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Abstract-A study was made of the influence of direction of growth, melt composition and growth 
speed upon the relative occurrence of the residual acceptor centres in melt-grown GaSb single 
crvstals. Soecial attention was given to effects arising from the fact that the solid-liquid interface 
cab be moie or less faceted during growth. Crystal growth in the [ill] direction wai found to be 
different from growth in the [ITT] d ire&on. In the discussion the possibility of a simple defect 
centre is ruled out and it is shown that of the more complex centres the Ga,,V,, centre fits the 
present data best. 

1. INTRODUCTION 

FROM recent literature(1*2) it can be concluded 
that in all probability the high acceptor con- 
centration in purified, undoped GaSb must be 
caused by a deviation from stoichiometry. 

At room temperature using a density of states 
in the valence band of 9x 101* cmm3 (2) the 
measured hole concentration of 1.2 x 101’ cmm3 
accounts for 95 per cent of the total acceptor con- 
centration at an ionization energy of approxi- 
mately 0.030 eV. 

A number of authors(3) also report a deeper 
lying level which they ascribe to the same acceptor 
centre A. However, it was shown in this laboratory 
from experiments on Li diffused GaSb that a pos- 
sibly present deeper lying level should not originate 
from the same defect.(4) 

The object of our work was to study the in- 
fluence of variables as the direction of crystal 
growth, the stoichiometry of the melt and the 
addition of some p-type impurities on the acceptor 
behaviour. In this connection special attention was 
paid to the occurrence of a “core” in the crystals. 

2. EXI’FAIMENTAL PROCEDURES 

Starting materials were 6N semiconductor 
grade gallium (Koch-Light Labs, Ltd. and 

*This paper is based on a thesis submitted by the 
author at the University of Utrecht (1965). 

Alusuisse Swiss Aluminium, Ltd.) and antimony 
(Koch-Light Labs, Ltd.). Compound synthesis 
took place at 750°C in a carbon boat in a hydrogen 
ambient. Directly after synthesis the compound 
was zone-refined using r.f. heating. A standard 
two-point probe method was used to evaluate the 
resistivity along the refined ingots. Only parts 
having a resistivity between 0.07 and 0.08 Q-cm 
were used for growing crystals. 

GaSb single crystals were grown by the Czoch- 
ralski method. Again, purified H, was used as a 
protective ambient. All crucibles used for pulling 
crystals were made from graphite. We frequently 
made use of so-called floating crucibles. In the 
design of these we followed essentially the method 
of GOORISSEN.(~) Some adaptations were made, 
however, to lengthen the connecting capillary and 
to minimize the evaporation from the liquid phase. 
The result is shown in Fig. 1. The length of the 
capillary (e) varied from 8-9 cm at a diameter of 
0.3 cm. Seed orientation was achieved with visual 
means and if necessary checked with help of X-ray 
diffraction. 

To reveal the core within a crystal we used a 
pulsed electrolyzing technique. The GaSb crystal 
functioned as anode against a copper cathode in a 
strongly acid solution [HCl (37 wt.%) : H,SO, 
(96 wt.%) : Ha0 = 1 : 1 : 81. As we were in- 
terested in the total percentage of core, electrolyz- 
ing was normally carried out on the inner side of 
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crystals sliced in half parallel to the direction of 
growth. The total charge passed during the process 
was of the order of 0.5-1.0 C/cm2. In our case a 
one-to-one relationship between the number of 
striations and the number of seed revolutions 
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FIG. 1. Floating crucible (inset: filled with molten 
GaSb). Scale 1 : 1.5 (a) growing GaSb crystal, (b) inner 
melt, (c) inner (floating) crucible, (d) outer (bulk) melt, 
(e) connecting capillary, (f) outer crucible, (g) shielded 
thermocouple, (h) fused quartz pedestal, (i) compen- 

sating weights. 

during growth was shown to exist by carefully 
measuring growth speed and speed of rotation and 
afterward counting the number of striations per 
cm. Conversely we could measure the exact growth 
speed at a certain point along the crystal axis by 
counting the striations. 

