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THERMAL CONDITIONS OF GROWTH AND THE
NECKING EVOLUTION OF Si, GaSb AND GaAs

Glide phenomenon in the GaSb bowl
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Abstract

The configuration of thermal gradient is illustrated for various types of crucible rotation, which is
important for the creation of dislocations, which decreases along the grown axis of crystal. A new
mechanism for dislocation elimination during the growth is proposed to explain this phenomenon,
which provides a good agreement with the experimental results. The concentration of etch pits rap-
idly decreased from the beginning to the end of the crystals and the dislocation densities in the mid-
dle portion of all investigated crystals were found less than 102 cm–2. The shallow vertical tempera-
ture gradients and virtually flat solidification interface prevented thermal stress from their building
up in the crystals. As a result, the dislocation formation had random distribution. Using good neck-
ing procedures and choosing an appropriately oriented starting crystal with the shoulder angle
<38.94° (assuming growth in <111> direction) it is possible to produce almost dislocation-free crys-
tals without resorting to additional doping normally employed to reduce dislocation formation.

Keywords: doping, gallium antimonide, low dislocation density, single crystal growth,
thermal gradients

Introduction

The practical importance of semiconductor materials, such as Si, GaAs, GaSb, for
electronics and photonics is, of course, for years beyond any doubt. An introduction
of novel epitaxially grown quantum devices, containing low-dimensional subsystems
[1] (e. g. quantum wells, quantum dots) as well as further sophistication of classical
semiconductor devices (IC’s, lasers, detectors) put, however, new heavy demands on
substrate materials the quality of which is decisive also for the quality of end prod-
ucts. Typical requirements of the substrate wafers are extreme chemical purity, lattice
perfection, and thermal and mechanical stability. Besides, for special uses (e.g. detec-
tors for green house gases) it is necessary to grow also tailored single crystals with the
special doping [2].
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Gallium antimonide (GaSb) belongs to the group of III/V compounds. Single
crystals of GaSb [3] are used as substrate material for the fabrication of long wave-
length detectors and lasers (λ≈1.5 µm). High quality GaSb substrates are required for
the growth of the (GaIn)(AsP) epitaxial layers used in optical communications. Qua-
ternary systems, Ga1–xInxAs1–ySby or Ga1–xAlxAs1–ySby which are suitable for these
wavelengths, can be lattice-matched to GaSb by differential contraction during the
cooling process because the expansion coefficient values of the layer and substrate
are very close [4].

Not less important are the studies allied to the system thermodynamics, related
to the distribution of thermal and concentration gradients [5–7] as well as to the eval-
uation of phase equilibrium [7–10]. It is a continuation of our previous papers pub-
lished in J. Thermal Anal. [7, 9, 10]. We extend it by our theoretical modelling of the
overall gradient distribution created as a result of local thermal and concentration
conditions, where the type of the externally applied crystal motion and crucible rota-
tion become demonstrative, cf. Fig. 1.
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Fig. 1 Illustration of the gradients distribution (thick curves with arrows) shown for sim-
plified arrangement of cylindrical melt container (crucible) heated from sides
(shadow) with unmarked crystal growing seed. Upper line shows stationary dispo-
sition while middle line and bottom line portray iso-rotation and counter-rotation,
respectively



Experimental

Studies of impurity type and concentration, free carrier concentration, types of conduc-
tivity and mainly dislocation density have to be carried out for GaSb single crystals. It is
difficult to anticipate carrier concentration, especially with n-type conductivity, when
preparing substrates. According to the literature [11–16], the concentration of residual ac-
ceptors in undoped GaSb single crystals is 1.0 to 2.7⋅1017 atoms cm–3 p-type and, owing to
the distribution effect of impurities, their concentration is changing in the direction of the
crystal growth. To obtain a substrate with n-type conductivity and a low donor concentra-
tion level it is necessary to know to exact correlation between the concentration of
impurities (deliberately added to the melt) and the consequent carrier concentration.

