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with carrier concentrations ~ 10 /cm3 and mobilities in excess ot
4000 cmZ/Vs. Waveguiding of 1.15~um light has been observed in these
layers, made possible by the graded aluminum concentration profile
which results from the limited melt and the segregation effect. Multi-
layer waveguide structures have also been gwown using the limited
melt method. About 75 layers grown in a series by the infinite melt
method have been characterized by electron beam microprobing and
Hall measurements. Surface variation of the aluminum concentration
has been determined to be typically 5 to 6% or less. Mobilities

= 4500 cmZ/Vs have been measured in samples with carrier concen-
trations =~ 2 x 1015/cm3. As part of the continuing effort to evaluate
device elements for which GaAs and (GaAl)As are particularly suitable,
we have performed an analysis of an integral waveguide/detector in
which proton bombardment was used to produce sensitivity to wave-
lengths > 0.9 um. Calculations of projected performance indicate that
quantum efficiency of at least 60% should be obtainable for A =1 pm.
We have also evaluated the projected performance of ''leaky' wave-
guides for which the guide index is less than that of the substrate. The
results of this analysis show that useful integrated optical devices for
0.8 um light can be fabricated using leaky waveguides, provided the
guide height is > 10 um. In this case the loss due to leakage is < 1 cm-1

for an aluminum concentration > 20%.

‘Q'/ UNCLASSIFIED

SECURITY CLASSIFICATION OF THIS PAGE/When Data Fntered)




IT.

LK,

Iv.

TABLE OF CONTENTS

INTRODUCTION AND SUMMARY

A. GaAs and Gaj_yxAl,As Epltax1a1
Layer Growth . .

B. Materials Evaluation

C. Device Elements.

LIMITED MELT LIQUID EPITAXY.

A. Materials Growth

B. Epitaxial Layer Characterization
INFINITE MELT LIQUID EPITAXY

A. Materials Growth

B. Epitaxial Layer Characterization
DEVICE ELEMENTS.

A. Analysis of Proton Implanted
Integrated Waveguide/Detector.

B. Analysis of "Leaky" Wavequides
FUTURE PLANS
REFERENCES

APPENDIX

1]
11
12
23
23
24
31

31
37
43
45
47

R ———




Fig.

Fig.

Fig.

Fian.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

10.

LIST OF ILLUSTRATIONS

Limited melt 11qu1d ep1 sample
No. 122 Coe Coe

Electron microprobe profile of
epitaxial layer surface — (limited
meit slide bar)

Aluminum concentration profile in
limited melt epitaxial layer on a
10 bevel in cross section

Waveguided light in a (GaAl)As
layer with graded aluminum concen-
tration

A double layer of Ga] yAl As/Ga1 xA] As

grown on GaAs

Aluminum concentration profile on
oo melt LEPI layers (surface of
epilayer)

Aluminum concentration profile in
oo melt Tiquid epitaxial layers on
a 30 bevel in cross section

Proton-implanted integrated optical
detector — device geometry.

Principle of operation of integrated
detector.

Dielectric waveguide confiquration.

Preceding page blank

13

16

17

19

21

28

32

34
37




L INTRODUCTION AND SUMMARY

The objectives of this contract are to study and analyze the
propagation, attenuation, modulation, and detection of coherent optical
waves in thin film waveguides, in particular epitaxial semiconductor
structures at a wavelength of 8500 R, to determine the parameters
controlling the solution regrowth epitaxy of the Gal_xAles system,
to study the influence of the index discontinuity and semiconductor
carrier concentration on optical properties, and to develop the elemen-
tary optical device elements.

This report covers the work performed during the period of
July 1973 through December 1973. The present program may be
viewed as consisting of the following elements: (1) Establishment of
epilayer material and structural requirements, (2) Development of
materials growth tecliniques. (3) materials evaluation, and (4) device
analysis and fabrication techiiiques. The epilayer material and struc-
tural requirements f ‘om the device pcint of view have been tentatively
established as described in Semiannual Report No. 2 (August 1973).
Hence, no work was donc on that phase of the program during this
reporting period. That phase will, of course, be reactivated if and
when experimental data from waveguides or devices indicate that a
reevaluation of requirements is needed. The materials growth tech-
niques presently being developed involve slide-bar (limited melt) and
vertical dipping (infinite melt) liquid phase epitaxy. Vapor phase
epitaxy has been evaluated as described in Semiannual Report No. 2.
Materials evaluation includes microprobe, 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 fabrica-
tion techniques for rudimentary devices. For this task some of the
company-supported efforts in specific device areas are especially
helpful. In particular, a company-funded program to c<velop an inte-

grated waveguide/photodetector has produced encouraging preliminary

Preceding page blank




results in GaAs, and we feel the fabrication methods used can be applied

advantageously to (GaAl)As optical integrated circuits.

