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We report on the observations of a nonlinear optical response in the radiation pulses transmitted by a
multiple-quantum-well GaAs/Al,Ga,_, As sample with a ridged waveguide configuration obtained by
chemical etching. The nonlinear response is investigated through optical hysteresis obtained by plotting
the transmitted power versus the input power. The physical conditions are complementary to those that
characterize previous experiments in the field of optical bistability in multiple-quantum-well structures.
The numerical simulations, obtained using the first-principles approach previously developed by some of
us [G. P. Bava, F. Castelli, P. Debernardi, and L. A. Lugiato, Phys. Rev. A 45, 5180 (1992)], are in satis-
factory qualitative and semiquantitative agreement with the experimental data. The numerical simula-
tions also prove that optical bistability could be observed in ridged waveguide samples using cw laser

sources.

PACS number(s): 42.65.Pc, 78.66.—w

I. INTRODUCTION

Research on optical bistability (OB) [1-3] in semicon-
ductors [4,5] received a noteworthy impulse from the
discovery that multiple-quantum-well (MQW) structures
exhibit large optical excitonic dispersive nonlinearities of
the ¥*) type at room temperature [6,7]. This step ac-
tivated the realization and the investigation of monolithic
GaAs/Al,Ga;_,As bistable microcavities, which are
very promising for all-optical logic and signal processing
(see [1,3] and references quoted therein), because, for ex-
ample, they display a good thermal stability [8,9], low
switching power threshold [10], a fast response time (on
the order of nanoseconds) as a consequence of the fact
that the nonlinearity is of electronic origin [11], and a siz-
able nonlinear phase shift even with samples a few mi-
crometers wide [12].

A remarkable series of experiments in bistable MQW
devices has been conducted in recent years by Oudar and
collaborators [9,10,13-15]. These observations have
been performed using short samples (a few micrometers
in length) with efficient reflectors (reflectivity greater than
90%) to produce the high finesse required to enhance the
effect of the nonlinearity and thus achieve bistability.
Those MQW layers were orthogonal with respect to the
direction of propagation of the radiation. Optical bista-
bility in a InGa/As/InP MQW waveguide Fabry-Pérot
cavity has been recently reported by Ehrlich et al. [16].
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In a recent paper [17] some of us formulated a first-
principles model to describe OB in MQW structures with
Fabry-Pérot or distributed feedback resonators.
Differently from the case of Refs. [9,10,13-15], we con-
sidered a planar waveguide configuration, with the planes
of the wells parallel to the direction of propagation. The
optical nonlinearities were described by means of the
first-principles theory developed by Haug, Koch,
Schmitt-Rink, and collaborators [18-23], generalized to
include the finite width of the wells [24]. The dynamics
of the system was described by the equations that govern
the evolution of the two counterpropagating fields, cou-
pled with the carrier density equation, and accompanied
by the appropriate boundary conditions. The steady-
state behavior was analyzed as a function of the control
parameters of the system for the case of a
GaAs/Al,Ga,_, As structure. It was shown that the sys-
tem develops bistability even when the input field is in
resonance with the heavy-hole exciton peak, but the
phenomenon becomes more pronounced in detuned
configurations.

This paper reports on the results of an experiment on
OB, which was inspired by the theory of Ref. [17]. A
MQW sample was chemically etched in the proper way,
as described in the following section, in order to satisfy
the light propagation direction suggested in the theoreti-
cal analysis. In turn, the model [17] was used to simulate
the experimental observations. The characteristics of this
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experiment, in several aspects, complement those of Refs.
[9,10,13-15], because (i) the well system is placed in a
planar waveguide configuration, i.e., parallel to the direc-
tion of propagation, and (ii) the sample is substantially
longer (0.9 mm) and the mirror reflectivity is substantial-
ly smailer ( ~0.3, because there are no dielectric coatings
or Bragg reflectors). The value of the absorption
coefficient aL of the sample is relevant (~0.5), so that
the single-pass effects of the interaction between radiation
and the material are large, which was not the case for the
parametric conditions assumed in Ref. [17]. It turns out,
in the ad hoc numerical simulations, that also in the
present configuration optical bistability is realized.

The experimental observations are concentrated on the
excitation of the MQW sample through a pulsed laser
source, with pulse duration comparable to the carrier
recombination time. Thus the experimental observations
are not able to realize an optical bistable response. In-
stead, an optical dynamical hysteresis response has been
observed in the plots of the MQW transmitted pulse
versus the incident power. Optical hysteresis itself does
not have an immediate application. However, several
relevant results are obtained from our investigations: (i)
the observation of optical hysteresis versus laser detuning
from the excitonic transitions proves that the nonlinear
optical response of the MQW sample is dominated by the
excitonic resonance; (ii) very good agreement between ex-
perimental observations and theoretical simulations al-
lows a fuli confidence in the model.

In Sec. II we describe the experimental apparatus and
the characteristics of our sample. Sections IIT and IV re-
port on the results of the photoluminescence measure-
ments and of the observations of optical hysteresis, re-
spectively. In Sec. V we recall the first-principles model
for the optical response of the material, together with a
simple semiempirical model related to the photolumines-
cence measurements. Section VI is devoted to the
description of the dynamical model, the numerical simu-
lations, and the comparison with the experimental
findings. The final Sec. VII summarizes the main results
and introduces some critical considerations, also in con-
nection with future investigations.

II. SAMPLE DESCRIPTION AND EXPERIMENT

The sample used is a GaAs/Gag;Al);As multiple-
quantum welil, designated as No. 485, grown by a
molecular-beam epitaxy technique using an As, source on
a (100)-oriented GaAs semi-insulating substrate at a tem-
perature of 600 °C [25]. The sample, grown at the CNRS
laboratory in Sophia Antipolis, France, is part of a MQW
batch whose photoluminescence investigation has been
reported in Ref. [25]. It consists of a 0.5-um-thick GaAs
buffer layer followed by a 300-A-thick Ga, ;Al, 3As bar-
rier and three identical GaAs QW’s of width 79 A em-
bedded in 200-A-thick Ga, ;Alj ;As barriers.

