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Abstract—A new dynamical closed-loop method is proposed dielectric materials contacting with metals are a part @firth
to control dielectric charging in capacitive MEMS position-  topologies [11]-[13].
ers/varactors for enhanced reliability and robustness. listead of With the accumulation of experimental data, theoretical an

adjusting the magnitude of the control voltage to compensat the delli It | thods that all th Hi
drift caused by the dielectric charge, the method uses a febdck MOUENING results, several methods that aflow the preeent

loop to maintain it at a desired level: the device capacitane is OF €limination of the dielectric charge have begun to appear
periodically sampled and bipolar pulses of constant magnitde in the literature. Refs. [14]-[16] develop and validateotigh
are applied. Specific models describing the dynamics of chge  experimental fitting a phenomenological model for dielectr
and a control map are introduced. Validation of the proposed  charging and discharging under either positive or negative
method is accomplished both through discrete-time simulabns ] . . . .
and with experiments using MEMS devices that suffer from applied V0|t_ages in RF MEMS SW'tCh,eS'.ACCQrd'.ng to this,
dielectric charging. waveform signal changes [17] and periodic switching of volt
age polarity [14]-[16] have been proposed and demonstrated
as promising ways to reduce the effects of dielectric clmargi
Indeed, since the electrostatic force is attractive, MEMS d
vices can be actuated by either positive or negative vadtage
l. INTRODUCTION In this approach, the dielectric charge may be "compensated
In recent years, the use of electrostatic MEMS devices hsigace bipolar voltages cause opposite effects in dietectri
been extended to a wide set of applications, including Rfharge injection and extraction.
components, resonators, micromirrors, capacitive senste. However, open-loop methods still exhibit long term reliabi
However the commercial use of these devices is hinderigproblems. For instance, since the charging behaviondgu
by reliability problems limiting their lifetime [1]. Typial the different polarities are not symmetrical, a small anain
structures of capacitive MEMS devices include silicon exidnet charge still accumulates under equal positive and ivegat
and nitride as the most common dielectric materials (selety cycles (i.e. see [18]). In this situation a closed-loop
the recent review [2] and references cited there). For thodgnamical control can be more effective and robust.
capacitive MEMS, the charge accumulated in dielectricdaye An example of a method employing closed-loop elements
has a significant impact on the behaviour of such devices bf/control and bipolar voltages for the specific case of MEMS
altering the electric field distribution in the gap and cagsi switches working at given ON/OFF regimes (beyond and
offset shifts in the capacitance-voltagé{") characteristic, as before pull-in) can be found in [18], [19]. This method
is shown, for instance, in [3]—[6]. Thus, detection and coint monitors the pull-out voltage shift of the device in order to
of dielectric charge are of capital importance due to thedecide the sign of the voltage to be applied the next time it
strong influence on device performance and reliability. is pulled down. This means that the time intervals between
It is well known that many insulating layers demonstratapplication of voltages may vary as a function of how the
carrier conduction when the electric field or temperature @evice is scheduled to be working in the down or up positions.
sufficiently high. Types of conduction mechanisms deperighless some time restrictions apply to the distribution and
fundamentally on the specific materials and on the strengthration of the periods in the down and up positions, it may
of the applied electric field [7], [8]. The problem of dieldct not be possible to guarantee a stable value of charge during
charging has been actively studied over recent decades, #ml whole time the device is operated. For example, all the
certain progress has been achieved (see, for instancendil] &ame the device is constantly being used in the down (or up)
literature cited there). The charging dynamics stronglyesiels position no control is applied to the charge. Large varieio
on the dielectric type, the applied voltage and the architec of charge may be expected if this time is long compared with
of the system. It involves many physical mechanisms, not d#fle time constants involved in the charging process.
of which are fully understood, but it is commonly accepted In this paper we propose a new control scheme to fix the
that charge is injected from one of the electrodes and thppdielectric charge to a desired level for MEMS devices wagkin
within the dielectric [9], [10]. Dielectric charging can krund in the OFF state, such as varactors or electrostatic positso
in RF MEMS as well as in other types of micro devices wheréhe method senses in real time the capacitance drift of the

Index Terms—MEMS control, dielectric charging control,
MEMS reliability



MEMS due to dielectric charging and it dynamically adjusts , tx(’) ,

the ratio of positive and negative voltage duty cycles in g—x(t)ISO v T P 0 N
order to fix the amount of charge. This control scheme is f 0, 0,y
inspired by sigma-delta modulation: the position (i.e. itigut d {[ &, tE, T

capacitance) of the device is periodically sampled aneyr aft

each sampling time, a positive or a negative bias voltage is
applied, depending on whether the position is above or belcg\'/g'ct
a reference value.

In fact, the proposed method can be seen as a control of the

position of the electrostatic MEMS that indirectly provida \vhere F,, is the electrostatic force applied to the movable

control of the dielectric Charge. The time constants inedlv e|ectr0dem its massp the damp|ng factor an# the effective
in the process are very different. Changes in the positi@pring constant.

of the MEMS can be achieved in microseconds, whereasin order to obtain a simple model of the electrostatic force

the dielectric charging time constants can be quite large jn, for devices with homogeneous distribution of charge of
comparison. In this way, the control of the position of thgne sign, let us assign the instantaneous chagyés), Qs (t)
device is loose (the device will be moving while changing thgnd () to the top and bottom electrodes and to the top of
applied voltages), but the charge is kept almost constame 0 the dielectric layer respectively. This approach follo®} put
stable regimes are achieved. Typical of a feedback conlisl, here we assume that charges are functions of time. Anyway,
scheme has the additional benefit of guarding against drét dafter the first introduction of time-dependent variables w

to other effects such as mechanical fatigue and temperatiif drop the notationf(#), still assuming that these variables
change, thereby making the MEMS device not only moigepend on time.

1. Schematic view of an electrostatic MEMS with a moeabbp
rode and a dielectric layer on the fixed bottom eleetrod

reliable, but also more robust. . . For an electrically neutral system, one can write that
The paper is organized as follows. Section Il of this paper
introduces the set of ordinary differential equations used Qi +Q2+Qa=0 (2)

Qescribe the_ dynamic_s of MEMS devic_:es similar to those UsedAppIying Gauss’ Law, the electric fields in the air gap and
in our experiments. It includes three different "phenomege ., ihe dielectric (see Fig. 1) are found to be
ical” models, commonly used in the literature, for deseripi
the dynamics of the charge trapped in the dielectric layer BEy(t) = _&7 Eq(t) = Q2 = _@1+Qa ©)
under positive and negative voltages. Since the contrdhaaet Aeg Aeoeq Agoea
proposed works in discrete time, in section Il we introduc&heree, is the air permittivity,c4 is the relative permittivity
and validate discrete-time equations (maps) as a moreeefficiof the dielectric,A is the area of the upper electrodgis the
analysis tool than differential equations. The effectassof equilibrium gap andi is the thickness of the dielectric layer.
the control method in limiting the amount of trapped chasge i The voltage drog/(¢) can be calculated by integrating the
first validated through discrete-time simulations in sattlV. electric field across the device, from the bottom electrade (
Here we show that for all charging and discharging modeis= 0) to the top (atz: = d + g — x)
considered in this work, the algorithm is capable of fixing th d dtg—u
charge in the dielectric. Experimental validation of thetrol V(t) = _/ E dz _/ E,dz =
method is presented in section V. 0 d

Q1+ Qq . Q1

Il. STATEMENT OF THE PROBLEM Ca Cy(t)

