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All-optical logic gates made from GaAs etalons were studied to see 

if they may be useful for optical computing. We have demonstrated that 

GaAs etalons may produce a change in output optical signal four times 

larger than the change in the input signal, and that the contrast of the 

output signal may be as high as 10 to 1. We have cascaded two GaAs 

etalons, i.e. the output change in the first causes the second one to switch. 

We have combined two signal beams and a biasing beam onto a GaAs etalon 

using polarized beams for a fan-in investigation, and have demonstrated that 

this setup may be used as an all-optical AND gate. We have also shown 

that GaAs etalons function well when interfaced to optical fibers by direct 

butt-coupling. Interconnections between all-optical gates by optical fibers, 

holographic optical elements, and conventional lenses are discussed. 



1. INTRODUCTION 

1.1 The Reasons for Optica! Computing . 

As electronic computers are made to run faster and faster, we will 

eventually reach the limit of speed of data processing by that means. It is 

possible that the use of light instead of electrons in data processing systems 

will allow faster processing of large amounts of data than is allowed by 

electronics. Early estimates had put the fundemental limits of optical 

switching times to be 1,000 time faster than those for electronic switching, 

as in the 1983 Scientific American article on optical computing by Abraham, 

Seaton and Smith [1.1]. This potential advantage encouraged much of the 

early research into optical computing. 

The transmission of data by light signals has several advantages 

over electronics: 1) Data can be transmitted at much faster rates by use of 

optical signals without being subject to slowing by the finite capacitance of 

an electrical cable or other parts of the circuit. 2) Optical data transmission 

is not sensitive to radio frequency interference or electromagnetic pulse 

effects. 3) Light signals pass through each other in free space without 

affecting each other, offering the potential for much more flexible routing of 

signals. This also leads to the possibility of massive parallelism in optical 

data processing, since any resolvable point in an image plane can be used as 

a data element, and thus existing technology for handling 2-dimensional 

images may be used for handling massive amounts of data in parallel. 

If logic elements can be made which directly use and control 
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optical signals without converting them to electrical signals and back, then 

the superior data transmission capabilities of light might be implemented 

with higher speed and efficiency. Thus all-optical processing of data 

potentially offers advantages in speed, efficiency, parallelism, and flexibility 

of architecture over electronics. These potential advantages have no yet 

been realized, however. 

1.2 Optical Bistability in a Nonlinear Etalon 

The discovery of optical bistability in Fabry-Perot etalons 

containing a nonlinear optical medium has led to efforts to see if they may 

be used as logic gates and memory elements in an all-optical computing 

system. The basic principles of dispersive optical bistability in an etalon 

are as follows: The index of refraction of the medium inside the etalon 

changes with the intensity of light incident upon it. If the index of 

refraction decreases at higher intensity (as is the case for the GaAs etalons 

to be discussed here [1.2]) then the optical length of the medium will 

decrease and the transit time of light through the medium will decrease. 

Placing this material inside an etalon will provide optical feedback which is 

needed to give rise to optical bistability. 

A Fabry-Perot etalon consists of two partially transmitting plane 

mirrors on either side of a medium (Figure 1.1 (a)). When the mirror 

reflectivity is high, an etalon normally reflects most of the incident light, but 

there are resonant frequencies at which an etalon will transmit light, which 

occur when directly transmitted light and twice reflected light constructively 
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Figure 1.1 (a) Fabry-Perot etalon. The incident beam is shown coming in at a 
nonzero incidence angle only so the multiple reflections may be 
more clearly shown, (b) Transmission spectrum of a Fabry-Perot 
etalon. Transmission peaks are spaced in frequency by c/2L, 
where L is the length of the cavity. 
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interfere (see Figure 1.1 (b)). When the optical length of the cavity is 

shortened, the resonance shifts to shorter wavelengths (and higher 

frequencies). 

If the frequency of the light is tuned to a region of high 

nonlinearity of the medium, and a resonance of the etalon is at a frequency 

just below that, so the transmission of light by the etalon is initially low, the 

following will happen as the light intensity is increased (see Figure 1.2): 

first the transmitted intensity increases linearly with the incident intensity; 

then, as the incident intensity starts to reach a level where the index of 

refraction in the medium starts to be reduced significantly, the resonance of 

the etalon starts to move to higher frequencies, towards the frequency of the 

incident light. As this occurs, the transmission of the incident light 

increases, and the intensity of light inside the etalon increases even more as 

light builds up between the two mirrors, which causes the refractive index 

to decrease still more. This feedback causes the etalon to shift suddenly into 

a highly transmitting state in which the peak of the resonance is close to the 

frequency of the incident light. At this point higher input intensity will 

cause only a relatively small increase in the output intensity, since an 

additional decrease in the refractive index will shift the resonance of the 

etalon beyond the frequency of the incident light (negative feedback). 

Once the etalon is in the highly transmitting state, more of the 

incident light gets inside the etalon, so a lower level of incident light can 

maintain sufficient intensity inside the etalon to keep it near resonance. The 

incident intensity at which the device leaves the high transmission state is 

lower than that needed to enter that state starting from low intensity. In 
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Figure 1.2 Optical Instability curve showing output intensity vs. input inten
sity. At A the transmission is still linear. At B the peak in the 
Fabry-Perot transmission curve has moved close to the laser wave
length due to the intensity dependant change in the refractive index 
of the medium. If the intensity is increased further, the frequency 
of maximum transmission moves away from the laser frequency, as 
at C. 
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between these incident intensities there are two possible values of the output 

intensity, depending on the history of the system. Hence the term optical 

blstability. A more mathematical treatment of this process may be found in 

reference 1.2. 

Such a device has many possible functions in an all-optical 

computer. One may use the device as a memory element, an optical 

threshold switch, or a limiter, or one may largely eliminate the hysteresis (by 

adjusting parameters such as initial detuning of the etalon and mirror 

reflectivity) and use it as an optical transistor. 

To use the device as a logic gate, one may bias the device just 

below the switching intensity using a constant light beam. If one arranges 

the beam intensities so one additional signal beam switches the etalon to a 

high transmission state, it is an OR gate; if two signal beams are required it 

is an AND gate. The intensity of light reflected from the etalon behaves in 

a manner opposite to that of the transmitted light (Figure 1.3), so that in 

reflection these would correspond to a NOR gate and a NAND gate, 

respectively. 

Bistability is not necessary for operation of the etalon as a logic 

gate, but latching is useful, not only for long-term memory, but also in the 

case where one wants to use the output of a gate with another signal which 

is not well synchronized with it. 

1.3 Gallium Arsenide Etalons 

Optical bistability in an etalon was first observed by McCall, 
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Figure 1.3 Optical bistability curve for light reflected from a nonlinear etalon. 
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Gibbs, Churchill and Venkatesan in sodium vapor in 1974 [1.3]. This was 

followed by observations of bistability using other materials as the medium, 

including GaAs, reported by Gibbs, McCall, Venkatesan, Gossard, Passner, 

and Wiegmann [1.4], and using InSb, as reported by Miller, Smith and 

Johnston [1.5]. Other nonlinear optical materials used to produce bistability 

include liquid crystals [1.6], and ZnS in interference filters [1.7]. 

GaAs has advantages over these other materials as a medium for a 

bistable etalon. Sodium vapor is inconvenient for a practical device. In the 

interference filter the nonlinearity is caused by the heat generated by the 

absorbed light, so the speed is limited by thermal diffusion, and in the 

liquid crystals the speed is limited by the speed of reorientation of 

molecules. The nonlinearities in InSb and GaAs occur directly as a result 

of the creation of mobile charge carriers (free electrons and holes) in the 

medium by the absorbed light, and so are faster. Etalons containing GaAs 

are bistable at room temperature, whereas InSb must be cooled to around 77 

K for one to observe one-photon optical bistability. 

In recent years, multiple quantum wells (MQWs) of GaAs have 

been used to enhance the sharpness of the exciton absorption peak and shift 

the region of maximum nonlinearity to higher frequencies [1.8]. The 

thickness of the GaAs layers in the MQWs studied in this laboratory has 

been as small as 58 A. 

1.4 Performance of Optical Gates 

There are several requirements on the performance of optical gates 
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which must be satisfied if they are to be used in an all-optical digital 

computer. Among them are compatibility of the output signal with 

subsequent gates, and high enough output to fan out the signal to two or 

more later elements, with high enough contrast to avoid errors. These 

properties are achievable with GaAs etalons, as will be shown in this thesis. 

