a reprint from Applied Optics

256 x 256 liquid-crystal-oll-silicon
spatiaflight modulator
Douglas
J. McKnight,
Kristina
M.Johnson,
A. Serati
andRoylnn

A256 x 256 pixel spatial light modulator (SLM) is designedand constructedby the use of liquid-crystalon-silicon technolory. The deviceis a binary electrically addressedSLM with a measuredzero-order
contrastratio of 70:1 and an imagedcontrastratio of 10:1. The pixel pitch is 21.6 pm, which givesan
array size of 5.53 mm. The electronicload time is 43 ps, and the 10Vo-90Vo
switching time of the liquid
crystal is -75-80 ps at room temperature, which implies a maximum frame rate of -8.3 kHz. We
discuss the design trade-offs that are intrinsic to this type of device and describehow the primary
applicationfor the devicein an optical correlator influencedthe final design.

1. Introduction
A spatial light modulator (SLM) is a devicethat can
impress information on an optical wave front. An
electrically addressed SLM translates information
from the electronic domain to the optical domain.
The applicationsfor SLM's are numerous; they inciude coherent optical processingapplications,data
routing, data input to optical processingsystems,and
information display.
Spatial light modulation can be accomplishedby
electro-optic,acousto-optic,magneto-optic,mechanical, photorefractive,optical absorption, and interference effects in a variety of materials.l The advantagesof liquid-crystal(LC)materialsforSLM's include
their high birefringence and low-voltage operation.
These properties permit large optical effects to be
induced in LC layers a few wavelengthsthick. The
low-power operation of the LC materials permits
Iargearrays to be constructedto operateat gigabit per
seconddata rates, even though the individual pixels
switch in the tens of microsecondstime scale. The
integrationof LC's with siliconbackplaneshasbeena
primary technolory for research in smart pixel de-
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vices2as detectors,electroniclogic, and modulators
are readily integrated into a single device.
In this paper we presenta discussionof the design
issues inherent to electrically addressed VLSIferroelectricliquid-crystal(FLC) SLM's, we describe
the SLM that we fabricated, and we present and
discussthe first experimentalresults from the device.
2. SpatialLightModulator
Design
A. DeviceDescription
This SLM is of the class of devicesthat are often
describedas DRAM devicesbecausethey contain a
singletransistor at eachpixel. In fact, their similarity to active-matrix displaysis closer.
Each pixel is addressedby a (column)data wire and
a (row) selectwire. Each pixel containsa transistor
that controls the flow of chargefrom the data wire to
the pixel mirror under the control of the select (or
gate)wire.
We constructthe SLM by sandwichinga thin layer
of LC betweena silicon integratedcircuit and a piece
of glass coated with a transparent electrode. The
optical modulating portion of the chip is a square
amay of mirror/electrodes that are electronically
programmedto either 0 or 4.6 V (%o - Vth,",h,Vaa: 6
V). The voltageof the cover-glasselectrodeis maintained midway between these two values such that
opposingpolarity electric fields can be applied across
the LC layer.
B. GeneralDesignTrade-Ofis
Becausethere are trade-offs that are intrinsic to the
design of this type of SLM, it is clear that the best
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devicesmust be, to some extent, application specific.
The basic design trade-offs are
( 1) Pixel patch versus fill factor. The fill factor is
often defined as the fraction of the array that comprises the addressable metal mirror. This can be
increased either by the use of a smaller geometry
silicon fabrication processor by an increase in the size
of the pixel so as to reduce the proportion of area
taken by gaps between the mirrors. For some applications the flat fill factor is a more useful parameter
t<imaximize, as this is the fraction of the array that is
addressableand also reflects at the same phase and so
contributes directly to the zero-order output replica
in the Fourier plane.
(2) Pixel size versus diffraction scaling factors,
electronic addresstimes, cost, and flatness. Although
large pixels have larger fill factors, the resulting
scaling factors introduced in diffraction-based applications are likeiy to increase. Furthermore, large pixels are more difficult to address rapidly with standard
poiysilicon address lines, cost more to fabricate, and
the resulting large die is less likely to be flat.
(3) Light shielding and pixel complexity versus fill
factor. The flat fill factor is maximal for simple
pixels; flatness can be traded for other advantages,
though. For example, there are advantages in using
memory circuitry at each pixel,s-5 and this can be
hidden under the second-level metal at the cost of
flatness. It is also possible to overlap the first- and
second-level metal layers to achieve almost complete
light shielding, but again only by reducing the flat fill
factor. In the case of the SLM described here,
implementation of complete light shielding would
cause a reduction of the flat fill factor from 60Voto
- 367o.
i4) Pixel capacitance can be increased by implementing a thin-oxide (or metal-oxide semiconductor)
capacitor at each pixel. The reasons for doing this
are twofbld: one is to help under the circumstances
in which the illumination intensity is large enough to
induce photocurrents of sufficient magnitude to drain
the pixel capacitance of significant charge before the
next refresh. Either high levels of illumination or
Iow refresh rates can lead to this. The other reason
is to help with fast switching of high spontaneous
polarization FLC materials.o These materials are
expected to be faster switching as the switching tirne
is proportional to Lf P,.2 The disadvantages are that
the fi,at fill factor is reduced, the minimum cell
thickness is increased, and the increased capacitance
requires more power dissipation to drive. Thinoxide capacitors have been used on a similar device.T
3. SpatialLight ModulatorDeslgnfor an Optical
CorrelatorApplication
A, Specifications
lhe SLM described in this paper was designed specifically for an optical correlator, which uses this device
in both the input and the Fourier planes. The SLM
2 776
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specificationsthat are of most interest in this application are speed, optical efficiency, and pixel pitch.
1.

