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     The fi rst part of this chapter (1.1) contains a brief defi nition of characteristic energies of 
surfaces and interfaces, as well as of capillary pressure. The second part (1.2) presents 
the basic principles of wettability and selected data for surface tension and contact angle 
for liquids of interest in crystal growth on various solid substrates. The third part (1.3) 
deals with growth angles, i.e. the contact angles formed by liquids on their own crystal, 
and the role of these angles in melt growth processes.  

  1.1   Defi nitions 

  1.1.1   Characteristic Energies of Surfaces and Interfaces 

 In order to defi ne the characteristic energies of surfaces and interfaces, let us consider 
two bodies, solid (s) and liquid (l) respectively, that have a unit cross - sectional area. The 
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2 Crystal Growth Processes Based on Capillarity

solid and the liquid are surrounded by a vapour phase (v) at constant temperature. The 
free energy change corresponding to the reversible creation, without any elastic or plastic 
deformation, of two new surfaces of solid and liquid, by the process schematized in Figure 
 1.1 .a, is:

    ∆F1 2 2− = +( )γ γsv lv     (1.1)     

 In this expression, the quantities   γ   sv  and   γ   lv  defi ne the surface energy of the solid and the 
liquid respectively. Consider now the transformation 2 – 3 consisting in joining two sur-
faces of solid and liquid. The free energy change is equal to:

    ∆F2 3 2− = − −( )γ γ γsl sv lv     (1.2)   

 Finally, the transformation 1 – 3 corresponds to:

    ∆ ∆ ∆F F F1 3 1 2 2 3 2− − −= + = γ sl     (1.3)  

where   γ   sl  is the solid/liquid interface energy. 
 For pure liquids and solids, the quantity 2  γ   lv  or 2  γ   sv  defi nes the  work of cohesion W  c  of 

the liquid (  Wc
l

lv= 2γ ) or the solid (  Wc
s

sv= 2γ ). The values of these quantities are propor-
tional to the evaporation and sublimation energies per unit area respectively. In Equation 
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     Figure 1.1     (a) Formation of two solid/liquid interfaces of unit area from pure solid and 
liquid bodies. (b) Formation of solid surface by elastic deformation.  
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 (1.2) , the quantity (  γ   sl      −       γ   sv      −       γ   lv ) is equal but opposite in sign to the  work of adhesion W  a  
defi ned by Dupr é   [Dupr é  1869] :

    Wa sv lv sl= + −γ γ γ     (1.4)   

 Accordingly, the magnitude of  W  a  directly refl ects the intensity of interactions between 
atoms in the liquid and solid states across the common interface.  

  1.1.2   Capillary Pressure 

 Consider a spherical liquid (l) drop of radius  r  in a vapour v. The volume of this drop is 
increased slowly, for instance by using a syringe to inject fresh liquid into the drop (Figure 
 1.2 a). The increase of drop radius from  r  to ( r    +   d r ) leads to an increase of the surface 
energy of the system equal to d(4 π  r  2   γ   lv )   =   8 π  r γ   lv d r . If  P  l  is the pressure inside the drop 
and  P  v  the pressure in the vapour, the increase of  r  is associated with an amount of 
mechanical work to move the surface by a distance d r , i.e. ( P  l     −     P  v )4 π  r  2  d r . Equating the 
two amounts of work leads to the expression of capillary pressure  ∆  P  c  given by Laplace 
 [Laplace 1805] :

    ∆P P P rc l v lv= − = 2 γ     (1.5)     

 In the general case of a surface characterized by principal radii  R  1  and  R  2  (Figure  1.2 .b), 
the curvature at each point Q of the liquid/vapour surface has to satisfy:

    P P
R R

l
Q

v
Q

lv− = +



γ 1 1

1 2

    (1.6)   

 The various mathematical forms of Laplace ’ s equation are discussed in Chapter  8 . The 
capillary pressure  ∆  P  c  preponderates over the hydrostatic pressure of a liquid of density 
  ρ   for liquid sizes less than a characteristic length called the  capillary length  and defi ned 
by (  γ   lv /(  ρ g )) 1/2  where  g  is the acceleration due to gravity.  
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     Figure 1.2     (a) Displacement of a liquid surface allowing derivation of the Laplace 
equation. (b) The principal radii of curvature R 1  and R 2  at a point  Q  on a curved liquid 
surface.  
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  1.1.3   Surface Energy versus Surface Tension 

 In Figure  1.1 .a, the two new solid/vapour surfaces are created by breaking bonds to 
increase the number of solid atoms (or molecules) which belong to the surface. A typical 
example of such a process is cleavage achieved without any elastic or plastic deformation 
of the solid. An alternative process to create a new solid/vapour surface is by purely elastic 
strain of the solid (Figure  1.1 b), i.e.  without increasing the number of surface atoms . The 
extra stress due to the surface, called  ‘ surface tension ’  or  ‘ surface stress ’ , is denoted by 
  σ   sv  and expressed as a force per unit length. 

 For liquids,   σ   lv  and   γ   lv  are equal because the reversible stretching of a liquid surface is 
identical to the reversible creation of new surface. In both cases, the liquid can increase 
its surface area only by the addition of new atoms to the surface. Note that, from a dimen-
sional point of view, an energy per unit area is equivalent to a force per unit length and 
the values are numerically equal when   γ   lv  is measured in J   m  − 2  and   σ   lv  is measured in 
N   m  − 1 . 

 For solids,   σ   sv  and   γ   sv  are different quantities. For instance, for each crystal face, there 
is a unique value of   γ   sv  (which is a scalar) while   σ   sv  depends also on the orientation along 
the face. Moreover,   γ   sv  is always a positive quantity (breaking bonds needs work) while 
  σ   sv  can be either positive or negative  [Nolfi  1972] . For high symmetry surfaces, the surface 
tension is related to the surface energy by the equation  [Shuttleworth 1950] :

    σ γ γ εsv sv svd d= +     (1.7)  

where  ε  is a macroscopic elastic strain. The physical origin of the difference between   γ   sv  
and   σ   sv , i.e. of the term d  γ   sv /d  ε   in Equation  (1.7) , can be explained taking into account 
the atomistic origin of   γ   sv . For instance, for monoatomic solids,   γ   sv  is proportional to the 
difference in potential energy between an atom of the surface and an atom of the bulk 
solid. When a new surface is created by stretching the solid (Figure  1.1 b), this difference 
does not remain constant. Indeed, because surface atoms are bonded weakly compared 
to those in the bulk, the work needed to stretch the surface is less than for the bulk 
material. 

 From now on, for solid/vapour and solid/liquid boundaries, only the surface and 
interface energies   γ   sv  and   γ   sl  will be considered. For liquid/vapour boundaries, both the 
surface tension   σ   lv  and surface energy   γ   lv  will be used interchangeably depending on the 
context.   

  1.2   Contact Angles 

 In this part (sections  1.2.1 – 1.2.4 ), the fundamental equations describing the wetting of 
ideal surfaces in chemically inert systems are given. Then the wetting of real surfaces is 
presented, taking into account the effects of roughness and chemical heterogeneities of 
the solid surface. The dynamics of wetting will be presented mainly for nonreactive solid/
liquid systems and more briefl y for reactive ones. After a short description of methods 
for measuring contact angles and surface tensions at high temperature, selected data are 
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given and discussed for molten semiconductors, oxides and halides on solid oxides, 
carbon, nitrides and metallic substrates. 

  1.2.1   Thermodynamics 

  1.2.1.1   Ideal Solid Surfaces 

  Young ’ s and Young – Dupr é  equations.     Consider a fl at, undeformable, perfectly smooth 
and chemically homogeneous solid surface in contact with a nonreactive liquid in the 
presence of a vapour phase. If the liquid does not completely cover the solid, the liquid 
surface will intersect the solid surface at a  ‘ contact angle ’    θ  . The equilibrium value of   θ  , 
used to defi ne the wetting behaviour of the liquid, obeys the classical Young ’ s equation 
 [Young 1805] :

    cos Y
sv sl

lv

θ γ γ
γ

=
−

    (1.8)   

 In this chapter, a contact angle of less than 90    °  will identify a wetting liquid, while a 
greater value will identify a nonwetting liquid. If the contact angle is zero, the liquid will 
be considered to be perfectly wetting. 

 Equation  (1.8)  can be easily derived by calculating the variation of the  surface  free 
energy  F  s  of the system caused by a small displacement   δ x  of the solid/liquid/vapour 
 triple phase line  (TPL). In Figure  1.3 , the TPL is perpendicular to the plane of the fi gure 
and assumed to be a straight line, rendering the problem two - dimensional. Thus, the total 
length of the TPL is constant during its displacement, as in the case of a meniscus formed 
on a vertical plate. Moreover, the radius  r  of the TPL region considered in this derivation 
(Figure  1.3 ) is much larger than the range of atomic (or molecular) interactions in the 
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     Figure 1.3     Displacement of a triple line around its equilibrium position that allows 
derivation of Young ’ s equation. Only a small region close to the triple line is taken into 
account to neglect the curvature of the liquid/vapour surface.  
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system ( r     >>    10   nm) and small compared to a characteristic dimension of the liquid, for 
instance the average drop base radius  R  in the sessile drop confi guration (see Figure  1.15 a) 
or the maximum height of a meniscus formed on a vertical solid wall which are both 
typically in the millimetre range. With these assumptions, the variation of interfacial free 
energy per unit length of the TPL, resulting from a small linear displacement   δ x  of the 
TPL, is

    F x x F x F x xs s s sl sv lv+( ) − ( ) = = −( ) + ( )δ δ γ γ δ θ γ δcos     

 and the equilibrium condition d(  δ F s  )/d(  δ x )   =   0 leads to Equation  (1.7) . Young ’ s equation 
was shown also to be valid in the presence of the gravitational fi eld for the confi guration 
of a meniscus formed on a vertical plate  [Neumann 1972, Eustathopoulos 1999 p. 12] , 
and for the classical confi guration of an axisymmetric sessile drop  [Garandet 1998] . 

 By combining Equation  (1.4)  of  W  a  and the Young Equation  (1.8) , the following fun-
damental equation of wetting, known as the Young – Dupr é  equation, is obtained:

    cosθ
γ

= −
Wa

lv

1     (1.9)   

 Taking into account the transformation  ∆  F  3 – 2  of Figure  1.1 a, this equation shows that the 
contact angle results from the competition of two types of forces: cohesion forces respon-
sible for   γ   lv  (  γ lv c

l=W 2) and adhesion forces responsible for  W  a .  

  System Size Effects.     In the sessile drop confi guration, the increase of the drop base 
radius during wetting leads not only to a change of surface and interface areas but also 
to the increase of the TPL length. The TPL can be considered as a line defect, similar to 
the step energy in crystal growth, with a specifi c excess energy   τ    [Eustathopoulos 1999 
p. 10] . Therefore, the contact angle is in principle a function not only of surface energies 
  γ  ij   but also of   τ  . However, the importance of   τ   decreases when the drop size increases, 
and becomes negligible for a droplet radius of more than a few tens of nm  [Chizhik 1985, 
Eustathopoulos 1999 p. 11] .  

  Metastable and Stable Contact Angles.     Young ’ s equation is derived from minimization 
of the free energy of the system carried out by considering only displacements of the 
triple line parallel to a solid/vapour surface assumed to be undeformable (Figure  1.4 b). 
Therefore,   θ   Y  corresponds to a metastable equilibrium confi guration. For isotropic solid/
vapour and solid/liquid surface and interfacial energies, the local stable equilibrium 
shown in Figure  1.4 c is described by the Smith equation by means of three dihedral angles 
  θ   l ,   θ   v  and   θ   s   [Smith 1948] :

    
γ
θ

γ
θ

γ
θ

sv

l

sl

v

lv

ssin sin sin
= =     (1.10)     

 For a simple derivation of this equation, the interested reader can refer to  [Eustathopoulos 
1999 p. 16] . 
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 For fl uids with low viscosity (a few mPa   s), such as molten metals and semiconductors 
or certain oxide melts at high temperature, the approach to the local stable equilibrium 
occurs in two stages with very different rates. In the fi rst rapid stage (spreading time 
for millimetre - sized droplets of the order of 10  − 1  or 10  − 2    s, see section  1.2.2.1 ), the 
macroscopic contact angle approaches   θ   Y . This stage is followed by a much slower 
process occurring at the vicinity of the triple line to satisfy the Smith equation. As 
discussed in  [Saiz 1998] , the growth of the  ‘ wetting ridge ’  of height  h  (Figure  1.4 c) can 
take place by mechanisms similar to those occurring during grain boundary grooving as 
described by Mullins  [Mullins 1957, 1960] . An example is millimetre - size Cu droplets 
on Al 2 O 3  surfaces in Ar at 1150    ° C. While the Young contact angle is reached in a few 
ms, a wetting ridge with  h    =   10 nm is formed after 2   h. Clearly, such a wetting ridge 
has a negligible effect on the value of the contact angle. Therefore, the area of the solid/
liquid and liquid/vapour interfaces at equilibrium is determined essentially by the value 
of   θ   Y . 

 For vitreous solids, such as SiO 2 , viscosity decreases strongly close to the melting 
point. In this case, the solid ridge can be formed by viscous fl ow and the height  h  
can reach easily measurable sizes in quite short times. For example, wetting of a Ni 
droplet on a SiO 2  substrate at 1470    ° C is accompanied by the formation, in about 
20   min, of an easily observable SiO 2  meniscus on the Ni drop ( h    =   5 − 10    µ m)  [Merlin 
1992] .   

θl
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liquid
vapour

solid

θY

     Figure 1.4     Metastable (b) and stable (c) equilibrium angles at a solid/liquid/vapour 
junction obtained after spreading of a liquid droplet (a).  
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  1.2.1.2   Effect of Roughness 

 The roughness of solid surfaces affects wetting as a result of two different effects: the 
fi rst is the fact that the actual surface area is increased and the second is pinning of 
the triple line by sharp edges. 

  Effect of Increased Surface Area  –  Wenzel Equation.     If  s  r  denotes the ratio of the 
actual area to the planar area ( s  r     >    1), for a surface with a small asperity wavelength 
compared to the capillary length, the macroscopic equilibrium contact angle denoted by 
  θ   W  is given by the equation of Wenzel  [Wenzel 1936] :

    cos cosθ θW r Y= s     (1.11)   

 According to this equation, for   θ   W     <    90    °  and if  s  r     >    1/cos  θ   W , perfect wetting will be 
observed.  