In this section, we introduce the electromechanical modelHere the capacitance of the gapis(t) = Ao/ (g— =), the
used to describe our MEMS devices. We point out that we @@nstant capacitance of the dielectric layetis= Aegoeq/d.
not consider an equivalent circuit model for the MEMS. InThus, withC, o = €9A4/g, the total MEMS capacitance is
stead, we describe the movable part by a mechanical equation
where the dielectric charge affects electrostatic forcextN C(t) =Cyl||Cqy = = o )
models for dielectric charge dynamics are added to make d+ealg—2) 1- ﬁ + cgf
the system of equations self-consistent. Finally, we thice Now one can obtain the charge at the top electr@deas
the charge control algorithm and validate the charge modelsnction of the parasitic chargg, as
through comparison with experimental data.

a=(v-2c ®)

A. Electromechanical Model Ca

A schematic view of an voltage driven MEMS with aand, finally, express the electrostatic force applied tottige
movable top electrode is shown in Fig. 1. Using a typic&lectrode as
mass-spring-damper ordinary differential equation (ODE$ Q1E, Q? C? Qd .o -
dynamics of the deflection of the upper electradé) can be Fo = - 2 24sy 2A50( B C_d) @
described as follows:

(4)

= —Eqd — E (g — )

Aegpeq N Cg,o

Here we draw attention to the sign of the parasitic charge.
ma(t) + bi(t) + ka(t) = Fo(z,t) (1) The electrostatic force for a given voltadgé increases and,



consequently, the pull-in voltage decreases when some @maoeguations
of negative chargé),; < 0 is stored in the dielectric. This

agrees with results from the literature [6], [20], [21]. w QR (1—e7tE) V>0 (10)
Expression (7) is a particular case of the most general = n L€ D V<0
one obtained in [22], where non-planar electrodes and non-
homogeneous distributions of charges in the dielectric are P o—t/Th VS0
considered. The term in brackets of (7) is often referred to QY = { max ijep (12)
as the voltage shift due to the parasitic charge a1 —e717¢) V<0
Qd wherer? andr ;" are the charging and discharging constants

Venife = (8)

Cq
making V' — Viire the effective voltage applied to the elec
trode. Measurinds;s; is one of the most common technique
carried out in experiments, since this simple relationvedlo
one to determine the dielectric charge.

for negative and positive charges.
_ Inthe most general case, there may be any arbitrary negative
gnd positive charges accumulated in the dielectric by the ti
to : Qo = Q"(to) + QP(Ly), to > 0. The form involvingQo
andtq is very convenient for constructing iterative (discrete-
time) equations and we discuss it in detail in the next sactio
We describe egs. (10)-(11) &sodel A
B. Dielectric Charge Model In [23], dielectric charging is described by the expondntia
aw and obtained using a simple electronic circuit. Worké][1

6], [24], [25] use this law, among others, to fit experinant

scribing the evolution of the dielectric chargg; must be data. However, all papers admit that this model captureis bas

provided together with (1) and (7)2 Since charge bqu—u_p %atures, such as saturation of the charge and the chastcter
a very complex process that may involve many mechanisms

we aim at a "phenomenological” model that describes qualitt'me for charging, but displays discrepancies from realist

tively the dynamics of the charge. Then, this section inicms 8harg|ng curves at short time scales when the charging gsoce

. . . . -has just started.
and briefly reviews the most common charging and discharging gel " il — .
laws found in the literature. 2) Model B — Multi-exponential Dynamic3:he extension

While constructing the models, we will keep in mind tWOof Model A is a superposition of exponentials with different

: . _ —t/7m1 —t/T
things. Firstly, the dielectric can accumulate chargesaihb time constants—z._"QtT( A(t)h+ ‘?16 ¢ :;AQ@ q |2 ;r Inl4
polarities, positive and negative, depending on the appligl."trh case, we WII ? ewe cf)rm 0 h ihmo N romt[ f]’
voltage. Secondly, it has been found in [20] that for specif}%I maximum levelsQ or eachth component o

max,i
devices used in our experiments the source of charge is e

ative and positive charges, such that the total maximum
n,p — n,p H - .
bottom electrode when high electric fields are applied, et t 'S “niae = XL: Qmaz,i- We also introduce the coefficients

the trapped charge is negative for> 0. We will formulate ¢("* = Q)" ./Q™P and present the charging and discharg-
the model and the control method considering charge of batfy dynamics as
signs, but we will mostly focus on the case of negative charge

while presenting the results. Therefore, to formulate tloeleh maz — 22 Gi' M€ ¢V >0
(2

In order to make the model self-consistent, equations

we will use two sets of expressions: charging with negative Qg = P V-0 (12)
" and discharging of the positiv@’, charge afi” > 0, and, ;Ct maz® ' <
vice versa, discharging of the negative and charging wi¢h th
positive charge at’ < 0. Thus, the total accumulated charge S CPQP. e tTh V>0
is a superpositiorof such charges Qr=1{7 ‘ '”; , s (13)
gr)ncwﬁ - CL irnna:667 Tci V<0

Qa(t) = Qy(t) + Qi(t) 9
Below, we describe the three models of the dielectric charg’é‘iCh we denote aModel B Note that, according to the

dynamics that we incorporate into the mechanical equation.ef'”'t'on'%:cfyp =1

1) Model A — Exponential Dynamic3he dynamics of the  The superposition model is extensively developed in [14],
charge of one sign resembles an exponengdl) = Ao + [21], [26]. It is based on measurements of the transient
Ay exp(—t/T), where the constant$, and 4, are found from charging and discharging currents of MEMS switches in the
experimental data fitting and time constantepresents the ON state, when they resemble Metal-Insulator-Metal (MIM)
characteristic time scale of the process. capacitors. In these works, the superposition model witlg on

Since we require the charge dynamics at both polaritieso time constants; and » shows a good agreement with
of the voltage, we will redefinedy, and A;. We introduce experiments and it is used later to develop bipolar actoatio
the saturation level§)y .. and Q?, ... eventually reached by waveforms [15], [16]. Model B with two time constants was
negative and positive charges. For simplicity, we use hege talso obtained from accurate fitting of experimental data. i [
initial conditions such that the charging processes starhf for a single crystal silicon resonator. Moreover, supeitjos
zero@™?(0) = 0 and the discharging processes start from threodels with two time constants are successfully employed to
maximum value@™?(0) = Q™ Therefore, we obtain the fit experimental results in other recent papers [25], [27].

max



3) Model C — Stretched Exponential Dynamic$he measured capacitance remains below the threshold, itesppli
charge dynamics is described &3(t) = Ao + Aje=®/n°  a positive or 'charge’ voltag&,;,, thus injecting charge into
where0 < 8 < 1. In contrast with Models A and B, this law the dielectric layer. Otherwise, if the measured capacédsa
involves ‘non-linear’ timet”. Let us take the conventionalabove the threshold value, it applies a negative or 'diggiar
form often found in literature aModel C voltage Vy;sch, thus removing charge from the dielectric.

n (1 B 6_(t/73)ag) Vo0 _ Then, definingV,, as the voltage applied after the sampling
Q= { maz . (14) time nT}, one can write

n e~(t/75)"P V<0 .

