Characterization of dielectric charging in RF MEMS
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Abstract— Capacitive RF MEMS switches show great promise Springs \
for use in wireless communication devices such as mobile phones, : I

7 Z
but the successful application of these switches is hindered by Zf Fspring %
the reliability of the devices: charge injection in the dielectric v+ | |— Top electrode
layer (SiN) can cause irreversible stiction of the moving part of
the switch. Ebias Fe
Our research comprises a study on charge injection by h
stressing the dielectric with electric fields on the order of 1
MV/cm, and by measuring the effects it has on the C-V curve. Silicon Nitride
_ _ _ o dielectric
Index Terms— RF MEMS, dielectric, charging, reliability. ZZ _

— Bottom electrode
I. INTRODUCTION

. . . Fig. 1. Schematic representation of an RF MEMS. The top edetiof a
RF MEMS (Radio Frequency Micro-Electro-Mechanicaparallel plate capacitor can be pulled down by applying @agsl greater than

Systems) capacitive switches show great potential for ute pull-in voltage " > V;,;), which is pulled up again by the springs if the
in wireless communication devices such as mobile phondB, 9% .2 Pt IE B T e hcknees
This is due to the gOOd RF characteristics and low POWET approximately0.4 pm, and the air gap is approximatefy2 pm.
consumption of the switches [1]. Fig. 1 shows a schematic
representation of an RF MEMS. The switch consists of two ¢,
electrodes, of which the top electrode is suspended by tiny |
springs. The top electrode can be pulled down by applying a M
voltage across the air gap between the two electrodes. Above & |
certain voltage, the balance between the attracting eksettic E
force and restoring spring force becomes unstable and theg 401
switch closes. This voltage is called the pull-in voltalgg. 8 301
A dielectric layer prevents DC current flow. Once closed, the S , | L
electric forces are much higher due to the shorter distance

po po pi

. . A 1.0 '\o en/'
between the electrodes, and the switch will only open adain i o | | | " | | |
the voltage is lowered beneath the so-called pull-out gelta B T 0 10 20 30 0
(Vpo)- Vpi and 'V, can be found by measuring the hysteresis Voltage [V]
present in the capacitance-voltage curve of the switch. An
example of such a C-V curve is given in Fig. 2. Fig. 2. Typical C-V curve of an RF MEMS. By ramping the voltage the

. . . . top electrode is pulled down and the capacitance increddese V' = V,;
In the closed state, the electric field in the dielectric tage the switch closes. When the voltage is ramped down again, thehsapens

on the order of 1 MV/cm. Because of this high field, chargler V < V;..

is injected in the dielectric, which changes the electritdfie

present in the gap between the two plates. This superimposed

E-field shifts the C-V curve [2], as will be shown in the nexfy the voltage sourcelf,) to the distance between the two
part. A large amount of injected charge can lead to failure gfates:

the switch due to stiction of the top electrode to the dielect

Il. QUANTITATIVE EFFECT OF CHARGE IN THE DIELECTRIC Fg = _V(UV 4+ UE) = %QV-

T e B(2)?

capacitor the electrostatic force can be calculated brmdiff- A— 5

If we assume that the switch behaves as a parallel plate d @ eok|E(2)|2
dh (/0

tiating the total electrostatic energy in the capacitég) and
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Fig. 3. E-field in a parallel plate capacitor. a) No fixed cleargn the

dielectric. b) Fixed surface charge at height d.

where A is the area of the platé) the charge provided by the
voltage source to the capacitdrthe thickness of the dielectric,
keo the permittivity of the dielectricey the permittivity of air,

9.0
60 ‘ Vi = Vo + Vi
' V. =V +V,,
701 po po shift oy
[y W‘r\.m «—=Closed —, N
260
8
2 5.0
S
3 4.0 R . —»
o
230
o
2.0
104 TR ~ ) )
'\Open —
0.0 T T T T T T T
-40 -30 -20 -10 0 10 20 30 40
Voltage [V]

Fig. 4. C-V curve before (black) and after (grey) a device Iasn stressed
at 65 volt for 727 seconds.

Ill. M EASURING DIELECTRIC CHARGES
A. Setup

To study the charge injectionVyr; is measured as a
function of stress voltage and time. The setup with which

h the distance of the plate to the top of the dielectric arljese measurements are done is depicted schematically in

E(z) the electric field at place between the plate, with the Fig. 5. To avoid moisture from influencing the measurements,
bottom plate being: = 0. If no charges are present in thehe devices are stressed and measured in a glovebox with a

dielectric (Fig. 3a), the electric field has a valég in the
dielectric andE, in the airgap. By noting thatE; = £, and
E;-d+ E;-h =V E(z) can be calculated:

{

Together with (1) and) = CV = ¢g AV/ (h + d/k) this leads
to the electrostatic force in absence of electric charge:
60AV2

(7e7) =it

If a fixed charge layer with density,; atz = z, is present, the

A (0< z<d)
B =1 "W casn)

)

h+4

60AV2 d

2 dh

1
d
dihn

F= 3

nitrogen environment at atmospheric pressure. A bias gelta

is provided by a Keithley 230 Programmable Voltage Source to
a HP4275 LCR meter which can then be used to measure the
capacitance as function of voltage. A LabVIEW program was
written to automate the measurements. It stresses theedevic
and periodically measurdg,,;s,. After each period of stress,
the shift of the C-V curve relative to the unstressed statetmu
be measured. Several methods were considered:

1) Measure the C-V curve with equidistant steps from
below V; to above V! back to belowV); again.
Compare to the original C-V curve by determining the
pull-in and pull-out voltages [5], [6]Vsnit: iS determined
by ‘/shift = Vpi - V;fi:()‘

surface charges at the top and bottom electrode are no longeg)
equal and of opposite sign. The changes in the E-field (Fig.
3b depicts the case af, = d) and the surface charge at the
top electrode change the expression for the force [4]. It now
becomes:

Similar to method 1, this method searches for the value
of V,; by an algorithm based on successive approxima-
tion. Note that after each guess for the pull-in voltage
the switch must be allowed to open again. Agai,s;

is determined byWaire = Vi — Vlfizo.

