12. Bulk Crystal Growth: Methods and Materials

Peter Capper

This chapter covers the field of bulk single crystals
of materials used in electronics and optoelec-
tronics. These crystals are used in both active
and passive modes, that is, to produce devices
directly infon bulk-grown slices of material, or
as substrates in epitaxial growth, respectively.
Single-crystal material usually provides superior
properties to polycrystalline or amorphous equiv-
alents. The various bulk growth techniques are
outlined, together with specific critical features,
and examples are given of the types of materi-
als, and their current typical sizes, grown by these
techniques. Materials covered range from group IVs
(Si, Ge, SiGe, diamond, SiC), group Il1-Vs (e.g., such
as GaAs, InP, nitrides, etc.) group II-1Vs (e.g., CdTe,
ZnSe, HgCdTe (M(T), etc.) through to a wide range
of oxide/halide/phosphate/borate/tungstate ma-
terials. This chapter is to be treated as a snapshot
only; the interested reader is referred to the re-
mainder of the chapters in this handbook for more
specific growth and characterization details on the
various materials outlined in this chapter. Neither
does this chapter cover the more fundamental
aspects of the growth of the particular materials
covered; again the reader is referred to relevant
chapters within the handbook, or to other sources
of information in the general literature.

12.1 Background

Despite the widespread progress in several epitaxial
growth techniques for producing electronic and opto-
electronic device-quality material, various bulk growth
methods are still used to produce tens of thousands
of tons of such materials each year. These crystals
are used in both active and passive modes; i.e., to
produce devices directly in/on bulk-grown slices of
material, or used as substrates in epitaxial growth,
respectively.

This chapter covers the field of bulk single crys-
tals of materials used in electronics and optoelectron-
ics. Single-crystal material usually provides superior
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properties to polycrystalline or amorphous equivalents.
The various bulk growth techniques are outlined, to-
gether with the specific critical features, and exam-
ples are given of the types of materials, and their
typical current sizes, grown by these techniques. Ma-
terials covered range from group IVs (Si, Ge, SiGe,
diamond, SiC), group III-Vs (e.g., GaAs, InP, InSb,
GaSb, nitrides, etc.) group II-IVs (e.g., CdTe, ZnSe,
HgCdTe (MCT), ZnO, etc.) through to a wide range of
oxide/halide/phosphate/borate/tungstate materials. This
chapter is to be treated as a snapshot only; the interested
reader is referred to the remainder of the chapters in this
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handbook for more specific growth and characterization
details on the various materials outlined in this chapter.
Many of the crystals grown at a small size mainly for
R&D purposes, particularly in Universities, are not dis-
cussed, and neither, in general, are organic materials.

12.2 History

Several very useful studies on the history of crystal
growth in general can be found in the literature [12.1—
9]. There were many significant contributions made to
the fundamentals of crystal growth during the 18th and
19th centuries, including the development of thermody-
namics, undercooling, and supersaturation [12.6, 7]. In
terms of crystal growth techniques, it is accepted that
the first to produce usable crystals on a large scale was
that of flame fusion by Verneuil [12.10].

Before World War II, synthetic crystals (other than
ruby) were mainly used in scientific instruments. How-
ever, between 1900 and 1940 there were enormous
advances in both the theoretical aspects and in produc-
ing samples for scientific study. The diffusion bound-
ary layer was applied by Nernst [12.11], while ideas
on the growth of perfect crystals were proposed by
Volmer [12.12], Kossel [12.13], and Stranski [12.14].
Also during this period many of the growth techniques
now used were also initially developed. The flame fu-
sion of Verneuil [12.10] was followed by hydrothermal
growth [12.15,16], crystal pulling [12.17], Kyropou-
los [12.18], Bridgman growth [12.19-22], and vertical
gradient freeze (VGF) [12.23].

