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Abstract

A large portion of the ‘optical computing’ research over the last 10 years has been
centered around vertical cavity optoelectronic modulators grown by molecular beam
epitaxy. These devices have several characteristics which make them desirable from a
systems standpoint, including low power dissipation, high speed, large contrast ratio, high
bandwidth, the ability to fabricate dense arrays, integration with GaAs and silicon VLSI,
and a wide range of wavelengths of operation (for WDM). This thesis examines several
systems applications of these devices, both those already realized and potential future
applications.
First, early experiments using a configuration of two of these devices known as a
symmetric self electro-optic effect device (S-SEED) to perform threshold logic (a type of
pattern logic) are discussed and compared with similar devices for Boolean logic. Next, an
application of these modulators to optical neural networks is briefly discussed, where the
modulators are used simply as output devices and are integrated with MESFET circuitry
and GaAs photodetectors.
The main part of this thesis discusses a reflection/transmission modulator (or Xmodulator) developed here at Stanford which turns out to be a very powerful device in
terms of optical computation, routing, and interconnection. The device is essentially a 3
input, 3 output conservative and reversible switch, an optoelectronic implementation of a
Fredkin gate. The use of these devices for optical logic is exhibited and an implementation
of a full adder using only 5 devices is shown. Using arrays of these modulators, various
reconfigurable switching, routing, and interconnection networks are constructed, including
crossbar switches and field programmable gate arrays.

Ongoing research with these

devices is focussed on improving their characteristics and making them more flexible for
use in systems applications. In particular, reduced operating voltages are obtained using
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graded buffer layer techniques, methods for optically controlling the devices are examined,
and gain layers are incorporated into these structures to compensate for the losses involved
in cascading the devices.
Finally, a new technology offered by AT&T at a workshop given last summer
which involves smart pixels based on quantum well modulators and detectors flip chip
bonded on to silicon VLSI chips is described. This technology has already demonstrated
1000’s of optical inputs and outputs on a single chip and thus achieving aggregate data
rates approaching 1 Tb/s. This technology has been used here to implement 2x2 switches
(similar to the X-gate above) and a 4x4 optical crossbar switch for comparison with similar
structures implemented using X-modulators.
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Chapter 1--Introduction

1.0

Overview
A large portion of the ‘optical computing’ research over the last 10 years has been

centered around vertical cavity optoelectronic modulators grown by molecular beam
epitaxy. These devices have several characteristics which make them desirable from a
systems standpoint, including low power dissipation, high speed, large contrast ratio, high
bandwidth, the ability to fabricate dense arrays, integration with GaAs and silicon VLSI,
and a wide range of wavelengths of operation (for WDM). This thesis examines several
systems applications of these devices, both those already realized and potential future
applications.
First, early experiments using a configuration of two of these devices known as a
symmetric self electro-optic effect device (S-SEED) to perform threshold logic (a type of
pattern logic) are discussed and compared with similar devices for Boolean logic. Next, an
application of these modulators to optical neural networks is briefly discussed, where the
modulators are used simply as output devices and are integrated with MESFET circuitry
and GaAs photodetectors.
The main part of this thesis discusses a reflection/transmission modulator (or Xmodulator) developed here at Stanford which turns out to be a very powerful device in
terms of optical computation, routing, and interconnection. The device is essentially a 3
input, 3 output conservative and reversible switch, an optoelectronic implementation of a
Fredkin gate. The use of these devices for optical logic is exhibited and an implementation
of a full adder using only 5 devices is shown. Using arrays of these modulators, various
reconfigurable switching, routing, and interconnection networks are constructed, including
crossbar switches and field programmable gate arrays.
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Ongoing research with these

devices is focussed on improving their characteristics and making them more flexible for
use in systems applications. In particular, reduced operating voltages are obtained using
graded buffer layer techniques, methods for optically controlling the devices are examined,
and gain layers are incorporated into these structures to compensate for the losses involved
in cascading the devices.
Finally, a new technology offered by AT&T at a workshop given last summer
which involves smart pixels based on quantum well modulators and detectors flip chip
bonded on to silicon VLSI chips is described. This technology has already demonstrated
1000’s of optical inputs and outputs on a single chip and thus achieving aggregate data
rates approaching 1 Tb/s. This technology has been used here to implement 2x2 switches
(similar to the X-gate above) and a 4x4 optical crossbar switch for comparison with similar
structures implemented using X-modulators.

1.1

Motivations
The title of this work is Systems Applications of Multi Quantum Well Vertical

Cavity Optoelectronic Modulators which hints at the two-fold nature of its purpose. This
purpose involves investigating both device physics and systems level aspects of quantum
well modulators. In the past, modulators have been studied extensively as individual
switching elements, but not always keeping systems concepts in mind. Most of the work
has been focused on single element switches which operate in a mode where light is either
reflected or absorbed. Over the last several years the design, simulation, and growth
capabilities for modulators have been vastly improved, allowing for much more flexibility
in obtaining devices with a specific set of optimized parameters. Some of the specific
devices of interest include: GaAs/AlGaAs modulators optimized for modulation ratio and
insertion loss,1 large reflectivity modulators using InGaAs,2 large reflectivity change
normally off modulators,3 arrays of modulators for beam steering using both amplitude
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4,5

and optical phase modulators,6

high contrast modulators,7 low voltage, low chirp

modulators,8 zero chirp modulators,9 high contrast zero phase change modulators,10 phase
flip modulators,11 modulators using coupled quantum wells,12 and reflection transmission
modulators (X-modulator).13

Designing optoelectronic switches for specific systems

applications requires a knowledge of the design tradeoffs inherent in the device design.
This knowledge is crucial if system specifications are to be met. The emphasis of this
thesis is therefore on an approach which involves applying this knowledge to several
specific systems applications.

1.2 Why Optical Computing?
Researchers have long been interested in optical computing, which has changed in
meaning over time from dreams of a purely optical computer to a marriage of electronic and
optic components (smart pixels) to simply hybridization of optical devices with electronics
solely for the purpose of interconnection. In this work, we will investigate this spectrum
of so-called ‘optical computing’, from modulators which perform Boolean logic, threshold
logic, and conservative invertible logic to large arrays of modulators hybridized to silicon
VLSI electronics for interconnections. Along the way we will highlight the relevant device
parameters necessary for the applications discussed.
As electronic circuits become smaller and denser, many problems arise, primarily in
the areas of power dissipation and interconnection. Clock and signal skew results from
delay variations in separate clock and signal paths. Power dissipation from line drivers
may be high because of the capacitive loading effects of electrical lines.

Thermal

management becomes more difficult with increased power dissipation and higher
interconnection density.

Sensitivity to electromagnetic interference (EMI) is present.

Interconnect reliability is critical in many applications, and many system failures may be
traced to I/O problems.
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1.3 Optics vs. Electronics
Using optical or optoelectronic solutions for computing and interconnection has
several advantages as well as limitations. The inherent parallelism of large arrays of optical
devices results in higher interconnection densities with lower power dissipation (and thus
fewer heat removal problems). This parallelism also allows for better signal and clock
distribution, and thus less skew due to the constant delay achievable. Optical beams can
cross each other with little or no crosstalk. Optical beams also have less sensitivity to EMI.
Optical solutions also take advantage of the third dimension, freeing up more chip area for
processing, rather than communication.

Because of the high switching speeds of

modulators, much higher data bandwidth is obtainable. Modulators can also more easily be
integrated with fiber optics for communications purposes.
The main limitations of current optoelectronic technology involve mainly alignment
and packaging issues. Optoelectronic solutions also remain more expensive than electronic
ones. Fabrication issues, especially with respect to integration of electrical components
with with optical ones are currently under investigation by many researchers.

1.4 Wavelength Division Multiplexing
Modulators are not only useful in computational and routing systems, but also for
wavelength division multiplexing (WDM) applications.

In our laboratory we have

designed and experimentally verified exciton systems which provide absorptive modulation
at a wide range of wavelengths. When growing wafers using molecular beam epitaxy, the
substrate is rotated, which results in a radial thickness uniformity of about 2% across the
wafer, which may be exploited to produce a one dimensional array of devices operating at
different wavelengths on one wafer. This same array of devices can be used with a
broadband source to demultiplex wavelengths. A clocked array of devices can also be used
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for serial/parallel and parallel/serial conversions. Because our devices are vertical cavity
devices, there is also an angular dependence to the wavelength of operation of the devices
which may also be used to obtain multiple wavelengths on one wafer. Using angles other
than the optimum angle (usually normal incidence) does result in a degradation of the
contrast ratio however.

Devices with either small optical bandwidth (for wavelength

selectivity) or larger bandwidth (for many wavelengths with one device) can be designed.

1.5 Other Applications
Modulators prove to be useful in many other applications other than
interconnections and computing.

Researchers have demonstrated systems using

modulators for beamsteering,14 mode locking of lasers,15 analog to digital converters,16
addressing holographic memories,17 optical neural networks,18 and optical correlation.19
The recent growth of smart pixel research20 may very well result in many other new
systems applications as yet undiscovered.
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Chapter 2--Quantum Well Modulator Background

2.1 Introduction
This chapter provides the basic background necessary for understanding the
physics of the devices that are the focus of this thesis as well as a discussion on how their
parameters are relevant to systems concepts. This includes optical bandwidth, speed,
contrast ratio, and insertion loss.

A brief description will also be given of the

InGaAs/AlGaAs materials system used to form the devices and the molecular beam epitaxy
growth technique employed to produce the desired structures. The design methodology
used by the Harris group at Stanford will also be described. This approach incorporates
real data into simulations and includes in-situ reflectivity measurements to obtain device
characteristics closely matching those desired. The Kramers Kronig relation will also be
explained, which is useful for designing phase modulators, for it transforms differences in
two absorption data sets (as a function of frequency) into changes in refractive index data.

2.2

Modulator Structure
Figure 2-1 depicts a typical vertical cavity multi quantum well (MQW)

optoelectronic modulator structure as grown by molecular beam epitaxy (MBE) on a GaAs
substrate. As shown Figure 2-1, the modulator consists of two components: a multi
quantum well region absorber is sandwiched between two quarter wave mirror stacks of
reflectivities Rf and Rb. These stacks form a Fabry-Perot cavity in a direction perpendicular
to the substrate. The mirror stacks are doped p and n-type so that a reverse bias may be
applied across the intrinsic region of the structure. This bias allows us to modulate the
aborption of the quantum well region using an effect known as the quantum confined Stark
effect (similar to the normal Stark shift in bulk material). The wells can provide large
amounts of absorption and can be used to obtain large changes in absorption. The specific
6

design of the optical cavity can transform the absorptive behavior of the quantum wells into
changes in reflection and transmission amplitude and/or phase. The simulation techniques
discussed later in this chapter optimize the Fabry-Perot cavity for a particular set of desired
characteristics. This section will describe these two components of the modulator device,
first the quantum well absorptive material, and then the Fabry-Perot cavity.
Incident Beam

Rf

Gold Contact

92 Quantum Wells

} 75ÅGaAs/35Å AlAs

P-Type Quarter
wave mirror stack
6.5 pairs
AlAs/Al 0.33Ga0.67 As

P
I
N

{

}

N-Type Quarter wave
mirror stack 25.5 pairs
AlAs/Al0.33 Ga0.67 As
GaAs Buffer layer
(500Å)

Rb
n+ substrate

Figure 2-1: Typical vertical cavity quantum well modulator structure as grown by MBE
2.2.1

Quantum Well Absorptive Region
A quantum well is a thin region, typically <150 Å, of narrower bandgap material

such as In0.26Ga 0.74As sandwiched between two barrier regions of larger bandgap material
such as Al 0.33Ga0.67As (Figure 2-2). Because of the small size of this potential well region,
the allowed energy levels for electrons (or holes for the valence band) confined within it
become quantized1. The probability amplitude of the envelope of the wavefunctions of the
electrons and holes is approximately sinusoidal within the well and exponentially decaying
into the barriers. The absorption of a two dimensional semiconductor such as this quantum
well region is given by2:
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2

2

α(ω ) ~ ∑ I eihj d cv ρ2r D ⋅ H(hω − E eihj )
i, j

where the first term in the summation is the overlap integral of the electron and hole
wavefunctions, d cv

2

is the interband dipole matrix element, ρ2r D is the two dimensional

density of states and H(hω − E eihj ) is the Heaviside step function with E eihj = E g + E ei − E hj
being the energy term for given discrete electron and hole energy levels Eei and Ehj along
with the bandgap Eg.

Energy (not to scale)
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-50 0
Energy
Levels
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Length (Å)

Figure 2-2: Single quantum well band structure,
energy levels, and wavefunctions
If we now consider Coulombic effects between electrons and holes, additional
resonances due to exciton absorption are observed in the absorption spectra. When a
photon is absorbed by a semiconductor an electron is promoted to the conduction band and
a hole remains in the valence band. The electron and hole interact with each other to form
the a bound state similar to a hydrogen atom called an exciton. These excitons are present
in bulk material but are short-lived because the bound electron-hole pair is quickly ionized
by the large population of thermal phonons and other scattering mechanisms. When the
carriers are confined within a quantum well however, their lifetime is longer and the
resonance is enhanced. The two carriers orbit around each other much like an electron and
8

proton in the hydrogen atom. This interaction produces a set of strong, discrete absorption
peaks just below the band gap. The strong exciton absorption peaks can be utilized in
many devices as will be discussed later.

Mathematically, we can write the exciton

wavefunction as a wave packet constructed of linear combinations of electron and hole
Bloch functions and use these in the Schrodinger equation with the Coulomb potential
function. The resulting absorption spectrum for a 2-D semiconductor, for example a
quantum well of dimensions smaller than the Bohr radius, the absorption spectrum is given
by3:
2
2D
α(ω ) =| d cv |2 ∑ |< ζ ei (z) | ζ hj (z) >|2 | φ xy
n ( rxy = 0 ) | δ( hω − E n ) ,
i , j, n

where |< ζ ei (z) | ζ hj (z) >|2

is the overlap integral of the electronand hole wavefunctions in

2
the z direction, | φ xy
n ( rxy = 0 ) | is the transverse probability that the electron and hole

occupy the same unit cell, and
E 2n D = E g + E ei − E hj −

EB
.
1 2
(n − )
2

EB/n2 is the nth exciton binding energy, where EB is the Rydberg energy. For our
purposes this value can range from 10 to 100 meV. Figure 2-3 below4 shows the
absorption for a quantum well structure with and without exciton effects. Note that we still
observe the staircase absorption spectrum, but now each step acquires its own set of
excitonic resonances. The overall result of excitons in quantum wells is an enhancement of
the two dimensional oscillator strength and binding energies which allow for exciton
absorption resonances to be observed at room temperature. This is the fundamental result
which allows one to use quantum well structures for various types of electroabsorption
devices.
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Figure 2-3: Quantum well absorption spectrum, with excitonic resonances4
2.2.2 Quantum Confined Stark Effect
The most common physical effect used to modulate the electro-absorption of
quantum well material is known as the quantum confined Stark effect (QCSE)5 which
shows up as a red shift of the electro-absorption when an electric field is applied across a
quantum well or wells. The effect can be understood with the aid of Figure 2-4. Recalling
the quantum well band structure of Figure 2-2, we note that an electric field merely tilts the
bands. If Schrodinger’s equation is re-solved for this new system, it turns out that the new
optical transition energy is lower than in the zero field case.