Comparative resistivity measurements on a 
crystal at room temperature were made with a four- 
point probe. The points were made of tungsten 
and spring-mounted, while the point separation 
was about 0.5 mm. We did not attempt to evaluate 
absolute results as this would have necessitated 
a rather frequent recalibration of the apparatus. 
Great care was taken, however, to avoid errors re- 
sulting from altering contact distances during a 
single series of measurements. Absolute values of 
specific resistivity, Hall mobility and hole concen- 
tration were obtained with the Van der Pauw 
method.@) Finally, a limited number of measure- 
ments was performed down from 150°K to 
liquid helium temperature. 

3. EXPERIMENTAL RJZSULTS 

3.1 Properties of crystals grown from pure, xone- 
refined material contained in a gloating crucible 
The greater part of zone-refined GaSb ingots 

possessed a resistivity of O-07-0.08 Q-cm. Further 
zone-refining did not result in a higher resistivity 
and no gradient along the length of the bar could be 
detected. 

All crystals grown in the (111) directions pos- 
sessed central (11 I} facets. The form of the core 
could be visualized as described in the previous 
section. The striations on the core were the more 
pronounced. We usually tried to grow crystals with 
as much core as possible. In addition to three 
oblique (111) facets six small (110) facets parallel 
to the growth axis could be seen on the outside 
of [iii] grown crystals. (The [ll l] direction is 
defined as the direction in which one is moving 
upon going from a group-V atom to a nearest 
neighbour group-III atom.) 

Crystals grown in the (100) and (110) direc- 
tions did not possess detectable central facets. 
This was concluded from the resistivity measure- 
ments and the etch pattern as produced by electro- 
lytic etching. Moreover, no central facets were 
visible on crystals lifted suddenly from their melt. 
In all cases growth was carried out in a manner that 
gave maximal facets in the (111 > direction of 
growth. In addition to four oblique (11 l} facets 
four small (100) facets could be seen on the outside 
of some <loo) grown crystals. 

Four-point probe measurements on the core 
and the non-core region together with the schema- 
tic cross-section as made visible by electrolytic 
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etching are shown in Fig. 2 for a typical [ill] 
grown crystal. As can already be seen in this figure 
the resistivity in the core is much less constant 
than in the non-core region. Further measurements 
indeed showed that the fluctuations in the non-core 
region were within experimental error, whereas in 
the core a correlation with the growth speed f was 
shown to exist (Fig. 3). It was calculated that the 
variation of the hole concentration with the growth 
speed dp/df = 2.2x lOls cms4 hr. For the non- 
core region a possible correlation as measured on a 
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FIG. 2. Four-point probe voltage vs. distance along the 
centre and along the outer side of a [l 1 l] oriented GaSb 
crystal together with a schematic cross-section of the 
same crystal as visualized by electrolytic etching. In the 
upper curve the rise at the left-hand side is due to the 
fact that the points approach the edge of the abraded 

surface. 

dlrectcv of growth A 

c ’ ’ ’ ’ ’ . ’ &I [lllj 1,5X 

1.6 1 
*. . . -. *. 

-1 
2 

. ._ . - . :. ._/‘: ::.. . . . . . :* 10 E . . *._.. z . 
\: 

5 

0 

); (D110'/4) . 1.7 

2 6 10 14 18 
mm 

FIG. 3. Four-point probe voltage (lower graph) and 
growth speed as measured by counting the striations 
(upper graph) vs. distance for the core in the lower part 

of crystal ED-31 [ill]. 

crystal grown with a strongly varied pulling speed 
was smaller than dp/df = - 1.5 x 1015 cms4 hr. 
The core forming factor u,(~) which is defined as 

the ratio of the effective distribution coefficients 

Kcore/knOn-core~ was approximately l-3. 
In a previous communication(l) the results of 

four-point probe measurements along a [iii’] 
grown crystal were given. From these it can be 
seen that the resistivity in the core is much more 
constant and we were unable to detect systematic 
fluctuations such as were present in [ll l] grown 
crystals. In the non-core region a very small cor- 
relation could be found and it was calculated that 
dpJdf = -2x 1016 cms4 hr. In this case the core 
forming factor cc = 1.6. 

