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This paper presents a new method to hara terize the dynami s of the harge trapped in the diele tri layer of onta tless mi roele trome hani al systems (MEMS). For sampled-time systems, this allows
knowing the state of the net harge at ea h sampling
time without distorting the measurement. This approa h
allows one to model the expe ted behaviour of diele tri harging as a response to a sigma−delta ontrol of
harge. The goodness of the proposed approa h is obtained by mat hing the experimentally obtained losed
loop response with the one predi ted using the proposed
hara terization method. The hara terization method
also provides a riterion to avoid nonlinear ee ts, su h
as fra tal-like behaviour, in harge ontrol.
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1 Introdu tion

Ele trostati ally a tuated mi roele trome hani al systems (MEMS) have many advantages sin e they onsume less power, have high quality and isolation fa tors, integration apabilities, et . They have been used
as resonators, vara tors and swit hes in a growing set of
appli ations during the last de ade. Nevertheless, some
reliability problems [1,2℄ are still hindering a more massive use of these devi es. In this way, the main resear h
interest is fo used on the parasiti harge trapped in
the diele tri layers of ele trostati MEMS. Although
the study of its ee ts on devi e performan e and the
proposal of mitigation te hniques have re eived onsiderable attention in the literature, the hara terization
Address(es) of author(s) should be given

of the dynami s of harge trapped in diele tri layers is
a still-pending issue [3℄.
Several dierent methods to hara terize the harge
dynami s have been proposed, but they are not ompatible with normal use of the devi e. For instan e, in
the ase of swit hes and vara tors it is well known that
a umulation of parasiti harge implies a shift in the
apa itan e-voltage (C -V ) urve of the devi e, and thus
a shift in the value of the pull-in voltage [4,5℄. Then, iterative measurements of su h voltage have been used to
monitor the harge evolution with time [6, 7℄. Unfortunately, ea h measurement of the pull-in voltage implies
applying a voltage stress to lose the devi e, so it takes
a relatively long time and also alters the amount of
harge trapped. One an on lude that this strategy is
strong distorting and thus not ompatible with normal
operation of the devi es.
To avoid the problem of losing the devi e, an alternative strategy is proposed in [8, 9℄. It is based on
applying small voltage steps to lo ate the minimum of
the C -V urve, whi h is a parabola fun tion for voltage
ranges below pull-in. There, the evolution of the parasiti harge is monitored through shifts in the voltage
orresponding to the minimum of the C -V urve. Even
it strongly redu es the harge inje tion ee ts due to
voltage stressing, this method is still in ompatible with
the normal operation of the devi e.
This paper presents a new method to hara terize
the harge dynami s that allows us to monitor the shifts
of the C -V urve through what has been termed as
quasi dierential apa itan e measurements: the dieren e of the apa itan e measurements obtained by the
su essive appli ation of two voltages of dierent polarity. By using a smart predetermined sequen e of these
measurements it is possible to obtain numeri ally the
parameters of the multi exponential model asso iated
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with the a tuation of the devi e by the applied voltages.
This a tuation prin iple is ompatible with the sigmadelta ontrol proposed in [10℄, where a smart a tuation
with two voltages has allowed a ontrol of the trapped
harge. Previous ontrol methods have been presented
in [11, 12℄.
With the proposed hara terization method, it is
possible to obtain the amplitudes and time onstants
of the harging dynami s for two dierent voltages. To
he k the validity of the proposed approa h a mat hing is obtained between the average bitstream provided
experimentally by the harge ontrol method, with the
one obtained by simulating the devi e onsidering the
harging dynami s obtained with the harge hara terization method. Moreover, the time onstants provided
by the proposed hara terization method allow to establish a riterion to sele t parameters to prevent nonlinearities in the harge ontrol method. This is also
demonstrated through omparison of simulations and
experimental results, where a fra tal-like behaviour appears for a sampling rates that do not meet the riterion.
2 Charge

