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Optical Bistability in Semiconductors

DAVID A. B.MILLER, S. DES SMITH, aND COLIN T. SEATON

Abstract—Detailed results are presented on optical bistability (OB)
and two-beam optical transistor (transphasor) action in simple, one-
element Fabry-Perot devices, with the semiconductor InSb using a CW
CO laser near the bandgap region, and OB for semiconductors in general
is discussed. OB and multistability are seen in transmission and reflec-
tion at SK. At 77K, n, ~3 X 1073 cm¥W [corresponding to an effective
x(3) ~ 1 ESU] is measured and OB is observed at ~8 mW. Transphasor
action at 5 K is presented and the influence of degenerate four-wave
mixing is discussed. The basic physics of the microscopic mechanism
for n, (bandgap-resonant saturation) is summarized and a simplified,
generalized model is derived. This model and arguments on cavity opti-
mization are used to predict order of magnitude limits to switching
power, energy, and speed, both in InSb and other semiconductors, even
in the absence of excitonic enhancement.

I. INTRODUCTION

ECENTLY the subject of optical bistability (OB) has re-

ceived considerable attention, both theoretically and ex-
perimentally, partly because of its practical potential for laser
pulse shaping, optical switching, signal processing, and memory
elements. The method of achieving OB that has been most
investigated experimentally involves combining a medium which
displays intrinsic nonlinear refraction (intensity-dependent
refractive index) with a Fabry-Perot cavity [1]-{8]. (OB due
to nonlinear absorption alone in a Fabry-Perot cavity is much
more difficult to observe [8].) Many of these experiments in-
volve gases [1], [4] or liquids [3] as the nonlinear medium,
but there are obvious practical advantages, from the point of
view of device fabrication, in using a solid, and the first to ex-
hibit OB was ruby [2]. To avoid the problem of finding a solid
with a large intrinsic nonlinear refraction, hybrid devices, based
on a synthesis of the effects of intrinsic nonlinear refraction
using an electrooptic crystal combined with an electrical de-
tector, have also been demonstrated [9].

Semiconductors, while known to exhibit comparatively large
passive nonresonant x(3) [10], only received serious attention
as potential materials for OB after the discoveries of strong
nonlinear refraction in the region just below the optical band-
gap in InSb [11] and GaAs [12]. In both materials, the effect
is explained by saturation of dispersion (the same basic mecha-
nism used in other CW observations of OB [1], [2], [8]),
although the details vary; the observations in GaAs by Gibbs
et al. [12] rely on the existence of excitons, while those in InSb
[11] are ascribed to interband transitions [11], [13], excitons
being absent. In both InSb [6] and GaAs [5], OB has been
briefly reported and, with InSb, this has been extended to dem-
onstrate two-beam optical transistor (transphasor) operation
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[7]. There are several potential advantages in using semicon-
ductors for optically bistable devices: 1) semiconductor fabri-
cation technology is already highly developed (indeed, the
GaAs sample used for OB was prepared by molecular beam
epitaxy, although with InSb only simple crystal cutting and
polishing techniques have so far been required) and, thus, opti-
cal circuit integration and two-dimensional image processing
systems should be possible given suitable devices; 2) semicon-
ductor devices are small and, hence, have low calculated cavity
build-up times (~1.2 and ~20 ps, respectively, for GaAs [5]
and InSb [6] devices already demonstrated); 3) the observed
nonlinearities (e.g., 7, , defined through n = ny + n,I where I is
the intensity and » and n, are the total and linear refractive in-
dexes, respectively) are large (1, ~ 4 X 107 cm?/W in GaAs,
and as high as ~3 X 1073 cm?/W in InSb in measurements at
77 K reported in this paper, corresponding to an effective
degenerate four-wave x® (w:w, - w,w) ~1 ESU); 4) while
switch-off times may be limited by material relaxation times,
switch-on times, in principle, are not (a fact already demon-
strated in GaAs [5]), and material relaxation times can, any-
way, be engineered to a considerable extent by, for example,
doping, particularly for the nonlinearity in InSb which is
present also in impure material (as shown empirically by re-
sults in this paper on OB at 77 K). These factors combined
suggest that small, low-power, low-energy, fast-switching, inte-
grable devices may ultimately be possible with semiconductors.