e v {mh it Cp < Cun

) (16)
Vdis if Gn > Ct h

Qs (1— =8 v 50 s)
p o (t/7h)"D V<0 where C,, = C(nTs) is the total MEMS capacitance (5)

max _ measured and,, is the position of the device at the'”
In [28], the stretched exponential law appears from tfgeamp”ng time

assumption that traps in a dielectric layer have a contisuou Cyo
distribution in the time scald,” p(7) exp(—t/7)dr. Cn = 1_ 2 Cao (17)
The transient capacitance in the ON and OFF states of a g Ca
MEMS device was well fitted by the stretched exponential Though we develop our theory, simulate and demonstrate
law in [29]-[31], where authors point out that the study othe control method for a device with an open gap in the
polarization effects may be very important for certain degi regime of a varying capacitance, we see that the method can be
In these works, the capacitance is related to the dielectegentually extended to devices operating in switching mode
charge through a simple expression, and both are describedrar example, for devices that are prone to strong charging or
stretched exponential functions of time. In [30], the appeee that discharge slowly, the method can be applied in OFF, to
of the stretched exponential is related to the Williams+t#/at reduce the charge introduced during a previous ON state to a
Kohlrausch relaxation law in amorphous dielectric matsria minimal level faster than by simply applying a zero voltage.
We note that non-saturation models are suggested in the
Iitergture. For example, in [32] the vql_tage drift as a fuoet Validation of Charging and Discharging Dynamics
of time does not saturate. In addition, Herfst et al [24], ) N i
[33], while applying the exponential, stretch exponeniat] Three dl.fferent modells descrlplng _charge_ dynamics have
square root models to fit experimental data, note thfat been considered and discussed in this section. On the other
accurately describes the voltage shift versus time. Tharequh@nd, the charge control method, based on the complementary
root itself is a non-saturation function, however, thesekso ff€Cts Of bipolar voltages, has been also introduced. dieror

note that it might appear as a Taylor expansion of the steetcH© ensure the applicability of the models under bipolaragt
exponential with3 ~ 0.5. actuation schemes, several fittings with experimental lava

Since we assume that the dielectric cannot accumulate 2fn performed. Three devices with silicon nitride as dieile
infinite amount of charge, we will consider Models A, B and2Yer, but made with two different technologies, PolyMUMPS
C given by (10)-(11), (12)-(13) and (14)-(15) respectivaly and a specific process from our clean room, are considered

the models of the charge dynamics. They all display sabmati"€"®: .
for each sign of charge, given iy . The dynamics of the It is also important to note that Models A, B and C appear as

max*®

square root from [24] can be simulated by Model C with afpodels of t_he dielectric charge dynamics for switches fagni
appropriate time constant and a very large saturation.level MIM capacitors [16], [24], [25]. Since we develop our theory
with the open gap, it is a strong motivation for us to validate

_ . . these models for our devices.

C. Dielectric Charge Control for Capacitive MEMS In the experiments, the MEMS capacitance as a function

Due to the fact that the dynamics of the trapped chargé time, C'(¢), was monitored. The voltage sequence applied
strongly depend on the sign of the applied voltage, it has beis as follows: 1) zero voltage 2) positive voltadg, and 3)
demonstrated in [14], [16] that the parasitic charge effectegative voltagéd/y;s. Since our devices accumulate negative
can be mitigated by using bipolar voltage waveforms. Theharge, the capacitance grows wHilg, is being applied and it
problem is that these are open loop control methods, i.e. eeentually tends to the corresponding saturation leveleiwVh
sensing is performed in order to decide which voltage should;s is applied, the capacitance displays a sharp jump and
be applied. Moreover, since dielectric layers exhibit cally —starts growing again, tending to its level as@f; = 0. An
different charge time constants, depending on the maseared example of this behaviour is shown in fig. 2, where the thick
the fabrication processes, open loop methods do not perfognay line is the capacitance transient measured and thedash
"perfect” charge compensations, and thus the devices sgHay line is the capacitance level fof, = Vs = 6V and
exhibit drift effects after a certain number of actuatiorleg. @, = 0. Let us note that from this level'(¢) starts growing

To address this problem, we propose a method to dynaat-charging and to this level it returns after discharging.
ically control the amount of parasitic charge stored in the Fig. 2 clearly shows that the dielectric layer accumulates
dielectric. It measures the device capacitance at eachlsgmponly negative charge. Indeed, if there was positive chape,
time and compares it with a given threshold valuig . If the plication of a negative voltage would cause its build-uphia t

Qs =



TABLE | C, pF 7
FITTING PARAMETERS FORMODEL B
i 1 2
Device 1 (fig. 2) 6.24 |
7o1 110s 7os  15s 3 %:Mggg%g
TD1 70 s TD2 20 s i 3 - Model C
1 0.2 C2 0.8 6.235-
Device 2 7
Tc1 4600s T 200 s 6.23 -
p1  4600s Tpo 200 s
G 0.2 (2 0.8
6.225

T T T T T T T T T T T ]
Device 3 (fig. 4) 800 1200 1600 2000 2400 2800 tsec

e 12000s pBc  0.25

Fig. 3. Zoom of the experimental 'charging’ transient of .Fig (black line)
and its fitting obtained with Models A, B and C.

dielectric and the increase of the effective voltage adogrd )
to (7). Therefore, the capacitance would grow beyond thel ey order to ensure the effectiveness of the method.
shown by the dashed line.
The fitting of the experimental’(¢) curve obtained using I1l. DISCRETETIME MODEL
I\_/quel B with two time constants is also shown in fig. 2 Thg\_ Position of the MEMS device
fitting method is the following: the charge as a function of
time is substituted into eq. (18) to obtain the displaceméht For the self-consistent electromechanical model given by
caused by this charge and the capacitance (17) is calcula®@s- (1), (7). (16) and one of (10)-(11), (12)-(13) or (115X
The parameters in (12) were varied in order to obtain a go¥t¢ can obtain a discrete-time map describing the evolution
agreement with experimental data. of the device under our control method (16) between two
Figure 3 compares the fitting of the charging section of fig. gonsecutive sampling events. The discrete-time systeen lat
by Models A, B and C, with Model B being the most accurat@ill be used for theoretical analysis and numerical simaizt.
for this case. We have tested a number of devices that exhibitf Ne selection of the control voltage is determined by the
very different charging constants and two representatite sCurrent capacitance value, or, according to (17), by theectir
of fitting parameters for Model B are summarised in table POsition z(¢). We consider a sequence of discrete values of
Results displayed in figs. 2 and 3 correspond to device 1. the positionz,, = x(nT;) and the dielectric charg®, =
Figure 4 gives a fitting for another device that is also proféi(n1’s) and introduce them into the system.
to charging, but with a characteristic charging time vergéa  For the mass-spring-damper equation (1), it is assumed that
when compared to devices 1 and 2. In this case, though b#lg sampling timeT’s is much larger than the characteristic
Model B and Model C can be used for fitting the curvedecay time of eigen-oscillations. Under this conditionjaih
Model C is the most accurate. Since different types of devicts generally the case, we can consider the sampled position
may be described by different models, we will obtain a digcreas the steady-state position of the device (1) under thereaite
time system and present numerical simulation for all models

C PF7] 1 - Model A
C pF— 7 2 -Model B
p 1.30 4 3 -Model C
i ‘charging’ 7
6.24 Cat|V=6V 1.25 4
6.22 ! ‘discharging’ 1.20
6.20 1.15 4
618 | 1.10i
i — 1.05 4
6.16 C atV=0V |
r——— 1.0 [‘{‘{N{‘{‘T‘T[T[T[T‘
6.14 : 0 4 8 12 16 20 24 28 32 36t h

[ ! [ ! I ! [ ! |
0 1000 2000 3000 4000 ¢ sec
Fig. 4. Experimental capacitance transient (black ling) ifitting obtained
with Models A, B and C. The insert shows the dependence of igleatric
charge with time for all these models.

