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Pull-in/out analysis of nano/microelectromechanical switches

with defective oxide layers
Yang Xu and N. R. Aluru®
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(Received 17 April 2009; accepted 28 July 2009; published online 21 August 2009)

We investigate the effect of surface and interior defects such as vacancies and broken bonds on the
performance of nano/microelectromechanical (N/MEMS) switches. By combining multiscale
electrostatic analysis with mechanical analysis, we compute the capacitance-voltage and pull-in/out
voltages of N/MEMS switches in the presence of defects in the dielectric oxide layer. Our results
indicate that both surface and interior defects can change the pull-in/out voltages leading to
significant voltage offsets. These voltage offsets can lead to an eventual failure of the N/MEMS
switch. © 2009 American Institute of Physics. [DOI: 10.1063/1.3211111]

One of the popular applications of nano/microelectro-
mechanical systems (N/MEMS) is rf switches, which are re-
quired to operate at high frequencies for millions of cycles.1
During each cycle of operation, the moving electrode makes
a mechanical contact with the thin dielectric (e.g., the oxide
layer) and this can generate defects on the surface and inside
the dielectric. The presence of these defects can lead to
charge-trapping phenomena, which can significantly degrade
the capacitive rf N/MEMS switch performance by altering
the pull-in and pull-out voltages and eventually cause the
switch to malfunction.”™ In addition to the defects that can
be generated by repeated mechanical contacts, intrinsic de-
fects (defects that are originally present) in oxide layers can
significantly affect the reliability of rf-MEMS switches. Ad-
vances in nanotechnology have led to the fabrication of
switches and resonators with the characteristic length scale
of tens of nanometers.>® The influence of defects in dielec-
tric layers on capacitive NEMS switches can be quite signifi-
cant. In this paper, using atomistic models based on tight-
binding (TB) theory, we develop an understanding of how
defects in oxide layers—in particular, oxygen vacancies and
broken bonds—influence the pull-in and pull-out voltages of
N/MEMS capacitive switches.

A simplified capacitive NEMS switch model, as shown
in Fig. 1, is considered to investigate the influence of defects
on the switch behavior. The switch consists of a moveable
electrode (denoted as top electrode and assumed to be me-
tallic) attached to a spring and the top electrode is separated
from the dielectric oxide layer and the ground silicon sub-
strate by a small air gap. To compute the static electrome-
chanical behavior, a physical model where the continuum
elastic theory (advanced theories based on multiscale meth-
ods can also be considered’) is coupled with the multiscale
electrostatic theory is considered. The governing equations
for electrostatic analysis are given by
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where p(x) is the charge density in silicon substrate, g(x)
is the atomic charge due to the defective states, which can
be computed by solving the TB equations as described
below, Vsio, is the effective volume occupied by an atom in
the oxide, e is the elementary charge, and €g; and €, are
the permittivity of Si and oxide, respectively. In the
exterior domain, the Laplace equation is satisfied as shown
in Eq. (1). The top electrode is assumed to be an equi-
potential surface. The oxide-air interface boundary condition
is given by eox[a¢(x)/ﬁn]|0x+6air[a¢(x)/0"n]|air:0-s’ where
[d¢p(x)/ ]|, and [dé(x)/dn]|,, are the normal derivatives
of the potential from the air and the oxide regions, respec-
tively, €, is the permittivity of air, and o, is the charge
density on the exposed surface of the oxide. The potential
¢(x), the normal derivatives of the potential d¢p(x)/dn,
the surface charge density on the top electrode, o,
=—€,[dp(x)/n]|,,, and the charge density p(x) are ob-
tained by solving Eq. (1) self-consistently as described in
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FIG. 1. (Color online) Schematic representation of a N/MEMS capactive
switch. Defective states in oxide can play an important role on the pull-in/
out behavior of N/MEMS switches. The oxide thickness d,, is 5.83 nm, and
the initial air gap g, is 6.0 nm. The silicon domain is P-type doped with
N,=9% 10" cm™. The top silicon electrode has a geometry of 8% 100
X 40 nm® and the spring constant k is 43.26 N/m. The density of defects
Ngefeets is varied from 1.8 X 102 to 7.2 X 102 ¢cm™.
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Ref. 8. The electrostatic force acting on the top electrode,
Sfelew 18 then computed by the expression, fgec
=W/ é[o-tz(x)/ 2€,;,]dx, where L is the length of the top elec-
trode and W is the width into the plane. The restoring elastic
force of the top electrode is computed by the expression
Smeen=—k(X—X,), where X is the initial position of the top
electrode.

