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FOREWORD

This report covers work performed under Contract No. NAS 12-2044 from 1 November
1968 to 30 September 1969. The aim of this program was the selection of a solid solution of
two III-V compounds, superior to present GaAsXP 1_X—systems, based on its potential for use
electroluminescent light sources with emission in the 5000 to 6500 A range, good visibility,
and high efficiency at room temperature, Further, the goal of the progratn included optimiza-
tion of this material for application to and production of electroluminescent diodes.

The work was administered under the direction of NASA, Electronics Research Center,
Component Technology Laboratory, Cambridge, Massachusetts, withDr, JamesD. Childress as
Technical Monitor. Work under this contract was carried out at Tyco Laboratories, Inc.,
Waltham, Massachusetts, under the technical direction of Dr. Gunther A. Wolff, Principal
Scientist. Tyco personnel contributing to the task under this program were:

Dr. R. O. Bell, Senior Scientist (electronic and optical data)
Miss S. C. Foote, Staff Scientist I (X-ray data and electrical contacting)

Mr. C. B. Lamport, Principal Experimental Assistant (material preparation
and crystal growth)

Mr. A. A. Menna, Staff Scientist I (material preparation and crystal growth).

The technical advice and personal interest of Dr. A. 1. Mlavsky, Director of the
Corporate Technology Center, and Mr. F. Wald, Head of the Materials Science Department,
are gratefully acknowledged. Thanks are also due to Miss C. Raith, Staff Scientist 1I, for
crystal growth work in the terminal phase of the contract.
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ELECTROLUMINESCENT LIGHT SOURCES

By R. O. Bell, S. C. Foote, C. B. Lamport, A. A. Menna, and G. A, Wolff

Tyco Laboratories, Inc.
Waltham, Massachusetts 02154

SUMMARY

GaXInl_xP, of composition 0. 6 § x <0, 8, was selected from the various solid solutions
of ITI-V compounds as the most promising material for an electroluminescent light source which
would emit in the visible 5000- to 6500-A range. Solid crystal ingots 0. 8 cmn in diameter and

‘up to 2. 2 cm in length, of composition 0 £ x 5 0, 8, have been grown by the traveling heater
method (THM).

In this method, 2 molten Ga Inl__ solvent zone is moved, at a rate of 3 mm/day and a
temperature of 1000 to 1050 °C, through a loosely packed (GaP) X(InP) 1~y feed mix or through
a GaP-InP couple of paraliel, aligned crystal rods. For the growth of solid solution crystals of
37 and 70 mol & GaP content, respectively, solvent alloys of initial GaP content of 20 and 35 mol
% Ga were used. An exploratory experiment indicated the feasibility of seeding with GaP crys-
tals,

The fabrication of sufficiently compact and uniform solid solution ingots which were to
be used as the ideal feed material for regrowth in later experiments was the ultimate reason
for the initial use of the substitute feeds mentioned, Within this initial Ymitation, the quality
and reproducibility of the material obtained was indeed impressive.

Optical transmission data taken from separate samples showed axial as well as radial
homogeneity. An axial homogeneity of 41 £ 1 mol ¢ GaP over the tested two-thirds of an 18
mm region was found for one sample, while the major part of the cross section of another sam-
ple showed a composition of 53 + 0, 3 mol @ GaP, X-ray measurements confirmed the general
composition range determined optically.

A new technique for the rapid determination of {111}-twinned grains in the unseeded -
growth of (Ga, In)P has been derived, This technique shows promise as 2 substitute for the
cumbersome and time consuming Laue method, and should reduce the prohibitive tifne factor
in the type of study that is necessary for the optimization of single crystal growth of zinc-
blende or other fcc materials,

INTRODUCTION

The optical and electrical properties of each III-V compound are characteristics of that
compound which can only be varied to a limited degree by doping. Therefore, the possibility of
making solid solutions of semiconducting compounds having varied intrinsic properties, such as
a band gap energy lying between those of the simple III-V compound end members, is of inter-
est.

The purpose of this contract was the optimization of production techniques for a red-
orange electroluminescent diode, made from a solid solution of semiconducting IIi-V com-
pounds, which would be superior to present Ga(As,P) devices. This aim required the selec-
tion and preparation of a high quality material of an acceptable, alternate solid solution



system as well as a refinement of techniques for the manufacture of controlled and repioduci-
ble diodes.

The GaxInl_XP system appears. to be best suited for this task. M. R, Lorenz, et al,,
(Ref. 1) showed it to be a direct bandgap semiconductor within the large (0 to .80 mol % GaP)
composition range shown in Fig. 1. In addition, external quantum efficiencies of up to 7. 2%
have been obtained for GaP red light-emitting diodes (Ref. 2). Therefore, although indirect
materials are normally less efficient than direct semiconductors (Ref. 3), there is the distinct
possibility that acceptable efficiencies might also be obtained in indirect bandgap materials,
especially in (Ga, In)P containing 80 mol %, or more GaP. Furthermore, in this system one
would not anticipate any of the serious corrosion or oxidation problems of the type encountered
in the respective aluminum compounds ard their solid solutions. .

The most efficient Hght-emitting III-V compound dicdes (including laser diodes) ob-
tained so far, as well as the red light-emitting GaP diode mentioned, were prepared from
their metallic solutions by normal growth and liquid epitaxy. It was, in fact, in solution grown
material that the current and electron beam induced electroluminescence in GaP and its solid
solutions with GaAs and InP was first observed and reported by this Writer\('Ref. 4and5), In
the light of these findings, it is only natural to choose solution growth methods for the prepara-
tion of GaP-InP solid solutions and also for the fabrication of electroluminescent diodes made
from these solid solutions.

For the bulk growth of GaXIn l—xP crystals (for use as an efficient electrolumint_ascent
light source material), the traveling heater method (THM) was used. Previously, this tech-
nique had been successfully applied to the growth of a wide variety of compounds and solid
solutions. These are listed in Appendix A, Table I, and include GaP, GaAs, Ga(As,P),

HgTe, (Hg, Zn)Te, CdTe, CdCrzse & (Pb, Sr)'I‘iO3, CuCl, and others. In particular, THM
growth ensures macroscopic homogeneity of solid solutions by its steady-state growth mech~
anism, while at the same time it effectively minimizes their microscopic inhomogeneity due
to temperature fluctuations by its diffusion controlled material transport. In this method,
thermally induced transient change in material composition and deposition rate is almost
instantaneously slowed down by the resisting momentum of solute diffusion to the interface of
the growing crystal.

Initially, solid crystal ingots of approximate composition Gao. 41110" 6P were grown by
THM from a solution in Ga-In solvent. During the course of this work, it was reported in the
literature (Ref. I) that electroluminescence from GaXIn 1~xP diodes due to direct band to band
recombination could be obtained for values up to x = 0, 80 instead of x ~ 0. 63, as estimated
from previous studies (Ref. 6). Therefore, x was raised to approximately 0. 75 by changing
all of the respective growth conditions in a single step.

This approach is normally not recommended, but it was taken because of limits in
time and level of efforts. However, the result obtained showed that, despite the increased
complexity and more stringent requirements of the phase diagram for the solid solution-liquid
solution system (as compared to those of singular compounds), conditions of solid solution
growth could be successfully predicted,

In the following sections, the basic principles and experimental design of the THM for
the growth of (Ga, In)P crystals will be given in detail. Also included is a Data Table for all
experiments performed. X-ray and optical transmission measurements will then be described
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and interpreted in terms of energy gap, composition, and homogeneity of the material ob-
tained. ’ '

In addition to the general presentation, Appendix A outlines in some detail fundamental
and practical principles of the crystal growth of semiconductor compounds and their solid solu-
tions by the traveling heater method. Appendix B summarizes these results, Appendix C pro-
poses a new technique for the rapid determination of crystal orientation in multiple grain
growth by etching to elucidate the optimal growth and nucleation processes. Appendix D des-
cribes a study of electrical contacting and a proposed technique for its improvement.



EXPERIMENTAL TECHNIQUES

Basic Principles of THM Growth

In crystal growth by the so-called traveling heater method (THM), a molten zone that
is in equilibrium with the crysital composition to be grown is made to migrate through a poly-
crystalline source material of desired composition by slow movement of either the heater or
the charge (Fig. 2). The dissolution of feed material occurs at the advancing (hot) liquid-solid
interface, and crystallization of the solid solution, GaxIn 1-3F» occurs at the receding (cool)
liquid-solid interface. The composition versus temperature phase equilibrium determines the
optimum solvent temperature, and the liquid diffusion rate of the compound in the solvent de-
termines the maximum feasible growth rate.

A simplified analysis of heat and material transport (including the proper adjustment
of the temperature distribution along the liquid solution zone axis to eliminate the instability
of the crystal growth front by constitutional supercooling) in crystal growth by THM was pre-
sented in four recent papers (Refs. 7 through 9, and Appendix A).

Some of the advantages of this type of crystal growth technique for a solid solution such
as GaxInl_xP are:

1. Compared with other growth techniques, crystals of higher perfection are
obtained, ‘
2. Precise control of the composition is obtained by controlling the composition
of the feed material and allowing the growth to continue long enough to approach equilibriumn.

3. Purification of the crystal will occur if the segregation coefficient of the
impurities in the solid relative to the solvent is less than one.

4. Contamination from the crucible material will be reduced because of the
lower growth temperatures, which also makes the problem of finding suitable containers
easier,

5. The equipment, including the heat source and tempexature controller, is
quite simple and requires little attention while in operation.