There are other desired properties which have been more difficult 

to achieve so far: The state of electronics is advancing so quickly that 

current nonlinear optical etalons are no longer significantly faster than 

electronic switching devices. Recent computer simulations suggest that 

GaAs etalons are not able to produce an output signal as large as the input 

signal for pulses shorter than about 10 times the carrier relaxation time 

[1.9]. The materials used in the experiments reported in this thesis have a 

relaxation time of about 20 nsec, although other devices have been shown to 

have recovery times as short as 50 psec [1.10]. Optical gates employing the 

optical Stark effect have given switching speeds as low as 1 psec [1.11]. In 

comparison, a recovery time of 5 psec has recently been demonstrated in a 

0.1 fim wide field-effect transistor made from InGaAs [1.12]. 

Devices based on Fabry-Perot etalons are quite sensitive to 

variations in thickness [1.13]. A massively parallel array of switches based 

on nonlinear etalons will require very fine tolerances be met in order to 

produce uniform results across a large array. Improvements will have to be 

made in the uniformity and reproducibility of etalons in order for these 

devices to be useful for such arrays. 

There is also a tendency for a thermal nonlinearity in GaAs to 

counteract the free-carrier nonlinearity, which may prevent GaAs etalons 
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from being operated continuously for more than a fraction of a second 

[1.14]. These problems and the progress made towards solving them are 

discussed further in section 5.2. 

In the work described in the following pages, I and my 

collaborators demonstrated GaAs bistable etalons in several situations useful 

for the implementation of all-optical digital logic: 

1) We have demonstrated the cascading of two optical gates, i.e. 

we have shown the output signal from one gate is sufficient to switch a 

second nearly identical gate (Section 2). 

2) I have demonstrated the use of polarized beams and polarizing 

beamsplitters to allow input of two signal beams and a bias beam to an 

optical gate, and have used the resulting system as an AND gate (Section 3). 

3) We have shown that optical fibers may be interfaced to optical 

gates by direct coupling with no intervening lenses. The losses are 

significant, but reasonable, and bistability was observed in both transmission 

and reflection (Section 4). 

I will also remark on the measurement of the amount of effective 

amplification of light for an etalon used as an all-optical switching element 

(Section 2). A brief report of an experiment to try to measure differential 

gain at nanosecond pulse lengths is given in appendix A. Remarks on an 

attempt to switch an etalon using beams focused by a holographic optical 

element are included in Appendix B. 
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In this section I will describe experiments carried out by Ruxiang 

Jin and myself in order to demonstrate (a) switching of a stronger beam of 

light by a weaker one, resulting in effective amplification of a signal, or 

differential gain, and (b) cascading of two nearly identical optical gates. 

2.1 Differential Gain and Contrast 

Differential gain is a measure of the ability of a light beam to 

control the output of an optical gate. It is defined as the change in output 

divided by the change in input, measured around the switching point of the 

gate. Figure 2.1 shows how this is measured for a device with the bistable 

response curve of a nonlinear etalon. A gate with a differential gain of 2 

could be used to switch no more than two similar devices. 

Contrast is a measure of the quality of the separation between the 

high- and low-transmission states of the device. I will define it here as the 

ratio of the light intensity transmitted through the gate in the high state 

divided by that in the low state. This way of evaluating the device turns 

out to be slightly more optimistic than the ratio of signal to background, 

since the above definition includes the background as part of the "signal". 

First we set out to evaluate the optimum performance of the etalons 

we were to use to show cascading. We selected a GaAs/AlGaAs multiple 

quantum well sample with 180 periods of 58 X of GaAs alternating with 96 

A AlGaAs layers. This was chosen because of a trend towards higher 
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Figure 2.1 Bistability curve showing measurement of differential gain and con
trast. "Die gain is the ratio of the change in output power to the 
change in input power, G~(P2'-P1')/(P2-Pi)- The contrast is the ratio 
of the power of the light transmitted in the "on" state to that in the 
"off" state, O Pj'/P,'. 
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nonlinearity in thinner GaAs quantum wells [1.8], and because the spectral 

region of highest nonlinearity (around 840 nm) was near the region of 

highest output of our laser. The etalon was made by cementing 90% 

reflectivity dielectric mirrors onto the GaAs sample. 

The laser system used for this experiment (and for the others 

reported in this thesis) was a Coherent CR690 dye laser using Exciton LDS 

821 laser dye, and pumped by a Coherent Innova 90 argon ion laser emitting 

at all spectral lines. The infrared beam from the dye laser was modulated 

using a Intra-Action AOM-40 acousto-optic modulator from a signal 

provided by a Tektronix PG-508 pulse generator. The leading and trailing 

edge slopes of the pulses sent to the modulator could be independently 

adjusted, with a minimum pulse length of about 400 nsec for pulses 

reaching maximum pulse height. 

We focused the IR beam down to a spot about 14 yum in diameter 

using a 10X microscope objective (Figure 2.2). We placed the etalon at the 

focal point, and focused the transmitted light onto a TV camera using a 5X 

objective. Beamsplitters were placed before the 10X objective and after the 

5X objective, and photodiode detectors were placed near them, so the 

intensity of light incident on and transmitted by the etalon could be 

monitored. Intensity was varied by rotating a half-wave plate in front of a 

polarizer placed before the first beamsplitter. 

By defocusing the beam incident on the etalon we could view an 

image of the etalon on the TV monitor. The etalon was not very flat (by 

optical standards) and numerous narrow bright fringes could be seen on a 

dark background, with the fringes acting as contour lines of equal thickness 
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Figure 2.2 Experimental setup for optimizing the performance of an etalon, 
and for measuring differential gain and contrast. 
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of the sample. Only a few small areas of the sample produced good 

switching, and we spent a considerable amount of time finding them, as we 

had to vary two dimensions of sample position, wavelength, intensity and 

focus in order to locate the best conditions. 

The peak optical power was measured using a Coherent Model 212 

optical power meter. To measure the input power we expanded the pulse 

length to 20 fisec, with equal space between the pulses. Since the duty cycle 

was 50%, the resulting measurement was multiplied by a factor of 2. This 

was found to agree closely with similar measurements taken on a NRC 

Model 835 power meter. We then used the power meter to calibrate the 

output signal measured on the photodiode, so we could find the output 

power from the etalon from that output signal, read from an oscilloscope. 

By these means we found and measured the optimum differential 

gain and contrast for this etalon. Using a pulse length of about 1.5 iisec we 

found a maximum differential gain of 4, with a change of 0.25 mW in the 

input causing a change of 1 mW in the output. The total input was around 

30 mW, and the output contrast was around 6. The maximum contrast 

found was about 10, achieved at the expense of an increase in peak input 

power to 45 mW (Figure 2.3). Bistability was observable with the shortest 

pulses available (400 fisec). 

The limiting factor for the differential gain measurement was the 

stability of the input peak height. A 1% jitter in a 30mW signal would 

amount to a difference of 0.3 mW. Jitter on the order of 1% was observed 

on oscilloscope traces of the input signal. If the switching power of the 

device was within the limits of the jitter in the input pulse, it was observed 
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Figure 2.3 Output vs. input operating characteristics of a 
GaAs/AlGaAs MQW nonlinear etalon showing a 
contrast of 10. The input is a 1.5 fisec triangular pulse 
with 45 mW peak power. 
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to switch intermittently, so we could not measure the actual change in power 

required to switch the etalon. What we measured was the difference in 

average peak power between when the etalon was always switched to the 

high transmission state and when it was never switched. Thus this 

measurement could never give a value smaller than the jitter in the input 

signal. The actual minimum change in power necessary to switch the etalon 

appeared to be much smaller, but we could not measure it directly. 

2.2 Cascading of GaAs Etalons 

The experimental setup for the cascading of optical gates was an 

extension of the setup discussed in section 2.1 (Figure 2.4). Here a 

polarizing beamsplitter was used after the half wave plate instead of a 

polarizer, and the reflected beam was used as the input for another etalon. 

This etalon was used as the first stage for the two-stage device to be tested. 

The output of this etalon was recollimated by another 10X microscope 

objective, and recombined with the original laser beam using another 

polarizing beamsplitter. The half wave plate then controlled the fraction of 

the beam going to either etalon. A polarizer or a variable aperture was 

used to further control the amount of light reaching the etalon in the first 

stage. 

