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1. INTRODUCTION

GaAs thin film has been suggested by many researchers as the most
promising material to use for integrated optical (I0) circuits. Many
components, svch as electrooptical rnodt " ... rs, thin film sources, or
detectors may be realized in the same material system (consisting of
GaAs, GaAlAs, GalnAs, or GaAsP). This opens the possibility of mono-
lithic fabrication on a single wafer for near infra-red applications., In the
far infra-red, performance of GaAs waveguide modulators is expected to be
an order of magnitude better than that of bulk modulators. l.ow-loss, large
area GaAs thin films are essential for realizing all these integrated optical
components and circuits.

The major objectives of this program are to grow a variety of
large area epitaxial waveguides, to evaluate their performance as waveguides
and 10 devices, and to cptimize their design for applications at the 10,6 um
wavelength, Since a reduced refractive index can be obtained for the
substrate by using either nt GaAs, GaAsP, or GaAlAs materials, investiga-
tions of the epitaxial growth of all these waveguide structures were undertaken,
The results obtained in our material growth programs are discussed in
Sections 2 and 3. A list of the various waveguides submitted for evaluation
at Washington University is given in Appendix 1.

There are no fibers that can be used effectively to transmit optical
signals over kilometers of distance in the far infra-red. On the other hand,
there exists a need for improvement of the performance of conventional

components such as electrooptical modulators for 10,6 um communication
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systems by two or three orders of magnitude, Thus the main objective of
our device research at 10, 6 um is to utilize the guided wave technique and
the superior inaterial properties of GaAs epitaxial thin films to achieve
efficient and wide band modulation and switching of CO, laser radiation,
Considerations of device performance, in turn, have affected the directions
of our material growth program (e.g. - emphasizing low carrier concentrations,
large area waveguides, and GaAs /GaAs;_ ,P, waveguides). The results of
our waveguide and device evaluations are discussed in Sections 4.1, 4.2,
5.1, and 5. 2.

The success with epitaxial waveguides at the 10,6 um
wavelength encouraged us to fabricate and to evaluate GaAs/GaAsP wave-
guides for 1,06 um applications, These results are discussed in Sections
2.1.3 and 4.3. No evaluation of any active device was made at 1. 0€ um.
However, a limited amount of effort was brought to bear on a novel idea of
fiber to film coupling and on the input and output coupling of a high index
waveguide, This is discussed in Sections 5.2 and 5.3. An extension of this
idea to provide efficient coupling from a fiber to a GaAs waveguide and
conversely from a GaAs waveguide to a fiber has been proposed to our
sponsor and to the office of Naval Regearch.

Major accomplishments during this contract:

(a) GaAs/ntGaAs waveguides have been successfully grown by vapor
phase epitaxy using the Group V hydride feed system and HCI traneport of

the Gallium with minimum free carrier concentrations as low as 1013 ¢cm=-3,

o el TR e T O PR Mg (TR Pl ]




O TP

YR e

A PRI TR IR R

7S T SO AT 8

o e AR

()

(c)

(4)

(e)

(£)

()

The minimum measured attenuation of thick GaAs /n+GaAs
waveguide is below 1 db/cm. The film thickness uniformity is
better than 5% over the entire wafer 5 cm in size,

GaAs /GaAs,.x P, waveguides have been successfully fabricated
with maximum dimensions on the order of 7 cm,

The carrier concentration of the GaAs;-xPx layer can be as

low as 5 x 10 cm=3, Its surface alloy composition variation is
less than 1%, The carrier concentration of the GaAs layer on
top of the (GaAs;.xPy layer is in the range of 1013 cm-3,

A single mode GaAs /GaAs,.,Py, waveguide has an attenuation
rate of 2 db/cm at 10,6 um. A two mode GaAs/GaAs;.xPyx
waveguide has an attenuation rate of 1.5 db/cm at 10,6 pum. Very
thick GaAs /GaAs;.xPx waveguides have attenuation rates less
than 1 db/cm.

GaAs/Ga,-yAlyAs waveguides have been successfully fabricated
with the GaAs layer grown by VPE and the Ga, . AlyAs layer
grown by LPE. A GaAs/Ga,-yAlyAs waveguide has an attenuation
rate of 3 db/cm for the TE, mode, 5 db/cm for the TE; mode at
10, 6 um.

High performance two dimensional (channel) waveguides have
been realized. A chemically etched, 50 um wide, two dimensional
waveguide showed the same attenuation rate in its E{qmode as in

the TE, mode before etching.
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(h) Theoretical analysis, backed by erperimental evidence,
indicates that at 10,6 um the voltage performance of waveguide

electrooptical modulation in the UHF-VHF range will be

optimized by using GaAs;_4P,/GaAs/GaAs,_,P,structures,

with the central GaAs waveguide 5 to 6 um thick, Such

structur es will be several cm long, and back biased to create
a depletion layer coincident with the waveguiding layer.

(i) The calculated r.f. drive power requirement per unit modulation
bandwidth can be as low as 100 mW /MHz if two dimensional
waveguide modulators are used to modulate the CO, laser radiation.

(j) Bragg deflection modulation has been experimentally Zemonstrated
in a GaAs /ntGaAs waveguide.

(k) GaAs/GaAs,_y P, waveguides for 1,06 ym with 1 db/cm
attenuation rates have been realized.

(1) Grating couplers for both 10, 6 um and the 1.06 um have been
saccessfully fabricated and used. Grating mode converters have
been fabricated and evaluated for the 10, 6 um wavelength,

(m) Tapered velocity coupling between two glass waveguides has been
realized at 0. 6328 ym with a maximum efficiency of 100% and a
reproducible coupling efficiency of 85%.

A list of the published work, input by this contract, is given in

Appendix II.




2. VAPOR PHASE EPITAXY (VPE)

The objectives of the Vapor Phase Epitaxy (VPE) portion of this
program were to grow various n/nt GaAs, GaAs/GaAs,.,Py, and
GaAs,;_xP,/GaAs /GaAs,.xPx structures to -’etermine the effect of various
parameters including film thickness, carrier concentration and alloy
composition on waveguide and device properties at 10,6 um. Achievement
of these objectives in terms of the requisite low carrier concentration,
thiclmess uniformity and surface quality necessitated considerable investiga-~
tion and refinement of the standard VPE techniques. The success of the
GaAs /GaAs,.xPx waveguides at 10, 6 um wavelength encouraged us in 1974
to fabricate a very thin film of GaAs on the standard layer of GaAs;.xPx
for waveguiding at 1,06 um. In addition some work was also done on the
VPE growth of GaAs films on Ga,.yAlyAs surfaces produced by a Liquid
Phase Epitaxial (LPE) Technique (Section 3).

Since the GaAs /ntGaAs waveguide was shown in the earlier phase
of this program to be less desirable than either the GaAs /GaAs,;.xPyx or
GaAs /Ga,-yAly.As waveguides for electrooptical modulation, and since the
materials technology for producing large area, defect free waveguides
seems more advanced for the GaAs/GaAs;.xPyx system than for the
GaAs /Ga,_yAlyAs system, most of our work was concentrated on
GaAs /GaAs,., P, structures. Emphasis has been placed on the growth of
large area waveguide structures because, as ehown in Section 5.1,
efficient electrooptical modulation can only be obtained in modulators 3 or

4 cm long.

——;

]
;
i




2.1 VPE Growth in Production Scale Reactors

2,1.1 GaAs/ntGaAs Waveguides

The GaAs/ntGaAs waveguide structure consists of an undoped GaAs

PR ELY S S

film grown on a silicon doped {n+ =~ 1 - 4 x 10!%cm-3) GaAs substrate :
oriented 2° off the <100>. The misorientation is nc:cessary to produce

planar surfaces by VPE, The wafer, limited by the size of the available

s
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GaAs slices, has maximum dimensions of 7 ecm x 5 cm, A typical

oo

sample is shown in Figure 1. The reflection of the camera can be seen on -’a

the surface o1 the wafer.
Undoped GaAs films were grown using arsine and HCl transport

of gallium in the vertical flow, laminar type reactor(1-4) shown

schematically in Figure 2. Details of the construction of the reacton except

for two minor modifications and some dimensional changes are given in

Reference 1. The bottom section of the reactor incorporating the mixing

and deposition zones was enlarged to 10 cm I.D, to accommodate crystals up
to 9 cm in length, The quartz joint on top of the reactor was eliminated and
: the bottom was converted to a flange type vacuum O-ring seal to facilitate
loading and unloading the reactor.

E A rotating flat digk (9.5 cm dia. ) substrate holder was used to

maximize thickness uniformity and homogeniety of the epitaxial

films, Evaluition of the substrate holder was initially made with two
substrates (approximately 2.5 c¢m in length) in each run placed at different
radial positions on the disk., After deposition the wafers were cleaved along

the major dimension, stained and the film thickness measured microscopically.
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Figure 1: A typical wafer size. This sample has an area of 7 cm x 5 cm,
The reflection of the camera is also shown on the wafer surface.
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The results of the measurements on wwo different runs are given in Table 1.
The variatior. in film thickness, not counting edge crown effects or off-
orientation flats, did not exceed # 5% within or between wafers. These
results were subsequently checked with larger wafers.

In the earlier phase of this program, control of the backg round
carrier concentration, which ranged from 10!% to over 10!¢/cm? (Table 2 ,
proved to be a major problem, The major background impurity was
identified as silicon by emission spectroscopic analysis. The analysis
of an undoped film zpproximately 90 um thick, Table3, shows the silicon
concentration to be an order of magnitude higher than the net carrier
concentration, The production of silicon cuntamination in the reactor is
belizved to result from reactions of hydrogen and/or HCl with the quartz
reactor.

Although some improvement in background carrier concentration
was demonstrated by such measures as precoating the reactor with a
GaAs deposit (Table 4), injecting water vapor (Table 5), or injecting
ammonia (Table 6) to suppress formation of the volatile silicon species,
these techniques all introduced serious drawbacks. Attempts to modify
the reactor design to reduce the background doping level were generally
unsuccessful although later in the program an order of magnitude
improvement was observed for GaAs, , P, alloys grown using a modified
reactor of proprietary design.

The most significant parameters affecting background carrier

concentrations have heen found to be rcactant gas concentrations and
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TABLE 1
Epitaxial GaAs Film Thickness Uniformity

Using a Rotating Disk Holder

Run 5-102 Run 5-134
Distance Film Thickness Distance
mm dm mm

0 34.2 0

5 29.4 5
10 29.4 10
15 29.4 15
20 29.4 20
25 31.9 22
28 33.8

10

Film Thickness

um

49.0
45.1
46, 6
46.6
42.7

44.1




TABLE 2

Background Silicon Contamination Level at Original Operating Conditions

Run Deposition Net Carriers Mobility @ 300K Film
No. Temp, C n, cm-3 cmz/volt-sec., Thickness, um

5.206 748 1.7 x 1086 6230 28
5-208 746 2.1 x 101 5230 28
5-209 743 2.2 x 1016 5190 29

5-211 749 1.8 x 10 5130 30

11
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TABLE 3 |
Emission Spectroscopic Analysis of Undoped Epi GaAs
Run No. 5-20i ;,
3 Element Atoms /cm3 ’
: Al 9 x 1085
: Cr N.D.
Ge N.D.
Fe 3x 10 (EST.)
Pb N. D.
Mn N.D.
Mo N.D.
Pt N.D.
Si 1.0 x 1017
Sn N.D.
\' N.D.
Zn N.D.
Sb N.D.
Ni N.D.
In N.D.
Cu 9.0 x 10%*
Mg 3.0x 1015
Ti N.D.
Ag N.D.
N.D., --- Not Detected
EST. --- Estimated
Measured Net Electrical Carriers = 1,0 x 10'%/cm?
12
_ i sk il
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TABLE 4

Effect of Predeposit on the Background Contamination Level

: Run Deposition Net Carriers Mobility @ 300K Film
%‘ No. Temp, C B, cm-3 cm?/volt-sec Thickness, um
’ 5-212 147 2.3x 108 7510 29
5-213 752 2.9 x 015 7040 23
] 5-220 749 3.0x 108 715¢C 26
. 5-228 744 2.2 x 10% 7180 25
5-229 763 2.6 x 1015 6610 25
Reactor coated for 30-60 min, before deposition.
1
;
e IE
f |
|
)
3
3
é
13
?
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Run
Nz,

TABLE 5

Effect of Water Addition on the Background Contamination Level

Deposition H,0 Feed H,0/H; Overall H,0
Temp, C Point Feed, sccm Conc. in Reactor

Net Carriers
n, cm=3

5-233

5-231

5-236

5-237

755 Flush H, 400 30 ppm
Group 111
Side

762 Main H, 800 60 ppm
C_iroup \'4
Side

155 H,/HCl 50 3.8
Feed to
Ga
759 H,/GCl 50 3.8

Feed to
Ga

300 ppm H,0/H; mixture.

14

1,0 x 106

8.4 x 10®

6.4 x 1015

5.8 x 101

T
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TABLE 6

Effect of the Addition of NH; on the Background

E Silicon Level in Undoped GaAs
Run Deposition NH; Feed Net Carriers Mobility @ 300K
: No, Temp, C Conc. Mole % n, cm-3 cm?/volt sec.
5-241 762 8.5 1.7 x 1015 5540
5-244 763 5.0 3.2 x 10 5180
5-245 761 25 2,7 x 10 5220

Film Thickness = 25-30ym
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deposition temperatures. Under the optimum growth conditions for
minimizing carrier concentrations, production of smooth, blemish free
surfaces becomes more difficult out can be achievcd by careful substrate
selection and preparation. The background carrier concentrations obtained,
reprcsenting a 50 fold reduction, are shown in Table 7. The high liquid
nitrogen temperature mobility of sample 5-287 attests to the purity of the
material, Typically, at growth temperature of 750°C, the carrier concen-
tration is in the low 104cm-3 range. Figure 3 depicts a typical carrier concen-
tration profile for a GaAs /ntGaAs sample determined by a capacitance-
voltage (C-V) measurement. This particular sample is 17.4um tkick and
the GaAs substrate is doped with silicon at a concentration of 2 x 1018¢m~=3,
The carrier concentration is relatively constant throughout the film except
for a region less than 2 um thick adjacent to the epitaxial layer-substrate
interface. The higher doping in this region is believed to be auto-doping
from the substrate., Since the refractive index is related to the carrier
concentration and becomes relatively constant for carrier concentrations
below 10l6cm=3, we consider the epitaxial film to have a uniform

refractive index throvghout its cross section,

2.1.2 GaAs/GaAs,.xPx Waveguides at 10,6 um Wavelength

The GaAs/GaAs,-xPx heterostructures as optical waveguides
provide the advantage that the substrate carrier concentration can be made
arbitrarily low while the waveguiding effect is achieved because of the
lower refractive index of GaAs,_ 4Py (An ~ -0,4x), The structure is shown
in Figure 4. Typically the GaAs;-xPx graded region and uniform alloy

region were each grown ~ 40 m thick and the uniform alloy composition

16
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TABLE 7

Akt 2o bl s £

Undoped Epitaxial GaAs Grown

at Modified Growth Conditions

Run Deposition Net Carriers Mobility @ 300K Film Thickness

g No. Temp, C _n, cm-3 H, cm?/volt-sec Um
5-278 745 8.5 x 1014 7800 12.7 :
& 5-279 749 4.2 x 101 7860 9.8
5-280 745 7.5 x 1014 7600 21.5

5-287 730 1.4 x 1014 8340 8.8

41 1.59x 1014 92330 @ 77K

g 5-289 736 3.0 x 101 8110 13.8
| 5-415 753 4.3 x 1014 5837 5.5
5-416 752 1.1 x 1,3 7097 5.7 |
i
:: 5-417 740 1.3 x 10 4531 6.0
i 5-421 754-744 2.9 x 101 7717 21.1
- 5-422 749 3.5 x 101 7490 25.4
; 5-423 744 6.9 x 101 6079 23.7
' 5-424 744 No readings -- 21.5 ’
5-427 745 3.1x 10 (C-V) - 5.5 ‘

1.4 x 10" (Cy5) ™
5-428 758 5.6 x 1014 (C-V) -- 4.9

4.8 x ].014 (C0.53) G

* Calculated from capacitance measurement at indicated forward bias.