This is the result of a

combination of four effects. First, the electrons and holes move to opposite sides of the
wells in order to go to the region of lowest potential energy. This actually increases the
transition energy because the well is effectively narrowed. Second, the band tilting shifts
the confined energy levels approximately quadratically with voltage. This turns out to be
the dominant effect and the new transition energy is lower. Third, in addition to this
lowering of the transition energy, the overlap integral of the electron and hole
wavefunctions decreases because of their spatial separation and thus the peak value of the
excitonic absorption is quenched. Fourth and last, the wavefunctions also interact more
with the interfacial roughness at the barrier edge and the peak is thus broadened. Figure 25 depicts three of these effects as measured experimentally in an InGaAs quantum well at a
variety of applied electric fields6. In this case, the peak is shifted by almost 300 Å and is
10

reduced from 18,000 cm-1 to 6000 cm-1. The full width half maximum value of the peak is
also increased.

E < E0

Figure 2-4: Quantum confined Stark effect--applied electric field red shifts
the energy levels and spatially separates the carriers
There are other methods of modulating the absorption properties of quantum well
regions, some of which will be discussed in later chapters. The QCSE, however has
proven itself to be the most useful.

Note that in Figure 2-5 there are two possible

wavelengths where absorption modulation is of interest. At wavelength I, the absorption is
reduced from 18,000 cm-1 to approximately 5000 cm-1, while at wavelength II, the
absorption is increased from near 0 to 6000 cm-1. These two regions of operation will be
utilized to create normally off and normally on devices. In both cases the absolute value of
the change in absorption (αmax–αmin) is comparable, but at wavelength II, the ratio αmax/αmin
is much larger, because of the large residual absorption at wavelength I. This difference
allows for very large contrast ratio devices to be designed and fabricated successfully in
normally on devices.
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Figure 2-5: Experimentally measured quantum confined Stark effect in
In0.2Ga0.8As/Al0.33Ga 0.67As quantum wells6
2.2.3

Kramers Kronig Relation
The Kramers-Kronig relation7 is an integral transformation for linear causal systems

that is generally used to relate the real and complex parts of a material's optical
susceptibility, as given by the relation relating the polarization of a material and the electric
field applied:

P(ω) = χ(ω)E(ω)

P(ω) = (χ'(ω) + iχ''(ω))E(ω)

The Kramers-Kronig relationship between χ'(ω) and χ''(ω) is given by:
∞
2 ⌠
ω' χ' ' (ω' )
χ' (ω ) = Pr  dω'
π ⌡
ω' 2 −ω 2
0

∞
−2ω ⌠
χ' (ω' )
Pr  dω'
χ' ' (ω ) =
π
⌡
ω' 2 −ω 2
0

Pr in the transformation indicates that the principal value of the integral should be taken
(i.e. omit the point where ω = ω'). The complex dielectric constant ε=ε’ + iε’’ is directly
12

related to the complex susceptibility and from ε one can derive the index of refraction and
the absorption of the material. Thus, for the purposes of this work, a more useful version
of the above transformation can be derived, which turns out to relate changes in refractive
index to changes in absorption, under the approximation that the real part of the dielectric
constant ε’ is much less than the imaginary part ε’’ in semiconductor materials8.

∞

c ⌠
∆α ( λ )
∆n(λ 0 ) = Pr  dλ
π ⌡ 1 − (λ / λ 0 )2
0

The important point to note about the above relation is that the denominator is
antisymmetric about λ0, which means that if ∆α is a symmetric function about the same
point (for example, if it has a local maximum that is large and broad enough), the integral
will be zero, resulting in zero refractive index change. This aspect of the relation will
become useful in Chapter 7 where coupled quantum wells are used to obtain a modulator
with zero phase change over a 5 volt voltage swing.

2.2.4

Fabry Perot Cavities
This section describes the optical resonant cavities into which the active quantum

well material is placed. By placing the wells in such cavities, light passes through the
absorptive many times instead of a single time. A simple Fabry-Perot cavity consists of a
cavity region containing absorbing or gain material surrounded by two reflective mirrors as
shown in Figure 2-6. The mirror layers are physically realized in our modulators by
alternating quarter wave layers of materials with differing refractive indices. For a simple
interface between materials of refractive index n1 and n2, the reflection and transmission are
given by:

13

r=

2 n1n 2
n1 − n 2
and t =
n1 + n 2
n1 + n 2

A simple extension of the analysis necessary to obtain the above formulas can be used to
obtain the reflectivity of a quarter wave stack consisting of p layers on a substrate with
refractive index, nsub, which is given by:

1 − ( n 2 / n1 )2 p ( n 2 2 / n sub ) 
R=

2p
2
1 + ( n 2 / n1 ) ( n 2 / n sub ) 

Mirror 1,
reflectivity Rf

Mirror 2,
reflectivity Rb
L

I

Circulating Wave
R

Absorptive Medium

T

α (ω )

Figure 2-6: Schematic of general Fabry Perot cavity, with incident, reflected, transmitted,
and circulating optical signals
The 1’s in the equation may be replaced by the refractive index of the incident medium,
usually air, where n=1. Typical values in this equation show that very high reflectivies, on
the order of 99.9%, are obtainable using 20 or more layers. Examining Figure 2-6 in more
detail, we can write a set of simultaneous equations describing the electric fields of the
incident, reflected, and circulating light:

E refl = rf E inc + jt f rb e ( 2 jβL − 2 α e L ) E circ
E circ = jt f E inc + rf rb e ( 2 jβL − 2 α e L ) E circ
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where r and t represent the electric field reflectivity and transmissivity of the front and back
mirrors. β=nω/c and αe represent the phase and absorption properties of the cavity region
and both functions of frequency ω or wavelength λ. The cavity is of length L.

The

imaginary j’s represent a 90 degree phase shift associated with the transmission through the
mirror.

Defining a back mirror effective reflection coefficient,

rb ' = rb e −2α e L , and

eliminating Ecirc from the equations, the ratio of the reflected field to the incident field is
obtained as:

E refl rf − rb ' e 2 jβL
=
E inc 1 − rf rb ' e 2 jβL
A more useful ratio, that of the field intensities, which is a measurable quantity, is given
by:

R I refl rf 2 + rb ' 2 −2 rf rb ' cos(2 jβL )
=
=
I I inc 1 + rf 2 rb ' 2 −2 rf rb ' cos(2 jβL )
A similar analysis produces an expression for the ratio of the transmitted intensity to the
incident intensity:

T I trans
Tf Tb e − αL
=
=
,
I
I inc 1 + R f R b e −2 αL − 2 rb rf e − αL cos(2βL )
where R and T now represent the intensity reflection and transmission coefficients and are
related by R + T = 1 for a single mirror. For the entire cavity, some of the light is absorbed
by the quantum wells. In order to build up a resonant field in the cavity, the cavity length L
should be equal to an integral multiple of λ/2, or half the wavelength for which the mirror
layers have been designed. At these half integral wavelengths or modes of the cavity,
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cos(2jβL)=1 and the reflectivity drops to a minimum value of Rmin. Between these modes
at some point, cos(2jβL)= –1 and the reflectivity reaches a maximum value Rmax. These
two values are given by:

 r ' −r 
R min =  b f 
1 − rb ' rf 

2

2

and

 r ' +r 
R max =  b f  .
1 + rb ' rf 

More will be said about the interaction between the absorptive media and Fabry-Perot
cavity in a later section which will discuss parameters of interest of these devices from a
systems point of view.

2.3

Device Modeling and In-situ Measurements
At Stanford University, we have developed good computer modeling techniques for

all aspects of quantum well optoelectronic switching. By investigating both the quantum
electronic nature of the active materials and the optical properties of the cavities into which
they are placed, accurate predictions of device performance can be made. Furthermore, the
extensive fabrication facilities at Stanford enable us to physically realize devices, and test
them to verify our theoretical predictions. This capability, combined with the ability to
incorporate empirical results into our models, permits our simulations to be continuously
refined, allowing the programs to become increasingly accurate in predicting device
behavior. In this section, our design methodology and simulation tools will be described.
A consistent, reproducible approach to optoelectronic device design and
development requires simulation and experimental device feedback into simulation
programs. Our design capabilities have allowed us to investigate quantum wells utilizing
the InxGayAl1-x-yAs material system. Band offsets and effective masses can be obtained
for materials containing any combination of the group III elements. Eigenfunctions and
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eigenenergies (including coulomb interactions) for the exciton states associated with a
quantum well system are defined. The quantum well region can consist of any combination
of semiconductor quantum wells and barriers, each with user defined thicknesses. The
eigenfunctions and eigenenergies are found using the transmission method similar to that
described in this section for optical cavities9. The available design software also allows
user defined voltages to be applied to the structure, allowing analysis of wavelength shifts
of absorption. While investigating multiple, single quantum wells, excitonic absorptive
modulation at a variety of wavelengths, including 632 nm (HeNe wavelength)10,
1300nm11, and 1550nm12 (the fiber optic communications wavelengths), have been
designed and experimentally verified. Changes in absorption between 5000 cm-1 and
10,000 cm-1 have been readily achieved. Furthermore, because we can simulate the
structures at a variety of voltages, we can determine from discrepancies between simulation
and experiment the relative quality of experimentally grown crystals containing interfaces
between highly strained layers.
The above described simulation is sufficient for designing transmissive-absorptive
modulators. For other types of device design, however, resonant cavity effects are crucial
for accurate prediction of device response.

To address these issues, our group has

developed a complex device simulation program which accounts for the optical properties
of all epitaxial layers. By including absorption and refraction as a function of wavelength,
we can accurately predict device response at a cavity resonance.

At a resonance

wavelength, photons make many effective passes through the cavity layers and thus the
active material, and accurate knowledge of the optical properties of these layers is crucial.
A detailed analysis of the complex absorption/dispersion of excitons is particularly
important. Analytical models of exciton absorptive behavior are insufficient for predicting
how experimentally developed devices behave, particularly under bias. To alleviate this
problem we have extended our simulation tools to operate in a mixed analytic-empirical
mode. Optically passive elements of our device structure models use complex optical
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constants as obtained from the literature13. The active quantum well regions are modeled
by incorporating experimentally derived absorption data as a function of wavelength and at
a variety of voltages. Dispersive data is then obtained by performing a Kramers-Kronig
transformation (described in Section 2.2.3) on the experimental absorption data. While a
theoretical model of quantum wells would allow us to predict energy level shifting and
absorption maxima quenching via the quantum confined Stark-effect, our mixed analyticempirical approach allows us to account accurately for experimental conditions.

For

example, quantum well absorptive broadening due to imperfect crystal interfaces or
quenching of absorptive resonances due to large incident light intensities or temperature
related effects on performance are easily incorporated.

Because the exciton data is

experimentally derived, it provides the high accuracy required for good modeling of device
behavior at Fabry-Perot cavity resonances as a function of voltage. Figure 2-7 shows data
from the first of the devices developed and grown in our group at Stanford using these
simulation tools14.
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Figure 2-7: Theoretical Prediction and Experimental Data of Initial Reflection Modulator 14
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The simulation even on this first pass attempt was extremely good at predicting the
experimental results of the device operation at the Fabry-Perot wavelength (denoted by the
vertical arrows in the experimental plot). The device of the data shown is one designed to
operate before the matching condition (where increases in absorption cause decreases in
device reflectivity). It was designed to give a large change in reflectivity (here 90%) which
was achieved in the experimental device. The simulation program is designed to accept
optical data from a number of sources, so that simulation of different material systems or
quantum well schemes can be incorporated merely by including a file which containes
optical absorption and refraction data as a function of wavelength. Such flexibility is
essential when designing devices which can operate at a variety of wavelengths and may
contain a variety of materials. While the data above show device response for normally
incident light, the program can predict the device behavior when either TE or TM polarized
light impinges on the device at any angle. Furthermore, optical waves can be calculated
and displayed and, for waveguides, waveguide modes can be determined. What follows
here is a description of the transfer matrix method used in these simulations.
The thin film model used by our programs is described in many optics texts, such
as MacLeod15. Each layer in the structure is represented by a complex matrix that relates

r

r r

the admittance vector Y (given by H = Y( rxE) ) at its front surface to the admittance
vector at the back. For a layered structure of materials, we may simply multiply a matrix
per layer by the incident admittance and use the admittance at the surface to obtain the
reflectivity or transmittivity of the structure. Thus, we may write:

n
 cos(δ j ) sin(δ j ) / η j  1 
 B =

∏
 C  j =1 iη j sin(δ j )
cos(δ j )  ηs 


where δ j =

2 πn
C
d cos(θ), Y = , and the reflectivity of the structure can be calculated
λ
B

using the relation:
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η −Y
R = inc
ηinc + Y

2

For normal incidence, ηinc can be replaced by the refractive index n. Figure 2-8 depicts the
typical zero bias reflectivity spectrum of a modulator simulated using this method.
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Figure 2-8: Zero bias reflectivity spectrum of a GaAs/Al0.33Ga0.67As modulator
The width of the central high reflectivity band can be calculated as:

δW =

4λ 0
 n − n1 
sin −1  2

π
 n 2 + n1 

To closely match the reflectivity spectra of our grown structures to the designed
characteristics, a multi-step growth methodology is used.

First, a quantum well only

structure is grown to determine where the peak exciton wavelength lies for the current
growth parameters and well/barrier thicknesses.

This wavelength is determined by

removing the wafer from the growth chamber, allowing it to cool to room temperature, and
while still under vacuum, measuring its reflectivity through a port window in the MBE
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system. Next, several periods of the back mirror are grown and the wafer is again
removed from the growth chamber and its reflectivity is measured. This in-situ method of
monitoring growth and making corrections was pioneered by the Harris group at Stanford
and assures close matching of parameters to the designed goal, while having minimal sideeffects on the quality of the structures grown16.

2.4

Design Tradeoffs and Systems Parameters of Interest
Designing proper optoelectronic switches for a given system application requires a

knowledge of the design tradeoffs inherent in the device design. A good knowledge of the
parameter space is thus crucial if system specifications are to be met with ‘standardized’
optoelectronic components.

It is also possible to utilize our simulation techniques to

develop simpler analytic models which can predict device responses at Fabry-Perot
resonant wavelengths.
Individual optoelectronic switches can be characterized with a number of
parameters. The more important parameters are: modulation ratio (MR), change in
reflectivity (∆R) (related to insertion loss), operating voltage, reflected phase, chirp, optical
bandwidth (OB), and speed.

Furthermore, when devices are combined, additional

parameters, such as crosstalk and fanout, become important. Contrast ratio and change in
reflectivity are determined by the properties of the cavity and how well the Fabry-Perot
mode is matched to the exciton resonance. Operating voltage is determined by the physical
length of the cavity and the peak value of the excitonic absorption when employing the
QCSE. The optical bandwidth of a modulator depends upon the thickness of the cavity as
well as upon the indices of refraction used in the mirror stacks and the front mirror
reflectivity. The switching speed of a device depends on the method by which it is
switched. For voltage controlled modulators, device capacitance is the limiting factor,
whereas for optically controlled devices, exciton lifetimes determine the speed.