During World War II, synthetic crystals were used
as piezoelectric transducers (in sonar) as resonant de-
vices (in radar) and as infrared detectors. However,
it was the invention of the transistor (announced in
1948) that heralded the modern era of crystal growth
for practical purposes rather than for pure scientific in-
terest. Teal and Little developed crystal pulling of Ge in
1950 [12.24] and Dash [12.25] improved this with the
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Fig. 12.1 Estimated share of the world production of
20000t of bulk crystals. (After [12.1], copyright Elsevier
Science, used with permission)

Neither does this chapter cover the more fundamental
aspects of the growth of the particular materials cov-
ered; again the reader is referred to the relevant chapters
within this book, or to other sources of information in
the general literature.

necking technique to produce dislocation-free material.
A key aspect at this stage was that of impurity levels and
means to measure them. The semiconductors that were
used for such solid-state devices as transistors work
because they have desired dopants incorporated selec-
tively in them. Techniques were developed at this time
to improve the purity of materials, for example, zone
refining [12.26] and float-zone (FZ) refining [12.27,
28]. Theoretical aspects developed in this period in-
clude the role of screw dislocations in growth [12.29]
and the generalized theory of Burton et al. [12.30]. Re-
ducing melt inclusions in crystals was discussed by
Ivantsov [12.31,32] in terms of diffusional undercool-
ing, and by Tiller et al. [12.33] in terms of constitutional
supercooling. Similar work was carried out in solution
growth by Carlson [12.34], who studied flow effects
across crystal faces, and Scheel and Elwell [12.35], who
derived the maximum stable growth rate and optimized
supersaturation to produce inclusion-free crystals. Seg-

Table 12.1 Estimated worldwide annual production rates
of crystals (as at 1986, [12.5]). Some materials are mainly
used for non-(electronic/optoelectronic) purposes, for ex-
ample, cubic zirconia and much of the ruby are used in
jewelry, watches, etc. (Items in brackets are small in vol-
ume but high in value)

Crystal Rate Growth methods
(t/yr)
Silicon 4000 Czochralski, float-zone,
(vapor phase epitaxy VPE)
Metals 4000 Bridgman, Strain anneal
Quartz 800 Hydrothermal
III-V compounds 600 Czochralski, Bridgman (VPE,
liquid phase epitaxy LPE)
Alkali halides 500 Bridgman, Kyropoulos
Ruby 500 Verneuil
Germanium 400 Czochralski, Bridgman
Garnets 200 Czochralski
Lithium niobate 100 Czochralski
Phosphates 50 Low-temperature solution
Lithium tantalate 20 Czochralski
Cubic zirconia 15 Skull melting
TGS 10 Low-temperature solution
Diamond 10 High-temperature solution

II-VI compounds 5 Vapor, Bridgman
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regation effects, which are related to mass and heat
transfer, were studied by Burton et al. [12.36] for melt
growth and by van Erk [12.37] for solution growth,
while experimental conditions to produce striation-free
material were established by Ryrz and Scheel [12.38].
Forced convection in diffusion-limited growth was rec-
ognized as being beneficial for open systems with
stirrers [12.39-42], while stirring in sealed containers
was accomplished using the accelerated crucible rota-
tion technique [12.43].

In 1986, Brice [12.5] estimated the annual produc-
tion rates of crystals and Table 12.1 reproduces that
data. Semiconductor materials clearly dominated at that
stage, in particular silicon and III-V compounds. Later,

12.3 Techniques

12.3.1 Verneuil

This is the fastest growth method and was the first to
be capable of controlling nucleation and thus produc-
ing large crystals of high melting point oxide crystals,
for example, sapphire and ruby. Currently, a large
number of high melting point materials have been
grown by this technique, including ZrO, (2700°C),
SrO (2420°C), Y03 (2420°C), etc., but the largest
use is still Al,O3 (often doped to produce ruby, sap-
phire, etc.). Figure 12.2 shows a schematic of the
equipment used. Many different heat sources have
been used, for example, solar furnace, glow discharge,
plasma torch, arc image and radio frequency heating,
but the original gas-flame technique is still the most
popular. An oxy-hydrogen flame heats the seed crystal
placed on a ceramic pedestal. Powder from a hop-
per is shaken through the flame and melts, forming
a melt surface on the seed. During growth the seed
is lowered, controlling the linear growth rate, while
the volume growth rate is governed by the powder
feed rate. The balance of these two rates controls
the crystal diameter and the crystal is normally ro-
tated slowly. Ruby crystals up to 200mm diameter
can be grown. Drawbacks of the technique include
high dislocation densities and concentration varia-
tions.

