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ABSTRACT

The performance of functional materials used in electronics, photonics, energy storage,
catalysis and sensing depends strongly on their crystal structure, purity, size and shape,
all of which are set during growth. This article reviews the mechanisms by which
crystals nucleate and grow, from classical nucleation theory and surface kinetic models
to non-classical pathways involving prenucleation clusters and particle attachment.
Thermodynamic driving forces, supersaturation and the metastable zone are discussed
as the controlling variables, and the main growth techniques from melts, solutions and
the vapour phase are compared. The influence of defects, impurities and additives on
growth rate and morphology is analysed, followed by strategies for controlling size and
shape in nanostructured materials. A representative calculation shows how the
nucleation rate depends on supersaturation, and the values shown are illustrative. The
article concludes that understanding growth at the molecular level, supported by in situ
characterisation and modelling, allows crystals to be engineered with the properties
demanded by advanced scientific and technological applications.
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Introduction: shape can change the catalytic activity of
a nanoparticle.

Crystal growth is therefore not
only a matter of producing solid material

Crystals are the foundation of
modern technology. Silicon wafers
power computers, gallium nitride
crystals produce light-emitting diodes,
lithium niobate controls optical signals,
perovskite crystals harvest sunlight and
oxide crystals store energy in batteries.

but of controlling how it forms. Atoms,
ions or molecules must first come
together to form a stable nucleus, and
this nucleus must then grow by

incorporation of further units at its
In every case the useful property of the

material is  determined by the
arrangement of atoms in the crystal
lattice and by the defects that interrupt it.
A single dislocation can ruin an
electronic device, and a change in crystal

surface. The rate of each step depends on
temperature, concentration, pressure,
solvent, impurities and the surface
structure of the growing crystal, and the
competition between these factors



Open Horizon Scientific Review

Vol. 03 No.02 2025

determines the final size, shape and
perfection.

For developing industrial
economies, including Pakistan, expertise
in crystal growth supports local
production of ceramics, semiconductors,
pharmaceuticals, fertilisers and
construction materials. This article sets
out the fundamentals of nucleation and
growth, reviews classical and non-
classical theories, compares the main
growth techniques, examines defects and
additives, discusses morphology control
in nanomaterials and indicates the
characterisation methods and directions
that will shape the field.

1. Fundamentals of Nucleation
and Crystal Growth

Crystallisation proceeds in two
main stages, nucleation and growth.
Nucleation is the formation of a small
ordered cluster that is stable enough to
survive and grow, while growth is the
subsequent addition of material to the
cluster. Both steps require the system to
be driven away from equilibrium, for
example by cooling a melt below its
melting point or by raising the
concentration of a solution above its
solubility.

Nucleation may be homogeneous,
occurring  spontaneously  within  a
phase, or heterogeneous,
occurring on foreign surfaces such as
container walls, dust particles or seed
crystals. nucleation

uniform

Heterogeneous

requires far less driving force because
the foreign surface lowers the energy
barrier, and for this reason most
crystallisation in practice IS
heterogeneous. Secondary nucleation,
caused by collisions and fragmentation
of existing crystals, also plays a major
role in industrial crystallisers.

Once a stable nucleus exists,
growth takes place through transport of
units to the interface and their
integration into the lattice. The slower of
these two processes controls the overall
rate. In dilute or viscous solutions
transport tends to limit growth, whereas
at high agitation or in melts surface
integration is often the limiting step.
Recognising which regime applies is
essential for choosing conditions that
give high quality crystals.

2. Thermodynamic
Forces and Supersaturation

The driving force for
crystallisation is the difference in
chemical potential between the old phase
and the crystal, usually expressed
through supersaturation. For solutions,
the supersaturation ratio is the actual
concentration divided by the equilibrium
solubility, while for melts it is described
by undercooling, the difference between
the melting point and the actual
temperature.

Crystals can form only when this
ratio is greater than one. Between the
solubility curve and a higher limit lies

Driving
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the metastable zone, in which a solution
IS supersaturated but does not nucleate
spontaneously within a practical time.
Working inside this zone, with seed
crystals present, allows existing crystals
to grow without generating a flood of
new nuclei, which is the basis of
controlled industrial crystallisation. The
width of the zone depends on
temperature, cooling rate, agitation and
impurities.

The dependence of nucleation rate
on supersaturation is extremely steep. In
classical theory the rate contains an
exponential term in which the energy
barrier falls rapidly as supersaturation
increases, so a small rise in driving force
can raise the rate by many orders of
magnitude. The figure below illustrates
this behaviour with an illustrative
calculation.

