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Abstract

Axial and radial segregation of (i) Ga in Ge and (ii) InSb in GaSb has been evaluated in crystals grown by the
submerged heater method. The values of di!usion coe$cients obtained by "tting the Tiller's equation to the initial
transients in composition are signi"cantly lower than the values in the literature, obtained by using shear cells with
capillaries. ( 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction

Dopant and alloy segregation is a key phenom-
enon occurring during directional solidi"cation of
semiconductors. Segregation leads to non-uniform
spatial electrical and optical properties and alloy
composition in the wafers obtained from various
sections of the crystal. The compositional homo-
geneity in the growing crystal is strongly a!ected by
melt convection near the solid}liquid interface.
Uniform distribution of impurities (having equilib-
rium segregation coe$cient kO1) is achieved only
when all impurities, which are absorbed at the
melt}crystal interface, are continuously replenished
from the bulk melt. Steady replenishment can occur

only if the growth rate R is constant, melt convec-
tion is steady and predictable, and the concentra-
tion of impurities in the bulk melt remains constant
during growth [1]. These conditions are not satis-
"ed during normal freezing on earth because of
buoyancy-driven convection. Steady-state segrega-
tion was reported only in a few space-grown crys-
tals [2]. More recently, directional solidi"cation
under terrestrial conditions by (a) application of
magnetic "elds during crystal growth [3}5] and (b)
employing a submerged heater in the melt
near the growth interface [6], the required condi-
tions for steady-state growth by normal freezing
and zone solidi"cation techniques have been
met. Strong reduction in convective interference
with segregation was demonstrated by the latter
technique in a large number of experiments with
various materials system [7}9]. In particular,
exceptionally uniform steady-state segregation was
recently obtained in Te-doped GaSb by using
large seeds in conjunction with an un-powered
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submerged heater (i.e. ba%e) [10]. According to the
analytical model and scaling analysis [11,12] this
was possible because the equilibrium segregation
coe$cient of Te in GaSb, k"0.37, is not much less
than one, and because of the relatively low di!usion
coe$cient, D"1]10}5 cm2/s.

The present work has been carried out with two
key semiconductor model systems: Ga-doped Ge
and dilute GaInSb alloy. Both systems have low
equilibrium segregation coe$cients (k"0.087 and
0.1, respectively), which according to the models,
makes steady-state growth a challenge. As in the
previous work on Te-doped GaSb [10] we have
employed single crystal seeds of the same diameter
as the crystal, which simpli"es the analysis of axial
and radial segregation because of the absence of the
cone region typical for vertical Bridgman growth.
In the cone region, the area of the growing crystal
changes continuously until the "nal diameter of the
crystal is reached. As a result the shape of the
melt}crystal interface changes due to constantly
varying radial temperature gradient. This in turn
induces de-stabilizing conditions at the growth in-
terface and leads to convective interference [13]. As
will be discussed, the analysis of the dopant pro"les
yields values of di!usion coe$cients of Ga in Ge
and InSb in GaSb which are lower than the accep-
ted values in the literature, measured using shear
cells with capillaries [14}17].

2. Experimental procedure

Synthesis of Ga
0.98

In
0.02

Sb has been carried
out in a multi-zone Mellen furnace [10] in 20mm
diameter #at bottom silica crucibles from 6N pure
Ga, In and Sb without chemical treatment. The
submerged ba%e was used to mix the charge during
synthesis [10]. The synthesized Ga

0.98
In

0.02
Sb

was then freshly etched with CP4 etchant
(CH

3
COOH :HF :HNO

3
in 3 : 3 : 5 by volume).

