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Semiconductor compounds are now and in future of central importance for human life.
A relatively high degree of production maturity has been already achieved. GaAs holds a
leading position for opto- and high-frequency microelectronics that will be continuously
developed further. Single crystalline yield of InP, GaSb, CdTe and ZnO needs to increase
essentially. For all these compounds the growth from melt by vertical gradient freeze is of
raising relevance. High growth rates are expected for GaN and AIN. Accordingly, the
mastering of the vapour-solid and flux-solid phase transitions on higher technological level
is absolutely necessary. Despite of great efforts during the last decade there are some
fundamental difficulties to be still solved even for the melt growth, such as overcoming of
melt structuring, damping of convective perturbations, in-situ control of stoichiometry,
minimization of precipitation, reduction of dislocation patterning, depression of twinning
and installation of model-based control systems of the growth processes. The author gives
an overview on possible measures being under development in his team and at Institute for
Crystal Growth (Berlin) in order to meet these goals.

TlonynpoBOAHUKOBbIE COEIUHEHUsA B HACTOSINEE BPeMs MMEIT W B OyAyIeM COXPaHAT
IIEPBOCTEIIEHHOE 3HAUEHNE B JKU3HMU YEJIOBEYeCTBA. YsKe JOCTUIHYT OTHOCUTENILHO BHICOKMIA
YPOBEeHb PasBUTUA UX NpousdBoacTBa. GaAs coxpaHAeT JUAUPYIOILEe IOJOKEHUE B OTPACAIX
OIITORJEKTPOHUKMY W BBLICOKOUACTOTHON MUKPOYJIEKTPOHUKM, HEIPEPLIBHOE DPA3BUTHE KOTO-
pBIX OyzeT NnpogosiKarbesa. Heo6X0auMoO CYIEeCTBEHHO YBEJIMYUTH BBLIXOJ MOHOKPHCTAJIJIOB
InP, GaSb, CdTe u ZnO. [Iia Bcex sTUX coefUHEHUI Bo3pacTaeT 3sHAUEHNE BLIPAI[VMBAHUSI U3
pacCILIaBOB METOLOM OTBEPJKIEHWS B BEPTUKAJIBHOM TEMIIEPATYPHOM TIpajgueHTe. BbICOKue
Temnbl passutua oxugarorcsa aas GaN um AIN. CoorBercTBeHHO, OBJIaJeHUe YIIPaBJIeHUEM
(asoBBIMU IepexogaMu ras3-TBEPAOe TeJl0 U PaCTBODP/PACIJIAB-TBEPAOE TeJO Ha BBICOKOM
TeXHOJIOTMUECKOM YPOBHE fABJseTcs abCOoJIIOTHOM HeobxogumocThio. HecMoTps Ha 3HAUYUTE Ib-
Hble YCWIWfA, NPEJIPUHATHIE B TeYeHWEe IIOCJIeJHEero MEecATUJIeTHs, MIPU BHIPAIUBAHUU U3
paciuiaBa TaKJsKe CYI[eCTBYIOT HEKOTOpble NMPUHIUINAILHBIE 3aTPYAHEHUsS, KOTOPbIe HYIKHO
paspelnTh, HAIpUMep, IPeoLoJeHne CTPYKTYPUPOBAHUS PACILIABA, IOAaBJeHNE KOHBEKTHUB-
HBIX BOBMYII[eHUIl, PeryJIupoBaHNEe CTEXWOMETPUU in Sitl, cBefeHNE K MUHUMYMY OCaMKMIe-
HUs, TOJABJIEHVE KONMPOBAHWS MUCIOKAIUi, IpeJoTBpalleHre JBOMHUKOBAHUSA U CO3LaHUE
CHCTEeM YIpaBJeHUs [IpoIlleccaMy BBIPAIMBAHUS HA OCHOBE MoOJejeil. ABTODP IPEeICTaBJIAET
0030p BO3MOKHBIX MEPOIPUATHI, paspabaThiBaeMbIX ero rpymmnoii B8 IHcTUTyTe pocTa Kpuc-
TajoB (BepiuH) A8 JOCTHIKEHUS YKa3aHHBIX Iiejiei.

In addition to applications in light emit- GaN, AIN, ZnO, ZnSe) semiconductor com-
ting optoelectronics in the narrow- (InSb, pounds gain increasing importance for high-
InAs, GaSb), middle- (GaAs, InP, GaP, frequency microelectronics and wire-less
CdTe) and wide-band regions (SiC, AlAs, communication (SiC, GaAs, InP, GaN),
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photo- (GaAs, CdTe) and thermovoltaics
(GaSb), high-power electronics (SiC, GaN,
AIN), UV-, IR- and y-radiation detection
(GaN, InSb, GaAs, CdTe) etc. Nowadays the
direct band gap of InN was determined to be
<1 eV (0.7-0.85 eV) making this material
also attractive for optical data transfer.
Table compiles some important properties
and applications of selected semiconductor
compounds. For more detailed informations
the just published compendiums of Capper
et al. [1] and Oda [2] are recommended.

Now as before, the epitaxial processes
for device production require high-quality
substrate crystals. GaAs is still in a leading
position. The today worldwide production
capacity of semiconducting (SC) and semi-
insulating (SI) GaAs wafers yields about
200 000 kem? increasing by a factor of ~3
up to 2010. Due to the more complicated
material parameters the share of InP wafers
amounts to 5000 kem?2 only. High growth
rates are expected for GaSb used in thermo-
voltaic and IR-detection devices. Industri-
ally, SI GaAs crystals with diameters up to
150 mm are grown from the melt by the
Liquid Encapsulated Czochralski (LEC) and
Vertical Gradient Freeze (VGF) methods.
Recently, for both techniques the principal
mastering of 200 mm diameter was demon-
strated successfully [3]. Also InP, GaP and
GaSb crystals are growing by LEC and
VGF. Diameters up to 150 mm are reported
for InP crystals [4]. At IKZ Berlin the va-
pour pressure controlled Czochralski (VCz)
growth of GaAs crystals with diameters up
to 150 mm even without boric oxide encap-
sulant was further developed. Generally,
during the last ten years a replace of the
LEC by VGF is running. This is due to the
better control of melt convection, uniaxial-
ity and homogeneity of the heat transfer.
For instance, 2—4-inch CdTe and (Cd,Zn)Te
crystals are exclusively grown by unidirec-
tional solidification methods like vertical
Bridgman (VB) and VGF [2, 5, 6].

