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OBJECTIVE

Study and contribute to the advancement of integrated optical circuits (10Cs) and

fiber optics and their application in information transfer and processing systems. Emphasize
applications in Navy and other DoD programs in airborne, shipboard, land-based, and under-

sed systems.

Contribute to and evaluate the state of the art in material and device techniques fo

the fabrication of 10C devices such as sources, couplers, switches, and modulators.

Determine the feasibility of employing fiber optics and 10C technology in military appli-
cations such as high-capacity (multi-GHz) data links, data buses, and nonradiating and

radiation-resistant communication systems.

RESULTS

I.  Theoretical analysis of the propagation constants in diffused optical waveguides

has been performed by use of various approximating technigues.

19

type crystal has been analyzed.

3. Directional coupling has been observed in ZnSe by usc of conventional
photolithography.

4.  The generation of closely spaced lines with extremely smooth edges in SiO5
deposited on semicondurtor substrates has been demonstrated.

Electrooptic modulation of light in a planar wavcguide fabricated from a zinc-blende

5. Charscterization of Ge-doped double-heterojunction light-enuitting diodes and

cw laser diodes has been pertormed.

6.  Threshold shifts in Ga)_x Al As double-heterojunctior, lusers with a corrugated

interface have been mvestigated theoretically.

7. Input/output waveguide coupling structures have been fabricated and analyzed.

8.  Coupling from planar to lincar waveguides by means of horn structures has been

evaluated theoretically along with transients in periodic couplers.

RECOMMENDATIONS

1. Develop optical interconnections between waveguides, fibers, and lasers using

horns or other structures.

EJ

clectrooptical modulators.

3. Develop low-loss, single-mode glass fibers, 1-3 km in length.

Develop optical integrated circuit clements such as two-port optical switches and




4. Provide continued support to the development of continuous room-temperature
laser diodes.

5. Develop electronic drivers for electrooptic switches, modulators, and detector
amplifiers.

6. Assemble an 10C breadboard demonstration system incorporating the low-loss
fibers, laser diodes, and integrated optical circuits developed in this program.

ADMINISTRATIVE INFORMATION

The work reported here was sponsored by the Defense Advanced Research Projects
Agency, Material Sciences, Arlington, Virginia, under ARPA Order 2158, Admendment 1,
Program Code 3010, Contract F215.01, 60000E, P3D10, OSD (NELC F215). Work was
performed from 1 April to 30 September 1974, Princival investigator was D. J. Albares,
of NELC Electro-Optics Technology Division (Code 2500): associate investigators were
W. M. Caton, W. E. Martin, T. G. Pavlopoulos, L. B. Stotts, and H. F. Taylor, of NELC;

A. Yariv, of the California Institute of Technology: H. Kressel, of RCA Laboratories,
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C. Ych, of the University of California at Los Angeles: R. B. Wilson, of the Hughes Research
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INTRODUCTION

The fabrication of miniature solid-state optical components connected by channel
waveguides is becoming feasible with the advancement of such disciplines as the materials
scienees, quantum clectronics, and guided-wave optics. Integrated optical components
sources. detectors, modulators, and various couphng clements — on one or more tiny sub-
strates will comprise systems much smaller in size and weight than optical systems employ-
ing discrete components. These components will perform a number of functions in the arca
of optical communications. They include rapid modulation and switching by guided-wave
clements using applied fields to generate small refractive index changes, coupling, filtering
of signals, light detection by p-n junctions or other structures in thin films, and light
generation by thin-film laser elements. The new systems will be much less susceptible to
environmental hazards, such as mechanical vibrations, extremes in temperature, and clec-
tromagnetic fluctuations because of their small size and packaging density. In addition,
wideband active components, such as waveguide electrooptic modulators and switches,
will be able to operate at very low power levels because of the small dimensions involved.

Guided-wave optical components have found an important potential use in the
arca of optical communications because of recent progress in the fabrication of single-mode
fiber-optic waveguides with very low losses. IFiber-optic waveguides with losses as low as
1-2 dB/km at 0.85-um and 1.06-pm wavelengths (for GaAs and Nd-YAG lascers. respectively)
and single-mode fibers having anticipated bandwidths as high as 10 GHz for a 1-km length
immensely widen the horizon of optical communications. Single-mode devices must be
developed to couple energy efficiently with the fibers and to process the optical informa-
tion efficiently at rates approaching the bandwidih capacity of the fibers.

Fiber-optic waveguide systems offer signiticant advantages for military informa-
tion transfer, both immediatcly, with discrete components and multimode fibers, and in
the future, with single-mode fibers and integrated optical elements. These advantages
include freedom from clectromagnetic interference (1:M1, EMP), climination of grounding
problems, and climination of signal leakage, as well as the potential for large savings in
size, weight, power consumption, and cost. In addition to high-capacity point-to-point
communications, a major interest in integrated optics from a military standpoint is the
potential for implementing 4 fiber optic-transmission line multiterminal (data bus) multi- i
plexing system through low-loss coupling and modulation elements. This will provide |
isolated-terminal, redundant information transter. thus facilitating the truly modular -
(including distributed computer) command control and communications system.

Another promising area is in fast, high-capacity. high-density multiport switches for
interconnecting networks.

The objectives of the program renorted here are to advance the material and device
physics of integrated optics for military applications, to ostablish in concert with other Navy
and DoD) programs a continuing assessment of system reguirements and cost benefits for
R&D investments in cach application arca, and to produce prototype optical clements and
subsystems that are aimed at satisfying these requirements. The work on the program that
was performed at Naval Llectronics Laboratory Center (NELC) and under contracts
administered by NELC was in the arcas of integrated-optical-circuit (10C) applications
assessment, materials for 10C devices and substrates, pattern fabrication, theoretical analysis,
components, and system concepts.
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I:xperimentally, :ffort continued to be centered on the fabrication of 10 components,
such as optical switches and waveguide modulators.

