
 Department of physics 

II M.Sc., Physics 
 

CRYSTAL GROWTH AND THIN FILM PHYSICS – P16PYE3 

 

 

Unit I Basic Concepts, Nucleation and Kinetics of Growth  

Ambient phase equilibrium – Super saturation – Equilibrium of finite phases - Equation of Thomson-

Gibbs – Types of nucleation – Formation of critical nucleus – Classical theory of nucleation – Homo and 

heterogeneous formation of 3D nuclei – Rate of nucleation – Growth from vapor phase, solutions and 

melts – Epitaxial growth – Growth mechanism and classification – Kinetics of growth of epitaxial films – 

Mechanisms and controls for nanostructures in 0 and 1 dimensions.  

Unit I 

Crystal- Ambient Phase Equilibrium 

1.1 Equilibrium of Infinitely Large Phases:  

The equilibrium between two infinitely large phases ∞ and  is determined by the equality of 

their chemical potentials µ∞ and µ. The derivatives of the Gibbs free energies  with respect 

to the number of particles in the system at constant pressure P and temperature T,                  

µ = (ƏG/Ən)P,T  ,or in a single component system we  have 

µ∞ (P,T) = µ(P,T)    --------------------(1) 

The above equation means that the pressure P and temperature T both phases are equal. The 

requirement P∞ = P= P is equivalent to the condition that the boundary dividing both phases 

is flat or in other words, the phases are infinitely large. 

Let, the pressure P and temperature T are infinitesimally changed in such a way that the two 

phases remain in equilibrium, 

µ∞ + dµ∞ = µ + dµ    ------------------- -(2) 

From (1) and (2)  

dµ∞ (P,T) = dµ(P,T)    --------------------(3) 

 

For Gibbs free energy (dG = -SdT +VdP) therefore, equation (3) rewrite 



-S∞dT +V∞dP = -SdT +VdP-------------- (4) 

Where S∞ and S  are molar entropies, and V∞ and V are the molar volumes of the two 

phases in equilibrium with each other. 

Equation (4) rearrange in the form of clapeyrons equation: 
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 S = S∞-S , V= V∞-V  and, h= h∞-h is enthalpy of the corresponding phase transition.    

Let us consider first the case when phase  is one of the condensed phases, say, the liquid 

phase, and the phase ∞ is the vapor phases. Then the enthalpy change h will be the enthalpy 

of evaporation hev = hv-hl, and vl and vv will be the molar volume of the liquid and the vapor 

phases respectively.  

Vapor behaves as an ideal gas P = RT/Vv.  Then equation (5) attains, 
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Equation (6) integrated to, 
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Where P0 is the equilibrium pressure at some temperature T0.The enthalpy of sublimation of 

crystals hsub is greater than the enthalpy of evaporation hev.of liquid and hence the slope of 

the curve in the phase diagram giving the crystal – vapor equilibrium is greater than slope of 

the curve of the liquid – vapor equilibrium shown in the P-T diagram Fig. (1.1). 

 



 

 Two phases are in equilibrium along the lines and the three phases are simultaneously in 

equilibrium at the so – called triple point O. the liquid –vapor line terminated at the so – 

called critical point O’, beyond which the liquid phase does not exist anymore because 

surface energy    of the liquid become equal to zero and the phase boundary between both 

phase disappear.  

1.2 Super saturation 

When moving along the dividing lines the corresponding phases are in equilibrium, i.e Equ.(1) 

is strictly fulfilled. If the pressure or the temperature is changed in such a way that we deviate 

from the lines of the phase equilibrium, one or other phase become stable. This means that its 

chemical potential becomes smaller than the chemical potentials of the phases in the other 

regions. Any changes of the temperature and /or pressure which a results in a change of the 

region of stability leads in turn to transition from one phase to another. Thus a decrease of 

temperature or an increase of pressure leads to crystallization or liquefaction of the vapor; the 

decrease of temperature leads to solidification of liquid. Fig (1.2) shows the variation of the 

chemical potentials of the crystal and vapor phases with pressure at a constant.  