The favourable wide-gap characteristics of
SiC, GaN, AIN and ZnO make these materials
of increasing interest for blue and ultra vio-
let (UV) wave regions. However, due to the
high melting points and component dissocia-
tion alternative growth techniques from va-
pour or solution are under development. For
SiC crystals with diameters of 50—-100 mm
the modified Levy method of physical va-
pour phase deposition (PVD) was brought to
industrial maturity [7]. Today, SiC holds the
second place in turn out after GaAs.
Worldwide nearly 8 000 kem?2 of the 6H
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type and over 500 kem? of the 4H type are
produced. Nitrides are grown from high-
pressure fluxes, low-pressure solutions or
by metal halide wvapour phase epitaxy
(HVPE) and epitaxial layer overgrowth
(ELOG) to obtain free-standing thick layers.
Also the direct synthesis from vapour phase
under NH; flow on alternative or native
substrates is carried out. Recommendable
overviews about the current state of the art
of bulk nitride growth are given by Denis et
al. [8] and by a special issue of Journal of
Crystal Growth [9]. Although the low crys-
tal growth rates from vapour and solution
in five years a remarkable yield of the ni-
tride bulk production over some hundred
kem?2 can be approximated. For GaN a share
increase from today ~10 kem?2 up to about
120 kem? in 2010 is expected. About
10 kem?2 will be the need for AIN. ZnO is
mainly performed by the hydrothermal
method or by the so-called pressurized melt
growth. But also the vertical Bridgman growth
in iridium crucibles was recently successfully
demonstrated at the IKZ Berlin [10].

One can say meanwhile the bulk crystal
growth of semiconductor compounds, espe-
cially of the III-Vs, reached a relatively
high degree of prosperity. Most technologies
are already translated from laboratory stage
to industrial scale and typical economic pa-
rameters come now to the fore, such as in-
crease of output and reduction of costs.

However, despite of great success during
the last decade there are some fundamental
problems to be still solved. For instance, at
the melt growth the following issues must
be done to the point of perfection:

— more careful consideration and over-
coming of the melt structuring, even at ma-
terials with high ionicity (CdTe, ZnSe, InP),
that may affect the growth kinetics;

— damping of convective oscillations and
turbulences in the melt in order to improve
the chemical micro-homogeneity and stabil-
ity of the growing interface;

— in situ control of stoichiometry ensur-
ing the minimum intrinsic point defect con-
centrations and precipitate contents (e.g. Te
in CdTe, As in GaAs);

— control of the collective rearrange-
ments of dislocations into cellular struc-
tures and bundles, driven by thermo-elastic
stress and self assembling;

— prevention of twinning along growing
{111} facets as very problematic drawback
for materials with low stacking fault en-
ergy, like InP and CdTe;
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— introduction of modern process con-
trol systems for diameter and interface sta-
bilisation by using of model-based feed back
principle.

It is the aim of the present paper to
discuss these points somewhat more in de-
tail and show possible measures being under
development at IKZ Berlin. It will be seen
that often the combination of two or more
preconditions are required for depression of
one harmful effect. For instance, twinning
can be minimized only when both convection
damping and careful growth rate control
are established. As a result of the present
study arises the question is there any hope
of dislocation-free growth of semiconductor
compounds in future? Finally, some newer
results of GaN, AIN and ZnO bulk growth
are added.

1. The “structure” of the melt

One of the most exciting questions
within the framework of crystallization the-
ory is: how does a nearly perfect crystal
structure form from a non-steady disor-
dered fluid phase? In markedly diluted
mother phases, like vapour and many solu-
tions, where the interaction between the
crystal building atoms and molecules can be
neglected (named completely dissociated flu-
ids) the situation is fairly obvious. As it is
considered by the theory of Burton, Cabrera
and Frank (BCF) in such case the boundary
between fluid phase and crystal can be
treated as a localized interface. The isolated
atoms or molecules arrive from the gas or
solution, move along the growing crystal
surface by diffusion until an energetically
favoured dock (kink) position on the or-
dered crystal surface is reached. Otherwise,
if such sites of incorporation are not deliv-
ered within the diffusion length they do
leave the surface again. Close to equilib-
rium conditions such atomistic chronology
guarantees a well-ordered phase transition
and inhibits the formation of high-dimen-
sioned defects. Of course, with increasing
deviation from equilibrium the metastable
incorporation probability of point defects is
enhanced.

In melt growth the situation is more dif-
ficult due to the very small difference in
densities between fluid and solid phases. Es-
pecially, what happens when associated melt
structures are presented? As it is well
known, materials with high degree of ionic-
ity in the bond energy tend to preserve a
spatial structuring within the molten state.
For instance, such substances are the All-
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BVI compounds like CdTe, ZnTe, ZnSe and
ZnO with ionicities over 60 % (Table). Both
ab initio molecular dynamics simulation
[11] and neutron diffraction analysis [12]
revealed in low superheated melts the pres-
ervation of local environments similar to
the zincblende where each atom is sur-
rounded by a distorted tetrahedron of atoms
of the other type. As a result the degree of
association yields more than 90 % that dif-
fers markedly from Alll-BV compounds, like
GaAs, which dissociates into separated A
and B atoms. Also from overheating-under-
cooling experiments on CdTe was found
that until a critical temperature over the
melting point T, nearly no undercooling
for generation of nuclei is required. Only
when the melt was overheated more than
10-20 K (in ZnSe over 60-80 K [13]) the
undercooling increased markedly [14-17].
One can assume that such "structured”™ melt
does influence the growth kinetics and,
therefore, enhance defect density. The dan-
ger of wrong docking of misoriented struc-
tural complexes is high.