By adjusting the length of the solution zone, rate of movement, solvent temperature,
and temperature gradient at the interface, one is able to control and optimize the crystal
growth conditions. To a great extent, the rate of material diffusion within the solution zone
limits the rate of crystal growth to a maximum value of approximately 5 to 8 mm/day. Any
attempt to increase the crystal growth rate above the critical value will be detrimental to
single crystal srowth; however, thermal convection may contribute to an increase of the max-
imum growth rate in some instances,

Although inferior crystal ingots can be grown when the solution is constitutionally
supercooled, this effect should and can be avoided in order to improve crystal growth and per-
fection, and in order to preclude solvent and impurity entrapment. Constitutional supercooling
is eliminated by adjusting the temperature and the temperature profile of the zone so that the
solute solubility (i.e., saturation concentration) gradient towards the zone center exceeds the
actual solute concentration gradient within the entire zone, and crystallization is only possible
at the growth front. In this way, the stability of both liquid-solid interfaces at the opposite
zone ends is established, The potential growth rate of any seed or feed material protruding
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into the solution, or of any seed material accidentally or otherwise introduced into the liquid

zone, does not increase towards the zone center, I

Crystal Growth Experiments

General remarks:--Table I summarizes the growth conditions of the various experiments
and the results obtained. At the beginning of the period of experimental work on this contract,
it was assumed, in lieu of experimental evidence, that the width of the band-gap varied linear-
1y with the composition of the solid solution. Therefore, following the results presented in Ref.
6, the desired composition range in the GaXInl_xP system for emission in the required range
was originally 0.3 <x < 0.4. For the first 13 crystal runs, the growth of Ga, 37In0' 63P was
attempted. However, Lorenz, et al. (Ref. 1), published an experimental determination of band-
gap as a function of composition (see Fig. 1), which showed that this function was extremely
nonlinear. Thus, in remaining crystal runs (nos. 14 through 32), efforts were concentrated on the
the growth of Ga0. 701n0. 30F- ’

The ternary phase diagram (Ga-In-P) was also not established at the time, so growth
parameters could not be derived [work in this field has since been done by M. Panish (Ref. 10)1.
Therefore, combining knowledge of the Ga~In, Ga-P, and In-P binaries with knowledge of si-
milar ternaries, e.g , Ga-Al-As, we chose estimated growth parameters.

Growth variables in THM include feed composition, solvent composition, solvent zone
temperature and gradient, and growth rate, After fixing the feed composition at the desired
crystal composition, we made an educated guess as to solvent composition. For a feed of
Gag 37In0_ gab» this was adjusted to be Gay 201110_ gor later, when the feed composition
changed to Gagy 701110. 3gF» the solvent Ga:In ratio was changed to 35:65, accordingly.

Temperature and growth rate, -~Since the melting points of both constituents are high, the
highest temperatures (1000 °C) possible were used in the experimental furnaces. The growth
rate chosen was a compromise between the desire to allow diffusion to make the crystal grown
as homogeneous as possible and the practical need to evaluate experimental parameters after
several days. Therefore, 3 mm/day was the rate used for 8-mm ampoules; Lower rates
were used for higher diameter ampoules. In one case (crystal run no. 12), 2 higher rate was
used to determine if an upper limit on growth rate existed. The furnace design is described in:
the following paragraphs,

Crystal growth furnace. --Fig. 3 is an assembly drawing of the furnace being used for single
single crystal growth by THM at Tyco. The solvent zone heater located opposite the viewing
port is wound with Kanthal A-1 (0. 032-in. ~diameter) resistance wire on the alumina muffle,
The precision mechanical drive mechanism allows accurate and uniform lowering of the am-
poule (which contains the feed material, solvent zone, and growing crystal) through the hot
zone, Either a chromel-alumel or a platinum=-platinum plus 13% rhodium thermocouple is
placed in thermal contact with the heating element and used with a temperature controller to
maintain uniform thermal conditions during the long (1 to 2 weeks) growth period. Fig. 4 is
a schematic view of the growth furnace in operation.

Ampoule material and design. -~ Quartz ampoules were used in view of the high growth tem-
peratures and the possibility of the solvents attacking the ampoule material. " Early ampoule
design consisted of flat bottom, 8-mm-i.d. tubes with quartz rods attached to the botrom. The
quartz rods simulate the heat drain of the feed above the solvent zone in the opposite direction.




Run No,

1

3A

5B
6A
6B

o

10
1l
i2

13

14

15

18

17

Duration, Feed Composition, Solvent Composition, Temp‘gzéature, Growth Rate, Amount Regrowth,

.

TABLE 1

EXPERIMENTAL CONDITIONS AND RESULTS FOR THE VARIOUS GROWTH RUNS

days mole fraction atomic fraction min/ day mm
21 Gay, g7tng, 63F Gag, 209, g0 ~840 1 2
18 950 2 13
12 1000 3 2
4 959 -
10 981 —
9 981 12
<] 1002 —_
6 1002 3
7 991 6
2 1002 —
7 1002 2 5
8 991 3 18
13 1005 2 14
5 1002 5 s
13 1000 3 22
10 0. 701", 30" Gag, 3sMM0. 65 1007 2 2
10 1000 3 —
10 1020 3 —
10 1010 3 —

Preparation

Feed: 100-mesh
powder in pressed
pellets

First two feed pel-
lets enriched with
golvent material;
last two as before

Feed powdexr mixed
with material of

golvent composition

and pressed into
pellets

Feed: 100-mesh
looze powder

Feed: pellets of
100-mesh powder
mixed with materi-
al of solvent com-

position and grooved

Same as no. 8

Feed: 80-mesh
loose powder

Feed: solid rods
of GaP and InP

Feed: loose
powder

Feed: loose pow-
der; solvent sat-
urated with feed;
seeded with poly-
crystalline GaP

Feed:; loose pow-
dexr

Feed: loose pow-
der; seeded by
platelets of GaP
oriented 1 {111}
direction

Feed: loose pow-
der; self-seeding
ampoule

Feed: loose pow-
der; solveat vac-
uum distilted

Comments

Growth ceased at 1nter-
face between solvent en-
riched and nonenxiched
pellets

Drive mechanism failure

Furnace burned out

Drive mechamsm tn
reverse

Furnace burned out

Separartion of feed from
golvent zone

Separation of feed from
solvent zone

Furnace burned out

Separation of feed from
solvent zone

All feed consumed
Inhomogeneous regrowth

Separation of feed from
solvent zone

Separarion of feed fromn
golvent zone

Growth of plarelets on seed

No solvent zone move-
ment; separation of feed
from solvent zone

Separation of feed from
solvent zone



Table 1 (cont. )

Duration, Feed Composition, Solvent Composition, Temperature, Growth Rate, Amount Regrowth,
Run No, days mole fraction atomic fraction °c - mm/day min Preparation Comments
18 12 Gag, 7olng, 0P Gag gslng e 1036 2 5 Feed: loose pow-  Separation of feed from
' . ' * der; solvent vacu~ aolvent zone
) . um digtilled
19 3 Ga In 1040 3 —_ Feed: loose pow- Furnace burned out
0.357°0. 65 der; solvent vacu-
urn distilled
20 10 Gao 351n0 s 970 3 — Feed: locse pow-  Separation of feed from
. . der; low temper-  solvent zone
ature phase of sol-
venr
21 8 Ga in 1000 3 10 Feed: looge pow~  Separation of feed from
0.200. 80 der golvent zone
22 18 Gao 351n0 65 1010 L3 15 Feed: loose pow-  Separation of feed from
’ ) der; solvent vac-  solvent zone
wum distilled
23 17 970 L5 —_ Feed: loose pow-  Separation of feed from
der; solvent vacu- golvent zone; platelet
um distilled growth
24 10 970 3 4 Feed: pellets 2 Solvent zone did not move
mm narrower
than ampoule;
stacked to let
gas escape.
25A 5 960 -— Feed: pellets 2 Solvent zone chd not move
mm narrower than
ampoule; gtacked
to let pas escape
258 6 1010 —_ Rerun of no. 25A  Solvent zone did not move
26 8 1000 5 Feed: loose pow-  Separarion of feed from
der; solvent puri- solvent zone
fied and saturated
with feed
27 10 1010 3 Feed: loose pow-  Separation of feed from
der; solvent purl- solvent zone
fied
28 9 1005 2 Feed: loose pow-  Separation of feed from
der; solvent puri- solvent zone
fled ‘
204 3 1020° 1.5 — Powdered feed wet Preheater used; separation
with solvent of feed from solvent zone
298 21 1043 1.5 6-9 Separared feed Preheater used; separarion
shaken down to of feed from solvent zone
coniact solvent .
30A "6 1003 3 —_— Feed: firat 2cm  Preheater and afterheater
loose powder, last used; solvent zone did nol
0.7 cm wet with move .
golvent oo
30B 12- 1033 3 2 No. 30A material Preheater used; solvent zone
plus § mm sol- stopped moving
vent; 10 mm
feed transferred
to new ampoule
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In some later runs, pointed or rounded-bottom tubes were used in an attempt to promote
self-seeding, )

Form of feed, -- Initially, 8-mm-diameter cylindrical pellets of fine powder of GaP and InP
mixed in the proper proportions and pressed under 20, 000 psi were used as feed. In some
cases, the feed was saturated with the material of solvent composition. However, since
crystal growth runs began to terminate because of separation of feed from solvent, it was
decided to use loosely packed powder as feed, pellets that were smaller in diameter than the
ampoule inner diameter, or solid rods of GaP and InP,

Solvent, -~ During the experiments, it was found that the commercial "high purity” gallium
source material (99, 9999%) contained an appreciable amount of impurities, possibly oxides.

It was therefore attempted to purify the metal by removing the volatile impurities at high tem-
peratures under vacuum.