C(V, t) = α(V − Vsh (t))2 + C0

(3)

where the α parameter must be tted for ea h devi e
and C0 is the minimum apa itan e value of the urve.
Then, in prin iple the dynami s of the trapped harge
an be studied by applying a voltage during a ertain
time and monitoring the apa itan e between the plates
of the devi e. This way, it would be possible to extra t
the Qd (t) values from the measured C(t).
However, hanges in temperature or humidity, or
hanges in the uniformity of harge distribution, among
other pro esses, generate verti al displa ements in the
C -V urve [6,9,14℄. This means that the onstant term
in equation (3) may easily present a slow time dependen e C0 (t), as shown in Figure 2. It is observed there
that both Vsh and C0 exhibit noti eable variations after
a voltage stress has been applied, but both urves an
still be tted with the same value of α.
2.1 Sensing harge through quasi dierential
apa itan e measurements

hara terization method

In order to study the evolution of the trapped harge
in the diele tri layer of a MEMS devi e, one an onsider the generi two-plate geometry shown in Figure 1,
where the voltage applied between the top and the bottom plates generates an ele trostati attra tion for e.
The dee tion of the top ele trode x an be des ribed
by a mass-spring-damper ordinary dierential equation:
mẍ(t) + bẋ(t) + kx(t) = Fel (V, x)

where C(t) is the total MEMS apa itan e as a fun tion
of time, Qd the total amount of harge trapped in the diele tri layer, ε0 the air permittivity and Cd = Aε0 εd /d
the diele tri apa itan e, being εd the relative diele tri onstant, A the devi e area and d the thi kness of
the diele tri layer. Sin e the term Qd /Cd is widely dened as Vsh (voltage shift), the ele trostati for e Fel is
proportional to the square of (V − Vsh ) and the C -V
hara teristi of the devi e is an even fun tion entred
at V = Vsh . Then, the net harge Qd an be inferred
from the horizontal shift of the C -V urve, that is from
the value of Vsh .
Sin e the ele trostati for e is proportional to (V −
Vsh )2 , then the C -V urve for the state bellow pull-in
an be approximated by a paraboli fun tion [9, 13℄:

(1)

where m is the mass of the movable ele trode, b is the
damping fa tor, k is the spring oe ient and Fel is the
ele trostati for e applied to the top plate. This for e
an be written as:

2
C(t)2
Qd
Fel (t) =
(2)
V −
2Aε0
Cd

To avoid the above mentioned verti al drift, this work
fo uses on obtaining the dynami s of the trapped harge
by measuring the apa itan e of the devi e at two points
of the C -V urve in two onse utive and lose instants
of time t and t ± ∆t. For instan e, let us suppose that
C + (V + ) for V + > 0 is obtained at the instant t and
that C − (V − ) for V − < 0 is obtained at the instant
t + ∆t. Assuming that α is onstant and a slow drift
in the harge dynami s, that is Vsh (t) ≃ Vsh (t + ∆t)
and C0 (t) ≃ C0 (t + ∆t), then the value of Vsh an be
extra ted from the following equation:
∆C(t) = C + (t) − C − (t ± ∆t) =
C(V + , t) − C(V − , t ± ∆t) =
α[(V + )2 − (V − )2 ] − 2αVsh (t)[V + − V − ]

