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ABSTRACT

Films of optical quality suitable for waveguide and optical device
elements have been designed and growth processes developed for produc-
ing such films. Films with various compositions and thicknesses have
been prepared by chemically depositing GaAs and Ga(l-x)Al(x)As upon
GaAlAs and GaAs. Film thicknesses from 2 to 17 pym and compositions
from x =0.02 to x = 0.25 (Gal_xAles) were obtained. Techniques for
determinring the Ga-to-Al ratio have been developed {i.e., photolumines-
cent determination of bandgap and electron microprobe analysis) as con-
trols for meeting the design parameters. Device structures consisting
of channel guides and directicnal couplers have been developed in GaAs

using ion machining techniques.
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SECTION 1

INTRODUCTION AND SUMMARY

The objectives of this contract are to study and analyze the propa-
gation, attenuation and modulaticn of coherent optical waves in thin film
waveguides, and in particular to study epitaxial semiconductor struc-
tures at a wavelength of 8500 A, to determine the parameters controlling
the solution regrowth epitaxy of the GaI-xAles system, to study the
influence of the index discontinuity and semiconductor carrier concen-
tration on optical properties, and to develop elementary optical device
elements.

This report covers the first six months of work on this contract.
The work has consisted of: (1) defining the requirements of both
materials and structures for forming thin film waveguides, (2) growth
of chemical vapor deposited films of GaAs on GaAlAs substrates,

(3) construction of a liquid phase epitaxial growth system, (4) growth

in this system of GaAs and Gal_xAles upon GaAlAs and GaAs,

(5) the development and completion of a photoluminescent test setup for
the determination of the cptical band gap in the GaAlAs epitaxial layers,
(6) fabrication of chanrel guides and directional couplers in GaAs using
ion micromachining techniques. The last task was partially Company
supported but is described in this report for completeness. A summary

of these accomplishments made during this work period are discussed

in the follcwing paragraphs.
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1. Carrier Absorption and Guiding in Thin Film Waveguides:

Theoretical estimates of the expected losses in thin film semi-
conductor waveguides have been made. The result for GaAs is that the

theoretical attenuation constant is given by
= (3.6x 10 "N) em™?

where N is the maximum carrier concentration in the structure
(substrate or epitaxial layer). However, experimental data k suggest

that this is a very optimistic estimate and a more realistic value is

e = (10017N) em ™!

Deciding, at this point somewhat arbitrarily, that losses of
-1 . ; ’ .
a<]l cm = can be tolerated, we obtain a criterion on the maximum
allowable carrier concentration:

N <1o17 cm'3

We have calculated the aluminum concentration required in the

substrate that has a GaAs epitaxial film on a Ga Ales substrate.

For an epitaxial layer 2 pm thick, and at an optilca}; wavelength of 1 um,
the minimum value for x (for guiding in the lowest order mode) is
x=0.62 x 10'2. However, the index discontinuity (and, therefore,

the value of x), can increase by a factor of 9 before the next higher
mode can be supported. Thus we estimate that a good experimental
starting point is x x 4 x 10-2. This will allow lowest order mode con-

finement down to an epitaxial layer thickness of about 1 pm.

2. GaAs and GaAlAs Epilayer Growth

The vapor epi growth apparatus is fully operational, and several

films (~4 ,.:n thick) of GaAs with good reproducible characteristics have

Ciog doa n_m
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already been obtained. A comparison of the films grown by the vapor
and liquid epitaxial methods suggests that judicious use of these two
techniques will give the best results for fabricating complex wave-
guiding structures.

We concentrated our efforts during this work period on the
design and construction of a horizontal solution regrowth epitaxial sys-
tem and the growth of films in this system.

Calculations of desirable cperating conditions for growing the
films have been made. Using solubility data for As in the GaAs system
and information on the influence of adding Al to the system available
in the literature, desirable conditions for the growth of epi films have
been deduced. Because of the conflicting demands arising from con-
siderations of film thickness., the homogeneity nf doping level through
the film cross-section and the very high segregation coefficient of A1
in the system, the solution used for growth was a compromise. The
actual operational parameters of intercst are the temperature of the
melt at the start of growth, the cooling rate and total cooling time, and
the composition of the melt at the start.

Initial growth experiments were performed with growth of
GaAs films on GaAs substrates. Later, filmsof GaAlAs were grown on
GaAs and GaAlAs substrates. These films were grown with various
compositions and thicknesses in order to ascertain control capability
of the system. Film thicknesses from 2 to 17 pm were obtained and
compositions from x = 0.02 to x = 0.25 (Gal_xAles) were established

through microprobe analysis.

3. Photoluminescent Bandgap Measuremants:

We intend to use photoluminescence measurements to analyze

the quality of GaAs and Ga Ales epitaxial layers and the ratio of

(1-x)
Ga/Al in the Ga(l-x)Ales' An experimental setup has been assembled
for measuring the photoluminescenc« spectra of these materials. The
optical pumping source is a 100 mw He-Ne laser with an output wave-

length of 6328A. The samples are held in a vacuum dewar on the cold

s b R
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surface of a liquid nitrogen cryostat so that they can be cooled to 77°K
if desired. Light emitted from the sample is collected by a lens and
focused onto the slit of a Jarrell Ash 1/4 meter grating spectrometer,
The detector is a 7102 photomultiplier tube, which is cooled to reduce
noise. It remains to test the apparatus by measuring the character-

istics of some standard samples.

4, Fabrication of Three-Dimensional Optical Waveguides by lon
Micromachining

Experiments were carried out on determining the suitability of
ion milling in fabricating three-dimensional ridge waveguides as well
as optical directional couplers. These techniques should play an
in rortant role in the latter part of the program when integrated optics
components will be fabricated. One millimeter long guides with
3x7pmand 1.4 x2 pm crosz-sections have been fabricated by ion
sputiering using masks prepared by holographic techniques. Directional

couplers were fabricated by partial removal of the epilayer between the

guides using ion micromachining.

