
Chapter 5 

The 50 x 50 SLM 

In this chapter the construction of the 50 x 50 SLMs is described and the per- 

formance of the devices assessed. Several of the difficulties associated with the 

fabrication of the SLMs are presented as the background to a discussion of future 

work. 

Two of the bonded chips from wafer 10 were assembled into SLMs. The con- 

struction followed the same procedure as for the 16 x 16 test SLM described in 

chapter 2. The similar size of the 50 x 50 and 16 x 16 arrays allowed glass from 

the same batch’to be used. The main difference in the procedure was caused 

by the different arrangement of the bonding wires on the 50 x 50 chip and the 

reduced amount of space available for the spacer material. There is much less 

space on the chip round the edge of the array than on the 16 x 16 device and the 

bonding wires are closer to the array (about 200pm away) - though there are 

bonding wires on only one edge. The device was correspondingly more difficult 

to assemble. The spacer was cut into the same sort of “II” shape as before, 

but the different bonding wire arrangement allowed a slightly different use. The 

spacer was positioned with the middle, connecting, piece of material hanging 

off the edge of the chip. Only the two side “legs” of the spacer were actually 

used to space the layer. The reason for doing this was that the concave corners 

of the spacer were the most difficult to make without introducing irregularities 

in the sheet. These areas were kept off the surface of the chip to improve the 
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likelihood of the layer being evenly spaced. It was found that if the side legs 

were long enough to extend completely across the chip to the bonding wires 

then the bonding wires could be used to help locate the spacer in the correct 

position. The “U” shape was favoured over separate strips of spacer because the 

connecting piece helped control the separation of the spacer legs. It could also 

be used as an area which could be gripped by tweezers without any resulting 

tweezer damage affecting the spacing. 

5.1 Evaluation of the SLM 

An optical bench was constructed to allow Fourier Transform processing with 

the SLM in the Fourier plane, with simultaneous viewing of the output and 

Fourier planes. A schematic of the optical bench is shown in figure 5.1. The 

design of bench is basically that of a “cascaded spectrum analyser” as described 

by Gaskill [25]. The input object is illuminated by a spherical wave from the 

spatial filter. The FT of the object is formed in the plane of the SLM which is 

conjugate to the spatial filter. The scale of the FT can be varied by moving the 

object closer to or further from the lens. Reflected light is taken off at a right 

angle by a pellicle beam splitter. This output part of the bench splits in two, 

after a second FT lens and an output polariser. One output leg incorporates an 

auxiliary lens so that the SLM (FT) pl ane can be imaged onto a TV camera or 

film. The other forms the output of the second spectrum analyser i.e. the FT 

of the SLM plane. If the first FT lens is moved closer to the spatial filter (with 

the object removed) the SLM plane can be uniformly illuminated’. The SLM 
\ 
can thus be viewed directly for purposes of evaluation. 

The main advantage of this optical bench over a simple “5f” system is that both 

the output and FT planes of the processor can be viewed simultaneously with TV 

‘The illumination is not quite uniform in amplitude because of the laser beam profde. At the 

cost of using a diverging or converging beam the illumination uniformity can be traded-off 

against brightness. 
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Figure 5.1: A schematic of the SLM test optical bench. The 16 x 16 and 50 x 50 

SLMs could both be used on this optical bench as Fourier plane filters by changing the 

magnification of the Fourier transform. 
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cameras, allowing good control over the experiment. The other advantage of this 

kind of bench is that a simple adjustment allows pixelated SLMs with different 

sampling rates to be used in the Fourier plane, and different sizes of object. In 

particular the 16 x 16 SLM and the 50 x 50 SLM, which have sampling rates 

differing by a factor of over 2.5, have both been used on this bench. This optical 

bench was constructed in conjunction with Michael Ranshaw, who required a 

similar bench for his research in phase modulating SLMs [51,50]. This optical 

sy,‘em differs from the “5-f” optical processor described in section 1.3 as the FT 

discussed above is in fact not an exact Fourier Transform of the input amplitude 

distribution. There is a phase curvature introduced so that the FT is present 

not iu a plane but on the surface of a large sphere. This is insignificant for the 

kind >f experiment described here (see ref. [13] pp108,109). 

5.1.1 The SLM imaged in coherent light 

The first 50 x 50 SLM was imaged in coherent light. The electronic signals were 

generated with the same microcomputer interface described in section 4.2.7 and 

the transparent electrode was initially driven by the same signal that was input 

to the chip as the PIXEL-CLOCK. This was changed to the system described 

in section 3.5.3 on page 91 which was found to give a slightly better contrast. 