The oxide layer is represented by crystalline Si/ 8-quartz
Si0, atomistic structure and the positions of the atoms are
adopted from Ref. 9. Oxide layers with nanometer dimen-
sions can typically be modeled by the TB method. However,
oxides with larger dimensions can contain bulklike subdo-
mains, quantum confinement regions, and defect areas, and
the use of any single-scale electrostatic physical theory to
model the entire N/MEMS structure can either be inaccurate
or computationally infeasible. For electrostatic analysis of
the entire N/MEMS structure with reasonable accuracy and
efficiency, a multiscale method, seamlessly combining, semi-
classical, effective-mass Schrodinger, and TB theories, is
used. The details of the method are presented in Ref. 8. To
simulate localized defects in the oxide layer, a self-consistent
sp> TB model is employed to calculate the electrostatic po-
tential and the charge distribution. The TB parameters for
silicon and oxygen atoms are taken from Ref. 9. By using a
(B) to denote orbitals and i (j) to denote atoms, (atoms can
be Si or O), the TB Hamiltonian element is given by

€ +ed(r;)] when i=j and a=p,
Hiojp = Hoplry)

o when i and j are neighbors,

0 otherwise,
(2)

where H°, 5(r;j) are directly obtained from the Slater and Ko-
ster’s table,'” €, is the onsite energy of the a orbital, ¢(r;) is
the electrostatic potential obtained by solving Egs. (1) and
(2) in the multiscale model.® In the self-consistent approach,
an initial potential obtained by solving the semiclassical
theory is used to compute the total TB Hamiltonian from Eq.
(2). The local density of states (LDOS) of the « orbital of
atom r;, which is a function of energy E, denoted by
N(r;,a,E), are then obtained from the TB Hamiltonian, >
and the atomic charge on atom j, q(rj), is obtained from
LDOS by the expression

o0

N(r;,,E)f(E)IE-Z, |, 3)

qt)=-|> f

o —00

where if atom j is a silicon or oxygen atom, the ionic core
charge is Z,=4.0. f,(E) is the Fermi-Dirac distribution for
electrons. Ab initio calculations>'* and experimentsls‘16
have presented the physical processes by which holes or
electrons are captured by the defects in the oxide. Due to the
limitation of the TB method, we can only simulate the charge
distribution after the holes or electrons are captured by the
defects. For defective states in the TB simulation, because
each local oxide defect is an isolated system, the local
Fermi energy is obtained using the law of total charge
conservation.'’ That is, the summation of atomic charges
near an isolated defect center is equal to the number of
electrons/holes trapped by the defect. After the charge distri-
bution is obtained, the potential is updated by using the new
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FIG. 2. (Color online) C-V characteristics of the structure when the top
electrode and the gap between the top electrode and the oxide is fixed. The
capacitance is normalized by the structure capacitance C,, where 1/C,
=g,/ €ir+doy/ €, The density of defects Nyepoers is 7.2X 1012 cm™ in this
example. Each O vacancy traps an electron and each broken bond traps a
hole. The relaxed surface O vacancies and surface broken bonds are located
on the top oxide layer which is exposed to air and the interior defects are
located in the middle of the oxide layers. The atomic charges on the atoms
because of the presence of defects, denoted as q(Si) for silicon atoms and
q(o) for oxygen atoms, are shown in the figure. The C-V curves are shifted
due to the defects in the oxide.

charge distribution and the process is repeated until a self-
consistent solution is obtained.

To compute the pull-in/out behavior of the switch shown
in Fig. 1, we first perform a multiscale electrostatic analysis
for the specified voltages to find the electrostatic force acting
on the top electrode. When a voltage is applied, the potential
and charge distribution in the top electrode, the dielectric
oxide, and the bottom substrate can be calculated by solving
Eqgs. (1) and (2) self-consistently. The charge distribution on
the top moveable electrode gives rise to an electrostatic
force, which pulls the top electrode downward until it
reaches a new position where the mechanical force f,,.., and
electrostatic force f,,.. balance each other. When the electro-
static force exceeds the mechanical restoring force, this
causes the top electrode to collapse onto the oxide layer and
the corresponding voltage is the pull-in voltage. To restore
the top electrode to its noncontacting or open state position,
the applied voltage needs to be reduced below another criti-
cal voltage defined as the pull-out voltage. For the pull-out
analysis, the self-consistent analysis is performed by gradu-
ally reducing the voltage from the pull-in voltage. When the
applied voltage is less than the pull-out voltage, the equilib-
rium position of the top electrode is again determined from
the balance of the mechanical and electrostatic forces. The
difference in threshold voltages for contact actuation and re-
lease leads to a well-known condition called the pull-in/out
hysteresis.2

