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13, ABSTRACT

Previous calculations of free carrier absorption and Al concentration differ-
ence petween the aquiding layer and the substrate required to achieve single
mode propagation have bcen extended. In addition, the ranges of absolute Al
concentration have been computed to be ~3 to 207 (minimum) for the substrate
and ~07 to 17% (minimum) for the guiding leyer, depending on the source wave-
length to be used. Three methods of epitaxy have been used tu grow layers
for wavequide applications. The first multilayered structures were vapor
epitaxial layers of n-type Gais on Gag ggAlo.p4As. More than 50 layers of
Gaj.4Al,As with x varying from O to 6 have been grown by the limited melt
method, On some of these layers, a second layer with lower aluminum concen-
tration to act as a wavequide was grown, The mecst significant achievement
has been in the use of the infinite melt epitaxy to grow Gaj.y Al As layers.
Layers with x varying from 0 to 607 have been yrown and extensively charac-
terized for their crystal quality, chemical composition, and electrical pro-
perties. Experiments to date show that the layers have improved in their
uniformity and homogeneity. .- Initial optical loss measurements on a vapor
grown epitaxial layer of GaAs on Ga]_xAle? have aiven a preliminary value

cf the attenuation coefficient of 2.2 ¢m~' at 1.15 um. Consideration has
been given to the device elements for which GaAs and Gaj_,Al,As are partic-
ularly suitable. Optical filters utilizing periodic dielectric waveguides
fave been analyzed theoretically in detail. Computer results for the dis-
persion diagram of a periodically ccrrivgated dielectric w-vequide with typ-
jcal parameters have been obtained.
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ABSTRACT

Previous calculations of free carrier absorption and
Al concentration difference between the guiding layer and
the substrate required to achieve single mode propagation
have been extended. 1In addition, the ranges of absolute Al
concentration have been computed to be 37 to 207 (minimum)
for the substrate and ~0% to 177 (minimum) for the guiding

layer, depending on the source wavelength to be used. ihree
methods of epitaxy have been used to grow layers for wave-
guide applications. The first multilayered structures were

vapor epitaxial layers of n-type GaAs on Ga0.96A10.04As. More
than 50 layers of Gaj_, Al As with x varying from 0 to 607

have been grown by the limited melt method. On some of

these layers, a second layer with lower aluminum concentra-
tion to act as a waveguide was grown. The most significant
achievement has been in the use of the infinite melt epi-

taxy to grow Gaj.yAi,As layers. Layers with x varying from

0 to 60" have been grown and extensively tharacterized for
their crystal quality, chemical composition, and electrical
properties. Experiments to date show that the layers have
improved in their uniformity and homogeneity. Initial opti- |
cal loss measurements on a vapor grown epitaxial layer of i
GaAs on Ga]"xA]xAs have given a preliminary value of the :
attenuation coefficient of 2.2 cm™! at 1.15 um. Consider-
ation has been given to the device elements for which GaAs
and Ga]_xAles are particularly suitable. Optical filters
utilizing pe . iodic dielectric waveguides have been analyzed
theoretically in detail. Computer results for the disper-

pr——

sion diagram of a periodically corrugated dielectric wave-
guide with typical parameters have been obtained.
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I INTRODUCTION AND SUMMARY

The objectives of this contract are to study and
analyze the propagation, attenuation, and modulation of
coherent optical waves in thin film waveguides, in perticu-
lar epitaxial semiconductor structures at a wavelength of
8500 K, to determine the parameters cortrolling the solution
regrowth epitaxy of the Ga]_xAﬁxAs system, tc study the
influence of the index discontinuity and semiconductor car-
rier concentration on optical properties, and tc develop the

elementary optical device elements.

This report covers the work performed during the period
of January 1973 through June 1973. The present program may

be viewed as consisting of the following elements: (1) es-

} tablisnment of epilayer material and structure requirements
from the device pnint of view, (2) development of materials
growth techniques, (3) materials evaluation, and (4) device
analysis and fabrication techniques. The first element
involves the establishment of the required values of param-
eters such as free carrier absorption and other io0sses,
inden differences required for waveguiding, and absolute Al
concentration. The materials growth techniques involve
slide-bar and vertical dipping liquid phase epitaxy and
vapor phase e,.itaxy. Materials evaluation includes micro-
probe, photoluminescence and x-ray analysis, Hall effect
and C-V measurements, and determination of waveguiding
properties and losses of the films. The last element of
the program is directed toward establishing specific
materials requirements for integrated optics devices and
development of fabrication techniques for rudimentary devices.
For this task some of the company-supported efforts in
specific device areas are especially helpful.




Establishment of Requirements

Consideration has been given to primarily three fac-
tors affecting wavegquiding: free carrier absorption and its
effect on propagation losses, difference in Al concentration
between the guiding layer and the substraie required to
achieve single mode propagation, and absolute Al concentra-
tion required to minimize band-to-band absorption at various
wavelengths. The first two factors have been considered
earlier. These calculations recently have been further
refined. The ranges of absolute Al concentration have been
computed to be +37 to 20" (minimum) for the substrate and
v0/ to 17, minimum for the gquiding layer denending on the
source wavelength to be used. Further data on the absorp-
tion in the long wavelength tail of the band edge of GaAs
have been obtained from the literature. It is clear from
these data that adequately low absorption coefficients are
possible in good samples of GaAs. However, in situ measure-
ments are required before an accurate valde for the loss
coefficient in Ga]_xA1xAs waveguide strucfurescan be obtained.

B. GaAs and Ga]_xﬁles Epitaxial Layer Growth

During the reporting period three methods of epitaxy
have been used to grow layers for waveguide applications.
The first multilayered structures were vapor epitaxial
layers of n-type GaAs on Ga0.96A10'04A5. Cleaved rectangular
pieces were made from some of these structures and waveguid-
ing studies made on them. Based on our observations On these
layers, improvements are being made in the growth techniques.

More than 50 layers of Ga A]xAs with x varying from 0 to

1-x
60% have been grown by the limited melt method to familiarize
ourselves with the mechanics of the graphite slide-bar
assembly and the influence of the process parameters on the

layers grown. On some of these layers, we also succeeded in

10




growing a second layer, with lower aluminum concentration,

to act as a waveguide. The layers need to be improved both
in the interface and in bulk uniformity. Several improve-
ments in processing and slide-bar geometry have been made,
and rapid improvements are expected in the quality of our
layers. Our most significant achievement has been in the
use of the infinite melt epitaxy to grow Ga]_xAles layers.
Layers with x varying from 0 to 60 have been grown and
extensively characterized for their crystal quality, chemi-
cal composition, and electrical properties. The method
looks promising for the fabrication of large area Ga]_xA]xAs
substrates that could provide an ideal base for integrated
optics technology involving gallium arsenide.

C. Materials Evaluation

Evaluation of the Ga,_ Al As layers grown under the var-
jous growth regimes, including infinite melt and limited
melt techniques, is being carried out by determining the Al
profile by electron microprobe on cleaved cross sections
through the enilayers. Experiments to date show that the
layers have improved in their uniformity and homogeneity.
Aluminum concentration gradient across the epitaxial layer
grown by the iniinite melt technique has been found to b&
cunsiderably smaller than for layers grown by the limited
melt (slide-bar) technique. The infinite melt method gives
essentially the same concentration variation in 27 um as the
slide-bar method gives in 4 uym. It is felt that the con-
centration variation can be reduced even further.