2
€A (v — Z;Q’T?) 3) Only measure the shift of the center (opened switch) part
= - y 5 4 of the C-V curve by estimating the voltage at which
2(5+h) the capacitance has the lowest value. This is done by

fitting a parabolaC(V) = a - (V — Vapite)? + Copen
through the center of the C-V curve (Fig. 6). Since the
electrostatic force is proportion&lV — Vi )2 [4], C(V)

is symmetric around = Vi, therefore this fitted
parabola accurately determingg,;¢;. To our knowledge,
this is a new method, since another non-contact method
[7] requires RF measurements.

The net effect of this change in the force is a horizontaltshif
Vanite in the C-V curve by

2604
keo '

(®)

Vehite =

An example of this shift is given in Fig. 4. The shift of the
C-V curve can lead to failure if the negative pull-out vokag
shifts past the y-axis, in which case the closed switch vatl nMethod 1 has the disadvantage that for each measurement of
open if the voltage is set to 0 V. Another problem is the fadt;,;s, the capacitance has to be measured a lot of times. Since
that if Vinige > 0, @ higher actuation voltage is required tdhe LCR meter takes roughly 1 second to accurately measure
close the switch. the capacitance, measuring,;s; takes a significant amount of
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Fig. 5. Schematic view of the measurement setup. A LabVIEW coenput 21 ‘ ; : ‘ ‘
0 5 10 15 20 25 30

program controls a HP4275 LCR meter and an Keithley 230 veltagp- . .
grammable Voltage Source. The LCR meter is connected to the RAME Stress time [minutes]
devices, which are stressed and measured in aNdratmosphere.

Fig. 7. Shift of C-V curve as function of time at room temperatéor 50,

1.29 60 and 70 V stress. Spread in the measured results is highégheartstress
4 voltages.
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Fig. 6. Center of the C-V curve before (black) and after (y@eylevice has 0 ‘ ‘ ‘
been stressed at 65 volt for 727 seconds. By fitting a parabotaigh the 40 20 40 60 80

data, the centeV,;r; can be accurately determined. .
Time [hours]

ti that during th £ h leak Fig. 8. Shift of C-V curve as function of time at room temperattor 60 V
Ime SO that auring the measuremen VOfiee C arge can leak gyress. At first positive charges increddg;s, Which is later on compensated

away again. Also, voltages aboVg; have to be applied so thatby negative charges.

the switch 'sees’ additional stress during the determamadf

Vanite- Method 2 is faster and also more accurate, but still has

one of the problems of method 1: during the measuremelggd to variationsrz in the electric field:

voltages abové/,; have to be applied. This leaves method 3, d

which is both fast and has no risk of charging the dielectric op=|—g——E|oa,
further during the determination &fy;¢,. Since a large/p;g d(§; + helosed) "

can prevent the switch from opening at 0 V after a period of Vv

stress, the voltage is actually first set to gnevious measured = 17a . 12| %4+haosea (6)

value of Vs, rather than 0 V, before attempting to measure (E + hd%ed)

the new value ofV;¢. The variations in E are thus proportional to variations in

% + heaosea @nd to E itself. Since the charging speed rapidly

B. Results increases withE, the variations inE translate to a larger
In Fig. 7 the resulting shifts in the C-V curve due tapread in the charging curves at 70 V.

three different stressing voltages are shown. As one wouldanother interesting thing to note is that at least two com-

expect, a higher stress voltage results in a faster andrlargeting mechanisms, with different time-scales, are fouid. (

change ofViui:. It is also clear from the measurements thag) after prolonged stressing of the dielectric. Hétg;, first

at higher stress voltage the spread in the measured voltaggeases, indicating the injection of a positive charge by

shifts becomes larger. It is speculated that this spreatién the positive top electrode, followed by a decreaseVgfy,

charging is due to variations in the thicknessf the dielectric indicating a Compensation of the positive Charge by negativ
and surface roughness of the top electrode, which leads tetarges injected by the bottom electrode.

rest air gaphciosea between the top electrode and the dielectric

in the closed state. Since the electric field is proportidnal IV. CONCLUSIONS AND OUTLOOK

the applied voltage and inversely proportional‘—,jtei— helosed In this paper initial results of a study on dielectric chagyi
(2), variations in the nitride thickness and surface roegisn in RF MEMS are shown. The shift of the center of the C-V
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curve of such a capacitive switch is used as a measure for
the injected charge. At higher voltages the devices not only
show quicker and larger shifting of the C-V curve, but also
a larger spread in the measured shifting curves, which can
be attributed due to variations in the dielectric thicknasg
surface roughness.

After the initial rise of Vg, for long durations of applied
stress the shift of the C-V curve decreases again, indigatin
two different charge injection mechanisms working at défet
timescales.

We intend to study dielectic charging of RF MEMS further
by measuring with a different setup which can accurately
control the temperature. The temperature and stress woltag
dependent measurements will lead to a greater undersgandin
of an important failure mechanism of RF MEMS.
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