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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 in/on 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 III–Vs (e.g., such
as GaAs, InP, nitrides, etc.) group II–IVs (e.g., CdTe,
ZnSe, HgCdTe (MCT), 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.
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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

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/tungstatematerials. 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.

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.

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
20 000 t of bulk crystals. (After [12.1], copyright Elsevier
Science, used with permission)

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
(t=yr)

Growth methods

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 Rytz 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,

Scheel [12.6] gave estimates of 5000 t in 1979, 11 000 t
in 1986 (from [12.5]) and approximately 20 000 t 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.

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 ZrO2 (2700 ıC),
SrO (2420 ıC), Y2O3 (2420 ıC), etc., but the largest
use is still Al2O3 (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

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

Ceramic Flame

Liquid film

Crystal

Seed

H2

O2

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 300mm, 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 byMullin [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 B2O3, 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 10�2 cm=s,
and induced fluctuations in the region of cm=s solute
movement dominates. In addition, if the characteristic
ratio of D=ı2 (with D the diffusion coefficient and ı 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 ıC=h. The only other process parameter of con-
cern is the seed rotation rate, which is normally low or
zero.

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-

a) b) c)

Fig. 12.4a–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 (1mm 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) c)

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 ıC. One major
requirement is that neither the melt nor its vapor must
attack the crucible material significantly. Dislocation
densities can also be limited to > 104 cm�2, and many
materials contain low-angle grain boundaries.

Growth rates can be in the range 0:1�30mmh�1.
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 D keffC0.1� x/keff � 1 ;

where Cs is the concentration in the solid, C0 the initial
concentration, keff is the effective distribution coeffi-
cient, and x is the fraction solidified. In unstirred melts,

Pulley
Drum

Lid

Upper
winding

Melt

Baffle

Crystal

Lower
winding

T/C

T/C

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

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

Cs D k�C0

�
1� .1� k�/

k

�
�
1� exp

�
� .1� k�/k�fz

DL

	�	
;

where f is the growth rate, z the axial distance, and DL

is the diffusion coefficient. For a molten zone of length
L, the equation is

Cs D C0Œ1C .keff � 1/ exp.�keff 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 B2O3). 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 70mm 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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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

Source
material

Stationary heater

Temp.
T–ΔT T+ΔT

CdxHg1–xTe

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�3MHz for
diameters > 70mm. 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 C0 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 (> 100 l)
are needed for very large crystals of, e.g., KH2PO4

(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,
PbF2) 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., K2CO3 for KTaxNb1�xO3). 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 B2O3, SiO2, and
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Fig. 12.11 Schematic of hydrothermal growth equipment.
(After [12.5])

Bi2O3, 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 Na2CO3) 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 ıC above the upper
portion of the autoclave. Convection carries the hot su-

a)

b)

Seed
Crystal

Nutrient

Containing  tube
PlugFurnace

Charge
Ampoule Crystal

Distance

Temperature

Temperature

T1

T2

Fig. 12.12a,b Schematic of vapor growth equipment.
(a) Seeded growth; (b) Piper–Polich set-up. (After [12.5])

persaturated liquid to the cooler upper regions, where
deposition occurs on the seed crystals (Fig. 12.11).
These autoclaves can be operated at up to 400 ıC and
2000 atm pressure for � 10 yr without degradation. Au-
toclaves can be up to 1m in diameter and 2:5m high
for low-pressure growth from Na2CO3 solution, while
40 cm diameter and 8m high autoclaves are typical for
growth from NaOH.

Resistive heating elements are strapped to the out-
side of the autoclave and connected to two control
systems, allowing independent control of the temper-
atures in the solution and growth zones. Brice [12.5]
presents a table that shows some typical hydrothermal
growth conditions for a wide range of materials.

The essential problem in the growth of quartz is
to produce useful devices with reasonable yields with
OH concentration (measured by IR absorption) of <
100 ppma. Several parameters restrict the maximum
growth rate to � 0:5mm=d.
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12.3.13 Growth from the Vapor

Vapor growth has some applications, particularly in
high melting point materials and in II–VI compounds
such as ZnSe and ZnS (Fig. 12.12). High-temperature
vapor transport, or sublimation, of SiC has progressed
recently to producing 1�2 in crystals. Growth proceeds
by sublimation of a SiC source at 2000�2500 ıC in
near-vacuum conditions onto a seed held at � 1000 ıC
lower than the source. 6H-polytype material oriented
at h0001i is produced. Growth rates are � 2mm=h.
Problems remaining include impurities (� 1016 cm�3),
voids, high dislocation densities, and mixed polymor-
phism.

12.3.14 Multicrystalline Si Growth
for Solar Cells

Green [12.52] discusses the production of multicrys-
talline Si slices for photovoltaic applications and notes
that in 2011 approximately 48% of the world pro-
duction was based on this material. Advantages over
the Czochralski process are noted as lower capi-
tal costs, higher throughput, and a higher tolerance
to poor feedstock quality. Basically, the process in-

Silicon

Mold

a) b)

Fig. 12.13 (a) Direction solidification of silicon within
a mold: (b) smaller sections are sawn from the main ingot.
(After [12.52])

volves the controlled solidification of molten silicon in
a container to give silicon ingots with large columnar
grains, normally propagating from the container base
(Fig. 12.13a). These rectilinear ingots can be very large,
up to 400�600 kg, and they are sawn into smaller more
manageable sections, � 150mm in size (Fig. 12.13b),
before being sliced into wafers by continuous wire saw-
ing. This material is capable of producing solar cells
with � 90% of the performance of single-crystal Si,
but due to the higher packing density possible due to
the square geometry, this difference is masked at the
module level where the overall performance is equiva-
lent.

12.4 Materials Grown

This section summarizes the position regarding the
wide range of materials used in electronics and opto-
electronics. Again the reader is referred to the following
relevant chapters for more in-depth coverage of a par-
ticular material. The section is subdivided roughly into
group IV, group III–V, group II–VI, oxides, halides, and
finally phosphates/borates.

12.4.1 Group IV

Silicon (Germanium)
The growth of silicon still dominates the electronics
industry in terms of size of activity. Hurle [12.45] de-
scribes in detail the growth of silicon by the Czochralski
method. In essence, a polysilicon charge is placed in
a high-purity quartz crucible mounted in pre-baked
graphite supports. Chains or cables are used in the
pulling system, rather than rods, to limit the height of
modern pullers. Both the crystal and the crucible can
be rotated, although the details of this aspect vary from
manufacturer to manufacturer and are proprietary. As
the growth proceeds, the crucible is raised to maintain
the position of the melt surface in the heater.