In fact, until today the growth of All-BVI
crystals from melt with quality comparable
to Alll-BV crystals is still failing. In CdTe
and ZnSe Rudolph et al. [18-20] observed a
correlation between the number of polycrys-
talline grains and degree of melt superheat-
ing. The higher the melt temperature and
its holding time before the growth is
started the better is the quality of the main
crystal body. This dependence was also con-
firmed by further authors (e.g. ref. [21]).
Hence, for achievement of optimum crystal
quality of compounds with high ionicity a
proper pre-treatment of the liquid state by
temperature and time is required. Recently,
the author and a cooperating team from Ma-
drid carried out the growth of CdTe crys-
tals by a modified Bridgman technique with
a turning furnace [22] (Fig. 1). It allows the
adjustment of different degrees of super-
heating of the melt before the crystal-
lization process. This is achieved by separa-
tion of the overheated melt from the seed
crystal. Only after the melt temperature is
again reduced towards melting point the
furnace is turned into growth position so
that the formerly superheated melt contacts
the seed and the crystallization is started.
After first experiments a moderate positive
effect on the structural crystal quality was
observed. A reduced number of grain
boundaries, precipitate content and disloca-
tion density were achieved. The investiga-
tions will be continued.

Functional materials, 14, 4, 2007
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a b

Fig. 1. Scheme of the modified Bridgman
setup for growth of CdTe crystals allowing
the pre-treatment of the melt [22]: a — fur-
nace position for the superheating process,
where the charge and the seed are separated
in order to maintain the seed temperature
lower than the melting point;. b — rotated
furnace after superheating to bring in contact
the melt charge with the seed and to start the
crystal growth (I — furnace, 2 — seed sup-
port, 3 — seed, 4 — ampoule, 5 — melt).

2. Control of melt convection

Increasing melt columns as precondition
for growth of longer crystals with diame-
ters of 150—-200 mm need first of all the
proper control of increasing non-steady
flows within the huge melt volumes. Ac-
cording the relation between Rayleight and
Taylor numbers, i.e. between buoyancy and
artificial (rotational) convection, the Rossby
stability criterion [23] is not more fulfilled
in III-V LEC arrangements with melt
heights >100 mm (Fig. 2). Strong convec-
tion flow densities of some hundred N m~3
and temperature oscillations over 110°C
make the stable growth of single crystals
very difficult. Not so critical is the situ-
ation in a VGF system with stable tempera-
ture gradient situation (lowest temperature
below). However a characteristic toroidal
convection pattern due to the radial tem-
perature difference promotes undesirable
concave interface morphology.

As it is well known the Lorentz force
induced by a magnetic field can be used to
damp natural convection and temperature
oscillations or to move and mix the melt
very effectively [24]. Further, a nearly flat
interface shape, temperature stability and
striation-free dopant distribution can be
controlled by using non-steady magnetic
field [25, 26]. Numerous growth experi-
ments using magnetic fields have been re-
ported in the literature dating back many

Functional materials, 14, 4, 2007
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Fig. 2. Rossby stability criterion [23] between
laminar and turbulent convection in semicon-
ductor melts of given height A, crucible rota-
tion rate ® and temperature difference AT.
Ra = gBATh3v L, Ta = 402h%v2, with g —

gravitational acceleration, B — volumetric
expansion coefficient, v — kinematic viscos-
ity, « — thermal diffusivity (courtesy of

A.Seidl from Schott Solar, St.Eichlern from
FCM and Ch.Frank-Rotsch from IKZ).

years but has not yet been perfected. The
usual method is to position a steady magnet
outside of the growth chamber but this re-
quires the generation of very high induction
forces (0.1-10 T) and proves to be very ex-
pensive. Higher interaction efficiency is
achieved and much lower magnetic induc-
tion (4-8 mT) is required when a non-
steady longitudinal translating magnetic
field (TMF) is applied [26, 27]. However,
for the growth of dissociating compounds
(IT1I-V, II-VI) within thick-walled high-pres-
sure vessels, the necessary magnetic induc-
tion forces are an order of magnitude
greater when the inductor coils are placed
outside. Hence, for adoption in well-estab-
lished industrial growth machines, location
of the coils inside the growth container is
favoured. In fact, there were some attempts
to arrange internal inductors around the
heater since that requires additional free
space around the crucible and a specific
cooling set-up [28]. Compared to that,
within the framework of the author’s
KRISTMAG project internal heater-magnet
modules for coupled generation of tempera-
ture and translating magnetic fields, suit-
able for incorporation into industrial Czo-
chralski pullers and vertical gradient freeze
equipments, are under development
(Fig. 8a) [29]. Amplitude, frequency and
phase shift of the three-phase alternating
current (AC) are all-adjustable and are com-
bined with a direct current (DC) to control
the crystallization process effectively. To
that end, an universal heater-magnet con-
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magnetic
travelling field

I Czochralski
—
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up and down
field direction

bt variable
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IR ~ Variable

frequency
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a direct current

b

Fig. 3. a — Schemes of combined heater-mag-
net modules for generation of heat and trav-
eling magnetic field replacing the conven-
tional heaters in Czochralski and VB, VGF
crystal growth equipments; b — designs of
two graphite heater-magnet modules with
staircase-shaped current path, subdivided in
three sections for generation of travelling
magnetic fields by feeding with three-phase
current of given phase shift in delta (left)
and star connection (right).

troller system has been developed. Such
module enables the simultaneous generation
of heat for melting and of travelling mag-
netic fields to counter-act the violent non-
steady or even turbulent convection in the
melt. It replaces the conventional meander
heater by a coil consisting of a spiral- or
staircase-shaped current path, which is sub-
divided, in segments by contact points for
the phase-shifted power supply (Fig. 3b). Its
placement close to the melt guarantees a
maximum efficiency of flow driving and
low cost of adaptation.