A, GaAs and Gal_xAles Epitaxial Layer Growth

During :his period emphasis was mainly on improving growth
techniques for epitaxial layers by the slide bar and the infinite melt
method. The layers grown by the slide bar method showed imperfec-
tions in the interfaces between layers. New slide bar assemblies made

from pyrolytic graphite have eliminated many of these. In addition,

processing conditions have been optimized to permit scratch-free
wiping of the melt at the end of each layer growth. More than a dozen
layers were grown in the improved system. These layers are being
characterized and their waveguiding properties determined. The
quality of the layers is very good, with carrier concentrations

~ 1016/cm3 and mobilities in excess of 4000 cmZ/Vsec. Waveguiding
of 1.15 pm light has been demonstrated in some of these layers. The
infinite melt growth of (GaAl)As has been perfected and a series of
layers with varying aluminum concentration have been grown from one

melt.

B. Materials Evaluation

About 75 layers grown in a series by the infinite melt method
have been characterized and the stability of the melt during long resi-
dence in the growth chamber established. The Al concentration pro-
files have been established by electron beam microprobing of cleaved
cross sections, and Hall measurements have been used to determine
carrier concentrations and mobilities. Surface variation of the alum-
inum concentrations is typicelly 5 to 6% or less. Mobilities = 4500
cmZ/Vsec have been measured in samples with carrier concentrations
22X 1015/cm3.

been performed on some of these samples. Large area layers obtained

Preliminary optical waveguiding evaluations have

by this method will now be used as the basic building block for integrated




optics. The optical absorption of the alloy as a function of aluminam

concentration is being investigated using these lavers.

C. Device Elements

We have considered device elements for which GaAs and
(GaAl)As are particularly suitable with the aim of establishing the
relationship between device requirements and material and structure
characteristics. Components such as waveguide bends and couplers,
distributed feedback injection lasers, integrated detectors, modulators,
and periodic optical filters have been considered, as described in
Semiannual Report No. 2. During this reporting period we have paid
particular attention to the integrated detector. A company funded pro-
gram to develop a method for forming integrated waveguide/detectors
in GaAs has produced encouraging preliminary results. Proton bom-
bardment has been used to create the required absorbing centers in
the detector volume. Detectors have been fabricated with a quantum
efficiency of 17% and a pulse response time less than 200 nsec, and it
is felt that further development of the technique will yield devices with
significantly improved characteristics. We have performed an analysis
of the proton implanted detector which indicates that the same basic
fabrication methcis used in GaAs should be applicable to (GaAl)As.
Projections based on the GaAs data indicate that a (GaAl)As waveguide/
detector operating at A = 9000 A with a GaAs LED or laser source is

feasible.

e
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II. LIMITED MELT LIQUID EPITAXY

A. Materials Growth

During the last six months the primary emphasis in materials
growth was on developing smooth uniform epitaxial layers of 1GaAl)As
for use in waveguides. The limited melt (3graphite slide bar) and the
infinite melt techniques were both improved to grow the layers. The
new pyrolytic graphite slide bar was used and the processing conditions
for layer growth determined. More than a dozen layers were grown
using it and the layer characteristics determined by electron micro-
probe and Hall measurements. These layers have proved to have
interesting applications as waveguides and their optical characteristics
are being determined.

The system used and the theory behind the technique have been
given in our previous reports. Several significant improvements have

been made in our growth system.

1. A transfer chamber has been added at the tail end of the
growth chamber.

2. The gas flow has been altered to minimize contamination.

3. A new graphite assembly made of pyrolytic graphite,

incorporating alterations in mechanical design, has

been used successfully to improve the surface quality

of the layers. These steps have resulted in improved

reproducibility of the layers and also lower impurity

levels and smoother surfaces. Details are given below.

The transfer chamber, which is an extension of the quartz

growth tube outside the furnace, allows us to move the slide bar assem-
bly into, and out of, the furnace without exposing the graphite to air.
The slide bar with the melt, the source and the substrate are placed
in the transfer chamber, and the whole tube flushed with hydrogen until
all traces of air are removed before the slide bar is pushed into :he
growth chamber. This has eliminated occasional evidence of ox'dation

of the melt surface causing bad wiping action and some scratching of

the surface of the grown layer. When the slide bar is removed after

Preceding page blank |,
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growth, it is allowed to cool to room temperature in hydrogen before
being extracted. This procedure has minimized the tailing of gallium
over the graphite making it difficult to reuse the slide bar without
elaborate cleaning between successive runs. Such cleaning should be
kept to a minimum in practice, to minimize the risk of contamination.
The transfer chamber has helped considerably, and the use of pyrolytic
graphite has further alleviated the problem.

Another significant improvement in the present system results
from optimiziag the gas flow pattern in the growth chamber. Provision
has now been made to introduce both hydrogen and nitrogen into the
input side of the tube without interference with cach other. The tube is
evacuated from the extension transfer chamber so that no gas is ever
allowed to flow from the tail end to the front. Provision has also been
made to supply an independent input of nitrogen to the transfer tube so
that it could be filled and evacuated without having to disturb the flow
through the main growth chamber.

Apart from using pyrolytic graphite as the slide bar material,
the geometry of the melt wells has been altered to minimize the travel
of the slide bar during the wiping operation. The construction also
enables better registration of the melt cavity with the substrate posi-
tion, permitting more uniform growth over the whole substrate, and
¢liminating problems due to uneven growth at the edges of the substrate.

The results are shown in the smooth layers shown in Fig. 1.

