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Charging is one of the most important reliability issues in radio frequency microelectro- mechanical systems

(RF MEMS) capacitive switches since it makes the actuation voltage unstable. This paper proposes a hybrid model

to describe the transient dielectric charging and discharging process in the defect-rich amorphous SiO2 RF MEMS

capacitive switches and verifies experimentally. The hybrid model contains two parts according to two different charging

mechanisms of the amorphous SiO2, which are the polarisation and charge injection. The models for polarisation and

for charge injection are established, respectively. Analysis and experimental results show that polarisation is always

effective, while the charge injection has a threshold electric field to the amorphous SiO2 film. Under different control

voltage conditions, the hybrid model can accurately describe the experimental data.
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1. Introduction

Charge accumulation in dielectrics caused by an
applied voltage is well known in scientific literature
from many years ago.[!] After decades of improving the
reliability of metal-oxide-semiconductor (MOS) tran-
sistors, dielectric failure rates resulting from charg-
ing problem!?3] have been reduced to an almost im-
perceptible range. However, the dielectric charging
behaviour of some microelectro-mechanical systems
(MEMS) devices is still poorly understood and a sub-
stantial contributor to device failure. This is partly
because in MEMS, the SiO, dielectric is often de-
posited under a low temperature for process compat-
ibility. This will lead to a much higher defect concen-
tration in the dielectric layer. In addition, the SiO,
film in MEMS is mostly 10? times thicker than that
in the MOS structure, even the stressed electric of the
former is higher than the latter. So it is hard to tell
if the MOS theory is still effective for addressing the
reliability issues of MEMS.

Radio frequency (RF) MEMS capacitive switch
is a sort of MEMS device.
applications for high frequency signal processing due

It has great potential
to their excellent performance, i.e. high isolation,
low insertion, low power consumption, no or negligi-
ble distortion. However, the accumulation of charges
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in the dielectric layer is recognized as one of the
most important mechanisms that leads to stiction or
fails to actuate,*=® and thus becomes a hot spot
of study in recent years. Experimental characteri-
zation of dielectric charging in RF MEMS capacitive
switch was demonstrated by the Raytheon Company
for first time.[¥ A simple dielectric-charging model
was then set up by using the charging model of a
capacitor.[% It was reported that the dielectric charg-
ing was caused by charge injection, and the Frenkel—
Poole conduction was used to roughly explain the
charging mechanism.[®! An experimentally fitted an-
alytical modell”) and a stretched exponential model!®!
were two notable models for the quantitative modeling
of dielectric charging. Experimental results show that
dipolar polarisation can be as important as charge in-
jection in very disordered dielectric films.!®) However,
most of the existing models are not based on the di-
electric charging mechanism, several models are based
on just one kind of charging mechanism. It reveals
that current models may be over simplified.

With this in mind, this study proposes a hy-
brid dielectric charging/discharging model for the RF
MEMS capacitive switches which use amorphous SiO9
film as dielectric. The paper is organized as follows:

1) To analyse the transient dielectric charging
mechanisms of the amorphous SiOs RF MEMS ca-
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pacitive switch, and then propose models according
to these mechanisms.

2) To establish the hybrid model, and give its op-
eration condition.

3) To explain the experimental phenomena using
these mechanisms, and verify the hybrid model using
the experimental data.

2. Charging mechanism and

modeling of the amorphous
SiO; film in RF MEMS capac-

itive switches

2.1. Foundation of the RF MEMS capac-

itive switch

Figure 1(a) shows the schematic diagram of an
amorphous SiOs RF MEMS capacitive switch, the
membrane bridge is formed by using the surface sacri-
ficial layer technology.l'®) When no voltage is applied,
the switch is at its ‘up state’ and the RF signals can

V top electrode

bottom electrode]

sl bstrate

(a)

pass through the switch. If a DC voltage is applied,
the switch membrane will be attracted down by an
electrostatic force. When the applied voltage is higher
than a certain pull-in voltage of the structure, the
membrane will collapse and land on top of the dielec-
tric and the RF signals will be greatly reflected from
the landing position. This is called the ‘down state’
of the switch. Once the membrane is down, charges
start to accumulate in dielectric layer under the stress
of the down-state voltage. The charge accumulation is
irreversible in the average switching time. Therefore,
it leads to a shift of the subsequent actuation voltage.
The relationship between the accumulated charge and
actuation voltage shift can be given byl

AV = —g P, (1)

where z is the distance from the charge layer to the
bottom surface of the dielectric, P, is the charge den-
sity at z, € is the electric permittivity of the dielectric,
as shown in Fig. 1(b), and AV is the actuation voltage
shift caused by the accumulated charge in the dielec-

tric.