  Effect of Sharp Edges  –  Hysteresis of Contact Angle.     Sharp edges can pin the triple 
line at positions far from stable equilibrium, i.e. at contact angles markedly different from 
  θ   Y . This effect is illustrated schematically in Figure  1.5  where a solid substrate with an 
horizontal surface  A  1  and another surface  A  2  inclined at an angle   β   is considered. The 
initial equilibrium confi guration of the liquid surface, marked (1) in Figure  1.5 , corre-
sponds to a contact angle on the  A  1  surface   θ  ( A  1 )   =     θ   Y . Then, if the liquid volume is 
increased slowly enough for the liquid to retain capillary equilibrium, the TPL will 
advance on surface  A  1  and reach confi guration (2) where the contact angle at point N is 
  θ   N ( A  1 )   =     θ   Y . Thereafter, the TPL will be pinned at point N and the macroscopic contact 
angle on  A  1 ,   θ   N ( A  1 ), will increase until the liquid surface assumes confi guration (3) where 
  θ   N ( A  1 )   =     θ   Y    +     β  , which corresponds to the establishment of the Young contact angle on 
the  A  2  surface, i.e.   θ   N ( A  2 )   =     θ   Y . Any further increase in the liquid volume will produce a 
movement of the TPL on the  A  2  surface, for example to confi guration (4) with   θ  ( A  2 )   =     θ   Y . 

(1)(2)

(3)

(4)

liquid

solid

vapour

A1

A2

β

β
A1

A2

θY(A1)θY(A1)

θY(A2)

θY(A2)

N

     Figure 1.5     Effect of a sharp edge on the contact angle when a triple line advances on a 
solid surface. (1), (2), (3) and (4) denote the successive confi gurations of the liquid 
surface when the liquid volume is increased.  
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Thus, the liquid can form an infi nite number of  advancing  contact angles at point N on 
the  A  1  surface lying between   θ   Y  and   θ   Y    +     β  . This last value defi nes the maximum advanc-
ing contact angle on  A  1 :

    θ θ βa Ymax( ) = +     (1.12a)     

 Consider now that confi guration (4) in Figure  1.5  represents the initial liquid surface and 
that the liquid volume is slowly decreased. Using similar arguments for the retreat of the 
liquid on the  A  2  surface, it can be shown that the liquid can form an infi nite number of 
 receding  contact angles at point N on the  A  2  surface lying between   θ   Y  and   θ   Y      −       β  . This 
last value defi nes the minimum receding contact angle on  A  2 :

    θ θ βr Ymin( ) = −     (1.12b)   

 When these considerations are applied to a rough surface consisting of grooves parallel 
to the moving triple line, one can identify the maximum advancing contact angle and the 
minimum receding contact angle, as shown in Figure  1.6 :

    θ θ βa Ymax max( ) = +     (1.13a)  

    θ θ βr Ymin max( ) = −     (1.13b)     

 The range of angles lying between   θ   a (max) and   θ   r (min) defi nes the hysteresis domain of 
contact angle. For a given system and roughness, a large number of angles belonging to 
the hysteresis domain and corresponding to metastable equilibrium states can be observed. 
Vibrations help the triple line to overcome the energy barriers caused by roughness and 
to approach the stable equilibrium state, i.e. the Wenzel contact angle (Equation  (1.11) ). 
In practice, for random roughness surfaces with average roughness parameter  R  a  of about 
100   nm, the excess (  θ   a     −      θ   Y ) values are a few degrees, while for  R  a  close to 1    µ m the 
excess (  θ   a     −      θ   Y ) values for various nonwetting liquids can be as much as 20    °   [Hitchcock 
1981, Eustathopoulos 2005]  (Figure  1.7 ).    

  Composite Wetting.     For solid surfaces with high roughness, a liquid forming large 
nonwetting contact angles (  θ      >>    90    ° ) cannot infi ltrate surface cavities, resulting in the 

βmax

θY

θY

θa(max)

θr(min)

vapour

solid

liquid

liquid

     Figure 1.6     Identifi cation of the maximum advancing contact angle   θ   a  (max) and 
minimum receding contact angle   θ   r  (min) on a rough surface.  
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formation of a composite interface, i.e. a mixed solid/liquid interface and solid/vapour 
surface (Figure  1.8 ). A characteristic of such an interface is the disappearance of the 
energy barriers to the movement of the TPL. Indeed, the liquid surface contacts the solid 
only at a limited number of points so that no pinning of the TPL can occur, explaining 
why the difference (  θ   a      −       θ   r ) tends towards zero in this case. Thus, Hg droplets on ceramic 
surfaces are very mobile. Indeed, owing to the poor wetting by Hg and the formation of 
composite interface, droplets are never pinned and move easily.   

 The condition for the transition from a solid/liquid to a composite interface is given by 
 [Eustathopoulos 1999 p. 34] :

    β θ> ° −180 Y     (1.14)  

where   β   is the maximal average slope of the surface. In practice,   θ   Y  values of metals and 
semiconductors are rarely greater than 150    ° . In this case, composite interfaces can be 
obtained only with very rough surfaces (  β      >    30    ° ).  
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     Figure 1.7     Advancing contact angle   θ   a  measured by the sessile drop technique as a 
function of  R  a  / λ   a , a quantity proportional to the average slope of the surface profi le where 
 R  a  is the average roughness and   λ   a  the average wavelength of the asperities, for Hg on 
abraded SiO 2  and C v ; the arrows indicate  R  a  values.   θ   Y  values for Hg on these substrates 
are the values at  R  a /  λ   a    =   0  [Eustathopoulos 2005a] .  Data from work reported in  [Hitchcock 
1981] .   
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     Figure 1.8     Formation of a composite interface in a nonwetting system.  
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  Sticking.     When composite interfaces are formed, no sticking is observed during cooling 
at room temperature, whatever the thermomechanical characteristics of the system. 
Typical examples are nonreactive metals (e.g. Cu, Ag) on polycrystalline graphite, or 
soda - lime glasses on steel moulds lubricated with a porous layer of carbon  [Pech 2005] . 

 When a true interface is established at any point of the common area, the behaviour of 
the interface on cooling depends on several material parameters, as well as system geom-
etry and cooling rate. Sticking is favoured by (i) a high adhesion energy  W  a  and (ii) a low 
thermoelastic energy stored in the system during cooling due to thermal contraction mis-
match ( ∆   α     =     α   A     −      α   B ) between the substrate A and the solidifi ed liquid B. For a given 
 ∆  T    =    T  sol     −     T  room  (where  T  sol  is the temperature of solidifi cation and  T  room  the room tem-
perature), this energy increases proportionally to ( ∆   α  ) 2  and to  E  A  E  B  2 /( E  A    +    E  B ) 2  where  E  
is Young ’ s modulus  [Pech 2004] . Ductility of one of the contacting phases in a certain 
range of temperature contributes to decrease, by plastic deformation, the driving force for 
detachment. Many semiconductors (e.g. Si, InSb, GaSb) are brittle materials, such that 
energy dissipation by plastic deformation is small. In this case, the mechanical response 
of the system during cooling depends critically on the adhesion energy of the solidifi ed 
liquid/substrate couple. For instance, for Si on Si 3 N 4  and SiC, the adhesion energy is high 
(Si wets well both these ceramics; see Tables  1.4  and  1.5 ) resulting in sticking or cohesive 
fracture  [Drevet 2009] . Conversely, the adhesion energy of GaSb and InSb on vitreous 
carbon is very low (see Table  1.4 ) leading during cooling to detachment by a purely 
interfacial separation  [Harter 1993, Boiton 1999] . See also Chapter  6 , section  6.1.3 .     

  1.2.1.3   Wetting on Heterogeneous Surfaces 

 Many materials of practical interest are multiphase solids with heterogeneous surfaces 
that can be either regular (oriented eutectics, unidirectional composites, etc.) or random 
( ‘ hard ’  alloys processed by liquid phase sintering, alloys strengthened by precipitation, 
etc.). 

 Consider an horizontal solid consisting of two macroscopic phases   α   and   β   separated 
by a plane intersecting the solid surface by a vertical straight line (Figure  1.9 ). The intrin-
sic contact angles on the two phases are such that   θ   α       >      θ   β   , and for the sake of clarity 
  θ   α       >    90    °  and   θ   β       <    90    ° . The initial position of the liquid surface is on the   β   phase with a 
macroscopic contact angle   θ   M  equal to   θ   β    (confi guration (1) on Figure  1.9 ). If the liquid 
volume is increased, when the TPL reaches the line of separation from   β   to   α  , it will be 
pinned at this position by the nonwetted   α   phase (confi guration (2)). When the volume 
of the liquid is increased again, the TPL does not move until confi guration (3) is obtained 

(1)(2)
(3)(4)

liquid

vapour

θ
θ

θ
θ

βα

a

b b

a

     Figure 1.9     Successive confi gurations of the liquid surface on a solid surface consisting of 
two macroscopic phases  α  and  β  when the liquid volume is increased.  
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where   θ   M    =     θ   α   . If the liquid volume is further increased, the TPL will move on the   α   
surface while   θ   M  will remain equal to   θ   α    (confi guration (4)).   

 Consider now the case of a composite solid consisting of alternate strips of   α   and   β   
phases, with contact angles   θ   α    and   θ   β   , such that the surface area fractions are  f  α    and  f  β   . 
The width of the strips is assumed small compared to the capillary length, so that the 
macroscopic TPL is a straight line which is either perpendicular (Figure  1.10 a) or parallel 
(Figure  1.10 b) to the strips. For the fi rst situation, it has been shown that there are no 
metastable states and, as a consequence, no hysteresis of contact angle  [Johnson 1993, 
Neumann 1972] . The macroscopic contact angle that would be observed at equilibrium, 
denoted   θ   C , is then given by Cassie ’ s equation  [Cassie 1948] :

    cos cos cosθ θ θα α α βC = + −( )f f1     (1.15)     

 This equation, which is an analog of the Wenzel equation for rough surfaces (Equation 
 (1.11) ), gives the stable equilibrium contact angle for any heterogeneous surface. 

 When the TPL is parallel to the strips, a situation analogous to a rough surface with 
grooves parallel to the TPL (Figure  1.6 ), free energy change calculations  [Johnson 1993, 
Neumann 1972]  indicate the existence of metastable states separated by energy barriers 
for any position of the TPL corresponding to a macroscopic contact angle   θ   M  between   θ   α    
and   θ   β   . Consequently, the maximum advancing and minimum receding contact angles are 
given by the equations:

    θ θαa max( ) =     (1.16a)  

    θ θβr min( ) =     (1.16b)   

 which are analogous to equations  (1.13)  for rough surfaces.   

  1.2.2   Dynamics of Wetting 

 In this section, spreading kinetics will be presented fi rst for nonreactive solid/liquid 
systems and then for reactive ones. In view of the systems of interest in crystal growth, 

liquid

vapour(a)

liquid

vapour

α β

(b)

β

α

     Figure 1.10     Composite solid consisting of alternate strips perpendicular (a) and parallel 
(b) to the triple line.  
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the reactive case will be presented briefl y. Nonreactive systems exhibit a reactivity low 
enough such that the resulting solid/liquid interface remains fl at at the macroscopic scale 
and reactivity has a negligible effect on the interfacial energies. Under this last condition, 
interfacial energies can be taken constant with time during the wetting process. 

  1.2.2.1   Nonreactive Spreading 

 Consider a drop of millimetre size spreading on a fl at surface spontaneously, i.e. in the 
absence of any external force. The triple line velocity  U    =   d R/ d t , where  R  is the drop base 
radius, results from a balance of forces that drive and resist to spreading. The driving 
force for wetting per unit length of triple line is given by the change in the surface and 
interfacial energies of the system resulting from a lateral displacement of the triple line:

    γ γ γ θ γ θ θsv sl lv lv F− − = −( )cos cos cos     (1.17)  

where   θ   F  is the fi nal, equilibrium, contact angle. In the so - called hydrodynamic models 
of wetting, energy dissipation is supposed to occur by viscous friction in a macroscopic 
wedge near the triple line of typical width 0.1   mm. The resulting expression for  U  for 
  θ      <    135    °  is:

    U
K

= −( )γ
µ

θ θlv
F

3 3     (1.18)  

where   µ   is the dynamic viscosity,  K  is a constant close to 100 and   θ   is expressed in radians 
 [de Gennes 1985, Cox 1986, Kistler 1993] . It has been shown that this equation does not 
depend on the confi guration (sessile drop or meniscus formed on a vertical wall). Moreover, 
this equation is valid for both spontaneous and forced spreading. An example of forced 
spreading is the steady immersion (or withdrawal) of a plate in a liquid bath at an  imposed 
rate U . Then, the observed contact angle would be the value   θ  ( U ) given by Equation 
 (1.18) . Finally, for   θ   F  close to zero, Equation  (1.18)  can be written as:

    θ µ
γ

≅ 

 =

K U
K Ca

lv

1 3
1 3 1 3     (1.19)  

where  Ca  is the capillary number. Accordingly, for all liquids with   θ   F     ≅    0, the experi-
mental   θ     =    f ( Ca ) results would lie on the same  ‘ universal ’  curve. 

 Molten metals and semiconductors are low viscosity liquids, their viscosity close to 
the melting point being a few mPa   s. For this type of liquid, the experimental average  U  
is very high, of the order of 1   m   s  − 1 . For millimetre - sized droplets, this leads to spreading 
times  t  s  of a few ms  [Eustathopoulos 1999 p. 54] . The analysis of experimental results 
obtained in the sessile drop confi guration shows that values  U (  θ  ) predicted by Equation 
 (1.18)  consist in an upper limit. Overestimation of  U  is particularly high for   θ      >    30    ° . For 
instance, in the liquid Sn/solid Ge system at 600    °  in which the fi nal contact angle is about 
40    °   [Naidich 1992] , the spreading rate at   θ     =   80    °  is about 0.5   m   s  − 1 , while the value 
calculated by Equation  (1.18) , taking   γ   lv    =   0.5   J   m  − 2  and   µ     =   1.1   mPa   s, is 11   m   s  − 1 . For low 
viscosity liquids and large   θ  , it is likely that the spreading rate is limited not by viscous 
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fl ow but by the movement of atoms at the solid/liquid interface close to the triple line, as 
proposed by Blake  [Blake 1993] , who considered spreading as an adsorption – desorption 
process of the liquid atoms on the substrate surface. The values of  U  calculated by Blake ’ s 
model are very sensitive to the value of a model parameter, i.e. the activation energy of 
wetting which is an unknown quantity. 