A seed of 20mm in diameter, a S1 1 1TB oriented
single crystal GaSb was used in the growth
experiment. The melt was encapsulated by
NaCl : KCl eutectic (50mol% : 50mol%) alkali
halide salt to avoid volatilization and to reduce the
probability of multiple nucleation from the crucible

wall. A pre-growth baking of the charge and the
salt (to remove moisture) was carried out at ap-
proximately 3003C for a period of 3 h under vac-
uum. After the baking, the furnace was "lled with
1 atm of argon and heated to about 103C above the
melting temperature of GaSb (7123C). The charge
was homogenized by vertically raising and lower-
ing the ba%e in the melt for a period of 30}40min.
Thereafter, seeding was done by re-melting around
5mm length of the seed. The melt was kept at
a constant temperature for stabilization during 1 h.
At the end of the homogenization cycle, the ba%e
was placed 1 cm away from the solid}liquid inter-
face and the ampoule was lowered at a constant
rate of 3.2mm/h. The furnace temperature gradient
near the melt}solid interface (d¹/dz) was approx-
imately 15K/cm. This temperature gradient was
su$cient to prevent constitutional super-cooling in
Ga

0.98
In

0.02
Sb. After solidi"cation, the furnace

was cooled down slowly to room temperature, over
a period of 8 h.

The experiments with Ga-doped Ge were also
performed in 20mm diameter silica crucibles, with
a 20mm diameter S1 0 0T oriented Ge seed. No
melt encapsulation was used in these experiments.
The lowering rates were 10 and 30mm/h. The dis-
tance h between the ba%e and the melt}solid inter-
face in two experiments was 1 and 1.5 cm. The third
experiment started with h"1 cm. During the
growth, h continuously decreased as was evident
from the temperature of the thermocouple in the
ba%e. No attempt was made to prevent the change
in h. In the last to freeze section of the crystal, the
ba%e touched the melt}solid interface. This hap-
pened because the temperature of the hot zone was
set too low, and therefore the growth interface was
too close to the hot zone. In the earlier two experi-
ments, the hot and cold zone temperatures were
such that the melt}solid interface was near the
center of the gradient. After solidi"cation, the fur-
nace was cooled down slowly to room temperature,
over a period of 14 h.

The 20mm seeds used in the above experiments
(with GaSb and Ge) were grown from 5mm dia-
meter seeds. A typical seed of 20mm diameter Ge
grown from 5 mm diameter initial seed is shown in
Fig. 1a. Subsequently grown crystal with the 20mm
diameter seed is shown in Fig. 1b. Due to carefully
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Fig. 1. (a) Single crystal of Ga-doped Ge, grown from 5mm
diameter seed, (b) single crystal of Ga-doped Ge, grown with
a 20mm diameter seed in a #at bottom crucible.

Fig. 2. Axial InSb concentration in GaInSb crystal
(C

0
"Ga

0.98
In

0.02
Sb). Growth rate R"3.2 mm/h. The open

circles represent the InSb concentration along the central axis of
the crystal; the open squares are obtained along the edge of the
crystal. Solid lines are Tiller's equation with k"0.1 and D"1.5,
3.0, 4.0, 12]10~5 cm2/s. Dashed line is the theoretically cal-
culated pro"le for complete mixing using Pfann's equation [21].

"tted seed, there was no leakage of the melt around
the seed.

After growth, the ingots were sliced along the
growth axis to evaluate the axial dopant pro"le. To
evaluate the radial segregation pro"le, two slices
were prepared along the growth axis from the
center and edge of the crystal. The specimens were
then lapped and mechanically polished with
alumina powder with di!erent grade to obtain mir-
ror surface. The concentration of Ga in Ge was
determined from measurements of the resistivity o,
using a four point probe setup. The actual impurity
concentration N (atoms/cm3) was obtained using
the following correlation [18]:

o"N~a/B, (1)

where for p-type Ge (Ga-doped Ge), the values of
a and B are indicated below in two di!erent range
of carrier concentrations:

B"1.74]10~11 and a"0.707

for 1]1017(N(1]1018,

B"1.61]10~10 and a"0.653

for 1]1018(N(1]1019.
The composition of the grown GaInSb crystal

(Ga, In, Sb) was evaluated by electron probe
micro-analysis (EPMA) measurements in a JEOL
733 electron microprobe set-up. The standards

used were GaSb and InSb single crystal substrates.
Corrections for atomic number (Z), self-absorption
(A) and #uorescence (F) e!ects (ZAF corrections)
were performed by employing the commercial soft-
ware SCOTT-I. Composition error was in the or-
der of 2}3% of the measured values. For example, if
the measured composition of indium is 5 at%, the
error in determination is &0.1 at%.