The gallium source material was placed in a quartz ampoule which was evacuated and
heated to 1000 °C. A ring of volatile impurities (gray to black in color) formed on the inside
wall of the ampoule above the metal (this had also been found in previous experiments), The
tube was broken off the vacuum system, above the gallium but below the ring deposit, to avoid
contact between the evaporated impurities and the gallium during its transfer to another tube.
This procedure was then repeated; very little discoloration appeared on the inside wall of the
quartz tube the second time, The purified gallium was then used as part of the gallium-indium
solvent mixture for the crystal growth experiments following run no. 21,

Also, in some of the later growth experiments, gallium obtained from United Mineral
Corp. was used in place of material from Alcoa. This gallium did not produce a black residue
when vacuum treated as described above.

Comnimentary on Experimental Results in Crystal Growth

Remarks, -- The experimental conditions of the various growth runs and the results ob-
tained were listed in Table I, Figs. 5 through 9 show some of the grown GaxInl_xP crystals,

Solid solutions of approximate composition Gao. 4In0. 6P (experiments nos. 1 through
13) were grown during the early phase of the contract to obtain reproducible results. The
grdwth of solid solutions of higher GaP content was attempted in the second period. The higher
GaP concentration was called for when it became known that electroluminescence due to direct
band to band electron-hole transitions could be shifted toward shorter wavelengths (and the
visible range) than was assumed before, Solid solutions of higher Ga¥? content were obtained
in these later experiments in 10 out of 19 growth runs (discounting furnace burn-out).

A reassignment of new personnel to this task and a short initial adjustment period may
or may not have caused one of the growth xuns to fail, One major detriment to growth, found
and eliminated, was the presence of oxides and/or monophosphates in the solvent. Their re-
moval greatly improved growth. Also, the furnace initially designed {sufficient for the growth
of solid solutions of lower GaP content) appeared to provide a solvent zone temperature neax
its critical value but not in the safer range of 1000 to 2 1050 °C. Thus, an increase in the fur-
nace operating temperature (while maintaining the zone length at about 1. 5 cm) should make
the growth of large crystal ingots 90% reproducible, )

Separation -of feed material from the liguid solvent zone and preventive measures. -~In
THM growth of solid single crystal ingots of GaxInl_XP a long polycrystalline ingot and a
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Fig. 5.

Fig. 6.

Sliced charge from growth experiment no. 5 showing solvent in
two slices on right and in center section of third slice from left
(indicates concave solid-liquid interface; improved control of
thermal flow in subsequent experiments resulted in essentially
flat interfaces)

Fig. 7.

Axially sliced crystal from growth experiment no. 10 (crystal

is 18 mm long from bottom end at lower left to bound solidi-
fied solvent zone at upper right of marked interface; results
from optical measurements on this crystal are shown in Fig. 14)

<-——Feed

=-——Solvent zone

Regrowth

Charge of crystal growth run no, 11 after com-
pletion of experiment [crystal grown from (GaP
crystal + InP crystal) feed ]propel']y proportioned;
remainder of GaP feed still visible; length of re-
regrowth is 14 mm]




NOT REPRODY(yp,

Fig. 8. Sliced crystal no. 11 (see Fig. 7)

Fig. 9. Slices of crystal from experiment no. 22 (15 mm; growth occurred
from left to right and center; note increased grain size)
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shorter single crystalline ingot of this material would be ideal for use as feed and seed, re-
spectively. Such a material could perhaps be prepared by rapid solidification of a molten
mixture of [xGaP + (1 —x) InP] by quenching, by vapor phase growth using iodine as a transport
agent, or else by another suitable method. Solid feed and seed GaxInl-xP ingots of fair homo-
geneity would facilitate the attainment of truly steady state THM growth conditions where iden-
tical amounts of material of identical composition would simultaneously dissolve as well as
redeposit via the solution zone, However, within the set limits of projected efforts, this
approach appeared to be impractical because of the experimental difficulties anricipated. For
this reason, it was decided to grow solid GaXInl_ xF Ingots from powdered, pelleted [xGaP +
(1—x) InP} feed mixtures, or from axially-aligned GaP and InP golid rods, The resulting solid
GaxInl_xP rods or "firstpreparations could then be used (in 2 subsequent growth experiment)
for a feed charge as well as for the yield of improved subsequent or "second preparations. "

The experiments show that first preparations can indeed be grown in the way described.
One problem was encountered, however, when powdered or pelleted GaP-InP feed mixtures
were used, In a number of growth runs, the last portion of the feed material failed to trans-
port through the solvent to the growing crystal. Upon a critical examination of the material
and the remainder of the charge after termination of growth, it was concluded that, in these
experiments, the microscopic pores present in the feed material were captured by the liquid
zone and accumulated at its upper end during solvent zone passage through the feed. The ac-
cumulated "void" space within the upper region of the liquid zone then resulted in a narrowing
of the effective solvent zone cross section through which diffusion or dissolution next to the
feed crystal interface takes place.

Although the diffusior wansport of solute and/or dissolution rate of feed material
across this limiting constriction remains largely unchanged per unit area, the absolute amount
of transported solute thus decreases nearly proportionally with decreasing cross-sectional area
of the liguid zone constriction. The advance of the crystal growth front thus lags with respect
to the dissolution front of the dissolving fraction of the feed material, As a conseguence for
constant rate of capsule movement, the distance between growth front and solution zone heater
steadily increases until growth ceases eventually.

A closer study reveals that this detrimental effect on crystal growth can generally only
occur for first crystal preparations (this is in contrast to second preparations where previous-
1y grown solid and compact feed crystals are used) where packed or pelieted feed material is
applied. Excessively dense packing or high pressure pelleting induces the entrapment and
accumulation of "void" space contrary to what one would normally expect. In dense packing
or high pressure pelleting, the entrapped gases in the solid feed material are compressed to
voids of negligible dimensions, When coming in contact with the liquid, the compressed gas in
general immediately expands and escapes from the voids into the liguid zone,

Remedial measures may differ for different materials. The following approach
has proved successful, however, It eliminates the accumulation of voids, or else promotes
their continual removal through open void or liquid solvent channels to the space in the upper
capsule end section by the use of the loosely packed or moderately pressed feed and solvent-
feed mixtures.

In one experiment, another approach was used to eliminate the accumulation of voids
between solution and feed and interruption of growth. Run no. 11 was specifically designed to
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test the feasibility of using solid GaP and InP rods as feed material. The actual configuration
used is illustrated in Fig, 10, Solid feed in this case was chosen for the following reasons:

1. Solid feed offers less surface area for contaminating adsorbants than pow-
der, and eliminates pores in the powdered feed which are difficult to evacuate and thus may
serve as contamination sources,

2. Sold feed eliminates porosity in the feed crystal, thus narrowing to smaller
cross-sectional area the solution zone which in turn would inhibit crystal growth. The cross
section of the solvent zone becomes smaller at the feed interface than at the crystal interface.
Therefore, decreasing quantities of feed are dissolved, until the solvent is no longer satur-
ated and precipitation of further' crystalline material ceases. The constant quantity of material
presented to the solvent zone by solid feed should solve the necking problem.

3. Finally, hindsight allows us to say that the free space present around the
rods of feed material allows materials from solvent and feed to evaporate and condense on
cooler portions of the ampoule, As we shall see later, if these evaporants are trapped by
powdered feed, sufficient pressure may be built up to move the entire feed several millimeters
or more up the tube, thus separating it from the solvent zone and stopping growth.

The disadvantage of using solid rods of GaP and InP as feed lies in the expected inhomo-
geneity of the resultant crystal, Phase diagram considerations imply that the InP rod will
dissolve more rapidly than the other, and the equilibriumwillnot be reached for some time
as the tube containing the charge travels through the heater. In addition, lack of even gross
mixing in the feed will probably result in a nonequilibrium condition in a transverse section of
thecrystal, However, appropriate sectioning of the resultant crystal (longitudinally and trans-
versely) and Tearrangement of the sections (to place sections high in GaP next to others high in
InP), followed by another pass through the furnace, should reduce these inhomogeneities.

Sample appearance. --A photograph of crystal no. 11 is shown in Fig. 7. The crystal con-
sists of a transparent orange regrowth section 7 mm long topped by an opague gray-black sec-
tion approximately the same length. Gross optical examination shows that the lower layer is
a GaP-rich solid solution, while the upper layer is rich in InP. The light colored section is
the solvent zone. A remaining piece of solid feed 2 cm long can also be seen.

Optical inhomogeneity was also observed in sample no. 2, where transverse slices 1,
3, and 4 showed an cpaque center surrounded by material of oxange color, Slice no. 2 was
completely transparent. Except for this growth section, the remainder of the ingot was of a
uniform dark orange color. This result is also supported by the analysis of composition as
described in the next section. In general, however, the other crystals prepared showed a
uniform external appearance upon visual inspection. This would not be true for their bottom
and top sections, which were orange and opaque, respectively.

This difference in composition at both crystal ends is only natural, since at the begin-
ning and end of growth (i. e., when steady state growth conditions are not in effect), the com-
position of the deposit will deviate from the composition of the feed.