 The viscosity of molten oxides is often several orders of magnitude greater than that 
of molten metals. As a consequence, the spreading time  t  s  for millimetre - sized droplets 
can attain several seconds or hundreds of seconds (vs a few ms for metals) and even more. 
In agreement with Equation  (1.18) , the wetting rate is very high at short times (i.e. for 
high   θ   values) and decreases strongly at longer times (Figure  1.11 ). Finally, the experi-
mental wetting curves obtained for the same molten oxide/solid metal couple by varying 
the temperature by 240    °  (implying a variation of   µ   by more than two orders of magnitude) 
are plotted as   θ     =    f ( Ca ) on Figure  1.12 . In agreement with Equation  (1.18) , a unique curve 
is obtained (note that in these experiments the change of   θ   F  with temperature is negligible) 
 [Pech 2004] .    

  1.2.2.2   Reactive Spreading 

 In this type of spreading, wetting is accompanied by (and in many cases coupled to) a 
reaction forming a new compound at the interface. The fundamentals of reactive wetting 
(driving force, limiting process) have been studied mainly for molten metals and alloys 
on ceramics and are reviewed in  [Eustathopoulos 2005b] . In these systems, the observed 
spreading times are in the range 10 1  – 10 3    s (Figure  1.13 ), corresponding to spreading rates 
 U  several orders of magnitude lower than those measured for molten metals in nonreac-
tive spreading. Therefore, in reactive spreading,  U  is limited by the interfacial reaction 
itself. Actually it has been shown that the relevant region is not the two - dimensional solid/
liquid interface but the solid/liquid/vapour triple line. Indeed, at this line where the liquid 
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     Figure 1.11     Wetting kinetics of a drop of soda - lime glass (13.4   wt% Na 2 O, 10.9   wt% 
CaO, 1.6   wt% Al 2 O 3 , 1.4 wt% MgO, SiO 2  bal.) on steel at 1200    ° C (  µ     =   10 2    Pa   s)  [J. Pech, 
M. Jeymond, N. Eustathopoulos, unpublished work].   
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     Figure 1.12     Contact angle as a function of  Ca    =     µ U /  γ   lv  for the glass 13.4   wt% Na 2 O, 
10.9   wt% CaO, 1.6   wt% Al 2 O 3 , 1.4   wt% MgO, bal. SiO 2  on steel at different temperatures 
(Reprinted with permission from   [Pech 2004] , copyright (2004) Elsevier Ltd) .  
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     Figure 1.13     Variation of drop base radius and contact angle with time for Ge - 20 at.% Si 
alloy on vitreous carbon at 1231    ° C under high vacuum (the dashed vertical line indicates 
the moment of drop detachment from the capillary end in the dispensed drop apparatus 
of Figure  1.15 b)  (Reprinted with kind permission from  [Dezellus 2000] , copyright (2000) 
O. Dezellus) . In this system, wetting is promoted by the formation at the interface of a 
wettable SiC layer.  

contacts directly a fresh surface of the solid substrate, the growth rate of the reaction 
product is maximal (Figure  1.14 ). Far behind the triple line, thickening of the reaction 
product continues but this process is slow as it occurs by solid state diffusion. Two 
regimes of reactive spreading have been identifi ed depending on the relative rate of the 
two successive steps: (i) diffusion of the reactive solute from the liquid bulk to the triple 
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line and (ii) the local process at the triple line. When the local process at the triple line 
is the slowest one, the spreading rate  U  was found to be nearly constant in a large domain 
of the   θ  ( t ) curve (linear spreading) (Figure  1.13 ). Conversely, nonlinear spreading is 
predicted for diffusion controlled reactive spreading (drop base radius  R     ∼     t  1/4 )  [Mortensen 
1997] .     

  1.2.3   Measurements of Contact Angle and Surface Tension by the 
Sessile Drop Technique 

 A critical review of the state of knowledge in high temperature contact angle measurement 
is given in  [Eustathopoulos 1999 p. 106, Eustathopoulos 2005a]   . Briefl y, the technique 
most widely used for wetting experiments is the sessile drop method. In its classical form, 
shown in Figure  1.15 a, a small piece of solid, typically some tens or hundreds of milli-
grams, is placed on a substrate and then heated above its melting temperature. In another 
variant, a metal or alloy is melted in an unwetted and chemically inert ceramic tube and 
is dispensed on the substrate surface through a small hole in the tube end by applying a 
back pressure of inert gas or using a piston (Figure  1.15 b). One advantage of this tech-
nique is that oxide fi lms on liquid metals are disrupted during liquid extrusion from the 
crucible through the capillary. In the  ‘ transferred drop ’  technique (Figure  1.15 c), a sessile 
drop can be melted on an inert substrate, which is then raised so that the top of the drop 
contacts a fresh solid surface. The liquid can be transferred to the top substrate provided 
it is better wetted than the inert bottom substrate. In all the above techniques, values of 
advancing contact angles   θ   a  are measured and they are attained by an irreversible move-
ment of the triple line from   θ      ∼    180    °  to   θ   a . 

 When it is possible, single crystal or amorphous substrates with a random roughness 
less than 100   nm are preferred in order to achieve an acceptable accuracy of   θ   (a few 
degrees). The experiments are conducted in controlled furnace conditions under either 
high vacuum or gases with low or known oxygen partial pressure. For contact angles 
greater than 90    ° , the sessile drop technique allows the surface tension of the liquid to be 
determined with an accuracy of 2 – 3% by fi tting the shape of the droplet to the Laplace 
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     Figure 1.14     Schematic representation of the  ‘ reaction product control ’  model. The initial 
contact angle   θ   0  is the contact angle on the unreacted ceramic substrate surface s. After a 
transient stage, a quasi - state confi guration is established at the triple line where the 
advance of the liquid is hindered by the presence of a nonwettable substrate in front of 
the triple line. Thus, the only way to move ahead is by lateral growth of the wettable 
reaction product layer p until the macroscopic contact angle equals the equilibrium 
contact angle   θ  F   of the liquid on the reaction product   (Reproduced with permission from 
[Eustathopoulos 1998] , copyright (1998) Elsevier Ltd) .  
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equation, i.e. by expressing at each point of the drop surface the balance between the 
hydrostatic pressure and the capillary pressure. This is often performed by automatic 
imaging procedures that give also a reliable value of the contact angle. Table  1.1  gives 
the value of   γ   lv  for a number of semiconductors and compounds relevant in crystal growth.    

  1.2.4   Selected Data for the Contact Angle for Systems of Interest 
for Crystal Growth 

  1.2.4.1   Semiconductor/Ceramic Systems 

  Semiconductors on Oxides.     The wettability of ionocovalent oxides by molten metals 
and semiconductors depends critically on their reactivity at the common interface. This 
can be quantifi ed by the molar fraction of oxygen in the liquid metal,   XO

I , provided 
by the dissolution of the oxide at the solid/liquid interface I. For SiO 2 , the dissolution 
reaction is:

    SiO Si O2 2→ ( )+ ( )     (1.20)  

where the parentheses mean that the species are in the liquid state. It has been found in 
 [Eustathopoulos 1998, Eustathopoulos 1999 p. 198]  that for all metal/oxide couples with 
  XO

I < −10 5 , the observed equilibrium contact angles are in the range 115 – 135    °  whatever 
the value of   XO

I . In these systems, considered as nonreactive from the point of view of 

R

(b)(a)

(c)

     Figure 1.15     (a) Classical sessile drop method. (b) Dispensed drop method. (c) Example 
of the transferred drop method: Pb drop transferred from an Al 2 O 3  substrate (bottom) to a 
Fe substrate (top) at 400    ° C.  
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wettability, adhesion is ensured mainly by weak, van der Waals, interactions. Typical 
examples are the noble metals Ag, Au, Cu and the low melting point metals Ga, In, Pb, 
Sn on SiO 2  or Al 2 O 3  substrates. Note that for these systems, the contact angle decreases 
with temperature only slightly (d  θ  /d T     ≅    10  − 2 /K). The molten Ge/SiO 2  couple in high 
vacuum belongs to this type of system (Table  1.2 ).   

 For a given metal/oxide couple, the concentration of oxygen in the liquid metal can be 
increased above the value imposed by the interfacial equilibrium  (1.20)  by increasing the 
oxygen partial pressure  P  O  2  in the furnace atmosphere. Indeed, according to Henry ’ s law 
(i.e. constant activity coeffi cient of the diluted solute), at constant temperature 
  X K T PO O= ( ) 2

1 2, where  K ( T ) is a constant depending on the metal. As shown in Figure 
 1.16 , when  X  O  becomes higher than   XO

W ≅ −10 5, the contact angle decreases from its 
 ‘ plateau ’  value, and for elements such as Ag, Cu or Ni dissolving enough oxygen, contact 
angles as low as 80 – 100    °  have been observed on Al 2 O 3 . A similar  ‘ wetting transition ’  
was found for molten Pb on SiO 2   [Sangiorgi 1995] . As discussed in  [Naidich 1981, 
Eustathopoulos 1999 p. 220, Eustathopoulos 2001] , the improvement of wetting by dis-
solved oxygen results from the development of chemical interactions between the oxide 
surface and oxygen – metal clusters formed in the liquid.   

 Oxidation of the liquid metal M surface can occur when  P  O  2  in the furnace becomes 
equal to   PO

x
2°  corresponding to the reaction ( M )   +    n /2[O 2 ]    →     < MO  n   > . When the MO  n   

oxide is solid, the skin formed around the metal prevents direct contact between the liquid 
and the substrate resulting in very large, obtuse, contact angles (typically 150 – 160    ° ) 
(Figure  1.16 ). As long as such oxide skins exist, no sticking is observed on cooling. 

  Table 1.1    Values of surface tension for compounds of interest in crystal growth 

   Compound      T  m  ( ° C)       γ   lv  (mJ   m  − 2 )     Reference  

  Ge    937    587 – 0.105 ( T     −     T  m )     [Eustathopoulos 1999 p. 149]   
  Si   a       1412    827 – 0.48 ( T     −     T  m ) 

 749 – 0.15 ( T     −     T  m )  
   [Eustathopoulos 1999 p. 149]   

  GaSb    711    453 – 0.14 ( T     −     T  m )     [Harter 1993]   
  InSb    530    434 – 0.08 ( T     −     T  m )     [Harter 1993]   
  CdTe    1092    181 at  T  m  

 d  γ   lv  / d T    =    − 0.16  
   [Shetty 1990a]   

  186 at 1100    ° C     [Katty 1992]   
  Pb 0.8 Sn 0.2 Te     T  l    =   905    230 – 0.17 ( T     −    905    ° C)     [Kinoshita 1989]   
  GaAs    1238    465 at  T  m  

 d  γ   lv /d T    =    − 0.96  
   [Shetty 1990b]   

  Al 2 O 3     2047    630 at  T  m      [Eustathopoulos 1999 p. 165]   
  SiO 2     1720    307 at  T  m      [Eustathopoulos 1999 p. 165]   
  CaF 2     1418    387 at  T  m      [Tanaka 1996]   
  BaF 2     1290    253 at  T  m      [Tanaka 1996]   
  LiF    848    236 at  T  m      [Tanaka 1996]   
  NaF    992    186 at  T  m      [Tanaka 1996]   
  CsI    621    72 at  T  m      [Tanaka 1996]   
  NaI    660    86 at  T  m      [Tanaka 1996]   
  LiNbO 3     1250    192 at 1300    ° C     [Shi 1980]   

    T  l , temperature of liquidus;  T  m , melting temperature.  
    a     Two groups of values for both   γ   lv ( T  m ) and d  γ   lv  / d T  have been found.   
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Classical examples are Al on Al 2 O 3   [Laurent 1988]  or molten silicides on SiC  [Mailliart 
2008]  (see also Figure  6.28 ). Figure  1.17  shows the contact angle vs time curve for Ge 
on fused SiO 2  under high vacuum or Ar containing a few ppm of oxygen. In high vacuum, 
steady contact angles close to 115    °  are observed. When Ar is introduced the contact angle 
increases strongly towards 155    ° , indicating liquid oxidation. As a general rule, the effect 
of a skin on wetting predominates in the low temperature – high  P  O  2  ranges. As shown in 
Table  1.3 , the   PO

x
2°  value in equilibrium with the oxide of the metal at a temperature 

close to its melting point is much lower than typical  P  O  2  values in regular neutral gas 
atmospheres (10  − 6  − 10  − 8    atm), resulting in skin formation. Some elements such as Al and 
Si can form volatile suboxides. Then, the reaction between the skin and the underlying 
metal (for instance the reaction (Si)   +    < SiO 2  >  skin     →    2[SiO]) favors deoxidation which can 
occur at  P  O  2  values in the furnace much higher than   PO

x
2°   [Laurent 1988, Castello 1994] . 

Obtaining clean surfaces is much easier in high vacuum where the removal of SiO (or 
Al 2 O) gaseous species far from the metal surface is much easier than in neutral gas 

  Table 1.2    Contact angle of semiconductors on  S i O  2  

   Semiconductor      T  ( ° C)     Atmosphere       θ   F  ( ° )     Reference  

  Ge    1100    High vacuum 
 Ar  

  115 
 155  

   [Kaiser 2001]   

  Si    1420    Ar ( P  O  2    =   10  − 15    Pa)    85     [Yuan 2004]   
  Ge - 4.6 at.% Si 
 Ge - 10.7 at.% Si  

  1100    High vacuum    105 
 100  

   [Cr ö ll 2002]   

  GaSb    920    High vacuum    119     [Harter 1993]   
  GaSb    710 – 910    H 2     132     [Cr ö ll 2003]   
  InSb    800    High vacuum    110     [Harter 1993]   
  InP    1065    High vacuum   +   P vapour    140 – 150     [Shimizu 2002]   
  GaAs    1238    High vacuum   +   As vapour    115     [Shetty 1990b]   
  CdTe    1092    High vacuum   +   Cd vapour    83     [Shetty 1990a]   
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     Figure 1.16     Schematic representation of the variation of  θ  with  log   P  O  2  at constant 
temperature for a given metal/oxide couple. The wetting transition occurs at   POw

2  and 
  XO

w . When the metal changes,   XO
I  and   XO

x°  change too but   XO
w  remains nearly constant 

  [Eustathopoulos 2001]  . However, the value of   POw
2  is different from metal to metal.  
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     Figure 1.17     Contact angle of Ge on fused silica showing the effect of a change between 
dynamic vacuum and 1040   mbar Ar on the wetting angle.  Data from work reported in 
(Reprinted with permission from  [Kaiser 2001] , copyright (2001) Elsevier Ltd) .  