This sample has been, furthermore, processed at the
CSELT Laboratory in Torino by the photolithographic
technique previously applied to InGaAsP/InP,
InGaAlAs/InP samples [27]. During this processing
MQW ridged waveguides have been manufactured and
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the GaAs substrate has been removed. The final struc-
ture of our sample is shown in Fig. 1. The distance be-
tween two consecutive MQW waveguides is 250 pm, their
length is 0.9 mm, and the ridge width ranges from 6 to 50
um; the reflection coefficient at GaAs/air interface is
0.32. The measurements presented in this paper have
been performed using only the 50- and 21-um-wide
MQW ridged waveguides.

The experimental setup used in order to analyze the
light transmission of a selected waveguide is shown in
Fig. 2. The most relevant feature of the experimental set-
up is the use of single-mode optical fibers to deliver light
into the waveguide and to collect the transmitted pulses
after propagation through the structure in the normal
direction with respect to the MQW growth axis. The
single-mode optical fibers have a core diameter of 4 um
and a numerical aperture of 0.1. The pulse at the output
of the second optical fiber is detected by a Hamamatsu
S2381 fast photodiode (rise time <0.5 ns) connected to a
Tektronix TDS540 fast digital oscilloscope; its time reso-
lution is 1 ns on a single shot acquisition, but it can be
improved up to 100 ps averaging over few tens of shots.
The MQW structure and the ends of the two optical
fibers are placed on the focal plane of a microscope, to
control, through a charge-coupled-device camera placed
on one of its two arms, the waveguide-optical fiber cou-
pling. The laser intensity impinging on the MQW
waveguide has been determined measuring the pulse ener-
gy at the end of the entrance optical fiber and dividing it
by the area of the laser spot on the sample. Such a deter-
mination cannot be directly applied to the transmitted
pulse, because the light is not totally transmitted by the
waveguide itself but travels around it. In the experimen-
tal results the light power collected by the output fiber is
reported, and we have estimated a power up to 20 mW
for an input intensity up to 200 mW/um?.

For the optical transmission measurements the light
pulse is provided by a dye laser (Lambda Physik FL.2002)
pumped by a XeCl excimer laser (Lambda Physik
EMG101), using Styril-9 (Exciton LD8821°) as dye, the
tunable range of the laser being 8000-8500 A (photon en-
ergy corresponding to 1.550-1.459 eV). The shape of the
pulses is approximately Gaussian with a half width at
half maximum of about 8 ns; the pulse energy is about 2
mJ at the maximum of the tuning range [8180 A (1.516
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FIG. 1.
structure.

Prospective view of the MQW ridged waveguide
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FIG. 2. Experimental setup; the inset shows the coupling be-
tween fiber ends and the MQW ridged waveguide.

eV)] for a 5-Hz repetition rate. The laser pulse has been
focused and coupled to the entrance optical fiber through
a 4.42-mm focal length lens; neutral density filters have
been used to decrease the energy of the laser pulses. All
the measurements have been performed at room tempera-
ture.

Preliminarily to the optical transmission experiment,
we have also performed a study of the room-temperature
photoluminescence (PL) properties of the MQW No. 485
structure previously described. Photoluminescence has
been excited by a 6328-A He-Ne laser focused, through a
50-cm focal-length lens, at an intensity of about 80
W/cm?. Collection of the photoluminescence light has
been made at 45° off normal incidence in the reflection
(backward) direction through a 20-cm focal-length lens.
Photoluminescence light is detected by a 64-cm Jobin-
Yvon monochromator equipped with a Hamamatsu R955
phototube and lock-in amplification. Moreover, we have
compared the spectra of sample No. 485 to those pro-
duced, under the same irradiation and collection condi-
tions, by the MQW sample No. 494 with a nominally
identical structure, grown under similar conditions [25]
but without etched structures. '

III. PHOTOLUMINESCENCE MEASUREMENTS

Before presenting the optical transmission properties of
the MQW ridged waveguides, we recall its PL properties
and compare its spectra with those obtained from the
nonetched MWQ sample No. 494.

Figure 3 shows a typical PL spectrum of the No. 485
MQW ridged waveguide in(a) and of the standard MQW
sample No. 494 in (b) under 6328-A excitation; spectra
similar to those of Fig. 3(a) have been obtained using
different waveguides of the No. 485 sample. Both spectra
exhibit a dominant peak due to the n =1 state of the
heavy-hole (hh1) exciton confined in the GaAs quantum
wells. In the high-energy side of the spectra there is
another peak associated with the n =1 light-hole (lh1) ex-
citon. However, the two spectra are very different owing
to the presence of a large background in the spectrum of
sample No. 494. That background has been ascribed, in
previous photoluminescence studies of MQW samples, to
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FIG. 3. Photoluminescence spectra of the No. 485 ridged
waveguide MQW sample (a), and the No. 494 MQW sample
with a nominally identical structure but not etched (b). The
dashed lines represent the three contributions to the best fit of
the line shape as obtained from a statistical analysis similar to
that of Ref. [26].

free-electron-hole recombination [26], theoretically de-
scribed by a broadened steplike two-dimensional density
of states and a two-dimensional Sommerfeld factor [28].
We have applied a line-shape fitting procedure to heavy-
hole and light-hole exciton emission and to the free-
carrier recombination as performed in Ref. [26]. Those
contributions, indicated by the dashed lines in Figs. 3(a)
and 3(b), have relative weights and widths, in good agree-
ment with the results of Ref. [26]. From the photo-
luminescence spectrum of Fig. 3(a) it appears that the
free-carrier recombination is strongly reduced in the
MQW sample No. 485 with ridged waveguides, the re-
sults being six times smaller than in sample No. 494.

