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EPITAXIAL GROWTH OF GALLIUM ARSENIDE
WITH AMMONIUM HALIDES

AS TOANSPORTING AGENTS 7
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} The epitaxial growth of gallium arsenide on galiium arsenide
[ are made utiiizing The "ciose-spaced” source-seed ensembie in a

closed system. Combinations of the low index orientations off}OO},
QlO}, and{llg as well as the polycrystalline samples, are used o
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low index orientations. Stacking fauits, disiocations, and +win
boundar ies are observed and their configurations are studied.

Early stoges of the growth on the 1ow indsx crystallsgraphic orizns
tations are observed and the configurations of the growth ere com=
pared with the etch pits. The rates of growth on the low Index
planes determined by the "close-spaced" epitaxial growth, can pro-
bably be explained by the "atomistic" mode! of the growth of facets
proposed by Faust and John(i).

Ammonium halides such as NH4C|, NH4t, and NH4Br are shown to
be useful transporting agents of gallium arsenide. The equllibrium
behavior of the ammonium halide (i.e. NH4CE) = gallium arsenide
system is studied to provide a firm foundation for a basic under-=
standing of the system. The composition of the gas phase in
equilibrium with solid CaAs is calculated for various temperatures,
pressures, and component ratios. The principle species under

equilibrium conditions are Hoy No» GaCIS, HCH, As4, NH4C!, GaCl.

NHS’ and AsCIS. (i//"“ f?

I1, THERMODYNAMIC EQUILIBRIUM BEHAVIOR OF THE SYSTEM

An examination of thermodynamic data was made to aid in
identifying the reacting species in the system and to determine
the principle chemical equilibria involved for temperatures ranging
from 700 4o !ZOOGK. tn order toc determine partiail, component,
and total pressures, the conditions were assumed to be near thermo~

dynamic equilibrium, Calculations were made relative o the foilow

——

ing species: Hp(g), Clytg), HCI(g), Nz(g), NHB(Q), NH4Ct(g), GaCl(g},




GaCls(g), As4(g), AsCl3(g), and GaAs(s). Data on enthalpies and

entroples for the various species are from Kubzschewski and Evans

Ketiey >, mcBride’®?, Stull and Sinke'®’, s21i1%®?, Bichousky!”’,

(8), and Gabor(g). Other species were assumed negligible

(2)

Latimer
in this temperature rance.

The system at equilibrium may be represented by the basic
chemicai reactions of Table I. Other reactions can be derived from
+hem. Applying the law of mass action, the equilibrium equations
with the equilibrium constant, K, are also given.

The equilibrium constants are determined from the dala of
TablesTI1 and IV through the equation [aK = % (LSS*'wégil }, where
AHT and AST . : ,

respectively., In Table ¥ the free energies of formation are listed

denote the enthalipies and entropies of formation

for the reactions. [Xi] denotes the partial pressure of species X..
The conservation equations of componenfs@’, and wheve
the boxes represent total quantities, are given in Table TI. i+
can be seen that the boxed quantities must be constaent in the re~
action given in equations (!) through (6),

Equation 18 of Table Tl is obtained from the relationship of
the stoichiometry between gallium and arsenic in GaAs., As gallium
appears or disappears so must arsenic. In this case the € > repre-
sents excess arsenic., This is also the conservation equation for
gallium,

The equations (7) through (16) with the various initial con=
ditions and the caiculated equiiibrium constants, were solved to
obtain partial pressures of the species with respect o tempera-
tures ranging from 700° to 12009 (with a Burrough computer)., The
initial conditions considered here are given In grams iniroduced
into the closed system (20 cm® in volume). The total pressure is
computed to be in the range of from one o five atmospheres, end
in this range it is reasonable to approximate wuzing Gibbs free
energy and Helmholtz fres energy interchangeably. Hence +the cal=
culation presented here may be used for the cases where the con-
straints are either the temperature and volume or the temperature
and pressure, The initial conditions are adjusted appropriately
for each case. Flgures |, 2, and 3 show the partial pressure of




each species with respect to temperature with the initial con-

ditions :~f= 2 mg,Asr= O;‘NH‘,’CI‘ = 5 mp,<Asr= G; and of

NH;C§>= {5 mg,CAs>= 0, The C!Z(g) species is not shown in

the figure as it is negligible compared tc the other species for

the femperafﬁre ranges considered, Figure 4 shows the partial
pressures as a function of the initial conditions,¢As} and shows
component ratio, AS suith NH4Cl|of 5 mg at 963°K. In Figure 5 the

partial pressures of species are shown as a function of the com
-\ rsmm———
ponent ratio, &= , and of the initia!l condition, NH,CI} , with zero