This report is divided into the following six sections:

Materials and Fabrication Techniques for Integrated Optical Circuitry, Waveguide
Device Properties, Pattern Fabrication Techniques, Laser Development, Fabrication and
Analysis of Input/Output Waveguide Coupling Structures, and Transients in Periodic
Structures: Coupled Waves Approach.

Within cach section are several subsections concerning specific work by NELC or
otliers under contricts administered by NELC. The performing organization is indicated
in the introduction to each subsection.




MATERIALS AND FABRICATION TECHNIQUES FOR
INTEGRATED OPTICAL CIR”UITRY

During recent years it has become apparent that an optical material analog to the
highly successful silicon substrates used in monolithic integrated circuitry is presently not to
be found in the wide range of materials explored for integrated optical circuit (10C) use. Of
3 the materials investigated!, the 117-v compounds, most notably GaAs and GaAlAs, stand out
1 as the best potential candidates for a totally monolithic structure; that is, sourcc, wave-
guide components, and detector on a single chip, in the medium-to-long-term development
time scale (5-10 ycars). This tcchnology, however, brings with it several material and fab-
rication problems which must be solved before a complex 10C can be realized. Most notable
of these is the relatively high loss incurred in optical waveguides at the wavelength of the
most efficient source. For example, the leading contender as a source in integrated optics
is the cw room-temperature injection laser which emits at ~0.85 um. The best GaAlAs
wavcguides to datc have losscs on the order of 10 -30 dB/cm at that wavelength. Choosing a
longer-wavelength source such as InGaAs (~1.0 um) with GaAlAs as the guide material
(losscs <SdB/cm at 1.15 um) increases the complexity of fabrication and replaces the loss
problem with that of latticc mismatch. This is evident by noting that the best [11-V lasers
and waveguides are produced by planar liquid-phase epitaxy (LPE) techniques. Selective
ctching and regrowth, and multisource LPE growth, however, do offer promise as a solution
to the latter problem. It is apparent, in any event, that the full benefits of monolithic 10Cs
will only be realized by an extensive development of the [1I-V compounds. Thus, it is more
likely that integrated optics will follow an evolution similar to that of the clectronic IC
semicondu :tor technology. That is, the trend will be towards a hybrid approach in the
near term. In the hybrid approach, each component group is optimized for a given
function, such as light generation, active and passive waveguide components, or detection.
in terms of the material/fabrication technique best suited for the particular function. The
one significant difference between electronic 1Cs and 10Cs is the wider range of material
parameters required for the latter.,

Table 1 lists some of the most promising material systems and their associated
fabrication methods. This is not intended to be exhaustive nor are all possible fabrication
techniques for the various materials included.

For the near-term hybrid technology of 10C development, diffusion into active
materials such as ZnSe and LiNbO3 appears to be the best means of constructing active
waveguides and interconnects. A ¢w GaAlAs injection laser is the leading source for this
case, with cither InGaAs or Si avalanclie photodiodes as the detectors in the systen.
Optimizing each component in the 10C as to performance places the principal burden of
integration on coupling the various elements together. Until efficient high-level technology
coupling schemes such as periodic or distributed-gap couplers are reliably available, the
most likely coupling arrangerient will be butt-joined cnd-fire coupling. The monolithic
technology in 10Cs when fully developed will of course use continuous or distributed
coupling between components.

To summarize, at this time there is no single material/fabrication system which 1s
satisfactory in all respects for monolithic 10C fabrication. Considerable effort must be
devoted to material and fabrication techniques for a complctely monolithic technology to
be developed. Hybrid systems optimize the individual components, but presently lack
optical coupling schemes. For practical 10C devices a semihybrid technology may prove
most efficient for ongoing system development. For the short term. a system consisting

1. See REFERENCES, p. 77
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of GaAlAs* cw laser source, diffused waveguides in ZnSe, and silicon APD detection with
low-loss, single-mode transmission links offers the highest overall capability. An ongoing
task is the assessment of capabilities offered by the developing technologies in the entire
materials/fabrication area to optimize overall performance in an I0C system.

*GaAlAs is a commonly accepted notation for GaAl)_, As, .
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WAVLEGUIDE DEVICE PROPERTIES

PROPAGATION CONSTANTS IN DIFFUSED OPTICAL WAVEGUIDES

This section reviews some theoretical work performed at NELC on the determination
of waveguide properties in a guide containing a graded-index boundary. The exact propa-
gation constants obtainable in g guide containing an index gradient such as that produced
by diffusion are essential for optimum device performance. Device design parameters are
dependent, sometimes critically so. on the exact nature of the propagation of light in
the wavegnide. The determination ob propagation constants in a planar graded-index
waveguide is a necessary first step to fully understanding propagation in more-complex
stractures,

LLECTROOPTIC MODULATION OF LIGHT IN A PLANAR WAVEGUIDE FABRICATED
FROM A ZINC-BLENDE TYPE CRYSTAL

Previous work on waveguide electrooptic modulators= at NELC dealt with the
fabrication of devices in 11-V1 compounds such as ZnSe. which has the cubic
sme-blende type structure. This section presents theoretical caleulations performed at
NELC on certain aspects of device performance which arise trom the confinement ol the
optical energy in a waveguide compared to bulk crystal electrooptic modulation.

Planar optical waveguides have been fabricated in the 11-VI compounds by dil-
fusiond. The diffused planar optical waveguides are fabricated by ditfusing an appropriate
clement into single-crystal 1-V1 compound semiconductors to produce a composition
gradient at the surface ol the crystal. In those mixed crystals in which the relractive index
is @ function of composition. a surface layer of sufficiently high refractive index to zuide
lightis formed. The fabrication of optical waveguides by this technigque has been demon-
strated for the diffusion of Se into CdS, Cd into ZnSe, Cd into ZnS, and Se into ZnS3.