12.3.2 Czochralski

Czochralski is a fast growth method and is widely used
for both semiconductors and oxide/fluoride materials
for optical applications. It also normally produces the
most nearly perfect and homogeneous crystals. How-
ever, it is only really applicable to those materials that
melt congruently or nearly congruently, that is, the solid

Scheel [12.6] gave estimates of 5000t in 1979, 11000t
in 1986 (from [12.5]) and approximately 20000t in
1999 (Fig. 12.1), with a similar total quoted by Scheel in
2008 [12.8]. By 1999, the balance had shifted somewhat
from the earlier estimates, but semiconductors contin-
ued to dominate, at ~ 60%. There were roughly equal
percentages of scintillator, optical, and acousto-optical
crystals, at around 10—12%. The remainder was made
up of laser and nonlinear optical crystals and crystals
for jewelry and the watch industries.

A recent book edited by Capper [12.44] gives
a comprehensive update on the bulk growth of many
of the materials used in the electronic, optical and opto-
electronic fields.

and the melt compositions are the same at equilibrium.
Normally a crucible material is needed that is compati-
ble with the melt, however, the most common crucible
material used for silicon, that is, silica, dissolves slowly
in the melt and this raises certain process issues in the
growth of this material. Capital costs for Czochralski
pulling are higher than most other techniques, but it is
used when the greatest perfection of grown material is
required.

Vibrator

Hopper

Sieve

Tricone burner
=~ H,
Ceramic___ | s Flame
’ Liquid film
Crystal
Seed
L L d

Fig. 12.2 Schematic of Verneuil growth equipment. (Af-
ter [12.5])
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Fig. 12.3 Schematic of Czochralski growth equipment.
(After [12.5])

The largest use is clearly for silicon, but proba-
bly ~ 100 materials are commercially grown using this
method, while many more are at the research stage.
As the diameter of the crystal increases, in silicon for
example from 200 to 300 mm, dislocation control be-
comes more difficult due to larger radial temperature
gradients. Figure 12.3 shows a schematic of a Czochral-
ski growth equipment. The basic method is relatively
simple: The solid charge is placed in the crucible and
heated to a temperature several degrees above the melt-
ing point. The seed crystal, rotating slowly, is lowered
to contact the melt and the seed then slowly melts. After
a short delay (a few minutes) pulling is commenced and
new material (with slightly reduced diameter) begins to
grow. A long narrow neck region is grown to reduce
dislocations, then the melt temperature is reduced to
increase the diameter. When the crystal attains full di-
ameter growth is maintained until the desired length of
crystal has grown, and growth is terminated by sharply
increasing the pull rate or increasing the melt tempera-
ture so that the diameter reduces to zero.

A constant diameter is maintained by adjusting the
power input to the melt. This is done automatically ei-
ther by directly monitoring the diameter optically, that
is, by observing the bright ring around the crystal pe-
riphery, or by indirectly measuring the diameter via
weighing methods. Crucibles are normally round based
for semiconductors but should be relatively flat for ox-
ide/halide growth, that is, ionic materials.

Hurle [12.45] discusses the effects, in detail, of
convection, flows in melts, heat transport, mass trans-
port, solute segregation, use of magnetic fields, systems
dynamics and automatic diameter control, morpholog-
ical stability, and defect control. In general, as melt
sizes have increased natural convective flows have in-
creased, leading to turbulence, which causes growth
rate fluctuations leading to dopant concentration vari-
ations (so-called striations).