. 0, s
excess arsenic and a temperature of 963K, in Figure 6, the com=

ponent rafio,oaa » i5 shown as a function of femperature &t various

NFQC! and no excess arsenic, while in Figure 7, it is shown for
W of 5 mg and various<As) The application of the preceeding
equilibrium dats on the ammonium chloride - galliium arsenide
(1,12}

system may be demonsirated by the use of Lever's mode |
deve loped for steady-state diffusion-limited ifransport of solids
in the presence of several chemical equilibria, Calculations
using the values at the equilibrium cannot, as a general rule,
predict exactly what happens in the vapor growth experiment as
kinetic factors are often of great importance. The equilibrium
information enables one to obtain some idea of the deviations to

be expected and of the kinetic driving forces,

{11, EXPERIMENTAL PROCEDURE

A closed tube system is chosen for its simpiicity of use in
conjunction with the ammonium halides (NHACI, 4H4i, and NH4Br).

GaAs seed and source wafers are polished using a mechanical
polishing as well as chemical polishing techniques. For Qcﬁk,
ﬁlC&, and QSI}B crystal orientations, the chemically polished
surface was prepared by etching in H,S0, (98%) : H,0, (30%) :H,0
22 8: 1 : 1, The wafer was fastened to a flat quartz plate, and
rovated on another plate within a rotating beaker. For %ii}A poi=
ishing an etch of 4-6 percent sodium hypochloride at 75°C was
employed. It was mechanically polished on a rotating pelion

cloth using first 2 premixed solution of Linde A : HZO : H202

t2 101 4 : | and then a solution of Linde B : H)0 Héo2 .

10 ¢+ 5: | by volume. The amonium hallides used in the system




are refined In a msitipie chamber vacuum distiilation tube to
remove the resldues and the volatile Impurities.

The praepared samples were loaded infto a ciean quartz system
as shown In Flgure 8 togsther with the ammonium halide and other
components designed to prov»do varlous growth conditions. The
ampuie was evecuated fo about 10 ° 1'orr. sealed off and placed
in the furnace which had the temperature profiie, measured with-
out the ampule, as shown in Figure 9, The separation distance
WTﬁéﬁ Tm 5380 dﬂﬂ SOuUr<e WGTSTS rangen TFW U.LD TD ie U mm
and the spacer was a quartz ring. The two thermocoupies shown
in Figure 8 measure the avarags growth femperature, Tav' dur ing
the growth run.

IV, RESULTS

The rates of the growth are found o be dependent on several
parameters Invocived in the system, such as the separation distance
of the seed and source wafers, d, the tesperature difference,
ATBT. -TzwheroT‘ is the temperature at the source ande
the temperature at the seed, the average growth temperature,
T, = TLET2) | and the initial conditions, which Include the

amount of impurities, the amonlum halldes, the monstoichiometric

Is

excess arsenic initially Introduced, the crystaliographic orien-
tations of the seed and source, and the surface conditions. The
results presented hereafter refer only to the "close-spaced” epi-
taxlal growth with the ammonium chloride as the traasporting
agent, unless otherwise designated. T‘ and T2 were not measured
under operating conditions at the source and seed but were tem~
peratures taken at the side.

Epltaxial overgrowth of gallium arsenide on galtium arsenide,
using an ammonium chloride carrier, are shown in Figure 0. The
photomicrograph ot the overgrowth on the polycrystalline subsirats,
as shown In Figure 10(A), resemblies the substrate in [ts crystaiio-
graphlc orientations. Figure 10(B} is the photomicrograph of the
epitaxial overgrowth on the {11} B substrate. Laue photographs of
the sample shown In Figure 10{B) were taken to display the evidence
of the epitaxy. The Lave photograph of the substrate Indicated




a single crystal with the (i Jerystallographic orientation. The
Laue photograph of the overgrowth displayed an identicai patiern
‘thus confirming the epitaxy. ‘

The Initial conditions of the system contro! the surfacs rates
of the samples. The Initialiy introduced amount of the ammonium
chloride controls the etching rate of the source and the deposition
rate of the seed. The eiching rate end the deposition rate of the
samples are shown In Flgure !! and 12 as a function of the initially
introduced amount of t+he ammonium chloride, The source wafers in
Figure !iI were the p~type, zinc-doped polycrystalline gallium
arsenide, and the seed wafers were the n-tvpe. Te-doped. {lH}B single
crystal galllium arsenide. The surfaces of the source and the seed
were chemically polished. Such parameters as the separation dis-
tance, d, the temperature difference, AT, and the average temperae-
ture, T av’ Yere kept constant for the serlies of runs, No excess
arsenlc was used. The source wafers in Figure 12 were the n—-type,
Te~doped, {l K)} single crystal galilum brsenide, and the seed wafers
were the p-type, zinc-doped,{iw}single crystal gallium arsenide.
Other parameters such as<As) h, AT, Tav’ and the surface con-
ditions were kept constant for the serles. The deposition rate
on the sged In general decreases wlith the iIncreasing initial
amount of the amonfum chioride. The etching rate of the source
follows closaly the trend of the deposition rate,

