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a  b  s  t  r  a  c  t

Grating  light  valve  (GLV)  display  pixels  are  reflection  type  diffraction  gratings  consisting  of  electrostat-
ically  movable  coplanar  microbeams.  Once  actuated,  the alternate  movable  beams  deflect  downwards
which  produces  controlled  diffraction  of  light  creating  bright  and  dark  pixels  in  a  display  system.  GLV
displays  provide  a huge  improvement  in  contrast  ratio  and  resolution  over  other  MOEMS  devices.  At  the
same time,  compared  to  hybrid  integration,  post processing  of  MEMS  monolithically  on  top  of  CMOS  can
lead to  increased  functionality,  performance  and reliability.  Poly-SiGe  structural  layers  can  be  deposited
at low  temperature  (∼450 ◦C),  allowing  to retain  the  performance  of  underlying  CMOS  electronics  though
possessing  the  desired  material  properties  for MEMS.  Hence  the  aim  of this  work  is  to  fabricate  CMOS
compatible  poly-SiGe  GLVs  and  to study  their  static  and  dynamic  behavior.  A novel  process  flow  was
developed  regarding  the  deposition  of thin  poly-SiGe  structures  which  is well  within  the  maximum
thermal  range  to retain  the  full functionality  of  the  underlying  CMOS  circuitry.  A contrast  of over  1500:1

was  obtained  showing  excellent  optical  response  of the  devices.  The  effect  of squeeze  film  damping
in  determining  the  dynamic  response  of  the GLVs  is  thoroughly  investigated.  Influence  of variation  in
dimensional  parameters  on  the settling  time  of  the  structures  is discussed  in  detail.  A  minimum  settling
time  of  2 �s was  achieved  for  our  devices.  We  also  showed  the  analog  gray  scale  nature  of  the  GLVs.  In
addition,  we  also  use the  technique  of  mechanical  stoppers  to avoid  accidental  destruction  of  the  devices
because  of  the  pull-in  phenomenon.
. Introduction

The grating light valve [1,2] (GLV) is a microelectromechan-
cal reflection grating. It consists of clamped–clamped beams
uspended in air over a conducting substrate with the help of
nchors on the two far ends allowing them to move vertically. The
icrobeams are held in tension so that when non-actuated they

emain flat and form a reflective surface (OFF state). The alternate
icrobeams of the GLVs can be actuated over a wide range of levels

n a large 2D array and hence a quasi-continuous phase function can
e imprinted onto the incoming light beam (ON state). The result

s an entirely reconfigurable diffractive element in reflection mode
roviding precise and accurate pixel-by-pixel brightness control.
his key feature of GLVs enables the realization of smooth grada-
ion control and a high contrast ratio resulting in rich and detailed

mages. A detailed description of the operational principles of the
LVs can be found elsewhere [2,3].
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At the same time, integration of MEMS  devices with the elec-
tronic circuits is becoming increasingly important for compactness
and performance reasons [4].  In hybrid integration, separate use of
MEMS  and the electronic circuits results in performance-limiting
parasitics arising mainly from the size of the bondpads and from
the long bonding wires. Comparatively, monolithic integration of
MEMS  with CMOS can improve performance, yield and reliability
as well as lower the manufacturing, packaging and instrumenta-
tion costs [5].  Poly-SiGe (deposition temperature ∼450 ◦C) has been
demonstrated to be an ideal material for a MEMS-last monolithic
processing, since films with very good electrical and mechanical
properties can be obtained at CMOS-compatible temperatures [6].
This makes poly-SiGe to be very well suited for applications that
need large arrays of MEMS  devices, which need to be individually
connected to interfacing circuits [7] (such as micro-mirror arrays,
bolometers or other imaging applications).

Hence in this work we developed a new poly-SiGe process
flow with relatively thin structural layers (300–350 nm)  which is

well below the range of maximum thermal load to deteriorate the
underlying CMOS functionality. We used this novel process flow to
develop GLVs and characterized their overall optical and mechani-
cal performances. We  were able to produce sufficient tensile stress

dx.doi.org/10.1016/j.sna.2012.03.034
http://www.sciencedirect.com/science/journal/09244247
http://www.elsevier.com/locate/sna
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ithin the poly-SiGe microbeams resulting in flat structures, one of
he primary requirements for a GLV to work efficiently. We  showed
he variation in the amount of damping with different dimensions
f the microbeams and how the resulting switching time of the indi-
idual pixels is affected. We  used mechanical stoppers [8] to avoid
rreversible damage when the device is accidentally pulled-in [9].