In this paper we present results on optical bistability, multi-
stability, and transphasor action in simple one-element devices
made from InSb, at 5 K and 77 K. We first discuss briefly the
relevant aspects of the basic physics of the proposed micro-
scopic nonlinearity for InSb [13] (nonlinear refraction by
bandgap-resonant saturation). Finally, we present simple mac-
roscopic arguments to predict the limits on switching power,
energy, and speed, and combine microscopic and macroscopic
arguments to discuss scaling into other semiconductor materials
at other wavelengths.

II. NONLINEAR REFRACTION BY
BANDGAP-RESONANT SATURATION IN InSb

Nonlinear refraction has been reported [11], [13] in cooled
InSb in the region just below the bandgap energy. Both these
and the present measurements used a CW CO laser, tunable over
~ 60 lines between ~5.3 and 6 um around the bandgap energy
of InSb at 5 or 77 K. (At room temperature the bandgap lies
outside the laser tuning range.) Although nonlinear absorption
is also present in InSb, the nonlinear refraction is seen at inten-
sities where the absorption is substantially linear [14], [15].
The nonlinear refraction is measured through the self-induced
distortion (observed to be self-defocusing [15]) of an originally
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Gaussian beam passed through antireflection-coated InSb crys-
tals, and increases rapidly in strength as the photon energy
approaches the bandgap at both 5 and 77 K. n, has been mea-
sured as 7, =~ 6 X 107 cm?/W at 5 K at 1886 cm™, with an
absorption coefficient of ~0.9 ¢cm™ . We report here measure-
ment of n, =-3X 107> cm?/Wat 77K at 1852cm™ (actually
slightly above the nominal bandgap of ~1840 cm™ at 77 K),
with linear absorption of ~80 cm™, in a sample of n-type
InSb, Np - Ny ~4 X 10'* ¢cm™ and thickness 130 ym, using
a 160 um 1/e* diameter beam spot size. With such large non-
linearities, optical length changes of ~\/2 are readily observed
with milliwatt laser powers.

The microscopic mechanism of this nonlinear refraction is
discussed in detail elsewhere [13]; for this discussion we sum-
marize and generalize it briefly. Each possible valence-to-
conduction-band transition in unit volume makes a contribution
An to the refractive index:

2m lul?

An >~
ﬁno Wo ~ W

(neglecting broadening for simplicity). Here w, is the center
frequency of the transition, w is the measurement frequency,
and u is the effective electric dipole moment of the transition.
If such a transition is blocked by being populated (i.e., satu-
rated), the refractive index at w is reduced by An. Optical ab-
sorption in the semiconductor creates populations, thus block-
ing transitions and altering the refractive index. Semiconductors
are particularly suitable for photon energies at or below the
bandgap energy because, then, nearly all the states which can
be populated have center frequencies above the radiation fre-
quency, and so there is no cancellation in the change in the
refractive index because all A#n have the samesign. Evenin the
region below the bandgap energy there is finite absorption into
these states, assisted by scattering events (e.g., optical phonon
scattering), although the scattering mechanisms may vary with
temperature and material. The problem with any detailed
theory for a semiconductor lies in knowing precisely what the
distribution of excited populations is between the various
possible states of different w, (and even precisely what those
states are), requiring detailed knowledge of the absorption and
scattering mechanisms and state lifetimes.

