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ABSTRACT

Regenerative pulsations have been observed in an intrinsic 

optically bistable GaAs etalon. Two competing effects (excitonic and 

thermal) having different response times are shown to cause the 

phenomenon. A discussion of the nonlinear Fabry-Perot device used is 
followed by a presentation of the experimental results. Computer 
simulations based on the theory mimic experimental data and approaches 

to minimize thermal effects are discussed, pointing to the reduction 
of unsaturable absorption as a key factor in optimizing this kind of 

device. x



CHAPTER 1

INTRODUCTION

Optical bistability in semiconductors has been studied recently
as a potential means of developing small, fast, all-optical switches

1having low energy requirements. A promising type of device which 
many experiments have employed is the nonlinear Fabry-Perot etalon.

For example, bistability has been demonstrated using GaAs as the
2 3active medium operating at 0.8 um wavelength and in InSb at 5 um.

In both cases the switching mechanism necessarily involves optical

absorption at rather high power densities, thus localized heating

of the active medium always occurs to some extent. Temperature

variations on the order of a few Kelvin, caused by optical absorption

in an operating GaAs device, have produced very significant changes

in the response. In fact, thermal bistability was observed by Gibbs,
2et al. with a Fabry-Perot transmission peak initially detuned in the 

opposite direction to that in excitonic bistability. It is apparent 
that knowledge of the thermal characteristics of these devices will 

be vital in their development.

McCall predicted that two opposing optical effects having 

different time constants could lead to regenerative pulsations in 

optical bistable devices.^ In an accompanying experiment^ with a 

hybrid bistable device similar to that developed by Smith and Turner,'*
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he verified that prediction. He further outlined an example of fast 

electronic and slow thermal contributions to the refractive index 

in a nonlinear Fabry-Perot etalon as possibly causing pulsations in 
an intrinsic device.

The subject of this thesis is the first reported observation 

of intrinsic optical regenerative pulsations in a non-gain medium, 

our physical interpretation of them, and a computer simulation of the 

effect. The results of the simulation (based on our theory) compare 

favorably with experimental data. In our GaAs device, excitonic and 

thermal contributions to the nonlinear susceptibility represent the 
competing effects, and the results agree with McCall’s qualitative 

example. It has been found that studying the structure of the 
pulsations may yield information of considerable value in optimizing 

this sort of bistable device as either a high frequency (possibly GHz) 

oscillator or as a fast (subnanosecond switch-on) optical switch.

\



CHAPTER 2

REFRACTIVE INDEX AND ABSORPTION COEFFICIENT

For photon energies below resonance, saturation of the exciton 

absorption line decreases the refractive index and absorption coeffi
cient of GaAs. The contribution of this feature to the index and

absorption can be calculated in terms of nonlinear susceptibilities 
7 'as in Yariv,

where C is the strength of the absorption feature, coT2 is the detuning 

from resonance expressed in resonance half-widths, I is the intensity

line. Making no further approximations (such as for large coT2 in 
Yariv), we can obtain the following expressions for the complex index 

of refraction:

CcoT2
X

1 + (coT2)2 + I/I CD
s

XM C (2)
1 + (o)T2)2 + I/Is

in the medium, and I is the saturation intensity for the absorption

n nB /I + (x* - ix")/'n2 (3)

nreal (4)
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Here ng is the background index of refraction (mostly due to band-band 
absorption) and n ' is the excitonic contribution to the complex index. 
The excitonic absorption can then be calculated:

aex (6)

where X is the photon wavelength.

Band-band transitions are responsible for a nonsaturating 

background index and absorption coefficient. The background index 

varies little in the operating region compared to the variation in 

the excitonic contribution. Background absorption does not cut off 
abruptly at the bandgap; rather, it decreases toward lower energies

Since the background absorption does not saturate appreciably at the 

intensities used, neither it nor the background index is intensity 

dependent.

shifting the band edge and exciton resonance toward lower energies. 

Structural changes in the spectrum are small for temperature changes

quadratic approximation centered at 77 K of the bandgap versus

rexponentially at a rate depending largely on impurity concentrations. 8

An increase in the temperature of GaAs has the effect of

on the order of 10 K at liquid nitrogen temperature. Making a
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9temperature data given in Sze, the exciton resonance energy in 

electron volts is given by

E = -5.6 • 10~7 T 2 - 1.7 • 10"4 T + 1.5202 (7)res e e

where is the etalon temperature.
The effects of saturation and temperature shift in the

absorption spectrum and excitonic contribution to the refractive index

are illustrated in Figures 1 and 2. In both figures, curve A 
represents the properties at 77 K and low intensity, B shows the 

effect of saturation, and C is the high intensity response at a

higher temperature. At the laser frequency it is seen that saturation

decreases the refractive index and the amount of absorption while an 
increase in temperature will increase both of these values.

i
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CHAPTER 3 

THE NONLINEAR FABRY-PEROT ETALON

The transmission T of a Fabry-Perot etalon is given by"*"®

(1 - RA)(1 - RB)e^aD 1
T = ------------------ —    —  (8)

(1 - R )2 1 + F sin26v a

where R^ and Rg are the intensity reflectivities of the front and 
back surfaces, D is the etalon thickness

R = e /R.R_ = effective mean reflectivity a A B

F = 4R /(I - R )2 = —% f 2, f = finessea a

6 = - cavity detuning in radians.