Silicon has two major advantages from a crys-
tal growth perspective: a high thermal conductivity

(which permits removal of latent heat of solidification)
and a high critical resolved shear stress (which allows
high thermal gradients without dislocation generation).
These two factors enable high growth rates, leading to
economic benefits. Heat is provided by picket-fence-
type graphite heaters. Most commercial pullers are
highly automated with full computer control. In most
cases, diameter control is achieved via monitoring of
the bright ring around the meniscus of the growing
crystal. Oxygen is a particular problem and is intro-
duced via erosion of the silica crucible by the melt.
Convection moves the oxygen within the melt toward
the crystal, where it is incorporated. A similar situation
arises with carbon monoxide loss from the melt. Prob-
lems with convection have increased as the diameters
of silicon crystals have increased over the past several
decades. This convection controls concentrations and
distributions of oxygen, carbon, and other unwanted im-
purities.

Although current production of large-diameter ma-
terial is at the 300mm level, there have been reports of
400mm diameter material [12.53] and even 450mm (�
450 kg) [12.8, Chap. 6]. In this case, it was necessary
to grow a secondary neck below the Dash dislocation-
reducing one as the thin Dash neck could not hold the
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weight of the crystal. One report [12.54] shows how co-
doping Si with B and Ge can obviate the need for this
narrow-neck region, while maintaining dislocation-free
growth. Rudolph and Kakimoto [12.47] report how the
use of a 0:35T magnetic field can reduce turbulence in
such large melts.

The highest grade of silicon i. e., the high-
est purity, is probably still produced by the float-
zone (FZ) method, rather than the Czochralski tech-
nique [12.55, 56]. The higher purity (particularly re-
garding carbon and oxygen) and better microde-
fect control result in higher solar cell efficien-
cies in FZ material. Faster growth rates and heat-
ing/cooling times together with the absence of cru-
cibles and hot-zone consumables also give FZ mate-
rial an economic advantage over Czochralski mate-
rial.

Table 12.2 summarizes the present position on sizes
of various crystals, including silicon and germanium
and silicon/germanium. The author does not claim that
this list is complete nor is it authoritative, it merely
serves to show the range of crystals and sizes currently
being grown by bulk growth techniques. The informa-
tion is taken from a number of published conference
proceedings [12.57–66] and other sources [12.8, 9, 44,
49, 67–69].

Silicon Carbide
The growth of SiC for semiconductor devices, as
opposed to abrasive applications, became success-
ful when substrates could be reproducibly grown up
to large sizes [12.70–72]. Currently, substrates up
to 50mm diameter are commercially available and
100mm diameter substrates have been reported by Ta-
lalaev et al. [12.9, Chap. 2]. The current method is that
of seeded sublimation growth. A water-cooled quartz
reactor enclosure surrounds a graphite crucible, which
is heated by r.f. means. Crucible sizes are slightly larger
than the required crystal size and SiC powder (particle
size 20�200�m) and/or sintered polysilicon is used as
the source. Typically a distance of 1�20mm between
the seed and the source is used. At the high process tem-
peratures of 1800�2400 ıC, volatile species of Si2C,
SiC2, and Si evaporate from the source and deposit on
the seed. The source temperature determines the rate
of evaporation, and the temperature difference between
the source and the seed determines the diffusion trans-
port rate; together these two temperatures govern the
growth rate. The Si W C ratio is a key control parameter
for proper growth of the desired material. Sublimation
is normally performed in vacuum or inert gas, such
as argon. The pressure of this gas also controls the
growth rate to an extent. Growth rates can reach up to
0:5�1:0mm=h, and crystal lengths of up to 20�40mm

are achieved. Doping can be accomplished via nitrogen
and aluminum addition for n- and p-type material, re-
spectively.

Polytype control is obtained by carefully choos-
ing the seed orientation, with growth on the (0001) Si
face giving 6H material, while 4H material grows on
the (000N1) face. Both growth temperature and pressure
and intentional/unintentional impurities can also affect
the polytype obtained. One remaining problem is that
of micropipes within the material. These are hollow
core defects of 1�10�m diameter, although their den-
sity has been reduced from 1000 to 1 cm�2 in the best
samples. Maintaining good control over the nucleation
conditions can reduce micropipe density.

Diamond
High-pressure diamond is produced under condi-
tions where it is thermodynamically more stable than
graphite [12.73]. However, very high temperatures and
pressures are required for growth, unless catalysts are
also employed. Clearly a detailed knowledge of the
diamond–graphite pressure–temperature phase diagram
is a prerequisite for successful growth. For example,
in static compression, 8�20GPa of pressure and tem-
peratures of 1000�3000 ıC are needed. Carbon sources
include graphite, amorphous carbon, glassy carbon, and
C60. Dynamic compression techniques employ pres-
sures of 7�150GPa. A wide variety of catalysts have
been used ranging from conventional ones, for exam-
ple, transition metals, to carbide-forming elements (Ti,
Zr, etc.), to Mg, to oxygen-containing materials (car-
bonates, hydroxides, etc.), to inert elements (P, Cu, Zn,
etc.) to hydrides.

Crystals above 1mm size are grown by the tempera-
ture gradient method. Growth temperature, temperature
gradient, growth time, type of catalyst, and impurities
all affect the growth. Crystals up to 10�12mm in size
are commercially available from high-temperature–
high-pressure growth, see Sumiya [12.74]. Growth rates
can reach 10mg=h and are governed by the growth tem-
perature and the temperature gradient. If a high-quality
diamond seed is used crystals free of major defects,
such as inclusions, stacking faults and dislocations, can
be obtained. Impurities, mainly form the catalysts used,
are still an issue, as is their nonuniform distribution.

More recent work on CVD techniques has led to di-
amond crystals up to 100mm in diameter and 1�2mm
thickness [12.75]. This book also gives details of the
use of diamond in a very wide range of device applica-
tions, including radiation/neutron detectors, electronic
devices, for example, field effect transistors (FETs),
electrochemical, and biological sensors and microelec-
tromechanical devices. It even describes the area of
superconductivity in diamond films.
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Table 12.2 Typical sizes (i. e., diameter) of a selection of bulk-grown crystals (in mm and/or weight in kg) currently in
production and in R&D

Crystal Commercial R&D
Silicon (Cz) 300 (250 kg) 450 (450 kg)
Silicon (FZ) 100
Silicon (multicrystalline) 680� 680mm (400�600 kg)
Germanium 75 200�300
Silicon/Germanium 35 (120mm long)
SiC 50 100
Diamond 100 (1�2mm thick) 100
GaAs 200 (50 kg) 200
InP 150 150
GaSb 50 75
GaInSb 50
InSb 75 100
InAs 50
InGaAs 10
GaInAsSb 30
GaN (sublimation) 50
AIN (physical vapor transport, PVT) 25 (5mm thick) 40 (core in 50mm slices)
MCT 50 70
CdZnTe 140 (10 kg) 140 (12 kg)
Bi2Te3 12 28
ZnSe (vapor, LEC) 60
ZnTe 80
ZnO 50 75 (10mm thick)
HgMnTe 30
CdMnTe 40
HgZnTe 30
LiNbO3 40
YCa4O.BO3/3 80
PbZnNbTiO3 75
YAG 20 75
GGG 110 (25 kg)
LiTaO3 100 125
Ruby 200
Sapphire 350� 500� 40 500
BGO 140
La3Ga5SiO14 100
Quartz 15�30� 150�250, (0:5�18 kg)
ˇ-BaB2O4 60
CaF2 385 (100 kg)
Alkali halides 520 (550 kg) 1000 (poly)
BaBrI 400
Ce:Li6Lu.BO3/3 30
KDP 660� 500 (380 kg)
Ca5.PO4/3F 70
TGS 40