B. Epitaxial Layer Characterization

Over a dozen layers have been grown using the pyrolytic graphite
slide bar assembly. The characteristics of the layer are shown in
Table I. The values of thickness of layers obtained is proof of the
reproducibility of the process. Thickness control is an essential con-
sideration in the fabrication of single mode waveguides, as explained
in the previous report. The quality of the layer can be seen from the
carrier concentration in the 1016/cm3, and mobilities in excess of

4000 cmZ/Vs ohtained for the epitaxial layers. Since the slide bar




Fig.

2957-10

Limited melt liquid epi sample No. 122.
Note the smooth surface. The as-grown
surface shows a slight amount of re-
sidual melt at the right; this problem
can be minimized by reducing the gap
between the grown layer and the gra-
phite wiping surface.
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method suffers from a large surface-to-volume ratio for the melt in Sy
the well, this has to be considered an exceptionally low level of impu-
rity, and the mobility value is a strong indication of the low degree of
compensation in the layer. It may be worth mentioning that when
graphite containers are used, the first layers obtained show some
compensation presumably due to surface impurities. After a series of
runs are made with the same graphite piece, the layers stabilize to an
"undoped'' characteristic as shown i1 our present series.

Figures 2 and 3 give a representation of the electron microprobe
profile of the layers for aluminum concentration. Figure 2 is a profile
of the surface and gives an idea of the variation of aluminum concen-
tration inherent to the growth process in our system. This should be
compared to the layers made in our early experiment, using our old
growth system and slide bar assembly. Whereas we see a variation
of ~ 6% now, we used to see as much as £#15% in the old results.

Figure 3 is a graphical representation of the aluminum concen-

tration profile in the cross section of the beveled layer. Problems of
accurate determination of the profile are complicated by the very thin
layers involved. The measurement is made somewhat more convenient
by using a beveled layer with 1° angle. The main difficulty is that the
shallow angle makes the region, close to the junction, very thin and
hence the electron beam penetration, even with low energy, goes beyond
the epitaxial layer. Since the volume element seen by the electron
beam encompasses an aluminum-free region, corrections have to be
made to obtain the true concentration in the epitaxial layer only. The
definition of the junction is also somewhat difficult by a simple exam-
ination of the x-ray scattering data.

To overcome this problem we decided to start from the surface
of the layer at the other end of the bevel and work toward the junction,
since the thickiness of the layer is independently verifiable. In this
procedure, the complication arises due to the processing steps involved.
When the bevel is finished it has to be etched chemically to remove the
mechanically damaged surface. The etch results in a rounding of the

edges of the bevel, making it difficult to pinpoint the top surface of the

15
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epitaxial layer during microprobe analysis. We have resorted to

depositing a thin layer of gold on the top surface before beveling to

avoid this problem. By using different beveling angles and varying
electron beam energies in a series of measurements, we are setting

up a program that will enable us to make accurate measurements of

the aluminum concentration profile in the region close to the growth
junction. It can be seen from the results, however, that for thicknesses
in the range of 2 to 3 pm, the slide bar method can produce layers which
do not have too severe a gradient in aluminum concentration. A more

quantitative evaluation of the gradient in thin layers will have to await

some refinement in measurement techniques presently being developed.

Such measurements are of special significance since we have
been able to demonstrate that the epitaxial layer of (GaAl)As grown on
GaAs can be used as a waveguide. The result is to be expected if, at
the junction, aluminum concentration is highest 2.7d then drops off
towards the surface; the decreasing aluminum concentration will be
reflected in an increasing refractive index in the layer from the junc-
tion to the surface. Figure 4 shows the transverse intensity cdistribu-
tion of 1. 15 pm light being transmitted through such a guide. Since
the graded layer is easy to grow, because of the high segregation
coefficient of aluminum during growth from solution, it would be highly
instructive to study waveguiding characteristics as a function of the
aluminum profile. We hope to study this problem in detail, using both
the slide bar epitaxy as well as the infinite melt epitaxy.

About a dozen layers of (GaAl)As have been grown using the
new pyrolytic graphite assembly and the improved growth chamber
mentioned in the previous paragraphs. These experiments have helped
define the growth parameters and processing procedures necessary to
optimize layer growth at ~800°9C, Usingtheseas a guide, a few double
layers of (GaAl)As also have been grown. These are now being ana-
lyzed using the electron microprobe and being investigated as wave-
guides. An example of such a layer is shown in Fig. 5. The main
improvement over the layers described in our previous report is in

two aspects. (1) We have now enough growth data to make reproducible
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layers with well defined aluminum concentration that can be reproducibly
obtained, and (2) The use of the pyrolytic graphite assembly makes the
wiping operation at the end of each growth smooth, resulting in scratch-
free interface and top surface. Both of these are essential for wave-

guiding applications.
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III. INFINITE MELT LIQUID EPITAXY

A. Materials Growth

Using the infinite melt technique, a serics of layers of
(Gal _xAlx)As were grown with increasing aluminum concentration from
a melt maintained in our equipment for a period of over two months.
The layers grown varied in aluminum concentration from 4% to 409
in x, the region of interest to integrated optics. The characteristics
of the layers were studied in detail; the results demonstrate the versa-
tility and apability of the growth system that we have perfected. The
layers obtained by the method are presently being analyzed by the elec-
tron microprobe and by optical absorption to compare them with similar
ones from the slide bar method.