One device, for example, worked well with the transparent electrode driven at 

4VPk-Pk and Vdd = 3.7V. This may be due to a slight modification of the optical 

path length through the cell at the “off W pixels, changing the effective thickness 

to that required for a transmission minimum as described by Montgomery [43]. 

Figure 5.2 shows photographs of the device with the cells unprogrammed. They 

all start in the logic “0” state when power is applied to the circuit. The phase of 

the voltage signal on the transparent electrode was changed to give the optical 

“off” and “on” states. The dark areas near the left of the photographs are 

thought to be caused by poor glass treatment. The optical “off” (dark) state 

is slightly “pat thy”. This is attributed to poor alignment of the liquid crystal. 

Test patterns were loaded onto the array and the results are shown in figure 5.3. 
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Figure 5.2: The fist 50 x 50 SLM; unprogrammed. The top photograph is of the SLM 

when the transparent electrode is driven in phase with the global signal PIXEL-CLOCK. 

The pixels contain a logic “0” so the array is bright. The bottom photograph shows the 

same SLM with the transparent electrode signal inverted. 

These results show that there is clearly a fault in the chip electronics. At 

first sight it appears that this is likely to be a shift register fault on the’enable 
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Figure 5.3: The first 50 x 50 SLM; programmed with two different test patterns. It 

is clear that, broadly speaking, the SLM appears to function correctly over about one 

third of its active area. 
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register but this is not the case. The die passed the probe card test which showed 

that, among other things, the enable register was working. Indeed inspection of 

the photographs shows quite clearly that the test output pads on the right of 

the array are still working correctly. In this orientation the enable information 

moves along the enable register from left to right. The only circuitry which 

receives a supply from right to left, and which could cause a problem like this 

is the READ/HOLD generator. It seems likely that this is the fault in this 

case. Although this particular fault is expected to be very uncommon, it is 

not detectable by the probe card test and so it is possible for it to appear in 

fabricated SLMs. 

The second SLM did not suffer from this fault and figure 5.4 shows it pro- 

grammed entirely to logic uOn and to logic “1”. The transparent electrode is in 

phase with the pixel clock, so the logic “1” state is dark. These photographs 

show the same slight “patchiness” in the optical “off” state, but also visible are 

two columns and one row which cannot be programmed to a logic ul”. This is 

due to random fabrication defects on this particular chip. The exact cause of 

this particular type of fault is uncertain. They are either line faults affecting 

the control or data transfer to the pixels concerned, or they could be faults on 

one or more pixels of a sufficiently drastic nature to pull up or pull down an 

entire control line. Or indeed different faults could show the same effects. It was 

verified that the rest of the SLM could be programmed completely and figure 5.5 

shows a test pattern displayed on the SLM. The faults are not obvious as the 

phase of the voltage signal on the transparent electrode and the positioning of 

the letters were chosen to minimise their effect. 

This SLM was used to perform a simple optical processing experiment. The 

triangle used in the sampling experiments in chapter 1 was used as an input 

object, and the SLM was used as a Fourier plane filter. The FT of the trian- 

gle was centred on the array and oriented so that one of the “legs” of the FT 

was parallel to the columns of the array. The centre four columns of the array 

were set to the dark state, filtering out the centre, low frequency, component 

and the vertical leg of the FT. Removal of the zero frequency component leads 
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Figure 5.4: The second 50 x 50 SLM. All the pixels were programmed to a logic “0” 

(top) and a logic “1” (bottom). 
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Figure 5.5: A test pattern on the second 50 x 50 SLM. 
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to a general edge enhancement. The vertical leg of the FT corresponds to the 

horizontal edge of the input triangle, so the output image has this edge sup- 

pressed. Figure 5.6 shows photographs of the output before and after the centre 

four columns are switched “off”. The same experiment had been performed 

with the 16 x 16 hybrid-field effect SLM and the benefit of the increased space 

bandwidth product is quite obvious, see figure 5.8. The contrast ratio of these 

50 x 50 SLMs is not as high as that of the 16 x 16 device described in chapter 2 

and this is likely to account for some of the differences in the filtered triangles, 

in particular there was a tendency for there to be more light in the middle of 

the triangles filtered by the 50 x 50 SLM. The small size of the pixels on the 

device made the method used for the 16 x 16 SLM contrast measurement un- 

reliable, so an estimate of the contrast was made from images of the device on 

photographic film taken over a range of exposures. “On” and “off” pixels from 

different frames were compared under a microscope to select pairs having similar 

image densities. This suggested a contrast ratio of about 10 from the exposure 

difference. The optical switching time was measured to be N 13ms for the “on” 

transition and N 1Oms for the uoff” transition. The switch-off transition had a 

long settling time after which it settled at a value higher than the minimum, see 

figure 5.9. The switching is approximately 10 times faster than in the 16 x 16 test 