From the line-shape fit we have determined the exciton
transition energies and we have obtained, respectively,
the values E;;; (No. 494)=1493 eV, E;; ([No.
494)=1.511 eV, Ey;; (No. 485)=1.489 eV, and E};; (No.
485)=1.508 eV, in good agreement with the known
dependence of the heavy- and light-hole resonances with
the temperature and the quantum-well dimensions
[26,29]. The observed energy differences should actually
reflect the slight differences in the growth conditions of
the two samples or possible fluctuations in the exact
determination of the nominal thickness of the GaAs
quantum wells.
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The drastic change in the background electron-hole
recombination in sample No. 485 can only be ascribed to
its ridged waveguide structure. A possible consequence
of the presence of this structure is an alteration of the
free-carrier diffusion processes and of the consequent
recombination processes. It may be supposed that the
recombination takes place through diffusion to the ridge
walls and nonradiative processes produced by impurities
or irregularities on the walls.

IV. OPTICAL TRANSMISSION MEASUREMENTS

In this section we will present the results of the investi-
gation on the nonlinear response of the No. 485 MQW
ridged waveguide excited according to the setup de-
scribed in Sec. II. It will be shown that the MQW non-
linear optical response produces a drastic modification of
the light pulse transmitted by the sample. This
modification appears as a dynamical optical hysteresis
when the transmitted light intensity is plotted versus the
incident intensity. Special emphasis will be given to the
analysis of the width of such an optical hysteresis loop as
a function of the incident pulse photon energy and of the
laser frequency on or off resonance with one of two exci-
tonic transitions (hhl or lhl). The dependence of the
hysteresis loop area allows the enlightenment of the role
of nonlinear absorptive and dispersive response, which
would determine the observation of optical bistability un-
der a cw laser excitation.

When the MQW ridged waveguide sample is excited by
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the pulsed dye laser light near resonance with the exci-
tonic transitions, the pulse transmitted through the sam-
ple is strongly attenuated. Moreover, the incident Gauss-
ian shape is heavily distorted, and superimposed oscilla-
tions are present on the transmitted pulse. In order to
represent clearly those modifications associated to the
nonlinear response of the MQW waveguide, Fig. 4 re-
ports the transmitted power Py versus the incident inten-
sity I,, as derived from the pulse time dependences, for
various laser photon energies at the maximum achievable
excitation intensity; the time resolution is 1 ns and the ac-
quisition is made over one single laser shot. For incident
intensity we use the pulse detected at the end of the out-
put single-mode optical fiber without propagation
through the MQW waveguide; in this way, we take care
of possible distortions caused by the passage through the
optical fibers system.

As clearly shown, large hysteresis loops are observed,
except for the cases where the laser pulse is quasiresonant
with the hhl [Fig. 4(b)] and 1h1 [Fig. 4(e)] excitonic tran-
sitions. Except for these two cases, the direction of all
the hysteresis loops is counterclockwise, while the direc-
tion of the residual loops of Figs. 4(b) and 4(e) is clock-
wise. Note that the largest hysteresis loop is observed
when the excitation photon energy is in between the ener-
gy of the two excitonic transitions [Fig. 4(c)], suggesting
that the simultaneous dispersive contribution of the two
excitonic resonances enhances the nonlinear behavior. In
order to demonstrate that the modifications in the light
transmitted by the MQW sample are created by the non-
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FIG. 4. Transmitted power Pr vs incident
intensity I; for various incident laser photon
energies (indicated on the graphs). Graph (b)
and graph (e) correspond to resonant excita-
tions with respect to the heavy-hole (hh1) and
light-hole (lh1) exciton transitions, respective-

ly.
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linear optical response of the excitonic resonances, Fig. 5
reports the area of the observed optical hysteresis loop
versus the laser photon energy, at a fixed value of the in-
cident laser intensity (maximum intensity of the optical
pulse I;;=120 mW/um?). It may be observed that for
the laser quasiresonant with the hh1 and Ih1 transitions,
the area of the hysteresis loop is small and negative, i.e.,
with an evolution of the cycle in the clockwise direction.
The maximum of the counterclockwise hysteresis loop is
observed in conditions of dispersive nonlinear response.

Another important point of our analysis is the deter-
mination of the intensity threshold above which we can
observe hysteresis behavior. For this purpose at fixed ex-
citation photon energy, we have changed the incident in-
tensity using neutral density filters, in the range 0.2-200
mW/um?.  We have chosen the photon energy
E,,=1.498 eV, corresponding to Fig. 4(c), because of the
large hysteresis loop observed in the measurements re-
ported above. The results of such an analysis are present-
ed in Fig. 6, where the time resolution is 100 ps and the
signal is averaged over 100 laser pulses. The shape of the
hysteresis loop obtained at the maximum intensity [Fig.
6(a)] is qualitatively similar to that of the correspondent
hysteresis loop of Fig. 4(b). The amplitude of the hys-
teresis loop is reduced, decreasing the input intensity and
curves (b) and (c). We estimate the appearance of a hys-
teresis loop when the incident intensity is larger than
I;=1.5+0.3 mW/um? At an intensity of 0.35 mW/um?
[Fig. 6(c)] the MQW response is linear. The direction of
all the obtained loops is counterclockwise, as in Fig. 4(c).

