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Abstract: Indium inclusion in synthesis-solute diffusion (SSD) grown InP crystals 
was found to depend on growth temperature and phosphorus vapor pressure and 
can be described using a calculation model of inclusion on crystallizing with a 
cellular front. The setup for synthesis employs an electromagnetic mixture of 
liquid indium, which increases the growth rate up to 1 mm/h, a great improve- 
ment on the usual rate of a few millimetres per day. Distribution coefficients of 
most of harmful impurities that are difficult to remove are measured at an 
impurity concentration of 10W2 mass%. It was shown that purification of the 
obtained material, removing most impurities, has occurred. 

1 INTRODUCTION 

Indium phosphide is becoming an increasingly 
important semiconductor material for microwave 
and electrooptical application. 1 The development 
of InGaAsP-InP lattice-matched heterojunctions 
requires high-quality substrates of both undoped 
and doped InP. 

Because of the high decomposition pressure of 
InP and high vapor pressure of phosphorus, 
growth of InP using the liquid-encapsulated 
Czochralski (LEC) technique is more difficult in 
comparison with GaAs.2 However, use of the 
synthesis-solute diffusion @SD) technique3-5 has 
some advantages. The phosphorus vapor pressure 
and temperature used are lower than in LEC, 
and the apparatus and process used in LEC 
are not required. With SSD, it is also easier to 
control doping of the crystal with volatile 
impurities. However, data on impurity redis- 
tribution on crystallization of InP are quite 
different.6-16 

In the present work, the dependence of In 
inclusion on the synthesis condition using the 
SSD method, and the segregation coefficients and 
solubility limits of some impurities are investigated. 

2 EXPERIMENTAL 

The synthesis is carried out using a setup pre- 
viously described. l7 Indium (000s melt-refined 
under vacuum) and red phosphorus (5-9s) were 
introduced into a crucible and on to the edge of 
silica ampoule, respectively. The charged materials 
were baked in vac~o (2 x lop6 Torr) at 900°C for 
indium and 120°C for phosphorus, to remove 
impurities and water. The silica ampoule was 
pumped out then sealed and placed into the ver- 
tical bizonal furnace with a temperature gradient 
of 20_30”C/cm. The ampoule was lowered at a rate 
1 mm/h. The temperature of indium zone varied 
from 900 to 102O”C, and low temperature was 
kept at 40&52O”C, yielding a phosphorus vapor 
pressure of about 3-15 atm3. 

A limiting stage was shown2 to be the transport 
of phosphorus through the melting metal in the 
crucible to the surface, thus obtaining crystals of 
InP. To intensify this process the setup employs an 
electromagnetic mixture of liquid indium, which 
increases the growth rate (v) up to 1 mm/h, com- 
pared to the usual rate of a few millimetres per 
day.3T4 The device was constructed on a stator base 
of electromotor power (0.5 kW), which rotated the 
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metal mixture at a rate of 300 revs/min. Under 
setups with varying temperatures, the loading and 
operational characteristics were measured using 
a special mechanical mixer. Rotation rate was 
registered by a photodetector of laser light and a 
frequency meter. 

To determine indium inclusion in InP the sam- 
ples were cut into equal pieces, which were broken 
up and dissolved in nitric acid. the included indium 
was weighed by titrating the obtained solution by 
Na*EDTA and recalculating for volume, taking 
into account the different densities of InP and 
indium. 

Dopants were selected according to their fea- 
tures and electrical activity in InP. They were 
added to indium first in elemental form (99.99%) 
to an initial level of lop2 mass%. To define the 
change in concentration of added impurity along 
the length of a crystal, samples of InP were cut into 
sections and the dopant concentration in these 
crystals was determined by the atomic-absorption 
method. 

3 METAL INCLUSION 

Figure 1 shows a plot of indium inclusion quantity 
(x) as function of synthesis condition. The product 
of values of phosphorus concentration in liquid 
indium (C,) are shown on the x-axis, and slope of 
the liquidus curve (m)18 is also given. The quantity 
of included indium can reach 40% of ingot mass 
under zone temperatures of 900 and 400°C for 
indium and phosphorus, respectively. It decreases 
with increasing metal and phosphorus temperatures 

and is not observed at zone temperatures of 1000 
and 500°C for indium and phosphorus, respectively. 

To estimate the value of x, a suggestedI model 
of calculation of inclusion on crystallizing with 
cellular front is used: 

X 
- = yCmEg-k) - k-(l-k)exp(-vS/D) (1) 
l-x 

where D is the diffusion coefficient of phosphorus 
in solution, k is the distribution factor, and 6 is the 
thickness of the boundary diffusion layer. 

Calculation using eqn (1) is sensitive to the value 
of the diffusion coefficient of phosphorus in solu- 
tion, which at 1000°C varies from 2 x 10M4 to 
8 x lop4 cm2/s. 2o Therefore, on Fig. 1 data for 
extreme values of D are plotted (curves 1 and 3). 
Experimental data (A) conform to the area above 
and correspond with curve 2, calculated for 
D = 4 x 10-4cm2/s. 