Speed

A high frame rate is important for achieving a high
computation rate. Both the electronic load time and
the LC switching time contribute to the frame time
and, in a device of this size, both are similarly
important to the ultimate frame rate achieved.
rrrame,the minimum time between optically valid
frames, is calculated by adding the time taken to load
all pixels with data (rroua)to the time taken for the
FLC to switch ("p1.c),
Tframe = Tload *

tr,lC.

(1)

This is the time taken to switch the LC plus the time
betweenthe first and the last rows of the array being
addressed. If there is a delayin the opticalresponse
of the FLC after it is electricallyaddressed,then it
does not affect the frame time if the delay is short
compared with the electrical load time, 11o,6.II' a
delayexistedthat was comparablewith the loadtime,
then the FLC could be addressedwith new data
beforecompleteswitchinghad occurred.
2. Optical Efficiency
Optical efficiencyis an important parameter because
we need enough light in the output plane to permit
detectionof the signal at high speedwith a moderate
source power. The flat fill factor is important because it determines how much enerry is in the
zeroth-order replica of the transform of the data.
If we assumethat the total useful signal output from
the SLM is proportional to the fill factor then this
(alongwith the efficiencyof the LC configurationand
the reflectivityof the pixel mirrors) tells us how much
enerry, in total, is in all the replicasof the transform
of the data. The envelopefunction that describes
how this enerry is distributed among the replicasis
the square of the Fourier transform of the function
describing a single pixel. Clearly, smaller pixels
spreada greater proportion of the signal into higher
orders, further reducing the enerry in the zerothorder replica. Mathematically the Similarity theorem of Fourier transformsdescribesthis situation.s
A reasonablemodel for a flat-mirror pixel function
is a two-dimensionalrect function fthe product of
rect(xfm,) x rect(Y/*)l whose width equals the
width of the active mirror. Assume a fixed pixel
period and considerwhat happensas we shrink the
size of the mirrors by a factor o, in one dimension
first.
If we considerfirst a fill factorof I00%, the zerosof
the transform of the pixel rect function fall exactlyon
the positionof the output replicas. All the energyis
therefore in the zeroth-order replica. As the fiil
factor is reduced,the envelopefunction (the transform of the pixel) spreads. Energy begins to appear
in the higher-order replicas,and the power in the
zeroth order is diminished in proportion to e2.

Shrinking the mirror in both r and y reducesthe
power by a factor of aa, which is equivalent to the fill
factor squared.
Thus the power in the zeroth-orderreplica of the
transformedoutput of the SLM is proportionalto the
flat fill factor squared. Cascadingtwo identical devicesin a correlatorresultsin the output power at the
detectorbeing proportional to the flat fill-factor to the
fburth power. Clearly,careis requiredwhen SLM's
are designedfor correlator applicationas a not unreasonable flat fill factor of 50Voimplies a maximum
throughput of only 6.25Vo.
3. Pixel Pitch
The pixel pitch is related to the focal length, f, of the
Fourier-transform lensesused in the correlator by
the relationship

f:

Naz

^

'

(2)

wherel/ is the number of pixelsacrossthe array, and
c is the pixel pitch.s A small pixel pitch requires
short focal lengths that are easier to implement in a
compactpackage. The SLM describedin this paper
has N : 256, a = 2L.6 p"m,md when used in a
correlatorilluminated by a laser diode(I - 830 nm),
would require lenseswith aL4.4-cmfocallength.
B. DeviceDescription
1. Pixel Design
The final choiceof 2I.6 pm for the exact pixel pitch
was madebecauseit is a suitablecompromisefor the
correlator applicationbetweenthroughpub and system size. It alsoallowsthis SLM, when illuminated
by a \ : 830 nm laser, to be inserted directly into a
correlator that was designed for a L28 x I28
wsl/FLC SLM.10
The pixel was designedto have as large a flat fill
factor as possiblein the 1.2-pm minimum linewidth
technolory used. Standard silicon chip fabrication
processesinclude a protective layer through which
holes must be etched to gain accessto the metal
layers. Becauseof constraints on the size of these
etch holes,the fill factor would be reducedif this layer
were used. For examplethe 128 x 128 VLSI/FLC
SLM describedin Refs.2 and 10 has 30-pm pixels,but
the protectivepassivationlayer forcesthe fill factor to
be reducedto - 30Vo. By having the chips used in
this SLM fabricated without the overglasslayer, we
achieveda total fill factor of 79Voand a flat fill factor
of 60Vo. This design uses minimum-size first-level
metal wires for the data lines and minimum-size
polysilicon wires for the select lines. The use of
polysiliconselectwires has implications for the addressingscheme,as there is a significantpropagation
delay in the gate line. This is discussedin Subsection3.8.2.
A thick-oxide pixel capacitor was used for two
reasons. First, to maximize the flat fill factor, which