Our

group’s investigation to date has involved the tradeoffs of the individual device parameter
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space utilizing analytic techniques around single wavelengths17,18.

For example, when

working with X-modulators (whose operation is described in Chapter 5):
For a fixed voltage, as modulation ratio increases, ∆R increases and OB decreases.
For a fixed ∆R, as voltage increases, OB increases and MR decreases.
For a fixed MR, as voltage increases, OB increases and ∆R decreases.
Different system needs require optimization of different parameters. For example, phase
switches want to have ∆R=0 while optical logic switches want ∆R to be maximized to
increase noise margins. Temperature insensitive switching requires a large OB while fiber
optic communications requires many closely spaced channels with little inter-channel
interference. The latter requires a small OB. Low voltage operation is almost always
preferred and is compatible with high frequency operation; however, if gigahertz operation
is not required, a higher voltage could be used to enhance other characteristics. Figure 2-9
shows a typical result of a parameter space plot for an X-modulator (see Chapter 5).

Figure 2-9: Modulation Ratio and Change in Reflectivity vs. Voltage for X-modulators
Because of these device level design tradeoffs, system level requirements are
necessary to find the optimum device for a particular application. If optimization of only
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one parameter is required, then with the given state of device fabrication technology,
devices simultaneously optimized for changes in reflectivity of over 95%, modulation ratios
of over 1500, and frequencies over 50 GHz should be achievable.
Speed and power dissipation are two final aspects of MQW modulator devices of
interest to systems designers. The microscopic electroabsorption mechanisms (such as the
QCSE) have been tested down to a 200 fsec timescale, so that the speed of modulation and
detection tends to be limited by circuit parameters,and not by the basic device physics.
Within reverse biased p-i-n MQW regions however, there are some speed limitations, such
as the carrier emission from the quantum wells19 and the carrier transport from the wells to
the electrodes20. Total power dissipation in MQW modulators has several components.
First, there is the charging and discharging of the device capacitance. This capacitance
tends to be quite small (100 fF or less) so that for a 5 Volt swing, the energy required is
around 1 picojoule. Absorbed optical energy must also be dissipated. MQW diodes have
nearly unity quantum efficiency, so for a typical input power of 100 µW, all of the power
is absorbed.

Finally, the photocurrent generated by absorption must be resistively

dissipated. For the optical input power above, about 70-80 µA of current is generated.
For typical operating voltages and device resistances, around 500-600 µWatts must be
dissipated. Therefore the total power that must be dissipated by a modulator is less than 1
mW.

2.5

Molecular Beam Epitaxy Growth
The devices created for this work were grown using a growth technique known as

molecular beam epitaxy (MBE). This technique enables well controlled atomic layer by
layer crystal growth of many semiconductors, metals, insulators, and superconductors.
Many references are available on topics relevant to MBE growth21,22, so only a brief
description of the method will be given.
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The new devices described in this thesis were grown on 2 inch GaAs substrates
using a Varian GEN II commercial system. A simplified schematic of the growth chamber
of an MBE system is shown in Figure 2-10. This chamber is maintained at ultra high
vacuum around 10-10 Torr, so that a given element experiences no collisions between the
source itself and the wafer. The substrate is placed on a rotating substrate heater. The
rotation results in more uniform growth thicknesses across the wafer ‘s surface. Source
materials are heated by their crucibles and the temperature of the source controls its flux rate
into the growth chamber. Material from a given source will be deposited on the wafer only
when the shutter blocking its entry into the chamber is open. Thus, using the elements
available in our system (arsenic, gallium, aluminum, indium, beryllium, and silicon) we
may grow any material within the InGaAs/AlGaAs materials system. Silicon is used as the
n-type dopant and beryllium as the p-type dopant. In the figure, the shutters for silicon,
aluminum, gallium, and arsenic are open, so that n-type AlGaAs will be deposited on the
wafer in this configuration. The particular composition and doping of the material grown
depends upon the fluxes of the individual materials, which also determines the growth rate.
An overpressure of the group V element of 10 to 15 is normally required to obtain quality
crystalline growth, in this case arsenic. The temperature of the substrate heater is another
variable which must be controlled and its particular value depends upon the type of material
grown. For example, AlGaAs is usually grown above 650˚ C and InGaAs is grown below
550˚ C.
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Figure 2-10: Simplified Schematic of MBE growth chamber
with shutters opened to grow n-type AlGaAs
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Chapter 3--Threshold Logic with SEEDs

3.0

Introduction
Much of the research effort in this thesis is focused on a particular type of quantum

well modulator device known as a self electrooptic effect device (SEED)1. This chapter
will describe both the SEED and S-SEED (symmetric SEED)2 configurations, summarize
how Boolean logic may be implemented with these devices, describe an alternative type of
logic known as threshold logic, demonstrate threshold logic using SEEDs, and give a
simple transient analysis of an S-SEED device to estimate its switching speed.

3.1

SEEDs
In order to understand the operation of the SEED, a knowledge of the quantum

confined Stark effect and the photocurrent behavior of the p-i-n MQW diode is needed.
The QCSE has been previously described in Section 2.2.2.

At the large reverse bias

voltages necessary for the QCSE, the diode also functions as a photodetector. Optical
detection in the diode consists of absorption of the incident photons followed by
recombination of some of the photoexcited electron-hole pairs and tunneling of the other
electrons and holes through the barrier regions to the contacts to generate a photocurrent.
At low bias, recombination dominates and little current is generated. At higher bias,
tunneling dominates and the photocurrent follows the absorption spectrum of the MQW
region. As the field increases however, the QCSE is also taking place, which reduces or
increases the absorption at the wavelength of interest (typically one operates with
decreasing absorption, i.e. region I in Figure 2-5). As the absorption decreases, so does
the number of photons generated, thus yielding a negative differential resistance region
(NDR) of the photocurrent-voltage curve. This NDR can be exploited to obtain bistable
devices.
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Figure 3-1: Standard SEED configuration (resistor load)
The first SEED devices1 used the configuration shown in Figure 3-1, where a
MQW diode is placed in series with a resistive load.

The diode functions as both a

modulator and a detector in this case. Initially there is no light shining on the device, in
which case there is no photocurrent and practically all of the bias voltage falls across the
MQW region of the device. As light is shining on the device, photocurrent is generated
(with nearly unity quantum efficiency) which yields an increased voltage drop across the
resistor, thus reducing the voltage applied to the MQW region. As we know from the
QCSE discussion, this reduced voltage means increased absorption and increased
photocurrent as positive feedback. Above some value of input optical power, this process
switches the device into a highly absorbing, low voltage state.

If the input power is

decreased, at some much lower power, the device will switch back into its initial high
resistance state. Because of the NDR of the photocurrent, a load line analysis can easily
show that the device exhibits a hysteresis loop in its bistability. The main problem with
this configuration is that it provides no gain and is thus not very useful for systems
requiring cascaded devices or fanout. In Section 5.5.3 a structure will be discussed which
may incorporate a gain layer into these devices.
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3.2

Symmetric SEEDs
The next step in the development of SEEDs was to replace the load resistor with

another MQW diode, yielding a device called a symmetric SEED (or S-SEED)2.

The

device can be understood just as the normal SEED configuration where now the load SEED
can be viewed as a resistor whose resistance is set by the optical input power. Figure 3-2
shows a load line analysis of the S-SEED. The power on the upper device in the inset is
held constant as the power on the other device is increased. Points where the curves for the
two devices intersect are solutions. In the case where there is more than one point of
intersection, the device will switch to the other point if it is a point of stable equilibrium,
which is determined by the slopes of the two curves at that point.

Figure 3-2: Load line analysis of S-SEED
The S-SEED has two optical inputs P in1 and P in2 and two optical outputs P out1 and
P out2. If P in1 and P in2 are kept equal, the S-SEED will maintain its current state. If both
signals are reduced by the same amount, the state will still be maintained. Switching of the
device occurs only when the photocurrent in one diode starts to exceed that of the other.
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Therefore the switching is controlled by the ratio of the optical input powers and not their
absolute values. If the two inputs are reduced to some small value, and then one is
increased slightly, the device will switch, at which point the input powers can be set equal
and increased many times to read out the state of the device. This affords an effective timesequential gain whereby a small input signal can control a larger output signal. This two
phased clock technique also has the advantage of isolating the output signals from the
input, since they impinge upon the devices at different times. Switching energies in SSEEDs can be as low as a few picojoules, and for higher switching energies, switching
times have been measured to be as low as a few hundred picoseconds.

3.3

Boolean Logic with S-SEEDs
The S-SEEDs described in the previous section can be used to perform optical logic

given their bistable characteristics. This logic is accomplished by presetting the device in
one of the two states, then clocking in the input as described above, and finally using more
powerful beams of equal intensity to read out the output, essentially a three phase clocked
logic. The logic operation performed by the gate depends on its preset state. An important
aspect of S-SEED logic is that it is implemented in a dual rail format, i.e. using two beams
instead of one. Therefore, if the beams are attenuated equally by the devices or other
elements of the system, the logic level is preserved, thus alleviating the need for high
contrast ratio devices. This type of two beam logic is also important for implementing
receivers using MQW modulators (or other devices), for it allows for increased sensitivity3.
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Figure 3-3: S-SEED implementation of a NAND operation,
using three phase clock of preset, input, read-out
Figure 3-3 illustrates the three phase logic operation of an S-SEED which is preset
to be a NAND gate. Figure 3-4 illustrates how the preset state determines whether the gate
is a NAND or a NOR gate. AND and OR gates may also be implemented using S-SEEDs
if normally-on devices are used instead of the normally-off devices shown here.
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Figure 3-4: Truth table of S-SEED as a NAND or NOR gate,
depending on the preset value
Using several of these NAND and NOR gates, one can simply construct a full adder
circuit, as demonstrated in Figure 3-5.

An electronic logic full adder is typically

implemented with on the order of 25-40 transistors, depending upon the exact
implementation4. Note that this implementation requires 13 S-SEEDs, or 26 total MQW
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devices, for comparison with the threshold logic implementation described later in this
chapter and with the X-modulator implementation of Chapter 5.
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Figure 3-5: Full adder circuit constructed with Boolean logic SEEDs
Several programs were written in Mathematica and Matlab to predict the bistable
characteristics of S-SEEDs constructed with devices grown at Stanford. The input to the
programs consisted of the device reflectivity and responsivity as a function of voltage,
upon which a simulated load line analysis was performed using the responsivity data and
the Pout vs. Pin curves calculated from the stable points using the reflectivity data. Figure
3-6 illustrates this process.
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Figure 3-6: Conceptual illustration of simulation performed to calculate bistability loops for
S-SEEDs given real device responsivity and reflectivity
The results of these caculations are shown in Figure 3-7. Note that the acronym
REAM in the Figure is simply another name for a MQW modulator and stands for reflective
electro-absorption modulator. The four graphs in each part of Figure 3-7 represent, going
clockwise starting at the upper left: 1) load line analysis, using experimental responsivity
data, 2) reflectivities of the devices at the stable points calculated in 1 as a function of input
power, 3) the resultant output powers, and 4) the experimental reflectivity data used in the
calculations. The calculations were performed for several values of reverse bias voltage
V0, however we show only the results for 8 and 14 volts here. 8 volts was the minimum
voltage for which a bistability loop of any significant width is observed. Near 14 volts was
the voltage at which the maximum bistability loop width occurred. Wider loops indicate
better noise tolerance in bistable systems.
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8 volts

(a)

14 Volts

(b)
Figure 3-7: Results of S-SEED bistability simulations at (a) 8 volts and (b) 14 volts
reverse bias.
In order to verify the results of our simulations, two of the modulators grown in
our lab were arranged in an S-SEED configuration and the appropriate input output data
taken with a chart recorder (results shown in Figure 3-8). The simulations were able to
accurately predict the onset of bistability as well as the width of the bistable region as a
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function of reverse bias. The left edge of the graph is 1 mW and the right is 3 mW. Figure
3-9 shows data taken from the two individual devices switching simultaneously and shows
that the device characteristics are not completely symmetric.

Figure 3-8: Experimentally measured bistability of S-SEED at 8 (top) and 14 (bottom)
volts

Figure 3-9: Experimental verification of switching of both devices in the S-SEED.
Note the asymmetry in switching point

3.4

Threshold Logic with SEEDs
Consider the same S-SEEDs from above and assume that many inputs may impinge

upon the devices at once. This setup realizes a thresholding element. A thresholding
element is a device with a single bi-valued output and a number of possibly multi-valued
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inputs. Each input has a gain, i.e. it is multiplied by a real number referred to as a weight.
The output of the device is defined as ‘zero’ unless the sum of the weighted inputs exceeds
n

some threshold, u, in which case it is defined as ‘one’. More formally, S = ∑ a i x i .

If

i =1

S>u, then the output y=‘one’; else, y=‘zero’. Threshold logic is a richer form of logic than
Boolean logic, and a considerable amount of research has been carried out on synthesis and
decomposition using threshold elements5.
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Sum
and
Threshold

S

a5
x5
Figure 3-10: Single thresholding element
As an example of how threshold logic may reduce the complexity of a given circuit,
let us return to the full adder of the previous section. Figure 3-11 depicts an S-SEED with
a contrast ratio of 2 implementing a single thresholding element where all of the input
weights are 1. Using this single element, construct a full adder as shown in Figure 3-12.
Note that this implementation requires only 10 active modulators (2 per block) compared
with the 26 required by the earlier Boolean implementaion. To verify that this design is
correct, Figure 3-13 depicts a simulation of the outputs Ci and Si for all possible input
combinations, thus verifying the truth table for this circuit.

35

V0
X1

Output Y

X2
X3

Ground
Inputs
Figure 3-11: S-SEED implementing a single threshold element
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Figure 3-12: Full adder constructed with threshold logic SEEDs
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Figure 3-13: Simulated table of full adder with threshold logic, contrast ratio=2:1

3.5

Transient Analysis
To estimate the switching speed of our S-SEEDs, we used a simple circuit model of

the devices as shown in Figure 3-146.

In this model, we replace each device by a

capacitance in parallel with a current source which puts out current according to i=S1P 1 ,
with S being the responsitivity of the device and P being the optical power incident upon it.
We can represent this model by the following set of differential equations:

v1 + v2 = v0

(1)

dv1 i − S1 (v1 ) P1 (t )
=
dt
C1

(2)

dv2 i − S2 (v2 ) P2 (t )
=
dt
C2

(3)

From (1), and V0 constant follows

dv1 dv2
+
= 0 and combined with (2) and (3) produces:
dt
dt
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dv1 dv2 i − S1 (v1 ) P1 (t ) i − S2 (v2 ) P2 (t )
+
=
+
= 0.
dt
dt
C1
C2
Solving this for the current, we see that i =

C2 S1 (v1 ) P1 (t ) + C1S2 (v2 ) P2 (t )
and combined
C1 + C2

with (2) and (3) produces:
dv1 S2 (v0 − v1 ) P2 (t ) − S1 (v1 ) P1 (t )
=
dt
C1 + C2

(4)

dv2 S1 (v0 − v2 ) P1 (t ) − S2 (v2 ) P2 (t )
=
dt
C1 + C2

(5)
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Ground
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Figure 3-14: Circuit model used for transient analysis of S-SEEDs
These equations were used for the transient simulations.