17
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Figure 4: Schematic of the GaAs/GaAs,-xPx Waveguide Structure.
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was ~ 35% GaP (x = 0.35). The composition change in the graded region is
approximately linear. The background free carrier concentration of

~ 106¢m-=3 in the alloy was reduced into the 10!5 and 104cm=3 range later
in the contract period while the GaAs film in many samples had carrier
concentrations in the 10}3cm-3 range.

The GaAs,_ P, layers were VPE grown in the reactor illustrated
in Figure 2 and described in the previous section, and the GaAs was
subsequently grown on top to form a waveguide. In growing GaAs,.xPyx on
GaAs substrates, the graded region appears to be necessary to accommodate
the lattice mismatch between GaAs and the GaAs,.x Py layer and minimize
structural defects, particularly stacking faults, in the latter. (2)
Surprisingly, however, GaAs layers of excellent appearance can be grown
directly on a GaA",.xPy surface without an intermediate graded region,

Success in yrowing GaAs films on the GaAs,;.xPy surface was found
to depend critically on surface preparation. The alloy surface must be
clean but not etched. Either acid or vapor etching of the GaAs,.xPx
surface appears to produce surface irregularities or inhomogenities tltat
cause nonuniform growth of the GaAs layer. Thus the layer will appear
hazy or show an enhancement of the cross-hatch pattern normally present
on the alloy surface.

GaAs /GaAs,_xPyx structures of good surface quality were grown in
either single, continuous runs, or in two separate runs, In the former
case, growth was actually discontinued for a period while furnace tempera-

tures were reduced from those required to grow good quality GaAs,.xPx to

20
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those necessary for low carriers in the GaAs layer. While this procedure
would appear to eliminate the necessity for cleaning the GaAs;_ Py
surface prior to GaAs deposition, in many cases wafers were spoiled by
debris falling onto the surface from the walls of the reactor, presumably
particles of the predeposit formed during growth of the alloy loosened by
the temperature change. Therefore,the second procedure was adopted
for all of the later waveguide structures. Initially some GaAs films had
been grown on wafers of off-specification standard red LED material with
limited success,

The first GaAs,;_,P, layers of acceptable surface quality required
a deposition temperature of ~ 820°C and had carrier concentrations in the
range of 3 - 5 x 1016 cm~3, as shown by the data of Table 8. Improvement
in substrate preparation techniques eventually permitted reduction in
growth temperature to ~ 800°C, but carrier concentrations remained in
the mid to low 1016 ¢cm=3 range as indicated by data for the first three runs
listed in Table 9, Installation of a new reactor, identical to that described
above in the lower, deposition end, but differing in the design of the Ga
reservoir and gas input tabulation, resulted in immediate improvement in
the background carrier concentration. This is evident in the data listed
in Table 9 for runs 6-69 through 6-85 and again for runs 6-100 through
6-114 in which the same reactant gas sources were used in both types of
reactor. With the lower silicon background level achieved in the new
reactor, impurities originating in the AsH; and PH; supply sources become
apparent, At least a six-fold decrease in carriers accompanied the

change in PH; cylinders at run 6-175 and at least 2s large an increase

21
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TABLE 8

Undoped GaAs;.x Py, Growth

Run Deposition Thickness, (um) Net Carriers

No. Temp,(C) Grade Alloy n (cm=3) Surface Quality
5-472 793 44,5 59.3 1,07 x 1016 Bad, pyramids, faults
5-473 806 24,7 29.6 1.4 x 10 Many faults some areas
5-474 805 14,8 31,1 2.3x10% Few pyramids, many faults
5-475 810 99 108 7.4 x 108 Fairly good
5-476 817 39.5 64.2 3.5 x 1016 Solvent stain traces
5-477 818 59.3 54.3 4.6 x 10 Debris on surface
5-478 818 24.7 34,6 5.3 x 10 Very good, some debris
5-479 818 50.9 64.2 3.0 x 1016 Very good
5-484 819 31.2 40.0 3,5 x 10 Good

7.2 x 1016 CV (to depth of 0.45um)
5-490 816 39.5 39.5 5.1 x 10 Good
5-492 816 34.6 29.6 4.9 x 1016 Very good, 2.39 in?
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TABLE 9

Undoped GaAs;.xPy Growth

Thickness (um)

Net Cocuiers

o et At e st B ke o),

No. Temp. (C) Grade Alloy n (cm-3) Remarks
6-51 807 -- -- 4.3 x 1016 Old style reactor
6-58 809 24 27 3,2 x 1016
6-69 798 29 29 4,5 x 1016 AsH, changed
6-75 788 47 45 5.9 x 1015 New style reactor
6-81 792 37 39 1.4 x 10
6-85 798 49 51 3.3x 10!

6-100 794 = == 4.7 x 1015 PH, changed
6-101 798 -- -- 2.8 x 1016 Old style reactor
6-102 785 -- -- 3.5 x 1016
6-103 796 -- -- 1,5 x 1015 New style reactor
6-104 788 -- - 6.3 x 105
6-114 805 45 47 9.4 x 10%s
6-146 803 41 45 7.0 x 10% New AsH,
6-148 805 -- -- 1.35 x 1016 New AsH,
6-159 803 47 44 2.5 x 106 New PH,
6-166 810 37 41 3.9 x 1016 New AsH, N
6-169 808 43 41 4,0x 1016
6-176 808 42 29 4.4 x 108 New PH,
6-178 804 44 35 7.9 x 101s
6-202 796 -- -- 3.8 x 1015 New operation condition
New AsH; and PH,
6-210 796 42 35 1.73x 1085
6-219 796 39 44 1,27 x 10%
6-221 799 44 44 2.24x 104  New AsH, and PH,
6-234 798 43 43 2.04 x 1014 New AsH,
6-238 805 42 49 5.30 x 1044
6-244 8§00 42 68 1.47 x 101 New AsH,
6-246 798 44 79 1.10 x 10%
6-251 798 74 44 2.39 x 10
23
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on changing AsH, cylinders at run 6-244, The change in mode of operation
of the new reactor, noted at run 6-202, may also have contributed to the
subsequent low carrier concentration by further reducing the silicon
background.

The carrier concentrations listed in Tables 8 and 9 were obtained
by Hall measurements of the composite layers grown on high resistivity
substrates included in each run. The effect of the relatively high
mohility, initial graded region on these measurements is to reduce the
apparent carrier concentration by about a factor of two below the true
value as determined by the C-V method, This effect is shown by the
data for run 5-484, listed ia Table 8.

The uniformity of the phosphorus content in the GaAs,_, P, ailoy
layer was checked by measuring the w-.velength of the 77K photolumines-
cent (PL) emission at five points of a 4cm x 4cm wafer. The results,
expressed as mole % GaP, are illustrated in Figure 5. It is readily seen
that the surface alloy uniformity is excellent with a variation of less than
1%, Hence we are assured of a uniform GaAs;.4P, substrate with a
refractive index constant over the whole wafer.

The net electrical carrier concentration in the GaAs film grown
on GaAs;.xPx substrate layers was determined mainly by the C-V
technique. Hall measurements of ~ 5um layers grown on companion
high resistivity substrates proved to be unreliable. In many cases p-type
readings were obtained, traceable to copper contamination of the semi-

insulating chromium doped GaAs substrate. Spectrc.=copic analysis of
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samples from two different lots of Cr doped GaAs showed Cu concentra-
tions of 1.7 x 10! a/cm3and 4.9 x 10" a/cm?, respectively. Rapid
diffusion of Cu from the substrate into the epi layer of the Hall sample at
growth temperatures of 750C could easily convert a thin layer to p-type
while not affecting the n-type growth on other substrates in the run, Thicker
layers or more heavily doped n-type layers, as in the case of the GaAs;.xPy
layers, would be less affected. In addition to the possibility of this type of
contamination, is the difficulty of making low resistance ohmic contacts to
low carrier material. Reliable contacts to material of much less than

10 carrier/cm3 have not been demonstrated.

A comparison of results using both the C-V measurement and Hall
ne asurement is shown in the data of Table 10 for GaAs film grown on LED
GaAs,.xPx material. C-V measurements lose some of their utility for
thin layers of low carrier material because of the dependence on carrier
concentration of the zero-bias depletion depth in a Schottky barrier junction.,
At 5 x 1013 carriers/cm? in GaAs thir is already about 5 um, the thickness
of the active layer. In practise, excessive leakage has prevented accurate
C-V measurements under forward bias to obtain data at depths much less
than the zero-bias depth, Thus, only an estimate of an upper limit to the
carrier concentration can be obtained from the zero-bias capacitance,.

This is the interpretation that should be placed on the carrier concentration
data for the thin GaAs films listed in Appendix 1,
The earlier, large area GaAs/GaAs,;.xPx structures, although

appearing flat to the eye, were so severely bowed as to prevent both

26
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TABLE 10

Undoped Epitaxial GaAs Grown on LED GaAs;.xPx Material

Run Deposition Net Carriecrs Mobility, p Epi Film Surface
No. _Temp.°C _ n, cm~3  cm?/volt-sec Thick,Mm Appearance
453 786 7.6 x 1015 5590 18 Hazy
h 456 788-741 2 x 1013 5340 5.9
r 457 757 No readings 6.2
? 458 757 3.4 x 1014 3680 5.8 Good
4.2 x 1014(CV)
] 459 760 4,2 x 10M(p) 188 2.5 Hazy
ﬁ. 460 748 No stable readings -- Good
2.4 x 1014(CcV) 13.9
: 4.4 x 1014(C,)
i 461 746 8.1 x 1014 5520 4.7 Good
t 462 748 8.6 x 1013 1306 4.9 Good
6.6 x 1013(C,) 4.9
463 744 5 x 1015 4040 -- Goced
6.8 x 1013(C,) 4,%
464 748 5.0 x 1014 5103 6,2 Good, scattered specks
4.9 x 1013(C,) 6.5
465 747 5.3 x 1013 2189 7.8 Fairly good, some faults
4.5 x 1013(C,) 6.0
i 466 736 7,8 x 101 3779 7.8 Rows of faults
3.4 x 1013(Cy) 7.1
27
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3 TABLE 10 (Continued)
1
1
! Run Deposition Net Carriers Mobility, u Epi Film Surface
E No, Temp’C n, cm-3 cm?/volt-sec Thick, Um Appearance
i 467 737 1.5 x 1083 8801 ~7 Poor, many faults
468 748 No readings .- Poor, many faults
6.4 x 10'3(C,) 5.2
3 469 749 5 x 104(p) 137 5.9 Rows of faults
; 470 758 7.3 x 104(p) 203 5.9 Rows of faults
1 471 760 No readings — Very bad 3
E;.
;
1
3
1 :
f
4 :
|
& -
28
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efficient prism coupling into the waveguides and application of photo-
lithography techniques. The concave bowing of the wafers is thought to

be due to residual strain in the alloy-grade composite not relieved by the
generation of mismatch dislocations. It can be reversed by introducing

an abrupt step reduction of phosphorus concentration in the vapor composition
at the end of the grading period. The experimentally determined relationship
between the wafer bow and the magnitude of the vapor composition change for our
particular growth conditions is displayed graphically in Figure 6. The
presence or thickness (in the range up to 11,7 ym) of a GaAs film produced
no detectable effect on the degree of bow. The scatter indicates the
repeatability from run to run. Subsequent samples were grown with a

step composition change of 2% to insure a surface bowed convex between

0 and 1 mil.

To determine the uniformity of the GaAs films, photoluminescence
measurements were performed on ten GaAs/GaAs,.xPy samples with GaAs
film thicknesses varying from 1um to 10um. Only the 1um thick sample
indicated a 104 shift in the photoluminescence peak. The other samples
gave a constant reading. This small shift is understandable. The residual
elastic stress in the thin layer due to the lattice mismatch or the difference
in thermal expansion coefficient betwe en GaAs and GaAs.x B, might be
expected to shift the band gap. A further study of photoluminescence on
a step-etched sample again indicated a uniform GaAs layer as well as a
unjform GaAs;-xPx layer. Measurements were taken as close as 2um

from: the GaAs/GaAs;_,Py interface. The uniformity was also confirmed

29
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by X-ray diffraction patterns, The GaAs/GaAsi-xPx waveguide is
formed by an abrupt change from GaAsP to GaAs so the lattice mismatch
produces a large number of dislocations at and near the interface.
Although our photoluminescence measurements reveal uniformity in

both GaAs and GaAsP layers, the high dislocation density near the
interface might be expected to interfere with the waveguiding effects,
especially at 1,06 um.,

2,1.3 GaAs/GaAs)_xPx Waveguides at 1. 06 um Wavelength

The structures grown for this investigation are identical to those
described in the previous section except for the reduced thickness of the
GaAs film. Achievement of good surfaces in such thin layers of GaAs
grown directly on GaAs;.xPx did present a special problem as evidenced
by the following observation. Under growth conditions that yielded
good, shiny 2um thick layers, 1um thick layers appeared hazy. This is
interpreted as being due to a very slight roughening of the alloy surface
by etching or decomposition prior to deposition of the GaAs film which
could not be completely covered by a 1 um thick film, Of course, such
a rough interface wouid be expected to be detrimental in guiding 1.06um
waves. Ultimately several fairly good 1um film surfaces were produced.

Another possible detriment to 1. 06 um waveguiding is the cross
hatch pattern inherent in the surface of as grown GaAs;-xPx wafers,
Waveguide evaluation results (Section 4. 3) indicated that the slight cross
hatch pattern might be causing significant amounts of mode conversion,

Figure 7(a) shows the surface profile of a typical waveguide as measured

31

i
i
i
i
|
i
§
;
i
!

P ¥ =




e R e D T - -— P ——

g
3 g
N — =
o . W B
. [ S =
o Dl SR
o [
=3 —
ooowm
[
> a3
L&)
= N
N
P =N
(-9 N
K1
1~
—~ 1
0w <
< a0
[ B
&
~N o~
7 O
A —
]
(]
o~
Y4 . 3
o © o
o o w &
— e =
0O %
-~
3 o~
"M Q.
oD~ O
e (=}
E E = H "
a = o - =
o o o O e X
o o ~N v o
o o -
g i1 N
Q »
N KX O
U4 3
o o~ b
=2 - } 3
n ~ N
p
1

Figure 7:




i

R e o L]

B i o

by the DEKTAK thickness monitor. Attempts io polish the GaAs,_, Py
layer before growth of the GaAs film were unsuccessful. However, some
reduction in the severity of the cross hatch is obtained by reducing the
alloy composition in the GaAs;_yP, to x = 0,2, This is shown in

Figure 7 (b). Figure 7 (c) shows that the cross hatch pattern is also
reduced in a GaAs,_,P,/GaAs;_ 4Py (z = 0.21, x = 0.42) waveguide. Note
that the gross cross hatch pattern is reduced in (b), while both the gross
and the fine cross hatch patterns are reduced in (c). The GaAs,_,P,/
GaAs)-xPx waveguides were fabricated for applications in the 0.9um

wavelength,

2,1.4 GaAs/Ga;.yAlyAs Waveguides

Exploratory runs for growing films of GaAs on GaAlAs substrates
were attempted using < 100 > oriented substrates obtained from
Monsanto Electronic Special Products. While layers grown simultaneously
on GaAs for Hall samples were of good quality, equivalent to those listed
in Tables 5, 6, and 7, very poor epi layers were grown on the GaAlAs,
This was to be expected from the poor quality of the substrate surfaces and
the tendency of pyramids to grow on near <100 5 surfaces. Subsequently
LPE layers grown 2° off < 100> were obtained in the LLPE portion of this
program, Since LPE growth on off-orientation substrates produces a
step-like surface, it was necessary to lap and polish the wafers before
using them in an attempt to grow planar VPE films.

The best VPE GaAs surfaces using standard growth conditions

were rather dull and contained pronounced growth steps as evident in

33




Figures 8 and 9. This result is believed due to initial nucleation and

growth of discrete islands whose edges continue to grow as steps even

after overlapping., It resembles growth on a very rough or pitted sur-

face even though the interface is flat. A more extreme case is shown
in Figure 10 (b), in which prior to growth the substrates were vapor
etched for two minutes in the presence of AsH;. This treatment
evidently effectively masked the surface and delayed nucleation and
growth of GaAs except along surface scratches. The size of the growth
islands must be related to the time of nucleation. These effects are
thought to be related to the stability of aluminum oxide and the greater
teﬁdency of GaAlAs to form a stable oxide surface.

