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FOREWORD

This dissertation describes digital logic operations and reconfigurable
optical interconnects realized from aluminum gallium arsenide (AlGaAs)
electro-optic Fredkin gates. The Fredkin gates fabricated for this effort were
channel waveguide type passive and active AlGaAs zero-gap directional
couplers (ZGDC’s). The first AND logic gate reported in the open literature
using AlGaAs ZGDC's is demonstrated. A reconfigurable optical
interconnect is demonstrated. The theory behind the Fredkin gate and the
ZGDC is presented. Several models predicting the refractive index of
AlGaAs versus Al concentration and wavelength are traatgd. The electro-
optic properties of AlGaAs are also presented. A model! for predicting the
electro-optic coefficient of AlGaAs versus Al concentration and wavelength
is developed. Models for predicting the interaction length and behavior of
ZGDC'’s, as well as the switching voltage, are presented and optimized for
AlGaAs. Fabrication techniques for AlGaAs ZGDC's are formulated and
analyzed. Device characlerization. techniques are presented. The
performance of the actual AiGaAs ZGDC'’s fabricated for this effort fit the




models exceptionally well. Fabrication tolerances are also addressed for
both passive and active devices. Issues for integration of AlGaAs ZGDC's
into practical circuits are addressed.

Correlation of the experimental and theoretical results yielded a mole
fraction of Al of 30% for the core layer and 35% for the cladding layers.

Refractive indices of 3.420 + 0.003 for 30% Al and 3.388 + 0.003 for 35%
Al at a wavelength A = 827 nm were determined. A linear electro-optic
coefficient of r,, = -1.49 + 0.08 x 10> m/V at A = 827 nm was inferred for

the core layer. A switching voltage of 7.6 VDC £ 0.3 VDC was achieved for
an AlGaAs ZGDC with a 5000 um interaction channel length. This is the
lowest switching voltage reported in the open literature for an active ALGa,

As ZGDC with a 5000 um interaction channel length. Propagation losses
measured 0.5 - 1 dB/cm. Device losses measured 3 - 7 dB.
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CHAPTER |
INTRODUCTION

As electronic and optical data processing circuits approach multi-
gigahertz operation rates, the need for multi-gigahertz communication
between these processing circuits becomes essential. This communication
includes chip-to-chip on a common multichip module, multichip module-to-
multichip module on a common board and board-to-board through a
common backplane. The data rates at which communication through
electrical interconnects can be transmitted is limited to the low gigahertz
rates, unless one is willing to expend large amounts of power. This results
from the fact that electrical wires and striplines posses frequency dependent
dissipetive losses due to conductive and dielectric properties, and frequency
dependent parasitic coupling losses due to radiative and surface wave
propagation properties.' The higher the frequency, the higher the losses.
This is where optics can provide solutions. Optical interconnects can
transmit data at optical frequencies with orders of magnitude lower losses
than their electrical counterparts. The power requirements of optical and




2
electrical interconnects versus data rate is illustrated in Fig. 1.0.1. Fig. 1.0.1

was generated using the following: Waveguide lengths for both the
electronic and optical interconnects were 50 mm. The total number of
interconnects was 800 for both types. For electrical interconnects on an
alumina substrate, waveguide widths of 25 um and waveguide heights of
650 um were assumed. The effective and relative pemittivities of the
microstrip used were 6.7 and 9.9, respectively.'! The capacitance used per
line was 6 pF and an impedance of 50 Q was assumed.' The power versus
data rate for the electrical interconnects was determined with the methods

given by Edwards.! For optical interconnects on a gallium arsenide (GaAs)

substrate, waveguide widths of 3 um and waveguide heights of 1 um were
assumed. Waveguide losses of 0.2 dB/cm were used at 1 GHz growing as

0.08 dB/GHz.®'® The modulator loss used was 5 x 10°° W/channel at 1
GHz growing as 5 x 10° W/GHz.'® The detector capacitance used was 0.3
pF and the detector amplifier capacitance used was 1.7 pF.'® The power
used, per detector, was 1 x 10° W/channel at 1 GHz growing as 1 x 10°®
W/GHz.'"® The laser power used was 100 mW at 1 GHz lessening at the
same rate as the waveguide loss per GHz.'® Finally, 20% electrical
efficlency and 50% optical coupling efficiency was assumed for the laser.
The power versus data rate was then determined by adding up the power
usage of the separate components.'®
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4
In addition to the lower power consumption and higher bandwidth,

optical interconnects offer isolation from electro-magnetic interference (EMI).2
Optical interconnects are starting to be utilized in chassis-to-chassis and
board-to-board communication using glass optical fibers.'™ On the smaller
scale of multichip modules and within-chip, integrated optics is just beginning
to emerge, 2 1630-44.83.67.97.1R2.106-107.151-155 | tegrated optics offers the additional
advantages of smaller interconnect widths and in-plane crossover capability
with very low crosstak. This eliminates the need for air bridges. Thus, less
wafer and board real estate will be required for optical interconnections,
which provides room for additional circuits and devices. Fabrication
processes for integrated optics must be compatible with those used for the
manufacture of electronic interconnects and devices. This is important from
the standpoints of practicality and acceptability. Aluminum galiium arsenide
(AlGaAs), as well as other Ill-V semiconductors, is an attractive material
because one can fabricate not only electronic integrated circuits in it, but
also laser sources, detectors, opto-electronic integrated circuits and optical
waveguides. AlGaAs also possesses electro-optical effects which can be
utilized to fabricate optical switches.

Optical switches can be incorporated with optical waveguides and other
optical switches to realize digital logic operations or, very importantly,
reconfigurable interconnects. Current research to develop processing
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techniques for AlGaAs optical waveguides and devices has shown that the

processing techniques for these optical circuits are compatible with the
techniques used for the fabrication of electronic circuitry in GaAs.>'®'*
Therefore, by using AlGaAs and GaAs, one can house the entire electronic/
opto-electronic circuit on a single substrate. With the incorporation of
AlGaAs and GaAs opto-electronic circuits and optical waveguides, the
multichip module or board, now entirely electronic, could perform more
efficiently with less power consumption, move data around faster with less
noise, and we less real estate.

An even more attractive benefit is the potential to reconfigure the
multichip modules to either perform entirely different operations, or to route
signais around inoperative or defective portions of the module. It is an area
that the United States Air Force (USAF) and the Advanced Research
Projects Agency (ARPA) is very much interested in pursuing. There are
several on-going contractual efforts as well as several more planned to
develop integrated optical interconnects.>444.151.153.168 The research topic
preposed here could directly benefit or reshape such programs.

Fredkin gate is a term given to a nonlinear dual input/dual output signal
processing gate that performs a conditional crossover of the two input
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signals via an input control signal' (see Fig. 1.1.1). When the input control

signal is a logic low, the two input signals cross over as illustrated in Fig.
1.1.2. When the input control signal is a logic high, the two input signals
follow a paraliel path as shown in Fig. 1.1.3. The logic of the Fredkin gate
can, thus, be represented by Table 1.1.1, given originally by Fredkin and
Toffoli.* Fredkin et al. presented the unit wire and the Fredkin gate to form
the elements on which conservative logic is based.* Fredkin et al. defined
conservative logic as any Boolean function that is invertible and
conservative.! By invertible, it is argued that invariance under time reversal
is not required. By conservative, it is stated that the model for computation
is only required to possess at least one additive conserved quantity.
Conserved quantities, such as conservation of energy, momentum and
angular momentum, are functions of the system’s state that remain constant.
With conservative logic, it is ideally possible to build sequential circuits that
dissipate no intemal power. Where the two input NAND gate forms the
universal primitive for the set of all Boolean functions, the two inputfwo
output Fredkin gate forms the signal processing universal primitive for the
set of all conservative logic functions.*




input

Output

Figure 1.1.1
Basic Fredkin Gate
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Figure 1.1.2
Operation of Fredkin Gate with Control Line Low




Figure 1.1.3
Operation of Fredkin Gate with Control Line High
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Table 1.1.1
Representation of Fredkin Gate Logic

u X, X v Y1 Y2
0 0 0 0 0 0
0 0 1 0 1 0
0 1 0 0 0 1
0 1 1 - 0 1 1
1 0 0 1 0 o
1 0 1 1 0 1
1 1 0 1 1 0
1 1 1 1 1 1

The functions we seek are often non-reversible. These include
elementary Boolean functions, such as AND and OR, as well as more
complex functions, such as adders and flip flops.*'"¥ By supplying
constants, along with the arguments to one or more Fredkin gates, one can
realize many of these non-invertible functions using conservative logic. Figs.
1.2.1 - 1.2.3 show conservative logic realizations of AND, OR and NAND
functions. Fig. 1.2.4 illustrates a conservative logic realization of a J-K flip
filop. The unit wire, represented in Figs. 1.2.3 and 1.2.4 with a non-inverting
buffer symbol, is a conservative storage-transmission primitive. It both

stores data and moves data from one point of space-time to another, and it
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u vV
b ———Xx, Yy, — aeb
0 ———x, y,————— @eb(don'tcare)
Truth Table
Inputs Outputs
u X3 X3jv Yy Yy
0O 0O 00 O O
0 i 0J]0 O 1
1 0O 01 0O 0
1 i 0 |1 1 0
Figure 1.2.1

AND Operation using Fredkin Gate
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— 3 (don't care)

—— X, y,——a+b

a + b (don't care)

- -0 0e
b b wb -b] X

Figure 1.2.2
OR Operation using Fredkin Gate
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a Uy vy a
b —~——x, v, 1'> u, v, -~ aeb
0——x2 v 0—~——1x, v, aeb
:-l 1 Xe Ya - aeb
aeb
Truth Table
Inputs Outputs
Y X %% XY, Y5 Y
0 0O 0 01{0 1 O
0 1 0010 1 O
1 0O 0 01{0 1 O
1 1 0011 0 1
Figure 1.2.3

NAND Operation using Fredkin Gates

WDy < TS S N




K—wmvw— K
Ko CLK
5 00—y
4 N
s us _.Q
Ke CLK
> - Qe Ko CLK +3Q0J ¢ CLK
—D——-e Qe J e CLK +Qe Ko CLK
(irrelevant)
Truth Table
Inputs . Output -
Kuj_-J Xy X4 Xy Xg J: Q(t)| Q(t+at)
o o o JL L 0 0
1 1
i 0 0 JL JL 0 1
1 1
0 0 0 JL JL 0 0
- 1 0
1 0 0 JL JL 0 1
1 0
- 0 0 0 0 0 0
1 1
Figure 1.2.4

J-K Flip Flop Operation using Fredkin Gates
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is separated by one unit of time.* The unit wire connects one conservative

logic gate to another from the conventional sense that the gate is an
instantaneous element and the unit wire is the delay element contained in
an interconnection.* The output conserves the vaiue present at the input.
if, for every new computation, we supply a new set of constants and throw
away the "don't cares® present at the output, we will dissipate energy. For
almost all Boolean functions, the number of gates increases exponentially
with the number of input lines and, thus, the number of “don't cares” at the
output also increases exponentially.*”” This results in an exponential growth
in the dissipated energy. Conservative logic reduces the degree of
dissipated energy growth since the number of gates does not depend on the
number of inputs. This results in energy dissipation that only has linear
growth.*"' The reduction in the dissipation of energy is achieved with the
introduction of inverse conservative logic.*

inverse conservative logic is attained by replacing the conservative logic
gate with its inverse. The Fredkin gate is aftractive because it coincides
with its inverse. The inverse looks like a mirror image of the original. Fig.
1.2.5 shows a conservative logic realization of a logic function and its
inverse using Fredkin gates. Next, by joining the original function with its
inverse, and then connecting the outputs of the original Fredkin gate network
to the inputs of the inverse Fredkin gate network, one will get back the
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Conservative Logic
a Y V4 ~a
aeb +'a'oc,\ _
b v, LT, aeb+dec
C~—ix, ¥ d-— ___. de(aeb+aec)
e Xy Ya ce(ae b+ aec)
+de(@eC+aeb+bel)
Inverse Conservative Logic
a u v a
ae b+aec
ae b+ae ¢ b v, lr> Xy Yo b
de(aeb +3ecC) | = .
+oo(leC+aeb+b5ed | h—lao c+aeb-—ix, v,
ee(asb+aec) N
+de(@eC+aeb+bed) | fll
Figure 1.2.5

Conservative Logic Operation and its Inverse using Fredkin Gates
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original arguments and constants.* Fig. 1.2.6 illustrates this property by

interfacing a NAND operation with its inverse. As can be seen, the "don't
cares’, namely v, and y, in this case, are also used as inputs to the inverse
logic gate network in order to heip generate the original arguments and
constant. One would also like to have the output of the function generated
by the first Fredkin gate network because it contains the results of the
desired logic function you want to realize in the first place. So, if in addition
to feeding the output from the NAND function gating network in Fig. 1.2.6
into the input of its inverted gating network it is also fed to the control input
of an additional "Spy* Fredkin gate, one will generate not only the original
input arguments and constants at v,, y,, and y,, but will also output the
desired logic function operation at y,. This garbageless NAND operation is
demonstrated in Fig. 1.2.7. The "Spy" Fredkin gate acts simply as a fan out.
So, even though we may not wish to make further use of the original input
arguments and constants found at v, y, and y,, and therefore let the energy
be dissipated as heat, the energy dissipated by these unused lines will grow
only as 3N, where N is the number of output lines.* As stated earlier, the
number of gates is independent of the number of lines, thus, the energy
dissipation grows linearly, not exponentially. This can play a major role for
large circuits with many input lines.
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a N a
' a Uy vy % Uy Ve
- aeb aeb aeb
b —ix, vy, {>~ o v, {> TS >~—x-, y,/— b
aeb aeb
0"—"‘2 y 0...—-x, yA_—_D-.x, y,—l - :O__V:i"—-'

1‘
;

Xg Yc‘IO
1

Figure 1.2.6
NAND Operation Connected to its Inverse using Fredkin Gates




19

&, 2 —]- 2. %] a

bo——x,yL'bDA - aeb > %vaobD‘_x’ o b

0*—-211— 0 ~—1x ¥ asb  ash Xs ¥ éobx” 0
1_.___‘11" aeb e Y 0

aeb

O—

—— aeb

-~aeb

50b NG

V’

Figure 1.2.7
Garbageless NAND Operation using Conservative and Inverse
Conservative Logic Fredkin Gates with "Spy* Fredkin Gate
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Qotical Fredkin Gates

An optical Fredkin gate is the optical realization of the Fredkin gate with
the use of an optical switch. The argument channels of the optical Fredkin
gate are optical. The control channel for these devices, however, can be
either optical, electrical, or acoustical. Therefore, the optical Fredkin gate
noednotbeentimlyoﬁtical. it also does not have to operate exactly as
Fredkin proposed. While some of the optical Fredkin gate designs cross the
argument channels with a logic low control channel, as Fredkin et al.
proposed, other designs cross the argument channels with a logic high
control channel. We will designate this second type of gate as a reverse
Fredkin gate, which is not the same as an inverse Fredkin gate.

Optical Fredkin gates have been proposed and demonstrated by several
researchers utilizing various optical switching designs and materials.
Proposed optical implementations of the Fredkin gate include:

1) Polarization switch: The polarizations of the two arguments are
orthogonal and are passed through an electro-optic modulator controlied by
an applied electric voltage ®#29%1%.154188 Thig is a reverse Fredkin gate
design. When voltage is applied to the modulator, the polarizations of both

arguments rotate by 90° and switching occurs. A similar method has been
demonstrated using a polarization color-coded liquid crystal light valve.""

2) Acousto-optic gate: The arguments are passed through an acousto-
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optic deflector and the control line is an acoustic signal applied to the

deflector.®#'%154.1% This is also a reverse Fredkin gate design. Switching
occurs in the presence of the acoustical signal.

3) Photorefractive gate: Based on four wave mixing, the photorefractive
gate is an all optical switch where the arguments are signal beams
counterpropagated through a photorefractive material. The control line is the
pump and it is also counterpropagated through the photorefractive
material 591214.16234108.184.155 Thig i3, again, a reverse Fredkin gate design.
When the pump is present, switching occurs via phase conjugation.

4) Waveguide switch: The arguments are symmetric coupled channel
waveguides in an electro-optically active material. Depending upon the
extent of the optical activity of the material, the control channel is either an
electrical or optical signal applied across the section of the two argument
channels where coupling occurs,3¥-106.164.158

Some of the designs ‘or waveguide switches include: directional coupler
switch;617.1028.90.3138-41.43.80,102,106-107.112,114.116.117.118,142.154.1%5 2er0-gap directional
coupler switch, which is a modified version of the directional coupler
switch;518202252820.8.164.1%6 and crossing channel switch or X-switch. '3 18202
2426273015415 The directional coupler and X-switch designs all operate as
Fredkin gates. The channel waveguide zero-gap symmetric directional
coupler switch, which is the focus of this dissertation, is illustrated in Fig.
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1.3.1. Researchers have thoroughly investigated the theory behind channel!

waveguide directional coupler switches and several of these devices have
been demonstrated using lithium niobate (LiNbO,), indium phosphide (InP),
GaAs and AlGaAs as the waveguiding medium 3'53!3841.43.80.102,105-

107,112,114,115,117,119,142,1564,155

irectional r Swi

The directiona: - wipler switch is a device consisting of parallel channel
wavaguides separated by a finite distance. The coupling between the
modes of the paraliel waveguides results in an exchange of power between
guided modes of adjacent waveguides.'® This is referred to as directional
coupling. The eigenmodes of the coupling region consist of one symmetric
and one antisymmetric mode,!s17.1961867.12.105  Treatment of waveguide
coupling can be performed by coupled-mode theory.'®'"'®% Consider Pi,
as the input power to waveguide 1, Pi, as the input power to waveguide 2,
Po, as the output power from waveguide 1 and Po, as the output power
from waveguide 2. Let waveguide 1 propagate through the symmetric mode
and waveguide 2 propagate through the antisymmetric mode. Assume that
the waveguides are not too close so that the overlap integral of the mode
functions will be small.'®"-1%1% With a single input to waveguide 1, Pi, = 1

then Pi, = 0. The output power from waveguides 1 and 2 are given
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input Channel 1 Output Channel 1
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Input Channel 2 | ' Output Channel 2
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Figure 1.3.1
Schematic of a Zero-Gap Directional Coupler
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19,
as!‘.ﬂ 102,106

Po,(€) = Pi, - Poy(0)
= Pi,(1 - (&0 + 8))(1 - cos?[( + &)"2(0))) 1.4.1
and
Po,(8) = Pi,(/(3 + 8))(sin’[(¢ + 5)'2(0)), 1.4.2

where 25 = B, - B, is the difference in the propagation constants between

two adjacent uncoupled waveguides 1 and 2, x is the coupling constant
between the two adjacent waveguides and @ is the interaction length over
which the two waveguides are coupled. By definition, x = n/2L, where { =

L is the length required for complete coupling of the power from one
waveguide to the m,}&ﬂ.ﬂ”ﬂ.«.51.62.03.67.91.1&.105

For symmetric waveguides, the phase velocities in the two modes are
equal (i.e., B, = B, or & = 0). For complete coupling, Egs. 1.4.1 and 1.4.2
wcomeﬂ.ﬂ.ﬂ.!&.iw

Po,(L) = Pi,(1 - (1 - cos’[=/2])) = 0 1.4.3
and
Poy(L) = Piy(sin’[r/2]) = Pi,. 14.4
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From Egs. 1.4.3 and 1.4.4, one can see that the input power Pi, into

waveguide 1 will exit waveguide 2 as Po, at a distance L. Using Eqs. 1.4.3
and 1.4.4 complete coupling occurs when L = n/2x.

Applying an electric field to either waveguide 1 or waveguide 2, over the
distance L, where the waveguides are coupled, will change that particular

waveguide's propagation constant p. Total switching occurs when 8 =
V3r/2L.'"*'""® This can be verified by the substitution of 8 = v3r/2L into Egs.

1.4.1 and 1.4.2. By doing this we get'®17:19.102.1%

Po,(L) = Pi,(1 - (1/4)(1 - cos?x))) = Pi, 145
and
Po,(L) = Pi,((1/4)(sin’{x]) = 0. 146

Using the definitions for 6 and x given above, one gets total switching to

occur when'®17:102.106

(B, - B,) = v3n/L. 147

It we apply an electric field (E) over waveguide 2, for instance, this will

induce a change in the refractive index of waveguide 2 by an amount
proportional to E. Mathematically this is given by'®!7:'®1%.1%8
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an, = (n/2)rE, 148

where n, is the refractive index of waveguide 2 and r is defined as the
electro-optic coefficient of the waveguiding material. To apply an electric
| field to one of the waveguides, we place electrodes on the top and bottom
f of the waveguide over the coupling length (L) and apply a voltage (V) to the
top electrode. The electric field is then related o the applied voltage by V
= Ed, where dis the distance between the top and bottom electrode. The

total index (n,") of the waveguide 2 region between the electrodes can be
defined by

n, =n, + an, = n, + (n%2)rV/d. 149

By definition, B = 2xnvA, where A is the wavelength of the source.’s’’'%%
If we let waveguide 1 and waveguide 2 be identical (n, = n, = n) and
substitute Eq. 1.4.9 into 1.4.7, along with the definition for B, this
Mn.n.m.ws

@xA)(n" - n)(n%2)(rVid) = (2r/A)(n%/2)(rVId) = v3r/L. 1.4.10

We can now find the voltage required to completely switch the coupling. By

it
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rewriting Eq. 1.4.10, we get

V= (Vara)/(n,’rL). ©1.4.11

The operation of a directional coupler switch is illustrated in Fig. 1.4.1.

Zero-Gap Directional Coupler Swit!

As with directional couplers, the interaction region of a zero-gap
directional coupler will support two guided symmetric modes and two guided
antisymmetric modes. 1821222823 The difference between them, however,
results from the fact that we have zero spacing between the two symmetric

waveguides in a zero-gap directional coupler. These modes will now be-

propagating in a single .waveguide. We will again have a voltage
independent phase difference that accumulates over the interaction length
_(the two mode section), due to the difference in the phase velocities of the
two orthogonal modes, and a phase difference over the two mode section,
brought about by the voltage induced change in refractive index (electro-
optic (EO) effect).’s1®

The electro-optic dependent phase difference will be denoted by (B, -
B2 = ap/2, where B, and B, are the propagation constants of the
symmetric and antisymmetric modes, respectively.?' The value of af

|
R
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Figure 1.4.1
Operation of a Directional Coupler
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required for complete coupling of energy from the top half of the two mode

N waveguide to the bottom is given by*'
ap = w/L. 15.1

afl is varied by changing the index of refraction of the waveguiding material
in the two-mode section. We will denote the refractive index change, as we

did in the last section, by an. The change in the difference between the
propagation constants of the two modes can then be written as®'

a(ap) = an{@aB/on, 152

Equating Eqs. 1.5.1 and 1.5.2 yieids®'
an = (R/L)@af/on)". 153

It was shown in the last section that for linear EO materials, the refractive
index changes proportionally to the applied voltage. With this relation, it can
be seen from Eq. 1.5.3 that daf/on is inversely proportional to the applied
‘ voltage. daf/on is als. strongly dependent on the waveguide separation s
F for the directional coupler?’ Papuchon and Roy*' showed that as s
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decreases, d(ap)/on increases, and as the value of dap/on increases, the
voltage required for switching decreases. Therefore, the maximum value of

daf/on and, thus, the minimum voltage required to switch the coupling
guides, occurs when s = 0. When s = 0, we have a zero-gap directional

coupler.?' Experiments have shown that the value 9ap/on varies by an order
of magnitude between the conventional directional coupler and the zero-gap
directional coupler?' This verifies that zero-gap directional couplers require
less voltage to switch the coupling than conventional directional couplers.

