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Presentación
Este trabajo presenta en primer lugar el análisis, los desarrollos técnicos y los
resultados experimentales de un método original de crecimiento en volumen a partir del
fundido basado en el principio de alimentación continua. Dicha técnica, llamada método
de alimentación vertical (Vetical Feeding Method, VFM), ha sido probada para
sintetizar aleaciones de antimoniuro de galio (GaSb) puro y dopado con telurio (Te) y
aleaciones del compuesto ternario GaInSb con el objetivo de producir obleas para la
realización de celdas Termofotovoltaicas (ThemoPhotoVoltaic, TPV). En segundo
lugar, el trabajo ha sido enfocado en el estudio de las características estructurales,
eléctricas y ópticas de los materiales producidos con el VFM. El problema de la
redistribución del soluto y varios fenómenos que usualmente tienen lugar en el
crecimiento de los semiconductores han recibido una atención especial. El trabajo
experimental demuestra la posibilidad de controlar la segregación del soluto en el caso
de los compuestos de GaSb dopado con Te, y en el caso de las aleaciones concentradas
de GaInSb, el estudio ha sido enfocado en cómo la condiciones de crecimiento
influencian la incorporación del In el la fase sólida, observándose que todos los
materiales de GaInSb obtenidos presentan una distribución espacial de la concentración
de indio. El fenómeno de sobreenfriamiento constitucional ha sido analizado y
comentado con respecto a los resultados experimentales.
El presente manuscrito está dividido en siete capítulos. En el primero, son
descritos las principales características y propiedades de los compuestos GaSb y GaInSb
y recordados los principales componentes de la teoría de la solidificación a partir del
fundido. En el capitulo 2, se enuncian los problemas específicos del crecimiento de los
semiconductores y del modelado de la microestructura. El capítulo tercero está dedicado
a la presentación de los resultados de los cálculos termodinámicos y de estabilidad de la
interfase sólido/líquido en el caso del GaInSb. La presentación y el desarrollo técnico
del VFM se recopilan en el capítulo 4, mientras que en el capítulo 5 se describen los
procesos experimentales de preparación y caracterización. Los resultados del
crecimiento del GaSb y del GaInsb son presentados en los capítulos 6 y 7
respectivamente. Finalmente, en el último capítulo se encuentran los resultados más
destacados y algunas propuestas para un futuro desarrollo del VFM.
Este trabajo doctoral ha sido realizado en el Laboratorio de Crecimiento de
Cristales (LCC) de la Universidad Autónoma de Madrid bajo la dirección del Pr. E.
Diéguez, gracias al soporte económico de la Unión Europea a través del programa
Research Training Network (RTN).
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Introduction
The construction of a strong European Scientific Community has been and is one of the
central objectives for the European Union development. The sharing out of European
countries scientific potentials has already overcome the highest scientific and
technological challenges, carrying along an industrial and economical dynamic, with
Airbus or Ariane as the most brilliant examples.
In this sense, one new key challenge assigned to modern societies and modern Europe
Community, is the research and development of clean and renewable energies. From
the three large-scale commercially traded energy forms, namely nuclear energy, fossil
fuels and solar energy (which includes both direct radiation and indirect forms such as
biomass, wind, hydro, ocean thermal and waves) only the last one is available on a
massive scale, and collection and conversion methods usually entail few environmental
or social problems. Thanks to constant technological and manufacturing improvements,
solar cells have become an attractive way of producing renewable energy and more than
200 000 homes worldwide depend on photovoltaic to supply all their electricity.
The last ten years have seen the emergence of a new photovoltaic device that enables to
transform thermal radiation in spite of visible light, this device is known as
ThermoPhotoVoltaic (TPV) generator. This way of producing electricity is known
since the early 1960s but it is almost for the past ten years that TPV has presented a
strong interest, thanks to the development of a new set of semiconductor materials, with
low band gaps. In comparison to other power generating system, TPV technology
presents many advantages: first of all, it can operate at any moment of the day; secondly
as there is no moving part, it is silent, reliable and it requires a little maintenance;
finally, its efficiency (the percent initial energy converted to electricity) can be
substantially higher than traditional combustion generators. Thanks to its qualities, TPV
can find uses mainly in remote applications when the connection to the electrical
network is expensive or difficult, and can be designed in this case to provide heat and/or
electricity. Moreover it can be designed as generator for electrical cars. Finally it can
take advantage of the wasted heat in the industry which is potentially an enormous
source of power.
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Every TPV system is made of three principal functional parts: a source of heat, a
radiator and a photovoltaic converter as shown on Fig. 1. Each of these parts has to be
chosen carefully to obtain a high energy conversion.
Source of heat

BURNER

Unused
photons

Radiation
close to Eg

RADIATOR

Electricity
I

CONVERTER

Fig. 1: scheme of an ideal TPV generator.

The burner (the source of heat) is the functional part which can be less easily
influenced. Ideally, the rest of the device should be design to suit the characteristics
of the burner. For TPV applications, the burner must provide a temperature above
1300 K. One important drawback of the burner is its instability, in addition with warm
up problems.
The radiator has the important task of providing radiations that will suit the converter’s
properties. It should supply the specific wave length and give back to the burner
unused photons. This recycling enables a reduction of consumption and pollution. The
flux of energy that it produces must be highly stable to ensure a good conversion for the
cells. It must also be resistant to high temperature and temperature cycles.
The converter is made with low gap semiconductor materials which enable the
photovoltaic conversion of infrared radiations. The most efficient conversion for a
temperature of 1400 K corresponds to a gap of 0.5 eV and for a temperature of 2200 K,
to a gap of 0.7 eV. With a band gap of 0.72, gallium antimonide (GaSb) is the best basic
material candidate for TPV application, as we can see on Fig. 2. Even if its gap is a little
bit too large, an addition of other elements (such as Aluminium, Arsenic or Indium), can
modify the gap value in order to meet the specific needs.
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Band Gap (eV)

AlSb

GaAs

1,5

InP

1,0

GaSb
0,5

Band Gap required for TPV

InAs
InSb
0,0
5,5

6,0

6,5

Lattice constant (Angstrom)

Fig. 2: Energy band gap (300K) versus lattice constants.

So, thanks to the control of its composition, ternary alloys have the possibility to
achieve the desired band-gap. For TPV applications, two principal ternary material
systems are under investigation at present in various laboratories. First one is the
InxGa1-xAs system whose band gap at room temperature can be tailored from 1.43 eV to
0.36 eV, by varying the x value from 0 to 1. The second one is the GaxIn1-x Sb system
covering the range from 0.17 eV to 0.72 eV. The possibility to reduce the band gap is of
prime importance as it can suit burners with lower temperature and the availability of
such bulk substrates would significantly simplify the fabrication cycle, as the devices
would be made with diffused junctions and the overall cost of the final device would be
reduced.
The work presented here has been carried out in the frame of the Fifth Framework
European Programme for Research. During the three years of the Research and
Training Network (Fig. 3) developed to study, integrate, and develop a full TPV
generator, eight laboratories and one industrial company have been involved. After
considering the growth simplicity, cost and dangers, two materials have been chosen
to produce the TPV substrates: GaSb and GaInSb.
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Fig 3: TPV Research and Training Network map and tasks organisation.
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The present work is organized in seven chapters:
In Chapter 1, the principal characteristics and properties of GaSb and GaInSb alloys
are presented. Then the solidification theory is briefly reviewed as well as the solute
redistribution problem.
In Chapter 2, the specific problems of semiconductor crystal growth and the modelling
of microstructure are presented.
In Chapter 3, the results on thermodynamic and interface stability calculations for the
GaInSb system are presented.
In Chapter 4, the principle of a new growth method based on continuous feeding is
presented. The practical developments reported in the second part of this chapter leads
to a simplified version named Vertical Feeding Method (VFM).
In Chapter 5, the materials and samples preparation as well as the principal
characterization techniques used in this work are detailed.
In Chapter 6, GaSb compounds grown by VFM are characterized and discussed.
In Chapter 7, GaInSb compounds grown by VFM are characterized and discussed.
In Conclusions, the main results are reviewed and final recommendations for further
development of the VFM are given.
Some details or developments that would have reduced manuscript legibility are
reported in appendices:
In Appendix 1, calculations on thermodynamic of the quasi binary GaInSb system are
reported.
In Appendix 2, the cooling rates model used in splat cooling experiments is briefly
detailed.
In Appendix 3, the preparation process and the results of TPV cells prepared on our
substrates are presented.
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Chapter 1: Theoretical background

Introduction
III-V compounds represent a class of covalent semiconductor with properties markedly
different from those of elemental silicon or germanium. The ability to provide a range
of band structures and associated electrical and optical properties make them attractive,
especially the direct band gap of GaAs and GaSb make them suitable for optoelectronic
applications [1,2]. From device point of view, as they can operate in the 1.5-7.2 µm
range, GaSb and GaInSb materials are of great interest not only for TPV applications
but also for IR detection and imaging or in optical communications. In the first section
of this chapter the most relevant physical properties of these two materials are
summarized.
Generally, semiconductor materials are obtained by controlled crystallization from the
melt and the perfection attained for this kind of material is the fruit of the long history
of material sciences and is one of its highest achievements. Despite materials have
accompanied the human society evolution since several millenaries, the beginning of
material production understanding goes back to the 19th century, thanks to the
development of the thermodynamic theory. The second section of this chapter is then
dedicated to the description of the phase transformation theory which provides the
basic knowledge necessary to understand solidification processes.
Finally, one problem which is still to be solved in semiconductor crystal growth
concerns the redistribution of solute atoms during the growth of alloys. The particular
problem of segregation is presented and analysed in the third section of this chapter.
In the last part, the most important points are summarized.
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1) General properties of GaSb and GaInSb materials
1.1 Important structural and electrical properties
The common structure of GaSb is sphalerite (i.e zinc-blende) which is derived from the
diamond structure by arranging unlike atoms on nearest neighbour points, which results
in tetrahedral coordination for each atom. This structure, composed by Ga atoms on the
first face centred cubic sub-lattice sites and Sb atoms on the other sub-lattice, belongs to
the F43m group and is noncentrosymmetric. Packing density is low and bonding is
largely covalent and derived from directed sp3 orbitals.
As shown on Fig. 1.1, GaSb exhibits a direct band structure, that is, both the maximum
of valence band and minimum of conduction band occur at the centre of the Brillouin
zone.
Χ-valley

At 300 K
Eg=0.726 eV
EL=0.81 eV
EX=1.03 eV
ESO=0.8 eV

Energy

Γ-valley

L-valley

EX
Eg

<100>

EL
0

<111>
Wave-vector (k)

ESO

Heavy-holes
Light-holes
Split-of band

Fig. 1.1: Band structure of GaSb with important minima of the conduction band and
maxima of the valence band.

This structure shows a doubly degenerate valence band maximum at k=0 with a second
spin-orbit split valence band located 0.8 eV below the band maximum, while the
conduction band exhibits two higher-lying minima L and X located 0.084 eV and 0.304
eV above the Γ minimum.
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For pure GaSb, the temperature dependence of the band gap (Eg) between 0 K and 300
K is given by:
E g = 0.813 − 3.78 ⋅ 10 − 4 ⋅

T2
(eV )
T + 94

While the variation of effective density of states in the conduction band (NC) and the
effective density of states in the valence band (NV) are given by:
N C = 4.0 ⋅ 1013 ⋅ T

3

N V = 3.5 ⋅ 1015 ⋅ T

3

2

(cm −3 )

2

(cm −3 )

At Room Temperature (RT), the variation of conduction band minima Γ, Χ and L
versus GaSb concentration is reported on Fig. 1.2 for GaInSb alloys. It can be seen that
the variation is almost linear and that the Γ valley suffers the highest variation due to the
high difference between the two extremes of this band for the two binary compounds.

Fig. 1.2: Energy separation between the Γ, Χ and L-conduction band minima and the top of
the valence band versus alloy composition xGaSb at RT.

GaSb and related alloys have high native defects concentration which are optically and
electrically active, and are a limiting factor for devices fabrication. Undoped GaSb is
always p type in nature irrespective of the growth technique and conditions. Works over
three decades have been devoted mainly to the understanding of the nature and the
origin of the residual acceptors. These residual acceptors, with concentration around
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1017 cm-3, have been found to be related to gallium vacancies (VGa) and gallium in
antimony site (GaSb) with double ionisable nature with respective ionization energies:
E(VGa)= 0.03 eV and E(GaSb)= 0.1eV
Some electrical and optical properties of GaSb and InSb are compiled in Table 1.1,
where the quasi binary alloy GaxIn1-xSb is assumed to have properties ranging between
pure GaSb and InSb.

Lattice parameter
Band Gap at RT
Effective electron mass
Electron mobility
Effective hole mass (heavy)
(light)
Hole mobility
Electron affinity
Infrared refractive index
Radiative recombination
coefficient

GaSb
0.609
0.726
0.041
5000
0.4
0.05
≤1000
4.06
3.8
10-10

InSb
0.647
0.172
0.014
1*105
0.43
0.015
≤850
4.59
4.0
5*10-11

GaxIn1-xSb
0.647-0.383x
0.172+0.139x+0.415x2
0.014+0.0178x+0.0092x2
~1*105-5000x
0.43-0.03x
0.015+0.01x+0.025x2
≤1000
4.59-0.53x
4.0-0.2x

a0
Eg
me
μe
mh
μh

Units
nm
eV
units of m0
cm2.V-1.s-1
units of m0
cm2.V-1.s-1
eV
cm3.s-1

Table 1.1: Lattice and electrical parameters for GaSb, InSb and GaxIn1-xSb materials [3].

For TPV applications, n-type substrates are needed and the change in conductivity is
generally obtained by doping with a minute amount of column VI elements like Te, Se
or S. The consequence is the apparition of shallow level states as can be seen on Fig.
1.3.

Te(X)
Se(X)
S(X)

π/a

Te(L)
Se(L)

Te(Γ)

Se(Γ)

S(Γ)

0

S(L)

π/a

Fig. 1.3: Location of shallow levels introduced by column VI elements.

The different ionization energies of the shallow donor levels are reported on Table 1.2.
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L valley

X valley

Te

~0.02

≤0.08

Se

~0.05

~0.23

S

~0.15

~0.30

Table 1.2: Value of shallow levels ionization energies relative to its band minima, in eV.

For typical donor concentrations Nd≥1017 cm-3, the shallow donor states connected with
the Γ-valley do not appear [3].

1.2 Important thermophysical properties
The thermo-physical properties of molten GaSb, like the high stacking fault energy
(highest amongst III-V compounds) and the high critical resolved shear stress (CRSS),
indicate that the growth of high structural quality bulk material should be achievable.
Ga
In
Sb
GaSb
InSb

69.7
114.8
121.7
191.4
236.5

g
g
g
g
g

Table 1.3: Atomic weights of the different elements of the GaInSb system.

Melting point (Tm)
Latent Heat of Solidification
Thermal conductivity at Tm
Liquid
Solid
Specific heat at Tm
Liquid
Solid
Thermal diffusivity in Liquid
Kinematic viscosity at Tm
Specific mass at Tm
Liquid
Solid
Surface tension
Vapor pressure at Tm (Sb)

GaSb
985
1.9*109

InSb
800
1.3*109

K
J·m-3

10.24
6.43

9.23
4.57

W·m-1·K-1
W·m-1·K-1

2*106
1.7*106
5.1*10-6
3.6*10-7

1.7*106
1.5*106
6.0*10-6
3.0*10-7

J·m-3· K-1
J·m-3· K-1
m-2·s-1
m-2·s-1

6.06*103
5.60*103
0.454
10-5

6.47*103
5.76*103
0.420
10-6

kg·m-3
kg·m-3
J·m-2
atm

Table 1.4: Principal thermophysical properties of GaSb and InSb materials.
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For its part, despite a totally congruent melting, GaInSb crystals exhibit a high
segregation (both radial and axial) of InSb during growth due to the large separation
between the liquidus and solidus curves in the pseudo-binary phase diagram of the
GaSb-InSb system. This leads to low-quality materials with generally high density of
cracks due to the large lattice mismatch between InSb and GaSb.
Dilute In alloys
0.2
1.2*10-8
-1.3

Segregation coefficient
Diffusion coefficient
Liquidus solpe

x = 0.5
0.54
2.2*10-8
-3.9

m-2·s-1
K·(InSb)-1

Table 1.5: Specific parameters for segregation in diluted and concentrated GaxIn1-xSb alloys.

The atomic weight of the different elements and compounds of this system are reported
on Table 1.3, while the principal thermophysical properties are reported on Table 1.4
and 1.5. Readers who are interested in more information can refer to [3].

2) Basis of the phase transformation theory

2.1 Thermodynamic functions
The study of phase transformations is concerned with changes that occur in a given
system from one state of equilibrium to another more stable. A phase is defined as a part
of the system with homogenous properties which can be physically distinguished from
another part. In order to characterize the stability of the system at a given temperature
and pressure, one has to define the Gibbs free energy G as:
G = H - TS

(1.1)

Where H is the enthalpy, T the absolute temperature and S the entropy of the system.
The enthalpy is a measure of heat content of the system and is given by:
H = E + PV

(1.2)

Where E is the internal energy of the system, which is a measure of the total kinetic and
potential energies of the atoms within the system, P is the pressure and V is the volume.
A system is said to be in equilibrium state, which can be stable or metastable, when its
Gibbs free energy is minimum, which corresponds to the condition:
dG = 0

(1.3)
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2.2 Equilibrium phase diagram construction
In a monocomponent system, the phase properties depend only on temperature and
pressure but in an alloy, the mixing of the different components results in a change of
the free energy respect to the non mixed state. The free energy changes versus
composition, and the phase diagram calculations of a given binary system (A-B) is
obtained following classical thermodynamic theory. A good summary can be found in
Ref. [4]. In this work only the Concentration-Temperature projection of the phase
diagram is used.
As can be seen on Fig. 1.4a, the total Gibbs free energy G at any temperature and
composition, for one phase, either solid (S) or liquid (L), can be decomposed into two
contributions:

G = ΔG mix + Gpure

(1.4)

Where ∆Gmix is the Gibbs energy of mixing and Gpure the free Gibbs energy change
between pure components A and B. ∆Gmix is modelled from the thermodynamic
functions ∆Hmix and ∆Smix (respectively enthalpy and entropy of mixing) as follows:
ΔG mix = ΔH mix − TΔS mix

(1.5)

While Gpure is obtained from experimental GA and GB data of the two elementary
systems in each phase:
G pure = G A + x B (G B − G A )

(1.6)

G
GA

G

Gpure

GL

GS
GB

ΔGmix

μLB= μSB

GS,L
μLA= μSA

A

XB

B

A

X LB

XSB

B

Fig. 1.4: Free energy versus composition for a given phase (a) and common tangent
construction from the liquid and solid free energy curves (b).
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Once the Gibbs energy is known for each phase, the binary phase diagram is deduced
using the common tangent method (Fig. 1.4b), which corresponds to the conditions of
chemical

potential

equality

of

the

component

within

the

phases

i.e

at

equilibrium μ AL = μ As and μ BL = μ Bs [5].

2.3 Nucleation process

Before a transformation can proceed, the nucleation of the new phase is required. When
a liquid phase is cooled to a temperature T below the equilibrium melting temperature
(Tm), there is a driving force ∆G for transformation (Fig. 1.5). Without this condition,
the system is in equilibrium and there is no net energy change.
GLiquid

G
∆G

GSolid

∆T

T

Tm

T

Fig. 1.5: Scheme of the driving force versus departure from equilibrium i.e ΔT.

For a small undercooling ΔT, the driving force can be approximated linearly in the way
of Turnbull [6], as:
ΔGS =

ΔH ef ΔT
Tm

(1.7)

where ΔH ef is the enthalpy of fusion at equilibrium (i.e latent heat of solidification) and
ΔT = Tm − T is the undercooling.

As depicted on Fig. 1.6, two cases can be distinguished: homogenous nucleation if the
nucleus appears spontaneously within the undercooled phase or heterogeneous
nucleation if nucleation occurs on the walls of the container, at impurity particles, etc.

17

liquid

liquid

liquid
solid
solid
a) Undercooled
liquid

b) Homogenous
nucleation

c) Heterogeneous
nucleation

Fig. 1.6: Undercooled liquid (a), homogenous nucleation (b) and heterogeneous nucleation
(c) regimes.

2.3.1 Homogenous nucleation
In the homogenous case, the Gibbs free energy of a system with a small spherical
cluster of solid is the sum of the liquid and solid Gibbs energy plus the interfacial
energy:
G = VS G SV + VL G LV + A S − L γ S − L

(1.8)

Where A S − L and γ S − L are the solid-liquid interfacial area and interfacial energy
respectively, Vi and GiV are the volume and the Gibbs free energy per unit volume of
phase i (i=S or L). If at the same temperature an undercooled liquid without any solid
nuclei is considered, the Gibbs free energy of the system is:
G ' = (VS + VL )GLV

(1.9)

So, the formation of a spherical nucleus of radius r leads to a free energy change of:

4
ΔG = −VS (G LV − G SV ) + A S − L γ S − L = − πr 3 ΔG S + 4πr 2 γ S − L
3

(1.10)

It can be seen on Fig. 1.7, where the different components of eq. 1.10 are reported
versus r , that for a nucleus with a radius r higher than r*, the Gibbs free energy of the
system decreases if the nucleus grows. So that r* represents the critical radius above
which a nucleus can grow. In this case, ∆G* is defined as the free energy barrier for
nucleation, which can be calculated if we consider that at r=r*:
dΔG
= −4πr 2 ΔG S + 8πrγ S −L = 0
dr

(1.11)

So, the expression of the critical radius is:

18

r* =

2γ S − L
ΔG S

(1.12)

And the corresponding Gibbs energy is:
16π (γ S − L ) 3
ΔG* =
3(ΔG S ) 2

(1.13)

And for small undercooling ∆T, considering the Turnbull approximation (eq. 1.7):
⎛ 2γ S − LTm ⎞ 1
⎟⋅
r* = ⎜
⎜ ΔH e ⎟ ΔT
f
⎠
⎝

(1.14)

And:
⎛ 16π (γ S − L )3 Tm2 ⎞
⎟⋅ 1
ΔGHomo * = ⎜
⎜ 3(ΔH e ) 2 ⎟ (ΔT )2
f
⎠
⎝

∆G

(1.15)

Interfacial
energy ~ r2

∆G*
r*

r

Volume
energy ~ r3

Fig. 1.7: Change of nucleus free energy versus its radius showing the different components.

2.3.2 Heterogeneous nucleation
If there are nucleation agents that can catalyse the transformation process, one has to
consider heterogeneous nucleation, and the free energy of formation becomes:
*
*
ΔG Het
= ΔG Homo
.S (θ )

(1.16)
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With S (θ ) =

(2 + cos θ )(1 − cos θ )2 where θ is the contact angle as depicted on Fig. 1.8.
4

The value of S (θ ) is comprised between 0 and 1 (about 10-4 for θ = 10º ), which leads
to a smaller critical nucleus radius and energy barrier in comparison with homogenous
case in the same growth conditions. These considerations are of prime importance if we
consider that in almost all growth process nucleating agents are encountered.
γSL
Liquid

θ
γLM

γSM

Mold

Fig. 1.8: Sketch of the contact angle between solid spherical cap and container wall.

2.3.3 Nucleation rate
In both homogenous and heterogenous cases, nucleation is an activated process. The
nucleation rate (I) increases with the driving force and can be described by an Arrhenius
equation:
I = A exp[−(ΔG * + ΔG D ) / kT ]

(1.17)

where A is a pre-exponetial factor, k the Boltzman constant and ΔGD is related to the
kinetic part of the process i.e how fast the material moves to the surface of a growing
nucleus which is meanly diffusive and can be expressed as:
D = (kTλ2 / h) exp(−ΔG D / kT )

(1.18)

where D is the diffusion coefficient, λ is the atomic jump distance and h the Planck
constant. From the Stokes-Einstein expression of the diffusion coefficient:
D=

kT
3πλη

(1.19)

where η is the viscosity, one obtains the expression for I:
I = ( Ah / 3πλ3η ) exp(− ΔG * / kT )

(1.20)
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As schematized on Fig. 1.9, the nucleation rate is the result of the competition between
the driving force and the diffusion and I shows a maximum at a defined temperature.
This competition is responsible of the formation of glassy or amorphous materials as no
nucleation is expected below the temperature Tg.
I
Driving
force

Diffusion

Tg

TN

Tm

Fig. 1.9: Schematic nucleation rate (full line) versus temperature showing the competition
between diffusion and the thermodynamic driving force.

2.4 Growth of the solid phase

2.4.1 Heat extraction regime
Once nuclei have attained the critical size, the growth of the solid phase can happen as
heat is extracted from the system; the way by which the heat is extracted determine
entirely the microstructure of the solidified material [6]. From a practical point of view
only two general growth habits have to be studied: columnar/directional growth and
equiaxed/unidirectional growth (in literature, the terms constrained and unconstrained
are also encountered respectively). The former corresponds to a strictly directional
growth where the growth front moves perpendicular and opposite to the heat flow q
(Fig. 1.10), while the latter corresponds to the unidirectional growth of crystallites into
an undercooled melt (Fig. 1.11); the heat sink in this case is the undercooled liquid and
the latent heat is extracted through it. So for columnar growth, the thermal gradient is
defined as positive while it is negative in the case of equiaxed growth.

21

Tm

Tm
ΔT

ΔTc+ ΔTt

Tinterface
q

ΔTr
ΔTk
Tinterface

(a)

(b)

Fig. 1.10: Directional solidification: macroscopic columnar growth with a positive thermal
gradient (a), element of the interface showing the different undercoolings (b).

Tm
Tm

Tinterface

ΔT

ΔTr
ΔTk
Tinterface

Tundercooled-melt

ΔTc+ ΔTt

q
Tundercooled-melt
(a)

(b)

Fig. 1.11: Strictly undercooled melt: macroscopic equiaxed growth with a negative thermal
gradient (a), element of the interface showing the different undercoolings (b)

2.4.2 Undercooling decomposition
Generally, the total undercooling can be divided into several contributions which
describe the different processes taking part in the solidification. In a pure material
Flemings decomposes ∆T in three contributions [6], following the expression:

ΔT = ΔTt + ΔTr + ΔTk

(1.21)
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Where ΔTk is the kinetic undercooling, ΔTr is the curvature undercooling and ΔTt is
the thermal undercooling. This latter represents the portion necessary to drive the heat
transfer process, as at growing interface there is heat production due to latent heat
release. When an alloy is treated, the solutal undercooling ΔTc has to be added, it arises
from temperature difference required for solute diffusion. Figure 1.10.b and 1.11.b
details the different contributions for an element of the interface (with curvature) for the
two heat extraction regimes.
2.4.3 Curvature undercooling
The curvature undercooling ΔTr , also known as Gibbs-Thomson effect, depicts the
variation of the melting temperature due to the curvature and applies for both small
aggregates of atoms and curved interfaces. The free energy of a solid inside a curved
interface is higher than that in an infinite solid. The free energy change associated to the
formation of a spherical nucleus in an undercooled liquid is given by eq. (1.10).
Adding one atom to the nucleus will increase the volume by the atomic volume V A . The
resulting increase in radius is:
V A = ∂V =

dV
∂r = 4πr 2 ∂r
dr

(1.22)

The corresponding change in free energy from eq. 1.10 is:
∂G = −4πr ΔG S ∂r + 8πγ
2

S −L

r∂r = (− ΔG S + 2

γ S −L
r

)∂V

(1.23)

It results in a free energy change per volume of:
ΔGVr =

2γ
r

(1.24)

Using the formulation of Turnbull, it generates a curvature undercooling of:
ΔTr =

2γ Tm
⋅
r ΔH ef

(1.25)
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This result is similar to the one obtained for the nucleation analysis (eq. 1.14) and
express the fact that the total undercooling ΔT must be greater than ΔTr to drive the
growth of a solid bounded by a curved interface with radius r.
2.4.4 Kinetic undercooling
The kinetic undercooling ΔTk represents the portion of the total undercooling necessary
to drive atomic attachment processes. It depends mostly on interface properties at
atomic scale and it can be understood following the so-called Kossel-Stransky model
[7,8] schematized on Fig. 1.12.