In our last progress report we have given a detailed description
of the use of the infinite melt epitaxial system and the growth (GaAl)As
using Al O3 crucibles. The films obtained had a carrier concentration
of 2 x10 6/cm2 or higher. The layers had a slight orange-peel
appearance, especially when viewed under proper lighting. Since the
carrier concentration was higher than what we normally obtain for

014/cm3) we decided to improve the

GaAs using quartz crucibles (~1
growth system to eliminate all possible air leaks. We also proceeded
to clean the aluminum oxide crucible more carefully, including a gal-
lium soak to clean the aluminum oxide.

The new growth system has proved to be very satisfactory. It
has a larger diameter growth chamber that c~n house an aluminum
oxide crucible within a quartz crucible. The drive for rotating the
seed has been refined to permit very slow speeds of less than a rotation
per minute and the temperature programmer is capable of cooling the
melt at the rate of 0.1°/min. Starting with a melt of approximately
250 g of Ga saturated as GaAs, a series of runs was performed to grow

(GaAl)As of increasing aluminum concentration.

Preceding page blank
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B. Epitaxial Layer Characterization

The results of the infinite melt growth series are shown in
Table II. After a few initial runs to remove the effects of the newly
cleaned tube, the layers stabilized in their characteristics to give a

14/cm3 with good mobility and very

15/

cm3, and it was gratifying to find the measured doping level to match

carrier concentration below the 10

smooth surfaces. Tin was added to bring the level of doping to 10

what would be expected from the segregation coefficient of tin in GaAs
solution. After the addition of tin, a series of growth runs were made
with addition of aluminum every few days to increase the aluminum
concertration. The Gal_xAles grown covered the aluminum concen-
tration range of x = 0.04 to x = 0.4, whichis of special interest
for integrated optics.

Several facts can be seen easily from the data in the table. The
carrier concentration stayed very uniform and reproducible over a
period of about 1 month, while aluminum concentration was being pro-
gressively increased. The quality of the layers, as given by the Hall
measurements, is consistent with what should be expected. The layer
quality as evidenced by surface examination and study of the cleaved
edges is uniform, smooth, and defect-free. The absorption edge mea-
sured for the (GaAl)As agrees with that calculated from the aluminum
concentration obtained by the electron microprobe. These results are
very significant and prove the capability of the infinite melt technique
to produce layers that have the quality necessary for large area sub-
strates for integrated optics applications.

One other noteworthy improvement was achieved using the
improved seed rotation capability built into the new system. It had
been observed, when the GaAs layers were grown with the seed sta-
tionary, that the surface has submicron contour lines at the surface.
These appear to be growth features caused by a steady-state pattern in
the melt that results in a growth variation at various points on the sub-
strate surface. In the case of (GaAl)As, this is further aggravated by

a slight orange-peel effect. We introduced the rotation of the seed as




0¥8I1 mﬁoﬁxm.m (ug) u |4 0¥ "0 6%
PaLl 5701 % 0°8 (ug) u €1 0¥ 0 LY
6L62 g 0T *0°¢ (ug) u IS €170 ¥
259% mﬁoﬁ X G2 (ug) u 9s L0°0 2¢
seed mﬁoﬁ X 02 (ug) u 8¢ L0°0 8¢
61¢ c[01 %06 d 9¢s %00 02
o1¢ gl 56 5 d LY #0°0 61
u m-Eu win X
.ﬂ>\wﬁm ‘uo13eIJUIdOU0)) adA g, ‘SSauDIYJL, ‘uoIj3BRIJUSOUON *ON a94erT
NN istiaen) 1afker wnutwniy
. x X1
so13staajdoeaeyn) :aader [ewxeyldy (sv v D)

II 3TdV.L




T -

26

a way to eliminate static conditions in the melt and also to avoid any
possible depletion of aluminum at the growth front due to the high
segregation coefficient of aluminum. The layers obtained with the seed
rotation have smooth surfaces with no contour lines. A study of the
cleaved cross section indicates that the variation of thickness in a 1-in.
long substrate is also reduced below the 10% that normally is observed
on a nonrotated substrate.

With the improvements described in the previous paragraphs,
the infinite melt system is capable of producing excellent (GaAl)As
layers of over 6 cm2 with good control of thickness carrier concentra-
tion and surface finish. The next step is to design a multicrucible
system that can grow several layers in succrssion. A larger growth
system is being assembled that can easily handle two melts. Such a
system is indispensible for multilayer growth since no simple technique
presently is available to prepare a (GaAl)As layer for epitaxial growth
after it is exposed to air. We have, however, demonstrated the pos-
sibility of pulling the seed out of the melii and dipping it back in to grow
several layers without exposing the (GaAl)As surface to air.

Some electron microprobe measurements have been made on
the (GaAl)As layers grown by the infinite melt method. The results
are shown in Figs. 6 and 7.