Some improvement in nucleation was achieved by increasing the
deposition temperature, but the best results were obtained by increasing
both temperature and total gas flows and switching directly into the
growth cycle after bringing the substrates to temperature under hydrogen
flow, After a total of twenty-three runs, a fairly good GaAs layer was
obtained on a large (3/4" x 1" plus) GaAlAs substrate in the twenty-fourth
run, Table 11 summarises the results,

Due to the inherent difficulty in combining VPE processing with
LPE, differences in preferred growth orientation, additional handling
required and critical nature of the substrate surfaces, this approach
was abandoned in 1974 in favor of concentration on the GaAs/GaAs;.4Py
structures. The latter is suited to and requires an all VPE process,

whereas GaAs/CaAlAs structures can anf are being grown in all LPE
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Figure 9,

Surface of GaAs/GaAlAs
VR5-438/MRC 6074-1, 200X
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Figure 10, Surface of GaAs/GaAlAs, VR5-440/MRC 6074-1. (a)50X
f ' showing large plates up to 48 um high which nucleated
‘_ | immediately along apparent scratch lines and other
B ! imperfections as well as smaller plates which must have

l nucleated at a later stage. (b) 500X showing tiny, late
: nucleating poly-hedra on bare substrate beside edge of a
large plate.
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TABLE 11
Undoped GaAs Grown on GaAlAs
Run Deposition Net Carriers Mobility, u Film
No. Temp, C n, cm=-3 cm?/volt-sec  Thick, um Surface Quality
432 754 1.07 x 10 7500 7.8 Poor
2,3 x 10M4(C-V 13
7.3 x 1013(Cy 4)
434 757 7.5 x 1013 7427 6.8 Poor
6.0 x 1024(C-V) 4
3.1 x 1033(Cy )
435 756 p t n readings 12.7 Poor
2.9 x 104(C-V) 9.5
5.5 x 1013(Cy)
436 755 4,9 x 10 5027 5.8 Poor
437 756 1.0 x 10% 4601 5.8 Poor
438 756 6.5 x 1032(V, un- 2030 7.8 See Figure 1
stable
439 770 See Figure 2
440 738 3.8 x 10M 7126 14.6 See Figures 3a and b
(v.
443 747 7.8 x 102 unstable) 2814 5.8 Poor
4.2 x 104(C-V) 5.4
5.4 x 10(Co)
447 776 4.4 x 101 5527 12,1 Better, but contains pits
448 784 9.1 x 101 7179 13.8 Stacking faults
449 793 1.3 x 105 6162 13.7 Stacking faults
450 784 6 x 10 6825 15.6 Very good - few pits
451 798 1.1 x 1014 5893 13.8 Good, few faults and pits
452 790 1.9 x 10** 5980 7.8 Fairly good, Large Area

Runs 448 thrcugh 452 at twice normal flow rate
Hall and C-V measurements on GaAs sukstrates
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systems elsewhere. Furthermore, as mentionead earlier, the attenuation
results obtained in this program veing GaAs,_, Py structures were at
least equivalent to any obtained using GaAlAs structures so there was

no strong incentive to try to cope with the difficulties presented by the
large area LPE growth of GaAlAs,

2.2 Growth of High Resistivity GaAs in Research Scale Reactors

To reduce r.f. power dissipationin GaAs waveguides for
electrooptical modulation applications, high resistivity epitaxial layers
would be required. In order to achieve layers with the desired > 10°
{3-cm resistivity it will be necessary to develop a technique for
compensating the epitaxial layers.

Techniques for producing high resistivity VPE GaAs layers were
explored using laboratory scale horizontal reactors in order to minimize
developmental costs. The results of these experiments will be summarized
here although none of the approaches achieved reproducible growth of
compensated high resistivity GaAs films, Two avenues were explored,
compensated deep donor (Zn-O) doping, and deep acceptor (Cr or Fe)
doping.

An apparently successful initial attempt at Zn-O doping, reported
in the January 1973 Semi-Annual report, now appears due to an i-layer
formed during the transistion from Zn-O doping, probably p-type, to
Te doping of the n-type surface contact layer. The major difficulties in
growing individual high resistivity layers of Zn-O doped GaAs appear to
be low O concentrations in spite of water vapor concentrations in the

reactant gas as high as 0,67% combined with strong dependence of Zn
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concentration on deposition temperature and poor control of the Zn dopant

i
concentm tion at the very low flows required. As a result, the grown ‘;
|

layers were of low resistivity, either n- or p-type, and occasionally both were

2,

produced simultaneously,

Control of zinc doping is complicated by zinc contamination of
the system which can carry over to a subsequent run and by preconditioning
of the system required before low zinc doping levels can be achieved. Both
effects are probably due to decomposition and/or adsorpiton of diethyl zinc
in the line entering the reactor.

GaAs layers doped with Zn-O, but remaining n-type, have shown
lowering of mobilities at both 300K and 77K and from 25% to 50% freeze
out of carriers between 300K and 77K. However, the data show poor
correlation with zinc and oxygen doping concentration,

Doping with Cr to produce high resistivity VPE layers did not
prove successful, It may be concluded that Cr is either not transported
or not incorporated in sufficient concentration to affect the electrical 1
properties. In addition, impurities in the Cr source can interfere with
the desired electrical properties.

With the chromium source located in a small boat in the hottest
zone of the furnace upstream of the substrates, one sample of Cr metal
(Ventron) yielded conductive p-type layers, another (Atomergics)
yielded compensated n-type layers. CrCl, produced high resistivity
layers, but of poor surface quality due to etching by the HCl produced by
reacting with H,, An undoped run, after removal of the Ventron Cr

from the system, also produced p-type layers, presumably due to Cu
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contamination. Emission spectroscopic analysis showed the Ventron Cr
to contain 3-5 times more Cu than the Atomergics sample.

Both Cr metal (Atomergics) and CrCl,, prereduced, when used in
a reactor in which the source was located in the GaCl-H, stream out of
contact with arsenic or deposited GaAs, yielded compensated n-type
layers. However, on removal of the CrCl; source, subsequent runs
produced ~ 5 x 1013 p-type material. Evidently the CrCl; introduces an
n-type impurity as well as Cu which persists as a low level contaminant
in the system.

Attempts to produce high resistivity VPE GaAs by iron doping
were also unsuccessful, again due to probable copper contamination.
The carriers in four successive runs using the same source (Ventron
iron wire) changed progressively from 6.4 x 10!5 n-type to 1.5 x 1014
p-type. Better control of iron volatilization (Fe reacted with GaCl to
form a Ga-Fe alloy) and a higher purity source are indicated. However,
since previous reports (5) of Fe doping in GaAs have indicated maximum
resistivities of only <105 ochm-cm for both VPE and bulk GaAs, these
efforts were discontinued.

The apparent ease witn which relatively uncompensated materiai

of either p-type or n-type can be produced suggests a very low concentra-

tion of deep level impurities in these epitaxial layers. If a low concentra-

tion p-type background can be established, low level doping with oxygen

may be the best route to high resistivity GaAs.

These difficulties encountered in the growth of very high resistivity

GaAs films led us to consider the use of 2 reverse biased p-n junction
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coincident with the heterojunction to limit the r,f, dissipation. This

point will be discussed again in Section 6.1,
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3. LIQUID PHASE EPITAXIAL GROWTH OF GaAlAs

The primary objective of the Liquid Phase Epitaxy (LPE) portion
of the program is to grow Ga,-yAlyAs layers on GaAs substrates. The
VPE process is then used to grow the GaAs layer on the Ga;.yAlyAs LPE
layer to form the waveguide for propagation at the 10.6 ¥ m wavelength,
This structure has a much smaller lattice mismatch at the GaAs-alioy
interface than that in the GaAs/GaAs,.xPx system previously described.
The goal is to ascertain whether the GaAlAs system offers a significant
improvement in waveguide performance at the 10, 6 um wavelength over
what can be ohtained in GaAs/ntGaAs and in GaAs /GaAs,.xPx waveguides,

Initially, a 6 inch POCO graphite sliding boat, showin F gure 11,
was used with a Model 5313 Closed-Loop Radiant Heating System made
by Research Inc,, Minneapolis, Minn, In this system the boat and melt
are stationary while the substrare slides under the melt. The top and
bottom halves of the boat are held together with graphite pins. The boat
will accommodate a 3/4 x 1-1/4 inch substrate. The furnace is & parabolic
clamshell with twelve tungsten infrared heat lamps which provide a ten
inch heated length,

The early runs produced layers with a carrier concentration in
the 10} cm~=3 range, while the surface quality and layer thickness
uniformity wexre unsatisfavtory, Cooling rates in the range of 0.5 to
6.5°C/min were inves tigated, the slower growth rates appearing to
produce slightly improved surface quality. Starting-growth temperatures

were generally near 775°C, but trial runs up to 930°C were made
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without significant changes in surface quality or layer thickness uniformity.

Although lavers with a thickness variation of only 10% were often observed
over the central area of the wafer, severe edge effects were always
present. It was concluded that the relatively small mass of the six inch
boat plus the short temperature zone of the radiant furnace precludes the
growth of large area uniform epi layers.

A large-area graphite slider-boat, 12 inch long, was then designed
and constructed for 3/4 x 2 inch substrates. A schematic drawing of the
boat is shown in Figure 12, This system utilizes a Lancer Diffusion {
Furnace (Lindbergh Hevi-duty) with a 4-3/4 inch bore and a 53mm L. D,
quartz reactor tube, The furnace has a 20 inch flat (+0.5C) temperature
zone and can be programmed to cool at a rate from 0,1°C/min up to the
no-current cooling rate of the furnace (5°C/min at 800°C),

The Radiant Heat Furnace shown in Figure 13 was then used to
saturate a melt of Ga plus Al with AsH; to form GaAlAs., The gas phase
saturation usually produces a product with a lower background impurity
level than does the addition of undoped GaAs. The gas phase saturation
also makes it possible to resaturate a used melt up to the starting growth
temperature. The graphite melt saturation boat is shown in Figure 14,
The 12 inch graphite sliding-boat used in the growth of large area GaAlAs
epi-layers is shown in Figure 15. Most of the successful growth runs were
made by eliminating the use of source material and growing the epi-layer
in the source material slot. The reason for this change was the difficulty
and expense of obtaining large-area low-impurity GaAs, the occasional

slider sticking problems in passing over the source material slot, and the
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Figure 14: Gas-phase Grajhite Melt Saturation Boat
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ease of saturating from the vapor phase in the Radiant Heat Furnace
system. The loading end of the furnace and reactor tube are shown an
Figure 16, The control rods provide movement of the boat and sliders
while an ambiert flow of purified hydrogen is passing through the reactor
tube.

A series of runs was made in the 12 inch boat using substrates
up to 3/4 x 2 inches. In Figure 16, the saturated melt containing the
proper amount of Al can be seen in the right cavity and a polished substraie
(GaAs) in the depression on the left side of the boat. The bottom slider
moves the melt over the substrate for the growth cycle and the top slider
covers the melt, After the growth cycle, both sliders are moved to the
right to remove the melt from the epi-layer.

The 12 inch boat produced epi-layers with a greatly improved
surface quality and layer uniformity. A schematic drawing of a typical
grown layer with a surface composition of 24 mole % AlAs is shown in
Figure 17. The measured layer thickness is indicated along a cleavage
adge across the wafer, The layer thickness is quite uniform, 24um £ 1
over most of the wafer with a decreasing layer thickness only at one end
where the layer first contacted the melt. The surface quality was reasonably
good and. with the addition of a GaAs layer on the surface, would be
adequate for preliminary waveguide evaluation,

The successful melt wipe-off action of the slider is critically
dependent on the clearance between the slider and the epi-layer surface,

therefore the substrate and the layer thickness must be closely coutrolled,
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When complete melt wipe-off is obtained, the surface composition is very
uniform, as measured by photoluminescence (PL). When a thin film of
melt is left on the surface, a thin layer of alloy low in aluminum is |

; deposited. This layer can be removed by a diamond polish followed by an

etch polish, Since the composition gradient in the GaAlAs epi-layer is

very steep, lapping slightly nonparallel to the growth surface will result

in a small spread in the final surface composition. This deviation was i

usually kept at or below = 1.5 mole % AlAs, '

Typical LPE GaAlAs epi-layer run data obtained from the 12 inch

e

slider boat are given in Table 12, Large area epi-layers with a surface L
composition in the range of 20 to 28 mole % AlAs or a PL30(Q°K wavelength

of 7450 to 7000A , respectively, were grown, A saturation or growth

L VYT O Dl 6 DL

starting temperature near 975°C was used. The 30 to 40°C cooling cycle

E i and a cooling rate of 0.5°C/min. resulted in epi-layers with a thickness

range of 18 to 27 Um, In most of the runs a small substrate of high

resistivity GaAs was included so that a Hall measurement of the epi-layer j

E could be cbtained. Most of the layers indicated a carrier concentration

in the low 10!¢ cm-3 range with a mobility near 1500 cm?/volt-sec. at o
room temperature,
Some of the melt charges were reused several times by adding

additional aluminum and resaturating with AsH,. The aluminum addition

required was estimated and the saturation temperature was determined

by observing the first-crystal formation temperature while the melt was

slowly cooled. With some experimental data and a little experience, the
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; surface composition of the epi-layer can be kept near the desired 26 mole % ;
AlAs range.
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4. WAVEGUIDE EVALUATION

The objectives of this portion of the program were to (a) evaluate the
effects of various properties of the materials, such as alloy composiiion,
carrier densities, and surface quality, on the propagation and attenuation
of guided wave modes, (b) to measure the propagation and attenuation
properties of the various modes in structures fabricated in this program,
and (c) to design waveguide structures that optimize the device performance
discussed in Section 5., Most of the work was conducted at the 10. 6um
wavelength. A limited amount of data was also collected at the 1.06 um
wavelength,

4.1 Planar Waveguide Propagation and Attenuation at 10.6um

A Coherant Radiation Model 42 CO; laser was used for the experimental
measurement of waveguide attenuation, An intracavity grating was used to
select the laser transition, stabilizing the wavelength of the output
radiation. This is particularly important if a grating coupler is used to
excite the guided wave modes, A piezo-electric feedback control was then
added to stabilize the cavity length, so that constant output power from the
laser was obtained, The schematic diagram of this laser stabilizer is
shown in Figure 18, An intracavity mode selector was used to insure that
the output radiation is in the TEMgy; mode. Both gratings and prisms have
been used to couple the CO, laser radiation into the waveguides, but we
finally standardized on the prism coupler for excitation and the two prism
method for the attenuation measurement. We chose the prism coupler
because low loss Ge prisms were readily available; input coupling

efficiency of 40% can easily be obtained; many data points can be obtained
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by adjusting the r ition of the output prism coupler; and the waveguide
is reusable.

In our experimental mecasurements, the waveguide was bonded by
black wax COates: ¢n the back side of the waveguide structure to a fixture
so that the prisms could be safely pressed against the waveguide. The
fixuture was ther. mounted on a 5 inch diameter Lansing gimbal-mount
riding on two trauslational stages, providing fine control of the angular
and translational position of the waveguide with respect to the laser beam.,
The prism couplers were epoxied to a set of mechanicai harnesses that
enabled us to control the pressurc of the prisms against the waveguide
by controlling the spring pressure. The prisms could slide back and forth,
accurately and conveniently, Figures 19 and 20 show the fixtures,

As soon as the guided waves are excited by adjusting the angular
orientation and translational position of the waveguide with respect to the
incident laser beam, a search is conducted for the exact angles of
excitation for each mode, Comparison of the;:e angles with the calculated
values of B enables us to identify the specific modes involved in each
attenuation measurement, Figure 21 is a typical semi-log plot of the
measured output power detected by the thermocouple detector as a
function of the path length (the separation between prisms). The data
shown in this figure are for the m=0 and m=3 modes of a GaAs/ntGaAs
waveguide, The average slope of all the points is the attenuation rate
of that mode. The scatter of the experimental points demonstrates the

experimental errors of the measured attenuation rate. The experimental
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Figure 19:

The Prism-Prism Coupler Assembly
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errors could be caused by irregularities (including both defects and dust
particles) of the waveguide surface and by fluctuations in the detected
power. By stabilizing the laser power and by using a chopper and the
synchronous detection method to elim}nate noise, we eliminated the
power fluctuation error from most of the measurements. The estimated
accuracy of our measurements in attenuation rate is within 1 db/cm.