SLM. It is unlikely that this difference is due entirely to a different LC thickness 

as the thickness of the LC layer in the 50 x 50 SLM is similar to that in the 

16 x 16 device. This can be verified by the similar optical “on” state voltages. 

It seems plausible that the different switching speed is due, at least in part, to 

the higher power dissipated on the 50 x 50 SLM chip causing a further reduction 

in the viscosity of the liquid crystal over and above that which was suspected 

of causing the speed-up in the 16 x 16 SLM compared to the test cell. The 

poor contrast ratio was attributed to poor surface alignment, largely because 

of the uneven appearance of the optical “off” state. One way to improve the 

alignment of a nematic LC cell is to heat the cell above the clearing temperature 

Tc, where the LC becomes isotropic, and then allowing it to cool back to room 

temperature. This allows the LC to explore different alignment states and find 

a lower energy, more uniform alignment. This was done with a 50 x 50 SLM. 
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Spatial filtering with the 50 x 50 SLM. The top photograph is of the 

pixels switched “on” and the bottom photograph is of the output WI 

columns of the SLM are switched “off” (see next figure). 
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($?igure 5.7: The 50 x 50 SLM programmed with the spatial filter used in the image 

modification experiment. 

!‘Tl’he “off” states before and after heating are shown in figure 5.10. The SLM was 
I R 
!&eated slowly in an insulated box, to avoid undue thermal stresses, placed on 
1; 
l$op of a thermostatically controlled hotplate. The heating process took about 

$0 minutes for the SLM to reach just over 6O”C, T, for E7. The temperature 

&as monitored with a thermocouple positioned against the cover glass. Cooling 
t 

v’ f he SLM was done by switching off the hotplate and leaving the SLM in place to 

boo1 slowly through the phase transition. The photograph that was taken after 

.Ahe heating shows signs of severe wedging. There are obvious fringes and there 

is also a region where there is no liquid crystal between the glass and the chip 

surface. This is the area on the right of the array with the closely spaced fringes. 

Clearly the mechanical stability of the assembly is insufficient for this kind of 

heat treatment. It is difficult to be sure, but one might think that the second 

photograph, though fringed, is less “patchy”. One approach is to heat the SLM 

during assembly, while it is clamped but before it is glued. This was tried and 

some improvement was apparent when the extinction before and after heating 

was compared under a polarising microscope, see section 2.2.3. The SLM was 

viewed while heated to verify that, indeed, the LC had been heated through the 

I 
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Figure 5.9: Switching speeds for the 50x 50 hybrid field effect SLM. The top photograph 

is of the switch-“on” trace and the bottom is of the switch-“off’ trace. The measurement 

was made by imaging an area of the SLM onto a photodiode (as used in the reflectance 

measurements) and displaying the amplified output on a storage oscilloscope. The 

oscilloscope timebase was triggered by the READ pulse (which can be seen in the bottom 

left of the top photograph) and was set to Eims/division for both photographs. 
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Figure 5.10: The result of an attempt to improve the “off’ state of the SLM by heating. 

The top photograph is of the SLM, with no electrical signals applied, before heating. 

The bottom photograph is of the same device after heating. 
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isotropic phase transition. The improvement was small and the contrast ratio 

of the completed device was still poor. 
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Chapter 6 

Discussion and Conclusions 

In this final chapter the results of the work will be summarised and the impli- 

cations for future research discussed. 

6.1 A summary of the performance of the SLM 

This section contains an assessment of the performance of the device with ref- 

erence to the relevant characteristics tabulated on page 10. 

6.1.1 Frame rate 

It is reasonable to divide a discussion of the response speed of this SLM into two 

parts concerning the speed of the electronic addressing circuit and the speed of 

the LC modulating layer. Many types of LC configuration can in theory be used 

with the IC. 