Materials Evaluation

X-ray analysis: measurement of composition. --One means of determining solution com-
position in the GaXIn 1~xP system is the identification of the lattice parameter, a,, in the crys-
tal. To a first approximation, it is commonly assumed that the relation between the lattice
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Fig, 10. Schematic illustrating the use of solid rods of GaP and InP
as feed material in crystal run #11



congtant and composition in {binary) isomorphic systems is linear if there are no volume effects
upon mixing, This relationship-is " Vegard's rule:"

a =a_ (1+ ) €

Where a_ = lattice parameter of the solid solution crystal of composition GaxlnluxP
a_ = lattice parameter of InP
a, = lattice parameter of GaP (2)
x = mole fraction of GaP
B = (a1 — ao) /ao
However, the accuracy of this assumption has been questioned by E-an Zen (Ref. 11) who
showed that a second-order correction is _necessary if the molar volumes of the end members
differ significantly. Zen suggested that it. is the molecular volume rather than the lattice
parameter that is proportional to composition and that the general relation for the variation of
lattice parameter with molar composition in a cubic system is as follows:

3 1/3
a, = a, [1—{1-—(2—1) }x] / {3)
o

In the case of Ga, xInl-xP’ where the molar volumes of the end members do differ significantly,
this relationship predicts deviations from Vegard's rule of approximately 2% as x approaches
0.5 (see Fig, 11). For greater accuracy in determining composition from lattice parameter,
the Zen relationship will be used in this study. Results on the composition of the various sam-
ples grown are listed in Table II. For comparison, composition data ag derived from optical
transmission and electron microprobe analysis are also included in this table,

X-ray analysis: experimental methods. --The Seemann-Bohlin camera (Philips camera no,
52058), which is gpecifically designed for precision measurement of lattice parameters, has
been employed. Unlike the Debye-Scherrer camera which records all 2 8 lines, the Seemann-
Bohlin (Philips) camera mounts the specimen on the circumference of the camera and records
lines for a limited range, 118° <20 =< 179. 48°. Actual lattice parameter measurements on this
Philips camera have shown minimum errors of +0. 0003 A in contrast to the Debye-Scherrer
error of +0. 001 A, Because of X-ray.focusing, thisSeemann-Bohlin camera allows for shorter
exposure time (Ref. 12).

Other errors such as: (1) eccentricity of sample, (2) radius and shrinkage, and (3)
adsorption, are functions of 9 and can be eliminated by plotting the lattice parameter mea-
sured at each angle versus the Nelson-Riley function

1/2(c052 4 + 0052 9) (4)
sin 6 8
for that angle and extrapolating to the origin by least squares analysis, A representative plot
is shown in Fig. 12,

It was mentioned earler that oxides proved to be detrimental to crystal growth in some
of the experiments, An attempt was therefore made to analyze the oxide deposit which had ac-
cumulated near the surface of the growing crystal and was suspected to have disrupted its
growth,

[o

—

The X-ray Debye-Scherrer diffraction pattern of the debris collected in experiment
no. 12 showed a broad amorphous ring around the low angle hole which effectively masked all
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Fig. 11. Variation of lattice parameter with composition illustrating the
correcrion to Vegard' s rule introduced by the Zen relationship
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Table II, Physical Evaluation of Regrowth Composition of GaP, mol % {(=100x)

Run No, Slice No. Remarks By X~Ray By Optical Adsocrption
1b Growth affected by 8to 15
two public power
failures
2 3
i 552 1 68 + 1 4 cde
5 (see 40+ 1,57.8£0, 37"
Fig. 13) 73 + 1d
10 (see ’ 37+ 1 41,020,951
Fig, 14)
18 l1+1
20 1.5%1
21 2 79+ 1
3 79 %1
4 (un- 77.5 %1
polished)
4 (polished) 78+ 1
5 74+ 1
22 80 £ 5°

Courtesy of Dx. S. Fischler CTM, NASA.
Electrical resistivity O, 1 ohm-cm,
Center section.

Rim section.

Weighted average and error.

Axial slice.

Bmo o0 oo

By MicroprobeaaL

65° 904


http:57.8�0.3c

lines corresponding to an interplanar d- spacmg greater than 2 4. Four diffraction lines were
observed (d; = 1.99141 &, d, = 1.7247 A, dy = 1.23633 &, and d, = 1. 06674 A).

The ratlos of the flI'St to second and the third to fourth d-spacings, respectively, cor-
responded closely to the value 3/2. Additional probing then showed [from a logarithmic plot
of d versus tentative values of (h2 + k2 + 22)] that most likely a face-centered cubic or pseu-
docubic material was present. The lattice constant of this material was 6.9 10 7.0 A A
closer check showed the respective structure to be closely related to the tetragonal «-Si0,

{or low cristobalite 3102) structure. SiO2 of cristobalite structure had been found to form on
quartz walls which contact with GaAs melt (Ref., 13). The presence of cristobalite (or perhaps
tridymite) is possibie but unlikely, however, since the lattice spacing differs too much from
ASTM values. It is, therefore, concluded that (Ga, In)PO 4 28 such or as a solid solution with
5102 has formed.

The noncentrosymmetrical equivalent tetragonal or orthorhombic structure can exist
in GaPO, and AIPO 4 Inthis case, GaPO, or (Ga, In)-PO 4 may thus have formed from the
oxides present in the metal under the given conditions and contributed to the disruption of
growth. The X-ray rules out the presence of {Ga, In)203 of cubic a"Mn203 structure.

In conclusion, there is an oxide and another unknown impurity (causing broad "amor-
phous” rings in the diffraction pattern). Both of these must be removed from the starting
material in order to improve crystal growth.

Equipment and 'technique for electrical measurements. -~Several different techniques are
being used for the evaluation of the electrical properties of GaxInl-xP' Preliminary estiimates
of the conductivity are made using a so-called contactless probe, The instrument (Triconix,
Inc. , resistivity meter model NNP) works essentially by measuring the loss of an RF coil which
is placed against the surface of the semiconductor; i. e., the lower the resisitivity the greater
the loading. "Measurements of resistivity between 0. 005 and 5 chm-cm are possible using the
1/8-in, ~diameter coil. The carrier type may be determined by using a hot probe if the resis-
tivity is not too high.

Optical and near infrared measurements, --The most direct method of determining the en-
ergy band gap of semiconductors is to measure the optical or infrared absorption edge. The
straight dashed lines in Fig, 1 show the energy levels in Ga_ In,_ P which were predicted by
using the energy levels determined for the pure end members and by assuming a linear depen-
dence of energy levels on concentration. However, Lorenz, et al. (Ref. 15), have measured
the energy band gap as a function of composition, The results, replotted in Fig, & solid
lines, differ- greatly from the assumed linear dependence. Ga In P has a direct band gap
(I‘l 5) for 0 = x % (. 8. Thelargestdirectgapis 2. 2chorrespond1ngtoawavelength of5600A.

Optical transmission measurements have been made on several samples of Ga In1 XP
to determine their bandwidth. Some typical results are shown in Fig. 13 for run no, 2, slice
5, where the energy gap was determined at a number of different positions. A mask was po-
sitioned over the sample so that transmission was restricted to an area approximately 2 by
2 mm. Also shown in Fig. 13 are the estimated compositions which were obtained by using
the results of Lorenz, et al. (Ref. 1), for the energy band gap as a function of composition in
Fig. 1

In runno, 2, there is some variation of the composition within one slice as wellas a
composition gradient from slice to slice. The initial composition at the start of the growth
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Fig. 13. Band gap energy as determined by optical transmission at various
positions for slice no. f, run no, 2 (compositiondetermined using
data of Lorenz, et al. )
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Fig. 14. bnergy gap of Gaxlnl-xP, run no, 10 (shown in Fig, 6) determined
by optical transmission along growth direction {also shown in
romposition estimated from work of Lorenz, et al, Ref, 1)
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was high in GaP, but as the growth progressed, the GaP/InP ration approached that of the feed
material,

A slice parallel to the growth direction was cut from run no. 10, and optical measure-
ments were made as a function of its position along the growth axis, Fig. 14 shows the results
of these measurements. Except for approximately a 0, 5-cm region at the start of growth, the
material is relatively uniform both paraliel and perpendicular to the growth direction,

Comparison of optical and X-ray data obtained on Ga X{g 1-sbe --Selected results obtained
from electrical, optical, and X-ray measurements as reported in the preceding sections are
shown in Table II, Where comparisons between X-ray and optical absorption data.can be
made, results agree to a first approximation. Composition obtained in the grown.material
was generally in the desirable concentration range when the produced crystals were of suffi-
cient length. Their GaP content was often found to be low, however (as in experiments 18 and
20), when growth was short or interrupted.

From Figs. 13, 14 and Table II, it appears that the compositional homogeneity of the
solid solution material grown by THM can be quite good as in samples nos, 2, 10and 21. It
is to be noted, however, that slices nos. 1 through 4 of the early sample no. 2 contained dis-~
tinctly opaque and transparent sections, A similar observation had been made earlier when
overgrowth of InP-rich single crystals of 35 mol % GaP on GaP-rich crystals of 65 mol % GaP
occurred during cooling from In, 9Ga0_ 1 Solvent (Ref. 5). Since there is obviously no misci-
bility gap in the GaP-InP system (Ref, 14), the phenomenon can alternately be explained as dis-
cussed below,

Within a given range of liquidus-solidus composition, only a small change in the liqui-
dus composition is associated with a large change in solidus composition. This phase relation
in turn could cause the rate and/or free energy of the epitaxial nucleation of the InP-rich phase
on the GaP-rich phase to surpass the rate and/or free energy of continued growth on the GaP-
rich phase,

A weighted exror analysis was made of sample no. 2, slice no, 5 (Fig. 13) and sample
no. 10 (Fig. 14). It showed that, within the exror confidence limits (for which one-third of
the maximum difference between a given value and the weighted average is less than their
weighted error), sample no. 10 proved to be uniform; sample no. 2, slice no. 5 also proved
uniform except for the two regions exhibitingoptical energy gaps of 1,66 eV and 2. 20 eV, re-
spectively. '

Since distinctly opaque and transparent section were observed only occasionally, it is
concluded that the rate of heater movement is sufficiently slow. Nevertheless, a somewhat
slower rate of movement of perhaps 2 mm/day may more safely prevent the reoccurrence of
the secondary off-equilibrium nucleation and heterogeneous epitaxy of the InP rich phase. Tt
will also be helpful to increase the solution zone temperature and consequently the solid-liquid
temperature. This will render the ratio of solidus to liquidus composition ratio less sensi-
tive to small temperature changes. Both measures (i.e., zone temperature increase and
lowering of growth rate or heater movement) will effectively prevent the simultaneous forma-
tion of opaque and transparent secondary "phase regions. "
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CONCLUSIONS AND RECOMMENDATIONS

In the THM growth of GaXInl_XP, a charge of feed and seed crystal separated by a sol~
vent zone is sealed in a quartz tube and slowly lowered through a vertical hot zone furnace as
shown in Fig. 4. ‘The molten zone is thus made to move through the feed material in this way
causing a crystal of the desired composition to deposit on the seed.