4,1.1 GaAs/n+ GaAs Waveguides (8)

The total attenuation coefficient of a given waveguide is the sum of
three parts: attenuation due to free carrier absorption in the substrate,
absorption loss within the bulk of the film, and scattering loss at the air-
film boundary and at the substrate-film interface. The absorption loss of
bulk high resistivity GaAs has been measured calorimetrically and was
found to be 0,012 cm‘l(g). The surface irregularities of the waveguides
fabricated are less than 1/10 of the wavelength. Therefore, in the initial
theoretical assessment of the attenuation rate of GaAs/ntGaAs waveguides,
we have only calculated the attenuation due to free carrier absorption in
the substrate. The theoretically calculated attenuation rate of the various
TE modes are shown as solid curves in Figure 22 as a function of the
waveguide thickness. The film is assumed to be lossless and the substrate
is assumed to have a carrier concentration of 4 x 1018 cm-3, The
absorption coefficient of the GaAs at 10,6 um is related to free carrier
concentration N by(6' 7)

a (in cm=!) = 8,10°17N
The measured attenuation data are shown by the poinis marked by their

mode order in the same figure. The attenuation increased rapidly either
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as the mode order is increased or as the waveguide thickness is decreased.
The increase in attenuation is attributed ot the lengthening of the evanescent
tail in the substrate which is highly absorbing.

It has been thought that the waveguide attenuation rate may be
reduced by using a substrate with a lower carrier concentration. However,
in order to achieve good waveguiding in GaAs /n+GaAs, a carrier concentra-
tion on the order of 1017 cm~3 is required. We have found that a decrease
in the substrate carrier concentration will increase the attenuation rate.
This comes about because the evanescent tzil of a guided mode is lengthened
by the decrease in carrier concentration, and it penetrates more into
the lossy substrate, In spite of the simultaneous decrease in the free carrier
absorption, our calculation reveals a higher attenuation rate at a lower
substrate free carrier concentration for GaAs films thicker than 10 microns,
A better way to achieve both a larger change of the refractive index for the
waveguiding effect and a lower substrate bulk loss is to go to a heterostructure,
which will be discussed in the next two sections.

In order to show the attenuation characteristics of an assortment of
GaAs/ntGaAs waveguides with a variety of substrate carrier concentrations,
we have plotted in Figure 23 the attenuation of the TE;and TE; modes where
the substrate carrier concentration varies from 8 x 1017 to 4 x 10!% ¢m™?
and the film carrier concentration varies from 4 x 10! to 2 x 10!* cm~3,

The dashed lines are an attempt to join all the experimental points together.
They are intended to give a general assessment of the effect on attenuation
rate caused by th: change in film thickness without regard to the slight

variation in free carrier concentration of the different substrates. Also
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shown in Figure 23 are two theoretical curves (solid curves) for the loss
due to the free carrier absorption of the substrate, In this theoretical

calculation, the GaAs film is assumed lossless and the substrate has a

-3

carrier concentration of 2 x 10*® cm=2 which is an average of all the
£

samples used in obtaining the experimental points. A conclusion can be
drawn here that an attenuation rate less than 2 db/cm for the 1Ey mode
is achievable consistently in the GaAs /ntGaAs structure prcvided that the
film thickness is about 25 Mm or thicker. The minimum attenuation rate

achieved in a waveguide is 0.7 db/cm, It should also be clear from

Figures 22 and 23 that the total attenuation rates of the low loss waveguides
are considerably higher than the attenuation rate calculated from the free
carrier absorption of the substrate. No specific mechanism has yet been i
identified which causes this residual ~ 1 db/cm of attenuation.

In order to assess the effect of nonuniform carrier concentration
near the ntGaAs junction, we have analyzed the propagation wavenumber
B for each mode with uniform refractive index in the film and linear
variation of the refractive index in a given transition region. Numerical
results have been obtained which indicate that as far as the calculation of
8 is concerned the waveguide with a graded index of refraction can be
represented by an equivalent uniform film waveguide having an effective
thickness wy. Figure 24 shows an example of the calculated results, In
tnis figure, a contour map of the ratio of 8 of the TE ; mode to the free
space propagation wave number, k, is presented as a function of the film

thickness w and transition region thickness d at 10, 6 u m wavelength.
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These are GaAs/ntGaAs waveguides with Ny ='10' cm=3 subrtrate carrier
concentrations. An extension of the analysis has also been made to calculate
the field configuration for the mode. From the field calculation, the
attenuation rate of the waveguide was calculated and is presented in
Figure 25, Figure 25 shows the attenuation rate curves for the TE, mode
for the waveguides that have the w and the d values corresponding to the
specific B /k values shown in Figure 24.

The calculation demonstrated that with the transition region
measured to be less than 1 4 thick for most of the GaAs abrupt layer
waveguides, the effect of the transition region on 8 and on attenuation
rate can be neglected. The calculated results were used as a guide for
the fabrication and evaluation of waveguides. Based upon this calculated
result and the carrier concentration profile shown in Figure 3, we have
concluded that the effect of the graded region on waveguide propagation
aund attenuation is negligible at the 10, 6 um wavelength, However, the
effect of the graded layer is not negligible at the 1, 06 M m wavelength,

4.1.2 GaAs/GaAs,-xPx Waveguides

In principle the waveguide attenuation caused by substrate absorp-
tion can be made arbitrarily low by reducing the free carrier concentra-
tions in GaAs;_xPy. 1n practice the free carrier concentration that can be
achieved is shown in Section 2.1.2 to be ~ 10!%>, There is also a lack of
experimental data on the exact value of the refractive index of GaAs,;.xPx
at 10,6 um, We found that a relationship of An = -0, 4x fits fairly well

with the incomplete existing data. A detailed discussion of the refractive
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indices of GaAs, GaAsP, and GaAlAs is given in Appendix 3. Several

GaAs /GaAs,.xPx waveguides were fabricated specifically for the evalua-

tion of the refractive index in collaboration with Dr, James McFee of the
Bell Telephone Laboratories. The index does not seem to be uniform
enough within the GaAs,-xPx epitaxial film to permit us to determine the
refractive index more accurately than the presently known value.

Based upon the assumption that the substrate refractive index

is 3.12 and the substrate absorption is 2.5 cm=!, we have calculated the
attenuation of the GaAs/GaAs,-xPx waveguides, These are shown as the
solid curves in Figure 26. The points are the measured attenuation rates
of the TE, and TE, modes. Note that the GaAs /GaAs,.xPx waveguides
have considerably less attenuation that the GaAs /ntGaAs waveguides at
small GaAs film thicknesses, The increase in attenuation rate near the
cut off film thickness of the waveguide is caused again by the free carrier
absorption in the substrate which was in the range of 106 cm=3 for the

samples used for these measurements, Lower carrier concentrations have

been achieved in GaAs,-x Px near the end of the contract period; but these
samples have not yet been evaluated. There is again a residual attenuation
of about 1 db/cm caused either by surface scattering or absorption of the
film. We have suspected that the attenuation may be caused by the very

" thin layer of oxides that may develop on the surface of GaAs; but no
conclusion was reached at the end of the contract. Waveguides with loss

of less than 1 db/cm can be fabricated by increasing the GaAs film thickness.

For films thicker than 20 um, the attenuation for the fundamental mode is :

so small that it is not measurable.. However, a multimode waveguide is not
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desirable from the device design point of view. No measurable e=ffect
on the attenuation rate could be correlated with the variations in cross
hatch patterns,

We have also grown a number of GaAsP/GaAs /GaAsP waveguides.
The symmetric waveguide structure is similar to Figure 4, except for an
additional layer for GaAsP on top of the GaAs. Again, we have neglected
the grading at the top interface. The purpose of the additional GaAsP layer
is to isolate the metal layer in our device design, e.g. in electro-optic
modulators. This buffer layer is thick enough so that the exponential tail
of the guided mode does not reach the metal layer. The growth condition
for this buffer layer is the same as for the uniform GaAsP substrate, and
its thickness ranges from 4 to 124 m. All the samples grown to date have
good surface quality. Waveguide attenuation measurements were performed
cn a single-mode sample with a 54 m GaAs light guide and a 54um GaAsP
buffer layer. A loss of 6 db/cm was obtained. We have expected the loss
of the GaAsP/GaAs/GaAsP waveguide to be twice that of the GaAs/GaAsP
waveguide,

4,1.3 GaAs/Ga;-yAlyAs Waveguides

In principle, the GaAs/Ga,-yAlyAs waveguide should have the same
characteristics as the GaAs/GaAs,;_ P, waveguide as long as they have the
same index of refraction and the same free carrier absorption for the
substrate. In practice the control of film thickness uniformity, of free
carrier concentrations, and of surface quality for large samples are

difierent in the VPE process and the LPE process. We have chosen to
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grow the GaAlAs substrate layer by the LPE procees, followed by VPE
growth of the waveguiding layer so that the free carrier absorption loss of
the film can be eliminated. The attenuation rate measured was 3 db/cm
for the TE; mode and 5 db/cm for the TE; mode in our best sample with

a film thickness about 8 um, The sample was much smaller than our

usual sample size produced in the VPE process; and the measurement was
performed over a distance of separation about 5mm between the two prisms.
A GaAs/AlGaAs waveguide structure with both GaAs and AlGaAs grown on
a GaAs substrate by liquid phase epitaxy has been reported recently by
McFee, etal (10). This Ga;.y AlyAs typically has an alloy composition with
y in the range of 0.2 - 0,3, The GaAs film and the AlGaAs substrate have
thicknesses from 10 to 20 um and the carrier concentrations in both layers
are approximately in the 106 cm-3 range. Waveguide samples are typically
one to two centimmeters in size, and the attenuation measurements were
performed over a distance up to about 5mm, For the TE; mode, a loss of
about 2 db/cm was measured, but much higher loss was obtained for the
TE, and TE, modes,

Judging from the initial results obtained by us and by Bell Telephone
Laboratories(ll), We believe that the attenuation rate for the GaAs/AlGaAs
waveguide structure can be reduced to below 2 db/cm by improving the
perfection of the film surface quality and by reducing the carrier concentra-
tions. The carrier concentration of the GaAs film that can be obtained by
liquid phase epitaxy was reported by McFee, et al. to be approximately

10! ¢cm=3, while that by our vapor phase epitaxy could be controlled in the

74




ko

-
4 R

10 cm=-3 range. However our technique is subject to the inherent
difficulty of combining vapor phase epitaxy with liquid phase epitaxy.

4.2 Two Dimensional Waveguides at 10, 6Mm

Investigation of electrooptical modulation predicts that a large
reduction of r.f, power per modulation bandwidth and higher r.f. power
per modulation bandwidth and higher r.f. impedance may be obtained by
using a two dimensional waveguide modulator to reduce the capacitance.
However, it is well known that the scattering loss from the rough side
walls may significantly increase the attenuation rate. We have successfully
chemically etched two dimensionil wavegu'des that have very low loss.

For the sample VR5-422 the measured attenuation rate for the TE,
mode is 4.1 db/cm while the attenuation rate for the TE; mode is 5 db/cm.
These measurements are for a one dimensional guide before etching.
Subsequently, the sample was first spin coated with liquid SiO, 0.15um
thick, and then spin coated with AZ 1350 photoresist, about 0.5 um thick.
AZ 1350 was exposed in the usual manner through a suitable photomask
(made by the conventional photolithography technique) to make an SiO,
mask to protect the white areas in Figure 27 during chemical etching.
Following that the GaAs (dark area in Figure 27) was etched about 25 um
deep by H,SO,:H,0,:H,0 (3:1:1) at 45°C for about five minutes; the SiO,
mask was then removed by HF.

The resultant product schematically shown in Figure 27 consists of
a two-dimensional waveguide surrounded by deep etched grooves to isolate

the waveguide from the surrounding mesa of GaAs. The two-dimensional
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Figure 27,

Schematic Diagram of an Etched Two Dimensional Waveguide.
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waveguide has tapered transitions at both ends so that one dimensional
waveguide modes can be excited by the prism coupler and then make a
smooth transition from the one dimensional waveguide modes to the two-
dimensional waveguide modes. The surrounding mesa of GaAs is
necessary to support the pressure of the prism coupler. The vertical deep
groove cutting across the mesa shown in Figure 27 is necessary to prevent
radiation leaking from the input prism coupler to the output prism coupler
through the surrounding mesa of GaAs. Figure 28 shows a 500X magnification
of a section of the etched waveguide where each large scale division
corresponds to 2.2um in distance, Figure 29 shows the profile of the wave-
guide as monitored by Dektak. The surface irregularities caused by chemical
etching are clearly much less than 1um.

We have been able to 2xcite several E}'q and qu modes by setting the
vertical angle of the incident CO, beam with the input prism for m = 0 and
m = 1 modes of the one dimensional waveguide, Modes having various
values of q, the transverse mode order along the width of the two dimensional
waveguide, were excited by adjusting the horizontal anzle between *he input
prism and the axis of two-dimensional guide. When attenuation rates of
the two-dimensional guide were evaluated by sliding the output prism
coupler, we obtained 3.8 db/cm for E}’q modes and 4.9 db/cm for Zz'q modes
for small values of q.

This resu lt demonstrated that no measurable increase in attenuation
occurred for the two-dimensional wa veguide modes E}’q and EY  (with

9

small q valuas) as compared to the TE; and TE,; one-dimensional waveguide
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Figure 28. Photograph (500x) of a Part of the 50k Wide Two
Dimensional Waveguide Fabricated on VR5-422.
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modes,. The slight decrease in attenuation was probably caused by the

fact that we chose a better section of the sample to make the two-dimen-
sional waveguia. Similar results were obtained in Sample No. VR5-424
where a 50um wide two-dimensional waveguide was fabricated. However,
when a 25 um wide two-dimensional waveguide was fabricated on Sample

No. VR5-421 an increase of attenuation of 1 db/cm occurred for the EYq
modes and an increase of attenuation of 6 db/cm occurred for the EZ modes,

q
4.3 Planar Waveguide Propagation and Attenuation at 1.06um

The GaAs /GaAs,-xPx waveguide for 1. 06 um wavelength applicati.n
is fabricated in the same manner as those for the 10.5 um wavelength,
except that the film is thinner. However the measurement technique is
modified because the Ge prism is not transparent at the 1.06 um wavelength,
We have succeeded in exciting the guided waves by both a GaAs prism
coupler and a grating coupler, The details of these couplers will be
discussed in Section 5,2. For attenuation measurements, the grating
coupler method has the disadvantage that the distance between input and
output coupler is fixed, so that a number of samples are needed to obtain
the necessary data., The prism coupler method has the disadvantage that
the coupling efficiency is less than 0.17% because the index of the prism is
almost the same as Sg /k. In addition the energy contained in the
evanescent tajl is a very small fraction of the total energy carried in the

o~

guided wave modée whenever ng ng; the evanescent tail is too short for
strong coupling between the prism and the waveguide through the air gap.

Poth of these factors contributed to the low prism coupling efficiency,
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The efficiency is so low that the attenuation measurement by the two prism
method is no longer reliable. A compromise was finally used for the

attenuation measurements. The two prism method was used first to identify

the modes and to evaluate the mode conversion effects betwecn different modes.
The output prism coupler was then dismounted and the radiation emerging from
the cleaved surface at the end of the waveguide detected. Since the reflection
loss at the end of the waveguide is of the order of 30%, the radiated power can
be measured accurately. The input prism coupler can then be moved to measure

the change in detected power due to transistion in propagation distance in the

waveguide., Surprisingly the input coupling efficiency is fairly constant,
causing only a small amount of scatter in the measured data points in the
semi-log plot of the detected power versus propagation distance as shown

in Figure 30, For the single TE mode and the double TE mode waveguide
the measured attenuation rate of the TE, mode is about 1 db/cm. These
waveguides have a film thickness of 1 to 2 um and 35% GaP in the substrate,
For waveguides that have several propagation modes, strong mode conver-
sion between different modes was observed. No matter what mode is excited
at the input coupler, the output coupler shows m-lines ~f equal intensity after
a few mm of propagation distance. This strong mode conversion ef.ect

is attributed to the surface scattering by the cross hatch pattern. In section
2.1.3, Figure 7 (a) showed the surface profile pattern of this cross hatch
pattern as monitored by DEKTAK, Notice that the average periodicity

of the cross hatch pattcrn satisfies ap.roximately the phase matching
condition between different modes. This suggests that the cross hatch
pattern will cause strong mode conversion, but its periodicity is too large

to cause any significant increase in waveguide attenuation. The cross hatch
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pattern was reduced in GaAs /GaAs g 1Py 2 and in GaAsg 4P, ,/GaAs  (Po 4
waveguides as shown in Figure 7(b) and (c). The measured attenuation
rate of the sample that has a less pronounced cross hatch pattern is ~ 1-2 db/cm.