  Table 1.3    Partial pressure of oxygen in equilibrium with the oxide of the metal at the 
temperature of fusion of the metal   Tm

M and at 1000    ° C  

   Metal/metal oxide       Tm
M  ( ° C)       PO x

2°  (  Tm
M ) (atm)       PO x

2°  
(1000    ° C) (atm)

  
  Al/Al 2 O 3     660    3    ×    10  − 52     10  − 35   
  Pb/PbO    327    2    ×    10  − 28     8    ×    10  − 9   
  Sn/SnO 2     232    10  − 50     6    ×    10  − 14   
  Si/SiO 2     1412    10  − 19     10  − 28   
  Ge/GeO 2     950    2    ×    10  − 15     2    ×    10  − 14   
  Ga/Ga 2 O 3     30    2    ×    10  − 113     6    ×    10  − 19   
  In/In 2 O 3     157    9    ×    10  − 63     10  − 14   
  Sb/Sb 2 O 3     631    10  − 18     4    ×    10  − 11   
  Cd/CdO    321    8    ×    10  − 43     8    ×    10  − 9   
  Te/TeO 2     450    2    ×    10  − 14     10  − 4   

atmospheres  [Mailliart 2008] . In some cases, the metal oxide is liquid and can react with 
the oxide substrate, thus promoting wetting and adhesion. On cooling, sticking can be 
observed. An example is PbO formed during wetting of Pb on SiO 2  substrates  [Sangiorgi 
1995, Eustathopoulos 1999 p. 230] .     

 The above considerations concern metals (M) for which the thermodynamic stability 
of the MO n  oxide, as refl ected by its Gibbs energy of formation   ∆G0

f , is much lower than 
that of the oxide substrate (see also the values of   PO

x
2°  at 1000    ° C in Table  1.3 , which 

are calculated from   ∆G0
f ). This is no longer the case for molten Si on SiO 2 . Indeed, the 

value of   XO
I  for the Si/SiO 2  system at a temperature close to the melting point of Si is in 

the range 5    ×    10  − 5  – 15    ×    10  − 5 , i.e. above the   XO
w  value defi ning the wetting transition 
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(Figure  1.16 ). This can explain the contact angles close to 90    °  observed for molten Si on 
SiO 2  (Table  1.2 ) and also on Al 2 O 3 , MgO and ZrO 2   [Maeda 1986, Yuan 2004] . However, 
it is likely that Si (like Al) also modifi es the surface chemistry and structure of the oxide 
substrate itself, as discussed in  [Eustathopoulos 1998, Eustathopoulos 1999 p. 216] . 

 Consider now an alloying element added in a nonreactive, nonwetting matrix M on a 
ionocovalent oxide. If the alloying element develops weak, van der Waals, interactions 
with the oxide substrate, as the matrix M, the effect of the alloying element on wetting 
is expected to be small and even negligible. This is consistent with the thermodynamic 
model of Li  et al.   [Li 1989] . This explains the small variation of contact angle for Ga – Sb 
on SiO 2  when varying the composition of the liquid between pure Ga (  θ     =   136    ° ) and pure 
Sb (  θ     =   132    ° )  [Cr ö ll 2003] . A similar behaviour has been observed for In – Sb mixtures 
 [Harter 1993] . 

 A more signifi cant effect can be observed by the addition of an element developing, 
by adsorption, chemical interaction with the oxide substrate, such as Si in Ge (see Table 
 1.2 ). This effect is important for the fi rst few per cent of the addition, further addition 
having much less effect. 

 Note that in Table  1.2  differences of about 10    °  in   θ   values measured in the same system 
by different teams are not surprising, taking into account differences in  P  O  2 , substrate 
roughness, experimental procedure and method for obtaining   θ   values from drop images. 
Among the results presented in Table  1.2 , the case of CdTe is rather puzzling. In the 
absence of oxygen in the quartz ampoule containing the sessile drop, Cd and Te cannot 
react with SiO 2  as their   PO

x
2°  values are much higher than the value for Si (Table  1.3 ). 

Therefore, according to the previous developments, in the absence of oxygen the equi-
librium contact angle would be much higher than 90    ° . Oxygen present in the ampoule 
can dissolve in CdTe, thus reducing the contact angle. However, to our knowledge, no 
data exist showing a signifi cant solubility of O in CdTe. Moreover, an explanation based 
on dissolved oxygen can hardly explain the comparatively marked decrease of   θ   (15    ° ) 
observed in  [Shetty 1990a]  for a limited increase of temperature (60   K). Indeed, for a 
given value of  P  O  2 , the molar fraction of oxygen dissolved in a liquid metal or alloy 
decreases when the temperature increases. Another possibility for the oxygen in the 
ampoule is to form a liquid oxide such as TeO 2  likely to react with SiO 2 , thus improving 
wetting and adhesion. Such an effect was observed by Yasuda  et al.   [Yasuda 1990] , cited 
in  [Cobb 1999] , who found that TeO 2  in the starting charge of CdTe ingots reacted with 
the quartz ampoule, causing adhesion. The same situation was likely to occur with ZnO 2  
and SeO 2  when solidifying Hg 1 −    x  Zn  x  Se alloys in quartz ampoules  [Cobb 1999] .  

  Semiconductors on Carbon - Based Substrates.     The wettability of carbon - based sub-
strates by liquid metals and semiconductors depends on the liquid/carbon reactivity. Three 
cases can be distinguished  [Eustathopoulos 1999 p. 317] : (i) very low solubility of carbon 
in the liquid (typically  < 100   ppm), (ii) high solubility, and (iii) formation of metal carbide 
at the interface. Only (i) and (iii) are considered here. 

 Nonreactive pure metals (such as In, Ga, Sb, Pb, Sn, Cu, Ag) do not wet carbon sub-
strates (  θ      >>    90    ° ) whatever the type of carbon: vitreous carbon (C v ), graphite (C g ), or 
diamond (C d ). As for ionocovalent oxides, adhesion in these systems is ensured by weak, 
van der Waals, interactions. As a result, for a given system,   θ   changes only slightly with 
temperature (typically by 1 – 2    °  for every 100   K). Moreover, the addition of a nonreactive 
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element in a nonreactive matrix produces a change in   θ   of only 5 – 15    °   [Eustathopoulos 
1999 p. 324] . All the semiconductors listed in Table  1.4 , except Si and Ge – Si alloys, 
belong to this type of nonreactive, nonwetting, system. Note that for a given element, the 
contact angles on smooth surfaces of C v  are higher by 15 – 20    °  than those on basal faces 
of monocrystalline graphite because of the lower atomic density of vitreous carbon 
 [Dezellus 1999] . For polycrystalline graphite, very large contact angles are often observed 
(150 – 160    ° ). However, these values are due to its high roughness (it is diffi cult to prepare 
polycrystalline graphite surfaces with an average roughness less than 100   nm) and also 
to porosity (in nonwetting systems pores act as a second phase with   θ   β      =   180    °  in Cassie ’ s 
Equation  (1.15) ). 

 Reactive wetting will be considered only for pure Si and Ge – Si alloys. Si reacts with 
C forming at the interface a continuous layer of SiC, a few microns in thickness. Figure 
 1.18  shows the change with the logarithm of time of the contact angle of Si on a smooth 
surface of C v . When time tends towards zero, the contact angle tends towards 150    ° , which 
is the contact angle of Si on unreacted carbon (see also Figure  1.14 ). The fi nal contact 
angle of 36    °  is very close to the contact angle of Si on SiC. As a general rule, reported 
values for polycrystalline graphite are in the range 5 – 15    ° , i.e. lower than those on C v . 

  Table 1.4    Contact angle of semiconductors on carbon - based substrates 

   Semiconductor     Substrate     Temperature 
 ( ° C)  

   Atmosphere       θ   F  ( ° )     Reference  

  Ge    C v  
 C g   

  1100    High vacuum    157 
 166  

   [Kaiser 2001]   

  Ge    C g     1000    High vacuum    139     [Naidich 1968]   
  Ge    C d  CVD    1100    High vacuum    146     [Kaiser 2001]   
  Ge    C d     1000    High vacuum    136     [Naidich 1981]   
  GaSb    C v     920    High vacuum    128 

 no sticking  
   [Harter 1993]   

  InSb    C v     800    High vacuum    124 
 no sticking  

   [Harter 1993]   

  CdTe    C v     1100    High vacuum   
+   Cd 
vapour  

  116     [Katty 1992]   

  Cd 0.96 Zn 0.04 Te    C v     1100    High vacuum   
+   Cd 
vapour  

  126     [Katty 1992]   

  GaAs    C - coated SiO 2     1238    High vacuum   
+   As 
vapour  

  120     [Shetty 1990b]   

  Ga – In – As    C g     632    H 2     148     [K ö nig 1984]   
  InP    C g     632    H 2     144     [K ö nig 1984]   
  Si    C g     1450    High vacuum    15     [Naidich 1981]   
  Si    C v     1430    High vacuum    36     [Dezellus 2005]   
  Ge - 4.6 at.% Si    C v  - coated C g     1100    High vacuum    103     [Cr ö ll 2002]   
  Ge - 20 at.% Si    C v     1231    High vacuum    55     [Dezellus 2000]   

   C d , diamond; C g , graphite; C v , vitreous carbon.   
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Indeed, for wetting systems (  θ      <<    90    ° ), roughness favours wetting, as indicated by the 
Wenzel Equation  (1.11) . Moreover, Si can infi ltrate the open porosity of graphite ahead 
of the drop triple line. In this case, fi lled pores act as a second phase with   θ   β      =   0    °  in 
Cassie ’ s Equation  (1.15) . Finally, infi ltration decreases the drop volume leading to a 
receding contact angle instead of an advancing one.   

 Ge does not wet C v  (Table  1.4 ) but the addition of Si promotes wetting by forming a 
wettable SiC layer at the solid/liquid interface. For the Ge - 20 at.% Si alloy, a steady 
contact angle of 55    °  is reached in 1300   s at 1231    ° C (Figure  1.13 ). However, for the Ge -
 4.6 at.% Si alloy, the driving force of the interfacial reaction at 1100    ° C is much lower, 
resulting in very slow spreading kinetics : the contact angle decreases from an initial value 
of 150    °  to a value close to 110    °  within a day  [Cr ö ll 2002] . However, it is possible that 
the value of 103    °  reported in Table  1.4  is not a steady angle.  

  Semiconductors on Nitrides.     Al and Si nitrides are nonoxide but oxidizable ceramics. 
Indeed, even a very short time (1 – 2   min) in contact with air at room temperature leads to 
the formation of nanometre - thick oxide or oxi - nitride layers. These layers are stable even 
in high vacuum environments. For instance, in the case of Si 3 N 4 , several hours at 1140    ° C 
in an ultrahigh vacuum are needed to remove oxygen. Therefore, at temperatures lower 
than 1100    ° C, in neutral gas or standard vacuum environments employed in crystal 
growth, wettability of Al and Si nitrides is imposed by oxygen - rich surface layers. As a 
consequence, the contact angle of nonreactive metals such as In, Sn, Ga, Pb, Sb, Ag on 
these nitrides is in the range 110 – 140    ° , as on ionocovalent oxides. Among semiconduc-
tors, Ge and GaSb form also nonwetting contact angles (Table  1.5 ). 

 The initial contact angle of Si on Si 3 N 4  is close to 80    ° , as on SiO 2  substrates (see Table 
 1.2 ). However, the contact angle decreases rapidly with time and tends towards 49    ° , 
which is close to the intrinsic contact angle of Si on Si 3 N 4  (Figure  1.19 ). The spreading 
kinetics in this system are controlled by substrate deoxidation occurring by reaction 
between liquid Si and the oxide layer at the triple line with formation of volatile SiO 
 [Drevet 2009] . For Ge – Si alloys on Si 3 N 4 , Cr ö ll  et al.   [Cr ö ll 2002]  also observed a 
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     Figure 1.18     Variation of contact angle with time for Si on C  v   at 1430    ° C  (Reprinted with 
kind permission from  [Dezellus 2005] , copyright (2005) Springer) .  
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decrease of the contact angle from 150    °  towards 96    °  (Table  1.5 ) probably occurring by 
a similar process. However, due to the low thermodynamic activity of Si and the com-
paratively low temperature, the spreading time is very high (several hundreds of minutes). 
Similar phenomena occur with Ge – Si alloys on AlN  [Cr ö ll 2002] .   

 BN is also an oxidizable ceramic but boron oxide, B 2 O 3 , which is liquid above 450    ° C, 
is a volatile oxide such that clean BN surfaces are expected to form at higher temperatures, 
especially in high vacuum. Nonreactive metals such as Ga, Sn, Ag, Au do not wet BN at 
temperatures of 1000 – 1100    ° C, the contact angle being in the range 130 – 150    °   [Naidich 
1981] . No signifi cant differences in wettability have been found between hexagonal and 
cubic BN  [Naidich 1981] . Even higher contact angle values, close to 160 – 170    ° , have 
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     Figure 1.19     Contact angle and drop base diameter as a function of time for a Si drop on 
sintered Si 3 N 4  at 1430    ° C  (Reprinted with permission from  [Drevet 2009] , copyright (2009) 
Elsevier Ltd) .  

  Table 1.5    Contact angle of semiconductors on  A  l  and  S  i  nitrides 

   Semiconductor     Nitride     Temperature 
 ( ° C)  

   Atmosphere       θ   F  ( ° )     Reference  

  Ge    AlN sintered    950    High vacuum    122     [Naidich 1995]   
  Ge    AlN sintered    1100    Vacuum/Ar    153     [Kaiser 2001]   
  Si    AlN CVD    1430    H 2  

  P  O  2    =   8.7    ×    
10  − 16    Pa  

  45     [Barsoum 1981]   

  Si    AlN sintered    1412    High vacuum    48     [Naidich 1995]   
  Ge - 6.3 at.% Si    AlN sintered    1100    Vacuum/Ar    124     [Cr ö ll 2002]   
  GaSb    AlN pyrolytic    820    High vacuum    103     [Harter 1993]   
  Ge    Si 3 N 4  sintered    1100    Vacuum/Ar    136     [Kaiser 2001]   
  Si    Si 3 N 4  CVD    1430    H 2  

  P  O  2    =   10  − 15    Pa  
  48 – 52     [Barsoum 1981]   

  Si    Si 3 N 4  sintered    1430    Ar    49     [Drevet 2009]   
  Ge - 6.2 at.% Si    Si 3 N 4  sintered    1100    Vacuum/Ar    96     [Cr ö ll 2002]   
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been reported in the literature, mainly due to roughness effect. The wetting of Ge, GaSb, 
InSb, InP, CdTe and GaAs on BN is the same as that of nonreactive metals (Table  1.6 ).   