Threshold values for the excitonic-type bistable
behavior appearance in MQW obtained in previous
works [14,30] have been estimated in a few tens of
uW/um?, but in these cases the MQW structure was in-
serted in a cavity with a reflection coefficient R =0.9, as
already pointed out in the Introduction. In our case, we
exploit only the interface GaAs/air (R =0.32) without
using any further cavity; this reduction in reflectivity
leads to a higher threshold intensity, as observed in our
measurements.
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FIG. 5. Area of the hysteresis loop vs incident photon ener-
gy; the maximum intensity of the optical pulse is I, =120
mW/um?. Also shown in the graph are the positions of the ex-
citonic transitions hhl and lhl (black circles) as given by the
photoluminescence spectrum of Fig. 3(a).
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V. MODEL OF THE NONLINEAR OPTICAL RESPONSE

A. First-principles model

A consistent model of the nonlinear dielectric response
in MQW structures must include a combination of
many-body effects such as the Coulombic interaction be-
tween carriers and the exclusion principle [22]. At room
temperature, the most important effects are represented
by the renormalization of the band gap and the screening
of the Coulomb interaction by increasing carrier density.
As a consequence, the optical nonlinearity is directly re-
lated to the carrier density generated by the optical ab-
sorption. Assuming transients slow with respect to the
intraband relaxation times, the carrier energy distribu-
tions are represented by the Fermi-Dirac statistics.

The model accounts for one conduction and two
valence subbands (the first heavy and light hole), and it
includes correctly the effects of the finite well thickness.
The contribution Ae to the dielectric constant, due to the
interaction of the electromagnetic field at the angular fre-
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FIG. 6. Transmitted power Py vs incident intensity I; loops
as a function of the incident intensity progressively reduced
from (a) to (c). Notice the expansion of the horizontal scale in
these diagrams. Laser photon energy is E,, =1.498 eV, be-
tween the two exciton transitions.
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quency o with the carrier density per unit area N in a
well of thickness d, is given by the sum of the contribu-
tions from the heavy-conduction and light-conduction
transitions, and is written as

AE((I),N)Z”Z‘Z,LL/(,,X)(,, y (1)
Vk,n ' '

where V is the volume of the well (= Ad, with A refer-
ence area), k is the particle wave vector parallel to the
QW layer, u; , denotes the dipole matrix element be-
tween conduction and valence band at a given wave vec-
tor k and for TE polarization. The microscopic polariza-
tions y, , satisfy a set of two coupled integral equations
of the Bethe-Salpeter type [31].

The finite well thickness influences in a substantial way
the matrix elements of the potentials, which appear ex-
plicitly in the Bethe-Salpeter equations. For instance, re-
garding the electron-hole potentials, they can be ex-
pressed in terms of the quantities

Valk k') =Vyp [ [ 10220 4*(2,, k)®P(z,, k")
Zl ZZ

_qlz] —

Xe “dz,dz, | 2)

where @ are the electron and hole normalized wave func-
tions in the potential well, C indicates a conduction sub-
band, A4 and B refer to the two possible spin
configurations of a valence sub-band, the k dependence of
the hole wave functions accounts for valence-band mix-
ing, and q =|k’'—k|. Similar expressions hold for the
electron-electron and hole-hole interactions. In the limit
case where the well thickness d —0 and the potential well
— o, the preceding expression reduces to the more fa-
miliar two-dimensional (2D) potential V,n(g)=e?/2q A«,
where ¢ is the bulk dielectric constant.

The band-gap renormalization, which arises from the
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electron-hole plasma, is determined as [17,18]

AEg :2 {%[ Vs,ee_ Vee]+%[ Vs,hh_ th]
q

- [ Vs,eefeq + Vs,hhth ]} ’ (3)

where the various quantities ¥ are computed with expres-
sions similar to Eq. (2) and the suffix s means that the
screening is included by a static, single-plasmon pole ap-
proximation. In the preceding equation, the f, are the
electron and hole distribution functions; in this model,
AE, depends on the well thickness d through the
Coulomb potential.

The well thickness plays a very important role in the
nonlinear optical response; on the one hand, too small
values of d give rise to a vanishing contribution to the
MQW effect due to both the spreading of the wave func-
tions and the decreasing value of the overlap integral
with the electric field of the guided mode; on the other
hand, by increasing d the behavior approaches the bulk
characteristics with a reduced excitonic interaction.

Equation (3) is solved by approximating the sum with
an integral and by solving the resulting integral equation.
The numerical solution of the Bethe-Salpeter integral
equation system discretizes the unknown functions and
solves the corresponding set of linear algebraic equations
for the unknown values.

For a GaAs/Al,Ga,_, As QW structure, using the nu-
merical values for the material parameters given in [31],
the absorption (related to Im{Ae/¢e}) and the refractive
index (related to Re{Ag/e}) are shown in Fig. 7, with the
carrier density N (normalized with respect to the square
of the two-dimensional Bohr radius a?) as a parameter.
In particular, in Fig. 7(a), the exciton resonance peaks
(hh1 and 1h1l) and their quenching by increasing carrier
density are well evident.

FIG. 7. Imaginary (left) and real (right) part
of the dielectric constant vs excitation photon
energy spectra for a 79-A GaAs/Al,Ga;_,As
QW by varying carrier density normalized to
the 2D Bohr radius a =62 A.
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B. Semiempirical model

The results of Sec. V A, compared with the experimen-
tal photoluminescence measurements of sample No. 485
[Fig. 3(a)], show a certain difference, mainly in the valley
between the two excitonic resonances. In particular, the
photoluminescence curves show a stronger minimum and
a less relevant influence of the band-to-band transitions.
This different behavior is not completely clear, but it
could be attributed to the ridged structure of the sample,
as we discussed at the end of Sec. III.