The layers have been examined using the scanning elec-
tron microscope as well as an optical microscope. The values
of layer thickness obtained by these two techniques are in
agreement. Hall measurements indicated carrier concentra-
tions ranging from 4 x 10'6 em™3 to 4.5 x 10!’ em 3 and
mobilities ranging from 93 cm2/V-sec for p-type material
to 2950 cm2/V-sec for n-type material.

11
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Initial optical loss measurements on a vapor grown
epitaxial layer of GaAs on Ga]_xAles have been attempted
Although there was a large amount of scattering in the data
these initial measurements indicate that the attenuation
coefficient at 1.15 um is approximately 2.2 eV

Optical waveguiding also has been observed through
approximately 2 mm of Ga0'98A10'02As liquid phase epitaxial
waveguide on a substrate of Ga0.95A]O.05AS' The guide thick-

ness was 2 to 3 um,

Dl Device Elements

During this reporting period we have begun consider-
ing device elements for which GaAs and Ga]_xA1xAs are par-
ticularly suitable with the aim of establishing the relation-
ship between device requirements and material and structure
characteristics. Such components as waveguide bends and
couplers, distributed feedback injection lasers, integrated
detectors, modulators, and periodic optical filters have been
considered in a preliminary fashion. Opfical filters have
been analyzed theoretically in more detail. Computer results
for the dispersion diagram of a periodically corrugated dielec-
tric waveguide with typical parameters have been obtained.
The behavior of the waveguide near the important Bragg
regime, where the corrugation period is equal to one-half
wavelength was studied in detail. Periodic optical struc-
tures are expected to play an important role in applications
such as optical filters, grating air-waveguide couplers,
directional couplers, and distributed feedback lasers.

12
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i} ¢ DEFINITION OF EPILAYER MATERTAL AND STRUCTURE
REQUIREMENTS

Work on the establishment of the basic requirements
imposed by the need to achieve efficient propagation in
waveguides continued during this reporting period. In the
course of the program consideration has been given to pri-
marily three factors affecting waveguiding: free carrier
absorption and its effect on propagation losses, differance
in Al concentration betwren the guiding layer and the sub-
strate required to achieve singie mode propagatior, and
absolute Al concentration required tc¢ minimize band-tc-band
absorption at various wavelengths. The first two factors
have been considered earlier. These earlier calculations
recently have been refined further. The approximate ranges
of absolute Al concentration for the substrate and the quid-
ing layer for various source wavelengths also have been
computed using the data available to date. As new data
become available, however, these calculations are likely to
need updating and refinement.

A. Requirements on the Al Concentration Difference
Between the Guide and the Substrate

The aluminum concentration difference between the
guiding layer and the substrate required for single mode
propagation was determined first in a straightforward but
somewhat approximate fashion by ignoring the slight non-
Tinearity in “he dependence of the refractive index on Al
concentration. We assumed in these calculations the fol-
lowing relationship between layer-substrate index differ-
ence, (n2 - n3) and Al corcentration difference, Ax:

5 = Ny = 0.4 Ax where n, and ny are the guiding layer and
the substrate indices of refraction, respectively.

n

13




The approximate condition for propagation of the first
m modes at wavelength Ao in a waveguide of height t is

2
(2m - 1) X
(ng - ng)z [ e 0 1 A= lalwdess

Relating (n2 - n3) to Al concentration difference Ax yields

the condition for lowest order mode propagation

2 2
A A
11.25 0 1.28 0
oy <H> G <ﬁ> ,

where n = (1/2) (n2 + n3). This relation can be used to

plot the curves of Fig. 1, which give the ranges of guiding
film thickness and aluminum concentration difference allowed
for single mode propagation.

A more accurate calculation of the relationsip between
the film thickness and the Al concentration difference has
also been performed. In this calculation the Sellmeier
equation] was used to estimate the refragtive indices of

Ga,_,Al1 As for different values of x: .
n(x) = A + 52— - p(x) 22
A, - C(x)

where the coefficients A, B, C, and D are given in Table I.

A plot of the refractive index as a function of x is shown

in Fig. 2 wnile the change in refractive index An = n, - ng
is shown in Fig. 3. The ratio of thickness to wavelength

for the first two modes of the waveguide structure is plotted
in Fig. 4 as 4 function of concentration difference Ax
between the guide and the substrate for gu.ding epilayer

]J.T. Boyd, IEEE J. Quantum Electron. QE-8, 788 (1972).
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Figs 3.

Refractive index difference as a
function of Al concentration differ-
ence between two layers of Ga]_xAles
for two values of absolute Al
concentration.
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concentrations of x = 0 and x = 0.20. It is seen that although
the guide thickness is dependent primarily on Al concentra-
tion difference Ax, some dependence on the absolute Al con-
centration is exhibited.

B. Absolute Al Concentration Requirements

The absolute level of Al concer“ration in the guiding
layer was estimated by considering the spectral location and
shape of the Ga]_xAles absorpticn edge as a function of Al
cencentration and assuming a vaiue for maximum allowable
absorption coefficient due to interband transitions. Curves
of Fig. 5 were plotted using available data for GaAs. The
absorption edges shown for increasing Al concentration were
obtained by calculating the bandgap using the expresslonz
Eg(x) = 1.439 + 1.042 x + 0.468x° and then shifting the band
edge of GaAs to correspond to the computed value Eg(x). The
required Al concentration was determined from these curves
using an allowable value of absorption coefficient a = 2 cm']
and various possible source wavelengths ﬁhich might potentially
be used in integrated optical circuits. The results are shown
in Table II. The value of a = 2 cm'] was us2d because no
reliable data are available for lower absorption coefficients.
Therefore, the values of Al concentration given in Table II
are only estimates and may tend to be low.

The material requirements established to date are
summarized in Table III. Presently these are being used by
the crystal growers as guidelines in establishing proper
growth conditions. One of the most important properties of
Ga]_xAles to be more accurately established is its absorp-
tion in the vicinity of the band edge as a function of Al con-
centration. This not only will determine the absolute Al

2J. Shah, B. Miller, and A. DiGiovanni, J. Appl. Phys. 43,

3436 (1972).

20
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TABLE 11

Absolute Al Concentration Requirements

Take « = 2 em” )

Required Al Concentration
Source Wavelength ih thi Buide
0.85 um Ga]_xA]xAs w177 minimum
0.9 um GaAs v 7% minimum
0.95 - 1.0 um Si:GaAs %

el

Substrate concentration 3% higher

Material becomes indirect at v40% Al

17981
TABLE 111

Summary of Requirements

Impurity Concentration
N <107 cp3
Al Concentration Difference Between Substrate and Guiding Layer
ax: 1.5 to 3.5%
t: 1.25 to 2.5 um
Absolute Levels of Al Concentration

Substrate v3% - 20¢% minimum

Guiding Layer 0% - 17% minimum

T982
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concentrations required more accurately than we have done

so far, but wiil determine the flexibility with which inte-
grated optical circuits “1timately can be constructed. In
the absence of data on GaAlAs further data on the absorption
in the long wavelength tail of the band edge of GaAs has

been obtained from the 11’terature.3 The results are plotted
in Fig. 6. As can be seen, the absorption at levels helow

4 cm'] varies substantially from specimen to specimen which
is presumably a result .of impurities. It is clear from these
data that adequately low absorption coefficients are possible
in good samples of GaAs. However, in situ measurements are
required before an accurate value for the loss coefficient in
Ga]_xAles waveguide structures can be obtaired.