Fig. 2. Experimental capacitance transient (gray line) iftting obtained
with Model B (red line). Fitting parameters are given in &bl



net forcekx — F,;, being F,; given by (7). Then, we can find Model B can be presented as a superposition of exponentials

x, from the following equation in the form (24). We definewc; andap; in the same way as
C2(V — Qn/Cy)? for the previous case, the saturation lev@ls..,i = (;@Qmaz-
kx, = 5 X d (18) The auxiliary variable)(® allow one to find the total charge.
o <0 . At the charging stagel/ > 0
In order to simplify, let us introduce the following variaisl 0 ,
Cg o Qn_t,-l = Q»EZ)O[CI' + C’iQ'rnax(l - aCi)
— = —9 i 25
Yn l'n/gv Y Cd ) Qn+1 — ZQ’EL-)‘H ( )
02 0 (19) i
B = mv Vo, =V —Qn/Cy At the discharging stagd/ < 0
and write (18) in the form of the following polynomial QY = QWanp,
i 26
Yn(l —ypn + 7)? - BVan =0 (20) Qny1 = Z QSLJ)A (26)

After solving (20) and returning to the variable,, we
obtain the position of the MEMSY(V, Q) as a function of
the applied voltage and dielectric charge. The solution and Q,, ., = ZGA(PAi;Q'Sj)vbn) =05(P5;Qn.bn)  (27)
analysis of the polynomial (20) is given in Appendix A. With i
the position sequencd, (V, Q) obtained, we now proceed toyhich is a superposition of the functior®, with the ap-
the equations that describe the dielectric charging dyosoi propriate sets of parametefdy; = {¢;Qumaa, ovcs, api+ and
complete the discrete-time model. variablesQ”) andb. We denote this superposition in the right

part of the equation as the functiéhz (Ps; @, b).

Summarising, the compact form of Model B is

B. Charging and Discharging Dynamics Model C involves the non linear expression for timé
To obtain the equations for the dielectric charge dynamic)d, as a consequence, the rate of change of the stretched
we define the decision bit sequenigee B = {0,1} as exponential process changes with time. Thus, a simple and
1 linear expression similar to (24) cannot be found for this
b, = 5(1 + sgn(Cyp, — Cy)) (21) model. Instead, we propose the following iterative aldwnit

while the decision bit i$,, = 1 and the dielectric is charging,

For simplicity and in order to obtain the analogy with oUfye next value of charge is calculated using the following la
experiments, we will obtain the discrete-time equationthef

charging and discharging models for only negative charge. tni1 = Ts + 1o(= [l = Qn/Qumaz))"/7° (28)
Since the total charge is a superposition and the equations Q11 = Quax(1 — exp[—(tni1/7c)"¢])
o ot aeer, uhen, — ) and one swiches 1o dschargng,
y Hung . we find the time instant* at the discharging curvé)p(t)
both charges. For negative charge ordly, = Q! and let us N ! . X
. . . such thatQp (t*) = @,, and take the next iteration using the
omit the upper index in all subsequent formulas.

In order to put Model A into sampled form, we writed'SChalrglng law

eq. (10) using the conditio®, = Q(to) at arbitraryt, > 0 tnt1 = Ts + 70 (— n[Qn/Qmaz]) /77, (29)
Qmam + (QO o Qmax>ef(t7to)/”rc ’ V>0 Q7L+1 = Qmuw eXp[_(t7L+1/TD)BD]
Qa = Qoe(t=t0)/TD V<0 (22) The latter equation can be written in a compact form using
] _ the decision bit,,
Now, each sampling event corresponds to the substitution b
into the equation of the following expressions:t, = 1, and tnt1 =Ts +7p(70/TD)"" X
Qo = Q. At the next sampling timén + 1)T%, the charge is x (= In[b, + (71>ann/Qmaz])1/[ﬂD(ﬂc/ﬁD)bn] ’
found through the following discrete-time equations Qnit = Qs (bn + (_1)% y
Quir = { @nc+ Qmas(l—ac) V>0 o0 X exp[— (b1 /7)7 01920 ) = O (Pc; Qn, bn)
Qnap V<0 (30)
whereac = e T+/7e andap = e~ T+/™ . With b,, defined, Where the set of parameters for the stretched exponential is
one can rewrite (23) in a more compact form as denoted ac = {@max, 70, 7D, fc, Ap}. Note that in the
b discrete-time equation (30) the timg, is introduced only
o ac\ " _ for a simpler representation. Note also that in all models
n - — 7 + max 1- bn - . . . .
Qui1 = ap ( ) Qn + Qmas(l = ac) (24) ©¢(P,Q,b) is a function of only the dielectric charge at the

= 04(Qmaz, ac,ap; Qn, by) previous sampling time and the decision bit.
where we denoted the right part of the map shortly Summarizing all of the above, expressions (21) and one of

O4(P4;Q,b), a function of the set of parameteBB, = 6&4)’ (27) and (30) define a map
{Qmaz, ac,ap} and the variable§) andb. RxB—oRxB



C, pF— TABLE Il

4 PARAMETER VALUES USED IN THE SIMULATIONS
0.60 -
| Parameter Value
B A 100 x 500 pm?
0.56 k 335 N/m
i g 1pum
0.52— Cor / d 85 nm
5] 056 AT L 10 ms
0.48 0.52 ‘ ‘ ‘ ‘ ‘ ‘
7] 0.48
0‘44‘_ gjg P as time drifts or device collapse after large working pesiod

In experiments we have tested a number of devices with
0 35 70 105 Ls different parameters and charging/discharging chariatites.
For numerical simulations we introduce a generic device

Fig. 5. Total capacitanc€’so: as a function of time obtained as a solutionyyhose parameters are listed in Table Il. At the same time. we
of ODEs (1), (7) and (10) (solid line) and the same capac#taag a solution !

of the iterative map (31) (circles) when the control meckan(16) is being Varied the parameters that are re|ateq to the_ algorithim, (
applied. Parameters are taken from Table Il apd= 7p = 60s. Vais andCyy,) and to the charge dynamics (for instan€g, ..

and the charging constants) over a wide range trying to keep
them similar to our experimental devices.
for the state vecto{@Q,b}. In this map,B is {0,1} and the  Typically in simulations we use charging constants thaehav
evolution operator is the order of minutes/tens of seconds, although in expetisnen
o(P;Q, B) we often observed larger constants of minutes/hours. Hexkyev
T(Q,b) = (1 [1 + sam (C - Cao )}) (31) sinceTs; < 7¢,p, we may allow this simplification: if the
2 g th = TH=X(V,.Q)/9 algorithm is effective with such fast charging/dischaggiit
where X(V,Q) is defined in (39) (see Appendix A) angwill _be effective with slower processes as well.
O(P;Q, B) is one of the function® 4 5 (P, Q, b), depend- First, we note the correspondence between th(aT sy;tem
ing on the charging model used. formulated in terms of ODEs (_1), (7 ar_ld (10) and the itegativ
Let us note that the map above must be established betw8&P (31) obtained in the previous section. The correspaeien
R x B — R x B (and not simply betwee® — R) because Must be very precise: all equations are solvgd analyucqlly
the rest position of the device depends on the applied vaitag"d the only assumption made was that all time derivatives
and this voltage depends on the previously obtained bit. K&j¢ zero. The latter is valid if the sampling tirfig is large

properties of the map (31) are given in Appendix B. enough. After the timey ~ 2m /b all eigen oscillations of the
MEMS will decay; in our case, ~ 10~% and T, ~ 1072,

IV. SIMULATION RESULTS

Using the map (31) obtained in the previous section, we 1121/;
carried out a large set of discrete-time simulations in prde 83
to demonstrate that the proposed method is able to keep the 3;
parasitic charge under control, avoiding undesired effsath 4
-8
— 1 T T T T 1
0 100 200 300 L, s
16377
= 0, pC
. -37.100
0:: -37.102
I R : : : C -37.104
[ [ I 1 f
0 40 60 80 i s 0 pt -37.106
Q pC -10-4 -37.108 1, sec
: (. 207 200 200.2 2004
-10 J
20 '30i m/
—30 2/ _40 T ‘ T ‘ T ‘ T ‘
-40 I T T T T T T T ] 0 100 200 300 Z) N
0 40 60 80 L s
C pF C, pf'
0.64 X 0.603
0.56 f 0.565
s i
0.4 0.447
[ T [ T [ T I T 1 .
0 40 60 80 ts 0.40 * L L I

I
0 100 200 300 L
Fig. 6. Total capacitance and dielectric charge simulatiansients resulting
from an applied voltage sequence composed by positivéV and negative Fig. 7. Simulated capacitance and dielectric charge ®atsiapplying the
—5.5V. Lines 1, 2 and 3 correspond to Models A, B and C respectively. charge control method. The charging model used is Model A.