In order to achieve a better agreement between the ma-
terial model and such experimental data, only the two ex-
citonic resonances have been considered for an empirical
model of the optical response, by assuming proper
Lorentzian shapes [32]; in particular, the contribution of
the single well to the dielectric constant Ae is written as a
sum of the parts of the heavy-hole (hh) and light-hole (lh)
exciton:

Ae 1
—=g(n) M —,
g j=%x,lh 1 0,(n)—i

4)

where M ; is the height of the excitonic peaks, ®;(n) is
the detuning between the central frequency of the exciton
peak E;(n)/# and the working frequency , and it is ex-
pressed by

Q;n)=——7——, (5)

Yj

where y; is the linewidth of the excitonic resonance,
E;(n)=E,p—E;(1+bn°), with E,, being the two-
dimensional energy gap, and Ej,, the exciton energy at
zero normalized carrier density n =Na2. The density-
dependent term bn ¢ (b and ¢ being proper numerical con-
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stants) is introduced to account for the shift of the exci-
tonic frequency due to renormalization of the band gap
[18]. Finally, g(n) describes saturation of the two exci-
tonic peaks by increasing carrier density, and usually is
given as a polynomial approximation [in our case, we can
take g (n)=1—n/n,, n; being the saturation value [32] ].
By properly choosing the values of the various parame-
ters of this Lorentzian description, it is possible to repro-
duce quite well the optical response calculated with the
first-principles model, with exclusion of the contribution
due to band-to-band transitions related to unbounded
states, thus obtaining a better simulation of the experi-
mental photoluminescence spectra shown in Fig. 3(a).
An example of the quantities [Im{Ae/e}] and
[Re{Ag/e} ], which are utilized for the numerical simula-
tions of the experiment as described in the next section,
are shown in Fig. 8 for some values of the normalized
carrier density #n, as a function of the relative normalized
detuning (a useful parameter for numerical simulations):

_ ﬁm_Eg2D

P (6)

X

between the photon energy fiw and the two-dimensional
band gap, where E, is the two-dimensional heavy-hole
exciton binding energy. The bleaching of the excitonic
resonance peaks by increasing carrier density (which can
grow up to a value n, ~0.2) is very evident again.

VI. NUMERICAL SIMULATION
OF THE EXPERIMENT

A. Dynamical model for the nonlinear interaction

The nonlinearity in the field-carrier interaction will be
introduced through coupled-mode theory [33], but con-
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FIG. 8. Imaginary (left) and
real (right) part of the dielectric
constant vs excitation photon
energy spectra for the same ma-
terial as in Fig. 6, calculated
with the semiempirical Lorentzi-
an model, as a function of the
normalized detuning A.
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sidering strongly predominant only a single transverse
mode (in our case the TEy,) of the optical waveguide in-
terested by the incident laser pulse. In practical situa-
tions, this assumption is rather satisfactory since the cou-
pling to other modes is very small and, moreover, we can
suppose that the waveguide is working in monomodal
conditions. In the framework of the coupled-mode ap-
proach, if Cp(z,t) and Cg(z,¢) denote the slowly varying
(in the longitudinal direction z and in time) amplitudes of
the forward and backward traveling waves, respectively
(normalized so that their squared moduli correspond to
the traveling power per unit guide width), the following
equations hold [3,17,33]:

acC aC i
F+L f— 4 z(omn_AE_a[ Cr, (7a)
oz v, Ot v, €
aC aC i
p_ 1% Jlemnle e, (b
oz v, ot v, &
where v, is the mode group velocity, a; is the mode at-

tenuation due to the material intrinsic losses (excluding
the interaction with the carriers), m represents the num-
ber of wells of thickness d, and 7 is a filling factor which
takes care of the structure of the mode field distribution
in the waveguide and measures the amount of optical
power in a well with respect to the total mode power.
Notice that in the derivation of these equations a spatial
average over the transverse variables was included, in or-
der to consider the dielectric function Ae as it was only
dependent on the working frequency » and the local nor-
malized carrier density n (z,?).

Equations (7a) and (7b) must be coupled with the evo-
lution equation for n(z,t), so we introduce the rate equa-
tion for the carriers in a well [17,32]:

2
on _ mnag Ag(n) 2 2
m R(n)+——ﬁvg Im’ - (ICel*+1Ce®), (8
where
R(n)=An +Bn? 9)

accounts for the recombinations (typical values in GaAs
for the coefficients are 4 =0.2X10° s~ ! and
B=5X10"%/a? s~!). The second term on the right-
hand side of Eq. (8) describes optical carrier generation
due to the “local optical power” P,=|Cg|*+|Cp|% more
rigorously, one should include the carrier diffusion effects
along z and also the spatial grating due to the beat of for-
ward and backward waves; for simplicity, it has been as-
sumed that diffusion compensates for such a grating,
since the diffusion length is larger than the grating
period.

Equations (7a), (7b), and (8) include all the dynamical
aspects of the interaction between fields and carrier densi-
ty, and they must be completed with the boundary condi-
tions of the Fabry-Pérot (FP) -type resonator constituted
by the MQW waveguide; these boundary conditions can
be written [3,2]
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Cr(0)=V'TC;+VR Cy(0),
Cy(L)=VR e CL(L),
C,=VRC,—VTCz0),
C,=VTCp(L),

where C;, C,, and C, are the incident, reflected, and
transmitted amplitudes outside the resonator, respective-
ly; T and R are the transmission and reflection
coefficients of the GaAs/air interface (with T +R =1)
and 8=(w. —w)2L /v, is the cavity detuning parameter,
with L being the length of the waveguide, while w, is the
longitudinal cavity frequency (evaluated using the unper-
turbed effective refractive index) nearest the input field
frequency w.