2
3

1

Fig. 1.12: Sketch of attachment sites at the solid surface in the Kossel-Stransky model.

In this model each growth unit is depicted as a small cube and the growth of the solid
phase occurs by successive attachment of these units to the solid surface.
On Fig. 1.12, three cases can be distinguished: the first one corresponds to the
adsorption of a growth unit on a flat surface (F) which results in a simple bond with
atoms of the surface, the second corresponds to an attachment at a linear step (S) of the
surface where two bonds are produced. Finally, the attachment in position three results
in three bonds. This latter position named as kink (K), is the most stable because the
probability of desorption is low in comparison to the previous cases.
In real growth cases, the kinetic of the interface will depend on the density of kink sites
and two cases can be presented: i) if the density is low, the atoms adsorbed on flat faces
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should diffuse to encounter stable site which results in slow kinetic and the interface is
said to be facetted and the growth mode is defined as lateral. ii) if the density of kinks
increases, the probability of attachment is enhanced and the interface become more and
more rough; the growth is then defined as normal.
Numerical simulations by Monte Carlo or Molecular Dynamics [9-11] show that in the
lateral growth mode a potential barrier has to be overcome by growth units while in the
normal mode they are added readily to the interface and that the growth mode is very
dependent on interface temperature or/and supersaturation. The kinetic of growth will
be discussed in details for semiconductors in Chapter 2.

3) Solute redistribution during the solidification process
3.1 Solute segregation analysis

3.1.1 Origin of the segregation
At equilibrium, the solidification of a liquid phase with a solute initial concentration C0
is governed by the phase diagram.
Let us consider the case where a single phase solid is formed at the equilibrium
temperature which is shown on Fig. 1.13a. During the solidification process, at the
interface between the solid and the liquid, the equilibrium concentrations of solute in
the solid (Cs) and in the adjacent liquid (Cl) are different. The ratio of the former to the
later is denoted as the distribution or segregation coefficient k = C s / C L .
If k is inferior to unity, as in the case of GaInSb, where the solubility of the solute in the
solid is lower than in the liquid, the growth of the solid induces a rejection of solute
atoms into the liquid. During an initial period, named transient, the liquid concentration
at the interface rises and causes the solid concentration to rise also until a steady state
condition, corresponding to an interface between a solid at C0 and a liquid at C0/k, is
attained. Figure 1.13b describes the evolution of the concentrations in the solid and in
the liquid during this period. From the classical works of Scheil [13], Pfann [14] or BPS
[15] the solute distributions equations in the liquid and in the solid along growth axis Z,
have been established considering two extreme cases for mass transport: purely
diffusive or purely convective.
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C0
Liquid

T

(L)

C0

a) Nucleation
kC0

Solid

Liquidus
Liquid

(L) + (S)
C0

b) Transient period
C0/k

Solid

Solidus

(S)

Liquid
C0
Solid

c) Steady state

0
Solute concentration

Cs=kC0

Fig. 1.13: Schematic binary or quasi-binary phase diagram (a) and evolution of the solid
and liquid concentrations during the transient period (b) from [12].

3.1.2 Segregation in purely diffusive regime
With regard to purely diffusive considerations, once the steady state is attained, it is
possible to calculate the concentration in the liquid and in the solid. For this, the
diffusion in the solid and the convection in the liquid are assumed to be negligible and
the value of k is assumed to be constant.
Let us consider the problem of concentration expressed in one dimension with one
coordinate system linked to the moving interface (z) and one coordinate system linked
to the laboratory (Z), as shown on Fig. 1.14a.
In the coordinate system (z) linked to the interface, the amount of solute ∂C ∂t
diffusing into a unit area dz, is:
∂C
∂C
dz = − D
∂t
∂z

+
z + dz

∂C
∂ 2C
D=D 2
∂z z
∂ z

(1.26)

Where D is the solute diffusion coefficient.
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In this coordinate system, if freezing is represented by the displacement of the liquid
r
distribution at a rate VI , then the net flow out of the same volume element due to
freezing is:
∂C
∂C
dz = VI C z + dz − VI C z =
VI
∂t
∂z

(1.27)

Therefore the stationary distribution with respect to this system is:
D

∂ 2C
∂C
+ VI
=0
2
∂z
∂ z

(1.28)

With the following boundary conditions: Cl→C0 as z→∞ and Cl=C0/k at z=0, eq. (1.28)
yields to the following solution [13]:
⎛ 1 − k − VDI z ⎞
⎟
C l = C 0 ⎜⎜1 +
e
⎟
k
⎝
⎠

(1.29)

Then, the solute concentration in the solid can be calculated considering that it must rise
from kC0 at the beginning of the crystal and tend asymptotically to C0 along the
longitudinal axis.

z

dCl

f

Z

L

δ

r
VI

dz
C(z)

df

Cl(0)

Cl
S

Cs=kCl

Δ

C(Z)

C0

(a)

Cs0=k·C0

C(f)

(b)

Fig. 1.14: Schematic of purely diffusive case (a) and purely diffusive case (b).
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Furthermore, in consideration of the solute conservation law, the integrals of the initial
transient and of the boundary layer must be equal. In the coordinate system (Z) linked to
the laboratory, this leads to the following expression:
kV
− IZ⎤
⎡
C s = C 0 ⎢1 − (1 − k )e D ⎥
⎣
⎦

(1.30)

With regard to this analysis, the value of the initial transient layer thickness is given by
Δ = V I (k .D ) while a boundary diffusive layer appears with a thickness of δ = V I D . It

is this enriched region which determines the rate of the solute incorporation into the
solid. These results are of first interest because once the transient region is crystallised
and the diffusive layer formed, the solid will have a constant concentration C0 if the
diffusive layer is not disturbed. Nevertheless in practical cases, the convection
phenomena perturb the diffusive layer and tend to homogenise the entire volume of the
liquid.
3.1.3 Segregation in purely convective regime
To calculate Cs along the solid height (Z) in the purely convective case one have to
consider the situation depicted on Fig. 1.14b and to assume that k is constant and that
diffusion is negligible in both solid and liquid.
On Fig. 1.14b the concentration of the liquid versus the frozen fraction (f) of the total
moles of the melt with an initial composition C0 is represented. As shown on this figure,
the rejection of solute during the freezing of df enriches the liquid concentration of dCl:
df ⋅ C l = df ⋅ C s + dC l (1 − f )

(1.31)

Considering the boundary conditions: Cs=k·C0 when f=0 and Cs=k·Cl at f≤1, eq. (1.31)
leads to the so-called Scheil equation [14]:
C s ( f ) = C 0 ⋅ k ⋅ (1 − f )

k −1

(1.32)

It is important to notice that this solution is independent of several parameters like the
rate of growth, the rate of convection, etc. On Fig. 1.15, a schematic drawing of the
Scheil law is represented.
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f

C0

1

C

k.C0

0

Fig. 1.15: Schematic drawing of Sheil law showing the initial concentration C0 and the
concentration in the solid versus frozen fraction, f (eq. 1.32).

3.1.4 Radial segregation
In addition to previous phenomena which lead to axial segregation, there are several
ones that entail to radial segregation.

L

L

S

S

(a)

(b)

Fig. 1.16: Thermal exchanges at a solid/liquid convex (a) or concave (b) interface.

During crystal growth from the melt in a crucible, thermal transfers in the furnacecrucible-sample system lead to curvature of the isotherms and especially of the
solid/liquid (S/L) interface. Thermal transfers in the furnace-crucible system are a
consequence of technology imperfections and difference between thermal conductivities
in the solid and in the liquid. The interface acts as a thermal barrier and a part of the
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thermal flux goes to the crucible walls. The interface can be convex or concave as
shown on Fig. 1.16. In the case of GaInSb, the InSb density is higher than the GaSb
density, so for a non-planar interface, the InSb concentration is higher in the hollow part
of the interface, see Ref. [16].

3.2 Supercooling and solid/liquid interface stability

3.2.1 Constitutional Supercooling: criterion of Tiller
If the solute distribution is not homogeneous, each point in the liquid ahead of the
interface has a definite concentration of solute atoms, and thus a definite liquidus
temperature as given by the equilibrium phase diagram. There is also a definite
temperature gradient in the liquid imposed by the growth conditions. If the temperature
at a certain point is lower than the liquidus temperature at that point, as predicted by the
equilibrium phase diagram, then the liquid at that point will be constitutionally
supercooled and will be unstable. As a consequence, a little perturbation can cause a
sudden crystallisation of this supercooled part.
Temperature ahead of the
interface
Strong temperature gradient
Weak temperature gradient

Equilibrum liquidus temperature
corresponding to the solute concentration
Constitutionally supercooled
0

Distance ahead of
the interface

Fig 1.17: Equilibrium liquidus temperature and temperature gradient as function of the
distance ahead of the interface.
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The condition to avoid supercooling is depicted on Fig. 1.17, and corresponds to the
following condition [17] which is named as the criterion of Tiller:

ζ
VI

≥

m
(1 − k )Cl
D

(1.33)

where ζ is the temperature gradient in the liquid and m = ∂Tliqidus ∂C the slope of the
liquidus on the equilibrium phase diagram which is assumed to be constant for
simplicity.
As shown on Fig. 1.18, depending on the degree of supercooling, the interface will
exhibit different morphologies: planar, cellular and dendrite at zero, low and high
supercooling respectively. So this phenomenon is generally responsible of the
production of a microstructure in the as-grown materials and will receive special
attention in Chapter 2 and 3.

Liquid

Solid

a) No supercooling:
Planar interface

b) Low supercooling:
Cellular interface

c) High supercooling:
Dendritic interface

Fig. 1.18: Different morphologies of the Solid/Liquid interface: planar (a), cellular (b) and
dendritic (c).

3.2.2 Boundary layer thickness
The existence of the solute boundary layer (δ) is well established, but in a practical case
with ground conditions, both convection and diffusion processes occur, and the solute
concentration along the ingot should result from a mix of the two cases where the exact
form depend on the intensity of each phenomenon.
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In the liquid, from the three heat and mass transport processes namely diffusion,
conduction and convection, the two formers have low intensity in comparison to the
latter one and mostly contribute to heat or/and material transfer at boundaries (S/L
interface, crucible walls…). The increase of these two phenomena intensity is only
attained by the use of strong thermal or concentrational gradients. In comparison, a
moderate gradient of density in the fluid having a component which is perpendicular to
the gravitational field, will give rise to buoyancy-driven convection over the whole
sample. If flows through the melt are not turbulent, it results in an effective increase of
growth stability through the reduction of concentration and temperature differences and
reduction of the boundary layer thickness.
The magnitude of the driving force for the buoyancy-driven flow (i.e natural
convection) can be expressed by the non-dimensional Grashof number:
Gr =

g ⋅ Δρ ⋅ d 3

ν2

(1.34)

Where g is the acceleration due to gravity, Δρ is the density difference, d is the
distance over which the gradient is imposed and ν is the kinematic viscosity. If the
density gradient is accurately parallel to the gravitational field, then the fluid can be
quiescent. If it is anti parallel, then the fluid is quiescent until a critical value of the
parameter Gr ⋅ Pr = Ra is exceeded, where Pr and Ra are the Prandlt and Rayleight
numbers respectively. Once the critical value is exceeded, marked convective motion
occurs.
For readers who are interested in hydrodynamic flows, the scaling analysis method [18]
gives the possibility to transform a differential equation into an algebraic equation
following the next steps: the identification of the variation range for the different
variables, the transformation of the equations and the boundary conditions using this
scale and the assumption that the derivatives obtained are of order of magnitude unity.
This method has been successfully applied for modelling convective effects during
growth by Horizontal Bridgman [19,20].
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4)

Summary

From the discussions reported in this chapter, several consequences can be extracted:
Nucleation is the first stage of the phase transformation process and requires a
minimum undercooling to happen. The classical theory shows that it is highly

dependent on temperature and on the presence of nucleating agents. In the homogenous
regime the minimum undercooling for nucleation can be several hundred degrees but it
may be reduced to only some degrees in the heterogeneous case.
Phase transformation involves the motion of an interface that delimits the mother

and new phases and the velocity of the interface depends on many bulk and local
processes. One of the most important to be considered is the kinetic of atom
attachments on the interface which depends principally on the density of kink sites.

If during phase transformation one or several constituents of the mother phase are not
incorporated in the new phase then segregation sets in. The concentration of the
rejected elements increases in the mother phase during the solidification process leading
to a supersaturation of the mother phase. Depending on the solidification parameters,
this supersaturation, also named as Constitutional Supercooling, can lead to
microstructure formation.
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Chapter 2: Semiconductors specific concerns and microstructure
modelling
Introduction
The theoretical skills summarized in the previous chapter apply for any phase
transformations and constitute the basis for pure substance or alloys solidification
understanding. However, from mass crystallization of sugar to casting of metals or
directional pulling of oxides, numerous materials are produced via solidification
processes. All these substances are physically different and some specificities should be
distinguished in order to select the optimum growth technique and parameters for
material production. In the first section of this chapter, the specific problem of kinetic
anisotropy is presented and experimental works that highlight the importance of kinetic

in semiconductor systems are reviewed.
The most important problem presented in Chapter 1 is the rejection of solute atoms by
the growing solid which increases the solute concentration in the melt and can lead to
supersaturation. Following the constitutional supercooling analysis of Tiller, if growth
parameters are not adjusted, the supersaturation can result in microstructure formation
which is generally detrimental for semiconductor material quality. Since the now
classical work of Mullins-Sekerka, the modelling of microstructure versus growth
parameters has been achieved for different systems. In the second section of this
chapter, the different components of the microstructure modelling are reviewed and the
problems related the application of the Mullins-Sekerka theory for anisotropic interfaces
are discussed.
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1) Kinetic anisotropy at the solid/liquid interface
1.1 Interface structure at the atomic scale

As illustrated on Fig. 1.12, the motion of the Solid/Liquid interface depends on the
structure of the solid surface at the atomic scale. If the solid surface exhibits a high
density of growth sites (i.e kink positions) then there is no barrier for atomic attachment
and the material will exhibit a normal growth mode, in contrary if the surface do not
present kinks then the nucleation of a new atomic layer is required and the interface
grows in the lateral mode, in a layer by layer process.
At equilibrium, the interface structure is determined by the so-called α-Jakson factor [1]
which determines the growth mode, lateral/facetted when it is higher than 2 and
normal/continuous when it is lower. Its value is given by:

α=

e
η ΔH f

Z RTm

(2.1)

Where η is the number of nearest neighbour sites adjacent to an atom in the plane of the
interface, Z is the total number of nearest neighbours of an atom in the crystal, ΔH ef is
the enthalpy of fusion at equilibrium and R is the gas constant. For the Zinc-Blend
structure, (111) faces have

η
Z

=

3
η 1
while
= for (100) faces, which leads to values
Z 2
4

of α higher and lower than 2 respectively. These differences appear clearly on Fig. 2.1,
where the (100) and (111) surfaces of III-V compounds are represented. The (100)
surface exhibits two dangling bonds for each atom of the interface, which means that,
an atom can had readily to the surface without changing the number of unsatisfied
bonds (i.e no change). In complete contrast, in order to let the unsatisfied bonds
unchanged, the atoms should add in form of tetrahedral units to the (111) surface, which
corresponds to the requirement of new layer nucleation. Following the notations
presented in Chapter 1 §2.2.4, (100) surfaces are named as K faces, (111) surfaces as F
faces and (110) surfaces as S faces.
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Fig. 2.1: Atomic structure of zinc-blend surface, rough (100) surface i.e K face (a), (111)
surface i.e F face with a stable nucleus (b) from [2].

1.2 Experimental work: close to equilibrium

The anisotropy of growth mode on the different orientations is a well known
phenomenon in semiconductor crystal growth and experimental studies in melt growth
of Si [3] have shown that the undercooling required for growth of (100) faces is lower
than one degree while it is about 6 degrees for (111) planes. These differences in kinetic
can have very important technological repercussion. For example, during the pulling of
Ge crystal by the Czochralski (Cz) technique [4], the kinetic anisotropy can lead to the
apparition of a (111) core region as depicted on Fig. 2.2. This figure shows the
directional pulling of a <100> crystal from its melt. Due to the curvature of the
isotherms (white dashed line) the undercooling at the centre of the interface is high,
sufficient for the growth of a F face while at the edge the undercooling is low and only
the kinked (K) or stepped (S) faces can grow.
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Fig. 2.2: Schematic drawing of core region formed during Czochralski pulling.

In free crystal growth, the difference in orientation kinetics leads to a selection of faces
at the interface [5]. In undoped silicon, these effects have been studied in situ by
Fujiwara et al. [6-8] by means of a confocal scanning laser microscope. Using a
polycrystal seed with only two orientations: <111> and <100>, they demonstrated that
at very low cooling rates, the growth velocities are equals and grains with <111>
orientation extend more than those with the <100> orientation. In this case the system
tends to minimize is total surface free energy by maximizing (111) planes. At higher
cooling rates, the higher growth velocity of (100) planes dominates and these grains
extend more. These authors also showed [6], that at microscopic level, the interface is
flat when the cooling rate is very low (3 K/min) while at moderate values (25-40
K/min), the (100) planes tend to develop well defined facets in <111> that reduce the
overall growth rate. For this reason semiconductors generally exhibit a sluggish growth
kinetic.

1.3 Experimental work: far from equilibrium

For semiconductor systems, the growth far from equilibrium has been carried out with
undercooled pure Si, pure Ge and Ge-Sn melts by non contact techniques [9-11]. The
main result of these experiments is that the growth velocity always increases with
undercooling but at low and intermediate ΔT it is rather slow, while at high ΔT it is
greatly enhanced. This behaviour is attributed to a transition from the lateral to the
continuous growth mode which takes place above a critical interface velocity. The
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second important result of these experiments is that a refinement of the microstructure
happens when the interface velocity is increased. This refinement is illustrated for Ge in
[9] where grains have large faceted structure for ΔT=40 K, while at ΔT=426 K (highest
ΔT), grains are fine and equiaxed.

1.4 Microstructure refinement problem

In their early experiments on undercooled Ge, Devaud and Turnbull [12] observed for
undercoolings higher than a critical one that both grain size and apparent connectedness
of the dendrite structure decreased. This phenomenon was attributed to the break-up of
the dendrites where each fragment leads to an individual grain. Two cases can be
distinguished: break-up of the trunk (i.e prime arm) skeleton of the dendrites or rupture
of second arm branching. In the first case the break up is due to the instability of the
trunk while in the second case it is preferentially attributed to the re-melting at the
junction between trunk and arms, but both cases are related to the latent heat released by
the solid formation.
T

TRe

TN

t0

t1 t2

time

Fig. 2.3: Thermal history and solidification behaviour of undercooled B-doped Si melts [16].

A break up model based on the assumption that the solidification that place
adiabatically, has been developed by Karma et al. [13,14]. This model has shown good
agreement with experimental results obtained with undercooled Ni-Cu melts [15].
However it has recently showed its limits in explaining the refinement observed in
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semiconductor materials obtained from undercooled B-doped Si melts by Nagashio et
al. [16] who showed that the break up of dendrites actually happens in the early stage of
the solidification but is not responsible for the microstructure refinement. From their
experimental observation, they drew a general solidification behaviour of highly
undercooled B-doped Si samples as it is depicted on Fig. 2.3. On this figure, the
temperature of the sample is depicted versus time as well as the state of the samples for
the different times. From t0 to t1, the melt is cooled and nucleation happens through
thermal fluctuations. At t1, the clusters have reached the critical radius and several
phenomena have been shown to happen between t1 and t2. Just after t1, the nuclei growth
happens rapidly into a dendritic array with important latent heat release; this sequence is
an adiabatic transformation that is named recalescence. Due to the important latent
release during recalescence, the primarily formed dendrites are instable and break up
into small pieces as predicted by the break up model. However, just after t2, the growth
process happens through the propagation of a Solid/Liquid interface from the edge of
the sample to the centre producing a microstructure whose scale is determined by the
interface velocity.
These results show that the microstructure refinement observed in undercooled
semiconductor system is still a matter of discussion.

2) Overview of the microstructure modelling
2.1 Conceptual approach of microstructure production

In both directional and undercooled growth (see Chapter 1 §2.4.1), the formation of a
microstructure happens because it enables the absorption of a part of the excess energy
[17]. In metallic systems, it has been shown that from very low to high interface
velocities, respectively μm.s-1 and m.s-1, the growth front goes from planar to cellular
and then to dendrites. But when velocity is further increased the growth front tends to
restabilize into cells and then to plane as it is schematized on Fig. 2.4. In their
conceptual approach on microstructure production during solidification processes, Kurz
and Trivedi [18] assumed a linear decrease of the solute diffusion length (lD) versus
growth velocity and shown that for the first range of velocities, the transition from
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planar to cellular and dendrites is a consequence of increasing supercooling while in
rapid solidification, the lower expansion of the diffusion layer δ and higher capillarity
effects induce a diminution of the instability amplitude resulting in the restabilization of
the interface. As summarized on Fig. 2.4, each transition is accompanied by a change in
the physical length that controls the microstructure production.
Increasing interface velocity

Planar

Cells

lD=lT

Dendrites

lD=klT

Cells

lD=αd0

Planar

lD=kd0

Physical lengths:
lD : solute diffusion
lT : thermal diffusion
d0 : capillarity effects

Fig. 2.4: Microstructure evolution versus interface velocity [18] showing the transition from
planar to cell, cell to dendrite and the restabilization occurring at high interface velocities.

2.2 Overview of microstructure modelling

A planar interface is the goal of any semiconductor growth process since it gives rise to
an uniform composition in the solid under steady state conditions. However, as it has
been explained in §1.4, for semiconductors, the conditions that lead to the production of
a microstructure are still to be defined. The possibility to model the interface
morphology versus growth conditions is of prime importance as it would enable to find
the most appropriate conditions to control or even eliminate microstructures.
From the modelling point of view, the evolution of the Solid/Liquid interface shape is
quite complex since it is a free-boundary problem. Most of the actual understanding
comes from dealing with steady state conditions under which the interface assumes a
stationary shape. Although some insight into low velocity planar interface stability has
been obtained by the examination of the conditions for constitutional supercooling in
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the liquid ahead of the interface (criterion of Tiller, Chapter 1 §3.2), this approach is not
found to be valid in general. The current understanding of stable planar interface comes
from the stability analyses carried out under linear and weakly non-linear conditions i.e
Mullins-Sekerka analysis [19].
When solidification is carried out beyond the threshold of planar interface stability, a
periodic cellular microstructure defined by its amplitude and wavelength (λMS), should
form. Two different cellular structures should be studied; one, close to the threshold of
planar interface stability where the amplitude of the cellular structure is small compared
to its wavelength, and the other, far from the threshold where the amplitude of the cells
is significantly larger than the wavelength. However cellular structures are marginal in
comparison with dendritic ones which are the most commonly observed structure during
the solidification of alloys.
A dendrite is defined as an arborescent structure composed by a first arm (trunk) and
generally several second or third branching. Most of the understanding of these
structures comes from the study of the dendrite tip region. For materials exhibiting a
continuous growth mode with an isotropic interface, a rigorous self-consistent model of
dendritic growth was first proposed by Ivantsov [20]. For a specific boundary condition
which assumes the interface to be isothermal and/or isoconcentrate, the interface was
found to have a parabolic shape. For a pure undercooled melt, Ivantsov derived a
relationship between the undercooling and the Péclet number P. Since P =

V ⋅ Rt
where
2a l

V is the growth rate, Rt is the dendrite tip radius and al the thermal diffusivity in the
liquid, the result shows that, for a given undercooling, only the Péclet number is fixed
so that an infinite number of solutions which connect V and Rt are obtained.
Langer and Müller-Krumbhaar [21-23] performed a stability analysis of the Ivantsov
paraboloid which shows that only a portion of the infinite solutions are stables. This
analysis leads to the assumption that a dendrite tip selects the largest stable radius
predicted by the stability analysis, this assumption is generally named as the marginal
stability criterion. Experimental results obtained by Glicksman et al. [24,25] agree
remarkably well with the higher limiting radius value obtained by Langer and MüllerKrumbhaar.
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2.3 Columnar and equiaxed dendrite growth

For most metallic alloys, it has been shown that for directional solidification (Fig. 1.10)
the tip growth is primarily controlled by the solute diffusion, whereas the thermal length
scale (and the associated undercooling) plays a minor role in the microstructure
production. However, when considering the equiaxed growth morphologies (Fig. 1.11),
both the thermal diffusion and the solute transport control the rate at which the whole
dendrites grain solidifies. Assuming complete thermal mixing at the scale of one grain
and neglecting the curvature effects, the dendritic grain interface is an isoconcentration
surface at any time.
The Columnar to Equiaxed growth Transition (CET) is a very important phenomenon in
crystal growth technology. Especially in metallurgy it has been widely studied in order
to take advantage of this microstructural transition. Even if the CET is very dependent
on the solidification process parameters, the kind of alloy, the presence of nucleating
agents, convection etc., it is generally a consequence of constitutional supercooling [2630] because for columnar dendrite growth, a constitutionally undercooled zone always
exits at the tips, and therefore, there is a driving force for nucleation ahead of the
Solid/Liquid interface.
In semiconductor systems, a partial CET has been observed for Vertical Bridgman
growth of highly concentrated InGaAs alloys [31] where the In distribution along the
growth axis showed a plateau shape in spite of a typical Scheil-law. This particular
behaviour was attributed to constitutional supercooling with free nucleation of a new
interface in the liquid above the growing front (i.e equiaxed growth). However in the
growth conditions used in [31], the equiaxed growth did not supersede the columnar
growth, as it can happen in casting of metals for example [26], but once the new
interface is formed, the growth continues in a directional manner.

