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OPTICAL 

BISTABILITY 
INTRODUCTION 
Recent transmission of 1.32-µm, 
5-psec pulses through 1 km of optical 
fiber without significant dispersional 
distortion1 has clearly demonstrated 
the high-bandwidth capability of using 
short optical pulses and optical fibers. 
In addition, propagating optical signals 
are not easily influenced by external 
electromagnetic fields. Both facts 
point to optical communication as an 
attractive information-transmission 
medium for the future. Commercial 
optical communication systems op
erating at 44.7 Mbit/sec now function 
quite satisfactorily, and studies of 
higher-rate systems are under way.2 In 
all these systems, only the transmis
sion is optical: regeneration, modula
tion, amplification, etc. are all ac
complished electrically. Even in the 
present technology of integrated op
tics, in which light is generated, 
manipulated, and detected in thin-film 
waveguide structures on the same sub
strate,3 most of the control is accom
plished electrically. Other things being 
equal, all-optical control would permit 
simpler, efficient, and higher-speed 
information processing because the 
conversion of information from elec
tricity to light and vice versa would be 
avoided. Optically bistable devices 
exhibit an intensity-dependent optical 
transmission and are able to perform 
optically controlled memory and 

switching operations and hence may 
be crucial to the success of all-optical 
systems. Discrete devices may be used 
singly or in combinations to form 
elements such as optically controlled 
modulators, oscillators, and logic 
gates. 

Although the notion of all-optical 
communication and computation 
motivates much of the work, optical 
bistability is an interesting physical 
phenomenon in its own right. The 
search for optical nonlinearities 
needed for realizing optical bistability 
has led to interesting studies of the 
physics of several different nonlinear 
optical processes; in fact, the first few 
attempts to observe optical bistability 
failed because the nonlinear materials 
selected had inappropriate properties. 
An optically bistable system is analo
gous to a first-order phase transition 
under conditions far from thermal 
equilibrium. Finally, the fluorescence 
spectrum of atoms within an optically 
bistable cavity exhibits interesting 
features far different from those of 
isolated atoms. 

In this article, optical bistability is 
defined and various classifications ex
plained, a simple mathematical model 
of intrinsic dispersive bistability is 
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presented, experimental examples of 
wireless all optical operations are 
given, hybrid devices are described, 
and possible future directions are 
summarized. 

WHAT IS OPTICAL BISTABILITY? 
Any optical system that possesses two 
different steady-state transmission 
states for the same input intensity can 
be said to be optically bistable. This 
broad definition encompasses every
thing from burglar alarms to the most 
recent all-optical micrometer-sized 
GaAs device. However, in this article 
optical bistability will be examined 
only in transmission devices containing 
no inverted medium. In order for 
bistability to occur, the transmission 
must somehow depend on the output 
intensity, i.e., feedback is essential. If 
this feedback is purely optical, for 
example, if the nonlinear material is 
inside a Fabry-Perot cavity, the device 
and its bistability are described as in
trinsic. If an electrical signal from a 
detector sensing the output is fed back 
to change the transmission, the device 
is described as hybrid. Optically bi
stable devices are also classified as 
absorptive or dispersive, depending 
on the nature of the predominant 
nonlinearity giving rise to the bista
bility. 

Al l the early theoretical work and 
experimental attempts involved in-
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trinsic and absorptive nonlinear media 
inside a Fabry-Perot resonator. A sim
plistic view of intrinsic absorptive 
optical bistability is as follows. At low 
input intensity, the intracavity absor
ber spoils the Q of the cavity, so the 
transmission is low and the light is 
mostly reflected by the input mirror. 
At sufficiently high input intensity II, 
the intensity TII reaching the absorber 
becomes large enough to begin to 
bleach it (T is the transmission of the 
mirror coating). As the absorber's 
transmission increases, light begins to 
reach the output mirror and to reflect 
back to help saturate the absorber. At 
the same time, constructive interfer
ence occurs, increasing the intensity 
inside the cavity. The absorber is 
bleached in a runaway manner. Fur
ther increases in the input are trans
mitted to the output. The device is 
now a high-Q cavity with an intense 
internal field. As the input intensity is 
reduced, this intracavity field is able to 
keep the absorber bleached down to 
lower input intensities than were re
quired to turn on the device; a hys
teresis cycle results. 