The model equations for the field-carrier interaction in
a FP resonator are now complete; in this formulation
they can describe static solutions, as shown in Ref. [17],
or, more generally, the dynamical behavior induced by
injecting an optical pulse in the MQW waveguide, as in
our experiment. In the first case, we consider a constant
incident power |C;|? and, by dropping the derivatives
with respect to time in Egs. (7a), (7b), and (8), we have a
set of ordinary differential equations in the longitudinal
variable z, which can be solved numerically with an itera-
tive technique [17]. We obtain the incident power |C1-|2
as a single-valued function of the transmitted power
IC, 2 inverting this relation, we have the static transmis-
sion characteristics of the nonlinear device, where bist-
able behavior appears as an S-shaped curve in the plot of
output power versus the input intensity, as discussed in
Sec. VI B.

In the second case, the incident power |C;|? is a known
function of time, and consequently the transmitted and
reflected powers (|C,|? and |C,|?) also are functions of
time, which must be calculated solving the full system of
partial differential equations (7a), (7b), and (8), with the
boundary conditions (10). This can be done using a
finite-difference method, like the well-known Risken-
Nummedal algorithm [34]; however, this method is very
computer time consuming because an accurate descrip-
tion of the huge length of the MQW sample requires a
division of the spatiotemporal grid over some hundreds
of points.

It is possible, however, to reduce the complexity of the
problem using the adiabatic elimination principle [35].
As a matter of fact, the time scales of evolution for the
fields and the carrier density are completely different: we
will see that the ratio of the time derivatives is larger
than 10°, mainly as a consequence of the slow recombina-
tion rate of the carriers. Hence the fast field variables Cp.
and Cz can be eliminated adiabatically. To obtain a
simplified set of equations by using the adiabatic elimina-
tion, it is useful to consider normalized forward and
backward fields, together with normalized incident,
transmitted, and reflected amplitude (N being the nor-
malization constant),

Fpr=NCg, Fz=NCy, Y=WN/VTC,, an
X=N/VTC, F,=N/VTC, N=V ain/tv,A4
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and normalized time and space variables

r=d1, z=200, (12)

2vg

so that Egs. (7a), (7b), and (8) can now be written

oF, oF,
12r __2F iﬁ_& Fp, (13a)
y o oz 3 ,

oF oF
125 28y B —alF,, (13b)
Yy o7 oz 3
%’i:Im Ae(n) (le|2+|FBl2)_n —en?2, (130

where ~ @=a;X2v,/(om7), E=B/(Aaj), and

y=wmn/2 A has typically a value larger than 10° for
practical MQW waveguide parameters (in our case,
m =3 and 7=0.0695).

It is clear that the left side of the two field equations is
very small with respect to the left side of the carrier equa-
tion, and we can neglect them (i.e., we set the time
derivative equal to zero); in this way we obtain a pair of
simple differential equations for the forward and back-
ward fields, which can be immediately integrated, obtain-
ing

Fp(Z,7)=Fg(0,7)exp , (14a)

—cTz‘-i-if:dxéei(x,r)

Fy(Z,7)=Fg(0,7)exp , (14b)

+a_z—if07dx%g—(x,'r)

on _

or

Ae e 22| F.(0,7)exp

From this final equation for the carrier density it ap-
pears that the strategy for the solution of the nonlinear
system is the following, based on three principal steps: (i)
after discretizing the length of the MQW sample into a
proper number of spatial points Z;, the boundary values
for the fields at each time are calculated using Egs. (16a)
and (16b) by solving the integral with the trapezoidal
rule; (ii) the time evolution of n is calculated from Eq.
(17) with a second-order Euler method for each spatial
point Z;; (iii) the obtained values of n are used to calculate
the optical response Ag, using the complete model or the
semiempirical model described in Sec. V. This procedure
is repeated cyclically again and again. With this algo-
rithm it is possible to simulate quite accurately our exper-
iment, introducing the appropriate temporal shape for
the incident amplitude Y and the geometrical factors to
relate the optical power supplied by the optical fiber to
the power effectively injected in the MQW waveguide.

B. Numerical results

In this section we will present the numerical simula-
tions of our experiment, obtained with the dynamical

5 2
i [dx Aa/e] ‘ +expl( +2a7) ’FB(O,T)exp

5227

from which it is clear that the spatiotemporal evolution
of the fields strictly depends on Ag, which is a function of
the carrier density n (Z, 7).

Taking into account these expressions with the bound-
ary conditions (10) and the rescaling (11), it is rather easy
to obtain the following expressions for the transmitted
and reflected fields, respectively, as a function of the
dielectric function Ae:

X (r)=F(0,7)exp ——Ez‘L+if0de%(x,T) , (152

F(r)=VR Y(r)—F(0,7), (15b)
with

FF(O,T)= TY(T)

X |14 R - :
exp [2aL +i5—2i [ "dx Aese ] —R
(16a)
VR
Fy(0,7)= T RY(L‘r) .
exp [ZaL +id—2i fo dx Ae/¢ ] —R
(16b)

In this formulation, the complex spatiotemporal evolu-
tion is decoupled; the temporal variable is only present in
the equation for the density of carriers (13c), which de-
pends parametrically on the spatial coordinate z. After
insertion of Egs. (14a) and (14b) into Eq. (13¢), we have

E 2
—ifodan/sH ]—n —en?. (17

[

model previously described, comparing at the same time
with the calculated static response of the device. The ex-
perimental observations, for instance, the dynamical hys-
teresis cycles and their modifications as a function of the
control parameters, are well reproduced, at least qualita-
tively; as a matter of fact, a full quantitative description
of the experiment can only be obtained after an accurate
analysis of the losses of the laser optical power in the ex-
perimental setup. For example, we must consider the
fraction of power carried by the input fiber injected into
the interaction region of the MQW waveguide, the frac-
tion of power collected by the output fiber, the misalign-
ment of the fibers, and so on. Such complete analysis
presents considerable difficulties and it is beyond the
scope of this paper.