First, experimental

reflectivity and responsivity data were obtained for S-SEED devices from the literature.
These curves were then fitted with nth order polynomials using a least squares method.
Using a Runge-Kutta method implemented in Matlab v1(t) and v2(t) were calculated under
the following assumptions: 1) V0 the bias voltage is held constant, 2) C1 and C2 the
capacitances are constant during the switching, 3) the transient is determined by the time it
takes to charge the capacitance of each p-i-n diode with the photocurrent generated by the
diodes, 4) the input, P 1 , is a step function (P1(t)=P10 + ∆P/2 (1 + t/|t|) ), and 5) P 2 is
constant. Simulations were done for a variety of values of P’s and C’s, with V0=10 volts.
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Results for two particular sets of values are shown in Figures 3-15(a) and (b).

Both

figures show the responsivity data used for these devices as well as voltage versus time and
the corresponding reflectivity vs. time. Figure 3-15(a) uses parameters of P1=0.34 mW,
P2=0.22 mW, and C1=C2=20 pF. Figure 3-15(b) uses P 1=4.3 mW, P 2=3.2 mW and
C1=C2=15 pF. In both sets of data, ∆P was varied between 0.05 and 1.0 mW and it was
determined that the devices switch faster for larger ∆P. In accordance with assumption 3
above, we find that providing more power to the devices generates more current, which
switches them faster. In addition, devices with lower capacitances switch faster, as would
be expected. For a device with a capacitance of 20 pF switching times varied between 40
picoseconds and 2 nanoseconds for reasonable values of P 1 . The devices grown in our
laboratory typically are larger in area so that they are more easily optically probed, and thus
have larger capacitances and switch slower. Our experimentally measured switching times
were on the order of 20 µsec (Figure 3-16), which is larger than the values simulated
because of other stray capacitances in the measurement set-up and packaging of the
devices. Repeating the simulations with larger value of capacitance (from the pads and the
probes) results in a value close to that measured experimentally. Other more complex
models of SEED devices have also been studied which involve more complex circuit
models and better experimental measurements and thus typically provide more accurate
results7. In general, however, the device switching speed remains constrained by the
driving electronics.
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Figure 3-15 (a): Results of transient analysis calculations showing rise and fall times of the
two devices switching simultaneously

Figure 3-15 (b): Results of transient analysis calculations showing rise and fall times of the
two devices switching simultaneously
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(a)

(b)
Figure 3-16: Experimental switching of S-SEED devices vs. time: The two curves
represent the two devices, (a) modulator 1 switching to absorbing state,
(b) modulator 1 switching to reflecting state

3.6

Conclusions
In this chapter, we have described a configuration of MQW modulator devices

known as a self electro-optic effect device or SEED and an extension of this device called a
symmetric SEED. These devices can perform Boolean logic as well as a more powerful
type of logic known as threshold logic.

Computer simulations were performed to

accurately predict the bistability loops of the devices and their transient time behavior.
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Small devices should be able to switch in on the order of 2 nanoseconds, but device
switching speed is typically limited by the driving electronics, not by the devices
themselves. The ability of these devices to perform threshold logic was confirmed. The
two parameters of importance for this application are contrast ratio and responsivity. The
devices also need to be closely matched in terms of these parameters to obtain symmetric
switching. These devices can also be integrated with GaAs circuitry and silicon CMOS
(see Chapter 6).

This chapter has only scratched the surface of the wide variety of

applications for which SEEDs have been demonstrated useful, including neural networks8
(Chapter 4), optical clock recovery9, chip-to-chip optical interconnections10, and even an
electro-optical computer11.
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Chapter 4--Optoelectronic Neural Networks

4.1

Introduction

Neural networks have a wide variety of potential applications, including associative
memory, pattern recognition, and error correction.1,2,3 Standard electronics often runs into
an interconnection bottleneck when trying to implement a neural network.

Optical

realizations of these networks appear to be ideally suited for such architectures which
require massively parallel interconnections between successive layers of neurons.

The

threshold logic elements from the previous chapter are reminiscent of the basic element in
many neural network implementations, the McCulloch-Pitts neuron4 shown in Figure 4-1,
which was motivated by biological models of human neuron cells5. In the most common
networks, many of these neurons are connected together in a layered structure such as that
of Figure 4-2, with the added feature that each element has adjustable weights multiplying
the inputs and performs an adjustable sigmoid shaped thresholding, instead of a hard
thresholding as is performed by the SEED devices. The smooth sigmoid threshold can be
implemented by integrating modulators with GaAs MESFET circuitry. By adjusting the
weights in this network depending on the value of the output of the network for a given
input, the network can learn a task, such as recognizing a face.

Sum and
Nonlinear

x1

Operation

x2

y=f(x,w)

wi
x3
x4

Figure 4-1: The McCulloch-Pitts Neuron
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Learning by a neural network is accomplished by any one of several algorithms,
including back-propagation and steepest descent methods.6 Psaltis at Caltech has actually
implemented a real time face recognition network using arrays of modulators integrated
with transistors.7 The work of this chapter is based on discussions with the CalTech group
on how modulators can be used in implementing arrays of single neuron elements.8
In optical neural network implementations, optoelectronic neuron circuits can be
arranged in 2-D arrays and can be interconnected optically via the third dimension.9,10,11
The optical interconnections can be realized with holograms or spatial light modulators and
each neural plane can consist of many (1,000 to 10,000) neuron circuits. Each neuron
performs a simple function, such as the sigmoidal threshold function of Figure 4-3, on to
the next neural plane. In order to build large 2-D neural planes each node in the network
has to dissipate very little power (less than 0.1 mW), be able to detect low optical input
signals (10-100 nW), and produce a large optical output signal (1-10 µW).

Hidden Layer
Input Layer

Output Layer

Figure 4-2: Multi-layered feedforward neural network architecture
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Figure 4-3: Typical single neuron threshold function,
1 / (1 + exp(-λx)) for λ=5,15,50

4.2 Output Device Implementation Considerations
Although neural networks can be constructed of SEED-like devices,12 it is
sometimes advantageous to combine several optical input and output devices together with
electronic circuitry, so that each portion of the neuron element is optimized for its own
particular function. When selecting output devices (e.g. modulators or LED’s), there are
three major considerations to take into account: interconnection loss, density of neurons
(related to power dissipation), and speed.

4.2.1

Interconnection Loss
The interconnection loss of a neuron is determined by a number of factors including

the number of connections per neuron, type of interconnection medium, and the type of
light source used. In order to connect the output of a single neuron to multiple other
elements, some optical gain must be provided, so that the signals are not lost when
propagating through several layers of the system. The number of connections per neuron
may affect the choice of interconnection medium between holographic interconnects and
spatial light modulators as well as the choice of light source. Choices of light source
include on chip laser diodes and LED’s and off-chip lasers combined with modulators and
employed as the output devices. Coherent sources are typically better for two reasons.
First, common holographic interconnections made using photorefractive mateials are more
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efficiently read and written with coherent light, and second, incoherent sources radiate light
into a large solid angle and thus only a portion of the output light is captured by the next
neuron. Given a coherent source, one can select laser diodes or modulators as output
devices. This choice is determined by other considerations described in the next sections.

4.2.2

Density of Neurons
If a large density of neuron elements per area is required, the power dissipation of a

single neuron becomes a limiting factor. For a maxium dissipation of 10 W/cm2 using
LED’s with small currents, a density of about 100,000 elements/cm2 can be achieved. For
LED’s, however, higher density means slower operation which becomes a problem if
speed is a consideration. Because of interconnection loss considerations, we must choose
between laser diodes and modulators. The choice between these is clear if neuron density
is a consideration. Modulators operate with reverse bias, so that the currents flowing
through them are small, and they thus can be fabricated in dense arrays. Array uniformity
in terms of operating wavelength and contrast ratio may be the only limiting factor using
modulators as output devices.

4.2.3 Speed
Many networks do most learning or training off-line before use, so that learning
speed is not a problem, while others must learn during operation and must be faster. If
high speed operation is desired, modulators again should be chosen as the output devices
because of their potentially very high switching speeds as described in Chapter 2.

In

addition, because the charging time of the devices is the speed limitation, scaling down the
devices will reduce their capacitances, allowing for a higher density of neurons, which may
also be desirable.
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4.3 An Optoelectronic Neuron
MESFET based GaAs optoelectronic circuits enable low power consuming and
highly complex circuits. To detect the incoming optical signal, instead of using p-i-n
modulators as detectors which have relatively low responsivity (1 A/W), a better choice is
GaAs photoconductors which have much higher responsivities ( > 500 A/W for 100 nW
optical input). These detectors are easy to fabricate and integrate with MESFET circuitry
for complex thresholding functions because they have the same epitaxial structure as a
GaAs MESFET and thus can be grown on the same wafer. As discussed previously,
multiple quantum well modulators can be used to convert the electrical output signal back to
an optical output signal.
Figure 4-4 shows the circuit diagram for a simple sigmoidal threshold function.
The two optical inputs control the gate voltage on an enhancement mode MESFET. Input
P2 can be either the threshold against which P 1 is compared or it can be the summation of
the negative inputs if bipolar weights are implemented. The drain voltage on the MESFET
controls the voltage across the MQW. Figure 4-5 illustrates how the same epitaxial
structure may be used to realize all three devices represented in the circuit.

V1

V2

Output MQW
modulator

P1
MESFET
or MESFETs

P2
Input OPFETs

Figure 4-4: Schematic circuit diagram of optoelectronic neuron
with optical FETs as inputs and MQW modulator as output
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Source
n+ doped GaAs

Drain
Gate

n-doped GaAs
i-MQW regio--GaAs/AlGaAs
P+ doped contact region

p-i-n modulator

MESFET and OPFET
(no gate for OPFET)
fabricated in top two layers

P-doped Mirror Stack

Semi insulating GaAs substrate
Figure 4-5 Epitaxial structure for p-i-n modulators, MESFETs, and OPFETs

4.4 Conclusions

The main advantages of modulators as output devices over direct sources, such as
light emitting diodes and semiconductor laser diodes, stem from the fact that the light
source for the output signal is generated off-chip so that there is not a direct trade-off
between optical gain and the power consumption of the circuit. Modulators are also
preferred due to their use of coherent light sources and potential high speed operation.
While it was originally intended to grow the structure of Figure 4-5 for use in the CalTech
group’s neural network13, devices with similar structures were made available through an
AT&T workshop offering a FET-SEED technology which had already proven successful14.
The chip obtained from this workshop was used by the CalTech group instead. Several
studies were performed of the benefits of this technology for neural network
applications15,16 as well as in many other systems17,18. These applications would benefit
immensely from the use of modulators grown at Stanford in place of those grown by
AT&T. This benefit would result because of the fact that our devices can be optimized for
a particular set of desirable parameters (as described in Chapter 2), whereas the AT&T
devices which do not reside in Fabry-Perot cavities are not as flexible in their designs.
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Chapter 5--X-Modulators
5.0 Introduction
To perform extremely efficient optical switching, routing, and logic, photonic
switches and gates should ideally be conservative (preserving optical input power) and
reversible (inputs and outputs can be interchanged). Such a device forms a natural and
complete primitive for decomposing logic functions.

The transmission reflection

modulators we have developed1 (hereafter known as X-modulators) when used as an Xgate (inputs on both sides of the device), or as a single device controllable exchange
function––an exchange bypass or 2x2 switch (see Figure 5-1).
Output 1 =

AC + BC’

Input = A
Control = C

A

AC
+B C'

B

A C'
+B C

C

Wafer
Input = B
Output 2 =

AC’ + BC

2x2 switch

Figure 5-1: Conceptual representations of the X-modulator
The X-gate’s current implementation is electro-optical, with one electrical control
and two optical data inputs. It is the logical implementation of a Fredkin gate (3-input, 3output conservative, reversible gate).2,3 Logic that is conservative and reversible can have
very low power dissipation, in that it conserves the number of 1's in the input and output.
The reversibility of the gate increases its architectural functionality. These devices are
essentially controllable optical routing elements, mirrors, or beamsplitters. In one state
beams incident from opposite sides of the device are reflected and in the other state they are
transmitted or cross each other. Using arrays of these devices, various switching networks
can be constructed, including crossbar switches and other regular or irregular 2-D or 3-D
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architectures. This chapter will describe the basics of conservative invertible logic, discuss
the X-modulator device design, describe several potential systems applications of the
device including optical logic and interconnection, and finally describe some refinements to
the initial device design that make it more amenable to systems applications, including
voltage reduction, optical control, and incorporated gain layers for fan-out and level
restoration.

5.1 Conservative Invertible Logic
Conservative and invertible (CI) logic is defined as follows –– an n-input n-output
Boolean function f is said to be conservative and invertible if it satisfies the following
conditions:
• Bn –> Bn is bijective, where B={0,1}
• For any input vector x, w(x)=w(f(x)) where
w[x]=w[(x 1,x2,...xn)]=Σ ni=1x i.
The first condition represents the invertibility of the function. There is a unique mapping
between the inputs and the outputs and vice versa, so that the inputs may be determined
given the outputs. The second condition describes the conservative aspect of the function.
What it implies is that the number of 1’s in the output is the same as that of the input. More
generally, the function w() represents a metric on the inputs that is preserved to the outputs.
Figure 5-2 shows the truth table for one such 3 input-3 output CI function, namely the Xgate whose optoelectronic realization is the focus of this chapter.
Input
a b c
0 0 0
0 0 1
0 1 0
0 1 1
1 0 0
1 0 1
1 1 0
1 1 1

Output
d e f
0 0 0
0 0 1
0 1 0
1 0 1
1 0 0
0 1 1
1 1 0
1 1 1

d=ac’+ bc
e=ac + bc’
f=c

Figure 5-2: Truth table of X-gate
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By counting arguments, one can compute that there are a total of only 36 possible
3-input 3-output CI functions. These functions fall into six equivalent classes with respect
to permuations of the output. The six representative functions of these classes are the X (x
input conditionally switches y and z), Y (y controls), Z (z controls), R (right rotation), L
(left rotation), and I (identity) gates. Furthermore, there are only three equivalent classes
with respect to input and output permutation. The representative gates are X (for Y and Z),
R (with L), and I. The X-gate and the R-gate are also individually logically complete,
meaning that any Boolean function may be realized by some combination of several Xgates or several R-gates. In addition to this fact, they are universal in that using some
cascade connections of X-gates with wire permutations can realize any 3-3 CI function.
Figure 5-3 demonstrates how several common Boolean functions may be realized using Xgates and also includes the logic functions for X- and R-gates. Note that all of these
functions can also be defined using threshold (majority) functions, i.e. the inputs can be
switched to the outputs between two permutations depending on if the majority of the
inputs are on.

a
b
c

X

ac + bc’
ac’ + bc
c

0
1
c

(a)
a
1
c

X

X

X

a’
0
c

a + c’
a+c
c

a
a’
c

ac + a’c’
ac’ + a’c
c

X
(e)

ac
ac’
c

a’
1
c

X

a’c
a’c’
c

(g)

(d)

(b)
a
0
c

c’
c
c

a
b
c

R

b’a + bc
c’b + ca
a’c + ab

(h)
a’ + c’
a’ + c
c

X

(f)
(c)
Figure 5-3: Common Boolean functions using X-gates (a-g) and the R-gate(h): a) X-gate,
b) OR gate, c) AND gate, d) NOT gate or fanout, e) XOR gate, f) NOR gate, g) NAND
gate, h) R-gate.
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An important aspect of CI logic readily apparent from this figure is that it is often
necessary to insert additional constants or sources at the input of a gate or function and that
there are frequently extra signals at the output which may or may not be useful for further
computation. As an example of this, note that part d of the figure implements both a 1-2
fanout of the signal and generates its inverse. Figure 5-4 demonstrates how X-gates can be
used to construct Y, Z, L, or R-gates.