I these waveguides are to be emploved in 10Cs, a knowledge ol the propagation
velocities of the modes supported by these structures is necessary. The refractive index
profile for these waveguides has been measured® and found to be the error function com-
plement in agreement with simple diffusion theory. The fields in such waveguides and the
transcendental equation for the propagation constants cannot be formulated in closed-form
expressions involving only simple functions. Approximate values for the propagation
constant can be ohtained by WKB techniques or from the exact solutions for other refrac-
tive index profiles. Closed-form solutions exist for squarc©, linear”, and cxpnncntiul8
refractive indes protiles.

Two diffusion profiles are of interest for ditfused wavegnides, The diffusion of a
dopant from a large volume of gas into a crystal is described by the model of diftusion
from a source of constant concentration into a semi-infinite body. The prolile ol the
diffusant concentration for this case is an error function complement. It the diffusion is
from an mfinitely thin tayer of the diffusant — that is, an exhaustible source  the con-
centration profite i the diffusant is Gaussian?. The refractive index profiles ol interest
are illustrated in figure . Lach profile can be expressed as

N(X) = Ng + AN X [(X),

§
L
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Figure 1. Refractive index vs depth.

where N is the refractive index of the substrate and Ng + AN the refractive index at the
surface. The function f(x) is given in figure 1 in association with the corresponding refractive
inaex profile.

Numerical solutions for the modes propagating in the waveguides were obtained by
dividing the planar structure into three regions: 1, the region outside the substrate; 2, the
region in the substrate close to the surface where there is significant spatial variation in the
refractive index: and 3. the bulk of the swbstrate. For TE modes the electric fields in regions
I and 3 are given by the expressions

Ey=Apexp g X+(wt -57Z]

and

E3=Azexp [-g3X+(wt-$Z].
where

g =B -k,

kr=;£ Ay

r=1.3




and Ay. A3 are constants. The electric field in region 2 is given by the solution of the differ-
ential equation 10

: ELX) = [k2(X) -8 E(X)=0
. REs
Ck(X)= S5 NX)

The magnetic field along the direction of propagation in ali three regions is given by the
expression

H(X) = - —ML; E'(X)

Solutions were obtained by assuming a value for B and for the magnitude of the
clectric field in region 3. The continuity of the electric and magnetic fields across the 2, 3
boundary was used to obtain the magnitude of the electric field and its first derivative in
region 2 at the 2, 3 boundary. The ordinary differential equation for the electric field was
integrated across region 2 to the 1, 2 boundary by use of a Miln predictor-corrector algorithm.
The electric and magnetic fields at this boundary in regions 1 and 2 were then compared. A
two-point interpolation iteration technique was used to find the values of g that matched
the fields at the 1. 2 boundary. The boundary 2, 3 was placed at the value ot X for which
f(X) equals 0.1 X f(0).

The accuracy of the computation was checked by comparing the propagation con-
stant computed for a rectangular profile, by use of the above algorithm, with the exact
solution. The values of g agreed to three significant places and of B to five places.

The lateral confinement of a mode in a dielectric waveguide is analogous to the
quantum mechanical model of a particle in a potential well. The WKB approximation has
been extensively developed for this later probleml I The technique is directly applicable to
the present problem and yields

v

"\/k:(X)—ﬁ: dx=(-=1/)x

0
as the determining equation for the propagation constant Bwheren=1,2...and vis the
s o J - b} B
point at which the magnitude of [K(X)= - B=1 ecquals zero.
The propagation constants for the lowest-order mode of waveguides with Gaussian,
exponential, square, and linear refractive index profiles are plotted in figures 2 and 3. where

T A

on ]
( i )AN

In tigure 2, 4N = 1% N for all waveguides. In figure 3, the AN for cach profile has been
adjusted in a manner such that the integrated excess refractive index,

[N - Ng | aX.
equals 0.01 X NI X D for all waveguides where Nl = AN for the square profile.
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In the case of the symmetric square waveguide, the differential equations for the
clectric and magnetic fields can be normalized by using the reduced quantities

~ o)
BNk
D = > N K2
(Ng+8NT N2 K2
and
d=[(Ng+aN2-NZ|'2 D)

These quantities do not normalize the corresponding equations when the refractive index
profile is not constant with depth in the guiding region. Nevertheless, calculations showed
that for the range of Ny from 2.3 to 3.0 and AN from 0.1% to 10% Ny the use of the

above reduced quantities did bring the curves for B versus D into coincidence to within two
significant places. The propagation constants for waveguides fabricated in ZnTe, CdS, CdSe,
and ZnS and measured at wavelengths other than 6328A can therefore be found from
figures 2 and 3 by using the expressions for b and d.

It can be seen from figures 2 and 3 that each of the profiles could be used as an
approximation for estimating the magnitude of the propagation constant of another of
the profiles: however, such an estimate would be only a rough approximation. The error
function complement and the exponential profiles, compared on the basis of integrated
refractive index profiles, yielded closely similar values of the propagation constant far
from cut-off. At cut-off the discrepancy is large, and the exponential approximation yields
poor estimates tor the wave dimensions at cut-off.

The propagation constant for the error function complement profile was estimated
by the WKB approximation and is included in figures 2 and 3. It is simpler to estimate the
propagation constant by this technigue than by any of the exact solutions, and the accuracy
should be adequate for many applications.

Two realizations o a planar waveguide modulator are illustrated in figure 4. The
voltage applied between the electrodes induces an electric ficld predominantly along the
x-axis in the transverse electrode configuration(4a) and predominantly along the y-axis
in the parallel electrode configuration (4b). While it is possible to apply the electric field
along the z-axis, the significant increasc in the applied voltage required for this configura-
tion climinates it from practical consideration.

