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Abstract - A paralel plate model is developed to analyze the effect of
charge injection in capacitive microelectromechanical systems
(MEMS). The electric fields and potential drops in the air gap and
dielectric layer of the structure are calculated as a function of device
geometry, switch state, operating voltage and trapped charge densities.
Charge injection due to electrostatic discharge (ESD) events and
triboelectrification is considered. The model is used to determine the
conditions for the stiction phenomenon, dielectric and air gap break-
down.
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[. INTRODUCTION

An analysis of the effect of electrostatic discharge (ESD) in
capacitive microelectromechanical devices (MEMS) has been
previously presented [1,2]. The following summary is included
to serve as an introduction to the further work on the subject
presented in this paper.

Thebasic parallel plate model of a capacitive MEMS structure
isshownin Figure 1. The upper electrode, to be displaced by the
application of control voltage V, 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 €, . Attached to
the bottom electrodeis athin dielectric layer of thicknessd, and
dielectric constant k; this layer is necessary to prevent a short
circuit during the collapse of the plates. Typical parametersfor
aswitch are:

Operating voltage: 10 V

Plate area: 100 x 100 pm’

Plate spacing: 1-3 um

Dielectric layer thickness: 0.2 um
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Fig. 1. Parallel plate model for capacitive MEMS

The modified Paschen’ s curve presented in Figure 2 applies for
microgap assemblies. The slope of the modified curve in the
regioln below approximately 4 um is of the order of 7.5 x 10’
v.m™.
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Fig. 2. Modified Paschen’s curve

In the previous work, an analysis of the charge transfer in ESD
events involving a charged source and a MEMS structure was
presented. Thisincluded thehuman body model (HBM), charged
device model (CDM) and the field charged device model
(FCDM). In general, the charge transferred in an ESD event
depends on the charge on the source body and the relative
coupling of mutual electric flux between the source and the
target. It was assumed that the charge transferred in the ESD
event was imparted to the top electrode of the MEM S structure.
ESD test methodsthat exist for semiconductor devices[3,4] are
based on the direct injection of charge from a source to a pin of
the device under test. The analysis included a charge injection
model for the capacitive MEMS structure shown in Figure 1. It
was concluded that in typical structures, breakdown of the air
gap will result with the subsequent transfer of charge from the
top electrodeto the dielectric layer whereit can becometrapped.

1. OBJECTIVES

The objective of thiswork isto employ an electric field model
of the MEM S structure to determine electric fields and potential
dropsintheair gap and dielectric layer of aMEMS structure as
afunction of switch geometry, switch state, control voltage and
trapped charge. Results presented for a typical structure show
the critical conditions to support air gap breakdown, dielectric
breakdown and the onset of stiction.

1. ELECTRIC FIELD MODEL

The model shown in Figure 3 is used for the analysis. V, isthe
control voltage applied to the upper plate; the air gap separation
is the variable x; the thickness of the dielectric layer with
dielectric constant k is a. The surface charge density of the
injected chargeon thedielectric layerisc  COm™ Theelectric
fields in the air gap and dielectric are E; and E, respectively.
Thefieldsintheregionsabove and bel ow thecharge layer satisfy
the boundary conditions [5]:

E.a + Exx = V, 1)

keoE, gE, = O @



The solutions for the electric fields in the air gap (Eg) and the
dielectric (E,) , and the potential drops across the air gap (Vg)
and the dielectric layer (V,) are:

Vo 1 o 1

Ea = d Tewda * kg Trakx @
V. =V, 1+7tx/a + %eao Tzkx 4
B = k;/O 1+tx/a - ego 1+tx/a ©)
Ve = Vo 1+elalkx - %an 1+elalkx ©

In addition, for the modified Paschen’s curve,
Vee = ke ()
where Vg isthe air gap voltage for breakdown and

k, = slope of modified Paschen’s curve,
75x10'V.m?!
Xc = critical air gap spacing for breakdown
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Fig. 3. Electric field model for capacitive MEMS structure

An analyseswill be presented for the electric fields and voltage
dropsintheair gap and dielectric layer associated withaMEM S
parallel plate structure. The possible modes of analysisinclude:

Normal operating mode: V =V, o = 0; Charged dielectric only:
V =0, 0 = o,; Normal operating mode with charged dielectric:
V =V, 0 =0, Thelimiting cases include: plates open: x » &;
plates closed: x « a.