(4)
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tain the value ∆C = C + − C − , and thus the voltage
shift Vsh due to the harge stored in the diele tri , at
sampling times kTs . Additionally, for appropriate values of V + , V − and δ , the appli ation of waveform (a), in
the onta tless ase, in reases the positive harge and
redu es the negative harge in the diele tri . On the
other hand, applying waveform (b) to the same ase
has the opposite ee ts on the harge omponents inje ted/extra ted into/from the diele tri .
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Now the obje tive is to apply the a tuation and sensing strategy introdu ed above to predi t the evolution
Fig. 2 Experimental C -V
urves of an ele trostati MEMS
before and after a voltage stress is applied. The ontinuous
of the net diele tri harge for a onta tless MEMS.
line orresponds to the initial-dis harged devi e (Vsh = 0),
For the sake of generality, let us name ea h period of
while the dashed line was obtained after applying V = −4V
waveform (a) in Figure 3 as voltage symbol BIT0, name
for 40 hours (Vsh = 2.5V ).
ea h period of waveform (b) as voltage symbol BIT1,
and suppose that the waveform applied to the MEMS
is any arbitrary sequen e of symbols BIT0 and BIT1.
A ording to this, periodi measurements of the quasi Note that both symbols have the same time length, Ts ,
dierential apa itan e ∆C(t) allow to monitor the amount and the same values of V + , V − and δ .
of net harge in the diele tri . If we onsider a sampledRegarding the above assumptions, we introdu e here
time system, then two apa itan e measurements to oban analyti al model for the dynami s of the diele tri
tain C + and C − should be performed at the end of ea h
harge. Equations (5) and (6), taken from [12℄, model a
sampling period. This implies that the bipolar voltages
multi-exponential time evolution of the diele tri harge
V + and V − must be applied within a sampling pefor the onta tless ase, when a positive or a negative
riod. On the other hand, we would like to have a tuavoltage is being applied.
tion waveforms su h that, while having the apability

P p −t/τ p
of monitoring ∆C(t), they would also serve to in rease,
p

Di
V >0
ζi e
Qmax
or de rease, the amount of harge in the diele tri .
p
i
Q (t) =
(5)
P
p
p −t/τCi
p

) V <0
Let us now onsider the periodi bipolar waveforms
Qmax (1 − ζi e
i
shown in Figure 3. In waveform (a) the negative V − is
being applied to the MEMS during most of the time,

P
n
n

(1 − ζin e−t/τCi ) V > 0
Qmax
whereas in waveform (b) V + is applied most of the time.
n
i
Q (t) =
(6)
P n −t/τ n
Both waveforms in lude short times δTs on whi h opn
Di

Qmax
ζi e
V <0

posite voltage values are applied. This allows to obi
Voltage [V]

measure C-

a)
V+

measure C+

…

…

V(1-δ)Ts

b)
V+

δTs

measure C+
measure C-

…

…

V(k-2)Ts

(k-1)Ts

kTs

(k+1)Ts

voltage waveforms for MEMS a tuation and sensing. On ea h period Ts of (a), a negative voltage V − is
applied during (1 − δ)Ts and the value of C − is measured at the end of this time, then a positive voltage V + is applied for a
+
is measured. On ea h period of waveform (b), V + is applied during (1 − δ)Ts and then
short time δTs and the value of C
C + is measured, next V − is applied for δTs and then C − is measured. In both ases, a new value of ∆C(t) is obtained at
times kTs .
Fig. 3 Periodi

4

Manuel Dominguez-Pumar, Sergi Gorreta, Joan Pons-Nin, Elena Blokhina, Panagiotis Giounanlis, Orla Feely.

In general, the appli ation of a voltage a ross a
metal-diele tri -air-metal stru ture (MEMS in onta tless mode) or a ross a metal-diele tri -metal stru ture
(MEMS in onta t mode) will result in an ele tri eld
in the diele tri . A number of pro esses then o ur that
an be lassied into polarisation and harge inje tion
pro esses [2, 15℄. Polarisation pro esses in lude dipolar
polarisation, 'free harge' displa ement and interfa ial
polarisation [16℄, while harge inje tion is the transfer
of harge arriers from the metal to the diele tri . It
is known that dipolar polarisation origins from the orientation of the dipoles of the diele tri material, while
the polarisation due to free harge transfer may arise
from the displa ement of `free' harges in the diele tri
(su h as ions left from the deposition pro ess or inje ted harges). The inje tion of harges from the onta t with the metal o urs, for example, through trap
assisted tunnelling of S hottky emission. It is usually
the dominant pro ess if relatively high elds are applied
to diele tri layers, and it has been shown as the primary harging me hanism in RF MEMS swit hes [3,17℄.
The harges inje ted from the metal parti ipate then
in the Pool  Frenkel ondu tion me hanism and/or
free harge polarisation [18℄. By introdu ing the model
given by (6), we assume that there are a number of independent me hanisms responsible for diele tri harging
and harge relaxation, and ea h of these pro esses is
des ribed by its own hara teristi time.
The total amount of net harge trapped in the diele tri an be obtained as the addition of both ontributions Qd (t) = Qn (t) + Qp (t). The harging and
dis harging time onstants for ea h harge omponent
Qn (t) and Qp (t) are, respe tively, τCi and τDi . Qnmax
p
are the maximum values of negative or posiand Qmax
tive net harge, respe tively, and the oe ients ζi spe ify how these total harges are distributed along all the
P
P
exponential. Therefore we have i ζin = i ζip = 1 and
0 ≤ ζin , ζip ≤ 1. The maximum amount of harge of
p
p
ea h exponential is then dened as Qp,i
max = Qmax ζi
n,i
n
n
and Qmax = Qmax ζi .
Let us now dis retise equations (5) and (6), so that
we have the harge evolution in the diele tri for the
kTs and (k + 1)Ts sampling times, a ordingly to the
symbol, BIT0 and BIT1, applied at kTs :