The non-stoichiometric excess arsenic lnIﬂaH.y introduced In
+he system also affects the rates of deposition and etching of the
sample. In Figure i3 the rates of deposition and etching of the
source are shown o be dependent on the excess arsenic Initially
introduced, _

Experimental Studles of Growth Characteristics

Studies of the growth surfaces showed orange-pee! type growth
on {1 1G} seeds at 107> gr/cmz sec. and mirror-!ike growth at 1.35
b'e 30.5 gr'/c:m2 sec, Dislocations visibly alter the growth., Other
factors may have been more important in the growth characteristic
than the growth rate, which was not readily controlled. Typical
sur face patterns of the epltaxial overgrowth on {SOO} substretes
are shown in Filgure 14, Figure l4a and 14b exhibit the smooth




surface growth with the dislocation growth patterns, The disio~
cation growth pattern on{!OO}surface resembies the circular cone,
Flgure l4c is a typical photomicrograph of such a circular cone
with apparent singularity of its spex. When two or more clircular
cones emsrge together rendering more than ona apex. the conflgur-
stion of the cone structure appears as having & characteristic
spiral pattern on fop as shown In Figure i4d and l4e. Smooth
epitaxial overgrowth on fi1 B A seed surface and the etchad pattern
of the {i 11} A source surface are shown In Figure 15a. A typical
pattern of the epliaxial growth on {{113B seed surface, and an
etched pattern of the {113 B source surface are shown in Ficure
I5h6. The tetrahedral pyramid patierns of protrusions on the
sead surface and of eich pits on the source surfece are shown
in Figures 19c, 15d, 15e, and 15¢f, Ths tetrahedral pyramid with
one apex is shown in Figure i5¢c. Splral patterns are observed
In Figures 15d and 15e wlth merging of fwo or more apexes in a
pyramid. The etch plit pattern shown in Figurs i5f resembles
that of the teirahedral pyyamid protrusion. The characteristic
spiral etch pit observed here contains several apexes within
itseif. Tha characteristic growth patterns at the disiocations
obsarved exhibit unique identifications to the crystaliographic
orientation of the subsirate.

1t is possible to obtain very high deposition rates if
the crystallographic pertfection of the gpitaxially grown layer is
disregarded. For example, when The rate of the Impinging flux

on the surface of the sead is far greater than the rate at which |

the atoms can add on perfectly, The deposited maters! will
probably form stacking faults as these do not have a very high
energy, and this sccomodates the greater flux., The resultant
deposition rate may be very high compered with the rate for
"oor fect’ epitaxial growth., Ffigure 16a exhibits the stacking
faults observed on {11138 seed surface. The density of the
stacking fauits can bs go greaf that +he grown tayer cen probabiy
no longer be catagorized as a singie crystal

The rate of the “perfect" eplitaxial growth differs for the
crystal lographic orientation of the substrate on which the epi~




taxial overgrowth Is attempted. The comparison of the rates of

the “perfeci” epitaxial growth (stacking faults not readily cbserved)
listed in Teble #VI shows that the rates on the low index orien~
tation appears to be {10} > {1003 >H138> $11A. tn order o
determine whether the reletion 1003 >§i113B was good, experiments
were conducted using {Hig'\:‘s $8edG and {iocgsaurce, and vics versa.

it is assumed that, if the impinging flux at the growth surface
would exceed the maximum rate of the "perfect' eplitaxial growth