2.4 Lipton-Trivedi-Kurz microstructure model

Mullins and Sekerka were the first who developed a model to predict the instability
conditions versus the growth parameters [19]. This model which enables to determine if
a perturbation can or not grow on a Solid/Liquid interface applies only for small
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instability amplitudes and does not give information of the microstructure properties for
medium and high interface velocities.

R

Growth
direction

(a)

R

δMS

(b)

λMS

Fig. 2.5: Schematic view of the modelling of dendrite tip growth where the MullinsSekerka amplitude and wavelength are represented.

Nowadays, the model developed by Lipton, Trivedi and Kurz [32-34], usually named as
LKT, is the most accepted method for modelling the microstructure properties. This
model can be used on the whole range of interface velocities, and when it is applied to a
single dendrite, it provides a relation between the dendrite tip radius (Rd), undercooling
and velocity. In this approach, the dendrite tip is approximated to a sphere growing at
the margin of stability [21-23] and the dendrite radius as well as it velocity are obtained
from the adequate modelling, once the instability wavelength developing at the tip (λMS)
is obtained through an extended Mullins-Sekerka analysis [32] for each interface
velocity. This analysis is summarized on Fig. 2.5 where the dendrite tip is represented
as a sphere growing with a planar (Fig. 2.5a) and a perturbed interface (Fig. 2.5b). This
model has been used successfully in various modelling [9,35-37] and details will be
given in the next chapter.

2.5 Application of the Mullins-Sekerka stability analysis

The classical Mullins-Sekerka (MS) linear stability analysis assumes equilibrium,
steady-state, diffusion controlled solidification conditions and is restricted to low Peclet
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numbers (i.e low interface velocities) and isotropic interfaces. The extended MS
analysis [32] which is used in conjunction with the marginal stability criterion [21-23]
in the LKT model enables to calculate the microstructure properties for all interface
velocities.
However, the marginal stability criterion is not a rigorous criterion since it ignores the
effect of surface energy. Several authors [38-41] have examined the dendrite growth
model in the presence of capillarity effects and the important result of these studies is
that no stationary dendrite shape exists if capillarity or an attachment kinetics effect,
however small, is taken into account. It is possible that, for highly anisotropic systems,
the shape of the interface will deviate significantly from the paraboloid which may
invalidate Ivantsov solutions.
Neverhteless, several studies have shown [42] that the kinetic and surface anisotropy
should have small effect on the wave-length of the perturbation (λMS) obtained from the
Mullins-Sekerka calculations (for both classical and extended analysis) but mostly
affect how easily the perturbation can develop. In conclusion, it should be possible to
obtain information on the wavelength of a perturbation for all interface velocities thanks
to the extended Mullins-Sekerka analysis.

3) Summary
In this chapter the specific concerns of interface anisotropy for semiconductor crystal
growth have been reviewed. Close to equilibrium it has been shown that kinetic
anisotropy is a rate limiting factor and semiconductors exhibit sluggish kinetic.

Experimental works performed out of equilibrium can be summarized in three points: i)
the interface velocity always increases with undercooling, ii) the microstructure refines
as the interface velocity is increased and iii) it exists a critical interface velocity for
continuous growth mode for semiconductor materials.
In the second part, the Lipton-Kurz-Trivedi model developed for dendrite growth in
metallic systems has been presented. As no modelling of the microstructure formation is
available on the whole range of interface velocity for semiconductors, the extended
analysis of interface stability of Mullins-Sekerka is assumed to be accurate to model

the transition between stable and instable interface.
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Chapter 3: Thermodynamic and interface stability calculations for
GaInSb
Introduction
As it has been explained in Chapter 1 §2, the first stage in the material production
process is to determine the thermodynamic properties of the different phases of the
system. The thermodynamic behaviour of the GaInSb system has been studied
experimentally in the early 70’s by Ansara et al. [1] who developed a phenomenological
model in order to compute all the thermodynamic functions. Thanks to their work it is
possible to calculate different equilibrium parameters relative to the GaInSb system like
the enthalpy of fusion, the phase diagram, nucleation parameters, etc. The knowledge of
the thermodynamic functions enables also the compute some non-equilibrium effects,
especially, the properties of the interface can be determined through the Baker-Cahn
analysis [13]. In the first section of this chapter, the principal results of the
thermodynamic and nucleation behaviour calculations are presented. The Baker-Cahn
analysis is briefly reviewed and a non-equilibrium phase diagram is proposed.
For semiconductor crystal growth, a planar Solid/Liquid interface is required to prepare
homogenous materials. So the knowledge of the stability of the Solid/Liquid interface
versus growth parameters is of prime importance to determine the experimental

parameters that lead to homogenous GaInSb solid solutions. In the second part of this
chapter, the extended Mullins-Sekerka analysis presented in Chapter 2 §2 is detailed
and the most important results obtained from these calculations are presented.
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1) Thermodynamic calculations

1.1 Thermodynamic functions and phase diagram
In order to have a complete set of thermodynamic functions of the GaInSb system, the
phenomenological model of Ansara et al. [1] has been used to obtain the enthalpy and
entropy of mixing of the different elements of the system as reported in Appendix 1-a.
Then, the free energy change between pure GaSb and InSb has been obtained through
experimental values as reported in Appendix 1-b. Thanks to these functions, the free
energies of the system are known for all temperature and compositions (eq. 1.4), and the
equilibrium phase diagram is obtained following the procedure described in Chapter 1
§2.2. On Fig. 3.1, the quasi-binary section of the GaInSb equilibrium phase diagram is
represented. The dashed lines correspond to the modelled liquidus and solidus curves
while black dots are experimental values obtained in [1]; as can be seen a good
agreement is found between experimental and modelled curves.

Fig. 3.1: Quasi-binary section of the GaInSb equilibrium phase diagram reproduced from [1]

Thanks to the thermodynamic calculations reported in Appendix 1, we calculated the
equilibrium enthalpy of fusion (in J.mol-1) for temperature ranging between 800 K and
985K.
ΔH ef (T ) = 24138 + 368.422(T − 800) − 9.136(T − 800) 2 + 0.089(T − 800) 3 − 3.674 *10 −4 (T − 800) 4 + 5.52 *10 −7 (T − 800) 5
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The knowledge of ΔH ef is of prime importance as it enables to perform different
equilibrium and non-equilibrium calculations.

1.2 Nucleation behaviour
As the nucleation should influence the next steps of crystallization and the material
properties, it could be a critical parameter and several points have to be considered.
In one hand, the range of validity of classical nucleation theory has been discussed by
several authors [2,3] who studied both homogenous and heterogeneous regimes without
reaching definitive conclusions. For example, Meyer [4] used Mollier diagrams to
develop a theory for homogenous nucleation in pure material where he suggested that
nucleation can be adiabatic instead of isothermal. But he concluded that, in the case of
heterogeneous regime, as the nucleation is greatly determined by the nucleating agent,
the isothermal nucleation model can be used.
On the other hand, in the classical nucleation theory, it is assumed that the short range
order of the cluster (i.e state before nuclei reach the critical radius r*) in the undercooled
melts resembles that of the crystalline phase which nucleates from the melt.
Nevertheless, the vision of Frank [5] assuming a icosahedral short range order for the
clusters has been recently supported theoretically and experimentally [6,7]. However
these considerations are out of the scope of this memory and the clusters will be
assumed to have spherical shape with the short range order of the solid phase.
Finally, it has been demonstrated experimentally that for Germanium, the stability
model developed by Singh [9] is the most suitable for describing the evolution of the
thermodynamic properties versus undercooling [10].
In conclusion, we consider in the following calculations an isothermal nucleation
assuming spherical clusters and we use the Singh approximation in spite of the Turnbull
expression (eq. 1.7) to model the variation of the free change ΔGS versus temperature.

ΔGS =

ΔH ef
Tm

ΔT

7T
Tm + 6T

(3.1)
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Considering the heterogeneous nucleation of a solid phase from a GaInSb melt with an
initial concentration of 15 at% of In, the equilibrium phase diagram of Fig. 3.1 indicate
that equilibrium melting temperature is Tm = 950 K and the equilibrium solid
concentration is CS∞ = 4 at% of In. The corresponding equilibrium enthalpy of fusion is
ΔH ef ~30700 J.mol-1.

Fig. 3.2: Nucleus density versus temperature for different values of θ considering the
heterogeneous nucleation of a GaInSb alloys with an initial concentration of 15 at% of In.

Following the procedure reported in Chapter 1 §2.3, the free energy change associated
to the nucleation is obtained from eq. 1.13 using the variation of ΔGS given by eq. 3.1.
Then, the free energy change of heterogeneous nucleation ( ΔGHet ) is obtained from eq.
1.16 for the different contact angles. Finally, the nucleus density (n) is given by [11]

n = n0 ⋅ exp(−ΔGHet / RT )

(3.2)

where n0 the number of atoms per unit volume about 1022 cm-3 and R is the Gaz
constant. The variation of n with temperature is reported on Fig. 3.2 for different contact
angles θ = 20º, 40º and 85º. The value of 85º corresponds to the contact angle θ of GaSb
with quartz [12]. As can be see on Fig. 3.2, the nucleus density is very dependent on θ,
for θ = 85º the nucleation occurs at few degrees below Tm while for θ = 20º an
undercooling of about 350 K is required.
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1.3 Gibbs-Thomson effect

As it is explained in the nucleation theory (Chapter 1 §2.3), the critical radius (r*) for a
cluster to become a nucleus is very dependent on the temperature. It is possible to
calculate the evolution of r* versus temperature using eq. 1.12 for any composition of
the melt with the variation of ΔGS given by eq. 3.1.

Fig. 3.3: critical radius for nucleation versus temperature for a GaInSb alloys with an initial
concentration of 15 at% of In (heterogeneous nucleation).

As an example r*(T) is reported on Fig. 3.3 considering the heterogeneous nucleation
described in the previous section with θ=85º. As we can see the critical radius decreases
quickly as the temperature decrease; this phenomenon can have important repercussion
as a consequence of the Gibbs-Thomson effect (Chapter 1 §2.4.3). Actually, the strong
curvature of the interface associated to the small cluster size increases the required
driving force for the transfer of an atom from the melt to the cluster by an amount:

ΔG r =

2γVm
r

(3.3)

where Vm is the molar volume. If it is assumed that the nucleus which is most likely to
form is the one with a composition corresponding to the highest free energy change, the
solute concentration in the cluster is given by [11]:
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CSr = CS∞ ⋅ exp(−

2γVm 1
⋅ )
RT r

(3.4)

where CS∞ is the equilibrium solute concentration in the solid given by the phase
diagram. The variation of C Sr obtained from eq. 3.4 is reported on Fig. 3.4 for a GaInSb
melt with an initial concentration of 15 at% of In (i.e CS∞ = 4 at%). As we can see the
Gibbs-Thomson effect is important for radius with values inferior to 10-8 m leading to a
reduction of the solute concentration in the solid with regards to the equilibrium one.

Fig. 3.4: Solubility of solute in spherical cluster versus cluster radius for a GaInSb melt
with an initial concentration of 15 at% of In.

It is important to note that the assumption that the nucleus which is most likely to form
is the one with a composition corresponding to the highest free energy change is not
true strictly speaking as the free energy of the nucleus which is most likely to form is
dependent on both temperature and composition. However, this latter analysis which
requires the knowledge of the variation of the interfacial tension versus composition is
though [13] to lead to small corrections on the results given by eq. 3.4.

1.4 Baker-Cahn interface thermodynamic

A Solid/Liquid interface at a temperature TI is in its thermodynamic equilibrium when
the chemical potentials of the solute and the solvent in the two phases are equals, which
results in ΔG=0. The condition for the growth of a solid phase is a deviation from
equilibrium which produces a driving force for crystallization (ΔG<0). This deviation

53

from equilibrium can take several forms but correspond generally to a supersaturation or
to an undercooling of the mother phase. In common crystal growth experiments the
interface rate is slow so, the thermal and concentration fields can easily rearrange and
the equilibrium conditions are fulfilled at any moment. But when the growth rate is
increased for example by decreasing the interface temperature, non-equilibrium
conditions can rapidly occur.

(a)

T0<T<Teq

GS

C0

G

(b)

T=T0

G
GL

GL

C0

GS

CSmax

CSmax CSmin

(c)

T< T0

G

CSmin

T

(d)

GL
C0
Liquidus

(a)
(b)

Allowed
Solid Range

T0 Line

GS

CSmax

(c)

CSmin

C0

CSeq

Fig. 3.5: Schematic description of Baker-Cahn theory, free energy curves diagrams for T<Tm
(a,b,c) and phase diagram with the allowed solid concentrations for T<Tm (d).

Since Baker and Cahn works [13], it is possible to define a thermodynamic range of
existence for a solid phase growing from a liquid with a constant concentration (C0) and
this, for all interface temperatures below the equilibrium temperature Tm. When the
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temperature of an interface at C0 is decreased, the range of allowed concentration is
defined by the intersection of the tangent of the liquid free energy curve at C0, with the
free energy curve of the solid and several cases should be considered as depicted on Fig.
3.5.
From Tm to a temperature T0, the free energy of the liquid with concentration C0
remains lower than the free energy of solid with this composition (Fig. 3.5a), in
consequence the partition coefficient k differs from 1 and the allowed range of
concentration for the solid phase is comprised between CSmax and CSmin. As shown on
Fig. 3.5b, T0 corresponds to the temperature at which the free energy of the liquid with
concentration C0 is equal to free energy of the solid with the same concentration C0, by
the way, when the interface temperature is lower than T0 (Fig. 3.5c), there is a net
reduction of the liquid free energy and k can take the unit value.
In summary the T0 line on a phase diagram defines a temperature where a liquid at
composition C0 can transform in a solid of the same composition. This analysis results
in a range of thermodynamic allowed composition for the solid phase for all the
temperature below Tm (Fig. 3.5d), corresponding to the range of concentration CSmax
and CSmin of the different cases of Fig. 3.5.

Fig. 3.6: Idealized phase diagram of GaInSb, the dashed area corresponds to the allowed
range of concentrations for a solid phase growing from a melt with an initial concentration
of 12 at% of In.

Thanks to the set of free energy functions calculated in § 1, an idealized phase diagram
with the existence domain (filled area) for a GaInSb alloy with an initial concentration
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of 12 at% of In is reported on Fig. 3.6. For simplicity, the liquidus, solidus and T0 lines
are approximated by the following functions:
Liquidus= 843.25+138.32xGaSb (K)
Solidus=391+588.7 xGaSb (K)
T0=798.64+181.15 xGaSb (K)

From these results, it appears that for an alloy with an initial concentration of 12 at% of
In, TLiquidus - T0 is about 15 K while for an alloy with an initial concentration of 10 at%
of In, TLiquidus - T0 is about 11 K.

2) Solid/liquid interface stability calculations
2.1 Extended Mullins-Sekerka analysis

2.1.1 Model description
As it was introduced in Chapter 2 §2.5, the effect of kinetic anisotropy should have
small effect on the wave-length of the perturbation (λMS) obtained from calculation and
it should be possible to determine the stable wavelength of a perturbation versus
interface velocity thanks to the extended Mullins-Sekerka analysis.

Φ(t)
V

λMS
Fig. 3.7: Planar interface moving at constant velocity and sinusoidal perturbation.

The 2D analysis consists first in assuming a planar interface (dark line on Fig. 3.7)
moving at constant velocity V into unperturbed concentration and thermal fields. At the
Solid/Liquid interface, the heat transfer is described by:

∂Ti
= a i ∇ 2Ti
∂t

(3.5)
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where ai is the thermal diffusivity and i refers to Liquid and Solid respectively. While
the mass transfer is described by:
∂C L
∂ 2C L
+τ D
= D∇ 2 C L
2
∂t
∂t
where τ D =

(3.6)

D
is the time of the local diffusion relaxation of the mass flux to its
VD2

steady-state value with VD the diffusion speed.
The stability is assessed by applying a sinusoidal perturbation of small amplitude
z = φ (t ) sin(ωx) where ω =

2π

λMS

and looking for the ω corresponding to a perturbation

that can growth on the moving interface of Fig. 3.7. An unique wavelength is
determined using the marginal stability criterion (see Chapter 2 §2.2):
∂Φ (t )
=0
∂t

(3.7)

When the sinusoidal perturbation is applied to eq. 3.5 and eq. 3.6 with the marginal
stability condition, it results in the following stability function:
f (ω ) = −Γω 2 − (a L G L ξ L + a S G S ξ S ) + mGC ξ C

(3.8)

where GL, GS and Gc are the thermal gradients in the solid and in the liquid and the
concentrational gradient at the unperturbed interface respectively; m is the slope of the
liquidus line that will be defined in the next section.

ξC

ωL − V a
L
ξL =
a Lω L + a S ω S

(3.9)

ωS + V a
S
ξS =
a Lω L + a S ω S

(3.10)

V
V 2 1/ 2
ω C − (1 − 2 )
D
VD
=
V
V 2 1/ 2
ω C − (1 − k ) (1 − 2 )
D
VD

(3.11)
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With
⎡⎛ V
V
ωL =
+ ⎢⎜⎜
2a L ⎢⎝ 2a L
⎣

⎞
⎟⎟
⎠

⎡⎛ V
V
ωL = −
+ ⎢⎜⎜
2a S ⎢⎝ 2a S
⎣

ωC =

V
V2
2 D(1 − 2 )1 / 2
VD

⎤
+ω2⎥
⎥⎦

2

⎞
⎟⎟
⎠

2

1

2

(3.12)
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⎢⎣⎝
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2
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(3.14)

The sign of f (ω ) will determine the range of wave length that can growth. The range
wave lengths that can grow corresponds to the condition f (ω ) > 0 .

2.1.2 Solidification parameters
The model presented in the next section is applied to GaInSb alloys considering
different concentrations. In the case of an undercooled melt, the thermal gradient in the
solid GS is assumed to be zero and the concentrational gradient GC is defined by [14]:
GC =

(1 − k )C 0V
2

V
D(1 − 2 )[1 − (1 − k ) Iv( Pc)]
VD

(3.15)

While the thermal gradient in the liquid GL is defined by [14]:
GL = −

2 ⋅ TQ Pt
R

(3.16)

Where Pt and Pc are respectively thermal and chemical Peclet numbers, Iv is the
Ivantsov function and TQ the adiabatic solidification temperature.
The variations of segregation coefficient and liquidus slope are described as follows
[14]:
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V2
V
k 0 (1 − 2 ) +
VDI
VD
k=
2
V
V
1− 2 +
VD VDI

m=

m0
1 − k0

(3.17)

⎡
k
2 V ⎤
⎢1 − k + ln( ) + (1 − k ) ( )⎥
k0
VD ⎦
⎣

(3.18)

All parameters used in the calculation of f (ω ) are defined in Table 3.1.

Parameter

Value
3

Unit
J.mol-1

(enthalpy of fusion ) ΔH ef

31*10

(solute diffusion) Ds

1.5*10-8

m2.s-1

(thermal diffusivity) as=al

5.4*10-6

m2.s-1

(partition coefficient) k0

0.2

(liquidus slope) m0

-4

K.%at-1

(specific heat) Cp
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J.mol-1.K-1

9*10-7

K.m

0.45

J.m-2

(diffusive speed bulk) VD

10

m2.s-1

(diffusive speed interface) VDI

10

m2.s-1

(adiabatic temperature)TQ= ΔH ef / Cp

507

K

(Gibbs-Thomson) Γ=σ/ ΔSe
(surface tension) σ

Table 3.1: Physical parameter used in the linear stability calculations for GaInSb.

2.2 Principal results of the extended Mullins-Sekerka analysis

The sign of the stability function f (ω ) determines the stability of the interface for the
range of ω considered; if it is positive then the perturbation can develop and the
interface is instable otherwise the perturbation quench and the interface is stable.
As an example, Fig. 3.8 shows the variation of f (ω ) for an undercooled melt with two
initial concentrations of In: 15 and 1.5 at% for an interface velocity of 10-7 m.s-1. From
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this figure, it appears that in these conditions, no perturbation can grow in the case of
1.5 at% ( f (ω ) is negative for any ω) while a range of wavelengths exists for 15 at%.
This illustrates the first important prediction of the Mullins-Sekerka analysis which is
the reduction of the instability wavelength λMS =

Fig 3.8: Stability functions

2π

ω

as the concentration is increased.

f (ω ) versus ω for two initial concentrations.

In [15], Dutta determined experimentally the highest growth rate for a stable of GaInSb
alloys. In order to check the validity of the model presented here, it has been applied in
a first approximation to the fully diffusive method of Dutta [15] assuming the same
thermal gradient in the solid and in the liquid (about 15 K/cm). The modelled and
experimental critical growth rates are presented on Fig. 3.9 versus alloy concentration,
and a quite good agreement with measurement can be observed especially for the range
of interest 0.2<xInSb<0.4. The modelled critical growth rate corresponds to the condition
that there is only one value of ω that gives f (ω ) = 0 .

The second most important prediction of the Mullins-Sekerka analysis is the reduction
of the interface instability wavelength with increased interface velocity. As an example,
the variation of the Mullins-Sekerka wavelength λMS versus interface velocity V for an
undercooled melt with an initial In concentration C0=15 at% is depicted on Fig. 3.10.
The wavelength is chosen as the maximum ω for which f (ω ) = 0 which corresponds to
the marginal stability criterion, eq. 3.6.
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Fig. 3.9: Comparison between the critical growth rate determined experimentally [15] (grey
squares) and actual simulations (black squares) for different concentrations of GaInSb
alloys.

Finally, the Mullins-Sekerka analysis gives information on interface stability versus the
thermal gradients GL and GS in the case of directional solidification as depicted on Fig.
3.11.

Fig. 3.10: Wave length of the perturbation versus interface velocity for an undercooled melt
with an initial concentration of 15 %at In.
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Fig. 3.11: Instability domains (filled areas) versus thermal gradient in the solid and in the
liquid for a given interface velocity V = 10-6 m.s-1.

On Fig. 3.11, the instability domains (filled areas) are depicted versus thermal gradient
in the liquid (GL) and in the solid (GS) for three different concentrations considering a
given interface velocity of 1·10-6 m.s-1; as can be seen, the increase in nominal
concentration leads to wider domains of instability and the thermal gradients have to be
increased in order to recover stability.

3) Summary

In this chapter, the free energy functions calculated for the GaInSb systems give a
complete knowledge of the thermodynamic behavior of this system. The theory of
Baker-Cahn on interface thermodynamic has been reviewed and an idealized phase
diagram with the T0 line and the domain of existence for an In12 alloy has been

produced.
The calculations performed through the extended Mullins-Sekerka analysis give
information on interface stability versus the different experimental parameters. The two
predictions of this model are i) for a given interface velocity, there is a reduction of

the perturbation wavelength as the nominal concentration is increased and ii) for a given
concentration, there is a reduction of the perturbation wavelength as the interface
velocity is increased This analysis shows quite good agreement with the critical
velocities to avoid constitutional supercooling obtained experimentally by Dutta.
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Chapter 4: Vertical Feeding Method developments
Introduction
The material used as substrates for semiconductor industry is mostly obtained through
controlled crystallisation from the melt, by well established crystal growth techniques
like Bridgman or Czochralski as the most popular. As explained in the theoretical
background exposed previously, the problem of segregation which is related to the
rejection of solute atoms into the melt, results in non uniform solute concentration in the
as-grown solid and reduces the production yields for these two techniques. The solute
distribution in the solid phase usually follows a Scheil law and samples owning the melt
initial concentration can be found only in the last part of the ingot as schematized on
Fig. 1.15.
Taking into account theory and experimental results, two main points have to be
achieved to overcome classical problems: first, a constant solute concentration should
reach the interface at any time of the process and then, a strong thermal gradient should
be applied at the interface level to skip problems of supercooling and interface
instabilities as shown on Fig. 1.17. One possibility should be to grow a melt with
reduced height and to continuously replenish it with a feed material as it grows. The
control of feed material concentration and temperature should encompass the previous
requirements.
In the first section of this chapter, the advantages of a modified Vertical Bridgman
based on feeding principle are exposed and analysed. The second section dedicated
to the experimental realization, drives to the realization of a more simple technique
named Vertical Feeding Method (VFM) that will be used in this work.
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1) Principle and analysis of Vertical Bridgman with Feeding
1.1 Classical technique: the Vertical Bridgman
The original techniques after which the method is usually named Bridgman (1925) Stockbarger (1938) involved a moving crucible which is lowered though a furnace with
a positive thermal gradient along the vertical axis (z). As shown on Fig. 4.1 the
solidification starts at the lowest point of the crucible and the freezing front moves
directionally up to the crucible end. The rates of movement for such process range from
about 0.1 to 200 mm.h-1, but in order to suit the interface stability criterion described in
the previous chapters, rates are mostly in the range of 1 to 30mm.h-1.

Fig. 4.1: Schematic representation of the Vertical Bridgman apparatus (a) and the
temperature profile (b).

The Vertical Bridgman (VB) method is used to produce about 40% of all crystal growth
[1]. This technique produces crystals with good dimensional tolerances relatively
quickly, it employs relatively simple technology and requires neither elaborate control
systems nor many-hours of supervision. But sadly in this form, the growth of
homogeneous and monocrystalline concentrated alloys is nearly impossible, so lots of
researchers have developed different variants [2-5] with different successes.
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1.2 Vertical Bridgman with Feeding: Presentation
Regarding to the theoretical considerations presented in Chapter 1, a Vertical Bridgman
with continuous feeding seems to be an advantageous technique to overcome intrinsic
problems. The idea consists in replenishing continuously the growing melt which is
pulled downward at constant velocity (Vi), to keep constant the melt composition (CL),
temperature (Tmelt) and height (m). On Fig. 4.2, a schematic Vertical Bridgman with
Feeding (VFB) is reported.

Feeding

S/L
Interface

Melt
Solid

Feeding

Growth
axis (z)

Melt

Solid

Downward
pulling

Downward
pulling

Tm

T

Fig. 4.2: Schematic of Vertical Bridgman with Feeding and corresponding thermal gradient.

