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Abstract— The purpose of this paper is to show that the tunnelling (TAT) and Schottky emission from the conductors
charge induced by radiation in a dielectric on which a sigma- directly into the dielectrics [6]-[10]. This reliability rpb-
delta control of dielectric charge is implemented, can be sn lem has slowed down the introduction of MEMS devices
as a_disturbance in a sliding moc_ie co_ntroller. Prelimina_ry in some applications [11]. Accordingly to its importance
gxpenmental r.esults are prgsented in Wh}ch a MEMS de\{lce . ; | : X . '
is irradiated with X-rays, while the dielectric charge contol is MEMS dielectric charging has received considerable resear
continuously being monitored. The charge induced by radidbn  attention over the past years. In order to mitigate the &ffet
generates a change in the COﬂIII’O| bitstream, which is aS_S@téd to actuation-induced charging, several open-loop strasagsing
the presence of an external disturbance on the governing ctrol bipolar actuations have been proposed [11], [12]. The main
equations. drawback of these strategies is that they cannot guarantee

Index Terms— dielectric charge control, sliding mode control, long-term stability since they cannot adapt to drifts of the

charge trapping, ionizing radiation charging characteristics of the dielectric layers. In viefv
this, a family of sigma-delta closed-loop controls has been
INTRODUCTION proposed recently, [13]-[15]. These controls generate aate

The effects of radiation on semiconductor devices workirgequences of bipolar actuation voltages to keep constainé at
in harsh environments such as space applications have keerdesired level the total charge in the dielectric, or whathis t
tensively studied. The interaction of ionizing radiatisnch as same the voltage shift of the of capacitance-voltagel/,
X-Rays, gamma-rays and heavy ions, with electronic devicesrve of the device.
is an issue to be cared of in all missions. lonizing radiation Recently, it has been shown in [16] that these dielectric
produces charge trapping in the insulator layers, regultin charge controllers can partially compensate charge irdlbge
undesired drift of the electrical properties of the devidés ionizing radiation. In this way, the balance of charge in the
instance, this causes changes in the threshold voltage & M@llelectric, seen now as a charge reservoir, is determined by
transistors. In order to avoid this problem shielding si&s, three different components:
providing reduction of radiation doses, and specific fault-
tolerant design techniques have been developed and used fo
improve the reliability of MOS circuits in space.

The study of radiation effects on MEMS devices has re-
ceived comparatively less attention. However, the inteires
this matter is growing, mainly due to the increasing uttima ~ This means that during an experiment on which a device
of these technologies in space applications. Many differeie being irradiated while it is controlled, the actuationshu
devices have been irradiated with gamma rays, protons; eldgnamically adapt to compensate the charge being induced
trons, X-rays and heavy ions [1]. These studies have beey the radiation so as to keep constant the desired level
carried out on RF switches, comb drives, accelerometers, éf charge. This implies that changes in the instantaneous
It has been observed that at high radiation doses the mépse rates delivered must generate changes on the output
failure mechanism is charge trapping in the dielectrics@né Sequences produced by the controllers. This has been indeed
in the structure. This changes noticeably the electrastatce shown in [16], where the radiation dose rate pattern of the
and therefore generates undesired drifts of the charatitsri €xperiments can be correlated with changes in the output
of the devices, such as pull-in and pull-out voltages [2]-[5 bitstream provided by the control loops.

Additionally to ionizing radiation, dielectric chargingan In this work the charge dynamics will be analyzed using
also be caused by the actuation applied to the device. Ysuatiulti-exponential models, [13], [14]. It will be shown that
a complex combination of processes may contribute to thee usual slow time changes in the output sequences of
injection of charge into the dielectric, such as trap-asdis the controllers can be understood as the result of adding a

charge being induced by the voltage sequence generated
by the controller,

« charge being leaked out of the dielectric, and

« charge being induced by radiation.
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Chargeindui;ed by radiation Sign detection made from a "quasi-differential" capacitance value, define

