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CRYSTAL STRUCTURES OF THIN FILMS

Thin films can exhibit various crystal structures, often differing from their

bulk counterparts. Factors like substrate, deposition temperature, and

material properties influence the final structure. Examples include face-

centered cubic (FCC) structures in some thin films, like Nickel, and hexagonal

structures in others, such as Nickel thin films deposited on a specific

substrate.

A crystal or crystalline solid is a solid material whose components (such as 

atoms, molecules, or ions) are arranged in a highly ordered microscopic 

structure, forming a crystal lattice that extends in all directions.



If the atoms or ions of a solid are arranged in a pattern that repeats itself in

three dimensions, they form a solid that has long-range order (LRO) and is

referred to as a crystalline solid or crystalline material.

Materials with only short-range order (SRO) are classified as amorphous
(without form) or noncrystalline.





Types of Crystalline Solids and Their Properties

Type of Solid Type of Particles Type of Attractions Properties Examples

ionic ions ionic bonds

hard, brittle, 

conducts electricity 

as a liquid but not 

as a solid, high to 

very high melting 

points

NaCl, Al2O3

metallic

atoms of 

electropositive 

elements

metallic bonds

shiny, malleable, 

ductile, conducts 

heat and electricity 

well, variable 

hardness and 

melting 

temperature

Cu, Fe, Ti, Pb, U

covalent network

atoms of 

electronegative 

elements

covalent bonds

very hard, not 

conductive, very 

high melting points

C (diamond), SiO2, 

SiC

molecular
molecules (or 

atoms)
IMFs

variable hardness, 

variable brittleness, 

not conductive, low 

melting points

H2O, CO2, I2, 

C12H22O11



Actual crystal structures can be imagined to arise from a three-

dimensional array of points geometrically and repetitively distributed in

space such that each point has identical surroundings. There are only 14

ways to arrange points in space having this property, and the resulting point

arrays are known as Bravais lattices.







Most elemental metals (about 90%) crystallize upon solidification into

three densely packed crystal structures: body-centered cubic (BCC), face-

centered cubic (FCC), and hexagonal close-packed (HCP) The HCP

structure is a denser modification of the simple hexagonal crystal

structure



Example, at room temperature the unit cell dimension is equal to 0.287 × 10−9

m, or 0.287 nanometer (nm)2 Therefore, if unit cells of pure iron are lined up

side by side, in 1 mm there will be

Cu crystal structure represents the atomic nucleus surrounded by a complement

of 28 core electrons [i.e., (1s) 2 (2s)2 ( 2P)6 (3S)2 (3P) 6 (4S)2 (3d)8 and a portion of

the free-electron gas contributed by 4s electrons. Furthermore, these spheres

must be imagined to touch in certain crystallographic directions, and their

packing is rather dense.



One complete atom is located at the center of the unit cell, and an eighth of a

sphere (an octant) is located at each corner of the cell, making the equivalent of

another atom. Thus, there is a total of 1 (at the center) + 8 × 1/8 (at the corners) =

2 atoms per unit cell. The atoms in the BCC unit cell contact each other across

the cube diagonal, as indicated in Figure, so the relationship between the length

of the cube side a and the atomic radius R is √3 a = 4 R or a = 4 R / √3



The extremely small size of the unit cells of crystalline metals should be

emphasized. The cube side of the unit cell of body-centered cubic iron, for

example, at room temperature is equal to 0.287 × 10−9 m, or 0.287(nm)Therefore,

if unit cells of pure iron are lined up side by side, in 1 mm there will be

1 mm × 1 unit cell ⁄ 0.287 nm × 10−6 mm/nm = 3.48 × 106 unit cells!



Example: Iron at 20 C is BCC with atomic radius 0.124 nm. Calculate the lattice

constant for the cube edge of the iron cell

Solution: 

a = 4 R / √3 = 4(0.124 nm  ) / √3) = 0.287 nm

Metal Lattice Constant a (nm) Atomic Radius R* (nm)

Chromium 0.289 0.125

Iron 0.287 0.124

Molybdenum 0.315 0.136

Potassium 0.533 0.231

Sodium 0.429 0.186

Tantalum 0.330 0.143

Tungsten 0.316 0.137

Vanadium 0.304 0.132

*Calculated from lattice constants by using Eq, R = √3 a / 4.



If the atoms in the BCC unit cell are considered spherical, an atomic packing

factor (APF) can be calculated by using the equation

APF = volume of atoms in unit cell / volume of unit cell

Example: Calculate the atomic packing factor (APF) for the BCC unit cell, 

assuming the atoms to be hard spheres.