Finally, for a (110) grown crystal a small varia- 
tion of the hole concentration p with the growth 
speed f was found and here it was calculated that 
dpjdf = -5 x 1015 cmp4 hr. 

Measurements made perpendicular to the axis 
of the crystals showed that for all directions of 
growth the resistivities of both the (if present) 
core and the non-core region were constant over an 
arbitrary cross-section. 

Van der Pauw measurements gave for the 
mobility and hole concentration the following 
typical values (Table 1). 

To obtain evidence concerning the acceptor 
energy level the low temperature Hall effect 
was measured on slices of both core and non- 
core material of crystal ED-30 (Fig. 4). 
Values of E,(core) = 2.9” x 10m2 eV and E,(non- 
core) = 2@ x 10m2 eV are obtained for 30°K < T 
< 150°K. A curvature of the graphs at lower 

temperature could be ascribed to impurity 
conduction. 

Finally, from a [iii] grown crystal as much core 
material (p NN 2*0x 1017 cmm3) as possible was 
collected. This was melted and frozen in the 
pulling apparatus. A single crystalline slice, 
isolated from the polycrystalline mass, was shown 
to contain the same hole concentration as a slice 
of non-core material isolated from the original 
crystal. 

3.2 Proputies of crystals grown from a melt con- 
taining an excess of one of the constituents 
In a series of experiments extra Ga or Sb was 

added to the melt. In most cases Ga and Sb were 
used “as received” and the quality of these 
materials was checked by growing a crystal from 
unrefined material. Measurements showed that 
the use of small amounts Ga or Sb should certainly 
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Table 1. Typical values of mobility and hole concentration as measured on crystals 
grown at a speed of 1 *O cm/hr and rotated during growth at 20-30 rev/min 

Core Non-core 

Direction of P P *x10-‘7 
crystal growth (cm2 V-r set-I) (cm2 V-l set-l) (cm - “) 

[1111 760&25 1.4kO.l 810+25 1.1 kO.1 
UTII 675 f 20 2.OkO.15 760+25 1.25kO.l 

<lOO>, <llO> 780 -840 1.1 -1.2 

not introduce electrically active impurities above 
the 5 x 1Ol5 atoms/cm3 level. The shape of the 
solid-liquid interface was strongly influenced by 
deviations from stoichiometry of the melt in the 
inner crucible. On (111) oriented crystals the first 
change was the appearance of macroscopic steps 
on the non-faceted part of the interface. With 
decreasing stoichiometry of the melt these steps 
acquired a surface that was identical with the 
plane normal to the direction of growth and became 
bounded in the lateral directions by other (111) 
planes. On (100) and (110) oriented crystals the 
solid-liquid interface finally consisted of pyramids 
and ridges, respectively, bounded by (111) planes. 
Again, however, no traces of (loo} or (110) planes 
could be found on electrolyzed cross-sections. As 
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FIG. 4. RHT314 as a function of reciprocal temperature 
for two slices taken from the core and the non-core of 
ED-30 [iii]. RHT3'* was plotted rather than RHT31a 
as there was no indication of the presence of a con- 

siderable amount of compensating donor impurities. 

the excess Ga or Sb was added to the bulk of the 
melt, the composition of the melt in the inner 
crucible changed steadily, the change only being 
modified by evaporation of antimony. Constitu- 
tional supercooling and second phase segregation 
set in at an Sb or Ga content of the melt of 70-75 
at.% The results of measurements on homo- 
geneous material grown just before the onset of 
second phase segregation are given in Table 2 for 
the [iii] direction of growth. Crystals grown in 
other directions gave essentially the same type of 
picture. The values reported for the core were 
measured on material grown from a melt with a 
slightly more extreme ratio of the components as 
the homogeneity of the core was preserved longer. 

