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We present a quantitative physical model for glass substrate polarization and study the glass
polarization by measuring the capacitance drift from microelectromechanical capacitor test
structure. The model consists of mobile and immobile charge species, which are related to alkali
metals and non-bridging oxygen in glass. The model explains consistently our results and the
previously observed non-homogeneous charging effect in a radio-frequency switch fabricated on a
glass substrate. The results indicate that the bulk properties of the glass layer itself can be a
significant source of drift. The modeling allows estimation of the drift behavior of the several kinds
of device structures. © 2012 American Institute of Physics. [http://dx.doi.org/10.1063/1.4720378]

. INTRODUCTION

Dielectric charging in a radio-frequency microelectro-
mechanical (RF-MEM) switch is widely studied and identi-
fied as one of the major reasons for stability problems.'™
Homogenously distributed charges shift the whole
capacitance-voltage (C-V) curve.” A built-in voltage in a
capacitive MEM switch can be determined from the mini-
mum of the C-V curve. Consequently, homogeneous charg-
ing of the device can be monitored from the change in the
C-V curve minimum. Similarly, a homogenous charging
causes a change in both pull-out and pull-in voltages. This
can eventually lead to a failure in the operation of the switch,
since pull-out might not occur.

Another unwanted effect related to charging is narrow-
ing of the pull-out (or pull-in) window in the C-V curve.*?
This can be explained by inhomogeneously distributed
charges, which increase the minimum capacitance value and
narrow the pull-out (or pull-in) window.® This can obviously
lead to a failure of the switch if the pull-out window com-
pletely disappears. Recently, Czarnecki et al. noticed that the
narrowing of the pull-out window is related to the substrate
the device is fabricated on.” Especially an RF switch on glass
substrate was prone to inhomogeneous charging.” The
authors used finite element simulations’® for analyzing the
effect of substrate charges, but they did not provide the phys-
ical mechanism for the charging of the glass substrate.

In this paper, we present a physical model of charging in
a glass substrate. In addition, we present experimental results
obtained from a MEM-capacitor test structure and a compar-
ison between modeling and experimental results.

Il. EXPERIMENTAL AND THEORY

The sample and the measurement setup are sketched in
Fig. 1(a). The samples have two different capacitors. They
were fabricated using a modified commercial manufacturing
process. The capacitance is measured at 1 MHz across the top-
most capacitor (AlCu metallized air gap) using an HP-4192 A
impedance analyzer. The bottom capacitor, which does not
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contain a metal layer, is used for studying the charging (i.e.,
polarization) of the glass. The bottom capacitor is DC-biased
using a Keithley 237 source-measure unit. The DC-bias volt-
age causes the space-charge polarization of the glass and
changes the electrostatic force in the bottom air-gap, which
can be detected as a change in the capacitance of the metal-
lized gap. The thicknesses of the glass and the air gaps are
100 ym and 1 um, respectively.

The capacitance changes were measured in the 20-80 °C
temperature range. At each temperature point, the DC-bias
voltage was varied sequentially (O V,4 V, 0V, —4 V,0V).
Due to the thermal activation of the polarization, the duration
of each DC-bias stress point was gradually decreased when
temperature was increased.

In order to analyze theoretically the glass polarization,
we use an approximative 1D model (Fig. 1(b)) and the single
mobile ion model,9 which can be described mathematically
using the continuity equation

2

%: %*#%(EP)JH]*% (D
where p is the concentration of mobile uncombined positive
charges, D is the diffusion constant of positive charges, u is
the mobility of the positive charges, E is the electric field, ¢
is the dissociation rate, and a is the recombination rate.
Einstein’s relation, D/u = kT/q, is assumed to hold here. The
electric field can be solved from Poisson’s equation using
the total voltage drop as the boundary condition

9E  qlp— 't
9 _dlp=n) - _ J Ed, @)
Ox €480 0

where ¢, is the relative permittivity of glass, ¢ is the electric
constant, n is the concentration of immobile negative
charges, 1, is the thickness of glass, and g is the thickness of
the air gap. The recombination rate is assumed to be propor-
tional to the product of the negative and positive charge con-
centrations. Similarly, the dissociation rate is assumed to be
proportional to the undissociated charge concentration’

© 2012 American Institute of Physics
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FIG. 1. (a) A schematic picture of the MEM sample cross-section and the
measurement setup. (b) One-dimensional model of the air gap of the MEM
system employed in the analysis of the glass polarization (line A). #, is thick-
ness of the glass layer, and g is the air gap. The glass substrate is made from
Schott Borofloat 33.

a=oanp q=x(c—n), 3)

where c is total concentration of chemical species that can
thermally dissociate creating a pair of positive and negative
charges. o and k are recombination and generation rate con-
stants, respectively.

lll. RESULTS AND DISCUSSION

The experimental results at 50 °C and 80 °C are shown in
Fig. 2. The strong temperature dependency is clearly visible.
Shih et al. showed that during anodic bonding, most of the
bonding voltage will drop very quickly (in few tens of milli-
seconds) across the air gap at a high temperature.10 They
solved analytically the single mobile ion model without diffu-
sion, generation, and recombination and found that the time
constant of this connection is proportional to the resistivity
of glass.'” The resistivity of glass is strongly temperature-
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FIG. 2. The measured capacitance as a function of time at (a) 50°C and (b)
80°C. The bias voltage sequence of 0, 4, 0, —4, 0V is indicated in (b). The
duration of each DC-bias stress point was controlled so that the magnitudes
of the changes in the capacitance were the same at both temperatures.
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dependent. This explains the fact that temperature had a re-
markable effect on the timescale of the capacitance drift in our
measurements. During the first 4 V DC-bias point, the capaci-
tance changes rather linearly with time. The reason for linear
change can be explained in a general manner as in the begin-
ning of transient exp(—t/t) ~ 1 —t/t. Herfst et al. explained
similarly observed square root time dependency as a short
time approximation of stretched exponential exp(—t"?)."" The
capacitance drift at 4 V in Fig. 2 stops because the silicon mass
hits the mechanical stopper, but charges are still far away from
the equilibrium. The Arrhenius plot of the absolute value of
the rate of the capacitance change during the first 4 V DC-bias
point is shown in Fig. 3. The result corresponds to the activa-
tion energy of 0.9eV, which is in agreement with the activa-
tion energy of 1.0eV determined for the glass conductivity.'?
The results in Fig. 3 were measured from the same device.
There was a long time delay at 0V bias (much longer than
shown in Fig. 2) before starting the measurement to ensure a
well-defined initial condition for the first 4 V transient. This
was also the reason for choosing the first transient for the acti-
vation energy analysis.