Expressions for the power coupling in zero-gap directional couplers are
similer to those for conventional directional couplers. They are given by

Po,(0) = Pi,eos’[(M + o)) 154
and

Po,({) = Pi;sin*{(ap/2 + ©0)(, 155

where ®o is the accumuilated, voltage independent phase difference in the
phase velocities of the symmetric and antisymmetric modes. With no

voRage applied (i.e., AB = 0) coupling occurs when ®0 = n/2L. When
enough voltage is applied so that ap = /L, then complete switching occurs.
Equating aB with Eq. 1.4.9 yields




@x)(n*2)(rVid) = n/L. 1.5.6

The voltage required for complete switching is then given by

V= (AdV(n’r), 1.5.7

where n is the refractive index of the interaction region. By comparing Eq.
1.5.7 with Eq. 1.4.11, one can see that the voltage required to completely .
switch the optical input from one channel to the other is less for the zero-gap
directional coupler. The zero-gap allows us to approximately treat the center
interaction region as one waveguide. It will be shown in Chapter IV that Eq.
15.7 is the same expression derived for an electro-optic modulator.

'Operation of the zero-gap directional coupler switch is illustrated in Fig.
1.5.1. Anocther advantage of zero-gap directional couplers, in addition to
operating with less voltage, is that the interaction length is much shorter than
the interaction length of conventional directional couplers.*"* This results
in the reduction of real estate required. Interaction length dependence on
waveguide separation will be treated in Chapter Il




Figure 1.5.1
Operation of a Zero-Gap Directional Coupler




Wavefront Tilt
An additional parameter that needs to be considered for both
conventional and zero-gap directional couplers is wavefront tilt and its affect

on waveguide coupling in the branching section. The larger the tilt angle o
of the branching section, the less the waveguide coupling™ (see Fig. 1.3.1).

Tilt introduces phase differences that decrease waveguide interaction in the
branching section of waveguide coupling. The maximum allowable tilt angle
can be obtained by forcing the branching region of waveguide coupling to be
within a single lobe of the standing wave generated by the two waves
propagating along the tilted waveguide portions. This gives the limit'

sin(o/2) < Mnw, 1.6.1

where w is the width of the waveguides.

Electrode Separation
The separation gap g between the electrodes over the coupling regions
of waveguides 1 and 2, even though not being part of the equations above,
plays a major role in switch operation (see Fig. 1.3.1). It has been found
that the wider the gap, the lower the electric field strength and induced
~ refractive index change. The narrower the gap, the higher the electric field

il .
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strength and induced refractive index change.” It has also been presented

that the electrode separation gap depends on the waveguide width. It
should be much less than w, so that only the propagation constant of the
fundamental mode is strongly modified.**#” There are limitations, however,
on how narrow or wide g can be. This is due to the physical reason that
variations in the electrode gap can only be partially compensated by applied
voltage.?® Complete compensation is not possible. Overiap of the applied
electric field with the optical electric field within the waveguide, is a factor
that affects the behavior of the index change.? It is brought about by the
electrode separation gap versus the applied voltage. This leads to the need
to determine an optimum g versus waveguide width.

Thesis Organizati

ANow that the Fredkin gate and zero-gap directional coupler have been
introduced, the theory and background references necessary for completing
this research will be reviewed in Chapters i, il and IV. Chapters Il and IV
of the dissertation will describe the optical and electro-optical properties of
AIGaAs The characteristics of conventional and zero-gap directional
couplers will be presented in Chapter lll. Chapter V will detail the
experimental procedures, observations and recorded data of this work. This
includes material growth, device fabrication and operation. Results are then
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presented in Chapter VI and conclusions, along with recommendations, are

given in Chapter Vil.




CHAPTER i
OPTICAL PROPERTIES OF
ALUMINUM GALLIUM ARSENIDE

By convention, the nomenclature for aluminum gallium arsenide is
generally given as Al Ga, As, where x is the fraction of aluminum atoms
present in the material and 1-x is the fraction of gallium atoms present for
each atom of arsenic in the material. Research has demonstrated that the
optical properties of Al Ga, As have a strong dependence on x and the
optical wavelength (A). In this chapter, we will quantitatively investigate the

refractive index (n) as a function of both x and A, and then determine these
parameters for the specific AL Ga,_ As structure and wavelength to be used

for this experiment.

Refractive Index

A lterature search was conducted for references investigating the
refractive index of AL Ga,,As. Three of the sources found**"* were ones
in which the index had actually been measured as a function of both x and

A and that these three sources are the most widely referenced among
38
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ALGa, As integrated optics researchers 3246466536656 Thg jiterature

search also uncovered a few sources that fit these experimental data to
analytical models to interpolate the refractive index of various ALGa, As
compositions for which the index had not been measured. Sections 2.1 -2.3
will outline all of the pertinent sources. These sources will be used, along
with information gathered through conversations with several researchers in
the technical area, listed in the bibliography, to determine the refractive index

for the specific x and A used for this experiment.
Before going onto the modelling sections, the wavelength and the Al

concentration of the waveguide devices to be fabricated for this experiment

need to be chosen. It is desirable to have an x and A that will yield as low
a propagation loss as possible. Selection of A was based on the type of
laser diode used in the experiment. Since the absorption is inversely

proportional to A, the higher the A, the lower the loss.

Among the commercially sold laser diodes with as high a A as possible,
AL Ga, As laser diodes in the 760 - 850 nm range are readily available as

well as inexpensive. Al Ga, As laser diodes with A > 850 nm are usually

more expensive and not as readily available. For A > 900 nm, the material
used for the laser structure included either indium or phosphorus, depending

on the desired A.
Relevant and complementary United States Air Force interests include:
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(a) Three Terminal Opto-electronic Arrays (TTOA) for which a laser,

photodetector, and amplifier structure are all being fabricated into a single
pixel area in ALGa, As material;* (b) integrated Optical Organic Devices
(IO0D), for which polymer based optical waveguides are being developed
for operation within the 700 - 900 nm wavelength range;* and (c) Optical
lnterconnect Technology (OIT), for which integration of laser source, optical
organic waveguide, photodetector and electronics are all being integrated
together to realize a complete multichip module optical interconnect
operating in the 700 - 900 nm wavelength range.*'*' These research
programs dictated the use of an AL Ga, As laser diode with an operating A
somewhere between 700 and 900 nm.

After considering compatibility with the TTOA, 100D and OIT programs
along with price, availability, and monolithic integration of the laser,
waveguide and detector, a Sharp Model LTO15MDO0 40 mW index guided

laser diode, operating at A = 827 nm, was selected. A spectrometric
measurement of the laser diode was taken with an input current of 81.0 mA
and maintained at a temperature of 25.0°C to verify A.

With A chosen, the Al concentration to be used for the core of the
waveguide, that would yield as low a propagation loss as possible, needed
to be determined. At a given A the absorption is inversely proportional to the
fraction of Al atoms.* The higher the x value, the lower the loss. In
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addition, the required waveguide thickness for a given A is inversely
proportional to x. These criteria would suggest a large Al concentration. For

x > 0.350, however, the bandgap level becomes indirect, resulting in
diminished optical activity, due to the fact that both a photon and phonon are
required for an indirect transition.® This dictates that x < 0.350. It has also
been reported® that at wavelengths in the 800 - 850 nm range, the modal
attenuations increase markedly for a waveguide core layer when Al
concentrations are above 0.310. Accordingly, an x value of 0.300 was
chosen for the waveguide core.

| Based on the findings given above, the Al concentration is constrained
to the range 0.200 < x < 0.400 when 0.7 pum < A < 1.0 um for the Al Ga, As
refractive index modeis. In addition, the models were fit to the measured

indices by optimizing for an Al concentration x = 0.300 and A 827 nm. This
provided better agreement with the measured refractive index in this limited

range of x and A than when the entire, unlimited, ranges of x and A were
considered.

Section 2.1
In 1972, Boyd* fit to Selimeir equation experimental data published by
llegems and Pearson*:




(n): = A+ B/(2-C)- D)2, 2.1.1

where n, is the index of refraction, A is the wavelength given in um and A,
B, C, and D are the Sellmeir coefficients, of which A, C, and D are functions
of x. llegems and Pearson used reflectivity measurements to determine the
refractive index of ALGa,_As for x values of 0.080, 0.210, 0.380, 0.530, and
0.820, respectively. The accuracy of x was known to + 0.020,* which is
within the tolerance of the various electronic material characterization
methods.'®' Numerical values for A, B, C, and D can be found for various
Al concentrations by using the equations generated by Boyd as listed in
Table 2.1.1.

Table 2.1.1%
Selimeir Coefficients for ALGa, As
A B C D
10.906 - 2.92x | 0.97501 | (0.52886 - 0.735x) | [0.002467
x < 0.36 -(1.41x + 1))
(0.30386 - 0.105x)*
x 2 0.36

Several of the assumptions used by Boyd were: 1) Linear variation of A with
x; 2) B independent of x; 3) Quadratic variation of C with x to incorporate
the shift in bandgap as a function of x, which varies linearly with a different

»
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siope in the regions of direct and indirect band transition; 4) D varies

linearly with x.
Thus, Eq. 2.1.1 allows one to determine the refractive index (n,) as a

function of both x and A. Fig. 2.1.1 shows the plots of the Selimeir equation
for two x values, 0.200 and 0.400, as a function of A, between 0.7 and 1.0
um. It is suggested by Hunsperger,® that Eq. 2.1.1, along with the values

for A, B, C, and D, can also be used to model the refractive indices
measured by Casey, Sell and Panish.” When the values for x, given in that
latter work, were substituted into Eq. 2.1.1, however, the modelled index did
not fit the experimentally measured index very well. For the indices
measured by Casey et al., a second model was found that fit these
measurements much better. This model is discussed in the next section.

Section 2.2
in 1985, Adachi® modelled the refractive index data of AL Ga,.,As obtained
by Casey, Seil and Panish.” These measured indices were determined by
reflectivity measurements for x values of 0.070, 0.100, 0.150, 0.200, 0.240,
0.290 and 0.380 at photon energies ranging from 1.2 to 1.8 electron volts

(eV). The accuracy with which x was known in that experiment was +
0.020.7 Like the previous index measurements, this accuracy is within the

tolerance of the various electronic materials characterization methods.'®"
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Figure 2.1.1
Refractive index of ALGa, As versus Wavelength
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Adachi uses the relation®

(n)*(@) = e,(e) + iey(w), | 22.1

to model the refractive index where o is the angular frequency, n,(w) is the
frequency dependent refractive index and e,(w) and &,(w) are the real and
imaginary parts of the frequency dependent dielectric constant, respectively.
Adachi’s relation, however, is valid for only those energies below the direct
band edge. At or near the lowest direct gap (E,), the imaginary part of the
dielectric constant (e,(w)) may be taken as zero when Eq. 2.2.1 becomes

(@) = &\(), 222
where the real part of the dielectric constant (¢,(w)) for zincblende materials

like AL Ga, As, at energies below the E, direct gap can be expressed using
the well known Kramers-Kronig relation*®

&,(0) = ALF(X) + 1/2[E/(E, + a)]**f (1)} + B, 223

where
F)=00%2-(1+0"%-(1-0"), 22.4
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FOled) = (a2 - (1 + %" - (1 - 2)*"), 225

x = WoE, 226
m .

Yoo = WV(E, + ). 227

in Eq. 223 - 22.7, E, and a, are the lowest direct gap and direct gap

spiitting energies, or critical point energies, in eV, %o is the photon energy
in oV where 1 is Plancks constant and A, and B, are constants used to fit

the model to the measured indices. Using the measured values of the
critical point energies taken from Berolo and Woolley,® E, and E, + a, can
be fitted to the parabolic relation®

E=a+bx+od 228
The constants a, b and ¢ were determined for E, by Lee, Juravel, Woolley
and SpringThorpe,® by fitting Eq. 2.2.8 to the measured values. Using

these values, the equation for E, can be given as®

E, = 1.425 + 1.155x + 0.372. 229
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Adachi later determined the constants a, b and ¢ for E, + 4, in the same

manner. Using Adachi's values, the equation for E, + a, is given as®

E, + 4, = 1.765 + 1.115x + 0.37%. 2.2.10

E, and E;, + a, are plotted as a function of x in Fig. 2.2.1. The fit of the

curves generated from Egs. 2.2.9 and 2.2.10 with Berolo et al. is quite good.
By substituting Eqgs. 2.2.9 and 2.2.10 into Egs. 2.2.2 - 2.2.7 and then fitting
Eq. 2.2.2 to the indices measured by Casey et al., A, and B, can be found.

Doing this yields

A, = 6.34 + 18.39x + 0.78)¢ 2.2.11
and

B, = 9.38 - 10.61x + 0.78x. 22.12

These values for A, and B, are not the ones used by Adachi*®, however,
they proved to give a better fit to the measured refractive index of Casey et
al. than Adachi’s values. Figs. 2.2.2 - 2.2.5 show plots of the refractive
index (n,), including the + 0.020 Al concentration accuracy, for the x values

0.200, 0.240, 0.290 and 0.380 as a function of hw (between 1.2 and 1.8 eV),
which corresponds to, approximately, 1.0 um < A < 0.7 um. Figs. 2.2.2 -
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2.2.5 also include the refractive indices measured by Casey et al., which

were substituted into the model at the specific x and A for which the index
was actually measured. These substituted values appear as small spikes

in an otherwise smooth curve, giving an indication of the accuracy of the
model. The refractive indices, using the above model and curve fitting
constants, are within the known accuracy of the fraction of Al atoms. It
provides a very good fit around the chosen x = 0.300 waveguide core and
the 827 nm wavelength, ho = 1.5 eV.

Section 2.3

in 1986, a new set of refractive index measurements were made by
Aspnes, Kelso, Logan and Bhat.2? The indices were measured using a
rotating analyzer ellipsometric technique for x values of 0.099, 0.198, 0.315,
0.419, 0.491, 0.590, 0.700 and 0.804 at photon energies ranging from 1.5
to 6 eV. The accuracy with which x was known was % 0.020.% This
accuracy is within the tolerance of the various electronic materials
characterization methods.' The Adachi model presented in the previous
section did not provide a close enough fit to be used to model these
measurements taken by Aspnes et al. However, in 1989, Adachi® improved
his model to better fit these experimental data. This new model includes
contributions due to E, and E, + a, as well as the higher critical point
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energies E,, E, + a,, E,, E,, and E;” + 4., including nondispersive
contributions.

Wae will determine all the critical point energies and nondispersive terms
before presenting the model, since these energies will consequently be used
to determine the refractive index. The critical point energies E, and E, were
measured by Aspnes et al.® as a function of x. These measured critical
point energies E, and E,, as well as E_ + a, and E,, are given by Adachi.**
Equations for the critical point energies, fit to the values found in Adachi,*

are then given as

E,= 142 + 1.195x + 0.31 5%2, 2.3.1

E,+a,=177 +1.079x + 0.420x%, 2.3.2

E, = 2.96 + 0.456x + 0.136%2 + 0.213%¢ + 0.067¢* 233
and

E, = 4.70. 234

The critical point energy E,” and the direct gap splitting energies a, and a,”
are not listed by Adachi. The only measurements found for E, + a,, E,” and

E,” + a,” were taken by Berolo et al.*° Therefore, E,” and E,” + a,” were

-
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fitted directly to Berolo et al. giving

E,” = 4.49 + 0.095x 235
and
E,” +a,” = 4.65 + 0.090x. 2.3.6

The E, + a, critical point energy was determined in a different way. Only
Berolo et al. and Aspnes et al. measured E,. The critical point energies E,
and E, + a,, measured by Berolo et al., appear to have the same basic
shape, separated only by a constant eV. Using the critical point energy
measurements for E, and E, + &, (from Berolo et al.) and the critical point
energy measurement for E, (from Aspnes et al.), an approximation for the
critical point energy E, + a,, to be used for this new model, was found by
taking the difference between E, and E, + 4, from Berolo et al. and then
shifting E, from Aspnes et al. by the same eV. E, + a, was then
approximated by

E, + a, = 3.19 + 0.456x + 0.136)X¢ + 0.210x° + 0.048x". 237

The critical point energies given by Eqs. 2.3.1 - 2.3.7 are plotted as a
function of x in Fig. 2.3.1.
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Taken from Section 2.2, the refractive index is found here by using the

relation:

(ny)*(0) = &,(w), 238

where n,, the refractive index, and the real part of the dielectric constant
(e,(w)) now include contributions from the higher transition energies. The
value of the real part of the dielectric constant due to the E, and E, + 4,

transitions™ is given by the Kramers-Kronig relation®

€1(00) = AE)*{f (o) + 12[EJ(E, + a)]“f (o)) 239
where

FO) = (%2 - (1 + 20" - (1 - ) "H( - ), 2.3.10

F e = (ao)®[2 - (1 + 20" - (1 - x.,,)"’Hﬁ A} 2.3.11

X = M/E,, 2.3.12

Yoo = W/(E, + &) 2.3.13

and




H(y) = 2.3.14

In Egs. 2.3.9 - 2.3.14, E, and E_ + 4, are given in eV, » is the photon

energy in eV where 1 is Plancks constant and A is a constant used to fit the
model to the experimental data.

The value of the real part of the dielectric constant due to the E,
transition® and E, + a, transition (Eq. 2.3.7) is given by*

&44(0) = -B1(x,)*In[1 - (x,)°] - B2(xe,)*IN[1 - (xa,)°), 2.3.15
where

X1 = »ovE, 2.3.16
and

As1 = WV(E, + &,). ' 2.3.17

In Egs. 2.3.15 -2.3.17, E, and E, + 4, are given in eV, and B1 and B2 are
constants used to fit the model to the experimental data.

The value of the real part of the dielectric constant due to the E,
transition™ is given by™
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£2(0) = C[1 - (VI - 0T + (™) 2.3.18
where
X2 = WVE,. 2.3.19

in Egs. 2.3.18 - 2.3.19, E, is given in eV, and C and vy are constants used
to fit the model to the experimental data.

The value of the real part of the dielectric constant due to the E,” and
E,’ + a, transitions® was found by fitting the model to the index

measurements. This gives

&0 (@) = D(Xo” + Yoo )s 23.20
where

%, = WE,’ 2.3.21
and

Yoo = WV(E, + &) ' 2.3.22

In Eqgs. 2.3.20 - 2.3.22, E," and E,” + a,” are given in eV, » is the photon
energy in eV and D is a constant used to fit the model to the experimental
data. The value of the nondispersive elements of the dielectric constant due
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to the indirect gap transitions is given by a constant e,_, which is used to fit

the model to the experimental data.* The real part of the total dielectric
constant due to all of the transition energies is the sum of the dielectric
constants for each of the transition energies or

£,(0) = €,,(®) + &,,(0) + £45(0) + &, (@) + ¢, 2.3.23

The strength parameters A, C, v, and g, were determined as a function
of Al concentration by fitting equations to the curves presented by Adachi.*
They are given as follows:

A=29 + 159x + 6.5¢ + 0.1 + 0.1x* + 3¢
+ 13 + 32/, 2.3.24

C = [2.31 - 0.001x - 0.001>¢ - 0.001x° - 0.001x*
- 0.5x° - 1.2x% + 2.5x], 2.3.25

v = 0.137 - 0.005x - 0.0001x* - 0.0001x° - 0.02x* - 0.16x°  2.3.26
and
e, = 1.25 - 1.98x - 0.4x°. 2.3.27
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The strength parameters B1 and B2 were estimated by using the

L expressions®

N B1 = 44[E, + a/3V[a,(E,)] 2.3.28

_‘ and

B2 = 44[E, + 2a,/3)[a,(E, + a,)), 2.3.29

1 where a, is the lattice constant in A given by

a, = 5.6533 + 0.0078x. 2.3.30

: The strength parameter D was estimated as a function of x by substituting

b Eq. 2.3.20 into Eq. 2.3.23, varying D until Eq. 2.3.23 fit the experimental

'W measurements from Aspnes et al.® for both x and photon energy. This
D = 2.535 - 1.075x - 0.65)% - 0.7 - 0.8x* - 2.8)°. 2.3.31

Substitution of Eq. 2.3.23 into 2.3.8 gives the refractive index for the

given x values as a function of ». Figs. 2.3.2 - 2.3.4 show the plot of the
index (n,) as a function of nw, between 1.2 and 1.8 eV, for the x values
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0.198, 0.315 and 0.419, respectively, including the + 0.020 accuracy of x.
Figs. 2.3.2 - 2.2.4 also include the refractive indices measured by Aspnes

et al., which were substituted into the model at the specific x and A for which
the index was actually measured. These substituted values appear as smalil

spikes in an otherwise smooth curve, giving an indication of the accuracy of
the model. As can be seen, the refractive indices, using the above model
and curve fitting constants, are well within the known accuracy of x. The
spikes, representing the measured values, are nearly undetectable. This
model provides an excelient fit, not only around the chosen x = 0.300
waveguide core and 827 nm wavelength, but also for the range of x from
0.200 - 0.400 and the range of A from 0.700 - 1.0 um.

Using the models from Sections 2.1 - 2.3, the refractive index of
AlLGa, . As can be determined at fractions of Al atoms for which the index
was not measured. As stated above, the target Al concentration chosen for
~ the waveguide core in this experiment was x = 0.300. Fig. 2.4.1 is a plot of
the indices versus wavelength for x = 0.300 using the models outlined in
Sections 2.1 - 2.3. As can be seen in Fig. 2.4.1, there is a significant
difference between the three curves. The curves gencrated by Adachi's
modeis (n, and n,) based on Casey et al. and Aspnes et al., respectively,
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are offset an from one another, but they possess the same basic shape. The
slope of n;, above A = 0.9 um, appears to be steeper than that of n,.

Modelling the refractive index for x = 0.300 along with the £ 0.020 Al
concentration accuracy, incorporating Adachi's models, shows that the

difference between the two index models is barely within this + 0.020 Al

concentration accuracy. The minimum index value (x = 0.320) for Adachi®,
based on Casey et al., just overlaps the maximum index value (x = 0.280)
for Adachi,®® based on Aspnes et al. (see Fig. 2.4.2). In Fig. 2.4.1, the curve
for n,, generated by Boyd’s Sellmeir equation,*® based on llegems et al., lies
between the other two curves with a slope that follows the other two curves,
as long as A > 780 nm. Below 780 nm, the slope of n, falls off considerably,
no longer following the other two. The correct curve is virtually impossible
to determine at this time and, as mentioned above, all three curves are used
almost equally by researchers. Based on Figs. 2.4.1 and 2.4.2, along with
the wavelength of the laser diode used, and the fact that the indices

measured by Aspnes et al. were not recorded above A > 827 nm, it was
decided to further restrict the wavelength range to 0.8 um < A < 0.9 um for
determination of the refractive index of ALGa, As. For this range of A and

the 0.200 < x < 0.400 given earlier, the three individual models follow their
measured values quite well, offset from each other only by an amount an

which is within the accuracy of the known Al concentration. Taking all three

models into account, it was decided that the refractive index used in this
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dissertation would be the average of the three modelled indices, designated

here as n,,.. The upper limit of accuracy was chosen to be n, at x = 0.280
(Adachi*®), since it gave the maximum index of all the curves, and the lower
limit of accuracy was chosen to be n, at x = 0.320 (Adachi®), since it gave
the minimum index. Fig. 2.4.3 shows the plot of n,, of Al, ,,Ga, ;0As versus
wavelength, including the upper and lower limits of accuracy, n, at 0.280 and
n; at 0.320. The n,,, value of the Al, ,,Ga,;,As composition will be given the
designation n_,,, the refractive index of the core layer of the waveguide.

Calculating the average index of refraction, at A = 827 nm, for x = 0.300,
yields the refractive index of the core that will be used for this experiment.