Integrator & sampling asAC := C(V*t)—C(V™), obtained from two capacitance
] 2 & O + b :': measurements; (V) andC(V ~), performed at timeg1 —
Cl'farse 7T +_T + by 5)Ts and Ts within each waveform. Under some regularity
MEMS Quger Wa Ll pr % conditions of theC-V and assuming théks is far below the
Ifj’;i:ﬁ‘; _ time constants of the charge dynamidg;' has been shown to
BITO/BITH I AZ D I: Bitstream be an affine function o¥’;;,, and therefore of the total charge in
the dielectric [14]. This implies that an indirect measuegin
\ .»AC of the dielectric charge?,,, is available at each sampling time
BITO { BIT1 ~AC S . " . .
vt i nTs. This kind of measurement is insensitive to vertical shifts
- LLLEN of the C-V that can be caused by charge inhomogeneity [18]
v or by changes in environmental factors such as temperature

(1-9T; T (1-9Ts T or humidity [19], [20]. Note that charge sensing is built-in

with device actuation, so it is less invasive than other comm

Fig. 1. Top: Second order sigma-delta control of dieleattiarge. Bottom: methods used to detect the total charge, such as measuring

Bipolar voltage waveforms applied by the control scheme.itching of V. the displ tof th Il-i It hich i |

voltages within each symbol is used to obtain an indirectsuesament of the ¥sh a_s € displacement of the pull-in VQ age (which invo V?S

charge accumulated in the dielectric. Real-time inforomatibout the charge applying voltage stress to close the device and thus taess ti

status is obtained by averaging the output bitstream. and dramatically alters the charge status) or performimgtsh
range C-V measurements to detect the displacement of the

minimum of the curve [21].

disturbance to the multi-exponential models within thetoain ~ In the sigma-delta controls proposed in [14] and [15], the
loop. In particular the addition of a step of charge inductiodielectric is seen as a leaky charge integrator working unde
rate, produces a slow time evolution in the output bitstrelam two competing mechanisms: charge being injected by the
order to study whether this slow behaviour is the only pdesibactuation waveforms BITO and BIT1 and charge escaping
the controllers are analyzed from the point of view of slglinthe traps in the material. The sigma-delta loops generate
mode controllers. Simulations will show that if the chargéequences of BITO and BIT1 waveforms (output bitstream)
induction rates generated by the radiation match the chatjat compensate in average the charge being leaked out of
induction rates generated by the actuation, a fast resprarse the dielectric, thus allowing to reach and maintain a given
be obtained. Since this condition is not easy to be fulfiliei, Vvalue of total dielectric charg€), = Qtarget- In the first-

to be expected that sudden changes in the radiation dose r@féer case, the decision of whether BITO or BIT1 is to be
generate slow time responses in the output bitstreamsliyinaapplied in the next sampling period is taken directly frora th
experimental results will be shown in which a device beingdn 0fQ, —Q:arget, IN practice evaluated asCp, — ACtarget-
controlled by a second order sigma-delta control of chardfe the second order control used here, the decision is taken

is irradiated with X-rays, producing the expected slow tim&om the sign provided by the time integral %, — Qtarget,
response in the bitstream. see Figure 1. This integrator improves noise rejection &t lo

frequencies, by providing a second-order quantizatiorsenoi

shaping. Finally, real-time information about the diefict

charge status is obtained by low-pass filtering (or averggin
The block diagram shown in Figure 1 describes the seconfle output bitstreann,, provided by the control loop.

order sigma-delta control of dielectric charge proposed

and used in this work. It is a sampled-time circuit in which

only two voltage valuesy +>0 andV <0, are used to actuateA Multi-exponential time-varying charge model

the device. Concretely, at each sampling perifid, one of et us now model the charge control system described
the bipolar voltage waveforms, BITO or BIT1, also shown iRpove. To this effect, we consider first a multi-exponential

Figure 1 is applied to the MEMS. time-varying dielectric charging model to describe theatyn
BITO and BIT1 waveforms produce complementary effecigs of the total charge in the device:

on the dynamics of the dielectric charging. For instance,
when the device is working below pull-in (contactless case) . Aqx(t) + By, v(t)=V"*
applying BITOs (negative voltagé ~ dominant) increase the B(t) = {on(t) + By, v(t) =V~
amount of positive charge in the dielectric and thus cause
horizontal shift of theC-V characteristic towards positivewhere 4; € R"*", B; € R",: = {0,1}, andv(¢) € R is the
voltages (i.e. the voltage shift/;,, increases). At their turn, control voltage applied to the device: either a constanitipes
BIT1s (positive voltagel’™ dominant) tend to increase theor negative biasy’ >0, or V—<0. We assume that matrices
negative charge, and thus to decredsg. This behaviour A; are stable with real eigenvalues. As discussed above, in
is consistent with the experimental results obtained with Rhe contactless case we have thgt> 0 and B; < 0, i.e, for
MEMS switches reported recently [17]. positive voltage negative charge is injected, and postinage
Additionally, BITO and BIT1 waveforms allow indirect otherwise. At the moment of switching between voltages the
sensing of the total amount of dielectric charge. This ®ate vector, namely(¢), is continuous. The output of the

|I. SIGMA-DELTA CONTROL OF DIELECTRIC CHARGING
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system in our case is: In order to analyze the system we will proceed by obtaining
N = Tt 5 an equivalent system that will take into account the first
Q(t) = c" x(t) @) level of switching, under what is usually called ’infinite

wherec = (1,---,1)7 € R* andQ(t) € R represents the net Sampling approximation’. This implies a sampling period at

charge in the device. This model can be seen therefore al¢@st one order of magnitude below the shortest time constan
SISO hybrid system. in the affine models (1). The main purpose of this analysis
is to obtain two time-invariant models that represent theeti
evolution of the state variables under a constant appdicaif
either BITO or BIT1 symbols.
We will consider that a convex combination of systems
The two actuation waveforms BITO and BIT1 (see Figure 1)4, B} and {A;, B,} is obtained when switching fast
used to implement the indirect sensing of the total charge agnough between both systems:
the necessary actuation to keep the desired level of charge c
be described as follows:

B. Description of the actuation waveforms

o Constant application of BITO symbols: during a BITO,
(1 — §) percentage of the tim& ~ is applied andV ™
V=, te|0,(1-96)Ts) during the remaining time.
vgimo(t) = V', te[(1—0)Ts,Ts) (3) » Constant applica_tion_of BIT1 symbols: we have the
0, t¢[0,Ts) complementary situation.

and: Therefore, the first-order sigma-delta control of charge ca

be described as, in the limit 0:
v+, tel0,(1—0)Ts) ' ! s =

vema(t) = qV~, te[(1-06)Ts,Ts) (4) &= JAnT+ By o>0 @)
0, t §§ [O,Ts) Abox + Bbov o<0
T

With the above definitions, a first-order sigma-delta cdntrwith o(x) = ¢ z(t) — Qtarger and:
of charge is then:

Ab1 = (1 — 5)141 + 64y
I(t) = Av(t)x(t) + Bv(t) Bbl = (1 — 5)31 + 530 (8)
1 Ap, = 0A1+(1—0)Ap
v(t) = Z 5(1 + bn)vgrrl(t - TLTs) Bbo _ 5B1 + (1 _ 5)30
1 With expression (7) it is possible to 'forget’ the continsou
+ 25(1 = bn)veimo(t — nTs) ®) voltage switching due to the indirect measurement of the

b, = Sgr(ch(nTS) - Qtarget)

where A,y = A1, By = B foro(t) = VT and A, =
Ay, B, = Bo for v(t) = V. Quargetis the desired level of Il. ANALYSIS OF THE EFFECT OF THE CHARGE INDUCED
total charge. BY IONIZING RADIATION ON THE CONTROL LOOP

In the case of a second order control, the integrator previd&. Siding mode control
an additional state variable:

dielectric charge within each sampling period.

Expression (7) can be seen as a particular case of the general
Wpp1 = Wn + AQp (6) expression for a time-varying system on which the time
evolution depends on the instantaneous value of a function
where AQ,, = ¢"x(nTs) — Qurges and then the generatedof the state vector. In our case, this function is the value of
bitstream isb, = sgnw,, + AQy,). the total charge, i.eq(z) = ¢’z — Qurget Which is called the
control surface.
i(t) = flo(z)) )
C. Average system: switching within symiols BITO and BIT1 On the other handf(o(x)) is a discontinuous function

The voltage waveforms used by the sigma-delta contrads the state vectory, since the time evolution of the state
present a two level hierarchy: variables is determined by the signafz). This is something