 

  

The chemical potential of the vapor increases with pressure following a logarithmic law which 

corresponds to a shift of the line AA’ in Fig (1.1). At the same time the chemical potential of 

the crystal phase is linear function of pressure, its slope being given by the molecular volume 

Vc . Both curve s intersect at the equilibrium pressure P0. At pressures smaller than P0 the 

chemical potential of the crystal is greater than of the vapor should sublimate. In the opposite 

case  P > P0 , the vapor should crystallize. The difference of the chemical potentials, which is a 

function of the pressure, represents the thermodynamic driving force for crystallization to 

occur. It is called super saturation. The super saturation frequently called under cooling is 

again defined as the difference of chemical potentials of the infinitely large liquid and crystal 

phases. 

1.3  Equilibrium of finite  phases 

 In the previous section we consider the equilibrium of two phases in a single component 

system assuming that the phases are sufficiently (or infinitely) large or, in other words, the 

phase boundary between them is flat. In the case of transition from vapor to crystal, from vapor 

to liquid from liquid to vapor phases, the process of formation of the new phase always goes 

through the formation of small crystallites, droplets or bubbles. 

 In this section we will clarify two questions: (i) the mechanical equilibrium of small particle 

with their ambient phase or, in other words, the interrelation of the pressures in the two phases 

when the phase boundary is not in flat, and  (ii) thermodynamic equilibrium of small particle or 



their equilibrium vapor pressure as a function of their size. In fact we will derive and interpret 

the equation of Thomson –Gibbs.    

1.4 Equations of Thomsons –Gibbs 

 In order to solve the problem of thermodynamic equilibrium we consider the same system as 

before at constant pressure P and temperature T. In this case the variation of the Gibbs free 

energy G (P,T,nv,nl,S) of the system reads (dP = 0,dT = 0)  

G = µvdnv + µldnl + σdS = 0  ---------------------------- (1) 

Where nv and  nl are the numbers of moles in the vapor and liquid phases, respectively. When 

writing the expression for the Gibbs free energy we take for the chemical potential of the atoms 

in the small droplet the value which is valid for the bulk phase and compensate the difference 

between the bulk liquid and small droplet by the surface energy σ S. Besides, the surface 

tension its bulk value. As the system is closed, nv +  nl  = coast and dnv + dnl  = 0. Solving (1) 

together with dnv = - dn gives,  

µv-µl = σ (dS/dnl) --------------------------------(2) 

with nl = 4πr
3
/3vl it turns into the famous equation of  Thomson-Gibbs 

µv-µl = 2σvl/r -------------------------(3) 

 but ,Laplace equilibrium equation Pl - Pv = 2σ/r ------------------(4) 

Comparing Equ.(3)  and (4) it becomes immediately clear that the product (Pl - Pv)Vl = nµ is 

just equal to the work which is gained when a liquid  droplet is formed from the unstable vapor 

or, in other words, when n = Vl / vl atoms or molecules are transferred from the vapor phase 

with higher chemical potential. 

 

As µl is the chemical potential of the bulk liquid phase the difference µv-µl is just equal to the 

super saturation µ and  

Pr = P∞ exp(2σvl / rkT)---------------(5) 



It follows that the equilibrium vapor pressure of a small liquid droplet with radius r is higher 

than that of the infinitely large liquid with a flat surface. The physical reason is easy to 

understand if we imagine that an atom on a curved surface is more weakly bound to the 

remaining atoms in the case of an atom on a flat surface. 

Obviously, we have the opposite case when considering a vapor bubble with radius r in an 

overheated liquid. Following a similar procedure we find, 

 Pr = P∞ exp(- 2σvl / rkT)---------------(6) 

 

 The dependence of the equilibrium vapor pressure of a liquid droplet and of a gas bubble on 

their size is shown in Fig 1.3. 

 

 In order to derive an analogous equation for a small crystalline we have to know its 

equilibrium shape. The Equ (6) is valid for small crystallites with the only exception being that 

the radius of the droplet is replaced by radius of the sphere inscribed in the crystallite.  