The crystal growth rate is controlled by the diffusion of atomic or molecular species
across the solution zone. As a consequence, the rate of movement of the charge relative to
the hot zone of the furnace must not exceed 4 mm/day, but should preferably be as low as 2
mm/day.

The growth of GaXInl_XP of uniform composition by THM can best be achieved when the
following conditions (relative to feed material, solution zone, and temperature) are met: (1)
feed material should be a solid ingot of uniform composition, (2) for a given growth rate and
temperature, the length and the composition GaYInZP 1-y-z of the molten solution zone must be
chosen so as to remain unchanged during growth, and (3) the temperature at all points within
the moving zone and the adjacent feed ingot and growing ingot must also remain unchanged
during growth. Under these conditions, the composition of the depositing growth will be the
same as the feed at all times, i.e., from the start of the growth until the moment the feed is
consumed, X

It is normally not possible to satisfy all three conditions at once, First, if uniform
Gaxlnl-xP ingots of sufficient quality could be made available by some other method, then tljleir
production by THM would not be necessary. Rapid freezing of a molten mixture of GaP-InP
would be a possible method for the preparation of solid ingots of fair average axial homogeneity.
However, the phosphorus decomposition pressure over material of the required GaP content
at its freezing point is unfortunately too high to make this approach feasible, Second, and
third, although the effect of growth rate (if less than 3 mm/day) can be neglected, and the
liquidus composition (if known from the phase diagram) could be chosen for the solution zone,
a number of exploratory tests would still be required to achieve a given steady state tempera-
ture and temperature field in the growth experiments. It is therefore practical to choose
tentatively some estimated values of zone length (e. g., 1to 1.5 cm), solvent composition
(e.g. Gag 3510, 65) and zone temperature (€. g., 1100 °C would be preferred) for the experi-
mental conditions, During the early phase of the growth runs thus conducted, these para-
meters will approach constant, steady state values in time. Often, steady state may be at-
tained after a short initial growth of approxiniately 3 to 5 mm. Conditions (2) and (3) can thus
be satisfied without great difficulties. Relating to point (1), it is suggested that solid, non-
porous ingots be first grown as "first preparations, " to be used later as feed material for the
growth of truly homogeneous " second preparations, ” In addition, the temperature of the inter -
face of the growing crystal (in contact with the liquid zone) should be increased to about 1100 °C
to improve further the compositional homogeneity of the resulting material,

A single step effort was made to increase the GaP mole fraction x from 0. 63 to 0. 75.
The fact that this attempt proved succesgsful shows that the careful appraisal and application of
phase relations may often be preferable to empirical adjustments even in difficult ternary sys-
tems, in particular, when expense and time are determining factors in the experiments,
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Appendix A
SOLUTION GROWTH OF ELECTRONIC COMPOUNDS AND THEIR SOLID SOLUTIONS
N. Hemmat, C. B. Lamport, A. A. Menna, and G. A. Wolff

This paper has been presented at the 67th national meeting of the American Institute of Chem-
ical Engineers in Atlanta, Georgia, on August 16, 1970, and published in the Conference Pro-
ceedings "Preprint Volume Materials Engineering and Sciences Division Biennial Conference, "
February 15~-18, 1970, pp. 112-121.

ABSTRACT

The growth of crystals from solution is generally diffusion controlled and slower than
growth from either melt or vapor. For this reason, compositional variations in the depositing
material due to temperature fluctuations are greatly decreased. Microhomogeneity is espe-
cially important in solid solutions or doped compounds. Macroscopic homogeneity can be
achieved by steady state growth conditions, as in the travelling heater method. In this method,
a liquid solvent zone is moved through the solid feed material by means of a heater, and con-
stitutional supercooling is avoided by heating the center of the solution zone beyond a critical
peak temperature,

INTRODUCTION

Crystal growth from solution has been proved to have certain advantages. For example,
peritectic materials can be readily grown by this method.

It is also advantageous in the growth of other compounds (such as cubic CuCl) in which
phase transformation occurs upon heating, Crystals generally grow much more slowly from
solution than from either their melt or vapor phase. For a crystal to grow from solution, its
molecular species must diffuse through the solution to the crystal surface. Since, in general,
diffusion in the liquid is slow, then the rate of crystal growth from solution is also slow. In
this type of growth, however, the detrimental effect of temperature fluctuations on crystal
homogeneity is much less severe than in melt or vapor growth. When crystals are grown by
slow cooling from solution, the crystal seed formation and growth are governed by the occur-
rence of statistical events and do not follow a controlied pattern.

In another type of solution growth, namely, the "travelling solvent method™ (TSM), a
"thin" solvent zone moves under the influence of a temperature gradient through the material,
thus producing crystals at the receding end of the liquid zone, This technique is best applied
for the growth of thin crystals and p-n junctions in semiconductor materials (1, 2).

For the growth of large single crystals, another variation of solution growth, called the
“travelling heater method” (THM), has been applied (3). In this technique, a "thick" solvent
zone is used and the driving force for solution zone movement is provided bya travellingheater.
This crystal growth method will be the main subject of this article, with emphasis on its appli-
carion to electronic materials.
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CONVENTIONAL CRYSTAL GROWTH TECHNIQUES

The conventional techniques applied in crystal growth can be divided into four main
categories:

1. Growth from the melt either by directional solidification of the melt (as in
the Bridgman, Czochralski, and Verneuil techniques), or by moving a molten zone through a
solid feed material by means of an electrical resistance or RF heater. The latter may be
achieved with a confining container (zone melting in a horizontal boat) or without one (vertical
floating zone melting).

2. Vapor phase growth in which crystals may be produced by either evaporation
and condensation or by chemical reaction from the vapor phase, i.e., by synthesis and subse-
quent condensation in 2 closed system or in an open flow system using inert or reducing gases
as transport agents. Epitaxial growth from the gaseous phase could also be included in this
category (4).

3. Crystallization from solution by slow cooling or evaporation of the solvent.
This includes growth from solution at elevated temperature and pressure (hydrothermal
growth)*; and epitaxial growth from liquid solutions (" liquid epitaxy™) (6).

4. Growtih frotn aqueous solution via chemical reaction where the precipitated
nuclei, resulting from chemical dissociation and/or reaction, initiate crystal growth (7). In
this type of crystal growth, the rate of reaction and subsequent growth are depressed by the
use of gels, or a resting solvent zone, which act as separating and simultaneously as diffusion
limiting transport media between two chemical reagents.

To date, a considerable number of electronic elements, compounds, and their solid
solutions have been grown by these techniques on a laboratory or production scale. Strictly
speaking, most of them have been grown for use in semiconductor devices (such as diodes of
various kinds, transistors, and others); however, a new group of electronic materials have
increasingly come into use for devices that utilize electronic phenomena in conjunction with
other physical effects. Electroacoustic, galvanomagnetic, lasing, and optoelectronic materials
are appropriate examples. Ofteri, when the device in question calls for a single crystal
material in the form of a thin film or even a whisker, modification of one or the other of the
previously mentioned methods of crystal growth can generally produce the desired single
crystal shape.

There are many electronic materials, however, which cannot be made into single
crystals of suitable quality by one of the cited techniques and there are others which cannot be
obtained at all in single crystal form by these methods. This is true particularly in those
cases in which the melting point or the vapor pressure of a singular compound, or of a constit-
uent compound as part of a solid solution, is excessively high. For compounds having high
melting points, temperature fluctuations easily cause nonuniform growth from the melt result-
ing in compositional and stoichiometric inhomogeneity and a high dislocation content in the
crystal.

*For details on the various established methods of crystal growth listed here, consult
reference (5).

+Although this method has been applied for at least half a century, the use of gels as
diffusion and convection limiting media is new.
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On the other hand, when the vapor pressure is high, additional nonuniform deposition
via the vapor phase may take place due to temperature differences on the surface of the grow-
ing crystal. Crystallization from the vapor phase can also suffer from similar shortcomings
caused by transient and local temperature fluctuations which frequently result in crystal twin-
ning, stacking faults, and related heterogeneities and inhomogeneities. Since crystal growth
from the vapor phase is normally catalyzed by dislocations, the latter will generally propagate
or even increase in number. In addition, special problems of a technical or engineering nature
arise in dealing with high melting and high pressure materials; special designs of apparatus
are necessary, and precautions in experimentation must be taken in order to prevent explo-
sions, for instance. -

Solution growth, particularly by slow cooling, does not pose the same types of problems.
The liquidus {(crystallization) temperature can be chosen much below the melting temperature
of the material, and the vapor pressure is often greatly decreased if the proper solvent
material is chosen. The growth of GaP from liquid gallium solvent is a pertinent example (8).
This type of growth has the advantage that the crystal can be grown constraint free.

The disadvaniage is, however, that two-dimensional nucleation or dislocation catalyzed
growth is promoted and preferred on crystal extremities, such as on crystal edges and apices.
Thus “crystal hopper" growth occurs or accidental protrusions form at the crystal surface
resulting in dendritic or cellular growth because of the presence of constitutional supercooling.
The basic reason for this is a perturbed diffusion potential and solute concentration profile in
the solution next to the growing crystal. Solvent inclusions and other crystal inhomogeneities
may also result from these effects,

In the light of the preceding remarks, and from the description of the "travelling heater
method” (THM) which will follow, the choice of this method for the growth of a large variety of
compounds and their solid solutions in preference to other methods can be understood. In
THM, the crystal growth rate is also controlled and limited by the diffusion rate of solute in
the solution, as is the case in regular solution growth by slow cooling. The growth rate can be
monitored, however, in such a way that constitutional supercooling and solvent inclusions can
be avoided (9, 10). As in normal solution growth or in TSM (3, 11, 12), the dislocation content
obtained in THM grown crystals remains low. The fact thar crystals of peritectically melting
materials have been prepared in this way also demonstrates the general applicability of this
method (13).