However, we can at least assign effective average coefficients
in a simple description. We expect the total change in the
refractive index 6n = ¢V where NV is the total induced popula-
tion and o, defined as the refractive index change for one excited
system per unit volume, is

2r |l
CHing (@o - w)
where |1|? and @, are effective average values. NV is determined
by an elementary rate equation with a generation rate =
nal/fiw and an averaged relaxation rate N/r. Here n (S1)is
the quantum efficiency of excitation and « is the absorption
coefficient. Thus, in the steady state, the approximate relation
describing n, is
_noar

T hw

n,
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In InSb we take the effective matrix element as being that
for ordinary (heavy hole) valence-conduction band direct
transitions and do not include any excitonic resonance enhance-
ment (introduced empirically for GaAs [12]), exciton reso-
nance being absent, anyway, in InSb without a magnetic field.
For this transition in many semiconductors |ul* =~ (eP/fiw)?,
and with mP?/#% ~11eV (1.7X 107! ! ergs) and n, =4 in
InSb, a value of ¢~ 35X 1078 ¢cm™ is predicted for hto, -
#w ~#w,/100 (ie., ~20 cm™' for InSb near the bandgap)
and, therefore, n, ~5X 107% cm?/W for a~1em™, n~1,
and 7 ~ 300 ns, in order of magnitude agreement with experi-
mental results at 5 K. Similar agreement is obtained for 77 K
results with & ~80 cm™ and 4@y - Aw=~50cm™ (=kT
at 77 K), giving 0 =2 X 107'® cm™, This simple generalized
model is especially useful for scaling this mechanism to other
semiconductors; this will be discussed in Section IV,

III. OBSERVATIONS OF OPTICAL BISTABILITY AND
TRANSPHASOR ACTION IN InSb

The strong microscopic nonlinearity discussed in the previous
section suggests that optical bistability should be readily ob-
served with cooled InSb. The experimental situation is com-
plicated in several ways when compared to the simple theory
[16] for the plane-parallel lossless Fabry-Perot containing a
medium with a x® nonlinearity. 1) There is inescapable linear
(and also some nonlinear) absorption in InSb. 2) The system
will generally be illuminated with a Gaussian, rather than uni-
form, profile beam. 3) The nonlinearity itself may saturate,
thereby departing from x® behavior. 4) There may also be
some diffusion of excitation (i.e., carrier diffusion), resulting
in nonlocal behavior of the nonlinearity and a further break-
down of a x® description. A theory including linear absorp-
tion and discussing the resulting optimum cavity design has
been developed [17]. The effect of Gaussian profiles has been
considered for some specific cases with a self-focusing nonlin-
earity [16], and Gaussian beam effects have recently been
analyzed for some other conditions [8], but no general theory
of the effect of Gaussian beams has so far been presented.
Again, no general theory exists for the effect of saturation of
the nonlinearity itself, neither is this saturation known in ad-
vance empirically or theoretically, with any accuracy, for InSb.
The effects of diffusion have also not been modeled, although
one simple consequence of even quite weak diffusion is that
standing wave effects in the nonlinear response tend to average
out, leading to areduction of up to 1.5 in the effective nonlinear
response for a given incident intensity [16]. These various
unknown factors make any detailed comparison of theory and
experiment impossible, at present, for InSb. Indeed, for ex-
ample, it is not even intuitively clear in advance whether optical
bistability should exist at all for Gaussian beam illumination.
However, we have been able to demonstrate optical bistability
in InSb with very simple systems.

Using the CW CO laser, nonlinear Fabry-Perot action and bi-
stability are observed (Figs.1-3) under CW conditions with
the beam power controlled by a continuously variable attenu-
ator system [18] designed to maintain a constant input beam
shape, regardless of beam power. All the powersin these results
were measured with slow response (~1 s) pyroelectric detection
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Fig. 1. Transmitted power plotted against incident power for a CW CO
laser beam (wavenumber 1895 cm™!, spot size ~180 um) passing
through a polished plane-parallel InSb crystal [S X 5 mm X 560 um

thick, Np - N4 ~ 3 X 10'* em™3 (n-type)] at ~5 K.

