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Optical Nonlinearity and Bistabil1ty in Semiconductors
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Abstract: Semiconductors exhibit large optical non-linearities near the band edge due to resonance
enhancement. The free exciton, bound exciton, biexciton, electron - hole plasma, and intensity -dependent
resonance broadening in large gap semiconductors, such as Cucl, cds, and GaAs, and band filling due to
the photo generated carriers in small - gap semiconductors, such as Insb, InAs and HgCdTe, can be used
to obtain appreciable phase shifts in a micrometer size material. Intensity — induced thermal effects are
also responsible for some optical nonlinearities. These nonlinear effects can be probed by various
techniques. Such as degenerate four wave mixing, phase conjugation, polarization rotation spectroscopy,
and pump - probe measurements of absorption (or transmission) and luminescence. For example, exciton -
exciton interaction in a GaAs - ALGaAs Superlattice causes a blue shift of the heavy hole exciton
resonance in a pump and probe transmission experiment, and a phase transition occurs from a gaseous
state of a biexciton to a Bose - Einstein condensed state in a pump - probe luminescence experiment in
Cucl. Optical bistability occurs when the non linearities are coupled with feedback. In bulk GaAs and
GaAs-AlGaAs multiple quantum well super-lattices, the nonlinearity arising from the presence of the free
exciton resonance has produced room-temperature optical bistability with a few milliwatts of power. The
biexciton resonance in Cucl is responsible for subnano second optical bistability at cryogenic temperatures.
The saturation of the bound exciton in cds brings about optical bistability with a few milliwatts of power

at 2k. Band-filling effects in Insb, InAs, and HgcdTe lead to observation of bistability using 3 -to 10 - 
wavelength laser sources.
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INTRODUCTION

In recent years semi conductors have attracted
attention for their use as devices as well as for their
fundamental properties. In particular, optical properties
of semiconductors have been the subject of extensive
investigations. Nonlinear spectroscopy has revealed the
intensity dependent characteristics of these materials.
The physical origin of the nonlinearities in
semiconductors is related to the presence of excitons;
biexcitons, electron - hole plasma, electron -hole liquid,
carriers, and thermal effects.

A free exciton, which is the bound state of an
electron and a hole (bound through the coulomb
interaction), can be generated in a semiconductors by
absorption of a photon with energy close to the
bandgap energy. The exciton energy is given by Ex = 

Eg - EBx +           , where Eg is the bandgap energy, 
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EBX is  the  exciton binding energy, and         is the
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kinetic energy with which an exciton moves through
the crystal. Some excitons can be bound to impurities
(either donors or acceptors) that are usually present in
semiconductors, forming a bound exciton with energy

Ex = Eg - EBX - ED,.         (1.1)

where ED is the binding energy of the exciton to the
impurity. Therefore, the bound exciton resonance is
usually located on the low energy side of the free
exciton. Bound excitons are stationary at the impurity
site and cannot through the crystal. As the density of
the excitons is increased, by increasing the light
intensity, biexcitons are formed. A biexciton or
excitomic  molecule is the bound state of two excitons,
similar to a hydrogen molecule with holes in place of 
two protons. Biexcitons can be generated either
indirectly as mentioned above[10] or by direct two -
photon absorption Hanamura, et al[6] each photon
having an energy.

        (1.2)
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where            is  the   biexciton   binding  energy. BXXE

Biexciton resonances have been observed in many
materials such as copper chloride (Cucl), Cadmium
Sulphide (Cds), and mercury iodide (Hgl2). It has been
predicted Inoue, M; and Hanamura, E,[6] that above a
critical density and below a critical temperature,
biexctons undergo a phase transition from a gaseous
state to a Bose - Einstein condensed state in
momentum space. This phenomena has been observed
Chase, L L et al[1] Peyghambarian, N et al[3],
Peyghambarian, N et al[3] analyzing the Luminescence
arising from the decay of biexcitons to lowerlying
excitons, using various pump - probe measurements.

The light which has entered into the crystal, does
not remain as a photon, instead, it transforms to a
polariton by interacting with the polarization of the
crystal. A polariton is a mixed state of a photon and an
exciton. The polariton nature of the light inside the
crystal causes the exciton absorption spectra to be
broad on the order of 10 to 30A (compared with cases
where the formation of Polariton states is forbidden,
such as Cuprons oxide (Cu2O). The biexciton two -
photon absorption spectrum is narrow, with a width
varying from 0.1 to 1A with increasing intensity. When
electrons and holes are injected into the semiconductor
excitonic particles are formed as discussed above. As
the density of the carriers is increased a phase
transition occurs from the insulating excitonic phase to
a metallic phase of electron - hole plasma. This phase
transition, similar to the Mott transition, is
accompanied by broadening of the exciton line
reduction of the bandgap energy (bandgap
renormalization) decrease of the exciton oscillator
strength, and appearance of a new emissions and at the
low energy side of the exciton luminescence. The
electron - hole plasma occurs because of the overlap of
the exciton wave function (when the exciton radius
becomes comparable with exciton separation which
screens the coulomb interaction between electrons and
holes. The value of the renormalized gap, Eg, is
obtained by the low energy edge of the new emission
band. This band arises from the radioactive
recombination of electron - hole pairs inside the
metallic plasma. Another features associated with the
plasma is the appearance of gain in the energy region
between the renormalized gap and the plasma chemical
potential, μ, due to the population inversion, and
absorption above μ. Both Eg and μ are strongly
dependent on carrier density. The electrons that are
responsible for exciton screening originally have an
excess energy with respect to the bottom of the
conduction band. Interparticle collisions between
carriers at these high densities cause a broadening of

