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Abstract - A review is presented of the effect of electrostatic discharge (ESD) on the operation
of capacitive microelectromechanical systems (MEMS) structures. Charge injected into the
devices can result in failures due to air gap breakdown, stiction, dielectric breakdown and a no
operation mode. The dynamic effects of leaky dielectric layers and air gap space charge are also
examined.

I. INTRODUCTION

Microelectromechanical systems (MEMS) which include micro-gap assemblies are
inherently very sensitive to electrostatic discharge (ESD). Charge injection into a MEMS
structure can result in reliability concerns due to the stiction phenomenon and dielectric
breakdown [1-14]. Stiction (a subtraction of "static friction") refers to the phenomenon
where microscopic structures tend to adhere to each other when their surfaces come into
contact. Electrostatic force due to the charged dielectric layer of a MEMS structure is
considered to be the prime cause of stiction. Dielectric layers can become charged due to
ESD, triboelectrification and charge injection caused by the high electric fields present
during operation. Discharge events in capacitive dielectric layers can also result in leaky
dielectric layers and produce air gap space charge; the dynamic response of the structure
may be altered.

II. OBJECTIVES

The objective of this paper is to review the effect of ESD on the operation of capacitive
MEMS structures. An electric field model is employed to assess the stiction phenomenon,
air gap breakdown and dielectric breakdown due to trapped charge in the dielectric. A model
is also presented to analyze the effect of a leaky dielectric layer and air gap space charge
on the frequency response of a capacitive MEMS structure.



III. CAPACITIVE MEMS CHARACTERISTICS

The operating principle of a MEMS based RF switch is shown in Figure 1; this is an example
of capacitive MEMS technology. The RF MEMS switch [15] consists of a free standing
plate suspended by beams above a coplanar waveguide; application of a dc voltage is used
to cause the bridge to collapse on top of the dielectric. When the bridge is down, the device
behaves as an RF shunt switch for GHz range signals. The structure is a basic parallel plate
capacitor with the plate collapse being effected by electrostatic force F1 controlled by the
applied voltage. A dielectric layer is necessary to prevent a short circuit during the collapse
of the plates. Typical operating voltages are in the range of 15-80 volts [16-18]; designs
have been reported with actuation voltages below 5 volts [19-21]. In typical designs [21,22],
the plate area is of the order of 100 x 100 µm2, the plate spacing is of the order of 1-3 µm
and the dielectric thickness is 0.2 µm. When charge is injected and trapped in the dielectric
layers in MEMS, a bias force F2 is created which can oppose or assist the force due to the
applied operating voltage. Charge injection can be due to the high electric fields associated
with the air gap during plate collapse, triboelectrification between the plate and the dielectric
layer or ESD. If the bias force due to the injected charge is sufficient, it can cause the plates
to remain in the closed position after removal of the control voltage. This is referred to as
stiction. The ratio of these two forces can be used as a figure of merit to assess reliability
in MEMS where voltage and charge modes are inherently present.

Fora parallel platecapacitor with platearea A, plate separation d, applied voltage V, resulting
plate charge Q and medium dielectric constant ε, the electrostatic force is given by [23]:

Fig.1 Cross-sectional view of RF MEMS switch

For micro gap assemblies, the modified Paschen’s curve presented in Figure 2 has been
shown to apply [24]. In this analysis, a linear relation between breakdown voltage and gap
will be assumed in the region below approximately 4 µm; as shown in Figure 2, the slope
in this region is 7.5 x 107 V/m. Beyond 4 µm, the slope becomes 6.2 x 104 V/cm; beyond
100 µm, the slope decreases to 3.0 x 104 V/cm.
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Fig.2 Breakdown voltage in air vs gap

IV. CHARGE INJECTION MODEL

Consider the basic parallel plate model of a capacitive MEMS structure shown in Figure 3.
The upper electrode to be displaced by the application of control voltage V0 has a plate area
A and is separated from the fixed reference plate by a distance d. The gap medium is assumed
to be air with a permittivity ε0. Attached to the bottom electrode is a thin dielectric layer of
thickness d0 and dielectric constant k. In this analysis, charge Qi due to an ESD event is
injected into the top electrode, transferred across the air gap due to breakdown and trapped
in the dielectric layer on the bottom electrode of the MEMS structure. The total capacitance
of the structure is [25]:

C1 is the capacitance of the air gap; C2 is the capacitance of the dielectric layer.