3

M.D. Sturge, Phys. Rev. 127, 768 (1962).
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LEL . MATERIALS GROWTH

Three dpproaches are being used to produce waveguide
structures: vapor epitxy, limited melt (graphite slide-bar)
epitaxy, and infinite melt liquid epitaxy. Each of th2se has
its advantages, and we feel the judicious use of all three
methods is essential to Provide a total capability for
optimizing the materials technology for integrated optics.
The progress in the three areas is detailed in the following
sections.

A. Vapor Epitaxl

The initial work in vapor epitaxy was described in
our last report. Several additional n-type layers were grown
on Ga]_xAles with an aluminum concentration of about 4%. The
Preparation of the Structures for waveguiding involves the
fabrication of small rectangular pieces with optically

smooth cleaved edges with minimum number of imperfections
or potential scattering centers ip the waveguiding layer, as

well as the bounding interfaces, To obtain these the epi-
taxial wafers were thinned down by polishing to below 6 mil
total thickness and several cleaved pieces made. These were
subsequently used in waveguiding experiments described in 1
Section Iv-B.
It is evident from our results that a vapor epitaxial
system with more sophisticated temperature and gas-“low
controls is required. Such a system has been built and is
being tested. Results on layers obtained will be given in
the next report,

The vapor episystem cannot be used easily to grow
Ga]_xAles layers because of the high reactivity of aluminum,

The liquid epitaxial method, however, has been used extensive-
ly for growing device quality layers of Ga]_xAles in several

laboratories. The variant normally used is the graphite

25




slide-bar method described in our previous report. Since
with this method a small amount of melt normally is used
for individual runs, we refer to it as the limited melt
approacii, as distinct from the infinite melt crystal-
pulling type technique.

Linited Melt Liquid Epitaxy

The system used in our growth experiments and the
basic *theory behind ‘he process have been described pre-
viously. We have since added a temperature programmer that
enables us to control the cooling cycle reproducibly.

The boat containing the substrate and the melt was
made of high purity ultracarbon graphite. Several experi-
ments demonstrated that the softeness of the graphite results
in some powder formation during the operation of the slide
bar, especially in the presence of fine crystallites of gal-
lium arsenide that tend tc be dragged along with the melt.
These particles in turn scratch the grown surface. This is
highly undesirable for the growth of high quaiity layers,
especially when their thickness has to be very small (about
2 um) to ensure single mode guiding. We have now begun using
a denser form of graphite (Poco graphite) which seems to have
eliminated most of the problems associated with powdered
graphite. We have gained enough experience from using these
assemblies to enable us to design a slide-bar assembly
coated with pyrolytic graphite. Tre use of the pyrolytic
coating guarantees smooth mechanical furctioninag of the
boat and minimizes contamination due to reaction with the
melt.

Using the poco graphite boat and the new temperature
controller and programmer, we have succeeded in making

several layers of Ga]_xAles on GaAs with about 5% Al.

The optimization of the rate of cooling has resulted in a
layer that has a more yradual variation in the Al profile

26




in the grown layer than has been previously obtained. It
also has produced a layer that is more uniform in thickness
and a surface that is siooth and free from major growth pat-
terns. We have succeeded in growing a second layer with

» Al, thus giving us a structure with a waveguiding layer.
Experiments in guiding with these layers have demonstrated
that they do have the necessary refractivc index variation.
The second layer, hcwever, still is not free from problems.
Sirce it has to be only about 2 *0 3 microns in thickness,
all control problems are exaggerated and the layers examined
have been lossy.

Our calculations suggest that the guiding performance
can be improved considerably by going to a higher Al content °
in the two layers. Increasing the Al concentration, how-
ever, poses considerable problems because of the high segre-
gation coefficient of Al at the temperatures commonly used
in epitaxial growth. The segregation coefficient varies
from 20 to 30 in the temperature range of interest (800 to
900°C). We are presently using two approaches to this
problem: (1) choosing proper processing conditions in the
slide-tar method, and (2) using the infinite melt approach
detailed later in this report.

The processing in the slide-bar assembly mainly depends
cn the following factors: (1) the initial temperature at
which the melt is saturated, (2) the time of saturation,
(3) the extent of supersaturation at the start of growth,
(4) the temperature interval AT through which the super-
saturated melt is cooled in contact with the substrate,
and (5) the rate at which the melt is cooled. The details of
the theoretical approach involving these parameters were
given in our last report. It is important, however, to
realize that each graphite assembly with its position in
the dynamic gas flow tube in the furnace must be optimized
for operation more or less empirically using the theory as
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a guide. Ap example of such an approach with some of the
relevant parameters is given in Table 1.

The series of runs summarized in the table demon-
Strates the importance of several parameters., It can be
seen, for example, that the melt must be saturated at 3
temperature about 7°C higher than that for starting growth.

be seen by cleaving and etching the grown layer and appears
as a double junction (see Fig. 7). Such a regrowth is not
always undesirable. Ip some experiments where crystal
perfection is of the essence 3 controlled etchback and growth
is known to improve epitaxial growth. However, it is impor-
tant to take the possihility of etchback fully into account,
to permit the growth of layers as thin as 2 um reproducibly.
In the growth of structures for waveguides the growth of the
second layer with the higher refractive index is critically
affected by this consideration. Therefore, it is imperative
that the time rate of layer growth and the etchback and
regrowth cycles, be fully integrated into the operational
cycle. Unfortunately, the control of a cycle ¢f this type
is highly dependent on the position of the slide-bar assembly
in the growth chamber,

Another factor brought out by the series in the table
concerns the scratches in the surface of the grown layer
(see Fig. 11). When the growth cycle is finalized and the
mechanical tolerances ef the wiping assembly in the slide
bar are optimized, the close tolerances involved result in
some scratching of the surface. The Scratches are aggravated
when the graphite tends to be powdery. The Present series
Was accomplished with a slide-bar assembly of Ultracarbon
grapiite. Using the Poco graphite assembly has resuylted in
a considerable improvement, and the pyrolytic graphite coated
assembly which we received recently is expected to eliminate
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the scratches completely. The scratching problem is naturally
aggravated on layers of small thickness, less than 3 to 4 um,
Several of the fac:ors mentioned above are illustrated
by the series of photographs in Figs. 7 through 11. Figures
7 and 8, which correspond to samples 0040 and 0042 in
Table IV, show the regrowth area in 0040 and its absence in
0042. The regrowth area can be seen better (Figs. 9 and 10)
in samples 0055 and 0056 (not listed in Table IV) in a new
graphite assembly. Sample 0056 was prepared using longer
time of growth than sample 0055. The results show that
increased time of growth only increases the thickness of the
grown layer but does not affect the regrowth layer. Figure
11 shows a typically grown layer with faint scratch lines
caused by particles dragging across the face.
The slide-bar assembly method has been used success-

fully to make a multilayer structure with Ga
top of Ga

0.98"1g.02Rs on
O.96A]O.O4AS’ The top layer is about 5 um thick

and the bottom layer is about 6 to 8 um thick. The quality
of the layers still suffers from the defects mentioned before
and the waveguiding is possible only with considerable propa- i
gation loss due to surface irregularities and imperfections.
As mentioned before, it would be desirable to increase
the aluminum concentration to about 25% to improve waveguide ]
transmission. Considering the high segregation coefficient ;
of Al in a gallium solution, we felt that the infinite melt
approach would have considerable merit for waveguide fabri-
cation. One final point needs to made, however, about the
limited melt growth with specific reference to the growth
of Ga,_,Al ,As Tayers. This concerns the variation of the
segregation coefficient of Al as a function of temperature.
As evident from the literature and calculations given in
our previous repcrt, the segregation coefficient increases i
as the growth temperature decreases. As a result, there i
are two factors that influence the aluminum concentration i