12.4.2 Groups III–V

Gallium Arsenide
Mullin [12.46] provided a comprehensive discussion on
all aspects of the growth of III–V and II–VI compounds.
He starts his treatment with the early work done on pu-

rification in Ge and Si, which highlighted the need for
both high purity and for single-crystal growth. He notes
that Pfann [12.76] initiated zone melting, in which, in
the simplest case, a horizontal molten charge is pro-
gressively frozen from one end. Both zone leveling, in
which a liquid zone within a solid bar is moved through
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the bar in one direction and then in the reverse direc-
tion, thus producing a uniform distribution of a dopant,
and zone melting, in which liquid zones are repeat-
edly passed through a solid bar to force impurities to
segregate to the ends of the bar and then these are sub-
sequently removed before the bar, are used in growth.
Horizontal techniques were also used to produce single-
crystal material by slight back-melting of a seed crystal,
followed by progressive freezing. These various hor-
izontal techniques were subsequently applied to the
purification of both elements and compounds in the ma-
terials from groups III–V and II–VI.

Table 12.3, taken from [12.46], summarizes the
growth techniques that have been used for the various
compounds in the groups III–V and II–VI. There has
been much debate about the relative advantages and dis-
advantages of these techniques as applied to compound
crystal growth.

GaAs is the most important group III–V com-
pound. Horizontal growth can be used to produce
low-temperature gradients at the solid/liquid interface,
which reduces stress-induced slip and hence disloca-
tions. This is particularly beneficial for the use of GaAs
in laser diodes, where dislocation densities are required
to be very low. However, there is a potential problem
in using these low-temperature gradients and that is
constitutional supercooling, which may result in unsta-
ble growth and second-phase inclusions. In addition,
there is the issue of impurity uptake from the crucible
and nucleation of twins, grain boundaries, and even
polycrystalline growth from the crucible walls. These
problems can be minimized by taking care in exper-
imental detail but they still make horizontal growth
unattractive where large-area uniformity is required,

Table 12.3 General applicability of growth techniques to compound semiconductors. (The more asterisks there are the
more appropriate the technique; P: potentially applicable; C: conventional VGF; L: LEC VGF.) (After [12.46])

Technique/
compound

Zone melting,
horizontal Bridgman

VGF,
vertical Bridgman

Conventional
vertical pulling

Liquid encapsulation
pulling

Vapor growth

InSb *** P *** P
GaSb *** P *** P
InAs *** P *** P
GaAs *** C***: L*** *** P
InP * C*: L** *** P
GaP * C*: L** *** P
HgSe ** P
HgTe *** P
CdSe * ** ***
CdTe *** *** ***
ZnSe ** ***
ZnTe ** ***
HgS ***
ZnS ***
CdS ***

particularly as scaling up to ever larger diameters is dif-
ficult.

Early efforts to produce this material by the ver-
tical Czochralski method failed due to dissociation of
the melt. This problem was solved by the LEC tech-
nique [12.46]. A layer of boric oxide floats on the
melt and the seed crystal is dipped through this to con-
tact the melt (Fig. 12.14). PBN crucibles are normally
used and heating can be by resistance or r.f. means
but commercial systems use graphite heaters. Most
semi-insulating GaAs, which is required for integrated
circuits, is produced at pressures of 100�200 atm. The
advantage of this modification is that elemental As and
Ga can be used as the source. Diameter control is nor-
mally via crystal weighing. Currently, LEC produces
material of 150mm diameter [12.77] from 28�40 kg
melts using 400mm diameter PBN crucibles. Also re-
ported were modifications to the basic Czochralski
technique to reduce stresses, and hence dislocations,
in crystals up to 100�150mm diameter. These are
vapor-pressure-controlled Czochralski (VCZ), fully en-
capsulated Czochralski and hot-wall Czochralski. The
reader is referred to the reference for more details
of these techniques. Friedrich et al. [12.8, Chap. 5]
note that 200mm diameter crystals have also been
grown.

An alternative to Czochralski is that of vertical gra-
dient freeze. For reproducible growth of large-diameter
crystals by this technique it was found necessary to use
B2O3 in a PBN crucible. Freezing is accomplished by
moving the temperature gradient via furnace-controller
changes, rather than movement of the furnace it-
self. This naturally produces low-temperature gradi-
ents, which give low dislocation densities, and it pro-
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Fig. 12.14 Schematic of liquid-encapsulated Czochralski
growth equipment. A silica outer vessel with viewing port
is held between end-plates. The induction heating coils
couple into the graphite surround. The seed is fixed in the
chuck on the pull rod that rotates and moves through the
bearing and seal. The crystal grows from the seed through
a necking process, and on withdrawal pulls out a layer
of B2O3 over its surface. (After [12.44], copyright Wiley-
VCH (1998), used with permission)

duces a crystal of the right size and shape for sub-
sequent slicing and processing. Rudolph [12.77] re-
ports that in 1999 LEC growth of GaAs accounted
for � 90% of all SI GaAs, with the remaining 10%
via vertical Bridgman or VGF growth. By 2000, he
puts the figures at � 50% LEC and � 50% VGF.
Rudolph also notes that VGF has been reported to grow
up to 150mm diameter material. Rudolph and Kaki-
moto [12.47] have shown how application of a magnetic
field in VGF growth can produce nearly striation-free
material.

Indium and Gallium Phosphides
As for GaAs, high-pressure LEC growth of both InP
and GaP is normally used [12.46]. The problems were
analogous to those of GaAs, with the major addition
of an increased tendency to twinning. Loss of phos-
phorus (P4) is still a problem and leads to deterioration
in crystal quality. Dislocation densities are still seen to
be high. Asahi et al. [12.78] report that some of these

problems have been alleviated by modifications to the
basic LEC process, for example, thermal-baffled LEC,
phosphorus-vapor-pressure controlled LEC, and VCZ.
Dislocations tend to increase with crystal diameter, al-
though crystals up to 100mm with low-disclocation
densities have been grown by VCZ. Lower disloca-
tion densities are produced by the VGF method, at
a given crystal diameter. High-pressure VGF growth of
InP is difficult and temperature fluctuations cause twin-
ning. By improving the temperature control (to within
˙0:03 ıC). Asahi et al. show that twin-free h100i InP
single crystals of 100mm diameter and 80mm length
can be obtained. Temperature gradients of < 10 ıC=cm
reduced the etch pit densities below those of compara-
ble LEC material. Friedrich et al. [12.8, Chap. 8] report
that crystals of InP up to 150mm diameter have also
been produced.