Because of the limitation in time no thick waveguides could be fal,ricated

before the end of the contract period to examine the detailed mode conver-
sion properties of the cross hatch pattern, Free carrier absorption is not
the dominant loss mechanism for waveguide attenuation at 1,06 um, No

data have been collected to evaluate that effect.
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5. DEVICE EVALUATION

The objectives of the device evaluation portion of this program are
(a) to utilize the fabricated waveguide structures to demonstrate integrated
optical devices, (b)to provide theoretical guidance so that waveguide
structures could be maodified to optimize the device performance, and
(cj to develop techniques and devices for making effective evaluations,
Therefore the major objective of the device evaluation at 10, 6 um wave-
length is to investigate electrooptical modulation. The major objectives
of the very limited amount of work on device evaluation in the near infra
red are to develop effective input and ouiput ccuplers and to initiate the
investigation of fiber to film coupling.

5.1 Electrooptical Modulation at 10,6 um Wavelength

The investigation of electrooptical modulation began with a theoreti-
cal calculation of the uniform thin film (i.e. planar) waveguide modulator,
From this calculation we determined the best waveguide structure, the
necessary length of the modulator, and the r.f. power requirement for
such a modulator. It led us to the fabrication of large arca waveguides,

emphasis on the GaAs/GaAs;.xPx waveguide, and a search for high

resistivity film as discussed in Section 2, In order to confirm the calculated
results before the experimental realization of good GaAs/GaAs,.xPx wave- i
guides, an experimental modulator was fabricated on a GaAs/n* GaAs
waveguide. This experimental modulator performed poorly but its T
result confirmed the theoretical prediction. Subseqguently a theoretical
investigation was undertaken to analyze the twe dimensional waveguide

modulator. The results of this evaluation showed that the r.f. power |
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requirement can be reduced and the r.f{. impedance can be raised without
significantly reducing the modulation efficiency for a given applied voltage
and modulator length. This result prompted us to develop the two dimen-
sional waveguide discussed in Section 4, 2. Experimental fabrication of a
two dimensional waveguide modulator on a GaAs/GaAs,.xPx waveguide
was initiated during the final contract period, but no experimental result
is available yet,

Most of the theoretical analysis was carried out under NSF Grant
GK 31854, The experimental investigation of two dimensional waveguide
is currently being continued beyond the contract period of this program
under the sponsorship of Washington University and the NS¥ grant.

5.1.1 Theoretical Calculation

The voltage, V, and the power, P, required for bulk GaAs or

CdTe electrooptical phase modulators are:(“' 12)
_ 3
V = (28¢/kgn r, ) (/1) (1)
€ X
T | 0 ,2 wd
B/eE = Rap =TS (2)
41
where A¢ = phase shift reguired
ko = propagation wavenumber in free space = 2n/A0

n = refractive index

=
]

41 electrooptical coefficient
d = thickness of the modulator across which the voltage
is applied
£ = length of the modulator
W = width of the modulator

€_ = relative dielectric constant at the r.f. frequency

o>
2
i

r.f. bandwidth desired

AO = free space wavelength
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A similar expression can be given for polarization modulators.
Because of the long wavelength and because of the diffraction limitations
on both the (d/4) and the (W /£) ratio, electrooptical modulators are known
to perform very poorly in the far infrared. A substantial improvement
in performance can be achieved through the use of thin-film waveguide
modulators since the (d/£) ratio is8 not subject to the diffraction limitation
in waveguides (13-16), Since the substrate of all our waveguide structures
has a higher free carrier concentration than the film, it is most advantageous
to apply the modulation voltage across the structure at UHF and VHF
frequencies, Very little voltage drop will occur across the substrate.
Most of the voltage will appear across the thin film, thereby obtaining a
very small (d/4) ratio. 1t is necessary, however, to avoid depositing

‘-1"': electrodes directly on the film because they will cause high

attenuation, Therefore, the analysis presented here will be concerned
with guided wave modulators that have a buffer film, with nf > ng and ny,.
Moreover, our analysis will assume that the GaAs epitaxial film can be
compensated during the epitaxial growth process to obtain a very high
resistivity so that r.f. heating effects can be neglected. In practice,
this is difficult to achieve; alternatively, the high resistivity layer in
the film may be achieved by p-diffusion and by reverse biasing the resulting
p-n junction. A detailed (and complicated) analysis based on the alternative
structure is given in reference 17. Since the results obtained for the
alternative structure with the p-n junction are very similar to those

presented here, they will not be given in this report.
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5.1.1.1 . Phase Modulation in Uniform Thin-Filjn Waveguides

The guided wave modes of the waveguide structure are well known.

The electric field for a TE,, mode with no transverse variation and

Jwot variation is

-'B . 3 & .

Ep(x,2,t) = E (x)e 5n"s %" 1, (3)

- ; -p_(x-d_.-d,)
Em(x) = (Bm+Cm) s:.n(hmdf + ¢m)e m f b’ for x > df + db
Em(x) = {Bm exp[qm(df+db-x) +C exp[-qm(df+db-x)]} sin(hmdf+¢m)

fordf<x5df+db

Em(x) = Am 51n(hmx + ¢m) for 0 < x < df

= Am sim»me’?'mx for x < 0

where ﬁm = B 1

miz’ L = tcosbiz + rsinbiy

n, or ng < Bm/k0 < ng !

o 2 2o 220 2 2__ 2 2 2 2_

Bm’ hm' qp and P, @ie mth roots of the equation

h qm'”'m tanh (qmdb+6m)

tanth d_, = - —n (5)
m £ qmﬂ.m h 2
l- tanh (q d +6 )
qmg'm m ;
q
tanhg_ = -2 :
mo P
Em is normalized so that
l /+m * B ke
= Re J {[Ean ]°1 } dx = 2——{]—5 / EE*dx =6 (6)

where o is the free space permeability.
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The effect of an applied voltage across the high resistivity

GaAs layer is to produce a change of refractive index Anz(x,t)=Anpz(x)

cos mmt where

2 _ 4
Anp = nerg, V/df (7)

From perturbation analysis(37'18) the change in the propagation
constant Bm caused by this An2 is found to be

2

AB = ko [-EEL~ def F_ An 2 E_* dx] cosuw_t (8)

m iﬁm 2m0u m P m m
0

where the quantity in the bracket is commonly known as the overlap
integral. Thus the resultant phase modulation for the TEm mode
is

= = C ¢
Ad lABm mevz cosmmt (%)

where

2_ 4
c = kg, D '2y) [ B J[df EE * dx]
mm 28_d 2wy mm
m £ 0 0

For m-phase modulation the required voltage is

L 1r/Cmm ) (10)

Since the r.f. capacitance of the modulating electrode is ercho/df,
the required r.f. power per unit bandwidth for w-phase shift is

€ A B wd B d

0 2 m |2 £ m f 2

(P/8f) = =% ( ) ( ) ( )/[ f EE * dx} (11)

72 3 n_k [) 2wy m-m
phase neor,, £ 0 0 0

Figure 3] shows the calculated values of CmmVR/Zn and A¢ for the

TEo mode as a function of df for ny & nb = 3.16 and for n, =n =

3.22 at V& = 3 M-V. Figure 32 shows the correspondiig calculated

values of P/Af for W/%

0.05. Note that there is an optimum value
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of df that will minimize the required voltage for a given phase
shift A¢. The physical reason for the existence of the optimum
film thickness can be given as follows, For large df values,
a decrease in film thickness will yield a larger A¢ because the
r.f. electric field strength is larger for a given applied voltage
V. But when the film thickness is close "o the cut-off thickness
of the TEm mode, any further decrease of df will rapidly reduce
the fraction of the optical power carried in the high resistivity
thin film. This fraction is expressed as the overlap integral
given in the bracket of the formula for Cmm' Since the An exists
only in the high resistivity film, there will be a net reduction
in A¢ if the film thickness is less than the optimum value. Curves
for other V& values can be obtained very simply by multiplying
the curves in Figure 30 by the ratio of the V& values. V will
be limited eventually by the breakdown field strength of GaAs,
typically about 100 Volts for a high resistivity layer a few
microns thick. Thus modulators several centimeters in length are
necessary to obtain large amounts of phase modulation. On the
other hand, the power per unit bandwidth depends linearly on the
W/& ratio. This ratio is still restricted by the diffraction limited
beam divergence in the horizontal plane.

It has been shown in the bulk modulator and is true here as
well that the minimum W/& ratio is(ll)

w2

_ 2, 8
e (%) —

B

where S is a safety factor. Thus the lowest P/Af that one can
expect to get for £ = 5 cm, df =5 um, W= 1 mm, and iy = 3.16 is

1.5 watts per megahertz.
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5.1.1.2 Amplitude Modulation in Uniform Thin Film Waveguides

In thin-film waveguides, it is difficult to excite both the TE and the
1M modes efficiently at the same time so as to obtain polarization modula-
tion, Bragg diffraction, beam steering, or mode conversion are used to
achieve amplitude modulation. Of these, the mode conversion procest is
inefficient because of the low coupling efficiency that can be achieved with
the small overlap integral value(lz). Therefore, only the analysis for

(12, 19, 20)

amplitude modulation based upon Bragg diffraction and beam

ateering(ls) is presented here.

The periodic variation of An needed for Bragg diffraction
can be obtained by depositing on the buffer film an electrode that
has fingers of width, a, and periodicity, L, along the z direction.
If L is larger than db + df, the electrode will create a rectangular
periodic variation of An2 in the y direction which can be represented

by a Fourier Series

+w
2 _ _ 4 sin(pma/L) _=j2mpy/L
An® = (nf Ty V/df) coswmt p_z 5T e (12)

For an incident TEm mode propagating in the t direction and a

diffracted TEn mode propagating in the ;' direction the Bragg

condition is

B, = B, t PK (13)
where K = %—-‘E iy' Since the largest Fourier coefficient is that
for p = + 1, we shall only present here the calculated results
for first order diffraction. Moreover, since B and B, are

much larger than 27/L, we shall assume that siny ¥ 0 and cosy & 1

where Y is the angle between the 5 and §’directions.
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The analytical method most appropriate for the determination
of the amplitude of the incident and diffracted beam is clearly

the coupled mode analysis where An2

is treated as a perturbation
to the waveguide. The wave equation including the effects

of the electrooptical perturbation is

2
0

2

VxVxE- koznz(x)g = - ky"4n" E [u(x-0) - u(x-dg)] (14)

Standard methods are used to tranform this equation into a coupled
mode equation where E is the summation of the modes propagating
in the ¢ and ¢' directions and An2 provides the coupling between
them. The scattered beam in the ' direction will be shifted in
frequency from the we of the incident beam to a frequency we * Wy
The reverse scattering of this beam into the f direction by the
time varying An2 will yield frequency components at wg and
W + 2wM. Consequently, there will be frequency components of
wg + fwy in the ¢ direction, & = 0, +2, #4+++. Similarly, there
will be frequency component of wy * Sy in the ' direction where
s = +1, 43, +5,°+*+. Thus, we expect the solution of Equation (13)
to be of the form
E=IE(x)Vy(z)expjlugttuylt = JB,] 1
(15)
+ i E, (x)Ug (z)exp[j (wy+iuwy)t - 38 2') -i-é;'

where other nonphase-matched terms and the terms involving siny

have been neglected; and where V., = 0 for odd % and U,' = 0 for even

]
£. Substituting Equation (15) into Equation (14), assuming that
Em(x) and En(x) are equal for all values of £ that have practical

interest, equating terms that have the samc temporal and spatial
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variation, and finally taking advantage of the orthogonality of

the modes, we have

Wy
3z - 336V, Y V)
(16)
avl 1
32 = 7 ICVIUy *+ Upyy)
where 2
C, = ko [ Bm £ E E * dx] (n 4r /d.) [sin(wa/L) /7]
L §Em imou mn £f 41/t
0
The solution of Equation (15) is:
Vg = jl V0 Jl (ng) for even &
L (17)
U, = j Vo Jl ’ng) for odd ¢

where J ¢ is the ¢ih order Bessel function; the length of the electrode is
z; and Vg is the amplitude of the incident wave at z = 0, For

Wp << wo, Equation (15) can be simplified; and we obtain

Ep i Bm(x)vg(y,z)exp[j(mo+2mM)t - ijC]

' (18a)
= Bm(x)ej(wot_smz) cos[Cyz cosw,t]
Similarly
BS = i En(x)Ul(y,z)exp[j(wo+le)t - jBnc']
(18b)
X Bn(x)ej(mot_snz) sin[Cyz cosuyt]

Cl is small unless m = n. Hence, we shall only presenf here
the numerical results for Bragg modulation where m = n and L = 2a.

In that case,
C2 = Cmm/" (19)
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In other words, the numerical calculation of the Cmm coefficients
fer the phasz modulator in Figure 31 is directly applicable to
ampiitude modulation. The Bragg modulation efficiency is clearly
sinz(Cmsz/n) . Hence, the Cmm curves given in Figure 31 are also used
to present the Bragg modulation efficiency, where the scale on the
right-hand margin is nonlinear and is made to fit the functional
relationship of sinz(% Cmmv ). A comparable figure of merit to V"
is V100' the voltage needed to obtain 100% amplitude modulation.

Clearly, 2
V100 = 7 /(2Cmm ) = V“(n/Z) {20)

Since a/L = %, the r.f. capacitance of the electrode is only half
as large as the capacitance for the phase modulator. Thus the
power per unit bandwidth for 100% amplitude modulation is:

2
(B/BE) g = (B/AS) %) (21)

phase

Hence, the (P/Af) Bragg curves shown in Figure 31 are applicable

phase
to amplitude modulation as well.

Cheo has reported that if a guided wave is propagated along
the edge of an electrode (i.e., with part of the beam under the
electrode and part of the beam outside the electrode), the phase
shift caused by the electrooptical effect on half of the beam
will interfere with the other half of the unperturbed beam(lsl
The shift in the angular direction of the beam, Ay, is related to

the phase shift of the phase modulator by
&b = 2¢/k W (22)

The amount of A¢ needed to resolve the shifted beam completely
from the original beam is A¢ = ©m. Hence the results presented for
Vo and P/Af in phase modulation are also applicable to the case of

beam steering.
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5.1.1.3 Electrooptical Modulation in Two-dimensional Waveguides
It is clear from Equations (1) and (9) that the modulator has achieved '

its best performance in terms of modulation volitages, when a waveguide i
with optiinum d¢ is used. Even then the large r.f. capacitance causes
the uniform thin-film waveguide modulation to have low impedance and a

large P/Af requirement, From Equaiton (11)it is clear that the reduction

of P/Af is constrained by limitation of the (W/¢) ratio, I two-dimensional

(or channel) waveguides are used in place of the uniform thin-film wave-

guide, the very small W/t ratio that becomes possible can now be used

to reduce the capacitance and the P/Af ratio. The minimum value of W

will eventually be limited by the maximum optical power that must be

transmitted in the modulator. The maximum value of £ will eventually

be limited both by the length of the available epitaxial waveguides

(about 3 inches) and by the transit time limitation imposed by the maximum

modulation frequency. For exampl:z, for microwave modulation of CO,

laser radiation, traveling wave interaction is necessary.
High-performance etched two-dimensional GaAs waveguide has

already been discussed in Section 4.2, The modes of the two-dimensional

waveguides are also well known, Roughly speaking, the lowest EmY and

qux modes well above cutoff can be represented as TE,,, or TMp,

(m = p - 1) modes of the uniform thin-film waveguide totally internally

reflected back and forth between the two side walls(m' Zl). Figure 33 is

an illustration of this representation in which each mode is represented

by a B vector.of the TE,,, or TMm, mode at a specific direction of propagation
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leaky modes (leaking through the

side walls, Bz < ko)
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Fig 33. The Equivalent By and Bz Representing .
Propagatirg Modes in Two-Dimension Waveguides
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in the horizontal plane that gives a phase shift of 2qm per round

T T LT

trip horizontal reflection. Because of the complexity of the

mathematics, readers are referred to reference (21)for general

hatkt oe S0 0

analytical expressions of modes in two-dimensional waveguides

and to reference (17) for the analytical expression of the

specific modes of the GaAs waveguide. Using quy modes as examples,

we shall simply write in this report.