of the surfacs, thers would be stacking faults formed. Figure

I7a shows the case of the fn@s seed and the ‘ilOOZsource, which
suppiied the impinging flux to the gl ! 138 seed, obviously ex=
cesding the "perfect" spitaxis! growth rete of the E! ! @B sead.
Hence, the high density of stacking faults are formed on the
{Hl}B sead surface. The opposite errangement of the {1003
seed and the §i 1B source renders the resuit shown in Figure 17.
The etching rate of the {lll?B source apparentiy was less than
the "parfect" eplitaxial growth rate of the {30(3 seed. The result
shows stacking fault-free nucieation and growth. From the above
observations, it Is concluded that the "perfect" epitaxial
growth rate of the {i00}orientation Is greater than that of
ﬁll}B. A corollary Involves a growth imaging effect which occurs
by having the separation spacing between the seed and the source
wafers very smali, and having the source a bicrystal with two
very different etch rates. When the Image-growth is on the {1003
seed and the source orlentation for one portion has a{tH;A and
almost any other orientation for the other portion a very much
greater growth tokes place where the etching Is faster. This
result also Indicates that the lateral dispersion of the mole~
cules transported between the seed and the source Is very smali.
The structurai patterns of the early stage of the growth on
+he low index crystallographic orientations indicate definite
correiation between the growth pattern and the substrate orien-
tation. l!slands of often fruncated *riangular based structures
are shown in Figure 18. The islands grown on the {H!SA sur face
resembie tetrahedra! pyramids. On the ilHBB surface the struci-
ural pattern has truncated triangular base and truncated pyramidal
apex. |f the growth structure of a twinned island merges to the




isiand with the "perfect" epitaxial growih, Trerc will be a Twin
boundary between the two isiands as shown in Figure i8c.

The island structures onﬁuxgsurfaCe are reciencular based ang
truncated roof-top as sha&n in Figure 19, Frequently the fruncated
rectangular base was observed as shown in Figure (9a. When the
istand structures grow large enough, the disiocation growth
patterns become apparent on the surface of +he overgrowth. An
early stage of epitaxial growth on a{}ld&surface is Shown in
Figure 20, The structures resembie rectanguiar based ‘roof-top"
and the base is often truncated at the cornmers.

A typical example of the epitaxial overgrowth on {i } !ZB seed
using ammonium iodide as The fransporting material is shown in
Figure 21, Although extensive eftorts to obtain a "perfect"
epitexial growth were not made using ammonium bromide, it was
possible to obtain rough growths with the high density of sfaciing
feults in two frial runs.

Interface Studies

The interface between the subsirate and the epitaxiai grown
layer were examined by photomicrographic observations of the cross-
sectional surface, which was cleaved and stched in the Schell etch
(HNO3 : HZO :: | 2 2) for 90 seconds., When 3 p-type substrate
and a n~type source or vice versa are used p-n junction resul¥s.
| the effect of diffusion is negligible during the growth process
and no substrate etching takes place, the p=n junction shouid
coincide with the interface. The interfaces and/or the p-n
junctions produced by several technigques, "large-separation"
epitaxial growth, "close-spaced" epitaxial growth, impurity
diffusion, solution growth techniques, are compared. The inter-
faces were examined in cross—section obtained by'ﬁlofcleav ng.

The one sample was grown by the horizontal vapor fransport
technique in a closed-system having the large-separation (¥ 8 cm,)
between the source and the seed. NH4Ci was the transport agent,
P-type layers were grown on the chemically polished n-type

sur face. Both {t | I}B and il!l}A sur fzcas were used as substrate.

The interfaces and hence the p-n juntlions were irregular and

non-planar, An extensive effort was made to produce a flat and
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abrupt p~n junction with the "close-spaced" epitaxial growth tech-
nique. Some typical examples of the interfaces and/or the p-n junct-
ions produced by the "close-spaced" technique are shown in Figure
22, which shows the clieaved and etched ﬁid%cr055953cfion ot the
sample which was produced by growing p-type layer on the n-type
substrate. The fransporting agent was the ammonium iodide (NH4I)
and some elemental zinc was also introduced to dope the epitaxially
grown layer, The {Hl}B substrate wae chemically polished. The
effect of zinc diffusion is observed when Zn Is in The source.

The epitaxially grown layer in Figura 22c was Te-doped (n-type}) and
the subsirate is zinc-doped (p~tfypel. No visible diffusion effect
is observed for this sample: the interface coincides with the

p=n junction. Aill of the junctions were ftat and no interfacial

irregularities are observed.

V. CONCLUSION

The usefullness of the ammonium halides as transporting agents
in epitaxial vapor growth techniques is demonstrated in Section IV.
It is important not to exceed the maximum rate of the "perfect
epitaxial growth. Excessive density of the stacking faults is a
frequent resuit of the rapid rate of growth., The rates of the
growth of facets predicted from the "atomistic” model proposed by
Fausf and John(;) are in good agresment with our rate-|imited
exper imental results which are fllO’s){lOO}>ilH§B>§Hl§A. The
“island" structures of epitaxial growth with the definite crystal-
lographic facets constructed by the "atomistic" stacking arrange-
ments resembles our experimental observations.