. Theory

According to scalar diffraction theory [10], the diffraction angle
m for different diffraction orders m resulting from a grating with
eriod � is defined as:

in �m = sin �i + m�

�
(1)

here, �i is the angle of incidence and � is the wavelength.
Given the high fill factor of GLVs, they can be approximated as

 binary diffraction grating [11] with changing phase due to the
ontrolled displacement of the alternate microbeams. The intensity
f the light diffracted in different orders (m)  for a binary grating
ith normal incidence is given by:

m = Ii sin2

(
�

2

)
sin c2

(
m�

2

)
(2)

here Ii is the intensity of the incident light and � is the grating
hase.

For normal incidence, � is defined as:

 = 4�h

�
(3)

ith h is the grating depth.
From the above equations, it is clear that the highest intensity

or the 1st order diffracted light is obtained when h = �/4. In that
ase, the maximum diffraction efficiency in the ±1st orders will be
81% (considering 100% fill factor), whereas, for all the even orders

here will be no diffracted light.
Another important parameter for the GLVs is the resonance

requency which primarily determines its fastest achievable mod-
lation rate. As the GLVs consist of clamped–clamped type
icrobeams with tensile stress, the spring constant (k) and the

atural vibration frequency (ωr) are given by [12,13]:

 = 32Ew
(

t

l

)3
+ 8�(1 − 	)w

(
t

l

)
(4)

r = ˛2t√
12l2

(
E


(1 − v2)

)0.5(
1 + �

(
�(1 + v2)

E

)
l2

t2

)0.5

(5)

here, E is the Young’s modulus, 
 is the specific mass, 	 is the Pois-
on’s ratio, � is the tensile stress, w is the width, t is the thickness,

 is the length and m is the mass of the microbeams with  ̨ = 4.73
nd � = 0.295 [13]. It is clear from the above equations that though
he resonance frequency is independent of the width, it is strongly
ependent on the length and thickness of the microbeams. At the
ame time, the higher the tensile stress within the structures, the
igher will be the modulation rate of the devices.

Additionally, for MEMS  devices, a large part of the device
ynamics is determined by air damping [14]. Proper understanding
f the effect of air damping for GLVs is highly necessary to opti-
ize their dynamic response. Due to the small airgap between the
icrobeams and the underlying substrate and due to the fast oper-
ting speed of the GLVs, squeeze film damping [15,16] becomes
he dominant mechanism affecting the dynamic response of the
evices. As the GLVs can be approximated by a mass-spring-damper
odel, viscous drag due to the surrounding fluid [17] becomes the
tors A 179 (2012) 283– 290

dominant damping factor in these structures. The viscous damping
coefficient cv, for parallel plate movement is given by:

cv ∝ �lw3

h3
0

(6)

where, � is the viscous coefficient of the surrounding fluid and h0
is the height of the air gap for the devices.

Hence the damping ratio of the system is defined as:

b = cv

2mωr
(7)

If the damping is too low then the resonance effects result into
ringing of the microbeams when excited with a step voltage; on the
other hand, too large damping also degrades the switching time of
the devices. Here we  show how the different parameters of the
microbeams (length, width, thickness and airgap) can be varied to
optimize the damping in the structures to obtain the fastest settling
of the devices.

3. Fabrication of GLVs

The general process flow for the poly-SiGe GLVs is schemati-
cally shown in Fig. 1. A standard Si wafer is used as the starting
substrate. A 1 �m thick High Density Plasma (HDP) Si-oxide layer
is deposited over the Si-wafer followed by the deposition of a tri-
layer of Ti (20 nm)/AlCu (880 nm)/TiN (60 nm)  after a short degas.
The metal stack was subsequently patterned to define the underly-
ing metal connections to the bondpads. A 1650 nm of HDP  Si-oxide
was added further on top of the existing structures and planarized
by CMP. Next, a 200 nm additional HDP Si-oxide was added and the
wafers were then annealed at 455 ◦C for 30 min. Later, a 400 nm of
SiC layer was  deposited on top of the planar oxide to protect the bot-
tom dielectric layers during the aggressive vapor HF-based release
process. This protection layer was subsequently patterned and
plasma-etched, stopping on the underlying metal layer to define
the opening for the MEMS  via.