Fig. 5 shows a good correspondence between the controlfecting the capacitance to decrease due to the jump to a new
capacitanc&’(t) obtained as a solution of the ODEs and fronsteady-state position and due to charge removal. At the next

the map.

The default value of),,.. used in this section is-50 pC.

sampling time, the capacitance is under the threshold yvalue
so the positive voltage is reapplied and the cycle restarts.

This may cause up te-2.4 V of the voltage shift (8) for the It is shown that this method allows one to maintain the
generic device, whose pull-in voltageli%; ; = 15.45 V. We parasitic charge under control, avoiding device collapsee
also selected the value df;, = 13.5 V in such way that when after long periods of time. Note that the device capacitasice
the dielectric is fully charged (with®),,....), the effective total kept predominantly undef’;,, but with oscillations of about
voltage will exceeds the pull-in value and device goes it t0.15 pF. However, this amplitude decreases for increasing

ON state.

values of the sampling frequency.

To illustrate the working principle of the charge control The algorithm is applicable to all charging models proposed
method, and also to validate the response of the propodedSec. Il. Control waveforms for other models, B and C
iterative map, Fig. 6 shows a simulation with two timéave the same form and instead of presenting them as a plot,
intervals corresponding to states that can be achievesgiurive summarise the result in table Ill. For each model with
the application of the control method. A positive voltagéiist Particular parameters listed in the table, we give the makim
applied and the parasitic charge and the capacitance slo@fd minimal values of); and (i, in a steady-state control
grow. Note that if the voltage is applied for a longer times thcycle of the algorithm. Despite minor variations, the aityon
additional electrostatic force due to the dielectric cledmpds is capable of fixing the capacitance at the target level for al
the device to pull-in. Next, after 60 s, a negative voltage odels.
applied and thus charge is removed from the dielectric aad th The parameters in the first three cases in the table are

capacitance returns to a value closer to the initial. Infilisre,

selected to model the charging and discharging patterms fro

the dynamics for charging models A, B and C are shown. fig. 6. However, Model B(2) presents a sample of numerical
Figure 7 shows the simulation results when the chargénulations at the parameters of the charging/discharging

control method is implemented with the same voltage valug¥namics that are "inspired’ by the fitting results discasse

as in Fig. 6, withCy, = 0.6 pF’ and using Model A. In this N Section |l (dewce_z from table ). In_thls_ case, the vaaa_t

case, both the capacitance and the parasitic charge iecresthe capacitance is aboQt07 pF, which is smaller than in

when the positive voltage is applied undi, is reached. At the previous examples. _

this moment, the control method applies the negative veltag 1he it stream sequendg corresponding to the "steady-

Model A: 7 = 7p = 60 s, Cyp, = 0.6 pF Q4 = —37.1048 pC)

TABLE Il
ALGORITHM PERFORMANCE FORMODELSA, B AND C

Qmaz = =50 pC, Vo, = 13.5V, Vs = =55V

Qminr pC

Qmaz , pC

C at V., pF

C at Viiss pF

-37.1069

-37.0987

0.600013

0.437307

Model B (1): 7c1 = 7p1 =60 S, 700 = Tp2 = 15'S
¢ = 0.6, C2 = 0.4, Cyj, = 0.6 pF (Q4), = —37.1048 pC)
Qmaz = =50 pC, Vo, = 13.5V, Vs = =55V

Qminy pC

anaw ’ pC

C at V., pF

C at Vy;s, pF

-37.1095

-37.0918

0.600029

0.437308

Model C:7c = 7p =60 s, 3 =0.75
Cin = 0.60 pF (@, = —37.1048 pC)
Qmaz = =50 pC, Vo, = 135V, Vg = =55V

Qminy pC

anaac ’ pC

C atV.p, pF

C atVy;s, pF

-37.1062

-37.0979

6.00009

0.437307

Model B (2):76'1 =7p1 =230 s, TC2 = Tpg = 10 s
(1=0.2,¢2 = 0.8, Cyp, = 0.55 pF @Q¢n = —32.59538 pC)
Qmaz = —50 pC, Vo, = 13V, Vgis = —13 V

Qminr pC

Qmazy pC

C at V., pF

C at Vdisr pF

-32.6074

-32.5704

0.550025

0.48177

state” phase of Fig. 7 is strongly regular, and mostly cassit
series of "1’ separated by a single '0’. In order to underdtan
this, we must take into account that each time we apply a
positive voltage, the rest position drifts due to the diglec
charge accumulation untily, is reached. Applying a negative
voltage after that immediately decreases the capacitagiowb
the target level. (There is an asymmetry in actuation, see
eg. (7), such that electrostatic force is always differanthie
presence of the dielectric charge eveVjf, = |Vy;s|.) After

that a new cycle of charging starts. Therefore the systensten
to oscillate around the target capacitance until the dsitioio
large, forcing then a change in the bit sequence.

It is important to note that the algorithm is insensitive to
initial conditions. The plot of the dielectric charge as adtion
of time Q,(t) from fig. 7 starts from various initial conditions
and, as one can see, the same steady-state levél,of
reached and the sanbg is displayed in all cases.

In order to show that the algorithm is capable of fixing the
target charge, in fig. 8 we compare the dielectric charge fixed
by the control method),; with the "desired” level of charge,
calculated analytically through eq. (40), as a functiontadf t
threshold capacitana@;,,. As is seen from the figure, except
for small values of”};,, the method precisely fixes the charge.
The area where the method fix€g different from the target
level depends on the ratig, /7¢.

We have also studied the behaviour of the system over a
wide range of control parameters. To this effect, planes of
parameterstp/7¢, Cy,) for Model A have been obtained
from numerical simulations. In the plane shown in fig. 9, the
same range ot’y, as in fig. 8 and one reasonable range of



— Desired target charge Eq. (40) strongly affectsry;s and the increase ofy;, decreases the

OV pC|

Simulated charge 1/t =1 - in fi i i i
Simulated charge 1% —0.5 area .Of 2-cycles in fig. 8 and fig. 9 and in general improves
10,4 4 Simulated charge t,/1=0.3 algorlthm performance.