1 - -jB_z - -jB_z %
3 Ex Eyx (X Egy(v)e 772 H Hxx(x)ﬂxy(y)e z ;
! : |
3 | -jB_z :
»4 i Ey = ny(x)Eyy(y)e z Hy =0 (23)
. ! .
: -3 2 -38,2
% Ez = sz(x)Ezy(y)e JBZZ Hz Hzx(x)sz(y)e z
- \ 2 2 _ .2 2 gl ,
where, inside the waveguide By By = Bp-l' By = ng kg Bp-l {

: Phase modulation is conceptually simple. A change in thc
refractive index caused by an applied voltage across the th:i.ckness
of the waveguide will produce a change in phase,

L = QABZ (24) '

ABz can again be calculated by perturbation analysis to be

ABz = Cpq,pq V cosuyt (25)
2 2. 2. 2. 2
“pa,pq : (15%ns r41/Bzdf}/Tl e g P ] : x
Yy 2z £ 70 Bx
) 2, 2 2
[U)Oeonf Bz(nf ko -Bz ) /df E_( ) *( W/2 %
B0 2 R T DR B XE . (B x) df/r+g B ]
2(8, "8, +ng kg8, yx 'Bx* Byx Py 4, gy By Eyy (B y)dy
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From this expression of ABz' we obtain, similar to Equation (1l1),

the power per unit bandwidth for n~phase modulation as

e, Ay 5 B, o Wag ne2k,? (n 2k 2-8,%) 72
(B/A%) Aigggl=g =V Gl Syt =y 5 2 7.2
phase netr,, £70 By B, +ng¢ ko By
2 2.2, 2 | (26)
Woehg B (e kg =87 Mg 2 /2 2
. 55— 33> Iny(Bxx)I dx IEyy(Byy)l dy
2(By Bz tne ko Bx ) v -W/2

The results expressed in both Equations (25) and (26) reduce
directly the results given in Eguations (8) and (11) in the limit

Figure 34 shows

® <
large W, an/)\0 >> 1, so that By 0 and Bz Bm.

1
e curves of t calculated 4 P9.Pq

thickness df for W = 20 um and 50 um and fox n, = ng = 3.16 and

3.22 at V& = 3 m-V. Figure35 shows the corresponding curves of

V& value and A¢ versus the

P/Af for W/L =0.002. Curves for other V& products and for other
W/% ratios can be obtained directly from these two figures by

multiplying the C coefficient or the P/Af by the ratio of

P4d,Pq
Vi/3 or by the ratio of (W/%)/0.002. Note that the C coefficients

are only slightly smaller than those for the dimensional waveguide

and are relatively independent of W and g values because the selected

W values are already fairly large compared to Ao/nf. Large W
values are chosen because experiments pe:formed with a high power
CO2 laser showed that intrinsic GaAs windows cooled at the edges
could tolerate a power density of 40 Kw/cm2 without any sign of
thermal runaway (zznThis implies an estimated transmitted laser
power of 40 mW for 20-um wide guide and 100 mW for 50-um wide guide.
The estimate is probably very conservative because much better

heat sinking could be provided for waveguides than for laser windows.
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Fig. 34: Efficiency of Two-Dimensicial Waveguide
Phase Modulator
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Large W values also give a low attenuation rate, which is important
. for modulators several centimeters long. Figures 34 and 35 demonstrate
E that P/Af in the range of one hundred milliwatts per megahertz

4 is realistic for two-dimensional waveguide modulators.

For amplitude modulation, it is necessary to convert the laser

power in the incident Eypq and EX__ mode to another EY y or

pq p'a

, mode. EY__ and EY , modes will couple out of the thin-film

Exp'q Pq p'g
waveguide in different directions; thus mode conversion is equi-
valent to amplitude modulation. Mode conversion can be accomplished
by a periodic change of refractive index that will have a K vector
phase matching the two equivalent 8 vectors for the two modes as
shown in Figure 33, For example, the K vector of the periodic
electrode needed to convert Eyl2 to Eyl4 and Ey21 to Ey23 modes

as illustrated in Figure 33. An illustration of a periodic electrode
that will give the necessary K vectors is shown in Figure 3¢,

For such an electrode, the An2 created by the electrooptical effect

may be given in the first order approximation as

sn? = -(4nf4r41 V/d¢)cosuy,t sin(n:y/Ly) sin(n:z/Lz)
(27)
x[cos (Zny/Ly) + ey] cos[(2nz/Lz) + ez]
“W/2 <y & +W/2
0 <2<
%ﬁ= [(By)pq = Bylpige | %f= 18,3 g = 1850500l

where Ly and L, are the period in the y and z directions, respectively;

ay and a, are the width of the electrode stripes in the y and 2z
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directions; and eY and ez are determined by the relative position
of the electrode finger with respect to the waveguide axis (e.q.,
ey = 0 for electrode pattern symmetric with respect to y = 0 axis).

The analysis of the Eypq and EY .+ Mmodes that are coupled

P'q
and phase matched by the An? can be handled in the same manner

as the analysis for Egquation (14). Hence only the results and not
the details of that analysis will be given here. Note that there
will be an additional overlap integral in the y coordinata. Eypq

is either an even or an odd function of y depending on whether

g~-1 is an even or an odd integer. Hence the overlap integral in

y is maximized for Agq = gq' - g even with ey = 0, and it is maximized
for Ag = q' - g odd with ey = n/2. The overlap integral in x is
very small unless p = p'. Therefore, electrode patterns, such as
those shown in Figure 36 must be either symmetric (6y = 0) or
antisymmetric (eY = %) with respect to the waveguide axis. For

the most efiicient cases where p = p' and for w, << w

M 0 the amplitudes

of the incident mode, R, and converted mode, S, are

1
R = cos.[; cpq,pq' Vlcostt]
(28)
= si 1 2 w,,t
S = sin [“ cpq,pq' Vicosuwy ]
2
{ .. 2 4 ne2ko? (ng2k®=8,°%)
. = y(2ky"n.r /g _d.)/ |1 + 55 55 3
Cpq.pq l 0 £ 41 z £ By Bz +ng ko Bx

2 2, 2., 2 +W/2
) 2, 2, 2 Y
2(8,°8, g Ko By ) /2 Y
(o]
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where ey = 0 for Aq even and ey = n/2 for Aq odd. For 100%
mode conversion, the power per unit bandwidth is
; 2 2, 2_, :2 /
{ | piyza  Wde o dg 5 B2 ng o ‘“f ko =B, N 2 i
' £ P/Af = —55— o) ) ( ) ( )1+
: : £ "41 y z f 70 "x
] ) 2_g 2
1 3 n B (n =8_%) +W/2
Q ¥ [ O 0 f f O z Eyy(ByY)COS (Iz."-u + ey) (29)
E i (By Bz +nf 0 Bx ) “w/2 Y
é E_'(B 'y)dy /df £ 28 x)dx]
Yy b4 ¥yX X 5

! 0

The calculated value of ;' pq p'g'’ V4 and mode conversion

efficiency are shown again in Figure 37 as a function of the wave-
guide thickness for V& = 3 m-V. Notice that there is very little

difference in their value whether W is 20 uym or 50 um; their values

] are alsc relatively independent of tie mode order q' and p' as long
as p = p' = 1. There is a significant reduction in their values

1 : when p = p' = 2 and when ne - ng becomus smaller. The values of

e

the coupling coefficients and efficiency are also very close to

the corresponding values obtained for the uniform thin-film wave-

B

guides. Because the mode conversion efficiency is approximately'
independent of the width W and of the mode order gq', P/Af is

presented in Figure 38 only with p' and with n, as parameters. %
P/Af will vary linearly with respect to the W/2 ratio as long as

W > 20 um and q' £ 4. The results presented in both Figure 37 and

Figure 38 demonstrate that the use of two-dimensional wavegquide

TN T e

Kk é (i.e., channel waveguide) reduces significantly the r.f. power
¥

required to drive the modulator without much reduction of modulation

efficiency for a given V& product, thickness df, and index difference
n. -n_.
EL s 105
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The preceding results show that one could achieve 100%
amplitude modulation or mn-phase modulation in two-dimensional
waveguides with V& product of 3 m-V or more and at df =5 or 6 um.
The required P/Af is about 100 mW/MHz for W/2 less than 0.002.
Howeve:, the power-carying capacity of such modulators may be
guite limited. Modulation at the same efficiency may be achieved
in uniform thin-film waveguides at the same V& product and the
same thickness. An order of magnitude or more r.f. drive
power is required; however, the uniform thin-film waveguide modulator
can carry more CO2 laser power. Although the formulas that have
been derived for modulation efficiency and P/Af appear quite
different for the uniform thin-film waveguide modulator and for
the two-dimensional wavegquide modulator, numerical results demon-
strate that the simpler formula derived for the uniform thin-film
waveguide modulator is a good approximation for the two-dimensional
waveguide modulator with W > 20 um.

A very important factor that must be considered in the fabri-
cation of a waveguide modulator is its insertion loss. Our results
demonstrate very clearly that it is necessary to use a long
waveguide (£ > 3 cm) with a film thickness not too far from the
cutoff thickness of the guided~wavemode(df =5 to 7 um) in order
to get efficient electrooptical modulation at 10.6 uym. This means
that the waveguide attenuation must be less than 1 dB/cm in order
to get a total insertion loss less than 6 dB. The only material
oystem that has been demonstrated today that may satisfy such

an attenuation requirement is the GaAs/GaAsP wavequide grown by the
vapor phase epitaxy technique,
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5.1.2 Experimental Demonstration

Initially, a mask consisting of grating fingers, 1 cm long, 31.8um
in periodicity, and 10,2Hn wide was fabricated by the usual photolitho-
graphy technique. This mask was used to fabricate an aluminum electrode
pattern on a GaAs epitaxial waveguide by the photo-lift-off methed (3),
Because of the lack of high enough resistivity epitaxial film at the present
tirne, it was decided that the best technique to obtain electrooptical
deflection is to make the grating electrode into a Schottky barrier. If a
d.c. reverse biased voltage is applied to the electrode, it would allow us
to create the electrooptical effect without excessive modulation power
dissipation in the waveguide. The total needed area of the Schottky
barsicr electrode is approximately 1/3 cm2. With such a large area
there is a high probability that some defects in the filmn or in the fabrica-
tion process will create localized high electric field regions. Because of
these defects we were only able to get a reverse bias breakdown voltage

of less than 15V in the first modulator fabricated, while small Schottky

g

test barriers made on the same film showed a reverse bias breakdown
voltage larger than 100V, With only 10V applied to the electrode, no
modulation effects were observed in the first modulator,
To eliminate the difficulty caused by defects under a large
. Schottky barrier electrode, we redesigned the mask into groups of three
individual grating fingers as shown in Figure 39 ().

An SiO; layer was first deposited on a new piece of waveguide

(13.7m thick GaAs on ntGaAs substrate), A set of aluminum grating

e
L
L
¥
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Figure 39 Illustration of the Fabrication Processes for Bragg's
Modulation Electrode
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e2lectrodes shown in I-‘igur’e 39 (b) was then made or top of the SiO,

pattern and the GaAs by the lift-off method using the mask shown in
Figure 39 (a). Each group of grating fingers was then tested electrically
for its reverse breakdown individually, Less than 10% of the grating
finger groups were found to have a low reverse breakdown voltage. These
bad grating finger yroups were marked, and an interconnecting mask as
shown in Figure 39 (c) was made, designed specially to connect only the
good grating finger groups to the applied modulation voltage, This mask

was then used to fabricate an interconnecting electrude to connect just the

good grating fingers, In this manner we avoided the defects that caused
the low reverse breakdown voltage, The grating periodicity and the phase
matching conditions will not be affected seriously by the omission of the
bad grating fingers - long as the percentage of bad ones is small. The
SiO; layer insures that no defect under the connecting electrode will cause

a low reverse breakdown voltage. Figure 40 illustrates the completed

electrooptical modulator, Figure 41 shows the microscopic photograph

of the grating pattern, the SiO, pattern, and the interconnection electrode.

A reverse bias voltage of over 70 volts was obtained in this modulator.
Subsequently, a guided wave was excited and detected by the prism

input and output coupler., When the input prism is oriented in the direction

that will launch an incident guided wave satisfying the Bragg's condition

with the known periodicity and grating orientation of the electrode and

when a reverse bias voltage is applied to the grating electrode, both a change

in the rropagation of the incident guided wave and a deflected guided wave

1il
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along the expected Bragg's direction of deflection was observed. In order
to increase the sensitivity of the detection scheme, the reverse bias
voltage was chopped in synchronism with a reference voltage; phase
sensitive detection was employed so that even a small change in incident
power or a small deflected power could be measured. According to the
results given in Figure 31, we should have less than 1% efficiency in
deflection for 60V of applied voltage and 1 cm of interaction length for
the waveguide employed (13,7 um film in an ntGaAs substrate).
Experimentally we measured the deflection efficiency to be somewhere
betwe en 0.1% and 1%. Theoretically a thin waveguide (say 5 um thick)
together with grating fingers of 5 cm long should yield a deflection
efficiency of more than 50% at 60V of applied modulation voltage.

In short, we have successfully demnnstrated the Bragg's electro-
optical modulation. The efficiency is low because we used an existing
structure that is not optimized for this application.

5.2 Grating and Prism Couplers

Prism couplers are used in most of the laboratory experiments
because they are very convenient to use. However, this is not true when
the waveguide has both very high film refractive index and a very small
difference in the refractive indices of the film and the substrate. In
that case: (a) The evanescent tail on the air side is very short (the
length of the evanescent tail is ) o/2™mg). (b) Most of the energy cf the
guided wave mode will be contained in the film and in the substrate.
Unless the air gap between the prism and the waveguide surface is less

than the length of the evanescent tail, the coupling efficiency will be
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very low, For GaAs waveguides at 1 um, this means that the gap distance
must be less or equal to ~ 500A . Sucha gap distance is very difficult to
achieve, Consequently, the best efficiency that we have been able to
achieve is much less than 1%, Furthermore, there is no sther known
material transparent at 1 um that has a refractive index higher than
GaAs. A GaAs prism is only barely usable because the Bg/ k of the guided
wave will be just slightly less than the refractive index of the prism.
These difficulties can be partially circumvented by means of the
grating coupler, because the grating coupler can be placed right on the
waveguide surface. However, the coupling of the laser radiation to the
guided wave mode through the grating is still quite weak unless the index
of the grating is high, In other words, the ratio of the energy co.'tained
in the evanescent tail is so small compared to the energy containel in the
film and in the substrate that a grating of low refractive index will not
be very effective. We have fabricated photoresist gratings on GaAs/
GaAs;.xPyx waveguides by exposing photoresist with two interfering Argon
laser beams, The periodicity of the grating is 35004, The depth of the
grating is about 1500A, When a 5mm Nd: YAG laser beam is used to excite
the guided wave, a coupling efficiency of 0.1% is obtained, In principle,
the maximum excitation efficiency should always be 81%, independent of
the coupling strength, In practice, both the waveguide non-uniformity and
the size of the laser beam will limit the maximum interaction lznzth to
just a few mm, A very weak coupling strength will result in a low coupling

efficiency. This argument suggests that an etched grating should be used
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to increase the coupling efficiency. An experimental confirmation of this
prediction was obtained when we chemically etched the GaAs waveguide
from the photoresist grating, Chemical etching was chosen instead of
sputter etching so that a deeper grating can be obtained. The ne asured
coupling efficiency, without any elaborate effort to maximize it by
refocusing the laser beam is 4%.