It is obvious that, if the temperatures and the pulling rate are controlled in such a way
that the feeding rate (Vfeed) and the growing rate are equals, the melt height is constant
and after some initial transient, a steady state is obtained, where the solid is pulled with
a homogeneous composition corresponding to initial feed concentration (C0). The
interesting point is then to compute the length of the initial chemical transient (see
Chapter 1 §3.1).
1.3

Vertical Bridgman with Feeding: Analysis

For the case of dilute alloys, the problem of solute segregation can be studied
analytically. The theoretical approach of such case can be done in the same way as it
has been done in Chapter1 §3.1, distinguishing two extreme cases for the matter flows
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in the liquid zone, one purely convective and the second purely diffusive. A scheme of
the VFB is depicted on Fig. 4.3 where the two situations are shown.
In the purely convective case, when a liquid fraction dz of concentration C0 is fed into
the melt, and at the same time a part dz of the melt is crystallized, only a part Cs of
solute is incorporated to the solid. The non-incorporated solute increases the
concentration of the molten zone by dCL, which gives:
dCL ⋅ m = C0 ⋅ dz − CS ⋅ dz

(3.1)

With CL=Cs/k and the initial condition: Cs=k·C0 for z=0 the solution of equation (3.1)
is:
k
⎡
− ⋅z ⎤
m
CS = C0 ⎢1 − (1 − k )e
⎥
⎣⎢
⎦⎥

(3.2)

This equation gives the solute distribution in the initial transient and the final steady
state (as expected). The melt will reach the steady state concentration C0/k when the
exponential term tends toward 0, i.e. when z >> m/k. For a height of the molten zone of
0.5cm, with kInSb/GaSb=0.2, the solute concentration in the solid will reach the feeding
concentration, C0, after some centimetres of pulling. The decrease of melt height
induces a reduction of the transient period.

z

m
0

Liquid
Repleneshing

Purely
convective,
steady

Purely diffusive
steady

z

z

L
S

H

C0

C 0/k

Pulling

(a)

(b)

C

C0

C 0/k

C

(c)

Fig. 4.3: Schematic VFB (a), corresponding solute concentration profile in the solid and in
the melt once steady state is reached for convective (b) and diffusive (c) cases.
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In the case of a completely diffusive solute transport, once the steady state is reached,
the solute concentration in the melt is given by eq. (1.27). As the boundary conditions
(concentration and flux) are imposed on both sides of the liquid, resolution of eq. (1.27)
is quite complicated. A simplified approach uses the definition of an effective
segregation coefficient (ke) which corresponds to the growth of a solid with
concentration CS from a melt of average concentration C L .
After integration of the classical diffusive profile, ke is given by:
ke =

CS
k
=
CL k + D (1 − k )
Vi ⋅ m

(3.3)

where D is the diffusion coefficient of InSb in GaSb. Then, considering the total matter
balance in the outer ampoule during a time dt, the solute concentration is found to be:
k
− e ⋅( m − z ) ⎞
⎛
⎟
C S = C 0 ⎜⎜1 − (1 − k )e m
⎟
⎝
⎠

(3.4)

Figure 4.4 represents the variation of the initial transient length (Δd) versus the pulling
rate for different melt heights.

Δzd limit
(m)
(m)

m=20 mm

m=5 mm
m=1 mm

Pulling rate (m/s)

Fig. 4.4: Length of the initial transient function of the pulling rate for different melt heights
(m=1; 5; 20mm).
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Δd decreases when the pulling rate is increased and it tends toward a limit value which
is determined by the melt height. For a given pulling rate, the length of the initial
transient decreases when melt height is decreased.
So this technique is theoretically useful to manage the problem of macroscopic
segregation, and so for the production of doped semiconductors.

2) Technological developments
As we have seen in the previous analysis, a Vertical Bridgman with Feeding can be
useful for segregation control. Nevertheless for the development of this new growth
method, several technical points have to be resolved following a trial an error
procedure. A schematic of the experimental set-up is reported on Fig. 4.5.
Pressure
measurements

Flow Controller
0.1

Pressure
control system

Ar

Vacuum
Pump

Crucibles
set-up

TFeed
Porous
medium

TGrowt
Two-zone
furnace
Fig. 4.5: Schematic of the different elements of the VFM set-up.

2.1 Thermal configuration

2.1.1 Two zone furnace
The first requirement is to achieve local heating to control the melting of the feed
materials and the temperature of the growing material. It has been demonstrated that the
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melt and the vapour attack the heating elements, so that it has to remain outside of the
ampoule.
A two zones furnace with independent control has been designed for VFB applications
with two heating elements Thermocoax®, each of them equiped with an Eurotherm®
temperature controller with temperatures measured by type K thermocouples.
As can be seen on the temperature profile recorded along the vertical axis reported on
Fig. 4.6, the temperatures in feeding and growing chambers, Tgrowth and Tfeed
respectively are controlled independently. On Fig. 4.6, the measurements have been
performed for two programmed Tgrowth (670 K and 860 K) with a constant Tfeed; the
delimitation between the feeding and growth chambers is depicted as a dashed line.

Fig. 4.6: Temperature profile of the two zones furnace for two programmed temperatures of
the growth chamber (670 K and 860 K).

2.1.2 Thermal control
During experiments, the temperatures are controlled by measurement through K-type
thermocouples directly stuck to the crucibles walls. The temperatures are recorded by a
Chessell 5000B Data Management System from Eurothem which enables the
simultaneous visualization of up to twelve thermocouples with a recording time down
to 1s.
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Fig. 4.7: Thermal history recorded during the melting of a pre-synthesized GaSb closed
ampoule, experiment carried out in the VB furnace.

For calibration, the melting temperature was obtained from the thermal history of a presynthesized undoped GaSb closed quartz ampoule during heating in a VB furnace with
thermocouples placed with regular space along the vertical axis. From the thermal histories
reported on Fig. 4.7 the melting temperature of pure GaSb is about 985 ± 2 K that is in close
agreement with literature. This value is taken as a reference.
2.2 Feeding control system

2.2.1 Porous media
The second and most important requirement of a feeding method is the possibility to
perform feeding from a crucible containing the melted material to another crucible
where the solidification should occur. This has been achieved by using a porous media
at the bottom of the feeding crucible. On Fig. 4.8 are shown a “porous medium” directly
realized with quartz (a) and porous quartz plates available commercially with different
diameters and porosities (b).
Depending on the porosity of the medium, the melted material could flow through it.
For practical uses, the feeding material should not flow freely but in a controlled way, a
point that has been achieved thanks to the utilization of the commercial porous quartz
media directly welded at the end of a quartz tube combined with an external pressure
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control system. Medium porosity plates showed an effective control of feeding rate, and
the porosities used in all experiments were 150-90 or 90-40 microns.

Fig. 4.8: Quartz crucible ended by a porous medium realized in the Segainvex workshop (a)
and commercial porous quartz plates from Heraeus Inc. (b).

2.2.2 Pressure control system
The possibility of feeding the melted material via the porous medium requires a
pressure difference between the two chambers. This has been achieved using a flow
controller connected to an Argon bottle, a vacuum pump, an overpressure measurement
and vacuum keys to open and close the different paths, as schematized on Fig. 4.5. This
pressure control system is directly connected to the feeding crucible using commercial
vacuum spanners.
The flow-meter is a compact commercial Mass Stream series D-51 flow meter from
M+W Instruments GmgH, with a control range of 0.25 ln*/min to 10 ln/min. (* refers to
normal conditions where the normal condition volumes are converted to a temperature
of 0ºC and pressure of 1 atm).
The flow sensor operating on the principle of heat transfer by sensing the delta-T along
a heated section of a capillary tube is powered by a voltage source of 24 Vdc with an
input current between 4 and 20 mA.
The vacuum pump is a Telstar which enables vacuum down to 10-2 Torr.
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Fig. 4.9: Pressure measured in the feeding crucible for two values of the flow controller.

When the load material melts in the feeding crucible, a separation of the pressure
between the two crucibles takes place. The pressure control system enables to increase
continuously the pressure in the feeding crucible. On Fig. 4.9 the variation of pressure
with time in the feeding crucible for two different values of the flow controller are
reported, the feeding rate depends on the rate of pressure increase. Experiments showed
that once a critical pressure is exceeded, the feed material drops from one crucible to the
other in a steady state way. The critical pressure is very dependent on the material
viscosity (which is a function of temperature) and for the experiments described in this
work, it ranged between 200 and 800 Torr.
It is important to note, that above a pressure of 0.5 barr in the feeding chamber, the
process becomes dangerous (the ampoule can escape from the vacuum spanner) and it is
useful to have the possibility of dropping quickly the pressure in the set-up during one
experiment.
The pressure control system is one of the crucial points of the VFM set up and so it can
be largely enhanced by ingenious designs or by the use of different control systems (for
example, by a control of the pressure in the upper part of the feeding crucible through
an additional heating element like in dewetting set-ups [6]).
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2.3 Downward pulling

Finally, to implement a real VB with feeding, the growth crucible where solidification
occurs should be pulled downward independently of the feeding crucible.

Feed
material

2 mm

2 cm

t= 0 s

t= 0 min

Feed
material

t= 5 min

Feed
material

t= 10 min

(a)

t= 7 s
(b)

Fig. 4.10: Photographs of a feeding (a) and dropping (b) sequences.
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To move one ampoule with respect to the other without vacuum loss, one can use
vacuum grease on the vacuum gum of the vacuum spanners. This ultimate requirement
has been demonstrated experimentally but has not been used in all the following
experimental work. Consequently, the set up developed is called Vertical Feeding
Method (VFM), due to the absence of any moving part. As an example, pictures of
feeding and dropping sequences recorded during VFM experiments are reported on Fig.
4.10. As can be seen on the photographs taken at the porous quartz level (Fig. 4.10b),
the feed material flows through the quartz plate and forms a drop (see arrow on Fig.
4.10b) which falls in the growth crucible. During the whole feeding sequence, the
volume of material in the feeding crucible reduces continuously (Fig. 4.10a). The
feeding velocity is defined as the ratio between the total volume of feed material and the
feeding time.
2.4 Ampoule set-up

Once the possibility of developing experimentally the VFM set up has been
demonstrated, two configurations for the crucibles have been designed using high
quality quartz provided by Heraeus Inc.
Pressure
control

Feeding
chamber
Porous media

Growth
chamber
(a)

Internal
crucible
(b)

Fig. 4.11: Sketches of the ampoules: monolithic (a) and two ampoules (b) set-up.
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In the first case, Fig. 4.11a, the porous quartz media is directly welded into a semiinfinite one-piece (i.e monolithic) quartz ampoule. This kind of ampoule set-up can be
connected to the pressure control system or can be sealed and the pressure controlled by
an external heat source [6]. In this work, only the first option has been used. This
configuration presents the advantages of making easier the vacuum process and of
reducing the possible losses. But the cleaning is difficult due to the presence of the
porous media. The monolithic configuration has been used to perform thermal
measurements but for security reasons a second configuration (Fig. 4.11b) with two
ampoules is preferred (i.e non controlled experiment can result in breaking of the quartz
crucible, the outer quartz ampoule of the second configuration prevents melt projection
or antimony release) and has been used in most experiments. It consists of a two quartz
ampoules set-up, with one dedicated to the feeding that is ended by the porous quartz
media, while in a second “outer” ampoule is placed the “internal” growth crucible
where the solidification takes place. Figure 4.12 shows the experimental two ampoules
configuration, with vacuum spanners, before and after assembling.

Growth
crucible
80mm

Porous
media

Fig. 4.12: Photographs showing the different parts of the experimental two ampoules set up
(Fig. 4.11b), before and after assembling.
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2.5 VFM Nomenclature

The two main operative parameters of the VFM are the feeding velocity (VFeed) and the
temperature of the growing crucible (Tgrowth), but as the temperature of the feed material
Tfeed is kept constant (close to melting point), the ∆Tfurnace defined as Tfeed - Tgrowth is
used as the second operative parameter. The combination of these two parameters VFeed
and ∆Tfurnace controls the effective melt volume and leads to different growth
configuration as depicted on Fig. 4.13. When the melt is fed quickly (10 mL/min < Vfeed
< 20 mL/min), the configuration is named as “Casting”. When the combination of Vfeed
and ∆Tfurnace results in a small melt height in contact with the growing solid, the
configuration is named as “Feeding”. Finally if the drops of feed material impact
directly on solid, the configuration is named as “Splat Cooling”. Each acronym has been
chosen due to its similarity with the original technique name.

Melt

Melt
Solid

Casting: all melt is
feeded quickly

Feeding: the growing
melt is continously fed

Solid
Splat Cooling: melted
drops impact on solid

Fig. 4.13: Three idealized VFM configurations.

Due to the number of experimental configurations used in this work, a nomenclature has
been defined and the different experiments labelled are reported in Table 4.1. For
simplicity, each acronym is followed by the material characteristics, i.e (Un) for
undoped GaSb, (Te) for Te-doped GaSb or (In-) for GaInSb alloys, in this case the
digits corresponds to the nominal concentration (C0) in at%.
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Vfeed

(mL/min)

20-10

5-1

1-0.1

Low Casting

High Feeding

Low Feeding

(LC-)

(HFeed-)

(LFeed-)

ΔTfurnace (K)

70-120

Low Splat cooling

300-320

(LSp-)

500-520

High Casting

High Splat cooling

(HC-)

(HSp-)

Table 4.1: Acronyms versus experimental conditions for VFM experiments.

As a consequence, an experiment realized with Vfeed=10 mL/min and ΔTfurnace=120 K
with undoped GaSb is named LC-Un and an experiment realized with Vfeed=1 mL/min
and ΔTfurnace=500 K with GaInSb with C0=12 %at is named HSp-In12.
In addition, the classical Vertical Bridgman, as described above, and Quenching
experiments which consists in quickly drop an ampoule containing a melt with a
temperature close or higher than the melting point to room temperature, are referred as
VB- and Q- respectively.

3) Summary
With regards to theoretical requirements, a modified Vertical Bridgman based on the
feeding principle has been proposed. A simple analysis of convection and diffusion
processes shows that the modified Bridgman technique provides a tool for segregation
control. However with regard to the technological achievements, the set-up developed

for experimental work is a Vertical Feeding Method (VFM) which consists of a two
separated vertical crucibles placed in a two-zone furnace, where the temperature of each
zone is controlled independently. The crucibles do not move during the process and the
feeding is achieved thanks to a porous medium and a pressure control system. The two
operative parameters of the VFM are: ΔTfurnace which is the temperature difference

between the two zones and Vfeed which is the rate of feeding. For the different
combinations of these two parameters, different growth configurations have been
defined.

78

References
[1] J.C. Brice in “Crystal growth processes” Blackie Halsted Press (1986).
[2] G. Charache, P.S. Dutta, NREL publication.
[3] P.S. Dutta, A.G. Ostrogorsky, J. of Crystal Growth 194 (1998) 1-7.
[4] V.D. Golyshev, M.A. Gonik, Crystal Properties and Preparation 36-38 (1991) 623-630.
[5] P.S. Dutta, J. of Crystal Growth 275,1-2 (2005) 106-112.
[6] T. Duffar and A. Fournier Gagnoud, French Patent 2 865 740.

79

Chapter 5: Material preparation and characterization
Introduction
In order to grow good quality materials, special cares have to be taken during the
preparation. In the first section of this chapter, we detail the preparation processes for
both Vertical Bridgman technique and Vertical Feeding Method. All the quartz
materials used in this work for Vertical Bridgman, Vertical Feeding Method or
Quenching experiments have been prepared in the Segainvex workshop of the
Universidad Autónoma de Madrid (UAM) by the glass-blower staff which should be
specially acknowledged for the quality of its works. In the same way, the author would
like to thanks the electrical staff of the Segainvex workshop for its technical help in
controlling the different set-ups used in this work.
In the second section, the different characterization techniques used in this work are
briefly presented. In order to obtain an accurate characterization of the as-grown
materials, different techniques have been used. The characterization mainly focuses on
i) the structural properties to know the grain sizes and distributions as well as the
crystallographic orientations, ii) the chemical properties to characterize the distribution
of solute in the solid and iii) optical properties to study the luminescence behavior of
the as-grown materials. In the case of GaSb materials electrical and TEM measurements
have been also used and are briefly described. A great part of the measurements have
been performed in the Servicio Interdepartamental De Investigación (SIDI) of the
UAM, the other characterization have been performed by the different partners of the
RTN Network. All these co-workers are greatly acknowledged for their knowledge on
their respective techniques and for their important contribution to this experimental
work.
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1) Material synthesis
1.1 Vertical Bridgman ampoule preparation

In all VFM experiments, the feed material was pre-synthesised by the Vertical
Bridgman technique presented in Chapter 4 §1.1 and two types of quartz quality have
been used for this purpose. In all cases, a conical tip with 60º angle has been used to
facilitate the nucleation.
The common protocol, which uses high quality quartz provided by Heraeus Inc. which
has been previously used in this laboratory, requires a graphitization step which can be
avoided by using special Heralux quartz provided by the same company. In the former
case, before introduction of raw materials, a rigorous cleaning and preparation process
has to be performed to reduce at maximum undesired contaminations. Cleaning begins
by washing the inner part of the ampoule with water and soap. Then the ampoule is
filled with a mix of HNO3 and HCl (1:3) during 4 hours. Previously to the
graphitization, the ampoule walls have to be attacked with HF acid during 2 hours to
achieve a better adhesion of carbon atoms. The graphitization is performed in a vertical
furnace at 1270 K by pyrolisis of acetone. Then the undesired graphitized parts are
removed with a blow-torch. To finalize the preparation process, the ampoule is cleaned
with trichloroethylen (C2HCl3) at 350 K for 5 minutes, and successive rinsing of
acetone and methanol.

Fig. 5.1: Heralux quartz ampoule with a synthesized VB ingot, no sticking is observed.

The use of Heralux quality quartz enables to skip some steps of the previous process.
Thank to its high roughness, this type of quartz does not exhibit sticking of materials
(Fig. 5.1) and does not need graphitization. The whole process is then reproduced,
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skipping the HF bath and the graphitization. Due to a simplification of the preparation
process, Heralux quartz is preferred especially for load material synthesis. Nevertheless,
experiences have demonstrated that this type of quartz can not be used in experiments
with temperatures higher than 1270 K.
Once cleaning is achieved, the desired quantities of materials are introduced into the
ampoule, putting the antimony in first place to avoid possible sticking of gallium to the
ampoule walls. Furthermore, a small quantity of antimony is added with regards to
stoechiometric quantities to counterbalance the evaporation of this latter. Raw materials
used are 6N purity provided by Alfa Aesar.
Once the filling process is achieved, the ampoule is evacuated down to 2.10-5 torr with a
turbo molecular vacuum pump DRYTEL 30. Finally, the ampoule is sealed thanks to
the blow-torch which reaches temperature above 1870 K. The ampoule is ready to be
introduced into the oscillating furnace.
1.2 Oscillating furnace

All ingots and load materials prepared by the Vertical Bridgman technique have been
grown in a Khantal resistance furnace equipped with a computing control system of all
the functions provided by the Segainvex. This set up enables the fusion of the materials
with a desired heating ramp of typically 100 K/h to 200 K/h, the homogenization by
oscillation i.e by a low shaking of the furnace by rotation of +/- 30º around the
horizontal position at typical speed of 60º/h, and finally the controlled downward
pulling with the desired pulling rate (the lowest pulling rate is 0.4mm/h).
1.3 VFM Ampoule preparation

In both monolithic and two ampoules configurations as no graphitization has been used,
the cleaning process is the same as described for the Heralux quality quartz. Once the
ampoule is cleaned, prepared and loaded with pre-synthesized material, it is connected
to the pressure control system and introduced in the two-zone furnace. The whole
system is evacuated up to 10-2 torr. The feeding chamber temperature Tfeed is then
increased during 6 h up to a few degrees above melting temperature Tm while the
growth chamber temperature is increased to the desired growth temperature Tgrowth.
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VFM HSp-In12
80mm

Porous quartz

Fig. 5.2: Monolithic ampoule before and after VFM experiment.

When the load material is melted, feeding is achieved at constant rate by increasing
continuously the pressure in the feeding chamber until the liquid begins to flow from
one crucible to the other. Once feeding is completed and the whole ingot crystallized,
the furnace temperature is kept constant for 2 h and then slowly cooled down to room
temperature at 5 K/h.
As demonstrated on Fig. 4.5, the temperatures in the two chambers are independents;
this enables to keep a low thermal gradient in the growing chamber. On this figure, the
arrows correspond to the positions of the bottom of the growing crucible and the porous
media. Measurements during experiments shown that the thermal gradient in the
growing chamber stays low, no more than 15 K/cm.
On Fig. 5.2 two photographs recorded during a VFM experiment are reported for the
monolithic ampoule configuration. On the left of Fig. 5.2 is the ampoule after loading
the pre-synthesized VB materials, while on the right the photograph was taken after
feeding; the VFM crystal can be appreciated.
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1.4 Samples preparation

The ingot sizes are between 30 and 50 mm in length and 15 to 30 mm in diameter. For
sample preparation, VB ingots are cut perpendicularly to the growth axis by a Precision
Diamond Wire Saw from Weel. Sections are selected from the bottom, the middle and
the top. VFM ingots are firstly cut parallel to the growth axis to extract a longitudinal
sample. Then, one of the halves is sliced perpendicularly to the growth axis and several
sections are selected from the bottom and the top of the ingot for characterization. All
the samples are mirror-polished with alumina slurry (with particle size down to 0.3 µm)
on a velvet pad.

2) Principal characterization techniques
2.1 Structural properties

2.1.1 Etching and grain boundary
After sample preparation, the first step to characterize the samples is done by
application of the suitable chemical attack. This process named as wet etching enables
selective removal of material from the sample surface. Each chemical solution reveals
one or several types of structural defects like dislocation, grain boundaries, twins... A
list of etching solutions with their effects can be found in the review of Dutta [1]. To
reveal grain boundaries, structures and sizes a HF:HNO3:H2O (1:1:1) solution has been
mainly used.
2.1.2 X-Rays Diffraction (XRD)
X-rays are electromagnetic radiation with typical photon energies in the range of 100
eV - 100 keV. For diffraction applications, only short wavelength x-rays (hard x-rays)
in the range of a few angstroms to 0.1 angstrom (1 keV - 120 keV) are used. Because
the wavelength of x-rays is comparable to the size of atoms, they are ideally suited for
probing the structural arrangement of atoms and molecules in a wide range of materials.
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The energetic x-rays can penetrate deep into the material and provide information about
the bulk structure.
X-rays are produced generally by either x-ray tubes or synchrotron radiation. In an x-ray
tube, which is the primary x-ray source used in laboratory x-ray instruments, x-rays are
generated when a focused electron beam accelerated across a high voltage field
bombards a stationary or rotating solid target. Common targets used in x-ray tubes
include Cu and Mo, which emits 8 keV and 14 keV x-rays with corresponding
wavelengths of 1.54 Å and 0.8 Å, respectively. (The energy E of a x-ray photon and its
wavelength is related by the equation E = hc/l, where h is Planck's constant and c the
speed of light).
Powder XRD is perhaps the most widely used x-ray diffraction technique for
characterizing materials. As the name suggests, the sample is in a powdery form,
consisting of fine randomly oriented grains of crystalline material to be studied.
Therefore when the 2-D diffraction pattern is recorded, it shows concentric rings of
scattering peaks corresponding to the various d spacings in the crystal lattice. The
positions and the intensities of the peaks are used for identifying the underlying
structure (or phase) of the material. Powder diffraction data can be collected using either
transmission or reflection geometry. Because the particles in the powder sample are
randomly oriented, these two methods will yield the same data.
The XRD measurments presented in this work are a few selection of an important
number of powder XRD spectra performed at the SIDI by Ms. Noemi González Días.
Her work is specially acknowledged. Laue diagrams and Rocking curves have been
performed at the SIDI by Mr. Ramón Fernández Ruiz y Mr. Cesar Pastor Montero
respectively.
2.1.3 Transmission Electron Microscopy
In X-ray and neutron diffraction from crystals, the Bragg’s law is generally verified for
special orientation of the samples as a consequence of the low interaction between the
beam and the single crystal. In contrary, in the diffraction of electrons by crystals many
beams are excited at all the crystal orientations and the intensities of the diffracted
beams are a sensitive function of the angle between the incident electron beam and the
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crystal structure. By the way Transmission Electron Microscopy (TEM) is a powerful
tool for materials characterization. TEM investigations enable to form both images and
diffraction patterns from the same area. The images revealed sample morphology and
combined with the diffraction patterns it is possible to have information on structural
defects. The TEM investigations were performed on a JEOL 100C microscope operated
at 100 kV. Specimens for plain-view observations were prepared by ion milling at 4 kV
using a cold stage.
The measurements have been performed within the frame of the RTN Network by Ms.
Adina Amariei from the Aristotle University of Thessaloniki (GRE).
2.2 Chemical composition: ICP-MS

Inductively Coupled Plasma Mass Spectrometry (ICP-MS) is a highly sensitive
spectrometry which is capable of simultaneous analysis of a range of metals/atoms at
the parts per a billion level. It is based on coupling together a plasma as an ion source
with a mass spectrometer. Samples are reduced into power and then disolved. The
plasma that enables one time ionization of the dissolved atoms is a hot argon plasma
which energy is supplied by electrical currents produced by electromagnetic induction.
The ions from the plasma are extracted through a series of cones into a mass
spectrometer, usually quadrupole. The ions are separated on the basis of their mass-tocharge ratio and the detector receives an ion signal proportional to the concentration.
The apparatus available at the SIDI is an ELAN 6000. The ICP-MS measurements
presented in this work are a few selection of an important number of measurements
performed at the SIDI by Ms. Inmaculada Rivas Ramirez. Her work is specially
acknowledged.
2.3 Electrical: Hall

The Hall effect is characterized by a potential difference (voltage) on opposite sides of a
thin sheet of conducting or semiconducting material (the Hall element) through which
an electric current is flowing, created by a magnetic field applied perpendicular to the
Hall element. The ratio of the voltage created to the amount of current is known as the
Hall resistance. This effect was discovered by Dr. Edwin Hall in 1879. The Hall effect
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comes about due to the nature of the current flow in the conductor. Current consists of
many small charge-carrying "particles" (typically electrons) which see a force due to the
magnetic field. Some of these charge elements end up forced to the sides of the
conductors, where they create a pool of net charge. This is only notable in large
conductors where the separation between the two sides is large enough.
One important feature of the Hall effect is that it differentiates between positive charges
moving in one direction and negative charges moving in the opposite. Alternately, by
applying a known magnetic field (typically from a permanent magnet) one can use the
Hall voltage to instead measure the current through the element. All the measurements
have been performed at room temperature.
The set-up used was facilitated by the Instituto Nacional de Microelectrónica (IMN) in
Tres Cantos.
2.4 Microscopic In spatial distribution

2.4.1 Scanning Electron Microscopy with EDAX
In a typical Scanning Eelectron Microscope electrons are produced by thermoionization
accelerated towards an anode. The electron beam, which has an energy ranging from a
few hundred eV to 50 keV, is focused by condenser lenses into a beam with a very fine
focal spot sized 1 nm to 5 nm. The beam passes through pairs of scanning coils in the
objestive lens, which deflect the beam over a rectangular area of the sample surface. As
the primary electrons strike the surface they are inelastically scattered by atoms in the
sample. Through these scattering events, the primary electron beam effectively spreads
and fills an interaction volume, extending about less than 100 nm to 5 µm depths into
the surface. Interactions in this region lead to the subsequent emission of electrons
(secondary, back scattered) which are then detected to produce an image. X-rays, which
are also produced by the interaction of electrons with the sample, may also be detected
in an SEM equipped for energy dispersive X-ray (EDAX) or or wavelength dispersive
X-ray (WDX) spectroscopy.
Back scattered electron (BSE) analysis is used to detect the contrast between areas of
different chemical composition and gives precious information on the homogeneity of
the In incorporation for GaInSb solid solutions. On BSE micrographs the variation in
grey level corresponds to a variation of In concentration, darker areas are lower In