To best match quantitatively the numerical results
with the corresponding experimental curves, we have in-
troduced two additional adjustable filling factors: the
first is a measure of the fraction of optical power injected
into the waveguide; the second plays the same role for the
output power (typical values are 0.01 or less). Further-
more, the output optical power is increased by a small
fraction of the input power (not injected in the MQW
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waveguide), because there is the possibility of a direct
passage of the optical power between the two fibers, due
to small misalignment of the apparatus. These empirical
factors are adjusted and kept fixed for each group of ex-
perimental tests, and they do not affect the computer al-
gorithm for the solution of the dynamical model, which is
almost totally independent of control parameters or
geometrical factors. In particular, the following numeri-
cal simulations are expressed as a function of the normal-
ized detuning A [defined in Eq. (6)], which allows us to
easily identify the position of the incident photon energy
of the laser beam with respect to the two exciton peaks,
as shown in Figs. 7 and 8.

Some examples of dynamical optical hysteresis loops
calculated from our equations, under the same conditions
of the experiment and using the semiempirical model for
the optical response (Sec. V B), are shown in the following
figures; we plot the transmitted power P;=|C,|%w versus
the incident intensity I;=|C;|*/h, w and h being the
width of the output fiber and the height of the MQW
waveguide, respectively; both quantities are properly
corrected with the previously discussed filling factors. In
all the figures the convention, by which the full line
represents the dynamical hysteresis loop obtained with a
variable optical signal and the dashed line is the static
response of the sample, is adopted.

In Fig. 9 we have assumed 8 =0, i.e., resonance with a
cavity mode, and we have varied the position of the laser
photon energy under the exciton peaks as indicated in
each diagram; the optical signal injected was a Gaussian
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shaped pulse with half width at half maximum of 8 ns
and a peak power intensity of 180 mW/um?, as in the ex-
periment. All the hysteresis cycles were covered counter-
clockwise.

It is well evident that static bistability (or more precise-
ly multistability, as the curves have more than a region
with negative slope) is only present when the laser photon
energy is far from resonance with the exciton peaks [Figs.
9(a) and 9(D], while in the other cases the curves are near-
ly linear (piecewise). On the contrary, the dynamical hys-
teresis loop is observed in all the cases, as a consequence
of the delayed dynamics [36] of the MQW sample with
respect to the input signal; the area of the hysteresis loop
is reduced when the laser photon energy is in correspon-
dence with the exciton peaks [Figs. 9(c) and 9(e)], whereas
in the case of photon energy intermediate between the ex-
citons energy we have a good nonlinear response of the
MQW waveguide [Fig. 9(d)], giving a curve well separat-
ed from the static characteristics; the cycles become
larger and less regular if the laser pulse is positioned ap-
propriately off resonance from the exciton peaks, with a
tendency to follow the static curve. This is clear evidence
of the different contributions of absorptive and dispersive
effects; on resonance with the exciton peaks the first
phenomenon is dominant, bistability is absent, and the
hysteresis cycles are small and have a triangular shape,
due to the strong absorption of the optical power in the
initial part of the pulse and to the saturation of the car-
riers for the rest of the pulse, which travels almost un-
changed across the waveguide. On the contrary, in Figs.
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FIG. 9. Transmitted power Py (in mW) vs
incident intensity I, (in mW/um?) for different
values of the normalized detuning A (indicated
in the graphs), calculated with the semiempiri-
cal optical response model, with =0 and
maximum incident intensity 180 mW/um’.
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9(a) and 9(f) the dispersion is dominant because, as one
can see from Fig. 8, out of the exciton peaks the contribu-
tion of absorption is minor but the variations of refrac-
tion index are still sensible; multistability is observed, and
the hysteresis loops have a complex shape due to cavity
resonance phenomena; the same behavior was observed
in the experimental curves (Fig. 4).

Another observation which confirms this interpreta-
tion is shown in Fig. 10, where we have plotted curves
obtained with the same parameters of Figs. 9(a) and 9(c),
but with a different value for the cavity detuning &; this
parameter is not easily controllable from an experimental
point of view, and therefore it is a free parameter in our
numerical simulation. It is possible to note that, in the
case of a dispersion-dominated phenomenon [A=—1.8,
Figs. 10(a) and 10(b)], by varying the cavity detuning §,
there is a modification of the shape of the static curves

for high incident intensity and a noteworthy variation of
the hysteresis cycle, due to the shift of the cavity reso-
nances, whereas in the case of dominant absorption
[A=—0.6, Figs. 10(c) and 10(d)] the variation is less evi-
dent.

It is important to study the minimum pulse peak inten-
sity necessary to observe hysteretic behavior, also in the
absence of bistability, to compare with the experimental
observations (Sec. IV). Setting the photon energy be-
tween the two exciton peaks, (i.e., A=0) and varying I,
the maximum input laser intensity reached during the
Gaussian optical pulse, we have obtained the results
shown in Fig. 11. In particular, in Fig. 11(a) the intensity
I, of the optical pulse is too low and the response of the
MQW waveguide is perfectly linear, while in Fig. 11(b)
the intensity is above threshold, coincident with the
change in slope of the static curve, and the hysteresis ap-

P, (mW)

FIG. 11. Transmitted power Pr (in mW) vs
incident intensity I; (in mW/um?) obtained by

v varying the maximum height of the optical

P, (mW)

pulse, for the same parameters as Fig. 9(d); (a)
I,=100 mW/um? (b) I),=140 mW/pm?; (c)
I,=170 mW/um? (d) I,,=280 mW/um?
Full line, dynamical curve; dashed line, static
response.
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pears; well above the threshold [Figs. 11(c) and 11(d)] we
also have a saturation phenomenon which makes the sys-
tem jump to the high transmission branch well before I,
has reached its maximum value I,,.