 Molten Si does not wet the different forms of BN, but the contact angles are signifi -
cantly lower than for nonreactive semiconductors (Table  1.6 ). Moreover, despite this 
nonwetting behaviour, sticking has been observed in the Si/BN system. These phenomena 
were explained in  [Drevet 2009]  by the reaction between Si and BN leading to the forma-
tion of Si 3 N 4  at the interface (3(Si)   +   4 < BN >     →     < Si 3 N 4  >    +   4(B)). However, the reactivity 
in the Si/BN system is so weak that chemical equilibrium (i.e. saturation of liquid Si with 
B) is established well before the equilibrium contact angle on the reaction product (i.e. 
Si 3 N 4 ) is attained. 

 Ge – Si alloys with a low Si content are nonreactive with BN, such that the presence of 
Si in the melt does not affect the contact angle of Ge on BN (Table  1.6 ).   

  1.2.4.2   Oxide/Metal and Oxide/Carbon Systems 

 Although several articles have been devoted to crystal growth of oxides in contact with 
refractory metals (Pt, Ir, Mo, W), only a few give measurements of contact angles. In 
contrast, a signifi cant number of wettability studies has been performed with oxide slags 
and glasses. One can reasonably expect that the conclusions drawn from these studies can 
also be applied to oxide/metal systems that are relevant in crystal growth. 

 In nonreactive molten oxide/solid metal systems, as in nonreactive liquid metal/iono-
covalent oxide ones, adhesion results from weak, van der Waals, interactions leading to 
values of work of adhesion  W  a  of a few hundreds of mJ   m  − 2 . However, while liquid metals 
do not wet ionocovalent oxides, molten oxides wet metallic substrates (  θ      <    90    ° , Table 
 1.7 ). The reason for this difference is the very different values of surface tension between 

  Table 1.6    Contact angle of semiconductors on  BN  

   Semiconductor     Substrate     Temperature 
 ( ° C)  

   Atmosphere       θ   F  ( ° )     Reference  

  Ge    BN pyrolytic    1100    Ar – 2% H 2     173     [Kaiser 2001]   
  Ge    BN cubic 

 BN hexagonal  
  1100 
 1100  

  High vacuum 
 High vacuum  

  138 
 139  

   [Naidich 1981]   

  Si    BN pyrolytic    1430    Ar    117     [Drevet 2009]   
  Si    BN cubic 

 BN hexagonal  
  1500 
 1500  

  High vacuum 
 High vacuum  

  95 
 110  

   [Naidich 1981]   

  Si    BN pyrolytic    1500    High vacuum    105     [Champion 
1973]   

  Ge - 7.1 at.% Si    BN pyrolytic    1100    vacuum/Ar    168     [Cr ö ll 2002]   
  GaSb    BN pyrolytic    920    High vacuum    129     [Harter 1993]   
  InSb    BN pyrolytic    800    High vacuum    134     [Harter 1993]   
  InP    BN pyrolytic    1065    High vacuum   

+   P vapour  
  140 – 150     [Shimizu 

2002]   
  CdTe    BN pyrolytic    1092    High vacuum   

+   Cd vapour  
  132     [Shetty 1990a]   

  GaAs    BN pyrolytic    1238    High vacuum   
+   As vapour  

  155     [Shetty 1990b]   
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molten metals and molten oxides. For instance,   γ   lv  of molten SiO 2  at 1720    ° C is 300 mJ   m  − 2  
while at the same temperature   γ   lv  of molten Ni is six times higher. Thus, for liquid metals, 
  γ   lv  is higher than  W  a , resulting in nonwetting according to the Young – Dupr é  Equation 
 (1.9) . Conversely, for molten oxides,   γ   lv     <     W  a , leading to   θ      <    90    ° . The physical reason 
for which the surface tension of molten oxides is low, comparatively to their cohesion 
energy, is discussed in  [Eustathopoulos 1999 p. 164] .   

 A feature of van der Waals interactions is lack of selectivity. For instance, the contact 
angle of soda - lime glass on a stainless steel rich in Cr, a metal with a high affi nity for 
oxygen, is close to the contact angle observed for the same glass on the noble metals Pt 
and Au (Table  1.7 ). However, the mechanical behaviour of the solid oxide/metal substrate 
system on cooling is very different. Indeed, soda - lime glass adheres on Pt but not on steel 
substrates. The adhesion energy in these systems is very close, as well as the elastic 
modulus of contacting phases. However,  ∆   α   is very different, close to zero in the case of 
Pt ( < 0.2    µ m   m  − 1    K  − 1 ) and very high in the case of stainless steel ( ≅    10    µ m   m  − 1    K  − 1 )  [Pech 
2004] . 

 For a given mixture of oxides on Pt substrate, when the wetting experiments are per-
formed in air, the contact angles are found systematically lower by 10 – 30    °  than those 
measured in a neutral gas atmosphere (50 – 80    ° ). This effect was attributed to the forma-
tion on the metal surface of a layer of chemisorbed oxygen  [Eustathopoulos 1999 p. 345] . 
Indeed, with metal atoms adsorbed oxygen forms a partially ionocovalent bond that 
increases the adhesion energy of the solid metal with the molten oxide. Such an adsorp-
tion effect on adhesion was evidenced by Ownby  et al.   [Ownby 1995]  who found a 
signifi cant decrease in contact angle, occurring above a given value of  P  O  2  in the gas, in 
a range where no oxidation of the W substrate takes place (Figure  1.20 ). Oxidation of the 
solid metal can enhance wetting, but this usually leads to dissolution of the oxide layer 
in the molten oxide, which may locally increase the viscosity and thus reduce the spread-
ing rate. Duffar  et al.   [Duffar 2009]  report melting studies of BGO in Ir where an increase 
of  P  O  2  above 0.1   mbar promotes Ir oxidation, leading to a decrease in the contact angle 
(from 70    °  to 0    ° ) and sticking.   

 Nonreactive oxides do not wet carbon. Indeed, contact angles as high as 130 – 140    °  
have been observed for various oxides on vitreous carbon or graphite  [Ellefson 1938, 
Towers 1954, Pech 2005] . Reactivity promotes wetting. For instance, molten B 2 O 3  reacts 
with C v , leading to contact angles as low as 30 – 40    °   [Wery 2008] . In this system, it seems 
that wettability is improved by the formation at the interface of B 4 C, a compound wettable 
by the oxide.  

  Table 1.7    Contact angles of soda - lime glass (13.4   wt% 
 N  a  2  O , 10.9   wt%  C  a  O , 1.6   wt%  A  l  2  O  3 , 1.4   wt%  M  g  O ,  S  i  O  2  
bal.) on different substrates at temperatures close to 1000    ° C 

   Substrate     Atmosphere       θ   F  ( ° )  

  X25V steel    He    65    ±    3  
  Pt    He    75    ±    3  
  Au    N 2     60    ±    3  

 Reprinted with permission from  [Pech 2004] , copyright (2004) Elsevier Ltd. 
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  1.2.4.3   Halide/Ceramic Systems 

 Molten halides have low   γ   lv  values (in the range 50 – 250   mJ   m  − 2 ) comparatively to other 
molten substances, such as metals and even oxides. The thermodynamic adhesion of 
molten halides on carbon is weak, as ensured solely by physical interactions  [Baumli 
2008] . From modelling molten halide/graphite interactions, it was shown that for the same 
type of halides (for instance chlorides), when the surface tension decreases, the work of 
adhesion increases rapidly. According to the Young – Dupr é  Equation  (1.9) , this implies 
a strong decrease in the contact angle (Table  1.8 ). Similarly, while large nonwetting 
contact angles (130 – 150    ° ) were found for LiF (  γ   lv    =   236   mJ   m  − 2 ) and NaF (  γ   lv    =   186   mJ   m  − 2 ), 
the contact angle of KF (  γ   lv    =   144   mJ   m  − 2 ) was found to be 80    °  and that of CsF 
(  γ   lv    =   106   mJ   m  − 2 ) was 41    °   [Morel 1970] .   

 Like molten oxides, molten halides seem to wet metallic substrates. An example 
is molten LiF on various metals. In all cases,   θ      <    90    °  but signifi cant differences were 
found, for instance between Ta (  θ     =   4    ° ) and Ni (  θ     =   62    ° ) or Pt (  θ     =   68    ° )  [Jaworske 
1989] .    
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     Figure 1.20     Contact angle values as a function of  log   P   O  2   for SiO 2  – 20Al 2 O 3  – 10CaO –
 10MgO (wt.%) on W at 1400    ° C.  Data from work reported in  [Ownby 1995] .   

  Table 1.8    Contact angles of molten salts measured on 
graphite immediately after melting 

   Salt     Temperature ( ° C)       θ   ( ° )       γ   lv  (mJ   m  − 2 )  

  NaCl    810    113    114  
  KCl    780    78    99  
  RbCl    740    58    95  
  CsCl    645    31    92  

 Reprinted with permission from  [Baumli 2008] , copyright (2008) Elsevier Ltd. 
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  1.3   Growth Angles 

 This section begins with a review of the basic theory underlying the concept of the growth 
angle, important in meniscus - defi ned melt growth systems, in the case of both isotropic 
and anisotropic interfacial energies. Next, various methods for measuring growth angles 
are discussed and data resulting from such measurements are presented. This is followed 
by a brief report on the application of the growth angle condition in simulations of crystal 
growth, as well as by the description and application, in a number of systems, of a method 
for determining and rigorously verifying the growth angle (assumed constant). The con-
stant angle assumption, as well as the impact of heat transport and interface - attachment 
kinetics on the verifi cation procedure (effectively involving a small - scale crystal growth 
simulation), are also discussed. 

  1.3.1   Theory 

 The concept of the growth angle stems from the early work on equilibrium at a junction 
between several phases. Consider Figure  1.21 , which depicts the case relevant to this 
section: three phases (solid, liquid, and vapour) in equilibrium with one another along 
their line of mutual contact, the TPL, which is normal to the plane of the fi gure. Herring 
used an energy minimization approach  [Herring 1951]  to derive a vector condition, which 
in our case is given by the following sum of coplanar vectors:  

    γ γ γ γ γ γsl sl sv sv lv lv sl sl sv sv lv lve e e e e e 0+ + + ′ + ′ + ′ =† † † .     (1.21)   

 The fi rst three terms of Equation  (1.21) , containing the three interfacial energies together 
with the unit vectors tangent to the three interfaces, are related to the system ’ s tendency 
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     Figure 1.21     The triple phase line (TPL) with associated vectors and angles between 
interfaces.  
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to minimize the area of the more energetically expensive interfaces via contraction. The 
last three terms involve the derivative of the three energies with respect to the angular 
coordinate (measured in a counterclockwise sense around the TPL), together with unit 
vectors normal to the interfaces. These so called  ‘ torque terms ’  refl ect the system ’ s resist-
ance to the change of interfacial orientation in a manner leading to the increase of energy 
due to its angular dependence. 

  1.3.1.1   Isotropic Interfacial Energies 

 The liquid/vapour interfacial energy is isotropic (i.e.  ′ =γ lv 0) and therefore the last term 
on the left - hand side of Equation  (1.21)  can be dropped. Now consider the case where 
both the solid/fl uid interfacial energies do not depend on orientation (  ′ = ′ =γ γsl sv 0 ), yield-
ing the isotropic form of the Herring equation. The resultant vector equation is often 
presented as two independent scalar equations relating interfacial energies and angles 
between interfaces. One form, originally proposed by Smith  [Smith 1948] , is given by 
Equation  (1.10) . A different representation of the same conditions is given  [Voronkov 
1963, Bardsley 1974] ) by:

    cos , cosα γ γ γ
γ γ

β γ γ γ
γ γ

=
+ −

=
+ −sv lv sl

sv lv

sv sl lv

sv sl

2 2 2 2 2 2

2 2
    (1.22)  

where the fi rst angle, defi ned as   α     =    π     −      θ   v , is the growth angle and the second angle is 
defi ned as   β     =    π     −      θ   s . 

 The two isotropic relations for   α   and   β   given in Equation  (1.22) , together with the 
trivial equality   θ   v    +     θ   1    +     θ   s    =   2 π , provide the  intrinsic  values of the three angles between 
the interfaces as a function of the three interfacial energies. However, when viewing the 
TPL from a macroscopic viewpoint, it is not obvious that these angles will be preserved. 
This depends on the distance from the TPL over which the slope of the interface (i.e. its 
orientation) can be assumed constant. In the case of the liquid/vapour interface the rele-
vant distance (see e.g.  [de Gennes 2004] ) is of the order of the capillary length 
(  l gc lv l= γ ρ ), where   ρ   l  and  g  are, respectively, the liquid phase density and the accel-
eration due to gravity. Since, in typical crystal growth systems, the resultant value of  l  c  
is of the order of millimetres, it is reasonable to assume that the slope of this interface at 
the TPL can be observed from a macroscopic viewpoint. 

 The solid/liquid interface typically conforms to the melting point isotherm (whose 
shape and position is governed by heat transport) except near the TPL where it must curve 
away from the isotherm to satisfy Equation  (1.22)  at the TPL. The curvature is related to 
the local undercooling at the TPL via the Gibbs – Thomson equation (see e.g.  [Flemings 
1974] ), where the distance from the TPL over which the deviation from the isotherm 
occurs typically ranges from a few microns to several hundredths of a micron (see e.g. 
 [Voronkov 1978, Voronkov 1981] ). 

 Most interesting is the possibility of local (close to the TPL) variations in the slope of 
the solid/vapour interface. Following Voronkov  [Voronkov 1978] , consider the curvature 
of the solid/vapour interface, whose value at the TPL can be associated with the under-
cooling at this point. The surface gradient of this curvature can be related to a process of 
surface transport and deposition of mass from the liquid phase at the TPL to a point far 
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from the TPL where the curvature is negligible and the solid/vapour interface can be 
considered  ‘ fi nally formed ’ . The resultant deviation between the intrinsic growth angle   α   
and the (effective) growth angle   α   * , measured with respect to the slope at this point, is 
depicted in Figure  1.22 . Quantifi cation of this deviation  [Voronkov 1978] , assuming 
steady - state solidifi cation and an isotropic solid/vapour interfacial energy near the TPL, 
yields:

    α α χ α* .= − = − −
0

1 3Cv T∆     (1.23)     

 The angle   χ   0  appearing in this equation is marked in Figure  1.22 ,  ∆  T  (given by  ∆  T     =     T  m      −      T ) 
is the undercooling at the TPL,  T  is the temperature at the TPL,  T  m  is the material ’ s 
melting point,  v  is the crystal growth rate in the direction tangent to the solid/vapour 
interface far from the TPL, and  C  is a coeffi cient given by:

    C
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     Figure 1.22     Important angles at the TPL.  
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 In Equation  (1.24)   ∆  H  is the volumetric latent heat of fusion of the crystal,   N̂   is the atomic 
density of the crystal and   λ   is the surface mass transport coeffi cient. Assuming a surface 
diffusion mechanism of mass transport yields:

    λ =
D N

k T
S S

B

ˆ
,     (1.25)  

where  D  S ,   N̂   S  and  k  B  are, respectively, the surface diffusion coeffi cient, the atomic surface 
density of the crystal and the Boltzmann constant. In the next section, concerned with 
anisotropic interfacial energies, an example related to the growth of silicon is used to 
obtain a feel for values of   χ   0  in typical semiconductor growth systems (with and without 
isotropic interfacial energies).  