3. Results and discussion

Fig. 2 shows the axial and radial InSb concentra-
tion in the GaInSb crystal. There are three main
regions: the initial transient, a steady-state region
(where during di!usive controlled segregation, the
dopant concentration should approach the initial
melt concentration C

0
) and the last to freeze region

where the ba%e is out of the melt. It is interesting to
note that there is very little radial segregation in the
crystal. Low radial segregation should be an indica-
tion of (i) #at solid}liquid interface and (ii) convec-
tive free segregation or perfect mixing. Perfect
mixing clearly did not occur in the zone melt be-
tween the ba%e and the interface. After the initial
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transient, steady state typical for di!usion control-
led growth was not reached in this experiment. The
experimental data were "tted with Tiller's equation
[19]:

C
4
(x)

C
0

"k#(1!k)[1!e~(kR@D)x], (2)

where C
4
(x) is the dopant concentration in the solid

at a distance x (cm) measured from the beginning of
the specimen, D (cm2/s) is the di!usion coe$cient of
the solute in the melt and R is the growth rate. The
C

0
is equal to 2mol% InSb : 98mol% GaSb. The

best "t of the Tiller's equation to the initial transi-
ent (see Fig. 2) gave D

*
"1.5]10~5 cm2/s, where

subscript `ia was used to designate the di!usivity
of solute in the boundary layer at the interface,
obtained during growth. D

*
is eight times lower

than the di!usivity reported in the literature
(1.2]10~4 cm2/s) measured in shear cells [15}17].
Based on D

*
, the thickness of the solute layer can be

estimated as

d&D
*
/R"0.164 cm, (3)

where it is assumed that the growth rate R is equal
to the rate of lowering the crucible, R"

0.33 cm/h"9.17]10~5 cm/s and D
*
"1.5]

10~5 cm2/s. Using the di!usivity reported in the
literature, D"1.2]10~4 cm2/s yields

d&D
*
/R"1.31 cm, (4)

Consider that:
(i) Eqs. (3) and (4) present the thickness of the

steady-state, `fully developeda solute layer,
which should form after the initial transient,
when the exponential term in Eq. (2) ap-
proaches zero.

(ii) At the very beginning of growth, the thickness
of the solute layer is d"0. The length of this
initial transient is x&4 cm (for D

*
"1.5]

10~5 cm2/s) or x&300 cm (for D"1.2]
10~4 cm2/s).

Based on (i) and (ii), we have to conclude that
the solute layer could not have reached the ba%e
during the "rst 0.4 cm of growth (even if we used
the high value of D reported in the literature,
D"1.2]10~4 cm2/s). Therefore, the ba%e did not

interfere with di!usion at least within 0(
x(0.4 cm. Eq. (2) should be applicable because the
ba%e did not obstruct the development of the sol-
ute layer.

The D
*
obtained from "tting the initial transient

(the "rst 4 mm of growth) is close to the value in
Te-doped GaSb [10]. This indicates that in the
initial stages of growth, when the solute boundary
layer contains low levels of In (&0.2mol%), the
di!usion is similar to that of an impurity in GaSb.
As the boundary becomes rich in InSb, several
factors may hinder the attainability of the perfect
steady state. With the increase in InSb content in
the solute boundary layer, the growth temperature
decreases causing (a) reduction in growth rate
R and thus, (b) increase in the zone height h. It can
be seen from Eq. (2) that reduction in R has the
same e!ect on C

S
(x) as increase in D: it will extend

the initial transient in InSb concentration. The in-
crease in zone height should increase the value of
the Grashof number of the zone melt under the
ba%e, resulting in stronger convection which could
alter the solute boundary layer (causing an increase
in `e!ective di!usivitya). Since we did not use cur-
rent pulsing for interface demarcation, and thus do
not know the actual solidi"cation rate, we "tted the
second portion of the axial pro"le (10}30mm) by
assuming, as before, R"3.2mm/h. The best "t was
obtained when "tted with D

*
"3}4]10~5 cm2/s

(corresponding to d&D
*
/R"0.3}0.4 cm). As

evident from the "gure, the value measured in
shear cells [15}17], D"1.2]10~4 cm2/s, which
is 3 to 4 times higher, is inadequate in "tting
our experimental data (any section of the axial
pro"le).