Indium and Gallium Antimonides
Mullin [12.46] has detailed the early work on InSb;
much less work has been done on GaSb. The low melt-
ing point combined with the negligible vapor pressure
of Sb over the melt make zone-refining methods at-
tractive. However, certain impurities render this route
troublesome, although means to overcome this issue
were found. Crystal-pulling methods were preferred for
their versatility, although twinning was seen as a ma-
jor issue. Growth on the (111) Sb face produces this
twinning and it is recommended that growth takes place
instead on [211] Sb or [311] Sb faces.

Micklethwaite and Johnson [12.79] summarized the
position for InSb production for IR detector applica-
tions. InSb expands by � 13% on freezing, leading to
a net flow away from the growth interface. This den-
sity effusion must be accounted for in modeling this
system. Hydrogen is used as the atmosphere, as it re-
duces floating InOx. The basic Czochralski method is
used for commercial production and 75mm diameters
are routine. Defect densities can be as low as 10 cm�2.
Many of the details of the growth process are propri-
etary. Growth proceeds without a liquid encapsulant,
and as such resembles Si growth more closely than its
arsenide and phosphide cousins. However, there are sig-
nificant differences from the silicon case in terms of
reduced radiative heat transfer and increased convec-
tive flow in the hydrogen atmosphere. Fluid mechanics
in the melt are complicated both by the density effusion
and the facet effect [12.46].

Dutta [12.8, Chap. 12] reports on the VB and VGF
(+ACRT) growth of ternary III–V crystals, for example,
GaInSb, up to 50mm diameter and discusses the rea-
sons why ternaries are so much more difficult to grow
than binaries. Later, he described the growth of sev-
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eral other III–V ternaries, for example, GaInAs, from
quaternary melts by VB/VGF, including the addition of
melt replenishment during growth [12.9, Chap. 9].

Group III Nitrides
There was an increase in interest in these com-
pounds following successful development of blue laser
diodes. Ideally, epitaxial thin films of these nitrides
would be grown on bulk substrates of similar com-
pounds, to minimize lattice mismatch. However, growth
of these compounds by the more normal Czochral-
ski and Bridgman techniques is not possible due to
the high melting temperatures (2200�3500K) and
high-decomposition pressures (0:2�60 kbar) [12.80,
81]. One growth method that can be used is high-
pressure solution growth. In this technique, liquid Ga
(plus 0:2�0:5 at % Mg, Ca, Be or Zn) is held in
a high-pressure chamber with a N2 atmosphere. The
maximum pressure is � 20 kbar and the maximum tem-
perature is 2000K. Both pressure and temperature are
controlled within tight limits and in situ annealing in
vacuum is also allowed for. A temperature gradient of
2�20 ıC=cm is maintained along the crucible axis and
the N2 dissolves in the hotter end and GaN crystal-
lizes in the cooler end. No seeding was used and after
120�150 h of growth hexagonal needles or platelets are
produced of size 10� 10mm. Growth by metal-organic
vapor phase epitaxy (MOVPE) and molecular beam
epitaxy (MBE) of GaN and InGaNmulti-quantumwells
(MQWs) on these bulk GaN samples was also re-
ported byGrzegory et al. [12.81]. Light emitting diodes
(LEDs) and laser diodes based on these epitaxial layers
were also described.

This technique only produces very small crystals of
both AlN and InN.

Nishino and Sakai [12.82] describe the sublimation
growth of both GaN and AlN. Initially, the source pow-
der is synthesized by heating Ga metal in NH3. This
powder is then annealed in NH3 before loading into
the growth chamber. Temperatures are 1000�1100 ıC
but atmospheric pressure can now be employed. Both
NH3 and N2 are introduced into the growth cham-
ber. Either small, 3mm � several hundred �m, bulk
crystals or free-standing films (10�30�m thick) on
sapphire substrates are produced. Thicker samples (up
to 500�m thick) can be produced by the sublimation
sandwich method in which the distance from source to
substrate is reduced to 2�5mm. A hot-pressed poly-
crystalline source of AlN and a SiC-coated graphite
crucible was used to grow 0:3�1:0mm thick films on
the 6H-SiC seed (10� 10mm in size) at temperatures
of 1950�2250 ıC. Talalaev et al. [12.9, Chap. 2] note
the growth of 50mm diameter AlN substrates with a

central 40mm diameter single-crystal core, plus totally
single-crystal high-purity 25mm AlN substrates.

12.4.3 Groups II–VI

Several reviews of the growth of a wide range of
binary and ternary II–VI compounds have been pub-
lished [12.46, 67, 83, 84]. One of the key concepts in
the growth of these compounds is the ease with which
phase transitions occur. This imposes limits on certain
growth techniques for particular compounds.

There are two main types of bulk growth tech-
niques, namely growth from the liquid and growth from
the vapor. Most narrow-gap II–VI compounds are char-
acterized by high melting points and/or high component
partial pressures and early work concentrated on var-
ious forms of vapor growth, particularly for S- and
Se-containing compounds. Problems of low growth rate
and/or small crystal size and purity led to a switch to
melt growth techniques, although there have been some
significant developments in the growth of larger crystals
from the vapor.

Many techniques have been used to grow narrow-
gap II–VI compounds. Solid-state recrystallization
(SSR) was used for ternary systems where there is
a wide separation between solidus and liquidus, for ex-
ample, MCT. Other names that have been used for this
process are quench anneal (QA) and cast recrystallize
anneal (CRA). The term anneal is used in the first case
to define a high-temperature grain growth process while
in CRA it is a low-temperature process to adjust stoi-
chiometry. Strictly speaking SSR is crystal growth from
the solid phase at temperatures close to the melting
point but is included here for convenience.

Bridgman growth is the most widely used of the
bulk growth techniques applied to narrow-gap II–VI
compounds. It is the only technique that has produced
crystals of all the binary and ternary compounds stud-
ied. Numerous modifications have been applied to the
basic process but the three principle means of achieving
growth are to move an ampoule through a temperature
gradient, to move the furnace past a stationary am-
poule and to move a temperature profile from high to
low temperatures with both the furnace and ampoule
stationary, the so-called vertical gradient freeze (VGF)
method.