It can be seen from Fig. 6 that the surfaces variation of alum-
inum concentration is = 5 to 6% for samples 41 and 61. Neglecting one
or two extreme points in each case, the variation is even less = %2 to
3%, This is well within the errors of measurement using the micro-
probe for the type of surface involved. When thr: slide bar epitaxial
layer is thin enough and the central areas of th: layer are examined we
see that these layers are almost as good as the infinite melt layers.
However, the variations are more random and the electrical properties
in Tables I and II show the difference in quality ever in these cases.

Figure 6 shows the variation of aluminum concentration on a
bevel without the corrections mentioned in the previous section for the
junction region. The bevel in this case is a 3° one, however, and this

reduces the error, and the profile is more amenable to measurement.
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It is interesting to note that within the limits of the technique the infinite
melt technique can produce 50 pm thick layers with an almost invariant
aluminum concentration in the cross section of the layer. If we compare
the measurements in this report with those in our previous ones, the
present samples are seen to have a smoother profile. This comes pri-
marily from using a layer melt and also including rotation of the sub-
strate at a controlled rate during growth. The results support our thesis
that good substrate layers of (GaAl)As, with compositional uniformity

and homogeneity and with smooth surfaces, can be produced by the infinite
melt technique. These substrates can be used for monolithic technology
in integrated optics, a necessary step if the full benefits of the new field
are to be realized. The quality of the layers is further emphasized by

the excellent bulk properties shown in Table II for impurity concentrations
and carrier mobilities.

During the next quarter we intend to grow more layers of (GaAl)As
by the two methods and compare them with greater precision by improv-
ing the beveling technique and working with a series of electron beam
energies to get a more accurate determination of the aluminum concen-

tration. These samples will also be evaluated by optical measurements.




Iv. DEVICE ELEMENTS i

A. Analysis of Proton Implanted Integrated Waveguide/Deatector

In Semiannual Technical Report No. 2 we discussed a number
of device elements for optical integrated circuits. One of these that is
of particular interest to us is the integrated waveguide/detector. A
fundamental problem in the fabrication of this device is that of wave-
length incompatibility. An integral detector formed in a waveguide
which transmits light of a certain wavelength with low loss will generally

have an extremely low quantum efficiency because the bandgap will be,

of necessity, too large to allow substantial interband absorption. Under

a company funded program we have used proton bombardment to locally
shift the absorption edge of GaAs to a longer wavelength in the active
volume of the detector. Thus, we have been able to fabricate integrated f
waveguide/detectors in GaAs. This work has recently been published1
and a reprint of the paper is included as Appendix (A) of this report.
Since this technique appear useful in the case of (GaAl)As waveguides
as well, we have evaluated the projected performance of a proton
implanted detector during the last quarter of this contract period.
Experimental data compiled in the company-funded research program
(Appendix A) were used in the evaluation.

Figure 8 depicts the device geometry. The optical waveguiding
structure consisted of a 3.5 pu thick n-type (S-doped, n = 2.8 x 1016 cm'3)
epitaxial film grown on a degenerate n-type substrate (n = 1.25
x 1018 cm-3). Good optical confinement for the guide thickness used
resulted from the guide-substrate refractive index discontinuity gen-
erated by the plasma depression effect; prior to implantation, optical
attenuation at 1. 15 4 was measured to be 1. 3 cm—1 and could be
accounted for by consideration of free carrier substrate penetration
losses. The aluminum Schottky barrier was 11 mils square,.

The principle of operation of the detector is similar to that of
conventional p-n or p-i-n junction photodetectors: Upon the application
of a reverse bias to the Schottky barrier, a depletion layer is produced

which, given sufficient reverse bias, extends across that high resistivity

Preceding page blank 31




115 wm LIGHT IN

Au -Ge
OHMIC
CONTACT
PROTON - GENERATED
DEFECT CENTERS
-vo—@ ’—
Al SCHOTTKY BARRIER
0.0li in. x 0.0l in.
—p] 35um j4— \
n-TYPE GoAs EPITAXIAL GUIDE \ n-TYPE GoAs SUBSTRATE
(n=2.8x10"cmd) (nz1.25%i0'® cm™3)
Fig. 8.

Proton-implanted integrated optical detector —
device geometry.

32




waveguiding layer to the lower resistivity subsirate. Any dipole transi-
tions made possible by radiation-produced defect levels then generate
free carriers which are swept out of the depletion layer, thereby caus-
ing current to flow through an external circuit. The situation is depicted
schematically in Fig. 9. By insuring that the radiation-induced damage
extends over most of the waveguiding layer aud by choosing epitaxial
material of high purity (in order to allow tL.e widest possible depletion
region), maximum detector efficiency zan be obtained over a given
interaction length.