The 58 X MQW GaAs material described earlier was used in the 

new etalon, although the etalons were not exactly identical because of 

nonuniformity. The optimum operating conditions for the first stage were 

found as described in section 2.1, with care taken that both stages should 
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Figure 2.4 Experimental setup for cascading in transmission. M <= mirror, BS -
beamsplitter, PBS - polarizing beamsplitter, P - iris ("pinhole"), L -
lens, D - detector, X/2 - half-wave plate, CAM - TV camera, E -
nonlinear etalon. 
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operate well at the same wavelength. The peak pulse power was then set so 

that the second stage was biased just below the switching point when the 

first stage was also biased at that point. 

Cascading occurred in the following manner: We increased the light 

intensity to the first stage slightly, so as to switch it from the low- to the 

high-transmission state. The additional light from the first stage was then 

observed to switch the second stage from the low- to the high-transmission 

state. Figure 2.5 shows the output of the second stage with the first stage in 

the low- and high-transmission states. 

The light pulses exiting an etalon were reshaped by it, both in 

space and in time. Since the gates switch sharply to a high transmission 

state at a certain threshold, and switch off again before the intensity drops 

to zero, the output pulse is shorter than the input pulse, with sharper 

leading and trailing edges. The same thresholding effect causes sharpening 

of the edges of the spatial profile of the transmitted beam. In this 

experiment we observed that the transmitted beam was not symmetrical in 

space, as we would have expected from using a symmetrical input beam. 

This was probably due to the nonuniformity of the etalons. It did not seem 

to affect the ability of the output of the first etalon to switch the second 

one. 
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Figure 2.5 Results of the cascading experiment shown in figure 
2.4. The traces on the left are the output vs. input 
plots, and the traces on the right are the output vs. time 
traces for the second stage, (a) Result when the first 
stage is in the low-transmission state; (b) Result when 
the first stage is in the high-transmission state. The 
total peak power for each device is about 30 mW, and 
the input pulse length is 1.5 /isec. 
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3. FAN-IN AND THE OPTICAL AND GATE 

The demonstration of cascading in the previous section showed the 

capabilities of the etalon but did not explicitly perform a useful logic 

operation. Most useful logic operations require two or more input signals to 

be compared to determine the output signal or signals. In this section I will 

discuss ways of combining light signals onto an optical gate, and describe a 

working optical AND gate using a GaAs etalon. 

3.1 Fan-In 

The geometry of focused beams and interference between beams 

prevent light from several beams from being usefully combined into a single 

beam more intense than any of the individual beams. This follows from the 

constant radiance theorem, and these effects significantly limit how much we 

can do to combine beams together. 

We need not worry about the effects of the constant radiance 

theorem if (1) the cross sectional area into which we are trying to combine 

the N beams exceeds N times the area of an individual beam, or (2) the 

acceptance numerical aperture is v/N times the numerical aperture of one of 

the incident beams [3.1]. An example of the latter case would be combining 

of a number of beams with a small numerical aperture onto the flat surface 

of a device by bringing in the beams from different angles. This is otie 

way to achieve fan-in with a GaAs etalon. 

If we wish to combine several beams into one beam before it is 
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incident on the device we must then cope with the constant radiance 

theorem more directly. There remain a couple of situations in which the 

constant radiance theorem is not strictly applicable: 1) One may combine 

coherent beams so that they constructively interfere, using a grating or a 

hologram. This requires that an exact phase relationship be maintained 

between the beams. 2) One may combine two beams polarized orthoganally 

to each other, using a polarizing beamsplitter. The latter turns out to be the 

simplest and most effective method, but it can be used to conbine two beams 

at most. As it turns out, I was able to stretch this method a bit in order to 

combine two signal beams and a biasing beam. I will discuss that further 

in section 3.2. 

Another way to avoid the difficulties of fan-in would be to use a 

device in which the beams need not overlap, such as certain kinds of hybrid 

electrooptic devices in which the input signals and the beam to be switched 

are incident on different parts of the device [3.2]. 

Before reporting the results from using polarizing beamsplitters to 

combine beams, I will discuss other methods which may allow more than 

two signals to be combined. 

The method of combining a number of beams coming from 

different angles into a single spot also looks promising, especially if the 

system is designed so that the focal lengths are kept short. As an 

illustration, in the optical system used in the previous section we focused a 

well collimated gaussian beam about 2 mm in diameter down to a spot about 

14 /im in diameter in order to create a sufficently high density of carriers in 

the GaAs so that the etalon would switch. The working distance of the 
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microscope objective was so small relative to its diameter that geometry 

would prevent us from putting two of them close enough together to focus 

light from two sources onto one spot on the etalon. It is possible, however, 

to achieve fan-in in this manner if the lenses are chosen carefully. The 

working distance of a 10X objective is about 6 mm, so if we could discard 

all of the housing and lens except for the 2 mm diameter section that the 

beam actually passes through, we could use such lenses to combine as many 

beams onto a single spot as the number of 2 mm diameter lenses we could 

fit around a hemispherical shell with a radius of 6 mm (Figure 3.1). Even 

if we exclude bringing in beams close to grazing incidence, the number of 

beams we can combine this way is certainly greater than 10. This method 

is applicable to GaAs etalons if either (1) the etalon is much thinner than 

the spot size, or (2) the angle between the beams is small enough that the 

beams overlap significantly throughout the thickness of the etalon. If the 

light source is sufficiently intense that the beam need not be focused into 

such a small spot in order to switch the device, then lenses with a smaller 

numerical aperture may be used, and it becomes easier to focus a larger 

number of beams onto a single spot. It is also possible to use a single lens 

for the system instead of an individual lens for each beam. The single lens 

would have to have a numerical aperture at least as large as \/N times the 

numerical aperture of an individual lens used for one beam, or have an 

aperture with an area N times that of an individual lens. It becomes much 

more difficult to design and produce a lens with low aberrations as the 

numerical aperture gets larger (or, equivalently, as the f-number gets 

smaller), so in most cases it will probably be easier to use an individual lens 
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Figure 3.1 Fan-in of beams by the use of multiple lenses. 
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for each beam. 

If one wants to put a dense array of small devices together to make 

an array of all-optical gates, geometry and diffraction will still limit the 

number of optical elements one can put a given distance from the gate and 

still achieve a given spot size. For an arbitrary arrangement of devices, one 

optical element may be needed for each interconnection. I will discuss this 

in more detail in section 5, but I note here that a larger distance between 

gates to be connected requires larger optical elements if the spot size is to 

remain constant, which will limit the number of optical elements one can 

put in a given amount of space, and thus the number of interconnections 

which may be made. No such limitation is encountered if the signals travel 

through guided-wave elements such as optical fibers instead of through free 

space, and the farther the signal is to travel, the more advantage there is in 

using waveguides or fiber optic interconnections. We have done 

experiments to demonstrate interfacing of GaAs etalons to optical fibers, and 

the results are reported in section 4. 

The combination of coherent beams with low loss of light is more 

difficult, but it seems to be possible. As noted earlier, combining N beams 

into a single beam normally results in only 1/N of the total power ending up 

in the beam. This loss may be avoided if coherent beams are used, and are 

combined in such a way that they do not destructively interfere. For 

example, it has been demonstrated that the light of several diode lasers can 

be combined if they are placed at the positions of several orders of a 

diffraction grating, and if a particular phase relationship exists between the 

beams of the diode lasers [3.3]. In practice, the optimum phase relationship 
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was achieved by placing the diffraction grating inside the resonator for each 

of the lasers by placing a single output mirror beyond the grating along the 

axis of the zeroth order beam (Figure 3.2). Feedback within the cavity then 

forces the diode lasers to emit with such a phase relationship that most of 

the light goes into the beam that hits the output mirror. The modes in 

which light goes into other orders of the grating and is lost are not 

reinforced by stimulated emission. 

It is difficult to see this method being used to combine signal beams 

onto an optical logic gate, but it does not seem impossible. A single, highly 

coherent light source would have to be used for the whole system, and the 

precise phase control of different beams converging on a grating could be 

achieved by the use of electrooptic cells as long as a feedback mechanism 

could be provided to maintain appropriate voltages across the cells. The 

light switched by a nonlinear etalon undergoes a phase shift, in theory [3.4], 

which may also add to the difficulties of making such a system. 