CRYSTAL GROWTH BY THE TRAVELLING HEATER METHOD

General

The travelling heater method of crystal growth refers to the technique in which a molten
solvent zone is made to move through a solid source material by the slow movement of the
charge material relative to the solution zone heater, or vice versa, In this process, the disso-
lution of feed material occurs at the receding (liquid) solid interface, and the crystallization of
the dissolved feed occurs at the advancing (liquid) solid interface. Figs, A-1 and A-2 show res-
pectively, schematics of the mechanism and apparatus for crystal growth by THM.

A simplified theoretical analysis of crystal growth by THM has been published previ-
ously (3,9, 14). Some of the important points may be summarized as follows. The growth
rate is determined by the highest possible diffusion rate of the most slowly diffusing constit-
uent species through the solution zone. In general, the critical growth rate limit is less than.
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6 mm/day. High solvent viscosity or an anomalously low diffusion coefficient may further
depress this value to 1 mm/day.

The critical maximum growth rate equals the product of the diffusion constant of the
slowly diffusing solution species in the liquid times its (negative) concentration gradient across
the solution zone, In order to achieve a reascnable growth rate, the mean solution zone tem-
perature must be high enough to ensure a suificiently high solubility of the feed material in the
solvent

An estimate of the minimum mean interface temperature (T’ +'T")/2, where T' and T"
are, respectively, the temperatures of growing and dissolving solid (liquid) interfaces at which
crystal growth becomes fast enough for practical purboses can be obtained from the solvent-
solute phase diagram. For the chosen composition of the solid to be grown, that liquidus tem-
perature at which the solid is in equilibriam with its solution and at which the concentration of
the most slowly diffusing species is still sufficiently high in the liquid solution, say, perhaps
2 mole percent, is chosen. In the case of solid solutions that can be considered paxt of a
ternary phase diagram, this procedure in fact corresponds to selecting the appropriate tieline
terminating at either end of the liquidus and solidus surfaces of the phase diagram art points
of the above mentioned compositions of liquid and solid. The point on the liguidus surface then
yields the required mean minimum interface temperature at which crystal growth operation
becomes feasible. A practical example may be given. For the THM growth of Alg_ lGaO. 9As
from an Al-Ga solvent, a solution zone temperature in excess of 1000 °C is necessary. This
can be deduced from the Al-Ga-As phase diagram section given in Fig, A-3 (seealsoFig. A-4for
most detail), A slice of the resulting material is shown in Fig. A-5.

Another advantage of THM is the bulk crystal growth of materials which melt peritec-
tically (i. e. , decompose into a liquid and solid, both of which differ in composition with respect
to the peritectic material), or of materials that at the melting point evaporate incongruently
and require relatively high pressures to prevent their dissociation. "Solid solutions are another
group of materials to be mentioned in this context.

Other advantages are: (1) highly reactive materials can be grown at a temperature con-
siderably below their melting point, (2) single crystal seeding can be applied, and (3) crystals
of increased perfection can be grown. As in zone melting, purification of the source material
results from passing the solvent zone through the source material.

Selection of a suitable solvent for crystal growth by THM not only depends on the parti-
cular class of material (i. e., element, compound, solid solution) to be processed, but is also
related to the metallurgical and electronic properties of the source material. 'A suitably
selected solvent should possess the following favorable properties:

1. A sufficiently high solubility in the liquid state for the material in question
at moderate temperatures

2. A negligible solubility in the solid to be grown

3. No compound formation with either the material to be grown or with any one
of its constituent elements

4, Low vapor pressure at growth temperatures

5. Good wetting properties with feed and seed material

6. A segregation coefficient less than unity for the impurities generally present
in the source material
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Fig. A-5. Slice from Al ;Ga gAs ingot grown by THM from feed mixture of AlAs and GaAs
using Al 3Gd, 97 as starting composition of solvent
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7. WNo reaction with the container material at crystal growth temperatures

8. No detrimental electronic {(doping) effects on the material to be grown

9. Where electronic doping from the solvent is desirable, however, the solvent
should be chosen accordingly. Here, stoichiometric control is particularly useful, as in the
growth of GaSb from its molten solution in either Ga or Sb, or of Zn Hg l—xTe from its solution
in molten Te, for instance. Decrease of the growth temperature in general increases effects of
doping due to either impurities or intrinsic deviations from stoichiometry.

In this method, it is imperative that there be no constitutional supercooling within the
solution zone next to either one of the liquid-solid boundaries, i.e., within the regions adjacent
to the growing and dissolving crystal, It is therefore necessary that the center of the solution
zone be heated to a peak temperature by the zone heater so that the temperature gradient
(towards the solid) at either interface is less than the respective gradient corresponding to the
equilibrium temperature,

In a relative sense, thermal conduction and temperature gradients are generally less
sensitive to monitoring by means of a heat source or heat sink control than are diffusion rates
and concentration gradients. Thermal conduction parameters, therefore, largely dictate
experimental conditions and design. If the thermal conductivity of the solution zone is rela-
tively large, then the zone length must also be increased so that towards either end, i.e., seed
and feed, the magnitude of its (negative) temperature gradient is sufficient to prevent constitu-
tional supercecoling.

Heat and material transport can generally be expressed by means of the equation:

2 _ 8V
D Y v T (A-1)
where D and V represent, respectively, the thermal conductivity and temperature (for heat
transport), or material diffusivity and concentration (for material transport). Since steady
state conditions prevail, Eq. (A-1)becomeszero. Expressed in cylindrical coordinates,

Eq. (A-1) becomes:

2 2
3V, 18V oV 138V_, (A-2)
or2 TOAr 5z2 2 ad;z

where, because of rotational symmetry, the last term vanishes.
With the boundary condition:

8V _ i
o (1=0,2) | (4-3)

the general solution

V= zk) Cp (ko) [Cqy cosh (kz) + Cgy sinh (kz)] ' (A-4)
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results. Here, JO (kr) is the Bessel function of the first kind of zero order and k is a parameter
which need not be an integer.

Space prohibits a detailed discussion of the effect of the various boundary conditions on
this solution. It should be mentioned, however, that the solutions for thermal and material
transport will be basically different. For simultaneous, independent {material) transport of
two different species of concentrations A and B, a diffusion potential for constant A /B ratio can
be derived. This can give rise to a radial composition gradient in the material grown. Appar-
ently, the asymmetrical terms, Cgg sinh (kz), are also functions of the growth rate. Although
various particular solutions for temperature and concentration distribution have been given for
related crystal growth systems, this particular system has not as yet been analyzed sufficiently.

Application and Discussion

The basic principle of THM growth was first suggested by Hein in a patent disclosure on
the preparation of pure crystalline silicon (16), , In this patent, the passage of a zone of molten
Au-Si alloy through silicon is proposed for its purification, using RF heating and a travelling
rate of 40 to 2000 cm/day Mason and Cook (13) have applied this method to the growth of
peritectic compounds as suggested first by Goodman (17). With a travelling rate of 3 to 20
cm/day, they obtained CdInzTe 4 polyerystals of good uniformity which in some cases contained

small second phase particles at grain boundaries
were obtained by a floating zone technique at rates of 3 to 5 cm/day (18)

TABLE A-]

Single crystals of yttrium iron garnet (YIG)

A modification of
this crystal growth technique, using a linear temperature gradient across the solution zone,
was proposed by Pfann (19).

EXPERIMENTAL DATA ON MATERIALS GROWN BY THM OR RELATED METHODS

Solvent Material Growth Rate, mm/day Heater Reference
InQTes-CdTe CdInzTe 4 30 to 200 RH (13)
Fean-YFeO3 YIG 30 to 130 RF {18)
Au-Si Si 0.4 ro 20m RF (16)
Cr SiC =3 RF {10)
Ga GaP 4 RE (20}
Ga GaP, Ga(As, P) =5tod RF 9, 14)
Ga-In {Ga, In)P =3t035 RH (21)
Al-Ga (Al, Ga)As =3toS5 RH (21
Ga GaAs =5 RH (21)
Te HgTe, ZnTe =3tod RH (%)

(Hg, Zn)Te

Te CdTe =5t07.5 RH (22)
PbF 2 Zn0 =3 RF (23)
XCl CuCl Stob RH {24)
(Ba, 8r)Cl,

CdCl,, CdCr 5S¢, =15 RH (21)
Borate (Pb, Sr)TiOg =1 RF {25)
Flux } Pu(Ti, Zr)0Og =1 RF 25)
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Tabie A -1 lists materials previously grown by THM or variants of this method. This
table also includes experimental data specifying the solvent employed, the maximum or applied
growth rate, the mode of heating [i.e., resistance heating (RH) or RF heating] as well as
references.

The existence of a critical maximum rate above which good crystals cannot be grown
is particularly revealing. The critical growth rate directly coincides with the onset of consti-
tutional supercooling in the solution zone, In THM, as in any other type of crystal growth, the
exclusion of the solvent or impurities from the growing crystal is equivalent to the prevention
of constitutional supercooling. The latter occurs when the value of supersaturation,

Cq /Cze — 1> 0, in the solution increases with increasing distance from the growing, crystal.
Here, Coe and ¢, are, respectively, the equilibrium solute concentration {solubility) and actual
solute concentration in the solution. In the following calculations, an axial reference coordi-
nate system z is used instead of the fixed coordinate x = z + Rt {where z = 0 at the moving
interface of the growing crystal).