Wher illuminated, as shown in Fig. 8, by a Spectra Physics
model 120 He-Ne laser emitting 0. 75 MW of optical power at 1.15 pm,
a particular (typical) detector generated a current of approximately
1.5 x 10”° A when biased to near reverse breakdown voltage. Hence,

the nuinbe1 of electrons swept out of the depletion layer per second was

e=—1:3X 10_19 =0.935x 1014

= electrons/s
1.602 x 10

In this integral waveguide/detector the waveguide was implanted with
300 keV protons, the total integrated flux of which was 2 x 1015 cm'z.
The sample was then annealed at 500°C for 30 min. in order to allow
some optical transmission through the damaged waveguide; residual,
defect-associaied losses were measured to be =15 cm'1 based on a com-
parison of the optical attenuation before and after implantation and
annealing. The Schottky barrier was 8 mils from the waveguide input
face. Thus, taking the output power of the laser to be 0.75 MW and
the overall waveguide insertion loss to be 50% (including both reflection
at the input face, 30%, and waveguide mode coupling loss, 20%) and
assuming that the entire guided beam passed under the Schottky barrier
in question, the number of photons per second that were lost while

traversing the detector is given by:
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_(0.75 x 10-3)(0. 5) exp(-15 x 0.0025 x 8)[1 - exp(-15 x 0.0025 x ll)] i
(1.08)(1.602 x 10" 17

5.42 x 10*% photons/s 1}

The internal quantum efficiency of the detector was, therefore,
() x 100 = 17% !

Two factors probably contributed to this relatively low quantum
efficiency, namely dissipative absorption and incomplete layer depleticn.
Calorimetric absorption measurements made by Stein2 indicate that
essentially all of the optical attenuation observed in proton implanted
GaAs can be attributed to absorption rather than diffuse scattering.
However, Stein's measurements cannot distinguish between absorption
which generates a carrier and absorption resulting from dissipative cen-
ters such as the microscopic metallic inclusions reported by McNichols
in neutron bombarded GaAs. 2 Calculations made by Stein2 indicate that
possibly as much as 60% of the total bombardment induced absorption at
1.15 pm wavelength could be attributed to dissipative absorption and
scattering, with only the remaining 40% resulting in the promotion of
trapped electrons to the conduction band. This effect would impose a
fundamental limit to the quantum efficiency of a proton implanted detec-
tor, but the 60% value calculated by Stein is a "worst case' estimate and,
in any case, the effect diminishes at wavelengths closer to the bandedge
wavelength. For example, based on Stein's calculation the dissipative
absoprtion would be at most 45% of the total at 1.0 pm.

A second factor action to reduce quantum efficiency is imcom-
plete layer depletion. The residual free carrier concentration in the
implanted waveguide being presently considered, as determined by the

16 3

capacitance-voltage technique, was found to be = 2.8 x 10 cm”~~, or

approximately the original preimplantation value. As a result, the width

of the depletion layer {for a reverse bias of 30 V) was only 2.9 u,
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compared to the waveguide thickness of 3.5 pm. Calculations based on
optical mode shape indicate that, under these circumstances, only
approximately 90% of the electrons liberated from trapping levels are
exposed to the influence of the electric field generated within the deple-
tion region. This effect can, of course, be minimized by using a thinner
or more lightly doped waveguide, or altered proton dose/energy combina-
tion to achieve full depletion.

The fabrication of a proton implanted detector integrally within
a (GaAl)As waveguide can be accomplished by using the same techniques
that have been applied successfully to GaAs. Probably the most useful
integral waveguide/detector combination would be one that could function
satisfactorily at a wavelength of 0.9 um, and, hence, could be used with
a GaAs LED or laser source. As discussed in Semiannual Report No. 2
(summary appears in Table II of that report) this requires minimum
aluminum concentrations of 7% in the waveguide and 10% in the substrate,
for single-mode propagation in a guide of thickness t = 2.5 pm with attenua-
tion = 2 cm-l. The region in which the detector volume is desired would

2 to produce the

be implanted with 250 keV protons in a dose 1016/cm
required absorptive centers. The exact distribution of the defect-
associzted energy states within the bandgap of the (GaAl)As is not known.
However, assuming their spacing from the bandedge scales linearly with
bandgap one estimates an absorption coefficient in the proton implanted
region of a= 5 x 103 cm'1 at 0.9 pm, based on the data measured by
Stein2 for GaAs. This implies that the length of the detector in the
direction of propagation should be at least 15 pm to obtain essentially
total absorption. Again, based on extrapolation of Stein's GaAs data

one would project that possibly as much as 40% of the total absorption
would go into dissipative processes rather than carrier generation.
However, it should be emphasized that this percentage represents an
estimated upper lirnit rather than a predicted value. Thus, if the car-
rier concentration in the waveguide is kept low enough (51016 electrons/
cm3) that the detector volume can be completely depleted by the reverse

biased Schottky diode, all of the carriers generated will be swept out,

giving an estimated internal quantum efficiency of at least 60%.




B. Analysis of 'Leaky' Waveguides

To date we have considered only confined propagation waveguides

in which the dielectric constants obey

9 < < > €3 In some cases it may be easier to fabricate a guide where
3 < < < - This would be the case, for example, if layer 3} is a GaAs
substrate while 2 is Gal_xAles (1 is air}. Such a structure is inherently
lossy, since no total internal reflection can take place at the 2-3 inter-
face. We will show below that for moderate valuss of t the ''leak’ loss
can be reduced to a tolerable level.