This is given as

nm = n.vg = 3-419. 2.4.1

The "plus® accuracy, as stated above, will be n, while the "minus" accuracy
will be n,. Calculating index n,, at A = 827 nm, for x = 0.280, and index n,
at A = 827 nm, for x = 0.320, gives

Neore = 3.419 £ 0.023. 242
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Refractive Index of the Wavequide Clad
Based on work done by Honeywell for the Air Force, the optimum
thickness (1) for the waveguide core layer of an Al,,,Ga,;,As composition
was determined to be {, = 1 pm.> Assuming a single mode (m = 0) optical
waveguide, with t, = 1 um, A = 827 nm, n,,, given in the previous section
and the relation®

Neore = Netag > MPATA() (Neory + Netad)]: 2.5.1

the index of the cladding fayer can be found as

Neag > [(Neore)” = AY14(t)]". 252

The Al concentration of the cladding can then be determined by using Eq.
2.5.2 along with n,,, for various x values until an index above the cutoff is

found. Choosing x = 0.350, at A = 827 nm, one gets a refractive index for
the clad slightly less than the cutoff index (see Fig. 2.5.1). The refractive

index for a cladding composition of Al ,.Ga,eAS, at A = 827 nm, is
determined by calculating n,,; for x = 0.350. This gives

Mgy = 3.389. 2.5.3
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Figure 2.5.1
Single Mode n,,, for Al, ,,Ga, ,As Core and
Nyoq fOr Aly4Gay osAs Clad versus Wavelength
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A TE/TM mode analysis computer program, acquired from Honeywell* and

based on a paper by Ghatak, Thyagarajan and Shenoy,* was run on a
waveguide structure with a core composition of Al,,,Ga,,As and a clad
composition of Al,,Ga,eASs at A = 827 nm to assess the losses for the
various waveguide modes. The program predicted a 0.00007 dB/cm TE
mode loss and a 0.00009 dB/cm TM mode loss for the "Oth order" mode,
and a 13.22 dB/cm TE mode loss and a 16.54 dB/cm TM mode loss for the
*1st order* mode. This suggests that even though n,,, does not quite meet
the criteria of Eq. 2.5.2, the losses of the higher order modes, predicted by
the TE/TM mode analysis, are sufficient to ensure single mode propagation
at A = 827 nm.

The molecular beam epitaxy (MBE) growth facility, located in the Solid

State Electronics Directorate at Wright-Patterson Air Force Base, and the
metal-organic chemical vapor deposition (MOCVD) growth facility, located
at Honeywell, should be able to control the Al concentration, over a range

of 0.300 - 0.350, to within + 0.005 of the target composition for both the first
layer and the difference in x between successive layers.5'® This will

provide excellent repeatability. Both MBE and MOCVD machines will be
used for this dissertation. The claim of the accuracy of the control of x is a
valid one since this level of control has ailso been demonstrated on the
TTOA program® as well as on the lll-V Optical Waveguide Technology
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program.? With this accuracy, the Al concentration of the waveguide core

could be as low as x = 0.295 and the Al concentration of the waveguide clad
could be as high as 0.355. Fig. 2.5.2 is a plot of ny,, for x = 0.355, and
n.oe Calculated from Eq. 2.5.2, using n,, for x = 0.295. As can be seen,
Nua i slightly less than n ., at A = 827 nm, indicating the possible presence
of higher order modes. The TE/TM mode analysis program, run on this

waveguide structure at A = 827 nm, predicted 0.00001 dB/cm TE/TM mode
losses for the "0Oth order" mode and a 2.21 dB/cm TE mode loss and 2.86

dB/cm TM mode loss for the "1st order" mode. Based on these results,
which aiso indicate that one might not be able to ensure against the
presence of higher order modes, the target Al concentration for the clad will
be slightly less that 35%. Trying to grow a clad with x < 0.350 while
maintaining x = 0.300 for the core is difficult.5'® Waveguide structures
using a target Al ,,Ga;,As core composition along with a target
Al Gy esAs clad composition will be investigated next.

ALGa, . As Wavequide Structure
As stated in the previous section, the accuracy of the Al concentration

can be controlled to within + 0.005 for this experiment. Using this accuracy
when determining n,,, for x = 0.300 at A = 827 nm gives a core index of
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New = 3.419  0.003. 255

Using the same accuracy to determine n,,, for x = 0.350 at A = 827 nm
gives a clad index of

Naes = 3.389 + 0.003. 2.5.6

One also needs to take into account the difference in the refractive index
measurements taken by llegems et al., Casey et al. and Aspnes et al. This
will be done by designating three configurations of waveguide structures
using n,,, along with the "plus® and "minus" accuracies (n, and n,) for the
core and clad layers. First, the average refractive indices (n,,,) for the core
and clad will make up Waveguide Structure 1. Next, the "plus" accuracy
indices (n,) for the core and clad, modelled by Adachi*®, based on Casey et
al., will make up Waveguide Structure 2. Last, the "minus" accuracy indices
(n,) for the core and clad, modelled by Adachi®, based on Aspnes et al., will
make up Waveguide Structure 3. This gives the possibility of three
waveguide structures. The three waveguide structures, along with the
indices of refraction, are presented below.

Each of the three waveguide structures will be used for determining the
interaction length of the optical directional coupler switches that will model
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the optical Fredkin gates. Comparing the three structures should then

T e AT

provide a more thorough analysis than using only one of the models or one
set of measurements for the refractive index.

Waveguide Structure 1

(Nygr Xoorer = 0.300  0.005, X, = 0.350 + 0.005)
core, = Aly 1,;Gay 700AS clad, = Aly35,Gage0AS
Neer = 3.419 £ 0.003 Ny, = 3.389 + 0.003

Waveguide Structure 2

(N2 Xoorz = 0.315 £ 0.005, Xy,0, = 0.365 + 0.005)
core, = Aly5,sG8,¢a5AS clad, = Aly 35sGa, 63:AS
Neore = 3.403 1 0.003 N = 3.375 + 0.003

Wavequide Structure 3

(Nys Xooes = 0.285 + 0.005, x4 = 0.335 + 0.005)
COre, = Al 505Gag715AS clad; = Al 53:G80 0esAS
Naores = 3.438 1 0.003 Ngass = 3.404 £ 0,003




CHAPTER I
DETERMINATION OF THE INTERACTION LENGTH
OF THE ZERO-GAP DIRECTIONAL COUPLER

In this chapter, the interaction length of an AlLGa, As zero-gap
directional coupler is determined by substituting the refractive index of
AlLGa, As into several dielectric strip waveguide directional coupler models,
driving the separation between the waveguides to zero.

Directional coupling is the exchange of power between the guided
modes in adjacent parallel waveguides separated by a finite distance. Fig.
3.0.1 is a schematic of a conventional directional coupler device. The index
ofrefractionoftheooré region is n while that of the clad regions is n(1 - ),
which is less than the index of the core region by an amount a. The
dimensions a, b and c are, respectively, the width, thickness and separation
of the waveguides. The interaction length, or distance required for total
exchange of power from one guide to the other is L% The wave is
considered to propagate along the z axis.

Extensive treatment of optical waveguide and directional coupler theory

has been addressed by many researchers for both continuous two-
76
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Figure 3.0.1
Rectangular Waveguide Directional Coupler
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dimensional film waveguides and dielectric strip waveguides. Various

methods, such as dielectric waveguide, coupled mode theory, effective
index, beam propagation method and finite-element analysis have been
used,'é172861-0 Anaiysis of these methods shows good agreement between
all of the different models provided that we are far from cutoff. This means
that the normalized frequency, defined as

B = (bifm)[n - n(1 - )], 3.0.1

is greater than or equal to 1.6 for single mode operation.™® In Eq. 3.0.1 the
free-space propagation constant of plane waves is defined as k = 2rn/A or

wave number, where A is the wavelength. Since the waveguides fabricated
for this experiment will be rectangular ridge type structures, we will use

several of the dielectric strip waveguide methods to model the devices for
this experiment.®!®%74

In 1969, Marcatili®! presented an analytical model for integrated optical
rectangular dielectric waveguides and directional couplers. Fig. 3.1.1
iustrates a directional coupler with the following parameters: n, and n, are
the refractive indices of the core and top clad, respectively; n, is the
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refractive index of the outside clad; n, is the refractive index of the bottom

clad; n, is the refractive index of the center clad; the width and thickness of
the individual waveguides are a and b, respectively; the distance of
separation between the two waveguides is c. The modes of the dielectric
waveguide are classified as transverse electric (TE,) and transverse
magnetic (TM,) modes. The variables, p = (0,1,2,...) and q = (0,1,2,...),
indicate the number of extrema of the electric or magnetic field along the x
and y directions, respectively. This gives the order of the mode. For the
fundamental "0th order" TE,, mode, p = g = 0, and the transverse electric
mode is given the designation TE,,. TE, (TM,) modes have the electric
fiekd component polarized predominantly in the y (%) direction and the
magnetic field component polarized predominantly in the x ()) direction. The
amplitudes of the fields have only one maximum in each direction.

For well-guided modes, the field decays exponentially in the n,, n,, n,
and n; regions of the directional coupler waveguide structure. Most of the
power travels in the n, regions while only a small part of the power travels
in the n,, n,, N, and n; regions. An even smaller portion of the power travels
in the shaded areas. Marcatili found that very littie error was introduced
when the fields along the edges of the shaded regions were not properly
matched when calculating the fields in the n, regions. This allowed him to
neglect the shaded areas from consideration, thus, simplifying the boundary
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value problem by solving only along the four sides of the core region n,.

: TE,, Modes
| For the rectangular dielectric waveguide, illustrated in Fig. 3.1.1, the

electric and magnetic field components in the five areas are given by®'

H,, = M,cos(kx + a)cos(ky + d)exp(-ik z+il), 3.1.1
H,o = Mgcos(kx + a)expl-(ik y+ikz-ikoh)}, 3.1.2
Hys = Mycos(kyy + S)expl-(ikx+ik.z-ko)), 3.1.3
Hye = M,cO8(kX + a)exp(ik ik, z+ind), 3.14
H,s = Mcos(ky + 8)sin(kx + y)eip(-ﬂc#mo, 315
H,=Hg=Hg=H,=Hg=0, 3.1.6
H,, = {({k)PH Joxdy, 3.1.7

Hze = {(Ik)9*H J0xdy), 3.1.8




Hys = {(Fk)3*H /00y,

Hyy = {(Ik)o*H oDy,

Hys = -[(¥K)°H /02D,

Ey = (V/(wen*k))0*H, /o)),

E = {(1/(wen,*k))0*H Joxdy),

E = {(1/(meny’k))0°H Joxd),

En = {(W(wen k) H, 0Dy},

E,s = -[(1/(weng’k))3"H,/0:dy},

E,= Hdd(Kn? - kﬁ?)/msz)],

Ep = HA(Kn,® - ko' Vwen)’k)],

Es= Hl(Kny? - k,az)/w‘azkz)].
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3.1.9

3.1.10

3.1.11

3.1.12

3.1.13

3.1.14

3.1.15

3.1.16

3.1.17

3.1.18

3.1.19




} Ep = HI(Kng - k. Voenlk)), s 3.1.20

Eye= Ha(kn® - kAVengk)), 3121

“ E.r = [(FenYoH, /oy, 3.1.22

) E,, = [(#wen,’)oH /o)), 3.1.23

-

2 Es = [(foen,")oH,/0)), 3.1.24
E,, = [(Yfwen2)3H, /oy, 3.1.25
Es = [(fweng’)3H /o)), 3.1.26

where M, , , (s are the amplitudes of the field in each respective medium, o
locates the field maxima in the core region n,, 3 locates the field minima in
the core region n,,  is the angular frequency and ¢ is the permittivity of free

space. The vy term is necessary because single mode operation of a
directional coupler will guide two kinds of TE,, modes. One is.symmetric

when y= 90°, and the other is antisymmetric when y= 0°*' Both are TEM
modes with main field components E, and H,. For a symmetric mode, the

S S R o N
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plane x = 0 is a magnetic short circuit. For an antisymmetric mode, the

plane x = 0 is an electric short circuit. The electric and magnetic field
components for both symmetric and antisymmetric modes are depicted in
Fig. 8.1.2.

The propagation constants k,,, k, and k, in each of the five regions are
related by®*'

k.2 + k2 + k= a'eun? = k2, 3.1.27

where v= 1, 2, 3, 4, 5 indicates the region and u is the permeability of free
space. In order to match the fields along the boundaries between the core
region n, and the top and bottom clad regions (n, and n,) and between the
core region n, and the outside and center clad regions (n, and ng), Marcatili
assumed the following:

ka=ko=Ky=k : 3.1.28
and

ky= ko= ke=k, 3.1.29

Since the refractive index of the core region n, is larger than the
refractive indices of the cladding regions, only modes of plane wavelets
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impinging at grazing angles on the surface of the core region n, are guided.

This implies that k, <« k, and k, < k, and, therefore, the electric field
components E,,, £, £, E, and E, can be neglected. Matching the
remaining field components, H, and E, along the boundaries of the core
region n, gives the transcendental equations®’

ka = koAl + (2E/a)exp(-GE-RW/(1 + kZED)] 3.1.30
and
kb= (g + 1)x - tan(nn7)(kny)] - tan[(nnA(kn)],  3.1.31

where the transverse propagation constants k, and k, are solutions to Egs.
3.1.30 and 3.1.31, respectively. k, is the solution to®'

koa = (D + 1)r - tan™(k£,) - tan™'(k £.). 3.1.32

A measure of the penetration depths of the field components in the various

media are given by*'

Eas = V(WA - k1™ 3.1.33
and

Noa = WA ) - K72 3.1.34
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where
Apsas = M2(n? - %4,52)12] 3.1.35

are the maximum thicknesses of the media for which the slab supports only
the fundamental TE,, mode.

From Egs. 3.1.27, 3.1.28 and 3.1.29 the axial propagation constant for
each mode of the coupler is determined by®'

k,= (k2- k2 - ky’*‘)m, 3.1.36

where k, = kn, is the propagation constant of a plane wave through a
medium with a refractive index n, at a free-space wavelength i, and &, and
k, are obtained from Egs. 3.1.30 and 3.1.31.

Substituting v into Eq. 3.1.30 gives slightly different axial propagation
constants for the symmetric (y = 90°) modes and antisymmetric (y = 0°)
modes.* |

kyy = kot + 2(k 2k, 2)(E/a)OXP(-AEN(1 + kPED) 3.1.37
and

Kea = ke - 2(kgk") (E/BYOXD(-TE/ (1 + K 'Ee)], 3.1.38




where

k= (k2 - kg - k2)'? 3.1.39

is the axial propagation constant of the TE mode of a single dielectric
waveguide (¢ — «) (see Fig. 3.1.2.).

The interaction length L for total power transfer from one waveguide to
the other and the coupling coefficient K between the two waveguides can
then be related to k,, and k,, by*' |

-i = 7l(2L) = (k,, - k,)/2
= 2(K 1k 0) (E/a)exp(-0E/(1 + kED). 3.1.40

The interaction length and coupling coefficient for the zero-gap directional
coupler are obtained by driving the separation between the two adjacent
waveguides to zero, which yields

-iK = ®/(2L) = 2(k Tk JESA(1 + k2ED). 3.1.41
T™,, Modes

The analysis for the TM,, modes is very similar to that for the TE,,
modes. The electric and magnetic field components for TM,, modes are
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found by substituting E for H, H for E, -¢ for 1 and - for € into Egs. 3.1.1 -

3.1.26. Following Egs. 3.1.28 and 3.1.29, the field components E, and H,,
can be neglected for the TM,,, analysis.

Matching the field components, £, and H,, along the boundaries of the
core region n, in the same way as was done to match the field components

H, and E, for the TE,, analysis gives the transcendental equations®'

ka= ka1l + (2t /a)exp(-aEs-2i)/(1 + kL)) 3.1.42
and

kb = (q+ 1)x - tan(kn,) - tan™(kn,), 3.1.43

where the transverse propagation constants k, and k, are solutions to Egs.
3.1.42 and 3.1.43, respectively, k,, is the solution to

kot = (0 + 1)x - tan [N )(kE] - tan"[(nZn (k] 3.1.44

and n,, ,, & and &; are obtained from Egs. 3.1.33, 3.1.34 and 3.1.35.
The interaction length L for total power transfer from one waveguide to
the other and the coupling coefficient K between the two waveguides are
determined by Eq. 3.1.40 using k,,, k, and k,, obtained from Egs. 3.1.39,
3.1.43 and 3.1.44, respectively. The interaction length and coupling
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coefficient for the zero-gap directional coupler are obtained by substituting

k. k,and k, obtained from Egs. 3.1.39, 3.1.43 and 3.1.44, into Eq. 3.1.41.

R r Dielectri vequide Model
Marcuse® has derived a rectangular dielectric waveguide model
following the approach developed by Marcatili. Like the preceding analysis,
the four shaded regions, (see Fig. 3.1.1), are neglected. The analysis
presented by Marcuse starts with the Maxwell equations:

V x H = g,n*0E/0t 3.2.1
and
V x € = -u,oH/0L, 3.22

where H is the magnetic field vector, E is the electric field vector, ¢, is the
dielectric permittivity of vacuum, p is the magnetic permeability of vacuum,
n is the refractive index of the medium and t is the time variable. The time
and z dependence equation for the time harmonic and mode fields is given
by®

exp{Rotp2)], 3.2.3
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where  is the radian frequency and the eigenvalue P is the z component

of the propagation vector of plane waves traveling in the waveguide core.

The variable P is designated as the propagation constant of the guided
waveguide modes and is expressed by™

B = n,kcosb,, 324

where k = 2n/A is the wave number, n, is the refractive index of the
waveguide core and 6, is the angle at which the wave propagates through
the waveguide core with respect to the waveguide clad n, (see Fig. 3.2.1).
For the wave to propagate through the core medium with a refractive index

of n,, 8, must not exceed the critical angle for total intemal refiection given

by*

co0s6,. = nJ/n,. 325

Using the equations above, the transverse electric and magnetic field

* components for the TE,, and TM,, modes can be given in terms of the

longitudinal field components by™

1 R S I




Guided Wave

Figure 3.2.1
Trajectory of a Guided Wave in a Slab Waveguide
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E, = «()[(BIE/3Y) - (on,dH/0X), 327

H, = -(IOI(BAH/BX) - (anfe AE/AY)) 3.2.8
and

H, = «({K)[(BoH/0y) + (wn/’e,9E /o)), 329
where

K = (n/K" - ) 3.2.10

and j = 1, 2, 3, 4, 5 corresponds to the values for the fields in the five
regions of the waveguide. The longitudinal field components £, and H, must
then satisfy the wave equation®

(@*w/ox?) + (3*widy’) + K*y = 0. 3.2.11

TE,, Modes
For TE,,, modes, the electric field component is polarized predominantly
in the y direction. The amplitude coefficients of E, and H, are adjusted so
that one of the transverse field components vanishes. The following set of
longitudinal field components satisfies the wave equation (Eq. 3.2.11) and
the transverse field component equations (Egs. 3.2.6 - 3.2.9). They describe
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a TE,, mode in the core region n,:®

E, = Acos[k(y+n)]jcos(k (x+&)]
and
H, = -Ale/n) *n, (ki /Bk)sin[k (y+n)lsin[k(+E)],

with
K12 = n12k2 - ﬂ! = kxz + kyz;

and that to the top clad region n, yields®

E, = Acos{kxn]cos{k,(x + E)lexp(-r.y)
and
H, = Ale/i,) “n,* (K /Br)cos[knlsinlk,(x+E)lexp(-1y),

with
K2 =i - B = k2 -

and that to the outside clad region n, yields®

E, = A(n,"In,")coslk (a+5)cos(k,(y+n)lexp{-1;(x-8)]

3.2.12

3.2.13

3.2.14

3.2.15

3.2.16

3.2.17

3.2.18

]
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s and
- H, = {Ale/in) n X(kyy/B Jcoslk,(a+£)]
' - sinlk (y+n)lexpl-y(x-a)]l, 3.2.19
with
K = nlie - B* = k' - % 3.2.20

and that to the bottom clad region n, yields®

E; = Acos[k (n-b)Jcos[k,(x+E)lexply,(y+b)] 32.21
and
H, = {Ale/it) “n, (kk/BrJ)cosk (m-b)]
- sinfl, O lexply,(y+b)]l, | 3222
with
K =K - B = k7 - 4; 3.2.23

and thet to the center clad region n, yields®

E, = A(n,’/ng)oos(kE)cosfk (y+n)lexp(y,X) 3.2.24
and
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H, = Ales/it) “n,*(k/Bk,)cos(kL)sinlk,(y+n)lexp(ysX), 3.2.25

with
K = 2K - B2 = k2 - 1. 3.2.26

In Egs. 3.2.12, 3.2.13, 3.2.15, 3.2.16, 3.2.18, 3.2.19, 3.2.21, 3.2.22, 3.2.24
and 3.2.25, variable A is the ampilitude of the field.

The transverse electric field component E, can satisfy one of the
boundary conditions by using the proper field amplitudes. The other
mmmm@MMMbymmmmwmmb
field component H, in the top and bottom clad regions (n, and n,) to pass
continuously through the core boundary at y = 0 and y = -b, dictating that H,
be continuous. Note that E, can be neglected since it is small compared to
the other field components. These conditions lead to the equations®

(n,%/k)sin[k(n - b)] - (n’Fy)coslk(n - b)) = 0 3227
and

(n2/k)sin(kn) + (n*A)cos{kn) = 0. 3.2.28

Emamionofﬂnoheandooshefunctionshmeaboveequaﬁonsyields
the eigenvalue equation®
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tan(kb) = n,2k(n’y, + n2)(n"nlk? - n, %)) 3229

This is the eigenvalue equation of TM,, modes in an infinite slab waveguide
for which the transverse electric field E, is normal to the core boundaries at
y=0and y=-b. Using Egs. 3.2.17 and 3.2.23 to express v, and v, in terms

of k.

% =[n' - K - K2 3.2.30
and

%= [0 - n )R - K712, 3.2.31

one can determine k, using Eq. 3.2.29.

At the waveguide core boundaries in the outside and center clad regions
(n, and n), H, must be equal and continuous on both sides of the dielectric
interface at x= a and x= 0. The transverse electric field component E, is
already continuous by the choice of field amplitudes. This leads to the

following equations®

kainfk(a+)] - n,coslk(a+E)] =0 3.3.32
and

ksin(kE) - v,cos(kE) = 0. 3.2.33
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Expansion of the sine and cosine functions in the above equations yields the

eigenvalue equation®
tan(ka) = kly + /(K - Yo, 3.2.34

for TE,, modes in an infinite slab waveguide. Since E, is the dominant
electric field component the field appears as a TE,, mode with respect to the
outside and center clad regions n, and n;.

Using Eqs. 3.2.20 and 3.2.26 to express v, and v, in terms of k,,

% = [(n? - n)KE - k1™ 3.2.35
and

% = [(n,? - ndK - K712, 3.2.36
one can delermine k, using Eq. 3.2.34.

The propagation constant § can be obtained for TE,, mode propagation
using Eq. 3.2.14, with the values for k, and k, determired from Eqgs. 3.2.29

and 3.2.34, respectively.®

B=[n K- (kK2 + kD" 32.37

L "I‘” N
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The interaction length L for total power transfer from one waveguide to

the other and the coupling coefficient K between the two waveguides are
then found by substituting B for k,, k, for k, and 1/, for & in Eq. 3.1.40.
This yields®

-IK = x/(2L) = 2(k/B)[(Vay)expl-cy)/(1 + k’H). 3.2.38

The interaction length and coupling coefficient for the zero-gap directional
coupler are obtained by driving the separation between the two adjacent
waveguides to zero which yields,

-iK = /(2L) = 2(k2/B)(1/ay)/(1 + kM) 3.2.39

T™,, Modes
The TM,,, modes are derived in a similar manner to the TE,,, modes, with
the electric field component polarized predominantly in the x direction. The
following set of longitudinal field components satisfies the wave equation
(Eq. 3.2.11) and the transverse field component equations (Egs. 3.2.6 -
3.2.9). They describe a TM,, mode in the core region n,.®

E, = Boos{k,yen)looelk,(x+3)] 3.2.40
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and
H, = Bles/i)"“n, (ki /Bksin{ic (y+n)sinfk (x+£)];

and that to the top clad region n, yields®

E, = B(n,’In,?)cos[kn)coslk (x+E)jexp(-1,y)
and

H, = Ble/it,) "*n,*(ky/Bk)cos[knlsin[k Oe+E) lexp(-v.y);

and that to the outside clad region n, yields®

E, = Beos{k,(a+5)lcos[k(y+n)lexp{-y(x-a)}
and

H, = {B(e./i.) *ny’(kk /Brs)cos(k(a+E)]
- sin[k (y+n)lexp{-1,(x-a)]};

and that 1o the bottom clad region n, yields®

E, = B(n,*/n,")cos{k,M-b)cos{k(x+E) lexplr,(y+b)]
and

3.2.41

3.2.42

3243

32.44

3.2.45

3.2.46
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H, = {B(e/it,)"*n (ky/Bkcos(k (n-b)]
- sinfk, (x+E) Jexply, (+b)]); 3.2.47

and that to the center clad region n, yields®

E;, = Beos(kg)cos{k,(y+n)lexp(y.x) 3.2.48
and

H, = Be/ii,) “ng’(kk/Brs)cos(k Esin[k,(y+n)lexp(y,x). 3.2.49

in Egs. 3.2.40 - 3.2.49, variable B is the amplitude of the field. The values
for K2, K.2, K,2 K 2 and K,? are obtained by using Egs. 3.2.14, 3.2.17, 3.2.20,
3.2.23 and 3.2.26, respectively.