From measurements of the low temperature Hall 
effect it was concluded that the changes in hole 
concentration were due to changes in the density 
of the acceptor A. A [iii] oriented crystal, finally, 
grown from parts of crystals earlier grown from a 
Ga-rich melt resembled in every single aspect 
crystals grown from a stoichiometric melt. 

3.3 Crystals grown with impurities added to the melt 
Some crystal growing experiments were under- 

taken using p-type doping elements in order to 
check a possible similarity between the p-type 
centres introduced in this way and the original 
acceptor centres. 

These experiments showed that Si, for which an 
effective distribution coefficient KsioaSb = 1 was 
reported(*) and which mass spectrographic analysis 
could not fully eliminate as the rest impurity,(g) is 
readily removed from a GaSb melt by oxidation. 
The facet ratio found could best be explained as the 
weighted means of two ratios, namely that of the 
added Si (~~o~s,,(s~),[+~+, = 0.7) and that of the 
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Table 2. Extreme values of mobility and hole concentration as measured 011 GaSb single 
crystalsgrown in the [iTi] direction at 1-O cm/hr j?om a melt enriched with respect 

to one of the constituents and rotated during growth at 20-30 rev/min 

Core Non-core 

Type of melt p P pxlO-” 
(cmsV-lsec-l) (cm” V-l set-I) (cm-a) 

Ga-rich 
Sb-rich 

67.5 + 20 2.5 kO.1 770 + 20 1+45+0*1 
87OklO 0.86 _+O-02 87OklO 0+36+0*02 

. . 
original acceptor (~(o~a~(~),t+~~~ = l-6). As these 
ratios differ markedly from one another, it 
follows that Si cannot be the residual acceptor A 
in GaSb. Moreover, our experiments indicate a 
value of kSi,GaSb = 1.4, which is somewhat higher 
than the reported value. 

It was measured that for zinc(lO) (kZn,GaSb = 1) 

tCGsSb(Zn).ECiil = l*O 
and for cadmium’8’ (kCd,GsSb = 0.02) 

C(GsSb(Cd),Ciiil = 1.6. 

Thus these two elements cannot be held respon- 
sible for the residual acceptor concentration. 

4. DISCUSSION 
The distribution of an impurity during zone- 

refining can be influenced by the fact that the 
growing surface is more or less faceted. As, how- 
ever, our refined ingots were very polycrystalline 
we should not expect serious hindrance from such 
an effect, because a slow growing surface with 
nucleation difficulties would be suppressed by 
faster growing surfaces. (It may be remarked that 
the reverse situation occurs in monocrystalline 
ingots.) Thus we conclude that the material from 
which the crystals were to be grown was either 
non-stoichiometric or else did contain an impurity 
with k,,_,,, = 1.0 at p M 1017 cme3. 

In a previous communication(l) we concluded 
from a comparison of the theoretical consequences 
of the presence of a core in a crystal with our ex- 
perimental results that the holes in GaSb are 
caused by a non stoichiometric crystallizing of the 
compound. This conclusion is now reinforced by 
the results of the measurement of the low tempera- 
ture Hall effect which indicate an equal acceptor 
energy level in both parts of the crystal and by the 
result of the remelting experiments. 