Qp,i (k + 1) =
(
p,i
p,i
p,i
p,i
BIT 0 : Qpmax ζip (1 − αp,i
C1−δ )αDδ + Q (k)αC1−δ αDδ
p,i p,i
p,i
BIT 1 : Qpmax ζip (1 − αp,i
Cδ ) + Q (k)αCδ αD1−δ

(7)

and
Qn,i (k + 1) =
(
n,i
n,i
n
ζin (1 − αn,i
(k)αn,i
BIT 0 : Qmax
Cδ ) + Q
Cδ αD1−δ

n,i
n,i
n
n,i
BIT 1 : Qmax
ζin (1 − αn,i
(k)αn,i
C1−δ )αDδ + Q
C1−δ αDδ

(8)
where the following parameters are used:
p,i

p,i

n,i

n,i

−δTs /τC
−δTs /τD
αp,i
αp,i
Cδ = e
Dδ = e
p,i
p,i
−(1−δ)Ts /τC
−(1−δ)Ts /τD
αp,i
αp,i
C1−δ = e
D1−δ = e
−δTs /τC
−δTs /τD
αn,i
αn,i
Cδ = e
Dδ = e
n,i
n,i
n,i
n,i
−(1−δ)Ts /τC
αC1−δ = e
αD1−δ = e−(1−δ)Ts /τD

(9)

Equations (7) and (8) imply that, given a set of parameters of the multi exponential model des ribing the
p,i n,i
p
,τC ,
diele tri harging, {Qmax
, ζip , Qnmax , ζin ,τCp,i , τD
n,i
τD }, it is possible to al ulate the time evolution of
the net diele tri harge if a known sequen e of symbols BIT0 and BIT1 is applied to the devi e. Then, the
hara terization method onsists on nding the set of
model parameters that minimize the mean square error
between the predi ted time evolution and the one experimentally obtained. In our ase, these ttings have
been arried out using the well known un onstrained
nonlinear minimization Nelder-Mead algorithm.
2.3 Obtaining the parameters of the harge dynami s
from experimental data
Experimental works have been arried out to orroborate the harge sensing method and the theoreti al
model for the harge dynami s introdu ed above. The
MEMS used in the experiments reported here is a apa itive swit h-like devi e fabri ated with PolyMUMPS
te hnology. The area of the plates is 515 × 515µm2, the
air gap is 2.75µm, the thi kness of the diele tri (silion nitride) is 0.6µm and the pull-in voltage is around
14V. All the measurements have been done in ambient
onditions using a pre ision LCR meter ontrolled from
a omputer.
Ea h voltage symbol applied to the MEMS, BIT0
or BIT1, has a time length of n lo k periods. This
means that the sampling period, or symbol time, is Ts =
nT lk. During ea h symbol, the devi e apa itan e is
measured at both (n−1)T lk and nT lk instants, so that
a new value of the quasi dierential apa itan e ∆C is
provided. Figure 4 shows the result of applying su h
voltage symbols for 144 hours: BIT0 is applied during
the rst 48 hours, then BIT1 for the next 48 hours and
nally BIT0 again for the last 48 hours. The parameters
used are V + = 4V , V − = −4V , δ = 1/5 and Ts = 2.5 s.
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The evolution over time of the apa itan es C + ,
C − and C0 is shown in Figures 4(a) and (b). As it
an be seen, C0 exhibits noti eable variation during
the measurement and therefore it is not possible to extra t the value of Vsh dire tly from this data. However,
as dis ussed in previous se tions, the ee ts of variations in C0 an be an elled by obtaining ∆C(t) as
C + (t) − C − (t), as shown in Figure 4( ). Then, it is
ne essary to know the α parameter in equation (4) to
obtain Vsh (t). This parameter an be obtained from a
single C -V measurement. In our ase, it yields α =
1.4 f F/V 2 . The voltage shift asso iated with the previous measurement is the ontinuous line shown in Figure 5.
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through 1D model simulations based on equations (7) and
(8) (red ti ks), for the experiment shown in Figure 4.