2ttt



SECTION 11

-~ DEFINITION OF EPILAYER MATERIAL AND STRUCTURE
g REQUIREMENTS
A, LIMITS ON GaAs EPILAYER IMPURITY CONCENTRATIONS

Before undertaking the problem of GaAlAs epitaxial waveguide

fabrication we need to understand the nature of the loss mechanisms

which will attenuate the propagating mode. Relating these mechanisms

to material parameters and incorporating guide propagation considera-
tions will allow us to develop guidelines for waveguid: fabrication.

The most important sources of loss are: (1) band-to-band transitions
and (2) free carrier absorption. Loss caused by the first mechanism
can be minimized by a proper choice of the energy gap relative to the
operating wavelength. Free carrier loss will be present, however,
since the impurity concentration, although kept to a minimum, is

; ‘ always finite.

In an effort to determine the allowable impurity concentrations
we need to solve for the optical losses of the propagating modes as a

function of the carrier concentrations in the substrate and the guiding
layer. Consider a thin film waveguide such as illustrated below.

waveguide layer

Y]
~
I
-
s ]
+
E':i
oo
N

Substrate
where Kl’ KZ’ and K3 are the relative dielectric constants (i.e. K = n2
with n being the complex index of refraction). The fact that the media

are in general lossy is accounted for by taking the K's as complex

e P T Wy o NP2
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nunbers as shown i the figure. Necar cutoff most of the wave energy
is in medium 3 and the mode attenuation approaches the bulk loss of

medium 3 which is

>'|N
=

where k0 = . Far above cutoff the mode energy is concentrated in

[0}
medium 2 and the mode loss approackes

k K,.
= o 21 (2)

I v

We can obtain a general expression for the mode attenuation

constant as a function of KZi’ K the guide dimensions and the fre-

31
quencies. Such an expression has, indeed, been derived. As expected

the mode loss constant lies between a, and as- For the purpose of

design criteria we assume, conservatively, that the loss constant

is equal to the larger of @, and s, i. e.,

2

k ImK
o
a =]

mode ReK

where the imaginary part of K (ImK) is taken as the larger of ImK2

and ImK3.

An expression for ImK can be derived from a simple treatment
of the carrier polarization in the presence of collisions of lifetime 7.

This gives (see Appendix)

NeZ/ (m* € wT)

ImK = - 5 (3)

w" 4+ 1/1'2
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where m~ = effective mass, ¢ = dielectric constant of vacuum in MKS
units and N = carrier density.
In GaAs using a mobility p = 8.5 x 103cm2/volt sec we have

at x = !l pym

0.07 m, = 6.4 x 10-32Kg

3 o

T = -r%y-z 3.4):10.13 sec

5

w = 2nf ~ 1.88 x 101

i

wT = 6.4 x 10Z

n = 3,51

From eq. (2) and (3) we obtain in the limitw >>1/7

2
“mote Ve —¥ 2 =

where

permeability of free space

T
I

m
"

dielectric coistant of the material

With the above data for GaAs we obtain

@= 3.6x10""7 Nem™) (5)

P -3
where N is incm ~.
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In integrated optical circuits with typical dimensions of a few

millimeters we should be able to tolerate N <1019

-0.36

cm-3 at which point
the loss in 1 mm should be 1-e =0.30. As a hedge against unfore-
seen factors and the fact that experimental absorpt:ionl invariably runs

higher than the value giveu by (5) we adopt the value

N =10 cm

as a design parameter for the maxirmum carrier concentration in the

substrate or the guiding layer.

B. LIMITS ON Al CONCENTRATION IN GaAl - Gal_xAles
WAVEGUIDES

The problem here is to determine ‘.. 2 limits of the aluminum
mnolar fraction x in Gal_xAles such as to give single mude propaga-
ticn in waveguides of reasonable dimensions.

The condition for propagation of the first m modes in a wave-

guide of height t is

m)\

o2 _
Zn(nz-n3)>( 4t);m-l,3,5.... (6)

The mode designation m = 1,3,5.... is inherited from that of
symmetric waveguide. The mode m = I is the lowest order propagating
mode in the waveguide of Fig. 1 while m = 3 is the next higher mode.
The even modes m = 0 and m = 2 which exist in a symmetric guide do
not exist in our guide.

We anticipate that it is reasonable to operate our waveguidces
with heights t near a wavelengthalthougheventual deviationsby an order
of magnitude either way can be envisaged. I{ we choose a smaller

height then it becomes impossible to couple to the mode by an end-on

incidence while if we go to t>>\ the advantages of waveguiding disappear.
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Choosing thus t = 2 uym in eq. (6) and taking A,z 1 um, the condition
for propagation of at least the lowest order mode (m = 1) is

2
)

1
= 100 (7)

1 1

Moy =P = Fous Xl

For GaAlAs, experience obtained in the close confinement injection

lasers indicater that the index difference caused by adding aluminur:
to GaAs is

n, -n; = 0.4x (8)

where x is the molar fraction of the aluminum.
If our waveguide is to support only the m = ! (lowest order)

mode, it follows from (6) that

()\o - >2(n, - n,)n> )\0)2
which for t = 2 pm, )\o = 1 um and using (8) becomes

610725 x> 6.25x107°,
We choose as a design criterion x = 4% in order to stay comfortably
within the allowed range.

The summary of our design criteria for low loss single mode

waveguides is given below

Waveuide Imp concentration Aluminum mole
Height for a<lem’! fraction
i T

t = 2pm N<10" 'cm 0.6%< x < 4%
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b SECTION III

MATERIAL GROWTH

Two parallel approaches, vapor and liquid epitaxy, were used
to form gallium arsenide structures suitable for waveguide applications.
The objective was to form multilayer structures of varying compositions
to provide refractive index discontinuities necessary for waveguiding.

The two areas are discussed in detail in the sections below.