It is known that the dislocation density decreases in the direction of the crystal
growth; this decrease is of the order of 102 to 104 cm–2 [17, 18]. Some authors [15, 17, 19]
have found that the undoped crystals are relatively poor in quality. Doping of some ele-
ments reduces the formation of dislocations as a result of the higher thermal stress which
are always inherent in the Czochralski technique (as manifested by most III–V com-
pounds [20]). Using low temperature gradients in the furnace also decreases the possibil-
ity of dislocation formation and thus dislocation-free crystals can be grown.

The aim of our investigation was to study creation of dislocation and to find crit-
ical source causing multiplication of dislocations. For this study, Te-doped and
undoped GaSb single crystals were grown using the Czochralski method without
encapsulant and under low temperature gradient conditions along a solidification sur-
face. The Czochralski apparatus technique without encapsulant was found to be very
suitable for crystal growth (Fig. 2), and the standard distribution of temperature and
concentration are shown in Fig. 3 completing thus the illustrative picture of the rota-
tion consequences, cf. Fig. 1.
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Fig. 2 Schematic diagram of the Czochralski apparatus for GaSb single crystal growth.
1 – sliding rod, 2 – top part of the apparatus, 3 – quartz tube, 4 – holder of the
seed, 5 – seed, 6 – water cooling, 7 – molybdenum wire coils, 8 – GaSb single
crystal, 9 – quartz crucible, 10 – graphite cylinder, 11 – melt of GaSb,
12 – power supplier, 13 – deuterium lamp



In given crystals, we have found that the etch-pit densities (EPD) decreased with
growth distance measured relatively to the seed. Such a behaviour had already read
reported in the literature and various explanations had been proposed:

• according to Benz and Müller [21], dislocation pairs of opposite Burgers’ vectors
can annihilate one another;

• according to Yip and Wilcox [22], dislocations are eliminated by growing out of the
crystal because they propagate normal to a solidification interface that is convex to-
wards the liquid.

• However, none of these mechanisms can explain our results.
• annihilation works only when the dislocation densities are high (over 105 per cm2

[23]);
• our solidification interfaces are almost flat and even slightly concave towards the

liquid when growth begins; thus the Yip and Wilcox mechanism does not apply.

To explain our results, we supposed that the dislocations remained in the (111)
dense planes of ‘zinc-blende’ structure (schematic positions of <111>planes are shown
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Fig. 3 The solid–liquid interface of the growing crystal illustrating the adhering surface
layer, δ, with the concentration gradient, C, associated with the distribution co-
efficient, k. The rising curve shows the temperature profile, T, and the declining
curve depicts the decrease concentration. The arrows separate the working con-
ditions to regions of stable and metastable growth

Fig. 4 Schematic position of <111>planes and their mutual angles



in Fig. 4), even up to temperatures close to the melting point. Inclined with respect to the
[111] growth axis, they are gathered on the lateral surfaces during solidification.

If this were the single operating mechanism, we would get crystals absolutely free
from dislocations. To take into account the remaining defects, we were led to consider
that even below the CRSS (critical resolved shear stress) threshold (there is obviously no
significant increase in dislocation density), residual glide can hamper elimination by
forcing cross-slip of dislocations about to leave the crystals. Furthermore, direct creation
by a Frank–Read mechanism cannot be ruled out, though it is certainly limited.

Let us consider (Fig. 5) an element of crystal of height dz. Let Θ be the angle be-
tween the (111) growth plane and the other (111) planes (Θ=70.53°). The disloca-
tions in the ring of width dr=dz cotΘ grow out when the interface moves from z to
z+dz, unless they cross-slip and turn back to the inside of the crystal. The number of
dislocations remaining between z and z+dz is

N N z z1 1 2=( – ) ( )γ γ d (1)

where N(z) is the number of dislocations at the height z. Supposing the etch-pits to be
randomly distributed over the surface of the slice (an assumption we found to be valid
for densities over 500 per cm2), γ1 dz simply represents the ratio of the surface of the
ring to the total surface of the discuss of radius R; on the other hand, γ2, is an empiri-
cal parameter depending on the linear density of defects that can cause cross-slip.