A grating coupler at 3,5 Mm periodicity has also been fabricated
under this contract for the }°  5um wavelength. In that case, the grating
mask was purchased from cc...i:2rcial mask suppliers. We have
successfully excited guided wave modes in GaAs/ntGaAs waveguides by
the grating coupler fabricated in this manner. However, the prism coupler
is more efficient and moure convenient to use in thr laboratory. Therefore,
the experimental work on grating couplers for the 10. 6 um wavelength was
discontinued after 1973,

5.3 Fiber to Thin Film Coupling

A large part of the potential technical and economic benefit of fiber
optics communications remains currently unrealized because of the present
lack of readily fabricated, efficient fiber-film couplers that would make
available to fiber optics the syste:n functions that can be performed in GaAs
thin-film waveguides, We have already proposed to AFCRL/ARPA and to
the Office of Naval Research a comprehensive program on fiber to film
couplings. In order to make some immediate advances ia this important
area, we have chosen to investigate a simple, but fundamental, aspect of
the fiber to thin-film ccupling problem, namely the coupling of a tgp ered

thin-film waveguide with low substrate index to a single mode ribbon fiber.
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Consider first the coupling of a waveguide that has a low substrate
refractive index ng, to a glass ribbon fiber that has a mode with effective
index ng = B o/k, where ne >ng. If the film of the waveguide is tapered and i
if the ribbon fiber is placed next to the film as shown in Figure 42 (a) the
propagation wave number Bg and B, of the film and the fiber will change
continuously from section AA to CC. Somewhere in the tapered region the
Bg of the guided wave mode is matched to the B e of the fiber mode as shown
in Fibure 42 (b). As in the situation investigated by Wilson and Teh,
at University College, London, one expects that the energy will be transferred

completely from the guided mode to the fiber mode or vice versa at BB,

provided that tapering is gentle enough and that the air gap is smaller than
the range of the evanescent fields. (23)

From another point of view, both the field configuration and the g
phase velocity of the guided wave mode change continuously in the tapered
region. For very gentle tapering, the modes at any given cross section,
such as BB, can be approximated by modes of uniform waveguides of the i
same dimensions and indices; these are commonly called the local modes
in the adiabatic approximation, We expect that one of the local modes at
the AA section in the waveguide will transform smoothly into only one of
the local modes of the ribbon fiber at the CC section (24), Since the local
modes are orthogonal to each other at each cross section, all the energy
will be transferred frora one mode at section AA to one mode at section CC,

Experimentally, ribbon waveguide with cladding on one side is
simulated by sputter deposited thin-film glass waveguide. To yield a

tapered thin-film waveguide, a shield is used in the sputter deposition
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process so that the thiclness of a thin-film glass waveguide is gradually
reduced to zero. By adjusting the distance between the shield and the
substrate, tapers of different slopes can be obtained. Figure 43 (a) shows
the sketch of the experimental setup. Figure 43 (b) shows the B/k diagram
of the various modes involved. Index matching oil withn = 1,50 is used

to increase the coupling between the two waveguides. A coupling efficiency
(from TE, mode of guide No, 1 to TE, made of guide No. 2) of85% has been
obtained consistently for several similar structures. A maximum efficiency
of 100% was obtained in one instance. A continuation of this experiment is
currently being carried out beyond the contract period of this program,
temporarily under partial support from NSF and Washington University. A
theoretical analysis of this coupler has already been made by Milton and

Burns of the Naval Research Laboratory(zs' 26).
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6. CONCLUSION

High-performance, low-loss, and large-area GaAs/ntGaAs,
GaAs /GaAs;., P, and GaAs/ Ga,.yAlyAs waveguides have been successfully
fabricated under this contract by VPE and LPE methods for 10,6 M m
applications, Techniques for controlling the film uniformity, for reducing
the free carrier concentration, and for obtaining flat epitaxial wafers of

GaAs,_, Py have been developed. Waveguide attenuation rates in the range

of 1 to 2 db/cm have been obtained in single- and double-mode GaAs/GaAs,_xPx

waveguides and in thick multimode GaAs /ntGaAs waveguides. Analysis

of the electrooptical waveguide modulator shows that single-mode waveguides
several cm long and with film thickness not too far from cut-off, will give

the best modulation efficiency. However, in order to raise the r.f,
impedance and to reduce the drive power, two-dimensional waveguide
modulitors should be used. Low-loss two-dimensional waveguides have been
successfully fabricated under this contract. Demonstration of one-dimen-
sional waveguide modulation has also been carried out, because of time
limitations, experimental evaluation of the two-dimensional waveguide

modulator was not completed. Theoretical results indicate that P/Af of

the order of 100 mW /MEiz and total insertion loss of the order of 6 db can ’
realistically be expected from two-dimensional waveguide modulators, The ’
performance of such modulators would be orders of magnitude better than

that obtainable from bulk modulators. Therefore, we recommend highly

that the development of two-dimensional modulator be undertaken

whenever, in the future, the funding permits.
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A VPE technique has also been successfully used to fabricate thin
GaAs /GaAs,-xPx waveguides for 1, 06 im applications. In spite of the
visible cross-hatch pattern, the measured attenuation rate is 1 db/cm for
single- or double-mode waveguides. Because of the expiration of the
contract period, the waveguide characteristics have not been fully evaluated.
For example, the degree to which the cross hatch may cause mode conversion
in multimode waveguide has not been measured, The strain produced by the
lattice mismatch between GaAs (or GaAs;.zPz) may also cause a broadening
of the absorption band of the epitaxial layer, thereby increas.ng the
attenuation rate at the 0.9 um wavelength. The degree to which the
cross-hatch pattern can be reduced by changing the alloy composition is
not known, Since large-area GaAs (or GaAsP or GaAlAs) waveguides are
also very important in realizing monolithic integrated optical circuits in
the near infrared, continuation of the investigation of the GaAsP waveguide

for near infrared applications would be highly desirable,
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APPENDIX 1 List of Waveguide Samples Submitted for Evaluation
GaAs n/nt Structures
Film Film Cabstrate
Sample Thickness Carrier Conc., Carrier Conc.
Number (um) (104cm=3) (10%%cm=~3) Remarks
5-205 (1) 29 150 1.1
(2) 29 150 1.1
(3) 29 150 4 m=0, 3
5.6 db/em 13.3
(4) 29 150 0.6
5-231 (1) 26 27 4 m=0,1, 2, 3
i.2db/cm 3.4,
8.2, 20
(2) 26 27 0.2 erratic output
coupling 2-D
waveguide exp.
(3) 26 27 0.6 nonon
(4) 26 27 1.1 erratic measure.
1-8 (1) 34,3 6.3 4 m=0,1, 2, 3, 4
2.6db/cm, 4.7,
7.4, 10,7, 18
(2) 34,3 6.3 4 2 D waveguide exp.
(3) 34.3 6.3 4 2 D waveguide exp.
1-16 (1) 29.4 12 0.2 2 D waveguide exp.
(2) 29.4 12 0.2 2 D waveguide exp.
(3) 29.4 12 0.2 2 D waveguide exp.
4) 29.4 12 0.2 small - not used
(5) 29. 4 12 0.2 2 D waveguide exp.
(6) 29.4 12 0.2 2 D waveguide exp.
1-17 (1) 23.4 6.4 4 Modulation exp.
(2) 23.4 6.4 4 n=02,6db/ecm
(3) 23.4 6.4 4 K. W.
(4) 23.4 6.4 4 modulation exp.
(5) 23.4 6.4 4 modulation exp.
5.282 (1) 17.6 3.9 4 poor surface
m=06,6 db/ecm
(2) 17,6 3.9 2 too small
(3) 17.6 3.9 2 too small
5-289 (1) 13.8 3.0 1 good 2-D waveguide
13db/em ¥ 35um
wide
(2) 13.8 3.0 1 2-D waveguide exp.
(3) 13.8 3.0 0.6 K. W,
5-302 (1) 25 5.4 4 m=0,1
8.75 db/em, 9.45
(2) 25 5.4 4 K.W.
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SaAs n/nt Structures (Cont, )

Film Film Substrate
Sample Thickness Carrier Conc, Carrier Conc.
Number (um) (104cm=3) (10t6cm=3) Remarks
5-303 (2) 13.7 46 4 erratic coupling
5-304 18.5 5.8 4 modulation exp.
5-415 5.5 4,3 ~2 2-D waveguide eval,
5-416 5.7 0.11 2 2-D waveguide eval,
5-417 6.0 13 2 2-D waveguide eval,
5-421 21,1 2.9 2 2-D waveguide eval,
5-422 25.4 3.5 2 2-D waveguide eval.
5-423 23.7 6.9 2 to AFCRL for ion
implant
5-424 21.5 ~5 2 2-D waveguide eval,
6-223 (2) 3.0 <2.4 =32
6-224 (2) 4,0 ~1 ~2
6-225 (2) 4.0 ~1 ~2
6-227 (2) 4.0 ~1 ~2
Thick GaAs/GaAsP Structures
(Thickness of alioy layer, ~40u; graded layer ~40u)
Film Alloy Carrier Conc.
Sample Thickness Comp. (104cm=3)
Number (um) (% GaP) Film  Alloy Remarks
5-303 <13.7 38.6 46 160 m =0 3,15 db/cm
5-340 10.1 22.8 9.3 810 m=0, 11,34db/cm, 2,75
5-347 19.5 22.8 7.6 810 poor coupling, wafer
cracked from excessive bow
5-348 (1) 16.6 38.6 56 100 m=0, 11,67 db/cm, 15,8
(2) 16.6 38.6 56 100 not evaluated
5-349 21,2 39.3 13 500 not evaluated
5-353 260 38.6 63 100 unable to excite guided wave
5-354 (1) 9.8 22.8 56 800 m=0 1db/cm
(2) 9.8 38,6 56 100 unable to reliably excite
guided wave - bowed
5-355 (1) 8.8 38.6 35 100 unable to excite guided
wave - bowed
(2) 8.8 22.8 35 800 poor coupling and erratic
results - bowed
5-356 (1) 8.8 22.8 21 800 m = 01,8 db/em
(2) 8.8 34.7 21 820 not evaluated
5-358 (1) 24.6 22,8 21 800 15 db/cm Oth mode ?
(2) 24,6 35 21 820 not evaluated
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i Thick GaAs /GaAsP Structures (Cont. )
¢ Film Alloy Carrier Conc.
] : Sample Thickness Comp, (1034cm-3)
] i Number (um) (% GaP) Film Alloy Remarks
¢ 5-489 10 ~35 ~1 760  Rough surface
5-493 7.8 ~35 ~1 480 Bowed surface
; 6-1 9.6 ~35 .1 460  Cracked while sawing
; 6-3 5.9 ~35 2 490 Bowed surface
6-5 7.8 ~35 ~] 370 <4 db/em loss, bowed surf.
6-33 5.8 ~ 35 0. 54 260 Bow > 3 mil convex
6-35 7.8 ~35 0.3 140 Bow 2. 15 mil convex
6-37 6.8 ~35 0.8 270 Bow 1.3 mil convex
6-39 9.8 ~35 0.4 250 Bow 1.0 mil convex
6-42 4.9 ~35 0.36 150 Bow 0,75 mil convex
6-44 7.8 ~35 0.43 --- Bow 0.95 mil convex
6-47 13,7 ~35 0.37 --- Bow 0. 55 mil convex
6-54 11,7 ~35 0.15 T
; 6-76 9,6 ~35 0.27 59 Bow convex
: 6-78 7.8 ~35 0.27 100 Bow convex
6-92 5.9 ~35 0.45 140
6-94 9.7 34.7 9.5 63
6-96 7.8 ~35 23.3 170
6-98 9.8 ~ 35 0.43 130
6-115 4 ~35 0.48 94
6-122 22 ~ 35 1.6 87
5-124 5.8 ~35 0. 64 93
1 6-133 6 ~353 0.42 110 Rough surface
E 6-135 4 ~ 35 0.47 54  Slightly hazy
6-138 10 ~ 35 0.11 58
6-147 5 ~ 35 0. 67 70
6-149 4 ~35 0.56 135
i 6-151 6 ~ 35 0. 46 55
{ 6-154A 4 ~35 0.48 46
! 6-154B 4 ~35 0.76 210
] 6-156 49 ~ 35 0. 39 230
6-158 44 ~ 35 0,01 160
6-215 3 33.5 1,07 30
6-216 3 33,5 1.10 30
6-217 3.8 33,0 0.96 17.3
6-223 (1) 3 33,0 0.96 10.8
6-244 (1) 3 33.0 3.6 10.8
6-225 (1) 4 34,0 0.85 12.7
6-226 4 34,0 0.96 2,2
6-227 (1) 4 33,0 5.5 3.8
6-229 4 34.0 1.51 12.7
6-230 4 34,0 0. 89 2,2

i s AR
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Sample

Number

6-231
6-233
6-236
6-237
6-239
6-240

6-57
6-59
6-66
6-80
6-90
6-106
6-111
6-126
6-129
6-131

6-177
6-182 (1)
(2)
6-186
6-187
6-193 (1)
(2)
6-194 (1)
(2)
6-196 (1)
(2)
6-197 (1)
(2)
6-199 (1)
(2)
6-250
6-253
6-254 (1)
(2)

—fum)

Thick GaAs /GaAsP Structures (Cont. )

128

Film Alloy Carrier Conc.
Thickness Comp, (10¥cm=-3)
(% GaP) Film Alloy Remarks
6 34.0 1.39 13.3
6 34,3 10,2 2.6
7.8 34,5 28 2.0
8.4 34,5 28 2.0
7.8 34.5 24 5.3
8.8 34,5 25 5.3
Thin GaAs/GaAsP Structures
2.0 ~35 4,7 30
1.5 it 4,0 320
1.4 L 15,0 510
2,0 " 2.7 130
2.5 L 1.4 130
2.0 " 1.5 52
2.'9 Y 0.8 30
1.5 35.4 3.4 110
1.2 ~ 35 4.0 92 Rough surface
1.0 W 3.9 81 TE( mode ~ 1 db/cm
(Fig. 30)

2,0 " 2.8 44
2.5 ! 15,1 60 Hazy surface
2.5 15,1 60 Hazy surface
1.4 34 18 51
1.6 ~ 35 4.9 51
1.2 31 9.7 100
1.2 31 9,7 100
1.5 ~35 4.7 50
1%.5 s 4.7 50

1.0 35 4,6 118

1 1" 1" 1]
1.6 33 5.8 151

1t 1" 1" 1
1.0 ~ 35 4.8 147

1" ]
1.5 21,0 3.6 18.6
1.5 o --- ! Slightly hazy
2.0 27.0 —-- 15.0
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g Sandwiched GaAsP/GaAs /GaAsP Structures
5 Alloy Carrier Conc.
' Sample Film Thickness (um) Comp. (1014cm=3)
v Number Top Alloy GaAs (% GaP) GaAs Subst. Alloy Remarks
6-109 10 8 ~35 ~0.,5 110
. 6-118 11.5 b " " 27
6-143 5 5 i B 75 6 db/cm
6-161 3.5 4,5 iy 0D 250
6-164 4,0 4.5 " 1 250
6-168 A 6.0 4,0 " [ 300
6-168 B 4.0 5.0 it 1 390
GaAsP/GaAsP Structures
- 5 Film Composition Carrier Conc.
i , Sample Thickness (% GaP) (10cm=3)
: y Number (um) Film Substrate Film Substrate
: i
3 ; 6-170 37 8.5 35 -—— 7.3
] 6-173 55 10.5 35 -e- 8.9
6-241 1.2 20,0 34.5 ——- 3.0
1 6-242 1.5 ~23 34.3 ——- 1.41
6-243 1.6 23.4 34.0 -—-- 1.09
1 GaAs/GaAlAs Structures
. - Film Wavelength of Carrier Conc.
; Sample Thickness PL emissjon (10M4¢cm-3)
Number (um) of alloy (A) Film Alloy Remarks
5-436 5.8 7100 4.9 150 Small samples -
surface planarity
5-437 5.8 6900-7100 10 580 measurements
- 5-452 7.8 6800-7100 19 220 m=0,1db/cm, 5
3
3
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APPENDIX 3 REFRACTIVE INDICES OF GaAs, Gaj].xAlxAs and

A.3.1 INTRODUCTION

Our vesearch program is concerned with GaAs optical wave-
guides which have been considered by many researchers to be the
most promising material for use in integrated optics. The
GaAs optical waveguide formed by the difference of the free
carrier concentration in the film and the substrate, i.e.
GaAs/n+GaAs, has been found to be very lossy. GaAs films
grown on Al Ga, . As and GaAs; P  substrates have been demon-
strated to be more promising. The heterostructures as optical
waveguides offer the advantages that the free carrier concen-
trations in both the film and the alloy substrates can be kept
to a minimum to reduce the free carrier absorption and that the
waveguiding effect can still be achieved easily by changing the
alloy composition.