For the N/MEMS switch example shown in Fig. 1, the
defects in the oxide layer, where each O vacancy traps an
electron and each broken bond traps a hole, are simulated.’
To understand how these charged broken bonds and O va-
cancies effect the electromechanical behavior of the switch,
we first compute the C-V characteristics of the structure by
fixing the top electrode and the gap between the top elec-
trode and the oxide. The C-V results are shown in Fig. 2.
Positively charged defects shift the C-V curve to the right,
and negatively charged defects shift it to the left when com-
pared with the C-V curve obtained without defects. The C-V
curve shifts to the right imply that the pull-in/out voltages
are increased and shifts to the left indicate the pull-in/out
voltages are decreased, as shown in Fig. 3. When nonzero
atomic charges are present in the N/MEMS dielectric layer,
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FIG. 3. (Color online) Pull-in/pull-out hysteresis of NEMS capactive
switches with surface broken bonds and surface O vacancies in the oxide
layers. The density of defects is 7.2X 10'2 cm2. Each broken bond traps a
hole and each O vacancy traps an electron.

the pull-in/out hysteresis curve is asymmetric, i.e., the
response/deflection of the top electrode to a positive applied
voltage is different from the negative applied voltage. The
position of the defects can also be important, i.e., defects
located close to the surface of the dielectric produce larger
pull-in voltage offsets compared to the defects located near
the bottom electrode, as shown in Fig. 4. This is because
surface defects induce a stronger electric field than the inte-
rior defects. The magnitude of the pull-in/out voltage shift
increases with the density of defects. Significant shifts in the
pull-in/out voltage can cause the switch to fail (e.g., switch
may not open after contact) thereby creating reliability
issues.

The presence of defects in practical MEMS switches
can also shift the pull-infout voltages significantly. For
typical MEMS switches, quantum and surface effects may
not be important in most of the regions. Hence, the pull-in/
out voltage shifts can be approximately computed by the
classical parallel capacitor model, which is given by Vg;x
=(0,/ €,)d = (eN,/ €,5)d.y, Where N, is the dielectric surface
carrier density. This model has already been used to describe
the drift of pull-in/out threshold voltages of capacitive
MEMS switches with dielectric charges as shown in Refs. 2

—6— Surface broken bonds
| | —8— Interior broken bonds

V)

Pull-in Voltage Offset

[ | —©— Surface O vacancies|
—&— Interior O vacancies

0 2 4 6 8
Density of Defects (cm™2) x10"

FIG. 4. (Color online) Shifts in the pull-in voltage as a function of the
density of defects for surface and interior defects. The pull-in voltage offset
is obtained by computing the pull-in voltage difference between with and
without defects. The number of defects in the oxide layer is varied from 0,
1, 2, 3, and 4, which corresponds to the density of defects Nygpees from 0,
1.8 10'2, 3.6 10'%, 5.4 102 and 7.2 X 10'?> ¢cm™2, respectively.

Appl. Phys. Lett. 95, 073112 (2009)

and 18-20. For example, a microscale switch with a geom-
etry of 1 X100X45 um?, d,,=0.5 um, and go=1 wum, is
simulated. When surface broken bonds with a density of
Nerees=0.18 X102 cm™  is  considered, N,=0.1805
X 10'? em™? and Vg,;q=4.439 V are obtained by using the
multiscale method. Using the classical theory, the corre-
sponding V., is 4.408 V. Hence, for the MEMS switch con-
sidered here, the voltage shifts computed by the multiscale
method and the classical method are almost equal. This ex-
ample demonstrates that when quantum and surface effects
are not important, the results from multiscale method and the
classical method agree. However, the classical model may
not be accurate at nanoscale. For example, in the case of
Fig. 1, when the density of defects (surface broken bonds)
Ngefeers 18 1.8X 10?2 ecm™, N,=2.251%10"? cm™2, and
Vaire=1.108 V are predicted using the multiscale method.
The corresponding Vs is 0.641 V by the classical method.
The voltage shift discrepancy between the multiscale and
classical methods is because the classical model is typically
not accurate for nanoscale structures, where quantum effects,
surface states, and defects are important. Another disadvan-
tage of the classical method is that N, needs to be explicitly
given and is usually not readily known. On the contrary, the
multiscale method can accurately compute N, and predict
pull-in/out voltages for both MEMS and NEMS switches.
The results presented above indicate that both surface and
interior defects in oxide layers can have a significant effect
on the pull-in and pull-out voltages of N/MEMS switches.
Defects can introduce significant shifts in the C-V curves and
these shifts can lead to eventual failure of the switch.
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