systems. The sample is held in a cryostat that can be filled with
liquid helium or nitrogen. The results taken at ~5 K all used a
natural reflectivity crystal of InSb. Because of the large refrac-
tive index of InSb (~ 4), this gives an ~36 percent reflection
per face, so Fabry-Perot action can be seen in a plane-parallel
polished crystal without further mirrors or reflection coatings,
although this will have low finesse. When the effects of linear
absorption (~50-60 percent per pass) are included, the effec-
tive reflectivity R, is ~18-14 percent and a calculated plane-
wave finesse ¥ (Em/Ro/(1 - Ry)) is 1.6-1.4. The measured
finesse of the system (derived from observations of the con-
trast between high and low transmission using a Gaussian beam)
was ~1.1 at the wavelength used in the experiments. Clear,
nonlinear Fabry-Perot action is seen (see Fig. 1). Each of the
successive kinks in the curve is attributed to successive altera-
tions of ~A/2 in the effective cavity length. The rising edges
of the “steps” in the characteristic in Fig. 1 exhibit differential
gain, the “flat steps” show limiter action, and clear bistability
is finally seen in the fifth nonlinear interference order. These
observations are the first reported to show multiple nonlinear
interference orders in a nonthermal intrinsic device, and, con-
sequently, the first to show bistability in such high order and
with such low finesse. It is a general qualitative property of
the solutions for refractive bistability [16], [17] that bistability
should become progressively easier to observe at a higher non-
linear interference order. We estimate that bistability should
be observable in the second nonlinear order with such a cavity;
the observation of bistability in only the fifth order in Fig. 1
may be due either to the use of the Gaussian beam (in Fig. 1
all the transmitted power is measured—there is no sampling
of one particular part) or to instabilities in the laser or in the
cavity tuning which wash out the bistability in these slow-
response observations. (The cavity can be “tuned” by moving
the crystal from side to side, since the crystal faces are only
parallel to within ~1 mrad.) Another obvious feature of Fig.
1 is that successive nonlinear interference orders correspond to
successively larger increments of intensity. Qualitatively, this
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Fig. 2. Transmitted and reflected power plotted against incident power.
Sample, beam, and temperature are similar to those for Fig. 1. De-
tuning is adjusted for optimum performance.

can be explained in either of two ways: 1) the beam is defocus-
ing significantly inside the crystal; 2) the nonlinearity itself is
saturating. We believe 1) to be unlikely for the following rea-
son: even with a SA/2 (i.e., ~3 um) phase lead in the center of
the beam, the resulting angle of expansion for a beam with a
radius of ~100 um is only ~3/100; in a crystal of ~500 um
thickness, even with ~2 complete roundtrips, the resulting in-
crease in beam radius is ~30 um, giving a reduction of (1 /1.3)%,
~40 percent, in intensity. Since the separation between the
fourth and fifth orders is ~5 times as large as that between the
first and second, we discount this mechanism as the cause of
this effect, and ascribe this, instead, to saturation of the non-
linear refraction. While detailed comparison of theory and
experiment is not possible, the nonlinear refraction at low in-
tensities deduced from Fig. 1 (n, ~3 X 107° cm?/W) is in
reasonable agreement with other measurements [15].

We have also been able to observe (in another sample of InSb)
multiple bistable regions in successive orders and to demon-
strate bistability and differential gain in reflection (see Fig. 2).
To observe the reflected power, the input beam is incident at a
slight angle to the sample face so that the reflected beam can
be detected separately. Both transmitted and reflected powers
are high, up to ~50 percent of the incident power in both cases,
with peak reflection actually higher than peak transmission,
demonstrating potentially greater efficiency for reflective
operation of such devices. The existence of multiple bistable
regions in refractive bistability is to be expected theoretically,
and this experimental result demonstrates the possibility of
intrinsic multistable optical dewices.