We must now consider the nature of our un- 
known acceptor A. As from the form of the liquidus 
in the temperature-composition diagram a random 
distribution in the melt was deduced,‘ll) we will 
not consider association of atoms in the melt. 
From earlier published data three facts seem to be 
important, viz. the acceptor A must be related to 
a Ga excess or Sb shortage,(s) the acceptor must 
also be related to a vacancyc4) and finally it must 
be fairly immobile. (2) The first condition is con- 
firmed by our own experiments whichshow that the 
results of crystal growth from a non-stoichiometric 
melt may be considered in terms of differences in 
the concentration of the acceptor A. The second 
condition follows from the work on Li diffused 
GaSb.c4) These two conditions leave only the Sb 
vacancy as a possible, simple defect. The third 
condition follows from annealing experiments(2) 
and from our own observations concerning the 
behaviour of the resistivity striations as will now 
shortly be explained. 

We assume that the profile of the striations stems 
from variations in the concentration of the un- 
known acceptor and that at t = 0 the profile can 
be written as 

C(x, 0) = C,+ C, sin y 

where X stands for the peak tovalley distance, thatis 
the distance grown during half a revolution. 
Using now the diffision equation for an isotropic 
and infinite medium we get 

C(X, t) = C,+C, sin x* 7r* exp[ - (7r2/A2)DAt] 

From our electrolyzing experiments no differences 
could be found between the striations in the part 
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of the crystal that was grown just before the whole 
crystal was suddenly lifted from the melt and 
striations in earlier grown parts. Thus the strength 
of the striations had certainly not diminished by 
more than a factor 2 and we conclude 
that D,t < 4.5 x 10mQ cm2 under our experi- 
mental conditions (pulling speed 1-O cm/hr, speed 
of rotation 30 rev/min, h = 2.5 p). Using pub- 
lished data’12) for the thermal gradient in con- 
nection with our pulling speed it seems justified to 
state that a newly grown part of the crystal has on 
the average a temperature of 650°C during the first 
hour. Thusitfollows that D,(65O”C) < 1.3 x lo-l2 
cm2 set-l. Here the given limit must indeed be 
considered as the very maximum value. If the 
unknown acceptor were simply a vacancy, it 
should be possible to represent its diffusion 
coefficient Dv,,( T) by 

D 
V&C 

(T) = D,(T){N”,,(T) +N,(T)) 

NV,,(T) - 

D, = self diffusion coefficient on the relevant 
sublattice(13) 

= 3.4 x lo-l4 cm2 see-l at 650°C. 
Nvac/Ns = relative concentration of vacancies 

= IO-5 

Thus D,,,(65O”C) = 3.4 x lob9 cm2 set-l. 

Furthermore we should expect a vacancy 
gradient along the crystal due to the heat treatment 
during growth, as has been found both in Ge(14) 
and InSb.(15) 

Thus it can be seen that in these respects the 
behaviour of the acceptor centres does not conform 
to a simple vacancy model. 

We now turn our attention to a more elaborate 
defect model. Using antistructure defects (Gas, 
and Sb,,) and Schottky disorder (Vo, and V,,) 
it is possible to form ten combinations of point 
defects, e.g. Ga,,Sb,, and VGaGaSb. Of these 
only the V,,,Vsb, GasbVsb and Ga,,Vo, models 
stand testing to the aforesaid conditions. The first 
two centres will, however, certainly exhibit a high 
degree of dissociation, especially at higher tem- 
peratures, owing to their steric structure. Thus we 
are left with GasbVGa as the only reasonable 
possibility. This defect corresponds to a Ga 
excess, it will possess acceptor properties and its 
diffusion coefficient should be lower than the 

coefficient of self diffusion. Moreover no objec- 
tions can be raised in view of the covalent radii 
and it even follows that a centre involving an 
Sbc, defect is less probable. 

We must now verify to what further extent our 
crystal growing experiments comply with this 
acceptor model. 

The occupational history of lattice sites during 
crystal growth was described by HOLMES. 