In the GaAs device the refractive index n and absorption coefficient 

a are functions of intensity and temperature. The effective intensity 

inside the cavity I^^, and the etalon reflectivity R, are given by

(1 - e"aD)(1 + RB)
Ieff = IincT aD(l - RB)e-aD t9’

f(R * R e 2aD - 2 R V U  - R )21 + Fsin26
R = ^------------ — -------- -— !---------  (10)

1 + Fsin26

with I^ncT being the transmitted intensity.
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The Fabry-Perot transmission as a function of time is a very 

complicated expression since the thermal properties of the material 

and structural details of the device must be included. It is fairly 

simple however to gain a qualitative understanding of the behavior 

by considering the evolution of the position and finesse of the 
transmission peak.
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CHAPTER 4

QUALITATIVE ILLUSTRATIONS

Figure 3 illustrates the transmission peak as a function of 

photon frequency. In curve A, the peak is initially detuned and 

transmission is low at the laser frequency. Saturation of the 
free exciton resonance decreases both index and absorption; thus 

the transmission peak becomes sharper and shifts towards higher 

frequency, increasing the overall transmission. This increases the 

effective intensity inside the etalon, further pushing the peak 

to the right. With sufficient input intensity a quasi-equilibrium 

is reached with the peak centered at a frequency higher than that of 

the laser in curve B. The device is now "switched on" and transmission 

is relatively high. If the input is now held long enough for 

significant heating to occur, both band-band absorption and any un
saturated excitonic absorption increase and the finesse decays. The 

refractive index also increases, shifting the broadened peak back 

toward lower energies. As the peak becomes significantly lower than 

the laser energy "switch-off" occurs. The device oscillates between 

states similar to B and C when undergoing regenerative pulsations. In 

making the transit from curve B to C it is qualitatively uncertain 

whether the transmission will initially increase or decrease because 

the index effect moves the peak closer to laser frequency but increased

9
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absorption lowers the height of the peak. Experimentation shows a 
decrease in transmission so the absorption must be very sensitive to 
temperature at the operating wavelength. This in turn means that 

the slope da/6a) must be very steep in this region.

The pulsation phenomenon can be viewed from a different 
4perspective by considering the hysteresis loop as in Figure 4. These 

plots represent the response of the etalon to a hypothetical input 
pulse in a thermally steady state corresponding to the etalon*s 

present temperature. Figures 4(a), (b), and (d) correspond to curves 

A, B, and C in Figures 1, 2, and 3. Except for A, the input intensity 

is the same for all figures. Since the index effect of increased 

temperature opposes that of intensity saturation, heating of the 
medium will shift the hysteresis loop toward higher intensity 

requirements, i.e., to the right. Absorption also increases with 

temperature so th.e loop will become shorter and narrower. After 

initial switch on a B, the response oscillates between states D and 

F.

For a constant input, the transmission should be periodic 

after the first one or two oscillations. Even a slightly noisy input 

however, will cause significant irregularity. In the data taken, 

input noise was only a few percent, but it was sufficiently large 

that switch-up always occurred on positive slope regions of the input 
and switch-down always on negative slopes.

The explanation is that while the thermal effect brings the 
device slowly toward the condition of switching up or down, noise
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fluctuations tend to switch the device prematurely. Suppose it is 

presently in the down state. The etalon is slowly cooling, so the 

switch-on intensity slowly decreases (Figure 4(e)). As the switch- 
down intensity approaches the input value, a small increase in 

input due to noise can cause the device to switch-up at that time 

rather than the time predicted for the noise-free case.



CHAPTER 5

EXPERIMENTAL DETAILS

The experimental setup is as shown in Figure 5. Input'pulse 

profile is determined by an electrical signal generator which feeds 

into the acousto-optic modulator. The GaAs etalon is mounted inside 
a liquid-nitrogen-filled dewar. The etalon consists of 4.1 urn thick 

GaAs sandwiched between layers of AlGaAs about 0.2 pm thick which 

are in turn coated with dielectric layers to increase the surface, 
reflectivity to 90%. The semiconductor layers were grown by molecular 
beam epitaxy on a GaAs substrate by A. C. Gossard and W,. Wiegmann.