The potential developed across the structure due to the injected charge Qi on the top electrode
is:

This potential is distributed as V1 and V2 across the air gap and dielectric layer respectively
as:
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Fig.3 Parallel plate model for capacitive MEMS

Consider a typical MEMS switch with a plate area 100 x 100 µm2, with an air gap of 3 µm
and a dielectric layer of thickness 0.2 µm fabricated from either silicon dioxide (SiO2) or
silicon nitride (Si3N4). The following properties apply [26]:

SiO2: dielectric constant, 3.9; dielectric strength, 107V/cm
Si3N4: dielectric constant, 7.5; dielectric strength, 107V/cm

Since the dielectric thickness d0 is much smaller than the air gap d, C2 >> C1 and the following
approximations result:

The resulting potential due to the injected charge is mainly dropped across the air gap. For
a gap of 3 µm, the breakdown voltage from the modified Paschen’s curve is approximately
300V. Since C1 = 3 x 10-14F, an injected charge of about 10 x 10-12C is sufficient for the air
gap to breakdown; the injected charge in then transferred to the dielectric layer where it is
assumed to be trapped.

In this analysis, for a given gap spacing, it will be assumed that the control voltage is the
maximum voltage predicted by the modified Paschen’s curve. The slope k1 of the curve in
the region below 4µm is 7.5 x 107 V/m.

V. ELECTRIC FIELD MODEL

The possible failure mode which is analyzed here relates to the breakdown of the dielectric
layer in a MEMS structure due to trapped charge. It is assumed the charge Q injected into
the MEMS structure by ESD is transferred to the dielectric layer as a result of a breakdown
of the air gap; the charge is assumed to be trapped in the dielectric layer. The model shown
in Figure 4 is used for the analysis. V0 is the control voltage applied to the upper plate; the
airgapseparation is the variablex; the thicknessof the dielectric layer withdielectric constant
k is a. The surface charge density of the injected charge on the dielectric layer is .
The electric fields in the air gap and dielectric are EB and EA respectively.
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The fields in the regions above and below the charge layer satisfy the boundary conditions
[27]:

Fig.4 Electric field model for capacitive MEMS structure

Thesolutions for the electric fields in the air gap (EB) and the dielectric (EA) , and the potential
drops across the air gap (VB) and the dielectric layer (VA) are:

These equations permit an analyses of the electric fields and voltage drops in the air gap
and dielectric layer associated with a MEMS parallel plate structure. The modes of analysis
include: Normal operating mode (V = V0, σ = 0); Charged dielectric only (V = 0, σ = σ0);
Normal operating mode with charged dielectric (V = V0, σ = σ0). The limiting cases include:
plates open: x » a; plates closed: x « a.

From a review of equations (12) to (15), a/kx is chosen as the variable which defines the
state of the plates. For a/kx « 1, the plates are open; for a/kx »1, the plates are closed. Graphs
for the contribution to the voltage drop across the air gap due to the control voltage and the
trapped charge in the dielectric are presented in Figures 5 and 6 respectively; graphs for the
contribution to the electric field in the dielectric layer due to the control voltage and the
trapped charge in the dielectric are presented in Figures 7 and 8 respectively.

EAa + EBx = V0 (10)

kε0Ea + ε0EB = σ (11)

x

V

a

+ + + + + + + + + + +

E
B

E
A

0

EA =
V0

a
1

1 + kx/a
+

σ
kε0

1
1 + a/kx

(12)

VA = V0

1
1 + kx/a

+
σa
kε0

1
1 + a/kx

(13)

EB =
k V0

a
1

1 + kx/a
−

σ
ε0

1
1 + kx/a

(14)

VB =  V0

1
1 + a/kx

−
σa
kε0

1
1 + a/kx

(15)



Fig.5 Air gap voltage drop due to control voltage normalized to V0 vs gap factor a/kx

Fig.6 Air gap voltage drop due to surface charge density normalized to (σa)/(kε0) vs gap factor a/kx
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Fig.7 Electric field in dielectric due to control voltage normalized to V0/a vs gap factor a/kx

Fig.8 Electric field in dielectric due to surface charge density normalized to σ/(kε0) vs gap factor a/kx

Calculations will be done for a typical test structure; the following values of the various
parameters will be used.