Adapting his picture for our zincblende structure 
we may state that in the [iii] direction of growth 
l-bonded Ga atoms will be very scarce, Z-bonded 
atoms are part of the advancing step edge, 3- 
bonded atoms form the surface layer and Ga atoms 
pass in the 4-bonded state during the passage of a 
newly deposited layer and partly perhaps before- 
hand by the adsorption of Sb atoms. The Sb atoms 
will be able to go into a l-bonded adsorbed state, 
the 2- and 3-bonded atoms are part of the advanc- 
ing step edge and the 4-bonded state is attained 
after the passage of the step. Thus we propose for 
growth in the [iii] direction the following 
picture (Fig. 5). These figures can only be schema- 
tic and some variations due to differences in 
crystallographic direction have been neglected. We 
may expect the graphs as given above for the 
Ga-sites to hold in first approximation for the 
Sb-sites in the [ill] direction of growth and vice 

1 !I j 111 i 
c t A0 C t 

FIG. 5. The degree of occupation Q against time for the 
two types of sites in the double layer for the [III] 
direction of crystal growth. Thus the inner layer of the 
spreading sheet consists of Sb atoms and the outer 
layer of Ga atoms. (a) Sb sites on the facet; (b) Sb sites 
off the facet; (c) Ga sites on the facet; (d) Ga sites off 
the facet. tA is time of arrival of step edge, tB is time of 
passage of the step to the next atomic row, tc is time of 
arrival of the next step edge. tic for the general sites is 

equal to tAc for the facet sites. 
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versa. It can be seen that the only difference 
between facet and non-facet sites lies in the speed 
of passage of the step edge. 

There exists, however, during growth a more 
fund~ent~ difference between the two regions of 
the crystal. The axis of the thermal field in the 
melt, the axis of rotation of the crystal and the 
crystallographic direction perpendicular to the 
facet do in practice not coincide exactly. 

V?e now assume for a moment that only the 
latter two axes coincide with one another and are 
parallel with the axis of the thermal field. The 
rotation of the crystal then gives rise in the non- 
core region to a periodical variation in the lateral 
growth speed and this leads to the appearance of 
striations in the crystal. These striations form a 
helical surface with a single pitch. Even remelting 
must be possible and should in our opinion occur 
as it could be observed that the crystal diameter 
does not vary continuously, but is characterized by 
a rather abrupt minimum which runs along the 
length of the crystal, again with a single pitch. In 
the core, however, no striations are to be expected 
under the aforesaid assumptions, as these only 
lead to a periodic, circular motion over the facet of 
the point where the undercooling is greatest and 
where thus nucleation should occur. 

Neither will on the other hand a situation in 
which the axis of rotation coincides with the axis 
of the thermal field in the melt, but not with the 
axis perpendicular to the facet, give rise to stria- 
tions in the core. It can be shown that the observed 
striations in the core region can only stem from a 
more complex situation in which none of the axes 
coincides with another one. Moreover they cannot 
possess a helical form. 

Furthermore no melting back will occur except 
at the very edge of the facet, as the temperature of 
the whole facet will normally be lower than the 
melting temperature. Thus the growth can only 
cease during part of a revolution and it will become 
more and more continuous as the pulling speed 
increases. Moreover, it must be realized that owing 
to their different nature the connection of the 
striations at the boundary between the two regions 
cannot be ideal but some adaptation must take 
place. Only if the axis of rotation lies outside the 
core can the connection be continuous. This, how- 
ever, is certainly not the normal case. 

From our measurements some differences arose 

between pll] and [iii] direction of growth. 
These cannot originate from a different crystal- 
lization temperature since measurements across 
the crystal perpendicular to the direction of 
growth gave a constant hole concentration, which 
does therefore not depend on the degree of under- 
cooling on the facet. 