Types of nucleation 

1.5 Nucleation 

Nucleation, the initial process that occurs in the formation of a crystal from a solution, a liquid, 

or a vapor, in which small number of ions, atoms, or molecules become arranged in the pattern 

characteristic of a crystalline solid, forming site upon which additional particle  are deposited 

as the crystal grows.   



Nucleation processes are classed as homogeneous and heterogeneous. In the former, the 

surface of some different substance, such a dust particle or the wall of the container, acts as the 

center upon which the first atoms, ions or molecules of their crystal become properly oriented; 

in the letter a few particle come in to correct combination in the course of their random 

moment through the bulk of the medium. Heterogeneous nucleation is more common, but the 

homogeneous mechanism becomes more likely as the degree of super saturation or under 

cooling increases. Substances differ widely in the likelihood   that they will crystallizes under 

condition in which the crystalline state is the in inherently stable one; glycerol    is a well know 

example of a compound prone to super cooling. 

Homogeneous nucleation occurs spontaneously and randomly, but it requires superheating or 

super cooling of the medium. The homogeneous nucleation occurs with much more difficulty 

in the interior of a uniform surface.  

1.6 Homogeneous formation of nuclei 

The formations of liquid nuclei in the bulk of a vapor phase. We consider surface tension σ of 

the liquid and a volume containing nv moles of vapor with chemical potential µv  which is a 

temperature T and pressure P. The thermodynamic potential of the initial state of the system at 

T = constant and P = constant is thus given by, 

G1 = nvµv ------------------------(1) 

A liquid droplet with bulk chemical potential µl is formed from nl moles of the vapor phase and 

the thermodynamic potential of the system vapor- liquid droplet reads, 

G2 = (nv-nl)µv + nlµl +4πr
2
σ ---------------(2) 

In this equation σ is the surface energy of the flat surface. The Surface energy is decrease with 

decreasing droplet size. 

The chage of the Gibbs free energy upon the formation of the droplet is then 

G = G2-G1 = - nl (µv - µl) +4πr
2
σ ------------(3) 

 We known, nl = 4πr
3
/3vl -----------------(4) 

Therefore,  

G(r) = - 4πr
3
/3vl (µ) + 4πr

2
σ ------------(5) 



Where µ = (µv - µl) is the super saturation. The G(r) dependence is plotted in Fig.1.4.  

 

 

 

 

 

G(r) consists of two terms, a volume term 4πr
3
/3vl (µ) =4πr

3
/3(Pl-Pv) and  a surface term 

4πr
2
σ. The minus before the volume term reflects  (µv > µl) .Then  G(r) displays a maximum 

at  some critical size r*  given, 

r* =2σvl / µ-------------------(6) 

 Equ.(6) is in fact the equation of Thomson – Gibbs  and given the condition for equilibrium of 

the nucleus with the ambient phase However, that equilibrium is unstable. If   some more 

atoms joint critical nucleus its radius increases and in turn its equilibrium vapor pressure 

becomes smaller than the one available in the system. Then the probability of decay becomes 

smaller than probability of growth and the nucleus should grow further. In the opposite case its 

equilibrium vapor pressure becomes greater than that available is the system and the nucleus 

reveals a tendency for further decay.  In  other words, any infinitesimal deviation of the 

thermodynamic potential of the system. In this sense a cluster of size r* is a critical nucleus of 

the new phase.   

The maximal value of G which is obtained by the substitution of  r* in to Equ.(3)  

G ∗ = 16πσ
2
vl

2
 / 3µ

2
 ------------------------(7) 



 It Gives, the height of the energy barrier which should be overcome for condensation to take 

place. It is inversely proportional to the square of the super saturation.  

Substituting the supersaturation µ into (7) by the radius r* of the critical nucleus from the 

Thomson –Gibbs equation (6) gives 

G*  = 1/3(4πr*
2
σ) = 1/3(σΣ) --------------------(8) 

As seen the Gibbs free energy required to form a critical nucleus of the new phase with 

equilibrium shape is precisely equal to one third of the surface energy σΣ, a result obtained 

for the first time by Gibbs. 