V. EXPERIMENTAL RESULTS

20

/ ve s f;%g;litn In order to experimentally validate the feasibility of thene

trol method introduced and discussed in the previous sestio

an extensive set of measurements with and without applying
the control method to different MEMS devices has been
performed. As it was commented above, we have tested several
devices made with two different technologies: PolyMUMPS
052 054 0.56 058 0.60 0.62 0.64 ‘C,,, and a specific process of our own. All theses devices are
capacitive switches-like, with silicon nitride as the digtric

Fig. 8. Desired dielectric charge as a function @f;, (solid line) and material, and they exhibit radically different time comdtain

charge fixed by the algorithm at, /7« = 1 (squares), 0.5 (circles) and 0.3 ; ; ;
(triangles). The minimal value af';;, corresponds t€@';,; atV = V,;, while the ﬁhargmg .and dIISChargm_g pt;’OCGCSjSE'S. i
the maximum corresponds the critical value at which theageis pulled in. The experimental setup is based on an Agilent E4980A

precision LCR meter, which was used both to measure the
MEMS capacitance and to apply the bias voltagés, and
Tp/7c are considered. In all these cases, the control algoritHfais, accordingly to the method. The device capacitance was
fixes the desired dielectric charge and prevents the desdoe f sSampled every 50 ms using a 1 MHz / 50 mV AC test signal.
pull-in. We only note that in the region marked as 'contrdlle The MEMS device chosen to illustrate the control method
(2)' the charge that is fixed is larger than desired. Seefer the OFF state was designed and fabricated in our clean
detailed discussion on planes and comparison with theory"®m following the process described in [34]. It is a typical
Appendix B. bridge structure with a00m x 500m aluminium beam held
Finally, we discuss the influence df,;, and Vy;, on the by two anchors above a silicon nitride layer. The dielectric
performance of the algorithm. These parameters affect tiger prevents short-circuiting between the movable beath a
saturation levelQ,,.. and charging/discharging constantsthe bottom contact, i.e. the fixed plate, when the device is
Properly selected voltages can also decrease the ostifiatiactuated to close. The air gap in the rest statguis, whereas
of the capacitance. From the plane in fig. 9, it is clear thHte aluminium plate and the silicon nitride thickness are
the a|gorithm is effective for a range afyy, TD/TC and 900nm and85nm respectively. This device can be identified

Qmaz, and in most cases minor variations of voltage valu@s device 3 in Table I, which exhibits charging times of hours
are not crucial. The only condition we impose is that there Fig. 10 shows th€'-V" characteristic of the MEMS device.
must be charging of the dielectric af, (note that there Note that the curve is not symmetrical since, due to the
is always discharging aV¥y;, even if V;, = 0). Based on fabrication process, some permanent charge exists. The pul
our own experiments, we can conclude that charging is oftéhVvoltage when only such permanent charge is stored in the
the case forV,, that are below pull-inVp; 4. We do not dielectric (initial or "discharged” state) i¥p;(Qa = 0) =
impose any specific condition fdry;;, however, again from 15.42 V.

our experiments and the literature [11], it is known that if Fig. 11a shows the capacitance transients obtained by ap-
plying or not the control method. The plot marked as '1’ is

the capacitance transient obtained when a constant voltage

-307 2-cycles

40

-50

0.65 Von = 13.5 V is applied to the MEMS for 55 hours. The
, measurement starts with an initial time lapse of 3Q0on
0.625 which zero voltage is applied to set the device to its initial
or 'discharged’ state. After that, the measurement time lin
C,pF 1 clearly exhibits two different behaviours. In the first one,
0.6 | controlled (1) which lasts until the38'" hour, it is seen that the capaci-
tance increases abo@t0 fF' due to charge accumulation.
i From t=38h on, the measured capacitance remains around its
0.575 maximum value, since the device is closed. Note that the
| change in behaviour seen at= 38 h is due to the fact
controlled (2) that the injected charge during the previous phase prodarces
0.55 ! i1’ o8 12 16 % additional and slowly-increasing electrostatic forcet tleads
' e ’ to a pull-in event, forcing the device to collapse despite th

fact that the control voltage is always under the pull-inueal
Fig. 9. Plane of parametergp /7¢:, Ctp,) showing the effectiveness of This is exactly the same phenomenon previously seen in the
the control method for Model A af)q = —50 pC. For all values of the simulations
control parameter€;;, and 7p /7 the method fixes the dielectric charge ) i~y . .
|Qa| < |Qmaz|, however, the area marked as ‘controlled (2)’ corresponds t The plot marked as "2’ in Fig. 11a shows the capacitance

2-cycles and the fixed charge is slightly larger than therdddevel. transient when app|ying the control method with,; =
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2.6

one (solid line). Note that th€'-V" curves always shift to the

24 F Tgﬁiﬁﬁ ggwn left, which is consistent with (32) taking into account thast
22| of the time the control method is applying positive voltages
20| therefore leading to negative amounts of parasitic charge.
= 1.8} Furthermore, such displacements of thel/ curves agree
=6l with previous works involving silicon nitride as dielectri
© - [6], [20], [21]. However this behaviour may vary when other
141} . . . .
dielectric materials are used. It is also noteworthy thaémvh
12} the control method is applied it can be seen that;; is
10 always less than the one obtained applying a constant yesiti
0.8 : : : : i voltage. A summary of the results found for two control
30 20 -10 0 10 20 30 . . . :
Voltage [V] experiments using different discharge voltages can be seen
in Table IV. In both cases a 2-cycle bit stream (composed of
Fig. 10. Capacitance-voltage characteristic of the MEM@ode chains of '10’) has been obtained for the capacitance tlotdsh
applied.
1.1pF, which is in strong contrast with plot '1'V,; is TABLE IV

RESULTS OBTAINED FROM THEC'-V CURVES OFFIG. 12 AND

app“ed until the CapaCItance reaCk@&' At this pOInt’ a THEORETICALLY PREDICTED VALUES OF THE DIELECTRIC CHARGE

Vs pulse is applied for the first time. From then on, voltage
switches toV,, or V;, accordingly to the value of the current Measure type V.,  Viisen Vi Vihi ft Qa4

capacitance samples. After the first hour some "steadg”stat (V] [Vl [V] V] [pC]
behaviour is reached, with capacitance values closer;}o Discharged - - 15.419 0 0
(see magnification in Fig. 11b), implying that the dielectri Uncontrolled  13.5 - 12.65 27  -58.57

charge is kept under a certain value. The slight variations  Controlled 135  -35 14.48  -094  -19.79
seen in the steady-state regime are most probably due to__ Contolled 135 55 1507 035 -7.31
variations in the environmental conditions, which were not  Theoretically 135  -35 - - -15.1

controlled during the measurement, such as humidity, which __Predicted 135 55 - - 7.9

has been found to influence in great measure charge injection
in dielectrics. However, this perturbation of the capaui@a

L . . 2.2
decays with time and the capacitance returns to its target le
In the OFF state, the capacitance may be tuned to values 2.0
up 0 Craex = (3/2)Cy0/[1 + 3/27]. Voltage switching 1.8
causes some inevitable mechanical movement, reflected as _
capacitance oscillations of aroursfF with respect to the g 16
target value. This indeed reflects the fact that even loose V14

position control with bipolar voltages allows efficient ¢
of the dielectric charge. However note that as follows from 12
the model and numerical simulations, these movement can be 1.0 : ‘ ‘ ‘ ‘
significantly reduced by adjusting the charging and disgingr Ty
voltages and the sampling time (see, for instance, sinousti 08

. ’ ’ 0 5 10 15 20 25 30 35 40 45 50 55
of Model B2 in Table ). Time [h]

In order to contrast the effects of the parasitic charge 114

stored in the dielectric layer between applying and not the ’ (b)
charge control method in terms of chargg;V characteristics r ‘
of the MEMS device have been obtained before and after L1z )
the experiments. The comparison of theV' characteristic
obtained after each measurement with the one measured with E

. . . 110 | [\
no parasitic charge (see Fig. 10) allows us to extract thié shi o 0
of the pull-in voltage value. Thus assuming a sheet of charge r
trapped in top of the dielectric layer, the expression fa th 1.08 |- [}
pull-in voltage is | ‘ : :
Ver = Ver(Qa = 0) + Vinigt (32) 1.06 ‘ l i Time [h]