[
-

bottom electrode

(b)

Fig. 1. An amorphous SiO2 RF MEMS capacitive switch: (a) schematic diagram of the switch; (b) accumulated

charge layer in the dielectric.

2.2. Modeling the polarisation process

One mechanism that can accumulate charges in
dielectric is the polarisation. The switch response time
is generally greater than 1us. Therefore, the very fast
polarisation processes, i.e., electron and atomic polari-
sation are neglectable. On the other hand, the dipolar
polarisation and space charge polarisation processes
which can last from milliseconds to minutes have to be
considered. The amorphous SiOs used in RF MEMS
capacitive switches usually possess a degree of defects,
i.e., lattice imperfection or doping. Therefore, the
main polarisations need to be considered here are the
dipolar polarisation process caused by the reorienta-

tion of complex defects, and the space charge polar-
isation process caused by the translational motion of
simple defects such as vacancies, ionic interstitials and

defect electronic species, as shown in Fig. 2.

top electrode

bottom electrode

Fig. 2. Dipolar polarisation and space charge polarisation
in amorphous SiOs.
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In dielectric materials, the time and temperature
dependence of dipolar polarisation and depolarisation
processes are determined by the competition, between
the orienting action of the electric field and the ran-
domizing action of thermal motion. However, space
charge polarisation and depolarisation processes are
far more complex, because several mechanisms such
as the counteracting action of diffusion, recombina-
tion of carriers, the charge trapping, and the influence
of local electric field can be involved simultaneously.
It must be taken into account that the amorphous
SiOy film used in the RF MEMS capacitive switch is
a rather disordered system with a degree of defects. In
such a system, it is more appropriate to assume that
the stretched exponential law is more suitable for de-
scribing the total transient polarised charge density

P,,12)
fﬁ@):}%-{l—exp{—(é)ﬁ]}, @)

where t represents time, Ps is the steady state polar-
isation magnitude, # < 1 is the exponent, and 7 is
the process time scale. The polarisation time 7 may
achieve hundreds of seconds in amorphous SiOs as
mentioned before. In Eq. (2) the polarisation charges
are considered to be distributed on top and bottom
surface of the dielectric. According to Eq. (1), only
the top ones need to be considered here.

In addition, the decay of these depolarisation pro-
cesses after removal of electric field is given by

Pa(t) = Py -exp [— (;)B] , 3)

where P, is the polarisation magnitude at the begin-
ning of the depolarisation.

2.3. Modeling the charge injection pro-
cess

Another mechanism that can accumulate charges
in dielectric is the charge injection. Traps in amor-
phous SiO; are of amphoteric nature, so they can be
negatively or positively charged. Once the electric
field in amorphous SiOs reaches its threshold electric

field of tunneling, the Fowler-Nordheim tunneling!*®!

(1] the conduction

and/or the trap assisted tunneling,
process starts to give rise to a spatial distribution of
charges in the vicinity of the injecting contacts. This

charge injection process is much similar with that of

charge accumulation in the regions with discontinu-
ous electrical parameter. So the charge injection pro-
cess can be modeled through the analysis of multi-
layer Maxwell capacitor configuration. According to
Eq. (1), the charges injected from the bottom elec-
trode have a very small contribution to the actuation
voltage shift in comparison with the top one. So a two-
layer Maxwell capacitor configuration is used here to
describe the charge injection of amorphous SiO5. Fig-
ure 3(a) shows the real contact configuration of the
‘down state’, so the equivalent dielectric in Fig. 3(b)
is made up of air and the surface of amorphous SiOs.

Let P, represent the injected charge density at the
bottom interface of the equivalent dielectric. Follow-
ing Gauss law, we can express P, by

Pl(t) = EeEe - €SES7 (4)

where €, €5, and F,, Fg, are the electric permittivity
and the electric field of the equivalent dielectric and
the amorphous SiO4 dielectric, respectively.

top electrode

air
»’

bottom electrode

(a)

top electrode

_V

bottom electrode

(b)
Fig. 3. Cross Sectional view of the ‘down state: (a)
real contact configuration; (b) two-layer Maxwell capac-
itor configuration.