29



€861

TSS3URILY: = um

cawty bur|ooy = :*Euw

‘eanjesadwdy 30 abuea bBuy|o0y - Huu
g jes

3uanjeaadwa)l uoriednyes - 1,

“313u 3yl 03 p3aIdeIuO0d sem 33e43sSqNs 3yl 34043Q unjeaadwal :o_umgswmw
34l 03 umOp |00D D3 pamo||e Ssem 3 3w ayl ‘aanjesadwal S1yj 1e uoLjeuanies 4alzy ‘unjedadwal uorjeanjyesaadns *5 wha

324> uorLjeuniyes
3yl burunp syeg jo uasem ULyl e yitm I2eJuo” uL Aeys o3 PaMO| |® SBM J[3w 3yl *patji1dads se pappe Syeg paysnudd ayl sapisag,

B T T T = =

S3ydrjeads
ajejang  "3jea
yimoab ui abueyd _

830N "3A0Qe se auweg 0" ¢ 5 ¢£68 L S€°0 L 92870 ot 9°9 | 9°988 il e 9°0| 61 £v00

I
©S32yjeuads adejgung

"43Ae}p wd0jiuNn pooy _ #

“91QLsSiA Jou xleqydlj3 0°¢ 0°v68 L 02°0 é 00g-0 ol £ £88 9680°0 9@l S 2v00

30

c43hey umoub .
AQ abeuaaod 433133q _
$PadnNpad 3deqydlj 5515 S ¥68 L 020 s oogo ot & 688 160°0 C 0 | 000

g i
T43A° | wAOjLUNUOY
‘uot3dun( Je xdeqyll3 0°¢ 0°v638 L 02°0 §L2°0 0¢c 5°9 168 ¢80°0 9°1 [l s° 6£00
— —— e — o | (. ——, b — el
$4no s
B P b i .- gln [l A5y tv | syeg| ey
syJewd IS - l.h ‘aye "1 oearey RIS I ajeaisqgn
1 3 o 1= = Y 3 S = e 1sang

J Suwedg ut jybiram
‘danjeadadwd)| ‘uoLliLsodwo) e} 13K

P
3247 uoyjeangeg | 4IMO49| 4 Tl6uto0)

YIMOJ4Y 3 |8W PIILWL] :Swil4 |eiLxe3Ld]
AT 378VL




M8t

Jy Jp J, J,: REGROWTH REGION
Fig. 7.

Sample 0040 GaAs with Ga "‘\'O (‘\rAS epi-
layer. shows the regrowt’ région close
to the Juncgl Scale: 2 um/div.
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M98I3 2544 -10

J J = JUNCTION

Fig. 8.

Sampie 0042, GaO.QSA]O_OSAS epilayer on
GaAs. No regrowth region observed.

cf. 0040. Scale: 2 um/div.
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M9799

2544-9

.

Fig. §.

GaO.QSMO.OSAS layer on GaAs. Note the
regrowth region J1J2. Scale: 2.3 um/div.
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M9798

Tig 10

g 05A9 layer on GaAs. Note in-
creased hickness of epifilm, but same
regrowth region Jidsp. Qca]e. 2.3 pm/div.

M98CO0

Fig. 11.
Ga0.95AIO_O5AS layer on GaAs. Sample of
a good layer. Note lines running paral-

lel to cleavage lines at right and
Teft end.

34



in the grown layer. The segregation coefficient being as
high as 30 makes the solution poorer in aluminum, and hence
the Tayer grown lower in aluminum concentration, as the
growth progresses. However, this 1s offset to some extent
by the increase in segregation coefficient as the tempera-
ture is reduced during the growth period. At any starting
temperature, the final aluminum concentration profile in the
epitaxial Tayer will be a reflection of these contradictory
factors and the final result is heavily dependent on both
the starting temperature and the growth cycle. 1t can be
seen alse from the argument that the thickness of the layer
to be grown will have an important bearing on the starting
tempereture and the cycle to he chosen. Because of these
considerations the Timited me]t epi is best used where thin
layers are required and the infinite melt method described
below has significant advantages when thicker layers of
variable aluminum concentration have to be grown.

iquid Epitaxy

The infinite melt technique offers many important
advantcges to the growth of semiconducting films, in general,
and some specific advantages to the growth of Ga]_XA]XAs
films in particular. Since a large melt or saturated solu-
tion of GaAs in Ga is the source, the layer growth can be
carried out in a stable matrix with very uniform conditions
of temperature and concentration, the two prime parameters
for good crystal growth. Again, since aluminum has a very

high segregation coefficient, a uniform layer of Ga]_XAles

can be grown easily from a large source so that the growth
front concentration of the ambient liquid stays close to in-
variant during epitaxy. Hughes Research Laboratories has
extensive experience in growing GaAs by infinite melt epi-
taxy, and therefore, is capable of evaluating the technique
for the integrated optics application.
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The major disadvantage to the large melt approach arises
from the high reactivity of the aluminum. In the slide-bar

approach this difficulty is avoided for two reasons
to the technique.

inherent

i A small melt ig used only in one experi-
ment and then discarded. Therefore,
the melt 15 exposed to air only once
at the beginning of each experiment.

2. The substrate js s1id under the et
and hence is not exposed to any reac-
tive films that may be at the surface
of the saturated melt. While this

is helpful, it is well to remember that
in the wiping operation, which ig part
of this Process, any significant amount
of surface crystallites or particles
can lead to mechanical damage of the
grown surfaces.
Thus, under control]ed conditions the two points made here
make the slide-bar Timited-melt approach attractive. J[ts
major advantage, of course, ig itls ability to make multipie
Films in one experiment by havirg more than one melt slide 1
1
!

over the substrate in a series fashion. For some very small

devices where feasibility and the determination of param-
eters for research are prime considerations, this is indeed
a@ practical approach for obtaining rapid results., However,
where large areas of perfect epitaxy are necessary, as in
the case of waveguides, the infinite melt has the ability
to provide large-area layers. The advantage of this approach
can be appreciated further, when we think ahead to the next
generation of device needs, where these waveguides have to
be integrated with other structures to form integrated
cptics components and cirguits.

With these goals in mind, we have Proceeded with tha
growth of large-area Ga]_xA]xAs films by the infinite melt
technique. In most applications GaAs layers are grown from a

1
melt contained in 3 quartz crucible heated to ahout 850°C. i
I
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Such layers have been grown in many laboratories. Generally,
the layers grown from the undoped melt are p-type with sili-
con as the major impurity. 1In our experiments, we have been
able to grow layers with p-type carrier concentration less
than ]0]5/cm3 routinely. However, when we added aluminum

to the melt it was soon evident that a quartz crucible is

not suitable, since it reacts with the aluminum at a rapid
rate (see Table V, Q1 and Q2). We were forced, therefore,

to lTook for alternative materials for crucibles.