The planar waveguide modulators discussed here are intrinsically phase modulators.
Il no static electric field is applied to the crystal, then TE and TM modes propagate along
the planar waveguide. If a voltage is applied to the electrodes, the resulting clectric ficld
perturbs the dielectric tensor. The modes then may become mixed and the propagation
constants of some or all of the modes present may change as a function of the applied
ficld. Phase modulation will result if a mode whose propagation velocity is sensitive to the
modulating voltage is launched into the waveguide. Amplitude modulation is achicved by
launching two modes with cqual initial phase, usually a TE and a TM mode, into the modu-
lator. If the sensitivities of the propagation velocities of these two modes to the modulation
voltage are ditferent, then the interference of the two modes at the exit of the modulator
will yield a signal which is amplitude modulated by the electric ficld applied to the clectrodes.

These modulators are the waveguide analog of the well known bulk modulators.

A compensator must be added to the output of the modulator to achieve maximum
amplitude modulation. The compensator can be eliminated if the length of the modulator
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Figure 4. Electrooptical waveguide modulators.




is selected to be such that the two modes are in phase at the exit of the modulator when the
voltage across the clectrodes is zero.

An idealization of the geometry of the modulators is shown in figure 4c, where the
propagation is assumed to be in the z direction. An electrooptically active layer, 2d thick,
is bounded above and below by nonactive regions of lower refractive index. It is assumed
in addition that there is no variation in the properties of the modulator or in the electro-
magnetic ficlds along the y-axis. This latter assumption would not be a good idealization
of a single transverse mode channel waveguide modulator. However, the idealization is
useful for those modulators described in reference 12 which have much greater width than
depth and which support a very large number of transverse modes.

Under suitable circumstances the crystallographic axis could have an arbitrary
vrientation with respect to the waveguide axis. Any given fabrication technique, however,
usually yiclds orly a limited number of possibilities. For the cubic crystals the principal

axes in the absence of an applied field are aligned with the crystallographic axes, and the
index cllipsoid is

where double prime represents the crystallographic axes.
In the presence of an applied electric field &x, &v, &z, the index ellipsoid deforms to
become |3

xu: ¥ yn: + 7."2

2 + 241 (Gxy"2" + &yz"x" + §zN"y") = |,
n-

The axes of the deformed ellipsoid, the primed axes of figure 5, arc rotated from the
crystallographic axes. For purposes of illustration the first two cases examined by Namba!4
are illustrated in figure S.

The diclectric tensor in the primed coordinate system is

ex’

€,

Rotation of this tensor to the unprimed or waveguide axis coordinate system yields the
tensor

€1 €12 €13

€3] €32 €3
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Figure 5. Axis and dielectric tensor for cases 1 and 2.
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If €12 and €33 equal zero, the modes that can propagate will remain TE and TM modes.
The simplest example of this case occurs if the waveguide axis coincides with the principal
axis of the deformed cllipsoid. Since the zinc-blende crystals cleave along the (110) planes,
a waveguide oriented as in figure 6 is casily fabricated. Such a waveguide used in a trans-
verse modulator becomes case 1 of figure 5. The diclectric tensor in the unprimed coordi-
nate system for this orientation of the crystal is 13.

n-
(n+ p)2 5
(n-p)?
where

p= l":n3

r418

From Maxwell’s equations the differential equations for Ey and Hy within the guiding
region are

Ey" +(k3-BDEy =0, (N
and

€
Hyr + 3 (k] - B2 Hy =0, ()

(o01)

o

Figure 6. Crystal and optical waveguide oricntation.
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where
k) 2= wzuq , k22 = wzuez, and B is the propagation velocity.

These equations are uncoupled and the modes remain TE and T™M.

For the lowest-order TE mode let Ey be
Ey = A cos Ux
within the guiding region and
Ey = A cos Ude-V(x =d)
in the evanescent region. The characteristic equation for this mode is
U sin Ud - V cos Ud = 0, 3)

where

and € is the dielectric constant of the bounding regions.

The corresponding characteristic equation for the lowest-order TM mode is
€31 sin Ud - g 8 cos Ud = 0, (4)
where

€324+v2=K2=k2-%k2
- ] 1 70

€]

The above equations were solved numerically for the propagation velocities of the
lowest-order TE and TM modes s a function of the static electric field. The waveguide
used in the numerical calculaticas had the properties

d = 025um,

ng = 238, 1'
n = 1.01 XN, '
r4] = 2% 10710 ¢m/volt, ‘
A = 632.8nm. 1
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These values were chosen in order to model the optical waveguides fabricated in ZnSel
and tested with a HeNe laser. The magnitude of d is not critical for this purpose.

The variation of the propagation velocity of the TE mode with the magrn tude of
the static electric field is plotted in figure 7. It is evident trom this figure that the variation
of the propagation veiocity of this mode is closely lincar.

CASE 1
3.0

20+
Brg (&) - Byg (0)

(104 RADIAN/um)

1.0 =

Brg 101 Bypg10) < 4 56 x 107 RADIAN
0.0 1 L1 1 l 1 l
0.0

BTM o) - BTM {0)

1.0 -

1 2 3 4 5 6 7 8
& (STATIC ELECTRIC FIELD, 10% VOLTS/cm)

Figure 7. Differential phase delay for TE and TM modes. case 1.

The derivative of the propagation velocity with respect to the applied electric field is given
by the expression

5
ag K1 V2+VKid dkj  dk;

— T c— e —— —

& B K?-+VKI3d i lag

. dk . . . . . ] |
where the factor -——l 15 the rate of change of the propagation velocity for a plane wave in .
L

the bulk material propagating in the same direction as the waveguide. The factor f varics
fron: zero to unity as v varies from its lower bound ot zero to its upper bound of K 1- The
change in the velocity of propagation in the waveguide is then always less than the change in
the propagation velocity in the bulk material,
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The variation of the propagation velocity of the TM mode with applied field is
also shown in figure 7. The propagation velocity of the TM plane wave in the bulk material
oriented in the same direction as the TM mode in the waveguide is independent of the
appliv 1 voltage.