For growth of III-V compounds, liquid encapsulated
Czochralski (LEC) was pioneered by Mullin [12.46] for
GaAs and GaP. Suppression of the volatility of As and
P was crucial to the successful growth of these types of
compounds. This technique involves the use of an in-
ert layer of a transparent liquid, usually B,O3, which
floats on the melt surface and acts as a liquid seal. Most
importantly, the encapsulant should wet both the cru-
cible and crystal so that a thin film adheres to the crys-
tal as growth proceeds. The latter prevents dissociation
of the hot crystal. Pyrolytic boron nitride (PBN) cru-
cibles are now often used and either resistance or r.f.
heating is employed. Semi-insulating GaAs is produced
in a high-pressure puller (100—200 atm). The main ad-
vantage here is that elemental Ga and As can be used
as the starting materials. Diameter is often control by
crystal-weight measurements, rather than meniscus ob-
servation. Pull rates are typically < 1 cm/h. Axial or
transverse magnetic fields can again be used to control
melt turbulence and dopant segregation.

Precious metal (Pt, Ir) crucibles are used for ox-
ide crystal growth as high temperatures are used. To
prevent reduction of oxide melts, a partial pressure of
oxygen is needed. Normally, the crucible is not rotated
or translated and the growth rate is greater than the
pulling rate as the melt height decreases. Growth rates
are a few mm/h, at best, so growth times are normally
> 1 week. Large temperature gradients can lead to melt
turbulence, which in turn produces a banded structure
of solute concentration and varying stoichiometry in
the crystals. Control of convection in these systems
is therefore of critical importance. Rudolph and Kaki-
moto [12.47] have outlined various means of controlling
uniformity and stability of crystal growth from the melt
by complementing internal parameters (e.g., tempera-
ture field, pressure, growth velocity, etc.) by external
influences, for example, mechanical, electrical, and me-
chanical fields. Stirring during crystal growth can often
be essential to enhance solute transport through the
growth fluid, to homogenize the solute concentration in
the fluid and solid, and to reduce the thickness of the
solute diffusion boundary layer (in order to prevent con-
stitutional supercooling and hence the morphological
instability of the crystal). The question that obviously
arises then is why are the properties of the crystal not
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markedly affected by the periodic disturbances applied
to growth fluids? The answer lies in a comparison of
the time scales involved. Movement of solute species
in melt growth is normally of the order of hundreds of
cm/s. With growth rates in the region of 1072 cm/s,
and induced fluctuations in the region of cm/s solute
movement dominates. In addition, if the characteristic
ratio of D/§% (with D the diffusion coefficient and § the
boundary layer thickness) is less than the frequency of
any hydrodynamic changes and their related tempera-
ture oscillations then mass diffusivity cannot follow the
thermal changes.

12.3.3 Kyropoulos

This simple technique is used where a large diameter is
more important than length, for example, for windows,
prisms, lenses and other optical components, and for
scintillator materials. The set-up and method of growth
are similar to those of Czochralski (Fig. 12.4) but af-
ter the seed is brought into contact with the melt it
is not raised much during growth. As in Czochralski,
a short necked region is still grown but then the seed re-
moval is stopped and growth proceeds by reducing the
input power to the melt. The resulting crystals normally
have diameters of ~ 80—90% of the crucible diameter.
Although the control systems in these equipments are
relatively simple, the temperature distribution over the
crucible is critical. For alkali halides, the crystal den-
sity is greater than the melt density so the melt level
decreases with growth and the desired temperature dis-
tribution is one of the increasing temperature as the base
of the crucible is approached. Average linear growth
rates are a few mm/h, corresponding to cooling rates
of < 1°C/h. The only other process parameter of con-
cern is the seed rotation rate, which is normally low or
ZerO0.

While the method appears to be economically very
attractive there are technical deficiencies. The isother-
mal surfaces are curved, resulting in high dislocation
densities and the growth interface is composed of dif-
ferent crystal faces, with consequent inhomogeneities
in impurities and vacancy concentrations. High levels
of impurities result from the majority of the not well-
stirred melt being consumed. Despite these drawbacks
many tons of alkali halides for optical applications are
grown each year by this technique.