Fur

A, VAPOR EPITAXY

The primary emphasis in this part of the program was to form
simple structures of gallium arsenide layers on gallium-aluminum-
arsenide, GaAlAs, that could be used for preliminary studies based on
our theoretical analysis of waveguide structures. The vapor deposition
1 system already in use on other programs in the laboratory was used

for growing these films,

The GaAlAs substrates were obtained from Laser Diodes, Inc.,
Metuchen, New Jersey. They were epitaxial layers of GaAlAs on
GaAs substrates with composition Gao. 96A10. 04As and a film thickness
of about 12 microns. The surfaces were given a light chemical polish
before being loaded into the growth apparatus. A brief description of
our vapor growth system is given below.

Epitaxial layers of gallium arsenide a<e grown in an all-glass
system using five-nine's arsenic trichloride and six-nines gallium with

a flowing atriosphere of pure hydrogen supplied by a palladium diffusion

purifier. The hydrogen is bubbled through arsenic trichloride, passed

over gallium kept at about 850°C and subsequently over a gallium arse-
‘ nide seed located downstream at about 780°C. The growth system has

been used routinely in our laboratory to produce epitaxial layers with

thickness larger than 5 microns and carrier concentrations in the range

of 5 x 1016 cm-3.

11
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In a series of experiments we have used the system for growing
gallium arsenide films on gallium aluminum arsenide. The system and
control, however, are not quite adequate to grow films thinner than
4 microns reproducibly. When the films are thin, the thickness unifor-
mity over the entire surface becomes a critical consideration, espe-
cially for use in waveguides. The film thickness is strongly dependent
oit the uniformity of the temperature across the whole cross section of
the growth charaber where the seed is located. Besides uniformity in
temperature, uniformity in the concentration of the gas phase at the
growth front is also critical in producing a good junction at the growth
interface. With these considerations in mind we have designed a 1 ew
system on a company funded program incorporating more sophisticated
controls. This will be used in our future experiments to provide thin
films with a high degree of homogencity and good surface finish.

Several filins of gallium arsenide using the present system have
been grown, however, to familiarize ourselves with the problems
involved. A cross section of one such film is shown in Fig. 3. Also
shown (in Figs. 1 and 2) are the surface of the gallium aluminum arse-
nide as received and the gallium arsenide film after growth. The layer
is being presently investigated for its optical quality., It can be seen
from the figures that the polishing of the GaAlAs substrate and the
procedures used in the growth system are capable of giving a very good
layer of GaAs with good perfection and junction delineation. The vapor
growth riethod would thus seem te be an excellent tool to grow a layer
of Gahs on GaAlAs.

Unfortunately, vapor-phase epitaxy has disadvantages when
applied to growth of Ga1 _xAles films. Because of the highly reactive
nature of aluminum, it is extremely difficult to grow epilayers of GaAs
with aluminum as an additive by the vapor epitaxial process. However,
liquid epitaxial growth is ideally suited for GaAlAs film growth because
the condensed phase eliminates many of the disadvantages that the vapor
phase has. We also find that aluminum addition to gallium tends to

lower the gallium surface tension causing good wetting of the substrate

ool SOl s g e e DM Lt Tt e o o st iy £ty " aaer i ot gt sl T T s TR IR PO
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Fig. 1.

(GaAl)As Epilayer as
Received
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_ Fig. 2.
? (GaAs) Vapor Epilayer
1 Grown on GaAlAs.
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Fig. 3. Cross Sectional View of Wafer Shown

in Fig. 2. Region A — GaAs Substrate.

Region B — GaAlAs Epilayer (8.5 u).
Region C — GaAs Layer Grown by
Vapor Epitaxy (5.5 u)
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surface, enabling very gond growth of GaAlAs on GaAs. A further
.¥ advantage is to be gained by using the liquid epitaxial method because
aluminum has a high segregation coefficient during growth that enables

3 ‘ the utilization of very dilute solutions of Al; for example, a 0. 05%

solution of Al in Ga under appropriate conditions will give a GaAlAs

layer with 2% Al in the epi layer. This low concentration of the solution

ML P T PR Y

minimizes the problems caused by the high reactivity of aluminum,
especially in the presence of traces of oxygen and water vaper.
It would seem from the abcve discussion that the judicious use

of vapor and liquid epitaxial methods for producing complex waveguidihg

PSRRI

structures would give the best results. We hope to develop both these

approaches to enable us to achieve this goal. In the sections below we

TRy

give a detailed account of our work in the liquid epitaxial growth effort.
B. SCLUTION REGROWTH EPITAXY (GaAs, Gal_xAles)

3 A horizontal, open tube growth system has been designed, con-

structed and utilized to produce epitaxial films of GaAs and (GaAl)As.
The following sections describe the growth concepts, system design,

and properties of films grown to date.

1. Growth Method

The method of crystal growth in which a solid crystallizes in
equilibrium with a dilute solution at a temperature below the melting
point of the solid is referred to as solution regrowth. When the tech-
nique is applied to the growth of thin single crystal films on seed crystals

it is often called liquid phasec epitaxy. This is one of our approaches to

the problem of fabricating optical guiding structures which will respond
to the application of external fields and will transmit light with low

losses at a wavelength of 8500A.

Y

The solvent material is high purity gallium which is liquid at

growth temperatures of 850 to 950° C.

A T
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The first films grown in this program by this method were
GaAs homo-junctions. The growth of GaAs films involves an initial
saturation of gallium solvent with GaAs at the starting temperature
and a subsequent cooling which results in supersataration and precipita-
tion of GaAs on the substrate as an epitaxial layer.