The transverse electric field component E, can satisfy one of the
boundary conditions by the proper choice of the field amplitudes. The other
boundwymmbnscanbematawd by forcing the longitudinal magnetic
field component H, in the top and bottom clad regions (n, and n,) to pass
continuously through the core boundary at y = 0 and y = -b, dictating that H,

' be continuous. Note that E, can be neglected since it is small compared to

the other field components. These conditions lead to the equations®

ksinlk(b + )] - v,coslk(b+n)] =0 3.2.50




and
ksin(kn) + y,cos(kn) = 0. 3.2.51

Expansion of the sine and cosine functions in the equations above yields the
eigenvalue equation®

tan(kb) = kfy, + Y)/(k? - LY., 3.2.52

for TE,, modes in an infinite slab waveguide. Using Eqgs. 3.2.30 and 3.2.31,
which express v, and v, in terms of k,
one can determine k, using Eq. 3.2.52.

At the waveguide core boundaries in the outside and center clad regions
(n, and ng), H, must be equal and continuous on both sides of the dielectric
interface at x= a and x= 0. The transverse electric field component E, is
already continuous by the choice of field amplitudes. This leads to the

following equations:®

(n,*/k)sinlk & - a)] - (ns*Hys)coslk(E - @] = 0 3.2.53
and

(n,/k)sin(kE) + (ns*Hy)cos(kE) = 0. 3.2.54

4
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Expansion of the sine and cosine functions in the equations above yields the

eigenvalue equation®

tan(ka) = n k(N3 + Nsy)(nsngk? - ny*veve), 3.2.55

for the TM,, modes in an infinite slab waveguide. Thus, the field appears as
a TM,, mode with respect to the outside and center clad regions (n, and ny).
Using Eqgs. 3.2.35 and 3.2.36, which express v, and v, in terms of k,, one
can determine k,  using Eq. 3.2.55. - The propagation constant B can be
obtained for TM,, mode propagation by substituting &, and k, obtained by
Egs. 3.2.52 and 3.2.55, into Eq. 3.2.37.

The interaction length L for total power transfer from one waveguide to
the other and the coupling coefficient K between the two waveguides are
then found by substitution of the above TM,, mode variables into Eq. 3.2.38.
The interaction length and coupling coefficient for the zero-gap directional
coupler are obtained by using Eq. 3.2.39.

iton Effective Index Meth
in a 1975 paper, Bums and Milton discussed mode conversion in planar
dlelectric separating waveguides.®* This has since become known as the
effective index method, and is treated in detail by Nishihara, Haruna and
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Suhara for both two and three dimensional dielectric waveguide structures.®’

The effective index method is based on the concept of the effective index of
the guided mode. The guided mode propagating along the z axis sees the
effective index (N) defined by %

B = kN, 3.3.1

where B is the axial propagation constant, k is the free space propagation
constant (defined in the first section of this chapter) and N = n,cos6, (see
Fig. 3.2.1 and Eq. 3.2.4.).

The effective index method for the dielectric waveguide structure to be
fabricated for this experiment (illustrated in Fig. 3.1.1) is performed by
dividing the three dimensional waveguide into two two-dimensional
waveguides. One is 2-D Waveguide 1, with light confinement in the y
direction and the second is 2-D Waveguide 2, with light confinement in the
x direction (see Fig. 3.3.1). The axial propagation constant for the TE,,
modes of a three dimensional waveguide structure is determined by the
following procedure:

The effective index N, of 2-D Waveguide 1 is found first by applying
TM,.,médeanaiyslstothetop and bottom clad regions (n, and n,) with
waveguide thickness b. Effective index N, is then used to find the effective
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index N, of 2-D Waveguide 2 by applying TE,, mode analysis to the outside

and center clad regions (n, and ng) with waveguide width a. The axial
propagation constant is finally obtained by substituting N, for Nin Eq. 3.3.1.

The axial propagation constant for the TM,,, modes is determined in a
manner similar to the one used for the TE,, modes. First, effective index N,
of 2-D Waveguide 1 is found by applying TE,, mode analysis to the top and
bottom clad regions (n, and n,) with waveguide thickness b. Effective index
N, is then used to find effective index N, of 2-D Waveguide 2 by applying
TM,, mode analysis to the outside and center clad regions (n, and ny) with
waveguide width a.

TE,, Modes

As outiined in the preceding section, 2-D Waveguide 1 represents the
TM,, modes in an infinite slab waveguide of thickness b and 2-D Waveguide
2 represents the TE,, modes in an infinite slab waveguide of width a. Since
E, is the dominant electric field component, the field appears as a TE,
mode with respect to the outside and center clad regions (n, and n;). The
analysis can be represented by the following:™

B, = MNATM (n,n,In,);TE(ngIN,Ing)}], 3.3.2




| 107
where B, is the TE,, axial propagation constant for the three dimensional

dielectric waveguide.

First, we start with the wave equation for the TM,, modes of 2-D

) Waveguide 1, given by”
FHPY + (Kn? - BYH, = 0, 3.3.3
where
Ey = (p‘/meon’)H,, 334
and
E, = (1/kee,n?)oH,foy, 3.35

where f, is the TM,,, axial propagation constant for 2-D waveguide 1.
The field solutions can then be written as®

Hy = Hicos(ky + ¢,), 3.3.6
. at -b < y < 0 for the core region n,,
o H, = Hexp(-1,)), 33.7
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at y > 0 for the top clad region n,, and

H,, = Hexply,(y+b)], 3.3.8

at y < -b for the bottom clad region n,. The variables y, and vy, are the
transverse propagation constants of a plane wave in the top and bottom
cladding regions, respectively, and ¢, is the phase shift suffered by a wave
polarized with its magnetic field vector parallel to the interface between the
core region n, and the top clad region n,.

In addition to the phase shift due to reflection of the wave from the
interface between n, and n,, there is also a phase shift ¢, suffered by the
refiection of the wave from the interface between the core region n, and the
bottom clad region n,. Using Egs. 3.3.3 - 3.3.8 , these phase shifts can be
defined mathematically by*™

¢, = -2arctanfin,/n,)(B," - n,?K)"*/(n*k - B,%)'"] 3.3.9
and
¢, = -2arctan[(n,’/n,2)(B,* - n2K)"?/(n,2K - B,2)"?). 3.3.10

Using the differences between the phase fronts, which are due to the
reflection of the wave at the two interfaces and given mathematically by*™

»
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8, = (bcoed,)[(1hand,) - tand,] = (L/sin8,)(cos?e, - sin?e,) 3.3.11

and

8, = bising,, 3.3.12

the condition that both reflected waves contribute to the same plane waves
can be expressed by the relation®

Ny(s, - S)k+ ¢, + ¢, =2(q + 1)m, 3.3.13
where q = (0,1,2,...) indicates the number of extrema of the magnetic field
in the y direction.

The eigenvalue equation, obtained from Egs. 3.3.9 - 3.3.13, can then be

written as®

kb= (q+ 1)x - tan"{(nn2)(kfp)] - tan '[Nk}, 3.3.14

where
k = (n2 - B,2)'?, 3.3.15
% = (B - n,2K)"? 3.3.16
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Y= (513 - nf’ﬂw 33.17

are the transverse propagation constants.

Using Eq. 3.3.1, the transverse propagation constants, given by Egs.
3.3.15 - 3.3.17, can be expressed in terms of the effective index of 2-D
Waveguide 1:

k, = kn,? - N,*)'%, 3.3.18

% = KN;? - n%)'% 3.3.19
and

7‘ = (N,z - n‘ﬁiﬂ. 3.3.20

Next, the wave equation for the TE,, modes of 2-D Waveguide 2 is
given by”

FESX + (Kn? - BE, =0, 3.3.21

H, = (B /op,)E, 3.3.22
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4 H, = <(1/kp JIE,/ox. 3.3.23

The field solutions can be written as”
E,, = E,cos(kx + ¢,), 3.3.24

at 0 < x < a for the core region now defined as N,,

E, = Eoxp(-1,%), 3.325

at x < 0 for the outside clad region n,, and

Es = Esoply(+a)), 3.3.26

at x > a for the center clad region n,. The variables vy, and v, are the
- trangverse propagation constants of a plane wave in the outside and center
cladding regions, respectively, and ¢, is the phase shift suffered by a wave
polarized with its electric field vector paraliel to the interface between the

- core region N, and the outside clad region n,.
in addition to the phase shift due to reflection of the wave from the
interface between N, and n,, there is also a phase shift ¢, suffered by the
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reflection of the wave from the interface between the core region N, and the

center clad region n,. Using Egs. 3.3.21 - 3.3.26 , these phase shifts can
be defined mathematically by™

¢, = -2arctan[(B,’ - ny’K)'%/(n,*K - B.%)'?) 3.3.27
and

¢ = -2arctan{(B,” - ng"K%)'%/(n,*K - B,")"?]. 3.3.28

Using the differences between the phase fronts, which are due to the
reflection of the wave at the two interfaces and given mathematically by®

8, = (acos8,){(1Aand,) - tand,] = (a'sind,)(cos’e, - sin®e,) 3.3.29
and

8, = a/sing,, 3.3.30

the condition that both reflected waves contribute to the same plane waves
can be expressed with the relation®

Ny(s; - 8)k+ @3 + ¢ = 2(p + 1), 3.3.31

wheve p = (0,1,2,...) indicates the number of extrema of the electric field in
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the x direction.

The eigenvalue equation, obtained from Egs. 3.3.27 - 3.3.31, can then
be written as*

ka = (p+ 1)x - tan™(k/yy) - tan"(kfy), 3.3.32
where

k.= (NK - B.7)'2, 3.3.33

%= ~-na’k’)“' 3.3.34
and

75 - (p!a - n‘zﬂm 3.3.35

are the transverse propagation constants.

Using Eq. 3.3.1, the transverse propagation constants, given by Egs.
3.3.33 - 3.3.35, can be expressed in terms of the effective index of 2-D
Waveguide 2:

k= KN - N°)'%, | 3.3.36

% = MN? - n)"® 3.3.37




and

% = (N’ - ng)*. 3.3.38

Having solved for f, and k,, the symmetric propagation constant p, and
aMBynmﬁcpmpagétionoonstaruB,conespondhgtotrnesymmetﬁcand
antisymmetric TE,, modes of the directional coupler, respectively, are found
by"

Be = Bol1 + 2(k /B, NV av)exp(-cr)/(1 + kihg)] 3.3.39
and

Ba = Bol1 - 20k, ")V ayexp(-crM(1 + kPH)), 3.1.40

where ¢ is the distance of separation between the two waveguides.

The interaction length L for total power transfer from one waveguide to
the other and the coupling coefficient K between the two waveguides can
then be related to B, and B, by®

-iC= x/(2L) = (B, - B2. 3.3.41

The interaction length and coupling coefficient for the zero-gap
directional coupler are obtained by driving the separation between the two
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adjacent waveguides to zero. {Tms yields,

1
h

f

By = Bol1 + 208, )(1/a)(1/(1 + kZAy*))) 3.3.42
and .

Ba = Balt - 2(kB,)(V/aw)(V/(1 + kM), 3.3.43

which are then substituted back into Eq. 3.3.41.

TM,,, Modes
For TM,, mode analysis, 2-D Waveguide 1 represents the TE,, modes
in an infinite slab waveguide of thickness b and 2-D Waveguide 2 represents
the TM,,, modes in an infinite slab waveguide of width a. With H, as the
«dominant magnetic field component, the field appears as a TM,,, mode with
respect to the outside and center clad regions (n, and ng). The analysis can
be represented by the following:™

B = MNTE®(n,In,In,); TM*(n,IN,Iny)}], 3.3.44

where B, is the TM,,, axial propagation constant for the three dimensional
dielectric waveguide. Following the same procedure as was presented in

‘mepreviomsecﬁon,meelgenvalueequationfortheTEmmodesofz-D
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Waveguide 1 can be written as®

ka = (p + 1)x - tan[(n/n ) (k/v)] - tan'[(ns/n?)(k/v)),  3.3.45

where
k.= (n?i - )2, 3.3.46
% = (B, - n’i)'"? 3.3.47
and
% = (8, - ni)'"2. 3.3.48

Using Eq. 3.3.1, the transverse propagation constants, given by Egs.
3.3.46 - 3.3.48, can be expressed in terms of the effective index of 2-D
Waveguide 1:

k, = kin? - N2)'2, 3.3.49
T = k(N? - ng?)'? 3.3.50

and
% = (N;* - ng)'2, 3.3.51
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The eigenvaiue equation for the TM,,, modes of 2-D Waveguide 2 can

be written as”

kb = (q+ 1)x - tan™ (k/y,) - tan™(k/v), 3.3.52
where

k, = (N2K - B2, 3.3.53

n = (B - nK)"* . 3.3.54
and

%= B - nlK)'™. 3.3.55

Using Eq. 3.3.1, the transverse propagation constants, given by Egs.
3.3.53 - 3.3.55, can be expressed in terms of the effective index of 2-D

Waveguide 2:
k= HNZ - Y™, 3356
Y = KN? - n)*? 3.3.57

and
% = (N2 - n )2, 3.3.58
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Having solved for B, and k,, the symmetric propagation constant §, and

antisymmetric propagation constant p, for the TM,, modes of the directional
coupler are found by substituting B, and k,, determined here, into Egs. 3.3.39
and 3.3.40.

The interaction length L for total power transfer from one waveguide to
the other and the coupling coefficient K between the two waveguides, can
then be related to B, and B, by Eq. 3.3.41. The interaction length and
coupling coeffizient for the zero-gap directional coupler are obtained using

3.3.42 and 3.7 +3, which are then substituted back into the equation for
the zero-gap directional coupler, Eq. 3.3.41.

Fei Pr ation Method

Fleck, Morris and Feit proposed, in 1976, a propagating beam method for
computing fields of an optical beam passing through a medium.® The
method calculates the characteristics of an input beam as it propagates
through a medium over a small distance 2z, and then corrects for the
variations of the refractive index as seen by the beam over this distance z.
it has already been applied to several optical fiber and integrated optic
applications. % 7582888

The beam propagation method is derived for a scalar field. The theory
is restricted to small changes in the refractive index. The first part of the
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derivation assumes the propagation of a high frequeﬁcy beam through an

inhomogeneous medium. It begins with the wave equation’
V2 + Kré(r)¢ = 0, 3.4.1

where ¢ represents the scalar field, k is the free space wave number defined
at the beginning of this chapter and n(r) = ny(r)* + an®(r) is the refractive
index of the medium consisting of an unperturbed part (n,(r)>) and a
perturbation (an?(r)). Splitting n%(r) into its respective parts, Eq. 3.4.1 takes
the form™

V29 + K°n(1)6 = -Kan?(r)¢ = s(r), 342
where the right hand side of the equation, designated as s{r), is considered
a source function. Next, the unperturbed part of the index is chosen so that
the new wave equation™

Viy + Bnd(r)y = 0, 3.4.3

along with the radiation conditions at z = «, has a solution. If y is known for

Z = Z,, where 2, is the position z = 0, then y and its derivative, with respect




120
to z, can be solved for all values of z by use of an operator (8). & acts with

respect to only the transverse coordinates (x,)). This leads to™

ooz = Ay(x,y,Z,)- 344

For n, = constant, the scalar field can be represented in the angular
spectrum domain by’**

00
¥lkok,2) = [[ wixy.2expl-Kicx + kyydxdy, 345

where ¥(k,.k.2) is the Fourier transform of the scalar field (y(x,y,2), and k,
and k, are the transverse propagation constants. Taking the derivative of
Eq. 3.4.5, with respect to z, yields’**

PRk kK,2) = -k ¥ (K K,2), 3.4.6

where k, = (in;® - k? - k?)'® is the axial propagation constant. Using Eq.
3.4.6, the integral operator & can be derived.

For a given coordinate (2), the fieid (¢) is split into two parts. The first
part (¢,) is generated by the sources in the region where z” < z, and the
second parnt (¢,) is generated by the sources where 2" > 2. Using the
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function:™

{e(rir)=0forz< 2
e(rir)=1Rforz= 2

o,(rir’) = 1 for z> z7, 34.7

an explicit expression for ¢, and ¢, can be obtained. Defining G as Greens
function of Eq. 3.3.3, the wave equation (¢,) can be expressed by’

0.0 = [[ [ Gtrrre i steraV”. 348
Taking the derivative of ¢,, with respect to z, yields™

00
3 ozr) = [[[ aRrir)e,rir)sir)aV”
+ff f+°c°a(r|r)5(z - Z)s(e)dV", 34.9
where &(z - 2) is the step size. The first integral of equation 3.4.9

represents the unperturbed medium. It can be expressed interms of & using
Eq. 3447

&o,(r). 3.4.10
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The second integral of Eq. 3.4.9 includes both the unperturbed medium and

the perturbation. With the help of Eq. 3.4.2, the second integral in Eq. 3.4.9

can be written as™

[ Gyt AHRrtx.y 200xy Adxdy 3411

Equation 3.4.11 can then be expressed in terms of an operator ({i) acting on
¢ by’M

0(x',y',2), 3.4.12

where, like 4, operator ( acts with respect to only the transverse coordinates
(xy). Substitution of Egs. 3.4.10 and 3.4.12 into Eq. 3.4.9 yields™

“ﬁz(x"y'z) = “1("'.}/-2) + M(x:y'vz)' 3413
Neglecting the influence of the reflected field (¢,) on ¢,, ¢, can be

substituted for ¢ in Eq. 3.4.13. The first-order differential equation for ¢,
then becomes™

99,/02(X,y/\2) = 8d4(X'.y',2) + 004(X'.y",2) 3.4.14
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where (¢, is the correction term.

From Eq. 3.4.14, the propagation of field (¢,) is given by two terms.
One describes propagation in an unperturbed medium (4¢,) while the other
describes a comrection term ((¢,) representing the influence of an. Using
Fourier transforms and convolution along with the assumption that the
uﬁperlurbed media is homogeneous, the correction term in Eq. 3.4.14 can
be simplified.”

004(x",y",2) = -(iki2ny)and,(X'.y’,2). 3.4.15

By combining Egs. 3.4.14 and 3.4.15, the first-order differential equation for
¢, becomes’™

39,OZ(X.Y',2) = 80,(Xy’",2) - (iki2ng)an’e,(xy’.2). 34.16

In order to solve Eq. 3.4.16, it will be assumed that ¢, is known at position
2= 2. lf an?=0, Eq. 3.4.16 reduces to™

0e/o2(x,y,2,) = &¢e(x,y,2,), 3.4.17

where e(x,y,%) = ¢,(x,y,%) is given. Therefore, & represents the field as it
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propagates through a medium with refractive index (ny(r)). Introducing a

correction factor (exp(I)) leads to an approximate solution to the differential
Eq. 3.4.16. This solution is derived by™

¢4(r) = exp(I(r)Je(r), 3.4.18

with I'(x,y,z) = 0. Combining Egs. 3.4.16 and 3.4.18 yields™

TRz = -(Mf2ny)an’ + [a(exp(Ie) - exp(Iale)Yexp(Ne. 3.4.19

it has been demonstrated that the second term in Eq. 3.4.19 can be
neglected, provided Eq. 3.4.19 is integrated over a small distance (z - z).”*
This yields

I = <(#d2n)an’(z - Z), 3.4.20
for (z - z) small. Combining Egs. 3.4.18 and 3.4.20 yields™

0,(%y.2% + a2) = e(xy,2, + a2)expl-(k2ng)ants2), 34.21

which is the equation for the correction term.
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For ny(r) independent of z, the eigenmode of Eq. 3.4.3 can be

v determined. This allows one to caiculate the propagation of ¢.”*
’ (.2, + 42) = TA, (X Jepi-(i a2 3.4.22
where
4o
A= [[ elxy.z)w,(xydxdy. 3.4.23

Using Eq. 3.4.22 and multiplication with the correction term, defined by Eq.
3.4.21, allows the propagation of light in small steps.

Appiication of the beam propagation method to media with small
refractive index variations aliows one to analyze beam propagation through
integrated waveguide structures. For this case, the operator & can be
expressed in terms of Fourier transforms (see Egs. 3.4.5 and 3.4.6). The
propagation step defined by Eq. 3.4.22 can, thus, be caiculated using fast
Fourier transforms (FFT’s). Performing a two dimensional FFT extends the
beam propagation method to three dimensions, allowing one to analyze the
,@ dielectric waveguide structure illustrated in Fig. 3.1.1.

The beam propagation method for integrated optical waveguide
#*  applications has been programmed into a SUN Sparc station by A. Ticknor,
- | of Lockheed Missiles and Space Company.* Although it does not generate
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hard numbers for the interaction iength of directional couplers, the way the

disleciric waveguide and effective index methods do, the beam propagation
method does provide an excellent prediction of device performance. It
caiculstes the amplitudes of the fields as they propagate through the
medium. As an example, the beam propagation method computer program
acquired from Lockheed was used to generate Fig. 3.4.1 which gives a
visual prediction of the behavior of a light wave propagating through an
AlLGa, As waveguide with an S-bend. The following parameters were
substituted into the beam propagation method using the indices from
Waveguide Structure 1 (Chapter 1i): the waveguide width a = 3 um, the
waveguide core thickness b = 1 um, the operating wavelength A = 827 nm,
the refractive index of the core n, = 3.419, the refractive index of the top and
bottom clad regions n, = n, = 3.389, the refractive index of the outside clad
regions n, = n; = 1.000. Zero propagation loss was assumed for the straight

guides. A step size of 0.5 um was used to caiculate the propagating field
ampiitudes. The S-bend was designed using the formula®™

X2) = (Whz - (W2x)sinf(2r/) 2], 3.4.24

where / is the longitudinal separation in the z direction and h is the lateral
offset in the x direction. Eq. 3.4.24 allows one to minimize the radiative loss
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Figure 3.4.1

Amplitudes of the Propagating Fields in an
ALGa, As Waveguide with an S-Bend
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and maximize the mode confinement. For the S-bend structure illustrated

in Fig. 3.4.1, h= 20 ym and /= 500 um.




CHAPTER IV
ELECTRO-OPTIC PROPERTIES OF
ALUMINUM GALLIUM ARSENIDE

AlLGa, As is an optically isotropic crystal belonging to the cubic 43m
symmetry class known as zincblende.® Certain isotropic crystals, including
AL Ga,_As, possess electro-optic (EO) properties in which a polarization and,
hence, a birefringence can be induced when an electric field (E) is applied
to the crystal (Pockels effect).”'® The Pockels effect is a linear EO effect;
the induced birefringence is directly proportional to the first power of the
applied electric field. Thus, ALGa, As exhibits anisotropic behavior.

in an anisotropic crystal the polarization induced by E is dependent on
the direction of E®'® Therefore, the speed at which light traveis through
an anisotropic crystal is dependent on the direction of propagation. A light
beam propagating through an anisotropic crystal along the optic axis (O) is
defined as an ordinary ray.”'® The refractive index seen by this
propagating beam is defined as the ordinary refractive index (n,, or n). n;
is independent of the direction of the polarization.”'® A light beam

129




130
propagating through an anisotropic crystal at any other direction to O is

defined as an extraordinary ray.'® The refractive index seen by this
propagating beam is defined as the extraordinary refractive index (n, or n,).
n, is dependent on the direction of polarization.”'*® Hence, n, is dependent
on the direction E. Since Al Ga, As has one optic axis it behaves like a
specific group of anisotropic crystals known as uniaxial crystals.'®'% |f we
define the z axis as the optic axis then n, = n, and n, = n, = n,. The index
surfaces can, therefore, be represented by a sphere with radius n, and an
ellipsoid with radius n, parallel to O and radius n, normal to the O (see Fig
4.0.1)."® For n, > n, the uniaxial crystal is known as a positive type and
for n, < n, the uniaxial crystal is known as a negative type.'® As can be
seen, the sphere and ellipse are tangent to each other only at the points
along the optic axis. The amount of induced birefringence is defined as the
difference between these two refractive indices and, as stated above, is
linearty proportional to £.7'® Pockels effect is given mathematically by™-'®

n“ - n_L = mE, 4.0.1

where m is a proportionality constant. Modulating the electric field allows

one to modulate the input signal and provide the basis for building an
electro-optic switch.
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‘ Figure 4.0.1'%
Index Surfaces for (a) a Positive Uniaxial Crystal
and (b) a Negative Uniaxial Crystal
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In this chapter we will determine the induced birefringence and derive

an expression for electro-optic modulation using the EO properties of the

specific ALGa,. As structure to be fabricated for this experiment.