12.3.4 Stepanov

In this technique, a crystal is pulled from a crucible
containing a crystal-shaped aperture (Fig. 12.5). Crys-
tals can be pulled vertically upward, downward, or even
horizontally. Growth rates are below those of the nor-

- e e

Fig. 12.:a-c Schematic of Kyropoulos growth equipment. (

a) The

seed crystal contacts the melt, a small amount melts, and then cool-

ing is commenced to produce (b) and (c). (After [12.5])

Fig. 12.5 Schematic of
Stepanov growth equipment,
in which a crystal is pulled
through an aperture that de-
fines its shape. (After [12.5])

mal Czochralski technique, but dislocation densities
can be reasonably low.

12.3.5 Edge-Defined Film Growth

A die with a central capillary is placed on the surface
of the melt (Fig. 12.6). Surface tension forces cause
the melt to wet the die and be drawn up the capillary.
A pointed seed crystal is lowered to contact this melt
and then pulled upward. The melt is cooled slightly to
increase the crystal diameter until it reaches the size
of the die. Die can be designed to produce various
shapes of crystals, for example, tubes, sheets, etc. Rapid
growth is possible, but crystal quality normally suffers.
One product is alumina tape (1 mm thick by several cm
wide) used as a substrate for the production of high-
frequency circuits. In this technique, however, purity
can be limited.

12.3.6 Bridgman
In essence, this is a method of producing a crystal from

a melt by progressively freezing it from one end to the
other (Fig. 12.7). Crystals can be obtained with good
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a) b) (9]
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Fig. 12.6a—c Schematic of edge-defined film growth equipment.
(a) The melt wets the die and is drawn up the capillary; (b) the
seed is contacted to the melt and pulled up and cooling starts to
increase the crystal size; (c) the crystal reaches the size of the die.
(After [12.5])

dimensional control and the method uses relatively sim-
ple technology requiring little supervision. However, as
the diameter increases, controlling heat flow becomes
progressively more difficult. A wide range of materi-
als have been produced by this technique, including
sapphire at a melting point of =~ 2370°C. One major
requirement is that neither the melt nor its vapor must
attack the crucible material significantly. Dislocation
densities can also be limited to > 10* cm™2, and many
materials contain low-angle grain boundaries.

Growth rates can be in the range 0.1—-30 mmh~!.
Either the crucible or the furnace can be moved to
achieve movement of the freezing isotherm, and both
vertical and horizontal orientations are used. Crucible
materials include silica (for covalently bonded crys-
tals), graphite, and some metals (e.g., Mo for sapphire
growth). Traditionally, crucibles have tapered tips to try
to restrict nucleation to one crystal, although seed crys-
tals can also be used. If spurious nucleation occurs it
usually forms at the crucible walls, but this can be sup-
pressed by making the growth face concave into the
melt. Baffles are often used to separate upper and lower
parts of the furnace to ensure thermal isolation. A low
radial temperature gradient is needed to reduce disloca-
tion densities. Calculating the temperature distribution
is possible [12.48]. The most obvious requirements are
a large temperature gradient at the growth interface and
low-temperature gradients in the radial direction.

Impurity distributions in crystals are, in general,
governed by the type of mixing in the melt. In stirred
melts, so-called normal freezing, the relevant equation
is

Cs = ketCo(1 —x)ketr — 1,

where C; is the concentration in the solid, Cy the initial
concentration, keg is the effective distribution coeffi-
cient, and x is the fraction solidified. In unstirred melts,

Pulley
@ 6 Drum

| Lid

Upper
winding

T/C

Melt

[P N S ————

—— Baffle

Crystal

T/C

Lower
winding

Y- W S——

Fig. 12.7 Schematic of Bridgman growth equipment. (Af-
ter [12.5])

the interface segregation coefficient k™ governs the seg-
regation behavior

C. =k*C 1_w
s 0 k

x (1 —exp [—7(1 _g:)k*fz])] ,

where f is the growth rate, z the axial distance, and Dy,
is the diffusion coefficient. For a molten zone of length
L, the equation is

Cs = Co[l + (kefr — 1) exp(—kefr x)] .