The original observation of self-defocusing in InSb showed
strong effects at 5 and 77 K [11], and the further measure-
ment at 1852 cm™ and 77 K, reported in the preceding section
of this paper, suggests that optical bistability should be observ-
able at 77 K also. To demonstrate this, we used a ready-polished
slice of inexpensive polycrystalline InSb of the kind normally
used as a monochromator order-blocking filter and coated it
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Fig. 3. Transmitted power plotted against incident power for CW CO
laser beam (wavenumber 1827 cm—l, spot size ~150 um) passing
through a polished polycrystalline InSb slice (5 X 5 mm X 130 um
thick) coated to ~70 percent reflectivity on both faces, held at
~77 K. Onset of bistability is seen at ~8 mW [trace (z)] with clear
bistability at slightly higher powers with different cavity detuning
[trace (b)].

on both faces with a simple two-layer Ge and ZnS 70 percent
reflecting coating. The resulting optical bistability with the
InSb cooled to 77 K is shown in Fig. 3. With the slightly higher
finesse cavity (measured with the Gaussian beam as ~3),
optical bistability is now seen in the first order. The critical
power for the onset of bistability [trace (2)] is seen to be
~8 mW. Detuning the cavity slightly [trace (b)] produces
clear bistability at slightly higher powers. (The cavity is again
tuned by moving it across the beam.) The overall transmission
is low for this cavity, largely because the cavity is thicker than
the optimum [17]. No attempt has been made in either the S
or 77 K results to optimize cavity design, and considerable re-
ductions are to be expected in switching powers, as will be dis-
cussed in the next section. While the effect of the Gaussian
beam is not fully understood, one empirical consequence ob-
served in all our bistability results is that the transmitted laser
beam profile, which (observed in the far field) shows a ring
structure similar to that observed without Fabry-Perot action
[11],[15], changes discontinuously at the bistability transitions.

The 77 K device has also been observed dynamically. Using
an electrooptic modulator to sweep the beam power up and
down across the width of the bistable region at a relatively
slow sweep rate (~1 kHz), the transmitted power is seen to
switch rapidly on and off at the bistable transitions. Switch-
on and switch-off occur in <500 ns, although accurate mea-
surements of switching cannot be made at present due to siow
detector and amplifier response times.

The observation of differential gain in the results of Fig. 1
suggests that this can be used to give some sort of “optical
transistor” action. This must be interpreted with care, as dif-
ferential gain refers only to amplification of fluctuations in
one beam; any true “optical transistor” must use two beams,
with small changes in one beam used to produce larger changes
in another. The distinction is not trivial. Inside a Fabry-Perot
cavity there are counterpropagating beams, due to the reflec-
tions, even for only one input beam. With only one beam the
behavior in the presence of a third-order nonlinearity [x®)
(w:w,- w,w) or n,} is adequately described by phase changes
due to nonlinear refraction. However, as soon as another
beam at the same frequency is introduced into the cavity, the
physics alters as the conditions for degenerate four-wave mix-
ing (DFWM) are satisfied and power is transferred between the
various beams and new beams generated. This has been ob-
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Fig. 4. Transphasor gain (see text) plotted against main beam power.
Sample, beams, and temperature are similar to those for Fig. 1.

served in InSb [19] at power levels comparable to or lower than
those used here for bistability. DFWM should therefore have a
strong effect on any true “optical transistor” action in intrinsic
nonlinear Fabry-Perot devices; it is certainly not valid to as-
sume “optical transistor” action on the basis of single-beam
differential gain observations. We have directly demonstrated
[7] “optical transistor” action in an InSb nonlinear Fabry-
Perot device (see Fig. 4). These results were taken under simi-
lar conditions to those of Fig. 1, with the peaks in Fig. 4 corre-

, sponding to the rising edges of the “steps™ in Fig. 1. However,

now two beams are coincident on the sample at slightly differ-
ent angles, a main beam and a weak beam. The gain is the ratio
of changes in transmitted main beam power to changes in inci-
dent weak beam power. Real signal gains >1 at the second-,
third-, and fourth-order transitions are clearly observed. The
simplest view of the operation of the device is that the weak
beam induces a small change in the phase thickness of the
cavity which is transferred into the main beam, and, hence, by
analogy with the electrical transistor, we term this device a
“transphasor.” We have been able to observe signal gain not
only with the two beams derived from one laser, but also by
using two different CO lasers.

(Note that the effects of DFWM are not to be expected for
any analogous hybrid devices [9], as DFWM depends on a
“grating” response in the medium not synthesized in hybrid
operation.)