. . . 30 30.0004 30.0008
beingVp;(Qq = 0) the pull-in voltage with no trapped charge
and Vg, ¢ the voltage shift due to the parasitic charge frorfiig. 11.  (a) Plot '1': Experimental capacitance transiebtaied applying
eq (8) a constant voltagé’.;, = 13.5V, i.e. with no control method; plot '2": ex-
AN perimental capacitance transient obtained applying tlaegehcontrol method
Fig. 12 shows the&’-V measurements of the MEMS aftetith v, = 13.5V and Vy;, = —5.5V. (b) Zoom-in of the "steady-state”

applying several voltage stresses, as well as the "diseldargsection of plot "2".
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is not perfectly flat beyond pull-in, it is possible to sense
changes in the charge stored in the dielectric by measuring
changes in the capacitance of the device beyond the pull-
in. Some preliminary results can be observed in fig. 13 for
a PolyMUMPS device consisting on a moveable electrode of
360um x 360um, held by four suspension arms in "L” over the
bottom-fixed electrode, which is the doped silicon substrat
A 0.6um silicon nitride layer is the dielectric. The air gap in
the rest state i8um. This device can be identified as device 1
in Table | and exhibits charging times of a few minutes. The
0.8 : ' ' ' ' C(V) characteristic of the device actuated with this contro
0 5 10 15 20 25 30 : ) :
Voltage [V] method remains closer to the one of the discharged device
than in the case when the device is simply actuated with a
Fig. 12. ExperimentalC—V characteristics of the MEMS device after CONStant voltage.
applying several voltage stresses: before any stressl (s, after 55h with

a constant voltagé/.;, = 13.5V (dotted line), after 55h with control using
Ven = 13.5V and Vg, sen = —3.5V (dash-dot line), after 55h with control VI. CONCLUSIONS

using Ve, = 13.5V and Vijsen = —5.5V (dashed line). A new control method for enhanced reliability and ro-
bustness in capacitve MEMS devices has been proposed
) ) and experimentally verified. The method involves real-time
Note thatVy;; may play an important role in the perfor-capacitance sampling and actuation through bipolar pufes
mance of the control method for a given device, sifitgi;:  constant magnitude, in order to keep dielectric charge unde
strongly depends on this value when 2-cycle bit streams @igntrol. It has been shown that a loose position control may
obtained (i.e. see fig. 8). In the case shown here, it is gleafoyide a good control of the charge in the dielectric. The

C [pF]

seen thatys = —5.5V works better thanVsis = —3.5V,  scheme has been successfully validated in MEMS devices that
since the resulting pull-in voltage is closer to the "disg@l”  gyffer from dielectric charging.
one. We have also proposed a simple and effective model that

Furthermore, according to (32), Table IV shows valuégiplains the mechanical behaviour of the device, shows that
extracted from the measurements shown in Fig. 12, includife dielectric charge can be fixed and estimates the paresnete
and estimation of the parasitic charge fixed on each case. \Wen which the control method will work well.
also give theoretically predicted values of the dieleathiarge  The experiments carried out are in good agreement with the
in this table. It evidences the utility of the charge contrafimylations of the proposed models: both show that an almost
method, as the pull-in voltage shift is strongly reduce@maftconstant charge is maintained in the dielectric.
long actuation cycles, allowing one to maintain the effecti
Vpr within expected margins, therefore avoiding undesired APPENDIXA: THE SOLUTION OF THEPOLYNOMIAL

long-time effects such as capacitance/position drift ariate ) )
The standard way to analyse (20) is to reduce it to the

collapse. .
Finally, this method can be also applied to devices in tf@&nonical form .
ON state. Since for almost all devices, the C(V) charadteris GntPEn+q=0 (33)
by introducing the variablg,, and the parameteys ¢
C’pFﬁ Yn :€n+2(1+’7)/37
1
6.9 1 2 , (34)
- > p=-31+7° q=5(01+7)°-V5,8
6.8
C pF Now, the polynomial (33) can be solved by using Cardano’s
6.7 - 1 ) o
6.8 ! method. Introducing the auxiliary parameters
6.6 6.7 — )
] 3 D= (p/3)° + (¢/2)?,
65 | 667 2 , , (35)
6.5 — ap = —q/2+\/5, Bp:\/—q/Q—\/B
6.4 ]
64 we obtain the solutions of the reduced polynomial (33) as
63 4 6.3 LA L A B B |
7 71 72 73 74 Ky §n1=ap+ By,
6-2 L_‘I ‘ T ‘ T ‘ T ‘ T ‘ T ‘ T ‘ T ‘ T ‘ J—
0 2 4 6 8 10 12 14 16 t, min En3 = —%ﬂp — Z‘\/E%Tﬁp, (36)
Fig. 13. Experimental capacitance transients obtainedyimgpa constant ¢ _ 9% + 510 +i \/5 Qp — ﬂp
voltage V., = 8.5V (line 1), and applying the control method wiil}.;, = n,2 = 2 v 2

8.5V andVy;s.p, = —8.5V (line 2). The insert shows a magnified part of the .
C-V characteristics similar to the one presented in fig. 12; lindischarged ~ In the caseV,, < Vpr (V;, below pull-in voltage), the

device, line 2: after 15 min charging and line 3: after 15 mithveontrol. discriminant in (35) isD < 0, and, thereforeap and 5p
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From the definition of the total capacitance (5) using the
1 net force balance (18) we obtain that if at a given time the
measured capacitance (s and the applied voltage i§, the

1.2 accumulated charge is
i 1+~v-C 0/002.0
U = - = = 40
0.8 Q=Cq |V \/ 3 o2 (40)
04 This way, by substituting’ by V., andC by C;;, we may

| find the charge(),,, associated to the charging voltage;,,

i assuming that the control will locate the capacitance of the
device nealCyy,.
0 S

| In the same manner, the 'collapse’ chaf@gis the amount
0 5 10 15 20 v of charge required to put the device in the ON state (pull in)

Fig. 14. Roots of the polynomial as a function of the appliettage: the Q.=Caq(V —=Vpra) =
branch of stable roots (S) is shown by the solid lines whike uhstable (U) :
by the dashed one. The insert shows the potential Wglk:) (solid line) and 8kg3 d 3 (41)
the derivative of the functiorf(z) (dashed line). Cqg |V =y —— —
2TepegA ( sdg)

are complex conjugates. In general, there exist three pairs Let us return to the map and discuss first the case of
o, and 3, and those of them must be chosen which fulfil th¥lodel A and function® 4 in (31). With @y, introduced, we
conditiona, - 3, = —p/3 (at least one such pair exists). conclude that it can be presented as a piecewise contractive
The original position is restored as map with the partition{Qx}7_, of the state spac® € R
' given as follows :Q1 = {Q : Q < Qu} and Q2 = {Q :
Tni = Ynio 9 = 9(Ena +2(1+7)/3), i=1,2,3 (37) Q > Qu}. In each partition, a map is define in the form:
where G(Q) == Gr(Q) = acQ + (1 — ac)Q; with the fixed points
 _9Rea. . __R Ima Q_{ = Qmaz anng.: 0 Model B is a more ggnera} case ofa
En.1 eap, &ns ea, + V3Imay (38) piecewise contraction in the plane. Maps written in thigrfor
&n2 = —Rea;, — V3Iim Qp are considered in the work [35], which states that piecewise