The use of a polarizing beamsplitter (PBS) allows us to easily 

combine beams of two different polarizations. A polarizing beamsplitter 

reflects one polarization (with the electric field parallel to the reflecting 

interface) and transmits the other. One can use it to combine two beams 

with different polarizations by positioning it so that a transmitted beam and 

a reflected beam are collinear (Figure 3.3). We used this method in the 

cascading experiment described in section 2 to combine the output of the 

first etalon with a biasing beam to switch the second etalon. 
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Figure 3.2 Use of a grating to combine beams from diode lasers [3.3]. 
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Figure 3.3 Combining beams using a polarizing beamsplitter. J. indicates the 
polarization is perpendicular to the plane of incidence (and the 
page), II indicates the polarization is parallel to the plane of inci
dence. 
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In this section I describe how I used a polarizing beamsplitter to 

combine beams onto a GaAs etalon in such a way as to operate it as an 

optical AND gate. This actually involves combining three beams: two (low 

power) signal beams and a (higher power) biasing beam. I took advantage 

of the fact that light may be incident on the etalon from both sides, in 

addition to using the two possible polarizations to combine beams. The 

experimental setup is shown in figure 3.4. The two signal beams are 

incident on the etalon from opposite directions, but with the same 

polarization, and the biasing beam is polarized orthogonally to these and is 

combined with one of the signal beams using a polarizing beamsplitter. 

With this setup the switched output beam may be separated from the path 

of the signal beams using another polarizing beamsplitter. Not enough 

polarizing beamsplitters were available when I did the experiment, so the 

output signal was observed by reflecting a small portion of it towards a 

detector using a pellicle beamsplitter. 

The laser and acoustooptic modulator system were as described in 

section 2.1. We used an etalon containing a GaAs/AlGaAs MQW with 61 

periods of 299 A thick GaAs layers alternating with 98 X Alo.35Gao.64As 

layers. This etalon operated at around 870 nm, and was used because it 

was a relatively uniform sample, and so less time need be spent searching 

for a good spot. 

Optical AND gate operation was achieved as is shown in Figure 

3.5. These signals correspond to a case in which signal beam 1 was 5.0 
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Figure 3.S Demonstration of optical AND gate, using setup shown 
in Figure 3.4. (a) Output signal with all inputs ON. 
(b) Background from signal beams with holding beam 
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mW, signal beam 2 was 3.9 mW, and the holding beam was 34 mW. The 

contrast of the output signal was about 6. 

A further test was done to maximize the output power with respect 

to the signal power. The most favorable result showed an output of 8.6 

mW for inputs of 7.0 and 3.5 mW in signal beams 1 and 2, respectively, 

with 47 mW in the holding beam. The use of a lower power in the holding 

beam (39 mW) resulted in an output of 8.5 mW for an input of 7.0 mW in 

both signal beams. 

The difficulties in measuring the peak output power kept me from 

making a large number of measurements with different input powers, so I 

cannot be sure of the significance of the tendency for the system to need less 

power in signal beam 2. The only intentional asymmetry in the etalon is 

that the biasing beam comes in from one side, whereas the signal beams 

come in from both sides, with the same polarization. Signal beam 2 comes 

into the etalon from the opposite side from the biasing beam, where the total 

light intensity is lower before the etalon switches to the high-transmission 

state. The biasing beam may already be saturating the GaAs absorption in 

the part of the etalon where signal beam 1 is most intense. Signal beam 2 

may then have a larger effect because it is most effective at increasing 

intensity in the part of the etalon where intensity is lowest prior to 

switching. 

This experiment did not determine the optimum possible 

performance of a GaAs etalon AND gate, because I did not use the best 

available etalon (in terms of performance) and opted for using a more 

uniform etalon in order to reduce the difficulty of the experiment. This 



points out that, at the time this experiment was performed, there was still no 

source of high performance GaAs etalons that were uniform and 

reproducible. 

Note that it is easier to get this system to function as an OR gate 

than as an AND gate, since excess signal power is much more tolerable for 

an OR gate. This system may also be used as a NAND or a NOR gate with 

slight modifications. In these cases we wish to use the reflection of the 

biasing beam as the output signal. This may be done if we switch the 

function of signal beam 2 to that of the holding beam and vice versa (see 

Figure 3.4 again). In order to separate the reflected holding beam without 

reducing the intensity on the etalon, we would replace pellicle 2 with a PBS 

and place a properly aligned quarter wave plate between the PBS and the 

etalon, so that the reflected beam is polarized such that it is reflected by the 

PBS. This has not been tested experimentally, however. 



4. DIRECT FIBER-ETALON-FIBER COUPLING 

There are situations in which it is more advantageous to connect 

optical gates by optical fibers instead of by transmitting the signals through 

free space. In the previous section I pointed out that free-space optical 

interconnections are of most advantage when the distances are small, or if 

the sizes of the optical elements are not an important consideration. I will 

discuss this further in section 5. As the distance between gates is increased, 

the size of the optical elements needed to connect them also increases. This 

may limit the number of gates that may be fit into a given amount of space, 

especially if the gates are configured in an arbitrary pattern such that each 

interconnection requires a separate optical element. Thus the advantages of 

optical fiber connections become greater as the distances between gates 

become larger, since optical fibers will at some point take up less space than 

free space interconnections for an arbitrary pattern of interconnections, and 

since fibers are less subject to vibration and loss of alignment. 

Fiber optics technology is already well developed for point to point 

communications over distances ranging from across a room to across an 

ocean, and optical fibers are now produced economically and with high 

quality. Optical gates may become useful in these longer range optical 

interconnections as high speed routing switches and repeaters that do not 

require the signal to be converted into an electronic signal and back. This 

would be especially advantageous if optical switches can be made 

significantly faster than electronic switches. The use of optical fibers may 

profitably be extended for board-to-board and chip-to-chip communications 
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inside a computer [4.1]. Compared to electrical wires, optical fibers offer 

faster possible data rates, resistance to electromagnetic interference, and 

lighter weight. 

With these factors in mind we decided to try switching a GaAs 

etalon with light carried to and from the etalon with optical fibers placed 

directly against the etalons with no intervening lenses. The inherent 

simplicity of such a system was also attractive. If fibers may be interfaced 

to an etalon in this fashion, then a lightweight and rugged system of 

interconnections may be made by merely cementing the fibers in place 

against the gates. Our main concerns about such a system were (1) how 

well the devices can be made to switch in such a situation, and (2) how 

efficiently the light may be coupled to the gate and back into an output 

fiber. Any system in which a lot of light is lost is not going to be very 

useful. 

We studied two different configurations: In transmission mode, 

input and output fibers were placed on either side of an etalon (Figure 4.1 

(a)). In reflection mode, a single fiber place against an etalon was used to 

convey both the input and output signals (Figure 4.1 (b)). An etalon with 

dielectric mirrors fabricated entirely by molecular beam epitaxy (MBE) was 

used in the latter experiment. This etalon was much more uniform than 

those used previously. These experiments were also done in collaboration 

with Ruxiang Jin. 
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Figure 4.1 Experimental setup for interfacing fibers with a nonlinear etalon 
operating in transmission (a), and in reflection (b). 
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In transmission mode we place a fiber against each face of the 

etalon and use one as an input and one as an output (Figure 4.2). The 

etalon used for this experiment was made from a GaAs/AlGaAs MQW with 

180 periods of 58 A thick GaAs layers. The mirrors were made by 

depositing 400 A of silver onto the sample in an evaporator, resulting in a 

mirror reflectivity of about 85%. The dielectric mirrors used in sections 2 

and 3 were not suitable for this experiment, since they were deposited on 

glass substrates several hundred micrometers thick. We needed to keep the 

thickness of the etalon to a minimum so that the divergence of the beam as 

it passes through the sample can be kept small, to maximize the amount of 

light collected by the output fiber. The total thickness of this etalon was 

about 2.9 /im, and the optimum operation was at around 840 nm. 

The optical fibers used for this experiment were obtained from 

AMP Incorporated and had a core diameter of 10 nm. They were designed 

to allow only a single mode of light with wavelengths around 1.3 /im, but 

we were using light around 840 nm (for transmission mode) and around 890 

nm (for reflection mode), and care had to be taken to get a single mode 

output from these fibers. The ends of the fibers were encased in ceramic 

material and polished. The fibers were 3 to 4 meters long, and protected by 

a plastic casing. 

The laser and modulator are as described in section 2. As shown 

in Figure 4.1 (a) the light from the laser is focused into one end of an 

optical fiber using a 10X microscope objective. Since the spot diameter 



46 

K°°A Aa Co*ting 

'A/PUT 

0UTP^ *B6n 

MULTlPLEAnn.'^As 

QUa"tum.Well 

F'gure 4.2 
detail °f fibe, T-et*Joa.fJber 

aup' " s" '^a.  