First melt flow observations and growth
experiments show very encouraging results.
Nowadays at IKZ three crystal growth ma-
chines of industrial scale, i.e CI 358 for
LEC, LPA "Mark 3" for VCz and "Kronos”
for VGF growth, are equipped with
KRISTMAG heater-magnet modules. The
test phase is still running. However, re-
cently, first encouraging results were ob-
tained. Visual observations of the GaAs
melt surface with floating particles in a
VCz arrangement without B,O5 encapsulant
revealed an agile reaction of the flow pat-
terns to the variation of the TMF parame-
ters. For instance, in contrast to the con-
ventional mode without magnetic field a
controllable outwards directed stream away
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1 Q 7

Fig. 4. Scheme of the vapour pressure con-
trolled Czochralski (VCz) technique for
growth of stoichiometric crystals (e.g. GaAs,
InP) without boric oxide encapsulation: 1 —
optics with camera, 2 — temperature-control-
led source of volatile component (e.g. As or
P), 3 — outer high-pressure vessel, 4 — inner
hot-wall chamber, 5 — heater, 6 — melt with-
out encapsulant on the surface.

from the seed could be achieved. For the
first time VCz GaAs crystals were success-
fully grown in B,Oj-free VCz regime under
two different TMF modes operating in
delta-connection with frequency f = 50 Hz
and phase shift ¢ = 120° as well as in star-
connection with f=400 Hz and ¢ = 70°.
Forthcoming LEC and VGF growth experi-
ments under TMFs will be carried out with
GaAs, GaSbh and Ge [29].

3. Near-stoichiometric growth

In compound crystals, such as IlI-Vs and
[I-VIs, one of the most important and com-
plicated parameter to be controlled is the
stoichiometry or a given deviation from it.
Non-stoichiometric composition enhances
the generation of intrinsic point defects (va-
cancies, interstitials, antisites) that affect
the type of conductivity, carrier concentra-
tion, absorption behaviour, diffusivity, effi-
ciency of dopant incorporation etec. It pro-
motes the generation, multiplication and
movement of dislocations. Finally, the in-
corporation of the excess component at the
interphase in the form of inclusions and the
nucleation of second phase in the form of
precipitates during the cooling process of
the as-grown crystal can impair the wafer
and device quality markedly. Hence, the

Functional materials, 14, 4, 2007
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stoich. composition

congr. melting point
T, =1238°C

.
f

* arsenic
precipitation

v

Ga

GaAs —»x As

Fig. 5. Principle of growth of near-stoichiometric GaAs crystals from Ga-rich melt (crystallization
path A in the phase diagram b) containing only minimal content of As precipitates and no more
dislocation cells (a) which are typically for conventionally grown ingots by path B (c¢); a,c —
dislocation etch pit images from near-stoichiometric (a) and arsenic-rich (c) crystals (courtesies of
F.Kiessling and U.Juda from IKZ Berlin). In the phase diagram (b) mean: T — temperature, x —
mole fraction, S — solidus, L — liquidus, A3 — width of the GaAs phase extent.

maturity of in situ control of stoichiometry
during growth is one of the key targets [30, 31].

The concentration of intrinsic point de-
fects is related to the width of the com-
pound phase extent in the phase diagram,
i.e. the given deviation from stoichiometry
(see Fig. 5b). In GaAs its maximum widths
AS,,,, amounts at 1170°C to ~104-1073
mole fractions. The congruent melting point
is located at the arsenic-rich side at ~107%
excess mole fraction. Concerning newer cal-
culations, the solidus crosses the
stoichiometry at markedly Ga-rich melt
with mole fractions x;<0.40 or is even com-
pletely located on the As-rich side [32]. In
InNP the phase extent is studied less. One
order of magnitude smaller width
(Aémaxz1-10’5) and stoichiometry deviations
towards both component sides have been cal-
culated [33]. In CdTe the existence region is
also symmetrically against stoichiometry
but somewhat more deviated towards the
Te-rich site [5, 84]. The maximum width is
about (1-8)-107%. Largest compound phase ex-
tents show the IV-VIs. In PbTe and SnTe
NS, 1S 1-1073 and 11072, respectively [31].

Usually, SI GaAs crystals are grown
from slightly arsenic-rich melts in order to
control the Asg, antisite deep donor (EL2)
concentration and to compensate by control-
led addition of the shallow acceptor carbon
[3]. However, despite of the already
achieved high industrial maturity the prob-
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lems connected with non-stoichiometric
growth conditions gain more and more in
importance. This is due to the increasing
demands to the wafer surface quality for
epitaxial processes. Even precipitates and
inclusions of the second phase, named crys-
tal originated particles (COPs), are able to
disturb the wafer polishing process mark-
edly. Therefore, the in situ control of the
crystal stoichiometry already during the
growth process would to be a promising
measure of prevention. For instance, in the
author’s team at IKZ Berlin the vapour
pressure controlled Czochralski technique
without boric oxide encapsulation [35] was
developed for the growth of near-
stoichiometric 3-inch GaAs crystals (Fig. 4).
The related Ga-rich mole fraction of the
melt (6) is controlled by partial arsenic
pressure via the temperature of an installed
As-source (2) communicating with an inner
hot-wall chamber (4). Note at such growth
conditions from Ga-rich melt the concentra-
tion of the deep-level defect EL2 (Asg, an-
tisite) falls below 1016 em 3. Therefore, the
concentrations of the compensating shallow
acceptor carbon and residual impurities
must be also reduced in order to meet the
semi-insulating precondition [EL2] > [C] +
(Nga = Nop) > 0 with Nga 1y the total con-
centrations of acceptors (A) and donors (D)
shallower than EL2. A proper in situ carbon
control down to 1-101% cm™3 could be ad-
justed as has been reported elsewhere [35].

417



Peter Rudolph / Prosperity and difficulty of ...

For that the residual impurity content was
minimized (note no more impurity gettering
by the B,O3; encapsulant takes place as in
the LEC method). Additionally, the growth
rate and temperature gradient were chosen
undercritically in order to prevent morpho-
logical instability due to Ga rejection at the
propagating melt-solid interface. Consider-
ing all these measures perfect near-
stoichiometric SI GaAs single crystals with
electrical resistivity 3:108 Qem have been
grown successfully. EL2 and C concentra-
tions of 8.0-101% and 6.3-1015 ¢cm 3 were ob-
tained, respectively. It was shown that such
growth conditions minimize the contents of
As precipitates, Bg, substitutes and disloca-
tions [385]. Such material is of high interest
for Gamma ray detection [36].