IV. Limits ON OPTICAL BISTABILITY
IN SEMICONDUCTORS

In the observations discussed in this paper, no attempt has
been made to optimize devices in switching power, energy,
speed, or size. Using absorbing Fabry-Perot cavity optimiza-
tion analysis [17] and elementary physics, measured values
can be scaled to indicate the limits to device operation both in
InSb and in other semiconductor materials using the same non-
linearity.

Diffraction imposes limits on device area d?;the fundamental
limit due to diffraction on the spot area in a medium of refrac-
tive index n is d® 2 (A/n)?, although, in practice, this could
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only be used in a guided wave structure because diffraction
inside an open cavity will spoil the cavity finesse as soon as the
effective distance Dp, traveled by the beam inside the cavity,
exceeds the diffraction length. In an absorbing Fabry-Perot, a
simple upper limit on Dy is the absorption length a™; for the
optimized cavity design [17] (mirror transmissivity 1 - R =
absorption per pass 4), Dr >~ a”'. Thus, for an open cavity,
d* 2 \an.

Minimum switching energy is limited by the energy required
to create a sufficient refractive index change 67 in the device
volume for switching. Using the 1~ R=A design [17],
8n 2 N/ (2+/3 F1) for cavity length 7 and finesse F. Since no
is the refractive index change for one absorbed photon per unit
volume, the minimum absorbed energy for switching is £, =
hed?/(27/310F). For 1-R =4, between % and Jof the
incident energy Ej,. is absorbed [17], varying with tuning be-
tween the critical mistuning and the resonance condition,
respectively, giving Ejp, 2 4 E, s for switching.

If the relaxation of the excitation in the semiconductor is
approximated by a single relaxation time 7, then the resulting
rate equation for the excited population (and, hence, the re-
fractive index) becomes analogous to the Debye relaxation
equation used in the transient analysis of Bischofberger and
Shen {3], so their results should apply to this case, giving
switching times of ~7 when operating near the steady-state
holding intensity, provided switching is not already limited by
cavity field built-up time [3] 7.. An upper limit on 7, is the
time taken to propagate a distance ™! in the material n/ac:
for the 1- R=A design, 7, ~n/ac. When the device is
switched on by a pulse of instantaneous power much greater
than the holding power, switch-on time should, of course,
drop to the time taken to absorb the switching energy (provided
this is greater than 7).

The steady-state operating power P, for optimized devices
can be estimated from the critical intensity for the onset of
bistability I, [17], and the device area is P}, =d I, ~4d*hc/
(V/3n077F) (where the additional possible reduction of 2 due
to standing wave effects is neglected).

Taking the extreme case of a guided wave cavity of area
(A/n)* with =100 for InSb with no 22X 107!8 cm™ at
77K for 1852 ¢cm™', gives a minimum absorbed switching
energy L, ~ 0.5 fJ. Alternatively, for a more modest open
cavity design with o ~ 80 cm™ (as measured for InSb at 77 K
for 1852 ¢cm™), which allows d to be as small as ~ 20 um, a
finesse ¥ of 30 (corresponding to R =95 percent, 4 =5 per-
cent), a thickness of 6 um, and 7, ~ 1.7 ps, the predicted mini-
mum incident energy for switching is £;,. ~ 1 pJ, leading to
subnanosecond switch-on times for milliwatt powers. fJ switch-
ing energy has also been predicted for GaAs on the assumption
that an ~(0.2 um)® volume can be made to switch [20], and
fast turn-on with pulsed illumination has already been seen in
GaAs [5].