47 

from the objective is about 14 /tm, there is some light lost in this coupling. 

Measuerments show that about 50-60% of the light is coupled into the fiber 

this way. This efficiency may be increased by more careful matching of 

the focusing optics to the fiber. While aligning the fiber to the light input 

from the microscope objective, we monitored the mode of the light output 

from the fiber using a TV camera and made sure that the output from the 

fiber appeared to be single-mode, with a circularly symmetric pattern having 

peak intensity in the center. The second fiber was aligned with the first, 

and then the etalon was placed in between them. 

More than 70% of the light transmitted by the etalon was found to 

be collected by the output fiber. While we could not precisely measure the 

distance between the ends of the fibers and the etalon, this result indicates 

that the total distance is probably not more than a few micrometers. The 

high refractive index inside the etalon also helps keep the beam from 

diverging as rapidly as it would otherwise. 

The peak power required to switch the etalon, measured at the 

etalon, was about 60 mW (Figure 4.3). When light was focused directly on 

the etalon with a 10X objective, 100 mW was required. This difference is 

probably due to the smaller spot size of the output from the fiber (10 /im 

compared to 14 nm from the objective), though for spot sizes smaller than 

about 10 /im, diffusion of carriers negates any advantage from small spot 

size. The shape of the spot also seems to be a factor. The intensity profile 

of light exiting the fiber appears to be smoother and more symmetrical than 

that of the light coming directly from the laser. The fiber appears to be 

acting as a spatial filter. I will return to this subject in section 4.2. 
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Figure 4.3 Results from fiber-etalon fiber coupling in transmission. 
Top trace is input signal, middle trace is output signal, 
bottom trace is output vs. input. Input power is about 
60 mW, pulse length is 1.5 /isec. 



The switching power for this etalon is higher than that achieved 

with etalons using dielectric mirrors, since the reflectivity of the evaporated 

silver mirrors is significantly lower. 

We have shown that switching can be achieved in GaAs etalons 

using light from an optical fiber directly coupled to the etalon, In fact, light 

coupled to the etalon in this fashion seems to do a better job of switching 

the etalon than light focused on it with a microscope objective. The 

collection of 70% of the output by another directly coupled fiber, with no 

focusing optics, is encouraging to the use of this sort of direct coupling in 

future optical switching systems. 

4.2 Reflection Mode 

There are situations for which it is more useful to operate an etalon 

in reflection mode, for example, when NAND or NOR gate operation is 

desired, or when one wishes to place one face of the etalon against a heat 

sink to help prevent thermal effects from affecting the carrier induced 

bistability. In this mode a single fiber placed against the etalon carries both 

the input signal and the output signal, and a beamsplitter (or a Y coupler, 

for an all-fiber system) may be used to separate the output signal. This 

method also eliminates the need for careful alignment of two fibers, as was 

the case for transmission mode. 

A different etalon was used for this part of the experiment. This 

etalon was made using molecular beam epitaxy (MBE), and the dielectric 

mirrors and the nonlinear medium between them were all produced in a 
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single deposition process. This method was used in order to make the etalon 

more uniform and reproducible. This type of sample had just become 

available when this experiment was done. 

The structure of this etalon is shown in figure 4.4. The nonlinear 

medium was bulk GaAs, and the dielectric mirrors were formed from 

alternating layers of GaAs and AlGaAs. The mirrors in the front and the 

back have an unequal number of layers because the etalon was designed for 

use in reflection. Additional layers in the back mirror are meant to relieve 

strain between the mirror layers and the substrate. 

The uniformity of this etalon was such that the peak transmission 

wavelength shifts only by about 6 nm across a 1 cm^ area. At the center of 

the wafer from which this etalon was taken, the most useful Fabry-Perot 

peak was at 891 nm, with a FWHM linewidth of 2.1 nm. The finesse of the 

etalon was about 20. 

An etalon of this design was tried in transmission mode. The 

substrate was removed and the etalon was mounted as was shown in Figure 

4.2. The switching was very poor under these conditions. The most likely 

explanation seems to be that the substrate had been acting as a heat sink, 

and thermal effects degraded the switching when the substrate was removed. 

Other etalons we have used for bistability in transmission mode were either 

in contact with glass substrates, or the mirror material was silver (as in 

section 4.1), which has a high thermal conductivity. It was also found that 

the etalon had lower finesse after the substrate was removed. 

The experimental setup for the reflection mode is shown in Figure 

4.1(b). Besides the etalon. all the components were as described in section 
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4.1. A pellicle beamsplitter was used to reflect part of the output beam 

onto a detector. One could also have separated out the entire output signal 

if one used a polarization preserving fiber and used a quarter wave plate to 

rotate the polarization. We did find that there were modes that preserved 

most of the polarization of the light in the ordinary fiber we used. 

The characteristic curve for this system is shown in Figure 4.5. 

Optical bistability occurred at 888 nm with a minimum power of 26 mW 

for well defined switching. The coupling of the light into the fiber by the 

10X microscope objective was again 50-60% efficient. About 50% of the 

light reflected from the etalon was collected by the fiber and came back 

through the microscope objective. Since the output optics were also the 

input optics, we could not determine how much of the loss was from light 

from the fiber not being collected by the objective. 

We noted that the power necessary to switch the etalon was less 

when the light came from the fiber (26 mW) than when light was focused 

on the etalon by the 10X objective (42 mW). We used a 16X microscope 

objective to focus the beam to a spot about 9 /im in diameter and found the 

reduction in switching power to be about the same as with the fiber. We 

did find that the light from the fiber was less efficient at switching the 

etalon when the presence of higher order modes degraded the shape of the 

output spot. 
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5. DISCUSSION AND CONCLUSIONS 

Most of the experiments in this thesis may be thought of as 

demonstrations of optical interconnection schemes more than demonstrations 

of the properties of GaAs etalons. Once we demonstrate the basic operating 

parameters that such a device is capable of, as we did in section 2.1, we can 

usually extrapolate how an etalon will behave under conditions where all 

that is changed is how the light is getting to the etalon. There are some 

other changes that are made necessary by the different interconnection 

schemes, however. Only the cascading experiment (section 2.2) and the 

attempt to measure gain at nanosecond pulse lengths (Appendix A) used the 

same sample characterized in section 2.1. Different samples were used in 

the fiber-coupling experiments because the thicknesses of the mirrors needed 

to be kept small, and because a sample with MBE-grown mirrors became 

available. In the fan-in experiment a different sample was used for 

convenience, although this presumably resulted in inferior performance of 

the device, and would not have been done if more uniform etalons with the 

same performance had been available. Because a different sample was used, 

it is hard to tell how much of the difference in the differential gain in this 

case was due to the difference in the geometry of the incoming beams. 

Since optical interconnections are vital to the implementation of 

optical logic, I will start the remaining discussion with a section about 

optical interconnections, followed by a discussion of how the GaAs etalons 

performed in the experiments reported here. 
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5.1 Optical Interconnections 

In section 3.1 I briefly discussed the fan-in of optical beams by 

focusing beams coming in from different angles onto a spot on a device. 

From the constant radiance theorem N beams may be focused onto a single 

spot if the acceptance numerical aperture of the device is more than A/N 

times the numerical aperture of a single beam. Thus, for a given device, 

more beams may be fanned-in if the numerical apertures of the beams are 

small. A smaller numerical aperture will result in a larger diffraction-

limited focused spot, so more optical power would be needed to achieve the 

same intensity at the center of the spot. For most operations, however, only 

a fan-in of 2 or 3 beams is needed, so fan-in of a much larger number of 

beams may not be necessary. 

A proposed configuration for optical interconnections is showm in 

Figure 5.1 (adapted from reference 5.1, about optical interconnections for 

VLSI systems). The trade-off between the size of the focused spot and the 

size of the optical element necessary to make that spot limits the number of 

interconnects possible in this scheme. The system depicted uses holographic 

optical elements, but the following discussion should apply for other types of 

optical elements as well, such as lenses and mirrors. This discussion will 

also show why fiber optics become more attractive than free space 

interconnects as the distance between devices increases. 
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Figure 5.1 Example of interconnections with holographic optical elements [5.3]. 
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The size of the diffraction limited spot formed by a circular optical 

element is given by 

r - 1.22 , (5.1) 

where r is the radius of the central Airy spot of the focused light, f is the 

focal length of the optical element. X is the focal length of the light, and D is 

the diameter of the aperture. Thus, for a given wavelength, the spot size is 

f directly proportional to the f-number and inversely proportional to the 

numerical aperture , about For a given desired spot size r, a longer 

distance between devices will require a longer focal length and a larger 

diameter optical element. If one uses separate optical elements for each 

pathway, the number of interconnections will be limited by the number of 

optical elements one may fit within the space available. In the system 

shown in Figure 5.1 the illuminating beam and the beams focused by the 

element are usually not normal to the surface of the optical element, so the 

above equation will underestimate the size of the aperture required to 

prodeuce a spot of a given size. I will neglect this for the moment. 