Linear Electro-Optic Effect

We will begin our analysis with the constitutive equation®%®

D=¢E+ P 411
In Eq. 4.1.1, D is the electric displacement or electric flux density vector, E
is the electric field vector, P is the electric polarization vector and ¢, is the
permittivity of vacuum. In many isotropic materials the induced polarization

is directly proportional to the applied field strength, except for the case of
very high fields. We can write:'®

P=¢g)E, 41.2

where y is the dielectric susceptibility of the medium. Combining Egs. 4.1.1
and 4.1.2 yields'®'%

D=¢cE, 41.3

F




e e

133
where ¢ = g,(1 + x) is the pemittivity of the medium.

The analysis is similar in anisotropic materials. Eq. 4.1.2 can be

expressed in its tensor form as'®'®

P, = (0t Ex + X12Ey + X13ED» 414

P, = e, Ex + A22E, + A2sE>) 415
and '

P, = €,(Xa1Ex + XnEy + XnaED, 41.6

where y; are the coefficients of a 3x3 array called the dielectric susceptibility
tensor of the medium for which i= 1,2 0or3 and j= 1, 2 or 3. The suffixes
i and j designate which axes the coefficients correspond to since 1
represents x, 2 represents y and 3 represents z. Choosing x, y and Z so
that the diagonal terms vanish gives the principal dielectric axes of the

crystal:

P, = €X1En 41.7
Py = eXxE, 4138
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P: = ooy 419

Combining Eq. 4.1.1 with Egs. 4.1.7 - 4.1.9 yields'®'%'*

D,=enE, 4.1.10

D, = ez, 4.1.11
and

D, = exEy 4112
where

B = &1+ Xunh 4.1.13

&z = &1 + X2) 41.14
and

€ = &(1 + Xeo) 4115

are the diagonal coefficients of a 3x3 array ¢; which is referred to as the
permittivity tensor of the medium.

_If we introduce the phase velocity (v = (ne)'?), where p is the
permeability of the medium, it becomes evident that for anisotropic crystals,
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v depends on the direction of the applied field. Thus we have'**®

0,, = (“2")‘1I2. 411 6

v, = (Hegy) ™ 4.1.17
and

v, = (Hey) 2 4.1.18

For an anisotropic crystal, at least one of the permittivity coefficients is not
equal to the other two (i.e., &, # &, Or &5). Only the polarization parallel to
the applied electric field and, hence, the pemittivity parallel to E, will
contribute to the phase velocity. For example, if an iﬁput beam is
propagating along the z axis and E is applied parallel to the y axis, &,, will
be the pemmittivity, a polarization (P,) will be induced and the phase velocity
will be v, (see Eq. 4.1.17).

The index of refraction is defined as the reciprocal of the relative phase

- velocity:%%1%
n=ch, 4.1.19

where c is the speed of light in vacuum. Going to tensor form, we can write
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the principal refractive indices as'**

n, = ch, = (1en)'"?, 4.1.20

n, = ch, = (ez,)"? 4.1.21
and

n, = o/, = (ILeq) " 4.1.22

in Egs. 4.1.21 - 4.1.22, u, = W/, is the relative permeability of the medium,
M, is the permeability of vacuum and ¢,; = c;/e, are the coefficients of a 3x3
array called the relative pemmittivity tensor of the medium. For

nonconductive media the relative permeability () can be assumed unity™
and the principal refractive indices then become'®®

n= (811/80)1/{ 41 .23

n, = (ex/e)? 4124
and

n, = (/€)' 4125

Using the definition for the refractive index along with the analysis for
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anisotropic crystals given above, it becomes evident that one can induce a

change in the refractive index with an applied electric field. This change will,
in tum, induce birefringence, a phenomenon known as the Pockels or linear
electro-optic effect.

Index Elli
Because AlLGa, As has been shown to exhibit Pockels effect,>'”' we
can use the anisotropic analysis to determine the induced birefringence. We
will start with the general index ellipsoid for a crystal in its simplest form.
This will allow us to determine the direction of polarization as well as the
corresponding refractive indices of the crystal. The index ellipsoid is given
in the principal coordinate system as"""’"Oii

- XIE+ i+ Zinl=1. 421

In Eq. 4.2.1, x, y and z are the principal axes (the direction in the crystal
along which the electric field vector (E) and the electric displacement vector
(D) are parallel) and 1/n,?, 1/n,? and 1/n? are the principal refractive indices
along their respective axes. The lengths of the major axes of the index
ellipsoid, represented by Eq. 4.2.1, are 2n,, 2n, and 2n,, parallel to directions
x, y and z, respectively.®® The index ellipsoid is used to find the two
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refractive indices and two corresponding directions of D associated with the
two independent plane waves propagating along an arbitrary direction s in
theorystal These indices are determined using Eq. 4.2.1. Visually depicted
in Fig. 4.2.1, the major and minor axes of the ellipsoid are in the directions
D, and D,, respectively, with the longth of D, equal to 2n, and the length of
D, equal to 2n,.

Next we will introduce the optical dielectric impermeability tensor of a
crystal. The coefficients (n) of this tensor depend on the distribution of
bond charges in the material.'*'® 1, are found by taking the reciprocal of
the relative permittivity or dielectric constant.'” n, has been defined in terms
of the refractive index of the crystal as'®

n, = efey = 1n} 422

(see Egs. 4.1.23 - 4.1.25). Application of an electric field £ to the crystal
results in a redistribution of the bond charges of the crystal and a possible
deformation of the ion lattice. This causes a change in the optical
impermeability tensor and, hence, a change the refractive index of the
crystal. This allows us to write the index ellipsoid in the presence of an
electric field:*
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Figure 4.2.1"
Inner Ellipse is the Intersection of the Index Ellipsoid
with the Plane Perpendicular to s
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3 (MR + (IMAY + (INDZ + A +AY + AZ + Ayz
+ AX+ AXy + Apzy + Apz + Agyx = 1. 423

For E = 0, A, through A, = 0, and Eq. 4.2.3 reduces to Eq. 4.2.1.
introducing the notations

- X == (11)>1
b y=yy=(22) -2
2 Z=z2=(33) >3
yz=(23) - 4
o= (31) > 5 424
xy=(12) - 6
. Zy=(32) -7
x=(13) -8
yx={21) -9,
along with
(1), = 1} = A,
(1m), = 1h?= A,
(/n%)y = 1.2 = A,
(1), = i, = A,
(1nf)s = inn, = A 425
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(M) = 1inn, = Ay
¥ (1%, = tnn = A,
" (1), = 1nn, = A,

(1) = i, = A,

Eq. 4.2.3 becomes

(/2 + (109, b¢ + [1n? + (1)) + [1n} + (1n?) )2
+ [(10%) Jyz + [(1/n)gdax + [(1/n)e)xy + [(1/n);)zy
+ [(1m?)ehz + [(1/n)elyx = 1. 426

it has been shown that n, is symmetric, provided that the medium is
lossless and optically active.” This allows the permutation of j and j, and
the notation presented in Eq. 4.2.5 and Eq. 4.2.6 reduces to

¥ =x0=(11) -1

Y=y=22->2
Z2=2z=(33)- 3
427
yz=2y=(23) = (32) = 4
x=xz=(31)=(13) > 5

xy=yx=(12)=(21)—->6,
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(1m?), = 1in?
(1n?), = 1n?
(1P, = 1/n?
(1) = 1inpn, = 1hn,
(1/1nf)s = tnn, = 1,
(1% = 1inn, = 1,

428

Substituting Eq. 4.2.7 and Eq. 4.2.8 into Eq. 4.2.6 yields'®

(N2 + (1%, + [1nZ + (1)) + [1n2 + (1/n9)) 2
+ 2{(1/f) Jyz + 2{(1/n%)edxz + 2[(1/n)glxy = 1. 429

Eleciro-Optic Coefficient
The electro-optic (EO) coefficients are traditionally defined as'®'®

NAE) - n{0) = an; = R, E, + spE.E, 4.3.1

In Eq. 4.3.1, E is the applied electric field, r, are the coefficients of a 3x9
array called the linear electro-optic (Pockels) tensor of the medium and Spa
are the coefficients of a 6x6 array called the quadratic electro-optic (Kerr)
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tensor of the medium for which k=1,2,or3and /= 1,2, 0or 3. Inthe

equation above, we have omitted terms higher than the quadratic. These
higher order effects are so weak compared with the linear and quadratic
effects, that they can be neglected for most applications.'®'® For
centrosymmetric crystals (crystals possessing inversion symmetry for all
physical properties'®), the linear EO effect vanishes (i.e., r, = 0). This is
caused by the spatial inversion symmetry of such crystails. Therefore, the
quadratic EO effect will dominate.'® For noncentrosymmetric crystals
(crystals that do not possess inversion symmetry for all physical
properties'®), both the linear and quadratic effects will be present.'®* From
the section above, the EO effects will depend on the ratio of the applied
electric field (E) to the intra-atomic electric field (E,) binding the charged
particles. This ratio can be estimated by finding the magnitude of E, at a
position (7) arising from a point charge (q) located at a distance (v) from 7.
E, at T is given by™®

E, = (1/4ne,)qg/\/. 432
The minimum field inside the atom E, can be determined by substituting the

lattice constant a, of the crystal for v and the elementary electron charge for

g. In this experiment, Al,,Ga,,,As was used for the core. The lattice
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constant for ALGa,,As is given by Eq. 2.3.30. For x = 0.300, ¢, =

8.854187862 x 102 F/m and e = 1.6021892 x 10°*° C,'® the minimum electric
field inside the atom is found to be E, = 4.5 x 10’ V/cm. This is expected
to be far greater than the applied field. As a result, the quadratic EO effect
should be small enough, when compared to the linear EO effect, to allow us
to neglect the s,, terms. Eq. 4.3.1 becomes

NLE) - nf0) = an, = rE, 43.3

The permutation property along with Eqs. 4.2.2, 4.2.7, 428 and 4.3.3
mﬂdﬂ

3
A(1/nz), = iz-‘r‘Ep 434

where, for example, a(1/n?), = r,E, + r,E, + r,E,. Substitution of Eq. 4.3.4
into Eq. 4.2.9 gives the general index ellipsoid in the presence of an electric
field in terms of r,.'®

(12 + r,EDE + [In? + n,EJY + [\In? + r,E)Z
+ 2[r Elyz + 2[rg Ez + 2[r, EJxy = 1. 43.5
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In order to determine the EO tensor for crystals belonging to the cubic

matrix form:'?

r111

N1z

. 23m class we will start with the EO tensor for the triclinic 1 crysta! group in

Fas | 436

Neglecting the permutation property for the moment, Eq. 4.3.6 expands to

e

N3

. 4.3.7
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Since zincblende crystals have axes of fourfold symmetry along the cube

edges, we can let z be the axis of two fold rotation which can be

represented by the matrix'®

-1 0 0
ai = 0 _1 o 8 4-3-8
0 0 1

Eq. 4.3.8 dictates that the suffixes of the EO coefficients change as follows:

1--1,2 5 -2and 3 — 3.'"° Substituting this property into Eq. 4.3.7 yields

“fin e N3

oy e

~f3y  f Iy
Faas hz

P I 439

M3y N ~ha
Fa14 hiz s

~T124 ~l22 T2

11 a2 F13 |

where
I = Ras = Tayaxn = “hHa

Fge = N2z = Nayaxe = Nos
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I = as = Nayaxe) = fzer

etc. Setting 7, = 17, leads to the following condition: 7y = -rg, only if r =

0. Equating Egs. 4.3.7 and 4.3.9 with this condition yields

(/%8 [ 0
4.3.10
Mo = [/ [ 0

Iy 312 0
0 0 Nz
0 0 13

Since cubic 43m class crystals also have axes of fourfold symmetry, which
includes three mutually perpendicular twofold axes x, y and z, this allows us
to perform a triple product:

iK) = k{ixj) = j(koxi). 4.3.11

Performing this triple product with the coefficients in Eq. 4.3.10 yields
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- -
0 0 0
0 0 0
0 0 0
fyy O 0

e = |0 0 0o b 4.3.12

0 0 0
0 l312 0
0 0 [
L 0 0 0 |

where

Ty = Nz = i{ixK) = 0,
g = Fgy = K(Xi) = -rp, = 0,
M= fzy = JARX)= Iy,
etc. Finally, we need to take into account the axes of threefold symmetry.

The simplest threefold symmetry operationis x— y, y— zand z— x. This

is represented by the matrix™
o 1 0
& =0 0 1 4.3.13
1 0 O
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Eq. 4.3.13 dictates that the suffixes of the EO coefficients change as follows:

152,25 3and 3 - 1." Using the threefold symmetry operation gives

rn = r123 o 4 rtzxs)“) = r231 4.3.14
and

f“.z rza1 - ,iax‘xz’ = r312. 4.3-15
This proves that

Ga = I'231 = I'312. 4-2-16

Going back to contracted notation, the electro-optic tensor (r,) for
crystals belonging to the cubic 43m group can be represented by the well

known matrix'®
0 0 0
0 0 0
I 4.3.17
k~1tr, 0 O
o r, O
| 0 0
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Substituting the EO tensor for zincblende crystals back into the index

ellipsoid (Eq. 4.3.5) gives'®

[n2P¢ + (1Y + [1n 72
+ 2yzryE, + 2xzr E, + 2xyr,E, = 1. 4.2.18

Taking into account that cubic 43m crystals are optically isotropic allows us
to further simplify the index ellipsoid. This yields™

(1MADEé + ¥ + 2 + 2yzryE, + 2xzr E, + 2xy1,E, = 1. 4219

1 R ive Indi d Birefri

We need to determine the direction and magnitude of the principal axes
of the new ellipsoid represented by Eq. 4.3.19 since they may not coincide
with x, y, z. For this experiment, we are fabricating an EO directional
coupler switch. This dictates that the electrodes be placed paraliel to the
waveguides along the optic axis. Therefore, propagation of the input beam
will be along the <011> (i.e., 2) direction through the directional coupler of
length L, and the electrodes wiil be placed on the top and bottom of the
coupler running along z and separated by a distance d. The electric field £
will be applied along the <100> (i.e., y) direction. With £ applied normal to
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the direction of the input beam, we have what is defined as transverse

‘ modulation.”® A transverse modulator using a zincblende crystal in the
orientation used for this experiment is illustrated in Fig. 4.4.1. Since the
electric field is in the y direction, we have

E =E. 4.4.1

This is similar to one of the three cases presented by Namba®™ with E along
the <001> direction and the input beam propagating along the <100>

direction. These were defined by Namba as the x and y directions,
respectively. Scribe and break experiments performed on GaAs wafers have
demonstrated, however, that the preferential cleave planes for GaAs are
(011), (011), (017), (011), (101), (101), (101), (1071), (110), (110), (110) and
(170) as shown in Fig. 4.4.2."* This suggests that even though Namba’s

case can be solved theoretically, it cannot practically be demonstrated. This
is the argument used for the crystal orientation chosen for this experiment.
Substituting Eq. 4.4.1 into Eq. 4.3.19 yields the index ellipsoid

(1MADE + ¥ + 2] + 2xzr E = 1. 442
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E Il <100>

Input Beam

Figure 4.4.1 _
Transverse Electro-Optic Modulator using a Cubic 43m Group Crystal




(010)

(011)

Figure 4.4.2

(001)

Representation of a GaAs Crystal
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In order to determine the direction and magnitude of the principal axes of the
new ellipsoid, we first need to convert Eq. 4.4.2 into its diagonal form by
transforming the coordinate system (x,y,2) into a new coordinate system
(x,y’,2"). This is done be rotating the axes perpendicular to the applied
electric field by 45°."*'® For this experiment we will rotate the x and z axes,

which gives
- X= X'c08(45°) - 2'sin(45°), 443
y=y 444
and
Z = X’sin(45°) + 2'cos(45°). 445

Substituting Eqgs. 4.4.3, 4.4.4 and 4.4.5 into Eq. 4.4.2 yields

(1P + r EX? + [y + [(1/0?) - r,,E}z% = 1. 446

Using Eq. 4.3.4, we have

(1% + a(1/M)Ix2 + [1]y 2 + [(1/0P) - a(1/n?))22 = 1. 447




From Eq. 4.4.7 we can write

1/(n,)? = 1" + a(1/nd), 4438

1/(n,)? = 1/ 449
and

1(n,)? = 1n? - a(1/m?). 4.4.10

Using Eq. 4.0.1 for Pockels effect along with Egs. 4.2.2, 4.3.3 and 4.34
yields the induced change in the refractive index

an = m’r,E = m'a(1/n®), 4.4.11
where m’ is a proportionality factor we will use to equate an and a(1/n?). If

we assume r,,E < 1/n?, (i.e., a(1/n®) sufficiently small), this allows us to use

the relation'®

a(1/n®) = 3(1/nf) = -(2/n®)on. 4412

Muttiplying both sides by -(n%2) yields
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an = -(n%2)3(1/n?). 4413
: Equating Egs. 4.2.11 and 4.2.13 leads to"®
an = m’ = -(n*/2)a(1/n?). 4.4.14
Using Eq. 4.3.4 once again, we can write
an = «(n*2)r,,E. 4.4.15
This leads to the new indices™
n, = n+an = n - (n%2)r,E, 44.16
n,=n 4.4.17
and
n, =n - an = n + (n%2)r,E. 44.18

The induced birefringence for the new axes with the input beam propagating
perpendicular to the applied electric field (i.e., for transverse modulation) can

now be given by
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n, - n, = (n/2)7,E. 4.4.19

Eq. 4.4.19 is the definition for the induced birefringence that we will use to
describe the phase retardation experienced by the input beam as it
propagates through the crystal.

Electro-Optic Modulation
For our experiment we will consider an optical field that is incident and
normal to the x’y” plane propagating along the z axis with E parallel to the
y axis. At the input plane z = 0 the optical field can be resolved into two
mutually orthogonal components polarized along x” and y*. The x°
component propagates as'®'®

E, = Aexp{iwt - (a/C)n,2)], 45.1

where o is the angular frequency, t is time and A is a constant. The y’

102,106

component propagates as

E, = Aexpl{wt - (w/c)n, 2)]. 452

The difference in phase between these two components at the output plane
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z= L is called the phase retardation.'®'® It is given by the difference of the

exponential terms in Egs. 4.5.1 and 4.5.2. Performing the subtraction yields

l",(y- = (WC)[ny - n,»]L. 4.5.3

where [n, - n,] is the induced birefringence found in the previous section.
Substituting for the induced birefringence using Eq. 4.4.19 gives'®'®

Ty = (@/o)[(n2)r,E]L. 454

Using the relation a/c = 2w/A with A defined as the wavelength, the phase
retardation becomes®™'*®

rxy = (m3r41 VL)/ (M, 4s5-5
where Vis the voltage applied between electrodes separated by a distance

d. For this experiment, we want a phase retardation of 180° or I, = =.

The voltage necessary to realize a x phase change is defined as half wave
voltage.'®'® Setting the left side of Eq. 4.5.5 equal to x gives us

V, = (Ad)/(n°r,,L). 456

¢
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V, is the voltage necessary to realize half wave polarization in zincblende

crystals. Eq. 4.5.6 is also the same relation that was given for complete
switching using a zero-gap directional coupler (see Eq. 1.5.7). For
conventional directional coupler switches the voltage required for switching
the input beam completely from one channel to the other, requires a phase
change of v3r. Substituting T, = v3x into Eq. 4.5.5 yields

Vs, = (V3AA)/(nr,,L). 457

Eq. 4.5.7 is the same relation that was given for complete switching using
a conventional directional coupler (see Eq. 1.4.11). Since we are fabricating
zero-gap directional couplers, Eq. 4.5.6 is the relation we will use for the
switching voltage in this experiment.

Electro-optic modulators and directional couplers using GaAs have been
modelled, fabricated and/or analyzed extensively over the years by many
researchers,'s.'93-4120.86.1011@,10910.111121 The EOQ coefficient for GaAs has
been measured or modelled by several researchers as well.''¢'2¥
Conducting an exhaustive search of the open literature for ALGa, As
waveguide modulators and directional couplers, however, has tumed up only
a few papers.>'*'** For the EO coefficient for AL Ga, As, only one paper
was found that gives a measured value of 7,,.'** This was for a specific Al
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concentration (x = 0.17) and at a specific wavelength (A = 1.1523 um). In
addition, no models for the determining the EO coefficient for ALGa, As

were discovered. Therefore, r,, for the Al Ga, As composition used in this
experiment will have to be estimated. This was also the case for those
previous works on Al Ga, ,As modulators.>'**'** What is different from those
earlier papers, however, is the fact that we have a measured value of r,, for
Al, ,Ga,g,As.'*® This will allow us to model r,, for other concentrations of

AlLGa, As and should provide a closer estimate.




CHAPTER V
EXPERIMENTAL PROCEDURES AND DEVICE CHARACTERIZATION

in the preceding chapters, the theory behind optical Fredkin gates and
zero-gap directional couplers was presented. In this chapter, the actual
experimental procedures used to fabricate and evaluate these devices will
be detailed. AlLGa, As material growth and characterization as well as
waveguide and device fabrication and performance will be addressed.
Optical digital logic will also be demonstrated. In addition, a method to
determine the linear electro-optic coefficient for AL Ga,As will be developed.