Consider the problem of propagation in the dielectric configura-
tion of Fig. 10

2957 -1t
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Fig. 10. Dielectric waveguide configuration.
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If we assume solutions of the form

Region I Ey = A exp[i(hlx tyz -wt)] x >t

Region 1I Ey = {B cos(hzx) + ¢ sin (hzx)} exp[i(yz-u;t)] 0<x=st

Region III Ey =D exp[i(-h3x tyz -wt))] x< 0

Then it follows from the wave equation
2 =
X
i i~ M




E
Matching Ey and -dd—Y at x = 0 and x = t gives
x

A exp (hlt) - B cos (hzt) - C sin (hzt) 0

hlA exp (hlt) - iBh, sin (hzt) + iCh2 cos (hzt) 0 (3)

2
B-D=20
ih,C - h,D =0

2 3

Setting the determinant of coefficients of A, B, C, and D in eq.

(3) equal to zero given
v Tl
tan(hzt) = -1(h1h2 1 h3h2)/(-1h2 1 hth) (4)

To obtain an approximate solution we will assume that the wave-
guide is ''large' so that kza — ® it follows from the second of eq. (2)

that in the same limit y — k2

and
q 1/2
h, = ik_ {1l - — (5)
1 2 <
€
hy= k,[— - 1 1/2
2
so that
> >
kz, h3, hl h2

39




We can thus approximate eq. (4) by
h

h
| T B ) )
hzt tan 1 (—H T’:;) + nm n-=0,1, 2, ;‘

(In view of eq. (7), the n = 0 solution is discarded since A sin(hlx) }

B cos(hlx) - constant and we only use the solutionn = 1, 2, 3,)

~'tan-l i -hz - }‘-2 b nm
. q\!72 12
lkz = (— kz (— -1
2 2
h h
-1 2 2
= tan -—— K, -is+—EF t nn (6)
{ k2 2 k2 3}
. 1 1/2 1 1/2
r -
2 9 ’ 3 &
1 - — == 1
2 2

Since FIZ and E% are 0 (1) and k2 >> hZ’ eq. (6) can be written as

EZ E
hzt x - hzt T(—t - lhzt -ﬂ + nnw
2 2 '
EZ E3
hzt(14T(——t—+lﬁ)=nTT n =1,2, 3..
2 2
E, Es
hot =nm|l - — - i — (7)
2 [ th kzt:l
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Substituting eq. (7) into the second of Eq. (2) given

2.2 2E, n2nl x Z1-:3
Voo =k 1 - 2T 11 - i
TE 2 2k§t2 k,t Zkztzkzt

The exponential intensity decay coefficient is thus

zk2n2ﬂ2E3
erg = Amypp = ———— , n=1,2, 3,
ikzt]
2n - 1 _ 1
k= x e BT T T T
n
\/e_ -1 L
2 n
2
A = vacuum wavc:length
for
= A < <
An n3 nz nz. n3

aTEz > 2 ’ZA
t n
2)\(-):) n n

Calculated values for @ in the particular case where n, = 3.3 and

n; = 3.4 are shown in Table III.
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TABLE I

Calculated Values of ¢ for A = 0.8 u, n, = 3.3

n =1

n, = 3.3 t

n, = 3.4

1
o =
t,3 2 24n
LN
-1

t/\ t (um) alcm™ ")
1 0.8 2331
2 1.6 291
3 2.4 86
4 3.2 36
5 4 18
6 4,8 10. 8
7 5.6 6.8
8 6.4 4.6
9 7.2 3.2
10 8 2.33
13 10. 4 1. 06

The data of table III show that useful integrated optics devices can be
fabricated using leaky waveguides provided the guide height is t 10 .
The losses due to leaks become < 1 cm'1 for typical aluminum concen-
tration > 20%.




V. FUTURE PLANS

In the coming hali year, we expect to continue the growth and
characterization of epitaxial layers produced by both the limited-melt
and infinite-melt techniques. Detailed electron beam microprobe mea-
surements will be made of the aluminum concentration profile versus
depth in the epitaxial layers. Greater precision will be obtained in
these measurements by improving the beveling technique and working
with a series of electron beam energies. Particular attention will be
directed toward layers capable of waveguiding light. Waveguides of both
the graded aluminum concentration and multilayer types will be evaluated.
Optical attenuation and mode shape also will be measured and corre-
lated with the aluminum concentration profile data.

The device elements task will continue to be directed toward
exploring the relationships between device requirements and material
properties. We intend to experimentally test the theoretical calculations
of leaky waveguide projected performance which were presented in this
report. This will be done by measuring optical attenuation and mode

shape in thick (>10 pm) (GaAl)As layers grown on GaAs substrates.
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APPENDIX

Proton-implanted optical waveguide detectors in GaAs

H. Stoll and A. Yariv

Califormia Instutute of Technology. Pusadena, California 91109

R. G. Hunsperger and G. L. Tangonan

Hughes Research Laburatories, Mulibu, Californiy %265
(Recoived 17 August 1973

Defet levels miroduced by implanting GaAs with high energy protons give nise to optical absorption
at wavelengihs greater than that of the narmal absorption edge at 09 u Opuical waveguide deteciors
may be fabricaed by 1aking advamage of this absorption mechamsm m the presence of a Schottky

barrier depletion layer Detector response times iess than 200 ns and eaternal quantum etficiencies of