87

content. Coupled with EDAX, BSE analysis enables the knowledge of the In content at
any point, on a selected area or over the whole sample.
Three average parameters relevant to characterize the microstructure and realize a
statistical analysis have been defined:
CIn : average In concentration over the whole sample.
lM : characteristic length between centre of a low In content area A0 and the centre of a
neighbouring high In content area A∞.
ΔC : difference in concentration between A0 and A∞.
The instrumental error is about ±2 at% In addition, on the BSE images, the black lines
or spots that are frequently observed are related to cracks and holes respectively.
The SEM measurements presented in this work are a few selection of an important
number of analysis performed at the SIDI with Ms Esperanza Salvador Reuda and Ms
Martha Furió Vega. Their works are specially acknowledged.
2.4.2 PIXE
PIXE (Particle-Induced X-ray Emission or Proton Induced X-ray Emission) is a
technique used to determine the elemental chemical composition of a material or
sample. When a material is exposed to an ion beam, atomic interactions occur that
produce electromagnetic radiations of wavelengths in the X-ray part of the spectrum
specific to a element. For structural characterization, PIXE analyses were done in
conjunction with a microprobe, with spot size between 1×1 and 10×5 μm2. Two
dimensional elemental distribution maps could thus be obtained.
The PIXE measurements have been performed at the Instituto Tecnológico e Nuclear
(ITN) of Lisbon (PO) within the frame of the RTN Network by Dr. Victoria Corregidor
and Dr. Luis Alvés.
2.5 Optical Spectroscopy

Luminescence is the emission of light from a solid which is excited by some form of
energy. The term broadly includes the commonly-used categories of fluorescence and
phosphorescence. Fluorescence is said to occur where emission ceased almost
immediately after withdrawal of the exciting source and where there is no thermal
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cause. The distinction between these so-called types of luminescence is somewhat
arbitrary and confusing; for example, many minerals have very long post-excitation
decay times. Confusion is avoided by using the term luminescence, and specifying the
activating energy as a descriptive prefix. Thus roentgenoluminescence is produced by
X-rays, photoluminescence (PL) by light and cathodolminescence(CL) results from
excitation by electrons. Luminescence is contactless, non-destructive method of probing
the electronic structure of materials and has a broad range of applications.
•

Band gap determination. The common radiative transitions in semiconductors

take place between the bottom of the conduction and the top of the valence
bands, with the energy difference being known as the band edge.
•

Impurity levels and defect detection. Radiative transitions in semiconductors

may also involve localized defect levels. The energy associated with each
transition can be used to identify specific defects, while the intensity of emission
can be sometimes used to determine their concentration.
•

Recombination mechanisms. As discussed above, the return to equilibrium,

also known as "recombination," can involve both radiative and non-radiative
processes. The intensity of luminescence emission and its dependence on
excitation density and temperature are usally related to the dominant
recombination process. Analysis of luminescence helps to understand the
underlying physics of the recombination mechanism.
2.5.1 Cathodoluminescence
On typical undoped GaSb spectrum, an emission peak centred at about 797 meV
corresponds to the GaSb near band-edge luminescence, while another band centred near
777 meV corresponds to the so-called band A, commonly related to a transition from
the conduction band to the native acceptor level VGaGaSb [2]. In some cases, a peak
centred at about 758 meV, known as band B, is observed. Previous PL and CL
combined studies [3] indicate that this emission may be attributed to a transition from
the conduction band to an acceptor level involving the antisite defect GaSb. An
additional peak centred at about 812 meV has been attributed to an electron-hole
transition including tail states and shallow acceptors [4]. Te-doping generally changes
the spectral response of GaSb, as compared with the undoped material. Such changes
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are extremely dependent on the Te concentration [5-7]. The 724 meV band can be
attributed to a deep acceptor involving Te atoms. This band has been previously
observed in PL investigations of highly doped GaSb:Te layers by Iyer et al. [8], who
labelled the emission as band E. In fact, these authors reported three transitions due to
Te compensation occurring in the range 741 - 748 meV (band C), 731 - 737 meV (band
D) and 722 - 725 meV (band E).
CL investigations were carried out in a Hitachi S-2500 SEM using an infrared Ge
detector. Measurements were performed at 87 K using a 20 kV accelerating voltage.
The recorded CL spectra were deconvoluted using a sum of Gaussian line distributions
in order to determine the different bands contributing to the emission.
The CL measurements presented in this work are a few selection of an important
number of XRD spectra performed at the Universidad Complutence de Madrid (UCM)
within the frame of the RTN Network by Dr. Carlos Díaz-Guerra. His work, his deep
knowledge in the field of luminescence studies and his constant help are specially
acknowledged.
2.5.2 Photoluminescence
Photoluminescence measurements have been performed at 4K using a 35 mW Ar laser
as the excitation source and a nitrogen cooled detector in the Applied Physics
department of the UAM thanks to the collaboration of Pr. Basilio García Carretero. His
help is greatly acknowledged.

3) Summary
The preparation process of the Vertical Bridgman and Vertical Feeding Method has
been detailed in the first part of this chapter. In the second part the different
characterization techniques have been described and classified in structural, chemical,
microstructural and optical.
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Chapter 6: Binary compounds
Introduction
Industrial bulk growth of semiconductor materials is dominated by Czochralski and
Bridgman techniques that are slow processes. On the contrary, metallurgical materials
are mostly synthesized using high rate processes like Continous Casting. Between these
two extremes, feeding methods have a wide range of application, see [1-2] for example,
and potentially cover all the industrial processes. Ciszek was the first who proposed the
use of metallurgical crystallization techniques [3] to produce low cost polycrystalline
wafers for Si solar cells applications. Several set-ups have been developed following
this idea, the Drip Controlled Method developed in [4] enables the production of 430
mm square ingots by continuous feeding of melt in a crucible which temperature is kept
constant (below melting point), while in the well-established Electro-Magnetic Cold
Crucible [5] a molten zone is created by induction heating, at the same time the melt is
fed by polycrystalline granules and pulled downward at constant velocity. However,
little information is available on the relation between growth parameters (feeding
rate,

growth

temperature…) and material

quality (grain

structure,

solute

distribution…) for these techniques.
In this chapter the characterization and analysis of the most significant VFM
experiments carried out with GaSb and GaSb-Te materials are reported and three
sections are distinguished. First, the comparison of undoped and doped ingots grown
in the same conditions enables to draw the general effects of amount doping on material
properties. Then, the study of several Te-doped ingots grown in different VFM
configurations enables a better knowledge of solute kinetic and Constitutional
Supercooling effects. Finally the successful growth of quasi monocrystalline Tedoped ingot enables us to work out the best combination for segregation and grain size
control. Each section is divided into two parts: the first part presents the general results
on characterization and the second part is dedicated to the discussion of the phenomena
underlying the production of the grain structure.

92

1) Low Casting configuration for Undoped and Te-Doped GaSb
In this section, the characterization results of undoped and Te-doped ingots grown in the
Low Casting (LC) conditions are presented and discussed. The preparation process and
the general description of LC configuration can be found in Chapter 5 §1 and Chapter 4
§2.5 respectively.
In the Low Casting (LC) configuration used in these experiments:
- the growing chamber temperature (Tgrowth) was set at 870 K, which corresponds to a
∆Tfurnace of 120 K.
- the feeding rate (Vfeed) was set constant at 10 mL / min.
- the nominal Te concentration in the doped GaSb material was ~ 5·10 18 cm –3.

1.1 Characterization results of LC-Un and LC-Te materials
1.1.1 Etching and XRD measurements
From the structural point of view, material of undoped experiments (LC-Un) shows a
quasi monocrystalline character with big size crystals. A typical example is given on
Fig. 6.1, where a unique grain of about 60% of the total surface and some smaller grains
with a minimum size of about 0.5 mm and twins can be appreciated. On Fig. 6.2, the
corresponding XRD spectra exhibit four principal orientations: (111), (220), (311) and
(331) and little variation is observed from bottom to top.

Fig. 6.1: Grain structure of LC-Un top sample after etching with a HF:HNO3:H2O (1:1:1)
solution during 20s, arrows indicate twins. The sample diameter is about 20mm
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On the other hand, the etched surface of Te-doped samples (LC-Te) clearly reveals the
polycrystalline character of the grown material as can be seen on Fig. 6.3. Typically the
grain size varies between 50 µm and 2 mm and the size distribution is independent of
the place in the transversal sample considered but the average grain size is larger for top
samples.

Fig. 6.2: XRD spectra of LC-Un bottom (a) and top (b) samples.

On the XRD patterns presented on Fig. 6.4 a great variety of orientations can be
appreciated, as compared with the spectrum from the undoped material. Furthermore
bottom and top spectra show very different behaviours which constitute a difference
with the behaviour of LC-Un experiments.

Fig. 6.3: Grain structure of LC-Te top sample after etching with a HF:HNO3:H2O (1:1:1)
solution during 20s, the sample diameter is about 20mm.
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As can be seen on Fig. 6.4, LC-Te bottom samples show few peaks with maximum
intensity for (331) orientation, while top sample exhibits almost all the orientations
expected for GaSb. It is worth noting that EDAX investigations reveal the presence of
some Sb inclusions close to the top of the ingot.

Fig. 6.4: XRD spectra of LC-Te bottom (a) and top (b) samples.

1.1.2 Hall and TEM measurements
The electrical characteristics measured by Hall effect at room temperature for LC-Un
samples follow classical behaviour of pure GaSb with a p-type conduction and a carrier
density (p) of 3·1017 cm-3. The resistivity (ρ) is of about 0.07 Ω·cm and the mobility
(μ) about 300 cm2·V-1·s-1. No significant variation has been found from bottom to top.

Fig. 6.5: TEM images showing the SGB (denoted by arrows) for LC-Te samples.
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On the other hand, LC-Te samples show n-type conduction but differences between top
and bottom are important: ρ = 0.2 Ω·cm, μ = 25 cm2·V-1·s-1 and n = 1.2·1018 cm-3 for
bottom sample and ρ = 0.1 Ω·cm, μ = 250 cm2·V-1·s-1, n = 2·1017 cm-3 for the top
sample.
The low mobility values measured in the Te-doped GaSb are probably related to the
polycrystalline character of the grown material. In fact, TEM investigations performed
on LC-Te samples do not reveal the existence of Te precipitates but a high density of
subgrain boundaries, which are electrically active and could be responsible for the
observed electrical behaviour. Figure 6.5 shows a characteristic TEM micrograph of
sub-grain boundaries (SGB) which separates two regions with a slight misorientation.
On the inset, a higher magnification presents a row of dislocations constituting a SGB.
Generally all the SGB that were observed have a misorientation of less than one degree.

1.1.3 Cathodoluminescence results
The spectral distribution of the CL emission was monitored in both undoped and Tedoped ingots. Representative SEM and CL micrographs taken along one radius of the
LC-Un top samples, Fig. 6.6a and Fig. 6.6b respectively, show a rather smooth surface
corresponding to a quite homogenous spatial luminescence. This confirms the
homogenous properties of the undoped samples.

(b)
Centre

Edge

(a)

Fig. 6.6: Micrographs along radius of LC-Un top sample: SE (a) and CL (b).
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Edge

(a)

(b)

Centre

Fig. 6.7: CL micrographs recorded along radius of bottom (a) and top (b) samples of LC-Te
experiment.
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On CL images, black lines that do not appear on corresponding SE micrographs should
be related to “manufacturing defects” introduced during samples preparation (i.e
cutting, polishing; see Appendix 3). CL spectra appear always peaked at about 795 meV
for all undoped samples. The Gaussian deconvolution of such spectra reveals the
existence of three emission bands centred at about 812, 797 and 777 meV, as shown on
Fig. 6.8a.
In the case of LC-Te materials, CL images recorded along radius shown on Fig. 6.7
highlight the differences between bottom and top samples with quite inhomogenous
spatial luminescence for the former in comparison to the latter. Spectra recorded for
bottom samples appear centred at about 805 meV and three emission bands respectively
centred at about 838, 807 and 773 meV, were found by deconvolution (Fig. 6.8b).

(d)

Fig. 6.8: Gaussian deconvolution of LC-Un spectra (a) and LC-Te bottom (b), top (c) and
middle (d) samples.
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Figure 6.8c shows a CL spectrum measured on samples corresponding to the top of the
ingot. The emission appears peaked at about 760 meV and three bands, centred near
724, 758 and 795 meV can be appreciated after deconvolution.
Both the spectral and the spatial distribution of the CL emission of the top LC-Te
samples are quite homogeneous as compared with those found in the samples cut from
the bottom of the ingot. Actually, spectra recorded in the longitudinal section of the
ingot reveal a variety of emission bands peaked at different energies (see for instance,
the CL spectrum recorded in the middle of the longitudinal cut shown on Fig. 6.8d). A
summary of the CL bands found in the LC-Un and LC-Te samples is shown in Table
6.1. The emissions have been labelled following the nomenclature proposed by Yyer et
al. [6] for the photoluminescence (PL) bands observed in Te-doped GaSb as described
in Chapter 5 §2.5).

Sample
Tail states

CL emission peak energy (meV)
Band A Band B Band E
Band – edge

LC-Te
Top
Middle
Bottom
LC-Un

---------812

795
805(MB)
807(MB)
797

---777
773
777

758
755
-------

724
725
-------

Table 6.1: Summary of CL peaks found, (MB) indicates a shift of the near band-edge
luminescence due to the Moss-Burnstein effect.

CL spectra recorded along the longitudinal growth axis of LC-Te experiments show that
the intensity of band A decreases as we move from the bottom to the top of the ingot,
while the intensities of band B and the Te-related band E follow the opposite trend. In
addition, the band-edge emission appears shifted about 10 meV towards higher energies
in CL spectra for the bottom of the Te-doped material as compared with spectra from
the top part of the ingot and from the undoped material. The observed shift is a
consequence of the Moss-Burstein or carrier band-filling effect, related to strong Te
doping (see Chapter 5 §2.5) and tends to indicate a higher Te content at the bottom than
at the top.
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1.1.4 Chemical composition
ICP analysis carried out to determine the average dopant concentration (CTe) of the LCTe materials revealed a higher Te content at the bottom (~ 4 x 1018 cm-3) than at the top
of the ingot (~ 7 x 1017 cm-3). Nevertheless, the EDAX analysis performed on the last
to freeze part of the ingot, above the position corresponding to the top sample, shows a
mixed region of pure Sb and a GaSb0.9Te0.1 alloy.
1.2 Discussion
The comparison of undoped (LC-Un) and doped (LC-Te) materials grown in the same
experimental conditions (Low Casting) enables to draw the general effects of amount
doping on material properties and solidification behaviour.
1.2.1 Polycrystallinity of LC-Un and LC-Te samples
Polycrystallinity, that is mainly related to the contact of the melt with the crucible and
to the presence of impurities, is considered a serious drawback of the VB technique. As
the materials investigated in the present chapter were grown in the same experimental
conditions, the grain size reduction and the increase in the number of crystallographic
orientations for LC-Te materials in comparison with LC-Un observed in §1.1.1, may
only be attributed to the presence of the dopant. In turn, the almost monocrystalline
character of the LC-Un samples demonstrates that, despite crucible contact, big grain
size crystals can be achieved by the VFM.
1.2.2 Solute distribution along growth axis for LC-Te
The variation of the Te content along the growth axis described in §1.1.4 of this chapter
can be understood taking into account the dynamics of the growth process. In classical
methods, the axial segregation pattern for dilute alloys usually follows the so-called
Scheil law, which corresponds to a higher solute content at the top of the ingot
compared with the bottom (Chapter 1 §3.1.3). In the case of Te-doped GaSb dilute
alloys, the Te segregation coefficient at equilibrium is about k0 = 0.37 [7], but when
growth occurs far from equilibrium, the segregation coefficient (k) differs from its
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equilibrium value approaching unity. In fact, if we assume that the Te concentration is
homogenous in the melt before solidification, the concentration of 4·1018 cm-3 measured
at the bottom compared to the melt nominal concentration of 5·1018 cm-3 would
correspond to k = 0.8. In this sense, the diminution of the Te concentration along the
growth axis could be associated with a decreasing Te segregation coefficient during
growth, from a value close to unity to a value close to the equilibrium one. This
hypothesis would explain the presence of a mixed region with high Te content in the
ultimate solidified part of the ingot. In fact, the etching of the longitudinal section
presented on Fig. 6.9 shows a fully columnar structure that is typical of metal casting
processes. It is well known that for metallic systems, such structure is generally related
to a dendritic growth, where the solidification front moves forward very quickly at the
first stage and then decelerates due to a diminution of the thermal gradient. Then, the
particular variation of the Te concentration along the growth axis is probably related to
a variation of the overall growth rate during the solidification. In turn, this variation of
the growth rate may be related to the thermal conditions of the Low Casting
configuration.

5 mm

Fig. 6.9: Longitudinal cut of a LC-Te experiment etched with a HF:HNO3:H2O (1:1:1)
solution during 20s, showing a columnar grain structure.

1.2.3 Defects distribution along growth axis for LC-Un
In order to confirm the hypothesis of the growth rate variation proposed to explain the
variation of Te concentration along longitudinal axis, the ratio (R) between the intensity
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of band A and the band-edge emission was determined from CL spectra recorded in the
whole LC-Un ingot. The variations of R recorded at regular intervals along a radius and
along the longitudinal axis are plotted on Fig. 6.10a and 6.10b respectively. From Fig.
6.10a, it is clear that R decreases as we move from the centre towards the edge of the
ingot for the radial direction considered, while Fig. 6.10b shows that R decreases as we
move from the bottom (R ~ 0.75) to the top (R ~ 0.45) of the ingot. This particular
variation of R along the growth and radial axes indicates a higher weight of band A
emission - and thus a higher density of the associated native acceptor defect
concentration at the bottom and the centre of the ingot as compared with the top and the
edges.

Fig. 6.10: Variation of R versus radial (a) and axial (b) positions for LC-Un.

It is known that the native defect concentration is strongly dependent on growth
conditions; precisely it increases with increasing growth temperature [8]. The present
results suggest that a possible explanation for the native defect distribution along radial
directions is non-planar isotherms. As cooling is easier at the crucible walls, the
observed variation of R is coherent with a lower temperature at the edge in comparison
with the centre and tends to indicate an appreciable curvature of the isotherms in this
growth configuration. Concerning the variation of R along the longitudinal axis of the
ingot, it has been reported that the defect concentration, mostly vacancies, greatly
increases when pulling rate is increased [8]. Hence, as in the case of LC-Te, the most
probable explanation for the observed variation of R along the growth axis is also a
reduction of the growth velocity during the solidification process.
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1.2.4 Kinetic roughening effect in LC-Te
As explained in Chapters 1 and 2, two idealized growth modes have to be considered at
the atomic scale. The presence of twins and big size crystals for LC-Un indicates a
lateral behaviour which is intrinsically slow. Herlach et al. showed [9] that a small
addition of Sn in pure-Ge leads to an increase of growing velocity at the same
undercooling. But when the concentration of solute is further increased, the growth
velocity falls quickly. This phenomenon was already observed, for example in lead
nitrate crystals grown from aqueous solution [10]. The velocity increase in dilute alloy
could be attributed to enhanced 2D nucleation by solute atoms at the interface and is
know as kinetic roughening effect. So, one part of the drastic difference between the
undoped and Te-doped experiments could be explained by an increased growth rate due
to Te doping which would lead, in the same thermal configuration, to an increase of the
destabilization by constitutional supercooling.

Summary:
Undoped and Te-doped GaSb materials prepared by the Low Casting configuration have
been characterized and the general results can be summarized: in the growth configuration
used, undoped materials (LC-Un) exhibit almost monocrystalline behavior, with rather
homogenous optical and electrical properties while, the Te-doped materials (LC-Te),
present a high polycrystalline degree with inhomogenous luminescence and electrical
properties. Furthermore, the ratio (R) recorded along growth axis for undoped samples
showed a decrease of native defects from bottom to top. Similarly, for Te-doped ingot, the
average Te concentration measured by ICP is almost one order of magnitude larger at
bottom than at top. From the columnar microstructure observed, it has been assumed that
the Te distribution is a consequence of a decrease of the segregation coefficient due to a
reduction of the overall growing rate during the solidification.
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2) High Casting and High Feeding configurations for Te-doped GaSb
The assumption of the dependence of k on interface velocity proposed to explain the
results obtained for LC-Te materials is an important step to understand the solidification
behaviour of Te-doped GaSb compounds. To get better understanding of this
phenomenon, VFM Te-doped ingots have been grown in different operative conditions.
So we will now consider only Te doped ingots and study qualitatively the variation of
the different properties of the as-grown materials (grain size, overall growth velocity,
k…) versus experimental parameters (Vfeed or ΔTfurnace). The preparation process and
the general description of the VFM configurations can be found in Chapter 5 §1 and
Chapter 4 §2.5 respectively.
In the High Casting (HC) configuration used in these experiments:
- the growing chamber temperature (Tgrowth) was set at 470 K, which corresponds to a
temperature difference between the two zones (∆Tfurnace) of 520 K.
- the feeding rate (Vfeed) was set at 10 mL / min.
- the nominal Te concentration was ~ 10·10 18 cm –3.
In the High Feed (HFeed) configuration used in these experiments:
- the growing chamber temperature (Tgrowth) was set at 870 K, which corresponds to a
temperature difference between the two zones (∆Tfurnace) of 120 K.
- the feeding rate (Vfeed) was set at 1 mL / min.
- the nominal Te concentration was ~ 5·10 18 cm –3.

2.1 Characterization results of HC-Te and HFeed-Te materials
2.1.1

Etching and XRD measurements

The crystallinity of HC-Te and HFeed-Te samples has been studied by means of etching
and XRD as described in Chapter 5, §2.
From the structural point of view, as can be seen on Fig. 6.11a, the solidification grain
structure of the longitudinal cut obtained after etching for experiment HC-Te, which
corresponds to an increased ∆Tfurnace in comparison with LC-Te, presents a refined
microstructure. In contrary to etching results of LC-Te samples shown on Fig. 6.9, two
zones can be appreciated for HC-Te: an outer columnar zone comprising fine elongated
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grains, orientated almost perpendicular to the crucible walls and a central zone
composed by equiaxed dendrite like grains (about 30% of the total volume). EDAX
analysis revealed that this equiaxed part contains a high number of Sb or Sb-Te
inclusions lying at the grain boundaries, with an average size of several hundred μm2. It
is important to note that in this experiment no twins have been found.

5 mm

5 mm

Fig 6.11: Longitudinal cuts of HC-Te (a) and HFeed-Te (b) experiments, etched with a
HF:HNO3:H2O (1:1:1) solution during 20s.

On the other hand, the solidification grain structure of experiment HFeed-Te (Fig.
6.11b), which corresponds to a reduced Vfeed in comparison with LC-Te, does not show a
developed columnar zone. The very small outer columnar zone observed in this
experiment comprising grains oriented perpendicular to the crucible walls with
maximum length of 500μm, is related, at least partially, to the dewetting of the melt
observed during growth.
(a)

(b)

Fig 6.12: XRD spectra of HC-Te (a) and HFeed-Te (b) experiments.
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In comparison to experiment LC-Te, the grains of HFeed-Te samples, which are mostly
oriented along the longitudinal axis (z), have sizes equal or a little bit larger, between 50
μm and 3 mm. Twins are found in this kind of experiments, especially one twin of
several cm delimits the two halves of the ingot (see arrow on Fig. 6.11b).
XRD spectra of the two ingots show different behaviours, as can be seen on Fig. 6.12a
and 6.12b. HC-Te spectra show a high number of peaks like in the case of XRD spectra
of LC-Te top samples (Fig. 6.4b), while HFeed-Te spectra only reveal three main
orientations: (111), (220) and (311), which is close to the results obtained for LC-Un
(Fig. 6.2). This confirms the better quality of HFeed-Te experiment as compared with
HC-Te and LC-Te experiments.
2.1.2

Cathodoluminescence results

For HC-Te samples, CL images indicate a rather inhomogeneous spatial luminescence
distribution, with black spots probably related to dislocations, sometimes surrounded by
bright halos. Moreover, as shown on Fig. 6.13a, grain boundaries usually show a whiteblack-white contrast instead of the black contrast generally observed in previous
experiments.

(a)

(b)

Fig. 6.13: CL (a) and corresponding SE (b) micrographs recorded for HC-Te samples.

This kind of contrast, that has been previously found in CL investigations of CdS and
GaP and that was attributed to an accumulation of point defects or impurities around the
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boundaries [11,12], is preferentially related to a high Te content. It is important to note
that CL spectra recorded along a radius for bottom and top samples are independent on
the region of the sample examined either using high or low excitation density conditions
(focused or defocused SEM electron beam). Gaussian deconvolution of a representative
spectrum recorded under high excitation density conditions that is shown in Fig. 6.14,
reveals the existence of three emission bands peaked at 843, 815 and 773 meV. The
emission peaked at 815 meV corresponds to the GaSb-Te near band-edge luminescence,
shifted towards higher energies by the Moss-Burstein effect as explained in Chapter 5
§2.5, and tends to indicate a high Te concentration. The band peaked at 773 meV
corresponds to the A band while the transition centered at about 843 meV is tentatively
attributed to a transition involving a Te-related level located below the second minimum
of the conduction band (Fig. 1.3) and is probably due to the high Te concentration [13].
Under low excitation conditions, a weak emission band peaked at about 745 meV

CL Intensity (arb. units)

corresponding to band C was also revealed.

Peaks @ 843, 811
and 775 meV

VFM 7.6 (UAM)
GaSb:Te, sample 1/7
20 kV, 88 K, focused

690

720

750

780

810

840

870

900

930

Photon Energy (meV)

Fig. 6.14: Gaussian deconvolutions of CL spectra obtained from experiments HC-Te (a)
and HFeed-Te (b).

In the case of HFeed-Te samples, the CL images recorded along the growth axis and a
central diameter indicate a rather homogenous luminescence spatial distribution as
shown on Fig. 6.15. On this figure, central twins that run upon several centimetres
appear clearly; in addition other twins can also be appreciated. The CL study shows a
quite homogenous luminescence distribution as compared with previous LC-Te samples
presented on Fig. 6.7. In addition, no significant variation of the ratio between the
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intensity of band A and the band-edge emission (R) has been found along radial
directions for HFeed-Te samples.

Fig. 6.15: CL micrographs recorded on the longitudinal cut of HFeed-Te.
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The CL peaks presented on Fig. 6.14b are the same than those found in HC-Te samples
but with different relative weights. Actually, the intensity of the 841 meV peak is
greatly reduced while a weak contribution of the so-called band C is observed when CL
spectra are recorded using high excitation conditions. The ratio R recorded along the
growth axis shows an almost constant value of about 0.4.