The solubility limit of arsenic in gallium versus temperature
has been determined experimentally by R. N. Hall2 and is depicted
graphically in Fig. 4. Also shown in this figure are points correspond-

ing to an analytical expression we have fitted to the experimental curve:

! 6

2
- (T-900)}
GaAs

5 =53 )
- (6x1072) x 1013- 71 x 1077 (T-900) - 6.0 x 10

(10)

where xl= atom fraction of GaAs inr liquid gallium and T is the ter-
perature of the melt in °C. Notice that over the temperature range
500°G - 1100°C the analytical expression corresponds well to the
experimental data. From the equation we can establish the relevance
of several parameters to controlled thin film growth thus evaluating
dx/dT near 9000C yields

!
dx
[—-Ci"’lﬂ] 900°C = 5.13 x 1074/%C . (11)

From eq. (11), for a system for which the kinetics are not diffusion

limited, we can determine the film thickness produced by an incremental
reduction in temperature near 900°C under the assumptions that nuclea-
tion occurs only at the substr. e in a uniform layer and no super cooling

takes place. The change in filn. thickness (\) with temperature is

I

dx E deaAs MGaAs Wmelt . 2(Wmelt) pm/OC (12)
dT dT MGa pGaAsA A
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where

1 MGaAs = Molecular weight of GaAs
1
3 MGa = Atomic weight of Ga
3
' _ o . 3
‘ PGaAs - Density of GaAs in gm/cm
]
wmelt = Weight of the melt in gm
3 A = Area of the substrate in cm2

3 In our experiments a typical ratio of melt weight to substrate
k: area is about 1 gm/cmz. This implies a growth rate of 2 pm/OC. It is
clear from this that reproducibility in thickness requires fine tempera-
ture control.

The second phase of the growth program involves the growth of
Gal_
not be significantly affected by the addition of a small amount of A1 to

XAles on GaAs. The solubility of GaAs in the galiium melt should

the melt but a new consideration arises regarding the uniformity of the

Al concentration throughout the grown layer. Consider the mixed

GaAs-AlAs system, AB, where A designates cations on an f{. c. c. iattice
and B designates anions on the other sublattice comprising the zinc
blende structure. Near 900°C the "A" site fraction of Al in solid AB

at equilibrium with a gallium rich melt is about 58 (Ref. 3) times the
atom fraction of Al in the melt. Consequently, as the film grows it
quickly depletes the melt of Al. Again assuming uniform nuc'eation on

the substrate and nowhere else, it can be shown that

A B
din xAl(mterface) 5 -58(——1\{-[(33 )p ( B e
d MGaAs CEat WMelt

where xi‘l (interface) = site fraction of Al on the "A' lattice at the

growtn interfac.
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The solution to this equation is, of course

M
A . A, G A
xAl(mterface) = xAIO exp -58(————-——M 2 )PGaAs(——_—W ) (14)
GaAs melt

where xAio = Al site fraction on the "A'" lattice at the initiation of
growth.

Figure 5 shows the percentage deviation of the Al site fraction on
the "A" lattice at the surface of the film to its value at the substrate-epi
junction as a function of film thickness for various values of the
parameter (Wmelt/A). Clearly large ratios of (wmelt/A) correspond
to more uniform film composition.

It would seem from the above argument that (wmelt/A) should
be kept large. Doing this produces another problem. When thin films
are desired, however, eq. (12) indicates that the film thickness pro-
duced through a given cooling increment is directly proportional to
(wmelt/A)' Conversely, the total cooling incre~ent, AT, required to
grow a film of a given thickness is inversely proportional to (W lt/A)'
Since there are limits to how well the temperature can be controlled,
large ratios of (Wmelt/A) reduce control over final film thickness.
Problems associated with super cooling further complicate the situa-
tion. The discussion above leads to the conclusion that for best results

melt/A’
depending on the thickness of the film desired and the Al concentration

a judicious compromise has to be used in choosing values of W

gradient that can be tolerated in the film. It also emphasizes the high
degree of sophistication necessary in the control of temperature both
at the start of growth and during the cooling cycle. These considerations
are seen in better perspective in the treatment below.

Figure 6 illustrates the dependence of growth rate and the deriv-
ative of the logarithm of Al concentration with respect to film thickness
(eq. (13)on (Wmelt/A)' Film specifications restrict growth to particular

regions of the figure. For instance, suppose a 10 pm thick film is
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required with a maximum allowable error in thickness of £#2%. If the
uncertainty in the growth temperature is +0. 1% the growth rate must be
less than 2 pm/oC to satisfy the requirement on film thickness. This
limits the choice of (wmelt/A) to values less than 1 gm/cmz. Figure 6
shows that under these conditions the variation in Al site fraction from
substrate to surface of film will be 15%. To improve control over
uniformity, one must pay a price in control of thickness and vice versa.

It should be emphasized that the description of the growth

process given above is based on an over-simplified model. The assump-

tions of chemical uniformity throughout the melt, lack of super satura-
tion and heterogeneous nucleation occurring only on the substrate are
all unrealistic, but the simple model helps clarify general principles
underlying the growth process. Equations (—12) and (13) should be regarded
only »s gu'des illustrating the general dependence of the growth condi-
tions on the various important parameters. Fortunately the model is
especially applicable to our epitaxial growth system where the melt is
of limited volume and has a small thickness above the substrate. This
allows near equilibrium conditions to be established at the growth
interface and minimizes effects of diffusion of various species. The
growth rate predicted ineq. (12), for instance, is only about 3 times
higher than that obtained in the horizontal system using 1 gm of melt

with 1 cm2 substrate area.

2. Epitaxial Growth Apparatus

The design of the furnace and gas handling equipment is shown
schematically in Fig. 7. Figure 8 is a photograph of this apparatus.
The system is constructed primarily of quartz, pyrex, and stainless
eteel, with short sections of kovar tubing used to make the transition
from pyrex to stainless and a limited number of compression fittings.
The only compression fittings used on the gas input side of the {urnace
tube are at the stainless steel nitrogen regulator and at the Ag-Pd

diffuser output.
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Fig. 8. Photograph of the Horizontal Liquid Epilayer
Growth System,
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The gaseous iiitrogen source is the vapor over liquid nitrogen
which c¢asures high purity without the necessity of a cold trap.