Following the law of charge conservation at the
interface, we have

OB (t)
ot

+ (0oFEe — 0sEs) =0, (5)

where o, 04, are the conductivities of the two di-
electrics, respectively. By using the definition of volt-
age potential, we have

doBo + dsEs =V, (6)
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where d. and ds are the thicknesses of the two di-
electrics, respectively, and V is the stressed voltage
between the top and bottom electrodes. Combining
Egs. (4)—(6), we obtain the transient inject charge
equation by

OP;i(t
af LBt = n, (7)
where m and n are
dsOe + doog OsEe — Ocfy
= - = "V 8
e T S S ®)

The model parameters including electric permit-
tivity and thickness can be obtained experimentally.
Substituting the initial condition P,(t = 0) = 0 into
Eq. (7), we can derive the transient growth of charge
injection process:

B(t) = = - [1 — exp(~mt)]. 9)

When the actuation voltage is removed, the

switch recovers to its ‘up state’. So the equivalent

top electrode

air

equivalent interface

bottom electrode
(a)

dielectric becomes air, as shown in Fig. 4, its thick-
ness do >> dg and its conductivity o, << os. Hence,
the m and n can be rewritten as

(10)

and the transient decay process of injected charges can
be obtained

Pi(t) = Po - exp(—m#), (11)

where Py is the injected charges at the beginning
of the decay process. Experimental results!'® show
that conductivity of the SiO5 dielectric increases
much faster with the increase of the applied electric
field. Therefore, conductivity of the SiOy dielectric
in Eq. (8) will be much larger than that in Eq. (10).
And 1/m represents the process time in Egs. (9) and
(11), the consequence is that the growth of charge in-
jection will be much faster than its decay, leading to
a time-dependent accumulation of the charges.

top electrode

bottom electrode

(b)

Fig. 4. Cross sectional view of the ‘up state’: (a) real contact configuration; (b) two-layer Maxwell capacitor

configuration.

2.4. A hybrid model

Combining the two models derived above, we ob-
tain the hybrid model for dielectric charging and dis-
charging process in amorphous SiOy RF MEMS ca-
pacitive switches. Since the polarisation charge and
the injection charge have the opposite polarity, the
total accumulated charge P;ot is given by

P (t) = Pa(t) — Pi(t). (12)

However, experimental results show that polarisa-
tion is always functional for most dielectrics, while the
charge injection has a threshold electric field due to
the tunneling mechanism of amorphous SiO,.[13:14.16]
Hence, when the applied electric field in amorphous
SiO5 is lower than the tunneling threshold electric
field, P,ot is only determined by polarisation. Using

‘Eqs. (1)—(3) and (12), and assuming that the polari-

sation charges are on top surface of the dielectric, we
find that the transient charging and discharging actu-
ation voltage shifts of the switch are

AV (t) = _Z_: P {1 —exp l— (;)ﬁ] } (13)

AV (t) = _‘j_: B, - exp l_ G)B] .

Moreover, when the applied electric field in amor-

(14)

phous SiOg is higher than the tunneling threshold elec-
tric field, P;o; is then determined by polarisation and
charge injection both. Combining Egs. (1)-(3), (9),
(11) and (12), we find that the transient charging and
discharging actuation voltage shifts of the switch are
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3. Experimental verification

E; : <PS : {1 — exp l_ (:)6
v £ (oo [ (2)

} - exp(—mt>]> :

— P - exp(—mt)> .

The hybrid model presents a reasonable and comprehensive explanation for the actuation voltage shift
phenomenal'” which are unexplainable with the former models. The RF switch is fabricated on a glass substrate,
the dielectric is the sputtered SiO, with a thickness of 0.25 pm, the top electrode is 0.3 ym Al membrane, the
bottom electrode Cr/Au serves as the signal line of the coplanar waveguide, and the air gap between top
electrode and the dielectric is 2.5 yum. The average actuation voltage of the switches is 26 V. The actuation
voltage shifts for positive and negative voltage stresses are shown in Figs. 5 and 6, while the positive voltage
stress means that the bottom electrode is the positive polarity.
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Fig. 5. Comparison of model simulation between experimental data under positive voltage stresses: (a) short time
comparison during and after 30 V, 40 V, and 50 V stresses; (b) long time comparison after 50 V stress.
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Fig. 6. Short time comparison of model simulation be-

tween experimental data during and after —30 V, —50 V,

1500

and —60 V negative voltage stresses.

In Fig. 5(a), the actuation voltage shifts under
30 V and 40 V positive voltage stresses are only deter-
mined by the polarisation mechanism. So the shifts of
the actuation voltage during and after the stress pro-
cess can simply be described by the polarisation mech-
anism. During the stress process, the polarity of the
polarisation charges on top of the dielectric is oppo-

\
site to that of the charges in the top electrode, so the

actuation voltages keep decreasing. After the stress
process, the polarisation charges disappears, and the
voltage shifts return to zero.