the exciton absorption spectrum before its complete
disappearance. This broadening is responsible for the
induced absorption observed on both sides of the
exciton resonance just after the arrival of the exciting
laser pulse. Fehrenbach G.W et al[3] and Hulin, D., et
al[8]. The hot electrons eventually lose their additional
energy and relax to the bottom to the conduction band
(cooling process) mainly by emitting LO phonons. (LO
Phonon emission occurs if the excess energy is larger
than the LO, phonon energy) This results in filling the
states near the bottom of the conduction band by
electrons and the top of the valence band by holes. In
small direct - gap semiconductors, such as Insb, where
excitons do not exist because of their larger radius, this
band - filling effect is used as an optical nonlinear
effect.

Theoretical consideration and calculations: GaAs is
a direct bandgap semiconductor with Zincblende crystal
structure. The free electron in this material has a radius 

                             (where  m* is  the exciton 
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xAs{x <0.4) have similar lattice constants, both have
the same crystal structure with band extrema at K=O.
ALxGa].x As (~ 1 .75ev at 2k) than that of GaAs (- 1
-5ev at 2k) carriers generated in the GaAs layers under
laser excitation are confined to motion in the xy plane
(with the Z axis being the growth direction) due to the
existence of a potential barrier at the AlGaAs
interfaces. This confinement causes a quantization of
the carrier motion in the direction normal to the layers.
The two dimensional energy eignevalues will then be
given by

        (1.3) 
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where Lz is the width of the GaAs layers. Thus, for
each value of En, a two dimensional energy band in the
(Kx, Ky) plane is formed. Each of these bands brings
about a band density of states that is in dependent of
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energy yielding a commutative step like density of
states function Tsui, D.C instead of the usual parabolic
shape. As a result of this quantization of carrier motion
in the Z direction, a set of discrete energy levels in
formed^ It  is  clear from the above  equation that the

energy  of  the  levels  varies as         resulting in a 2
1

zL
shift of the levels of higher energies for thinner wells.
The energy separation between levels increases as n2,
and the lowest state is located on the high - energy
side with respect to the three dimensional band edge.
All of these phenomena have been observed through
absorption spectroscopy for different well sizes, and
various exciton lines were associated with
corresponding values of n Dingle, R[2]. The carrier
confinement also causes the exciton to behave as a two
-- dimensional hydrogen atom with smaller Bohr radius
and larger binding energy.

Cucl is another direct bandgap semiconductor with
a zincblende crystal structure and a large bandgap
energy of = 3.4eV at 4K. The lowest energy exciton
states in Cucl are derived from a hole in the upper Ty

valence band and an electron in the Tα conduction
band. The optically active exciton, Tx, interacts strongly
with the electromagnetic field and is split into
longitudinal and transverse branches. It has a large
binding energy of = 190Mev and a small radius of =
7 A. Exciton screening and electron - hole plasma
behaviour under high excitation intensities have been
investigated in this material using subpico second
pulses Hulin et al[8]. The lowest biexciton level is a
totally symmetric state of spin paired electrons and
holes, with a total energy at K~0 of 6.3722 eV or
3.18161 eV per electron - hole pair. The biexciton
binding energy is about 30Mev. The first observation
of biexcitons was made in Cucl through an analysis of
luminescence spectrum using a band to band excitation
Mysyrowiez et al[10]. Biexcitons decay by emitting a
photon and leaving an exciton in the crystal, which
later decays itself. The luminescence arising from the
biexciton decay can be analyzed to give directly the
distribution of biexcitons in momentum of biexcitons in
momentum space. This mechanism was used to study
the Bose - Einstein condensation of biexcitons at low
temperature and above a threshold intensity, about 20%
of biexciton. Condense at the K = 0 momentum stale. 

On the theoretical front Hang et al[8] calculated the
dielectric function in the vicinity of the biexciton
resonance.
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through Green's function formalism. Here ε0 and ε4 are
the dielectric constants at low and high frequencies are
related by the transverse longitudinal splitting &.
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where Ex and yx and Exx and γxx are the exciton and
biexciton energy and their full width at half maximum,
respectively, np Is the polariton density and M is the
matrix element for biexciton formation. By analyzing
the above equations, they obtained the absorption
coefficient and Δn as a function of energy Haug et al[7]

at different intensities. However, the background
absorption due to the exciton tail and the boardening of
the biexciton resonance with the intensity were
neglected. The biexciton two photon resonance exhibits
a broadening with increasing input laser intensity.

