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Many-body theory of all-optical quantum well logic gates

MLF. Pereira Jr, M. Prado and R. Sampaio

Institute de Fisica, Universidade Federal da Bahia, 40210-340, Salvador B A Brazil

Fax: + 55 71 235 55 92; e-mail: mauro@fis.ufba.br*

Abstract. A many-body theory, based on the solutions of generalized semiconductor Maxwell-
Bloch equations for coupled-band multiple quantum wells is applied to the description of the
optical non linearities responsible for the operation of a resonator as a logical device. The
numerical simulation of a NOR gate is in good agreement with experimental realizations.
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1. Introduction

Optical computing has been the focus of great interest in
the last two decades. It has potential for massive
interconnectivity and parallel operations at rates unac-
cessible to electronics without crosstalk. The Internet and
multimedia applications are further fueling an increas-
ing interest on efficient all-optical switching and com-
puting, specially if the information is already being trans-
mitted by light [1,2]. Several criteria must be fulfilled in
actual devices, e.g., mechanical and operational stabil-
ity, infinite cascadability, fan-in and fan-out of at least
two, input/output isolation, low-switching energy, fast
response, good contrast and room-temperature operation.
A number of devices with different advantages and draw-
backs have been proposed for optical logic gating, where
different physical mechanisms in different materials play
the dominant role in the device operation, e.g., the inter-
action of orthogonally polarized beams in a nonlinear
Kerr medium [3], coupled gap soliton formation in a fiber
Bragg grating pulse compression [4], or optical ampli-
fier-assisted fiber Sagnac Gates [5]. Among the different
possibilities, the fast optical non linearities in semicon-
ductor etalons [6-9], are responsible for all-optical logi-
cal operations up to 100 Gbits/s [6], and semiconductor-
based devices have the further advantage of lower switch-
ing energy. There are several possible choices of semi-
conductor media. However, high-quality multiple quan-
tum wells (MQW?’s) can be easily manipulated, costu-
mized and display large room-temperature optical non
linearities. So, realistic simulations of MQW based logic
devices are necessary, and in order to achieve actual pre-

dictability a combination of band structure and many-
body effects must be used to describe the MQW optical
non linearities [10].

In this paper, to the best of the author’s knowledge for
the first time, it is demonstrated how a many-body for-
malism can be applied to the simulation of all-optical
NOR gates operation constructed with a MQW struc-
ture. The configuration chosen allows for a direct com-
parison with results in the literature [11], and its simplic-
ity makes it easier to illustrate the power of the numerical
algorithm, which can be actually extended and applied
to many different and more involved schemes. Further-
more, NOR-gate etalons can be combined to create a
complete logical set [12].

2. Non-linear semiconductor resonator

Under quasi-equilibrium conditions, corresponding to the
device simulated here [11] the nonlinear optical absorp-
tion, a and corresponding refractive index change, An at
a given energy a; ina MQW characterized by an inversion
of population factor, f,,(k) = f.(k) + f,(k) — 1 is obtained by
numerically solving the integral equation for the optical
susceptibility, x obtained from Semiconductor Bloch Equa-

tions, i.e., a(@wN) = (4T)/(Qnpc) z carHkevXey (K, W),
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Here Wis the screened potential, A, (k) = E (k) — E(k),
E) and f) are the renormalized energy and occupation
factor which characterize the sub band A, n, is the back-
ground refractive index, Q is the sample volume, c is the
velocity of light in vacuum, and the indices e, v, e = ey, e,
<ees V=11, V2, ..., label the multiple electron and hole sub
bands and incorporate the total angular momentum z-
projection for electrons and a block diagonalization in-
dex which characterizes the coupled heavy- and light-
hole bands. For more details see [10]. The refractive in-
dex change An with respect to the background index can
be either directly computed from the real part of x or by
means of a Kramers-Kronig transformation with the ab-
sorption changes as input.

Note that more advanced numerical schemes are pos-
sible for either Semiconductor-Bloch or Bethe-Salpeter
Equations [13,14], but the formalism chosen has all the
required elements for the consistent solution of the prob-
lem, ¥ " denotes the imaginary part of x. The computed
microscopic optical response of the medium is then in-
corporated in the (macroscopic) Maxwell’s equations,
which are solved in the paraxial approximation [15]. The
etalon transmission at steady state then reads[16]

1oT2
(ea(ou, N )L/Z—Re_a(w' N )L/2)2+4Rsin2(wL/c[nb +An(w,N )]) .

