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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
devicescan result in failuresdueto air gap breakdown, stiction, dielectric breakdown and ano
oper ation mode. The dynamic effects of leaky dielectric layersand air gap space chargearealso
examined.

[. INTRODUCTION

Microelectromechanical systems (MEMS) which include micro-gap assemblies are
inherently very sensitive to electrostatic discharge (ESD). Charge injection into aMEMS
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.

1. 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 diel ectric breakdown dueto trapped chargein thedielectric. A model
is also presented to analyze the effect of aleaky dielectric layer and air gap space charge
on the frequency response of a capacitive MEMSS structure.



1. CAPACITIVE MEMS CHARACTERISTICS

Theoperating principle of aM EM Sbased RF switchisshowninFigure 1; thisisan 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 voltageis used
to cause the bridge to collapse on top of the dielectric. When the bridge isdown, the device
behaves as an RF shunt switch for GHz range signals. The structureisabasic parallel plate
capacitor with the plate collapse being effected by electrostatic force F, controlled by the
applied voltage. A dielectric layer is necessary to prevent ashort circuit during the collapse
of the plates. Typical operating voltages are in the range of 15-80 volts [16-18]; designs
havebeen reported with actuation voltagesbelow 5 volts[19-21]. Intypical designs[21,22],
the plate area is of the order of 100 x 100 pm?, the plate spacing is of the order of 1-3 um
and the dielectric thickness is 0.2 um. When chargeisinjected and trapped in the dielectric
layersin MEMS, abias force F, 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
withtheair gap during plate collapse, triboel ectrification between the plate and thediel ectric
layer or ESD. If the biasforce dueto theinjected chargeis sufficient, it can cause the plates
to remain in the closed position after removal of the control voltage. Thisisreferred to as
gtiction. The ratio of these two forces can be used as a figure of merit to assess reliability
in MEM S where voltage and charge modes are inherently present.

Foraparallel platecapacitor with plateareaA, plateseparationd, applied voltageV, resulting
plate charge Q and medium dielectric constant €, the electrostatic forceis given by [23]:
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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 thisanalysis, alinear relation between breakdown voltage and gap
will be assumed in the re7gion below approximately 4 pm; as shown in Figure 2, the slope
inthis region is 7.5 x 10" V/m. Beyond 4 um, the slope becomes 6.2 x 10" VV/cm; beyond
100 pm, the slope decreases to 3.0 x 10* V/cm.
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Fig.2 Breakdown voltage in air vs gap

V. CHARGE INJECTION MODEL

Consider the basic parallel plate model of a capacitive MEM S structure shown in Figure 3.
The upper electrode to be displaced by the application of control voltage V, hasaplate area
A andisseparated fromthefixed reference plate by adistanced. Thegap mediumisassumed
to be air with a permittivity €,. Attached to the bottom electrode isathin dielectric layer of
thickness d, and dielectric constant k. In this analysis, charge Q, due to an ESD event is
injected into the top electrode, transferred across the air gap due to breakdown and trapped
inthe dielectric layer on the bottom electrode of the MEM S structure. Thetotal capacitance
of the structure is[25]:
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C, isthe capacitance of the air gap; C, isthe capacitance of the dielectric layer.
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Thepotential developed acrossthestructuredueto theinjected charge Q, onthetop electrode
is:

Q
C;

Thispotential isdistributed asV, and V, acrossthe air gap and dielectric layer respectively
as.
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Fig.3 Parallel plate model for capacitive MEMS

Consider atypical MEMS switch with aplate area 100 x 100 um?, with an air gap of 3 pm
and a dielectric layer of thickness 0.2 um fabricated from either silicon dioxide (SiO,) or
silicon nitride (Si;N,). The following properties apply [26]:

SiO,: dielectric constant, 3.9; dielectric strength, 10'V/cm
Si,N,: dielectric constant, 7.5; dielectric strength, 10°V/cm

Sincethedielectric thicknessd,ismuch smaller thantheair gapd, C,>> C, andthefollowing
approximations result:

C,
vV, =V, ©)

n
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Theresulting potential dueto the injected charge is mainly dropped acrossthe air gap. For
agap of 3 um, the breakdown voltage from the modified Paschen’ s curve is approximately
300V. Since C, = 3 x 10™F, an injected charge of about 10 x 10™C is sufficient for the air
gap to breakdown; the injected charge in then transferred to the dielectric layer whereit 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 dlopek; of the curvein
the region below 4umis 7.5 x 10" V/m.