Fig. 3a shows the axial and radial Ga content in
the Ge single crystal grown with 10 mm/h with
a zone height of 10 mm. The initial transient (the
"rst 8mm of growth) could be "tted with a D

*
of

8]10~5 cm2/s which is much lower than what is
reported in the literature from shear cell measure-
ments [14] (2.1]10~4 cm2/s). As in the GaInSb
experiment, after the initial transient, the axial
dopant composition exhibited a weak rise towards
C

0
(7]1018 cm~3). In the next experiment, the

zone height was increased to 15mm and the growth
rate increased to 30mm/h (as in the space ex-
periment [20]) to reduce the length of the initial
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Fig. 3. Axial Ga concentration in Ge crystals: (a) C
0
"7]1018 cm~3, growth rate R"10mm/h; (b) C

0
"

2]1019 cm~3, R"30mm/h; (c) C
0
"2]1018 cm~3, R"10mm/h. The open circles represent the Ga concentration along the central

axis of the crystal; the open squares are obtained along the edge of the crystal. Solid lines are Tiller's equation with k"0.087 and
D"8.0]10~5 cm2/s. Dashed line is the theoretically calculated pro"le for complete mixing using Pfann's equation [21].

transient and make segregation less sensitive to
convection [11,12]. As a result, Ga concentration
reached C

0
after about 25mm of growth, Fig. 3b.

The initial transient could be "tted well with
D

*
"8]10~5 cm2/s. After the initial transient, Ga

concentration exhibited a minima which can also
be found in the space-grown crystal.

In the third experiment, the growth rate was kept
at 10mm/h, while the zone height continuously
decreased from 10 to 0mm during the growth.
Once again, "rst 15mm of the transient could be
"tted with D

*
"8]10~5 cm2/s. The last to freeze

portion of this crystal showed a large radial segre-
gation because of diminishing zone height. This

experiment demonstrates the e!ect of zone height
on the axial and radial dopant distribution as a re-
sult of the modi"cation in the shape of the solute
boundary layer.

It is important to note that growth experiments
in the presence of magnetic "elds [3,4] and micro-
gravity also yielded D lower than the shear cells
[20], Table 1. The lack of steady state (such as
reported in the experiment with Te-doped GaSb
with k"0.37) makes the values obtained from in-
itial transients questionable. However, it is ex-
pected that the planed experiments with the
submerged ba%e in microgravity will provide the
actual value of the di!usion coe$cients.
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Table 1
Di!usion coe$cients D for Ga-doped Ge measured in the shear cells [14}17] and by "tting the initial transient of Ga concentration in
crystals grown under axial magnetic "elds [3,4], with submerged ba%e (present work) and in space [20]

D (cm2/s) D
*
(cm2/s) Method/comment Reference

(a) System: InSb}GaSb
1.5]10~5 Growth with submerged

ba%e/"rst 4 mm of growth
Present work

3}4]10~5 Growth with submerged
ba%e/10}30mm of growth

Present work

1.2]10~4 Shear cell [15}17]

(b) System: Ga-doped Ge
0.8]10~4 Growth with submerged ba%e Present work
1.25]10~4 Bridgman growth/5T Szofran [4]
1.5]10~4 Bridgman growth/3T Matthiesen et al. [3]
1.9]10~4 Bridgman growth/in space Witt et al. [2]

2.1]10~4 Shear cell Bourret et al. [14]

4. Summary

Solute segregation in two model materials: Ga-
doped Ge and dilute alloy of GaInSb having low
segregation coe$cients was investigated using the
submerged heater method. The values of di!usion
coe$cients extracted from the initial transients of
axial dopant pro"les (D

*
"0.8]10~4 cm2/s for

Ga-doped Ge and D
*
"1.5]10~5 cm2/s for dilute

GaInSb) are signi"cantly lower than what is re-
ported in the literature from shear cell measure-
ments.
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