Material Growth
The AlLGa, As structure used to fabricate Fredkin gates for this

experiment was grown using both molecular beam epitaxy (MBE) and metal-
organic chemical vapor deposition (MOCVD).
MBE is an epitaxial growth technique that utilizes the reaction of one or

more thermal beams of atoms or molecules that have a crystalline surface

161
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under ultra-high vacuum (i.e., < 10*° Torr). Molecular beams are generated

from thermal effusion cells known as Knudsen sources.'*® The molecules
interact on a heated crystalline substrate producing a single-crystal layer.
Each of the constituent elements and dopants required for making up the
composition of the grown film is emitted from its own Knudsen source. Fig.
5.1.1 is a schematic diagram of the MBE process for Al Ga, As growth.
Each source is independently temperature controlied and arranged around
the substrate in such a way as to ensure that the uniformity of both film
composition and thickness is optimized.'® The addition of mechanical
shutters for each source as well as rotating the substrate, further optimizes
the growth.5"'** Growth using MBE enﬁanoes the electrical and optical
properties of the grown fiims.'® The growth rate for MBE is typically 1
um/Mour.”'*° Growth temperatures using MBE range from 550 - 650°C for
ALGa,,As deposition.”'*

MOCVD growth of lil-V materials utilizes a liquid source of the group lli
components (Al and Ga) that are vaporized in a temperature controlied
stainless steel bubbler."®'® The group Il vapor is transported to a process
tube by a hydrogen (H,) carrier gas and pyrolyzed with the group V
component (As).'*® This forms an epitaxial layer on the substrate. Fig. 5.1.2
is a schematic diagram of an MOCVD reactor for Al Ga, As growth. Growth
rates using MOCVD are controlled by adjusting the H, flow through the
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MBE Growth Process for Al.Ga, As
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MOCVD Growth Process for AL Ga, As
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bubbler and typically range from 1 - 10 pmvhour.'®'® Fiim layers as thin as

25 A can be deposited.'*'® Growth temperatures using MOCVD range from
550 - 750°C for Al,Ga,,As deposition.'®'* P-type dopants are introduced
using zinc (Zn) and n-type dopants are introduced using tellurium (Te).'*
The AL Ga, ,As waveguide structure showing the target Al concentrations
and layer thicknesses is illustrated in Fig. 5.1.3. The target thickness of the
Al, o,Ga, ,As core region grown was 1 um in order to provide single mode
operation at 827 nm (see Chapter Il). The target thickness for the top
Al Ga,g;As clad layer grown was 1 um in order to provide low modal
attenuation.> The target thickness of the bottom Al,,,Ga, ¢ As clad layer

grown ranged from 2 - 4 um in order to provide isolation between the device
and the substrate. It has been shown that a thicker bottom clad lowers the

propagation loss.®> The altemating Al,,,Ga,,As and GaAs super lattice
buffer layers grown between the GaAs substrate and the bottom clad layer
have been shown to provide improved surface morphology of the
subsequently grown layers.3%1%

The MBE chambers used for the Al,Ga, As growth were a Varian 360,
a Varian GEN 1.5 and a Varian GEN 2. All three MBE’s had 40 cc oven
sizes. They were capable of processing a single 2° wafer. An Al
concentration uniformity of 6.5% had been measured over a 1" radius for ail
three machines.¥ Samples 562 and 563 were grown on Nippon Mining 2"
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GaAs substrates using the GEN 1.5. Samples 571 and 572 were grown on

Outokumpu Semitronic 2° GaAs substrates using the GEN 1.5. Sample 179
was grown on & Spectrum Technology 2* GaAs substrate using the Varian
360. Samples 1108 and 1109 were grown on Sumitomo Electric 2° GaAs
substrates using the GEN 2. The substrates for samples 562, 563, 571, 572
and 179 were liquid encapsulated (LEC) type semi-insulating with no
dopants. The substrates for samples 1108 and 1111 were LEC type semi-
insulating doped with indium (In). The substrates for samples 562, 563, 571

and 572 had (100) orientation tited 6° off toward the nearest <110>
direction. The substrates for samples 1108, 1111 and 179 had (100)

orientation tilted 2° off toward the nearest <110> direction. The etch pit
density of the substrates for samples 1108 and 1111 was < 1 x 10°

defects/cm®. The etch pit density of the substrates for samples 562, 563,
571, 572 and 179 was < 1 x 10° defects/cm®. The substrates were all

polished on both sides. The thickness of all substrates was 450 um £ 10
um. The target thickness for the bottom clad grown was 2 um for samples
562, 563, 571, 572, 1108 and 1111, and 3 um for i79. Table 5.1.1 lists the
MBE growth parameters. During growth, the substrates were rotated at 15

rpm. The Arsenic source used was cracked As at a pressure of 6.5 x 10°
Torr. The AL Ga, As samples were grown on top of the (100) plane for all
substrates.
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Table 5.1.1
Growth Parameters for AL Ga, As Structure using
the Varian 360, GEN 1.5 and GEN 2 MBE

Substrate Growth Rate
Sample Temperature (monolayers/sec)
Number  (°C) Ga, _ GCa, Al
g 562 675 070 | 056 | 0.30
563 675 070 | 056 | 0.30
571 630 070 | 056 | 030
572 630 070 | 060 | 0.30
1108 617 070 | 055 | 0.30
1111 593 070 | 055 | 030
179 630 049 | 039 | 021

The MOCVD chamber used for the growth was an Aixtron AiX 200. The
AIX 200 was capable of processing a single 3" wafer. An Al concentration
uniformity of 0.5% has been measured over a 3" diameter using the AIX
200.'™ Sampies 121 and 128 were grown on Mitsubishi Monsanto Kasei 3"
GaAs substrates. Both substrates were LEC type semi-insulating with no
dopants. The substrates for samples 121 and 128 had (100) orientation.
The etch pit density of both the substrates was < 1 x 10° defects/cm®. The
substrates were polished on the (100) plane (front side) only. The backsides
were lapped and briefly etched. The thickness of both substrates was 600
um 20 um. The AL Ga,.As samples were grown on top of the (100) plane
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for both substrates. In addition to the structure shown in Fig. 5.1.3,a2 0.1 um
layer of GaAs was grown between the core and each clad layer of samples

121 and 128 to provide better lattice matching between the various AlLGa,.
As layers.'® Table 5.1.2 lists the MOCVD growth parameters.

Table 5.1.2
Growth Parameters for Al Ga, As Structure using
the AIX 200 MOCVD
Substrate Flow Rate
Sample Temperature (sccm/sec)
Number (°C) Ay Ay, Ga  Asd,
121 760 17.80 | 13.90 | 8.00 | 95/75
128 740 17.80 | 13.90 | 8.00 | 80/60°

‘(clad/core)

Photoluminescence (PL) measurements were taken to determine the
aluminum concentration present in the core and clad layers of the samples.
For samples 562, 563, 571, 572, 1108, 1111 and 179, PL measurements

were taken at 3°K. For samples 121 and 128, PL measurements were taken
at both 300°K and 3°K. Selected plots of these PL measurements can be
seen in Appendix A. At 300°K, the Al concentration (x) can be calculated
by equating the band-gap energy E,'* at 300°K and the measured photon
energy E;_ where the peak intensity levels occur on the PL curve:
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Ep = Eyooi = 1.424 + 1.247x. 5.1.1

At 3°K, x can be calculated by equating E,'® at 3°K and E:'®

EPL = Em = 1.518 + 1.228)(. 5.1 -2

Table 5.1.3 lists the Al concentrations determined from the PL
measurements taken on the various samples using Egs. 5.1.1 and 5.1.2.
From Table 5.1.3, one can see good agreement between the Al
concentrations calculated from the PL measurements taken at the two
temperatures. The difference between the two measurements is within the
known accuracy of other electronic materials characterization techniques.'®’
The Al concentrations for samples 121 and 128 appear very close to the
target core and clad values. Hence, these samples were chosen as the
ones used to fabricate the actual waveguides and devices. The Al
concentrations of samples 562, 563, 571, 572, 1108, 1111 and 179 were far
from the target and not acceptable for device fabrication. These samples
were used to formulate the processing techniques. The multiple peaks
measured on samples 562, 563, 571, 572 and 79 (see Table 5.1.3 and
Appendix A) were most likely due to antimony (Sb) contamination.”
Contamination occurred because the MBE growth machines were used by




171
Table 5.1.3

Al Concentration Determined from
2 Photoluminescence Measurements
1 PL
. Sample Temperature
Number (°K) X X X X X
121 300 0.298 | 0.351
121 3 0.277 | 0.332
128 300 0.296 | 0.348
128 3 0274 | 0.327
562 3 0.361 | 0.381 | 0.402 | 0.413 | 0.438
563 3 0.324 | 0.354 | 0.383 | 0.404
571 3 0.356 | 0.376 | 0.392 | 0.437
572 3 0.360 | 0.382 | 0.427
1108 3 0.225 | 0.337
1111 3 0.370
179 3 0.242 | 0.260 | 0.284 | 0.300

several researchers growing many different materials.

Using the values for x derived from the PL measurements, the refractive
index of the core and cladding layers of samples 121 and 128 were
calculated with the modeis from Chapter ll. Taking into account the + 2%
accuracy of the known Al concentration along with the two different PL
measurements produced, the possible waveguide structures are given
below:
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Waveguide Structure 121-300°K-1
(Xoore1 = 0.298 + 0.005, x4, = 0.351 + 0.005)
core, = Aly,00Ga570,AS cClad, = Al 35,Gage0AS
Neorey = 3.420 £ 0.003  ng,,, = 3.388 £ 0.003

Vequi 121- K-
(Xoorez = 0.313 £ 0.005, X, = 0.366 + 0.005)
core, = Aly5,sGagepnAs  clad, = AlyyeGiag g3,AS
Nz = 3404 £ 0,003 Ny, = 3.374 + 0.003

Wav 12 °K-

(Xoomes = 0.283 £ 0,005, X5 = 0.336 + 0.005)
COre, = Aly20sG897,7A8  cClady = Aly 356G, 65,AS
Nooe = 3439 £ 0.004  n ., = 3.403 1 0.003

121-3°K-1
(Xoorer = 0.277 £ 0.005, Xy, = 0.332 + 0.005)
core, = Al ,Gay70A8  clad, = Alg35,Ga, e60AS
Moo = 3.433 £ 0.003 ng,,, = 3.399 £ 0.003
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121-3°K-
(Xeorz = 0.292 + 0.005, Xyppp = 0.347 £ 0.005)
core, = Aly,5,Ga, A8  clad, = Alys,,G8g g50AS
Mooz = 3414 £0.008 Ny, = 3.385 £ 0.003

Wavequide Structure 121-3°-3

(Xoras = 0.262 £ 0.005, Xz = 0.317 + 0.005)
COrB, = Aly .G85 75eAs  Clad, = Al 4,084 ge0AS
Nooess = 3454 £ 0,004  Nuyy = 3.416 £ 0.003

Waveguide Structure 128-300°K-1

(Xoore: = 0.206 £ 0.005, Xy, = 0.348 + 0.005)

~ core, = Aly20sGag A8 clad, = Aly3,,Ga, 0 AS
Ny = 3421 £ 0,003 N, = 3.390 + 0.003

1 °K-2
(X = 0.311 1 0.005, X, = 0.363 + 0.005)
core, = Aly,,,GagenAs Clad, = AlyyeGag e AS
Nz = 3405+ 0,008 Ny = 3.376 + 0.003
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oK-
(Xoores = 0.281 £ 0.005, Xypqs = 0.333 + 0.005)
CcOorey = Aly,,G8y714A8  Clad, = Aly 333Gy ¢5,AS
Neons = 3.441 £ 0.004  ng,,, = 3.405 + 0.003

(Xeores = 0-274 1 0.005, X, = 0.327 + 0.005)
core, = Aly;,G8y6AS cClad, = Al, 5,;Ga, g7sAS
Moy = 3.434 £ 0.003 N, = 3.402 + 0.003

128-3°%K-2

(Xoome = 0.289 % 0.005, Xy = 0.342  0.005)
core, = Aly,0Ga,7,,AS  Clad, = Aly3,,G8gesAS
Nz = 3416 £ 0.003 N, = 3.388 1+ 0.003

Waveguide Structure 128-3°K-3

(Xoomeg = 0.259 £ 0.005, X0y = 0.312 £ 0.005)
corey = Aly25Gag7AS  clad, = Aly,,,Ga, eeAS
Noores = 3.456 £ 0.004 N4 = 3.419 1 0.003
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The measured thickness of the core and cladding layers of samples 121
and 128 are given in Table 5.1.4. They were inferred during MOCVD growth

based on the growth rates.'®

Table 5.1.4
Core and Clad Thickness for Al Ga, As
Samples 121 and 128

Top Bottom
Sample core Clad Clad

Number (um) _(um) _{um)
121 0.90+0.04 | 0.95+0.04 | 3.95 £ 0.04

128 | 0.90+0.04 | 0.95+0.04 | 3.95+0.04

Determination of ,,

The EO coefficient r,, is generally defined as the unclamped or constant
stress EO coefficiant (r",,).'”® r',, is a value that can and has been
" measured. It is referred to as the unclamped coefficient because it is often
measured at low frequencies in comparison to acoustic resonator
fnequencles r', is broken down into two parts: a constant strain or
clamped value (r%,) and a piezoelectric induced value (rF,,):'2124134137

=15 +r°,. 5.2.1
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r'y, r, and r*,, are given in 10 m/\V. In particular, r',, for GaAs has been

measured at several different wavelengths, '1120.126.120.130.12.137

The linear photoelastic constant (c,,), given in 10™"' cm?/dyne, is a
measure of the intemal stress due to epitaxial growth. it has been recorded
for GaAs at several wavelengths.'?5'2% This provides the data necessary
to model r%, r% and r°, for GaAs as a function of
wavelength, @®12112.1261201%39.46 o . has also been measured for
Al oG8, AS.'"' This allows r,, to be modelled for ALGa, As as a function
of both wavelength and Al concentration.®®'¥ Since r', has been
measured for Al, ,;Ga,..AS,'* this allows us to model 7%, for ALGa, As as
a function of both A and x and, hence, determine r',, for AL.Ga, As as a

function of both A and x.
WQwillstartwimamodelforrﬂ,forGaAspresentedbyHigginbotham,

Cardona and Pollak'*® and Adachi.***'2'% The photoelastic effect can be
expressed as‘®*'¥

a' = Ae/x = '”znz'e’prM 5.2.2

where X is the stress in 10" dyne/cm?, ¢, = ¢; is the component of the
dielectric constant in the absence of stress (see Chapter Il), p,, is the
component of the fourth-rank photoelastic tensor (constants) and S,,,, is the
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component of the elastic compliance tensor in 102 cm*/dyne. ag, is the

* change in the real part of the dielectric constants parallel and perpendicular
to the stress given by'”
Ae‘ = 81“ - eu.. 5.2.3

The linear photoelastic tensor in a cubic 43m class crystal can be written

as'®
Pn P2 P O O 0
{ Po Py P, O O O
. ’: Il = P2 P Py 0 0 52.4
: © 0 0 p, O O
o 0 0 0 p, O

Similarly, the elastic compliance tensor in a cubic 43m class crystal can
be written as'®
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r S¢ S. S, O 0 0
S, S, S, O 0 0
[S] = Sz Se Sy 0 0 0 525
0 0 0 S O 0
o o0 o0 o s, O
i 0 0 0 0 0 Su |

From Egs. 4.3.18, 5.2.4 and 5.2.5, one can see that p,, and S,, are the only
components that will contribute to the EO coefficients (5, and r',,). We can

write'>*
’P« = PuSubie 52.6

where a,, = S,,X,, is the strain component connected with the stress.'” p,,
can aiso be defined using the inverse dielectric constant'”

a(1/e,(@); = -ae//(e;2) = X pp,6in 527

where &,(m) is the real part of the dielectric constant given by Eq. 2.2.3.
Substitution of Egs. 5.2.4 - 5.2.7 into Eq. 5.2.2 leads to'¥
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Oue(00) = €,(0)'PySys: 5.2.8

The first-order change in ¢,(w) due to applied stress is given by'”

ag(w) = azl(ae‘/am,)‘m, + (0¢,/0E )aE,), 529

where E is the interband transition or gap energy of the ith transition (i.e.,
E., E, + a, E,, €tc.) and M, is a strength parameter used to fit the measured
data. Substituting £q. 2.2.3 into Eq. 5.2.9, Adachi obtained the expression
for the photoelastic coefficient:*

0y (@) = Co{-g(x) + (4E/a)lf (x) - (E/(E, + &)™
- F (D} + Dy 5.2.10

where
g0 = %2 - (1 +0)"%-(1- 0™ 5.2.11

E,, E, + a,, f()) and f(x,,) are determined using Egs. 2.2.4 - 2.2.10. C, and
D, are strength parameters found by fitting Eq. 5.2.10 to the elasto-optic
measurements recorded by Higginbotham et al. for GaAs.'"” With the
measurements taken by van der Ziel et al.'”' for Al, ,Ga, ,As, we have been
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able to determine C, and D, as a function of Al concentration (x)."' Doing

that yields
C,=-0.21 + 0.19x 5.2.12
and

D, = 2.03 - 1.95x, 5.2.13

where C, and D, are in 10°"' cm?/dyne. With S,, given by*

Su = (1.68 + 0.02x) x 10"? cm*/dyne 52.14
and e,, given by*
e, = -(0.160 - 0.065x) C/m?, 5.2.15

we can calculate r,, as a function of both wavelength and Al concentration.
Figs. 52.1 and 5.2.2 show plots of r’,, versus x (at A = 827 nm) and A (for
x = 0.300), respectively.

Using Eq. 4.3.5 and the definition for the refractive index, the linear EO
effect can be defined by
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a(1/e); = rpE. 5.2.16

Substituting Eq. 5.2.7 into Eq. 5.2.16 yields'”

rs“ =a(1/e)JE= 'Ae1(1/512)- 52.17

it should be noted that ae, in Eq. 5.2.17, used to calculate r,, is not the
same one used to calculate r*,,. ae, used to calculate r*,, defined
hereafter as &,%, can be obtained by taking into account the changes in the
lowest direct gap energies:'*'"

ae,® = (0e/OEJAE, + (3e/OA,)aA, + (3¢, OE.))(aE,)
+ (0%e0A ) aA) + [0°e/(OE0A)(aELA,) + - - -, 5.2.18

where E, is given by Eq. 2.2.9, A, is given by Eq. 2.2.11 and aE, and A,
are the electric field induced changes in E, and A, respectively.
Considering only the linear EO effects allows us to neglect the higher order
terms. Eq. 5.2.18 can be reduced to'?'¥

e = (9,/0E,) E, + (3e,/0A) A.. 5.2.19
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Adachi conveyed that the changes in the band parameters can be written in

terms of the first-order Stark-like effect as'®'Y

aE = a,E 52.20
and
sA, = b,E, 5.2.21

where a, and b, are strength parameters. Substituting Eqgs. 5.2.20 and
5.2.21 into Eq. 5.2.19 yields'®'¥

ae,(w)g, = (0e,OE)AE, = (a/2)[AJE 1Eg (1) 5.2.22
. and
ae,*(m),, = (Fe,/OA)8A, = b, Ef(x), 5.2.23

where g(x) and f(x) are defined by Egs. 5.2.11 and 2.2.4, respectively.
Substituting Egs. 5.2.22 and 5.2.23 into Eq. 5.2.17 gives'>'¥

rale) = -{1/(e,(0)l(a/2)[AJE Jglx) + b f(0) + Fol, 5.2.24

where F, is a strength parameter that accounts for the nondispersive, higher
gap energies. Adachi pointed out' that g(x) shows a very sharp dispersion
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near E, compared with f(x). Therefore, a&,’(w),, can be included in the

contribution of the higher gap energies. Doing this yields'’

ra(o) = {1/(e,(@)1)E, 5() + F,), 5.2.25
with

E, = (a/2)[AJE,). 5.2.26

The parameters E,’ and F, were adjusted to fit the experimental data. r",,
for GaAs, measured by Faist and Reinhart,""® and r',, for Al,,,Ga,sAS,
measured by Glick, Reinhart and Martin,'*® were the coefficients chosen to
fit Eq. 5.2.25. r,, measured by Faist et al. was used (instead of those
measured by Sugie and Tada™ and Suzuki and Tada'®) primarily because
the Sugie et al. and Suzuki et al. measurements were taken on heavily Cr-
doped GaAs crystals. The Faist et al. measurements were taken on
undoped GaAs grown on a Si-doped GaAs substrate. The Aly,,GagsAS
layer investigated by Glick et al. was also grown on a Si-doped GaAs
substrate. In addition, one of the researchers who measured r',, for GaAs
also measured r’,, for Al,;Ga,s,As. We are looking for comparisons
between the EO coefficient for GaAs and AL Ga, As. Itis believed that more
consistent results could be achieved using measurements taken on both
GaAs and ALGa, As by the same researcher, using substrates doped with
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the same material. Substituting the measured data, r',, = -1.68 x 102 m/V

at A=1.16 um for x = 0.00, r',, = -1.72 x 102 m/V at A = 1.09 um for x =
0.00 and r',, = -1.43 x 10™ m/V at A = 1.1523 um for x = 0.17, into Egs.
5.2.1 and 5.2.25, the strength parameters were found to be

E, = -1.375[A/E ] 5.2.27
and

F, = 18.15 - 38.5x, 5.2.28

with E, and F, in 1002 m/V.

The model presented above is valid only for those energies below the
direct band edge. Therefore, we will limit the Al concentration for this model
to include only those values that ensure that we are below the band edge.

For this experiment, where A = 827 nm, x must be greater than 0.10 in order
to use this model. Fig. 5.2.3 plots r%, and r',, versus x at A = 827 nm. Fig.

5.2.4 plots r5, and r’,, versus A for x = 0.300. The PL measured x values
for the core layers of Samples 121 and 128 were substituted into the mode!
to determine the linear EO coefficient to be used for this experiment. The
r' values at A = 827 nm using these four Al concentrations are given in

Table 5.2.1. Also included in the table is the estimated + 5% accuracy for
the measured EO coefficients.''®'** Table 5.2.1 provides the values of the




{x 10" mNV)

1.00

L

e T
ra \\

0.000 X

Figure 5.2.3
Linear Electro-Optic Coefficients for AL Ga, , As
versus Al Concentration at A = 827 nm

1.000




| T
r T41
A (um)
Figure 5.2.4

Linear Electro-Optic Coefficients for Al Ga, As
versus Wavelength for x = 0.300

25




189

Table 5.2.1
Linear Electro-Optic Coefficients for ALGa, As
Samples 121 and 128 at A = 827 nm

Sample Tempzll'.ature r'

Number (°K) X (x 102 m/V)
121 300 298 | -1.49+10.08
121 3 277 | -1.56 £ 0.08
128 300 296 | -1.50+0.08
128 3 274 | -1.57 £0.08

linear EO coefficient that can be used in Egs. 4.5.4 and 4.5.5 to calculate
the phase change.

This section details the techniques used to fabricate the Al Ga, As
waveguides and directional couplers for this experiment as well as the
testing methods used to characterize the devices.

Straight and Crossthrough Waveguides
Integrated Al Ga, As optical waveguides and crossthroughs were
fabricated in sample 121 using processes compatible to those for
electronics. The mask used to pattem the waveguide devices was a clear
field type designed using an Omni-Dex Design Workshop 2000 graphics

e e
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programming environment CAD system. A chrome-on-glass mask was

generated from this layout using a Jeol JBX-5DIl electron beam fine
lithography system. This type mask was used to pattem the waveguides

and devices in positive photoresist deposited on top of the wafer using a
Karl Suss MJB-3 mask aligner and 505 optical energy controle  The
waveguides were then formed by etching the material not protected with
photoresist using a Plasma-Therm Series 700 reactive ion etch (RIE)
machine. RIE is a dry etch technique that uses directional ion bombardmer..
of the material to be etched.'"® The reactive species generated from a
plasma are used to etch the material.'™® RIE is anisotropic (i.e., the vertical
etch rate is much faster than the lateral rate).'® This leads to very straight
vertical sidewalls. The step-by-step procedures for the waveguide
fabrication are outlined in Appendix B.

The target width of the straight and crossthrough waveguides was 3 um,
and the target etch depth was 2 um (see Fig. 5.1.3). The actual parameters
realized after fabrication were measured using a Cambridge Stereoscan 250

Mk2 scanning electron microscope (SEM), a Jeol JSSM-IC845A SEM and a
Tencor Alpha-Step 250 surface profiler. The actual width of the waveguides

measured 2.7 um - 2.8 um (see Fig 5.3.1). The actual etch depth measured
1.9 um - 2.1 um. Fig. 5.3.2 illustrates the sidewall morphology that was
achieved using RIE. The waveguides were characterized using a Cohu
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Figure 5.3.1
SEM Aerial View of an ALGa,,As Straight Waveguide
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6315 CCD video camera and a Data Translation DT3852 frame processor.

The 827 nm Sharp LTO15MDO laser diode was collimated using a 14.5 mm
focal length (FL) lens and passed through a 3X anamorphic prism pair to
transform the elliptical beam to circular. it was focused into the waveguide

with an 8.0 mm FL lens. This produced a 1 um spot size at the waveguide
input. The numerical aperture (NA) of the 8.0 mm FL lens was 0.50, giving

a possible coupling efficiency of 84%.'® The beam was viewed with the
CCD camera from above as it propagated through the waveguide. The
image was captured using a frame processor. Fig. 5.3.3 is a photograph of
the waveguide characterization system. A captured image of the laser
propagating through a straight waveguide using this system can be seen in
Fig. 5.3.4. Images of the propagating signal were captured at the input,
center and output of the waveguide. The average pixel intensities of these
images were then analyzed with Data Translation GLOBAL LAB image
processing software. Since the coordinates of each image were known, the
pixel intensities could be transiated into propagation loss.'® This frame
processor system was capable of detecting 256 shades of gray. The field

of view of the CCD camera was 700 um. Therefore, losses as small as 0.2
dB/cm could be detected. Using this method, the typical propagation loss

of the straight waveguides measured between 0.5 dB/cm and 1.0 dB/cm.
The coupling efficiency for end fire coupling of the laser into the waveguides







9 Figure 5.3.4
- CCD image of Laser Beam Propagating through
an AL Ga, As Straight Waveguide
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was also measured. It was found that a 75% coupling efficiency could be

attained with careful alignment.