For materials with a volatile component, there are sev-
eral possible refinements of the basic process, for exam-
ple, sealed ampoules, overpressure, and liquid encapsu-
lation (e.g., using B,03). Normally in sealed-ampoule
growth there is a lack of control over stirring. For verti-
cal systems, the accelerated crucible rotation technique
(ACRT) can be used, and this author has developed this
refinement for the growth of mercury cadmium telluride
(MCT) up to 70 mm in diameter [12.49]. Faster stable
growth rates are possible with ACRT [12.50], as are
larger diameter crystals, improved uniformity and bet-
ter crystallinity.
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Fig. 12.8

Silica tube Schematic of
float-zone growth
equipment.

Feed rod (After [12.5])

Zone

o R.F. Coil
Crystal
Seed

Zharikov [12.9, Chap. 3] discussed how axial vi-
brational control can be used to control the heat and
mass transfer and growth kinetics during growth from
liquids. Low-frequency, small-amplitude vibrations al-
low growth of high-quality crystals at high growth rates,
and also provide control of stoichiometry and dopant
distribution. This technique suppresses temperature os-
cillations at the interface and improves radial and axial
distributions of impurities. It can also be used for non-
electroconducting melts and liquids with high Prandtl
numbers. Applications range from semiconductors to
dielectrics produced from Bridgman, TSSG, Czochral-
ski, and float-zone techniques.

12.3.7 Vertical Gradient Freeze

The vertical gradient freeze (VGF) technique involves
the progressive freezing of the lower end of a melt
upward. This freezing process can be controlled by
moving the furnace past the melt or, preferable, by
moving the temperature gradient in a furnace with sev-
eral independently controlled zones. Low-temperature
gradients are normally obtained, leading to reduced dis-
location densities, and the crystal is of a defined shape
and size. Difficulties include furnace design, the choice
of boat material, and the issue of seeding.

The majority of melt-grown crystals are produced
by the Bridgman and Czochralski techniques (and their
variants). In general, if no suitable crucible can be
found then other methods are required, for example,
Verneuil.

Quartz |

T-AT_ _T+AT
Source i TemB
material
Cd,Hg; ,Te Stationary heater

Fig. 12.9 Schematic of THM growth equipment. (Af-
ter [12.5])

12.3.8 Float Zone

In this technique, a molten zone is maintained between
two solid rods (Fig. 12.8). By moving the zone relative
to the rods, one of them grows, and a single crystal can
be grown if a seed is used. Silicon is the only mate-
rial grown on a large scale by this technique. The only
other use for it is in the small-scale growth of very pure
crystals, as no crucible contact is involved. For silicon,
r.f. heating is used, with frequencies of 2—3 MHz for
diameters > 70 mm. There is a steep temperature gradi-
ent that induces flows in the molten zone, and if both
the seed and feed rods are rotated then the shape of
the solid/liquid interface can be controlled. The molten
zone normally moves upward.

12.3.9 Traveling Heater Method

The traveling heater method (THM) technique was
developed for II-VI alloy growth (Te-based) by Tri-
boulet [12.51]. In this technique, a molten zone is made
to migrate through a homogeneous solid source mate-
rial. This is normally accomplished by slowly moving
the ampoule relative to the heater (Fig. 12.9). The key
requirement here is to obtain the appropriate tempera-
ture profile, also shown in Fig. 12.9. Matter transport
is by convection and diffusion across the solvent zone
under the influence of the temperature gradient result-
ing from the movement. For alloy growth, a steady
state can be reached where the solvent dissolves a solid
of composition Cy at the upper growth interface and
deposits, at near-equilibrium conditions, a material of
the same composition at the lower growth interface.
Growth occurs at a constant temperature below the
solidus temperature and hence shows all the advantages
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Fig. 12.10 Schematic of low-temperature solution growth
equipment. (After [12.5])

of low-temperature growth. When tellurium was used
as a molten zone there was a marked purification effect.
Seeding was also found to be possible with the tech-
nique, as was growth of larger diameter material than
with the other common melt techniques used for these
compounds.

Problems with THM include the availability of suit-
able feed material with the required composition and
dimensions, although several different routes have been
used to overcome this problem. Natural convection is
the dominant mechanism of material transport, which
led to the addition of ACRT to the basic THM method
for some of the ternary alloys.