One of the simplest of several alternatives is aluminum
oxide. High purity aluminum oxide crucibles now are avail-
able for semiconductor use. Several of these have been pur-
chased and we are conducting an extensive series of experi-
ments to evaluate them for the growth of gallium arsenide
epitaxial films,

The initial results have been very gratifying. Layers
of Ga]_xAles have been grown and their electrical properties
and chemical composition have been determined. It was evi-
dent from initial experiments that we hadfto provide for a
more sophisticated gas handling and processing system for
the crystal growth chambers to eliminate oxidation of the

melt due to the addition of the aluminum. We have such a
system being modified for Ga]_xAles crystal growth. A

photograph of the system is shown in Fig. 12. It has a

special sample entry chamber which can be independently evacu-
ated and flushed with argon and, subsequently, with high purity
hydrogen. Any sample that has to be introduced into the

growth chamber must be introduced through this chamber.

This eliminates all possibility of contamination of the melt
during the long series of runs required to produce a number

of samples. As the source melt itself is maintained in a
constant flow of ultra-high-purity hydrogen at all times, it
remains free of oxide and other contaminants which may be
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Fig. 12. Reactor for lTiquid epitaxy.



introduced inadvartently during the entry of the substrate
into the chamber. We have observed that over a period of
time the melt gets cleaner progressively and then stays
extremely clean throughout a long series of erperiments.

The growth system is equipped with an Azar recorder-
controiler backed up by a very sensitive proportional-type
controller that allows accurate measurement and control of
temperature in a five-zone furnace. We have also perfected
a programmer that can smoothly vary the rate of temperature
change as a function of time. The combination allows us to
study the epitaxial layer growth as a function of the temper-
ature cycle and hence to establish an optimum program for
fully reproducible epitaxial layer growth.

Data gathered from the slide-bar assembly experiments
were used as a starting point to calculate the concentration
of aluminum and gallium arsenide necessary to obtain layers
with different compositions of grown layer. Table V gives
the growth parameters and characterization results for several
melts and the properties of crystals growg from them. The
first two, Q] and QZ’ refer to layers grown from quartz. It
is interesting to note that both these layers show no trace
of aluminum in the grown layer. Layer A] gives the charac-
teristics of a layer grown from the undoped melt in the
aluminum oxide crucible. Since it was a new crucible and an
early experiment in a series with aluminum oxide crucibles,
the carrier concentration is considerably higher than the
method is capable of giving. It is interesting, however,
that the layer is well behaved as shown by the mobitlity.
Note that aluminum is absent from the epitaxial layer, even
though aluminum oxid= crucible was used.
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Layers A2 through A4 were grown with the addition of
aluminum. The values of Al concentration obtained by the
electron microprobe need to be corrected to take into account
absorption caused by Ga and Al. We are perfecting a computer
program which will enable us to do this routinely on our
samples. The data given here, however, indicate that the
method is dependable and can e used controllably to produce
Ga]_xAles layers with predictable aluminum concentrations.

The surface of the grown layers is smooth and uniform,
and the grown junction is free from imperfections (see Figs.
13 and 14). More detailed measurements with the electron
microprobe presently are being made, and these will be con-
firmed by independent measurements using photoluminescence.

Several additional factors, which influence the quality
of the epitaxial layer and the aluminum conceatration pro-
file in it, will be investigated in the next quarter. These
include the starting temperature, the rate of cooling, and
the temperature range of the cooling cycle that is optimum
for a specific aluminum concentration in'the layer. The
aluminum concentration profile will be determined accurately
by pclishing the epitaxial layer on a bevel.
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M9810

Fig. 13.
Ga 5A] 5As layer grown by the infinite
me?t method. Layer thickness 65 um. Note

the smooth, featureless surface over the
entire area.
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J - JUNCTION
A 8B SIDES ARE
BOTH SHOWN

Fig. 14.
Ga Alg. gAs grown by infinite mel+ method.
Thicknes$“65 um. The two epitaxial layers on

the crystals are clearly brought out to show
the uniformity ot the layers.
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Iv. EPITAXIAL FILM CHARACTERIZATION

A. Physical and Chemical Evaluation

Reference has been made in the preceding section to
evaluation and characterization of layers grown auring the
program. Hall measurements havye been made on several sam-
pPles to determine carrier concentration and mobility (see
Table V in Section IIT-C), and electron microprobe measure-
ments have been used to determine the aluminum concentration
and the concentration profile in several samples grown by
the infinite melt and Timited melt techniques.

One of the points worth noting is that the layer
thickness measured by the optical microscope on a cleaved,
etched cross section of the grown layer checks closely with
that measured by the scanning electron microscope. The aluy-
minum concentration measured using the electron microprobe
shows abrupt variation at the junction and a gradation across
the layer (see Figs. 15 through 19). Figures 15(b) through
19(b) also show the variation in aluminum as the melt con-
centration changes. For each sample the Al Ka scan indicates
no noticeable variation in uniformity. Accurate quantitative
measurements using the electron microprobe must await a de-
tailed computer Program that is being perfected. This pro-
gram is necessary since the aluminum peak, because of its
close proximity to the gallium and arsenic peaks and aluminum's
small atomic number, needs to be corrected for absorption
efiects. Additional correction is necessary since the po-
sition of the aluminum peak calls for operation of the micro-
probe at as low a potential as possible to avoid heavy back-
scattering. The program Presently is being refined to enable
us to measure the aluminum concentration Quantitatively at
several Al levels.
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Fig. 15(a).

SEM photograph of
cleaved cross sec-
tion of Qo (Table
IV). Magnification
500x.

Fig. 15(b).

AlKy scan of Qp
(same region as
15(a)). Magnifi-
cation 500x.
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J
Fig. 16(a). SEM photograph of cleaved
cross section of Ay (Table
IV). Magnification 500x.
J: JUNCTION

K, scan of Ay (same region as
(a)). Magnification 500x.
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Fig. 17(a).

SEM photograph
of cleaved cross
section of A,
(Tabie 1V).
Magnification
500x.

M9806 2544-18

Fig. 17(b).
A1K, (same
region as 17(a)).
Magnification
500y .
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J = FUNCTION

Fig. 18(a).
SEM photograph
of cleaved
Cross section
of Aj. Magni-
fication 500x.

Fig. 18(b).
A1Ka scan of A
(same region as
18(a)). Magni-
fication 500x.
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® J=JUNCTION

Fig. 19(a). SEM photograph of cleaved cross section
of A4 (Table IV). Magnification 500x.

0-2544 - 28

J=JUNCTION

Fig. 19(b). AlK_, scan of Ay. (Same region as 19(a)).
Magnification 500x.
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We also have obtained electron microprobe profiles of
the cleaved cross section of sample A4 Tisted in Table V.
This is shown in Fig. 20. As can be seen from this figure,
there is only a small gradient of the Al concentration across
the epitaxial layer. A comparison between the layer grown in
the infinite melt and a previous one from the 1imited melt
approach illustrates the influence of the segragation co-
efficient, highlighting the difference between the two tech-
niques. The dramatic difference between the two methods in
providing thick uniform layers is obvious from Fig. 21. In
Fig. 21 the AI/A1j refers to the ratio of aluminum concen-
tration at a certain distance from the junction to that at
the junction itself. 1t can be seen that the infinite melt
method gives almost the same variation in concentration in
27 um as the slidebar method gives in 4 um. Considering
that the infinite melt growth took place at 875°C ang the
slidebar method at 896°C, the variation for the infinite
melt at comparable temperature should be,even less
since the segregation coefficient is lowér for the higher
temperature of growth. We have the capability of reducing
the concentration variation even further by two different
approaches: {1) increase the melt volume and (2) increase
the temperature at which growth is started. Both these will
be used in combination to grow epitaxial layers of Ga]_xAsXAs
of varying aluminum content, We also shall be studying the
aluminum profile in greater detail by using beveled samples
for microprobe analysis,