Waveguide crossthroughs were tested using the methods described
above. Fig. 5.3.5 is an aerial photomicrograph of a crossthrough taken
using a Carl Zeiss Axioplan MC80 microscope. Fig. 5.3.6 is a captured CCD
image of a crossthrough with the laser beam propagating in one of the
waveguides. The second waveguide was nomal to the first. Comparing
light intensities in both waveguides, no crossover from the first waveguide
to the second was observed. With the limitation of gray scale, an exact
measure of the crossover couid not be performed using the DT3852 frame
processor. The minimum signal that could be detected was -24 dB. Since
no intensity in the perpendicular waveguide was detected, the maximum
- crossover for these crossthrough structures was 2 -24 dB.

Passive Zero-Gap Directional Couplers
Passive (minus switching electrodes) Al Ga, As zero-gap directional
couplers (ZGDC’s) were fabricated in sample 121 using the same techniques
presented in the preceding section and Appendix B. The target width of the
input and output guides was 3 um, while the target width of the interaction

section was 6 um. To experimentally determine the interaction length for
complete coupling of the ZGDC's, several structures were fabricated with
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Figure 5.3.5
Photomicrographic Aerial View of an
AL Ga, As Crossthrough
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Figure 5.3.6
CCD image of Laser Beam Propagating through
an Al Ga, As Crossthrough Waveguide
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various interaction channel lengths. The interaction channel lengths ranged

from 100 um - 1000 um in increments of 100 um. Fig. 5.4.1 is a schematic
of the section of the mask for a passive ZGDC with a 200 um interaction
channel length. As can be seen by the dimensions, a wavefront tilt angle
of a = 0.91° was chosen (see Eq. 1.6.1). Fig. 5.4.2 is a photomicrograph
of fabricated passive ZGDC'’s with 200 um interaction channel lengths taken
with the Zeiss Axioplan. The actual width of the input and output channels
of the devices measured 2.7 um - 2.8 um (see Fig. 5.4.3). The actual width
of the interaction channel measured 5.5 um -5.6 um (see Fig. 5.4.4). The
etch depth measured 1.9 um - 2.1 um. The processing equipment used for
this experiment could not resolve separations less than 0.5 um. The two
input channels joined together below 0.5 um of separation. The same was
true for the two output channels. The channels did not converge to a point.
This added 60 um to the length of the interaction channel. To account for
this, the length of the interaction channels of the ZGDC's on the mask were

reduced by 80 ym. The actual iengths were verified by measuring the
separation between Input Channel 1 and Input Channel 2 where they joined

the interaction channel (see Fig. 5.4.5).

To characterize the structures, the laser diode was launched into one of
the input channeis of the couplers and the intensity of the beam was
measured at both output channels. Figs. 5.4.6 and 5.4.7 are captured
images of the laser beam propagating through passive ZGDC'’s with 200 um
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Figure 5.4.1
Schematic of Mask Layout for a Passive Al,Ga, As Zero-Gap
Directional Coupler with a 200 pm Interaction Length
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Figure 5.4.2
Photomicrograph Aerial View of Passive AlL.Ga,,As Zero-Gap
Directional Couplers with 200 um Interaction Lengths
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Figure 5.4.3
SEM Aerial View of the input Channel of a Passive
ALGa, As Zero-Gap Directional Coupler
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Figure 5.4.4
SEM Aerial View of the Interaction Channel Section of a Passive
Al Ga, As Zero-Gap Directional Coupler
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Figure 5.4.5
SEM Aerial View of the Intersection of the Input Channels
and the Interaction Channel of a Passive ALGa, As
Zero-Gap Directional Coupler
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and 400 um interaction channel lengths, respectively. For the ZGDC with
a 200 um interaction channel length, the beam enters input Channel 2 and
exits Output Channel 1. For the ZGDC with a 400 um interaction channel
length, the beam enters Input Channel 1 and exits Output Channel 1.

Output intensity measurements were taken of all the various interaction
channel length passive ZGDC's. These measurements were then
normalized and fit to the sin’(®,L) curve corresponding to Eq. 1.5.5 by
“varying L. By doing this, it was observed that an optimum fit occurred at an
interaction length of L = 196 um + 3 um (see Fig. 5.4.8). This
experimentally inferred interaction length for complete coupling will be
compared 10 the madel in the next chapter. In addition to determining the
interaction length, the total device loss was messured by comparing the
input and output intensities of the various 'passiva ZGDC's. Including the
waveguide propagation loss, the total loss of these devices was found to
range between -3 dB and -7 dB.

Active Zero-Gap Directional Couplers
Active ZGDC's (switching electrodes present) were fabricated in sample
121 using the process presented in Appendix B. The target width of the

input and output channels was 3 um, and the target width of the center
interaction channel was 6 um. An initial calculation using the data from the




Figure 5.4.6
CCD Image of Laser Beam Propagating through a Passive ALGa, As
Zero-Gap Directional Coupler with a 200 um Interaction Length
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Figure 5.4.7
CCD Image of Laser Beam Propagating through a Passive Al Ga, As
Zero-Qap Directional Coupler with a 400 um Interaction Length
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previous sections suggested that a very high switching voltage would be
required if a 196 um interaction length was used. To keep voltages low and
prevernt device breakdown, the length of the interaction channel was

extended to 5000 um. in addition, the placement of the voltage and ground
electrodes had to be different from that for the EO modulator presented in

Chapter IV, or for the active ZGDC's presented in Chapter |. This was due
to the fact that the electrodes could not be placed on the top and the bottom
of the core layer because of the cladding layers. Also, if the electrodes were
placed on top of the top clad and the bottom of the wafer, the separation d
between the electrodes would be too large, requiring an excessive voltage

for modulation even for a device 5000 um in length (see Eq. 4.5.6). This
would result in device breakdown. The electrodes would need to be placed

on top of the top clad over the interaction channel similar to that shown in
Fig. 1.3.1. This scheme would have to be modified, however, since there
was an air interface on the outside walls of the ZGDC'’s fabricated for this
experiment. It was decided to place the voltage electrode over the
interaction channel, as one would for an EO modulator, and the ground
electrode beside the interaction channel on top of a mesa. Fig. 5.5.1is a
schematic of the mask layout for an active ZGDC with an interaction length

of 5000 um showing the electrode placement. The target dimensions for the
voltage electrode were 2 um wide x 4996 um long centered above the 6 ym
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Figure 5.5.1
Schematic of Mask Layout for (a) the Waveguide Pattem and (b) the
Electrode Pattem for an Active AlLGa, As Zero-Gap Directional
Coupler with a 5000 um interaction Length
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x 5000 um interaction channel. This was done to give a 2 um space from
the edge of the metal to the edge of the waveguide, and to ensure that the

metal would not touch the sides of the waveguides. A contact pad for the

voltage electrode was fabricated with target dimensions of 24 um x 24 um
centered above a 25 um x 25 ym mesa. In the last section, it was shown
that there is little if any crossover between waveguides normal to each other,

80 it was decided to attach the voltage electrode to the pad via an electrode
strip centered above a mesa intersecting the interaction channel normal to
the channel (see Fig. 5.5.1). The target width of the intersecting electrode
was the same as that for the voltage electrode, and the target width of the
intersecting mesa was the same as that for the ZGDC interaction channel.

The target dimensions for the ground electrode were 24 um wide x 4999 um
long centered above a 25 um x 5000 um mesa. The contact pad for the
voitage electrode and the ground electrode were both designed to be 1 um
narrower than the mesas that they were above. Metal on the sides of the

voltage pad and ground electrode mesas was not as critical. This would

give a lateral electrode separation of 9 um and prevent any possible shorts
from metal whiskers that might be left after fabrication. The contact pad for

the voltage electrode and the ground electrode were made large to ease the
task of placement of the Alessi micropositioner probe tips. The mask
generated for the electrodes was a dark field type. The mask generated for

‘the 2GDC was a clear field type. The metal used for the electrodes

L
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consisted of a trilayer of 300 A of Titanium (Ti)400 A platinum (Pt)/3500 A
of gold (Au) deposited in that order using a Temescal FC-1800 electron

beam evaporator. Figure 5.5.2 is an aerial view of the center section of the
fabricated device showing the voltage and ground electrodes, including the
pad for the voltage electrode and the intersecting electrode.

The actual width of the input and output channels measured 2.2 um -
2.3 um (see Fig. 55.3). The actual width of the interaction channel
measured 4.6 um - 4.7 um (see Fig 5.5.4). The actual width of the voltage
electrode abaove the interaction channel measured 1.5 um centered above
the interaction channel (see Fig. 5.5.4). The etch depth measured 1.9 ym -

2.1 ym,
These devices were tested by launching the LT015MDO laser diode into

one of the input channels, applying a DC voltage, and observing the two
output channels. Fig. 5.5.5 is an image showing the output of the device
with the laser launched into Input Channel 2 with no voltage applied. As in
the last section, the intensities at Outputs 1 and 2 were normalized and fit
to the sin®(®,L). In doing this, it was found that an optimum fit occurred at
L =123 ym £ 0.1 um. The fit was much more sensitive to small changes
in L with an interaction channel length of 5000 um than it was when the
length of the interaction channel was closer to L.

A small voltage was then applied to the voltage electrode and increased
gradually to 19 VDC, making observations of any changes at the outputs.




TN T R

B I 7 S S T % T
. 3 B ‘.,,

213

Figure 5.5.2
Photomicrographic Aerial View of the Center Region of an Active
AlLGa, As Zero-Gap Directional Coupler




Figure 5.5.3
SEM Aerial View of the Input Channe! Section of an Active
AL Ga, As Zero-Gap Directional Coupler
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Figure 5.5.4
SEM Aerial View of the Interaction Channel Section of an
Active ALGa, . As Zero-Gap Directional Coupler
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Figure 5.5.5
CCD Image of Laser Beam at the Output of an Active AL Ga, As Zero-Gap
Directional Coupler with Iinput at Channel 2 (no Voltage Applied)
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The intensity at Output Channel 1 did not appear to change until the voltage

level reached 3 VDC. Above 3 VDC, the intensity at Output Channel 1
began to drop off, reaching a minimum at V= 10 VDC. The intensity at
Output Channel 1 stayed at a minimum up to V = 16 VDC and then
increased slightly up to V=19 VDC. The intensity at Output Channel 2 did
" not appear to change until the voltage level reached 10 VDC. Above 10
VDC, the intensity at Output Channel 2 began to increase, reaching a
maximum at V = 18 VDC. Fig. 5.5.6 is a CCD image showing the output
with 18 VDC applied. Since the waveguide characterization system could
not compensate for the polarization rotation induced by the applied voltage,
the switching voltage could not be measured directly. Therefore, the
intensities observed at Output Channels 1 and 2 were fit to the
corresponding sin® and cos® curves (see Egs. 1.5.5 and 1.5.4), taking into
account the polarization rotation induced by the applied voltage. The
switching voltage was determined for the TE,, mode. This is illustrated in

Figs. 5.5.7 and 5.5.8. A switching voltage of 10.5 VDC + 0.3 VDC was
inferred using this method. The loss of the active ZGDC's measured -3 dB

to -7 dB, which is comparable to that for the passive devices. In Chapter VI,
the measured switching voltage will be compared to the predicted voltage
derived by using the models.




218

Figure 5.5.6
CCD Image of Laser Beam at the Output of an Active Al Ga, As Zero-Gap
Directional Coupler with Input at Channel 2 (18 VDC Applied)
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Figure 5.5.7
Sin’(®,L) of TE,, Mode Plotted Against Sin*(®, L) and
Polarization Rotation versus Applied Voltage
for Output Channel 1
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Optical Digital Logi

An AND gate was realized using an active zero-gap directional coupler
by letting Input Channel 2 represent AND input "a* and the control electrode
represent AND input °b" (see Fig. 1.2.1). input Channel 1 was held low (no
input beam). Light into the waveguide channel was defined as a logic 1.
Absence of light was defined as a logic 0. The voltage that allowed
compiete switching of the active ZGDC represented a logic 1. Absence of
voltage represented a logic 0. Fig. 5.6.1 shows the CCD images captured
at Output Channeis 1 and 2 with various combinations of input. If we define
Qutput Channel 2 as the output of the logic function and let the presence of
light represent a logic 1 and the absence of light represent a logic 0 then, as
can be seen in Fig. 5.6.1, a digital AND function is realized. In Chapter VI,
active zero-gap directional couplers will be addressed.




AND Input *b* AND Input “a" AND Output
Applied Voltage input Channel 2 Output Channel 2 ’

0 VDC ‘
0 vDC
18 VDC

12

_ Figure 5.6.1 *
AND QGate Realized with an Active Al Ga, As
Zero-Gap Directional Coupler




CHAPTER VI
RESULTS

In this chapter, the characteristics of the zero-gap directional couplers
measured in Chapter V are compared with those predicted using the models
presented in Chapters Il - IV. The first section equates the interaction length
versus refractive index and waveguide width. The second section compares
the measured and modelled switching voltage. The last section deals with
digital logic and reconfigurable interconnects.

Interaction Length
it has been shown that if we ensure we are far from cutoff, then all of

~ the various models predicting interaction length presented in Chapter il

‘show good agreement.™® To determine that we are far from cutoff, we will
Mute the various core and clad indices for sample 121, the measured
| width for the input and output channels of both the passive and active zero-
lgap directional coupler and A = 827 nm into Eq. 3.0.1 to confirm that the

normalized frequency B 2 1.6. In doing this, we find B = 1.6 - 2.6. Hencs,
the Marcatili model® will be used to predict the interaction length of the
223

et




224
ZGDC's, and the beam propagation method (BPM)*® will be used to model

their behavior.

Passive Zero-Gap Directional Coupler

As the separation between the two waveguides of a conventional
directional coupler approaches zero, the effective index of the region
between the two waveguides approaches the index of the core region. After
substituting the various measured parameters (i.e., refractive index,
waveguide width and core thickness) and driving the waveguide separation
to zero, the Marcatili model was fit to the measured interaction length.
Choosing a center index of n; = 1.0 and driving the gap to zero resuited in
a predicted interaction length much longer than the measured length.
Choosing ng close to the core index and driving the separation to zero,
resulted in a predicted interaction length significantly smaller than the
Mured length The best fit occurred when the refractive index of the
contarm@ionwassetequaltothe index of the top and bottom clad. Fig.
6.1.1 is a plot of the interaction length versus the waveguide separation for
Waveguide Structure 121-300°K-1 with n; = n, = n,. For this plot the +
values for the refractive index were not included. The core index used was
n, = 3.420, the top, bottom, and center clad indices used were n, = n, = ng
= 3.388 and the side clad index used was n, = 1.0. The width used for the
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input and output channels was b = 2.7 um, the core thickness used was t =

0.9 um and the wavelength used was A = 827 nm. Fig. 6.1.2 is a BPM plot
of the amplitudes of the propagating fields of the ZGDC structure using the

same parameters along with the Marcatili modelled interaction length and a

0.1 um step size. This illustrates the predicted behavior of the device. As
can be seen, there is good agreement between the two models. The

interaction length was also modelied for a ZGDC using Waveguide Structure
121-300°K-1 with b = 2.8 um and all other parameters remaining the same
as for the previous case. The interaction length modelled with these

parameters was 208 um. Taking the mean of the two values gives an
interaction length of 189 um + 10 um, which is not far from the measured
value. Comparisons were made of all of the wavequide structures from

Chapter V for sample 121, including the 1 values of the refractive indices.
Table 6.1.1 lists the results of these comparisons. As can be seen, the

modelied value that best fits the measured interaction length is that using
N, for the Al concentration determined with the 300°K PL measurements.
Most importantly, though, Table 6.1.1 shows that a change in the width of

the input and output channels by as little as 0.1 um can lead to as much as
a 20 um change in the interaction length. A change in the Al concentration
by as little as 0.5% can lead to as much as a 20 um change in the
interaction length. This could result in a total change in the interaction

length of + 40 pm. The voltage independent phase change could theh vary
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Figure 6.1.2
Amplitudes of the Propagating Fields in a Passive Al,,,Ga, 35,AS
Zero-Gap Directional Coupler with a 189 um Interaction Length




228

Table 6.1.1
Interaction Length versus the Various Waveguide
Structures and Channel Widths

Waveguide A t b L
Structure N, NeNs N, (nm) (um) (um) (um)
121-300°K-1 fngm, [nu [ 100|827 [ 09 | 27 [189+13
121-300%K-1 | Ny | Ny | 1.00 [ 827 | 09 | 2.8 [208213
121-3°K-1_ [Ny [Ny [ 1.00 [ 827 | 09 | 27 [194£13
12131 Ingy [Ny | 1.00 (827 | 09 | 28 |214£15
121-300°K-2 Ny | Ny [1.00 | 827 | 09 | 27 183413
121-300°K-2 | | N [1.00 | 827 | 09 | 28 20218
12132 |nge |nee [1.00 [ 827 | 09 | 27 182114
121-3°K2 | N | Nua [ 1.00 | 827 | 0.9 | 2.8 [201£20
121-300°K-3 | ngns [Ny [1.00 [ 827 | 09 | 27 [199£15
121-300°K-3 | Moy | Ngass | 1:00 | 827 | 0.9 | 28 | 21917
121-3°K-8 | Ny | Nuagy |1.00 | 827 | 0.9 | 27 |202£15
1213%K3 [N us |Nugs |1.00 | 827 | 09 | 28 |225+17

by as much as + 20%. Even with these large changes in the interaction
length and phase, however, the output intensity will only change by + 10%

(see Eq. 1.5.5). This demonstrates a fabrication tolerant device.

Active Zero-Gap Directional Coupler
Before the switching voltage was analyzed, the measured interaction
length of the active Al,Ga, As ZGDC was compared to the modelied length.
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After substituting the measured parameters into the Marcatili model,

considering only the accuracy of the known waveguide width, an interaction

length of 117 um + 7 um was caiculated. This compares favorably with the
measured interaction length within experimental error. When taking the

accuracy of the refractive index into account, the interaction length becomes

117 um = 14 um. The output of these longer devices is much more
sensitive to the accuracy of the interaction length than it is for the passive

devices. If one could control the interaction length even to within 1 um,
which would hold the voltage independent phase change to within 1%, the

output intensity could vary by as much as 45% (see Eq. 1.5.5). This is
much less fabrication tolerant than the passive devices. Figs. 6.2.1 and
6.2.2 are BPM pilots illustrating the predicted behavior of active ZGDC's

having interaction lengths of 123 um and 124 um, respectively, with 5000
pm interaction channels and no "voltage applied. This was done in order to
demonstrate the sensitivity of the output intensity versus interaction length.

The step size used for these plots was 0.1 um. For the active device
fabricated for this experiment, the measured output intensity with no voltage

applied was 30% less than the optimum with no voltage applied (see Fig.
5.5.7). To achieve maximum coupling for this device, the interaction channel

length would have to be 40 um longer. With the degree of inaccuracies for
this experiment, however, it would be very difficult to predict the exact

interaction length and extremely difficult to ensure that it could be fabricated




Figure 6.2.1
Amplitudes of the Propagating Fields in an Active Aly,.Ga,3s,AS Zero-Gap

Directional Coupler with a 123 um Interaction Length and 5000 pm
Interaction Channel (no Voltage Applied)
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Figure 6.2.2
Ampilitudes of the Propagating Fields in an Active Al ,,,Ga, 4,AS Zero-Gap
Directional Coupler with a 124 um Interaction Length and 5000 um
Iinteraction Channel (no Voltage Applied)
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the same way each time.

Switching Vol

The active AL Ga, As ZGDC fabricated for this experiment required 30%
higher voltage than optimum to achieve switching (see Fig. 5.5.7). This was
due to the fact that the interaction channel length was not optimum. Based
on the known accuracies for the refractive index and waveguide width, one
- could end up with a device, after fabrication, requiring as much as twice the
optimum switching voltage. Possible solutions to this problem will be
addressed in Chapter VIi.

To evaluate the actual versus modelied voltage required for complete
switching of the active AL Ga, As ZGDC, Eq. 4.5.6 was used. Since the
electrodes were placed on top of the device, the vertical distance between
the top of the top clad to the bottom of the core was substituted for the
electrode separation d. Using Table 5.1.4, and knowing that 0.1 pm of
GaAs was grown between the core and clad layers, d = 1.95 um for sample
121. From electromagnetic theory,” the electric field actually reaching the
bottom of the core layer would be 5% less than the electric field applied to
the electrode. This.was determined from the lateral distance between the
center of the voltage electrode and the center of ground electrode. Table
6.2.1 presents the predicted switching voltage of the active ALGa, As ZGDC
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for the various waveguide structures for sample 121, as well as the linear

EO coefficients from Table 52.1. Comparing the modelled values for
switching voltage with the switching voltage measured in the last chapter,
one can see that the measured voltage is approximately v3 greater than the
predicted voltage. This is due to the width of the voltage electrode and
position of the ground electrode. The voltage electrode was less than half
the width of the interaction channel. The ground electrode was on the
Channel 2 side of the device. Because the voltage electrode was not over
the majority of the interaction channel and the ground electrode was located
only on one side of the channel, it can be hypothesized that most of the
voltage was concentrated in the Channel 2 side of the interaction channel.
The electric field distribution between the voltage and ground electrode is
further explained by electromagnetic® and transmission line theory' and
has been analyzed for the region between the gate and drain electrodes in
GaAs metal semiconductor field effect transistors (MESFETs).' With an
unequal distribution of electric field in the two regions of the interaction
channel, the voltage induced change in the refractive index would, likewise,
be unequal across the width of the channel. The index change woulid be
greater on the Channel 2 side than on the Channel 1 side and the device
would behave more like a conventional directional coupler (see Egs. 1.4.11
and 4.5.7). To test the plausibility of this theory, the BPM was programmed
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Table 6.2.1
Switching Voltage versus the Various Waveguide
Structures and Electro-Optic Coefficients

Waveguide d L A r's vl
Structure  n, _(m) (um) (wm) (pm/V) vDC
121-300°K-1 | n,,, | 1.95) 5000 | 827 | -141 | 6572+0.02
121-300°K-1 | n,y, | 195 | 5000 | 827 [ -149 | 541+0.02
121-300°K-1 | N | 1.95 | 5000 | 827 | -1.57 | 5.14+0.02
121-8°K-1_ |n,, |195]5000| 827| -148 | 5.39+0.02
121-8°K-1 I n.,, |185]|5000| 827| -1.56 | 5.1110.01
121-3°K-1 | Ny | 195 5000 | 827 ] -1.64 | 4.8610.01
121-300°K2 | n,,, | 1.95 | 5000 | 827 | -1.41 | 5.80+0.02
121-300°K-2 | Npe | 1.95 | 5000 | 827 | -1.49 | 5.4910.02
121-300°K-2 | n,,,; | 1.95 | 5000 | 827 | -1.57 | 5.21 % 0.01
121-3°K-2 | ng,, | 1.95] 5000-| 827 | -1.48 | 5.4810.02
9 121-3°K2  |n,, |195) 5000 | 827 | -1.56 | 520+0.02
121-3K2  |ng, | 1.95]| 5000 | 827 | -1.64 | 4.94 £0.02
' 121-300°K-3 | Ny | 1.95 | 5000 | 827 ] -1.41 | 5.6210.02
121-300°K-3 | npe | 195 | 5000 | 827 | -149 | 5.32+0.02
121-300°K-3 | Ny | 1.95 | 5000 | 827 | -1.57 | 5.05:+0.02
121-3°K3 Ny, | 1.95] 5000 | 827 | -148 | 5.29:+0.02
121-3°K-3 [Ny | 1955000 { 827 | -1.56 | 5.02+0.02
121-3°K-3 | Ny | 195 | 5000 | 827 | -1.64 | 4.77+0.02

for two conditions. The first condition was to let the voltage induced change
in the refractive index occur across the entire width of the interaction
channel. The second condition was to let the voltage induced change in the
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refractive index occur only across the width of the Channel 2 side of the

interaction channel (i.e., only in one half of the width of the channel). The
step size used to calculate the propagating field amplitudes for both pilots

was 0.1 um. The BPM model predicted that for complete switching, the
change in the refractive index for the case in which the index change

occumred only on one half of the interaction channel would have to be
approximately v3 higher than for the case in which the index change
occurred across the entire width. Since the applied voltage is proportional
to the change in the refractive index, this predicts that the voltage would also
have to be v3 higher for the second case. Dividing the measured switching
voltage by v3, taking into account the 5% difference between the applied

voltage and actual voltage reaching the oore. one gets 5.76 VDC £ 0.17
VDC. This is within 0.35 VDC of the predicted voltage for Sample 121-

300°K-1 and well within the experimental accuracies. Figs. 6.2.3 and 6.2.4
are BPM plots illustrating the predicted behavior of the active ZGDC with no
voltage applied and with voltage applied, respectively. An interaction
channel iength of 5040 um was chosen for these plots because it allows
complete crossing from one channel to the other with no voitage applied.