Usually, silica ampoules are used but various coat-
ings have been applied and the use of other materials
such as PBN has been reported [12.85]. Charges are
prepared either using the appropriate elements or, for
ternaries and quaternaries, pre-formed compounds of
the binaries. Both vertical and horizontal configura-
tions have been used and large crystal sizes coupled
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with a relatively high growth rate (1�2mm=h) make the
basic technique relatively cheap and versatile. Marked
segregation of both matrix elements, in ternaries and
quaternaries, and impurities can occur. Difficulties in
controlling component vapor pressures can be over-
come by employing a reservoir of one of the compo-
nents at a temperature lower than that of the growing
crystal. High partial pressures in Hg-containing com-
pounds can cause ampoule failure but means have been
developed to cope with this situation [12.86].

The traveling heater method (THM) has mainly
been used for Te-based binary and ternary compounds.
Growth by THM combines the advantages of low-
temperature solution growth with steady-state condi-
tions, as in zone melting. A homogeneous alloy can
be used as the starting ingot or segments of the bi-
naries can be employed. If the Te zone height is
made equal to the ring heater size then a flat inter-
face is obtained, for particular geometries of crystal
and furnace and growth parameters [12.87]. Very low
growth rates (0:1mm=h) are typical but diameters up
to 40mm have been accomplished. As in Bridgman,
many variations on the basic THM method have been
attempted. These include multipass-THM [12.88] and
cold THM [12.89].

Hydrothermal growth has mainly been applied to S-
and Se-based binary compounds and was reviewed by
Kuznetsov [12.90]. The main advantages are in reduc-
ing growth temperature (to 200�250 ıC) and dealing
with the high partial pressures. Growth rates are very
low (0:05mm=d), and crystals are small (few mm) and
contain subgrains and inclusions, but can still provide
useful fundamental data.

Growth from the vapor is usually carried out at
much lower temperatures than growth from the liquid,
hence below unwanted phase transition temperatures,
and can lead to less defective crystals. However, growth
rates are generally much lower and uncontrolled nucle-
ation and twinning are more prevalent. Techniques can
be split essentially into unseeded and seeded methods.
The simplest technique is that of chemical vapor trans-
port (CVT), usually using iodine as the transport agent.
The compound to be grown is reacted at a high temper-
ature with the iodine, transported to a cooler region and
deposited. The reverse reaction produces iodine, which
diffuses back to the high-temperature region and the
process repeats itself. The method uses a 2-zone fur-
nace but has the disadvantages of iodine incorporation
and small crystal sizes. Mimila and Triboulet [12.91]
experimented with sublimation and CVT using water
as a transporting agent for ZnSe and Triboulet has suc-
ceeded in the growth of CdTe by this means.

Most other vapor techniques are in some sense
a derivative of the Piper–Polich method (Fig. 12.12b).

Although this was developed originally for the growth
of CdS [12.92], the technique may be applied to the
vapor growth of any compound that sublimes readily
below the melting point temperature. The crystal is
grown in a closed crucible that is moved through a steep
temperature gradient, such that the source material is al-
ways hotter than the growing surface and mass transport
occurs from source to crystal.

Vapor growth under the controlled partial pressure
of one of the constituents has been obtained by in-
cluding small quantities of one of the elements in an
extended part of the capsule located in a cooler part of
the furnace [12.93]. The technique, termed Durham, is
a vertical unseeded growth procedure, where the source
is sublimed from bottom to top in an evacuated silica
capsule over several days. Constituent partial pressures
are independently controlled by placing one of the ele-
ments in a separately heated reservoir connected to the
main capsule via a small orifice.

The vertical unseeded vapor growth (VUVG)
method differs from the Durham technique in that the
partial pressures are controlled by the initial deviation
from stoichiometry of the charge material. It was ini-
tially developed to grow CdTe. The crystal is grown
in an evacuated cylindrical silica capsule in a vertical
furnace. A long quartz tube, which extends outside the
furnace, is attached to the top of the capsule providing
a heat pipe to create a cooler area for nucleation, which
is closely monitored to ensure that the nucleus is single
grained.

The sublimation traveling heater method (STHM)
was developed from THM by Triboulet and Mar-
faing [12.88]. The Te-rich molten zone in conventional
THM is replaced by an empty space or vapor zone.
A problem arises in that the constituent partial pressures
are not only functions of the temperature. However,
the vapor can be maintained near the stoichiometric
Pmin condition if a small capillary, one end of which
is at room temperature, is connected to the vapor
chamber [12.94]. Excess species are sublimed down
the capillary, preserving the relative constituent partial
pressures and hence the growth rate.

In one version of the seeded technique, an oriented
seed is placed on top of a long sapphire rod inside
a sealed quartz capsule. The source material is placed
in a basket above the seed and sublimation is top-
down. The sapphire rod is carefully centered within
the growth capsule to ensure a narrow gap between it
and the walls of the capsule. The crystals grow clear
of the container walls and generally consist of two or
three large grains, some of which maintain the seed
orientation. This Markov technique has been adapted
for commercial production by the ELMA Research and
Development Association of Moscow (cited in Durose
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et al. [12.95]). Large crystals of CdTe, 50mm in diam-
eter and up to 10mm in length have been grown.

HgS is grown by vapor means or by hydrothermal
techniques, both of which are at low temperatures and
hence low S partial pressures. HgSe has been produced
by vapor growth and also by the Bridgman technique.
Thick-walled silica ampoules are required in the growth
of the Hg-containing compounds to contain the high Hg
partial pressures. More details of the growth of the Hg-
based binaries can be found in [12.89] for vapor and
Bridgman growth, while Kuznetsov has reviewed the
hydrothermal growth of HgS [12.90].

Early work on the growth of the Cd-based bina-
ries was summarized by Lorenz [12.96]. Vapor growth
was favored for CdS and CdSe, although hydrother-
mal growth was also discussed. The latter technique,
as applied to CdS, was discussed in [12.90]. CdTe
was grown by various melt growth techniques, includ-
ing seeded zone melting and Bridgman, and by vapor
growth methods. Zanio [12.97] reviewed the growth,
properties and applications of CdTe, including radiation
detectors. By that time, vapor growth had been essen-
tially supplanted by both Bridgman and THM growth.
A more recent review of CdTe can be found in Cap-
per and Brinkman [12.98]. The main uses of CdTe (and
CdZnTe/CdTeSe) are as a substrate material for the epi-
taxial growth of MCT and, more recently, as radiation
detectors [12.99]. Triboulet et al. [12.100, 101] applied
SSR to the growth of both CdSe and CdTe.

A wide variety of techniques for growth from
the liquid have been used to produce crystals of
CdTe. These include solvent evaporation [12.102], liq-
uid encapsulated Czochralski [12.103], zone refining
[12.104], VGF [12.105, 106], solution growth [12.107],
heat exchanger method [12.108], float-zoning [12.109],
Bridgman [12.98] and THM [12.51], and Triboulet
et al. [12.100] have reviewed these materials as sub-
strates for MCT epitaxial growth and compared them
to the alternatives based on GaAs, sapphire, and Si.
Problems with the growth of CdTe include low ther-
mal conductivity, difficulty in seeding due to the need
for superheated melts, ease of twin formation, tilts and
rotations in the lattice, stoichiometry control, and im-
purities. However, Triboulet et al. [12.101] concluded
that despite the progress made in the alternative sub-
strate materials, lattice-matched substrates based on
CdTe produced MCT epitaxial layers that gave the best
device performance at that time.