The operating power Py, the speed of switch-off, and the
speed of switch-on under low intensity illumination depend on
7. While the bulk recombination time can be long for cooled
InSb (e.g., ~300 ns), it is not an intrinsic property of the ma-
terial. By altering doping levels, radiative and Auger recombi-
nation can shorten this substantially; for small devices, surface
recombination and diffusion may dominate, anyway, and intra-
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band relaxation can also contribute to nonlinear refraction,
since the change in the refractive index is sensitive to the energy
distribution of excitation. Diffusion time constants are pro-
portional to ~d?* and, for d ~ 5 um, values of 7 ~ 1 ns can be
calculated for InSb at 77 K from mobility data. However, even
for d ~ 100 um, where diffusion is negligible, with ¥ =30,
Pinc ~ 250 uW can be predicted. The above arguments, in
general, predict lower switching energies and faster responses
from smaller devices.

It is the large change in the refractive index per absorbed
photon per unit volume no discussed in Section Il which makes
InSb interesting for optical bistability. This, in turn, is due to:
1) a large effective electric dipole matrix element, and 2) good
resonance with the excited systems due to operating near or
just below the bandgap energy. The matrix element u for inter-
band transitions is large in InSb due to a scaling which applies
in all III-V semiconductors and many others, which makes
1= 1/w because the P matrix element (see Section II) is essen-
tially constant from semiconductor to semiconductor; InSb,
having a narrower gap, therefore has a large u for states near
the bandgap energy. Since no « u?, we expect a fall-off of
no < 1/w? in going to wider gap materials. One way around
this is to attempt to use excitonic transitions, as has been done
by Gibbs et al. in GaAs [5], where the effective matrix element
is greatly enhanced by coulombic correlation of the electron
and hole wave functions, although this correlation can be
“washed out” by impurities or thermal effects at higher
temperatures. By contrast, the basic interband effect utilized in
InSb is not, in principle, destroyed by either impurities or
temperature and should also be present at room temperature,
although the resonance may be weaker due to the greater
thermal energy spread of excited carriers. The basic 1/w?
fall-off should, however, be compensated by the fact that
diffraction limits enable tighter focusing by a factor of
1/A? in intensity for a given power. At shorter wavelengths
the corresponding change in cavity length to switch the device
is shorter by a factor <« X, but this is exactly compensated, in
predicting switching intensities, by the fact that the photon
energy is correspondingly larger. These arguments are, there-
fore, encouraging for the use of other semiconductor materials
for optically bistable devices, even in the absence of excitonic
enhancement. One practical point which may cause problems
in other materials and at higher temperatures is the existence
of thermal effects, already observed in GaAs [5].

V. CONCLUSIONS

We have been able to demonstrate differential gain, limiter
action, optical bistability, multistability, and transphasor
(optical transistor) action in simple, one-element, low-finesse,
low-power, InSb Fabry-Perot devices with small active volumes
at both 5 and 77 K. We have developed a simplified and gen-
eralized theory of the proposed microscopic mechanism (non-
linear refraction by bandgap-resonant saturation), both to
clarify the basic physical principles and to enable simple order-
of-magnitude scaling calculations. The measured values of
materials parameters (including new measurements presented
here for 77 K) are shown to agree well with theory. The
physics of the lower limits on switching power, energy, and
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speed have been discussed and simple relations derived. Pro-
jected switching powers are well within the range of powers
attainable with, for example, laser diodes. Based on measured
values for InSb at 77 K we are able to predict incident switch-
ing energies of ~1pJ in an open Fabry-Perot cavity, with
fundamental limits in a guided wave device (such as might be
used in an integrated optical circuit) <1 fJ absorbed energy.
Subnanosecond switch-on times are predicted for milliwatt
laser powers. While switch-off times are liable to depend on
material relaxation, these should be faster for smaller devices.
These predictions can only be regarded as approximate, but
they demonstrate the basic scale of limitations in these devices.
From scaling arguments to other semiconductor materials at
other wavelengths, we conclude that because of the compen-
sating effects of weaker nonlinearity but stronger focusing,
shorter wavelength operation should be possible; the basic
nonlinearity discussed in this paper is also not expected to
disappear at higher temperatures so that room temperature
operation remains a possibility at present.

In general, therefore, we believe that the development of
semiconductor nonlinear Fabry-Perot devices may lead to
many useful applications in optical switching and laser pulse
shaping.
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