Fig. 6.2.4 was generated for the case in which voltage is applied across the

entire width of the interaction channel. For both plots a 0.1 um step size
was used. By increasing the width of the voltage electrode so that it covers
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Figure 6.2.3

~  Ampiitudes of the Propagating Fields in an Active Alome,As Zero-Gap
DirectionalCoupleerawaumlmeractionLengﬂ'n 5040 um

' interaction Channel (no Voltage Applied)
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itching Voltage Applied)

Directional Coupler with a 123 Interaction Length and 5040
interaction Channel (S@:l -

Figure 6.2.4
Amplitudes of the Propagating Fields in an Active Aly,Ga, s,AS Zero-Gap
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a larger area of the interaction channel, the switching voltage should

approach the predicted value. This was verified experimentally, where an
active AL Ga, As ZGDC was fabricated with a voltage electrode width of 6

um (see Fig. 6.2.5). Using the analysis technique described in Chapter V,
a switching voltage of 7.6 VDC t 0.3 VDC was measured. This is the lowest
achieved switching voltage reported in the open literature for an active

AlGa, As ZGDC with a 5000 um interaction channel length and is within
30% of the predicted voltage. With better alignment it is believed that the
predicted value could be reached. Reaching the predicted voltage would
aiso provide TTL voltage level operation without increasing the length of the
device. Based on the EO properties of Al Ga,  As, however, 5000 um would
be the minimum length the interaction channel could be to achieve TTL level
switching for AL Ga, As ZGDC'’s.

Digital Loqgi Recon le inter
Presented in Chapter V is the first demonstrated AND logic gate
reported in the open literature using an ALGa, As zéro-gap directional
~ coupler. It can easily be seen that by redefining the functions of input and
output channels and cascading devices together that these simple logic
gates could be expanded to more complicated digital circuits outlined in
Chapter |. Reconfigurable interconnects were also demonstrated in Chapter




Figure 6.2.5
SEM Aerial View of the Interaction Channel Section of an
Active AL Ga, As Zero-Gap Directional Coupler
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V with the successful operation of the active AlLGa, As ZGDC. The input

signal could be electro-optically directed to either output. With the proof-of-
concept demonstrations of these EO circuits, practical issues then become
the most prominent for these devices.

From a practical viewpoint, one would have to consider the intensity
limits constituting a logic 1 and a logic 0. Intensity ranges could be assigned
to output logic levels in much the same way that voltage ranges are
assigned to TTL voltage logic levels. Loss was high for the ALGa,,As
ZGDC’s and would have to be addressed for more complicated logic circuits
and optical interconnects. One would have to try to reduce loss through
improved processing techniques or limit.the number of devices cascaded
together. Integration of the devices with sources and receivers would also
have to be considered. In addition, integration with electronics would need
to be investigated since it is anticipated that the final circuit would be an
electronic/electro-optic hybrid making use of the advantages of both
technologies. The voltage induced polarization rotation would have to be
addressed. One would either have to employ a scheme to detect the
polariéation rotation at the output or compensate for it by integrating active
polarizers at the outputs of each device to detect only one polarization. The
sensitivity of the output versus interaction length brought up in the last
section would have to be taken into account. One would either have to find
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ways to more accurately control the interaction length so the coupling state

could occur at no voltage or one would have to apply a voltage constantly
to put the device in the coupling state. All these considerations, though
primarily concemed with manufacturing, would need to be addressed before
practical circuits could be realized. Possible solutions to these issues will
be detailed in Chapter ViI.




CHAPTER VIi
SUMMARY AND CONCLUSIONS

In summary, the lowest switching voltage reported in the open literature
for an active ALGa,.As zero-gap directional coupler (ZGDC) with a 5000 um
interaction channel length was achieved. The first AND logic gate reported
in the open literature using an ALGa, As ZGDC was also demonstrated.
The fact that the input signal into the Al Ga, As ZGDC was switched from
one channel to the other with applied voltage demonstrated a reconfigurable
optical interconnect. These can be easily expanded to more complicated
digital logic circuits and reconfigurable interconnects by cascading the
ZGDC's and reassigning the functions of the input/output channels. The
advantages of these devices, such as physical size, packing density and
reconfigurability, may help enhance electronics as electronic interconnects
reach their limits. Fig. 7.1.1 illustrates an envisioned circuit integrating both
electronics and electro-optic Fredkin gates.

The comparisons presented in the Chapter VI show excellent agreement

between the models for refractive index, interaction length, electro-optic
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Figure 7.1.1
Schematic of a Reconfigurable Integrated Electro-Optic Circuit
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coefficient and switching voltage, and the actual performance of the devices.

The data from Chapter V along with the analysis from Chapter Vi provides
verification of the models. These models can provide good device design
as well as help predict device performance. By comparing Tables 6.1.1 and
6.2.1 with the device performance, it was determined that the best fit

occurred when both the Al concentration x, measured at 300°K, and the
average refractive index n,,, were used.

in order to approach TTL voltage levels, the interaction channel length
of the active AlGa, As ZGDC's needed to be 5000 um long. This was
anywhere from 25 - 40 times longer than the optimum interaction length of
the passive devices, depending on the waveguide widths. There was some
concem over this until further analysis was performed. Using the models,
it was found that even at these long interaction channel lengths, the active
AlLGa,,As ZGDC is 5 orders of magnitude shorter than conventional ALGa,.
<As directional couplers would be with an air interface. By substituting the
measured parameters for the active device along with a waveguide

separation of 0.5 um, the minimum resolvable spacing that could be realized
with the processing equipment used for this experiment, (into the Marcatili

model) yielded a predicted interaction length of 143 m. Even if one were
to deposit the highest index matching fluid available (n = 2.31) between the

waveguides, the interaction length would be over 7 m or 3 orders of
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magnitude longer than the ZGDC. Regrowth of ALGa, As between the

wr.veguides was also considered. If this was done, the separation would

have to reach 1.1 um before the interaction length would be longer than
5000 um. This would decrease the phase shift sensitivity and still allow us
to operate at TTL voltage levels. Without extensive modifications to the

growth chamber, however, one would not be able to realize adequate
adhesion to the vertical sidewalls, resulting in a poor interface between the
core and side cladding. This would increase the propagation loss. In
addition, pattern alignment and electrode fabrication would be much more
difficult, as the number of processing steps would significantly increase.
More controllable processing then becomes an additional advantage of
AlLGa,, As ZGDC's over conventional Al Ga, As directional couplers. Using
the above analysis, it becomes evident that an air interface is also very
desirable. Waveguides can be run very close together without the risk of
coupling. Packing densities for integrated circuits could be greatly increased
by using integrated optics. Before the Al Ga, As ZGDC can find a place in
electronic circuits, questions about integration and manufacturing must be
addressed.




The major disadvantage of the 5000 um interaction channel length of the
active ALGa, A+ _GDC is that the phase retardation and, hence, the output
intensity are very sensitive to the accuracy of the optimum interaction length.
Any error in waveguide width and/or Al concentration is essentially being
increased by multiples of the difference between the optimum passive
interaction length and the actual active interaction channel length. For the
active device, one might have to supply up to twice the voltage necessary
for switching, depending on what the output phase is with no voltage. If one
couid operate the device at the optimum interaction length the output
intensity error would be minimized. As mentioned in Chapter V!, with regard
to the passive device, that even with an error in the interaction length of +
40 um, the resulling variation in the output intensity would only be 10%. For
AlLGa, As, however, the voltage necessary to switch at these short

~ distances would be well over 100 V, causing device breakdown. The only
solution to achieve short devices and TTL voltage level switching would be

to use a material with a higher EO coefficient. To realize, say, a 200 um
device with 5 VDC switching, a material with an electro-optic figure of merit

of n°r2 1.5 x 10° m/V would be required. This is 25 times higher than that
for ALGa, As. Potential candidates that could be used to realize shorter
devices include lithium niobate (LiINbO,), aluminum gallium nitride (AlGaN)
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and nonlinear electro-optic polymers. LiNDO,, however, is not compatible

with standard electronic fabrication processes. It is expensive to package,
difficult to interface with other materials and it has a much lower data rate
potential than GaAs due to its large dielectric constant. AlGaN and
nonlinear electro-optic polymers look very promising but they have only just
recently begun to be investigated for electro-optic devices. There is il
much development and characterization that needs to be done before these
materials can start to compete with GaAs. These materials are currently
being investigated through several joint Wright Laboratory (WL)/Advanced
Research Projects Agency (ARPA) contracts as well as through a joint effort
between the Solid State Electronics Directorate (WL/EL) and the Materials
Directorate (WL/ML).

For the present, however, one needs o explore ways to improve the
accuracies of material growth and fabrication processing for ALGa, As in
order to fabricate practical TTL voltage level active ZGDC switches. For
active ALGa, As ZGDC's, assuming a + 10% variation in the output intensity

or a + 0.5% accuracy in the phase retardation, one would need to be able
to control the imeraction length to within £ 0.5 pum. In order to achieve this
kind of accuracy, the tolerance for the refractive index must be £ 0.00006
(which translates into a + 0.01% accuracy for the Al concentration) and the
tolerance for the waveguide widths must - ontrolled to within £ 0.02 um.
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Aspnes, Quinn and Gregory have recently investigated ways to improve

on the accuracy of ALGa, As growth." They claim that by using in-situ
spectroeliipsometric monitoring, the compositional precision of AL Ga, ,As can

be controlled to better than + 0.1%. WL/EL is trying similar methods to
improve growth accuracies of their MBE machines. On a test run using a

modified GEN 2 MBE, an Al Ga, As composition to within + 0.02% was
achieved.”

For control of the waveguide width, there is a UV based lithographic tool
being developed on a WL/ARPA program that has the potential to provide
submicron patteming and nanometer alignment accuracies for electronic
multichip modules (MCM's) and flat panel displays. This woukl also serve
as an excelient tool for the fabrication of integrated electro-optic circuits.

Polarization rotation is another important issue that needs be addressed
before practical circuits can be realized. As mentioned in Chapter VI, using
an active polarizer at the output of the ZGDC might be a possible solution.
A probable scheme could be to use the EO properties of the ALGa, As
material by placing electrodes over the output channels of the device. For
no-switching (i.e., no voltage), the output would remain at the same
polarization as the input. For switching, the voltage would be applied over
the output channel as well as over the interaction channel of the ZGDC.

‘The signal would go through two polarization rotations and the polarization
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at the output of the device would be the same as that at the input. This

scheme suggests that the output channels would have to be the same length
as the interaction channel in order to ensure that the two sections introduced
the same amount of polarization rotation. The total length of the ZGDC
switch would then be over 1 mm. This is still orders of magnitude shorter
than the conventional directional coupler. In addition, the electrodes for the
output channels could be fabricated in the same steps as the voltage
electrode for the inferaction channel and ground electrode. No additional
fabrication steps would be required.

Loss is another parameter that needs to be investigated. BPM models
were run using S-bends as inputs into the interaction channels of ZGDC'’s.
The BPM predicted a significantly lower loss for these devices. This is due
to the fact that S-bends maximize mode confinement, minimize radiative loss
and optimize wavefront tilt* In-plane right angle comer bends have also
been investigated for both ALGa, ,As and polymer optical devices>** The
AlLGa, As comer bends had air interfaces and used total internal reflection
for operation® These ALGa, As bends proved lossy. The polymer
comerbends on the other hand were fabricated with metal deposited at the
comer. The polymer bends had negligible loss.*® Out-of-plane right angle
comer bends have also been fabricated in polymers.® Out-of-plane comer
bends are beneficial for integrating the sources and receivers to the
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waveguides within EO circuits and EO MCM's.

Electro-optic transceivers and modulators are other areas of
investigation at WL/EL. In order to utilize EO circuits to their full potential,
multi-GHz transceivers and/or multi-GHz modulators will be required.
Without a transceiver or modulator capable of high data rates, optical
interconnects may not progress much further than research devices. Many
of the optical waveguide materials have been characterized out to
frequencies ranging anywhere from 40 - 100 GHz. This promises good
potential for achieving high data rate EO modulators. The transceiver is the
remaining device that requires major development for EO circuits. Plans to
develop a 100 GHz frequency modulated transceiver are currently underway
at WL/EL.

.Tho optical interconnect is beginning to find acceptance within the
electronic community. Prototype 2 GHz data rate MCM's using optical
inmterconnects are currently being fabricated on WL/ARPA programs and
plans to use optical interconnects for 600 MHz clock distribution in
supercomputers is planned for the near future. These programs will brovide
the mechanism for insertion of active ZGDC’s to provide electro-optic
reconfigurability when they are fully developed.




APPENDIX A
. PHOTOLUMINESCENCE MEASUREMENTS

The following pages are the photoluminescence measurements taken
of ALGa, As Samples 121 (at 3°K and 300°K), 562 (at 3°K), 1108 (at 3°K)

and 179 (at 3°K). These measurements represent the uniformity of the
aluminum concentration present in the Al Ga, As samples grown by the

MOCVD and the three MBE machines used for this experiment as well as
the difference between PL measurements taken at the two temperatures.

To measure the PL at 3°K, a 200 mW Spectra Physics 3758 dye laser
source pumped with a 15 W Spectra Physics 171 argon ion laser was used

along with two 2 m Bausch and Lomb Spectrograph monochrometers placed

end to end. To measure the PL at 300°K, a Spectra Physics 165 argon ion
laser source operating at 100 mW was used along with a 0.5 m Jarrell Ash

82-0000 spectrometer.'®
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Photoluminescence Measurement oi Sample 121 taken at 3°K
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Photoluminescence Measurement of Sample 121 taken at 300°K
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Photoluminescence Measurement of Sample 121 taken at 300°K
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APPENDIX B
PROCESSING TECHNIQUES

Included here are the processing techniques used to fabricate the
AlLGa, As optical Fredkin gates. The processing steps start with grown

material on top of a GaAs substrate.

Passive Devices

The passive devices were fabricated using the following procedures:
A) Clean the surface using a wafer spinner:

Acetone (ACE) rinse at 1000 rpm for 30 sec

Methanol (MTH) rinse at 1000 rpm for 30 sec

isopropyl (ISO) rinse at 1000 rpm for 30 sec

Deionized distilled water (DI) rinse at 1000 rpm for 30 sec

Blow dry with dry nitrogen (N,)

Bake at 100°C on a hot plate for 5 min

Cool to room temperature

B) Deposit Shipley 1400-27 positive photoresist using a wafer spinner:
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Deposit several drops of 1400-27 to the center of the top surface of
wafer using a syringe

Spin wafer at 3000 rpm for 30 sec (spinning at 3000 rpm the 1400-
27 photoresist will be 1.7 um thick)

Bake at 100°C on a hot plate for 5 min

Cool to room temperature

Remove the edge bead of resist using a cotton swab and ACE
Expose the surface to the waveguide pattern on the mask using a
Karl Suss MJB-3 mask aligner and 505 optical energy controller
with A = 320 nm source:

(Align the waveguide pattern so it is perpendicular to the major flat
(OF) so that the length of the waveguides will be along the <011>
direction)

Expose the photoresist at 20 mW/cm? for 40 sec

Develop the waveguide pattern in the resist with a 1:5 ratio of
Shipley AZ351 developer to DI using a wafer spinner:

AZ351:Di (1:5) develop at 500 rpm for 35 sec

Di rinse at 500 rpm for 1 min

Blow dry with dry N,

Bake at 100°C on a hot plate for 5 min

Cool to room temperature

Remove any photoresist left in the waveguide channels with oxygen
gg',)s );:Jlasma using a Plasma-Therm Series 70 reactive ion etch

Set O, at 90 sccm
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Set pressure at 150 mT

Set RF power at 75 W
Set DC bias at 220 V
Operate for 1 min
F) Just before RIE of waveguide pattem:

Dip the wafer in a 1:10 ratio of Shipley buffered oxide etch (BOE)
to DI for 15 sec

Dip in running DI for 1 min

Blow dry with dry N,

Bake at 100°C on a hot plate for 3 min

Cool to room temperature
G) Etch the waveguide pattern using a Plasma-Therm Series 700 RIE:

1) Set helium (He) flow rate at 45 sccm

2) Set boron trichloride (BCl,) flow rate at 60 sccm

3) Set pressure at 25 mT

4) Set RF power at 100 W

5) Set DC bias at 230 V

6) Etch for 30 min
Pump Down

7) Tum RF power off

8) Tum gas flow off
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9) Reduce pressure to 5 x 10° mT
10) Hold pump down parameters for 10 min
Repeat steps 1 - 10 for two (2) additional times
Repeat steps 1 - 6
(This gives a total etch time of 120 min. The 10 min pump down
after each 30 min of etch is to prevent the resist from over heating
from the RF)

Remove the remaining photoresist from the surface with oxygen
(O,) plasma using a Plasma-Therm Series 70 RIE:

Set O, at 90 sccm

Set pressure at 100 mT
Set RF power at 75 W
Set DC bias at 240 V

Operate for 10 min

Active Devices
The active devices were fabricated using the following procedures:

Clean the surface using the cleaning procedure described in the
previous section

Deposit Shipley PMGI positive photoresist using a wafer spinner:

Deposit several drops of PMGI to the center of the top surface of
the wafer using a syringe

Spin at 4000 rpm for 30 sec (spinning at 4000 rpm the PMGI
photoresist will be 0.95 um thick)
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Bake at 270°C on a hot plate for 5 min

Cocl to room temperature
Deposit Shipley 1400-27 positive photoresist using a wafer spinner:

Deposit several drops of 1400-27 to the center of the top of the
wafer (over the PMGI) using a syringe

Spin at 4000 rpm for 30 sec (spinning at 4000 rpm the 1400-27
photoresist will be 1.35 um thick)

Bake at 100°C on a hot plate for 5 min

Cool to room iemperature

Expose the 1400-27 photoresist with the electrode pattern using a
Karl Suss MJB-3 mask aligner and 505 optical energy controller
with A = 320 nm source:

(Align the electrode pattern so that it is perpendicular to the major
fiat (OF) so that the length of the electrodes will be along the <011>
direction)

Expose the 1400-27 photoresist at 20 mW/cm? for 30 sec

Develop the electrode pattern in the 1400-27 resist with a 1:5 ratio
of Shipley AZ351 developer to DI using a wafer spinner:

AZ351:Dl (1:5) develop at 500 rpm for 25 sec
Dl rinse at 500 rpm for 1 min
Blow dry with dry N,

Expose the developed electrode pattem in the PMGI using a deep
ultra violet source with A = 205 nm:

BExpoee the PMGI photoresist at 900 W for 200 sec

Develop the electrode pattem in the PMGI resist with Shipley SAL
101 developer using a wafer spinner:
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SAL 101 develop at 500 rpm for 50 sec

DI rinse at 500 rpm for 1 min
Blow dry with dry N,

Plasma etch the surface to remove any remaining developed resist
from the electrode channels using a Plasmaline O, plasma system:

Plasma etch at 30 W RF, 1.0 Torr of pressure and a flow rate of 2
scfm for 6 min

Bake at 100°C on a hot plate for 5 min

Cool to room temperature

Just before metallization:

Dip the wafer in a 1:1 ratio of Shipley BOE to DI for 15 sec
Dip in running DI for 1 min

Bilow dry with dry N,

electron beam evaporator

Remove all the unpattemed metal from the surface:

Dip the wafer in ACE for 53 min to remove the 1400-27
Dip in ISO for 1 min

With the surface still wet place the wafer on the wafer spinner
ACE rinse at 700 rpm for 30 sec

MTH rinse at 700 rpm for 30 sec

ISO ringe at 700 rpm for 30 sec
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Dl rinse at 700 rpm for 30 sec
Blow dry with dry nitrogen (N,)
(This performs a metal liftoff. All metal on top of unexposed resist
:‘m;/ed The electrode pattem has now been defined on the

Dip the wafer in 90°C Shipley 1165 remover for 2 min to remove
the PMGI

Dip in running DI for 2 min

Blow dry with dry nitrogen (N,)

Plasma etch any remaining resist following step H above

Perform steps A and B from the previous section

Expose the surface of the wafer with the waveguide pattem using
a Karl Suss MJB-3 mask aligner and 505 optical energy controller
with A = 320 nm source:

(Align the waveguide pattem on the mask so that the interaction
length sections of the zero-gap directional couplers line up with the
electrode pattems on the wafer)

Expose the 1400-27 photoresist at 20 mW/cm? for 40 sec

Complete the device fabrication using steps D - H from the previous
section
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r EQUIPMENT LIST

Below is a list of the equipment used during the course of this
experiment.

Modeliing
Sun Sparc Station 2 computer
IBM personal computer with Intel 486 processor

Material Growth
Varian 360 molecular beam epitaxy (MBE)
Varian 1.5 MBE
Varian 2 MBE
Abxdron AIX 200 metal-organic chemical vapor deposition (MOCVD)

Fabricati
Omni-Dex Design Workshop 2000 graphics programming environment
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Jeol JBX-5D11 electron beam fine lithography system

Solitec wafer spinner
Karl Suss MBJ-3 mask aligner
Karl Suss 505 optical energy controlier

Jorry Bachur & Associates JBA 205 nm deep UV light source and constant
intensity controller with JBA 55 shutter controller

Tegal Plasmaline O, plasma system

Temescal FC-1800 electron beam evaporator
Plasma-Therm Series 700 reactive ion Etch (RIE)
Plasma-Therm Series 70 RIE

racterization
SPEX Industries 1269 Spectrometer
3°K photoluminescence (Spectra Physics 375B dye laser, Spectra Physics
171 argon ylo?n laser and two 2 m Bauschysand

Lomb Spectrograph monochrometers placed end
to end)

300°K photoluminescence (Spectra Physics 165 argon ion laser and a
0.5 m Jarrell Ash 82-0000 spectrometer)

Cambridge Stereoscan 250 Mk2 scanning electron microscope (SEM)
Jeo! JSM-IC 845A SEM

Tencor Alpha-Step 250 surface profiler

Carl Zeiss Axioplan MC80 microscope
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Cohu 6315-2001/AL16 CCD camera

Data Translation DT 3852-2 flexible frame processor
Data Translation GLOBAL LAB image analysis software
Hewiett-Packard HP 6115A precision power supply

Miscellaneous
ILX Lightwave LDX-3207B precision current source
ILX Lightwave LDT-5910 temperature controller
ILX Lightwave LDM-4412 laser diode mount
Alessi MH4 probe micropositioners
Klinger Scientific MC4 programmable stepping motor controlier
Klinger Scientific MD4 stepping motor driver
Klinger Scientific UZ80 PP stepping motor driven vertical translation stage
Klinger Scientific URB0 PP stepping motor driven rotation stage
Klinger Scientific UT100 PP stepping motor driven linear translation stage
Klinger Scientific BGS0 PP stepping motor driven goniometric cradie
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