Seidel proposed such a device as an 
extension of his work on similar ef
fects in the microwave region.4 Szöke 
et al. also proposed absorptive optical 
bistability and demonstrated nonlin¬
earities in such a device, using S F 6 as 
an absorber and a C O 2 laser, but did 

not see bistability.5 They proposed 
several applications and derived the 
bistability condition αL/T > 8, where 
αL is the low-intensity value of the 

homogeneously broadened saturable 
absorption and T is the mirror trans
mission. Austin and DeShazer6 and 
Spiller7 studied transmission of non
linear Fabry-Perots containing ab

sorbing dyes; the failure to see bista
bility was attributed to unsaturable 
background absorption, which analysis 
showed could greatly modify the 
conditions for bistability. McCall 8 

further analyzed absorptive bistability 
by studying the effects of inhomo¬
geneous broadening, standing waves, 
and transverse modes. His work stimu-

Fig. 1. Dispersive optical bistabil
ity in sodium vapor (Ref. 9). 

Fig. 2. Nonlinear optical de
vice electric fields (Ref. 8). 
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lated the first observation of optical 
bistability, which began the rapid 
expansion of this exciting field. 

FIRST OBSERVATION 

The first observation of transmission 
optical bistability was made in 1974 in 
sodium vapor9; however, the princi
pal mechanism was dispersive, not 
absorptive. In purely dispersive bista
bility, no intracavity absorption is 
present; the transmission at low inten
sities is made small by detuning the 
cavity resonance from the laser fre
quency. The device turns on when the 
intracavity intensity-dependent index 
of refraction shifts the cavity back to 
the laser frequency. As in absorptive 
bistability, a hysteresis results as the 
intracavity field of the "turned-on" 
device resists the turn-off as the input 
is reduced (see Fig. 1). Intrinsic ab
sorptive optical bistability was barely 

Fig. 3. Characteristic transfer 
function calculated from the sim
ple dispersive model of Eqs. (4) 
and (5) for R = 0.9 (N 30). The 
values of øo are 0.158, 0.183, 
0.224, and 0.316, respectively, 
from left to right. The G = ∞ 
curve separates the ac gain and 
bistable regions (Ref. 10). 

seen at the highest intensity and only 
at particular frequencies where disper
sive effects vanished. On the other 
hand, dispersive bistability was seen 
easily. Since all the intrinsic bistable 
devices reported so far work primarily 
dispersively, it is appropriate to pre
sent the following simple model of 
dispersive bistability. 

SIMPLE MODEL OF INTRINSIC 
DISPERSIVE OPTICAL BI
STABILITY 

From Fig. 2, one can readily verify the 
following boundary conditions8 for a 
lossless Fabry-Perot cavity: 

OPTICAL TRANSISTOR 

Fig. 4. Differential gain in so
dium vapor. Ac gains at 1 kHz 
exceeding 2 were observed, in 
spite of only 40% maximum 
Fabry-Perot transmission 
(Refs. 9 and 10). 

where ø is the round-trip phase and 
the plate reflectivity is R = 1 - T. 
Assume T to be small compared to 
unity. Combining these three equa
tions and expanding in powers of ø, if 
ø2 << 12, one has approximately 

where β is a constant and øo is an ex
ternally adjustable tuning parameter. 
This is the case for a nonlinear refrac
tive index that arises from an optical 
Kerr effect or for a system that re
sponds according to Bloch equations 
in the off-resonance limit. If 