The substrate was then etched away by A. Passner exposing the tri

layer. The structural details can be seen in Figure 6. The laser is 

operated at 826.4 nm wavelength with typical peak power of about 

100 mW reaching the etalon and focused to around 15 pm diameter. The 
exciton resonance peak was found at 824.5 nm.

When an input pulse lasts a few microseconds or less, the 

amount of heating in the sample is not severe and the standard 

hysteresis loop can be obtained. Even on microsecond time scales how

ever, experiments and computer simulations indicate that the thermal 

effect is already noticeably working against the bistability process. 

The switch-off intensity is increased resulting in a narrower 

hysteresis loop. For pulse lengths on the order of 10 ps, switch-down



Fig. 5. Experimental Setup

(1) Tunable Dye Laser, (2) Acousto-Optic Modulator, (3) Focusing Optics, 
(4) GaAs Etalon, (5) Output Detector, (6) Input Monitor, and (7) Feedback 
Noise Reducer.
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intensity can be larger than switch-up intensity resulting in a 
"backwards" bistable loop. This backwards loop results from two 

opposing effects, the first being excitonic, causing the rapid switch- 
up, and the second, the thermal effects which raise the critical 

intensities for excitonic switch-up and switch-down. These two 

cases are shown in Figure 7.

When the input lasts much longer than 10 us and within an 
appropriate range of intensities, regenerative pulsations occur as 
seen in the output versus time data of Figure 8(a). In this case, 

increasingly high absorption in the upper state severely limits the 

effective intensity inside the Fabry-Perot etalon. The effect of the 

exciton saturation is then greatly diminished and the resulting 

change in refractive index switches the device down. Now in the down 

state more of the incident light is reflected rather than transmitted 

and absorbed, allowing the sample to cool. When the sample cools 

down sufficiently, it can switch back up where, again, increasing 
absorption will raise the temperature until it switches down. The 

sharp decrease in transmission immediately after switch-on indicates 

that absorption increases very strongly with temperature.
The effect of noise on the transmission periodicity is plainly 

seen in the data. To achieve.even this degree of regularity, the 

noise had to be reduced from its laser output level. A factor of 

about two reduction was accomplished by a feedback loop from the in

put monitor to the acousto-optic modulator, but feedback response 
times of about 1 us prevented noise reduction at frequencies over
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1 MHz. That the switching is dominated by excitonic and thermal 

effects rather than by noise is seen by the contrast in appearance 
of Figures 8(a) and (b). The pattern in Figure 8(a) shows repeatable 

structure. Figure 8(b) shows a noise-dominated response. In 

obtaining these data bistability,conditions were not optimized, 
resulting in a narrow hysteresis loop whose width was slightly less 

than the peak to peak magnitude of the noise. Thus, random switching 

occurred with the noise, producing no pattern of structure.



CHAPTER 6

COMPUTER SIMULATION

A computer program was written to compare our interpretation 

of the pulsations with experimental data. The simulation, based on 
the theory in Chapters 2 and 3, iterates the response of the medium to 

intensity and temperature in time units sufficiently short to allow 

only very little heat transfer.
In this model, a uniform beam of plane waves is normally 

incident upon a GaAs slab having 90% reflecting plane parallel sur
faces. The high reflectivity is due to dielectric coatings. Diffrac
tion and scattering are not included, the input beam dropping off 

abruptly at its outer radius. These characteristics more closely 

resemble a waveguide device than our etalon, and the power levels 

used in the simulation are substantially lower than those in the 

experiment.

To study the time evolution of the device response, three 

basic time units are employed. An arbitrary unit At is chosen to be 

on the order of or longer than the medium response time, and much 

shorter than typical thermal conduction times of the device. At the 

end of each At, the temperature change from the previous At is 

calculated, the exciton resonant frequency redetermined, the value of 

the transmission stored for later plotting, and the input intensity

21
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is updated if necessary. For simulating the regenerative pulsations, 
a At of 50 nanoseconds was used.

The other two basic time units are the cavity round trip time 

(about 10 13 s.) and the T2 time of the medium obtained from the width 
of the exciton absorption feature. T2 is about 10 12 s for the 

sample used. During each cavity time, the refractive index and 

absorption coefficient are recalculated but the new values are not 

directly implemented. Rather the old values are incremented by 1/N 

of the difference between them, N being the number of cavity round 
trips per T2. A full redetermination of the index and absorption can 

thus be expected about every T2. At the end of a T2 time period the 

latest transmission value is compared to the transmission of the 
previous T2. When the fractional difference between the two trans

missions is less than 0.001, the system is considered to be in 

equilibrium and the time is incremented up to the next At. This 

practice reduces computation time substantially at very little cost 
of accuracy. ,

Calculation of the temperature changes involves determination 

of the energy absorbed and dissipated during each At. The absorbed 
energy is simply the product of the incident power. At, and the 

absorptance (1 - R - T). The amount of energy that goes into exciton 

formation (rather than thermal heating) is subtracted from this value. 