On e Vsh (t) al ulated from equation (4), it is ne essary to t the model of the harge dynami s given
by equations (7) and (8) with the experimental data. A
two-exponential model was used and the orresponding
result is shown in Figure 5, revealing very good mat h
between model simulation and experimental data. The
tting parameters obtained are shown in Table 1. Note
that all time onstants reported in Table 1 are far above
the lo k period Ts = 2.5s.

Table 1 Parameters for the negative and positive

nents of the two-exponential

ompo-

harge dynami s model, ob-

tained from the ttings shown in Figure 5.
Parameter

n

p

Qmax /Cd [V℄
τC,1 [min℄
τC,2 [min℄
τD,1 [min℄
τD,2 [min℄
ζ1
ζ2

-5.3

5.3

3 Validation of the
through

harge

13

113

509

2369

11

87

483

5567

0.68

0.94

0.32

0.06

hara terization method

ontrol experiments

The hara terization method of the harge dynami s
introdu ed in the previous se tion opens a door to the
appli ation of a losed-loop strategy for real-time ontrol of MEMS diele tri harging [10℄.
A ording to this, this se tion he ks and dis usses
the goodness of the hara terization method when using it for su h harge ontrol purposes, through omparisons between the experimental behaviour and the
behaviour obtained from dis rete time simulations of
the ontrol system.

3.1 Algorithm for real-time harge ontrol
Fig. 4 Capa itan e measurements obtained by

onse utively

applying BIT0, BIT1 and BIT0 during 48 hours ea h. Curves
(a) show the behaviour of C + (t) (red line) and C − (t) (blue
line), while

urve (b) shows the behaviour of

C0 (t).

( ) shows the evolution of the quasi dierential

∆C(t).

Curve

apa itan e

Sin e it is straightforward that under some assumptions
the quasi dierential apa itan e ∆C is an ane fun tion of the total diele tri harge Qd , then it is possible
to x ∆C (and thus Vsh or the total harge Qd ) around
a desired threshold value, ∆Cth . To obtain this, appropriate sequen es of positive and negative voltages, V +

6

Manuel Dominguez-Pumar, Sergi Gorreta, Joan Pons-Nin, Elena Blokhina, Panagiotis Giounanlis, Orla Feely.

Agilent E4980A

C

b)
Qd>Qtarget
C

a)

CV-

∆Cth
V-

Vth

V+

V
c)

Qd<Qtarget

Vsh

C+

C

clk

CV

V+

C -V with Vth = Qtarget /Cd < 0.
urve (b) the net harge is not enough negative (Vsh > Vth ,
+
−
< ∆Cth and, a ordso Qd > Qtarget ), then ∆C = C −C

Fig. 6 Curve (a) is a target

In

ing to equation (10), the next symbol is BIT1. In
the net
then

harge is too negative (Vsh

∆C > ∆Cth

'C
Digital
control

C+

V- Vsh

Capacitance
sensor

V

V+

< Vth so Qd
and the next symbol is BIT0.

urve ( )

MEMS

V(t), C(t)

V+
V-

Fig. 7 Implementation of the

+
_

'Cth
Computer

harge

ontrol algorithm. The

LCR equipment provides the voltage symbols BIT0 and
+
and C − at ea h
BIT1. It also measures the values of C
symbol. The ontrol subsystem implemented in the omputer
ompares C + − C − with the threshold value ∆Cth and, a ording to equation (10), de ides the next symbol to apply.