16% have been observed

In a continuing program tc build cirruit componenls
for integrated optics we have investigated the possibnlity
of fabricating optical detectors by proton nmplantation
of GaAs dielectric waveguides. The basic principle 1s as
follows: A smali volume of an epitaxial GaAs waveguide,
such as the one shown in Fig. 1, 1s implanted with
protons. Structural disorder created by the implanta-
tion process causes the previousiy low -loss waveyuide
to become highly lossy for radiation around 1 um. One
of the mechanisnis responsible for this absorption is the
hiberation of free carriers which had become trapped
at defect centers. A photodetector results when these
carriers are swept through the depiction layer venerated
by a reverse-inased Schottky barrier which has been
deposited over the implanted region as shown i Fig. 1
We report below the fabrication of integrated optical
detectors based on this principle. The detectors have
been found to be sensitive to hight of wavelengths 0.9
unm, a wavelength which can be transnutted nearly un-
attenuated by the GaAs gwides used. The optical wave-
guide structure consisted of a 3. 5-pm-thick »-type
(S-doped. n=10'""/cm?) epitaxial film grown on a degen-
erate n-type substrate (n>1.25x10" ‘cm®. The pwde -
substrate refractive index discontinuity yrenerated by
the plasma depression effect allowed good optical con-
finement for the particular ywde thickness used'; prior
to proton implartation optical attenuation at 1. 15 um
was measured to e 1.3 em™ and could be accouited for
by consideration of [ree carrier substrate penetration
losses.

As shown in Fig. 1, a smali volume of the waveguide
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FIG. 1 Diagram of proton-Implanted optical waveguide detec-
tor
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structure was proton bombarded to form the waveguide
detector; 300-keV protons were used, the total inte-
grated fiux of which was 2<10"*/cm®. The damage layer
which resulted was approximately 3 um thick with a
damage peak occurring about 2.5 um beic': the surface.

The 1mplanted waveguide was then annealed at 500 C
for 30 minn order to allow some optical transmmssion
through the damaged region, residual losses in this re-
{on were measured to be = 15 cm™ based on a com -
parison of the optical attenuation before and after v -
plantation and annealinir. Finally, 11-nul-square Al
Schottky barriers were evaporated 1n a waffle paltern
over the implanted area.

The principle of the operation of tins device 1s 1 -
lar to that of conventional p-» or p-i-» junctinn
photodetectors.

Upun the apphication of a reverse 1nas to the Schottiy
barrier, a depletion layer 1s produced which, piven
sufficient reverse bias, extends across the high-ress-
tivity wave_uidiing fayer 10 the lower-resistivity suh
strate. Any dipnle transitions made possibie by radia-
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666 Stoll et a/: Optical wavequide detectors in GaAs
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tion-produced defect leve § generate free carriers
which are swept out of the depletion layer, thereby
causing current to flow through an externsi circuit By
ensuring that the radiation-induced dama,e extends
over most of the waveguiding layer and choosing epi-
taxial materlal of high purity, maximum efficiency can
be obtained over a given interaction length.

Measurements of the photosensitivity of both unim -
planted and implanted annealed samples are shown in
Fig 2. Transparent Au barriers, sputter deposited on
the surface, were used to measure sensitivity as a
function of wavelength. A monochromator-filtered in-
candescent light source was focused through the trans-
parent Au layer into the active volume of the detectors
The curve for the irradlated sample reveals a Jdefect-
associated energy level distnibution within the band gap.
as well as a shift of the effective absorption edge to
lower energies. Calorimetric measurements’ made on
proton-irradiated GaAs at 1.06 um indicate that substan-
tially all of the implantation-induced optical attenuation
in the 1-pm-wavelength region can be attributed to ab-
sorption as opposed to diffuse scattering The ongin of
this absorption 1s thought to be disorder-induced band
tailing. The possibility that it is due, at least in part,
to the excitation of electrons from energy levels asso-
ciated with As (or Ga) vacancy complexes 1§ strong,
particularly in view of the fact that free carnier com-
pensation by proton Implantation appears to be Fermi-
level dependent. "

An attempt was made to measure detector rise and
fall times at 1,06 um using an acoustically @ -switched
Nd:YAG laser focused Into a cleaved face of the wave-
guide structure of Fig. 1. The pulse response of the
implanted detector 18 compared to that of a commercial
Ge (Philco L4521) detector in Fig. 3. 1n both cases the
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FIG 4. Heverse bias current-voltage characteristios of wive-
guide detector

rise and fall times appeared to be ~ 200 and ~ 400 ns,
respectively. Reducing the size of the load resistors
used merely decreased the signal strength, the pulse
shapes remained the same. Since the Ge detector re-
sponse 18 in the GHz range, 1t was concluded that the
rise and fall times measured were a function of the @-
switched laser and did .ot represent linuts of the im-
planted detector

Figure 4 shows /-V curves for a reverse -biased im-
planted detector under darg and 1.15-um illumination
conditions. The measured external quantum efficiency
at 1.15 gm, 294 ‘K, and a reverse bias of 20 V was
about 16%. This number should increase as optimal
proton damage profile and heat treatment conditions
are approached for a given waveguiding configuration.

1n conclusion we have demonstrated a simple tech-
nque for fabricating integrated optical detectors sensi-
tive at wavelengths >0.9 um using proton implantation.
Device: performance 18 promising and should improve
as implantation and heat treatment procedures are
refined.
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