2.1.3

Chemical composition

The average Te concentration measured by ICP-MS shows nearly the same value at
bottom and top in each experiment. In the case of HC-Te, the average dopant
concentration (CTe) slightly decreases from the bottom to the top (9.2 and 8·1018 cm-3
respectively) and correspond roughly to the nominal one (i.e C0=1·1019 cm-3). For
HFeed-Te experiment, CTe increases slightly from bottom to top, 1.1 and 2·1018 cm-3
respectively. These concentrations are lower than the nominal one (i.e C0=5·1018 cm-3).

2.2 Discussion
The refinement of the microstructure when the interface velocity is increased is a wellknown phenomenon in undercooled semiconductor melts and has been described in
Chapter 2. In VFM experiments, as nucleation should mostly happen by the
heterogeneous regime, the possibility to undercool the melt as far as with non-contact
techniques like Electromagnetic Levitation is not realistic, however a refinement of
microstructure is clearly observed between HC-Te, LC-Te and HFeed-Te experiments
and its origin may be understood considering the results obtained in the previous
sections.
2.2.1

Qualitative variation of the segregation coefficient

It is worth noting that CL spectra of the investigated HC-Te and HFeed-Te samples are
almost independent on the region of the sample considered. This invariance of the CL
spectral response significantly differs from the results obtained for LC-Te samples,
where CL spectra strongly depend on the longitudinal and/or radial position as shown
on Fig. 6.8, and strongly suggests a quite homogenous Te distribution. Taking into
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account that the XRD spectra of both HC-Te and HFeed-Te experiments exhibited
several crystallographic orientations, the invariance of CL spectral response should
indicate that solute atoms have been incorporated irrespective to the grain orientation. In
the High Casting configuration (HC-Te), considering both the spatial invariance of CL
spectra and the high Te content in the bottom and top samples, the Te has been
incorporated with a segregation coefficient (k) close to 1. In turn, for HFeed-Te
experiments, the high uniformity of the CL spectral response and the low values of the
Te concentrations measured seem to indicate an almost steady state growth with a
constant k close to the equilibrium one, k0 ~ 0.37. Following these considerations, a
summary of the qualitative variation of k versus experiments is plotted on Fig. 6.16.

Fig. 6.16: Qualitive variation of the segregation coefficient (k) for the VFM GaSb-Te
experiments.

2.2.2 Microstructure refinement and variation of k versus interface velocity
Generally, the deviation of k from equilibrium value is associated to increased interface
velocity [14]. In consequence, the different microstructures observed in Fig. 6.11 could
be associated to different interface velocities, in agreement with the results obtained in
undercooled melts [9]. In this sense, the fine grains of the columnar zone observed for
HC-Te may be attributed to a higher interface velocity in comparison with the other
experiments. On the other hand, the larger grain structure without presence of a real
columnar zone for HFeed-Te and LFeed-Te experiments should indicate lower interface
velocities.
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The above results confirm the variation of k and hence different regimes for the solute
partitioning could be defined: i) an equilibrium regime where k ~ k0, which corresponds
to the High Feeding configurations, ii) a partial solute trapping regime with variable
values of k, from 0.8 to k0 in the case of LC-Te experiments and iii) a complete solute
trapping regime, with k~1, where the segregation is absent, like in the High Casting
configuration.
2.2.3

Constitutional Supercooling considerations

The variation of k with interface velocity, as it determines the rejection of solute, has to
be taken into account for constitutional supercooling analysis. When solute partitioning
happens, the interface velocity determines mostly the height of the diffusion boundary
layer (δ) [15] as shown on Fig. 6.17. This latter combined with the thermal conditions
defines the region of supercooled liquid.

δ
Isoconcentrates

(b)

δ
(a)
Fig. 6.17: Extend of the boundary layer at a perturbed interface for high (a) and low (b)
velocities, showing the isoconcentrates [15].

As shown on Fig. 6.17a, in rapid solidification δ is very small and thermal gradient is
high in order to drive the interface motion, the effect of constitutional supercooling
should be low. If k is strictly equal to 1, then solute rejection disappears and can not
drive destabilization of the interface, the microstructure is then strictly due to thermal
means. The equiaxed zone observed in experiment HC-Te with well defined dendrite
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shape should be only a consequence of melt superheating loss and not to a constitutional
contribution with nucleation ahead of the solidifying interface; this point will appear
clearly in the concentrated alloys experiments presented in Chapter 7. The absence of
twins in this experiment confirms non equilibrium process and is in agreement with non
equilibrium value of k and the formation of a destabilized microstructure.
As we have assumed, there is a reduction of growth velocity from HC to LC
configuration, but in both cases as the material is fed almost instantaneously, the
volume of melt that solidify is quite important as schematized on Fig. 4.13. The
reduction of the interface velocity for LC-Te in comparison to HC-Te, combined with
the important melt, volume should lead to a free extend of δ with possibly real solutal
dendrites interface. The high inhomogeneity of spectral response for LC-Te experiment
(Fig. 6.8) and the dispersion of crystallographic orientations (Fig. 6.4) tend to confirm
an appreciable destabilization of the interface in the growth conditions used.
2.2.4

Growth mode considerations

It is worth noting that in experiments where either partial (bottom of LC-Te) or
complete (HC-Te) solute trapping occurs, no twins have been found. In undercooled
melt experiments, the disappearance of twins is generally related to the continuous
growth mode transition occurring at high interface velocity as discussed in Chapter 2
§1.3. As can be seen on CL images of LC-Te and HFeed-Te bottom samples, Fig. 6.18a
and 6.18b respectively, the grain structure of the latter is well defined with straight
boundaries and twins while the former present rough boundaries without twins.

100 µm

100 µm

Fig. 6.18: CL images recorded for LC-Te (a) and HFeed-Te (b) bottom samples.
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Considering the results of undercooled melts [9], the difference in grain structure may
be explained by a similar transition in the casting configurations in comparison to the
HFeed-Te experiments and would suggest that solute trapping is associated with such
transition. The recovering of equilibrium growth mode for experiment HFeed-Te as it
leads to a spatially homogenous CL emission spectral distribution and an almost
constant average Te concentration, suggest that it benefits the quality of the as-grown
materials.
Summary
Te-doped GaSb materials prepared by the High Casting (HC-Te) and by the High Feeding
(HFeed-Te) configurations have been characterized and can be summarized: HC-Te results
in a refined outer columnar grain structure and a central equiaxed grain part while for
HFeed-Te experiment grains are roughly oriented through the longitudinal axis with
average sizes close to LC-Te experiments. The Te distribution is homogenous in both
experiments and the possibility of segregation control by VFM is experimentally
demonstrated. The existence of different regimes for the solute partitioning has been
evidenced and attributed to different interface velocities. From the structural point of view,
the refinement of the solidification grain structure is correlated to the assumed increase of
interface velocity in agreement with results obtained by other authors with undercooled
semiconductor melts.

113

3) Low Feeding configuration for Te-doped GaSb
The results obtained for HC-Te, LC-Te and HFeed-Te suggest that the grain sizes
could be tailored using different configurations of the VFM. In order to reduce
interface velocity and increase grain size, experiment LFeed-Te has been conducted
with Te-doped GaSb using lower Vfeed and lower ΔTfurnace and is described in the
following section
In the Low Feeding (LFeed) configuration used in these experiments:
- the growing chamber temperature (Tgrowth) was set at 910 K, which corresponds to a
temperature difference between the two zones (∆Tfurnace) of 80 K.
- the feeding rate (Vfeed) was set at 0.5 mL / min.
- the nominal Te concentration was ~ 5.10 18 cm –3.

3.1 Characterization results of LFeed-Te materials
3.1.1

Etching of transversal and longitudinal samples

In the case of LFeed-Te experiments, observations of the grain structure obtained after
etching indicate that the samples are almost monocrystalline.

5 mm

Fig 6.19: Solidifcation grain structure of LFeed-Te longitudinal cut (a) and monocrystalline
transversal section (b), etched with a HF:HNO3:H2O (1:1:1) solution during 20s.
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An example is shown on Fig. 6.19 where the longitudinal and transversal cuts after
etching are reported. As can be seen, a big size crystal is found on the superior half,
while some smaller crystals with a minimum size of mm compose the lower half. These
crystals are roughly orientated through the axial direction (z) and some twins can also
be observed (see arrows on Fig. 6.19).
3.1.2

Hall measurements

Hall measurements show quite homogenous electrical properties with a n-type
conduction and a carrier density of 1·1018 cm-3, a resistivity of about 0.0038 Ω.cm and a
mobility of 1500 cm2·V-1·s-1. These characteristics are constant all over the ingot and
tend to indicate a quite homogenous Te distribution.
3.1.3

Cathodoluminescence results

CL measurements reveal also a quite homogenous luminescence spatial distribution, as
can be appreciated on Fig. 6.20a and 6.20b where CL micrographs recorded along radial
directions for bottom and top samples respectively are reported.
Edge

Centre

(b)

(a)
Fig. 6.20: CL images recorded along radius for HFeed-Te bottom (a) and top (b) samples;
images are recorded from the centre to the edge.
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A representative CL spectrum is shown on Fig. 6.21. The same peaks reported for
HFeed-Te experiments (Fig. 6.14b) are observed but with different relative weights. The
841 meV peak is greatly reduced while the band C peak appears as a weak contribution
when high excitation conditions are used. However, the variation of R along the
longitudinal axis depicted on Fig. 6.22 shows a clear decrease from bottom to the
middle of the sample. Then R is almost constant over about 5 mm but shows a slight
increase as the top of the sample is approached. The variation of R for LC-Un and

CL Intensity (arb. units)

HFeed-Te are reported on Fig. 6.22 for comparison.

GaSb:Te 87K, 20 kV
Long. Section VFM 7.9
Position #8

690

720

750

Peaks @ 831, 803,
776 and 747 meV

780

810

840

870

900

930

Photon Energy (meV)

Fig. 6.21: Guassian deconvolution of typical CL spectrum obtained for samples of the

ICL (Band A)/ICL(gap)

LFeed-Te experiment.

Exp. LC-Un
Exp. HFeed-Te
Exp. LFeed-Te

2

1

0

4

8

12

16

20

Distance from the bottom (mm)

Fig. 6.22: Variation of R along longitudinal axis for experiments: LC-Un, HFeed-Te and
LFeed-Te, (full lines are guide to the eye).
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3.1.4

Chemical composition

From ICP-MS measurements, an almost constant average Te concentration is confirmed
with a value of about 2.5·1018 cm-3 at bottom and top. This value corresponds to an
equilibrium segregation coefficient.
3.1.5

Orientation of monocrystalline samples

In order to compare the monocrystalline parts of LC-Un and LFeed-Te, rocking curves
and Laue diagrams have been used to orientate the mono crystalline part of each ingot.
The Laue diagrams shown on Fig. 6.23 indicate that experiment LC-Un has an
orientation close to <111> while LFeed-Te exhibits a misorientation of about 10º from
the <110> direction.

(a)

(b)

<111>

<110>

Fig. 6.23: Laue diagrams of LC-Un (a) and LFeed-Te (b) monocrystalline samples.

The full width at half maximum (FWHM) of the latter is about four times the one of the
former. The good quality of both samples is confirmed by the high symmetry of the
rocking curves reported on Fig. 6.24.
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Fig. 6.24: Rocking curves of LFeed-Te and LC-Un monocrystalline samples.

3.2 Discussion
The results obtained on both grain sizes (§3.1.1) and segregation behaviour (§3.1.4)
confirm the results obtained in the previous sections and tend to indicate that the
solidification of the LFeed-Te ingot occurred by a steady state, low interface velocity
growth with an equilibrium value of the segregation coefficient and several points
should be highlighted.
3.2.1

Preferential orientation

With regards to the measurements obtained in §3.1.5 of this chapter, for the
monocrystalline parts of LC-Un and LFeed-Te experiments, the <111> orientation of
LC-Un samples is quite in agreement with a facetted low velocity growth but the <110>
is more puzzling. A transition in preferred orientation has already been reported from
pure Ge to SiGe alloys. In [16,17] Fujiwara et al. observed that for growth of binary
SiGe alloys, the use of a Ge single crystal seed with <111> orientation leads to a spread
of additional grains, while using <110> orientation no additional grains were found.
For doped materials, an anisotropy of segregation coefficient is associated with the
growth mode anisotropy on crystallographic orientations, see for example the
experimental work of Izumi on Czochralski growth of <111> and <100> P-doped Si
[18]. As a consequence of this effect, the perturbation of a singular face should lead, for
a doped material, to a destabilization of the concentration field. Chernov et al. [19]
modelled this effect and demonstrated that the difference in solute concentration rising
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from the difference in kinetics has a stabilizing effect on stepped face which
corresponds to <110> direction for semiconductors. So this orientation should be more
stable than the other with regards to concentration field inhomegeneities and could
explain the change in preferred orientation. Due to the fact that experiments LC-Un and
LFeed-Te have very similar behaviour for structural properties and native defect
distribution, we are tented to attribute the change in preferential orientation to a natural
effect of solute for semiconductors materials. Nevertheless this hypothesis would need
more specific experiments to be confirmed or infirmed.
The transition to <110> stepped growth can lead also to a reduction of undercooling
required for atomic attachments in comparison with <111> and should lead to low
constitutional supercooling effects.
3.2.2 Defects distribution along growth axis
One interesting point is the similar variation of R along growth axis observed on Fig.
6.21 for both LC-Un and LFeed-Te experiments that exhibit almost monocystalline
behaviour; especially for experiment LFeed-Te, where the average Te content is rather
constant. In one hand, a possible geometrical effect could be considered. Due to the
conical tip and the curvature associated with it, the formation of dislocations oriented
from the conical wall to the centre of the ingot could have an effect on defect
distributions. But if we consider that dislocations oriented in this direction should join at
the centre of the ingot, the most probable defect distribution would be an increase along
growth axis, especially in the case of LC-Un where interface has been shown to be
curved from edge to centre during all the solidification.
On the other hand, nucleation requires an appreciable undercooling for the formation of
a critical nucleus. This process is highly dependent on the temperature through the
nucleation rate and the critical radius. Once nuclei attain the critical radius, they grow
quickly due to the undercooling reached before nucleation, this is known as
recalescence (see Fig 2.3). At the end of recalescence, the nucleation rate has fallen to
zero and the grain population is established. This could explain the variation observed
for R and would indicate a higher dependence of defect incorporation versus the
nucleation and growth process than impurities. However this point would require
specific experiments to be clarified.
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3.2.3 Forced convection in the feeding configuration
Finally, observations during the growth of HFeed-Te and LFeed-Te experiments
indicated a strong stirring of the melt during the process, mostly due to the impact of
feed material droplets. In each case, as the material dropped randomly all over the melt
surface, it resulted in a quite homogenous mixing. Despite exact correlation between the
extend of the diffusion boundary layer, δ, and the magnitude of convection is
tremendously hard to model, it is well known that increased convection leads to
reduction of δ as explained in Chapter 1 §3.3.2, especially, if the interface exhibits
facets, the surface diffusion and particle integration (i.e kinetic) dominate as ratelimiting growth processes over volume diffusion. Wilcox predicted [20] that when
convective mixing happens in a liquid in contact with a facetted interface, the isotherms
should bend to somewhat conform to the interface shape. This effectively reduces the
thermal gradient along each facet and allows the facets to be much larger than in a
quiescent fluid.
So, the combination of reduced kinetic undercooling (<110> growth) and low extend of
δ (forced convection) should be responsible for the good material quality in the feeding
experiments using both LFeed and HFeed configurations.
Summary
Te-doped GaSb materials prepared by the Low Feeding (LFeed-Te) configuration have been
characterized and can be summarized: in the growth configuration used materials show a
quasi monocrystalline behaviour with almost the same solute concentration at bottom
and top. The equilibrium segregation coefficient confirms a low interface velocity and the
large grain size tends to confirm the possibility to tailor grain size in VFM experiments. The
XRD measurements shows a transition in preferential orientation from <111> for undoped
GaSb (LC-Un) to <110> for LFee-Te experiment and it seems that it is a natural
consequence of solute atoms. Finally the forced convection attributed to the impact of feed
material droplets on the melt surface may contribute to the increased homogeneity observed
in feeding experiments.
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4)

Conclusions

From the results obtained on VFM growth of undoped and Te-doped GaSb alloys which
are summarized on Table 6.2, the possibility of controlling segregation along
longitudinal axis and of tailoring grain structures and sizes has been proven
experimentally. Results make appear three different regimes for the solute partitioning
which are mainly related to the interface velocity. The better combinations for
segregation control correspond to a low Vfeed with a small ΔTfurnace. In these cases the
materials exhibit quite good homogeneity and low polycrystalline behaviour.
Further works should focus on the possible roughening of the interface associated to the
high interface velocities, on the particular variation of the native defect concentration
along longitudinal axis and on the probable change in preferred orientation in doped
materials in order to clarify these points.
Experiment

LC-Un

HC-Te

LC-Te

HFeed-Te

LFeed-Te

ΔTfurnace (ºC)

120

520

120

120

80

Feeding rate
( mL/min)
Initial
C Te·1018cm-3

10

10

10

1

0.5

Undoped

~10

~5

~5

~5

Quasi mono

Poly/precipitates

Poly

Poly

Quasi mono

<111>

-

-

-

<110>

Homogenous
Independent of
position
0.75-0.45

Inhomogenous
Independent of
position
0.3-0.3

Inhomogenous
Dependent of
position
-

Homogenous
Independent of
position
0.4-0.4

Homogenous
Independent of
position
2-0.5

-

9.2-8

4.3-0.7

1.1-2

2.6-2.5

General
Principal
orientation
CL:
Luminescence
Spectra
R=I(A)/I(Eg)
(bottom – top)
C Te·1018cm-3
(bottom – top)

Table 6.2: Summary of VFM experiments performed with GaSb alloys.

121

References
[1] O. Bonino, P. De Rango, R. Tournier, J. of Magnetism and Magnetic Materials 212 (2000) 225-230.
[2] S. Maida, M. Higuchi, K. Kodaira, J of Crystal Growth 205 (1999) 317-322.
[3] T.F. Ciszek in Silicon for Solar Cells – Crystal Growth of Electronic Materials, edited by E. Kaldis,
Elsevier Science Publishers B.V. 1985.
[4] S Goda, T. Moratani, Y. Hatanka, H. Shimizu and I. Hide First World PV Conf. 1994
[5] G. Dour, E. Ehret, A. Laugier, D. Sarti, M. Garnier, F. Durand J. of Crystal Growth 193 (1998) 230240
[6] S. Iyer, L. Small, S.M. Hedge, K.K. Bajaj, A. Abdul-Fadl, J. Appl. Phys.77 (1995) 5902 .
[7] P.S. Dutta , H.L. Bhat, V. Kumar, J. Appl. Phys. 81 (1997) 5821.
[8] D.J.T. Hurle, P. Rudolph J. Cryst. Growth 264 (2004) 550.
[9] D. Li and D. M. Herlach, Phys. Rew. Lett. 77, (1996) 1801-1804.
[10] Elementary Crystal Growth, K. Sangwal, SAAN Publishers (1994) Chap 4 p 135.
[11] J. Llopis and J. Piqueras, Phys. Stat. Sol. (a) 49, K9 (1978).
[12] F. Domínguez-Adame and J. Piqueras, J. Appl. Phys. 69, 502 (1991).
[13] A.S. Filipchenko, L.P. Bolshakov, A. Naurizbaev, A.G. Braginskaya, A.N. Popov, phys. stat. sol. (a)
48 (1978) K115.
[14] M. J. Aziz J. Appl. Phys 52 (1982) 1158-1168.
[15] W. Kurz, D.J. Fisher, in Fundamentals of solidification, Fourth revised edition, Trans Tech
Publication, Enfield, USA, (1998) Chapter 7.
[16] Y. Azuma, N. Usami, K. Fujiwara, T. Ujihara, K. Nakajima. J. Of Crystal Growth 276 (2005) 393400.
[17] Y. Azuma, N. Usami, T. Ujihara, K. Fujiwara, G. Sazaki, Y. Murakami, K. Nakajima. J. Of Crystal
Growth 250 (2003) 298-304.
[18] T. Izumi J. of Crystal Growth 181 (1997) 210-217.
[19] A.A. Chernov , S.R. Corriel, B.T. Murray, J. Of Crystal Growth 149 (1995) 120-130.
[20] W. R. Wilcox J. of Crystal Growth 7 (1970) 203-208.

122

Chapter 7: Ternary compounds
Introduction
Recently, the critical growth rate for absence of Constitutional Supercooling was
determined empirically for various ternary systems by Dutta [1] who demonstrated the
importance of this phenomenon and the difficulty to obtain homogenous materials.
Since the pioneering works of Tiller (Chapter 1) and Mullins-Sekerka (Chapter 2), the
modelling of constitutional supercooling effects has been achieved for various systems
[2-5] but for semiconductor systems it is still to be done as discussed in Chapter 3. To
model the microstructure production several phenomena have to be taken into account.
In a first time, the heat extraction regime should be identified. As shown on Fig.
1.10, if the heat is extracted directionally through the solid, the two main parameters for
modeling are the Solid/Liquid (S/L) interface velocity (vi) and the thermal gradients. In
contrary, as shown on Fig. 1.11, if the solid phase is obtained from an undercooled melt
then the heat is extracted through the liquid and the main parameter is the undercooling
of the melt (ΔT). In a second time, the rate limiting processes that can be, kinetic at
the interface, like in the case of undoped GaSb, heat or/and mass transports etc. should
be identified.
In this chapter, the Indium microscopic distribution (i.e microstructure) for different
GaInSb materials prepared by the VFM is reported and five sections are distinguished.
In the first two sections, the SEM study of Low and High Casting experiments in
addition with thermal measurements realized in situ permits to highlight some
fundamental behaviour of concentrated alloy. In the third part, the characterization of
experiments in Splat Cooling conditions gives an insight into the microstructure
formation in rapidly solidified GaInSb alloys. In the fourth part, attempt to reach
optimal non-equilibrium conditions is detailed. Finally, the fifth part is dedicated to
the study of the effectiveness of solute incorporation by Photoluminescence
measurements at 4 K. The preparation process and the general description of each VFM
configuration can be found in Chapter 5 §1 and Chapter 4 §2.5 respectively.
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1)

Low Casting configuration for In10 alloy

In this section, several GaInSb ingots grown in the Low Casting (LC) conditions are
characterized. The comparison with previous Lc-Un and LC-Te experiments enables to
highlight some specificities of concentrated alloys solidification. The preparation
process and the general description of LC configuration can be found in Chapter 5 §1
and Chapter 4 §2.5 respectively.
In the Low Casting (LC) configuration used in these experiments
- the growing chamber temperature (Tgrowth) was set at 860 K, which corresponds to a
temperature difference between the two zones (∆Tfurnace) of 100 K.
- the feeding rate (Vfeed) was set at 10 mL / min.
- the nominal InSb concentration was x=0.2.

1.1 Microstructural results of LC-In10 materials
In this configuration, material typically results in an ingot part like in previous
experiments but in addition, a small boule of material is always found on top of it. SEM
measurements have been performed following the protocol of Chapter 5 §2.4.1. Figure
7.1 shows two typical BSE micrographs recorded at the bottom (first 3 millimeters) and
at the top (last 3 millimeters) of a longitudinal cut of a LC experiment performed with
an 10 at% In alloy (LC-In10). As can be seen on Fig. 7.1a, a high amount of In is
concentrated at the bottom of the ingot with an average concentration (CIn) of ~ 11 at%
but the distribution is strongly inhomogeneous, as a consequence of the big differences
in grey levels. However, this region of white and grey contrast does not extend more
than 2 mm from the starting point of the ingot. Afterwards, the In concentration is
almost homogenous till the end of the ingot, with about 2 or 3 at% In; only small In
inclusions are encountered in the last part of the ingot (small white points on the
superior half of Fig. 7.1b). Thus, from the BSE-EDAX analysis, it appears that LC-In10
does not exhibit microstructure with the exception of the high In content region
encountered at the beginning of the ingot (Fig. 7.1a) but it is almost composed by an
homogenous low In content alloy.
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2 at% In
(b)

3 at% In

11 at% In
(a)
Fig. 7.1: BSE micrographs recorded along growth axis at bottom (a) and at top edge (b), for
LC-In10 experiment.

ICP-MS analysis of the boule part shown that it is composed by a high In content alloy
(CIn > 35 at%).
1.2 Solute distribution discussion
1.2.1 Solute content along growth axis
The particular shape of solute distribution obtained for LC-In10 experiments has
already been reported for rapid solidification of undercooled Al-Cu concentrated alloys,
see Ref. in [6]. The modelling of solute distribution has been accomplished by a simple
model [7] where the solidification is considered to take place in three distinct stages:
-

Freezing starts in the undercooled melt with complete trapping of the solute. As
a result of the rapid freezing, the sample temperature rises from nucleation value
to the solidus.

-

Recalescence continues past the solidus temperature until the sample reaches the
maximum recalescence temperature. Under these conditions the concentration of
solute at the interface is given by the phase diagram.

-

The sample cools down and solute redistribution follows the Scheil equation.
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Following these considerations, the high In content area encountered at the bottom of
the ingot could be assumed to be a consequence of the recalescence resulting from the
nucleation of the solid phase at the crucible bottom.

1.2.2

Temperature measurements performed for LC-In10

In order to check the validity of the description of Ref. [7], temperatures have been
recorded versus time during an experiment with a monolithic ampoule with several
thermocouples directly stuck to the crucible walls. The thermal histories at bottom (full
line) and top (dashed line) parts of the crucible reported on Fig. 7.2 exhibit different
behaviours. The thermal history of the bottom part presents a maximum at 955 K and
then decreases quickly, while the thermal history of the top part presents a plateau at
967 K with a slow decrease to initial temperature.

Fig. 7.2: Thermal history recorded during a LC-In10 experiment; dark and light grey curves
correspond to the bottom and the top of the crucible respectively.

The thermal measurements presented on Fig. 7.2 show two distinct behaviours for the
bottom and top part of the crucible and the higher cooling rate of the bottom part
strongly suggest that this part solidified first. Taking into account that the melting point
of an In10 alloy is between 955 and 958 K, these measurements also show that the top
part stays above the melting temperature during almost all the process and so that the
liquid was not undercooled before solidification. These results can be understood
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following the three step process described in §1.2.1 and tends to confirm that the
microstructure could be explained by a directional solidification with strong heat
extraction at bottom during the first time of solidification resulting in the nonequilibrium segregated material and then slow growth of the solid phase whose
concentration is given by the solidus.
1.2.3

Full seed experiment: LC-Seed

In order to skip the parasitic phenomena that occur at quartz wall when the melt
solidifies at the ampoule bottom, LC-In10 experiment has been repeated. Experiment
LC-Seed has been performed with a thick, full diameter seed of GaSb synthesized by
VB that occupied all the conical volume (i.e diameter about 20 mm). The surface was
mirror polished before experiment.
On the BSE picture taken at the seed interface, Fig 7.3a, a microstructure similar to the
one of Fig. 7.1a with a high CIn appears but it extension is a little bit reduced and got
slightly more regular shape. As the microstructure expend on both sides, the seed
interface should have been partially remelted. The variation of the average In content
along longitudinal axis from the seed interface to the ingot top, Fig. 7.3b, shows a more
linear decrease in comparison with previous LC-In10 experiments, and some higher In
content precipitates (with about 2.5 to 5 at%) have been observed over the whole ingot.