Note that for the Y and Z gates, a simple

permutation of inputs is sufficient, whereas for the R and L gates, two X-gates are
required. It is also possible to realize logic functions using R-gates, as well as constructing
X,Y,Z, and L-gates with R-gates. In this case it is interesting to note that it takes 4 R-gates
to realize an X-gate (only two were required for the reverse mapping). Figure 5-5 shows
how an X-gate may be realized using R-gates.

X

X

Y

Z

X

Y

X

L

Z

R

Figure 5-4: Universality of X-gate, demonstrating its use in constructing other 3-3 CI
functions (Y, Z, L, and R-gates).
0
a
b
c
0

0
a out

R
R

R
R

Figure 5-5: Construction of X-gate using 4 R-gates.
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b out
cout
0

Because these X-gate type switches can perform logic functions, it is quite natural to
construct a full adder from them, as we have done for Boolean logic and threshold logic
with SEEDs. This full adder is shown in Figure 5-7. A program has been written in
Mathematica to synthesize logic functions using X-gates4. While I have shown how typical
Boolean functions may be implemented using X-gates, a direct mapping of combinational
logic onto X-gate logic is typically not the most efficient design in terms of number of
devices.

Input
a b c
0 0 0
0 0 1
0 1 0
0 1 1
1 0 0
1 0 1
1 1 0
1 1 1

Output
d e f
0 0 0
0 0 1
0 1 0
1 0 1
1 0 0
1 1 0
0 1 1
1 1 1

a
b
c

d=b’a + bc
e=c’b + ca
f=a’c + ab

R
(h)

Figure 5-6: Truth table of R-gate.
b

1

a

a
a’

carry
1

sum

c

residue

ab

a+b

Figure 5-7: Optical implementation of a full adder using CI X-gates
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5.2

Previous Optical Implementations
There have been several optical implementations of Fredkin gates prior to the

quantum well modulator based gate as described by Shamir et. al.5:

the polarization

switching gate, acoustooptic gate, photorefractive gate, and waveguide or coupler switch.
In a polarization switching gate, two orthogonal polarizations of light impinge upon an
electrooptic modulator which rotates polarizations by 90 degrees when active. The control
signal for this modulator may be either an electrical signal or an optical signal converted to
an electrical one by a photodetector. Both beams share the same physical path and can be
separated by a polarizing beam splitter if necessary. In an acoustooptic gate, two laser
beams are incident upon an acoustooptic deflector at the Bragg angle. If the acoustic
control signal is present each beam is deflected into the other channel.
Photorefractive gates are based on four-wave mixing so that two control (or pump) beams
when present will phase conjugate the two input signals thus switching the outputs.
Perhaps the most promising of these four implementations is the modulated waveguide or
fiber coupler which may be either electrically controlled or use an orthogonally polarized
control signal to activate the coupling region (consisting of a nonlinear or electrooptic
material) between the two inputs.6,7

5.3

Device Design and Theory
The device can be thought of as a front mirror with electric field reflectivity rf and

an effective back mirror with reflectivity rbe

–αL

, where α is the quantum well exciton

absorption and L is the optical cavity thickness. The device is designed to contain nearly
matched front and effective back mirrors at zero applied field, so that the value of R and T
will be nearly equal. With no bias on the structure, the quantum well absorption peak is at
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a shorter wavelength than the cavity resonance so that the absorption at resonance is low.
From simple cavity theory, the device's intensity reflectivity and transmittivity are given by:

R=

rb e – αL – rf

2

1 – r2f 1 – r2b e – αL
T=

1 – rfrb e – αL

2

1 – rfrbe – αL

As the front and back mirror reflectivities become equal, R becomes zero and T nears unity
(for small α).

Larger minimum values of α decrease the maximum transmission.

Application of an electric field red shifts the lowest energy exciton absorption towards the
Fabry-Perot wavelength via the quantum confined Stark effect (QCSE), thus increasing the
absorption at that wavelength. Consequently, this increases the device reflectivity R and

Total Device Reflectivity

decreases T. These operating conditions are illustrated in Figure 5-8.

1.2
1.0
0.8

High Bias
(High Refl. Low Trans,)

0.6

Zero Bias
(Low Refl. High Trans)

0.4
0.2
0.0
0.0

0.20
0.40
0.60
0.80
Effective Back Mirror Reflectivity
Rbe-2α L

1.0

Figure 5-8: Operating conditions for the X-modulator

The structure of the X-modulator consists of a slightly asymmetric Fabry-Perot
cavity containing top and bottom mirrors of 10 and 12.5 periods of GaAs/AlAs quarter
wave stacks surrounding an undoped cavity of 48, 75 Å In0.2Ga0.8As quantum wells. The
bottom of the wafer was antireflection coated with a 1/2 wave layer of SiNx to remove any
effects of the semi-insulating substrate on transmission properties. This structure is shown
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in Figure 5-9. Even though the front and back mirrors differ in their number of periods,
their reflective properties are similar, for the top mirror also includes the semiconductor/air
interface. This particular device was designed to have equal reflectivities from both sides
of the device as well as having equal values of reflection and transmission.
measurements and corrections were made at three points during the growth.

In-situ
The first

correction was made after half of the bottom mirror was grown. The second was made just
after the growth of the cavity region to place the cavity mode at the center of the wafer
about 200 Å from the zero bias exciton absorption. The third correction was made just
before the complete structure was grown, to ensure that the zero bias response was correct
and that no additonal growth was required. The wavelength at which the exciton and cavity
mode occurs is 9740 Å, where the GaAs substrate is transparent, allowing light to pass
through the device from either side. Additionally, at zero bias, the front and back mirror
reflectivies are nearly equal, so that the device characteristics should be the same from the
front side and back side of the wafer.

Incident Beam
Ti/Au Contact
P-Type Quarter
wave mirror stack
10 pairs
GaAs/AlAs
Au/Ge/Ni/Au
contact
to N-type
mirror

{

Rf
α

Transmitted/Reflected Beam
48 quantum wells
(75Å InGaAs
35Å Al 0.33 Ga 0.67 As)
} N-Type Quarter
} wave mirror stack
12.5pairs
GaAs/AlAs

Rb

GaAs Buffer layer
(500Å)

Semi Insulating GaAs substrate

Incident Beam

SiN Anti-reflection
coating

Transmitted/Reflected Beam

Figure 5-9: Device structure of the X-Modulator
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Using our thin films computer simulations, we can calculate and predict modulation
ratio (MR), optical bandwidth (OB), and change in reflectivity (DR) (related to insertion
loss) for our devices and study the tradeoffs between them. See Reference 88 and Chapter 2
for a further discussion of the device parameter space and design tradeoffs.
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Figure 5-10: Parameter space for X-modulator: Optical bandwidth and
contrast ratio vs. change in reflectivity.
Figure 5-10 illustrates some of the parameters of interest for an X-modulator.

To

summarize the results shown there:
• For fixed voltage, as MR increases, DR increases and OB decreases.
• For fixed DR, as voltage increases, OB increases and MR decreases.
• For fixed MR, as voltage increases, OB increases and DR decreases.
We can control the front and back mirror reflectivities, cavity length, distance in
wavelength between the zero bias exciton peak and the Fabry-Perot wavelength, and
maximum and minimum absorption to tune a given device for a desired application. Figure
5-11 shows the theoretical and experimental reflectivity and transmission spectra for our
device which is shown to switch between 60% and 6% reflectivity and transmission in both
states.
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Figure 5-11: Theoretical and experimental curves for reflection and transmission of the Xmodulator. "On" indicates response with 40 Volts applied.
Devices which are not symmetric from the front and back sides of the wafer may also be
designed, and can result in higher contrast ratios. The contrast ratio of the symmetric
device is 10, whereas the contrast ratio of the device simulated in Figure 5-12 is around 80.
At the end of this chapter an arrangement of devices is shown which can symmetrize these
characteristics, as well as enhance the contrast ratio even further.
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Figure 5-12: Simulated characteristic for asymmetric X-modulator with
higher contrast ratio
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In order to investigate device stacking, it is necessary to investigate device response
at various angles of incidence and for TE versus TM polarized light. Incident angle must
be accounted for when designing devices, however, angle can be used advantageously to
increase device yield in MBE grown wafers which typically display a radial growth
nonuniformity. Figure 5-13 shows the zero bias reflectivity spectra for the X-modulator,
which was designed for optimal performance at normal incidence (0˚). As can be seen
from these simulations, for incident angles larger than 25°, the zero bias reflectivity
becomes strongly angular dependent. This effect occurs because the Fabry-Perot mode,
initially at 9840 Å, shifts as the light sees a different effective optical distance, but the
exciton absorption does not shift in the same manner. Thus, the contrast ratio is degraded
and we see a split in the TE and TM characteristics Such dependencies will in turn affect
multiple device characteristics, such as crosstalk and insertion loss. In addition, we show
how the use of a larger cavity can offset angular dependencies. The wider cavity device is
designed to be matched to the 9840 Å device with an incident angle of 25˚.

When

designing structures for operation at non-normal incidence, the value of the exciton
absorption at a given wavelength could be affected if TE polarized light is not used. This is
the result of differences in the amount of absorption of TE and TM polarized light by the
heavy hole and light hole excitons. Heavy hole TM absorption is essentially zero while
light hole absorption is enhanced for light travelling in the plane of the quantum well
material.
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Figure 5-13: Simulation of zero bias reflectivity of X-modulator at various angles using
TE and TM polarized light, demonstrating the degradation of the contrast ratio and the TETM split. The reflectivity of a wider cavity optimized for 25˚ is also shown.

5.4

Systems Applications
In this section, we will describe some of the possible systems applications of the X-

and R-gates. As previously stated, X- and R-gates are useful for computation, coding,
switching, and routing.

To begin with, we have demonstrated the logic and routing

functionality of the X-gate by stacking two devices in series and verifying the expected
output functions as shown in Figure 5-149. Because large optical output is available in
both states, an incident optical signal at A or B could be routed to any of the three optical
outputs, depending on the state of the electrical inputs, D and E. We theoretically predicted
and experimentally verified the logic performance of two stacked 200 µm x 200 µm square
X-modulators. Light incident at 21˚ off normal incidence was used, which imparted a 50Å
blue shift to the Fabry-Perot resonant wavelength. For these measurements, only input A
was an ‘on’ optical signal, making the outputs D, D’E, and DE’ for outputs 1, 2, and 3
respectively.

Output 1 represents the single device reflectivity response as shown

previously in this chapter. Figure 5-14 shows the logic high and some of the various logic
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low levels at the FP wavelength for outputs 2 and 3, given the various combinations of the
electrical inputs.
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Figure 5-14: Measured signal versus wavelength for output 2 and output 3 (shown
schematically in inset) of a dual stacked X-modulator system. Output 1 is
similar to the plots shown in Figure 1 with the appropriate wavelength shift.

A single X-gate with an electrical control signal performs a simple 2x2 exchange
operation. This operation is useful for sorting and routing networks. Using regular arrays
of these devices as shown in Figure 5-15, we can easily construct a 4x4 (or in general, an
NxN) optical crossbar switch, permuting the 4 optical inputs to the 4 optical outputs in a
conservative manner (number of 1's is preserved).

Crossbar design issues include

reconfiguration time, signal bandwidth, total data throughput, and data word size. Optical
crossbars, such as the one shown here, should outperform electronic versions in all of
these areas. The reconfiguration time for the network shown should be around 0.1 nsec,
the signal bandwidth is large because the data path is all optical, and the data throughput
can be large because many lines can be switched in parallel, as can the data word size.
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Figure 5-15: (a) Schematic representation of X-gate, (b) 4x4 optical crossbar using 6 Xgates in a regular triangular array.
For simplicity, we will first examine the 4x4 crossbar switch shown in Figure 515. The minimal implementation of the 4x4 crossbar requires only 5 X-gates and is shown
in Figure 5-16, along with a schematic representation of how this switch might be realized
using stacked devices. This implementation of the crossbar may also be flattened onto a
single wafer layer with a few mirrors placed around the structure (a multibounce type
architecture) as shown in Figure 5-17.
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Figure 5-16: Minimal realization of 4x4 crossbar with 5 X-gates
Figure 5-18 depicts the worst signal to noise ratio for any of the output channels
over all of the possible voltage switching configurations given optimally symmetric
individual X-modulators with the given changes in reflectivity/transmission (Ron – Roff =
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Ton – Toff) and contrast ratio (Ton/Toff = Ron/Roff) for both the 5 and 6 element
realizations. It is also possible to use asymmetric device structures (where Tmax ≠Rmax)
and vary other device parameters to adapt optimal X-modulator device structures to specific
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4

1

X-gate
mirrors

3

2

Figure 5-17: Single Wafer plane realization of 5 X-gate 4x4 crossbar switch
systems applications.

A 3-D interconnect arrangement using stacked wafers of X-

modulator arrays is envisioned to replace previous interconnect technologies because of its
fast reconfiguration time, high signal bandwidth, and potentially high data throughput. As
a routing device, the X-modulator, whether electrically or optically controlled, is very
promising. Regular arrays of X- or R-gates (i.e. 2-D and 3-D stacked structures of
quantum well devices) can also be used to realize field programmable gate arrays
(FPGA's)10 and other more complex functions (such as full adders and other logic units).
Figure 5-19 shows an optical FPGA implemented using X-gates in a binary lookup table
design, which is essentially the triangular crossbar switch above with the devices rotated by
90˚. The conservative and reversible nature of the X- and R-gates can be efficiently utilized
in automatic logic synthesis and layout (CAD). The all optical full adder of Figure 5-20
was obtained using a synthesis approach, and is realized with only 5 X-gates (and one for
fan-out), which demonstrates another improvement over the full adders described in
Chapter 3.

This implementation would require optically controlled devices or some

optoelectronic conversion between devices.
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Figure 5-19: Optical implementation of an FPGA using X-gates in a binary lookup table
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Figure 5-20: All optical full adder implemented with 5 X-gates
Larger crossbar switches can be assembled from smaller 2x2 or in general N by N
crossbars in various configurations. For example, we could simply extend our triangular
array of devices to an NxN array. However, the number of devices required by this
arrangement grows as N2, which is usually an unacceptable complexity. Numerous other
networks have been proposed in the literature, for example that of Figure 5-2111, which
indicates how larger crossbars may be built up recursively from smaller ones. The figure
also compares the number of devices needed for a regular triangle implementation to a
smarter method. All of these networks may be realized with our X- and R-gates. In most
cases, even the implementation shown in the figure is not the minimal realization. For
example, Figure 5-22 demonstrates how an 8x8 crossbar can be constructed with only 12
2x2 switches. Some of these proposed networks are more adapted to our technology than
others. In general the more regular the architecture of the network, the better suited it is to
X-gate implementation.
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Figure 5-21: Construction of a larger crossbar switch using smaller crossbars.
Comparison of the number of X-gates required for this implementation compared to a
regular triangle array.