As the second example, consider the electric ficld to be applied transversely for the
same waveguide orientation as before. The dielectric tensor is

(n+ p)2
(n-p)?
n

in the primed coordinate system and

nl +p- 2pn

2pn nl+ p2
n

in the unprimed coordinate system. The equations for Ey and Hy for this case are

7
7 g) WwWEE L g le (2pn)

o | k< - = 2 - = (5

Ey [k B — ( pn)]hy wBu = Hy )
and

" -6—3 .2 2 = 6_3 )

Hy +fl (k--B )H.J,~~wB€l (Zpn) Ey.
where

k2= wu(nZ+p?)

These equations are coupled, and the modes that propagate are no longer pure TE and TM
modes but rather mixed modes.

These mixed modes are not coupled but are each orthogonal to all other modes that
may propagate. The departure from being pure TE and TM modes is very slight if the pro-
pagation velocities of the TE and TM modes of the same order are not closely equal. In the
absence of a voltage applied to the electrodes, there is no coupling, and the modes are TE
and TM. Only with the application of a voltage do the modes change to what will be termed
here QTE and QTM modes for quasi TE and quasi TM. The QTE mode then grows from the
TE mode and the QTM mode from the TM mode with the application of a voltage to the
¢lectrodcs.

The changes in the propagation velocities of the QTE and QTM modes are plotted
versus the transverse electric field intensity in figure 8. The zero field intensity propagation
velocity difference has been suppressed. These numerical results are for an optical wave-
guide of the same properties as the previous numerical example. The variation of the
propagation velocity with applied field is square law to within 5% . The change in the pro-
pagation velocity with applied voltage in the numerical ¢xample can be approximated by
the expression

BQTE(&) 'BQTM(&) = (BT -BTM) = 1.48 X 10-138 2, (6)
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CASE 2
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Figure 8. Differential phase defay vs static electric field for QTE
and QTM mades. case 2.

The approximate expression

2 4 2
. gk mZ KT Bren'rai 5 7
BQT]-‘(&) —BQTM(“‘) = (BT]: —BTM) +(m & )]
for the propagation velocity difference is derived in reference I5. For the waveguide
considered, this approximation for the cocfficient of the &2 term equals 3.74 X 10-13,
While the approximate caleulation does reproduce the quadratic dependence upon &,
the magnitude of the coefficient is in error by a factor of 2.5,

In this second case the results for the waveguide modulator are substantially

different than for the bulk modulator. The variation of the propagation velocity difference
with applied voltage is (uadratic in the waveguide modulator and linear for the bulk

modulator. In the waveguide modulator the first-order effect is zero, and the second-
order term dominates.

The orientation of the polarizers used for amplitude modulation is also different.
In the waveguide modulator the waveguide boundaries dominate over the weak induced
anisotropy and the boundaries define the TE and T™M modes. The polarizer orientation
required to produce amplitude modulation is 45° to the waveguide normal or the wave-
guide must be excited by a signal polarized in the ¢111) or (111) direction. In the bulk




modulator the weak anisotropy defines the or'antation of the TE and the TM modes
in a manner such that the polarization of the incident light must be along the <001or<110>
direction to achieve maximum amplitude modulation. This direction is then at 45° to
that required for the waveguide modulator. In contrast to these results the fields of the
QTE and QTM modes deviate only slightly from being TE and TM modes, respectively.

The magnitude of the light intensity out of the modulator is related to the differ-

ential phase delay by the expression

I= cosz-ﬂg;)

A

where the differential phase lelay is
I'&)= [BQTE(8)—BQTM(8)] L (8)

at wavelength X for a modulator of length L.

Experimental results verify the polarizer orientation and, at low modulation voltages,
the quadratic dependence (11). Experimental data for the amplitude of the modulator
output versus the applied voltage are reproduced in figure 9. For comparison the magnitudes
of the light outputs for a lincar and a quadratic propagation velocity difference dependence
on applied field are also shown.
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ELECTRODE VOLTAGE

Figure 9. Modulator output vs electrode voltage (relative units), measured data,
linear phase dependence, and square law phase dependence.
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Numerous other special cases of the planar waveguide modulator could be considered
However, the two cases discussed here illustrate the new phenomena that can be introduced
by the presence of the guiding structure. In addition, the waveguide modulators that are
projected to be useful in integrated optical circuits are single-mode channel waveguides.

The strong lateral confinement ot such waveguides greatly complicates the analysis, and
the approximate analysis which yields such simple expressions for the case considered here
is not applicable.

EXPERIMENTAL FABRICATION OF FREQUENCY-SELECTIVE WAVEGUIDES IN
GLASS

Previous work 1Y at NELC on the fabrication of optical waveguides in glass by
use of a focused ew laser beam has resulted in low loss waveguides. The process involves
cw laser heating of a glass that is highly absorbing at the iser wavelength but has very
low losses at the Tonger wavelengths used for waveguiding. This section Teports progiess
in waveguide fabrication by ¢w laser heating.

Attempts were made to demonstrate frequency-selective waveguiding in channel
optical waveguides. A periodic structure was imposed on the waveguide by chopping the
¢w laser beam by means of a mechanical chopper.

Distributed feedback should be observable in waveguides possessing a period p

p =% (ON+1)
with N=0,1,2,... The fabricated waveguides were about 3 um wide. Orders with N = 0,
I, 2 were fabricated, employing different laser powers, chopping frequencies, and ex-
posure times.

To increase the sensitivity of the detection method, a Princeton Applied Rescarch
fock-in amplifier in the differential mode was used. The chopped light output from the
near field guiding arca was collected on a silicon diode, giving risce to signal A. Scattered
light in the vicinity of the waveguide was collected on another silicon diode, resulting in
signal B. With the aid of a variable transmission filter the amplitudes of signals A and B
were adjusted until

A(X\) - B(A) ~0.