At the beginning of each run the system is evacuated using a
Balzer mechanical vacuum pump which employs a bakeable molecular
sieve trap to prevent back streaming of pump vapors. Stainless steel
vacuum bellows valves isolate the gas sources from the vacuum pump
during evacuation and serve as "on-off'" valves to control the gas flows.
The pressure reached during pump down measured between the molec-
ular sieve trap and the vacuum pump is less than 10_3 Torr. This
pressure is continuously monitored with a thermocouple gauge.

After evacuation the system is back filled with either H, or NZ'

Tc monitor the manifold pressure during back filling a Wallacez— Tiernan
absolute pressure gauge is used. The chamber exhaust goes through a
3 pound check valve and a bath of silicone oil to prevent oxygen
backstreaming.

The furnace itself is a Thermco ''Spartans' diffusion furnace
having 3 temperature zones which are controlled by a master-slave,
4 thermocouple control loop. This type of control system is ideal for
maintaining a long, flat temperature profile even during cooling. The
maximum furnace cooling rate measured in the thermocouple well is
about 9°C/min with low gas flow.

The temperature during growth is monitored in a thermocouple
wel! adjacent to the beat. The thermocouple E. M. F. is applied to a
Leeds and Northrup millivolt recorder in series with a temperature
compensated reference (cold) junction. This recorder is capable of
displaying a 2 millivolt full scale span atop a calibrated d. c. level of
up to 40 m.v. Finer temperature sensitivity is passible using a 5 digit
digital voltmeter with 1 u volt resolution. This permits measurements
of temperature change as small as 0. 196 using a Pt - Pt: Rh(13%)
thermocouple. We find it possible to maintain a temperature which is
constant to 20.1°C in the growth zone of our system.

The boat containing the substrate and the melt is made of high

purity graphite purchased from Ultra Carbon Corp. It consists of

25




2 pieces: the main body of the boat containing the melt which is covered
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with a graphite cap and a1 plate which slides through the center of the
main body directly under and in contact with the melt. The sliding
plate has two machined depressions which accept a GaAs source piece
, and the substrate. During growth the source piece is placed in contact
with the melt by moving the sliding plate with respect to the boat body.
This saturates the melt at the starting temperature. The substrate is
shifted into contact with the melt just before cooling begins. Figure 9
is a photograph of the boat.

The two-section boat is controlled by a double push-rod having
a concentric design. The outer rod is quartz and holds the main body
of the melt in position. The inner rod is tungsten and attaches to the

sliding plate.

3. Progress in Film Growth

After the epitaxial system was completed it was checked out by
growing films of GaAs on silicon doped GaAs substrates (1018 electrons/
cm3). These films are n~type as grown, which is expected since the
gallium melt was saturated using silicon-doped GaAs. The growth
orientation was <100> .

These initial runs were helpful in pointing out problems inherent
to the system. One difficulty, the complete removal of the melt from
the film after growth, still has not been satisfactorily resolved in the

{ present system especially while growing GaAs films. Careful attention

to the spacing between the graphite wiping edge and the film surface
and the incorporation of a second cavity in the graphite boat to provide
additional wiping has helped to reduce the problem, but the resultant
surface is too rough to permit photo-lithography without subsequent
polishing. Final pol shing appears to be an acceptable solution only
for films which are thicker than about 10 pm.

Fortunately it has proven much easier to remove the melt after

growing a (GaAl)As film. The sa~:e growth apparatus yields surfaces
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which are quite clean. At this time it is not clear whether the effect
is due to a reduction in surface energy as the direct result of adding Al
to the melt or to an increased tendency toward oxidation of the melt
surface.

Another problem which was encountered in the growth of the
initial GaAs films was that of thermal decomposition of the substrate
during melt saturation. Besides pitting the surface to a depth of over
a micron, thermal decomposition converts the surface layer of the
substrate to p-type to a depth of several thousand angstroms. This
leaves a troublesome interface layer between the film and the substrate.

This difficulty has been successfully eliminated by minimizing
the time the substrate is exposed to high temperature and by supplying
an equilibrium overpressure of arsenic during the high température
period. The proper arsenic overpressure is achieved by placing a
wafer of GaAs over the substrate when actual growth is not taking place.

At the end of GaAs growth experiments, growth occurred over
the entire surface of a 1.5 cm2 substrate even when the weight of the
melt covering the substrate was less than 1.5 gm. Originally this was
not possible since the surface tension of the mel* causes it to ball up
and wet only that part of the substrate directly beneath the ball. This
tendency is now being defeated with a plunger type of melt cap which is
made of high purity graphite and presses down on the melt, spreading it
across the'tsurface of the substrate. The use of small melt volumes is
desirable in the growth of thin films since reproducibility in thickness
then becomes consistent with practical temperature control capabilities.

(GaAl)As films have been grown in the system over the last
2 months both on GaAs and GaAlAs substrates. These filins were
grown with various compositionsandthicknesses in order to ascertain
our control capability. Thickness has been varied over the range of
from 2 pm to 17 pm and composition from x = 0. 02 to x = 0. 25
(Gal_

but preliminary inspection indicates good control over composition and

xAles). Complete evaluation of these films has not been made

average thickness but possible nonuniformity in thickness from point

‘
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1 to point on the thinner films (e.g., 2 pm). This has not been
: substantiated positively but initial staining experiments seem to indicate
] a reduction in film thickness toward the edges.

Another growth problem which remains to be resolved is the

AT

tendency for pyramidal growth to occur on the surface of the film at
specific nucleation sites. These are few enough in number that their
presence does not in itself produce problems; however, the graphite
wiping edge breaks them off and scrapes them across tlie surface of
the film leaving parallel scratches.

The elimination of thickness nonuniformity and scratching is

our primary short-term program goal.

3 4. Characteristics of (GaAl) As Films

(GaAl)As films which have been grown thus far have been char-
acterized through simple microscopic examination, staining cleaved
cross sections, mechanical measurement of surface roughness (Dek-tak),
measurement of avalanche breakdown voltage and microprobe examina-

tion (x-ray fluorescence).