Also for VGF the in situ control of
stoichiometry is discussed and tested for a
long time past but not yet solved on indus-
trial scale. As a result VGF crystals show
still characteristic features of non-
stoichiometry such as precipitates and in-
clusions of the excess phase. To establish an
in situ stoichiometry control the continu-
ously decreasing height of the melt column
during the normal freezing process would
require a well-controlled source temperature
program well fitting the real growth rate.
The author studied carefully the in situ
stoichiometry control during VB growth of
CdTe crystals by using of a temperature
controlled Cd source [5, 31]. A minimum of
inclusions and precipitates could be found
under stoichiometric growth conditions
which must be tuned in accordance with the
decreasing melt height and, therefore,
changing transport regime during the whole
crystallization process. Therefore, until
today it is still the practice to turn the
stoichiometry in wafers by post-growth an-
nealing so far it is required for a given
application (see, e.g., Oda et al. [37] for
GaAs and ref. [38] for CdTe).

4. Dislocation dynamics

4.1. Dislocation cell structuring

In most as-grown crystals the stored dis-
locations rearrange in characteristic cell
patterns (Fig. 5c), which are not desirable
since physical parameter inhomogeneities
are caused. For instance, across semi-insu-
lating {100} GaAs wafers a mesoscopic resis-
tivity variation is observed due to the accu-
mulation of AsGa antisite defects (ELZ2)
within the cell walls [39]. As a result a
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costly post-growth homogenization step by
bulk annealing is required [2].

Dislocation cells are also well known
from another material groups like metals,
alloys, dielectrics, independently which
growth method was used [40]. They are of
globular type and their diameter d de-
creases with increasing average dislocation
density p according d = Kp 1/2 with K the
coefficient of proportionality ~10 [41, 42].
Many deformation experiments below the
melting point revealed their correlation
with mechanical stress linking cell struc-
ture with dynamical polygonization. How-
ever, during crystal growth where much
lower stress is acting, a direct experimental
access to the acting stress value is not yet
possible. Therefore, the author’s team cor-
related the cell diameters d, revealed by
etching and laser scattering tomography in
as-grown crystals [43], with the numerically
calculated thermoelastic stress 1t [44]. The
non-steady equation of plastic deformation
was solved giving the duration period until
the main dislocation interactions are com-
pleted. Coupling with the Alexander-Haasen
equation [54] the history of the elastic and
plastic terms along the crystal coordinates
were obtained [45].

From the numeric calculations follows
[45] that in growing GaAs crystals the plas-
tic relaxation is completed after a distance
of only some mm behind the interface
within time period of 1-2 hours. One can
expect that the prevailing part of cell for-
mation process be transpired during that
time. In fact, there are experimental proofs
from real-time synchrotron X-ray topogra-
phy on crystallizing Al [46] and mechanical
stressed Cu crystals [47] that the appear-
ance of cellular structures does coincide
with the onset of plastic deformation. This
fact substantiated the approximation to
take the calculated elastic strain at the in-
terface for correlation with the cell dimen-
sions measured in the post-grown wafers (of
course, for a more precise analysis one has
to consider possible renewed increase of the
elastic stress during the cooling down
course of the crystal, e.g. at LEC, when it
emerges from the boric oxide encapsulant
and contacts the relatively cold gas atmos-
phere).

It was found [44, 45] that at thermoelas-
tic stresses above 1 MPa, typically for LEC,
the universal relation d = aKGbt™ 1 [48] (o
— constant, G — shear modulus, ¥ — Bur-
gers vector) is fulfilled which has been de-
termined by post deformation experiments
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for numerous crystalline materials [49].
However, at lower stresses, typically for
VGF and VCz growth, the verification of
this relation proved to be more difficult.
The cell ripening process is mostly not yet
finished. Further, the characteristic low
dislocation densities in such crystals
<104 em™2 are not sufficient to form com-
pleted cell walls making a scaling analysis
very complicate.

Surprisingly, as-grown InP crystals do
not show well-developed dislocation cell
structures. We attribute this feature to the
much smaller compound homogeneity region
and, thus, less native point defect content.
As a result the cell formation is restrained
due to reduced dislocation climb [40, 50].
Further, cross glide, being also important
precondition for cell formation [51], is in
INP nearly impossible due to the very low
stacking fault energy.

Durose and Russel [562] and Sabinina et
al. [53] investigated the cell wall morphol-
ogy in vapour- and melt-grown CdTe sam-
ples by transmission electron microscopy
and observed that the dislocations which
constitute the boundaries are nearly all par-
allel and most have the same Burgers vec-
tor. Such behaviour is well-known from the
standard type of polygonized low-angle
grain boundaries containing only the excess
dislocations of similar Burgers vector after
the annihilation process is completed. How-
ever, all cell patterns cannot be explained
exclusively by energetically driven equilib-
rium thermodynamics. Even in growing
crystals there are typical preconditions of
irreversibility such as temperature and
stress flows that allow the treatment as an
open system with continuous import and ex-
port of entropy. As a result, a rate of en-
tropy is produced within the crystal evoking
self-ordering of the stored dislocations into
dissipative patterns.

Cell formation is retarded at very low
dislocation densities and can be prevented
by doping. No cell structuring was observed
in GaAs doped with In or Si at concentra-
tions >1018 ¢cm™3. Also in CdTe the cell for-
mation is depressed when the mixing com-
ponent Se is added [40]. Another way is the
minimization of the intrinsic point defect
content by in situ control of stoichiometry
(Fig. 5a). Recently, the author’s team dem-
onstrated by using a modified VCz arrange-
ment without boric oxide encapsulant (Fig.
4) that the cellular structure dissolves when
GaAs crystals grow under nearly
stoichiometric conditions [35] (path A in
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Fig. 5b). This was recently also obtained
from calculations on Cu crystals [50]. Omit-
ting the point defect driven climb no cell
structure can be developed.