From a review of equations (3) to (6), a/kx is chosen as the
variable which defines the state of the plates. For alkx « 1, the
plates are open; for alkx = 1; the plates are closing, for alkx »1,
the plates are closed. Graphs for the contribution to the voltage
drop acrosstheair gap dueto the control voltage and the trapped
charge in the dielectric are presented in Figures 4 and 5
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 6 and 7
respectively.

The following observations are made. The equation for the air
gap voltage Vg consists of two terms; oneterm dueto the control
voltage V, and one term due to the trapped charge o. The
magnitude of both terms decrease as the gap separation x is
decreased. At any separation, apositive o reducesthe net Vg; a
negative o increasethe net V5. Theequation for theelectricfield
in the dielectric E, also consists of two terms; one term is due
to V, and one term is due to 0. As the gap is decreased, the

magnitude of the contribution to E, due to V, increases; the
contribution dueto o decreases. At any separation and apositive
V,, the contributions are additivefor apositive ¢ and subtractive
for anegative o.

The following assumptions for the model will be made.

(1) A uniform field geometry
(2) Uniform charge distribution on the dielectric layer
(3) Any space charge effects due to discharge are negligible

Normalized Air Gap Voltage Drop

Fig. 4. Air gap voltage drop due to control voltage normalized to V, vs gap
factor alkx
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Normalized Air Gap Voltage Drop

Fig. 5. Air gap voltage drop due to surface charge density normalized to
(oa)/(ke,y) vs gap factor alkx

1

0.8

0.6

0.4

0.2

Normalized Electric Field in Dielectric

Fig. 6. Electric field in dielectric due to control voltage normalized to V/avs
gap factor alkx



Normalized Electric Field in Dielectric

Fig. 7. Electric field in dielectric due to surface charge density normalized to
o/(ke,) vs gap factor alkx

V. CHARGE INJECTION PROCESSES
A ESD

Charge injection processes due to ESD have been analyzed in
the previous work. Since triboelectrification is the charging
mechanism for the source body, both polarities for the trapped
chargeo arepossible. Themagnitude of o dependsonthecharge
on the source body and the relative coupling of electric flux
between the source and target bodies.

B. Triboelectrification

Chargeisinjected into the dielectric layer as aresult of contact
and separation between the top electrode and the dielectric. The
polarity of o will depend on the materials employed as charging
partners. Inthe absence of dissipation processes, thetotal charge
will increase due to repeated contacts and separations.

The maximum surface charge density can be calculated using
Gauss law and the appropriate breakdown strength of air.
Consider a thin dielectric layer of surface are A with surface
charge density o due to triboel ectrification as shown in Figure
8. Then,

J§ D-dA = Q
26EA = OA
o = 2gE (8)
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Fig. 8. Electric field for dielectric layer with surface charge density ¢ COm™.

Assumingthat theel ectricflux associatedwith the surfacecharge
isdistributed equally between the two surfacesand using avalue
of 7.5x 10" V.m™ for the breakdown strength of air for aparallel
plate geometry with gaps lessthan 4 um, the maximum surface
charge density can be calculated.

0, = 0.66x 10° C.m?

If the flux associated with the surface charge is limited to one
surface, the maximum surface charge density becomes:

O, = 1.33x 10° C.m®

C. Air Gap Breakdown

Charge is transferred across the air gap due to breakdown
predicted by the modified Paschen’s curve. The polarity of o
will be of the same polarity as the potential V, on the injecting
electrode. For repeated opening and closing of the switch, an
iterating procedure involving subsequent dischargesisinvolved
until the minimum gap for the design isreached or until the gap
voltage Vg approaches zero. The calculation procedure for two
cycles of thisiterating procedure follows.