Although the addressing circuitry was designed to use a small area of silicon 

and to dissipate a small amount of power, it is still fast enough to drive any 

LC currently being used in SLMs. The highest frequency that the shift register 
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was tested at (5 MHz) can be used to estimate (conservatively) the maximum 

framing rate for the chip. In the worst case all fifty columns have to be loaded 

with new (and different) data. The maximum framing time can be deduced 

from the time taken to load a single column with data, multiplied by f&y. One 

column requires fifty shift operations, which take 0.2~5 each, plus a delay while 

the READ and HOLD lines are pulsed. If this delay is chosen to be 1~s to 

be safe (see section 3.5.4) then the total time taken to load a single column is 

11~s. This implies a wor+case frame rate of 1.8 kHz. If the patterns contain a 

number of repeated columns then the frame time reduces correspondingly. The 

most simple patterns - setting all the pixels to either “1” or “0” - take 11~s to 

load. The shift registers will almost certainly run faster than 5 MHz, simulation 

suggests 10MHz should be possible, but this is not a reliable estimate, given 

that there are doubts about the accuracy of the simulations. This shift register 

clock speed was measured on one of the lowest power wafers so more speed is 

immediately available with this design if one can accept the increase in power 

dissipation. Indeed, in future designs it would be possible to reduce further the 

power dissipation by reducing the depletion implant density while maintaining 

speed in the shift registers by altering pull-up ratios. Circuits designed in this 

way are less likely to agree with the results of simulations, and so would require 

a conservative approach to the design. 

The switching time of the nematic LC layer as used in the 50 x 50 SLM was 

about lO-13ms for both the switch-on and switch-off transitions. It is not clear 

why this time is so much shorter than for the test cells and for the 16 x 16 test 

SLM. It may be connected to the higher power dissipation of the 50 x 50 chip, 

or perhaps to an alignment problem (like excessive pre-tilt) - possibly linking 

the speed to the low contrast ratio. 

6.1.2 Contrast ratio 

The contrast ratio of the 50 x 50 SLM is so poor that it was not considered 

worthwhile measuring it to any degree of precision while there was clearly such 
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a potential improvement available. It was estimated to be around 1O:l (in in- 

tensity). The reason for expecting an improvement is that the non-uniformity of 

the “off” state implies that there is a problem with the LC alignment. Clearly 

this is an area for immediate research. 

6.1.3 Optical flatness 

The ICs are constructed on a substrate of single crystal s&on which may be 

expected to be initially optically flat over smalI areas. The high temperature 

steps in the manufacturing process do not appear to affect detrimentally their 

flatness (at least for some dies) as is shown in chapter 4. The m(re interesting 

result is that the power dissipated in the circuit, while causing some thermal 

motion, does not appear to greatly affect the flatness either. These results were 

taken for the highest power die so, if a noticeable warping had occurred then 

there was still the possibility of using a low power die before considering more 

extreme measures. Ensuring the optical flatness of the cover glass should be 

straightforward. The thickness of the LC layer causes more difficulty. Several 

SLMs were constructed with obvious signs of wedging. The introduction of a 

slight wedge into an optical system is not necessarily a problem in itself, but the 

thickness variation results in a variation in the response of the LC layer. The 

thickness control in both the 16 x 16 and 50 x 50 SLMs is adequate; in a good 

device, the effects are insignificant compared to the effect of the poor alignment 

on the contrast. The current spacer technology does introduce some significant 

difficulties into the process of SLM assembly. A high degree of dexterity is 

required to fabricate and position the spacer successfully. 

6.1.4 General operating characteristics 

The SLM contains a static memory - a frame store - which coupled with 

the ability of the shift registers to enter a “wait” state, eases considerably the 

163 



demands made on the addressing circuitry. Being able to address the array 

with any inexpensive microcomputer is a significant advantage in applications 

concerned with system development, though certain specific applications may 

only require a simple set of operations. For example a simple pattern recognition 

application may only require sequential scanning through a library of patterns. 

This could be performed economically with dedicated hardware. 

6.2 The direction of future work 

This section contains a discussion of the probable direction of future work. Both 

short and long term improvements are considered. 

