5 min at
different bias levels. The inset graph shows the total charge density per unit
area that will be collected at infinite time.

As already mentioned the value of V ,;, corresponds to the
value of the applied bias at which the electrostatic force
between the moving armature of the device and the surface of
the dielectric film is minimized (almost zero). Thus V,;, should
also be equal to the average potential at the surface of the
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Fig. 7: Current — Voltage characteristic during discharge after stressing
the device for 5 min at 30 V.

dielectric. Having monitored the value of V., and calculated
the discharge current enables us to monitor both the current —
voltage (I-V) characteristic and the corresponding conductivity
as the discharge process proceeds with time.

Fig. 7 shows the I-V characteristic for a device after being
stressed for Smin at 30 V. Moreover, the dependence of the
conductivity on the average intrinsic electric field is obtained
and shown on Fig. 8.

Govor et al. have shown [24] that at very low values of the
electric field (in the range of V/cm) there is linear dependence
between the hopping conductivity and the electrical field
strength (ohmic region). With increasing electrical field
strength, the regime of ohmic conductivity passes over to an
interval with a stronger rise in conductivity while in the high
electrical field regime there is an apparent saturation of
conductivity. So, at constant temperature the conductivity can
be expressed as:

o(E)=0(0)-exp[ 4-E" | (12)
Exponent n equals to unity within the low electrical field range
and Eq. 12 becomes identical to Eq. 10. At higher fields n
becomes zero (saturation) and then it is found to be negative
for even stronger electric fields [24].
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Fig. 8: Conductivity versus the intensity of electric field during discharge
after stress for 5 min at 30 V. The red line corresponds to the fit of data
with Eq. 12. Values of fitted parameters are also shown.



In our case, we cannot observe the low and high electrical
field regions but only the moderate field range. So, in moderate
fields the conductivity is found to increase exponentially with
the intensity of the electric field (Fig. 8).

V. CONCLUSIONS

The shift of the bias for the minimum up — state capacitance
and the dielectric film thickness are used to calculate the
discharge current in the bulk of the dielectric film of MEMS
capacitive switches. The decay of bias for minimum up — state
capacitance has been recorded for 10* s and the determined
discharge current is found to be in the range of femto-Amperes.
The discharging process has been examined for different stress
conditions. The increase of stressing time and stressing field
result to generation of deep trap states in the bulk of the
dielectric with very long time constants (greater than the time
window of observation). Moreover it has been presented that
the discharge takes place under an intrinsic field in the range of
10> - 10" V/ecm and hopping is the dominant conduction
mechanism. Conductivity during discharge has been also found
to depend exponentially from the electric field, in agreement to
hopping systems.
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