Figure 10 is a photomicrograph of a typical thick (GaAl)As
epitaxial film surface taken at low magnification (6X), The upper region

of the substrate was not placed in contact with the melt and, conse-

quently, has no epitaxial film. The horizontal line is, therefore, the

edge of the film.

Several of the anomalies mentioned above are visible in this

figure. Notice the vertical scratches originating at growth pyramids
on the film. The scratches are in the direction the wiping edge was

pulled across the surface.

Notice also the exaggerated thickness near the upper edge.

This is due to incomplete removal of the melt in regions where the

TR T

melt remains during the cool down to room temperature. In these

regions growth continues leaving coarse crystalline deposits.
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The gentle undulation of the surface is characteristic of thick
films grown by the method described above. FIigure 11 illustrates the
magnitude of the surface undulation. The measurement was made with
a Sloan Dek-tak. Notice that the average deviation from flatness of
the surface is about #1500 A. This measurement was made on the
17-pm-thick film shown in Fig. 10. Thin films are, of course, much
flatter.

The variation in Al concentration across a 5° beveled surface
of the film in Fig. 10 was measured using x-ray flourescence. The
results indicate that x varies from 4.21% at the substrate-epi interface
to 3.57% at the surface of the film. This is the variation predicted by
eq. (14) since the film is 17 pm thick and was grown with
(Wmelt/A) =1.5 gm/cmz.

Thus far, all of the (GaAl)As films have been n-type with carrier
concentrations on the order of a few times lO”/cm3 as determined
through measurement of available breakdown voltage. This is expected
since we have been saturating the gallium solution with GaAs which is
doped to 2 x 1018/cm3 with silicon. Because the distribution coefficient
of Si at 900°C in a gallium solution saturated with GaAs is about unity,
it is expected that the silicon content of the grownlayer will be about equal
to the concentration of silicon in the source GaAs times the atom frac-
tion of GaAs in the melt (x0. 1). In the future low doped films will be
grown to reduce optical losses.

Thin layers about 2 um thick have been grown on (GaAl)As
substrates. These layers appear to be specularly flat although scratch-
ing is still a problem. Figure 12 is a photo micrograph of the cleaved
edge of a 2 ym thick film of Gao. 98 AIO. 02 As on a 15 pm thick epi film
of Gag 96 Alo, 04
New Jersey. The sample was stained with 1:3:4:2 (HF: HNO,: HZO: HZOZ)

to expose the different layers. The uniformity of thickness and composi-

As purchased from Laser Diodes, Metuchen,

tion of these thin layers is now being investigated.




ROSSTROMRL 1 FAIAYGE R

"

B e vy st ot T AP A S I ), QLAY A, AT PR Rt PRI

N (G E AT

AL AR g T R SR T

B UL A R L

M9337

2069-7

Fig. 10.

Pnotograph of the
Surface of a (GaAl)As
Film.

2069-5

Fig. 11.

—§| 401 cm

Deviation in Surface Flatness of the Film Shown
in Fig.10.

S et ]

EEL SURtRrr s B

e

Y PR




SRR

i

32

2 um/DIV

Fig.

12.

mM9339

Photomicrograph

Double Layer

Cag.g9ghto.
Gag 96hlc,

is
is
is

GaAs.

uf

leave

on Ga

Thick
Thic

d

\
/
K

2069 -6

Fdge of a
As: Top Layer
: Lovier Layer
); Substrate

R A B e N IR, FUPELEY e M P Shete] 7 -2t S ot + - C W TPde T2 1 [ - -



PTG P s bt il

T

SECTION 1V

SEMICONDUCTOR FILM CHARACTERIZATION-
PHOTOLUMINESCENCE MEASUREMENTS

Some of the film characterization work performed to date has
already been described in Section III. This work included microscopic
examination, staining of cleaved cross-sections, measurement of sur-
face roughness, measurement of avalanche breakdown voltage, and
x-ray fluorescence. In this section we describe an experimental! setup

which has been assembled ior measuring the photoluminescence spectra
of GaAs and Ga(l-x)AleS'

We intend to use photoluminescence measurements to analyze
the quality of GaAs and Ga(l-x)AleS epitaxizl layers and the ratio of
Ga/Al in the Ga(l_x)Ales. Such measurements provide a powerful
tool for the detection of optically active centcrs produced by either
contaminant atoms or crystailine defects in the material. The tech-
nique consists of optically "pumping'' the material with relatively short
wavelength radiation (6328 ;X in our case) and observing and spectrally
analyzing the emitted longer wavelength radiation. The peak emission
wavelengths associated with optically active centers in GaAs have been
exiensively catalogued4 generally making the photoluminescence tech-
nique a highly useful analytical tool. There are some limitations to
u ng photoluminescence measurements, however. One of these is that
the absorption coefficient in GaAs for light of wavelength shorter than
9000 A is on the order of IC5 cn‘.-l, meaning that the penetration depth
is on the order of 0.1 pm. In order tc analyze layers of greater thick-
ness one must use some sort of layer "stripping" technique. However
in some cases the limited penetration depth may be an advantage in
that it provides depth resclution for concentraiion profile measurements.

Another limitation to photoluminescence measurements is that
not all defect centers are detectable from light emission at a character-
istic wavelength, since many defects act as nonradiative recombination

centers. If such centers are present in high concentration they may

33




AR bt Gt bl e g

PRAELE

largely quénch the radiation from other optically active centere. For
example this is what occurs in layers that have been ion-implanted at
room temperature or below and have not been annealed. In general,
while the effect of nonradiative recombination must be considered in a
photoluminescence analysis, it does not prevent the use of the method
to analyze crystalline layers.