A trilayer of Ti (5 nm)/TiN (10 nm)/poly-SiGe (380 nm)  was
deposited at a maximum wafer temperature of 450 ◦C. This layer
fills the via holes and at the same time creates the electrode layer
on top of which a 250 nm Si-oxide hardmask is deposited and pat-
terned. Further, an extra SiGe layer is deposited to form a thicker
electrode. A single etch process was used to pattern both the thin
and thick electrode layers by using the oxide hardmask as an etch
stop layer. The thick electrode structures are therefore defined by
lithography while the Si-oxide hardmask defines the thin electrode
structures. Next, the electrode structures were planarized by the
deposition of a HDP Si-oxide layer followed by CMP  which makes
the thick electrode to be ∼50 nm thicker than the thinner one. After
this planarization with stop on the SiGe layer, the sacrificial HDP
oxide layer was added on top of the electrodes to define the actu-
ation airgap for the MEMS  structures. Two  different thicknesses
were used, 350 nm and 800 nm – as measured from cross section
SEM pictures. In this sacrificial oxide, the anchors for anchoring the
structural layer to the electrode are etched. These anchors are filled
during the deposition of the SiGe structural layer.

The structural layer is a B-doped poly-SiGe layer with a thickness
of 330 nm (380 nm)  which is deposited by chemical vapor deposi-
tion (CVD) at a wafer temperature of 450 ◦C on top of a Ti (5 nm)/TiN
(10 nm)  adhesion layer. The precursor gasses are SiH4, GeH4 and
B2H6. The SiH4:GeH4 ratio equals 0.9:1 and a B2H6 (1% in H2) flow
of 90 sccm was used at a wafer temperature of 450 ◦C resulting in
an expected Ge concentration of 78% [18]. The total processing time

at 450 ◦C was  12.5 min  for a 330 nm thick layer and 14.2 min  for a
380 nm thick layer. Next, a CMP  step was used on the SiGe structural
layer for roughness reduction. This CMP  step also reduces the thick-
ness of the structural layer down to 300 nm (350 nm) as observed
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Fig. 1. Process flow: (a) deposition of oxide and underlying metal layer patterning, (b) adding the barrier layer and opening the via holes, (c) deposition of the electrode
layer  and patterning the oxide hardmask on top of it, (d) deposition of a thicker SiGe layer and patterning of the thin electrode (oxide hardmask) and thick electrode (resist
m narization of the electrodes by CMP, (f) deposition and patterning of the sacrificial oxide,
( e bondpad metal, deposition of a protecting Si-oxide layer and patterning the structural
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ask)  layer with a single etch, (e) deposition of a HDP Si-oxide and subsequent pla
g)  adding the anchors and the structural layer, (h) deposition and patterning of th
ayer,  (i) final step to release the MEMS  structure by removal of the sacrificial oxide

rom Fig. 2. Then a barrier layer of 5 nm thick SiC and a 30 nm thick
l layer were further added on top of the structural poly-SiGe layer

o increase the reflectivity of the structures.
To create the bondpads, a low temperature protecting oxide was

eposited on top of the structural layer stack followed by a sub-
equent patterning to create bondpad openings. These openings
ere filled with metals and later patterned to form the bondpads.
ext, another protecting oxide layer was deposited on top of the
ondpads. Further, the poly-SiGe structural layer was patterned to
reate the fixed-fixed microbeams defining the GLVs. Finally the
amples were released with a 5 step release recipe in a vapor of HF
nd ethanol. By breaking the release process in several steps, the
ater formed as by-product could be efficiently removed which
ecreases the chance of stiction of the structural layer. Fig. 3 shows
he SEM picture of the top view of a fabricated GLV device.

As we later want to process these gratings on top of CMOS,
t is important to investigate the thermal load during the whole
rocess flow. For the process flow described above, the total GLV
rocessing time at 450–455 ◦C would be <3 h. This total period is
alculated by adding the times required for the different poly-SiGe
epositions and annealing steps, as these are the operations requir-

ng the highest temperature. This total time is significantly lower

han the maximum time of 6 h at 455 ◦C which was  tested for a Cu-
ased 0.13 �m CMOS process [19] and was found not to degrade
he underlying CMOS functionality. Hence, we can conclude that
he GLV devices are fully compatible for processing on top of CMOS.