6.2.1 Liquid crystal technology 

Contrast ratio 

In the current device the parameter which most urgently needs improvement 

is the contrast ratio. This should be possible with further research into liquid 

crystal alignment techniques - since the low contrast ratio is a result of a poor 

optical “off” state. It is interesting to note that the same alignment technique 

produced good results on a bare wafer, reasonable results on a chip with 1OOpm 

square mirrors and poor results on the 50 x 50 chip which has mirrors which are 

only 45pm by 44pm. It may be the case that the surface topography of the chip is 

affecting the alignment. The SEM photograph on page 97 illustrates the uneven 

nature of the surface and one could speculate that the circuitry affects the quality 

of the alignment over the mirror. Investigation of thinner LC layers in SLMs may 

provide some answers. As the thickness of the cell becomes smaller in relation 

to the size of the pixel mirror the affect of a disrupted region of LC over the 

circuitry would propagate over less of the area of the mirror. It would, however, 

be much more satisfactory to achieve good alignment over the entire pixel area 
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because for most applications it is important not to have reflection from the area 

between the flat mirrors. There is currently research under way in the Edinburgh 

Microfabrication Facility which is investigating techniques for “planarising” the 

surfaces of chips. It may be that this will ultimately be required for high quality 

liquid crystal over integrated circuit SLMs. 

Thinner LC layers will probably use photolithographically defined polymer spac- 

ers deposited during the fabrication process. The reason for preferring this 

apprc ~.ci3 is that it is difficult to handle spacers without introducing some par- 

ticulate contamination into the device. As the LC layer becomes thinner, this 

becomes more important. Device reproducibility would improve as the amount 

of handling is reduced. 

Nematic LC switching speed 

Nematic LC cells are generally quite slow with a response time in the tens of 

millisecond range. This can be improved by operating in the regime where the 

LC structure is always stressed. It never undergoes the slow complete relaxation 

to the OV state. Examples of this approach are the surface mode (or 7r mode), 

or the voltage controlled birefringence mode when it is switched between an 

adjacent high-voltage maximum and minimum. Surface mode celIs offer sub- 

microsecond switching times but require drive voltages which greatly exceed 

the maximum available with small geometry integrated circuits; 30V is used by 

Fergason [20]. Hanshaw [50] h as d emonstrated switching in a 12pm thick VCB 

cell in times of the order of 5ms at voltages that can be easily achieved with 

integrated circuits. 

Alternative liquid crystal configurations 

Other LC configurations can be used with the integrated circuit. Perhaps the 

configuration most closely related to the HFE is the voltage controlled birefrin- 
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gence mode. It can use the same liquid crystal mixture and alignment technol- 

ogy. Construction of a VCB SLM differs from the hybrid field effect only in the 

orientation of the cover glass in the evaporator. If the uniformity of LC layer can 

be controlled then this configuration offers relatively fast-switching amplitude 

or pure-phase modulation. 

Recent developments in ferroelectric cl-&al smectic-C (SE) liquid crystals offer 

a substantial speed improvement. Materials are known with response times of 

200~s (at 1OV) [15]. It is p ossible to use tlij kind of material in reflection mode 

and so in theory the IC can be used to address ferroelectric LCs. Whether this 

type of chip should be used to drive a material which is intrinsically bistable will 

be discussed later. 

6.2.2 Improvements to the IC backplane 

Increasing the number of pixels on the integrated circuit backplane is an impor- 

tant step towards constructing more useful SLMs. The pixel packing density is 

approaching the feasible limit on the 50 x 50 device. A significant improvement 

is available only through shrinking the mirror to the size of a small contact pad 

and using metal 2 to fabricate a mirror over the whole pixel. Larger die sizes 

are becoming available and field stitching is possible (with some loss of resolu- 

tion) if very large arrays were required. The working 50 x 50 circuit has been 

used as the basis for a 128 x 128 pixel SLM circuit which incorporates many of 

the improvements which have been discussed in this thesis. The design work is 

complete and the fabrication process is currently at the mask-making stage. 

It is sufficient to describe the chip by highlighting differences between it and the 

50 x 50 circuit and by presenting the pixel circuit layout. 
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Dimensions 

The circuit uses nearly all the area of a lcm square die. The pixels are separated 

by 70pm in z and y (centre to centre). This spacing is slightly smaller than was 

anticipated at the early stages of the design of the 50 x 50 circuit. It was 

decided to allocate more area to the addressing circuits - mainly to leave a 

larger space between the bonding wires and the edge of the active array. The 

size of the modulating array is 8.96mm square. The extra area (principally at 

the top and bottom of the design) is used for some process testing; capacitance, 

sheet resistance, transistor threshold voltage and ring oscillator frequency can be 

measured. As with the 50 x 50 circuit there is mask data describing a “spacer” 

layer which, if used, will help the construction of thin LC cells. 