Finally in Fig. 12 we plot some hystersis cycles calcu-
lated with the same parameters as in Fig. 9, but using the
complete first-principles model for the optical response of
the MQW waveguide (Fig. 7) discussed in Sec. VA. To
obtain a nonlinear behavior in the complete model, it is
necessary that the input laser pulse have a maximum in-
tensity I, larger than in the semiempirical model, espe-
cially if the photon energy is above the first exciton peak,
because the presence of free-carrier recombination in-
duces a strong absorption; this is particularly evident in
Fig. 12(d), in which the hysteresis cycle disappears com-
pletely; as one can see from the static response, the non-
linear part of the curve shifts to high values of the in-
cident intensity, and becomes less and less pronounced.
The cycle can manifest itself only by increasing the inten-
sity of the optical pulse well over the value used in the
previous cases where we used the semiempirical model
for optical response, an optical pulse with maximum in-
tensity I,,=180 mW/um?, and in which the hysteresis
cycle persists. In Figs. 12(a)-12(c) it is possible to ob-
serve the same phenomenology already discussed, al-
though with a reduced area of the hysteresis cycles; in the
case of laser photon energy detuned from resonance with
the exciton peak [Fig. 12(a)] there is a multistability
phenomenon. Both the comparison between the numeri-
cal and experimental results for the hysteresis cycles and
the anomalous behavior of the observed photolumines-
cence can be explained by the hypothesis, made at the
end of Sec. III, that recombination in the MQW ridged
waveguides takes place through diffusion to the ridge
walls and nonradiative processes.

VII. CONCLUSIONS

This paper has reported the experimental observation
of hysteretic behavior in a GaAs/Al,Ga,_,As MQW de-

vice, based on a ridged waveguide and under conditions
quite different from those which characterize the previ-
ous experimental observations of optical bistability in
MQW. The main reasons for exploring the present ex-
perimental arrangement of planar waveguide configura-
tion lie in the determination of a MQW configuration
more appropriate for practical optically bistable devices.
Furthermore, the ridged waveguide configuration
represents an intermediate step towards the use of quan-
tum wire and quantum dot structures that present large
optical nonlinearities, which are of interest for the reali-
zation of optically bistable devices.

The main aim of low bistability threshold with planar
waveguides, which was pointed out by some of us in a
previous publication [17], has not been achieved in the re-
ported experimental observation. This is ascribed to
technological difficulties in realizing a sample with a low
threshold bistability; a sample shorter than the one we
used and with low-transmission Bragg reflectors at the
ends should be used. Thus the joint effort of experimen-
tal and theoretical investigation has been directed to-
wards the test of optical hysteresis in the MQW planar
waveguide configuration and the precise theoretical mod-
eling. In effect, the numerical simulations turn out to be
in satisfactory qualitative and semiquantitative agree-
ment with the experimental data.

The results presented for the optical nonlinearities ob-
served in the ridged waveguides are not affected by
thermal effects. Thermal nonlinearities, due in particular
to the heat generated by the nonradiative recombination
of carriers, could play an important role in experiments
on nonlinear transmission of semiconductors. The
thermal response of the sample and the consequent opti-
cal nonlinearity takes place in the scale of the thermal
conduction time [3]. This time depends principally on
the temperature and geometry of the sample, and in our
case it can be estimated as a few microseconds. The re-
sults for the optical nonlinearity presented in this work
correspond to a time scale of 10 ns, when thermal non-
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the graphs), calculated with the first-principles
model for optical response (Sec. V A); the max-
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linearities are not yet developed. We have verified experi-
mentally that thermal effects are not significant in our ex-
perimental conditions by observing the optical nonlinear-
ities of ridged waveguides with different dimensions. The
optical transmission was not affected significantly by the
waveguide dimensions, while the thermal nonlinearities
should depend on the heat conduction and sample dimen-
sions.

According to our calculations, the MQW waveguide
clearly displays an optical multistability when the photon
energy of the incident laser is detuned with respect to the
exciton peaks, due to the predominance of a dispersive
nonlinearity; on the contrary, when the photon energy is
in correspondence with the peaks, the nonlinearity is less
relevant and steady-state bistability is absent. The exper-
imentally observed hysteresis is dynamically induced [36]
by the temporal variation of the input intensity in com-
bination with the nonlinear response of the system. This
hysteresis cycle has a very regular shape when the in-
cident laser is tuned to the exciton peaks; otherwise, it
has a complicated shape, due to the underlying multista-
bility.

As a matter of fact, in the experiment it is not possible
to decrease arbitrarily the rate at which the input intensi-
ty is swept forward and backward over the hysteresis cy-
cle; on the contrary, in the numerical simulation the
sweep rate of the intensity can be arbitrarily varied. The
result of the simulations at different sweep rates is that,

when the sweeping rate is reduced up to two orders of
magnitude with respect to that applied in the experiment,
the curve of the output power as a function of the input
power strongly resembles the standard hysteresis cycle of
static OB, or it is reduced to the nonlinear characteristics
of the MQW waveguide if no steady-state bistability is
there, as in the case of Figs. 9(c)-9(e). Another observa-
tion is that usually the dynamical sweeping produces a
smoothing of the underlying steady-state cycle, which be-
comes more pronounced upon increase of the sweeping
rate. All these calculations indicate the possibility to ob-
serve static OB in a MQW waveguide, using a suitable
setup; furthermore, dynamical behavior can be further
explored in more extended numerical simulations and,
hopefully, in experiments with cw lasers, whose intensity
can be ramped up and down at arbitrary rates.
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