for our applicationis important, and second,to allow
us to constructthin LC cellson the siliconbackplane.
We estimatethe value of our pixel capacitanceto be
- 50 fF/pixe}.
2. Addressing Scheme
Data are presentedto the devicethrough 32 parallel
electronic input lines. These 32 inputs are converted into 256 inputs for the pixel array by clocking
each input into an 8-bit shift register. After eight
clock cycles,the data are presentedto the array data
wires, where they are availableto be sampled and
held on a row of pixels under the control of' the
appropriateselectwire. The data are on-chip buffered to facilitate high-speedaddressingof the array.
This is done in such a way that the relatively slow
switching of the polysilicon select lines happensin
parallel with the loading of the data shift registers,
thus permitting the frame to be loadedin a continuous stream of 2048,32-bit words. All the internai
control signalsrequired for doing this are on-chip
generated from a single input clock and a frame
synchronizationpulse. The selectwires that drive
the pixel transistor gatesare controlledby a 256-bit
shift registerthat passesa singletoken down the side
of the array to activate a single row of the array at a
time. This selectshift registeris duplicatedon both
sidesof the array to facilitate high-speedaddressing
and also to improve device yield through circuit
redundancy. We have shown that this also allows
one to fabricatea working SLM should one of'the
256-bit shift registersbe damagedduring assembly.
We test the main addressingcircuits by setting the
chip in a test modeand monitoringtest points. This
allowsselectionof goodcandidatechipsfor the subsequent filling process. The yield of good candidates
from the integrated-circuitfabrication and bonding
processes
appearsto be -70Vo. It is not yet known
how the successof the addresstesting of a candidate
servesto identify a chip that has every pixel working
correctly.
3. Assemblyand Filling
We make VLSI/FLC SLM's by sandwichinga thin
layer of FLC betweenaflat coverglassand the silicon
chip. The cover glassis coatedwith an indium tin
oxidetransparentelectrodeand then with a thin layer
of polyvinyl alcohol that acts as an alignment layer.
The glass and the die are separated by evenly dispersedpolyimide spheres,providing the gap for the
LC mixture. The sphereshave a nominal diameter
of 1.3 pm and are spun on in an alcoholsolvent. A
jig is usedto positionthe glassaccuratelyover the die
before it is finally glued in place. The assemblyis
heatedin a vacuum until the LC is isotropicand the
cell is filled by capillary action with the LC mixture
BDH SCE13.I1 One sideof the coverglassis coated
with chrome that overlapsthe indium tin oxide and
providesa contactto the transparentelectrode.
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4. E x per ime n taRl e s u l ts
A

E lec t r r c a
Rle s u l ts
\\'c hiive addressedthe SLM at clock rates of as high
ris .18 MHz with arbitrary frames of data from our
tiectronic driver board. Because of the way the
on- c hip c loc k g e n e ra l o r i s u s e d ,a 3 2 -b i t w ord i s i nput
r ) r r eac h c lo c k c y c l e . At th i s d a ta ra t e (1.5 x 10e
bits s), a fi'ame is loaded in 43 ps, an image refresh
late <rf 23 kHz. We plan to use a printed circuit
iroard that should aliow us to achieve faster address
l'ates, as simulations suggest that the silicon backwill function at speedsof at least as high as 80
1-ri:ine
- \ 1I i z .
'l'hr.
on-chip clock and control signai generation
- ; ir nplif y t he p ro g ra m m i n g o f th e SL M from a P C .
\\re have erlsoaddressedthe SLM from a simple 32-bit
lnir Lr t - out pu tb o a rd o n a n IBM-c o m p a ti b l eP C . Thi s
c'irrrcrutput data at a 200-kHz clock rate, which gives
- 130 frames per second refresh on the SLM. This
r'onrputer was used to address the SLM for ali the
rr1;ticalexperiments described below, except whether
r t her wis eind i c a te d .
5

O pt ic alRe s u l ts

i"ig'ult:.s1 and 2 are photonricrographs of images
ilis plr r . t ' edon th e SL M a n d i m a g e d o n t o a 35-mm
c r . ilr er ab, v ' a nOl y mp u s SZ H 1 0 m i c ro s c o p ethat i l l umi nates the SLM with light from a tungsten halogen
bulb. We estimated the thickness of the FLC moduItrtrng layer with a SPEX spectrometer. The results
suggest that the cell is zero-order half-wave retarder
ir r lef lec t ion a t tr = - 7 0 0 n m . T h i s i s consi stent
r i' it h a c ell th i c k n e s s o f -1 p m . T h i s datum i s
>Lrpportedby qutrlitative observations of, the device.
Irr the on state the image appears a fairly neutral
' , rI iit r , ,r ' : r t he rth a n th e m o re s a tu ra te d c o l or typi cal of
: r t h r c k e rd e v i c e .
\ ot e t hat th i s c e l l th i c k n e s si s c o m p a ra bl ew i th the
lhic k nes sof th e l a y e rsu s e d i n s i l i c o nc h i p f abri cati on.
' l' ir is
c annot b e re a d i l y a c h i e v e d i f th i n - oxi de pi xel