Within the Bridgman growth technique, many
alternatives have been attempted. These include hold-
ing excess Cd at a lower temperature in a separate
reservoir [12.110], vibration-free growth [12.111], vi-
brational stirring [12.112], horizontal growth [12.113],
low-temperature gradients [12.114], high-pressure

(100 atm) growth [12.115], and the addition of the ac-
celerated crucible rotation technique (ACRT) [12.116].
Work in the United States [12.113] aimed at improv-
ing both the horizontal and vertical techniques and
scaling-up to large melts, up to 8 kg (horizontal). Szeles
et al. [12.117] showed that crystals up to 140mm
diameter and 10 kg in weight can be grown by careful
control of the temperature fields.

In the Bridgman process, elemental Cd and Te are
loaded into a clean carbon-coated silica ampoule, ho-
mogenized by melting/rocking, heated to temperatures
in excess of 1100 ıC, and then frozen at rates of a few
mm=h in a vertical or horizontal system. Single crys-
tals or, more normally, large-grained ingots of size �
75mm in diameter and 10�15 cm in length are pro-
duced.

Growth by variations on the basic THM pro-
cess have included the addition of ACRT [12.118,
119], focused radiant heating [12.120], sublimation-
THM and multipass-THM [12.88], and cold THM at
780 ıC [12.89]. Crystals are grown either from the pre-
compounded binaries or the elements (as in cold THM).
Growth rates tend to be low, few mm=d, but crystals are
very pure due to segregation effects and high-resistivity
material results (107�cm in [12.88]). This makes THM
material ideally suited for gamma- and x-ray detectors.

The vast majority of work on bulk growth of MCT
has been from the melt. Although rapid progress has
taken place in the epitaxial growth techniques for MCT,
material grown by several bulk methods is still in use
for infrared detection, particularly for photoconductive
detectors (this is the case in this author’s lab and others
worldwide, for example, SPITFIRE in New Zealand).
Several historical reviews of the development of bulk
MCT have been published [12.121–123]. Many tech-
niques were tried in the early years but three prime
techniques survived: SSR, Bridgman and THM.

Two fundamentally different approaches have been
followed to improve the basic Bridgman process. These
are based on control of melt mixing and of heat flows,
respectively. The former has been studied by this au-
thor and coworkers [12.124] while the latter includes
the work of Szofran and Lehoczky [12.125] among oth-
ers. Marked segregation of CdTe with respect to HgTe
occurs in the axial direction but this leads to an advan-
tage of the Bridgman process over other techniques,
that is, material in all ranges of interest (1�2, 3�5
and 8�12�m, for x D 0:7, 0:3 and 0:2 regions, respec-
tively) is produced in a single run.

A means of stirring melts contained in sealed, pres-
surized ampoules was needed and the ACRT of Scheel
and Shulz-Dubois [12.43], in which the melt is sub-
jected to periodic acceleration/deceleration at rotation
rates of up to 60 rpm, was chosen. The first report
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of ACRT in MCT Bridgman growth was given in
a patent [12.126]. These effects were developed and
discussed in more detail in later papers, which are
reviewed in [12.124]. Crystals were produced up to
20mm in diameter and with x values up to 0:6 in the
tip regions of some crystals (this has recently been in-
creased to � 0:93 at 20mm diameter in this author’s
lab, Capper et al. [12.44, 49, 127], up to 0:4 in 40mm
diameter crystals, while the size has also been increased
up to 70mm).

Triboulet [12.51] developed the THM technique
for MCT where diameters up to 40mm were accom-
plished and x values up to 0:7 [12.128] for optical
communication devices. Durand et al. [12.129] em-
ployed seeds to produce large, oriented crystals, an
advantage of this technique over other bulk meth-
ods. Gille et al. [12.130] adopted a slightly different
approach. A pre-THM step is carried out to quench
a Te-rich (53�60%) MCT melt. The entire growth
procedure takes several months but gives uniform ma-
terial. This group also used rotation in the horizontal
growth by THM with some success [12.131]. Two
groups have applied ACRT to THM and obtained en-
hanced material properties. Royer et al. [12.132] used
a saw-tooth ACRT sequence and obtained improved ra-
dial and axial compositional uniformity. Bloedner and
Gille [12.133] used ACRT although no significant de-
pendence of crystallinity on rotation sequencewas seen.
They did, however, achieve an increase in growth rate
from 1:5 to 8:5mm=d.

Bridgman is the main melt growth technique for the
Hg- and Cd-based ternary and quaternary compounds
while work on the vapor growth of these compounds
has been limited. The various Hg-based ternaries (e.g.,
HgZnTe and HgMnTe) have been studied as poten-
tial alternatives to MCT for infrared detectors (Rogal-
ski [12.134] gave more details including phase equi-
libria plots). This work was initiated by a theoretical
prediction that the Hg–Te bond is stabilized by the
addition of Zn, in particular. Rogalski concluded that
THM produced the best quality HgZnTe while Bridg-
man growth of HgMnTe was described as being similar
to MCT growth but with reduced segregation. Crys-
tals of HgMnTe up to 40mm diameter were produced.
Triboulet [12.135] discussed alternatives to MCT. He
concluded that HgMgTe, HgCdSe, and HgZnSe were
not suitable, for a variety of reasons, but that HgMnTe
and HgZnTe were potentially suitable.

The main Cd-based ternaries are CdZnTe and
CdTeSe, which are used as substrates for epitaxial
MCT growth by LPE and MBE. A vast literature ex-
ists on these compounds and it is still a very active area
of research. Vertical and horizontal Bridgman are the
main techniques used [12.98] although VGF has been

used [12.98] as has THM [12.51]. High-quality crys-
tals up to 100mm (and even 125mm) diameter can
be produced by VGF [12.78, 106]. Even larger crystals
are being grown by horizontal Bridgman [12.117, 136].
Two main problems remain in these compounds. These
are uniformity of Zn, or Se, and impurities.

Pelliciari et al. [12.137] showed how solvent evap-
oration from a Te-rich solution of CdTe in an open tube
system can produce large-grained and even single crys-
tals of CdTe up to 300mm diameter. This large-area
material is aimed at the fabrication of x-ray and ”-ray
detectors.