  1.3.1.2   Anisotropic Interfacial Energies 

 Consider the more general case of anisotropic fl uid/crystal interfacial energies. Following 
Bardsley  et al.   [Bardsley 1974] , a scalar multiplication of the relevant form of the Herring 
equation (Equation  (1.21)  with   ′ =γ lv 0) with the unit vectors  e  sv  and  e  lv  yields two rela-
tions uniquely defi ning   α   and   β  :

    
γ γ α γ β γ β

γ γ α γ α β

ϕsv lv sl sl

lv sv sl

sl
− − − ′( ) =

− + +( )

cos cos sin

cos cos

0

−− ′( ) + ′( ) +( ) =+γ α γ α βϕ ϕsv slsv slπ sin sin ,0
    

(1.26)
  

where, following Figure  1.22 , the angular derivatives of the interfacial energies are taken 
with respect to   ϕ  , which is measured counterclockwise from the horizontal. 

 Using Equation  (1.26)  allows for the determination of   α   and   β   provided all three inter-
facial energies are known where, in the case of the two solid/fl uid interfaces, the angular 
dependence of these energies is also required. Alternatively, Equation  (1.26)  can be used, 
together with experimental and calculated data for average values of the interfacial ener-
gies and angles   α   and   β  , to obtain rough estimates for the contributions of the torque 
terms in these two relations (see e.g.  [Bardsley 1974]  for such an estimate in the case of 
the growth angle of Ge). 

 The relations in Equation  (1.26)  specify the intrinsic angles   α   and   β   as long as the two 
solid/fl uid interfacial energies (  γ   sl ,   γ   sv ) are continuously differentiable at the relevant 
angular orientation of these interfaces (  ϕ   sl  and  π    +     ϕ   sv ; see Figure  1.22 ). As in the case 
of isotropic energies, there is the possibility that macroscopically observed angles will 
differ from their intrinsic values. The above discussion of this issue is still relevant though 
certain restrictions apply (related to anisotropy of the solid/vapour interface). Of special 
interest is the case where a facet exists on the solid/liquid interface near the TPL. The 
resultant typically nonnegligible value of  ∆  T  at the TPL associated with such a facet is 
often associated with an appreciable difference between   α   and   α   *  according to Equation 
 (1.23) . 

 To obtain a feeling for values of   χ   0  in typical semiconductor growth systems, consider 
the case of a dislocation - free silicon crystal grown by the Czochralski method in the  〈 111 〉  
direction, where a ring - shaped facet appears on the solid/liquid interface near the TPL 
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(see e.g.  [Voronkov 1975] ). The undercooling at the TPL is  ∆  T    =   3.7    ° C and the experi-
mentally based estimated value of   χ   0  is of the order of 20    °  (see  [Voronkov 1978]  and 
references therein). In the event that a facet is not present near the TPL, the undercooling 
is two orders of magnitude smaller (see e.g.  [Voronkov 1974] ). Assuming a similar 
growth velocity and treating  C  (in Equation  (1.23) ) as a constant suggests that the value 
of   χ   0  is negligible and the effective observable growth angle is, in this case, equal to   α  . 
This important conclusion implies that a typical semiconductor crystal growth system, 
whose growth front is facet - free in the vicinity of the TPL and whose solid/vapour inter-
facial energy can be assumed isotropic, is likely to exhibit a macroscopically observable 
growth angle which is the thermodynamic constant   α   given by Equation  (1.26) ; in the 
event that both solid/fl uid interfacial energies are isotropic the growth angle will be given 
by Equation  (1.22) . 

 Systems exhibiting facets in contact with the TPL cannot be analysed using Equation 
 (1.26)  since the interfacial energy associated with faceted surfaces is not continuously 
differentiable with respect to orientation at the relevant value of   ϕ  . In this case it is useful 
to consider graphical solutions to Equation  (1.21) . Two similar approaches have been 
proposed, the fi rst in  [Hoffman 1972]  and the second in  [Voronkov 1980; Voronkov 
1981] . In the following the approach described in  [Voronkov 1981]  is presented. 

 First, two two - dimensional polar (Wulff) plots are constructed, one for   γ   sl  and the 
other for   γ   sv . For each surface orientation  n   ij   a segment of length   γ  ij  ( n   ij  ) is drawn from the 
origin in the direction of  n   ij   ( ij    =   sl or sv); note that (see Figure  1.21 )   n esl sl= †  and 
  n esv sv= − † . Next, a straight line perpendicular to this segment is drawn at its end. 
The family of these straight lines defi nes an inner closed form whose boundary is denoted 
by   Γ  ij   ( ij    =   sl or sv). Examples of the two resultant forms are depicted in Figure  1.23 . 
Note that in this specifi c case a system has been chosen which exhibits one singular 
orientation (identical for both solid/fl uid interfaces), associated with a cusp in the two 
Wulff plots.   

 Consider a vector  g   ij   drawn from the origin to some point on   Γ  ij   ( ij    =   sl or sv). It can 
be shown (see e.g.  [Voronkov 1980] ) that:

    g n nij ij ij ij ij ij= + ′ =( )γ γ † ,sl, sv, lv     (1.27)  

where (see Figure  1.21 )   n esl sl
† = − ,   n esv sv

† = ,   n elv lv
† = −  and   n elv lv= † ; notice that the defi -

nition of the vector  g   ij   is given for all three interfaces ( ij    =   sl, sv, lv). Let us now rotate 
the Herring equation, Equation  (1.21) , by  π /2 in the counterclockwise direction 
where this can be achieved by performing a scalar multiplication of this equation 
(with   ′ =γ lv 0 ) from the left by an appropriately chosen dyadic. Inserting into the 
resultant vector equation, for all three interfaces, the relation given by Equation  (1.27)  
yields:

    g g g 0sl sv lv− + = .     (1.28)   

 Following Voronkov  [Voronkov 1981] , for a given solid/vapour interfacial orientation at 
the TPL ( n  sv ), assuming the three interfacial energies are known (as a function of orienta-
tion), it is possible to use Equation  (1.28)  together with the two   Γ   plots in Figure  1.23  to 
obtain the other two interfacial orientations  n  sl  and  n  lv . First, the point on   Γ   sv  whose ori-
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     Figure 1.23     Geometric representation associated with the Herring equation (Equation 
 (1.21) ).  

entation is  n  sv  (point B) is located, where OB is the corresponding  g  sv  vector. Drawing 
from point B a circle whose radius is equal to g lv  (i.e.   γ   lv ), determines point A which is 
the intersection of this circle with   Γ   sl . The obtained vectors OA and AB are, respectively, 
equal to  g  sl  and  g  lv , where the resultant closed triangle constructed by the three vectors is 
a graphical representation of Equation  (1.28)  and now all three orientations ( n  sl,   n  lv ,  n  sv  
or   ϕ   sl,    ϕ   lv ,   ϕ   sv ) are known. This result immediately yields the two intrinsic angles 
  α     =     ϕ   lv     −      ϕ   sv  and   β     =     ϕ   sv     −   ϕ   sl . Finally, note (in Figure  1.23 ) the additional intersection 
point of the circle with   Γ   sl . Although this point admits an additional solution to Equation 
 (1.28) , it must be rejected because the resultant interfacial orientations are not consistent 
with the physical picture involving, when moving in a counterclockwise direction around 
the TPL, a crossover from solid to liquid to vapour and back again to solid (see Figures 
 1.21  and  1.22 ). 

 The specifi c triangle of vectors in Figure  1.23  refl ects the orientations of the three 
interfaces at a given point in time where, in the case of steady - state growth, all orienta-
tions are time - independent and the growth angle   α   is a constant. It is possible to think of 
several positions for point B, each with different corresponding orientations of the three 
interfaces. Plotting the resultant solid/fl uid interfacial orientation angles (  ϕ   sl ,   ϕ   sv ) as a 
function of the angular orientation of the liquid/vapour interface (  ϕ   lv ) yields a useful fi gure 
of the type proposed in  [Voronkov 1980] . A schematic of such a plot, qualitatively con-
sistent with Figure  1.23  is shown in Figure  1.24 ; the point corresponding to the specifi c 
OAB triangle shown in Figure  1.23  is marked in Figure  1.24 . Note that Figures  1.23  and 
 1.24  are not completely consistent with Figures  1.21  and  1.22 , which do not show a facet 



34 Crystal Growth Processes Based on Capillarity

on the solid/vapour interface at the TPL. In addition, it is important to note that the curves 
in Figure  1.24  are associated with a limited range of interfacial orientations and do not 
cover all possibilities that can be derived from Figure  1.23  (e.g. facets on the solid/vapour 
interface).   

 It is possible to relate  ′γ sl  to the relevant step energy (normalized by the step height) of 
a vicinal surface associated with the singular direction characterized by the specifi c  n  sl  
vector shown in Figure  1.23 . As described in  [Voronkov 1981] , and consistent with Figure 
 1.23 ,   ′γ sl  on the singular surface jumps from the negative value associated with a negative 
vicinal surface slope to a positive value associated with a positive vicinal surface slope. 
As can be understood from Figures  1.23  and  1.24 , a faceted solid/liquid surface in contact 
with the TPL may theoretically be associated with a variety of growth angles whose range 
can be related to the negative and positive vicinal slope step energy values. Interestingly, 
in  [Yuferev 2005]  it is shown how this phenomenon (in the context of a facet on the solid/
vapour interface) may result in two distinctly different growth angles on the two sides of 
a sapphire ribbon grown by the EFG technique. Finally, in the case of isotropic energies, 
the two   Γ   plots are circular, the size and relative orientation (one with respect to the other) 
of the three vectors remain constant and, consistent with Equation  (1.22) ,   α   and   β   also 
remain constant regardless of the position of point B. This situation can be observed in 
Figure  1.24  for large values of   ϕ   lv  at which the curves are parallel to one another (recall 
that   α     =     ϕ   lv     −      ϕ   sv  and   β     =     ϕ   sv     −      ϕ   sl ). 

j

jlv

jsv

jsl

OAB

jlv

     Figure 1.24     Relative orientations of the three interfaces. The dashed line corresponds to 
the 45    °  line (  ϕ   lv  vs   ϕ   lv ) and the point corresponding to the OAB construction in Figure 
 1.23  is marked.  
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 The above relatively simple picture of the graphical approach to the determination of 
the growth angle is misleading. First of all, real quantitative data on both   Γ   plots is not 
usually available. In addition, signifi cant differences between the values of   α   and   α   *  can 
be expected in certain cases, providing further complications to the analysis. Additional 
nontrivial issues such as the possibility for metastable solutions are discussed in  [Voronkov 
1981] . Such complications lead to the practical approach according to which growth 
angles are typically measured from experiments. The analysis of the results of these can, 
however, benefi t from an understanding of the above theoretical considerations.   

  1.3.2   Measurements of Growth Angles: Methods and Values 

 Over the past four decades there have been several efforts to measure growth angles in 
a number of melt growth systems. The measurement techniques can usually be classifi ed 
as belonging to one of two main approaches, observation of the TPL region during growth 
(method 1) or an  a posteriori  analysis of solidifi ed material (method 2). Method 1 involves 
either direct observation and measurement of the angle between tangents to the meniscus 
(liquid/vapour interface) and the solid/vapour interface at the TPL, or a mathematical 
analysis of the observed meniscus (and in some cases the solid/vapour interface) leading 
to the determination of the growth angle. Related measurements of contact angles of melt 
drops placed on substrates (e.g. relevant to liquid phase epitaxy  [K ö nig 1983, K ö nig 
1984] ) are not discussed here. 

 In the following, several studies involving the application of methods 1 and 2 to the 
measurement of growth angles in a variety of systems are briefl y discussed. Measured 
values, sorted according to the type of crystalline material studied, are listed in Table  1.9 . 
Note also that partial lists of growth angles are reviewed in the literature ( [Bohm 1994, 
Hurle 1994, Hurle 1995, Duffar 1997, Kuandykov 2001] ).   

 The early measurements date back to the 1960s. Antonov  [Antonov 1965]  photo-
graphed the meniscus (including the TPL) of Ge growing by the Czochralski technique. 
He directly measured the angle between the tangent to the meniscus and the horizontal 
and, in addition, showed that two different values of this angle give a good fi t to an 
approximate solution of the Young – Laplace equation for two different sets of experi-
mental measurements of crystal diameter and meniscus height. The angles determined 
are equal to  π /2    −      α   (where   α   is the growth angle) only if the measurements can be 
assumed to have involved a time - independent crystal diameter. Shashkov and Mel ’ inkov 
 [Shashkov 1965]  fi lmed the Czochralski growth process, applied to Ge and Si, to obtain 
direct observations of the growth angles of these materials. Further measurements using 
method 1 are reported by Wenzl  et al.   [Wenzl 1976, Wenzl 1978]  who used a Czochralski 
growth process to determine the growth angles of Cu  [Wenzl 1976]  and Ga  [Wenzl 
1978] . The angle in the case of Ga was measured both with He as the vapour phase 
and with an aqueous solution of HCl replacing the vapour phase (value not shown 
in Table  1.9 ). Additional similar measurements for Ge and Au are reported in 
 [Wenzl 1978] . 