V. ELECTRIC FIELD MODEL

The possiblefailure mode which is analyzed here rel ates to the breakdown of the dielectric
layer inaMEMS structure due to trapped charge. It is assumed the charge Q injected into
the MEM S structure by ESD istransferred to the dielectric layer asaresult of abreakdown
of the air gap; the charge is assumed to be trapped in the dielectric layer. The model shown
in Figure 4 isused for the analysis. V,, is the control voltage applied to the upper plate; the
air gap separationisthevariablex; thethicknessof thedielectriclayer with diel ectric constant
k is a. The surface charge density of the injected charge on the diglectric layer is C/m?
The electric fields in the air gap and dielectric are E; and E,, respectively.



Thefieldsin the regions above and bel ow the charge layer satisfy the boundary conditions
[27]:

E.a + Egx V, (10)

keg, + ¢E5 = O (12)
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Fig.4 Electric field model for capacitive MEMS structure

Thesolutionsfortheelectricfieldsintheair gap (Ez) andthedielectric (E,) , andthepotential
drops acrossthe air gap (V) and the dielectric layer (V,) are:

E = \;0 1+ tx/a " k%:0 1+ elalkx (12)
Va = Vo 1+ tx/a " %eao 1+ elalkx (13)
B = ‘ a\;\/ : 1+ tx/a - go 1+ tx/a (14)
Ve = Vo 1+ elalkx - %eao 1+ elalkx (19

These equations permit an analyses of the electric fields and voltage drops in the air gap
and dielectric layer associated withaMEM S parallél plate structure. The modes of analysis
include: Normal operating mode (V = V,,, 0 = 0); Charged dielectric only (V =0, 0 = 0,);
Normal operating modewith charged dielectric (V =V, 0 = 0,). Thelimiting casesinclude:
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 alkx « 1, the plates are open; for a'kx »1, the plates are closed. Graphs
for the contribution to the voltage drop acrossthe air gap due to the control voltage and the
trapped charge in the dielectric are presented in Figures 5 and 6 respectively; graphsfor 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.
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Fig.5 Air gap voltage drop due to control voltage normalized to V, vs gap factor alkx
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Fig.6 Air gap voltage drop due to surface charge density normalized to (oa)/(ke,) vs gap factor alkx
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Fig.7 Electric field in dielectric due to control voltage normalized to V /avs gap factor alkx
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Fig.8 Electric field in dielectric due to surface charge density normalized to o/(ke,) vs gap factor alkx

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

Maximum air gap spacing: 3 um

Dielectric thickness: 0.2 um

Dielectric constant: 5

Breakdown strength of dielectric: 1x10° V/m

Breakdown strength of air (slope of modified Paschen’s curve): 7.5x10" V/m

Plate area: 100x100 pm?>.



A. Dielectric Surface Charge Only: Voltage Drops
The general expression for the air gap voltage drop is:

1 oa 1
Voo = Vo Tiaikk T ke, 1+alkx (16)

Both termsin this expression have amaximum when the switch is open and decrease asthe
switch is closed. Equating the two terms will yield the surface charge density which gives
thesamevoltagedrop asdueto thecontrol voltageV . Thiscan beinterpreted asthe condition
for the onset of stiction.

1 oa 1

Vo Tvalx - ke, 1+alkx (7
Vke,

o = a (18)

For the test structure, this gives o = 2.2x10° C/n?.

Stiction isdefined asthefailurefor the platesto rel ease upon removal of the control voltage
V,. Itis caused by the air gap voltage drop due to o being of the same magnitude as the
voltage drop dueto V.

With the plates open, another interpretation of equation (16) can be made. For o positive
and 'V positive, itisnoted that the polarity of thevoltage drop dueto o isoppositein polarity
tothe voltage drop dueto V. It isthen possible that the net air gap voltage approaches zero
which would imply ano operation mode for the switch with the application of the control
voltage. Thiswill be defined as the no op mode.

B. Dielectric Qurface Charge Only: Electric Fields
In this case, the control voltage V, = 0 and the dielectric surface charge density is 0.
For the air gap:

o 1
B, = g, l+kx/a (19)
For the dielectric layer:
o 1
E, = ke, 1+alkx (20)
Themaximum electricfield E, inthe dielectric dueto o isrealized when the switch isopen.
(o)
B 7 e (21)

Itis possible to solve for the surface charge density for dielectric breakdown.
o = kekEg,

For the test example, 0 = 44.25 x 10° C/m?
For the switch open, the electric field Eg inthe air gap is:
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(22)

For the example, E; = 6.67 x 10’ V/m. Thisis less than the breakdown value of 7.5 x 10’
V/mfor themodified Paschen’ scurve. Thisexampleshowsthat thediel ectric canbreakdown
while the air gap does not.

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

- Q
E, = kesA

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

An estimate of the critical charge Q;D for breakdown can be made. The following values
areassumed: k =5, A = 100x100 um?, Egp = 10" V/em. Then Qgp = ke A Egp =4.4x 107°C.