The relevant exchange of atoms from the surface 
layer with the adjacent melt will take place prin- 
cipally from and to 2- and 3-bonded sites. Few 
atoms occupy l-bonded sites and atoms will not 
be able to move from and to Cbonded sites in 
appreciable numbers. The Zbonded sites which 
always lie in the advancing step edge occupy the 
position the most intermediate with respect to the 
solid and the liquid state and will thus have the 
greatest exchange rate. For growth on the facet 
an enlarged pulling speed will, however, not 
greatly influence t,, (Fig. 5) but will mainly find 

. . 
expressron m t,,. As a dependence of the hole 
concentration upon the pulling speed was measured 
in the [ill] direction of growth where the outer 
layer is filled with Sb atoms and not in the [iiT] 
direction where the outer layer is filled with Ga 
atoms, we conclude that this stems from exchange 
of the top layer with the melt. As can be seen from 
Fig. 2, this exchange tends to diminish the 
difference between the core and the non-core 
region, because the factor u decreases with de- 
creasing pulling speed and increasing t,,. Assum- 
ing that the defect concentration in the core will 
strive to the concentration in the non-core region, 
which seems quite justified, the growth conditions 
for the latter part of the interface being near 
equilibrium, we expect the total exchange to vary 
exponentially with the available time. Thus the 
plot of log(pcore-~non_care) vs. ts, which is 
approximately equivalent with a plot of 
log(l~lro,r,-l~V,,,.,,,) vs. l/f must yield a 
straight line. Here I’ stands for the voltage 
measured with a four-point probe at constant 
probe current. The experimental points are re- 
plotted in Fig. 6 and it can be seen that extrapola- 
tion towards t,, = 0 (f = 00) gives (l/V,,,,- 
l/~~‘,,,_,,,,) = O-3 mV_l, which corresponds to a 
difference in acceptor concentration of about 
0-7x 1OX7 crne3 

The fact that [Ti’f] oriented crystals do not show 
a measurable dependence of the resistivity upon 
the growth speed can be considered as equivalent 
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to saying that the exchange time t,, = 0. 
For these crystals the difference between the two 
regions was O-8 x 1017 crne3, which does conform 
very well indeed to the extrapolated value as cal- 
culated above. 

4 I I I 

ED-31 C 111 I 

to describe the growth on a microscopic scale in 
the (llO> direction. 

As to the facet formation in GaSb our experi- 
ments show that the undercooling to initiate 
nucleation is much greater on (111) faces than 
on (110) and (100) faces, because we were utterly 
unable to grow crystals with a central core in the 
(100) and (110) directions. Nevertheless, we 
believe that in these directions some under- 
cooling occurs, since (100) and (110) side facets 
could be observed. Thus it seems that the theory 
that the melt consists predominantly of atomic 
constituent&l) cannot be used in the case of 
GaSb to predict the facet formation, because we 
then should expect a difference between the 
(110) and (100) directions. 

ldd 
0 0-s lo l-5 

+ hi h) 

Fm.6. [(i/v=‘,,,) -(l/V,,,,_,,.)] asafunctionofreciprocal 
growth speed l/j for crystal ED-31 [ill]. V,,,,_,,, is 

constant. 

We thus conclude from these measurements 
that the defects must be located in the upper layer 
of the spreading sheet in the [ill] direction of 
growth and in the lower layer in the [iii] direc- 
tion. This is in both cases the layer that consists of 
Sb atoms. Possible defects are thus an Sb vacancy 
or a Ga atom on an Sb site. However, as has been 
argued before, the defect centre cannot be that 
simple and we must expect that in the first case 
one of the nearest neighbour Ga atoms fills the 
vacant site while leaving behind a Ga vacancy and 
creating a GasbVCa centre. In the second case the 
presence of a Ga atom on an Sb site could facilitate 
the formation of an adjoining Vo, thus giving rise 
to the same defect centre. 

There remain a few aspects of crystal growth 
that are difficult to explain with our defect model. 
These are the dependence ofp upon the growth 
speed as measured in <llO) grown crystals and 
in the non-core region of [iii] grown crystals. 
In both cases the acceptor concentration decreased 
upon increase of the pulling speed. However, it 
must be realized that the effect in the [iii] direc- 
tion was very small and that it is extremely difficult 
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