Substituting the super saturation into (6) by the radius r* of the critical nucleus from the 

Thomson –Gibbs equation (3) gives 

G(r) = G*  [3(r/r*)
2
 – 2(r/r*)

3
]-----------------(9) 

Or in terms of the number n* of atoms in the nucleus from Equ.(4) 

G(n) = G*  [3(n/n*)
2/3

 – 2(n/n*)]-----------------(10) 

 

Where G is ginen by (8) . we will use Equ. (9) and (10) when deriving an express for the 

rate of nucleation. Once can use this expression to obtain the work of formation of crystalline 

nuclei with arbitrary symmetry and radius of action of the inter atomic forces. In the simplest 

case of a nucleus of a Kossel crystal with first neighbor interaction the (100) force appear in 

the equilibrium phase. Then, 

G* = 2l*
2
σ = 32σ

3
vc

2 
/ µ

2
----------------------------(11) 

Under the same condition (first neighbor interaction) the equilibrium phase of a crystal with 

face – centered cube (fcc)  lattice has the form of a truncated octahedron and consisted of six 

square face (100) and eight hexagonal (111) faces with equal edge lengths. Then, 

G* = 1/3(6l*
2
σ100  + 8(33/2) l*

2
σ111 )----------------(12) 



From the equilibrium phase condition h111:h100 =σ111:σ100 with the first neighbor model 

relation σ111 / σ100 = 3/2 it follows 

l* = (σ100vc 
 
/ µ) = (2σ111vc 

 
/ µ3) and 

G* = [(1/3)vc
2 

/ µ
2
] (6σ

2
100  + 16(3σ

3
111 ) = 8 σ

2
100vc

2
 
 
/ µ

2
 ----------------(12) 

Equation (7),(12) or (13) is applicable for nucleation from any supersaturated (under cooled) 

phase (vapor, liquid or solution). For this aim the corresponding difference of the chemical 

potentials µ and specific energies of the corresponding interfaces (crystal-vapor, crystal-

melt or crystal-solution) should be taken into account. 

1.7 Heterogeneous formation of 3D nuclei 

The process of nucleation is stimulated by the presence of impurity particles, ions or foreign 

surfaces. Nuclei are usually formed on the walls of the reaction vessels. While these effects are 

usually undesirable, the process of nucleation on foreign substrate is essential for epitaxial 

deposition of thin films. We will illustrate this problem with formation of a liquid droplet on the 

so-called structure less substrate.  

A single crystal substrate exerts on the particle of the mother phase  a periodic potential which 

is characterized by a period equal to  the inter atomic spacing and the overall amplitude equal to 

the activation energy for surface diffusion .in the  simplest case it can be presented by a 

sinusoid. 

 Fig.(1.5) 

 

 



 

.If a nucleus is formed on such a surface should be elastically strained to fit the substrate .then 

the energy of the elastic strain should be added to the change of the thermodynamic potential. In 

order to simplify the problem be assume that the modulation of periodic potential equal to zero. 

The hypothetical structure less substrate Fig.().is the result which gives possibility to study 

lattice mismatch as a first approximation. Then we make a necessary correction for the later.  

When considering the homogeneous formation of liquid droplets from a vapor phase. We phase 

we assumed that the equilibrium shape of the droplet is a sphere. We also assumed that the shape 

of the crystalline nuclei is the equilibrium one in order to derive the expression for the Gibbs 

energy change of their formation. Obviously shape of a droplet on a foreign substrate. 

We consider a liquid droplet on a smooth structureless substrate Fig.(1.6). 