For further analysis of our experimental results, we com-
bine the theoretical results from Ref. 1 and the single mobile
ion model. The electrostatic force in the biased air gap can
be calculated as'

2
P
Fe = Ag —f Viav_viza 4
I 0<8gg+tg)(h‘ bi) 4

where A is area of the beam and V,,; is the built-in voltage,
which can be calculated from the charge distribution’

1%
Vb,' = V0+7J x(p+n)dx, (5)
8g80 0

where V), is typically caused by a Fermi-level difference of
two dissimilar materials. Here, V; can also be the band-
bending difference between the beam and the bottom silicon
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FIG. 3. The Arrhenius plot of the drift rate of capacitance during the first
4V DC-bias.
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FIG. 4. Comparison of experimental and simulation results at 50 °C.

related to the electric charge. The band bending remains prac-
tically constant in the voltage ranges employed in the experi-
ments, since the doping level of silicon is high (>10"cm ™).
A value of V3=0.4V was employed in the simulations, and
the silicon surfaces were assumed to be metallic in behavior.

The comparison between our experimental and simula-
tion results is presented in Fig. 4. In the simulations, ¢, =4.6
was used.'” The air-gap voltage was calculated using Egs.
(1) and (2) with small time steps. After each time step, the
air gap was recalculated from Egs. (4) and (5) using the
experimentally determined effective spring constant,
koyAg =F ;. The resistivity was adjusted by fitting the slope
of the capacitance during the first 4 V DC-bias sequence (see
Fig. 4). Numerical simulations also confirm the linear de-
pendency and the assumption that charges are far from equi-
librium when silicon mass hits the mechanical stopper. This
gave a resistivity of 5.4 x 10"* Qcm for the glass, which is
slightly smaller than the value of 1.2 x 10" Qcm suggested
by the datasheet.'? The resistivity of the glass layer is deter-
mined by the mobility and concentration of the mobile
charge. We noticed that a better qualitative fitting of the ex-
perimental result in Fig. 4 can be obtained using a low con-
centration of charge, 4 x 10">cm 3. The low concentration
range is important because only a very small fraction of total
alkali cations is typically mobile at low temperature. '

The simulation results shown in Fig. 4 reproduce the
experimental behavior relatively well. Figs. 2 and 4 show that
the direction of the drift changes, although the DC-bias volt-
age is kept constant. This simply means that an electrostatic
force passes through a minimum value, i.e., the built-in volt-
age (see Eq. (4)) changes its sign. The main difference
between the simulations and the experiments is that the peaks
of the simulated capacitance curves have the same value (see
Fig. 4), while in the experimental curves, the peak capacitance
seems to increase with time. This and the other small discrep-
ancies can be explained by 2D effects, i.e., the air gap is not
laterally constant, and charges also spread laterally in the
glass, which affects the electrostatic force in the air gap. In
the simulations, we neglected generation and recombination
since their effect on the simulations was not relevant.

The glass polarization under a DC-bias voltage can
clearly explain the non-contact drift and the narrowing of the
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pull-in (or pull-out) window observed in Refs. 7 and 8. In
addition, it is known that humidity affects sodium and hydro-
gen concentrations in the glass surface layer.'* This and our
model explain the reduced lifetime of a switch built on a glass
substrate observed after storage in air ambient.® The evapora-
tion of water by short annealing does not improve the lifetime
of these glass-substrate switches,8 since the water on the glass
surface causes long-range changes due to diffusion of ions.

The polarization of the dielectric is an intrinsic property
and may occur without charge injection,'”> which is a clear
difference as compared to other charging models.® The
intrinsic properties of glasses may change with chemical
composition, but the results presented here are applicable as
long as the electrical current flow is due to ionic conduction
because the space charge separation is the slowest polariza-
tion mechanism. It is also known (e.g., Ref. 16) that even
though glass is ideally free of alkali metals, the sodium con-
tamination can be high enough to contribute to the space
charge polarization. Of course, the mobile ionic contamina-
tion problem is not limited to glass but concerns all dielec-
trics used in MEM system processes. The mobile ionic
contamination might even be the dominating effect in devi-
ces operating at rather low electric fields.'”'®

IV. CONCLUSIONS

Our results clearly indicate that glass is prone to space
charge polarization during DC-bias stress. This property
makes glass practical material in anodic bonding, e.g., in her-
metic sealing. On the other hand, this can cause a long-term
drift at low temperatures in a MEM capacitor, although this
glass can still be used to form stable capacitors and low-loss
substrates at higher frequencies. Fortunately, this harmful
effect can be modeled (and therefore minimized) rather eas-
ily by knowing the glass resistivity and its temperature de-
pendency, as shown here. The modeling enables the design
of devices with a minimal drift from the glass substrate and
separation of the space charge polarization induced drift
from the other charging mechanisms.
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