B. Optical Wavequiding Evaluation

An attempt has been made to measure the loss of a GaAs
epitaxial waveguide on a 4% Al concentration Ga]_xAles sub-

strate. The GaAs layer was grown by vapor phase epitaxy and
was approximately 5 um thick. Coupling into and out of the
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AL CONCENTRATION ( MICROPROBE COUNTS)
ARBITRARY UNITS

Fig.
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Infinite Melt epitaxy: aluminum concentration pro-
file of cleaved Cross section. Sample A,. Scat-
ter in the points partly due to the cleaved inter-
face irregu]arity as seen by the microprobe.
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EPILAYER, pum

Fig. 21. Electron microprobe profile of Ga]_xAles
layers grown by different methods
— — — by slide bar (sample 0001)

by infinite melt (sample A4).
Al Concentration of aluminum at a point in layer
A]j " Concentration of aluminum at growth interface
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waveguide was achieved by direct focusing onto the cleaved
edges. The intensity profile from the output face of the
waveguide was recorded using a Ge photodetector. The radi-
ation source is a He-Ne laser operated on the 1.15 um transi-
tion. Samples of varying length were cleaved from a single
wafer. If the attenuation loss per unit lenath is uniform,
then a semilog scale plot of the relative outpitt intensity
versus length should yield a straight line whose slope is
equal to the intensity absorption coefficient. The results
obtained for five lTengths measured are shown plott>d on a
log scale in Fig. 22. For a fixed Tength the different data
points are the result of propagation through a different
portion of the slab guide. As can be ceen. the data points
do not lie on a straight line. High magnification photo-
graphs (shown in Fig. 23) of the cleaved surfaces of the
various samples indicated that the surface quality was not
optimum, a fact which undoubtedly resulted in varying input-
output coupling losses. The straight line shown in Fig. 22
corresponds to a 2.2 cm'] absorption coefficient.

Optical waveguiding has been observed through approx-
imately 2 mm of Ga0.98A]0.02As liquid phase epitaxial wave-
guide on a substrate of Ga0'95A10.05As. The guide thickness
is 2 to 3 um. The relative output intensity was weak com-
pared with the vapor phase GaAs guiding structure described
previously. It is felt that thus is attributable to poor
surface quality of the epilayer.
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on a 47 Al concentration Gal-xA]xAS substrate.

2544 -7

~&—— GoAs EPITAXIAL LAYER
5 um THICK

s GOo_gsA|o'04AS SUBSTRATE

Example of a cleaved edge of a GaAs epitaxial
waveguide on a 4% Al concentration Ga,_,Al,As
substrate.
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DEVICE ELEMENTS

During this reporting period we have beéun considering
some of the device elements for which GaAs and Ga]_xA]xAs are
particularly suitable, with the aim of establishing the re-
lTationship between device requirements and material and
structure characteristics. In this aieca some of the company-

supported efforts in specific device areas are proving to be
helpful.

A. Integrated Optics Components

1. Waveguide Bends and Couplers

Waveguide bends are clearly a necessary part
of intejrated optical circuitry. An estimate of the radia-
tion loss for a bent waveguide with a radius of curvature R

can be obtained from the analysis of Marcati]i.4 As an ex-

ample, consider an infinitely high slab ghide of thickness

"a" and refractive index 0 imbedded in a medium of refrac-
tive index n, so that n_ = nx(l-A) With a<<1. Following
example two of Ref. 2, the guide dimensions required for a

total curvature radiation loss aR = 0.01 nepers = 0.087 dB

are listed in Table VI. It is assumed that the width a is the
maximum comp~tible with single mode guidance in the infinitely

high slab, that is
2 (e n2 - n2 i =]
Ao X y

Assuming that n, = 3.569 (GaAs) the results obtained are
Tisted in Table VI.

*E.A.0. Marcatili, Bell Syst. Tech. 4. 48, 2103 (1969).
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TABLE VI

Guide Characteristics Computed for Total
Bend Loss of aR = 0.087 dB

a R

- Yoo X X 7
0.10 0.3 0.32 12
0.01 0.05 0.99 376
0.001 0.005 3.13 11,900

As can be observed from the numbers ir Table VI, a
5% Al concentration difference is thec ~etically sufficient
to ensure reasonable radii of curvature. This needs to be
experimentally verified.

Coupling of energy from one channel optical waveguide
into an adjacent optical waveguide recently has been demon-
strated.5 The channel waveguides were formed by proton im-
planting GaAs. It was shown that efficient coupling between
the excited channel and adjacent charnels is possible. This
demonstration of efficient coupling along with the fact that
guides in Ga, A1, As have reasonable radius of curvature
losses for Al concentration differences on the order of 5%
make couplers of the type sketched in Fig. 24 feasible, Here,
the relationship between the geometry of the device and the
A1 concentrations in the various layers is even more critical
than for ordinary guides and bends.

2 Distributed Feedback Injection Laser

Thiw film waveguides fabricated in the Ga]_xAles

material system offer the attractive possibility of providing

55. Somekh, E. Garmire, A. Yariv, H.L. Garvin, and R.G.
Hunsperger, Appl. Phys. Lett. 22, 46 (1973).
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2360-2

(a) RIDGED GUIDE COUPLER

INDEX FILLING MATERIAL TO 2360-3
INCREASE COUPLING COEFFICIENT

Ga1_yAIyAs
ORIGINAL EPITAXIAL LAYER
DOPED WITH ADDITIONAL

ALUMINUM TO FORM LATERAL
INDEX DISCONTINUITY

(b) PLANAR GUIDE COUPLER

Fig. 24. Narrow optical waveguide couplers.
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an electrically pumped thin film source. A sketch illustrat-
[ ing what the future may hold with regard to thin film sources
is shown in Fig. 25. The active region consists of a p-n
Junction in a GaAs layer. Feedback for lasing action is pro-
vided by the period cally corrugated surface. The first
order Bragg feedback condition requires a corrugation period
of 1200 R. To prevent the radiation from being absorbed in
the waveguide coupled to the laser, the Al concentration in
that region must be sufficient to shift the bandgap of the
Ga]_y
in building a distributed feedback injection laser are the
machinability of GaAs to required tolerances and the develop-

A]yAs guide away from that of GaAs. The major problems

ment of techniques for fabricating structures with composi-
tion discontinuities along the epitaxial layer.

3. Integrated Detectors

Bombardment of GaAs with high energy protons

can be used advantageously in the fabrication of optical
detectors. Proton bombardment causes an absorption edge
shift to energy low enough to permit detection of photons i
which can be guided with 1ittle absorption in waveguides
formed in the GaAs by any of the usual methods.

Under company funding we have fabricated two types of

detectors using proton bombardment. One of these is of the
type which has a transparent surface barrier to admit the
light to the active volume. The barrier was fabricated by
evaporating a 130 R thick gold film. The second type of

device is an integrated waveguide-detector combination with

evapovated aluminum surface barrier. Preliminary measure-

ments of device characteristics such as Schottky barrier
reverse breakdown voltage, photocurrent, avaianche multipli-

cation photoresponse, and time response have been performed.
These characteristics are related to such material parameters
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Fig, 28. Concept for a thin film integrated source.
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as carrier concentration and mobility, density and distribu-
tion of defects or contaminant atoms producing deep level
traps, and epitaxial layer thickness uniformity. Therefore,
evaluation of these properties and determination of the effect
of the growth techniques on these properties is essential.