'l'est
'l'he
i,rt t.
inrage displayed on the SLM.
image was
- l r r r t i r r i i vc i i t l i e r e d ,g i v i n g a g r a . y - s c a l e f l e c f. O n e o f t h e a r r a y d a t a
, , \r l r , - rss n o t l u n c t i o n r n gc r t r r e c t l y .
'.:1'76
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F i g . 2 . P h o t o m i c r o g r a p ho f ' p a r t o f ' L h e p r x e l r r r r u . f a t r r h i g h e r
magnificationthirn in F ig. 1.

capaci tors are used, as the tl i i n-oxi de L iver r vor t lcl
si gni fi cantl y reduce the hei ght of' the mi r lols belon'
the rest of the chip structure. T'o dr-r so n,ould
require extra processing steps that were not considered necessaryfor this project.
1. C ontrast R oti o
C ontrast rati o i s often defi ned i n terms of 't lr e on- of i'
intensity ratios in an image ol'the SL\'l. Ftit' tlte'
is' t ht '
col rel ator appl i cati on. a moI' (' usefui n)L 'ii- cLllt
contrast i n the zeroth-order repi i c:ai n the liiLr lit 'r 'transform pl ane. Much ol ' the l ou' er con t r ust nolse
i s outsi de the bandw i dth of the correi at or sy^st enr .
Thi s zero-ordercontrast rati o can be mea suled qur t L'
easily and yields a higher value than the confrasL
ratio measure obtained when the imaging condition is
used. It is actually more difficult to make an accurate measurement of the imaged contrast as sume of'
the higher spatial frequencies are ir-revitabh lost in
the i magrng system. Ir-rt,hedevi cedescriber lir r t his
paper, the i rnagecc-rntrast
rati ti at,\ : (j 3jJnt u li'ur n u
s p o t - 2 r n m i n d i a m e t e r i s 1 0 :I , a r r d t l l t , z r l u - o r ' ( l e r repl i ca contrast i s 70:1. The i rnagedcot'r t r iistt 'ut r o
i ncl udes the contri buti ons from the space l- iet wr r cr r
pi xel s. Imagi ng a si ngl epi xel mi rror w oulclplobablv
yield a result close tcl the 70:I zero-order contrast.
This measurement was made at a 130-Hz refi'esh rate
with low power illumination and alternately' on and
off images each present for several secondsto f'acilitate measurement with an optical pow€'r' nteter.
Photoinduced leakage of'charge from the pixels lertrds
r r 'r - r to a reducti on i n contrast rati o. In tr sepi t t 'at (cxl)
ment an S LM w as dri ven w i th a dri ver bo alcielockt , d
I t r : r f t 'iir r e
by a 35-MH z crystal that correspc-rnds
refresh rate of - 17.I kH z. The on state was exanl'
o1'
i ned for the saw tooth modul ati on charact t - 't 't sLic
photoinduced discharge. At this reli.esh rate no
modul ati on of the on state w as seen unti l t he illum i(tr,: 685 rlm ).
nation intensity reached - 29 mW ,icrrr'2
laser
we cottld
output
diode
At the maximum
of our
illuminate the pixel array with 9.5 rnW i31..1
mW f cm2). Thi s i ntensi ty caused a rouncied sa\ \ 'tooth modul ati on i n the on state:w i th i r dt 'r . r t ht l'r ut
w as 12% of the maxi mun-rsi gnal .

2. Switching Speed
We measured the potential switching speed of the
SLM LC layer by imaging a single row of pixels onto a
slit and detectingthe transmitted light. Becauseall
the pixelsin a row receivenew data on the sameclock
c1'cle,an accuratemeasurementof the LC switching
time can be made. Figure 3 is a record of an
oscilloscope
trace that showsthe I0Vo-90Vo
rise time,
which was measuredat room temperature,to be - 50
t-rs. This fast switchingis consistentwith a thin LC
layer. By imagingthe top row of the SLM, we could
measurethe delay betweenthe pixel being addressed
and the FLC optical response to the applied field.
These pixels receivetheir data on the eighth clock
cycle, and so from Fig. 4 we can estimate a delay of
- 15 ps. This measurement was made with the
transparent electrodeat the same voltage that was
used for both the rise- and the fall-time measurements.
it should be noted that when we addressthe SLM
from the personal computer, the gate wires are, in
general,active for approximately 10 ps while valid
data exists on the data wires. However, in this
particular experiment, the form of the data meant
that the pixels were driven with the new data for = 40
p"s. This is becauseadjacent rows were all being
rvritten with the samedata. In effectthesepixelsare
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(b)
F'ig.3. (a) Oscilloscopetrace record of the optical rise time of the
FLC layer in the SLM. The L0Vo-90Vo
rise time is 50 ps. (b)
Oscilloscope
trace recordof the optical fall time of the FLC layer in
the SLM. The 90-107ofall time is 50 ps.
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Fig. 4. Oscilloscopetrace record ofthe response ofthe first row of
pixels on the SLM shown with the input clock waveform. The
pixels receive their electrical signal on the eighth short clock
pulse. The delay between the electrical siimulation and Lhe 10c/,
level of the optical response of the pixels can be estimated lo
be - 15 ps.