(for β positive), then there is a negative 
slope region, i.e., dII/dIT< 0, around 
IT = 2ø o/3β. The steady-state curve IT 

versus II is s-shaped. For some values 
of /I there are three steady-state values 
of IT. Of these, only the two extreme 
values can be stable,1 1 i.e., the system 
is bistable. The condition (6) may be 
written as øo > √3π/N, where N is the 
cavity finesse. One might have guessed 
that øo of about one instrument 
width, 2π/N, would be required so 
that the low-intensity transmission 
would be low. The minimum intensity-
dependent phase shift is βIT = 2ø o /3; 
the required intensity depends on the 
cavity finesse and the strength of the 
nonlinearity (β). Smaller values of øo 

yield IT versus II curves that exhibit 
regions of differential gain, where 

Figure 3 shows plots of the Fabry-
Perot function for various detunings, 
showing the change from gain to bi
stability by increasing the detuning. 
Felber and Marburger1 2 have analyzed 

relating the input intensity II and the 
output intensity lT.

1 0 In general, the 
phase ø is a function of the intracavity 
intensity, which is proportional to the 
transmitted intensity lT. A simplifying 
assumption is a linear dependence on 
IT, so that 



Summer 1979/OPTICS NEWS 9 

Fig. 5 Optical discriminator in room-temperature ruby (Ref. 13). 

Fig. 6. Optical bistability and 
limiter action in a 2-mm-long 
etalon consisting of a polished 
Corning 3-142 filter with R = 
0.8. In the on state, the output 
changes very little for a factor-of-
4 change in the input. Note the 
spike in the transmission as the 
device turns on and the etalon's 
frequency of peak transmission is 
swept through the laser frequency. 
Similar results obtained in a 60-
µm etalon of Corning 4-74 with 
R = 0.9 (Ref. 14). 

Fig. 7. GaAs-GaAlAs trilayer 
sandwich grown by molecular-
beam epitaxy and used for opti
cal bistability and optical 
modulation. 

Fig. 8. (a) Optical mem
ory in GaAs. (b) Time display 
of bistability in (a); the 
switch-on and switch-off 
times are both about 40 nsec 
(Ref. 15). 

Fig. 9. Switch-on of GaAs optical bistability by 590-nm, sub-nsec 
pulse. The experimental parameters were adjusted so that switching did 
not occur in (a) but did in (b). The switch-on in (b) is expanded in (c), 
revealing a 1-nsec, detector-limited switch-on time. The spike in (a) and 
(b) is absent if the red probe beam is absent (Ref. 15). 

in detail the transmission of a lossless 
Fabry-Perot containing a Kerr-effect 
nonlinearity. They predicted multiple-
valued transmission-intensity charac
teristics and, in spherical-mirror cavi
ties, reduced powers for bistability 
from self-induced waveguiding effects. 

EXPERIMENTAL ALL-OPTICAL 
OPERATIONS 

Intrinsic dispersive devices have been 
constructed using a variety of optical 
nonlinearities. In addition to bistabil
ity, other effects were observed in 
these systems. Differential gain action 
using hyperfine optical pumping in 
sodium vapor 9 in an 11-cm Fabry-
Perot, thereby amplifying a weak sig
nal beam, was observed (Fig. 4). Op
tical discrimination is shown in Fig. 5 
that uses index changes caused by 
far-away but very strong ultraviolet 
bands when the R lines in ruby 1 3 are 
excited. By using optical discrimina
tion, above-threshold signal pulses can 
be separated in a quantized way from 
below-threshold noise pulses. Optical 
limiting (Fig. 6) was demonstrated 
that utilizes thermally induced index 
changes arising from optical absorp
tion in color fi l ters 1 4 polished and 
coated to form Fabry-Perot etalons 
ranging from 2 mm to 60 µm in 
length. Thus a noisy input, with an 
intensity above the turn-on intensity, 
is stabilized. Most impressive is the 
optical memory or optical bistability 
observed in a 4.2-µm layer of GaAs 
(Ref. 15) between 0.2-µm A1 0 .42 -
G a 0 .s 8 As windows utilizing intensity-
dependent contributions to the index 
of refraction from the free-exciton res
onance in GaAs (Figs. 7 and 8); infor
mation can be stored and read optically. 
With a holding intensity of one mW/ 
µ m 2 , the tiny ( 15-µm-diameter laser-
spot-diameter) optical memory element 
was switched from the off state to the 
on state in a detector-limited time of 
1 nsec by a 589-nm, 200-psec pulse of 
0.1 pJ/µm 2 (Fig. 9). The saturation of 
the free-exciton absorption in less than 
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a picosecond by a picosecond pulse 
suggests switch-on times approaching a 
p icosecond. 1 6 Switch-off times o f 
40 nsec were observed when the input 
was slowly decreased. Rapid switch-off 
by an optical pulse would be prefer
able i f a mechanism could be found to 
permit it. F inal ly , the same semicon
ductor heterostructure (F ig. 7) and an 
above-bandgap control beam were 
used to gate a near-exciton-wave-
length beam 1 7 (F ig. 10). 