If THM growth is diffusion controlled then, for steady state, the growth rate is given by

de, k
g:R-BJ:.&(C

—C = constant A-5
dt Cl dz (o] 1 2 28) ( )

where ¢, is the molecular concentration per crystal volume and k2 1 is the rate constant
governing transfer of solute from solution to solid.
As mentioned before, the absence of constitutional supercooling requires’ that

d (c2—c2e) _ clc:2 _dc:2e d—T<O
dz dz dT dz

(A-6)

if kog and D are independent of temperature, T.
Setting dT/dz =G, dT/dc,y, =m = slope of liquidus line, ¢y, ~Bexp (—x»/RT),Eq. (A-06)
can be rearranged as follows:

¢ k T2

~

(A7)

G ar
R D

DX cye
for low solute solubility, no solid solubility of solvent in the crystal, and the absence of consti-
tutional supercooling The ratio GC/R c of the critical temperature gradient (across the solu-
tion zone) and critical growth rate are obtained by equating the first two terms of Eq. (A-7).

In the special case of THM growth, this expression is thus similar toEq. (A-8)which has
been derived by Tiller, et al. (26):

L= > (A-8)

where k is the distribution coefficient.
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There is still another critical situation in THM growth that occurs when the movement
of the advancing crystal growth front lags with respect to the rate of the heater movement.
Short periods of sporadic crystal growth then alternate with periods of retention of massive
amounts of solvent. AccordingtoEq. (A-5), the onset of this discontinuation of growth should
occur when the rate of heater movement exceeds the maximum growth rate (R) which can stll
be accommodated by the rate of diffusion of solute in the solution.

With the preceding outline in mind, it is now appropriate to examine the observed criti-
cal growth rates and experimental growth rate values shown in Table A-1. All critical growth
rate values of growth rates are within the range 1 to 7.5 mm/day. This is surprising, since
the materials in question vary widely in properties such as thermal conductivity, solubility in
solvent, etc., and also the solvent and growth temperature applied differ just as much. It can
only be conjectured that in these cases a number of factors of opposite trend compensate each
other. One might tentatively conclude, however, that the lowest values of the critical growth
rates, R,, in Table I are caused by a high viscosity rather than low thermal conductivity as in
Borate flux and in molten CdCl,,.

These valuesshown inTable A-I compare favorably with R values observed for TSM
grown materials. The following values (in mm/day) have been measured in TSM growth;:

GaAs from Ga: 12(1)
GaP from Ga: 12(27)
SiC from Cr: 3(2)

In the growth of binary solid solution alloys from their melt by zone leveling, the growth
rates are also comparable with the values observed in THM, 1 e., for alloys near the 1:1 alloy
composition. At this composition, the lquidus-solidus separation becomes widest and diffusion
control of crystal growth thus becomes prominent. The values (in mm /day) are as follows:

Gey 5 SSiO 45 from molten alloy: 26 (28)
Bi0 4Sb0. 6 from molten alloy: 5. 2 (29)

From this point of view, the growth rates of 40 to 2000 cm/day for 5i from its solution
in Au-Si alloy as proposed by Hein seem unreasonably high. Also, the values of 30 mm/day
for CdInZTe 4 and YIG may appear to be high, but higher temperature gradient or other favor-
able conditions.could have made higher growth rates possible.

The relative advantages of R¥F and electrical resistance heating may be compared from
the following point of view. If the ratio of electrical conductivity of solvent is high compared to
the material to be grown, then heat generation within the solution may be higher in RF heating
than in resistance heating. Temperature control will certainly be more difficult; however,
convection within the solution zone will be enhanced.

The growth of SiC from Cr, GaP, and Ga(As,P) from Ga solvent by means of RF heating
has proved advantageous (9, 10, 14, 20). RF heating was also used for the growth of materials
such as ZnO (23), titanates, and titanates-zirconates (25). Because of their reactivity with
quartz or other container materials, sealed Pt crucibles that coupled directly (Fig. A-0) or by
means of a Pt susceptor ring to RF current were used. Sealing of the Pt crucibles by welding
was especially important in ZnO growth in order to prevent the evaporation of the PbF, solvent.
In other cases, tubular peripherally grooved graphite susCeptors have been used for the growth
of SiC, GaP, and Ga(As, P) to increase axial temperature gradients.
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Fig. A-6. THM growth of ZnO from molten PbF, by RF coupling to sealed Pt crucible
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Electrical resistance heating of the solution zone, with or without a fore- and after-
heater, was used successfully for a great number of materials. Temperature control is more
reliable. For a vertical furnace, the sealed crystal growth charge is best moved through its
hot zone by means of a synchronous motor. The charge is thus simply lowered by means of a
wire woundaround the shaft ofthemotor. Figs. A-7 andA-8, respectively, show crystals of HgTe
and CchrZSe4 which have been grown in this way.

It should be noted that in the cases where the feed material is not in the form of a solid

ingot, as growth proceeds the voids in the material gradually accumulate in the vicinity of the
solvent zone region causing the elongation of the solution. This in turn results in a decrease
of the cross section of the solution zone at its center region. This condition does not appear to
have any detrimental effect on the crystal growth of materials in which one of the elemental
components has a sufficiently high vapor pressure at the growth temperature Under these
conditions, the diffusion of the element into the solvent can occur via the vapor phase and
across the void space next to the solution. In this way, the necessary concentration of solute
in the solution is maintained during crystal growth. These conditions prevailed, specifically,
in the crystal growth of HgTe and (Zn, Hg)Te when porous or powder feed material was used.

The same effect, namely, the narrowing of the solution zone, results in porous growth
in the case of materials such as CdTe and CdCr,5e, for which the vapor pressures of the ele-
ments are not sufficient for the evaporation and vapor phase diffusion from hot to cool parts of
the solution zone to take place. Under these conditions, the restriction in the cross section of
the solvent zone unavoidably reduces the amount of diffusing feed material through the solvent.
Since, as a consequence, the effective growth rate decreases, crystal growth may not proceed
properly. Porous ingots may be obtained or growth may cease completely.

Because of the importance of single crystal films in device application, an attempt has
been made to grow thin films of Ba'l'io3 by means of a two-dimensional version of THM (30).
The experiment was unsuccessful with respect to its original objective; the results, however,
showed clearly that this particular approach was sound in principle. The method will therefore
be described briefly.

First, a thin film of 50 to 125u thickness of CP Ba’I‘iO.; powder was deposited on a clean
0.075 by 2.5 by 2. 5 cm Pt sheet and sintered at 1300 °C (see Fig. A-9).

An infrared (focusing) line heater was then used to move a strip of 830:23203 flux sol-
vent from one end of the Pt substrate sheet across the film at a rate of 8, 4 cm/day. Some of
the experiments proved successful in that crystal films were produced that were single crys-
tals in toto or in part. The composition and structure of the resulting single crystal material
had not as yet been identified clearly.

SUMMARY

Crystal growth by the travelling heater method (THM) has certain advantages over melt
or vapor growth for solid solutions, peritectic compounds, or incongruently evaporating mate-
rials. This method is similar to zone melting, except that a solvent zone instead of a molten
zone is moved through the solid feed material.

The resulting growth and maximum travel rate of the solution zone heater are limited
by the rate of transport of the most slowly diffusing molecular species across the
solution zone. In this type of growth, constitutional supercooling is avoided by heating the
center of the solution zone beyond a critical peak temperature.



Fig. A-7. Single crystal of HgTe grown from solution in Te (crystal is cleaved)

Fig. A-8. Crystal of CdCrgSey grown from CdClg solution without seeding (crystal contains
five to six grains)

- 4] -



SINGLE CRYSTAL FILM
(50-125, THICK)

SOLUTION STRIP
(BaO-2B O)

POLYCRYSTALLINE
FILM OF BaTiO
o/ o5
~=——— Pt SUBSTRATE
DIRECTION OF
HEATER
MOVEMENT
2.5¢cm -

Fig.. A -9. Schematic of experimental arrangement for thin film growth

by variant of THM



In the growth of crystals of solid solutions, a stable convex or concave growth front
profile could occur, even with a flat isotherm. '

To date, a variety of materials of different properties and electronic applications have
been grown by THM including Ga(As,P), (Hg, Zn)Te, ZnO, (Pb, Sr)TiOs, CdCr,0,, and others.
Most materials grown by this technique used a feed made from the prefabricated. compounds,
but often crystals can also be obtained by THM by direct synthesis and growth from a stoichio-
metric feed mixture of elemental or chemical constituents.

Single crystal thin films have also been prepared by a modified technique using a travel-
ling radiation heater.
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Abstract of Paper Presented at ACCG Conference on Crystal Growth,
August 11 to 13, 1969,

National Bureau of Standardsg, Gaithersburg, Maryland. .
Published in Proc. ACCG Conference on Crystal Growth, Gaithersburg, Maryland,
August 1969, p. 79.

Work included in this outline was also supported in
part under Contracts DAAKO2-69-C~0071, Night
Vision Laboratery, U, S. Army Electronics
Command, Fort Belvoir, Virginia, and
NQOO-140-67-C-0338, U. 8. Navy Underwater Sound
Laboratory, Fort Trumbull, Connecticut.,

In the growth of solid solutions involving limited (dopant) or massive substitution, con-
centration gradients within the crystals produced cannot easily be avoided, In this case the
passage of a solvent zone can be successfully applied, This technique (THM) is similar to
floating zone growth except that the molten zone is replaced by a solution zone. The growth
rate (also the critical maximum travel rate of the solution zone heater) producing uniform
composition is generally governed by the limiting diffusion rate of the most slowly diffusing
molecular species across the solution zone. It is important to heat the center of the solution
zone above a critical temperature with respect to both solution-crystal interfaces (i.e., solu-
tien -feed material and solution-seed crystal interfaces) in order to avoid constitutional super-
cooling,

In the growth of cylindrical crystals of solid solutions, growth (and solution) front per-
turbations may be sustained, thus promoting a stable steady-state and axially symmetrical
growth front geometry. This may be true even for flat isotherms. The combined effect of
solidus -liquidus separation and differences in molecular diffusion rates are made responsible
for this behavior.