The pixel circuit 

The pixel layout is changed in several ways. It retains the same basic layout 

strategy but incorporates many small changes. The spacing between the READ 

and HOLD polysilicon wires has been increased to 2pm. Short circuits on the 

polysilicon layer are suspected to have reduced the yield in the 50 x 50 circuit. 

The layout has been altered to give the IC a more level surface over the array. 

This has been achieved by “building up” the pixel mirror by putting polysilicon 

under the aluminium layer. Other pieces of aluminium interconnect have been 

raised like this, and also extended to cover any nearby polysilicon interconnect, 

see figure 6.1. The aim is to produce a circuit with a topography rather like a 

plateau with some (unavoidable) troughs in it. Raising the pixel mirror allows 

it to be extended over the latch pull-up transistors, which compensates for the 

reduction in its size due to the smaller area allocated to the pixel. The reason 

for making these changes is to improve the optical efficiency if eventually a layer 

of metal 2 is to be deposited over the entire area of the pixel and electrically 

connected to the pixel mirror on metal 1. Metal 2 offers a number of significant 

advantages if it can be used in this way. Firstly, it improves the diffraction 
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Figure 6.1: The pixel layout used in the 128 x 128 SLM design. Note the mirror 

extension over the long pull-up transistors and the large areas of polysilicon 

under met al. 
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efficiency of the device. The improvement in the fill factor is only part of what 

is required to improve the amount of light in the central output image. As has 

been discussed in chapter 1 and chapter 3 it is the FT of the pixel function which 

determines the energy distribution among the output images. & is therefore 

advantageous to maintain a constant height (phase) across as much of the pixel 

as possible. Secondly, the use of metal 2 eliminates the areas of LC which are 

exposed to voltages from the pixel circuitry. This would eliminate problems 

associated with reflection from th? circuitry through partially activated liquid 

crystal and also would further reduce any long-term LC degradation caused by 

dc fields. 

Addressing 

A slightly narrower version of the d-type shift register layout is used (to match 

the smaller pixel spacing). It is basically unchanged except for some small 

changes to the parasitic capacitance distributions which should increase the max- 

imum clocking speed. The DATA row driving buffers and the column READ and 

HOLD drivers have been strengthened in an effort to lower the number of single- 

pixel failures which become row or column failures. The addressing scheme has 

been changed to allow either serial or parallel input of data to the chip. Both 

shift registers have been, split into four blocks of 32 bits. Each block can take 

data either from the output of the previous block or from its own parallel input. 

When parallel addressing is used then thirty-two shift operations are sufficient 

to fill both registers. The shift registers are expected to run at 10MHz which 

would give a maximum addressing frame rate of approximately 1.8kHz (with the 

usual speed-up available for symmetric patterns). 

Testing 

The chip has been designed so that the shift registers can be directly tested 

during wafer probing. Interconnect and output buffering wilI enable the full 
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length shift registers to be tested up to their maximum clock rate. Outputs have 

been taken from the ends of the polysilicon READ and HOLD wires to facilitate 

a measurement of the interconnect delay, which takes a significant proportion of 

the addressing time. 

6.2.3 A table comparing the SLMs discussed in this the- 

sis 

Array size 16 x 16 50 x 50 

No. of pixels 256 2500 

Pixel pitch 200pm 74pm 

No. of transistors 2300 23200 

Backplane frame rate VA 1.8kHz 

FiII factor 0.25 0.33 

LC switching time looms 13ms 

contrast ratio 1 60-7O:l 1 - 1O:l 

128 x 128 

16384 

70pm 

150500 

1.8kHz 

0.45 

No projections have been made for likely switching speed or contrast ratio figures 

for the 128 x 128 device because it is not clear how these quantities are coupled 

and whether it will be possible to improve them independently. The 6I.I factor 

of the 128 x 128 SLM is larger than that of the 50 x 50 device but the surface 

topology means that the diffraction efficiency wiII not be improved by as much 

as this figure alone might imply. Inspection of figure 6.1 wiI.I show that not ah 

of the mirror is at the same level as the main part. 