Since the etalon is about the same temperature as its immediate 

surroundings and in a near vacuum, heat dissipation by radiation and
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convection are ignored leaving conduction through the GaAs as the 
only heat transfer mechanism.

The illuminated region of the etalon is taken to be of uniform 

temperature and the heat conducted into an annular ring of equal area 

surrounding this region is calculated. Conduction out of this ring is 

also calculated and the ring's temperature is monitored for calculation 

of heat transfer from the illuminated region. Areas outside the 
annular ring are assumed to be a constant 77 K. The temperature 

change is then the net energy absorbed divided by the specific heat 

times the mass of the region. The value of the thermal conductivity

for GaAs (300 J/cm2es«K at 77 K) was obtained from Sze.** Data from
12 11 Cetas, Tilford and Swenson and from Sze were interpolated to be

0.2 ± 0.1 J/gm'K for the specific heat. Different values throughout 

the range of uncertainty in the specific heat were used in the pro

gram with otherwise identical situations and the only differences in 

the output appeared to be an expansion or contraction of the time 

scale. The structure of the pulsations was otherwise unchanged, so 

the relatively large uncertainty in the specific heat does not 

severely affect interpretation of the results.

Figures 9(a) and (b) are computer simulations of 1 us and 

6 us pulses showing hysteresis in the "forward" and "backward" 

directions as the experimental data in Figures 7(a), and (b) do. 

Regenerative pulsations obtained from simulation (see Figure 10) 

resemble the experimental output of Figure 8.
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CHAPTER 7

CONCLUSION

It has been seen that on time scales of 10 us or larger, 

thermal effects can severely affect the performance of an optical 

bistable GaAs etalon. Opposing excitonic and thermal effects can 
even cause the device to undergo regenerative pulsations. While 

the pulsations are potentially useful as a fast oscillator, many 

applications such as a continuous wave optical switch, require that 
thermal effects be minimized. Heat sinking could greatly help in 

overcoming the problem and would be more easily accomplished if the 

bistable device were part of an integrated optical waveguide circuit. 

Another important means to minimize thermal effects which also greatly 

enhances the practicality of a device is to reduce the input power re
quirements. In this direction there are two basic approaches: improve

the Fabry-Perot or improve the active medium. Waveguide operation 
would improve etalon performance by eliminating power lost through 
diffraction but probably would not significantly reduce the amount of 

absorption (and therefore heating) in the active region.

Probably the best improvement for this type of device would 

be a decrease in the band-band absorption at the operating wavelength. 

When the bistable element is switched on, the exciton absorption 

feature is largely saturated while band-band absorption is virtually

26
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unaffected so that even in the "highly transmitting" state, through

put is limited to 20% or 30%. Thus, the holding intensity and 

thermal effect are both greatly increased by the band-band absorption. 
The absence of band-band absorption would raise the cavity finesse 
in the off state also. The Fabry-Perot peak would thus be narrower, 
the input could operate more closely tuned to the peak, and a 

smaller change in refractive index would be required to switch the 

device on.

In GaAs, decreasing the band-band absorption would require a 

steeper fall of the band tail region. This might be accomplished 

by using ultrapure samples and/or operating at cryogenic temperatures. 

A different material whose background absorption falls off as quickly 

as GaAs but has a much larger exciton binding energy and operates 

at a convenient wavelength would be an attractive candidate also.
The search is in no way limited to excitonic bistability. For a 

Fabry-Perot device, an important criterion is having a low holding 

intensity in the on state. Thus, absorption must be low and any 

absorption feature which does not appreciably saturate at low holding 

intensities is very undesirable. The active medium also should have 
a high nonlinear coefficient at a convenient wavelength.

Conditions could also be optimized to utilize these competing 

effects in a fast optical oscillator. Although thermal response times 

in our device are on the order of microseconds, they should be much 

faster in, say, a waveguide device where thermal conduction is much 
greater.
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In the effort to develop practical optical switching net
works based on bistable devices it is important to understand as 
well as possible the existing devices and learn how parameters 
need to be changed to optimize their performance. This study of 
regenerative pulsations and thermal effects has expanded our , 

knowledge of physical processes in GaAs and should aid in the search 

for materials to further the development of optical bistable devices.
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