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to use this effect to realize such a transistor as 
having voltage controlled variable current gain. 

From the practical point of view, it may be 
difficult to make extremely thin second base region 
with controlled lifetime. We expect, however, it 
may be done, for example, by alloying the collector 
pellet of proper compound.(s) 
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1. Introduction 

A REMARKABLE feature of gallium antimonide, 
GaSb, is, that-regardless of the way crystals are 
obtained-the material mostly possesses hole 
conductivity with p = lOl’/cms at room tem- 
perature.(192) 

This must be caused by a residual impurity with 
a distribution coefficient k x 1 or by the formation 
of a non-stoichiometric compound.(s94) Additional 
evidence was obtained by studying the growth 
properties. 

2. Experimental 

Crystals were grown from zone refined material, 
according to Czochralski, in an H:! ambient using 
R.F. heating. The direction of growth was along 
the [iii] axis. The stoichiometry of the melt was 
better than 99 per cent. Pulling-speed was 
0.85 cm/hr, speed of rotation 30 revjmin. We 
used the floating crucible method,@) which for 
our purpose has the advantage, that the com- 
position of the growing crystal is more sensitive to 
changes in the composition of the melt in the inner 

crucible. The length of the capillary between inner 
and outer crucible was as large as 9 cm, the 
diameter was 3 mm. It can easily be calculated, 
that this rules out any appreciable diffusion 
between both parts of the melt. The crucibles were 
made from graphite. 

The pulled crystals contain often and mostly in 
the lower part a core.@) The core is that part of 
the crystal, that grows as a perfect (iii) facet. It 
was made visible by slicing the crystal along the 
direction of growth in two equal parts and sub- 
sequent anodically etching in dil HCl/HzSO4. 
The outer side of the core then appeared as a set 
of closely spaced straight lines. The distance 
between two lines is equal to the growth during one 
revolution. A characteristic result is shown in 
Fig. 1. 
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FIG. 1. Schematic cross section of a GaSb crystal grown 
in the [‘ITT] direction after electrolytic etching. 

We thereafter performed the following experi- 
ments (at room temperature) : 

(a) Four-point probe resistivity measurements 
were made on the outside of the crystal after 
abrading with SIC powder (0). The point separa- 
tion was approximately 0.5 mm. 

(b) The same measurements, but over the axis 
of the crystal in order to deal as much as possible 
with the resistivity of the core ( x ). 
For the crystal of Fig. 1 the result is recorded in 
Fig. 2. 

(c) Measurements on some slices cut perpendi- 
cular to the direction of growth. Here the resistivity 
in each of the two regions was shown to be constant 
over the slices within experimental accuracy 
(N 3 per cent). 

(d) Measurements according to VAN DER PAUW17) 
were performed on some slices isolated both from 
the core and from the non-core region. 
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From these we obtained the following results: 

Core: p 0.045 &- 0.002 a-cm 

P 675 + 20 cm2/V-set 

P (2.1 + 0.1) x 1017/cm3 

Non-core : p 0.062 _+ 0.002 a-cm 

P 760 + 25 ems/V-see 

P (l-3 + 0.1) x 1017/cm3 

The ratio of the distribution coefficients is therefore 

p&n-e = 1.6. 
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FIG. 2. Four-point probe voltage vs. distance for the 
crystal of Fig. 1. 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. The fall at the right- 
hand side is later, than expected, because the core is 

not entirely centrosymmetrical. 

3. Theory 

The theoretical consequences of the presence 
of a core in crystals grown from a floating crucible 
have to be considered now. 

(a) Assuming that we are dealing with an im- 
purity, we may expect a constant core-forming 
factor M. = k,/&(s) (K, and K, are the segregation 
constants inside and outside the core region). In 
our case c( = 1.6. During the first stage of the 
crystal growth the percentage core is approxi- 
mately zero and there exists a steady state, when 
Co = k, * Cf (Co and Cc are the impurity con- 
centrations in the outer and inner crucible). As 
said before in the case of GaSb k, z 1. If the core 
region increases from less than 10 per cent to more 
than 90 per cent Ci must decrease. The steady 
state, which existed, will only be regained when 

Co = kc. Ci = k, . a. Ci N” a. 15’6 (k, z l), 

because only then the addition of impurity to the 
inner melt is equal to the uptake by the crystal. 

In that case Cs]C’i = 1.6. It can easily be calculated, 
that if we assume complete mixing in the inner 
crucible Ci comes to within 10 per cent of its final 
value, when a crystal volume 3 * Vt has been 
grown after the core has increased to more than 
90 per cent. (Vi = vol. inner crucible; the corre- 
speeding length of the crystal is 3 mm.) In 
different cross sections of the crystal before the 
growing out of the core and after the return to a 
steady state one must find the same impurity con- 
centration (cf. Fig. 1). 

(b) Our picture changes, when we assume, that 
GaSb is pure but not stoichiometric. In that case 
one must expect, that the resistivity in the two 
regions will not be influenced by their respective 
size. This means that during the increase of the 
core the resistivity in both parts of the crystal will 
be constant, if all the other growth determining 
factors are constant. As to a difference in resistivity 
between the two regions the following remarks can 
be made: 

The way of growing in the two regions is 
different. In the core the growth is composed of 
nucleation on the facet and rapidly sideward grow- 
ing out of the nuclei over the facet. In the re- 
mainder of the crystal no nucleation is needed and 
the rapid growth is continued slowly.(*) Therefore 
the &L-interface in the core consists only of 
(iii) planes and outside the core less polar planes 
are present too for instance (100) and (110) 
planes. 

If one of the components is adsorbed pre- 
ferentially, the adsorption and correspondingly 
the amount incorporated into the growing crystal 
will be different for a polar facet and the remainder 
of the crystal. 

These factors can certainly give rise to a 
difference in resistivity between core and non-core 
part of the crystal. 

4. Conclusions 

From our measurements we can see, that the 
resistivity of both core and non-core region is 
constant along the crystal. This is the case for the 
parts of the crystal in which the amount core is 
constant as well as for the part, where the core 
grows from < 10 per cent to > 90 per cent of the 
crystal diameter. This leads us to the conclusion, 
that we are dealing with Case 3(b) i.e. that the holes 
in GaSb are caused by a non-stoichiometric 
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crystallising of the compound. One might consider 
Ga-atoms in the Sb-sublattice, Ga-vacancies or a 
combination. In the first case one should be able to 
grow more stoichiometric crystals from a melt with 
more than 50 per cent Sb, in the second case the 
reverse is true. Finally, we may remark, that in 
crystals grown in the [ill] direction a smaller u 
has been found (a = l-2). Both facets have a 
different polarity, so this too points to an im- 
portant role played by the adsorption. 
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Note added in proof; Recently a paper by D. EFFER and 
P. J. ETTER was published (J. Phys. Chem. Solids 25,451 
(1964)). From a series of experiments in which GaSb 
was prepared under varying conditions the authors 
conclude, that the p-type nature of GaSb is due to 
lattice defects rather than to impurities. 
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NOTATION 

P concentration of the holes/cm3 
P resistivity in n-cm 
I-L mobility of the holes in cm2/V-sec. 
PC concentration of the holes in the core/cm3 
p,-, concentration of the holes in the non-core region/ 

1. 

2. 
3. 

4. 

5. 

6. 

7. 
8. 

Cd 

segregation constant inside the core region 
segregation constant outside the core region 
U, 
impurity concentration in the inner crucible 
impurity concentration in the outer crucible 
volume of the inner crucible. 
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