Fig. 2. SEM cross-section of the poly-SiGe structural layer and the SiC/Al bilayer on
top  of it.



286 S. Rudra et al. / Sensors and Actuators A 179 (2012) 283– 290

Fig. 3. Microscopic view of the GLV device consisting of an array of 50 �m long
fixed-fixed beams.
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in series with a slit is used to measure the intensity of the individual
diffracted orders as a function of amplitude of the applied actua-
tion voltage. We  could obtain a minimum line-width of 19.5 �m
The strain gradient in cantilever beams was measured to be
7 × 10−4/�m,  which makes this process also suitable for pro-

essing micro-mirrors [20]. Due to difficulties in performing stress
easurements on the thin SiGe samples, the resonance frequency

f fixed-fixed beams with different lengths were measured and
hen fitted to find the Young’s modulus (E) and the tensile stress (�)
n the SiGe structural layer. As can be seen from Fig. 4, E = 120 GPa
nd � = 20 MPa  result in a perfect fit. The maximum resonance
requency that was achieved in our structures is 1 MHz  which cor-
esponds to the shortest microbeam of 50 �m.

Thus, for this work we used two different thicknesses (300 nm
nd 350 nm)  for the structural poly-SiGe layer and two  different
eights (400 nm and 850 nm)  for the airgap. In addition, three
ifferent beam lengths of 50 �m,  75 �m and 100 �m were investi-
ated for this work each with periods of 3.0 �m,  4.2 �m and 5.0 �m.

 fixed gap of 0.3 �m among the consecutive microbeams was

aintained.

Fig. 5. Schematic of the optical set-up used to
Fig. 4. Observed variation in the resonance frequency with the length of the
microbeams.

4. Results and discussion

4.1. Static measurements

One of the stringent requirements for a GLV  to function well
is to achieve sufficient flatness of the microstructures. Any height
difference among consecutive microbeams will result in scatter-
ing of the incident light and hence increases the noise in the dark
state. For a 100 �m long non-actuated grating device, with an opti-
cal profilometer we measured a height difference of 2.6 nm among
the consecutive microbeams which indicates an excellent planarity
of the fabricated devices.

4.2. Optical characterization

Fig. 5 shows the experimental set-up used for characterization
of the GLVs. The two convex lenses in the front act as a collimator.
The cylindrical lens focuses the light as a horizontal line with uni-
form intensity on the center of the microbeams. The beamsplitter
helps in separating the incoming and outgoing light. A photodiode
for the focused spot using this set-up. The length of the line can be

 characterize the contrast of the devices.
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Fig. 9 shows the variation in settling time of the devices
with change in width for a 50 �m long microbeam with an air-
gap of 400 nm.  As can be seen clearly from the figure, with
ig. 6. Analog response of GLV devices showing an excellent optical response.

hanged by changing the opening of the front slit. We  used the full
D array of the successive microbeams to measure the contrast and
fficiency of the whole device using this set-up.

Fig. 6 shows the analog optical behavior of the GLVs with 400 nm
irgap. A clear increase in the +1st order diffracted intensity can
e observed with increasing external DC bias. When the displace-
ent of the microbeams exceed h = �/4, the diffraction efficiency

ecreases again, as expected from Eq. (2).  We  used a 405 nm vio-
et laser to characterize the optical response of the GLVs and to
stimate the maximum contrast achievable for the devices. The
ark state noise obtained in the non-actuated state is much lower
ompared to our previous reported work [3];  mainly due to the
mproved flatness among consecutive microbeams. For the current
evices, a maximum contrast of ∼1530:1 was obtained repro-
ucibly showing the usefulness of our GLVs in making high quality
isplays.

Though theoretically the maximum achievable intensity in the
1st order is 81% for a binary grating (Eq. (2)), considering 92%

eflectivity of the top Al layer and 94% fill factor for our gratings,
he maximum attainable intensity in the 1st order turns out to be
71%. For our GLVs, the maximum diffracted light measured in the
rst order is ∼67% (combining +1st and −1st orders) which follows
he theoretical prediction very closely.