6.3 The future of VLSI based liquid crystal SLMs 

With recent advances in ferroelectric LCs offering fast switching and high con- 

trast ratios it seems likely that they will be used more extensively in high perfor- 

mance SLMs. Given that these materials can exhibit bistability it is reasonable 
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to ask whether there are any reasons for using a complex VLSI array to ad- 

dress the pixels. There are reasons for using a single-transistor pixel design, 

namely; to isolate the pixel from “error” voltages, and to increase the column 

scan speed (see section 1.2.2). This is an active area of research. The question 

is whether the increased complexity of a latch at every pixel is justified. The 

answer depends on the relative priorities of the application. The arguments are 

summarised below. 

The arguments against designing a latch at every pixel are: 

l The extra complexity in the chip design lowers the yield. It is hard to see 

how this can be avoided. Redundancy cannot be incorporated in the usual 

way, where a defective sub-circuit is isolated and its function performed 

by a spare which has been designed for this eventuality. The geometric re- 

strictions of the SLM render this impossible. In some applications, though, 

the loss of some pixels, or even rows, may not be too serious. 

l The power dissipated by the pixel latch circuits may cause problems if 

very fast switching is required (though it is not likely that this would ever 

exceed the levels which could be handled by a heat-sink mounted on the 

back of the chip). A ssuming that a single-transistor-pixel SLM has on-chip 

row and column drivers then its power dissipation may be more difficult 

to handle. The problems may arise because a similar amount of power ( 

to charge and discharge rapidly the pixel mirrors) will be dissipated round 

the periphery of the array. The spatially uneven power dissipation may be 

more detrimental to the optical flatness of the device. 

l The circuitry uses more area on the array than is required by the single 

transistor designs. This reduces the diffraction efficiency. Even if metal 2 

is used to increase the proportion of mirror per pixel the remaining undu- 

lations may disturb the LC alignment. More research is required to assess 

the importance of this and to decide whether IC Uplanarisation” offers any 

benefits. 
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To be balanced with these are the arguments in favour which are: 

l Consider again the single-transistor pixel addressing scheme. The pixel 

transistor gate voltage is pulsed, momentarily switching the transistor 

“on”. During this time the pixel mirror is charged through the transis- 

tor to its new voltage level. Because the transistor then isolates the pixel 

from its row data wire, the data wires can be used immediately to address 

subsequent columns of the array. Meanwhile the liquid crystal begins to 

reorient itself into its new state. Recent fast ferroelectric LCs have a large 

spontaneous polarisation (M 200~C/m2) so when they reorientate they re- 

duce the voltage on the isolated pixel mirror (which only maintains its 

voltage capacitively). If this voltage is not sufficient to switch the LC then 

the device would have to operate at a higher voltage, or the address scan 

would have to wait at each column for the LC to switch before addressing 

the next one. 

In this situation what may be required is a latch at every pixel. The address 

circuitry would scan across the array, as fast as the technology will allow, 

setting the pixel latches. Many pixel latches would then simultaneously 

charge the pixel mirrors from power and ground lines while the address 

scan continues on to other columns. Collings et al. [15] estimate a value 

of 400&/m2 to be the upper limit for the spontaneous polarisation of a 

liquid crystal which will switch in an isolated single-transistor pixel. 

l Horner and Bartelt [33] di scuss the use of binary phase-only filters in op- 

tical correlators and conclude that they are better than matched filters 

(which use both amplitude and phase information). A mechanism has 

been proposed by which pure phase modulation can be accomplished with 

smectic LCs [34]. Th e d esired phase difference between the two states is 

determined by the thickness of the LC layer. In a reflection mode SLM 

the layer thickness would have to be between about 0.9pm and 1.8pm 

(depending on the material used) for a phase difference of ?r. Errors in the 

layer thickness would have a linear effect on the phase difference. Nematic 

liquid crystals operating in the voltage controlled birefringence mode can 
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perform a pure phase modulation which can be “tuned” to select the phase 

relationship between the states and so ease the requirements of the cell 

construction. The layer should have a uniform thickness but the absolute 

value of that thickness is not important. 