An experimental setup has been assembled for measuring the
photoluminescence spectra of GaAs and (}a(l_x)Ales as shown in
Fig. 13. The optical pumping source is a 100 mW He-Ne laser with
an output wavelength of 6328 A. The samples are held in a vacuum

dewar on the cold surface of a liquid nitrogen crycstat so that they can

_be cooled to 77°K if desired. Light emitted from the sample is ccllected

34

by a lens and iocused onto the slit of a Jarrell Ash 1/4 meter grating
spectrometer. Specular reflections of the pumping laser light are
directed away from the entrance slit by adjusting the angle between the
sample and the laser beam, while diffusely scattered laser light which
is collected by the lens is filtered out using a glass filter. The detector
is a 7102 photomultiplier tube, which is cooled to reduce noise. The
light passes through a rotating wheel chopper before entering the
spectrometer so that the output signal from the phototube can be pro-
cessed by a lock-in amplifier driving a chart recorder.

The photoluminescence measurement setup is presently being
tested and ""debugged'' in preparation for use in evaluation of epitaxially

grown films,
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SECTION V

S B e i S

DEVICE ELEMENTS — APPLICATION OF ION MICROMA CHINING
TO THE FABRICATION OF THREE-DIMENSIONAL
OPTICAL WAVEGUIDES

st A o0 PR B R e S

Experiments were carried out on determining the suitability of
ion milling in fabricating three-dimensional ridge waveguides as well

as optical directional coup:ers. These techniques should play an

i it 5 Aoy b B gy iy

important role in the latter part of the program when integrated optics
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components will be fabricated. The HRL contribution to this phase of

—
e Wi

the program, namely fabrication by ion micromachining, has so far

i

been Company supported.

A e
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A variety of thin films suitable for optical waveguiding has been
reported so far. These include epitaxial layers of high resistivity on
low resistivity GaAs, composite structure of GaAs-GaAlAs, 2 composite

structure ADP-KDP, 6and single crystal garnet films. b These layers

can be grown with a high degree of purity and offer the attractive
feature of being suitable for modulation. 5 8 However, all these layers
i confine the light in one dimension only, and therefore as such are not
compatible with the concept of optical circuitry.
To form a channel waveguide in which the radiation is confined
in the two dimensions perpendicular to the direction of propagation, it

9

j is possible in some cases to use ion implantation’ or diffusion. L We
i have been investigating the possibility of fabricating a channel guide by
removal of superfluous sections of the epilayer (as shown in Fig. 14}

j by ion machining. The results of this work are described below. We

also report here some preliminary measurements in a multimode

directional coupler fabricated using this technique. Anotker important

application of the technique is the fabrication of smooth and sharp
: terminations of channel guides. These terminations can be used for

coupling in and out of the guide (either with a lens or directly with a

e o

fiber), or as mirrors to form resonators in samples that do not cleave

easily.
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The sputterinz process provides a convenient method for thin
film deposition and removal which can be applied to a wide variety of
materials. The term sputtering refers to the ejection of atoms from
a target surface by bombardment with energetic particles (usually ions
with energies in the range of 0.6 to 20 keV). The ejected atoms can be
either removed from a target substrate or deposited on an opposing
substrate. Plasma sputtering is widely used in the microelectronics
industry and has also been used in the fabrication of glass waveguides. n
! to 10-3 Torr)
by a ac or r{ discharge and the sputtering occurs by ion bombardment
from the plasma. Ion beam sputtering is performed by bombarding

the target surface with a collimated ion beam in high vacuum. This

The plasma is usually created in an inert gas (at 10~

type of sputtering has proved to be a useful alternative in instances where
high vacuum conditions are desired for film deposition, or when control
and direction of micromachining is important. L2

For fabrication purposes an inert gas ion beam is produced in
a duo-plasmatron-type ion source (as shown in Fig. 15), accelerated
through a high vacuum chamber and directed (with or without final
focusing) to impinge on a target surface. The high energy (typically
3ty 1" keV) impact of the ions causes sputtering ejection of the target
material. By means of contact masking or by shadow masking, patterns
can be machined (milled) into the surface of the target. The directed
beam perrnits etching of patterns which are more sharply defined than
those of chemical etching and, because no material is impervious to
the sputtering attack, high resolution patterns can be produced in a
broad variety of thin filrn materials.

A broad ion beam bombarding a target is used to accomplish
high vacuum deposition of the sputtered target material onto an opposing
substrate. This is illustrated by the alternate substrate position shown
in Fig. 15. Electrons provided by the neutralizing filament are trapped
in the potential of the ion beam and are available for continuous neutral-
ization of any positive surface charge which may tend to accumulate.
Therefore, dc bombardment su‘fices for sputtering deposition or

removal of either metallic or insulating materials.
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Fig. 15.
Schematic Diagram of the Duoplasmatren
Ion Beam Sputtering System.
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Since the back-sputtering rate proceeds uniformly in a given
homogeneous material, the three-dimensional shape of a contact mask
will be fairly well replicated in the substrate if sputtering continues
until the mask is just etched away. Some distortion of the cross-
sectional detail occurs because the sputtering rate varies with the angle
of incidence. Also, the depth of etching into the substrate may differ

from the depth of the photo-resist remowved if the sputtering yields of

~ the two materials differ.

We have investigated specifically the feasibility of applying ion
milling techniques to the fabrication of channel waveguides in GaAs.
The motivation for this investigation is derived from the eventual need
to fabricate a large number of parallel optical channels in a single
structure and from the desire to investigate the feasibility of fabricating
optical directicnal couplers where it is necegsary to have two wave-
guides in very close proximity. Of special interest are the smoothness
of the '"milled" guides and the dependence of the mode losses on the
surface smoothuess.

The channel illustrated in Fig. 14 is usually a multimode wave-
guide because of the large dielectric discontinuities on both sides. In
principle the number of modes can be reduced to a desired number by
choosing the appropriate substrate-epi dielectric discontinuity or by
covering the guide with an appropriate index material. Because of the
large dielectric discontinuity the scattering losses in the guide are very
sensitive to the smoothness of the walls and the top surface. An extreme
case of rough walls and top surface is shown in Fig. 16. This guide
(3p high, 7p wide) scattered away most of the propagating light in a
sample less than 1 mm long.