4.2. Is there any hope of
dislocation-free compound
crystals?

To grow III-V compound crystals with-
out dislocations is a long-term vision of the
crystal growers. Dislocation-free GaAs and
InNP wafers would to be very promising for
optoelectronic devices, especially high-
brightness LEDs and high-power LDs. How-
ever, the main problem making such per-
fectness uncertain are the unfavourable ma-
terial parameters such as very low critical
resolved shear stress Tgopgg (~0.2-0.5 MPa
near to the melting point) and high content
of native point defects. So arises the ques-
tion is there any chance at all?

It is well established that the density and
distribution of dislocations in melt-grown
crystals are due to thermoplastic relaxation
of thermally induced elastic stress [54].
Therefore, the content of dislocations is de-
termined by the (time and space dependent)
stress level during growth. The level of
thermal stress is related to the temperature
field in the growing crystal and cooling-
down procedure. The higher the tempera-
ture field nonlinearities (in first approxima-
tion correlating with temperature gradients
and crystal radius), the higher the mechani-
cal stress. This correlation together with
the low natural Togrgg values make it very
difficult to grow crystals of larger diame-
ters with low dislocation density or even
dislocation-free. From methodical point of
view low-temperature-gradient growth tech-
niques, like VGF and VCz, are clearly pre-
ferred in order to meet this goal. In fact,
compared to LEC much lower stresses
<1 MPa are acting during growth. Hence,
the careful engineering of the temperature
field, assisted by global computer modelling
at all process stages are of essential signifi-
cance. Recently, Pendurti et al. [565] re-
ported the global numeric modelling of the
non-stationary elastic stress and related dis-
location development in growing LEC InP
crystals by implying the history of the ther-
mal field in the crystal as well as the con-
vection in the melt and vapour phase. A
close correlation between the calculated
elastic stress history and related dislocation
density evolution does exist at various crys-
tal points. It was found out that the gas
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Fig. 6. a — Sketch and image of twin generation along the largest {111} facet of a facet train in
the shoulder region of an InP LEC crystal. b — twinning probability vs. facet length, identically
with supercooling of the facet, in LEC InP crystals [62].

convection has a significant effect on the
total dislocation density — a quite impor-
tant fact that was not yet considered so far.

Generally, to pave the way for disloca-
tion-free growth of large III-V crystals the
proper combination of the following condi-
tions are required: i) use of dislocation-free
seed crystals, probably, with the same di-
ameter as the crystal to be grown [56, 57],
ii) strongly uniaxial heat flow with very
small temperature gradients, i.e. nearly flat
isotherms at all stages of the growth proc-
ess [3], iii) leave out of boric oxide encapsu-
lant the presence of which introduces mark-
edly thermomechanical stresses at the crys-
tal periphery [85], iv) in-situ stoichiometry
control in order to reduce the intrinsic
point defect content which promotes high-
temperature dislocation multiplication by
climb [30, 35], v) avoidance of all parame-
ter instabilities especially melt and gas flow
fluctuations, e.g. by applying magnetic
fields [24, 29] and, maybe, vi) the use of
detached (dewetted) growth mode in case of
directional crystallization in containers
[68]. It seems that VGF (probably also fur-
ther developed VCz) is the most suitable
method to meet these demands in ensemble.
Lowest dislocation densities of less than
100 cm~2 are obtained in 4" GaAs VGF
crystals doped with Si [59]. Undoped crys-
tals of the same diameter contain still
around 103 cm™2.

Despite of such noteworthy progress dur-
ing the last decade today it is not yet clear
of which consequence would to be a total
absence of dislocations in compound crys-
tals. As it is well known from dislocation-
free silicon missing dislocations lead to
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higher supersaturation of native point de-
fects and their clustering as micro voids
and agglomerates (see e.g. [60]). Thus, the
question arises do we really need disloca-
tion-free compounds at all events?

5. Twinning

Growing-in twins are one of the most
serious macroscopic defects the presence of
which make a crystal of no use to wafer
preparation because of the twin-induced
growth misorientation over the whole crys-
tal body (Fig. 6a). Up to now there is not
yet an absolute reliable prevention measure
due to their stochastic character of appear-
ance. However, one can list a ranking of the
most responsible material and growth pa-
rameters enhancing the twinning prob-
ability. Gottschalk et al. [61] correlated it
with the stacking fault energy whereupon
the highest danger of twinning exists in
materials with high ionicity showing the
lowest stacking fault energies. In fact,
both InP and CdTe with ionicities of 42 %
and 72 % and stacking fault energies of
1.81076 J.em™2 and 1.1:1076 J.cm~2, respec-
tively, show the highest twinning prob-
ability among the semiconductor com-
pounds. Growth conditions enhancing twin
appearance are — i) temperature instabili-
ties, i.e. re-melting of the interface, ii)
presence of impurities, iii) foreign particles
swimming on the melt surface, iv) interface
contact with wetting inner container walls,
and v) morphological instability of the crys-
tallization front. Recently at IKZ was dem-
onstrated that there exists a clear correla-
tion between twinning and degree of under-
cooling at the {111} facets [62] (Fig. 6b).

Functional materials, 14, 4, 2007



Peter Rudolph / Prosperity and difficulty of ...

Hurle [63] has provided a possible ther-
modynamic description, which can explain
the key features of the process. The model
demonstrates that, because of the orienta-
tion dependence of interfacial energies in
the presence of facets, there is a configura-
tion of the 3-phase boundary for which, for
sufficiently large supercooling, the free en-
ergy of formation of a critical nucleus is
actually lowered by forming that nucleus at
the 3-phase boundary in twinned orienta-
tion. This will occur only if a critical angle
of conical growth presenting a portion of
crystal surface normal to <111> is sampled
during the growth. Such a twinned nucleus
is thermodynamically favoured if the super-
cooling exceeds the critical value 8T = A"

(oT,,/hAH) with o the twin plane energy,
T, melting temperature, A the nucleus
height, AH the latent heat of fusion, and A*
the reduced work of formation of a nucleus
intersecting the 3-phase boundary (its de-
tailed derivation is given in ref. [63]).