Figure 5-22: 8x8 Crossbar switch
We are in the process of comparing our technology with AT&T's SEED-CMOS
technology12, where GaAs modulator arrays are flip-chip bonded onto silicon CMOS
circuitry. This technology will be described in the next chapter. We have implemented a
4x4 crossbar switch with this technology where the crossbar is in silicon and the optical
inputs and outputs are GaAs modulators and photodiodes. This design will be compared
with our 4x4 crossbar where the data path is all optical, hence the data bandwidth in our
design is not limited by electronics (>100 GHz).
So far we have looked at applications of X-gates for building optical routing and
switching architectures. A single R-gate can be constructed from 2 X-gates in cascade
(Figure 5-23), by having each X-gate exchange 2 different inputs. We also note that this
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implementation requires optically controlled X-gates, or at least optoelectronic conversion
for the control signals. This fact also indicates that the R-gate is a natural 'all-optical'
device (control and data signals are optical). We discuss optical control possibilities in a
later section of this chapter. Figure 5-23 also clearly indicates the rotational symmetry of
the R- (or L-) gates.

An R-gate type router can be obtained by a non-minimal but

symmetric arrangement of 3 X-gates (Figure 5-24). R/L gates can also be constructed
from the thresholding elements of chapter 3.

Output 1 = AB + CB’
Input1 = A

Input2 = B

,

X-gate Z-gate

Output 3 = CA + BA’ Output 2 = BC + AC’
Input3 = C

Figure 5-23: Rotationally symmetric representation of R-gate
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Figure 5-24: R-gate style 3x3 router/switch implemented with 3 X-gates
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5.5

Refinements for Optical Switching Systems
It is clear that our proof of concept devices are not ideally suited to systems

applications. In this section, we begin to address three specific aspects of the structures
which should make them more amenable to use in a systems context. First of all, the
voltages at which the initial device operated (40 Volts) is much too large to use in an
optoelectronic system or to integrate with electronic systems. A partial solution for this
problem was experimentally proven feasible.

Second, for many applications, it is

necessary to have all three inputs of the device be optical. Thus, it is desirable to somehow
replace the electrical control signal of the modulator with an integral optical control, which
means that we must depart from the use of the quantum confined Stark effect as our means
of absorption modulation. Several potential methods for accomplishing this goal have
already been demonstrated by others and will be described here, along with their benefits
and shortcomings.

Finally, although we term our devices ‘power-conserving’, the

maximum transmission is still only 60-70%, which will lead to problems with fan-out and
cascading of devices. One method of increasing this maximum transmission or reflection is
described, which involves incorporating forward biased quantum wells into the FabryPerot cavity to provide gain in addition to the lossy quantum wells to modulate the
absorption.

5.5.1

Voltage Reduction
The high voltage of operation in the original X-modulator is partially due to the use

of strained 75Å In0.2Ga0.8As quantum wells. The use of this strained material requires
the use of large, 200 Å AlGaAs barrier regions to reduce the overall indium concentration
and hence strain in the active region. This reduced strain permits the structure to be below
the Matthew's-Blakesly critical thickness13. Beyond this limit the crystal relaxes through
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formation of dislocations and the exciton resonances are quenched. As a first step towards
reducing these voltages, we have used a graded buffer region and strain compensation
techniques to reduce the thickness of the barrier regions to 100Å.

This reduces the

required switching voltage of a similar structure by ~35%. In this technique, the bottom
and top mirror layers are varied in composition from 0% indium at the substrate up to about
12% indium at the onset of the quantum well region. This 12% value is chosen so that the
alternating barrier and well layers, which are strained in opposite directions (tensilely and
compressively), compensate each other and thus result in approximately zero net strain.14
This graded structure is illustrated in Figure 5-25. The photocurrent data for this structure,
both with 200Å barriers and 100Å barriers is shown in Figure 5-26. The thickness of the
active region was reduced by 40% and can probably be reduced by about 60% with even
thinner barriers. This reduction in active area thickness increases the effectiveness of the
applied field. As shown in Figure 5-26, at 5 Volts the exciton shifts by 30 Å in the thick
barrier case and 100Å in the thin case, and at 10 Volts, 130Å compared to 320Å.

We are

currently working on a structure with 50Å barriers, as well as some coupled well
structures, which can operate at even lower voltages by using spatial separation of carriers
to change the absorption rather than the QCSE. Coupled quantum wells can possibly
reduce the voltage of operation even more by providing a large amount of absorption per
well. Another possibility for reducing the voltage is the incorporation of phosphorous in
the barrier material, which will reduce the strain even more by providing a more closely
latticed matched material. As a final note on voltage reduction, one could also potentially
form a structure consisting of folded or interleaved thin layers in which each layer has a
smaller voltage applied to it. In such a structure the quantum wells would still be optically
serial but at the same time be electrically parallel. A waveguide implementation of an X
modulator would also reduce the operating voltage at the expense of density of devices on a
single chip. Both of these alternate solutions involve many fabrication issues which are not
the focus of this work and thus not discussed here.
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Figure 5-25: Device structure of graded buffer device.
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Figure 5-26: Photocurrent data for graded buffer region, showing voltage enhancement.
5.5.2

Optical Control
As mentioned previously in this chapter, it is desirable for many applications to

replace the third input of the X-modulator, which is currently a voltage bias, with an optical
control signal, thus converting the device to an all optical input gate. Electrically controlled
devices will be limited in speed by the RC time constant of the device itself. The charging
and discharging time of the device capacitance, which is essentially that of a simple reverse
biased p–i–n diode, limits the ultimate switching time of the gate to between 50 and 100
GHz.

For electrically switched devices, we are also investigating flip-chip bonded

optoelectronic multi-quantum well modulators on silicon CMOS circuitry using a
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technology similar to that offered at a recent AT&T workshop.12 The beginnings of this
work will be described in the next chapter.
The underlying excitons involved in these devices are very short lived. The time
for electrons and holes to come to thermal equilibrium with a lattice is thought to be in the
picosecond range,15 and the time for electrons and holes to come in to thermal equilibrium
with each other is only a fraction of a picosecond. In addition, temperature dependent line
width broadening analysis due to LO phonons gives a room temperature lifetime of
excitons of 400 femtoseconds for GaAs quantum wells and even less for InGaAs wells.
This is clearly much shorter than the RC time constant limitation and points to the need for
alternate methods of modulating excitons.
We have investigated all-optical methods of controlling advanced Fabry-Perot
devices such as X-modulators. In particular, we are investigating four types of effects.
The first approach is shown

in Figure 5-27 below and entails the bleaching of QW

excitons using control light resonant with the exciton. Intense control light (about 40
kW/cm2) generates many photo carriers which screen the QW excitons and thus quench the
absorption of the excitons. Band filling by the generated carriers also additionally reduce
the absorption.

Eo
Ep
E p = Eo
Figure 5-27: Exciton bleaching by generation of carriers,
Ep is the photon energy and En is the approximate exciton peak
Figure 5-28 demonstrates the difference between this method and the QCSE16. Larger ∆α
can be obtained at all λ using this technique. Figure 5-29 shows some experimentally
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measured reflectivity spectra taken for 0, 6.6, and 41.2 kW/cm2 pump intensities.17 Note
that the generated carriers also induce a change in the index of refraction of the material,
which shifts the cavity mode towards lower wavelengths.

Thus at the operating

wavelength, an even larger change in reflectivity is observed than in the case where the
mode does not shift. The limitations of this technique are that it requires generation of a
large number of carriers, and that for some applications it may be undesirable to have a
disparity in the intensities of the three input signals (for example the full adder).

The

generated carriers must be removed from the device in order for the device to return to its
original state. Such techniques have been previously investigated,18 but this approach
might be utilized in Fabry-Perot devices to modulate reflectivity and transmission of
incident light. This technique is the easiest of the four described here to implement.

Figure 5-28: Illustration of the difference between QCSE (dotted line) and
carrier induced effect (solid line)16
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Figure 5-29: Measured reflectivity of a MQW modulator for pump intensities of
(1) 0, (2) 6.6, and (3) 41.2 kW/cm2 17
The second technique, shown in Figure 5-30 below, employs what is known as the
optical (or a.c.) Stark effect. In this technique, the control light is near, but below the
exciton resonance in energy. Thus the control light is not absorbed.

Instead, it induces

what are called virtual transitions which result in a blue-shift of the exciton resonance (a
shift of the absorption to higher energy). Thus absorption is modulated at the energy of the
original exciton resonance and refractive index is modulated near and slightly below the
band edge. Because the control light does not generate real carriers, the effect lasts only as
long as the control beam. From a practical standpoint, if changes in absorption, rather than
changes in refractive index are used to perform modulation, the modulated beam generates
a very small number of real excitons which decay quickly. The two limitations of this
technique are that it requires very intense (a few GW/cm2) optical beams and that it requires
control light at a wavelength other than that of the signals. These two limitations may not
be a problem for routing applications, where the intense pulses may be generated locally.
Figure 5-31 shows some experimental data illustrating the optical Stark effect in action.19
In this case, the recovery time of the switching is only 1.2 psec, which makes this
technique the most promising in terms of high speed operation.
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Ep < Eo

Eo
Eo < En

Figure 5-30: Optical Stark Effect: nonresonant light creates virtual transitions
and blue-shifts the exciton resonance. En is the shifted exciton energy

Figure 5-31: Experimentally measured optical Stark effect shown 2 psec before,
during, and 1.2 psec after the nonresonant optical excitation of a few GW/cm2 19
The third technique, shown in Figure 5-32, below uses intersubband transitions
(those within the valence band) to control interband (between valence and conduction band)
absorption. For example, in p-doped quantum wells, normal incidence, intersubband light
causes intersubband transitions in the valence band and thus induce changes in the
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interband exciton absorption. Here we will discuss both real and virtual intersubband
transitions20 as methods of modulating Fabry-Perot devices. In doped quantum wells, the
large exciton absorption resonance is screened by the carriers created by doping. By using
control light which is resonant with an intersubband transition (between two states in the
valence band, for example). These dopant carriers can be boosted to higher energy levels
in the valence band and thus do not contribute to the screening of the lowest level exciton.
Thus the absorptive level of the excitons can be controlled. The speed of this technique is
limited by the intersubband transition time for the carriers to relax back to the lowest energy
band and this time constant could be as short as a few picoseconds. The amount of ∆α
attainable by this technique is not as large as those of the previous two methods.

Ep

Eo

Figure 5-32: Dopant carrier removal through the use of intersubband transitions
Finally, nonresonant intersubband light (where the control light is of slightly less
energy than the intersubband transition) may be able to induce virtual transitions between
the intersubband states in the doped well as shown in Figure 5-33. In such a case, virtual
transitions between the intersubband levels would shift energy levels in that band. This
effect would in turn affect the energy of the interband exciton transition. In this case, the
movement of energy levels would red-shift the exciton resonance (shift it to lower energy).
Since no real carriers move between intersubband levels, the modulation should last only as
long as the incident beam. In the investigation of such intersubband light controlling
interband absorption, we need to investigate the effects of dopant level and control line
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intensity, especially when attempting to employ virtual transitions. The complexity of this
effect probably eliminates it as a viable option.

Ep

En

Eo
E o > En

Figure 5-33: Intersubband light used to optically Stark shift instersubband levels, thus
red-shifting the excitonic transitions
5.5.3

Dual Zone Structures
As previously mentioned, our test devices as originally designed have a maximum

transmission of 60-70% and a minimum transmission of about 6%, hence a contrast ratio
of 10. Ideally these percentages should more closely approach 100% and 0%, or possibly
even greater than 100% in the maximum transmission case (i.e. amplification) for fan-out
purposes.

We are attempting to overcome this problem by investigating structures that

include two layers, or zones; one that performs the modulation of the light (X-modulator,
for example) and one that will amplify the light, in essence restoring the energy that is lost
in the modulator.
As an initial design for such a device, we consider two possible configurations. In
the first configuration, the gain quantum wells are contained within the same Fabry-Perot
cavity as the absorptive wells, as shown in Figure 5-34. In this structure, there are two
individually biased regions, so that we end up with a n-i-p-i-n stacking of layers. The gain
layers are forward biased to provide a gain of approximately 600 cm–1 per well, and the
absorptive wells are switched between around 11,000 and 50 cm–1 per well loss using the
quantum confined Stark effect. It may also be desirable to switch the gain layers between
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gain and loss, however the speed of this switching is limited by the amount of time
required to sweep the carriers out of the quantum well region. We have simulated the
device in the case that only the absorptive wells are switched. The results of this simulation
are shown in Figure 5-35. As can be seen in the figure in one state, the device is highly
reflective (95% reflection, ~0.3% transmission). Other structures may produce a higher
reflectivity than 95%, but are more difficult to correctly grow using MBE.

In the

transmissive state, the device amplifies the signal transmitted by a factor of ~2 (with ~5%
reflection). Thus, we have demonstrated that our devices can incorporate gain layers
within the optical cavity to restore some of the light lost to absorption.

The optimal

reflection and transmission percentages depends upon the architectural configuration of the
devices involved. In some cases an asymmetric device such as this may be an acceptable
solution or even desirable (for example for use in tapped delay lines or crossbar switches).
By simply changing the reflectivity of the front mirror, this device may be transformed into
a reflection modulator with gain. The simulated results for this device are shown in Figure
5-36, where the device switches between 110% reflection and reflectivity near zero.
A second possible device structure would consist of two cavities, where the
coupling between the modulator cavity and the gain cavity is small to prevent coupled
cavity effects. In this case, a large reflectivity mirror is required between the two cavities,
which results in a high Q modulator and makes our design difficult to realize. A better
solution may involve anti-reflection coating the top of the device so that there is essentially
only one cavity present. In this case, the gain layers are only single or double pass
depending on the state of the device and thus a larger number of wells would be required.
The first configuration is the more promising of the two. The growth and fabrication of
these devices would be more complicated than that of a single X-modulator, but similar
work has been done at Stanford integrating modulators and LED’s.21
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Figure 5-34: X-modulator with gain layer
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Figure 5-35: Simulation of dual zone reflection/transmission modulator with gain.
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Figure 5-36: Dual zone reflectivity modulator with gain, contrast ratio > 1000
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5.5.4

Contrast Enhancing Architecture
As a final note, there are a number of ways to improve contrast ratios and crosstalk

by using various arrangements of modulator type devices, and adjusting their parameters
where appropriate. Figure 5-37 shows one such arrangement, whereby the contrast ratio is
the square of the contrast ratio of the individual devices. Each signal passes through two
devices, and some of the undesired crosstalk is filtered out by this arrangement. For our
inital devices, this improves the contrast ratio from 10 to 100. This improvement comes at
the cost of lowered gain, which could be compensated for by the techniques discussed
above, for instance. For modulators with gain for example, contrast ratios can become
extremely large. It is also interesting to note that this same switch can timeshare another
pair of switching inputs along the anti-diagonal direction, an example that demonstrates that
in optics, the same switching space can be reused by more than one set of beams. In
addition to the contrast ratio enhancement, several configurations of the individual device
states have the effect of symmetrizing the output characteristics, if for example the
individual devices were asymmetric from front and back sides, or if they were asymmetric
between reflective and transmissive states. Some of the configurations result in essentially
an X-modulator from a black box point of view, while others result in various forms of
spatial beam shifting and redirection. Some of the possible settings are shown in Figure 538.