4, Thin Film Modulator

In addition to sources, detectors, channel
waveguides, and directional couplers, a complete integrated
circuit will require a means of modulation. If the source
is an injection, laser modulation may be achieved by direct
modulation of the source itself. Alternatively, the inte-
grated optical circuit may possess a separate thin film modu-
lator. If the electro-optic effect is used for the modulator
ore must properly select the layer-substrate index difference,
guide thickness, and crystal orientation so that the appli-
cation of an external voltage can force the guide in and out
of cutoff. This produces an amplitude modulated signal at
the output coupler. Since meta] electrodes must be used to
enable one to apply the electric field the material and
Structure properties affecting the Schottky barrier at the
electrode, the depletion layer in the modulator film, and

the amplitude of the optical field at the electrode (affecting
losses) must be carefully considered.

§. Periodic Optical Filter

As the state-of-the-art of integrated optics
progresses, a need can be foreseen for optical filters com-
pa.. enough to be compatible in integrated optical circuits.
Periodically perturbed guides can be used as such filters.
The filtering action of a periodic guide is based on the fact

that frequencies near the Bragg regime where the wavelength
fulfills the condition,

g A -
A=m 5y M = 13258
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are rejected. Here A is the Period and m represents integers.
A detailed analysis of periodic filters is given in the fol-
lTowing section.

8. Analysis of Propagation Characteristics of Periodic
Dielectric Wavequides

Periodic optical structures are éxpected to play an
important role in integrated optics. Their applications in-
clude, (1) optical filters, (2) grating-air wavequide coup-
lers, (3) directional coupling, and (4) distributed feedback
lasers.

A basic understanding of the Propagation character-
istics of such waveguides is a prerequisite to their utiliza-
tion. We have considered the problem from two points of view:
(1) direct solution of Maxwell's equations, and (2) coupled
mode formalism.

The first approach is important in understanding the
general propagation and radiation behavio} of the periodic
waveguide. The second gne is especially useful near the
Bragg regime where the period A is some integral multiple of
\/2 where A is the wavelength in the guide. It also leads
to closed form expressions for some of the needed engineering
parameters of the structure,

The periodic Sstructure considered in our work is the
corrugated dielectric wavegu1’de.6’7 Techniques for producing
such corrugations using ion mi]]in98 have been developed to
the point where gratings with A = 0.17u have recently been
fabricated.9 The structure considered in this part of the
analysis 1is shown in Fig. 26.

. Sakuda and A. Yariv, Optics Communications 8, 1 (1973).
- Stoll and A. Yariv, Optics Communications 8, 5 (1973).

L. Garvin, E. Garmire, §S. Somekh, H. Stoll, and A. Yariv,
Ppl. Optics 12, 455 (1973),

K
H
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H. Yen, et al., to be published in Optics Communications.
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Schematic of thin film dielectric waveguide
with a sinusoidal corrugation on one side of
a guide. Currugation height 24, waveguide
thickness d, periodicity A.
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The model consists of a three-layered wavequide wi

sinusoidal corrugation. We assume no variation in the y

direction and consider the Propagation of a TM mode. The
modification hecessary to obtain the behavior of a TE mod
will be described below.

Assuming exp(-jut)

variation, we obtain from Maxwe
equations

E. = .(b . 'A ’
5 (i LJ) Ve yJY)
where vV, = Xx3/5x + 20/9z2, n.
¢ 1/2
layer j (j=1,2,3) and k0 = w(LOLO) :
at » has a Floquet form and is taken as

Hy],n =m;;T Am,n exP(mm,nz) exP(_Ym,nx) ’

X 2z .d/2 - A cos(2nz/A)

.
b
w

Moo ™ X exp(ig —z)

ms= - o

[Bm,n exp(ixm’nx) * Cm,n exp(-1xm,nx)] ?

-d/2 = x <d/2 - A cos(2nz/A)

.
b

exp(ig z) exp(¢t

X
m,n m,n ) i

X <« -d/f2

n refers to the mode index, while m denotes the mth

space
harmonic of the nth mode.

The problem consists of solving

for the space harmonic amplitudes and the propagation con-

: re-
stants T 1 Uy p Em,n’ and Bm,n The last four are re

lated through the wave eq. (1) as
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(2)

is the index of refraction of

The propagating mode

(5)




2 L A2 2 , 2 2 e 2
Ym,n = B n N ko T o W ko - Bm,n 4
2 2 2 2
é:m’n = Bm,n = n3 ko ’ (6)
where
Bm,n = B, t 2mu/L . (7)

Note that in view of eq. (7) we need only solve for -7/
< B, < 7/L and the rest of the dispersion (w-g) diagram can
be obtained from eq. (7).

Applying the continuity conditions to E and H at the
two interfaces leads to an infinite set of homogeneous al-
gebraic equations for the coefficients A mn Bm n? Dm "
Truncating the number of terms in the resulting determlnanta]
eauation and solving it numerically on a computer leads to
the dispersion relations. These are drawn in Figs. 27, 28,

and 29 for the parameters:

Corrugation height: 2a = 0.3 um
Thickness of waveguide: d = 3 um
Periodicity: & arbitrary

n, = 3.6

n3 = 3.4

Notice the existence near gA = - of a forbidden fre-
quency regime. In this regime which is magnified in detail
in Fig. 29, the propagation constants are complex. This is
a result of Bragg scattering between the forward (BA = 1)
and the backward (8A = -7) traveling waves which becomes
resonant wien 2n/A = 238. This is the reg.on which is most
useful in distributed feedback 1aser59 and in optical filter-
ing. This region can be studied by assuming that the optical

Ibid.
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Asymptotic lines of dispersion diagram
(solid lines). If dispersion curve lies
in regions a and b, the mode is confined
in a guide. In region ¢ the guided modes
couple to a substrate leaky mode. In re-
g9ion d the guided modes couple to both air
and substrate leaky modes.
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Dispersion diagrams for a corrugated and an un-
corrugated waveguide. Solid lines show the dis-
persion diagram for a sinusoidally corrugated
waveguide. Dotted lines show the dispersion
diagram for an uncorrugated waveguide (TM mode).
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Corrugation Height: 2A:=0.3um

Thickness of wave quide: d=3um

Refractive index of wave guide:
np = 3.6

Refractive index of substrate:
n3 & 34

Periodicity: A arbitrary

Enlarged dispersion diagram at the vicinity
of a forbidden gap (TM mode).
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propagation here is dominated by the two modes with BA = +7.
This leads us to the coupled mode formalism developed be]ow.]0

The field component EX of the corrugated wavegquide can
be expanded in the TM mode field of the smooth waveguide as

EX = —m?gé—— H(y)(x) exp[i(nt-Bmzﬂ-+ @84 (8)

where Bm(z) is the normalized mode amplitude so defined so
that !Bm!2 Ts the total power (per unit width in the y di-
rection) in mode m. The field H(y)(x) is given by

HR) < -cln/a) cos he) + sinthe)]exslp(xe)], x < -t

C[-(h/q) cos(hx) + sin(hx)] , -t = x< 0 f

n

-(h/q) C exp(-qx) , x 20 (9)

where, referring to Fig. 30, the continuity conditions at
x =0 and x = -t result in the eigenvalue relation

tan(ht) = h(p+q)/(h%-pc) |
p = (ng/ng)p y q = (ng/nf)q ; (10)

We choose the constant C in eq. (9) so that lelz is the
power per unit width (y) in the mode. This determines Cm as

= 1/2
Cm = 2(weo/Bmteff) :
where
—2 2 2 2 2 2
t =L‘i[_t+L+h ] +P_+h ] ] (]])
eff 52 "g 62 ! h2 nfq 52 4 h2 ngp

The effect of surface corrugation is to generate a perturba-
tion polarization wave

P. = an®(r) e E ] (12)

10

A. Yariv, Jour. Quantum Electronics, to be published.
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30. (a) Unperturbed waveguide. (b) Wave-
guide with square wave perturbation.




where Anz(r) is the deviation of n2(r) of the corrugated
structure from that of the smooth guide. Referring to Fig.
30(b), we have

An2(r‘) = AnZ(X) {;— + (2/w)[sin nz + -:]; sin 3 nz + ]}
Anz(x)=n§-n]2 - -as x50 ; (13)
=0 § elsewhere.