3. Classical and Non-Classical
Nucleation Pathways

Classical nucleation  theory,
developed from the work of Volmer,
Weber and later authors, treats the
nucleus as a small piece of the bulk
crystal bounded by a sharp interface.
Formation of the nucleus involves a gain
in volume free energy and a cost in
surface free energy, and the balance
gives a critical size above which clusters
grow and below which they dissolve.
The height of the barrier at the critical
size controls the nucleation rate.

The theory is useful for predicting
trends but often fails quantitatively,
because it assumes properties of tiny
clusters equal to those of the bulk and a
single pathway to the crystal.
Experiments on minerals, proteins and
nanoparticles reveal alternative routes in
which stable prenucleation clusters,
dense liquid droplets or amorphous
precursors form first and later transform
into crystals. Studies of calcium
carbonate showed that stable ion clusters
exist well before any solid phase
appears.

Another non-classical route is
crystallisation by particle attachment, in
which nanoscale building blocks, rather
than single ions or molecules, assemble
and fuse into larger crystals, often with
oriented attachment along common
crystallographic directions. Such
pathways are common in biominerals
and in many nanoparticle syntheses, and
they allow complex shapes and
mesocrystals that cannot form by simple
ion-by-ion growth. Ostwald ripening, in
which small crystals dissolve and
redeposit on larger ones, then coarsens
the product with time.

4. Surface Kinetics and Growth
Models

Once a crystal exists, its growth
rate depends on how units attach to its
surface. Surfaces that are atomically
rough, with many kinks and steps, grow
by simple attachment at almost any site
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and have linear dependence of rate on
driving force. Smooth, or faceted,
surfaces must create new layers before
growth can proceed, and the mechanism
IS more complex.

In the two-dimensional nucleation
model, a new island must nucleate on a
flat terrace before it spreads, giving
growth that is very slow at low
supersaturation and rises sharply above a
threshold. In the spiral growth model of
Burton, Cabrera and Frank, screw
dislocations emerging at the surface
provide a permanent step that winds into
a spiral, so growth can occur at low
supersaturation without nucleation of
new layers. This explains why real
crystals grow at driving forces far below
those predicted for a perfect surface.

The periodic bond chain approach
links crystal morphology to the strength
of bonds in different directions,
predicting that faces with strong bonds
in the plane grow slowly and dominate
the final shape. Solvent interactions,
adsorbed impurities and temperature
modify the relative rates of different
faces, so that the equilibrium shape and
the observed growth shape often differ.

5. Melt and Solution Growth
Techniques

Growth from the melt is the
dominant route for large single crystals
of semiconductors, oxides and metals.
The Czochralski method pulls a crystal
from a melt using a rotating seed, and it

supplies most of the silicon used in
electronics. The Bridgman and vertical
gradient freeze methods move a crucible
through a temperature gradient, the
floating zone technique avoids crucible
contamination by melting a narrow zone,
and the Verneuil flame fusion method
produces synthetic gems such as ruby
and sapphire.

Solution growth is used when
materials decompose before melting or
have very high melting points. Aqueous
and organic solution growth by slow
evaporation or cooling gives crystals of
salts, nonlinear optical materials and
pharmaceuticals, while high temperature
flux growth dissolves refractory oxides
in molten salts. Hydrothermal growth, in
which crystals form in water at elevated
temperature and pressure, produces
quartz and many oxide and zeolite
phases on a large scale.

Each method imposes
characteristic challenges. Melt growth
requires tight control of temperature
gradients and convection to prevent
striations, thermal stress and
dislocations, whereas solution growth
needs stable supersaturation and the
avoidance of inclusion of solvent.
Numerical modelling of heat and mass
transport now guides furnace design and
growth conditions, reducing costly trial
and error.
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6. Vapour Phase and Thin Film
Growth

Many advanced devices depend on
thin crystalline films grown from the
vapour. Chemical vapour deposition
delivers precursor gases to a heated
substrate where they react to form a solid
film, and it is widely used for silicon,

graphene, transition metal
dichalcogenides and compound
semiconductors. Physical vapour

deposition by evaporation or sputtering
transfers material from a source to the
substrate, and molecular beam epitaxy
offers atomic-level control in ultra high
vacuum.

Thin film growth modes are
classified by the balance between film-
substrate and film-film interactions.
Layer-by-layer growth occurs when
atoms prefer to bond to the substrate,
island growth when they prefer to bond
to each other, and a mixed mode when a
wetting layer forms first and islands
develop on top. Lattice mismatch
between film and substrate creates strain
that is relieved by dislocations above a
critical thickness, which limits the
quality of heteroepitaxial devices.

Growth temperature, deposition
rate and precursor chemistry determine
surface diffusion and thus whether
adatoms reach favourable lattice sites.
Atomic  layer  deposition,  which
alternates self-limiting surface reactions,
provides precise thickness control even

three-dimensional
structures, and has become central to
nanoelectronics and energy devices.