The difference signal was then amplified. At p =\ 1, one would expect strong reflection of
this wavelength due to the corrugated structure of the waveguide, resulting in a signal

A\}) - BO\) #0.

In performing these experiments, it became apparent that a very high tevel of noise
was obstructing any obscrvable effect.,

Considerable effort was spent to reduce noise. which had its main sources in many
mechanical vibrations within the system. New holders for mirrors. objectives, mountings.
ctes had to be specially constructed in order to eliminate the mechanical instabilitics.
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To date, in spite of significant improvements in the mechanical and ¢lectronic

stability of the measuring apparatus, no frequency-dependent transmission has been observed.

It is felt that the heating/sublimation mechanism by which the waveguides are formed may
make small dimensional changes very difficult to accomplish due to the thermal con-
ductivity of the glass.

Work on frequency selectivity is now receiving lower priority due to the stort-up
of work on fabricating inout/output coupling structures by use of cw laser heating
techniques.
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PATTERN FABRICATION TECHNIQUES

Fabricating good-quality optical waveguide components by diffusion requires
masking techniques which have extremely good pattern definition and repeatability. At
present, two such technigues are being investigated in this program for this purpose. NELC
is purs ing state-of-the-art phetolithography for producing the diffusion masks in SiO5 and
Hughes Research Laboratonies is investigating electron beam lithography. The following
two sections describe the current status of the two approaches

PHOTOLITHOGRAPHIC FABRICATION OF COUPLED WAVEGUIDES

To date, photolithography appears to be the most useful masking technique for eon-
structing 10C components by diffusion in the H-VI compound semiconductors. Recent work
has resulted in significant improvement in the quality level of simple waveguide components
and much promise with more-complex structures. Basically, contact photolithography
requires very smooth surfaces for optimum reproduction of the photomask pattern. Thus,
large-arca (>1c¢m2) substrates with extremely smooth ("A/50 rms) and flat ("v\/2) surfaces
are required for the best possible pattern resolution. ZnSe used at NELC for most of the recent
diffused waveguide work has a strong tendency to twin along (111) planes. The orientation
of the substrates used in the work has been<1060>, This results in the intersection of the (111)
twin planes with the (100) top surface, resulting in very irregular surfaces after chemical
polishing due to ctch rate variations in the vicinity of the twinned dreas. The size of the
untwinned arcas on a (100) crystal was typically 3 by 10 mm, although 10 by 10-mm areas
could be obtained on rare occasions.

Discussions with Y. S. Park and coworkers at Wright-Patterson Air Force Base
Solid State Physics Laboratory resulted in the change to (111) oriented crystals. In this orien-
tation the face of the substrate is parallel to the twin planes, resulting in defect-free crystals
of 20 by 20-mm area with an average size of 10-15 mm square. This is a significant increase
in usable arca (~3007%) and has resulted in rapid progress in photolithographic pattern
fabrication.

Arra s of optical waveguides of 2-uin width separated by 2-um spaces over 1 ¢cm long
have been iubricated in ZnSe by the diffusion of cadmium. Figure 10 shows oscillograph
traces of the light intensity at 6328 A detected by scanning a silicon diode across the output
of an array of 4-uym, single-mode coupled waveguides separated by 3-um spaces. The wave-
guides are coupled by their evanescent fields.

The intensity distribution among two coupled waveguides can be expressed as

A
cos- Kz

1 (2)

.9
sin< Kz

1h (2)
where 7 is the propagation length and K is the coupling cocefficient. In an infinite array of
coupled waveguides the light intensity in the nth guide away from the initially excited
(zerothy guide is (15)

N o= | 2K

Ih(2) = 1,7 (2K2)

Iigure 11 shows the relative intensities of the first few orders. From figure 10 the value of K
is calculated to be approximately 0.5 mm-1 at 6328 A. In addition, no scattering is visible
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MAGNITUDE

Figure 10. Directional coupling between parallel waveguides. Waveguide
dimensions 4-um width by 3-um spaces. Sample length: (a) 1.70 mm,
(b), 2.70 mm, (c). 3.55 mm. Waveguides fabricated by cadmium diffusion
in ZnSe. Diffusion depth 2 um.

0 1 2 3

Kz

Figure 11. Magnitude of the first three orders of the ordinary Bessel function
as a function of argument Kz.
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from these waveguides, indicating scattering losses of less than 1 dB/cm, which should be
compared to the more than 20 dB/cm of the previously reported directiona! couplers in
GaAs (16) Tabricated by ion implantation.

The significance of this work is not just that directional couplers were fabricated, but
that fabrication was accomplished by coaventional photolithographic techniaues which are
inexpensive and quite straightforward to implement. More-complex active structuores are
imminent and await only the acquisition ol suitable masks.

ELECTRON BEAM LITHOGRAPHY

Iugles Research Laboratories (HRL) has developed several novel techniques for the
fabrication of patterns suitable for the diffusion fabrication of optical waveguides. This work
is oriented toward the generation of oxide diffusion masks on semiconductor substrates and
employs a computer-controlled scanning electron microscope. Recent work at HRL has con-
centrated on the generation of closely spaced lines with extremely smooth edges etched in a
SiO> masking layer deposited on a semiconductor substrate.

Two groups ol Tour saumples cach of ZnSe. oriented (100). each with a 1000-A layer
of sputter-deposited SiOQa. were supplied by NELC for electron beam exposure and pattern
delineation in the oxide layers that are used subsequently as diffusion masks for creating
optical waveguides. The surfuces of some of these samples were complicated by the presence
of several large crystals terminating in the surface. Patterns were delincated as much as possible
in smooth areas between crystal surface structures, which were usually confined to a particular
crystallite. However, in some cases the patterns intercepted such structure.