This interpretation relies on the Lorentzain
lineshape (except at the highest intensities Is > 107
W/Cm2 where a high energy shoulder develops), and-
on the analysis of the subsequent biexciton
luminescence, which shows evidence of redistribution
in momentum space of the excitonic molecules away
from the initially pumped state. A more recent
experiment provides solid evidence for this
interpretation Peyghambarian et al. In this experiment
the K = 0 two photon absorption, measured with two
counter propagating weak probe beams of different
frequencies, is broadened by simultaneous injection of
biexcitons at K - 2KS, using a single intense pump
beam (Ks is the incident polariton wave vector inside
the crystal). We developed a mode Peygahmbarian et
al for this collision boardening of biexcitons. This
"cage" model is appropriate up to liquid densities for 

which   the mean free path of the  distance,          , 
1 2N 

where N is the particle density. 

The collisions rate γxx,                                , 
1 2,0xx xx V N    

where <V> is the mean thermal particle velocity and
γxx 0 is the natural line width. The density of the
particles is proportional to the absorbed laser intensity.
For an absorption profile with a Lorentzian line shape
and density - dependent broadening, this lead to
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       (1.9)
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where I is the laser intensity and K' is a constant
involving the two photon absorption cross section.
Solving this equation for N and substituting in γxx gives
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where K`` = <V>3 K`, the value of K`` is obtained
from the experimental result that the biexciton width is
about 1Å at = 1 MW/crn2. This model predicts the
biexciton two photon absorption line width varying as
λ which is the behaviour experimentally observed
Chase et al[1]. 

RESULTS AND DISCUSSION

Optical bistability is a phenomenon in which a
nonlinear medium responds to an optical input beam by
changing its transmission abruptly from one value to
another. Gibbs et al[4]. A device is said to be optically
bistable if two stable output states exist for the same
value of the input over some range of input values. Far
each cycle of the incident intensity Iin the transmission
of the device remains low until Iin is increased beyond 

some critical value     . The transmission then remains I

high even as Iin is decreased back down until another 

critical  value            is  reached  and  the device  I I 

jumps to the “off” state. This type of hystersis is
considered evidence for optical bistability.

Optical bistability requires a nonlinear medium
with a feedback. Depending on whether the feedback
is provided electronically or optically, the bistability is
hybrid or all - optical, respectively. In a hybrid bistable
device, the output voltage of a defector that senses the
transmitted intensity is fed back to the device, which
is usually an electro - optic modulator Smith et al. In
an all - optical device, on the other hand the feedback
is either intrinsic or provided by external mirrors Gibbs

et al[4]. All - optical bistability can be absorptive,
dispersive bistability make use of the feedback in a
Fabry-perot cavity, while in the increasing absorption
bistability, an intrinsic feedback is utilized.

In the case of absorptive bistability Rosenberger et
al, a saturable medium is confirmed between two
partially reflecting mirrors. The laser frequency is
turned exactly to resonance. At low intensities,
absorption in the medium is high and transmission of
the bistable etalon is low. With increasing intensity, the
absorption decreases (α=α (I)), and the intracavity
intensity increases which causes absorption to decreases
further and so on. 'Ibis positive feedback continues
until the transmission jumps discontinuously to a high 

value at a  certain switch -  up intensity     . As the I

intensity is further increased, transmission does not
increase appreciably. If the intensity is decreased, the 

transmission stays high  even  below     because the I

intracavity intensity is still high due to the storage
property  of  the  Fabry -  Perot  cavity.  Decreasing 

intensity beyond       causes  the  absorption  in  the I 

cavity to set in and transmission to go down.
Dispersive bistability makes use of the intensity
dependent refractive index, n = n (1), and a Fabry -
Perot etalon. The operation of bistability is the same as
the absorptive type above except that initially the laser
frequency is turned off resonance where the index
effects are predominant.

Conclusion: In conclusion, semiconductors are
attractive candidates for all optical logic and switching
as well as for studying their fundamental properties.
Etalon bistable optical devices lend themselves
naturally to parallel logic operations, taking advantage
of parallel propagation and imaging properties of light.
Individual Pixels can be defined by dividing the beam
and focusing on different spots on the device or by
plasma etching array of devices. Nonlinear etalons
should be useful for such applications as multiplexing,
encoding, and spatial high modulation.

GaAs appears to be the most suitable candidate for
signal processing because switching and gating can be
obtained at room temperature with low powers (<I0
mw) very rapidly (1=Ps switch - on and <10ns switch
- off times). Neither the holding power nor the switch
-• off time has been minimized, so further
improvements are expected. The search for and
construction of even better nonlinear materials and
devices should continue.
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