400 µm

Fig. 7.3: BSE micrographs of seed interface (a) and In content along longitudinal axis (b)
for LC-Seed (full line is only guide for eyes).
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The detailed model presented in [6] shows that the cooling rate has a dramatic effect on
solute distribution at the latter stage of solidification, while it has very little effect on
solute partitioning during recalescence. In this sense, in LC-In10 and LC-Seed
experiments, the presence of almost the same high In content areas at the first part to
freeze of the ingot with and without seed should be then attributed to the recalescence
while the more linear shape of CIn along longitudinal axis for LC-Seed may be a
consequence of the higher thermal conductivity of GaSb solid (6 W.m-1.K-1) in
comparison with quartz (2 W.m-1.K-1) leading to a slightly higher cooling rate.

1.3 Interface velocity considerations

In order to compare with previous LC-Un and LC-Te experiments, XRD spectra have
been recorded for samples extracted from the top of the LC-In10 ingots. As shown on
Fig. 7.4, these spectra reveal typically a low level of polycrystallinity with almost a
unique peak corresponding to the (220) orientation. These results are close to those
obtained for LC-Un samples where a low polycrystallinity was also observed but
contrast greatly with the XRD spectra obtained for LC-Te samples where almost all the
orientations expected for GaSb were observed (see Fig. 6.4).

Fig. 7.4: XRD spectra of the low In content part of experiments LC-In10.

Considering the criterion of Tiller (eq. 1.33), as the LC-Un, LC-Te and LC-In10
experiments have been carried out in the same thermal configuration, the absence of
microstructure in LC-Un and LC-In10 experiments should indicate a small effect of
constitutional supercooling for these experiments and strongly suggest a lower interface
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velocity (vi) in comparison with LC-Te experiments. In undercooled semiconductor
melts, an enhancement of vi is generally observed for dilute alloys [8] in comparison
with undoped and concentrated materials, which exhibit rates of the same order of
magnitude. The lower growth rate in concentrated alloys in comparison to dilute ones is
generally attributed to a solute diffusion controlled growth [8]. Although Te and In are
different entities for the GaSb system, the difference in microstructure observed
between LC-In10 and LC-Te experiment may be attributed to the same phenomena.

The appearance of only one peak corresponding to the <110> orientation in the XRD
measurements may confirm the change in preferred orientation discussed before for
dilute alloys. As this orientation does not show a lateral growth, this result tends to
confirm that growth is rather limited by solute diffusion than by kinetics.

Summary:
GaInSb concentrated alloys processed in the Low Casting conditions have been
characterized and can be summarized: the average In concentration is almost one order
of magnitude larger at bottom than at top and despite a small area of high,
inhomogenous In content is found at the bottom of the ingot, most of the material does not
present microstructure but a low In content solid solution. The particular variation of In
content along longitudinal axis could be explained by a directional solidification with strong
heat extraction at bottom during the first time of solidification resulting in the high In
content material which is followed by a slow growth of the solid phase close to equilibrium.
The comparison with previous LC-Un and LC-Te experiments tends to indicate a lower
interface velocity in comparison with LC-Te experiments and tends to confirm that the
growth is controlled by solute diffusion rather than by kinetics.
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2) High Casting configuration for In12 alloy
The results obtained in previous section with the Low Casting configuration for
concentrated GaInSb alloy indicate that this configuration is not adequate for the
preparation of concentrated solid solutions. In order to enhance the In incorporation,
experiments performed with the High casting configuration have been carried out.
In the High Casting (HC) configuration used in these experiments:
- the growing chamber temperature (Tgrowth) was set at 470 K, which corresponds to a
temperature difference between the two zones (∆Tfurnace) of 500 K.
- the feeding rate (Vfeed) was set at 10 mL / min.
- the nominal InSb concentration was x=0.24.

2.1 Microstructural results
In this configuration, the as-grown materials typically result in an ingot part with almost
no rejected material on top of it. As shown on the BSE micrographs recorded at
different positions on the HC-In12 longitudinal cut reported on Fig. 7.5, cracks are
smalls, no more than millimetres in length, and are distributed all over the sample.

(c)

(a)

(b)

Fig 7.5: Photograph of the HC-In12 longitudinal cut and BSE micrographs recorded at
different positions: tip (a), centre (b) and edge (c).
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On this figure, a small outer zone composed by a fine microstructured material can be
appreciated (Fig. 7.5a and 7.5c) but 90 % of the ingot is composed by equiaxed grains
(Fig. 7.5b). Figure 7.5a and c show that the transition between the two microtructures
occurs after less than 2 mm from the crucible walls. The EDAX analysis of the ingot
centre, performed following the protocol of Chapter 5 §2.4.1, shows that the equiaxed
microstructure region is composed by a matrix of about 1-2 at%, corresponding to the
extended dark grey areas on the BSE micrograph of Fig. 7.5b, and precipitates of 30
at% to 50 at% of In which correspond to the white grey areas. These In rich areas
contain generally some pure Sb inclusions, however, XRD spectra recorded for the
equiaxed grains region do not exhibits peaks corresponding to pure Sb but wide peaks
ranging from pure InSb to pure GaSb that confirm the occurrence of total segregation in
this region. A typical example is presented on Fig. 7.6. Despite inhomogeneity of the
material, the average In content all over the ingot is close to the nominal value (i.e 12
at%). For the equiaxed region, the characteristic length (lM) is about 200µm.

Fig. 7.6: XRD spectrum corresponding to the central part of experiment HC-In12.

2.2 Quenching experiment for In 10 alloy
The grain structure revealed by etching in the previous chapter for HC-Te showed a
transition from columnar to equiaxed grain with about 30% of the volume occupied by
this latter, as shown on Fig. 6.11a. In experiment HC-In12, the increase of solute
content results in radical change with 90% of the volume occupied by equiaxed grains
(Fig. 7.5). However, microstructures obtained for both HC-Te and HC-In12 are really
close to those produced by quenching.
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To obtain information on quenching process, an experiment was conducted in the
Vertical Bridgman furnace (VB-Q-In10) with an In10 alloy and with thermal
measurements by thermocouples. First the material was melted up to 1170 K and cooled
to few degrees above melting point. Then the ampoule was pulled downward at constant
velocity of 1mm/h in VB conditions. After the occurrence of recalescence, pulling was
followed during 10h and then the ampoule was rapidly quenched to room temperature.
On Fig. 7.7 is represented the thermal history of the VB sequence, the dark line
corresponds to measurements at some mm from the melt top while the grey line
corresponds to measurements at the conical tip (i.e melt bottom), the occurrence of
recalescence is recorded as a peak and the quenching by a sudden drop.

Fig. 7.7: Thermal history recorded during the directional pulling of experiment VB-Q-In10
(a) and BSE micrograph showing the resulting microstructure (b).

BSE analysis of the crystal obtained during this first sequence is represented on Fig.
7.7b, where a good homogeneity can be appreciated. The average In concentration is
about 2 at% which is in agreement with the equilibrium phase diagram of Fig. 3.1.
The thermal histories of solid and melt parts recorded during quenching are shown on
Fig. 7.8a. The thermal history of the liquid (dark grey line) can be divided into two
sequences: first, the temperature decreases quickly at a cooling rate of 3 K.s-1, with the
establishment of a plateau at the temperature Tp of 930 K; then the plateau is followed
by an almost linear decrease at the cooling rate of about 0.5 K.s-1. Meanwhile, the
thermal history of the solid part (light grey line) exhibit linear decrease with two
different slopes (1 K.s-1 and 2 K.s-1 respectively) and no plateau can be observed. It is
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worth noting that the change in slope for the solid part is correlated to the end of the
plateau for the liquid part.

10 at% In
2-3 at% In

Fig. 7.8: Thermal history recorded during the quenching of experiment VB-Q-In10 (a) and
BSE micrograph showing the transition in microstructure (b).

The SEM analysis along the longitudinal axis, Fig. 7.8b, shows a transition occurring at
about one third of the total ingot length, from the almost homogenous low average In
content crystal (< 3 at%) observed on Fig. 7.7b to the typical quenching microstructure
with high average In content (10 at%).
2.3 Discussion
Taking into account that the melting point of an In10 alloy is about 955 K, the thermal
diagram of Fig. 7.8 demonstrates that during the quenching, as the temperature drops
quickly, the liquid loss is superheating and becomes undercooled. The occurrence of the
plateau could be then related to an important release of heat associated to the nucleation
of crystallites into the undercooled melt. The nucleation and growth of crystallites
through an undercooled liquid leads to a change in the heat extraction regime which
should explain the changes in cooling rates observed for the solid and liquid parts after
the establishment of the plateau. In theses conditions, the equiaxed microstructure
obtained during quenching could be understood by the nucleation and unidirectional
growth of crystallites within a low undercooled liquid as depicted on Fig. 1.11.
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Following these considerations, the equiaxed microstructure encountered in the HCIn12 experiments shown on Fig. 7.5b, may be also attributed to the loss of superheating
of the melt as a consequence of a rapid freezing. The growth of crystallites in a low
undercooled liquid generally leads to a relative small growth velocity. Actually, a
detailed BSE image corresponding to Fig. 7.5b is reported on Fig. 7.9a.

A0
A∞

A∞
A0

Fig. 7.9: BSE micrograph (a) and line scan performed on a characteristic length (b) for HCIn12 experiment (full line is only guide for eyes).

The line scan analysis performed from the center of the low In content matrix (A0) to
the In rich parts (A∞) reported on Fig. 7.9b, shows a continuous increase of the In
content from A0 to A∞, which is the typical behavior observed in the equiaxed region of
both VB-Q-In10 and HC-In12 experiments.

2 mm

Fig. 7.10: Ga mapping from PIXE analysis of VB-Q-In10.
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This result tends to indicate that during the growth of each grain, the interface should
remained isoconcentrate which is in agreement with the dendritic morphology generally
associated to equiaxed growth in undercooled melt [9].
From BSE micrographs, it is difficult to appreciate the dendrite structure but Ga
mapping (blue areas) obtained by PIXE, Fig. 7.10, taken on large areas confirms the
dendritic structure that is encountered in the equiaxed grain regions.
Finally, it is worth noting that in quenching experiments, the refined outer columnar
zone observed in HC-In12 experiment (Fig. 7.5a and c) is not generally observed. This
refined microstructure may be then attributed to a rapid freezing occurring at the
crucible walls and suggest that this microstructure is a result of a rapid directional
solidification.
Summary
GaInSb concentrated alloys processed in the High Casting conditions have been
characterized and can be summarized: the average In concentration is close to the
nominal one but the materials show an inhomogenous In content with the typical
equiaxed grain structure encountered in quenching experiments. The particular In
variation observed in the equiaxed grain regions has been attributed to a unidirectional
solidification occurring in a low undercooled melt. The refined microstructure observed on
the outer zone of the HC-In12 experiments has been attributed to a rapid directional
solidification with high interface velocity.
In summary, the LC and HC experiments presented in §1 and §2 of this chapter tend to
show that a microstructure can be produced at least by two different processes which are
rapid directional solidification or equiaxed growth into an undercooled melt. As
explained in Chapter 3, the modeling of the two processes should be carried out with the
appropriate parameters, especially in the case of directional solidification where the thermal
gradients in the solid and the liquid control the stability of the interface and by the way the
microstructure production.
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3)

Splat cooling experiments

In order to get better understanding of microstructure formation in concentrated alloys,
the cooling rate should be greatly increased using the Splat Cooling (Sp) configuration.
In the next experiments, a medium Vfeed is used combined with a ΔTfurnace of 300 or 500
K. To study the effect of solute, three In content 12, 10, 2.5 %at have been used.
In the High Splat Cooling (HSp) configuration used in these experiments:
- the growing chamber temperature (Tgrowth) was set at 470 K, which corresponds to a
temperature difference between the two zones (∆Tfurnace) of 500 K.
- the feeding rate (Vfeed) was set at 1 mL / min.
- the nominal InSb concentration was x=0.24.
In the Low Splat Cooling (LSp) configuration used in these experiments:
- the growing chamber temperature (Tgrowth) was set at 670 K, which corresponds to a
temperature difference between the two zones (∆Tfurnace) of 300 K.
- the feeding rate (Vfeed) was set at 1 mL / min.
- the nominal InSb concentration were x=0.24, 0.2 and 0.05.

3.1 Microstructural results
3.1.1

High and Low Splat Cooling configurations for In12 alloys

Figure 7.11a shows the typical microstructure of HSp-In12 samples.

(a)

(b)

Fig. 7.11: Typical BSE micrographs of HSp-In12 (a) and LSp-In12 (b) samples.

136

Like in previous HC-In12 experiments, the average In concentration is close to the
nominal one ~10 at%, but as reflected by the white and grey contrasts of Fig. 7.11a, a
refined microstructure with a characteristic length lM of about 40µm is found.
This microstructure is composed by three In content areas, with mean concentrations of
1-2 at%, 7-10 at% and 20-30 at%. As shown by the line-scan analysis along a lM
reported on Fig. 7.12, the In content exhibits abrupt variations between three plateaus of
different In concentrations.

A∞

A0

A0

A∞

30 µm

Fig. 7.12: BSE micrograph (a) and line scan performed on a characteristic length (b) for
HSp-In12 experiment (full line is only guide for eyes).

This behaviour differs from the line scan analysis of the equiaxed part of HC-In12
experiment (Fig. 7.9) where a continuous increase was observed along lM. In addition,
only very small pure Sb inclusions and very low cracks density are found in HSp-In12
samples.

Fig. 7.13: XRD spectra of HSp-In12 samples.
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Finally, XRD spectra recorded for HSp-In12 samples generally show a few number of
orientations. A typical example is reported on Fig. 7.13 where only four peaks
corresponding to (111), (220), (311) and (422) are found. These peaks show larger
width in comparison with undoped GaSb materials but lower than for HC-In12
experiments (Fig. 7.6) and confirm a somehow lower degree of segregation.
Experiment LSp-In12 corresponds to a reduction of ΔTfurnace of 200 K in comparison to
HSp-In12 experiment. As shown on Fig. 7.11b, the microstructure exhibits a similar
characteristic length of about 50µm and it is also composed by three In contents: 4 at%,
12 at% and 18 at%, of more or less same surface which indicates that ΔC is lower in
comparison with HSp-In12. In addition, no Sb precipitates have been found in all the
samples. Line scan along lM shows a similar shape as HSp-In12 with abrupt variations
and the overall In concentration is also close to the initial value: 12 at%. It is important
to note that no cracks neither holes have been found in all the samples investigated.
3.1.2

Low Splat Cooling configuration for In10 and In 2.5 alloys

Experiment LSp-In10 results in a microstructure (Fig. 7.11) with higher lM of 75µm but
is also composed by three In contents areas: 1 at%, 4 at% and 12 at%, of more or less
same surface. The overall In concentration is 7 at%.

(a)

(b)

Fig. 7.14: Typical BSE micrographs of HSp-In10 (a) and LSp-In2.5 (b) samples.

138

As shown on Fig. 7.15, the XRD spectrum of LSp-In10 experiment shows similar
characteristics as for HSp-In12 (Fig. 7.13)

Fig. 7.15: XRD spectra of LSp-In10 samples.

Finally experiment LSp-In2.5 results in an extended microstructure with lM=250µm.
The microstructure of LSp-In2.5, Fig. 7.12, is composed by an extended matrix of about
1 at%, with smaller areas (about 50 μm) of 8 at% with some almost pure Sb inclusions
(no more than 10 μm). The overall In concentration is about 2 at%. In all cases, the
variation of the In distribution from line scans takes a plateau shape (i.e abrupt
variation). No cracks neither holes have been found.
3.2 Discussion
The Splat Cooling experiments reported here show two specific features. Like in
previous HC-In12 experiments, the average In concentration in analyzed samples is
close to the nominal one, but in contrary to HC-In12 samples, the variation of In
concentration between regions of different In concentration is abrupt. To understand the
microstructure production in the Splat Cooling experiments, several points should be
discussed with regards to the different considerations presented in Chapter 2 and 3.
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3.2.1

Origin of the microstructure

The possible origins of microstructure refinement have been briefly discussed in
Chapter 2. In addition to the two phenomena identified in the previous sections that are
rapid directional solidification and equiaxed nucleation into an undercooled melt, the
phenomenon of dendrite break-up could be responsible of the refinement observed. The
three refinement processes are schematically reported on Fig. 7.16.
Perturbed interface

Dendrite break-up

Nucleation

(z)
Solid

Refined
microstructure

Solid

Solid

(z)

Fig. 7.16: Schematic of the different microstructure refinement processes.

However the dendrite break-up model discussed in Chapter 2 §2.1.4, which assumes
that the dendrites should break into small pieces which will acts as independent grains
can hardly explain the microstructural results obtained for LSp-In2.5. Actually, the
microstructure observed on Fig. 7.14b for this experiment shows an extended matrix of
low In content with higher In content inclusions rather than refined grains [8].

Fig. 7.17: Qualitative variation of the characteristic length versus Splat Cooling experiments.
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One point to be considered from the microstructural results is the variation of the
characteristic length versus experiment for the different splat cooling experiments which
is depicted on Fig. 7.17. From this figure it appears clearly that lM increases as the
nominal concentration is reduced; this results is in agreement with prediction of the
Mullins-Sekerka analysis presented in Chapter 3 and could indicate that the fine
microstructures observed in splat cooling experiments is the results of a directional
rapid solidification with a perturbed interface. Considering this hypothesis we will now
estimate the cooling rate in the case of the HSp-In12 and LSp-In12 experiments.
3.2.2

Estimation of the cooling rates

Taking into account that the average In content in splat cooling samples corresponds
roughly to the nominal one, the Baker-Cahn model presented in Chapter 3 §1.4 suggest
that the condition Ti<T0, where Ti is the interface temperature, was fulfilled.

Fig. 7.18: Baker-Cahn representation of existence domain for an In12 alloy.

On Fig. 7.18 is represented an idealized phase diagram with the T0 line and the
existence domain for an In12 alloy, which has been obtained through the Baker-Cahn
analysis. From the construction of Fig. 7.18, the interface temperature is estimated by
placing the ΔC of HSp-In12 and LSp-In12 experiments; the obtained values are
respectively 840 K and 890 K.
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Fig 7.19: Thermal history recorded during LSp-In12 experiment.

Rigorously, the Baker-Cahn model applies for planar interfaces, which is obviously not
our case. However, thermal measurements (Fig. 7.19) performed during a LSp-In12
experiment with several thermocouples placed at different positions on the growth
crucible, shown that the solid temperature reached a plateau at the average value of 860
± 20 K which is close to the modelled value and may indicate that the assumption Ti<T0
is correct in these conditions.
Tfeed
QF
+
QL

melt

Z+e
Ti

Z+ε

new solid

Z

solid
Ti
QC

0

crucible

Tgrowth

Fig. 7.20: Schematic heat transfer diagram for splat cooling experiments

In order to estimate the magnitude of the solidification rates, the interface temperature is
included in a simple model of heat transfer, applying the Chvorinov equation which
relates the solidified thickness ε to the solidification time t:
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ε=

2 k c ρ c C c (Ti − Tgrowth )

π [ρ s ΔH + ρ l C l (T feed − Ti )]

t

(7.1)

Where k is the thermal conductivity, ρ is the density, C the specific heat, ΔH the
enthalpy of solidification; the subscript refer to the crucible (c), the liquid (l) and the
solid (s). The details of the Chvorinov analysis are given in Appendix 2. Taking into
account that thermal measurements of LSp-In12 indicate an almost constant solid
temperature during process, the heat in the solid is considered to flow only by
conduction and the thermal configuration is approximate as shown on Fig. 7.20.

Temperature

Thermo-physical

HSp-In12

Tfeed= 960 K, Ti= 840 K, Tgrowth=470 K e=1mm

LSp-In12

Tfeed= 960 K, Ti= 880 K, Tgrowth=670 K e=1mm

Quartz

kc=2 W/m/K, Cc=103 J/kg/K, ρc=2.2·103 kg/m3

Liquid

Cl=3.1·102 J/kg/K, ρl=6.1·103 kg/m3

Solid

ρs=6.1·103 kg/m3, ΔH in J/kg from appendix 1

Table 7.1 Parameters used in the cooling rate estimations

With the data reported in Table 7.1 and a splat thickness e , estimated from observations
during the process to be about 0.5 mm, the solidification times are estimated to be 1 s
for HSp-In12 and 3 s for LSp-In12. Considering a melt at 960 K and the corresponding
Ti, the cooling rates are assumed to be in a first approximation about 120 K.s-1 and 30
K.s-1 respectively. These cooling rates are several orders of magnitude higher than the
cooling rates used in typical directional solidification of this material [1] and should be
responsible for the refined microstructures and the particular In variation along lM
observed in the splat cooling experiments.
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Summary
GaInSb concentrated alloys processed in the High and Low Splat Cooling conditions have
been characterized and three characteristics have been highlighted: i) the average In
concentration is close to the nominal one but the materials show an inhomogenous In
content with a fine microstructure, ii) the spatial In content distribution shows abrupt
variation between plateaus of different In concentrations and iii) the variation of the
characteristic length versus splat cooling experiments shows an increase as the nominal
concentration is reduced. The particular In variation observed in the samples has been
attributed to a rapid directional solidification with a perturbed interface rather than to
equiaxed nucleation in an undercooled melt or break up of dendrites.
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4)

Low Feeding configuration for In15 alloy

Considering the hypothesis of a directional solidification with a perturbed interface, the
Mullins-Sekerka analysis shows that a reduction of the interface velocity leads to an
increase of the perturbation wavelength. Then taking into account, the Baker-Cahn
representation, Fig. 7.18, it appears that ΔC should be reduced as the interface
temperature approach T0. Then the optimum non-equilibrium conditions would
correspond to a transformation occurring exactly at T0 coupled with a large directional
heat extraction to maintain flat interface. With the objective of reaching these
conditions, the Low Feeding configuration has been used to process an In15 alloy using
a low Vfeed and low ΔTfurnace.
In the Low Feeding (LFeed) configuration used in these experiments
- the growing chamber temperature (Tgrowth) was set at 860 K, which corresponds to a
temperature difference between the two zones (∆Tfurnace) of 100 K.
- the feeding rate (Vfeed) was set at 0.1 mL / min.
- the nominal InSb concentration was x=0.3.

4.1 General properties
The longitudinal cut after polishing present a quite good mirror like surface as can be
appreciated on the inset of Fig. 7.21. XRD spectrum obtained for top samples (Fig.
7.21) shows three main orientations: (111), (220) and (311), which indicates a low
polycrystalline character. Furthermore the width of each peak is low indicating a low
dispersion of the lattice parameter which is different from the results obtained for splat
cooling experiments (see Fig. 7.13 and 7.15). The grain structure revealed by etching
confirms a low polycrystallinity as shown on Fig. 7.22a. From the chemical point of
view, ICP-MS measurements summarized on the inset of Fig. 7.21 show that the In
concentration is higher at bottom than at top, 25 and 7 %at respectively and at centre
than at the edges.
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In:7%
In:7%

In:10%

In:7%

In:25%
5 mm

Fig. 7.21: XRD spectrum of top sample and ICP-MS results on half longitudinal cut for
LFeed-In15 experiment.

BSE-EDAX analysis show that the bottom part of the ingot is composed with a matrix
of about 7-10 at% In and inclusions of average size of 50 μm with typical concentration
of 20 at% In. The matrix is conserved until the upper part of the ingot, but a few
hundred microns from the bottom, the material becomes more inhomogenous with large
areas of 4 at% In, while inclusions are reduced in size but keep a similar or slightly
smaller In concentration. Figure 7.22b presents five Micro-PIXE In concentration
mappings where the areas of different In content are clearly seen as well as the
inclusions, the darker parts correspond to smaller In content but contrast between two
micrographs is not relevant. In this case, the definition of a characteristic length is more
hazardous (due to higher dispersion) and would give a value of 200 μm. The important
point is that the spatial variation of In content is abrupt like in previous splat cooling
experiments.
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(z)
1mm
0.5 mm

Fig. 7.22: Photographs after etching with a HF:HNO3:H2O (1:1:1) solution during 20s, (a)
and PIXE micrographs (b) recorded along vertical axis for the longitudinal cut of LFeedIn15 experiment.
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4.2 Discussion
It is worth noting that similarly to splat cooling experiments, the average In
concentration in analyzed LFeed-In15 samples is high and the In variation between
regions of different In concentration is abrupt. The high In content should then indicate
a transformation occurring with Ti<T0. Interestingly, samples extracted from the middle
of the LFeed-In15 and LSp-In12 ingots, that shows similar In mean contents exhibit
similar concentration for the different areas: 3-4%at, 10-12 %at and 18-22 %at and the
difference is mostly found in the microstructure scale see Table 7.2. Considering the
Mullins-Sekerka predictions, the higher extension of the different In content areas in the
case of LFeed-In15 would confirm a lower growth velocity for this experiment. In
consequence, the microstructure production for LFeed-In15 would be preferentially
related to a directional solidification with a non planar interface rather than to equiaxed
nucleation into an undercooled melt. This possibility is supported by the fact that the
polycrystallinity of LFeed-In15 material is low which is hardly explainable considering
the equiaxed nucleation responsible of the microstructure production in HC-In12
experiments or the break-up model.
Summary
GaInSb concentrated alloys processed in the Low Feeding conditions have been
characterized and can be summarized: the average In concentration is high in all the
samples and increases from bottom to top. The material shows a microscopic spatial
distribution of the In content with abrupt variations between the different areas.
Following the Mullins-Sekerka predictions, the increased scale of the microstructure in
comparison with Splat Cooling experiments is interpreted as a directional solidification with
lower interface velocity.
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5)

Spectral study of VFM GaInSb alloys

Ternary alloys are of interest due to the tailoring of band gap with concentration.
Exploring the idea of microstructured material use, Nakajima et al. have proposed the
use of SiGe polycrystalline wafers with microscopic compositional distribution (i.e
inhomogenous) for solar cells industry [10-14]. In principle these materials can achieve
absorption of the near infrared part of the sun spectra thanks to SiGe rich parts [11].
They shown that solar cells realized with this kind of wafers [10] surpass the poly-Si;
the effect is attributed to increase in absorption coefficient which counterbalance looses
due to inhomogenous material (strains, defects…).
In order to study the effectiveness of solute incorporation into the material with regards
to the different microstructure, samples have been analysed through Photoluminescence
(PL) at 4K. A summary of material properties for the ternary compounds characterized
in this chapter is given in Table 7.2.
Experiment

HC-In12

LC-In10

HSp-In12

LSp-In12

LFeed-In15

LSp-In10

LSp-In2.5

ΔTfurnace (ºC)

500

120

500

300

120

300

300

Vfeed (mL/min)

10

10

1

1

0.1

1

1

C0

12

10

12

12

15

10

2.5

C (%at)

12

2

10

12

11

7

2

ΔC (%at)

1-50

0

1-30

4-18

3-25

1-12

1-8

lM (µm)

200

0

45

50

200

75

250

(at%)

Microstructure

Table 7.2: Summary of VFM experiments performed with GaInSb alloys.