< Qtarget ),

and V − , namely of symbols BIT0 and BIT1, must be
applied at sampling times.
The main advantage of this harge ontrol strategy
is its ability to work with devi es suering from verti al
displa ements in the C -V urve, alongside with horizontal displa ements due to parasiti harging. Moreover,
by adjusting the threshold parameter ∆Cth it is possible to swit h on real-time between target values, even
positive and negative, of net harge.
For a threshold value ∆Cth , whi h from equation (4)
leads to Vsh = Vth and Qd = Qtarget , and suitable values
for V + , V − , δ and Ts , the ontrol strategy may be
implemented as the following algorithm:
1. The MEMS is being a tuated with any of the symbols BIT0 or BIT1.
2. Measure the MEMS apa itan e at symbol times
(k − δ)Ts and kTs . For Ts far below the time onstants of the harge dynami s, ∆C = C + − C − .
3. The next symbol to apply to the MEMS is de ided
from the omparison between ∆C and ∆Cth , a ording to the following law:

BIT 0 if ∆C > ∆Cth
(10)
Next Symbol =
BIT 1 otherwise
4. Apply the next symbol and go ba k to step 2.

Figure 6 illustrates how the de ision law (10) works:
a target C -V urve is shown in Figure 6(a), whereas
Figure 6(b) orresponds to the ase Qd > Qtarget , then
BIT1 must be applied to shift the C -V urve to the left,
thus de reasing Qd . Symmetri ally, in Figure 6( ) Qd <
Qtarget and the next symbol, BIT0, would in rease Qd
and thus it would shift the C -V urve to the right.

It has been shown in [10℄ that, under some onditions, this ontrol algorithm an be des ribed by the
equation of a rst-order delta-sigma modulator [19℄.
The dynami al behaviour of this kind of ir uit is well
known, and therefore this allows one to extra t realtime information on the state of the devi e, from the
point of view of diele tri harging, dire tly from the
ontrol bitstream. Su h bitstream is the sequen e of
symbols BIT0 and BIT1 applied, thus it is provided at
the sampling rate by the de ision law (10).

3.2 Comparison between simulations and experimental
results
To validate the hara terization method proposed in
this paper, a long-time harge ontrol experiment has
been arried out. The experiment onsists on applying
the ontrol algorithm to onse utively x three dierent
target values of the quasi dierential apa itan e ∆Cth ,
orresponding to three values of the target voltage shift
-rst 0.5V, then -0.75V and nally 0V-, to the MEMS
whose harge dynami s was hara terized in the previous se tion. The whole experiment lasts for 6 days and
the target value is hanged ea h 48 hours.
Figure 7 depi ts the implementation of the ontrol method. As in the hara terization experiments
reported above, the LCR equipment is used both to
ex ite the devi e with either a BIT0 or a BIT1 symbol
and to measure the devi e apa itan es C + and C − at
the appropriate symbol times. A omputer ontrols the
LCR equipment and de ides the next symbol to apply,
a ordingly to (10). The parameters used for the BIT0
and BIT1 symbols are the same used to obtain the t-
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ting values reported in Table 1: V + = 4V , V − = −4V ,
Ts = 2.5s and δ = 1/5.
The evolution of the voltage shift Vsh with time, obtained from the measurements of the quasi dierential
apa itan e ∆C at sampling times kTs , is shown in Figure 8. Note that su h experimental voltage shifts mat h
fairly with the target ones, thus true ontrol regimes are
a hieved at ea h 48-hour time segment.
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As ommented above, the bitstream used to obtain
the voltage shifts of Figure 8 onsists on a sequen e
of symbols BIT0 and BIT1 determined by the ontrol
method. Ea h time a symbol BIT0 or BIT1 is applied
to the devi e, a ertain amount of positive or negative
harge is inje ted into the diele tri . The average number of symbols BIT1 in the output bitstream is then a
measure of the amount of time a positive voltage V +
must be applied, with regard to the amount of time
V − is applied, to have a net inje tion of harge ompensating the harge ontinuously being leaked out of
the diele tri [10℄.
To orroborate the goodness of the hara terization
method, a omparison between the simulated behaviour
of the devi e using the parameters obtained in the previous se tion, and the experimental ontrol bitstream is
shown in Figure 9. Both signals have been obtained by
ltering the bitstream with a window omposed of 1000
samples. As it an be observed, very good mat h exists
between both signals. With this regard, not only the
asymptoti values but even the dynami evolution near
the swit hing between target voltage shifts is remarkably lose when omparing experimental and simulation
values.