 The direct viewing approach (method 1) was used in a number of additional investiga-
tions. The growth angle of sapphire was measured, using this method, by Satunkin and 
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  Table 1.9    Values of growth angles reported in the literature 

   Material   a          α   ( ° )     Surface   b        References     Method  

  Si {111}    11    ±    1    Nonfaceted     [Surek 1975]     2  
  11    ±    1.5    Nonfaceted     [Hamidi 1983]     2  
  11.4 – 19.9    Nonfaceted     [Antonov 2002]    c       2  
  12    ±    1    Unknown     [Satunkin 1980]     2  

  Si {110}    11    ±    1.5    Nonfaceted     [Hamidi 1983]     2  
  Si    12    ±    1    Isotropic     [Satunkin 2003]     2  

  10    Isotropic    [Virozub 2008]   d       2  
  8.5 – 9    Polycrystalline     [Surek 1975]     2  
  9.5    ±    1.5    Polycrystalline     [Hamidi 1983]     2  
  15 – 20    Unknown     [Shashkov 1965]     1  

  Ge {111}    13    ±    1    Nonfaceted     [Surek 1975, 1976]     2  
  12    ±    1    Facet     [Satunkin 2003]     2  

  Ge {110}    14    ±    1    Facet     [Satunkin 2003]     2  
  Ge    8    Polycrystalline     [Surek 1975]     2  

  8 – 10.3    Polycrystalline     [Antonov 2002]    c       2  
  14    ±    1    Isotropic     [Satunkin 2003]     2  
  12    ±    1    Isotropic     [Satunkin 1980]     2  
  14.3    Isotropic    [Virozub 2008]   d       2  
  7    ±    3    Unknown     [Wenzl 1978]     1  

  InSb (  1 1 1)    25    ±    1    Facet     [Satunkin 1980]     2  
  25.5    ±    0.5    Facet     [Antonov 2002]    e       2  
  25 – 30    Facet     [Satunkin 2003]     2  

  LiNbO 3     0    Unknown     [Satunkin 1986]     1  
  NaNO 2     7    ±    1    Unknown     [Ivantsov 1986]     1  
  LiF    19    ±    2    Unknown     [Ivantsov 1986]     1  
  Sapphire {0001}    35    ±    4    Facet     [Dreeben 1980]     1  
  Sapphire    17    ±    4    Nonfaceted periphery     [Dreeben 1980]     1  
  Sapphire    20    ±    5    Unknown     [Tatarchenko 1977]     1  
  Sapphire    12    ±    1    Unknown     [Satunkin 1980]     1  
  Cu    0    Nonfaceted     [Wenzl 1976]     1  
  Ga    0    Facet     [Wenzl 1978]     1  
  Au    0    Unknown     [Wenzl 1978]     1  
  GaP (111)    9.8    ±    0.5    Facet     [Antonov 2002]     2  
  InP (111)    7.0    ±    0.5    Facet     [Antonov 2002]     2  
  GaSb    30.7    ±    2    Unknown     [Tegetmeier 1996]     1  
  GaSb ( µ g)    28    Unknown     [Tegetmeier 1996]     1  
  W    20    ±    5    Unknown     [Glebovsky 1989]     1  
  GaAs    16    Unknown     [Satunkin 2003]     2  

     a     In some cases the nominal orientation of the solid/lquid interface (i.e. the growth direction) is provided.  
    b     This is the quality of the solid/liquid interface which, if reported, is typically known only at the onset of 
solidifi cation.  
    c     Based on data from  [Surek 1975] .  
    d     Based on data from  [Satunkin 2003] .  
    e     Based on data from  [Satunkin 1980] .   

co - workers [ Tatarchenko 1977   ,  Satunkin 1980 ]. The measurement system involved 
pulling thin crystalline rods through a shaper, where the growth angle was determined by 
a number of different analysis techniques applied to data on solid/vapour and liquid/
vapour interfaces obtained by direct observation of the TPL and shaper regions. The 
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application of method 1 to sapphire growth is also reported in  [Dreeben 1980] , in which 
case the crystals were grown in a laser - heated fl oat zone system. In  [Satunkin 1986]  
Satunkin and co - workers emphasize the fact that their (type 1) method, applied to the 
pulling of thin lithium niobate rods from a shaper, does not require knowledge of the 
position of the TPL. The method described in  [Satunkin 1986]  is applicable to crystals 
of uniform diameter. The constant diameter assumption is also necessary when using the 
type 1 method applied in  [Ivantsov 1986]  for the determination of the growth angles of 
LiF and NaNO 2 . 

 Two more studies involve the application of method 1 in the measurement of growth 
angles of W  [Glebovsky 1989]  and GaSb  [Tegetmeier 1996] . The growth angle was 
determined in  [Glebovsky 1989]  using an approximate analytical solution for the menis-
cus between tube - shaped feed and crystalline rods in an electron - beam zone melting 
system. The analysis in  [Tegetmeier 1996]  involved fi tting lines to the meniscus and solid/
vapour interface to determine the growth angle in a fl oating zone system, both under 
normal conditions and in microgravity. Finally, an example of method 1 applied to the 
case of fl oating zone growth of Si can be found in Chapter  4  of this book. 

 The  a posteriori  analysis of solidifi ed material (method 2) was, to the best of our 
knowledge, pioneered by Surek and Chalmers  [Surek 1975] . These authors determined 
growth angle values based on a careful examination of a re - solidifi ed small circular region 
of melt created in a thin crystalline wafer using an electron gun. Gravity was ignored in 
the analysis and the solid/liquid interface was assumed planar. This technique was applied 
to the case of Si and Ge  [Surek 1975, Surek 1976] , where in  [Surek 1976]  a rough estimate 
of gravitational effects was mentioned. 

 In  [Satunkin 1980]  Satunkin  et al.  presented a study of InSb, where the measurement 
was based on the  a posterior i analysis of directionally solidifi ed drops obtained when 
Czochralski - grown crystals were pulled free (i.e. separated) from the melt. The analysis 
involved approximating the solid/vapour interface to be parabolic in shape, an assumption 
of negligible effect of gravity on the liquid/vapour interface form, as well as a planar 
solid/liquid (growth) interface. Interestingly, in their later publication  [Satunkin 1986] , 
Satunkin and co - workers mentioned that transparent materials such as LiNbO 3  or sapphire 
cannot be analysed using this method since solidifi cation in this case is not unidirectional 
from the base (original crystallization front) to the tip. 

 The method proposed in  [Surek 1975]  was used in  [Hamidi 1983]  to determine angles 
of Si both in vacuum and under Ar atmosphere. Antonov and Selin  [Antonov 2002]  
proposed an elegant method for determining the growth angle from directionally solidifi ed 
drops based on their cone angle and the assumptions of negligible gravitational effect on 
meniscus shape as well as a planar solidifi cation front. This method was applied to GaP 
and InP systems as well as to photographs from the literature of InSb  [Satunkin 1980] , 
Ge  [Surek 1975]  and Si  [Surek 1975] . Interestingly, the comparison with results of Surek 
 [Surek 1975]  was in some cases excellent in spite of the fact that the solidifi cation geom-
etry in  [Surek 1975]  is different from that of a solidifying drop. 

 An extensive report on measurements of growth angles using method 2 applied to Ge, 
Si and InSb is given in  [Satunkin 2003] . A number of analysis techniques are applied. In 
particular, the assumption of constant growth angle is tested and is found to be valid for 
Si and Ge but not for InSb. Finally, in  [Virozub 2008]  method 2 was applied to data on 
Ge and Si drops from  [Satunkin 2003]  in a manner that requires no assumptions regarding 
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the shape of the solidifi cation front. Once determined, the accuracy of the growth angle 
value and the possibility that it can be assumed constant were both verifi ed using a 
detailed dynamic growth simulation involving coupled heat transport and capillarity. 
Results highlight the possible importance of gravity in these problems. In addition, this 
reference suggests that solidifi ed drop shapes may not be very sensitive to the shape of 
the solid/liquid interface during growth. 

 Although (as can be seen in Table  1.9 ) several measurements were made on systems 
with a known crystallographic orientation, it is not always obvious if the solidifi cation 
interface near or at the TPL is faceted or atomically rough. As can be understood from 
section  1.3.1  as well as from  [Voronkov 1981, Satunkin 2003] , although knowledge of 
the exact nature of the solid/liquid and solid/vapour interfaces at the TPL may not always 
be necessary for growth angle measurement, this information is important for the inter-
pretation of measured values.  

  1.3.3   Application of the Growth Angle Condition in 
Simulations of Crystal Growth 

 Rigorous simulations of meniscus - defi ned crystal growth processes, in which the liquid/
vapour interface shape is calculated, should be consistent with the growth angle as dic-
tated by the application of the physics, described in section  1.3.1 , to the system at hand. 
Relevant modelling efforts of melt growth systems, coupling heat transport and capillarity 
in a self - consistent manner, can be traced back to the mid 1980s. Some of the earliest 
studies include a quasi - steady - state model for the edge - defi ned fi lm - fed (EFG) growth of 
Si  [Ettouney 1983] , a steady - state description of small - scale fl oating - zone growth of Si 
 [Duranceau 1986]  and a dynamic analysis of the Czochralski growth of Ge  [Crowley 
1983] . In  [Ettouney 1983]  the growth angle value is enforced as a boundary condition in 
the numerical solution of the Young – Laplace equation for the liquid/vapour interface 
shape, in  [Duranceau 1986]  this boundary condition is used to determine the  a priori  
unknown pressure jump across the liquid/vapour interface, and in  [Crowley 1983]  the 
growth angle value is implemented by a dynamic equation relating the changing crystal 
diameter to the crystal growth rate at the TPL. This equation, important when considering 
the stability of growth (see Chapter  2  of this book) and control of crystal diameter (see 
 [Hurle 1994]  and Chapter  3 ), is given by:

    
d

d
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g
r

t
v= −( )tan ,ψ α     (1.29)  

where  r  c  is the crystal radius at the TPL,   ψ   is the angle between the vertical and the liquid/
vapour interface, and  v  g  is the crystal growth rate at the TPL; note that in Czochralski 
growth systems this growth rate is equal to the difference between the pull rate and the 
rate of change of melt height below the TPL. 

 It is interesting to note, that in the case of a fl oating zone system (discussed in 
 [Duranceau 1986] ), in which two TPLs exist, the growth angle is enforced only at the 
TPL associated with growth. No angles are specifi ed at the TPL on the melting solid/
vapour interface (i.e. on the feed rod). A relevant discussion of this issue is presented, in 
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relation to back - melting during Czochralski growth, in  [Van den Bogaert 1996] . Following 
the discussion in this reference, it is probably best to restrict growth angle measurements 
to experiments in which it is verifi ed that growth actually takes place at the relevant TPL. 

 The fi eld of crystal growth modelling has advanced considerably since the mid - 1980s. 
Highly sophisticated modelling efforts have been reported in the literature, many of which 
involve simulation of meniscus - defi ned systems in which transport - phenomena and capil-
larity are rigorously coupled. Physically consistent methods, accounting for the growth 
angle condition in these studies, are typically based on the principles laid down in the 
three above - mentioned references and other early works. A description of the develop-
ment and application of relevant modelling efforts, which is beyond the scope of this 
chapter, is given in several review articles and book chapters published since the mid 
1980s (e.g.  [Brown 1988, Dupret 1994, Yeckel 2005] ). In addition, note that a discussion 
related to the application of modelling to the fl oating zone technique can be found in 
Chapter  4  of this book. 

  1.3.3.1    Constant Growth Angle Approximation 

 Almost all of the computational analyses of meniscus - defi ned growth, accounting for the 
growth angle, assume it to be constant in both time and space. Exceptions include the 
analysis of a directionally solidifying sessile water drop  [Anderson 1996]  in which a 
dynamic angle was used to fi t experimental data, and the calculation of a nonaxisymmetric 
cross - section of crystals pulled from the melt  [Pet ’ kov 1993]  which involved growth angle 
anisotropy in the plane perpendicular to the growth direction. However, in  [Anderson 
1996]  heat transport was not accounted for in the analysis. As indicated in  [Schultz 2001]  
and shown in  [Virozub 2008] , agreement with experimentally observed features in this 
particular case (involving solidifi cation of a sessile water drop) can be obtained when 
heat transport is accounted for in the analysis without the need for relaxing the constant 
growth angle approximation. In addition, although the basic reasoning behind the analysis 
in  [Pet ’ kov 1993]  is sound, this two - dimensional study is limited to the cross - sectional 
plane of the crystal with no account for heat transport in the formulation. 

 In  [Virozub 2008]  a method is discussed for the estimation and verifi cation of growth 
angle values based on experimentally obtained directionally solidifi ed sessile or pendant 
drops. The estimation refers to the angle exhibited at the initial stages of drop solidifi ca-
tion while the verifi cation is based on the constant growth angle assumption. The two 
examples shown in this reference, of Si and Ge solidifying on isotropic fronts of 
Czochralski - grown crystals pulled free from the melt, suggest that this assumption is 
satisfactory in these systems. Following the discussion in section  1.3.1 , it is theoretically 
possible for this assumption to fail in systems exhibiting anisotropy of interfacial energies, 
signifi cant undercooling at the TPL, or a combination of both. It is important to note 
however, that even in cases where one or both of these phenomena occur, the angle may 
still remain constant throughout growth due to  time - independent  conditions at the TPL. 
Finally, as discussed above in relation to  [Pet ’ kov 1993] , three - dimensional effects, such 
as those involving anisotropy of interfacial energies in the plane perpendicular to the 
growth direction, may lead to nonuniform growth angle values along the TPL. 

 The following involves the application of an approach based on the method 
presented in  [Virozub 2008] , further probing issues related to the constant growth angle 
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approximation. In particular a situation is examined, where a facet dominates the solid/
liquid interface. Since the method and related equations are given in detail in  [Virozub 
2008] , they are only briefl y mentioned here. Additional information, associated with 
anisotropic interfacial attachment growth kinetics, is briefl y discussed below with more 
detail provided in  [Weinstein 2004] . 

  Computational Approach to the Estimation and Verifi cation of Growth Angle 
Values.     Our starting point is a solidifi ed pendant or sessile drop whose shape, which is 
known, is used for the determination of the solid drop volume as well as the angle of 
contact between the solid/vapour interface and the substrate. The solidifi ed material 
volume is multiplied by the solid - to - liquid density ratio thus providing a value for the 
original liquid drop volume. This is then used, together with the known drop/substrate 
(circular) interfacial area, to determine the liquid drop ’ s shape by numerical solution of 
the Young – Laplace equation with gravity (see Chapter  8  for the various forms of the 
Young – Laplace equation):
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    (1.30)   

 The coordinate system used here is the same as the one described below (see Figure  1.25 ) 
in the context of drop - solidifi cation calculations, where  z  l ( r ) is the  z  - coordinate value of 
the liquid/vapour interfacial profi le at a given radial position. In Equation  (1.30)   1/b  is 
the drop ’ s mean curvature at its apex ( r     =    0,  z  l     =     z  la ),  z  la  is the vertical distance of the 
drop apex from its base,  e  z  is the unit vector in the z coordinate direction and  g  is the 
gravity vector. Boundary conditions applied in this case are a symmetry (zero slope) 
condition at  r    =   0 and the fact that, at  r    =    R  0 , the liquid/vapour interface ’ s vertical position 
is fi xed at  z  l    =   0. In addition, the parameter 1/ b  is determined by coupling the solution of 
Equation  (1.30)  with that of an additional equation enforcing the pre - determined liquid 
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     Figure 1.25     Mathematical representation of model system for drop solidifi cation.  
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volume. Once the shape,  z  l ( r ), is known it is possible to evaluate the angle of contact 
between the liquid/vapour interface and the substrate. Finally, the difference between this 
angle and the previously obtained contact angle of the solidifi ed drop is the estimated 
growth angle.   