(23)

VI.IMPEDANCE ANALY SIS MODEL
A. MEMS equivalent circuit

Theequivalent circuit used in theanalysisis shownin Figure 9. R, and C, aretheresistance
and capacitance respectively of theair gap. Under normal conditions, R, isduetothe natural
conductivity of air; thevalueisreduced dueto space chargewhich canresult from breakdown
eventsacrosstheair gap dueto ESD. R, and C, aretheresi stanceand capacitancerespectively
of the dielectric layer. Under normal conditions, R, 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
inthe dielectric.

Air Gap

Dielectric
Layer

Fig.9 Equivalent circuit of capacitive MEMS structure



B. Test Sructure

A typical MEMS switch [21,28] has a plate area of 100 x 100 um? with an air gap of 3 um
and a dielectric layer of thickness 0.2 um. Usually either silicon dioxide (SiO,) or silicon
nitride (Si;N,) areused in thefabrication of thelayer. An average of their material properties
[26] will be usedin computationsfor thetest cell asfollows: dielectric constant - 5; dielectric
strength - 10" VV/cm; volume resistivity - 10* Q.cm. For the air gap, atypical conductivity
valueof 2 x 10™ Q*.m™* will be used [29].

Inthisanalysis, the switch will be assumed to be in the open state. The cal culated values of
the elementsin the equivalent circuit of the test cell are:

R,=15x10®Q; C,=295x 10 F
R,=2x 108 Q: C,=2.2x 102F

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 V,, to the control voltage V;. By voltage division,

Vo _ Zl

v, Z,+7,

(24)

Z, isthe complex impedance of R, in parallel with C;; Z, is the complex impedance of R,
in parallel with C..

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

Fig.10 Impedance analysis model

1) Casel: Leaky Dielectric

The effective resistance R, of the dielectric layer can be decreased either through selection
of material properties at manufacture or by dielectric breakdown initiated by surface charge
transferred acrossthe air gap in ESD events. The straight line approximations for Z, and Z,
are shown in Figure 11. At any frequency, equation (24) applies.



Vo :
For f <f,, Vzl since R »R,

Vo .
For f,<f<f, Vzl since 1/wC;» R,

Vo
For f>f, Vzl since 1/wC;» JwC,

For thetest cell, the calculated corner frequenciesaref, = 3.6x10* Hz and f, = 3.6x10° Hz.
For aMEMS structure, the frequency region of interest relates to the time domain charac-
teristics of the control voltage V,. The effective bandwidth of arectangular pulse of length
Tis[30]:

Beff = — (25)

Ananalysisof the frequency domain response of theair gap voltage can be effected through
an examination of the straight line approximations for Z, and Z,. As R, is decreased, the
corner frequency f, for Z, increases. For each decrease by an order of 10 for R,, f, increases
by one decade. However, for the example shown, the air gap voltage drop V, isequal to the
control voltage V; 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:

T = RG, (26)
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, R, = 4.6x10" Q; the corner frequency f, becomes 1.6x10™" Hz.

‘ 1
wCl

20 log impedance, ohm

log frequency, Hz

Fig.11 Cell impedances vs frequency for leaky dielectric



2) Casella: Low Density Space Charge

The effective resistance R, of the air gap can be decreased by space charge which results
from a breakdown acrossthe air gap dueto an ESD event. The straight line approximations
forZ, and Z, areshowninFigure12. AsR, decreases, the corner frequency f, for Z, increases.
For each decrease by an order of 10 for R,, f; increasesby one decade. For low density space
charge, the analysis presented for Case | applies; the air gap voltage drop V,, is equal to the
control voltage V; independent of frequency.
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Fig.12 Cell impedances vs frequency for low density space charge in air gap

3) Case I1b: High Density Space Charge

The straight line approximationsfor Z, and Z, 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 amicro column of space charge introduced by air gap breakdown events.

Vo Rl
For f<f, V:§<l
i 2

Thisis 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.

Vo _ Rl

V, TwC,

For f,<f<f,

This is considered to be an indeterminate state since the air gap voltage may be reduced
sufficiently to cause no closure of the switch.
Vo CZ

For f>f, V:6:1 since C,>C,;
i 1



The air gap voltage is equa to the control voltage; normal operation and closure of the
switch will result. In the above analysis, a corner frequency f, = 1 Hz corresponds a control
vol ta%e pulse width of 1s. The columnar resistance for this corner frequency isR. = R, =
1x10™ Q.

R 1
| ) C2
S L \ /
S R |
g - } 1
s \ | WG
T | | /
E | |
g | | |
o \ \
N = | ‘
| |
f f

2
log frequency, Hz
Fig.13 Cell impedances vs frequency for high density space chargein air gap

VIl. 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
gtiction, dielectric breakdown and on operation states have been evaluated. A methodol ogy
tostudy theeffect of leaky diel ectric layersand air gap space charge on thedynamic response
of acapacitive MEMS structure has been introduced.
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