7. Role of Defects, Impurities
and Additives

Defects are unavoidable in real
crystals and  strongly influence
properties. Point defects such as
vacancies and interstitials  affect
conductivity and optical behaviour,
dislocations scatter charge carriers and
mechanical stress, and stacking faults
and grain boundaries interrupt transport.
Growth conditions that favour steady,
slow and uniform attachment generally
reduce  defect  density,  whereas
fluctuations in  temperature  or
concentration produce striations and
inclusions.

Impurities and additives can have
effects at very low concentration. They
adsorb on specific faces and block step
movement, thereby slowing the growth
of those faces and changing the crystal
habit. Citrate and polymers modify the
shape of calcium and barium salts, and
tailor-made additives that resemble the
host molecule are used to control
polymorphs and shapes of organic and

on complex

pharmaceutical crystals. In
semiconductors,  deliberate  doping
introduces  impurities to  control
conductivity, but unintentional

impurities degrade performance.
Additives may also select between
polymorphs, which are different crystal
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structures of the same compound with
different properties. Controlling the
polymorph is critical in pharmaceuticals,
where solubility and stability differ, and
in pigments and energetic materials.
Seeding, solvent choice and additives are
the main tools for ensuring that the
desired form crystallises reproducibly.

8. Morphology and Size Control
in Nanostructured Functional
Materials

In nanomaterials, size and shape
determine optical, magnetic and catalytic
properties, so growth control becomes a
design tool. The classical model of
LaMer and Dinegar  describes
monodisperse particle formation as a
short burst of nucleation followed by
diffusion-limited growth, with the
separation of these two stages giving
narrow size distributions. Rapid injection
of precursors into hot solvent, known as
hot injection, uses this principle to make
quantum dots with uniform size.

Shape-controlled  synthesis  of
metal nanocrystals relies on kinetic and
thermodynamic control of the relative
growth rates of different facets. Capping
agents that bind selectively to certain
faces slow their growth and expose
others, producing cubes, octahedra, rods,
wires or plates from the same material.
Seeds with defined internal structure,
such as single crystal or twinned seeds,
guide the final shape, and etchants or
oxidants remove unwanted seeds.

Template-assisted growth, self-
assembly  of  nanocrystals into
superlattices, and oriented attachment
extend control to hierarchical
architectures. Hydrothermal and
solvothermal methods yield nanowires,
nanosheets and hollow structures of
oxides, while perovskite nanocrystals
can be tuned in composition and size at
low temperature. Reproducibility at scale
remains a challenge, and continuous
flow reactors with precise mixing are an
emerging response.

9. Characterisation, Applications
and Future Directions

Understanding growth  requires
observation. X-ray diffraction identifies
phases and measures crystallite size and
strain, electron microscopy resolves
shape and defects down to the atomic
scale, and atomic force microscopy
images steps and spirals on growing
surfaces. In situ methods are especially
valuable, including liquid-cell
transmission  electron  microscopy,
synchrotron X-ray scattering and optical
microscopy, which allow nucleation and
growth events to be followed in real
time.

Applications span a wide range.
Single crystals of silicon, silicon carbide
and gallium nitride underpin electronics
and power devices, laser and nonlinear
optical crystals enable photonics,
perovskite and chalcogenide crystals
drive  photovoltaic and  detector
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technologies, and crystalline electrodes
and solid electrolytes determine the
performance of batteries. Controlled
crystallisation ~ of  pharmaceuticals
ensures  consistent  dissolution and
stability, and tailored catalyst crystals
expose the most active facets.

Future progress is likely to come
from the combination of in situ imaging,
multiscale simulation and machine
learning, which can predict growth
conditions  and  optimise  them
automatically. ~ Understanding  non-
classical pathways, designing additives
computationally, scaling up green low-
temperature syntheses and growing large
high quality crystals of new materials
such as wide band gap semiconductors
and two-dimensional compounds will be
priorities for the coming decade.

Netieaton rate cnbs about 30 ceders of magnitid betweze supersaieation 1 aed 25

Summary

This  article  reviewed the
mechanisms of crystal growth in
functional materials.  Crystallisation
begins with nucleation, driven by
supersaturation or undercooling, and
proceeds through surface  kinetic
processes in which steps, spirals and
layer formation control the rate.
Classical theory explains many trends,
while non-classical pathways involving
clusters, amorphous precursors and
particle  attachment  account  for
observations in complex systems. Melt,
solution and vapour techniques provide
routes to bulk crystals and thin films,
and defects, impurities and additives
strongly affect quality, polymorph and
shape. In nanomaterials, separation of
nucleation and growth and the use of
capping agents allow precise control of
size and morphology. Advanced in situ
characterisation and  computational
modelling are making it possible to
design  crystal growth  processes
deliberately, supporting progress in
electronics, energy, catalysis and
medicine.
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