In this memorandum, a summary of the published and unpublished
results on the refractive indices of GaAs, Al,Ga,  As and
GaAs, . P, is presented. A knowledge of the variation of the
refractive indices is essential to our workfor calculating the
waveguide mode characteristics. Our research program is con-
centrated at two optical wavelengths, A =1.06y and A = 10.6y.
Particular attention is given to results at these two wave-

lengths. Published results on AlAs and GaP are also included here
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as an aid to better understanding. Efforts have been made
to bring the information up to date. It is the author's (M.S.Chang)
understanding that the refractive indices of Al Ga, A and
GaAs, P at long wavelength are not available in the litera-
ture. The results quoted in this memorandum constitute

new information.

A.5.2 Refractive Index of GaAs

The refractive index of n-type GaAs in the 0.7 to 1.5 eV

range of photon energy has been measured by MarpléAl)

by the
prism refraction method. The GaAs single crystal prism used
in his measurement was supplied by the Monsanto Chemical Company

16 donors

and was free of intentional doping, containing 6 x 10
per cm3. The measured numerical values can be found from
ReferenceA2 and are listed in Appendix A.3.a. Marple has performed
a least-square analysis of his data, using a first-order Sellmeier

equation of the following form (A2)
2 i
n =A+B—T—TA (Al)
-C
where at room temperature A=8.,950, B=2.054 and 02=0.390 and A
is in ym. At A= 1,06um, n=3,479 from Eq (A1) and from Appendix A.1l.
Recently, Zoroofchi and ButleéA3éa1cu1ated the refractive index
of n-type GaAs near its fundamental absorption edge from 1.44 to
1.54 eV, and their results compare quite well with the index
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measurements done by MarpléAl) The free-carrier contribution

to the index of refraction for n-type GaAs ( based on ea effec-

. . (A4)
tive mass of 0.072m ) is

21

A (E) = - 9.6 x 10”21 N/nE? (A-2)

Dintra
where N, n anéd E are the electron concentration, the index of
refraction and the photon energy, respectively. At low
carrier conceatration, this correction term is small for the
optical wavelength in the one micron region. However, the de-
pendence on the car:iier :oncentration becomes strong at energies

3
(B> 2+ the longer optical wavelength,

near the direct energy gap
the refractive index of GaAs has been measured by Oswald and
Shade(AG)The numerical data can be found in Appendix A.3.a. At
A= 10.6um, there areno accurate published data. Cheo et al(A7)
used n=3.275 for their waveguide calculation. Unpublished

16

measurementéAafndicated n=3.272 for N -~ 10 cm—3and n=3.274

for a very pure GaAs crystal. We have been using n=3.27 in
our semi-annual reports. The free-carrier contribution at

A9
é )

A= 10.6ym is significant. Chang "gives the following approxi-

mation
n® T 10.7 - 1.53x10718 y (A-3)

where N is the electron concentration.

A.3.3 REFRACTIVE INDEX OF Al.Gal-xAs

The refractive index of AlAs in the 0.5 to 2.2 eV range
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of photon energy has been measured by Fern and OntoanIO)At

A= 1.06um, nAlAs=2'94°' There no published data at long

: ; Al0
wavelength. By extrapolating Figure Al of Fern and Onton( ),

we take n =2,86 at A= 10.6um. The validity of this

AlAs
extrapolation is yet to be proved.

1-x"s between 1.2

to 1.8 eV has been measured by Casey et alSAll)Their results

Recently, the refractive index of Alea

shown in Figure Al agree reasonably well with the theoretical
calculation(Alzﬁased on the modification of the semi-empirical

single-effective-oscillator model. In Figuref2, the insert is

drawn to show that n bows downward slightly from the linear
variation (dashed line) between n=3.590 for GaAs and to 2.971
for AlAs at 1.38 eV (0.9um wavelength). This result indicates
that the difference in the refractive index of Al Ga,_  As from
GaAs, An, can be approximated as a linear function of x as

i . An = - 0.619X at A= 0.9um. This linear approximation enables

us to find the refractive index of Al Ga,_,As for any x composi-
tion. Very recently, Afromowit§13nmasureq the 4n for low Al
concentration (i.e. 10-15%) and obtained a relationship

An = - 0.83X at A = 88005, which is nearly twice the change
measured by Builer and KresselﬁAl%h active devices. The reason

for this discrepancy between the passive and active waveguides

is not clearly understood yet. For A=1.06um, we find Maias =

2.940 from Reference 10 and Pians = 3.475 from Appendix A.3.a, so
we have
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Figure Al. Refractive index as a function of photon energy for
AlyGaj.yxAs. For purposes of comparison, the refractive index
(Ref. 5) of high-purity GaAs and Si-doped GaAs that is often
used for active layers of GaAs-AlyxGaj]-yxAs heterostructure
lasers is also given. (After Ref. 11)
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Fiyiwre A2. Refractive index of AlxGaj.yxAs as a function of x at
the heterostructure laser emission energy of 1.38 eV. The dashed
line in the inset is a linera extrapolation of the refractive index
of 3.590 for GaAs (Ref. 5) to the refractive index of 2.971 for
AsAs (Ref. 10). The uncertainty in the refractive index values for
these measurements is } 0.005, while the uncertainty for the
techniques used to assign x is generally taken as ¥ 0.02.

(After Ref. 11).
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An = - 0.54X at A=1,06um (A-4)
Table A.3.1 summarizes the depression 4n in the near infrared
region.

There are no published results on Alea As at long wave-

1-x
length, Very recently, McFee et alAlShave performed 2 wave-

guiding experiment on their GaAs/Alea As heterostructure at

1-x
A=10.6um. Both the GaAs film and the Al Ga,_ As substrate ar.:
grown by liquid phase epitaxy and have a carrier concentration
of 1016 em73, By using the extrapoled the index of AlAs at
10.6um from the near-IR measurementsAloand the unpublished dataAl8
of the GaAs index,they give the following refractive index equa-

tion for Alea As

1-x
n?(x) = (2.86)%x + (3.21%(1-x) (A=5)
This equation is very approximate because of the uncertainty of

the extrapolation. The liquid phase epitaxial layer of Alea As

1-x
is found to have a graded refractive index. To interpret the results,
a new waveguide theory has been developed by McFee et alAls. With
this, the refractive indices of the waveguide structure can be
determined from the measurements of the angle of incidence of the
waveguide modes. Sample 491 has been measured to have 10 TE modes
which include both guided and leaky modes. The first nine modes

are used in the computer calculation giving the following results:
NGaps=3:265, np) Gaj_yAs = 3.162. The lower refractive index of

GaAs is possibly due to the higher carrier concentration. The

photoluminescence measurement of the AlyGa]-xAs indicates x=0.24.

From these numbers, we obtain a linear depression for AlyxGaj_yAs as
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Table A.3.1 The Linear Depression of the Refractive Indices
of AlyGaj.yAs and GaAs].xPx as a Function of x
(Ref. 1, 10, 16).

um Aleal_xAs GaAsl_xPx
n=-()X n=-()X
0.88 0.83(passive)
0.5 (active)
0.9 0.62 0.44
1.0 0.56 0.39
1.06 0.54 0.37
1.15 0.52 0.36
1.20 0.51 0.35

Table A.3.2 Curve-fit parametsrs for refractive index n? =
n2 = A+ BA2/(AN?%-C) as a function of x for
Ga(Asy.xPx). (After Ref. 21).

300°K
A=4.118944.0625x ~10.3446.24-2.780)r

Bw6.6369—5.8747x 4 10.6049x7 -2 9874
C=[1.23978/(2.90254-0.5088x+1.1201.%) P

Maximum]
X A B C ¢ error
300°K

0.0 4.0518 6.6961 01820 10.7479 00034
0.06 0.1950 10.4358 0.1182 10.6314 0.0030
0.125 4.2798 61803 0.1721 10.4001 0.0034
0.25 4.65% 5.6310 0.1022 10.2909 0.0042
0.35 4.348) SKR14Y 0.1456 10.1632 0.0036
0417 4.1354 58077 0.1390 10.0331 0.0030
0.625 03963 9.2210  0.0876 9.6203  0.0048
1.00 0.6215 8.3765 00749 8.9980 0.0060

137

4
S ot ek P "y




i

e A o e T PR

An = - 0.43X at A=10.6um (A-6)
Eq A-6 means that the refractive index of AlAs at 10.6um wave-

length is about 2.84, which is very close to the extrapolated

l-xAs

3.162 into Eq A-5, we obtain a calculated value of x=0.28, which

value 2.86 discussed earlier. By substituting Na1 Ga
X

is reasonably close to the measured value of 0.24, considering
the crude approximation of Eq(5). We prefer to use the linear
approximation of Eq (6). The actual value may be slightly smaller
than this linearly approximated value for a given x. Consider

the GaAs film grown by our vapor phase epitaxy: the carrier con-

centration is in the low 1014 cm.3 range, so the index is

nGaAs=3'27' Now, we take this measured value n =3.16

Alea As

1-x
and we have

An = - 0.46X at A=10.6um (A-7)

.3.4 REFRACTIVE INDEX OF GalAs P

l-x"x

The refractive index of GaP in the region of 0.5 to 4.0um
wavelengths has been measured by BondAl6~ The numerical values

are listed in AppendixA.3b.At A=1.06um, =3.108. Yas'kov

NGap
. . 7% .
and PlkhtlnAl also made measurements in the range of 1.0 to 2.5 eV

photon energy, reasonably in agreement with Bond 216

At 2?1Qﬂm, the
only result is given by Folberth and OswaldAlsand nGaP=2'90 from

Appendix A.3c.For wavelengthsbetween 16 to 30um, Kleinman and

A19

Spitzer”““calculated the refractive index of GaP from their
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measured ceflectivity coefficients. There is a dropoff in

the refractive index for A>16um due to the fundamental absorption
peak at 27.3um. For Wwavelengths ranging from 30 to 100um,
Abagyan et alp'zoalso showed a peak near A=30um.

The refractive index of GaAs P - between 0.5 to 2.5 eV

1-x
has been measured Ly Clark and HolonyakAzl. Their results are
shown in Figures Al and A4. Their measurements on pure GaP
agree well with the results of Bond‘us- They give an expression
for the refractive index of GaAs, P _ as follows:
2 BA?
n =A+—2—_—-(A = (A-8)
with the curve-fit parameters A, B and C shown in Table A.3.2, and
A in um. With the parameters given in Table a.3.2 (b), we have
calculated n by Eq A-8 for A=1.06um. The results are plotted in
Figure ap5. The linear variation of the refractive index of GaAs, P
gives
An = - 0,37X at A= 1.06um (A-9)
The calculated points lie slightly below this linear curve.
Table A.3.]1 summarizes An in the 1.0um region. Very recently,
the refractive index of GaASO.62p0.38 between 1.2 and 2.0 aV
has been pubiished Azz.agreeing with the theoretical modelAlz
There are no published data on the refractive index of
GaAs, . P at 10.6um wavelength. The only available number for
GaP is n = 2.90 at 10um from Reference If we use n=3.27

for GaAs, we obtain an approximate An= ~0.37X for Ga}\sl_xi’x at
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=10.6um. We now seek the validity of this approximation. 1In

our contact proposal, a plot of the refractive index of GaAsl_xPx

as a function of x is given, in which ¢_=9.04 was used for GaP
and the refractive index of GaP at 10.6um is obtained by using

n =‘r;: . Thus, a relationship of An = - 0.28X was obtained.

A preliminary study of the cutoff film thickness of the waveguide
modes indicates the plot is wrong. An assumption of An = -0.4X
gives a better fit to the experimental results. Figuref6 is a
plot of the minimum film thickness required to support a mode,

as a function of the substrate index. The film has an index of

n S=3.27. Experimentally, for a 7um thick waveguide, we observed

GaA
only one mode, and Figure a6 indicates the n_ should be
larger than 3.10. For an 8um thick waveguide, we observed two
modes, and from Figure A6 this means n should be smaller than
3.14. Now, we roughly know 3.10 < n, < 3.14. If we simply take

the mean for n =3.12 and x=0.35fromthe photoluminescence

GaAsl_xPx
measurement and nGaAs=3'27’ we obtain
An = -0.44X at A=10.6um (A-10)

The infrared reflectivity spectrum of GaAs
A23

Px has been reported
4

1-x

by Verleur and Barker . From their data, Hil.LA2 calculated the

refractive index of GaAs; P _ at various wavelengths with x as a
parameter. Ffigure A7shows his calculated dispersion curves of

GaAs, GaAsO'65P0.35 and GaP. At A=10.6um, the refractive index
of GaAs, P _ as a function of x is shown in Figure We obtain

a linear approximation for GaAsl_xPx as

An = -0.42X at A=10.6um (A-11)
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We beleive that Eq A-11 is reasonably accurate. An experimental

.. 15
measurement similar to the work done by McFee et a{ is under

way.

. CONCLUSION

The refractive index of pure GaAs is n = 3.479 at A= 1.06um

and n = 3.275 at A= 10.6um. The refractive index of Aleal_xAs

is given by An = -0.54X at X = 1.06pym and An = -0.46X at
A = 10.6um. The refractive index of GaAsl_xPx is given by

in = -0.37X at A= 1.06um and An = -0.42X at ’= 10.6um.
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APPENDIX A.3.a

Raraacmive fnnex & anp Exriecmion Cuernricent & oF Garlaum Prosmion
asa Funcnonor Waviewotn . (A frer Ref.2)

4 ‘a k Refereme i " k Reference
{microns) {(mixrons)
0.0# 1028 o0.168 -4 0.168 1987 1.841 04
0030 1.000 0.201 -4) om 1.0 2009 (-4
0082 [ L]} 024 04 0.1% 1419 2.1 04
0034 09 0.2u0 (4 0.I%8 1127 2128 -4
00% 1.0 a0 4 0.19%0 )m 207} 04
0089 102 0.2 (-4 0.194 1.69% 2088 -9
0.003 0972 0243 -4 0.207 1.709 2383 -4
0065 o 0.2% (4 0. 2246 398 (1]
0.0 asw 0.362 04 0.2)4 263) 342 (1-4)
0073 0.m 0474 (-4) 0.2% 19 3462 (1-4)
0077 Q.801 0.5x8 1-4) 0.204 4130 2102 -4
GON3 0.828 0.69) (4 0.28% 1862 1481 -4
0.0%9 Q.84 0.79 04 0.295 k%31 1494 -4
0oms Q.89 0908 -4) 0.302 3743 1.54) 04
0.003 0931 on (4 WMo L0 1.649 (4
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w14 1.043 1.003 o9 3% 4,653 1959 (i 4
ol 1.2%0 1.2% -4 0.3 078 1.0 (-4
oW 1.098 1.234 0-4) 0.344 5.192 - -4
.148 1118 1.33 0-4) 0.3 4848 - -4)
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04%0 d06 > 10 - 5 1.80 un L]l
0482 429 % 30! [} 1RO 1.4 » 10 * *
0.4%8 14 x40 ) 200 o [¢]]
o4m? we x 10 " 13 200 10} » 10! %)
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01 k0000 [A)] 0 297 “n
0.8 )RS x j0 ! Y] Yon 29v . 10" 43}
[TRYIH 142 » 10! ) 1.5 248 <
0S8 1w > 10t U] 150 .00 (5.
0.51v 14 =0 (51 400 UL )
@50 0 Il 400 267 » 10 $1
0 %2 KS&T x 10 ¢ 5 4.50 298 “
0.8 S X 10 (51 4.8 1) > 10t 15
0.5 Ly 10 9 Son 24 : [C]
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0,544 LIS 10 % (5) 640 292 ;
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APPENDIX A.3.b

Refractive Index of Gap

(After Ref. 16)

GaP

04
0.45
(3 34595 (54 u)
0.6 3.398
Q0.7 3.2442
0.8 2.1830
09 3.1430
1.0 211902
11 3.0981
1.2 3.0844
1.4 3.0046
1.6 3.05"
1.8 3439
20 3.0379
22 3.0331
2.4 3.029
26 3.027t
2.8 3.0236
3.0 3.02t5
32 3.0197
a4 3.0181
a6 3.0166
3R 3015y
40 3.0137
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APPENDIX A.3.c

Reraacive Inpex # aND ExTincrion Corrricnnt & oF GaLLium ARsenns
A3 4 Funcion oF Waveenoti a1 J00°K (After Ref.2)
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