Figure 12 shows a cross section of the patterns or lines fabricated with the charucter-
istic dimensions A (linc width) and B (line spacing). Chemical etching of the SiO2 was used
after electron beam exposure and development of the electron resist. This decision was based
on successful results in the past and the fact that the particular line widths required for this
program are relatively large (>1 win). The validity of the choice is shown in figuee 13, which
is a scanning electron micrograph (2000X) of a typical set of three etch chaancls in the SiO2
films. Note tiat the edge roughness is undetectable, even at this magnification (probably
<500 Ay

1000-A
Si07 LAYER
L]

1
T

L1 BTy T

ZnSe SUBSTRATE

Figure 12. Cross section of the line sets fabricated, illustrating the
two characteristic dimensions A and B.
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| Figure 13. Scanning electron micrograph (2000X)
of chemically etched channels in Si05. (Channel
width is 4.5 um. Edge smoothness is better than
500 & except for “charging” jog - see text.)
AR ¢
| ;
b
S i &
t Only seven of the eight simples were deemed usable. Two hundred and thirty two
[ sets of three parallel lines (0.1 - 2 ¢m long) were etched into the oxide layer of the samples,
- Figure 14 presents a map depicting the areas of pattern delineation on one of the samples.
Photomicrographs of typical line sets are shown in figures 15 through 17.
CRYSTAL FEATURES
f ]\ 11 mm
i
L.\ /-—- 0 REF
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; :
i Figure 14. Map for sample 1 from group 11. :
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Figure 15, Reflection photomiciograph (SO0X) of sample | ol group 1. (a) Jog in lime set | probably caused
by samiple charging. (h) Foss of pattern defimtion caused by excessive undercutting diring etching (line set
). (¢) Line broadenmyg cansed by undercutting (line set 4). (dy Better control ol etching (lire set 3).
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Figa.e 16. Reflection photomicrograph (500X) of sample 2 of group [1. Lines pass through many surface
irregularities (discussed in text). Photograph is typical of all line sets on this sample.
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Figure 17. Typical 1000X photomicrographs of etched line sets on sample 1 of group 11.
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Figures 13 and 15(a) reveal an early problem that does not significantly affect light
scattering in the guides. The jog in the line set may have been caused by stage translation
during exposuse, or more likely by specimen charging, which momentarily deflected the
electron beam. The latter cause can be eliminated by coating the resist with a thin electri-
cally conductive film.

The width of the 354 lines in the 59-line sets on sample 1 of group 11 is 1.3 0.1 ym;
the length of the lines extends the full crystal width, which is 1.1 cm. The separations of the
lines are constant within each line set, but vary among the sets from 2.5 to 4.0 ym in controlled
steps. An effort was made to align the line sets for exposure parallel to most of the crystal
defects: however, in some cases the lines unavoidably intersect crystal defects. Table 2 lists
the values of the A and B dimensions for the 59 sets of six lines. Dimension A was fixed at
1.3 um and is seen to have come out to be 1.3 +0.1 um after the pattern definition and
ctching processes were completed. Dimension B was varied from 2.5 to 4.0 um in approxi-
mately 0.3-um steps, with several groups of sets made at the narrowest dimension that came
out to have 2.5-, 2.6-, and 2.7-um separations. The other steps turned out to be 2.9, 3.3, 3.6,
and 4.0 um.

TABLE 2.
LINE DIMENSIONS FOR SAMPLE 1 OF GROUP II.

Dimension A Dimension B

Line Set Number Line Width, Line Spacing,
um um
1to10 1.4 2.7
1to 17 (fig17b) 1.2 2.9
18 to 23 (fig 17a) 1.3 2.5
24 to 28 (fig 17e) 1.4 4.0
29 to 39 (fig 17d) 1.4 3.6
40 to 44 (fig 17¢) 1.3 3.3
45to 50 1.3 2.6
51 to 56 and 59 1.4 2.5
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LASER DEVELOPMENT

INTRODUCTION

Work has continued at RCA Laboratories and California Institute of Technology on
developing light sources for 10C and Fiber-Optic applications. The work falls into two cate-
gories: (1) continuous room-temperature injection lasers for single-mode or multimode
fibers and for 1OCs: and (2) novel ijection kaser sources cemploying distributed feedback.

RCA Laboratorics lias addressed the first area, while the distributed-feedback (DFB)
injection laser work has been undertaken by California Institute of Technology.

CW LASER DIODE RESEARCH

Excellent centrol of the various parameters involved in the fabrication of ¢w lasers
has been achieved. Some half-dozen wafers have been grown, all yielding cw material. The
effect of diode parameter variations on device serformance has been determined in a number
of cases, and acceptable limits have been established. Lxperiments and studies were made,
using diodes developed in this program, concerning the coupling and transmission proovlems
arising in fiber communication systems.

MATERIALS TECHNOLOGY

The DH structure with Al in the active region is now being used consistently. The
temperature dependence of the threshold current density is relatively steep in these strue-
tures. as shown in figure 18. This is partly due to the usc of an undoped active layer but may
also be due to the Al content of the active layer. Thus, experiments are needed in which the
threshold dependence is evaluated for doped active layers, as it is possible that lower threshold
currents may be achieved thereby.

DEVICE DESIGN

Careful studies have been made of the temperature increase due to cw operation. It
has been concluded that the first GaAlAs layer bounding the active layer exerts a crucial
role in determining the junction temperature rise because of two effects: first, the thermal
conductivity of GaAlAs compared with that of GaAs is reduced, and, second, the stripe
geometry does not atfect regions adjacent to or coinciding with the heat source. This is
illustrated in a calcutation summarized in figure 19. In other words, the stripe geometry
reduces the effect of thermal or electrical barriers some distance from the active layer (for
example, the region near the contacts?, but it does not alter the thermal resistance of the
GaAlAs layer. Thus. a careful control of that layer's thickness becomes important. however,
one cannot reduce the thickness too much, because the optical field spreads through this
layer until it reaches the highly absorbing GaAs regions. An excessively thin GaAlAs layer
would lead to high absorption losses und increased thresholds.