 Verifi cation of the estimated growth angle, assuming it is constant, is obtained by 
solving the coupled problem of heat transport, phase - change and capillarity during the 
directional solidifi cation of the drop. A mathematical representation of the axially - sym-
metric model system used in these calculations is shown in Figure  1.25 . 

 The evolution of the temperature fi eld in the solid ( D  s ) and liquid ( D  l ) phases during 
solidifi cation is assumed to be governed by the heat equation:

    ρi pi iC
T

t
k T i

∂
∂

= ∇⋅ ∇ =( )l, s ,     (1.31)  

where   ρ  i  ,  C pi  , and  k i   are, respectively, the density, heat capacity and thermal conductivity 
of phase  i , while  T ,  t  and  ∇  represent temperature, time and the gradient operator. Note 
that in this analysis of small - scale systems with relatively low - valued temperature gradi-
ents, we have neglected the impact, on the thermal fi eld, of melt fl ow driven either by 
buoyancy or by surface tension gradients. 

 External boundary conditions for this problem include a prescribed ( T    =    T  0 ) temperature 
along the interface between the drop and the cold substrate ( ∂  D  sp ) and heating by 
the environment at the liquid/vapour ( ∂  D  lv ) and solid/vapour ( ∂  D  sv ) interfaces according 
to:

    − ∇ ⋅ = − =( )( )k T h T T iji ijn a lv sv, ,     (1.32)  

where  n   ij   is the unit normal vector pointing from the interface towards the environment, 
 T  a  is the ambient temperature and  h  is the convective heat transfer coeffi cient enhanced 
due to radiative transport effects. 

 Along the solidifi cation interface ( ∂  D  sl ) a balance of heat fl uxes requires adherence to 
the Stefan condition given by:

    k T k T Hvs s l l sl∇( ) − ∇( )[ ]⋅ =n ∆ n,     (1.33)  

where the subscripts l and s respectively denote quantities evaluated on the liquid and 
solid sides of the solid/liquid interface, the volumetric heat of fusion is given by  ∆  H ,  v  n  
is the normal growth rate and  n  sl  is the unit normal vector pointing from the interface into 
the liquid phase. In  [Virozub 2008]  the solid/liquid interface is assumed to coincide with 
the melting point isotherm. This assumption, which is consistent with extremely fast 
interfacial attachment growth kinetics, is relaxed (where necessary) in the following to 
allow for the formation of a kinetically driven facet during solidifi cation; see e.g. 
 [Weinstein 2004]  for a full discussion of our approach to the problem of faceting. In this 
case, the simple isotherm condition ( T    =    T  m  on  ∂  D  sl ) in  [Virozub 2008]  is replaced here 
by the more general equation:

    v Tn k= ∆β ,     (1.34)  
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where  ∆  T  is the undercooling on  ∂  D  sl  and   β   k  is the kinetic coeffi cient (which is not neces-
sarily constant). In the common event of an atomically rough solid/liquid interface, kinet-
ics of growth are extremely fast (  β   k  is relatively large), the resultant undercooling value 
is negligible ( ∆  T     →    0), and the isotherm condition used in  [Virozub 2008]  is recovered. 
However, when (at some point on the solid/liquid interface) crystal growth occurs along 
a singular orientation, a facet may appear, molecular attachment kinetics become rela-
tively slow and the resultant nonnegligible undercooling must be accounted for. This is 
done via Equation  (1.34)  where the kinetic coeffi cient now depends on the undercooling 
as well as on the deviation from the singular orientation (  δ  ), in accordance with basic 
crystal growth mechanisms characteristic of growth in the vicinity of an atomically 
smooth singular surface. 

 As described in detail in  [Weinstein 2004] , a general expression for the kinetic coef-
fi cient near a singular surface can be formulated using a combination of the following 
expressions:
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where   β   r  is a large - valued rough growth kinetic coeffi cient (practically enforcing the 
isotherm condition),   β   st  is a step kinetic coeffi cient and  A ,  B  and  C  are additional param-
eters which, together with   β   r  and   β   st , can be treated as constants. In the most simple (yet 
robust) approximation, each mechanism is enforced separately depending on the local 
crystallographic orientation and (in the case of extremely small values of   δ   ) on the nature 
of the singular surface. For large enough values of   δ   rough surface kinetics are used, for 
intermediate   δ   values vicinal kinetics are enforced, and below a certain value of   δ   either 
screw dislocation or two - dimensional nucleation kinetics are applied depending on the 
availability of screw dislocations on the surface. In  [Weinstein 2004]  (and here) the 
crossover from step source (screw dislocation or two - dimensional nucleation) to vicinal 
surface kinetics for  〈 111 〉  Si is modelled as occurring at misorientation values on the order 
of 0.001    ° , while switching to rough growth kinetics is enforced at   δ   values on the order 
of 0.5    ° . 

 The liquid/vapour interface shape is calculated, as a function of time, by solving 
Equation  (1.30)  coupled with an overall mass conservation equation for the determination 
of  1/b , where a zero interfacial slope condition is imposed at the liquid drop ’ s apex and 
the edge of the drop is positioned to coincide with the TPL. Finally, self - consistency with 
the thermal fi eld calculation is enforced by applying the growth angle condition according 
to which   α   is equal to the difference between the inverse tangent (arctan) values of the 
solid/vapour and liquid/vapour interfacial slopes at the TPL. 

 The fi nite - element based numerical procedures for solution of the equations presented 
above are mostly given in  [Virozub 2008] . When enforcing the isotherm condition (as in 
 [Virozub 2008] ), an iterative procedure is used, involving an empirically determined 
interface motion coeffi cient. However, when modelling a solid/liquid interface which 
exhibits a facet, this interface motion procedure is replaced with the algorithm described 
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in detail in  [Weinstein 2004] . Details of mesh and time - step sizes as well as other numeri-
cal parameters are the same as in  [Virozub 2008]  except for when Equation  (1.34)  is 
applied. In this case a reduced time - step size ( ∆  t    =   0.00025   s) is used with approximately 
70 substeps employed for advancement of the interface at each time - step. 

 As already discussed above, in  [Virozub 2008]  the growth angles for Si and Ge were 
estimated (and verifi ed to be constant), based on experiments reported in  [Satunkin 2003] . 
Here additional data from  [Satunkin 2003]  is used to estimate the growth angle for InSb 
(  111 ). The resultant growth angle value, obtained using the procedure briefl y described 
above (and in more detail in  [Virozub 2008] ), is found to be given by   α     =   25    ° . Next the 
verifi cation procedure is applied while assuming the isotherm condition to be applicable 
(i.e. ignoring effects of interface attachment kinetics). System parameters and physical 
coeffi cients are given, respectively, by the following values of estimated base undercool-
ing, estimated ambient overheating, liquid density  [Kozhemyakin 1995] , solid density 
 [Vaidya 2006] , heat of fusion  [Vaidya 2006] , solid conductivity  [Vaidya 2006] , liquid 
conductivity  [Roussopoulos 2004]   , volumetric liquid heat capacity  [Kozhemyakin 1995] , 
volumetric solid heat capacity  [Vaidya 2006] , liquid/vapour interfacial energy  [Hurle 
1995]  and estimated heat transfer coeffi cient:  T  m     −     T  0    =   10   K,  T  a     −     T  m    =   12   K,   ρ   l    =   6430   kg/
m 3 ,   ρ   s    =   5640   kg/m 3 ,  ∆  H    =   1.3    ×    10 9    J/m 3 ,  k  s    =   4.57   W/mK,  k  l    =   12.3   W/mK, 
  ρ   l  C  pl    =   1.68    ×    10 6    J/m 3 K,   ρ   s  C  ps    =   1.5    ×    10 6    J/m 3 K,   γ   lv    =   0.434   J/m 2 ,  h    =   115   W/m 2 K. 

 A plot of the predicted solidifi ed drop profi le, obtained with the above estimated angle 
value, is shown in Figure  1.26  together with the relevant experimental data from  [Satunkin 
2008] . For comparison, this fi gure contains a similar plot for the case of Ge grown on an 
isotropic growth front, obtained using the angle   α     =   14.3    °  which was determined and 
verifi ed in  [Virozub 2008] . The agreement between experiment and simulation is excel-
lent, suggesting that the growth angle is indeed constant. However, in the case of InSb, 
numerical diffi culties limited the ability to simulate solidifi cation beyond the level shown 
in Figure  1.26 . Consider the nonnegligible size of the residual liquid drop in this case 
( ~ 4% of original volume as compared with less than 0.5% in the case of Ge). It is theo-
retically possible that, if achievable, continued simulated solidifi cation may reveal a 
discrepancy between experimental and simulated profi les for small values of the radial 
coordinate. It is important to consider this possibility in this case since Satunkin ’ s analysis 
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     Figure 1.26     Experimental (circles) and simulated (solid lines) directionally solidifi ed 
pendant drop profi les. Shaded regions are the fi nal (simulated) solid drop shapes. The 
small regions above the simulated solid drops are the residual liquid.  
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 [Satunkin 2003]  determined the growth angle of this material to be nonconstant (see Table 
 1.9 ). In addition, as mentioned above, the verifi cations exhibited in Figure  1.26  were made 
using the isotherm condition at the interface. Strictly speaking, this approach is incorrect 
in the event (possibly relevant in the case of InSb shown in Figure  1.26 ) that a facet 
appears on the solid/liquid interface during the solidifi cation process.   

 The importance of using the rigorous boundary condition, Equation  (1.34) , in cases 
involving facets at the solid/liquid interface is investigated using a hypothetical case of 
Si drop solidifi cation in the  〈 111 〉  direction. Here parameters are the same as those used 
in  [Virozub 2008]  for the case of Si growing on an isotropic growth front. Since the actual 
value of the growth angle is not truly known in this case, the same value (  α     =   10    ° ) as 
that determined in  [Virozub 2008] , is chosen. Solidifi cation is simulated twice. First an 
analysis identical to that employed in  [Virozub 2008]  is applied. Next, the solidifi ed drop 
profi le is recalculated, this time using the rigorous approach involving Equation  (1.34)  
which accounts for interface attachment kinetics on a facet, should it evolve. In this case 
it was assumed that a two - dimensional nucleation mechanism dominates step generation. 
Parameters relevant to Equation  (1.35)  are   β   r    =   0.001   m/sK,   β   st    =   0.63   m/sK  ,  B    =   4.8    ×    10 8    m/
sK and  A    =   140   K. Looking at the results, shown in Figure  1.27 , it is interesting to note 
that, although the more rigorous calculation predicts the solid/liquid interface to be domi-
nated by a (111) facet, this result has almost no impact on the shape of the solidifi ed drop. 
This suggests that the commonly used approach of assuming the solid/liquid interface to 
be planar, when estimating the growth angle, may yield accurate results even in some of 
the cases where this assumption is clearly incorrect. Additional calculations (not exhibited 
here), showing a surprising insensitivity of the solidifi ed drop shape to variations in  k  s , 
 k  l ,  h ,  T  0  and  T  a , provide further support for this conclusion at least with respect to the Si 
system considered here.      
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     Figure 1.27     Thermal fi elds and interfacial profi les during simulated solidifi cation of Si in 
the  〈 111 〉  direction assuming   α     =   10    ° . Right - hand side (both of main fi gure and of inset) 
depicts solid/vapour, residual liquid/vapour and solid/liquid interfacial profi les; the dashed 
line demarks the solid/liquid interface when faceting is accounted for. Left - hand side 
depicts isotherms spaced 1   K apart. Dashed lines correspond to the faceted growth 
calculation and solid lines to those obtained using the isotherm condition.  
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  1.3.4   Summary 

 The concept of the growth angle, its measurement and relevant crystal growth simula-
tions are reviewed. The constant growth angle approximation appears valid in cases 
where signifi cant anisotropy is not present near the TPL. The existence of a facet (asso-
ciated with signifi cant anisotropy) at or near the TPL may lead to variations in the value 
of the growth angle. However, if steady - state growth conditions are maintained near the 
TPL, this growth angle value may remain constant throughout most of the solidifi cation 
process. 

 The agreement between different measurements of growth angle values for a given 
material is not always satisfactory (see Table  1.9 ). There may be a number of reasons 
for the discrepancies. Although some of the relevant references include information on 
the quality of the solid/liquid interface (faceted, polycrystalline, nonfaceted), it is not 
necessarily simple to verify that this information is accurate throughout the solidifi cation 
process. In particular, the quality of the interface at the TPL (e.g. the nature of contact 
between a solid/liquid interfacial facet and the TPL) is not easy to resolve. An additional 
complication is related to the accuracy of the estimation methods employed. Systematic 
errors may be introduced due to the use of approximate solutions of relevant equations. 
For example, as shown in  [Virozub 2008] , when neglecting the effect of gravity in the 
analysis of solidifying drops it is important to make sure that the Bond number is small 
(to be on the safe side it is probably best to neglect gravity only when  Bo     <    0.1). 
Assuming the solid/liquid interface to be planar when calculating solidifi cation profi les 
is probably incorrect in many cases considered in the growth angle measurement litera-
ture. However, the rigorous growth angle verifi cation procedure, applied here for a 
hypothetical case of a  〈 111 〉  Si drop solidifi cation process, shows almost no change in 
the solidifi cation profi le when simulating a faceted (fl at) as compared to a curved (non-
faceted) solid/liquid interface (using the same value of the growth angle in both cases). 
Further manipulation of system parameters indicates that the solidifi cation profi le is, in 
this case, relatively insensitive to heat transport. This result, which is in contradiction 
with the situation described for solidifi cation of a sessile water drop ( [Virozub 2008]  as 
compared with  [Anderson 1996] ), suggests that a more complete investigation of this 
issue is necessary. 

 Anisotropy and the possibility of a nonconstant growth angle are important issues 
which require further attention. Understanding the three - dimensional picture of a menis-
cus - defi ned growth process often requires the consideration of anisotropy in the plane of 
solidifi cation (along the TPL). The coupling of capillarity with kinetics associated with 
faceted growth near the TPL in relevant systems (see e.g.  [Santos 1996] ), is a nontrivial 
problem which must be addressed when considering the three - dimensional analysis of 
such processes.   
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