Maximum air gap spacing: 3 µm
Dielectric thickness: 0.2 µm
Dielectric constant: 5
Breakdown strength of dielectric: 1x109

Breakdown strength of air (slope of modified Paschen’s curve): 7.5x107

Plate area: 100x100 µm2.
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  A. Dielectric Surface Charge Only: Voltage Drops

The general expression for the air gap voltage drop is:

Both terms in this expression have a maximum when the switch is open and decrease as the
switch is closed. Equating the two terms will yield the surface charge density which gives
thesame voltage drop as due to thecontrol voltage V0. This can be interpreted as the condition
for the onset of stiction.

For the test structure, this gives σ = 2.2x10-3 .

Stiction is defined as the failure for the plates to release upon removal of the control voltage
V0. It is caused by the air gap voltage drop due to σ being of the same magnitude as the
voltage drop due to V0.

With the plates open, another interpretation of equation (16) can be made. For σ positive
and V0 positive, it is noted that the polarity of the voltage drop due to σ is opposite in polarity
to the voltage drop due to V0. It is then possible that the net air gap voltage approaches zero
which would imply a no operation mode for the switch with the application of the control
voltage. This will be defined as the no op mode.

B. Dielectric Surface Charge Only: Electric Fields

In this case, the control voltage V0 = 0 and the dielectric surface charge density is σ.

For the air gap:

For the dielectric layer:

The maximum electric field EA in the dielectric due to σ is realized when the switch is open.

It is possible to solve for the surface charge density for dielectric breakdown.

For the test example, σ = 44.25 x 10-3

For the switch open, the electric field EB in the air gap is:
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For the example, EB = 6.67 x 107 . This is less than the breakdown value of 7.5 x 107

for the modified Paschen’s curve. This example shows that the dielectric canbreakdown
while the air gap does not.

The electric field EA in the dielectric can also be written as:

Two additional observations are made. The electric field increases in proportion to the total
charge Q injected, which could be the result of single or multiple discharge events. As the
structures are scaled, the electric field will increase in proportion to 1/A and the critical
charge for breakdown will decrease in proportion to the plate area A.

An estimate of the critical charge QBD for breakdown can be made. The following values
are assumed: k = 5, A = 100x100 µm2, EBD = 107 V/cm. Then QBD = kε0 A EBD = 4.4 x 10-10C.

VI. IMPEDANCE ANALYSIS MODEL

  A. MEMS equivalent circuit

The equivalent circuit used in the analysis is shown in Figure 9. R1 and C1 are the resistance
and capacitance respectively of the air gap. Under normal conditions, R1 is due to the natural
conductivity of air; the value is reduced due to space charge which can result frombreakdown
events across the airgap due to ESD. R2 and C2 are the resistanceand capacitance respectively
of the dielectric layer. Under normal conditions, R2 is due to the normal resistivity of the
dielectric; the value is reduced either deliberately during manufacture to assist in the dis-
sipation of surface charge or during operation as the result of repeated breakdown events
in the dielectric.

Fig.9 Equivalent circuit of capacitive MEMS structure
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B. Test Structure

A typical MEMS switch [21,28] has a plate area of 100 x 100 µm2 with an air gap of 3 µm
and a dielectric layer of thickness 0.2 µm. Usually either silicon dioxide (SiO2) or silicon
nitride (Si3N4) are used in the fabrication of the layer. An average of their material properties
[26] will be used in computations for the test cell as follows: dielectric constant - 5; dielectric
strength - 107 V/cm; volume resistivity - 1014 Ω.cm. For the air gap, a typical conductivity
value of 2 x 10-14 Ω-1.m-1 will be used [29].