« First level: the voltage switching within each BITO ando be expected because the sigma-delta control applies & BIT
BIT1 symbol. This switching is time-programmed angymbol when the charge is above the desired level, and a BITO
basically depends on the values of the sampling periatherwise. It may happen therefore what has been callectin th
Ts and of the paramete. literature 'fast switching regime’ in relay feedback syste

o Second level: the switching between BITO and BITbr also sliding regime. In this regime, the control surface,
symbols. This switching depends on the instantaneoatr) = 0, is attractive and the dynamical system follows a
value of the total charge at the sampling periods. trajectory that, as a first order approximation, lies pregis
This second level, therefore is dependent on the sampleal the discontinuity of the model (the control surface- 0).
state vectory. This means that the control scheme applies a feedback signal



(b,,) such that in average it moves the system on the control < 05 , , , , , , ,
surfaces = 0. = 025b i [ —— Matched |
Assuming a sliding region, we have that around a neigh- § 0 | S
bourhood of any point on the control surface belongingto the g ;1 . = : : : Co ]
sliding region, the trajectory followed by (9) will bring ¢h S o5 , , , , , , ,
system again onto the surface, i.e., it is an attractive set. o 1 2 3 4 5 6 7 8

In order to analyze the effect of the charge induced by time [h]

radiation on the dielectric charge control it is preferatie s 05 ' . . | i M'ismatc'hed |
express system (7) as: £ 025 L TR N
© e S
o1 1 S ° e
= 5(1‘1171 + Ay, )z + §(Bb1 + By,) + B(z)u (10) £ -o2sf =
> -05 ' : : i i i '
o 1 2 3 4 5 6 7 8

where: )
time [h]

1 1
B(xz) = = (Ap, — Ap,)z + = (By, — By 11
( ) 2 ( ! 0) 2 ( ! 0) ( ) Fig. 2. Comparison between the simulations of a control oichvtiuring two
d . Si | b feedb time intervals b < t < 3h and5h < ¢ < 6h) charge is being generated due
andu = Sgr(o(x)). Ignalu may be seen as a reedbac ionizing radiation. Top: when the generated charge istatmed disturbance.

control signal applied by the control to keep, under sonBattom: mismatched disturbance case.
conditions, the trajectory of the system on the controlaef
o(x) = 0. Assuming that the conditions for a sliding regime

are met, the equivalent control will be the one ensuring 05
o(z) = ¢Ti = 0, if the initial point of the trajectory;(0) lies o4t 7 Mismatched
on the control surface. We will see in the next section that 03r 1 '
the charge induced by radiation may be seen as a disturbance 02 ' ‘-‘_‘
on the system (7) affecting the equivalent control gendrate g ol o ' (AN —
as well as the trajectory of the system on the control surface g O ' : \ 7
g o1y B LGS
N
-0.2} , : : :
. . . -0.3} Matched /’
B. Charge generation asan external disturbancein the control o4l
loop 05 ,
o 1 2 3 4 5 6 7 8

In the experimental section below, a first preliminary ex-
periment in which a device has been irradiated with X-rays
is presented. Auger and photoelectric effects are the maig. 3. comparison between the bitstreams obtained in thelations of
absorption mechanisms of X-rays while the Compton effedtgure 2.
dominates in the range of high photon energies such as in
the case ofy — radiation [2]. The sign of the induced charge

in the dielectric layer depends on the final balance between

the Inelastic Mean Free Path between the ejected and idjec %stur_bance can be qbseryed in Figures 2 and 3, in which the
electrons charging model obtained in [23, Table 2] has been used.

On the other hand, in sliding mode controllers, model F|gl_1res 2 and_ 3 show the §|mulat|0n resu_lts_ Of_ an
uncertainties and external disturbances are usually septed experiment 'n_Wh'Ch the gharge mducgd by radiation is a
by a vectorg(z,¢) € R™ such that equation (7) in our Casénatched, or mls_matched, d|sf[urbance (F|gur¢ 2 top andrbotto
takes the form: graphs respectively). The simulated equations are those of