The G a A s - G a A l A s trilayers (Fig. 7) 
were grown by A . Gossard and W. 
Wiegmann by molecular-beam epitaxy, 
a method of building crystals one layer 
of atoms at a time. The layers are suf
ficiently parallel to form 15-µm-diam¬
eter optical cavities of finesse o f 
about 15 wi th R = 0.9 coatings. The 
trilayers are il luminated perpendicu
larly, so that more than a thousand 
devices might be uti l ized in a 1-mm-
diameter sample area wi th an appro
priate heat sink. Interconnections 
might be simplified i f planar devices 
and waveguides 3 could be constructed. 
Already Okuda et al. have analyzed 
saturable optical resonators wi th dis
tributed Bragg ref lectors. 1 8 

Fig. 11. Smith-Turner hybrid 
device with additional control 
beam (Ref. 21). 

Fig. 10. Control of a 10-mW cw dye laser beam Is by 2.5-W 
514.5-nm 200-psec mode-locked Ar pulses Ic. Turn-on of the 
signal follows the integrated control pulse that sweeps the 
Fabry-Perot peak onto the signal wavelength (λs = 821.3 nm). 
The 2-nsec recovery time is related to the carrier lifetime. 
(10 K; λexciton 818 nm) (Ref. 17). 

HYBRID BISTABLE DEVICES 

Kas ta l ' s k i i 1 9 is apparently the first to 
propose the construction of an opti
cally bistable device in which an intra¬
cavity electro-optic crystal introduces 
intracavity index changes proport ional 
to the output intensity. Clearly a 
phase shift satisfying E q . (5) results, so 
our simple model is applicable and all 
the operations previously discussed are 
possible. Smith and T u r n e r 2 0 demon
strated dispersive hybr id optical b i -
stability and differential gain, using 
feedback to an electro-optic crystal 

Fig. 12. (a) Experimental char
acteristic of hybrid optical triode. 
(b) Experimental input and out
put plots versus time showing 
gain of 7 X (Ref. 21). 

(see Figs. 11 and 12). Hybr id devices 
have been used to o b s e r v e 2 1 , 2 2 the 
multiple-valued transmission predicted 
by Felber and Marburger. Garmire et 
al.23 emphasize that optical feedback 
is unnecessary in a hybr id device since 
any optical element wi th a nonlinear 
transmission as a function of applied 
voltage can be made bistable i f i t is 
driven by a signal proportional to the 
output intensity. Mirrorless bistability 
has been demonstrated, using various 
electro-optic devices between two 
p o l a r i z e r s 2 2 - 2 4 and using a waveguide-
directional coupler sw i t ch . 2 5 Integra
ted hybr id d e v i c e s 2 5 - 2 7 have been 
constructed, but generally they are 
many millimeters in length and involve 
external power supplies, amplifiers, 
lenses, or diode arrays and hence are 
not yet truly integrated. 