How many optical elements can one put in a small space? The 

optimum density may be achieved by making the focused spots about the 

same size as the optical elements, for a system in which there is one optical 

element per interconnection. A hypothetical case is a chip 20 mm by 20 

mm separated by 5 mm from a parallel plane containing holographic optical 

elements, similar to the system depicted in Figure 5.1. One can then arrange 

the optical elements so that the maximum focal length is 15 mm, which is 



the distance from 5mm above the center of the chip to any corner. Setting r 

= ^ and X = .85 /tm in equation 5.1, one find that r - .18 mm and in this 

case over 10,000 interconnections are possible. On the other hand each 

element would be only .36 mm in diameter, so the amount of light collected 

by each element would be miniscule unless the light it is to focus is directed 

at it in a tight beam. One may also superimpose holographic optical 

elements, so that one may have several elements using the same area. This 

results in the light from any one beam being distributed to several 

destinations, so the increased amount of light collected does not result in an 

increased amount of light in any one spot. This method may be used when 

fanout of a beam to several destinations is required (see Appendix B). 

If the devices being connected require high light intensity, as the 

GaAs etalons do, then smaller spot sizes would be needed in order to keep 

the power consumption as low as possible. If we consider the same 

maximum distance between elements, a smaller spot size will require larger 

optical elements, and larger optical elements are also more desirable because 

they can collect more light. The number of optical elements that will fit 

into a given amount of space then decreases. For example, if we have the 

same size chip as I described above, but require the spot size to be 15 fim, 

the optical elements will have to be 2 mm in diameter, and only 100 will fit 

(in a square array) in a 20 X 20 mm square. 

Although the above treatment illustrates some of the problems 

involved in the optical interconnection of gates, it underestimates the sizes of 

optical elements necessary. A more complete treatment of the tradeoff 

bewteen aperture size and spot size for an HOE was done by Kostuk, 



Goodman, and Hesselink [5.2]. This treatment includes the effects of using 

the HOE with output beams not normal to the element, and the effects of 

aberrations from an HOE. For a focused beam with its optical axis at an 

angle 6 from the normal to the surface, equation 3.1 becomes 

r - ' - 2 2 D ^5- < 5 - 2 '  

Further analysis of the possible density of interconnections by 

holographic optical elements has been done in a recent paper by Feldman 

and Guest, which takes into account the limitations of computer generated 

HOEs and of the sources that are likely to be used for optical 

interconnections within a VLSI chip [5.3]. They conclude that for a 

geometry like that shown in Figure 5.1, only 39 transmitters may be 

accommodated, though the number of receivers may be higher if there is 

fanout. They came up with an alternative geometry (Figure 5.2) which they 

claim would be able to accommodate up to 570 transmitters in the same 

area. 

Optical fibers are likely to find their niche in optical 

interconnections that are long enough to require large or very low f-number 

optics if made by free-space optics, as they have already shown their 

usefulness for longer range interconnections. Although the size of an optical 

fiber with its cladding is too large to connect closely packed devices (fiber 

manufacturers commonly make even single-mode fibers with a cladding of 

diameter of 100 /im or more, though not all of it is necessary), fibers may be 

used to advantage for connections between more distant devices. Looking 
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Planar Mirror 

Hologram 

Improved interconnections with HOEs [5.3], This design allows 
more sources with a given beam divergence angle to be used. Use 
of a mirror makes better use of the amount of angular deviaton that 
may be achieved with a given HOE. so the HOE may be located 
closer to the source plane. 
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once more at equation 5.1, a larger distance between devices to be connected 

will require larger optical elements if the same spot size is to be maintained. 

Thus optical fiber interconnections will save space for longer 

interconnections. If they are securely fastened to the source and destination 

of the light signal, they will also be much less likely to go out of alignment 

than free-space optical interconnections. It would be more difficult to use 

fibers to connect arrays containing many elements, however. 

Another approach to interconnection in this distance range is to use 

collimated gaussian beams, as we did in most of the experiments described 

here. In order for the beam divergence to be small, however, the beam 

diameter must be fairly large compared to the wavelength, for example, for 

a 890 nm wavelength beam to have a Rayleigh range of 1 meter, the beam 

waist must be at least 0.S mm, which is large by integrated circuit 

standards, though still competitive with fiber optics. Unlike fiber optics, 

however, the alignment would need to be precisely maintained, and the beam 

would need to be focused on the device if a small spot size was desired, 

with the same (aperture size)/(spot size) trade-offs described earlier. 

Cuykendall [5.4] has designed a system for all-optical computing using 

nonlinear interfaces in which the lowest level interconnections would be 

made using gaussian beams with no additional focusing, but the appropriate 

nonlinear material to make this work has not been found. If the gaussian 

beams are not focused, one requires a switching device which operates 

efficiently with relatively low intensity. 

Others have described the use of polarizing beamsplitters to 

combine light beams and implement optical computing systems [5.5,5.6]. 
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Tooley [5.5] shows several configurations, which he does not describe as 

having been implemented in experiments (Figure 5.3). These configurations 

show parallel beams of the same polarization passing through a lens and 

being focused on a single spot. While this approach appears sound on 

paper, Lon Wang and I ran into some practical difficulties while attempting 

to use a lens to combine two parallel beams on a single spot, or even on two 

closely adjacent spots. 

In the early stages of the work on fan-in we were trying to 

combine beams about 2mm in diameter onto a focused spot on a GaAs 

etalon. The difficulty came in that if the beams were far enough apart so 

as to be completely separated, the lens would have to be at least about twice 

as large (in diameter) as the 10 X microscope objective we normally used to 

focus the beam down to a 15 fim spot, but the same focal length would be 

needed with the larger lens to achieve the same spot size. We would have 

had to get an expensive high numerical aperture lens (for it would have had 

to have twice the numerical aperture of the 10 X objective), or settle for 

larger focused spots. We did the latter, but found we had insufficient 

intensity to switch the etalon. 

We would not need a lens with such a high numerical aperture if 

we overlapped the beams a bit, but then we run into the constant radiance 

theorem again, and geometry and interference prevent us from combining 

beams without loss of power. So in order to implement Tooley's schemes 

for fan-in we either require very good (and possibly expensive) optical 

elements, or lose intensity by using lower numerical aperture elements or 

from the process of combining beams. The loss of intensity may not be a 
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REFLECTED SWITCHING 

LASER POWER 

POWER «) 

Figure 5.3 Examples of optical systems to achieve fan-in while minimizing 
losses predicted by the constant radiance theorem [from reference 
5.5]. In these figures OLG - optical logic gate, QWP - quarter 
wave plate, and HWP - half wave plate. The system in (b) has the 
least stringent requirement on the numerical aperture of the lenses 
required to achieve a given spot size. 
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problem if the devices to be used do not require high intensity, but for the 

moment this would seem to be a problem if GaAs etalons were to be used. 

Another type of optical interconnection scheme described by 

Murdocca and Cloonan uses lenses to connect an array of sources with an 

array of detectors [5.6]. In this scheme the image of an array is masked 

and shifted and superimposed on another image of the array (Figure 5.4). 

After several stages the outputs of any two elements of the source array 

may be combined. Here the light from all the sources is handled at one time 

in a series of lenses. Since only a few optical elements are required 

compared with the number of devices in an array, the optical elements may 

be made much larger than for the type of interconnection scheme depicted in 

Figure 5.1, making it more practical to achieve smaller spot sizes and better 

collection of light from uncollimated sources. This type of system also does 

not require lenses with any higher numerical aperture than would be needed 

to focus a single beam to a given spot size, although the several stages 

necessary to connect arbitrary elements are rather cumbersome. 
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Figure 5.4 Optical switching system from reference 5.6. (a) Implementation of 
one stage of a crossover interconnect. A 2-D input image (left side) 
is split into 2 identical copies. One copy is imaged on a mirror 
(right side) where it is reflected back through the system to the 
output plane (bottom). The second copy is permuted according to 
the period of a prism array (upper arm of system) and is combined 
with the output image, (b) Connectivity achieved for one row of 
data passing through the crossover stage shown in (a). 
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5.2 GaAs Etalons as Practical Devices 

In these experiments, we have had to focus the light incident on the 

etalon into a fairly small spot (about IS /im) in order to operate the etalon as 

a logic gate with the least amount of power. In consequence, in our table-

top experiments, we have needed to use microscope objectives to focus the 

beams from the source laser onto the sample, except in the case of the fiber 

coupling experiment. Thus, except for the fiber coupling, the 

interconnections I have demonstrated for cascading and fan-in are much too 

bulky and too easily put out of alignment for use in a practical optical 

computing system. This is an incentive for more work to be done on fiber 

coupling and holographic optical interconnections. 