(7), assuming a sampling clock of 10 Hz. The corresponding

average control bitstreams, can be observed in Figure 3.
7= %(Abl + Ay, )+ %(Bbl + By,) + B(z)u+ ¢(x,t) (12) Two diffgrent constant _generation ratg vectors _have been

used during the simulatior)(z,t) = ¢;,i = 0,1. With the

In order to qualitatively analyze the effect on the contrdirst one,2h < ¢ < 3h, the net charge induced by radiation
loop of the charge induced by radiation, simulations hawnbehas been positive, whereas in a second radiation pulse,
made on which a constant disturbance is added to the tisie < ¢ < 6h, a negative generation has been introduced.
evolution of the system, as described by (12). As it is wellhe main qualitative difference in the response times of the
known [22], disturbances can be decomposed in a matchbistream is that in the matched disturbance case, thedzitst
om(z,t), and a mismatchedpy (z,¢t) component, so that: response is almost immediate, whereas in the mismatched
o(z,t) = ¢m(z,t) + ou(z,t). The matched component liescase, a slow time evolution is obtained, as expected from a
inside the space spanned by the column vegtr), whereas mismatched disturbance. This result qualitatively expgahat
the mismatched component is defined as the component lythg control bitstreams of the experiment on which a device
on the orthogonal vector space, i.€;"(z). The main dif- was irradiated with X-rays is compatible with a mismatched
ference between the effects of a matched and a mismatcllésturbance due to the charge generated by radiation.

time [h]
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This section presents a preliminary experiment in whic 0 ' ' ' '
a MEMS has been irradiated with X-rays, while a secont E
order sigma-delta control of charge was working at the sar s o5t 4
time on the device to set a target voltage shiff,=-0.5V. 2
. . . . =
The device is the parallel-plate structure shown in Figure ;
The upper-moveable plate is a suspended stack of polysilic "o 05 1 15 2 25
and gold layers 0860 x 360um? area. A0.6um thick SN, time [h]

layer is deposited on top of the silicon substrate, whicls act _ - o o

Fig. 6. Experiment consisting on the irradiation of a dewdéh X-rays at
as the bottom plate. In the rest state (zero voltage app“gaose rate of 0.675Gy/s, while a second-order sigma-detiaat of charge
and zero net charge trapped in the dielectric), the air gags a target voltage shift of -0.5V. The irradiation begins= 1h and stops at
between the moveable plate and the dielectric is /Zrﬂ!ﬁmd the end of the expe_riment. Top:_applieq bitstregm. Middkarage bitstream.
the pull-in voltage is 24V. This device, fabricated withrsfard Bottom: voltage shift as a function of time during the expremt.
PolyMUMPS technology, is from the same batch as the ones
used in [14], [15].

A schematic of the measurement set-up can be seen imhe MEMS under test was irradiated by a 50 KV X-ray
Figure 5. As commented above, in the sigma-delta contrdisam delivered by an Oxford Instruments Neptune tube, with
used an indirect measurement of the total dielectric chergeadded filtration (window 127:m Beryllium). The experiment
obtained through quasi differential capacitance measemnesn was divided in two steps. In the first step the controlled cevi
To this effect, a precision LCR meter has been programmedisonot irradiated and the dielectric charge control setsgeta
implement the interface with the MEMS: actuation with BITO/oltage shiftV;,=-0.5V. In the second step, after one hour, a
and BIT1 voltage waveforms and capacitance measurementsastant dose rate of 0.675Gy/s was delivered to the device,
the end of each voltage application. In a first order corgrolltill the end of the experiment.
it is only necessary to know whether the instantaneous eharg Figure 6 top graph presents the bitstream applied during the
is above or below the target levaD,.,... To implement a experiment. As it can be observed, during the first 15 minutes
second order controller, though, it is necessary to integranly BIT1 symbols were applied. In sliding mode control this
numerically the difference between the current charge bhad fphase is called reaching phase’ and it implies that therobnt
target level,Q,, — Qtarger (in practice, AC,, — AChq4et). SuUrface has not yet been reached and therefore the actuation
An advantage of second order controllers is that they d@ing a applied to the device is constant. In our case theaont
not present the typical plateaus of first-order controllérs surface isVsh = —0.5V and since this implies a total negative
low sampling frequencies are used. Additionally, they pitev charge, the excitation is BIT1, consistent with the factt tha
second order quantization noise shaping. negative charge must be injected into the dielectric. Tighsl
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