COMPARISON OF INTRINSIC AND 
HYBRID DEVICES 

Hybr id devices may find specific appli
cations when all-optical operation is 
not necessary. Since the feedback can 
be made strong by electrical amplif i
cation, the optical sensitivity of the 
device is l imited by the statistics of the 
detector and the feedback loop. A self-
contained hybr id device, i.e., one 
requiring no external power source, 
has been constructed, using an electro-
optic waveguide structure wi th end 
mirrors to form a cavity wi th a finesse 
of 4. In the bistable mode of opera
t ion, obtained by an electrical feed
back from a 21-element photovoltaic 
detector sampling part of the trans
mitted light, the switching time and 
energy were 4 msec and 6 n J . 2 6 Use of 
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an avalanche detector and external 
power supply permitted 50-nsec 
switching wi th 0.5 p J . 2 6 Mirrorless, 
hybrid optical bistable devices have 
also been r e p o r t e d , 2 2 - 2 4 simplifying 
integration and broadening the wave
length range. Since the hybr id devices 
do not util ize any material resonance, 
room-temperature operation is pos
sible, and the wavelength of the 
incoming light need only be within the 
response curve of the photodetector 
used in the feedback loop. Whereas the 
mirrorless devices could use mult i-
mode or even incoherent light, the 
mirrored, hybrid devices are predomi
nantly single mode because of the 
waveguide structure. Unfortunately, 
these hybrid devices are usually about 
a centimeter long in order to permit 
the required phase shifts to be ob
tained with reasonable voltages. This 
length imposes fundamental l imita
tions on the speeds of these devices, 
which are further l imited by the elec
tronic feedback loops. Whereas the 
increased length requires fractions-of-
an-angstrom input-wavelength stability 
for cavity-type devices, the mirrorless 
devices are not sensitive to small wave
length changes. But , because of the 
absence of the enhancing effects of a 
cavity, the mirrorless devices would be 
very inefficient in terms of switching 
energy. 

Intrinsic devices are all-optical, 
requiring no wires or electrodes for 
electrical feedback. The essential feed
back is obtained by using an optical 
cavity, usually a Fabry-Perot etalon, 
and the intensity dependence of the 
intracavity absorption or refractive 
index. Often a nonlinearity associated 
with a resonance is uti l ized to reduce 
the required optical intensity; this may 
prevent room-temperature operation 
in some cases. The G a A s - G a A l A s 
device has not been operated above 

120 K yet, but in other respects it has 
greater potential in terms of speed and 
switching energy. It is much smaller; 
only a 10- to 20-µm diameter of the 
4.6-µm-thick sandwich was used. It is 
much faster (the cavity transit times 
are of the order of picoseconds) and 
requires less switching energy than the 
best integrated hybr id device to date; 
40-nsec switching times were observed 
for a triangular-shaped input ( 5 nJ). 
The switch-on time was less than 
1 nsec for a 0.6-nJ, 200-psec pulse 
spread over a diameter five times the 
cw beam diameter; this extrapolates to 
25 pJ required for the actual active 
area. With further miniaturization, 
subpicojoule switching energy is antic
ipated. The small physical lengths o f 
the cavity would enable tolerable 
wavelength stabil ity, higher speeds, 
and even mult imode operation to be 
achieved. 

Both types of bistable device wi l l , 
no doubt, f ind specialized applica
tions. If size and electrical-power usage 
are of no concern, but broad-wave-
length operating range is, then hybr id 
devices are appropriate. Mirrored, 
hybr id devices would require stringent 
wavelength stability. High-speed and 
high-packing-density operation at a 
single wavelength is l ikely to rely on 
intrinsic devices. 