When the switch is stressed by 50 V positive volt-
age, there is an abrupt change at the starting end of
the curve. It clearly corresponds to a tunneling be-
haviour of the charge injection mechanism, with the
positive tunneling threshold electric field estimated to
be 2.0x10% V/ecm. Under the positive voltage stress,
electrons are tunneled into dielectric. They repel the
negative polarity of top electrode and increase the ac-
tuation voltage. However, the polarisation process is
still in effect.
opposite direction. Once the 50 V positive stress is

It makes the curve shift toward the

removed, depolarisation and injection discharging are
started simultaneously. The depolarisation process is
quite similar to those in the 30 V and 40 V cases, so
that their curve profiles are almost the same in this
region. However, the duration of the injection dis-
charging is much longer than the depolarisation, be-
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cause the conductivity of the unstressed amorphous
SiOs film is very small. It is clearly seen that the in-
jected charges do not completely disappear even after
18 hours of discharging, as shown in Fig. 5(b).
Figure 6 shows the actuation voltage shifts under
negative voltage stresses. It is seen that the curves are
very similar to those of the positive voltage cases. The
charge injection does not happen until the negative
voltage stress reaches —60 V, so the negative tunnel-
ing threshold is estimated to be 2.4x10% V/cm. The
different tunneling thresholds imply that the electron

injection under positive voltages is easier than the hole
injection under negative voltages.

The comparison of the hybrid model results with
the experimental data under different voltages are
shown in Figs. 5 and 6, respectively. The model pa-
rameters are fitted numerically using Matlab software,
as listed in Table 1. It is clear that the hybrid model
successfully predicts the complex profile of the ac-
tuation voltage shift under small and large voltage

stresses.

Table 1. Extracted model parameters.

larisati
voltage stress states polansation

charge injection

T/s B Ps/(x107* C/m?) P,/(x107%*C/m?) (1/m)/s (n/m)/(x10~* C/m?) Pi,/(x10~% C/m?)
Ye 2 1 —2.
30V es 50 83
No 130 0.7 -1.98
Yes 2 1 —5.
10V es 50 5.50
No 140 0.7 -3.77
50 V Yes 300 1 —6.66 15 4.53
No 100 0.85 -3.97 39600 4.25
30V Yes 250 1 2.27
No 180 0.95 1.56
50V Yes 250 1 6.66
No 150 0.7 4.82
60V Yes 350 1 10.6 11 -3.26
No 150 0.7 5.92

As we have mentioned above, the amorphous SiOo
is quite different from that in conventional MOS struc-
ture since it is thicker, defect-richer and subjected to
higher electric stresses. So it is helpful to make a brief
insight into the conductivity of the material. Equa-
tions (8) and (10) and Table 1 are used to calculate
the results. In addition, some other parameters still
need to be determined. The down-state thickness of
the equivalent dielectric takes the value of 0.05 um,
which is the average roughness of metal-dielectric in-
terface. The expression of the induced polarisation
in a dielectric sphere in the presence of an external
electric field*® is used to calculate the electric per-
mittivity of the equivalent dielectric e, in Fig. 3(b),
3
eg+ 2e0 .

Using the above parameters, we obtain the conductivi-

€e

€0- (17)

ties of amorphous SiO, under different voltage stresses
and list them in Table 2.

The results show that the conductivities of amor-
phous SiO5 under voltage stresses beyond the tun-

neling threshold voltage are several orders of magni-
tude larger than that under no voltage stress. They
dramatically increase with the applied voltages as ex-
pected.

Table 2. Conductivity of amorphous SiOs.

50 V
2.5x10~12

—60 V
3.3x10~12

voltage stress state oV

os/(S/m) 8.9x10~16

4. Conclusion

In summary, we propose that the charging and
discharging processes in the amorphous SiOs in RF
MEMS capacitive switch are determined by two mech-
anisms, i.e. the polarisation mechanism including the
dipolar polarisation and the space charge polarisa-
tion, and the charge injection mechanism. The hy-
brid model resulted from the stretched exponential
law and the two-layer Maxwell capacitor configura-
tion fits well with the experimental data of charg-
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ing and discharging. It is clearly seen that the de-
cay of the injected charges is much longer than the
decay of the polarised charges, so the charge injec-
tion is highly responsible for the long-term reliability
of the RF MEMS switch under high control voltages.
Hence, we strongly recommend that the applied volt-
age beyond the threshold voltage of tunneling should
be avoided. The experiment-extracted conductivi-
ties of the amorphous SiOs under different voltage

stresses are also obtained. The hybrid model estab-

lished here is helpful for better understanding of the
charging mechanism and the reliability improvement
of the amorphous SiO; RF MEMS capacitive switches
in the future.
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