It is also noti eable that for a target voltage shift
equal to zero (i.e. to dis harge the devi e), an "almost
zero" ontrol must be applied. This means that if we
apply V + 50% of the time and V − the other 50%,
the harge being stored into the diele tri would still
present some small voltage shift. In other words, although the average bitstream is lose to zero, it is not
identi ally zero and therefore there is an slight dieren e in the per entage of time that both voltages must
be applied to ompletely remove the diele tri harge.
3.3 Non linear ee ts in harge ontrol
The goodness of both the hara terization method and
the harge ontrol strategy has been demonstrated in
the previous subse tion. There, the values of the time
parameters Ts and δTs used (2.5s and 0.5s, respe tively)
satisfy the riterion of being mu h less than the time
onstants of the harging dynami s of the devi e (11
minutes in the worst ase).
Now the obje tive is to he k, both experimentally
and through dis rete time simulations, the performan e
of the ontrol method when the above riterion is not
satised, for instan e when Ts be omes loser to the
time onstants of the harge dynami s. A ordingly to
the lassi sigma-delta theory, nonlinear ee ts su h as
a fra tal-like behaviour similar to that observed in thermal sigma-delta sensors [20℄ are expe ted for this ase.
To redu e both the overall time length of the experiments and the CPU time spent in the simulations, a
MEMS that exhibits noti eable fast harging/dis harging
is used in this se tion. The devi e is from the same Poly-
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MUMPS bat h than the one used in previous se tions,
but it has 360×360µm2 of plate area and a pull-in voltage around 24V. By applying the same tting pro edure
to the values of a "BIT0, then BIT1, then BIT0" experiment as in se tion 2.3, the harge model parameters
listed in Table 2 are obtained for this devi e.
Table 2 Parameters for the negative and positive

nents of the two-exponential

ompo-
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Bit average

8
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tained from ttings of experimental data.

Qmax /Cd
τC,1 [s℄
τC,2 [s℄
τD,1 [s℄
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n
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-4.67

3.85

39.54

26.94
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50.33

Fig. 10 Comparison between the ltered

9992

2.17

as fun tion of time obtained experimentally and that obtained

0.81

0.35

from simulations of the

0.19

0.65

rameters reported in Table 2. The symbol parameters used
are V + = 10V , V − = −10V , δ = 1/7 and Ts =270ms.

The rst experiment onsists on applying real-time
harge ontrol to obtain a given set of in reasing values of ∆Cth , ranging from -5fF to +5fF in 1fF steps.
Ea h step lasts for 3 hours, time enough to rea h a
stable regime, a ording to the maximum time onstants reported in Table 2. The parameters of the BIT0
and BIT1 symbols used are V + = 10V , V − = −10V ,
δ = 1/7 and Ts =270ms. The value hosen for Ts is lose
but still well below the minimum time onstant of the
harge model of the devi e, whi h is 1.65s.
Figure 10 reports the omparison between the experimental averaged bitstream and the same result obtained from dis rete time simulations of the ontrol system. It an be on luded that both results denote that
fair harge ontrol is a hieved in all ases.
In a se ond version of the experiment, the sampling
time Ts is in reased up to 820ms, a value noti eable
loser to the minimum time onstants of the devi e. For
this ase, the average bitstreams obtained both from
simulations and from experiments, shown in Figure 11,
lead exa tly to the same on lusion: a fra tal-like behaviour is observed for the target apa itan es ∆Cth =2fF, -1fF and 0fF. That is, for this ase an output bitstream with the same average number of ones and zeros
is provided for the dis harged state and also for some
low negative values of the target harge. Su h loss of
resolution implies that, for slow sampling rates that do
not full the riterion used in all the previous examples, the ontrol method be omes unable to distinguish
among a range of target values.
The hara terisation/ ontrol method displays spei nonlinearities typi al for sigma-delta modulators
that appear due to pie ewise nature of the method (i.e.
the de ision made in eq. (10)). To explain these nonlin-
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earities in detail we will use a simulation model developed in [12℄ for a parallel-plate devi e as shown in g. 1,
with the expansion that allows to in lude nonuniform
harge distribution [14℄ that is responsible for verti al
displa ement of the C -V hara teristi :
Fel (t) =

