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Abstract

Beside four approaches 1o the thermodynamics of GaSb—M(=8,Te} solid solutions the doping
limits for extremely narrow concentration regions are analysed and ranked in the Cu, Ge, Mn (p-
dopants), §, Se, Te (n-dopants) and N, In (isoclcctric) groups.
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Introduction

The technelogy of the crystal growth made a wide progress during 20 last years
which has essentially decreased prices of semiconductor production, improved qual-
ity of semiconductor devices and cnabled their dissemination in all our live. For an
example, the silicon erystals grown from the melt in diameter of 2.5 cm 20 years ago
are presently prepared in 15-20 em diameter with a dislocation density almost close
10 zero.

The most helpful scientific ficld, which has shared many successes of the growth
technology is and will be the thermodynamics, Many examples can be shown where
the thermodynamics plaved a significant role in the preparation of perfect silicon
crystals, silicon wafers and assisted to selve the crystal doping. It is worth noling,
however, that the semiconductor industry also fabricates another malerials which are
equally important in the construciion of different electronic and optoelectronic de-
vices. The advanced semiconductor compound is GaAs and the thermodynamics
salved in this field the series of technological problems such as a decrease of impu-
rities concentration, prevention of its oxidation as well as reduction of GaAs dislo-
cation density.

The optimal solution of technological shortcomings were not found until the
thermodynamic analysis was applied. After providing successful thermodynamic
calculations, the thermodynamic methods came successfully into the technology of
single crystal growth because it threw new light on the behaviour ol low concentra-
tion in the multicompenent compounds and thus helped their preparation. The ther-
modynamics shown its very important role in solving various technological prob-
lems and becomes attractive [or technologists in preparing a wide spectrum of semi-
conductor materials in wide ITT-V, IV=VI and 1I-VI compound families.
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Thermodynamics and GaSb growth

Thermodynamic methods and evaluations have been applied at our Institute of
Physics in Prague and helped to find the selutions in preparation of new kinds of
semiconductor single crystals needed for future physical measurements and applica-
tions. The one of most important problems was to define a method how to predict be-
haviours ol dopants in very low concentrations, i.e., in the range of 110" 110" at-
oms cm > which is effectively 0.01-0.00001% dopant in the starling material. Scv-
ceral years ago, we faced the request of physicists who wanted to measure GaSb sin-
gle crystals doped by sulphur while seeking new material for lasers and detectors in
the IR range up to 2.3 um wavelength. The thermodynamic calculations enabled us
to describe and to find the optimal method of the growth of Ga8b eryetals with sul-
phur concentration of 1-10'%-1.10' atoms em™, In addition, the used thermody-
namic methods helped us to explain the double doping of tellurium and sulphur and
for this reason our technology was able to prepare these GaSb crystals with various
concentrations of both elements.

The rescarch on GaSb single crystals has continued and in the present time it
seems to be important and useful because this material will likely serve as a further
semiconductor material for a fabrication of new electronic and optoclectronic de-
vices applicable in a wider range of utilisation. For this reason we have tricd (o bring
the thermodynamic calculations in our technological methods and with their help to
find save, optimal and suceessful solutions lor preparations of perfect GaSb single
crystals with predicable and reproducible behaviours.

GaSb has a melling point of 712°C, which is substantially lower than that of
GaAs at 1240°C. The loss of Sb at moderate temperatures and the casy formation of
surface scum [1] by gallium oxides are often cited as a most difficult processing
problem. In contrast to Al-Ga—8b compounds with high Al contents the material is
stable against oxidation by water vapour. The growth ol S-doped GaSb was reported
carlicr [2-4]. The behaviour of sulphur during the growth was mainly explained by
its evaporation from the melt, because it is known that its solubility is very low, 7.2
ppm in the melt. Similarly a slight Sb excess is a useful feature in the standard
growth conditions in order to compensate for Sb volatilisation and help to preserve
the stoichiometry of the grown crystals. For a standard preparation of the GaSb sin-
gle crystals [2, 5-8] (grown by the Czochralski method without encapsulant in a hy-
drogen atmospherce) the S-concentration (calculaled from Hall measurcments)
reached a limited value of 1-10"7 atoms cm™ in the crystals dcsgitc the fact that the
starting amount in the melt exceeded about 2-10° atoms ¢m™. It scems that the
cvaporation hegins at the 7.2 ppm level already mentioned (0.0043 at.%) [9]. The S-
concentrations, however, were from (0.0035 to 1.112 at.% [2] so that the limiling
solubility was substantially exceeded, and the Ga,S solid is thought to be created.
Such a relatively high concentration of sulphur was intentionally taken into account
during the mathematical evalvuation to appreciate the behaviour of sulphur when it
can no longer dissolve in the melt, As a result, higher mechanical stresses and len-
sion were created on the solidification interface which consequently disturbed a sin-
gle crystalline growth.
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Thermodynamics of GaSh

The survey of basic thermodynamic data was already published in [10-12]. Some
actual calculations were provided for standard binary and ternary mixtures using:

2) Yokokawa's constructions ol isothermal diagrams of phase stability (i.c.
chemical potential diagrams) {10, 141,

b} qualitative approach based on Vofika and Leitner’s calculations of coexistivity
phases [10,13],

¢) estimation of activity data using Zivkovic and Chou’s treatment [15],

d) Moisecy and Sestdk’s simulation methods estimating standard thermodynamic
data 11, 12].

Such scientific treatments, however, did not provide adequate data for an ex-
tremely narrow concentration region within which the actual doping of GaSb is usu-
ally realised {method (b} for sulphur [ 131]}.