Many LEC and Bridgman experiments
have demonstrated that the twin probability
is markedly reduced if the temperature
fluctuations 8T of the growth system, and
therefore excursions of the angle of the con-
tacting meniscus, are minimized. In fact
Japanese producers succeeded in twin-free
InP crystal growth with diameters up to 100
(150) mm by careful maintenance of ther-
mal stability during growth that was
achieved by applying damping magnetic
fields around the melt [64, 65]. At VGF
growth twinning can be reduced if flat bot-
tom container with seed of the same diame-
ter as the growing crystal is used [56].

In this connection well-developed control
systems are of increasing importance. Re-
cently, Neubert from IKZ Berlin [66] devel-
oped a model-based feedback controller for
Czochralski processes. The basic strategy in-
cludes the use of nonlinear observers for
the reconstruction of not directly measured
quantities (e.g., crystal diameter and coni-
cal growth angle) and a combination of
model-based and PID controllers for track-
ing of crystal diameter and growth velocity
trajectories. The system quantities derived
by means of the observer are less noisy and
more accurate than those yielded by simple
numerical differentiation. Furthermore, the
growth velocity can be calculated from the
values reconstructed by the observer. Due
to the model the intricate meniscus dynam-
ics is fully taken into account. Reconstruc-
tion by the observer and feedback control
show excellent performance and the para-
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meterization effort is remarkably reduced
compared to conventional PID control. The
proposed control method has been success-
fully used in 2" InP and GaAs growth at
IKZ showing high accuracy, reproducibility,
and robustness. Currently, it is tested
under industrial conditions too.

6. New challenges — GaN, AIN
and ZnO bulk crystals

As can be seen from Table GaN, AIN, ZnO
are future materials which are of impor-
tance for blue and UV optoelectronics and
high-power electronics. However, compared
to the conventional compounds their mate-
rial parameters, such as high melting tem-
perature, equilibrium pressure and chemical
reactivity, prove to be new challenges for
the crystal grower. Several growth tech-
niques are investigated to grow GaN bulk
crystals [8]. Beside high-pressure flux
growth, low-pressure solution growth
(LPSG), metal halide vapour phase epitaxy
(HVPE) and epitaxial layer overgrowth
(ELOG) for obtainment of free-standing
thick layers, the direct synthesis from va-
pour phase under NH; flow on alternative or
native substrates is under development.
Until now, best qualities are obtained when
GaN crystals are grown from solution in
liquid Ga under high pressure of nitrogen
(0.8-2.0 GPa). In particular dislocation den-
sities even lower than 100 ¢m 2 have been
reported. However, their size is limited to
about 1 ecm? in area and 80-120 um in
thickness [67]. Recently, Sasaki and co-
workers [68, 69] reported the growth of
thick 2-inch GaN layers by liquid phase epi-
taxy (LPE) from Na flux under relatively
low N, pressure of 4-5 MPa and at tem-
perature of 850°C. First a thin GaN seed
template is grown on a sapphire substrate
by metal organic chemical vapour deposition
(MOCVD) before the LPE process is carried
out. A good flux stirring is achieved by
convection due to an optimized temperature
field. After the sapphire substrate is sepa-
rated from the deposit free-standing GaN
plates with dislocation densities ~10% em™2
are available. GaN bulk crystals from a
chlorine-free gas phase are grown at the
IKZ Berlin [70]. Metallic Ga is evaporated
from a heated melt and reacts with nitrogen
from an ammonia and nitrogen gas mixture
(Fig. 7). Pressures in the region of 10-
80 kPa and moderate growth temperatures
of 1000-1200°C are used. Sapphire and in
house SiC and AIN are applied as substrates.
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Fig. 7. Scheme of the chlorine-free vapour
growth setup for GaN crystals used at the
IKZ Berlin (adapted from D.Siche [70]). I —

outer tube, 2 — insulation, 3 — gas outlet,
4 — seed holder, 5 — seed, 6 — GaN, 7 —
inner chamber, 8 — heating cylinder, 9 —
rf coil, 10 — source crucible, 11 — Ga source,

12 — crucible support, 13 — gas inlet.

Even AIN is more stable during heating up
the system to growth temperature. The still
small crystals of mm-dimension show good
structural quality comparable with flux
grown material.

AIN homosubstrates are the best variant
for manufacturing of (Al,Ga,In)N layers for
UV-LEDs. AIN bulk crystals are grown from
the vapour phase. Generally, there are three
approaches: i) seeded growth on non-nitride
substrates, e.g. SiC, ii) growth of freestand-
ing AIN crystals by self-seeding, and iii)
crystal expansion using AIN seeds [71]. The
required high growth temperatures >2000°C
and the aggressive aluminium gas species
limit the choice for crucible materials. TaC
proves to be a usable candidate showing low
partial pressure, high temperature and
chemical stability. The successful growth of
well faceted single crystalline AIN boules of
15 mm in diameter were recently reported
by Herro et al. [72] using the seeded physi-
cal vapour transport method. Crystal qual-
ity increased during growth as manifested
in a drop in FWHM of X-ray Rocking
curves from 80 arcsec near the seed to 16
arcsec at growth surface. Also at IKZ the
growth of AIN bulk crystals is under inves-
tigation [73]. Using sintered source mate-
rial the undesirable oxygen content could be
decreased down to 380 ppm. The self-seed-
ing process with subsequent <0001> growth
and n-doping will be optimized.
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Fig. 8. Scheme of the wvertical Bridgman
setup for melt-growth of ZnO crystals used at
the IKZ Berlin (adapted from D.Schulz et al.
[10]): 1 — rf coil, 2 — melt, 3 — crucible,
4 — insulator, 5 — seed.