@

Here R and T'= (1 — R) denote respectively the reflec-
tivity and transmitivity of the etalon. For thin samples
like those considered here, diffusion effects can be ne-
glected. Thus, introducing the average intensity inside
the resonator, I = I(1 + R)/ T, and the carrier recombina-
tion lifetime r, the average carrier density inside the reso-
nator, generated by a pump light field, can be approxi-
mated by the rate equation dN/dt = -N/T + a(w, N)I/ w.
Figure 1 shows the local absorption (a) and refractive index
changes (b) predicted by the theory for a 76 A GaAs —
Alj 37Ga 63 quantum well at 300 K. and as in the experi-
mental paper, the electron-heavy hole exciton appears
around 840 nm and the absorption there is of order 1 pm 2.
No effort has been made to fit the experimental data by
adjusting material material parameters and band gaps.
The values used are the same as in [10] where a different
set of GaAs-AlGaAs and InGaAs-AlGaAs has been rather
successfully described. The design parameters, like well
width, alloy concentration, number of wells and operat-
ing wavelength for the etalon are the nominal values of
[11]. The local absorption as a function of carrier den-
sity (a) and corresponding refractive index change (b) at
873.1 nm are depicted in Fig. 2. The local induced
detuning in the resonator formula (dot-dashed) and the
normalized transmission, 1,/(IyT%), of a two-wavelength
NOR etalon gate (solid) made with 63 periods of 76 A
GaAs and 81 A Al 37Gay ¢3 As barriers are depicted in
Fig. 3. Experimental data extracted from [11] is given as
symbols in the inset. The first dip has been normalized to
fit the generated data. The real-time NOR gate opera-
tion simulated here can be summarized as follows.
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Fig. 1. a — Absorption predicted by the theory for a 76 A GaAs —
Al 37Gag 63 quantum well at 300 K. The carrier densities are given,
from top to bottom, by N = 0.0, 0.5, 1.0, 2.0, 5.0, 10.0 x 10!7 cm™3;
b — Corresponding refractive index changes with respect to the
background due to the charged carriers, i.e., from top to bottom,
N =0.5, 1.0, 2.0, 5.0, 10.0 x 107 cm.
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Fig. 2. a — Local TE absorption of the target wavelength 873.1 nm
in a 7.6 nm GaAs — Alj37Ga( ¢3As quantum well at 300 K in as a
function of the pump generated carrier density 1x10!8 cm=3; b —
Corresponding absolute value of the refractive index change
with respect to the background index due to the presence of
carriers.
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Fig. 3. a — Non linear transmission, 7,/(I,T?), spectra (from Eq. 2)
at 300 K of a clocked probe beam (solid) which arises as a
consequence of the (b) refractive index change at 873.1 nm
(dot-dashed) generated by pump beams in a stack of 63 wells
separated by 8.1 nm barriers. The symbols in the inset are ex-
perimental data extracted from [11]. (oscilloscope image). The
x-y grid corresponds to 2 ns and 5 mV.

A clocked probe beam at resonance with the cavity in the
low absorption range of the optical spectrum hits the gate.
If no other beams are present, the transmitted intensity is
high. However, the presence of either one or two pump
pulses in the high absorption region of the quantum spec-
trum generates a high density of carriers. Those carriers
in turn will change the refractive index at the probe fre-
quency and the clocked signal will be transmitted with
low intensity. Note that the photo-generated carriers re-
lax into a quasi-equilibrium state within a few hundred
femtoseconds after excitation by the short pump pulses.
Under these conditions, the probe finds an etalon
nonlinearity which depends exclusively on the density of
generated carriers N. The many-body effects responsible
for device operation are then given by bandgap shrink-
age, screening of the Coulomb interaction and Pauli-
blocking. As a matter of fact, the carrier density is not
uniform in the excited media. However, the good agree-
ment between theory and experiment obtained shows that
for the conditions considered, a uniform density can be
used as a first approximation. For the carrier densities
chosen in the calculations, a contrast with one input of
= 6.2:1 is found tobe in very good agreement with the
experimental value appears to be approximately over 6:1.
Limitations in the detector used did not allow the obser-
vation of maximum contrast. Note that, with two pulses,
the contrast is a little better and the recovery takes a
longer time, as in the experiments, further demonstrating
the predictability power of the approach, which is being
currently extended to include dynamical screening and
non-diagonal dephasing effects, that will make it more
powerful, by generalizing a recent approach for bulk sys-
tems [17].
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In summary, a many-particle theory for optical ab-
sorption and refractive index change in coupled band
semiconductor quantum wells combined with the parax-
ial Maxwell equations has been applied to the study of
nonlinear semiconductor resonators. The resulting equa-
tions are capable of realistically simulating the opera-
tion of semiconductor all-optical gates. The algorithm
can be used in the design and simulation of optoelectronic
devices, exploiting fundamental mechanisms, which can
only be described by a combination of Coulomb, band
structure engineering and cavity resonator effects. The
controllable non linear phenomena can be adapted to
many different semiconductor-based configurations.
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