The polarization driving the backward mode is given
by eq. (12) when Ex is the field of the forward mode and
vice versa. \Under these conditions, a substitution of eqs.
(8) and (12) into Maxwell's equation leads to

KB; exp(-iaz) ,

a
o
~
Q.
N
n

~

a

N
n

KB; exp(+inz) (14)

where the superscripts + and - refer, respectively, to the
forward and backward modes. The phase mismatch factor is
defined by

Aw) = 28(w) - n (15)

where n = 2n/A is the fundamental spatial frequency of the
periodic modulation. The coupling constant « is given by

Wy . _2 2
= 0 (an"(x) [y(m)
<« g2 [ 4 [Hy (x)] dx . (16)
e Mlx)
We consider the case of a wave B; incident on a corrugated
section of length L. The appropriate boundary conditions are
B (L) 0 and B+(0) = B(0). The solutions of eq. (14) are

then
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1.
exp(+ 7 1Az)

[ B¥(z) = B(0)

-a sinh(% SL) + s cosh(% sq
X {A sinh[% S(z-L)]+ iS cosh[% S(z-Lﬂ} . (17)

2ik exp(- % iAz)

_ ety ([111] _
2 N4 = D0 -4 sinh(% SL) b AS cosh(l SL) S1nh[2 e Lq

2
where

1/2
%)

S = (42 - 4 (18)

2 2
A sketch of the mode power |B+| and |B"| is shown in Fig.
! 31. The exponential-like decay is caused by backward Bragg
scattering and not, as in grating couplers, to radiation.

The exponential regime of the solution exists according to
eqs. (17) and (18) when

Blw) & 2k (19)

Since 4(w) = ZBm(w) - n, where Bm(w) is the propagation con-
stant of the unperturbed mth mode, eq. (17) depends on the
frequency w. It is easy to show that the frequencies at
which eq. (19) is satisfied are in the "forbidden" optical

gap. From eqs. (8) and (17), we can write the complex propa-
gation constant as

1 I e .. |
’é’Ai’é’IS—?ni?IS. (20)

Using the above definitions of o and S we have

Img' = [KZ - (8-n/2)2]”2

1/2
[ - (ngr/ ) (wmug)? ] (21)

R

where w, 1s the midgap frequency so that B(wo) = n/2. In the
second equality of (21) we approximate B8(w) =~ (w/c)neff'
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powS; flowing in the +z direc-

(0)] and in the -z direction,
,» as a function of z




Thus, c/n cc is the slope of the unperturbted dispersion (w-g)
characteristics near W - The "height" of the energy gap is
determined from eq. (21) as

(Aw)gap S wy = 2 Kc/neff . (22)

For frequencies w outside the gap [A(w)2 > b 2], (g' - n/2)
> x, and 8' is real. The shape of the w - B' curve near the

upper limit of the gap (w > wu) is obtained from eqs. (18)
and (20) as

2 1/2
' = % n o+ [(ngff/cz) (w-wu) + (2neff K/C)(w-wu)]

.(23)

Equations (21), (22), and (23) are general and apply
to any spatially periodic perturbation. As a check on the
above theory we applied it to the same situation considered
in the first part of this section. For the case of well
confined modes, eq. (16) simplifies to

3 | (24)

where a << AO. We have plotted eqs. (21) and (23) using the
same data as in Fig. 29, i.e., t = 3 uym, A = 0.143 um, AO =
1 uym, a = 0.3 um, ng = 3.4, n, = 3.6, n, = 1 and took Nofe =
no. The result is shown in Fig. 32. The agreement is close.
At least part of the discrepancy is a result of the under-
estimation of « which resulted from the well-confined mode
approximation. The above agreement shows that we can use
eqs. (17), (21), (22), and (23) in designing new Bragg filters
and modulators.

The operation as modulators is based on the fart that
the transmission coefficient of the device

1/2
|B+(L)/B(0)|2 o exp{-Z[Kz- (B-n/z)z] L}

7%
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Dispersion diagram for periodically perturbed wave-
guide in the region of the forbidden optical gap.
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Since B (w/c)nz, the transmission depends on either W, as
described above, or on no. An electro-optic (or photoelastic)
variation of no, will vary the transmission. Referring to

Fig. 32, the effect of varying n, can be understood by fixing
the frequency but moving the dispersion diagram vertically.

In the 1imit of well confined modes the expression (eq. 24)
for « is also valid for TE modes. Thc resulting transmission

and reflection characteristics are shown in Fig. 33 in which
kL = 1.84.

0-2544-26

Fig. 33. The transmission and reflection characteris-
tics of a corrugated section of length L as
a function of A-L drawn for «xL = 1.84.
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FUTURE PLANS

The work on this pProgram is expected to continue along
the lines established by the work performed to date. The

basic assumptions and numerical values of various parameters

which were used in the material requirements calculations

will be verified by actual measuremenrcs on the materials

grown in the course of the program. The
then be refined and performed accurately. One of the most
important properties of Ga]_xA1xAs to be accurately estab-
lTished is its absorption in the vicinity of the band edge as
a function of Al concentration.

calculations will

The three epitaxial techniques will be used to pro-
duce waveguide structures. The infinite melt method wil]
provide large area films of Ga]_xA1XAs of varying aluminum
compositions for use as substrates.

substrate

Lack of Targe area
s of device quality and homogeneity which has been
the major bar to the fabrication of acceptable waveguides,
now seems to be overcome.

The limited melt slide-bar technique will
grow thin layers of Ga]_xA1xAs on the substrates from the

infinite method. The aluminum concentration in these layers
will be adjusted to be 2 to 3

be used to

lower than in the substrates.
These multilayer structures will be examined by electron

microprobe and photoluminescence techniques to determine the
aluminum composition profile in these structures and their
guiding properties will be correlated with these measurements.
The vapor phase epitaxy will be used to grow thin
layers of n-type GaAs with low carrier concentration on
Ga0.96A10.04As lTayers to determine their usefulness as wave-

guides. At a later stage such structures also will be uysed
to fabricate other integrated optics elements.

Preceding page blank




As the waveguide structures become available the opti-
cal propagation characteristics such as loss, dispersion and
field profiles of the films will be measured. Experimental
setups to perform all these measurements are being perfected
using the waveguides presently available.

The device elements task will continue exploring the
relationship between the device requirements and material
properties. The theoretical work on periodic waveguides
will be pursued further by considering specific systems such
as the GaAs-Ga]_xAles waveguides presently grown under the
contract. The intent is to generate specific design data
which will enable us, for example, to design an optical
filter for a specific wavelength region using given wave-
guide materials and dimensions. We will also begin planning
specific experiments for testing the theory and for evaluat-
ing the feasibility of optical filters.
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