In this analysis, the switch will be assumed to be in the open state. The calculated values of
the elements in the equivalent circuit of the test cell are:

R1 = 1.5 x 1016 Ω; C1 = 2.95 x 10-14 F
R2 = 2 x 1013 Ω; C2 = 2.2 x 10-12 F

C. Frequency Domain Analysis

The equivalent circuit shown in Figure 10 will be used to determine the transfer function
of the MEMS structure. The transfer function is defined as the ratio of the air gap voltage
drop V0 to the control voltage Vi. By voltage division,

Z1 is the complex impedance of R1 in parallel with C1; Z2 is the complex impedance of R2
in parallel with C2.

The straight line approximation technique is used to estimate impedances Z1 and Z2 as a
function of frequency. An examination of the graphical presentation of Z1 and Z2 is then
used to determine the transfer function of the MEMS cell as a function of frequency.

Fig.10 Impedance analysis model

1) Case I: Leaky Dielectric

The effective resistance R2 of the dielectric layer can be decreased either through selection
of material properties at manufacture or by dielectric breakdown initiated by surface charge
transferred across the air gap in ESD events. The straight line approximations for Z1 and Z2
are shown in Figure 11. At any frequency, equation (24) applies.
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For the test cell, the calculated corner frequencies are f1 = 3.6x10-4 Hz and f2 = 3.6x10-3 Hz.
For a MEMS structure, the frequency region of interest relates to the time domain charac-
teristics of the control voltage Vi. The effective bandwidth of a rectangular pulse of length
T is [30]:

An analysis of the frequency domain response of the air gap voltage can be effected through
an examination of the straight line approximations for Z1 and Z2. As R2 is decreased, the
corner frequency f2 for Z2 increases. For each decrease by an order of 10 for R2, f2 increases
by one decade. However, for the example shown, the air gap voltage drop Vo is equal to the
control voltage Vi independent of frequency.

It has been shown previously that the accumulation of surface charge on the dielectric can
cause stiction and dielectric breakdown. The relaxation time for the dielectric is given by:

By proper design, the relaxation time can be chosen to prevent the accumulation of surface
charge which would interfere with the operation time of the structure. For example, for a
relaxation time of 1s, R2 = 4.6x1011 Ω; the corner frequency f2 becomes 1.6x10-1 Hz.

Fig.11 Cell impedances vs frequency for leaky dielectric
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2) Case IIa: Low Density Space Charge

The effective resistance R1 of the air gap can be decreased by space charge which results
from a breakdown across the air gap due to an ESD event. The straight line approximations
for Z1 and Z2 are shown in Figure 12. As R1 decreases, the corner frequency f1 for Z1 increases.
For each decrease by an order of 10 for R1, f1 increases by one decade. For low density space
charge, the analysis presented for Case I applies; the air gap voltage drop Vo is equal to the
control voltage Vi independent of frequency.

Fig.12 Cell impedances vs frequency for low density space charge in air gap

3) Case IIb: High Density Space Charge

The straight line approximations for Z1 and Z2 for the case of high space charge density are
shown in Figure 13. Calculations can show that only a very small fraction of the charge
transferred in an ESD event can yield a space charge sufficient to dramatically reduce the
columnar resistance of the air gap. The columnar resistance [29] is the effective resistance
of a micro column of space charge introduced by air gap breakdown events.

This is considered to be the condition for no operation since the air gap voltage is reduced
and is not sufficient to effect closure of the switch.

This is considered to be an indeterminate state since the air gap voltage may be reduced
sufficiently to cause no closure of the switch.
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The air gap voltage is equal to the control voltage; normal operation and closure of the
switch will result. In the above analysis, a corner frequency f2 = 1 Hz corresponds a control
voltage pulse width of 1s. The columnar resistance for this corner frequency is RC = R2 =
1x1010 Ω.

Fig.13 Cell impedances vs frequency for high density space charge in air gap

VII. SUMMARY

A review has been presented for the effect of ESD on the operation of MEMS. Charge
injection processes due to air gap discharges, triboelectrification and high electric fields
associated with operating voltages have been analyzed; reliability concerns associated with
stiction, dielectric breakdown and on operation states have been evaluated. A methodology
to study the effect of leaky dielectric layers and air gap space charge on the dynamic response
of a capacitive MEMS structure has been introduced.
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