DYNAMICS AND SPECTRA OF 
BISTABLE SYSTEMS 

Bistable systems are intriguing dy
namical systems. McCal l has predicted 
and then observed regenerative pulsa
tions; a cw input was converted into a 
train of light pulses (see F ig. 1 3 ) . 1 1 

Regions of positive slope dIT/dII > 0 
may not always be stable, as usually 
assumed in a steady-state analysis, and 
the device wi l l then exhibit either 
premature switching or regenerative 

Fig. 13. Regenerative oscillations at 0.237 Hz in a 
hybrid bistable device with two feedback-time con
stants of 1/3 and 2/3 sec (Ref. 11). 

pulsations. McCal l 's hybr id experiment 
involved two different electrical time 
constants in the feedback loop. In an 
intrinsic system, the two times could 
have different physical origins; one 
might be electronic and the other 
thermal. Bonifacio et al. have discov
ered a different k ind of regenerative 
pulsation in their bistabil ity equations 
for operation on the upper branch 
wi th inputs just above the switching 
in tens i ty . 2 8 Such pulsating devices 
constitute all-optical oscillators. 

Several papers 1 1 , 2 9 - 3 4 have been 
devoted to the transient response o f 
bistable optical devices. Bischofberger 
and S h e n 3 0 have obtained impressive 
agreement between numerical simula
tions and experimental data for a non
linear Fabry-Perot containing l iquid 
crystals, C S 2 , or nitrobenzene. They 
have studied the effects of cavity re
sponse t ime, medium response t ime, 
and input pulse length. They show 
that, even when the response is very 
fast, the transmission of a nonlinear 
Fabry-Perot stil l shows transient char
acteristics i f the ratio o f input pulse 
width (or characteristic time o f input-
intensity variation) to the cavity 
round-trip time is not sufficiently large 
( 300 for a finesse o f 13). This iner¬
tial sluggishness is an important con
sideration for hybr id devices having 
relatively long lengths ( 1 cm). But 
the above condit ion corresponds to 
30-psec input pulse widths for the 
5-µm GaAs device;shorter, lower-
finesse devices might respond in times 
approaching 1 psec. 

Bonifacio and L u g i a t o 2 8 predicted 
the lengthening of switching time 
when the increment to the input in
tensity is made smaller and smaller, 
holding the input intensity just below 
the switch-on value. This effect, re
ferred to as crit ical slowing down, has 
been observed, 3 1 but it does not pre
clude rapid switching for a switching 
pulse of intensity sufficiently greater 
than the holding intensity. In fact, i f 
the switch-on intensity is 5% larger 
than the holding intensity, the switch
ing time is only twice as long as the 
lifetime of the photons in the cavi
t y . 3 3 The subnanosecond switch-on of 
the GaAs device illustrates this. 

Considerable theoretical analysis 
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has been devoted to the photon statis
tics and spectrum of the fluorescent 
and transmitted light in optical bista
bility of a Fabry-Perot or ring cavity 
containing two-level atoms.35 The 
linewidth of the transmitted light 
becomes narrow as the field ap
proaches the switch-on intensity from 
below. As the bistable device switches 
on, the spectrum splits discontinu-
ously into a triplet (dynamical Stark 
shift). Such bistable systems are now 
regarded as ideal systems for studying 
first-order phase transitions in a sys
tem far from thermal equilibrium. 

RELATED WORK 

The present discussion has emphasized 
optical bistability in unexcited sys
tems. Related effects have been seen36 

much earlier in lasing systems. Re
cently, Levin and Tang3 6 observed 
optical bistability, multistability, and 
differential gain in an electro-optically 
tunable cw dye laser. Jain and Pratt37 

have proposed controlling a strong 
output signal with a weak input signal, 
using the strong dependence of sec
ond-harmonic generation on the phase-
matching condition. 

CONCLUSION 

The field of optical bistability is just 
beginning. Development of tiny 
devices to manipulate lightwaves just 
as electronic devices manipulate elec
trons is under way. Although intrinsic 
optical devices are inherently more 
efficient and faster, hybrid optical 
bistable devices may find specific ap
plications. The nonlinear properties of 
new optical materials need to be inves
tigated to make intrinsic, efficient 
optical bistable devices. Optical bista
bility in truly integrated structures 
remains to be demonstrated. 
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