 

  

 
                                                                 Fig.(1.6) 

 

It represented a segmented of the sphere with radius of the curvature r and projected radius rsin 

, where  is so called  righting angle. We denote the specific surface energies of the free surfaces  

of the droplet and substrate , and of the sbutrate- droplet interfaces by σ,σs and σl respectively 

  

σs =  σl + σcos---------------(1) 

 

which is an analog of the relation of liquid droplet on a solid surface. We known, surface energy 

 of the liquid droplet at constant volume vl. so the area of the free surface and the area of the 

contact are given by, 



Σ =2πr
2 

(1-cos) ------------------(2) 

 

And 

Σ = πr
2 

(sin
2
)  ------------------(3) 

 

Respectively,the surface energy  of the liquid droplet, 

  

 = 2πr
2 

(1-cos) σ + πr
2 

(sin
2
)  (σl - σs) ---------------------(4) 

 

The volume of the segment is, 

 

Vl = (4/3)πr
3
[(1-cos)

2
 (2+ cos) / 4 ] ---------------(5) 

 

From  dvl = 0 we find 

dr = -[(1 + cos)sin / (1-cos)
2
 (2+ cos) ] rd-----(6) 

 

Substituting it in d = 0 results in Equ(1). 

 

 The change of the thermodynamic potential upon formation of the droplet is given by  

G = - [Vl/ vl] µ +  -------------(7) 

 

 Where Vl and  are given by equ.(5) and (4) respectively, 

 

 

 substituting (σl - σs) = - σcos from the equation of equilibrium shape Equ.(1) in the expression 

for G gives, 

 

 

 G =  {[(4/3)πr
3
[(1-cos)

2
 (2+ cos) / 4 ]  / vl] µ} + 2πr

2 
(1-cos) σ + πr

2 
σ (sin

2
) cos ---

(8) 



 

Kinetics of growth of epitaxial films 

 

  1.8 Epitaxial growth 

Epitaxy refers to an extended single-crystal film formation on top of a crystalline substrate. It is 

one of the most important phenomena in semiconductor thin-film device technology. The word 

epitaxy was first introduced by the French mineralogist L. Royer in 1928. In Greek, epi means 

resting upon and taxis means arrangement. Epitaxy is generally classified into two types. viz. 

homoepitaxy and heteroepitaxy. 

 Homoepitaxy refers to the case where the film and substrate are of the same material. 

Epitaxial Si deposited on Si wafer is a good example of homoepitaxy.  

 Heteroepitaxy refers to the case where the films and the substrates are of different materials. 

For example, deposition of AlAs on GaAs is a heteroepitaxial formation. 

 There are three types of heteroepitaxial structures viz. (i) lattice matched,    (ii) strained and 

(iii) relaxed and they are illustrated in Fig. 1.7.  

 

 

 

 

 

 

 

   

  

Fig. 1.7 Three types of heteroepitaxial structures 

  

 Lattice-matched heteroepitaxy is structurally similar to homoepitaxy. Optoelectronic devices 

such as light-emitting diodes (LEDs) and lasers, utilizing semiconductors are based on 

heteroepitaxial film structures. 

 

 

Film  

Substrat

e  

(i) Matched  (ii) Strained (iii)  Relaxed 



 

1.9 Growth mechanism and classification 

 

 Thin film growth stages  

 

The process of film growth may be divided into six stages viz. nucleation stage, island stage, 

coalescence stage, channel stage, hole stage and continuous film stage (Fig. 1.8). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1.8 Thin film growth stages 

 

 

 

 

Nucleation stage 

Thin film formation involves the deposition of the appropriate atomic, ionic or molecular 

species, atom by atom (or molecule by molecule) and layer by layer on to the substrate. The 

atoms or molecules impinging onto the substrate move over the surface of the substrate and 

interact with other species to form clusters. The assemblages of atoms or molecules formed at 

certain sites on the substrates are called nuclei. These nuclei then grow up to a critical size by 

combining with new adsorbed species. This first step which involves the formation of the critical 

 

Nucleation stage  Island stage Coalescencce stage 

Channel stage Holes  Countious film stage 



sized, thermodynamically stable nuclei is known as the nucleation stage.  

 

Island stage  

The critical-sized nuclei then grow both parallel and perpendicular to the substrate due to the 

arrival of new species. These larger nuclei or embryos are three dimensional in nature with their 

height much less than their lateral dimensions. These larger nuclei appear as islands onto the 

substrate with lot of unoccupied space between them and hence this stage is called island stage.  