5.1 Vertical Bridgman samples
The PL of GaSb is well known and generally exhibits two peaks at 803 meV and 777
meV corresponding to excitonic (X) and native defect (A) transitions respectively.
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Fig. 7.23: Comparison PL spectra at 4K for VB-Un and an homogenous solid solution
containing about 2 %at of In corresponding to the bottom sample of a VB-In10 experiment.

The spectrum recorded for an undoped GaSb samples grown by the Vertical Bridgman
(VB-Un) exhibits this behaviour as shown on Fig. 7.19. From measurements the band
edge (Eg) is about 812-815 meV. On this figure an additional peak corresponding to the
optical phonon replica of band A is found at 748 meV.

Fig. 7.24: Variation of Eg versus concentration from Allegre [15] and linear approximation.

The PL measurement of a homogenous 2 at% In solid solution grown by VB from an
In10 melt presented on Fig. 7.19 shows an effective gap reduction with a similar two
peaks shape, the band edge is estimated to be 775 meV. Considering the results of
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previous PL measurements on the band edge variation versus In concentration in
GaInSb solid solution obtained by Allegre et al. [15] which are presented on Fig. 7.24,
this value corresponds to an In concentration of about 2 at% in good agreement with
compositional measurements.
5.2 VFM GaInSb experiments
In order to highlight the spectral difference, spectra recorded for VFM samples
containing a similar average In content of about 11 at% (extracted from the HC-In12,
HSp-In12, LSp-In12 and LFeed-In15 experiments, see Table 7.2) are reported on Fig.
7.25, for better comparison, previously discussed VB-Un spectrum is also reported.
From measurements it appears that the two peaks shape is conserved and as the band
edge is always lower than for VB-Un, an effective In incorporation has been reached.
Nevertheless as the samples show similar average In content, it appears that the
effectiveness of the band edge reduction depends highly on the microstructure. For
example the HC-In12 spectrum presents a width comparable to undoped samples while
spectrum of LSp-In12 shows an enhanced reduction of band edge with a width three
times larger.
The band edge of experiment HC-In12 estimated from measurements is about 770 meV
which would correspond to a low concentration of less than 3 at%, far from the 630
meV corresponding to the average In content of 11 at%.

Fig. 7.25: PL spectra of different VFM In12 experiments.

151

The band edge of experiment HSp-In12 and LSp-In12 estimated from measurements are
about 750 meV and 730 respectively which would correspond to concentrations of
x=0.06 and x=0.1 respectively.
Finally, the band edge of experiment LFeed-In15 estimated from measurements is about
635-640 meV which correspond to a concentration of 10-12 at%, this value is close to
the average In content found by SEM-EDAX measurements.
5.3 Discussion
As it is shown by the PL results, the luminescence is dependent on the microstructure.
Despite the analysis of these results is complicated and can not be fitted simply, a very
interesting behaviour can be observed on the two peaks shape: the relative weight of
each pseudo-peak shows a reduction of the “native defect” peak versus “ecxitonic” one.
This variation corresponds always to an increase in material quality with reduction or
absence of Sb precipitates.
Finally LFeed luminescence fits to the results obtained by Allegre et al. and should
denote little stress of the material. On Fig. 7.26 is reported the spectra recorded at centre
and edge which show the effective variation with concentration (In content lower at the
edge from ICP, Fig. 7.21).

Fig. 7.26: PL spectra recorded for LFeed-In15 middle samples at centre and edge.
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6)

Conclusions

Concentrated GaInSb alloys have been processed by the VFM in a wide range of
configurations. Results show that solid solutions with high In average concentrations
have been produced. All the samples exhibit different In spatial distributions which
have been mostly related to constitutional supercooling. The production of a
microstructure in the case of High Casting configuration has been attributed to an
unidirectional growth into a low undercooled melt, while all the results obtained in
Splat Cooling and Feeding experiments tends to indicate that the microstructure is
produced by a directional solidification with a perturbed interface. From the
thermodynamic and linear stability analysis presented in Chapter 3, it seems that the
combination of a low Vfeed and low ΔTfurnace is the most appropriated to reach
concentrated solid solution with enhanced homogeneity.
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Conclusion and further comments
In this work, the theory of solidification reviewed in the first chapter drove us to
propose an original bulk growth technique that has been presented in chapter 4. This
technique named as Vertical Feeding Method (VFM) consists of a two separated
vertical crucibles placed in a two-zone furnace, where the temperature of each zone is
controlled independently. The crucibles do not move during the process and the feeding
is achieved thanks to a porous media and a pressure control system. The VFM has been
used to synthesise undoped and Te-doped GaSb compounds and GaInSb concentrated
alloys. The experiments performed in a wide range of configurations have been
characterized in chapter 5 and 6 and general growth behaviours have been highlighted.
Solidification behaviours
Binary compounds
From the results obtained on VFM growth of undoped and Te-doped GaSb alloys, the
possibility of controlling segregation along longitudinal axis and of tailoring grain
structures and sizes has been proven experimentally. Three different regimes for the
solute partitioning have been evidenced. : i) an equilibrium regime where k ~ k0, , ii) a
partial solute trapping regime with variable values of k and iii) a complete solute
trapping regime, with k~1. The variation of k has been related to the variation of the
interface velocity. The better combination for segregation and grain size controls
corresponds to a low Vfeed with a small ΔTfurnace. In these cases the materials exhibit
quite good homogeneity, low polycrystalline behaviour and similar solute concentration
at bottom and top.
The possibility to model microstructure properties in the whole range of growth
conditions is still to be achieved. As the free growth of undoped GaSb seems to be
intrinsically controlled by kinetic, the Mullins-Sekerka analysis has to be reworked to
be applied for undoped materials. For Te-doped materials, the solute atoms have a
destabilizing effect through a kinetic roughening of the interface which seems to
increase its velocity; this effect should also be taken into account in the model.
Furthermore, the transition from lateral to normal growth which seems to be correlated
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to the increase of the effective segregation coefficient, should be identified clearly and
quantitatively in order to perform accurate modelling. Finally, the <110> orientation
seems to be preferential for Te-doped materials and further attention should be paid to
identify the origin of this phenomenon.
Ternary compounds
From the results obtained on VFM growth of concentrated GaInSb alloys, the
possibility to produce solid solutions with different In spatial distributions has been
studied experimentally. With the exception of the Low Feeding configuration, where the
materials do not show microstructure and the average In content is lower than the initial
one, all the experiments exhibit microstructures with high average In content (close to
the nominal one). The microstructure production in the case of High Casting
configuration has been attributed to an unidirectional growth into a low undercooled
melt, while all the results obtained in Splat Cooling and Feeding experiments tends to
indicate that the microstructure is produced by a directional solidification with a
perturbed interface. Considering the thermodynamic calculations and the linear stability
analysis presented in chapter 3, it seems that the combination of a low Vfeed and low

ΔTfurnace is the most appropriated to reach GaInSb solid solution with high In content
and enhanced homogeneity.
The possibility to model microstructure production in the whole range of growth
conditions is still to be achieved. As free growth of GaInSb seems to be controlled by
solute diffusion, the possibility to apply Mullins-Sekerka analysis in the case of both
Low and High Casting configurations is envisaged. However, to compare efficiently
experiments and the microstructure model, further experimental work is required in
order to get accurate experimental data (thermal gradients, interface velocities…) in the
case of Splat Cooling and Feeding experiments. Finally, the <110> orientation also
seems to bee preferential for GaInSb alloys. This point should be interesting as the use
<110> seeds for the growth GaInSb alloys may lead to better quality materials.
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As demonstrated in this work the Vertical Feeding Method is very promising for crystal
growth studies as it covers a very wide range of heat extraction configurations and for
material production at least for dilute alloys where the average grain size and the axial
segregation can be controlled using appropriate configurations. From the experimental
work reported previously some general features have been highlighted.
Configuration summary
Casting
In this configuration, the melt is fed almost instantaneously into the growth crucible.
In Low Casting experiments, the average solute content at bottom is always higher than
at top but the thermal configuration does not lead to the apparition of an equiaxed zone;
the growth is then strictly directional. In High Casting experiments, the solute content is
always close to the nominal one and the samples always exhibit transition from
directional to unidirectional growth which is highly dependent on the solute
concentration. The equiaxed zone has been attributed to the loss of the superheating of
the melt. Except for undoped materials, none of these two configurations lead to
sufficient material quality.
Splat Cooling
In this configuration, each drop of feed material solidifies before the fall of a new drop.
In

Splat

cooling

experiments

performed

with

concentrated

alloys,

refined

microstructures in comparison to other configurations and very low or cero cracks
densities have been observed. The fine microstructure can be attributed to the high
cooling rates obtained with this configuration. The microstructure scale is dependent on
solute concentration.
Feeding
In this configuration, the solid grows from a small layer of melt continuously
replenished by the feed drops.
Considering the different experiments performed, this configuration seems to be
optimum for material quality. The stirring induced by the impacts of feed material on
the growing melt could be responsible in part of the better quality obtained in these
conditions and should be a very promising effect.
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Further utilizations of the VFM
The use of an enhanced feeding rate control system especially to achieve lower feeding
rate should lead to a crystal quality enhancement. Furthermore some effects that have
not been study in this work and that should results in interesting behaviours are still to
be studied. For example, non stoichiometry can strongly influence the undercooling
before solidification. The effect of feeding material superheating should be interesting
as in rapid solidification of metals (melt spinning techniques for example) the melt is
superheated to value of 100 or 200 K to produce different microstructures. Also, the use
of high thermal conductivity crucibles (like Boron Nitride) could be interesting to reach
higher solidification rates. Finally, a reduction of the inhomogeneity of the as-gown
materials may be obtained by optimized recrystallization experiments (i.e long
annealing at a temperature close to the melting point). All these points should receive
special attention in further works.
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Appendix 1: Thermodynamic functions and phase diagram calculations

a) The specific study of Gallium-Indium-Antimonium has been realized in [1] with an experimental and
modeled determination of the ternary and quasi binary phase diagrams. The equations used in the model
for the ternary system free energy of mixing from the pure materials are the following:
For the reaction xA+(1-x)B → AxB1-x
Liquid:
In-Sb system:
3
2
ΔH mix = 4.18 * x In .x Sb (−5970.45 x Sb
+ 11152.29 x Sb
− 4726.20 x Sb − 2793.77) in J..mol-1
3
2
ΔS mix = 4.18 * x In .x Sb (−1.621x Sb
+ 2.893x Sb
− 1.864 x Sb + 1.1) in J..mol-1.K-1

Ga-Sb system:
3
2
ΔH mix = 4.18 * xGa .x Sb (−3773.45 x Sb
+ 7690.04 x Sb
− 5162.35 x Sb + 127.01) in J..mol-1
3
2
ΔS mix = 4.18 * xGa .x Sb (−3.773x Sb
+ 5.862 x Sb
− 3.455 x Sb + 1.159) In J.mol-1.K-1

Ga-In system:

ΔH mix = 4.18 * 1060 * xGa .x In

in J..mol-1

ΔS mix = 4.18 * 0.25 * xGa .x In in J.mol-1.K-1
Ga-In-Sb system:

⎛ N Sb
⎞
N Ga
N
2
ΔH mix = ⎜⎜
ΔH In− Sb +
ΔH In −Ga ⎟⎟ N In + (1 − N In ) (ΔH GaSb ) Ga
1 − N In
N Sb
⎝ 1 − N In
⎠
+ N Ga N In N Sb (5552.64 N In − 5752.12 N Ga + 138.89 N Sb )
⎞
⎛ N Sb
N Ga
N
2
ΔS mix = ⎜⎜
ΔS In − Sb +
ΔS In−Ga ⎟⎟ N In + (1 − N In ) (ΔS GaSb ) Ga
1 − N In
N Sb
⎠
⎝ 1 − N In
Solid:

N GaSb =

(1 − x ) * 0.005823

(1 − x ) * 0.005823 + x * 0.004228

ΔH mix = N GaSb (1 − N GaSb ) * 2300 * 4.18 in J..mol-1
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ΔS mix = N GaSb (1 − N GaSb ) * 0.4 * 4.18
b) The calculations of Gibbs free energy change between the binary compounds Gpure is carried out with
the values of enthalpy and entropy of the substance at a temperature T relative to its standard state at
298.15ºK. For the two binary systems, experimental data have been found in [2] and are depicted on Fig.
a1.1.

Fig. a1.1: Free energy curves versus temperature for pure GaSb and InSb.

For the two phases (L and S), the Gibbs free energy varaiations versus temperature are approximated by
the following mathematical function.
Solid
GInSb= 4.18*(-180.54286 + 2.45086 T - 0.00559 T2)
GGaSb= 4.18*(39.99032 + 1.60127 T - 0.00475 T2)
Liquid
GInSb= 4.18*(10763.95395 - 12.6031 T - 0.00157 T2)
GGaSb= 4.18*(6503.2 - 6.756 T - 0.0042 T2)

c) Thanks to the previous set of equations, the free enthalpies of solid and liquid are calculated as well as
the equilibrium enthalpy of formation ΔH f :
e

H L (x, T ) = 2439.9 + 60.37T − (2920 + 3.36T ) x + (17555.25 + 1.11T ) x 2 − (5137.1 + 0.23T ) x3

J.mol-1
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-1
H S (x, T ) = −16474.8 + 53.84T − (25013.07 + 0.75T ) x + (36916 + 0.25T ) x 2 − (12078.23 + 0.055T ) x3 J.mol

For 800 K< T <985 K:
ΔH ef (T ) = 24138 + 368.42239(T − 800) − 9.13659(T − 800) 2 + 0.08914(T − 800)3 − 3.67493 * 10−4 (T − 800) 4 + 5.5249 * 10−7 (T − 800)5

J.mol-1
d) Non-equilibrium deltaH:
The stability model developed by Singh [3] is the most suitable for describing the evolution of
thermodynamic properties versus undercooling [4] and the variation with temperature of the
thermodynamic functions are:

ΔS

l −s

ΔH

l −s

7ΔH ef 6T 2 + 2TTm − Tm2
=
Tm
(Tm + 6T )2
= 7ΔH

ΔG l − s =

ΔH ef
Tm

e
f

6T 2 + 2TTm − Tm2

ΔT

(Tm + 6T )2

7T
Tm + 6T
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Appendix 2: Chvorinov equation

A simple model of heat transfer enables the estimation of the cooling rates in the case of a directional heat
extraction as shown on Fig. 7.20. The heat transferred to the solid from the liquid is decomposed in two
parts:
i) the cooling from initial temperature (Tfeed) to the temperature of the interface (Ti):

Q = ρ lVl C l (T feed − Ti )

eq a2.1

ii) the latent heat liberated by the solidification:

QL = ρ sVl ΔH

eq a2.2

Meanwhile the heat transferred from the solid to the surrounding by the crucible is:

kc ρ c Cc
(Tgrowth − Ti )
πt

QC =

eq a2.3

Considering the interface velocity as

v=

dε
dt

eq a2.4

With

ε (t = 0) = 0
ε (t = t ) = ε
Assuming that the sum of eq a2.1 and eq. a2.2 should be equal to eq. a2.3, one finds the Chvorinov
equation [1,2]:

ε=

2 k c ρ c C c (Ti − Tgrowth )

π [ρ s ΔH + ρ l C l (T feed − Ti )]

t

eq a2.5

References
[1] N. Chvorinov, Giesserei 27 (1940) 177.
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Phys. 41 (2002) 749.
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Appendix 3: Cells preparation and results

This appendix presents the technological steps developed by the Institute for Solar Energy of the
Polytechnic University of Madrid (UPM) for the realization of TPV converter cells on GaSb substrates
and the results obtained for cells realized on polycrystallines wafers prepared in our laboratory. The
whole process can be found in [1]. All the polycrystalline substrates have been grown by Vertical
Bridgman.

a) Polycrystalline GaSb-Te:

In these experiments raw materials are melted at 1200 K during 12 h in the Vertical Bridgman furnace.
Homogenization is carried out during 24 h more by a low shaking, rotation of +/- 30º around the
horizontal position at the speed of 60º/h. When the homogenization is completed, the furnace is cooled
down during 1 hour to 990 K. The crystal is then pulled down at different velocity but always in the same
temperature gradient, which value is about 20ºC/cm. After solidification, the furnace is cooled down
slowly to room temperature during the next 24 h. The resulting ingot is finally cut perpendicularly to the
growth axis into 1 mm thick wafers.

b) Cells preparation process:

As depicted on Fig. a3.1, the technology is based on the realization of a p/n junction by Zn diffusion on ntype wafers which is the simplest process to obtain converters.
Masking
layer

Antireflection coating

Cr/Au/Ni/Au

p-GaSb (Zn)

Substrate n-GaSb (Te)

AuGe/Ni/Au

Fig. a3.1: cross section of TPV converter.
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The different steps are:
1) Surface cleaning of the substrate:
a)

Cleaning of organic impurities by a bath of boiling trichloroethylene followed by
immersion into methanol at room temperature and drying with N2.

b) Removing native oxide by chemical attack with diluted HCl in desionozed water
(HCL:DI, 1:1)
2) Vapor phase Zn diffusion, in supersaturating condition, at 475ºC. The diffusion time varies form
45 min to 75 min to achieve diffusion depth between 450 and 650 nm approximately
a)

The thermal process is realized in a closed tube using a graphite crucible in an reducing
atmosphere of ultra pure H2.

b) The dopant is incorporated in the crucible in solid phase in sufficient quantity to reach
the supersaturating atmosphere (approximately 1 g of Zn previously attacked).
3) Controlled striping of the diffusion profile and anti-reflecting layer growth. Thanks to an anodic
oxidation, an oxide layer is grown on the substrate with a typical thickness of 135 nm. This layer
is used as an anti-reflecting coating and quit the first 115nm of the diffused layer where the Zn
concentration is higher than the optimum concentration.
4) Elimination of the back side p-n junction:
a)

Protection of the substrate front side by photoresin deposition.

b) Thermal treatment of the photoresin in convective furnace at 120ºC
c)

Striping of the back side by mechanical polishing to remove about 10 to 20 μm. The
resulting roughness of the back side is adequate for further metallic contact deposition.

d) Chemical attack of the back side surface with HCl:DI (1:1).
5)

Back side metallization:
a)

Deposition by evaporation of a triple layer of AuGe/Ni/Au.

b) Removing of photoresin.
c)

Annealing of the metallic contact at 250ºC.

6) Front side metallization:
a)

Organic cleaning.

b) Deshydratation of the substrate in convection furnace at 120ºC.
c)

Photolithography for the front side contact: definition of the metallization mesh.

d) Attack of the anodic oxide.
e)

Deposition by thermal evaporation of a Cr/Au/Ni/Au layer.

f)

Lift-off.

7) Cells insulation.
a)

Organic cleaning.
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b) Deshydratation of the substrate in convection furnace at 120ºC.
c)

Photolithography

d) Annealing of the resin for chemical attack in convection furnace at 120ºC.
e)

Chemical attack (CH3COOH:HF:HNO3,1:3:9).

f)

Cleaning of the photoresin.

8) Cutting and encapsulation:
a)

Separation by diamond head and split

b) Sticking to the encapsulent with Sn/Ag paste
c)

Front side contact by Al 30 microns row welding.

The ultimate stage has not been used in our experiments. For characterization, measurements have been
performed on different cells of each processed wafers.

c) First set:

The first set of cells realized without special care on surface preparation of the wafers does not exhibit a
converter behavior but a resistive one. This has been attributed to the surface low quality of the wafers
processed. Fig. a3.2 shows three converters of 1 cm2 realized in this set.

Fig a3.2: First converters realized.

d) Surface preparation:
Once the samples have been cut and polished to a mirror like surface, two mayor problems remains. One
is the sub surface damages created during the polishing process and the second is a native oxide layer
which appear when samples are exposed to air. After cutting and polishing, TEM measurements (Fig.
a3.3) demonstrate the existence of a defect layer of about 1 μm thick with a high density of dislocation.
As the diffusion layer is less than 1 μm, the realization of device without optimization of the surface
quality is impossible.
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Fig. a 3.3: TEM micrographs of the surface layer showing dislocations and defects.

e) Second set:

In a second set, four wafers with enhanced surface quality have been processed. In order to facilitate the
production of converters, the active area was reduced from 1 cm2 to 2*2 mm2, which results in the
possibility to obtain several converters on the same wafers and the diffusion time increased from 45 min
to 75 min which produces a deeper p layer and reduces the sensibility on surface damages. The processed
wafers are presented on Fig. a3.4 while the detail of four cells (from M6 wafer) with the presence of grain
boundaries can be appreciated.
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Fig. a3.4: wafers processed in second set (a), detail of M6 (b).

Several cells have been characterized by means of illumination and dark J-V characteristics and shown a
converter character (Fig. a3.5).

M1C26

0.6
2

Current Density,J (A/cm )

M1C34
M1C35

0.5

Monocrystalline
0.4
0.3
0.2
0.1
0
0

100

200

300

400

Voltage, V (mV)

Fig. a3.5: Cell J-V illumination characteristics for three GaSb polycrystalline cells (M1C26,
M1C34, M1C35), together with the same characterization for a GaSb cell manufacture over a
commercial monocrystalline Te-doped substrate and processed in the same batch.
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In order to compare the performance of the these polycrystalline cells and to check the success of the
manufacturing routine, GaSb n-type Te-doped monocrystalline substrate were included in the same
process batches, leading to monocrystalline cells. Figure a3.5 depicts the illuminated J-V characteristics
of three polycrystalline cells, framed by a monocrystalline-cell response. It can be clearly seen in the
figure that the poly-cells show near the same photocurrent densities, but their J-V curve is characterized
by very low fill factor values (between 30 and 35 %) and by open-circuit voltages around 240 mV, while
the monocrystalline FF and VOC are 63 % and 385 mV, respectively, both for the photogeneration current
density of 0.37 A/cm2.
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Dark current density,J (A/cm )
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1

M1C34 (Data)
M1C34 (Fit)
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0.01

Monocrystalline
(Data)

0.001

Monocrystalline
(Fit)

0.0001
0
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200

300

400

500

600
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Fig. a3.6: Measured dark-current densities for both a poly- and a monocrystalline cell processed in
the same batch. A fit to the measured data is also performed (Table a3.1).

These illumination results clearly indicate the presence of high dark-current leackages that is confirmed in
the dark J-V characterization shown on Fig. a3.6 for M1C4 and the mentioned monocrystalline device.
It is seen how the whole dark-current densities are near two orders of magnitude greater for the poly-cell.
Performing a curve fitting to the classical two diodes with shunt resistance circuital-cell description, the
results shown in Table a3.1 are obtained. It can be firstly seen how the J01 values extracted for both cells
are nearly the same, indicating that the semiconductor structure is shared for both approached. However,
the first differences are found regarding the J02 data: it is about one order of magnitude higher for the
polycrystalline cell. In addition, the main responsible for the leackages is the very low shunt resistance
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(rSH) observed in the poly-cell. Its value is only of 1.5 Ω/cm2, while for the monocrystalline approach near
no shunts are seen, behaviour reflected in a rSH of about 50 kΩ/cm2.

J01 (A/cm2)

J02 (A/cm2)

rSH (Ω/cm2)

M1C34 (Polycristalline)

2.9·10-8

3.2·10-4

1.5

Monocrystalline

2.0·10-8

1.2·10-5

50000

Cell

Table a3.1: Cell circuital parameters for manufactured cells

Although a part of the shunt resistance obtained is due to the low-resistance conduction across the
substrate; grain boundaries that intersect the device p/n junction should have a great responsibility for this
very low value. Nevertheless as TPV cells usually operate at high photogeneration-current densities, the
effects of low-voltage leackages could be greatly reduced. If that is the case, we believe that the results
obtained are very promising and the polycrystalline GaSb TPV cells could be a serious candidate to
decrease the total TPV system cost in the future.
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Conclusiones
En este trabajo, la teoría de la solidificación recordada en el primer capítulo ha
conducido a la proposición de una técnica original de crecimiento en volumen
presentada en el capítulo 4. Dicha técnica llamada método de alimentación vertical
(VFM), está compuesta por dos crisoles verticales puestos en un horno de dos zonas con
un control independiente de cada zona. Los crisoles quedan fijos a lo largo del proceso y
la alimentación de un crisol por el otro se realiza mediante un medio poroso y un
sistema de control de presión. El VFM has sido utilizado para sintetizar aleaciones de
GaSb puras y dopadas con Te y aleaciones concentradas de GaInSb. Los experimentos,
realizados en un rango amplio de configuraciones han sido caracterizados en los
capítulos 5 y 6, habiendo sido destacados algunos rasgos específicos.
Compuestos binarios
Con los resultados obtenidos en el crecimiento de aleaciones puras y dopadas al Te de
GaSb, se ha comprobado experimentalmente la posibilidad de controlar la segregación a
lo largo del eje de crecimiento, el tamaño y las estructuras de granos, observándose tres
regimenes para la segregación: i) equilibrio, donde k ~ k0, ii) un atrapado parcial del
soluto con una valor variable de k y iii) un atrapado completo del soluto donde k ~ 1. La
variación de k ha sido relacionada con la variación de la velocidad de la interfase
sólido/liquido. La mejor configuración para el control de la segregación y del tamaño de
granos corresponde a un Vfeed bajo y un ΔTfurnace bajo. En este caso, el material presenta
una buena homogeneidad, alto carácter cristalino y una concentración de soluto similar
en las posiciones inferior y superior del lingote.
Compuestos ternarios
Con los resultados obtenidos en el crecimiento de aleaciones ternarias concentradas de
GaInSb, se ha estudiado experimentalmente la posibilidad de producir soluciones
sólidas con distintas distribuciones espaciales de In. La producción de una
microestructura en el caso de la configuración High Casting ha sido atribuida a un
crecimiento unidireccional en un fundido ligeramente sobreenfriado, mientras que las
microestructuras producidas con las configuraciones de Splat Cooling y Feeding tienden
a indicar que son el resultado de un crecimiento direccional con una interfase
perturbada. Desde el punto de vista termodinámico y teniendo en cuenta los resultados
del análisis lineal de estabilidad de la interfase sólido/liquido, parece que la
combinación de un Vfeed bajo y un ΔTfurnace bajo es la más adecuada para la obtención de
soluciones sólidas de mayor homogeneidad.
Como ha sido demostrado en este trabajo, el VFM es una técnica prometedora para el
estudio del crecimiento de cristales dado su amplio rango de configuraciones, y para la
producción de materiales, al menos en el caso de compuestos binarios donde el tamaño
de granos y la segregación pueden ser controlados mediante el uso de una configuración
apropiada. El uso de un sistema de control de la alimentación mejorado podría
conseguir un mayor aumento de la calidad de los cristales.