The most widely studied Ga-Sbh-S solid solution was, for example, presumed (o
he a pseudobinary solution of the components GaSb and S. The value of the limiting
activity cocfficient of sulphur in this solution was estimated by the Kroger equation
[13]. For determining the sensitivity of the caleulated results on the used thermody-
namic data the equilibrium calculations were carried out using both the highest and
lowest values of the limiting activity coelficient of sulphur {{or the GaSb equilib-
rium distribution coeflicient, &%gcaspC1 and 0.01}. From the compensation and
the indefiniteness ol initial thermodynamic data it followed that the calculated re-
sults concurred but were of rough estimate, only. The thermodynamical calculation
were, however, in a good agreement with our previous experiments when growing
the S-doped GaSh single crystals and the maximum atlainable concentration of sul-
phur in the single crystals bowl was agreeable about 10'7 atoms em™, Practically
when this value is exceeding the grown crystals became cither polycrystalline or
twinned.

Actual GaSb doping

The actual doping data and doping limits of various clements are summarised in
the Table 1. Tt is necessary (o add some other data on mobilities and free carrier con-
centrations available from our growth experiments [16, 17]. The GaSb crystals were
grown under different doping procedures during the Czochralski method and the in-
troduced dopants can be roughly ranked into the three categorics:

a) typical p-dopants, such as Cu, Ge, Mn [16, 19] and the other clements used in
diffusion method. They cause an increase of p-concentration and deerease the mobil-
ity, ¢.g., the GaSh:Mn crystals showed p=(4-50)-10"7 cm™ and p={400-600)
em (V) [20],

b) typical n-depants, such as S, Se, Te and co-doping Te+8. They compensate natural
defects and cause an increase of n-concentration and substantially increase the mobility,
e.g. the GaSh:S crystals showed p=(1-(=3)-10"7 em™ and p=(600-2500) cm*(Vs)
[2], white for the GaSh:Se these values were found n=(1-50) 107 em™ and pu=(2000-
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2500) em™/(Vs) [20]. The GaSb:Te showed the values #=(1-100)-10'7 em™ and
p=(2500--3500) ¢m%(Vs) |2] and the similar results have been obtained in the case
af co-doping of Te+S [6],

¢y isoclectric dopants, such as N and I[n do not influence the electrical behaviours
and arc only effective on the structure perfection ol as-grown crystals. For this rca-
son the p-concentrations and mobilities for N and In are almost the same as in the
case of the undoped crystals (p=1.5-10"" cm™ and p=(600-650) cm*(Vs) [20).

Table 1 Distribution coefficient and doping limits of the dopants in the GaSh single erystals grown
by the Czochralski method

Dopant Concentration Distribution
opan limit coefficient (k)
Cu 310" 0.0021
Zn 2-10" 0.30
Cd 510" 0.02
In »5.10% ]

Si 310" -1

Ge 5107 0.32
Sn 510" 0.010
N ~1-10" 0.4-0.8
As ~ 110 2-4

S 4.10"7 0.06
Se sao" 0.35
Te 510" 0.32
Mn 510" 0.011

It is worth mentioning that the measurement ol the structure perfection, namely
dislocation density, is a very imporlant point of the study and understanding ol the
doping procedure. ‘The dopants influence not only electrical and cptical behaviours
but also the structure, cffect concentration of defects and determine the quality of as-
grown GaSb crystals. This problem was discussed elsewhere [2, 6, 13, 16, 19-24].
The dopants were described to substantially improve the crystallographic structure,
such as Te [24], or impair the single crystalline growth, such as Co and N [16, 21] or
cause the rapid growth of a dislocation density. To improve the passivation of impu-
rities (natural impurities and defects and added dopants) [25] the growth of doped
GaSh crystals was run under an ionized hydrogen atmosphere. The deuterium lamp
was situated in such a position that the stream was focused about 1 ¢m above the
solid/liquid interface which was scemed to be most effective,

A Thermn. Anal. Cal., 56, 1999



SESTAK ¢t al.: SEMICONDUCTORS 753

Conclusions

The doping limits and cffcetive distribution coefficients of the measured dopants
(clements) are summarised in the Table 1. The Czochralski methods without encap-
sulant in a flowing hydrogen atmosphere did not enable to change a pressure of am-
bicnt atmosphcre in a wider range {only within (1.0-1.3) 10° Pa}. For this reason it
was necessary to assume that (the doping limits of the volatile elements such as N,
As, S, Sc and also Te, appeared rather greater than we estimated. The higher pressure
of ambicnt mixture of inert gas and doping clement in the growth system should pre
vent an evaporation of doping clements from the melt, and thus increase, its solubil-
ity in the solid state. In addition, with achicving a low dislocation density and the ab-
acnce of parasite erystals the level of doping should be as high as possible. The struc
ture of such grown crystals would become more perfect, because the growth proce-
dure on the surface contact between the liquid and solid would not impair with
evaporation effects.

Our results correspond with other authors working on the same system, However,
it is worth noting that only few data of solubility limits were shown in the litcrature
and for this reason we suppose that it would be helpful and more precise Lo measure
the concentration limits by means other complementary methods like DLTS, chemi-
cal analysis, clc.

The next step of our thermodynamic treatment [26] will be the analysis of our
preliminary calculated S-Ga-Sb-H system in which the ionized hydrogen (H") will
he added. It is hoped to help solving problem of the compensation of natural defects
(acceptors) having p-type conductivity and/or donors coming either from residual
impuritics or intentionally doped. According Lo our measurements and our assump-
lion, the donors are preferably passivated and it seems that the equilibrium between
the passivated and active donors into the GaSbh structure is creating. That chould be
solved by the thermodynamics methods.

* ok ok
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