Nematic liquid crystals do not have the bistability that is available with 

ferroelectric smectic LCs. Single-transistor pixel SLMs would have to be 

continuously refreshed with alternate frames of the chosen pattern and 

its inverse (to give an ac drive at each pixel). When larger (128 x 128) 

arrays are considered it becomes apparent that it is difficult to address the 

array quickly enough (because of interconnect R-C delays) to prevent the 

ac signal modulating the optical output. Modulations depths of 5% have 

been observed in the intensity output of the thin (3.7pm) hybrid field effect 

cell described in chapter 2 when it was driven “on” with a 500Hz. square 

wave. This corresponds to 1000 frame-writes per second. If a similar phase 

“jitter” is seen in the VCB effect it would manifest itself as time-dependent 

phase gradients sweeping across the SLM at the same rate as the address 

scanning. As has been stated, a backplane with a latch at each pixel is 

suitable to drive the VCB configuration continuously. 

More speculatively, it seems reasonable to attempt to exploit the ability of silicon 

technology to perform fast logical operations on locally available data (perhaps 

between neighbouring pixels). If suitable architectures emerge which can blend 

global high-speed optical interconnections with signal detection and processing 

on an SLM, then the SLM is likely to use liquid crystal over a VLSI array. 

6.3.1 Conclusion 

The successful construction of a 50 x 50 pixel liquid crystal spatial light mod- 

ulator based on a small-geometry nMOS integrated circuit has been described. 

Several key areas for future research have been identified and the advantages 

’ and disadvantages of this approach for future high-performance spatial light 
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modulators have been discussed. 
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Appendix A 

Layout rules 

The minimum dimensions for the EMF 1.5pm nMOS process as used in the SLM 

backplane layout are; 

Active area separation 

width 

Implam . overlap 

Buried contact overlap 

PolysiIicon separation 

width 

Contact cut size 

Metal 1 separation 

width 

Active area/Poly separation 

Transistor gate extension 

Enhancement gate/implant separation 

Overglass, from metal edge 

2P 
2Pm 
1.5pm 

1.5pm 

1.5pm 

1.5pm 

1.5~mx1.5~m 

2Clm 

4Pm 

1P 

1.5pm 

1.5pm 

5/4m 

Minimum separations and overlaps were avoided wherever possible. Minimum 

size contact cuts were not used in the addressing circuits. Instead 2pm square 
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cuts (and no buried contacts) were used. 
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Appendix B 

SPICE parameters 

The SPICE parameters used in the simulations are listed below. The mod- 

els ENMOS and DNMOS are used for enhancement mode and depletion mode 

devices respectively. 

.MODEL ENMOS NMOS(LEVEL=3 VTO=0.6 TOX=2.5E-8 XJ=4.00E-7 

+NFS=5.7ElO GAMMA=1.41 LD=2.95E-7 UO=460 

+THETA=0.099 VMAX=l.98E5 ETA=0.046 DELTA=0.34 

+KAPPA=O.O15) 

.MODEL DNMOS NMOS(LEVEL=3 VTO=-3 TOX-2.5E-8 XJ=4.00E-7 

+NFS=5.7EIO GAMMA=l.41 LD=2.95E-7 UO=460 

+THETA=0.099 VMAX=i.98E5 ETA=0.046 DELTA=0.34 

+KAPPA=0.015) 

Simulation capacitances are listed below. The units are attofarads per square 

micron for the area values and attofarads per micron for the diffusion perimeter 

value. 

177 



poly/subs 39 

diff/subs 50 

metal/subs 26 

poly/diff 550 

metal/d% 59 

met a.l/poly 52 

cliff perimeter 50 

Miscellaneous. 

AW= 0.5pm 
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Appendix C 

Publications 

Some of the work described in this thesis has been presented at the IEE collo- 

quium on Optical Techniques for Information Processing in London, 1987, and 

published as 

DG Vass, RM Sillitto, I Underwood, DJ McKnight, PH Willson and MJ Ran- 

shaw. Progress in developing VLSI based Spatial Light Modulators. IEE Col- 

loquium digest 1987/l 05. 

An unpublished paper was presented at the IoP Optical Group meeting at Heriot 

Watt University, 18th May 1988, entitled 

DJ McKnight, MJ Ranshaw, I Underwood, DG Vass and PH Willson. Experi- 

ments with electronically addressed SLM arrays. 

A paper was presented at the Spatial Light Modulators and Applications Topical 

Meeting, June 15-17 1988, South Lake Tahoe, Nevada, organised by the Optical 

Society of America. It is published as 

DJ McKnight, DG V ass, RM Sillitto. Development of a spatial light modulator 

- a randomly addressed liquid-crystal-over-nMOS array. 1988 Technical Digest 

Series, Volume 8 151-154 

179 



An expanded version of this paper is in print for a special edition of Applied 

Optics. 
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