As the beams are curved from the anchors onwards with maxi-
um  deflection occurring only at the center, an ideal square pattern

s never obtained [21]. The longer the microbeam, the flatter is the
eflection around its center. A comparison of the deflected shape
as obtained from a COMSOL MultiphysicsTM simulation) of the
xed-fixed microbeams and the Gaussian intensity distribution of
he focused spot is shown in Fig. 7. As can be seen, the variation in
eight of the central deflected region of a 75 �m long microbeam

s much smaller than that of the 50 �m long microbeam. Conse-
uently, for the same vertical deflection, more light is diffracted
ith the same phase for the longer GLVs. As a result, higher diffrac-

ion efficiency and hence higher contrast is obtained for 75 �m long
LVs than that of the 50 �m long ones.

.3. Effect of squeeze film damping in GLVs

As discussed before, squeeze film damping plays an important
ole in the dynamic response of the devices. To take advantage
f the relatively high resonance frequency, the damping in these

evices should also be high enough to suppress oscillations. We
sed laser doppler vibrometry to characterize the response of the
LVs to a square wave pulse train and varied different dimensional
Fig. 7. Comparison of deflection of the microbeams and the Gaussian intensity
distribution of the focused spot at the centre of the devices.

parameters to determine their influence on the dynamics of the
devices.

As seen from Eq. (6), the most important parameter influenc-
ing the damping of the devices is the airgap (cv∞1/h3

0). Fig. 8
shows the dependence of the settling time (equilibrium ± 2%) of
the microbeams on the underlying airgap thickness. Whereas the
settling time was ∼20 �s for a microbeam with 850 nm airgap, it
reduced to 2.2 �s by changing the airgap to 400 nm.  With decreas-
ing airgap, the underlying fluid is more efficiently trapped during
displacement of the microbeams, damping the overshoots more
effectively resulting in faster settling. Since the GLV beams are elec-
trostatically actuated, their dynamic operation is inherently limited
by the pull-in phenomenon (maximum deflection = h0/3). Hence
to obtain the maximum diffraction efficiency, the sacrificial layer
thickness should be designed in such a manner that h0/3 > �/4. As
a result, the airgap is constrained by the wavelength of operation.
Further in this paper, we show an approach which is used to avoid
destruction of the devices due to pull-in. In that case the airgap can
be made closer to its minimum permissible value of 3�/4.
Fig. 8. Variation in settling time of the devices with change in thickness of the
air-gap.
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ig. 9. Variation in settling time of the devices with change in width of the
icrobeams.

ncreasing width the mechanical oscillations and overshoots are
ore efficiently damped resulting in a faster settling of the

evices. Whereas the settling time was ∼6.5 �s for a 2.7 �m wide
icrobeam, it reduced to 2.2 �s by increasing the beam width to

.7 �m.  But the beam width is also related to the angular separation
mong different diffracted orders as shown in Eq. (1).  Hence, for a
arger width, the effective separation and collection of the 0th and
he ±1st orders of diffracted light become more difficult, resulting
n either a reduced contrast or a more extended optical setup.

Variation in settling time of the devices with the thicknesses
f the microbeams is shown in Fig. 10.  The two microbeams differ
nly by their thickness and we actuated both of them in the same
ay. As can be seen from the figure, for the thicker microbeam,

he amplitude of the overshoot and ringing is larger than that of
he thinner one. Hence, faster settling is obtained for the thinner

icrobeam. But with lower thickness the resonance frequency also

cales down. Hence a minimum thickness of the beam has to be
hosen to achieve a resonance frequency suitable for the targeted
pplication. Any additional thickness beyond the minimum value
ill degrade the settling time.

ig. 10. Variation in settling time of the devices with change in thickness of the
icrobeams.
Fig. 11. Variation in settling time of the devices with change in length of
microbeams.

Fig. 11 shows the dependence of the settling time on the length
of the microbeams. Whereas a 4.7 �m wide and 50 �m long beam
with 400 nm airgap shows an under-damped nature, longer beams
of 75 �m and 100 �m lengths with identical parameters become
critically damped and over-damped respectively. It suggests that
with increasing length, the damping ratio increases and accord-
ingly the nature of damping in the system is changed as predicted
from Eq. (7).  It is clear from Fig. 4 that though longer beams help
in faster settling, it decreases the resonance frequency and hence
the modulation rate of the devices. On the other hand, shortening
the length of the beams increases the actuation voltage and also
requires critical optical settings to obtain a narrower focused spot
at the center of the beams. Hence a judicial choice of the length of
the beams has to be made depending on the target application of
the devices.