Much better results were achieved by using a thicker layer of
photoresist (in order to protect the top surface), a better quality mask
prepared by holographic techniques (details are given in Ref. 13), and
by tilting the sample at various angles with respect to the bombarding
ion beam during the raachining. The result is shown in Fig. 17. The
channel is 1. 4p high and about Zp wide. A careful investigation of the

losses in this kind of channel guide is under way.
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Fig. 16.

An Extreme Example
of a Guide with
Rough Halls and
Top Surface.

119388

Fig. 17.

Good Quality
Chanrel Waveguide
Fabricated by
Using Holography.
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Directional couplers made of single mode waveguides embedded
in the surface of GaAs have been fabricated by ion implanta.tion.9 In
this case the coupling between two adjacent guides is caused by the
overlap of the propagating modes as shown in Fig. 18a. Figure 18b
shows the waveguides described earlier, in which the mode is very
well confined ia the x direction (because of the large dielectric
discontinuity) and two closely spaced guides will thus have a negligible
: coupling. To increase the coupling between the guides, only a
partial removal of the epilayer between them was performed as
: ! shown in Fig. 18c. Figure 19 is a preliminary measurement of the
K] coupling. Figure 19a shows the cross section of an epilayer (about
i 8u thick) that was machined down to the substrate, to form a large
number of isolated channels. Light coupled into one channel emerges [
at the other end of the sample from that channel only (bottom photo- :
graph). However, when the same epilayer is only partially machined
(Fig. 19b), light coupled into one guide emerges from three guides.

Directional couplers of this sort can be used, for example, in

%
2
1
7
.%.
§'_
;
i
b4
i

tapping a multimode waveguide.

The sharp and smooth walls of the guide fabricated by ion
machining and shown in Fig. 17 points to another important application
of the technique. In some materials which do not cleave very well
f it is difficult to couple light into channel guides because of edge
roughness. (Prism and grating couplers are suited mainly for two
dimensional guides and coupling into a channel guide is done usually by
focusing a beam with a lens or by attaching a fiber to the channel edge).
Thus, terminating an embedded or ridged channel guide by ion machin-
ing can yield a smooth edge and efficient coupling. Since parallel
cleaves are used in semiconductor lasers as mirrors, it is possible
to form this kind of mirror by ion machining. Mirrors fabricated by
z this technique do not have to be flat and can be curved in order to
| increase cavity Q.

The high quality of the machining required for integrated optics

components calls for the use of a scanning electron microscope for
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(a) (b.) (c.)

Fig. 18.

Directional Couplers Fabrizated in GaAs. (a) Single
Mode Directional Coupler rabricated by Ion Implanta-
tion. (b) Two Isolated Channel Guides with Ho
Coupling. (c) Two Channels with Increased Degree
of Coupling.
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Fig. 19. Multimode Directional Coupler Fabricated
by Ton Machining in a GaAs Epilayer.

(a) Isolated Channels. (b) Coupled
Channeis.
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examination of devices and for the produétion of masking patterns when
the dimensions are less than one micrometer. The high resolution
capability of SEM14 should play an important role in future integrated

optics applications.
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SECTION VI

FUTURE PLANS

The success we have had in using our simple mode: fc. liguid
epitaxial growth leads us to believe that in a short time we can make
rapid progress toward producing waveguide struccures using thin films
of GaAlAs of varying composition in a controlled way. This aspect of
the program which uses the horizontal open tube zrowth method will
have a higa priority in the near future. Multiple layer films of
Gal_xAles of varying composition satisfactory for use as waveguides
will he grown in the next period. Attention will be paid to purity in
starting materials to minimize absorption losses. Details of the growth
system will be investigated to reduce pyramid growth and scratches
resulting from this growth.

ThLe theoretical model we have used also indicztes that there are
advantages to be gained by using large melts to obtain more homogeneous
films. We intend to use our vertical dipping system to grow simple
layers of GaAlAs on substrates of slightly different composition to
evaluate such an approach.

When good substrate layers with controlled composition of
GaAlAs become available from the liquid epitaxy methods, we intend
to use these to grow pure GaAs layers to be used as waveguides.

Photoluminescent bandgap measurements will be made on a
variety of compwositions of Ga“_x)AI(x)As films and compared with
Ga/Al ratios dete ~-ined fromn electron microprobe results.

As material becomes available, the optical propagation charac-
teristics such as loss, dispersion and field profiles of the films will
be measured. Subsequent to this, device structures of various types
will be fabricated and their performance characteristics determined.

Experimental setups to perform the above mentioned rneasurements

are presently available.
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APPENDIX

CALCULATION OF FREE CARRIER ABSORPTION

The equation of motion of an impurity electron can be written

as

2_* iwm x iwt
-omx+—— = -eEe

where

3

effective mass

3

-4
il

scattering time

1
"

electric field amplitude

From the solution of this equation we obtain,

_ —eE/m:':
A T
-w_ + iw/r
D = €iotal E = ¢E + Pelectr = ¢E + Nex
Nezw
B =
Ne"'/m m T
€ = D/E = ¢ -
total wz + 1/'r2 w + o;z/'r2
p Nez/.n:‘:e Nez/(m:‘:e wT)
€ ) ™y 3 -1 ———
total o r W2+ 1/_'_2 G/
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where, Kf ie the real part of the relative dielectric constant for the

material with no impurities.

Therefore,

Ne2 (m=':e wT)
o

Im]J.

m
[ ]
™

w + 1/1'2
For a wave propagating as

exp (iwt - ikz)

we have

x‘
i

; = 9OyPoiotal

H

;f- Ne? . Ne? ;
i SRV 1 - = -i 3 A-1 ]
2m €¢w 2m €w T

where we assumed wz > 1/1'2 . The power absorption coefficient is,

; therefore, given by

k K. m
Ne
o= Z(ImK) = = - "2' B
‘/Kr €' m sz
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