By producing two bevelled cylinders of binary com-
pounds graded-composition alloys were also produced.
These were then used to assess the effects of com-
position on various electrical and optical properties
in the given system. Other modifications to the ba-
sic process included the cold THM process, in which
the relevant metallic elements were used as the source
material. This produced a process that accomplished
synthesis, growth, and purification at low temperature
all in a single run. To avoid the problems resulting
from solvent excess in the crystal sublimation THM
was developed in which an empty space of the same
dimension as the molten zone is used. This method
was successfully applied to the growth of ZnSe. To
improve the purification effect, repeated runs on the
same material were used. A drawback of this is one
of repeated handling, which in turn was solved by
using the multipass THM technique, which can be

thought of as a variety of the classical zone-melting
method.

12.3.10 Low-Temperature
Solution Growth

Most of the crystals grown by this technique are wa-
ter soluble. This limits their use to applications in
which moisture can be excluded. Growth rates are
low (0.1-10mm/d), as the growth faces are unsta-
ble. This is due to the concentration gradient near the
growth face, in addition to which the crystal is nor-
mally totally immersed in the solution so that latent heat
evolution increases the adverse supersaturation gradient
(Fig. 12.10).

Water (both light and heavy) is used in ~ 95% of
the cases, and must be highly pure. All equipment must
be carefully cleaned and protected from dust and the
solutions must be stirred vigorously while being pre-
pared. Both slow cooling and solvent evaporation tech-
niques are used. Large volumes of solution (> 1001)
are needed for very large crystals of, e.g., KH,POy4
(KDP). These large volumes imply very long thermal
time constants, which can be increased by adding ther-
mal insulation, up to a limit. Large time constants make
it easy to obtain good temperature control. The growth
equipment is normally held in temperature-controlled
rooms. Although temperature stability is key, other pa-
rameters, such as fluctuations in stirring, can lead to
large changes in growth rate too.

Solvent evaporation simplifies the temperature con-
trol system and makes it more reliable. However, it is
difficult to ensure a constant acceptable rate of loss
of solvent. This can be approached by using a water-
cooled condensation region. One drawback of this tech-
nique is that concentrations of impurities increase as the
growth proceeds.

12.3.11 High-Temperature
Solution Growth (Flux)

This method is used for those materials that melt incon-
gruently; the solvent (flux) reduces the freezing point
below the relevant temperature to produce the desired
phase of the compound. Both liquid metals (Ga, In, Sn)
used in semiconductors and oxides/halides (e.g., PbO,
PbF,) used for ionic materials are employed as solvents.
Often, an excess of one of the components will be used
(e.g., Ga for GaAs and GaP for instance) or a common
ionic material (e.g., K,CO3 for KTa,Nb;_,03). Alter-
natively, the solvents contain large atoms, such as Pb
and Bi, which are too large to enter the lattice of the de-
sired crystal. Mixed solvents, for example, alkali metal
ions, break the chains that exist in B,Os3, SiO,, and
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Fig. 12.11 Schematic of hydrothermal growth equipment.
(After [12.5])

Bi,O3, lowering viscosities and surface tensions. The
book by Elwell and Scheel [12.4] contains much useful
information in this field.

Slow cooling of high-temperature solutions was
used between 1950 and 1970 to produce hundreds
of different materials. Small crystals were normally
obtained but these were sufficient to obtain useful
measurements of magnetic, optical, and dielectric prop-
erties. Later, seeded growth and stirring using ACRT
led to much larger crystals. A Czochralski-type pulling
technique can also be used in high-temperature solution
growth to produce larger crystals.

12.3.12 Hydrothermal

This is growth from aqueous solution at high temper-
ature and pressure. Most materials grown have low
solubilities in pure water, so other materials (called
mineralizers, for example, NaOH and Na,CO;3) are
added to increase the solubility. Quartz is the only
material grown on a significant scale by this method,
although ZnO is also produced commercially by this
technique.

Natural quartz crystals are used as seeds, as they
have lower dislocation densities. Growth proceeds in
the temperature-gradient transfer mode. Nutrient is held
in the lower part of the liquid in an autoclave. This re-
gion is held at between 5 and 50 °C above the upper
por