being driven with a voltagesourcefor a large fraction
of the total delay plus switching time ( = 65 ps).
When the SLM is loadedat a high refresh rate from
the driver board,the pixel is exposedto the data line
for less than a microsecond,much less than the
responsetime of the LC. This requiresthe LC to use
the charge stored on the pixel to switch. Under
stored charge switching, we may expectto find that
the FLC switchesmore slowly than when switched
with a constant voltage. This is becausethe FLC
polarization charge neutralizes some of the stored
charge,and the switchingtime r, is inverselyproportional to the applied field.l2 As the FLC switches,
this field is reduced.
We investigatedthe differencesbetween constantvoltage switching and stored charge switching by
using a driver board fitted with a 35-MHz crystal,
yielding a L7.7-kHz electronic refresh rate. This
board is hard wired for the correlator applicationto
write 10 positive frames followed by 10 inverse
frames, so preservingdc balanceand so preventing
ionic degredationof the LC cell. In normal use this
driver board addressesthe SLM in a true stored
chargeswitching mode,but we can arrange for it to
drive the SLM in a mode that givesconstant-voltage
switching for the purposesof this experiment. We
clampedthe input to the gate shift registers high,
which means that all the gate wires were continuously active. A sequenceof alternately all-on and
all-offimageswerewritten to the SLM. This addressing mode loads the array data-wire drivers much
more heavilythan they weredesignedfor, but simulations show that they can switch the data wires in less
than 1 ps, which is amply fast enough for this
experiment. By imaging a small area of the array
onto the detector and switching from conventional
addressing to constant-voltage addressing, we can
observe the differencesin the optical responseof
the LC.
Figure 5 presentsthe resultsof suchan experiment.
We generatedthese traces by making no changesin
1 0 M a y 1 9 9 4 / V o l . 3 3 ,N o . 1 4 / A P P L I E DO P T I C S
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(b)
l-ig. 5. (a) Oscilloscopetrace record that shows the modulation of
()Lrtpul f rom a group of pixels under constant-voltage drive. (b)
()-s1iIlur.upe trace record that shows the output from the same
gro!rp of pixels under conventional drive.

the systemother than changingan electricalconnection to changethe drive modeof the SLM. l
F igure 5(a)is a recordof the output under constantvoltage drive conditions. The switching times are
= 50 ps, which is consistentwith the results of the
previousexperimentshown in Fig. 3. Under stored
charge switching, the switching times increase to
= 75-80 ps, as shownin Fig. 5(b).
If'we define a lower limit to the frame time by
adding the electrical address time (43 lrs) to the
switching time of the LC layer, then we can get an
estimate of a maximum frame rate of = 8.3 kHz at
room temperature. We can also seethat if the SLM
rvorks at the higher electronicrefresh rates predicted
by simulation, then the electronic load time is reducedto 25 ps, and the room temperatureswitching
speedof 75-80 ps indicatesthat a maximum frame
rate of = 10 kHz for this deviceis achievable.
:J, Optical Efficiency
T'heopticalefficiencyof the deviceis influencedby the
lossesthat are intrinsic to the silicon backplaneand
lossesthat are due to the thicknessof the LC layer
beingsomethingother than a half-wavein reflection.
The silicon losses are diffraction losses,fill-factor
losses,and lossesfrom the imperfectaluminum of the
pixel mirrors. We can get an estimate of the back-
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plane lossesby shining a (\ - 633 nm) He-Ne laser
beam on a bare silicon chip and measuring the
fraction of the incident power that was reflected in
the zero order. This experiment gave a result of
I3.5Vo. This is consistent with the result of the
devicereported in Ref. 7, which has a similar flat fill
factor, although it has a 30-p.m pixel pitch. The
secondexperimentwas done on the assembledSLM
in conjunctionwith the contrastratio measurements.
The device was illuminated with polarized He-.Ne
light, and the output was viewedthrough a poiarizer
crossedwith the input light. As much of the output
light as possible was collected to give an accurate
estimate of both the imaged contrast ratio and the
optical efifrciency. Approximately the center + 11
diffractedorderswere collectedin the imaging system.
Of this output light, LEVowasin the zero order. The
third experimentwas to measurethe output in the
zeroorder in the on state as a fraction of the incident
light when the SLM was configured for maximum
contrast. The result of this experiment was that
3.4Voof the incident light appearsin the zero-order
output. Table 1 summarizes these results aiong
with the most recently publishedresults from other
groupsreporting similar devices,although there may
be more current results reported elsewherein this
specialissueof Applied Optics.
4. Application in an Optical Correlator
Two of our SLM's have been used in an optical
correlatorraas input- and Fourier-planedevicesoperating in a binary-phasemode. An 830-nm laser
diodewas usedas the source,and a Pulnix TM-7EX
CCD camerawas used as the output-planedetector.
The system was operated at 1000 correlations per
second,i.e., a positive input and filter plane pattern
werewritten for 500 ps, followedby their inversesfor
500 ps. The camera shutter was set at 1 ms to
capturethe output from both the true and the inverse
frames.
On-axis and off-axis inputs consisting of small
targetimagesthat used0.6 to IVc,ofthe pixelsin the
input array were used. With the laser output set to
approximately 5 mW the correlation peaks in the
output were able to saturate the camera and yield a
signal-to-noise
ratio (peak/rms)of greaterthan 10 dB
for most of the images.
5. PowerDissipation
in ActivelyAddressedSpatial
LightModulators
in Switching
theFLC
A. PowerDissipation
Becauselow power dissipation is an advantageof
LC-baseddevices,we discussherethe intrinsicpower
dissipationroutes that exist in the single transistor
style of VLSI-basedFLC SLM's.
The switching enerry that is dissipatedin a unit
area FLC layer is 2PV, where P is the spontaneous
polarizationof the FLC, and V is the appliedvoltage.
This enerry is intrinsic to the light modulation
material and is related to the shortest achievable