Cycle One
o=0
Solvefor x, for breakdown, where:
Vg =k X
Then:
X = Vgk, - ak
0, istransferred across the gap, where:
Ve = kX
C = gAlX,
Q = ¢cv
o, = QA K.&o

Recalculate V4 using equation (6) with o = gy,

The switch is opened; recalculate Vg using equation (6).
Cycle Two

Reduce x and solve for x, for breakdown.

X, = V/k - ak
where:
Vi = [V = (0a)l(key)]

Prior to discharge, calculate Vg using equation (6).

o istransferred across the gap.

Recalculate V4 using equation (6) with 0 = 2 g,,.

The switch is opened; recalculate Vg using equation (6).



V.ANALYSIS

Various reliability issues will be analyzed and example calcu-
lations presented for the following typical test structure.

Area: 100 x 100 pm’

Air gap: 3um

Dielectric thickness: 0.2 um
Dielectric breakdown: 10" V.cm™
Dielectric constant: 5

Operating voltage: 10V

A. Air Gap Breakdown

Theiterating procedure was repeated for three switch cycles. A
plot of the air gap voltage as afunction of air gap for the case
where the switch is closed is shown in Figure 9. The air gap
voltage as a function of switch cycles for the case where the
switchisopen in presented in Figure 10. As aresult of repeated
discharges, the net Vg approaches zero. This can be interpreted
as a possible condition to support the onset of stiction.
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Fig. 9. Air gap voltage V with switch in closed state versus air gap x
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Fig. 10. Air gap voltage Vg with switch in open state versus switch cycle
B. Stiction
The general expression for the air gap voltage drop is:

1 oa 1

Voo = Vo ook T ke, 1+alkx ©

The following interpretation can also be made concerning the
condition wherethe net air gap voltage drop Vg approaches zero
due to equal but opposite voltage drop contributions due to V,,
and o; this condition applies for the case where both V, and o
arepositive. If the switch isclosed and V, isremoved, the force
dueto o will result in the switch remaining closed. If V,is now
applied, the net Vg iszero and the switch will open. If the switch

is open and V, is removed, the force due to ¢ will cause the
switchto close. There appearsto be an inversion between switch
state and control voltage due to the trapped charge o.

When the control voltage V, is positive and the trapped charge
0 is negative, the following interpretation applies when the
voltage drops due to V, and o become equal in magnitude. For
both switch states, the electrostatic force due to the net Vg will
cause the switch to close or remain closed; this in then the
condition for stiction.

Both termsin this expression have a maximum when the switch
is open and decrease as the switch is closed. Equating the two
termswill yield the surface charge density which givesthe same
voltage drop as due to the control voltage V,. This can be
interpreted as the condition to initiate false closure of the plates
or the onset of stiction.

v 1 _ oa 1
° 1+alk« kg, 1+alkx
Vke,
o = a (10)

For the test structure, this gives o = 2.2x10° C ™2,
C. Dielectric Breakdown

In the absence of a control voltage, the maximum electric field
E,inthedielectricisrealized when the switchisopen. Assuming
kx >> g,

o

E —
A ke,

(11)

Itispossibleto solvefor the surface charge density for dielectric
breakdown.

o = kekEg,

For the test example, 0 = 44.25 x 10° C (in ™2,
VI. SUMMARY

Anelectric fieldmodel hasbeen presented for useintheanalysis
of the effect of charge injection in MEMS structures. Air gap
voltage drops and electric fields in the dielectric layer can be
calculated asafunction of switch geometry, switch state, control
voltageandtrapped charge. Conditionsfor stictionand dielectric
breakdown are devel oped.
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