γ1 can be easily calculated:

γ π
π
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d
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Since in our experiments R =0.5 cm, we find γ1=1.4 cm–1.
Let us consider that N2 is the number of residual glide-induced dislocations at

the origin; we will assume the equation of N2=γ3 N(z) dz, where γ3 is another empiri-
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Fig. 5 Dislocation elimination on lateral surfaces during growth



cal parameter depending on the linear density of defects that can cause pinning and
multiplication of existing dislocations throughout the solidification.

A condition of balance of dislocations leads to

d dN N N N z z= + = + +– (– ) ( )1 2 1 2 3γ γ γ (3)

Assuming γ2 and γ3 to be independent of z (γ1 is clearly independent of z since the
dislocation distribution is uniform on a slice), the above equation can be easily integrated:

N z N z( ) ( )exp (– )= 0 γ (4)
where γ= –γ1+γ2+γ3 and N(0) is the dislocation density in the seed. Measurements
done before and after crystallization proved that this value did not change during
growth. The first experimental points are not exactly at the bottom end of the sam-
ples, due to some losses in the polishing procedure.

Linear regression on the experimental data was used to find the ‘best fit’ value of
γ. It can be noticed that in spite of making a lot of simplifying approximations, the
empirical equation fits well the experimental data.

Another interesting point is that the value of γ obtained with the best fit proce-
dure (cca 1.1 cm–1) is close to the value of γ1 (1.4 cm–1). This indicates that the elimi-
nation mechanism is by far the most important one, even though glide phenomena
have also to be taken into account.

For crystals grown in the <111> direction we predicted that dislocations are
eliminated during solidification on the lateral surfaces of the crystal owing to the
glide phenomenon. We propose that this mechanism explains our results. In order to
obtain a true correlation with experimental data, the starting angle between the <111>
growth plane and the other <111>planes (70.53°) has to be equal 19.47°. If the start-
ing angle between the shoulders of the crystal were below 38.94°, the dislocations
would remain. Existence of such a mechanism was confirmed by studying our pre-
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Fig. 6 Dislocation density longitudinal to the growth direction <111>of the GaSb sin-
gle crystals. The curves show the dislocation profiles for different crystals
shoulder initial angles. a – for an angle of 14.2°; b – 23.8° and c – first 15 mm
at an angle of 46.8° and then 20 mm at an angle of 29°



pared GaSb crystals. We grew crystals with a different starting angle of crystal shoul-
ders or we changed this angle during the growth.

The dislocation density (EPD) profiles of the crystals with different starting an-
gles are shown in Fig. 6.

Crystals with a starting angle <38.94°showed decreasing EPD profiles; but in
the case of the GaSb crystals (Fig. 6, curve (c)), where the starting angle was 46.8°,
the dislocation density slowly increased. After reducing the neck angle to 29.0° the
dislocation density started to reduce. In the centre of all crystals grown with a starting
angle <38.94° the dislocation density decreased to a value of <10 cm–2.

The same results were observed for Te-doped GaSb single crystals. If the starting
angle was lower than 38.94° the dislocation density decreased so that it was possible to
produce a dislocation-free area at the end of crystals. We grew Te-doped crystals with
starting angles of about 24° and the dislocation density was measured using four Te-
doped crystals with different concentration of tellurium. For each crystal was the disloca-
tion density calculated from wafers taken from the central part of the crystal.

Conclusion

For the low thermal gradient configuration, which seems be most appropriate for the
rotation set up where the crystal seed rotates fast and crucible slow (under coun-
ter-rotation, cf. Fig. 1), the number of dislocations decreases along the crystal. A new
mechanism for dislocation elimination during growth is proposed to explain this phe-
nomenon. The agreement with the experimental results is very good. The concentra-
tion of etch pits rapidly decreased from the beginning to the end of the crystals and
the dislocation densities in the middle portion of all investigated crystals were
<102 cm–2. The shallow vertical temperature gradients and virtually flat solidification
interface prevented thermal stress from building up in the crystals. As a result, the
dislocation formation had random distribution. Therefore, Te doping was not found
to influence EPD so there was no evidence of the existence of the so-called ‘harden-
ing effect’. Using good necking procedures and choosing a starting crystal shoulder
angle <38.94° (assuming growth in <111>direction) it is possible to produce disloca-
tion-free crystals without resorting to Te doping to reduce dislocation formation.
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