Solution:

APF = volume of atoms in unit cell / volume of unit cell

Vatoms = 2 x 4/3 p R3 = 8.373 R3

V unit cell =a3

a = 4 R / √3

a3 = 12.32R3

APF = 8.373 R3 / 12.32 R3 = 0.68 



Face-Centered Cubic (FCC) Crystal Structure

The APF for this close-packed structure is 0.74 as compared to 0.68 for the BCC

structure, which is not close-packed. The FCC unit cell as shown has the

equivalent of four atoms per unit cell. The eight corner octants account for one

atom (8 ×1/8 =1), and the six half atoms on the cube faces contribute another

three atoms, making four atoms per atomic cell. The relationship between the

lengths of the cube side a and the atomic radius R is: a = 4 R / √2

Many metals such as aluminum, copper, lead, nickel, and iron at elevated

temperatures (912°C to 1394°C) crystallize with the FCC crystal structure.



Metal Lattice Constant a (nm) Atomic Radius R* (nm)

Aluminum 0.405 0.143

Copper 0.361 0.128

Gold 0.408 0.144

Lead 0.495 0.175

Nickel 0.352 0.125

Platinum 0.393 0.139

Silver 0.409 0.144

*Calculated from lattice constants by using Eq, R = √2 a / 4.



Hexagonal Close-Packed (HCP) Crystal Structure

The total number of atoms inside an HCP unit cell is therefore two (one at corners and one at center).

The ratio of the height c/a of the hexagonal prism of the HCP crystal structure to its basal side a 

is called the c/a ratio



MILLER INDICES FOR CRYSTALLOGRAPHIC PLANES IN CUBIC 

UNIT CELLS

To know the crystallographic orientation of a plane or group of

planes in a crystal lattice. To identify crystal planes in cubic

crystal structures, the Miller notation system is used. The Miller

indices of a crystal plane are defined as the reciprocals of the

fractional intercepts (with fractions cleared) that the plane

makes with the crystallographic x, y, and z axes of the three

nonparallel edges of the cubic unit cell.



Procedure for determining the Miller indices for a cubic plane is as follows:

1. Choose a plane that does not pass through the origin at (0, 0, 0).

2. Determine the intercepts of the plane in terms of the 

crystallographic x, y, and z axes for a unit cube. These 

intercepts may be fractions. 

3. Form the reciprocals of these intercepts.

4. Clear fractions and determine the smallest set of whole 

numbers that are in the same ratio as the intercepts. 

These whole numbers are the Miller indices of the crystallographic plane and

are enclosed in parentheses without the use of commas. The notation (hkl) is

used to indicate Miller indices in a general sense, where h, k, and l are the

Miller indices of a cubic crystal plane for the x, y, and z

axes, respectively.





CRYSTAL STRUCTURE ANALYSIS

Crystal structures has been obtained mainly by X-ray diffraction techniques that

use X-rays whose wavelength are the same as the distance between crystal

lattice planes.
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X-rays used for diffraction are electromagnetic waves with wavelengths in the

range 0.05 to 0.25 nm (0.5 to 2.5 Å). By comparison, the wavelength of visible

light is of the order of 600 nm (6000 Å). In order to produce X-rays for

diffraction purposes, a voltage of about 35 kV is necessary and is applied

between a cathode and an anode target metal, both of which are contained in

a vacuum, When the tungsten filament of the cathode is heated, electrons are

released by thermionic emission and accelerated through the vacuum by the

large voltage difference between the cathode and anode, thereby gaining

kinetic energy. When the electrons strike the target metal (e.g., molybdenum),

X-rays are given off. However, most of the kinetic energy (about 98%) is

converted into heat, so the target metal must be cooled

externally.
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X-Ray Diffraction

Since the wavelengths of some X-rays are about equal to the distance between

planes of atoms in crystalline solids, reinforced diffraction peaks of radiation of

varying intensities can be produced when a beam of X-rays strikes a crystalline

solid. However, before considering the application of X-ray diffraction techniques

to crystal structure analysis, let us examine the geometric conditions necessary

to produce diffracted or reinforced beams of reflected X-rays.

The powder method of X-ray diffraction analysis is a technique used to identify

the crystalline phases and crystal structure of a sample by analyzing the

diffraction pattern of X-rays scattered by a powdered material. A rapid,

nondestructive method provides information about the sample's composition and

structure by comparing the observed diffraction pattern to known databases

In bulk solids, large diffraction effects occur at many values of q. In thin films,

however, very few atoms are present to scatter X-rays into the diffracted beam

when q is large. For this reason, the intensities of the diffraction lines or spots

will be unacceptably small unless the incident beam strikes the film surface at a

near-glancing angle. This, in effect, makes the film look thicker.



Example: A sample of BCC iron was placed in an X-ray diffractometer using

incoming X-rays with a wavelength λ = 0.1541 nm. Diffraction from the {110}

planes was obtained at 2θ = 44.70°. Calculate a value for the lattice constant a of

BCC iron. (Assume first-order diffraction with n = 1.)

Solution

λ=2 dhkl sin θ

d = l / 2 sin q = 0.2026 nm

a ( Fe ) = d110 [√1 2 + 1 2 + 0 2] = ( 0.2026 nm ) ( 1.414 ) = 0.2865 nm

X-Ray Diffraction Analysis of Crystal Structures The Powder Method of X-Ray 

Diffraction Analysis