Dilute magnetic semiconductors (DMSs) are a class
of semiconductor where the semiconducting properties
are changed by the addition of a magnetic ion (e.g.,
Mn2C or Fe2C). These materials therefore display nor-
mal electrical and magnetic properties, and novel ones
such as large Faraday rotations and giant magneto-
resistance. Pajaczkowska [12.138] gave an early review
of the phase diagrams, lattice parameters, and growth
of many of the Mn- and Fe-based DMS compounds.
Vapor growth and hydrothermal growth were mainly
used, although the Te-based compounds were grown by
the Bridgman technique. The most comprehensive re-
view of DMSs is given in [12.139]. In that book, Giriat
and Furdyna review the crystal structure of, and growth
methods used for, the Mn-based compounds. The ma-
jority of the compounds, particularly the Te-based ones,
were grown using Bridgman, or unspecified modifica-
tions of it. CdMnS was grown in graphite crucibles
under high inert gas pressure, or by CVT (using iodine
as transport agent). HgMnS was grown hydrothermally,
yielding 2mm diameter crystals. For Fe-based com-
pounds similar preparation methods to those used for
the Mn-based compounds were applied but less Fe can
be incorporated in the lattice.

Bismuth telluride (strictly speaking a V–VI com-
pound) is used in thermoelectric applications close to
room temperature [12.140]. This material is also grown
by the Bridgman technique. Both n-type and p-type ma-
terials are required to make the thermoelectric devices,
and these can be achieved either by stoichiometric devi-
ations or deliberate doping. In this author’s lab bismuth
telluride is grown at similar rates of 0:5�2:9mm=h
for 12mm diameter ingots up to 100mm length using
antimony and iodine as acceptor and donor dopants, re-
spectively.

12.4.4 Oxides/Halides/Phosphates/Borates

Oxides
Hurle [12.45] summarized the issues of the growth of
oxides by the Czochralski technique. The high melt-
ing points of most oxides of interest necessitate the use
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of precious metal crucibles, for example, iridium, plat-
inum, although molybdenum and tungsten ones can be
used for lower melting point materials. Extensive and
efficient thermal insulation is required, using alumina,
magnesia, zirconia, and thoria. Some materials require
a partial pressure of oxygen in the growth chamber to
prevent reduction of the melt. However, this can lead
to oxidation of the crucible, which in turn enters the
melt. Careful management of the oxygen pressure and
gas flow is needed, together with physical baffles. Heat-
ing is normally by r.f. means. Mounting of the seeds
is problematic and long seeds are necessary to avoid
thermal degradation of the seed holder and pull rod. Ro-
tation or translation of the crucible is normally not used,
so the rate of growth has to be above the pulling rate to
account for the fall in melt height. Crystals are normally
limited to less than half the crucible diameter for stable
growth. Growth rates are low, a few mm=h or less, to
avoid unstable growth. Afterheaters are also employed
to reduce the built-in stress in the crystal during the later
stages of growth and subsequent cool down. Growth
runs are several days so automatic diameter control,
in this instance using weighing techniques, is manda-
tory. The high temperatures lead to high-temperature
gradients and thus strong bouyancy-driven convection
that is turbulent by nature. This turbulence gives rise to
nonuniformities in the crystals. In addition, catastrophic
failure can result from coupling between this turbulent
flow and the flow due to the crystal rotation. Thus,
understanding the convective flows in oxide growth is
critical if large-diameter highly perfect crystals are to
be produced.

Fukuda et al. [12.141, 142] have presented detailed
reviews of the growth of a wide range of oxidematerials
of interest for optical and optoelectronic applications.
They note that only LiNbO3 (LN), LiTaO3 (LT), and
Y3Al5O12 (YAG) have as yet reached production status.
Many of the other materials exhibit superior proper-
ties but are not available in large quantities at suffi-
cient perfection to warrant them being used in devices.
In general, the growth methods are based on liquid–
solid transitions, either from the melt or from high-
temperature solutions (flux), for congruently and incon-
gruently melting materials, respectively. Czochralski
growth is still the mainstay of oxide growth, although
problems with shape (diameter) control of some oxides
(rare-earth vanadates, rutile, etc.) necessitate the use
of edge-defined film-fed growth (EFG). Growth from
fluxes is used for a range of oxide materials, although
some incongruently melting materials can be produced
from melts of the same composition as the crystal by
a micro-pulling down technique.

In the micro-pulling down technique the melt is
held in a Pt crucible and a micro-nozzle (die) is

arranged at the bottom of the melt. Below this ar-
rangement is placed an afterheater. This combination
produces a steep temperature gradient (300 ıC=mm),
which ensures stable growth at high rates. Single crys-
tals of 0:05�1:0mm diameter are produced onto seeds.
LN crystals, for example, are grown at 12�90mm=h
from stoichiometric melts up to 100mm in length, as-
sumed only to be limited by the melt volume used.
Dislocations are introduced if the diameter of the crys-
tals exceeds 0:8mm. Growth of K3Li2Nb5O12 (KLN),
which has outstanding electro-optic and nonlinear opti-
cal properties, is problematic by either Czochralski or
Kyropoulos methods due to segregation effects at the
solid/liquid interface and cracking. This material was
grown by the micro-pulling down technique at rates
of 20�80mm=h with diameters of 0:15�0:5mm. The
crystal composition was found to be near to the melt
composition and crystals were single domain.

Crystals in the KTiOPO4 (KTPO) family were
grown by the flux method using slow cooling from 1100
to 800 ıC. Crystals of a few mm in size were obtained
for second-harmonic generation measurements.

Crystals from the langasite family (La3Ga3SiO12)
are used for lasers. These were grown by the Czochral-
ski method at 50mm diameter and 130mm length.
High-purity oxide powders were used as starting ma-
terials and an Ar/O2 mixture was used to suppress
evaporation of the gallium suboxide. A pulling rate
of 1:0mm=h was used together with a crystal rotation
rate of 10 rpm. The resulting crystals were single phase
and crack free. These crystals show superior properties,
as filters, to quartz. A range of langasite-type crys-
tals up to 100mm diameter have also been grown by
both Czochralski and VB techniques ([12.8, Chap. 15],
[12.143]).

Another means of overcoming problems in
Czochralski growth of these materials is to use the
EFG method. Rutile (TiO2) is used as a polarizer in
optical isolators and prisms for optical communica-
tion systems. Crystals of this material can be grown
by Verneuil and float-zone methods but growth by
Czochralski is difficult. Iridium is used for the die
material and crystals up to 8� 1 cm and 0:5mm thick
were grown. A modified die was used to grow a rod
of 15mm diameter and � 40mm length. A double-
die system was shown that was used to produce a
core-doped crystal of LN, using Nd3C and Cr3C as
the dopants. A 5mm diameter crystal some 60mm
in length was produced. Such crystals have potential
in optical applications where pumping energy is only
absorbed in the core region, reducing heat-induced
energy losses.