Tabte1. Comparisonol Our Resultswith the Most RecentlyPublishedResultsfrom Other Groups Working on SimilarDeviceso
Parameter

culBNS6

EUIBNR/GEC (Ref.12)"

Displaytech (Ref. 7d)

Array'size
Pixelpitch (pm)
Fill factor (7o)
F-lat fiil factor (Vo)
Backplane optical efficiency (Vo)
F-rame load time (ps)
LC
Contrast ratio
LC switching time (ps)
Frame rate (kHz)

256 x 256
2t.6
79
60
13
43f
BDH SCE13
7 0 : 1( 1 0 : 1 ) '
50
- 10 (roomtemp.)

176 x 176
30
33
28
NA"
2V
BDH SCE13
NA
NA
NA

256 x 256
30(20)
e0(72)
5 8( 1 6 )
1 3( 0 . 6 )
25h
Merck ZLI-3654(NA)
29.1,'(NA)
225 (NA)
4

aM ore recent resllts may appear elsewhere in this is6]ueof Applied, Optics.
bColoradoUniversity/Boulder Nonlinear Systerns.
'!din burgh University/BNR Europe Ltd,
/GEO-Marconi Research Cefltre. r3
'rRef. 7; two generations of devicesare described
in Rel 7. The specifrcations ofthe first-gpneratioD device arc shown in parentheses.
"NA, not applicable.
I Driver boardlimited.
(It is implied, although not stated, in Ref. 13 that this time iE limited by the tlriver board.
"This specificatior is given in Ref. 7, but it is unclear whether this is a sitnulation result or a frame iefresh time thai has been achieved, ss
Lherefresh rate &ported in the text is 8 kHz (125 ps),
'?0:1 is zero-ordercontrast, snd 10:1 is imagedcontra.st.
iThis contrast ratio measurement was made by imaging through a grid, thereby removing the efect of the gsps between the
pixe)s.7 This measurementis similar to the zero-ordercontraatratio measurementdes&ibedin this paper.

switching timel2 of the FLC through the relation
13.6nd\tiz

r, = |\- r-)

(3)

where 1 is the viscosityof the material, d is the cell
thickness,and U is the power dissipationin the
material. Some comments should be made about
this relationship. It refers to the intrinsic material
propertiesand takesno accountof the drivingschemes
that are used. This affectsthe resultsin two ways.
F irst, the driving schememay invalidate the assumptionsusedin this estimateof switching enerry.
Second,it is inappropriate to consider the material
srvitchingenerry in isolation. The enerry dissipated
in the driving schemeshouldbe consideredbecauseit
is intrinsic to this type of devicethat this power will
be dissipatedon the siliconbackplane.
To considerthe first point, the expressionE : zPV
assumesthat the FLC is switched in a cell that is
driven with a potential differenceacrossthe plates
that switchesfrom +V to -V(or viceversa),and then
remainsconstantthrough the duration of the switching. In the SLM this may or may not be true,
dependingon the regime of operation. In one extrerne case,the pixels are addressedrelatively slowly
comparedwith the switching time of the FLC such
that the FLC is exposedto the constant applied
voltagefor the duration of its switching. In this case
t,i-re
aboveexpressionfor material powerdissipationis
valicl. This modeof addressingdoesnot make use of
the speedincreaseavailablethrough use of an active
backplane compared with passively addresseddevices, and so it is not generally consideredto be
desirable. In the other extreme case the pixel is
cirargedtoV, for example,and is isolatedfrom its data

wire in a time that is short comparedwith the FLC
response. The FLC then switchesby using the field
provided by the charge stored on the pixel. As it
switches,the polarization currents reducethe voltage
acrossthe FLC layer. Less enerry is dissipatedin
this case. One can write the enerry dissipationas
E = 2P(V + V')f 2,

\4)

where V' is the final voltageacrossthe cell, which in
turn can be approximatedbyo
V':V-2PfCrout.