In our fiber coupling experiments there was a significant loss of 

light in the process of coupling light into the fiber with a lens. Only about 

50-60 % of the light from the laser beam was successfully coupled into the 

fiber that way. This figure is from a comparison of optical power of light 

coming out of the fiber with that of light going into the microscope 

objective, so some of the losses are from back reflections from the lenses in 

the microscope objective and from the ends of the fibers. A rough estimate 

is that 15-20 % of the input power could be lost from back reflections. 

Additional losses are due to the size of the fiber core (10 /im) being smaller 

than the size of the focused spot (about 14 /im). Whether the coupling 

efficiency can be improved by focusing the light to a smaller spot depends 

on whether the numerical aperture of the fiber is large enough to accept the 
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light from the higher numerical aperture lens that would be necessary to 

focus the light into a smaller spot. The coupling efficiency we measured 

seems to be comparable to other results for coupling into single mode optical 

fibers. For example, a coupling efficiency of 75 % has been reported for 

coupling of 850 nm light into a 5 fim core fiber using a 40X objective [5.6]. 

The coupling efficiency between the two fibers at the input and 

output of the etalon in transmission was a little better, about 70 % (Section 

4.1), and the coupling to the etalon in reflection mode was a little worse, 

about 50 %. These losses leave enough signal so that the signal to noise ratio 

is not severely decreased. If a mechanism for amplifying the signal is 

included in the system, it may be practical to use fiber as a means to 

connect all-optical etalons used as switches. However, if there is no means 

for restoring the signal levels in the system, the gain from the etalons alone 

does not seem to be enough to have any fanout of the signal when coupling 

losses to the fibers are included. 

In another experiment, reported in Appendix B, I tried to use light 

focused by a holographic optical element (HOE) to switch a GaAs etalon. 

This HOE was fabricated to focus a beam into an array of spots, so as to be 

useful for fanout of an optical signal There were several problems with 

this. The HOE was not able to focus IR light efficiently, so a two-

wavelength switching mode was used, in which we attempted to control an 

880 nm beam with a 514.5 nm beam. The 514.5 nm beam is absorbed very 

strongly in the GaAs/AlGaAs MQW material, and I suspect that one of the 

reasons switching was not very good was that the refractive index was only 

changed significantly in a very thin layer near the surface of the sample. 
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Because a MQW sample was used, diffusion of carriers transverse to the 

layers is strongly inhibited. Another problem was that the size of the 514.5 

nm spots was about 40 fim, much larger than the 15 fim spots of the 880 nm 

light we were switching, and thus a lot of optical power was wasted. A 

more minor, correctable problem was the degradation of the HOE with time 

due to absorption of moisture. 

There is clearly a need to improve the etalons over the devices 

demonstrated in this thesis if this type of device is ever to be useful for 

optical computing. Although there is some research directed at increasing 

the optical nonlinearity of semiconductors by increasing the carrier lifetime 

(such as the work of Kost et al [5.8] on doping superlattices), these materials 

would result in devices having an even longer recovery time. A more 

promising approach is to reduce the size of the devices. Jack Jewel et al at 

AT&T Bell Laboratories reported the fabrication of GaAs etalons with 

dielectric mirrors grown by MBE and etched to produce isolated etalons 1.5 

- 5 fim wide [5.9]. In small isolated devices such as these the carrier 

lifetime is shorter due to recombination of carriers at the surfaces of the 

devices. The shorter recombination time allows the devices to have shorter 

switch-off times. Recovery times were shown to be nearly as short as 150 

psec. While the small size of such a device leads to low power 

consumption, the decreased carrier lifetime makes the devices use more 

power than a device of equal size with a longer carrier lifetime. The small 

sizes of the devices contributed further to the efficiency by preventing 

carriers from diffusing out of the devices, even though many carriers 

recombine at the surfaces. The narrow columns of GaAs/AlGaAs, having a 
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high refractive index, also act as waveguides to keep the incoming light 

concentrated in a small cross-sectional area throughout the resonators. Thus 

the light may be kept concentrated in a cross-sectional area as small as the 

smallest spot of light that may be focused on the device. In this experiment 

an f/1.1 lens was used to focus light of 890 nm wavelength to a spot 2.64 

Aim in diameter. The etalons were operated in a two-wavelngth NOR-gating 

mode. 

Uniformity and reproducibility of etalons will need to be improved 

if a massively parallel array of devices is to be used. Improvements have 

been made in this area by the use of dielectric mirrors grown directly onto 

the nonlinear material during fabrication, as described in section 4.2 and 

reference 5.9. Further improvements are expected from the continued 

refinement of fabrication of devices using MBE. 

The factor which may most limit the usefulness of GaAs etalons is 

the amount of differential gain. In section 2.1 we showed a gain of 4 using 

pulses about 1.5 nsec long. Computer simulations were used to determine 

the gain of such devices at shorter pulse lengths, with the conclusion that 

gain would not occur for pulse lengths shorter than about 10 times the 

carrier lifetime [5.10]. This would be very limiting for the devices 

described in this thesis, for which the carrier lifetime is about 20 nsec. We 

did an experiment which tentatively confirms this result, and that is 

described in Appendix A. As decribed above, there are means of reducing 

the carrier lifetime. 

Another problem with these devices is the effect of heating by the 

incident light, which changes the index of refraction in the opposite 
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direction as the excitation of carriers does. As I reported in the 

introduction, this thermal effect limits the amount of time these devices may 

be operated usefully. An etalon mounted on a diamond substrate was 

shown to be thermally stable in a high transmission-type state for 0.1 sec, 

with the time limited by laser stability [5.11]. An etalon operated as a NOR 

gate in a two-wavelength mode has been shown to be more thermally stable 

due to a balance of the amount of heat absorbed in the ON and OFF states, 

allowing the gate to stay in approximante thermal equlibrium [5.11]. The 

longest reported time an etalon has been operated continuously using a 

single-wavelength switching mode is 0.5 sec, and this was in an etalon 

operated in reflection mode with the back of the etalon silvered to conduct 

heat more efficiently [5.12]. This duration may also have been limited by 

laser stability. This work was reported after our work with the silver 

mirror etalon in section 4.1, so we did not check this to see how long the 

sample could be kept in the "on" state before the thermal effect caused it to 

switch off. The silver mirrors, however, absorb more and reflect less 

efficiently than dielectric mirrors, so higher optical power is required to 

produce switching in the etalon with silver mirrors. 

5.3 Conclusions 

I and my collaborators have shown that basic optical logic 

operations may be performed with GaAs etalons. We have shown that there 

can be sufficient amplification of a light signal by a GaAs etalon to have 

the potential to switch four other etalons, and have demonstrated the output 
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of one etalon switching a second etalon. I have demonstrated how two input 

signals and a biasing beam may be combined onto a GaAs etalon and have 

operated such a system as an AND gate. If we had actually demonstrated 

the output of a single etalon switching two subsequent etalons, then we 

would have demonstrated all the properties necessary to use GaAs etalons 

for optical logic, and it seems likely we could have done that, given enough 

etalons with similar properties, polarizing beamsplitters, microscope 

objectives, and time. 

As of yet, the optical interconnections we are using are clumsy, 

bulky, and easily misaligned. We have shown there is some possibility of 

using optical fiber interconnections to make rugged, simple interconnections 

of GaAs etalon optical gates if coupling losses of 30 % may be tolerated. 

Holographic optical elements hold some promise for interconnection of 

optical computing elements after some further development. 

The GaAs etalons studied in these experiments have some major 

drawbacks that need to be overcome if they are to be used in practical 

optical logic circuits. The amount of the differential gain achievable is 

fairly low at 1.5 fisec pulse lengths (around 4), and theory and experiment 

show that there is no gain below about 200 nsec pulse lengths when 

recovery time is as 20 nsec. The gates are thermally unstable, though careful 

heatsinking may alleviate this problem. 