i
2
C(t)2 h
V − V̄shif t + σV2 shif t
2Aε0

(11)

Here V̄shif t and σV shif t are the average voltage 'shift'
and the voltage 'varian e' reated by a non-uniform
harge distribution.
Assuming that ∆Cth is related linearly to the net
harge in the diele tri , let us plot, using this model, the

Charging in Conta tless Capa itive MEMS

a tual diele tri harge Qd ontrolled by the method
as a fun tion of ∆Cth . Figure 12 shows two lines with
one of them simulated at Ts = 270ms and the other at
Ts = 820ms for the devi e des ribed in this se tion with
the harging dynami s parameters given in Table 2. In
the ideal ase, this must be a straight line. The plot at
Ts = 270ms is fairly lose to the straight line, while the
plot at Ts = 820ms resembling a devil's stair ase-like
fra tal. This means that the ontrol method is not able
to x the harge with a pre ise a ura y, and to in rease
su h a ura y one must de rease Ts . Figure 13 shows a
similar result for the ase when a non-uniform harge
distribution is taken into a ount. The devil's stair ase
is a known output hara teristi of sigma-delta modulators with a leaky integrator [21℄ and it has also been
observed in other systems like MEMS os illators [22℄.
In this system, the sampling time Ts an be seen as an
analog for a dissipation or leaking parameter in MEMS
and sigma-delta modulators orrespondingly.
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In the steps seen in Figure 12 and Figure 13 the
value of the average xed harge Qd remains the same.
As sampling time is smaller, the line Qd (Cth ) is smoother.
However, as sampling time in reases, there is a range
of ∆Cth where the value of xed harge Qd does not
hange. We denote that behaviour as ' harge lo king'
similarly to the phenomenon of mode lo king of sigmadelta modulators and the frequen y lo king of MEMS
os illators.
The output of the ontrol method is a y le that ontains repeating sequen e of the de ision bits {bn }. Ea h
step of the devil's stair ase shown in Figure 12 orresponds to su h a y le. If we arry out a two-parameter
analysis of the system, we an nd sele ted low-period

y les in the plane of the parameters (Ts , ∆Cth ). Su h
a plane is shown in Figure 14 where ea h olour denotes
the domain of existen e of a spe i y le. The stair ase
shown in Figure 12 is a verti al sli e of the plane from
Figure 14 at the orresponding value of Ts .

4 Con lusions

A new method for the purpose of hara terizing the
dynami s of the harge trapped in the diele tri layer
of MEMS devi es has been presented. This method is
based on quasi dierential apa itan e measurements:
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by measuring only two points of the C -V urve, it is
possible to extra t the Vsh value and therefore obtain
the net trapped harge Qd . For sampled systems, the
method allows knowing the state of the harge at ea h
sampling time without distorting the measurement nor
ae ting the normal operation of the devi e.
The hara terization method has been applied su essfully in a losed-loop method that provides realtime ontrol of diele tri harge. Both experimental and
simulation results have been provided to demonstrate
this. The method also provides a riterion to sele t the
timing parameters of the ontrol method to avoid nonlinear ee ts. A fra tal-like behaviour has been demonstrated for sampling rates that do not satisfy su h riterion.
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