THM growth of Ga(As, P), (Ga, ADAs, (Ga,In)P is described and compared with the
growth of their solid solution end members, and of CdCIZSe 4
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Appendix C
ANALYSIS QF CRYSTAL ORIENTATION
G, A, Wolif

One is often faced with the task of evaluating the results of early polycrystalline growth
runs for the purpose of promoting single crystal growth. This is mostly done to elucidate the
preferred direction of crystal growth, the cause of twinning, and interface stability. Such in-
formation is useful to improve conditions for single crystal growth:

Often, only two crystal graing have grown across the rod, but a2 large number of slices,
including slices that are cut normal to the growth direction or parallel to it, must be checked
for the orientation of their crystal grains. The Laue X-ray analysis is an accepted method
for this task. It must be said, however, that the Laue method is excellent but time consuming
and laborious when a large number of crystals have to be tested.

It is suggested that etching methods andjor the tracing of twin boundaries may
be urilized to advantage. In sphalerite structure materials such as GaP, InP, or their solid
solutions [and also in most other face-centered cubic materials such as materials of Al(Af),
A4(Si), Cl(MgZSn), Hll(CdGrZSe 4) and other structures], all first-order twin boundaries are
parallel to £ {111} planes. If several parallel traces of #{111} are recognizable on a parti-
cular slice or surface of a cut, one can be certain that this trace on the viewed plane corre-
sponds to a £{111} twin trace. For its direction, the equationu+v+w=10 (U, v, W corre-
sponding to orthogonal lattice vectors) is true. If a second twin trace can be observed adjacent
to the same grain, its orientation is determined in principle, There are no twins of higher
order than four, Consequently, there is only a limited number (less than seven) of flat twin
interface boundaries or their straight line surface traces. Usually, only twin boundaries tend
to exist as such extended straight lines. The greater the number of twin traces observed (and
their respective angles known), the easier will be the analysis of the orientation of the various
grains,

The use of preferential etching or mechanical abrading further facilitates this task by
exposure of the twin plane intercepts with the surface of the crystal, This information can thus
be obtained easily, A more general description of this theory follows.

A given crystal surface of orientation (hk¢) may beintersected by a set of four {111}
planes: (111), (111), (111), and (111). These planes may be either twin planes [in which case
many parallel traces may intersect the (hkf) surface] or they could be stable planes of etch pits
intersecting with the (hke)crystal slice surface.

Since the interfacial angle and the relative symmetry between any two planes of the set
of four tetrahedral {101} planes {(111), (111), (111), and (111)] are identical, Eq. (C-1)may be
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derived for all possible interfacial angles between two such {111} planes on the one hand, and
with a given (hk?) plane on the other. Here,(hk#) may represent a crystal plane which could be
parallel to the surface of a crystal slice or normal to the growth direction,

If the reference plane (hkﬂ) of a cubic crystal is intersecred by the planes (hkﬁ)l,
(hkz)z—--(hkﬁ )1---(h1<£) then the cosine of the angle between the vector r [1n other words,
the vector representing the line of intersection with (hke )i]

{

and r o = (@ Usie Vo Woj), (that is, the vector representing the line of intersection (hke);]
is given by

h k¢
o o "o

hi ki £

k £
o "0

k.
i

£ h
o o

2. h.
i 71

h ok ]\ _

0 C — i _
’ B K }— @otr Voir Woi) (C-1)

ho l(o o ho ko o}
cos (T, roj)="°S h, k. 2. |h. k.,
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hy ky 2, hy ky 2 A\
h, ki 4 hj k}. 1}.
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[(Aoo i )(Aoo i Aoj )] /

cos [(hke);, (hke);]~ {cos [(nkt), (nke)]} - {cos[(bke)y, (hke);}
B {sin [(nke), (hke);T} - {sin [(hke), (hke);D

(C-2c)

The expressions Aoo’ A of and Aij denote (h 02 + k02 + 202), (hohi + koki +20 i)’ and
(hlh] +k. k_ +2.4 J), respectively. The remaining values A,,, A].j, and A of 8¥€ defined
correspondmgly

Setting (hk? )1 =(111) and ¢(hkz? )j =(111), and deleting the suffix in (hk?) 0= {hk¢), Eq. (C-2)
simplifies to

2 2y-1/2
2,2
cos (T .., T.u)=— 1-}-k;jZ —hz( k-t ] (C-3)

01’ O
) h? 4 ke h2 + ke

Thus, the angle, o, between both intersections for major reference planes (hke) is

(hke) | (100, (011)] (101), (110), (I0D), (110)| (11D) | (011) __ ](001), (010)
@ | 0°(180°) | 54°44'(135°16')  |60°120°]70°32'(109°28")|  90°
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Where the determination of two such angles can be made, one is then able to-deter~
mine in turn the general orientation of a crystal grain exposed on the wafer surface. In Si, Ge,
and III-V compounds, the various crystals have twin neighbors with their common {111} twin
composition plane visibly intersecting the surface. If the surface plane (hk? )I and the orienta-
tion of one of the twins (i, e., twin no, I) have been determined, and if from experimental
inspection their composition and twin plane is obviously {111), the surface plane (hk¢ )y of the
other twin (i. e., twin no. II) is then given by

h 1 2 2 o
k=%21§-k (C-4)
2l 2 3 1 L

This procedure can be extended in a corresponding manner to all crystals within a
crystal slice if sufficient twinning occurs {(as is mostly true in III-V compounds).
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Appendix D
ELECTRICAL 'CONTACTING
8. C. Foote

In general, the conventional preparation of ohimic contacts to a II-V compound electro-
luminescent diode (e. g., sputtering or evaporation of a metallic film) is difficult for the follow=
ing reasons,

1. The height of the metal-semiconductor potential barrier cannot be varied
significantly by the choice of the metal, since the barrier height is primarily dependent on
surface states of the semiconductor, (1)

2. The differing chemical and physical characteristice of A {111} and B {111}
faces, among other orientations of the crystals, make contacting on one.face of the diode an
entirely different problem from contacting on the opposite face,

3. The temperature of operation of the diode limits the choice of the contacting
material. This eliminates those materials that (I} melt at low temperarures or form a low
melting point eutectic with the semiconductor, (2) have high diffusion rates into the semicon-
Guctor at or below the operating temperature, or (3} have coefficients of thermal expansion
very much greater or less than that of the gsemiconductor material in question.

4, The alloying procedure necessary for contact adhesion in some processes
induces dislocations in the interfacial region which can migrate into the semiconductor and
thus degrade device performance.

Current contacting procedures fail to solve all of these problems. ‘Therefore, in con-
sidering making contacts to Gaxfn 1—>(P electroluminescent dicdes, we have arrived at a novel
approach which promises to eliminate the problems outlined above.

The validity of the proposed contacting approach rests on the following facts.

1. The lawtice parvameters of Gax}inl_xp solid solutions over a broad range of
compositions (0. 506 =x <1, 00) can be matched by suitable Si~-Ge solid solutions (see Fig. D-1).
Therefore, an excellent epitaxial fit should exist between a certain Gax}‘.n 1 -x? single crystal
and an Sine 1y layer of appropriate composition, where

y = 1. 837x . 0, 9288 (D-1)

2. Metal-germanium and metal-silicon compounds (germanides and silicides,
respectively) possess both a high thermal and electrical conc:luctivif:yyr3"S as well as high
melting points, * *-and low reactivities,
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The contacting method envisioned consists first of the epitaxial deposition of Sinel_
on GaxIn 1-xP' This will be done from a solution of Ge and Si in bismuth. Bismuth impurities
will make the resultant Si Gel_ layer highly n-type. At the operating temperature of the
diode, the layer should be completely degenerate. Over this epitaxial layer a metal such as
Pd or Pt will be deposited by evaporation or sputtering. A solid state reaction between the
Si-Ge and the metal will be enhanced by heat treatment at a temperature low enough to avoid
melting in the contact area. It is believed that diffusion penetration of the Si Ge i- and metal
in the solid state will lead to a much more uniform contact structure than that whic% might
be achieved by liquid regrowth methods.

The resultant contact would essentially be a graded structure which consists of a

"degenerate n-doped or temperature degenerate Si Gel_y layer directly on Ga lIny: XlE’, and a
second layer of germanides and silicides of the deposited metal. Topping the contact will be
a layer of the deposited metal, suitable for soldering to a lead (Fig. D-2). It is hypothesized
that the basic contacting problems mentioned above would be solved for the following reasons.

1. The presence of surface states at the GaXInl_XP surface due to the termi-
nation of the bulk lattice should be eliminated. The Sinel—y solid solutions and the metallic
germanides and silicides are all good conductors. Hence, the contact structure as a whole
should have a low resistance and be nonrectifying.

2. The epitaxial deposition of the Si-Ge solid solution will eliminate the
distinction between A {111} and B {111} faces of the semiconductor in electrical contacting.

3. The components of the contact and the resulting compounds have high
melting points.

4. The precise matching of lattice parameters at the (Si Ge l'Y) (GaxIn l—xP)
interface and the strain-free contact structure will eliminate dislocations at the interface or

within the contact.

Lead

Metal

Metallic germanides
and silicides

Sinel-y solid solution
epitaxial layer

ML\ Gain, P

7ig. D-2. Proposed contact structure
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