This field has been rapidly developing in the last few years, 

however, and these problems may yet be solved with improved or modified 

versions of the GaAs etalon optical logic gate. 



APPENDIX A: MEASUREMENT OF DIFFERENTIAL 

GAIN AT NANOSECOND PULSE LENGTHS 

Robert Morgan, Seung-Han Park and I did the experiment reported 

in this section in order to see if the results would be consistent with 

computer simulations which showed that the differential gain would not 

exceed 1 if the pulse length was not at least 10 times the carrier lifetime in 

the nonlinear material [A.I]. In the GaAs MQW samples we used, this 

carrier lifetime was about 20 nsec and the pulse lengths we used were about 

4 nsec, so we did not expect to see gain exceeding 1. If the theory was 

correct, it meant that there is a severe limitation on the usefulness of GaAs 

etalons at high switching speeds, and it seemed prudent to confirm the 

theoretical result with an experiment before we accepted such a significant 

conclusion. A result of gain less than 1 would not necessarily confirm the 

theory in all its particulars, but a gain exceeding 1 would show that the 

theory was incomplete and would help promote future application of GaAs 

etalons for optical computing. 

When the pulse lengths get short enough that they are comparable 

to the response times in the system, the system can no longer be accurately 

described by the steady state treatment that was assumed in the earlier 

discussion of gain. When such short pulses are used, it becomes more 

useful to define the gain in terms of the difference in energy of the input 

and output signals rather than the difference in peak power that was used to 

define differential gain in section 2.1. Thus in this experiment we measured 



the differential energy gain, defined by 

EoiU " Eoul 
GE (A.l) 

Ei& - EjA 

where Ejn and are the energies of the input pulses and output pulses, 

respectively, and the superscripts h and 1 indicate conditions where the 

etalon has been switched to the high transmission state or remains in the low 

transmission state. The pulse energy can be found by integrating the power 

over the length of the pulse. 

We used a pulsed nitrogen laser to pump a dye laser with a cell 

containing Exciton LDS 821 laser dye. The pulses from the dye laser were 

about 4 nsec long (FWHM). The etalon was the same 58 A GaAs/AlGaAs 

MQW described in section 2.1. First we used an optical system similar to 

that shown in figure 2.1 to view the input and output pulse shapes. We 

verified that switching of the etalon took place, but the large variations in 

the energy of the laser pulses prevented us from measuring the gain by the 

method described in section 2.1. 

The experimental setup was changed to that shown in Figure A.l. 

A 10X microscope objective was used to focus the beam on the sample. 

The spot size was about 25 fim. The output pulse and a portion of the 

input pulse were focused on a streak camera so the temporal shapes of these 

pulses could be recorded simultaneously. The streak camera readings were 

then calibrated to pulse energies measured at the input and output beam 

positions. Since we could not control the energy of the laser pulses, we used 

the streak camera to record individual pulses with energies just above and 
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just below that needed to switch the etalon. We then used the streak 

camera recordings to calculate the pulse energies necessary to find the 

differential energy gain from equation A.l. 

The differential energy gain measured in this experiment was 0.17. 

This is much less than 1, and is consistent with the results of the computer 

simulations. 



APPENDIX B: FANOUT OF OPTICAL SIGNALS 

USING A HOLOGRAPHIC OPTICAL ELEMENT 

An optical switching element or computing system requires a means 

by which biasing beams or timing signal can be fanned out and distributed 

among several elements of the system. Examples of situations where fanout 

is required range from an element of an adder in which a "carry" bit is 

needed in addition to the output, to a clock signal for gates simultaneously 

processing the bits in a word of data in a serial processor, to the many 

beams needed in a massively parallel system. 

Although there are a number of possible ways to accomplish this 

distribution of signals, holographic optical elements (HOEs) seem to be very 

well suited to this purpose. A HOE may be small, lightweight, rugged, and 

easily reproduced. It may be made not only to fan beams out from a single 

beam, but also to focus each output beam into a spot. 

I attempted to use a spot from such a HOE to switch a GaAs 

etalon, with only partial success. The HOE was provided by Lon Wang and 

Ray Kostuk [B. 1 ]. A computer generated hologram was designed to produce 

9 focused spots of equal intensity. The resolution of the pattern produced 

was limited by the output device, a plotter, so the optical beams produced 

by the first hologram were spatially filtered to make the output more well 

behaved, and the resulting wavefront was used to generate a second 

hologram. The latter hologram was the one used in the experiment. 

The HOE was recorded in dichromated gelatin (DCG), which is 

sensitive to light in the blue region of the spectrum and quite insensitive to 
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infrared light. Thus the hologram was recorded with 514.5 nm light, and 

produced the desired output most efficiently at that wavelength. When it 

was made, it was 70% efficient [B.l], but when it was used in this 

experiment it was found to be only about 15% efficient. Exposure to 

humidity degrades holograms in DCG, but they may be sealed in a plastic 

coating to protect them from the environment. 

The working distance of the HOE was about 20 mm. Using a 

514.5 nm laser beam, the HOE produced 9 spots, equally spaced, in a 

straight line. The spots were 40 fim in diameter and 190 /im apart. The 

spot intensities were found to vary somewhat across the array, with the 

central spot being quite a bit brighter, and the end spots being somewhat 

dimmer. The other spots were quite close to being of equal intensity (Table 

B.l). The variation of the center and end spots occurred because the 

computer generated hologram was designed for a slightly different 

wavelength from the one used. 

The experimental setup was as is shown in Figure B.l. Since the 

hologram was most efficient at 514.5 nm, we used light of that wavelength 

as a signal beam, using it to modulate a continuous beam of 870 nm light 

approaching the etalon from the opposite side. The 514.5 nm light was 

strongly absorbed by the GaAs and produced carriers in the material, 

lowering its refractive index at 870 nm. The measured output beam was the 

IR light reflected from the etalon. A 10X microscope objective was used to 

focus the IR beam on the etalon. The etalon contained 299 A 

GaAs/AlGaAs material as described in section 3.2. 

The same laser system was used as is described in section 2.1, but 
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Table B.l 

Spot 123456789 

Power 3.8 4.6 4.6 4.9 7.2 4.6 4.6 4.9 3.4 
(mW) 

Table B.l Maximum power obtained for each spot of the image 
from the HOE. A sealed hologram is expected to be 4 
or 5 times more efficient. 
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some of the pump beam from the argon laser was split off using a 

beamsplitter, and a prism was used to separate the 514.5 nm component 

from this beam. This beam was modulated by the AOM and was used to 

illuminate the hologram. 

Although the beam focused by the hologram was enough to slightly 

modulate the IR beam, it did not switch the etalon to anything close to a 

highly transmitting state (Figure B.2). The reflected IR beam appeared to be 

modulated by a maximum of about 15%. Although the intensity of the 514.5 

nm spot might have been increased by a factor of 4 or 5 if the hologram 

had been kept from degrading, this switching setup would have been most 

efficient if the spots focused by the HOE had been closer to the size of the 

IR spot, about 15 nm. This could be made possible by using a HOE with a 

shorter focal length, although such a HOE would have been more difficult to 

fabricate. 

A better situation would be if a HOE could be made that would 

fan out light from a 870 nm beam. An alternative to that would be to use a 

bulk sample of GaAs rather than a MQW so that the carriers generated by 

the 514.5 nm light could move more freely through the material along the 

beam axis. Since the 514.5 nm light is so strongly absorbed by the GaAs, it 

only generates carriers near the surface on which it is incident, and will 

only change the refractive index of the GaAs in that region unless the 

carriers are free to diffuse in the direction of the beam axis. Another 

alternative would be to use MQW material with the planes of the GaAs 

layers oriented parallel to the beam axis, so that the beam illuminates the 

GaAs layers end-on instead of having the GaAs and AlGaAs layers normal 
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Figure B.2 (a) Input signal (S14.S nm beam), (b) Output signal 
(bottom), with 871 nm IR beam on, showing about 15% 
modulation of the reflected IR beam by the system. 



83 

to the beam. Carriers would then be free to diffuse deeper into the sample. 

It may also be the case that the use of a 514.5 nm beam causes so 

much heating that thermal effects prevent the switching expected from the 

increase in carriers. Curt Lowry has recently attempted switching using 

blue light with an etalon containing bulk GaAs, and has still not achieved 

the desired switching characteristics [B.2]. 
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