Similar observations of the definite crystallographic tacets
were produced by the dissolution and redeposition of semiconductors

in molten metals and reported by Faust, Sagar, and John(‘).
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\2)"2 + (Z)Hz ~— NHS

1 % PO

NHz + FCl == NH,C!
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Tabie 111

o= aT 4+ b2+ o7 | 44 (2 keal

I . - "
Species —rr. }298 (mole) Ref,
. -3.2 5 -

- 6.52T +0.39 x10 >T% =0.12 x10°T"' -1938 0 3,4
N, 6.83T +0.45 x10 272 +0.12 x10°T " =2117 0 3,4
cl, 8.85T +0.08 x10 ~T% 40.68 x10°T"' -2874 0 3,4
Ny 7,007 43, %10 272 40.37 x10°T ! ~13541  -11.03 3.4
. o _3.2 5 - | .
C 6.277 +0.62 x10 2T 0.3 x10°7 | -23887 -22.063 3,2,4
NH,CI | 30T -5343) -42.4 6,78
As, 19.84T +1.2 x10°T" ' +28182 24,5 3,5
As, 8.93T +0.52 x10°T | +45163 48. 3,5

-32 5 -1

ASCly | 19.72T +0.05 x107~T% +1.46 x10°T" ' -77874|-71.5 3,9
GaCl 8.93T +0.36 x10°T | - 18990 -16.2 3,9
CaCl, | 19.2T =107700 -125 9
Gahs (s)| 12.0T -21600 -18.5 9




Table 1V

Species | S_ = alnT +bT #eT 2 44 ta.n) ;5%?%55_ Soggle-u.)  PRef.
-3 5 -2

H, 6.528nT +0.78 x10 T -0.06 x10°T < -6.1159  3{.2 3,9,4
-7 5 =7

N, 6.83InT +0.9 x10 ~T +0,06 x10°T = +6.5243  45.771 3.4

ci, 8.85InT 40.16 x10 °T +0.34 x10°T 2 4+2.4202 53.291 3.4

Mb 7.0000T 46 %1007 40,125 %1077 2 43, 12! 46.045 3,4

-

, _ -3 5 -2

ol 6.270nT +1.24 x10 °T =0.15 xI10°T < +8.7222  44.646 3,2,4

NH,CI 304nT -87.924 89.986 6,8,7

As, 19.844nT +0.6 x10°T 2 038.675 75.0 3,5
5_-2

As, 8.93InT +0.26 x10°T < -6.0025 57.19 3,5

ASCl 4 19,724nT +0. 1 x107°T +0.73 x10°T % =34.269  78.2 3,9

caCl 8.93InT +0.19 x10°F 2 45.274 56.4 3,9

GaCl 19.174nT =29.3 79.7 9

GaAs (5) | 11.962nT +1.6 x10 °T =53 15.6 9
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Table VI

Deposition Rate Etch Rate
Seed Source +(hrs.) Rq(gr/cmzsec) Re(gr/cmzsec)
. ~6 -6

X-48 X=33 1.36 x 10 -3.23x 10
{I113A filliyA

-6 -6
X-48 %=33 607 x 10 -2.77 x 10
fliiA flina

-6 -6
X-48% X=B3%* .914 x 10 ~3.03 x 10
A Vil}A
X=-48 X-33 1,947 x 100°  _4.0x 10°°
3B {itiriye

-6 -6
X-48 X-33 1.655 x 10 -3.88 x 10
1 00} {100}

-6 )
X-48 X-33 3.26 x 10 -8.43 x 10
{100} §00}

-6 -6
X=-48 X-33 9.74 x 10 -11.27 x 10
{110} {110}

* Mechanical Polish

** Chemical Polish

T = 693°C

N= Cl = 5 mg.

4C
As>= 0

Area = .8 cm
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Figure 16.

{b)

{111}8

.

P

Photomicrographs of stacking faults on {111} B éeed
surface. a) Low_stacking fault d°n51cy at Rg =
2.36 x 10-6 gr cm-2 gec-1l. 6(b) éh qtacking fault
density at Bg 10.98 x 10 Er cm—<sec”
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(a)

Seed {100} with Source {111}B '

gure 17. Photomicrographs of stacking fault cbservatiops. (a)
{111} B seed and {100} source R, = 10.2 x 1i0- grécm“seg”'l.
(b)_l{lOO} seed and {111}B sourZe Rg = 3.7 x 107°gr cm—<
sec . .
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Figure 21.

Photomicrographs of the "island"™ structure
on {110} seed. Rectangular based (often)
with truncated cornersg) "roof-top".

Photomicrograph of the epitaxial overgrowth
on {111}B seed using NH, I.
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