ZnO single crystals are of rapidly grow-
ing interest due to their potential applica-
tions as UV light emitters, green lasers,
substrate for GaN epitaxy and acoustic
wave devices [10]. The high melting point of
T, =1975°C and oxygen fugacity of Po, =
0.35 bar make the bulk crystal growth from
the melt very difficult, first of all because
there is no ideal crucible material being re-
sistant in a required oxygen overpressure.
To avoid the employment of a crucible bulk
crystal growth is mainly performed by the
hydrothermal method [74] or by the pres-
surized "skull melting” [75]. However, hy-
drothermal grown crystals suffers from sol-
vent incorporations and skull-melted mate-
rial shows often cracks due to the
characteristic high temperature gradients.
Thermodynamic calculations provided at
IKZ Berlin showed that iridium as crucible
material is stable in the presence of an oxy-
gen-containing atmosphere and in contact
with molten zinc oxide [10]. For the first
time, single crystals of 1.5 inch in diameter
and up to 30 mm in length were obtained by
rf-heated Bridgman method (Fig. 8). Ad-
justing the cooling rate during growth gives
similar results like annealing with respect
to optical transmission data of the crystals
[76]. FWHM of X-ray Rocking curves down
to 22 arcsec indicate a high structural qual-
ity of the ZnO wafers. Since occasionally
mosaicity have been obtained the reproduci-
bility of the growth technology needs to be
still improved.

7. Summary

Since more than fifty years melt growth
of semiconductor compound crystals the
preparation of important materials, such as
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GaAs, GaP, InP, CdTe, has been translated
from fundamental research to industry
where they became a high degree of matur-
ity. Today, the growth of 6-inch GaAs and
4(6)-inch InP crystals by the LEC and VGF
methods are already well established in pro-
duction. Even the growth of 8-inch GaAs
crystals was successfully tested being ready
for industrial production during the next
five years [3]. One can say the IlI-Vs, espe-
cially GaAs as the most important semicon-
ductor after silicon, entered a prosperity
market position.

However, that doesn’t mean that there
are no more certain difficulties to be still
solved in order to complete the growth tech-
nologies towards increased gain, improved
quality and lowered costs. It concerns i) the
better knowledge of the influence of the
melt structuring on crystallization kinetics
even at materials with high ionicity (CdTe,
Zn0O, InP), ii) the better control of convec-
tive turbulences, e.g. with traveling mag-
netic fields, even when the crystal gain will
be enhanced by applying larger melt
charges, iii) the in situ ensuring of near
stoichiometric growth conditions to control
the intrinsic point defect concentration and
to minimize the precipitate content even in
CdTe and GaAs, iv) the prevention of dislo-
cation patterning and bunching, and v) the
damping of twinning along {111} facets as a
very problematic drawback for materials
with low stacking fault energy, like InP and
CdTe. Even point v) is closely connected
with application of modern model-based
feed-back controlling systems in order to re-
duce temperature and meniscus fluctuations
most effectively.

During the last years the optimization of
growth processes for future compound ma-
terials GaN, AIN, ZnO came to the fore. The
control of high process temperatures and
dissociation pressures prove to be key chal-
lenges for the crystal growers during the
next period. The IKZ Berlin deals actively
with material engineering to complete the
growth technologies of both conventional
compounds (GaAs, InP, GaSb) and to work
out optimal growth methods for future
semiconductors (GaN, AIN, ZnO).
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IlepcneKTHBU Ta TPYAHOIII BHPOILYBAHHA 00’€MHHX
KPHCTAJIB HANiBOIPOBITHUKOBHUX CIIOJYK

Ilemep Pydonvg

HamniBnpoBiZfHUKOBI cONyKU MaioTh Ha JaHUH yac i 30epelkyTh y MaliiOyTHHROMY IIepIIo-
pPAAHe 3HAUEHHA Yy JKUTTi JIOACTBA. BiKe DOCATHYTO BiHOCHO BHCOKOTO PiBHA PO3BUTKY IX
BupobHuITBa. GaAs 36epirae Jgigupyrode MOJOMKEHHS y raay3sxX OITOENEKTPOHIKHM Ta BHCO-
KOYacTOTHOI MiKpOeNeKTPOHiKu, OeslepepBHHUI PO3BUTOK SKUX Oyme MNIPOLOBIKYBATHCH.
Heo6xinmo icrorHo 36imbpmuru Buxim monokpucranis InP, GaSb, CdTe ra ZnO. Iaa secix
IUX CIOJIYK 3POCTA€ 3HAUEHHS BUPOIIYBAHHSA 3 POSILJIABIB METOZOM TBEPIIiHHA Yy BEPTHUKAJb-
HOMY TeMIeparypHoMy rpamienTti. Bucoki temnu possButky ouikyiorbesa s GaN ta AIN.
BignoBigHo, oBosomiHHA yHpaBaiHHAM (asoBUMU IepexoJaMM ras-TBepje TijJio Ta po3-
YWH/pPO3IJIaB-TBEP/E TiJI0O HA BUCOKOMY TEeXHOJIOTiUHOMY pPiBHI € abcosaioTHO HeobOxigHuM.He-
3BAJKAIOUM HA 3HAUHI 3YCHUJJIA IIPOTATOM OCTAHHIX JeCATH POKiB, IPU BUPOITYBAHHI 3 PO3-
IJIaBy TAKOK ICHYIOTH AefAKi IPUHIMIOBI yTpynHEHH:, AKi Tpeba momosaTu, HAIPUKJIAL,
YCYHEHHS CTPYKTYPYBaHHA PO3ILIABY, NMPUTHiUeHHA KOHBEKTUBHUX 30ypeHb, pPeryJIOBaHHS
crexiometpii in situ, miHimisamid ocagKeHHs, NPUTHIYeHHS KOIIIOBaHHA [IUCJIOKAIlild,
sanobiraHHA ABiMHMKYBAHHIO Ta CTBOPEHHS CHCTEM YIPAaBJIiHHA IpOIllecaMU BUPOIYBaHHSA
Ha OCHOBiI Mogejeii. ABTOp IIOJa€ OIVISA MOMKJINUBUX 3aXOMiB, fAKi pPO3pOOJAIOTHCSA #oro
rpynoio B IctutyTi pocty Kpucranis (BepiiH) Ansa mocArHeHHS SraJaHuX Iijei.
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