(5)

In practice,a devicemay well be operating somewhere
betweenthe two extreme casesdescribed.
Typically, as we showbelow,the material switching
energy is low comparedwith the enerry dissipatedin
driving the pixels,not just in driving the pixel capacitances themselves,but in driving the data wires as
the loading presentedby them can be larger, in this
particular deviceby a factor of -20.
B. DataDependence
of Frame-Write
Energy
The energr dissipatedin writing a frame is strongly
data dependent. Data that require all the aftay
data-wire voltages to be changed between each two
succeedingrows causemost power to be dissipated.
An exampleof such a pattern is a fine checkerboardor
a pattern of alternating horizontal lines (with the
data wires running vertically). Negating the entire
imageis not intrinsically highly dissipativeunlessthe
data are ofthe form describedabove.
The total enerry dissipatedin writing a frame can
10 May '1994/ Vol. 33, No. 14 / APPLIEDOPTICS
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Table 2. Comparison of the Energy Dlsslpation that ls Intrlnslc to Varlous Frame-WrlteOperatlons

Example Caseo

Data Transition
Fraction, G

Term 1
(nJ)

Term 2
(nJ)

Term 3
(nJ)

Total Energy
(nJ)

Power at
10 kHz (mW)

rl) Refreshsimple
r2) Invert simple
t3; Write horizontal stripe
(4) Refresh horizontal stripe
t5) Invert horizontal stripe
i6) Invert vertical stripe
r 7 t Write binarized natural scene
r8) Write dithered image

0
0
1
1
I
1
0.2
0.33

6.6
6.6
6.6
6.6
6.6
6.6
6.6
6.6

0
62
31
0
62
62
-31
-31

0
3.3
852
852
852
3.3
t70
28L

6.6
72
890
858
920
72
208
318

0.06
0.7
8.9
8.6
9.2
0.7
2.7
3.2

"The numbers in this column correspondto the explanationsgiven in the text in Subsection5.8 for thesecases.