4.4. Analog gray scale of GLVs
One of the most important advantages of GLVs over other opti-
cal MEMS  is its intrinsic analog capability of producing gray scales

Fig. 12. Response of a GLV to a square wave pulse train showing the inherent analog
nature of the device.
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Fig. 13. Design details of the distribution of equipotential thicker bumps

22] as shown in Fig. 12.  Other digital modulators use pulse width
odulation (PWM)  to achieve gray scales which directly erodes the

ata throughput of the devices. But GLVs, instead of using PWM  to
chieve gray scales, can be actuated to reach a defined displacement
orresponding to a certain intensity level making these devices
erfectly suitable for high speed applications. By increasing the res-
lution of the driving voltage, the GLVs can be easily programmed
o different intensity levels extending the bit depth of the system.

 bit or 10 bit grayscale GLVs [23] have already been reported and
 bit depth as high as 16 bit has been proposed for use in a display
pplication [24].

.5. Mechanical stoppers as a pull-in protection mechanism

As discussed before, one of the stringent constraints behind
he operation of GLVs, is avoiding the accidental pull-in of the

icrobeams when h0/3 ∼ �/4. Since the GLV microbeams are
lways at a higher potential compared to the bottom electrode
grounded), snapping down of the microbeams due to pull-in gives
ise to a short circuit, potentially damaging the device. Hence, to
void the short circuit, we did a thicker SiGe electrode deposition
within the airgap portion) which is electrically isolated from the
est of the bottom electrode and connected to the same metal line as
f the microbeams through vias. Therefore, the electrostatic force

cting on the fixed-fixed microbeam is still present because the
arger area thin electrode does not interact with the equipotential
umps. The cross-section schematic and the relevant dimensions
re shown in Fig. 13.  Once the pull-in occurs, the microbeams fall on

ig. 14. Displacement of a pull-in protected GLV device in response to a triangular
ulse pattern.
rounded thinner electrodes defining the pull-in protection mechanism.

the thicker equipotential bumps instead of the grounded electrode
avoiding the short circuit. Given the small contact area between the
GLV beams and the bumps, the problem of stiction after pull-in is
avoided.

Fig. 14 demonstrates the successful implementation of our pull-
in protection mechanism. We  used a 100 �m long GLV microbeam
having a pull-in voltage (VP) of 5.5 V. As observed from the figure,
for a triangular pulse pattern of max. ±6.5 V, the beam snaps down
once VP is exceeded. After snapping on the thicker bumps, due to
stationary nature of the microbeams, no further displacement is
measured and hence a flat response is obtained. Soon after the tri-
angular pulse strength reduces again below VP, the movement of
the microbeam is resumed and the displacements can be traced
back again. No failure for the device was observed over several
periods of operation which proves the usefulness of the stopper
mechanism.

5. Conclusion

We  showed successful implementation of poly-SiGe as a MEMS
material in fabricating GLVs. We  described the fabrication proce-
dure of our poly-SiGe GLV microbeams in detail and also indicated
how it does not affect the underlying CMOS performance. The
devices showed excellent behavior both for the static and dynamic
responses. A contrast of more than 1500:1 was obtained with high
diffraction efficiency. Since we operated with relatively short GLVs,
the maximum diffracted light intensity was  found to be strongly
dependent on the length of the microbeams. The settling time of
the devices was mainly dominated by the resonance frequency and
the damping factor. Different dimensional parameters were varied
to find their influence on the damping and hence the settling of the
devices following a step function excitation. A minimum settling
time of 2.2 �s and 2 �s were obtained for the 50 �m and 75 �m
long devices showing under-damped and critically damped behav-
ior respectively. We  discussed how other system related trade-offs
have to be managed once the dimensional parameters are varied to
obtain faster switching. We  proposed the use of mechanical stop-
pers to save the devices from erroneous deterioration due to pull-in.
Overall these results prove the usefulness of the thin poly-SiGe
MEMS  technology for fabricating MOEMS  devices directly on top
of CMOS.
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