Formally, it can easily be shown that in order to guaranté@ntractions of this form arasymptotically periodici.e. their
that the rooty* is stable, the derivative of the functigf{y) Steady-state solutions aséable cycles

must be positive. Thus, the root that we look for is the last of Thus, the maps are always stable. However, certain condi-
the three in (38) tions appear due to physical properties of the device, namel

mechanical instability and pull-in, that do not implicityppear

zn = g(~Rea, —V3Imay, +2(1+7)/3) = X(V,Qn) (39) iy the map. Returning to the collapse charge, the condition
where we define the functiod’(V, Q) as the solution to the @4 > Q. defines the appearance of mechanical instability
polynomial for a given applied voltage and dielectric ctearg in the system and, from the standpoint of the algorithm

The behaviour of the roots of (20) agrees with well-knowAffectiveness, it separates the case where the algoritiim ca

facts. As an example, foF < Vp; there are three rootg, ; control the charge and prevent the device from going into the
with one of them lying in the non-physical region below th&®N state during the charging phasé.{ applied) and where
bottom electrodey, > 1), and a pair of a stable root and arthe algorithm cannot (note that even in this case the charge
unstable root within the gap{ < 1). ForV = Vp; the stable Will be fixed to a certain value).
and the unstable roots join and disappear, with only ondestab For a givenN-periodic sequencéb,,})_,, let us find the
position under the bottom electrode left; this correspoiads solution of the map that defines a¥-periodic sequence of
collapse of the device due to the pull-in effect. This effisct {Qn}3—,. For simplicity, we write it for Model A. Let us
clearly seen in Fig. 14, which shows the roots calculatethfrointroduce the parametets = ac/ap, p = Qmas(1 — ac)

(37) as a function of applied voltage. and the sum
q
APPENDIX B: PROPERTIES OF THEMAP S2 = anﬂ. (42)
Let us first consider our major case when the device is j=p

OFF and we expect that the method will prevent it frorfyr,, < 4. (For the terms in this sum with the index-j > N,

pull-in. So far we have introduced the target capacitangge fact that the sequence is periodic must be used.)kTie
by eq. (16). However, we may also speak in terms of thgration of the map is

target charge),,. Indeed, (18) allows one to link these two
parameters: the presence of any non-zgpocauses the drift
of capacitance and there is su@h,, accumulating which the
total capacitance is equal ;. (43)

ko gk—1 k=l k—j gkt
Q7L+k = aprTo Qn — M Z ap "V b'rH—j—l - ,U/bn-‘rk—l
i=1
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Cth, pF-

Since the sequencf,} is periodic [35],Q, = Qnin- 064 _
Using N instead ofk and SV = Sé\’ ~! as the sum of alb,, ’ % O,.x increases
in the sequence, we write that 0.62] ; "
N-1 1 il )
_ N ,
Qn = W bpin_1+ ; Oég 3,5, brtj—1 0.60j ; O,. increaselsl",zf;
(44) 0.58-
1 pull-in
Thus, expression (44) generat@s for any given control 0.564 2 event
sequence. —
Note that the algorithm allows only sequences where sub- 0.54+ 7 controlled
sequent discharging events are not possible due to asysnmetr
in electrostatic force: applying discharging voltatjg, will 0.52 A R S B B
cause the jump of the position below the target level and, T/t >
D' *C

consequently, a sharp change in the total capacitance kath t

Ciot < Cyp. This, in its turn, leads to applying the chargingrig. 15. Analytically calculated plane of parametérs, /¢, C,,) showing

voItageV‘h in the next sampling event. the effectiveness of the control method for Model ¥.;, = 13.5 V and
The 2 ¢ | ticul f (44) i ial uti Vais = —5.5 V. The two lines, 1a and 2a, correspond to the conditions (46)
e 2-cycle, a particular case of (44), is a special solutigy (47). The red solid line 1a divides the plane into two sreehere the

that corresponds to the control sequerdge = (1,0) (one charge is controlled and where is not (pull-in event). Theebdlashed line

charging and one discharging event) and is defined as 2a bounds a specific area of the controlled charge — the ar@acptles.
The evolution of the above areas with an increas&ef, are shown by

A aDH A M the arrows and the set of lines 1b and 2Q,{s = —100 pC versus
Q1 =~ (1 _ ﬂ) ? Q2= — (1 _ ﬂ) (45) Qmaz = —50 pC). The numerically simulated plane in fig. 9 corresponds
to the highlighted piece of this plane with relevant line keat as 2a, i.e. at

where we denoted = acap. The 2-cycle corresponds to®@maz = —50 pC.
the minimal amount of charge in the dielectric that can be
fixed by the algorithm, and we can impose the basic condition

when the algorithm will be capable of stabilizing the systeffyhere is not or pull-in event (on the right). The blue line 2a
below pull-in, namely,|Q2| < |Q.|, providing the following defines a specific area located below the line — the area of 2-

boundary condition cycles. If@Q,.q. increases (see, for instance, the set of lines 1b
and 2b forQ,,.. = —100 pC), the boundary lines move to the
—ﬁ =Q. (46) left, diminishing the area of control, while @,,,... decreases,
—B) the lines move to the right, expanding this area. Thus, if the
The other condition defines whether the algorithm is capald&orithm fixes the charge, it will be the target value (40jher
of fixing the exact target charge introduced by (40) charge of the 2-cycle (45). Note that the numerically sirreda
api plane 9 corresponds to a highlighted piece of this plane with
-8 " Qin (47) relevant line marked as 2a, i.e. @, = —50 pC, which

) fully agrees with the theory.
Due to parameter selection the target charge can be Iessrhe same plane but foV., = [Vis| = 12 V is shown

than the one given by the 2-cycle, and the algorithm will fiﬁ] i0. 16. Note that we had to proportionally incre
the charge that corresponds to the 2-cycle but not the one ofrg' ' prop y Aac
the target. The above solutions, the 2-cycle expression and

these basic conditions can be obviously to Model B. As far Cth, pF -
as Model C concerns, it displays similar properties sings it 6.4 -
also a contractive map. 1 ;

The conditions (46) and (47) allow us to plot planes of 6.2 1 O "”C’eases/"
control parameters analytically and study the behaviouhef 6 % b la
system varying all system parameters. As an example, let us i
consider the planérp /7¢, Ci). Chy, is controlled directly by 58 % il
selecting the desired level of the capacitance. The ratjorc o 2 a TEANEY pull-in
can be seen as a property of the dielectric material or and may 56 ij event
be controlled by the voltages, and we are interested to e th i 28
change in the dynamics over a wide range of these parameters. 5.4 | controlled

An example of the plane is shown in fig. 15. We have {1
selected the parameters we had already used in Sec. IV with 5.2 [f"' ]
numerical simulationsV,, = 13.5 V and V;;s = —5.5 V and 0 05 1 T1./5T 2 25 3

D’ *C

Qmaz = —50 pC (recall that this charge in enough to pull
In the_dewce). The two lines, 1a ahd 2a, cc.)r.respond to tpﬁ 16. Analytically calculated plane of parametérs, /¢, Cyp), @s in
conditions (46) and (47). The red line la divides the plang. 15, but forV,;, = — Vs = 12 V, Qmae = —100 pC (lines 1a and 2a)
into two areas where the charge is controlled (on the lef) aAnd Q@maz = —150 pC (lines 1b and 2b).



since atV,;, = 12 and at the old value of),,,,.. = 50 pC we [18]
will be unable to see pull-in and we would see that for all this
range ofC}, and7p/7¢ the charge is controlled at the target
level. The variation of the applied charging and dischaygin
voltages change®,, and Q. given by (40) and (41) and the[1°]
ratio 7p/tc. Therefore, it affects the areas separated by the
lines in the plane. In this particular example, whin, was
selected smaller than in the plane 15, the decreas&.pf [20]
expands the area of the effective control of the devices.

[21]
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