 

Coalescence stage  

In this stage of thin film growth, the islands are combined with the neighbouring ones to form 

larger islands. The phenomenon of formation of larger islands from the smaller ones is called 

agglomeration or coalescence. This coalescence stage involves the transfer of mass between 

islands by diffusion and hence small islands disappear rapidly. The time of coalescence is very 

short, of the order of about 0.6 seconds. 

 

Channel, hole and continuous film stages 

As a consequence of the arrival of more and more species on the substrate, the coalescence 

continues, resulting in a network of the deposited areas with channels (void spaces) in between. 

These channels last only for a small time, as some secondary nuclei begin to grow within these 

void spaces. Further deposition of the material leads to the diminishing or even vanishing of 

these voids resulting in an eventually continuous film, even though some pores may be present in 

some cases. To obtain a perfectly continuous film, a minimum thickness is needed which 

depends upon the nature of the deposited material, method of deposition and the deposition 

parameters involved in that particular deposition technique. 

 

1.10 Mechanisms and controls for nanostructures in 0 and 1 dimensions: 

The various number of fabrication techniques in which a bulk material is reduced / controlled to 

obtain a nanoscale(10
-9

 nm) pattern of nanostructured materials which are, zero-dimensional, 

one-dimensional and two- dimensional . 

 

 



 

Classification based on number of dimensions in nanoscale 

Nanomaterials can be classified into three types depending on the number of dimensions in 

which they are confined to nanoscale. They are zero-dimensional, one-dimensional and two- 

dimensional nanomaterials (Fig.1.9).  

 

Zero-dimensional nanomaterials 

Materials having all the three dimensions in nanoscale are called zero- 

dimensional (0-D) nanomaterials. The most common representation of zero-dimensional 

nanomaterials are nanoparticles (molecules, clusters, rings, particles, powders and 

grains). A nanoparticle may be defined as a ball or a ball-like structure which consists of 

a few 10s to some 10,000 atoms interconnected by inter-atomic forces. 

 

One-dimensional nanomaterials  

 

Materials in which two dimensions are in the nanoscale and the third dimension is in the 

bulk scale are referred to as one-dimensional (1-D) nanomaterials. Needle–like structures 

such as wires, rods, tubes, fibers, filaments, spirals, belts columns, needles, pillars, ribbons, 

molecular chains, heteropolymers, bundles and ropes in the nanoscale are classified under 

this category. Among the one-dimensional nanostructures, carbon nanotubes (CNTs) have 

numerous applications due to their high aspect ratio (the ratio of length-to-diameter), high 

tensile strength, flexibility, elasticity, high electrical conductivity, low thermal expansion 

coefficient and good electron field emitting property. 

 

     Two-dimensional nanomaterials 

Materials in which any one of the three dimensions is in the nanoscale are called two-

dimensional (2-D) nanomaterials. Typical examples are nanofilms, nanolayers and 

nanocoatings. 



 

Fig. 1.9 Zero-dimensional (0-D), one-dimensional (1-D) and two-dimensional (2-D) 

nanostructures  

The techniques used for the preparation (Synthesis/Deposition) of nanomaterials are broadly 

classified into two categories based on the phase of the starting material. They are Top-Down 

and Bottom-Up approaches. In the Top-Down class of techniques, the starting material is in solid 

state, whereas in Bottom-Up techniques the starting material is either in gaseous state or in liquid 

state. 

 Top-Down and Bottom-Up approaches 

 Top-down approach refers to a subtractive process in which a bulk starting material is 

divided into smaller ones of nanosize.  

 Bottom-up approach refers to an additive process that starts with precursor atoms (or) 

molecules which combine to form nanosized structure.  In bottom-up approach, nanostructures 

are built atom-by-atom or molecule-by-molecule.  Fig. 1.10 illustrates the top-down and bottom-

up processes of nanostructured materials fabrication.  

 

 

 



 

 

 

 
 

 Fig. 1.10 illustrates the top-down and bottom-up processes of nanostructured materials 

fabrication 

 

 

Top-Down process Bottom-Up process 