The value of 6 is estimated by19 

6 = 3,24&&-f (2) 

where y is the viscosity of liquid indium and w is 
the velocity of rotation of the solution. WN 300 
revs/min and D = 4 x 10e4 cm2/s yield 6 N 
1.2 x 10m2cm2. Equation (1) can be modified to give 
the external value concentration of phosphorus in 
indium (for x = 0): 

uC,m 
- = exp(-z&/D) 

DG 

Points of intersection curves with axes C,,,*m on 
Fig. 2 correspond to eqn (3). 
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Fig. 1. Dependence of indium inclusion in InP from synthesis 
condition by SSD: (A) and (*), experimental values; ( -) 

calculated values 

Fig. 2. Distribution of impurities along InP ingot: (1) zinc; (2) 
sulphur; (3) selenium; (4) cadmium; (5) tin; (6) tellurium; (7) 

germanium. 
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It is obvious that under the conditions investi- 
gated (Tr, = lOOO”C, TP = 500°C) ingots of InP 
without inclusion are obtained when (TJ) is 1 mm/h 
(crystallizing front is smooth). It should be noted 
that inclusion at synthesis of InP under the same 
conditions only without an electromagnetic 
mixture of liquid indium takes place (* in Fig. 1). 

4 REDISTRIBUTION OF IMPURITIES 

The above-mentioned conditions of the growth of 
InP without indium inclusion are used to investi- 
gate impurity distribution coefficients (k) in a 
system of solid InP and phosphorus solution in 
indium. 

Experimental data are treated by the well-known 
normal freeze equation: 

can be seen that distribution coefficients are less 
than 1 for each impurity. Coefficient k has been 
found for each impurity by the tangent of the slope 
and the ordinate intersection of the curve calcu- 
lated using the minimization method. If k +Z 1, k 
can be negative then determined by the first case. 
Because v = 1 mm/h at forced mixture melting, 
obtained value of coefficients are in equilibrium. 

This distribution is in contrast to the impurities 
of Fe, Co, Ni, Cr. Figure 4 clearly shows that the 
concentration of impurities along the ingot is not 
changed. This distribution is due to solubility lim- 
itation of impurities in InP. The calculated values 
of solubility limitation are in agreement with 
known values.i0,i6 

Table 1 summarises known”16 and experimental 
values of coefficients distribution and solubility 
limitation. 

C&‘o = k(1 - &’ 

5 CONCLUSION 
where Co is the impurity concentration added to 
the initial indium, C, is the impurity concentration 
in solid InP, g = l/L and is the mass solidified 
fraction of InP ingot. 

Impurities of Group II and VI elements are 
known to have greater volatility than indium. It is 
possible to remove the impurities from the reaction 
zone in the process of crystallization. To avoid this, 
synthesis is begun upon increasing the phosphorus 
temperature zone. Phosphorus high pressure of 
about 10 atm3 prevents impurities from being 
removed. Also the balance of impurity quantity in 
InP and initial indium has been taken into account. 

Figures 2 and 3 show a linear relationship 
between experimental ln(C,/Co) and ln( 1 -g), indi- 
cating the applicability of eqn (4) to this case. It 

Fig. 3. Distribution of impurities along InP ingot: (1) 
manganese; (2) silver; (3) copper. 

Indium inclusion in SSD-grown InP crystals was 
found to depend on growth temperature and 
phosphorus vapor pressure and can be described 
using a calculation model of inclusion on crystal- 
lizing with cellular front. Inclusion is not observed 
at zone temperatures of 1000 and 500°C for indium 
and phosphorus, respectively. 

Distribution coefficients for most of difficult- 
to-remove harmful impurities are measured on 
crystallizing indium phosphide at an impurity 
concentration of lo-* mass%. 

It was shown that purification of the obtained 
material from most impurities takes place, espe- 
cially in the case of important impurities such as 
sulphur, selenium and tellurium. 

Fig. 4. Distribution of impurities along InP ingot: (1) iron; 
(2) nickel; (3) cobalt; (4) chrome. 



274 N. V. Lapin, V. V. Grinko 

Impurity 

Table 1. Distribution of impurity coefficients on crystallization of indium phosphide 

Limit solubility of impurities in InP Distribution coefficients 
Present paper Czochralski method *16 

Present paper Refs 10 and 16 Impurity concentration in Distribution coefficient 
Indium, mass% x 1 O* 

Ag 
cu - 

2 - 

Sn 
Ge 
S 
Se 
Te 
Fe 
Ni 
co 
Cr 
Mn 

- 
- 

- 
3x10-4 

1.5x10-3 
1 x IO-3 
1 x IO-4 

1.7 
- 1.3 
- 1.5 
- 2.5 

1.8 
1 .o 

- - ::: 
3.0 

4x IO-4 2.3 
- 2.1 
- 1.8 

4x10-5 0.78 
1.1 x IO-2 2.7 
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