The above problems are intimately connected with the question of beam width.
Allowing more of the energy to leak out of the active region by reducing the heterojunction
barrier height leads to both reduced beam widths and higher thresholds. The best units have
threshold current densities on the order of 1100 - 1300 A/cm2 and 55° beam widths (tull
width at 1/2 power in a direction normal to the junction). Reducing the beam width to 35°
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Figure 18. Temperature dependence of threshold current density in undoped cavity cw lasers.
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Figure 19. Cafculation of temperature drops in the one-dimensional (broad arcc)
and the two-dimensionaf (stripe) geometries.

has increased the threshold by a factor of about 2. which is more than can be tolerated. In
view of the importance of the beamwidth in potential diode applications. a considerable
offort will be devoted to the study of this problem.

DIODE ASSEMBLY

Attention has been focused recently on a technological problem in the utilization of
cw lasers, a problem that arises because of two conflicting requirements. On the onc hand,
the laser is fragile and scnsitive to ambients, so that one would want to enclose it in a sealed
structure with suitable windows for the emission. On the other hand, users of these units, at
the present state of development, desire to experiment with the coupling, and therefore
prefer to have the facet accessible, A new design has been developed which, to some extent,
satislies these requirements. The laser diode is mounted in a deep groove milled in a copper
stud. with parts of the stud extending and protecting the diode. Figure 20 shows this package
mounted in a liquid-cooled heat sink. Ambient protection is at present provided by external
air control, but may ultimately be provided by evaporating a suitable oxide film over the
facet of the whole diode. The water cooling will be replaced by thermoelectric cooling in
practical mounts. Another method of Taser mounting usces the “L-mount” assembly shown
in figure 21.

DIODI FIBER COUPLING*

Since fiber optical communications links are often limited in their performance by
the amount of light reaching the detector, it is important to couple into the fiber as much of
the hight emitted by the source as possible. Several cases are of interest: LED and injection
laser sources, single fibers and bundles of fibers, and large-aperture and small-aperture types
of fibers. These variables can oceur in various different combinations in different proposed
systems. To provide insight into the problem of how to optimize coupling, measurements

*This work at RCA was sponsored by the Oftice of Naval Rescarch, !




Figure 20. Experimental cw laser mount for hexagonal heat-sink type
laser headers.

Figure 21. Experimental cw laser mount for “L-mount™ laser headers.
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were made on the beam patterns of “normal” rectangular junction plane LEDs, on “stripe-
contact” LEDs. and on a cw injection laser. In all cases, only an edge-cmission geometry
was considered, as it is believed that this gecometry will prove most practical in actual
systems.

The beam patterns of the LEDs show slight differences with polarization, but these
are small enough that the incoherent emission can be considered unpolarized. This is not
true of the luser emission. which was about 907 polarized when operated 10 - 20% above
threshold.

In general. the emission pattern in the planc of the p-n junction differs from that in
the plane perpendicular to the junction, and the laser pattern differs significantly from the
LIED patterns. For all the incoherent LEDs, the emission pattern in the plane of the p-n
junction approximates the cos 0 pattern associated with a Lambertian source. However, in the
plane perpendicular to the junction, the beam patterns differ significantly from a cos 0
dependence and from cach other, depending on the details of the epitaxial layers and their
compositions and thicknesses (see figures 22 and 23).

It is a good approximation to assume that the relative intensity at any polar angle
(0. ¢) from the axis of the device is given by the product of the relative intensitics in the
corresponding angles in these two planes. With this assumption, the relative intensity distri-
bution. averaged over the azimuthal angle ¢, can be computed and integrated over the solid
angle abcut the system axis, This yiclds the cumulative distributions shown in figure 24,
along with the corresponding Lambertian source distribution. It is seen that the beam patterns
from the LEDs are somewhat more forward-directed than they would be from a Lambertian
source, thus showing the (weak) optical guiding of the epitaxial layers. For low cone angles,
as used in coupling an LED to a small-aperture fiber by “butting” the fiber end against the
cmitting facet of the LED, this “*beam narrowing” can result in twice as much light coupled
into the fiber as would be the case from a Lambertian source. Less-directional LEDs (for
example, curve (b), in figure 24) give considerably less improvement. In any case, only about

7 (=14 dB) of the light emitted from the (one) facet can be coupled into an N.A. =0.14
fiber in this way.

Various techniques have been proposed to increase the coupling, by utilizing the
light emitted into a much larger cone angle; this can be done with either lenses or reflectors.
Well known principles of optics prevent this from being done without enlarging the effective
source size, however, The coupling of an edge emitter, whose junction width is (or can be
made) greater than the diameter of a fiber, cannot be usefully increased in this one dimension
by any such optical clements. Perpendicular to the plane of the junction, where the thick-
ness of the emitting region is only a few micrometers, the light emitted into larger beam
angles than those corresponding to the N.A. of the fiber can be collected with lenses, cte,
and brought within the acceptance cone of the fiber,

For best effect, lenses used for this purpose must be very small. If cylindrical lenses
are used, as the above considerations suggest, the lack of focusing in the plane of the junction ;
requires that the fiber end be as close as possible to the LED. This requires small optical 5
elements. If, instead, spherical lenses are used, the strong aberrations associated with this |
geometry prevent improved coupling unless the lenses are again comparable in size to the '4
fiber diameter. Using such small clements, we have achieved a factor-of-2 improvement in
light coupling over simple butting in certain LEDs. However, for coupling into single fibers,
alignment tolerances are somewhat critical.
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Figure 24. Fraction of emitled beam within a cone of angle 0 (centered on the device axis) for iwo LEDs
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