X- gat e
mi r r ors

Figure 5-37: Crosstalk improving architecture
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Figure 5-38: Some permutations of the contrast enhancing architecture
illustrating the variety of operations that can be performed

5.6

Conclusions
This chapter described the design, fabrication, and testing of vertical cavity X-

modulators--structures which allow for conservative invertible switching. Unlike earlier
modulator structures which modulate either the amplitude or the phase of light, these
modulators act to modulate the direction of the input light without changing the output
intensity or phase. We have discussed the use of X- and R-gate devices for switching,
routing, and other computations, as well as some aspects of these devices that make them
amenable to photonic switching and routing. These devices can potentially be used for both
optoelectronic and all-optical implementations. Finally, we have described refinements to
the original X-gate design (both current and future efforts) that will make them much more
useful for systems applications--voltage reduction, optical control, and level restoration.
X-modulators and related devices should have a significant impact on efficient switching,
as well as 2-D and 3-D array optical switching, routing, and logic.
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Chapter 6--Hybrid SEEDs

6.1

Introduction
In this chapter, a technology pioneered by AT&T Bell Laboratories1 and Sanders

Lockheed Martin2 which integrates GaAs MQW modulators with state of the art silicon
CMOS circuitry will be briefly described. The author of this work attended a workshop
describing this hybrid technology and designed a chip using it, which was then fabricated
by AT&T. The chip was intended both to explore the AT&T technology and to contrast it
to the X-gate technology by implementing 2x2 switches and 4x4 optoelectronic crossbars
using it.

Both technologies will see broad application in future optical chip-to-chip

interconnect and smart pixel systems.

6.2

Description of the Technology
The solder bonding process that has been used very successfully at AT&T/Lucent

is illustrated in Fig. 6-1.3

An array of quantum well

modulator/detector diodes is

fabricated from GaAs/AlGaAs on a GaAs substrate. Using ion implantation (or using
other contacting techniques), the two diode contacts, p and n, are brought to the top
surface of each diode. Solder metallization is also deposited on top of these contacts to
make the bonding pads. The individual diodes exist as separate mesas on the wafer. The
silicon chip that will receive the diodes has a pad layout that matches the diode bonding
pads. Additional metallization is also applied to the pads on the silicon chip as required for
the solder bonding process. It is important to note that this metallization on the silicon chip
can be applied to a fully fabricated silicon chip. The necessary lithography and processing
takes place at low temperatures, and is also chemically benign to the silicon chip. Then the
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GaAs/AlGaAs modulator array and the silicon chip are placed in a solder bonding machine.
The solder bonding machine allows controlled heating of the two chips

Figure 6-1: Three step hybridization process: 1) Separate fabrication of MQW modulators
and silicon CMOS, aligning, and bonding, 2) Flowing epoxy between chips for etch
protection, 3) Removal of GaAs substrate and deposition of AR coating 6
to be bonded, and has optics that allows alignment of the two opposing faces. A relatively
standard machine, for example from Research Devices, Inc., can achieve alignment
accuracy of about 2 microns, more than adequate for the sizes of the devices for the
present project. The heated chips are brought together with controlled pressure in the
solder bonding machine, completing the bonding. In the process used at AT&T/Lucent, an
epoxy is then flowed in between the two chips by capillary action. This epoxy gives an
additional layer of protection to the silicon chip as the final etch is performed to remove the
GaAs substrate from the modulator/detector array. The final result is many isolated and
separate modulator/detectors bonded onto the silicon chip.

The modulators operate in

reflection mode, using a metallic mirror layer on the bonded surface of the diode. An
antireflection coating can also be applied to the exposed surface of the modulators. This
process has been used successfully to bond over 4000 diodes to a 7x7 mm silicon chip by
AT&T 4 and over 65,000 spatial light modulators in a 256x256 array by Sanders Lockheed
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Martin.5 A more detailed cross section of the final bonded structure is shown in Figure 6-3
and a top view photograph is shown in Figure 6-2.

GaAs Modulators
Underlying VLSI
circuitry

Figure 6-2: Photo of top view of integrated GaAs modulators
with underlying CMOS circuitry6

Figure 6-3: Cross sectional view of the finished hybrid SEED devices 6
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6.3

Benefits of this Technology
The main benefit of this technology is that it can provide thousands of optical inputs

and outputs to state of the art circuitry capable of sophisticated information processing.
Quantum well modulators/detectors hybridized to silicon VLSI chips have demonstrated
1000's of optical inputs or outputs (I/O) on a single chip.7 Individual I/O circuits have
shown speeds of up to 1 Gb/sec.

Complex logic circuitry on the chip has been

successfully connected to the optical I/O. In addition to the well known physical benefits
of optical interconnections, the large number of simple spatial channels in smart pixel
arrays has other system advantages for large aggregate interconnect bandwidths, including
1) avoiding any need for complex serialization circuits (multiplexers), and 2) avoiding
signal and clock skew. Skew is reduced because the optical input "lines" are all essentially
the same length and the receiver and transmitter circuits are simple.

Therefore, this

technology is very promising for achieving > 1 Tb/s aggregate data rates in 1000's of
channels per square centimeter. Some of the factors that limit how many high speed optical
I/O’s can be implemented in a given chip area are sensitivity, power dissipation, and
crosstalk, similar to the limitations for neuron density discussed in Chapter 4.

The

modulators can function as either photodetectors (in the case of receivers), modulators (in
the case of off chip laser as output), or even as LED’s (for transmitters), although the
devices are not optimally designed for the latter. Smart pixels based upon this technology
show immense promise for optoelectronic systems.8,9,10

6.4 2x2 Switches and 4x4 Crossbars
The benefits described in the previous section have been demonstrated for 2x2
switching nodes up to 1 GHz operation. These 2x2 switches are clearly quite similar in
function to the X-modulator devices of Chapter 5.

However, for the hybrid SEED

technology, the light must be converted to electrons and holes, then back to light again after
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the routing has been performed. This is not the case for the X-modulator implementations
of 2x2 switches and 4x4 crossbars, where the data path is all optical. In addition to this,
the X-modulators can be switched at least as fast as the 2x2 switches implemented in
silicon and potentially operate up to 40 GHz, for they will not have the capacitive delay
from the attached silicon CMOS to charge and discharge. The power dissipation of Xmodulator based crossbars should be comparable to that of this technology. In the case of
crosstalk, the hybrid SEEDs win out until some of the ideas discussed in Chapter 5 (e.g.
incorporation of gain) are successfully implemented. To benchmark the X-modulator
technology, 2x2 switches and 4x4 crossbars were implemented using the hybrid SEED
technology as shown in Figure 6-4. Because of delays in the delivery of the chips from
AT&T however, the devices have not yet been tested and will be inherited by another
graduate student, as well as the task of bonding some of the devices grown here at Stanford
(phase modulators, high contrast modulators, X-modulators, etc.) to silicon circuitry for an
even wider variety of applications.
Input Beams
(modulators as receivers)

Silicon substrate

2x2 Switch
Silicon CMOS electronic
crossbar circuitry

Silicon substrate
Silicon substrate

4x4 Crossbar Switch

Figure 6-4: 2x2 switches and 4x4 crossbars using hybrid SEED technology

6.5

Conclusions
The technology discussed in this chapter is still quite new and shows much promise

for chip to chip interconnection, optical backplanes, and dense array smart pixel
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processors. The technology should see widespread use in the near future, as electronic
interconnections become bogged down by problems such as clock skew and simple lack of
chip area. Some projections for the future of this technology have been made by the
Semiconductor Industry Association Roadmap11 and Professor David A.B. Miller12 which
are summarized in Figures 6-5 and 6-6 and illustrate the future potential of hybridization.
Clearly, for pure compuational purposes, silicon will continue to have an edge over optical
devices, because of the large density and complexity of circuits. For interconnection
however, the benefits of optics push technology towards devices such as optical
modulators. A combination of the two worlds garners the advantages of both. For some
applications, such as crossbar switches, all optical data path implementations such as that
shown for X-modulators will show higher switching speeds and overall better
performance. Integrating the variety of modulators designed at Stanford with state of the
art silicon CMOS shows vast potential for many array optoelectronic applications.

Year

Feature
Size (µm)

Gates

Area
(mm2)

On Chip
Clock

1995
1998
2001
2004
2007

0.35
0.25
0.18
0.12
0.10

800k
2M
5M
10M
20M

400
600
800
1000
1250

200 MHz
350 Mhz
500 MHz
700 MHz
1 Ghz

Figure 6-5: Projections for CMOS technology 11
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Feature Size Bonded Diode
(µm)
Capacitance (fF)

Laser
# Optical
Power (mW) Diodes

Optical
Loss (dB)

0.70
0.35
0.25
0.18
0.10

50
200
400
800
3200

12
10
9
8
6

150
67
45
30
13

1000
6000
12000
24000
50000

Figure 6-6: Trends in GaAs CMOS-SEED Technology 12
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Chapter 7--Zero Chirp Modulator Using
Coupled Quantum Wells
7.0

Introduction
In this chapter, we will depart from the amplitude-only view of the previous

chapters and examine a modulator which exhibits zero phase change over a constant voltage
swing. This zero-chirp reflection modulator is created by placing coupled quantum wells in
the active region of the modulator, instead of the single uncoupled wells that are more
commonly used. Unlike single wells which can produce zero chip between two operating
voltages1 these coupled quantum wells can provide large absorption changes with zero
refractive index changes over the entire voltage swing; the resultant cavity structure shows
reflectivity changes with zero experimental phase change over the same voltage range. The
tradeoff in reflectivity change required in order to obtain zero-chirp is described. This
tradeoff is a result of the different switching mechanisms used in coupled quantum well vs.
single quantum wells.
Reflection modulators based upon large absorption changes in quantum wells have
shown high contrast ratios2 while exhibiting lower parasitic phase modulation than
conventional waveguide modulators.3 While single quantum wells are capable of large
absorption changes (∆α), they can exhibit large refractive index changes (∆n) during the
switching cycle.4 These refractive index changes induce modulation of the reflected phase,
φ, and thus create unwanted frequency modulation since ω=ω0±dφ/dt where 1/t is the
desired switching frequency. 5 The ratio of phase shift to absorption is typically reported
through the chirp parameter where a low chirp parameter is desirable for low-distortion
amplitude modulation. Previously, it has been shown how zero parasitic refractive index
changes can be obtained between two voltages, and a Fabry-Perot device which exhibits
zero phase change between the on and off states has been demonstrated.6 Subsequently,
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we developed asymmetric coupled quantum wells with varying width and depth to
modulate absorption via the spatial separation of carriers7 (oscillator strength modulation,
OSM). This technique produces changes in absorption per change in applied electric field
several times larger than that of single wells with zero refractive index change over the
entire switching cycle. In this chapter, we utilize coupled quantum wells in a Fabry-Perot
modulator yielding a pure amplitude reflection modulator with a true zero chirp parameter.
At the operating wavelength, the device exhibits an amplitude reflectivity change with zero
phase change over all voltage points. In addition, we describe the limitations on reflectivity
changes induced by the use of the OSM technique. We note that this device also applies to
eliminating chirp in waveguide modulators which rely upon OSM.

conduct ion
band
2 00Å
Al 0 .3 3 Ga 0. 6 7 As
20 Å In0 .2 Ga0. 8 As
50Å GaAs
valence
band
10 Å Al 0. 3 3 Ga0 .67 As
Figure 7-1: Coupled quantum well band structure

7.1

Device Theory and Design
While we previously obtained zero phase change absorption modulation from both

coupled GaAs/InGaAs quantum wells and coupled InxGa1-xAs/InyGa1-yAs quantum wells,
in order to minimize the effects of strain, we used GaAs/InGaAs coupled quantum wells.
Specifically, the coupled well system consisted of a 50Å GaAs well and a 20Å In0.2Ga0.8As
quantum well separated from each other by a 10Å Al0.33Ga0.67As barrier. Coupled well
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systems were separated from one another by 200Å Al0.33Ga0.67As barriers. This structure
is shown in Figure 7-1. The absorption and zero refractive index change behavior as a
function of electric field are shown in Figure 7-2, where they are compared with the
behavior of a single quantum well system. In single wells, the QCSE dominates the
absorptive properties as the exciton peak shifts, and ∆n = 0 only between two specific
points of operation. For coupled wells, however, at low bias at 8175 Å, we see a
reduction in absorption, but no shift in the peak wavelength, resulting in ∆n=0 until the
QCSE begins to dominate above 5 volts.

∆n vs. Wavelength
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Figure 7-2: Comparison of absorption and refractive index change modulation
for double and single quantum well systems.
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For this coupled quantum well system, typical absorption changes are from
αmax=22000 cm-3 to αmin=3500 cm-3 with zero change in refractive index using an applied
electric field of 90 kV/cm. We note that exact values of the absorption coefficient depend
quite sensitively upon material quality, although small or zero change in refractive index is
always obtained. Coupled quantum wells can provide a greater range of absorption change
at lower bias than single wells. The zero change in refractive index is a result of the aspect
of the Kramers-Kronig relation discussed in Chapter 2, whereby if there is a local
maximum in the absorption spectrum that is broad enough, zero refractive index change
will result. The reason that a local maximum is maintained at low voltages in coupled
quantum well systems is a result of the method of modulation employed, which is due to
bias induced changes in the spatial separation of the electron and hole wavefunctions.
Figure 7-3 illustrates this separation of carriers into the two wells at low bias. The theory
behind coupled well oscillator strength modulation is described in detail by John Trezza in
his Ph.D. thesis, from which these illustrative figures have been borrowed.8 As shown in
Figure 7-3, at zero bias, the electron is mostly in the GaAs well, the first heavy hole is in
the GaAs well, and the second heavy hole is in the InGaAs well.

As the voltage is

increased, the first heavy hole is switched to the InGaAs well, thus decreasing its overlap
integral (which determines absorption) with the electron wavefunction--the carriers become
spatially separated, but the electron-heavy hole 1 exciton peak remains at 8175 Å and is
reduced in magnitude. Conversely, the second heavy hole is switched into the GaAs well,
increasing its overlap integral with the electron and enhancing the absorption peak at 8125
Å.

At higher voltages, the quantum confined Stark effect dominates the absorptive

properties and we see the same behavior as described in Chapter 2 and the zero chirp is
lost.
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Figure 7-3: Probability amplitude (ψ*ψ) for the (a) electron, (b) highest and (c) second
highest hole states in the experimental structure as a function of applied
bias. The separation of wavefunctions with applied bias can be seen.