Quartz is used in both piezoelectric and in various
optical applications [12.144]. Balitsky [12.145] noted
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that some 2500 t were produced per year at that time.
Hydrothermal growth is the main growth technique
used in order to keep the growth temperature below the
ˇ- (nonpiezoelectric) to ˛-quartz (piezoelectric) phase
transition. Growth at temperatures of 250�500 ıC and
pressures of 50�200MPa are used in both alkaline and
fluoride solutions. Growth rates of 0:5�1:0mm=d are
achieved on (0001) or (1120) seeds and crystals up to
200� 70� 60mm in size weighing from 1�18 kg.

Various oxide materials are used widely in scintil-
lator applications. The most common are Bi4Ge2O12

(BGO), up to 140mm diameter and 400mm long [12.8,
Chap. 8] and PbWO4 (PWO) [12.146, 147]. These ma-
terials are grown by normal Czochralski and Bridgman
techniques and the requirement is for thousands of
each for large high-energy/astrophysics projects in sev-
eral centers throughout the world. For example, some
85 000 PWO crystals were required for one applica-
tion at the Large Hadron Collider at CERN. High-purity
starting materials are important as are certain growth
parameters and post-growth annealing, for example, in
oxygen, to reduce stress in the material.

Sapphire is grown by several techniques for a wide
variety of optical, microwave and microelectronics ap-
plications [12.148]. Verneuil [12.149] and Czochralski
and EFG [12.45] have been used extensively to produce
large single crystals, particularly for laser rods, and
shaped pieces using various forms of dies. In addition,
the horizontal directional solidification crystallization
(HDC) technique [12.148] has been used. A molyb-
denum boat filled with the charge is simply moved
through the temperature gradient. Low-temperature
gradients lead to crystals with low stress and low-
dislocation densities (compared with the Verneuil and
pulling techniques. The growth rate is high at 8mm=h
and crystals up to 10 kg and up to 30� 30� 2:5 cm3

and even 50� 35� 4 cm3 [12.150] can be produced.
Even larger crystals, up to 20 kg with a diameter of
200mm) can be produced by a modified Kyropolous
method [12.151] and 500mm diameter crystals were
noted by Friedrich [12.8, Chap. 5].

Another technique used is the heat exchanger
method, which is a solidification technique from the
melt [12.152]. By independently controlling the heat in-
put and the heat output, large crystals can be grown onto
seeds. The seed is prevented from melting by a helium
gas flow at the bottom of the melt. By progressively
increasing the helium flow, following partial melting
of the seed, and/or decreasing the furnace tempera-
ture growth is progressed. After complete solidification,
an annealing step is performed prior to cooling to
room temperature. The submerged solid/liquid inter-
face damps out any thermal and mechanical variations
and also produces a low-temperature gradient at the

interface. There is impurity segregation into the last-to-
freeze parts of the crystal that form near the crucible
walls. These areas are removed before machining takes
place. Crystals up to 340mm in diameter (65 kg) have
been produced in this way. Slabs cut from these crystals
are used as optical windows, between 5�25mm thick.
Demina et al. [12.9, p. 213] note that in 2007 the to-
tal volume of 2 in equivalent wafers for all applications
was � 5 000 000.

Bruni [12.9, p. 267] reports on the growth of
a 110mmGGG crystal weighing 25 kg, which was used
in laser applications.

There has been renewed interest recently in the
growth and applications of ZnO [12.153, 154]. It is
shown that 50mm and even 75mm diameter crystals
(up to 10mm thick) can be grown by both vapor and
hydrothermal techniques.

Halides
Another class of scintillator materials are halides. These
are used in a range of applications from high-energy
physics, nuclear medicine, environmental monitoring
and security systems [12.155]. Both large diameter,
comparable with the human body, and large numbers,
for the high-energy physics applications, are required.
The simple Bridgman growth process is still used for
many of these materials, although problems do arise
due to the contact between crystal and crucible. Insuffi-
cient melt mixing also leads to inclusions and striations
in crystals. The alternative technique for growth is that
of continuously fed Czochralski/Kyropolous growth.
A melt-level sensor is normally used to control the
diameter over the tens/hundreds of hours of growth
of large halide crystals. Replenishment of the melt by
molten material from a closed feeder enables purifica-
tion of the starting materials, and a conical crucible that
is not too deep is used. Crystals of CsI up to 500mm
diameter and 750mm height, weighing � 550 kg have
been produced [12.156] and CdF2 up to 400mm di-
ameter [12.8, p. 140]. The ultimate aim is to produce
crystals > 1m in diameter so that entire crystals can be
used to monitor the human body.

Phosphates, Borates and Tungstates
Nonlinear optical materials are very important for laser-
frequency-conversion applications. One of the most
important of the phosphates is potassium dihydrogen
phosphate (KDP) that is used for higher harmonic
generation in large laser systems for fusion experi-
ments [12.105, 157]. Growth takes place at room tem-
perature to 60 ıC and growth rates can be as high as
10�20mm=d with sizes of � 40� 40� 85 cm [12.157]
or 45�45�70 cm [12.105] or 50�50�50 cm [12.158],
the latter weighing some 300 kg, some taking over
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a year to grow! Schaffers et al. [12.9, p. 229] noted
that the National Ignition Facility required some 75
such large-scale crystals weighing over 100 t. They
also reported on the production of 70mm diameter
crystals of Ca5.PO4/3F and 80mm diameter crystals
of YCa4O.BO3/2 for laser applications, for example,
frequency-conversion materials.

Another important phosphate is potassium titanyl
phosphate (KTP) used to get green light by frequency
doubling a Nd:YAG laser. Growth in this case is from
high-temperature solution at about 950 ıC [12.105].
Sizes up to 32� 42� 87mm (weight 173 g) can be
grown in 40 days.

Borates, including barium borate, lithium borate,
cesium borate and coborates, for example, cesium
lithium borate are used in UV-generation applications.
Crystals are again grown by the high-temperature so-
lution method up to 14� 11� 11 cm in size, weighing
1:8 kg, in 3 weeks [12.105]. Crystals of ˇ-BaB2O4

have recently been produced up to 60mm diame-
ter [12.159], while YCa4O.BO3/2 (YCOB) material
up to 100mm diameter for SHG have also been
grown [12.160].

Crystals of CaWO4 up to 40mm diameter weigh-
ing 1:8 kg are currently being used in dark-matter re-
search [12.161].

12.5 Conclusions
This chapter has summarized the current position on
bulk growth of crystals for optoelectronic and electronic
applications. It is not intended to be a completely com-
prehensive view of the field, merely serving to introduce
the reader to the wide range of materials produced and
the numerous crystal growth techniques that have been
developed to grow single crystals. An historical perspec-
tive has been attempted to give the reader a feel for the
scale of some of the activities. The sections on specific

materials try to summarize the particular growth tech-
niques employed, and those that cannot in some cases,
and outline the typical sizes currently produced com-
mercially and in the R&D areas. For more details on
current developments see the books [12.8, 9, 44, 49, 69].
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