a correction that should be made to account for
top-up charging of a pixel that was switched (in the
yrCpoVp*t)
E = NVzCSerectwjre+ FA(LPV"**
fast mode)during the previousframe. If this pixel is
to remain in the same state on this frame, then
+ r/zcNzcDatawireV2,
(6)
chargewill flow through the pixel transistor to replenish the charge neutralizedby the FLC polarization
rvhere
charge.
(2) There is no accounttaken of the rechargingof
V is the chip supplyvoltage;
pixels that have becomepartially dischargedthrough
Vp;*is the voltage swing that can be applied to the
photoinducedleakage(but that are not beingswitched,
pixel. Usually Vpois equal toV, minus the threshold
so far as the data are concerned).
voltageof the pixel transistor;
(3) Equation(6)assumesa certaintiming relationl/ is the number of rows in the array, assumingan
ship betweenthe data-wireupdateand the select-wire
rV x l/ SLM;
activation. It is assumedthat the data wires are set
tr is the fraction of pixels that have their state
changedduring the frame-writeoperation;
with data, and then the appropriate row selectwire is
pulsedhigh, then low. In fact, a better schemeis to
Cselectwire
is the capacitanceof the row selectwire,
includingpixeltransistorgates;
sendthe gate wire high before,or during, the transiA is the areaof the switchableFLC in the array, i.e.,
tion of the data wires to the valid voltages for the
the total area multiplied by the fill factor;
pixels that are being addressed. This schemehas a
P is the spontaneouspolarizationof the FIrC;
timing advantage,but it means that somepixels will
%n is the effective switching voltage seen by the
momentarily be set to the wrong value. Typically
FLC. The value of this voltage depends on the
the duration of this glitch will be too short for the
addressingregime. Recall that the cover glass is
FLC to switch. The pixels that are affectedare those
maintainedat a voltagemidway betweenthe lowest
that are being set to the samevalue as in the previous
and the highest voltage that can be applied to the
frame and that have the correspondingpixel on the
pixel. Thus Vs6can range from (in the slow case) previousrow set to the oppositevalue. Each of these
Vrn: Vpi",i2to (in the fast case)V"tr: Vp*/2 - 2Pf Cp;^ pixelscontributesan
extra CpoVro'to the total.
l f r o mE q ( 5 ) h
Cpo is the capacitanceper unit area of the pixels.
These approximations all pertain to the pixelThis includesa contribution from the mirror to the
dependentpart of Eq. (6); as such, their effect is
substrateand from the mirror to the coverglass;
relatively small for this deviceand so, for the sake of
G is the data transition fraction, i.e.,the number of
brevity, we note their existence without including
data-wire transitions required for writing the frame
them in the examplespresentedbelow.
divided by M, the maximum number of data-wire
To give a feeling for the relative magnitudes of the
transitionspossible;
terms in Eq. (6)in the SLM describedin this paperwe
CDu,uwi,'.
is the capacitanceof the data wire, includcan considera few exampleimagetransitions.
ing pixeltransistordrains.
The examplesare tabulated in Table 2 and are
The first term in Eq. (6) is due to the selectwires
(1) Refreshing an all-off image. No pixels are
enchbeingswitchedto addressthe array. This contribuswitched(tr': 0), and no data wires undergo transition is usually small comparedwith the third term.
tions through the frame write (G : 0). .Eis due only
The secondterm is the contribution that is due to the
to the switching of the 256 gatewires, approximately
number of pixels that undergo a transition in the
6.6 nJ.
frame-writeoperation. The third term is the contri(2) Switching from an all-off image to an all-on
bution that is due to the switchingof the data wires.
image. All the pixels must be switched (F : 1) but
Someapproximationsare containedin Eq. (6):
the data wires must only be chargedonceeach,at the
i 1 ) The use of the parameterF in Eq. (6) neglects start of the frame. G = 0.004,E = 72 nJ.
be written as
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(31 Switching from an all-off image to a fine
lr r r liz ont als tri p e i m a g e . F : 0 .5 , G : l,E - 890 nJ.
| 4) Refreshing a fine horizontal stripe image. F =
0,G: I,E :858 nJ.
5l Inverting a fine horizontal stripe. F : I, G :
l. E :920 nJ.
16t Inverting a fine vertical stripe. F = L, G :
0 . 0 0 4E
, :72nJ.
There is a large factor of difference between the
energy dissipated in writing the simple images and
the high write-enerry images. This is interesting
because the last two examples compare the same
imerge,rotated through 90". If an application uses
data of a known form, it may be that one orientation
o1'thedeviceis advantageousif power dissipation is to
be m inim iz e d .
It is interesting to consider where in this range the
cnerry required for writing a typical image lies. We
can consider one type of image here. There is evidence to suggest that in natural environment scenes,
the power spectrum falls off at I/f', where / is the
spatial frequency in the scene.r5 This is justified
partly by experiment and partly on the basis of scale
invariance in natural image power spectra. This
rt'sult allowed us to generate images with these
-statisticsand to calculate transition numbers for this
kind of scene, When this type of image is binarized
n'ith a threshold at the median pixel level, which was
cliosen to preserve information,16the transition fraction G is - 0.2. If a dithered representation of the
same scene is used, then the transition fraction
increases to 0.5. This is to be compared with the
dithered test image written to the SLM (See Fig. 1)
that has a transition fraction of 0.33. When this
rrnage is binarized, the transition fraction drops to
0.03, which is consistent with the observation that
this test image has a large low-frequency content.
'fhere
are other sources of power dissipation on the
t:hi1lsuch as input pad drivers, clock generation, and
shift registers. These have not been considered in
thi-s analysis as they are less fundamental than the
rlrssipation that is intrinsic to driving the array
rnodulating material, pixels, and addressingwires.
'J'he
conclusion of this analysis is that the enerry
dissipated in writing an image on our device is
str ongly dependent on the image data and is more
tiran an order of magnitude greater than the dissipat ron that is due to the FLC material properties. It
should be noted that thin-oxide pixel capacitors incr-easethe pixel capacitance to a similar value to the
data wires,T shifting the emphasis away from the
third term in Eq. (6) because the pixel capacitance in
fhe second term is increased by over an order of
nragnitude. In this case,frame inversion becomesa
high-enerry operation for all data.
6. Conc lus i o n s
ln conclusion, we have successfully designed and
thbricated a 256 x 256 LC-on-silicon SLM for an
optical correlator application. The silicon backplane
f i-rnctionedcorrectly at 48 MHz on the first iteration

of the chip design. On-chip clock and control generation facilitate data loading at a rate of one 32-bit word
per clock cycle, leading to an input data rate of' - 1.4
Gbits/s and an aggregatedata rate of - 0.54 Gbits, s.
The switching speedof the LC was measured to be
- 75-80 ps at room temperature. We measured the
contrast ratio to be 70:1 in the zero-order and 10:1
imaged. The switching speed and color of the on
state are consistent with a cell of - l-lrm thickness.
The silicon backplane was successfully designed specifically so that a thin cell could be fabricated,
We have discussed the design issues specific to the
single transistor LC-on-silicon SLM, including those
that are most important to optical correlators. We
have analyzed the power dissipation inherent to thrs
type of deviceand shown that, for our SLM, the form
of the data is important.
Future work will concentrate on improving the
optical quality of the devices. Specifically, we anticipate improving the contrast ratio by using a two-sided
SiO, LC alignment. We plan to determine the highest operating clock speed of the chip. Simulations
suggest that it will run at 80 MHz, giving a 25-ps
frame refresh, but this has yet to be demonstrated in
practice.
The authors thank Boulder Nonlinear Sysfems and
Martin Marietta Corporation for their support of this
research and the Center for Optoelectronic Computing Systems for infrastructure support.
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