7.2

Device Structure
The devices were grown by molecular beam epitaxy on N+ GaAs substrates. An

asymmetric Fabry-Perot structure with 10 coupled quantum wells with the aforementioned
dimensions was used. The wells were placed between a bottom quarter wave stack of 24
periods n-doped AlAs/Al.33Ga0.67As and a top mirror consisting of 6 periods of p-doped
AlAs/Al.33Ga0.67As. This structure formed a p-i-n diode which was reverse biased to
apply an electric field across the active region. Because the absorptive switching in coupled
quantum wells occurs at such a low electric field, it is important to account for the built-in
electric field of the diode. Failure to account for this internal field can result in a coupled
quantum well sample which is already ‘switched’ with zero externally applied electric field.
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Our thin-film program and in-situ measurement technique9 were used to ensure that the
Fabry-Perot reflectivity minima occurred at the maximum ∆α of the quantum well’s zero
∆n wavelength. In this sample, this wavelength was 8180 Å.

Once growth was

completed, mesas were etched to isolate devices, a Au/Ge/Ni/Au diffused contact was
placed on the back of the wafer for n-type contact and a Ti/Au ring was placed around the
top of the mesa to provide a p-type contact and optical access.

7.3

Experimental Results
Experimental results of the total reflectivity versus wavelength are shown in Figure

7-4(a).

The device was designed to operate before the matching condition where

decreasing cavity absorption increases device reflectivity. As can be seen, at a wavelength
of 8180Å, the reflectivity of this device changes from ~40% to ~70% reflectivity with an
applied bias of 5 volts. The optical bandwidth of this experimental device is 100Å.
To extract information about the reflected phase of the device (and hence the
chirping characteristics), two techniques were used. First, a direct phase versus voltage
measurement was made at 8180Å using a modified Michelson interferometer setup.10 In
this setup, one of the arms of the interferometer impinges on the device while the other
reflects from a mirror on a piezoelectric mount. As the piezoelectric mirror is scanned, a
sinusoidal curve is traced. By varying the voltage on the device and tracing several
sinusoidal curves, a direct phase measurement can be made with an accuracy of ~2 degrees.
The inset of Figure 7-4(b) shows reflectivity and phase versus bias at 8180 Å.

The

reflected phase is unchanging with applied electric field (within our measurement error) up
to an applied bias of 5.5 Volts. Hence, over the voltage range depicted in Figure 7-4(b),
the reflection modulator operates with zero chirp. At low biases, in coupled quantum well
samples, modulation occurs through OSM. However, at higher electric fields, individual
exciton peaks begin to red-shift due to the quantum confined Stark effect. At applied biases
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above 5.5V, the reflected phase increases due to this Stark effect red-shifting of the exciton
peaks.

However, as the maximum absorptive change occurs at biases below this

transition, zero chirp amplitude modulation is possible.

The second phase analysis

technique relies on the Kramers-Kronig relation between the logarithm of reflected
amplitude and reflected phase. Thus, a broad spectra phase picture can be obtained quickly
from the experimental reflectivity data. Figure 7-4(b) shows the reflected phase versus
wavelength for the sample as determined from the Kramers-Kronig transformation of the
reflectivity data over a wide wavelength range (of which Figure 7-4(a) shows a portion).
Again at 8180Å, there is no change in reflected phase over the switching cycle.
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Figure 7-4: Experimental (a) reflectivity and (b) phase vs. wavelength for zero-chirp
modulator for several applied biases
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7.4

Parameter Space:

Single, Double, and Triple Wells

It was noted above that the typical coupled quantum well sample had a minimum
absorption, αmin, of 3500 cm-1. In contrast, devices using single quantum wells and
employing the quantum confined Stark effect have αmin at least an order of magnitude
lower. Fabry-Perot cavities can translate changes in absorption to changes in amplitude11,
phase12, or direction13. However, limited absorption ratios translate directly into limitations
in device performance. For example the maximum change in reflectivity of an optimal
Fabry-Perot cavity is limited by the quantum well absorption ratio (αmax / α min).14 On the
other hand, coupled quantum wells permit much larger total changes in absorption (αmax –
αmin) and also larger changes in absorption per unit applied bias than are typically possible
in devices using single quantum wells. This translates into lower operational voltages and
the need for lower finesse optical cavities--which results in wider optical bandwidths.
Figures 7-5, 7-6, and 7-7 depict the theoretical design parameter space for amplitude
reflection modulators optimized to provide the maximum change in reflectivity.

For

reflection modulators using coupled quantum wells, the maximum reflectivity change
obtainable is between 57% and 64%, depending upon the number of quantum wells.
Optimizing for maximum ∆R results in contrast ratios between 8 and 10. We note that
incorporation of gain in the active region could increase contrast ratios at the possible risk
of reintroducing chirp.
Fabry-Perot cavities with bottom mirrors having higher reflectivity than top mirrors
modulate light by decreasing overall reflectivity with increasing cavity absorption. Such
devices are said to operate “before the matching condition”. This was the type of
experimental device described in this chapter. Conversely, cavities which have top mirrors
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more reflective than bottom mirrors increase

reflectivity with increasing cavity

absorption.14 Such devices operate “beyond the matching condition.” In order to get large
reflectivity change in devices operating beyond the matching condition, high Q cavities are
needed; resulting in much smaller optical bandwidth than for devices operating before the
matching condition.

Quantum well characterisitics determine which cavity type can

produce larger changes in reflectivity. From looking at the optical bandwidth in Figure 75, it is clear that for a small number of coupled quantum wells (fewer than 40), maximum
changes in reflectivity are found for devices operating before the matching condition.
However, for modulators with a large number of coupled quantum wells, high reflectivity
changes require high finesse cavities and operation beyond the matching condition. Figure
7-6 shows the contrast ratio and optical bandwidth for single quantum wells. In the single
quantum well case, the larger absorptive ratio allows maximum changes in reflectivity of
over 90% and contrast ratios over 100. However, optical bandwidths are a bit lower than
for coupled quantum wells due to the lower allowed change in absorption. In addition,
maximum changes in reflectivity always occur for devices operated before the matching
condition. Furthermore, the QCSE used in single quantum wells requires a higher electric
field than the OSM in coupled quantum wells, thus the required voltages are higher in
single wells. There is thus a tradeoff between maximum allowable ∆R in single QWs vs.
zero chirp and low voltage operation in coupled QWs. One compromise coupled well
structure is the triple quantum well structure15 which operates via OSM, but allows greater
separation of the carriers after switching. Thus lower αmin’s are realizable. Figure 7-7
shows that these structures, when optimized, can produce maximum ∆R~80 with contrast
ratios of 35 and operation before the matching condition for devices with fewer than 60
quantum wells. The optimization of triple quantum wells for zero chirp operation can be
performed, although it requires very precise control of growth processes.

98

12

300

Optical Bandwidth(a)

Contr. Rat.

250

8

Optical Bandwidth (Å)

Contrast Ratio (R o n/R o f f)

10

200
0.65
0.64
0.63
0.62
0.61
0.60
0.59
0.58
0.57
0

150

∆R

6
4
2

100
20
40
60
80
Number of Coupled QWs

0

50
0

0

20
40
60
80
Number of Coupled Quantum Wells

Figure 7-5: Parameter space for contrast ratio, optical bandwidth,
and change in reflectivity vs. number of double quantum wells
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7.5 Conclusions
In this chapter, zero-chirp reflection modulators were demonstrated which
incorporated coupled double (GaAs-AlGaAs-InGaAs) quantum wells to provide changes in
absorption with zero refractive index changes through oscillator strength modulation.
These devices displayed zero measured phase change over the entire voltage swing (5V).
In addition, the parameter space of reflection modulators employing single, coupled
(double), and triple quantum wells was analyzed for devices optimized for maximum
change in reflectivity. The performance tradeoffs required to achieve zero chirp behavior
were described and demonstrated in coupled quantum well modulators.
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Chapter 8--Summary and Suggestions for for Future Work
8.0 Summary
In this work, we have explored several systems applications of vertical cavity
optoelectronic modulators which demonstrate their broad applications in the areas of optical
computing, neural networks, interconnection, and routing. We have explored both the
aspects of modulators as stand-alone devices well as their integration with GaAs and silicon
electronics. We have approached the devices both from a device physics and a systems
level point of view. The goal of this two-sided approach is creating devices beneficial for a
variety of systems applications.
In Chapter 2, we introduced the background necessary for understanding the
physics of modulators including quantum well excitonic absorption, Fabry-Perot cavities,
and the Kramers-Kronig relation (important for phase devices). We discussed how the
devices are grown using molecular beam epitaxy as well as the design methodology used to
produce devices with certain desired characteristics. Some of these characteristics include
high contrast ratio, large optical bandwidth, and change in reflectivity.
In Chapter 3, a particular configuration of quantum well modulators known as a
SEED (self electro-optic effect device) was explored, with optical logic and computing as
an intended application. We discussed their uses for Boolean logic and for threshold logic,
and experimentally demonstrated S-SEED devices performing threshold logic. A full adder
may be constructed using such thresholding elements, which has fewer switching elements
than an adder using only Boolean logic. A model of the switching speed of SEED devices
was discussed and compared to experimentally measured data. The speed of these devices
is limited not by the devices themselves, but by the capacitances of the driving circuitry.
and bonding pads.
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Realizing that the simple threshold element of Chapter 3 can also serve as the basic
neuron element in an optical neural network, Chapter 4 explored aspects of modulators
relevant to optical neural network applications. Modulators integrated with electronics
(either GaAs or silicon) turn out to be a effective implementation of an optoelectronic
neuron.

In such a neuron, the modulator acts simply as an output device, and the

electronics performs the summation and thresholding of the input signals.
In Chapter 5 we turned our attention to a modulator which switches between
reflective and transmissive modes and can have inputs from the top and bottom of the
device. Such a device turns out to be the optical implementation of a Fredkin gate, which
can be used to construct any logic function. We discussed conservative invertible logic and
showed how a full adder with even fewer switching elements can be constructed. The
device theory and design were explained and several systems in which they may be used
were discussed. These X-gate type modulators, although capable of performing optical
computing, will have greater uses in routing and interconnection. Several refinements to
the initial device were explored, including reduction of the operating voltage, optical
control, and incorporation of gain.

A simple architecture using 4 X-gates was also

demonstrated, which has the effect of improving the contrast ratio of the individual device
and in some cases correcting for any asymmetries between switching states.
The very promising hybrid integration of GaAs modulators on silicon VLSI was
discussed in Chapter 6. A hybrid chip was designed and produced which implemented 2x2
switches and 4x4 crossbars. This chip will be used to compare X-gate crossbars with this
hybrid technology. X-gate based switches should prove superior in terms of switching
speed, however, until several fabrication issues are resolved, integration of modulators
with electronics will be the more fruitful approach. Dense arrays of modulators integrated
with VLSI has vast potential for optical backplanes, board to board interconnections, smart
pixels, optical neural networks, optical correlation, and addressing holographic memory.
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In Chapter 7, we discussed modulators in terms of their phase characteristics,
whereas in previous chapters we had focused on their amplitude modulating properties. In
particular we described how oscillator strength modulation may be employed as a means of
changing the quantum well absorption instead of the quantum confined Stark effect used in
earlier chapters. Using OSM with coupled quantum wells we are able to design and
produce devices with zero refractive index change over a five volt swing. Refractive index
change results in phase change and thus unwanted frequency modulation. We performed
simulations to explore the parameter space of these devices using single, double, and triple
quantum wells in the absorptive region. This allowed us to optimize for maximum change
in reflectivity, while maintaining zero phase change. The optical bandwidth and contrast
ratio tradeoffs of these devices were also predicted.

8.1 Contributions
The contributions of this thesis encompass both device physics and systems level
aspects of vertical cavity multi quantum well optoelectonic modulators. In this section, we
will simply list these contributions in brief form.
8.1.1 Device physics aspects
Reflection and reflection/transmission modulators were designed and optimized for
particular systems applications in terms of contrast ratio, optical bandwidth, change in
reflectivity, and other parameters. Dual zone structures were simulated which should
provide a more flexible device design space. Incorporation of gain into X-modulators and
its implications were simulated. Several methods of optical control of modulators were
investigated. These techniques may also be used for standard reflection only modulators.
Strain compensation techniques were used to reduce the operating voltages of Xmodulators (or any modulators in general). Coupled quantum wells were employed to
produce zero chirp devices over an entire voltage swing.

103

8.1.2 Systems level aspects
We have designed, grown, fabricated, and tested MQW modulators for a wide
variety of optical computing applications, including optical logic, neural networks,
interconnection, and routing.
demonstrated experimentally

Threshold logic using SEEDs was simulated and
We have investigated several systems applications of X-

modulators including crossbar switches, optical logic, and FPGAs. 2x2 and 4x4 optical
crossbar switches were implemented using AT&T’s hybrid SEED technology, whereby
modulators are integrated with silicon VLSI electronics.

8.2

Suggestions for Future Work
As is the case for many research projects, this one has created more problems than

it has solved and generated many avenues of future investigation that may be explored.
Logic other than Boolean logic, such as threshold logic or CI logic, can decrease the size of
many circuits (either electronic or optical). Tools should be developed to take advantage of
alternative logic forms, particularly CI logic implemented with X-gates.

The probable

usefulness of X-gates will be in the area of crossbar switches however, and thus more
work should be done towards producing an X-gate in a packaged form easily connectable
to other components.
Further reduction of operating voltages of modulators is still desirable to keep them
compatible and competitive with silicon electronics. Much experimentation can still be
done in the area of optical control of modulators by the effects discussed in this work.
Dual zone structures incorporating gain or adding additional amplitude or phase modulation
to a structure can provide much of the design flexibility that is currently lacking in the
modulator parameter space. At present, a device can be designed to fit the parameters of a
given system application to some extent, but there are tradeoffs involved. Many of these
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tradeoffs can be alleviated by going to dual zone structures. More complicated quantum
well system design (coupled, triple, or more wells) may also be beneficial.
For much of what modulators have to offer to be useful, many packaging,
fabrication, and integration issues must be explored. A method to easily connect an array
of modulators to an array of fibers should be devised. Tunable devices should also be
designed, as well as devices with either large or narrow bandwidth for WDM applications.
Integration of modulators with VLSI electronics is a rapidly growing field and will be the
focus of much research in the near future. The possibilities of this hybrid approach have
only just begun to be explored.

8.3 Conclusions
Apart from the conclusions offered in the summary and at the end of each chapter,
this section will discuss some overall conclusions on the state of optoelectronic modulators
and their expected future role.
Although there are several interesting applications of modulators for optical logic
and computing, their uses in these areas will be limited by the difficulty of interconnecting
individual devices. The small size and high density of today’s electronic circuits will
continue to provide cheaper, more reliable computation power than any purely optical
computer. On the other hand modulators will be increasingly used for routing and
interconnections in board to board interconnects, local area networks, and long distance
communications because of their very high speeds of operation.
At this point in time, the most promising applications of modulators lies in their
integration with GaAs or silicon VLSI electronics. This hybrid solution takes advantage of
the strengths of the electronic and the optical solutions to many problems. Large arrays of
modulators simply driven by electronics or acting as part of smart pixel elements will prove
to be the optimum solution in many applications, including optical memory addressing,
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neural networks, correlation, beam steering and shaping, and many others which have yet
to be imagined.
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