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CHAPTER 1. BACKGROUND 

1.1 Introduction for Nitride-based materials 

The nitrides and nitride-based materials studied in this thesis can be simply divided into 

two categories: 1) transition metal nitrides, such as TiN, TaN and their alloys ; 2) III-

nitrides, such as AlN and other related alloys. In these two sections, each of nitride 

materials will be introduced based on their properties (including structural, mechanical, 

electrical, thermal, and optical properties), thin film processing, and applications. 

 

      1.1.1 Transition-metal-nitrides  

Transition-metal nitrides, commonly referred to as refractory hard metals, possess a 

unusual combination of physical and chemical properties,1 which make them attractive 

from both fundamental and technological points of view. They usually have high melting 

points, extremely high hardness, good electrical and thermal conductivity, and good 

corrosion resistance. This unique combination of properties has challenged both 

theoretical and experimental investigations 2-5 of the nature of the chemical bond in these 

materials and also made possible a large variety of applications1,6, for example, diffusion 

barriers in microelectronics, hard wear resistant coatings on cutting tools, and a corrosion 

and abrasion resistant layers on optical and mechanical components. With the 

increasingly sophisticated microstructural and compositional design of state-of-the-art 

nitride films, their performance relies on a corresponding stability. Examples of 

microstructurally engineered materials inc lude metastable alloy nitrides such as cubic-

phase (Ti,Al)N films, Ti(C,N) films in a state of compressive residual stress, and 

compositionally modulated nitride films (e.g. nanolaminates; multilayers; superlattices). 
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Generally, transition metal nitrides include TiN, ZrN, VN, NbN, TaN, WN and so on. 

Their general structural, thermodynamic, mechanical, electrical and magnetic property 

information are listed in following tables. In this thesis, the main transition metal nitrides 

studied are TiN and TaN. Their structural, mechanical, and electrical properties are 

discussed and compared. Their applications for hardcoatings and diffusion barriers are 

presented.    

 1.1.1.1 Database of Transition-metal-nitrides 

1. Structural database 

Lattice parameters  Formula Formu

la 

Weight 

Color Density 

kg/m3x1

0-3 

Crystal 

structure  
a(nm) b(nm) c(nm) 

TiN 61.91 Yellow 5.44 Cubic 0.4249 - - 

VN 64.95 Light brown 6.08 Cubic 0.4136 - - 

CrN 66 Black 6.14 Cubic 0.4149 - - 

ZrN 105.23 Light yellow 7.35 Cubic 0.4577 - - 

NbN 106.91 Light gray 8.36 Cubic 0.4392 - - 

Mo2N 205.89 Dark gray 8.04 Cubic 0.4169 - - 

HfN 192.50 Light brown 13.94 Cubic 0.4392 - - 

TaN 194.96 Gray/blue 14.36 Hexagonal 0.519 - 0.291 

Table 1.  Formula, formula weight, color, theoretical density, crystal structure and lattice 

parameters of transition metal nitrides. (Ref. 8) 

One point need to be mentioned here is that the data listed here are mainly from the bulk 

material study, so the numbers may vary from the data of thin films. Even for the data of 
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thin films, the different deposition techniques and various microstructures may cause 

variation in these characteristics.  

From the above table we find that most of the transition metal nitrides are yellow, brown 

or gray color, with a face centered cubic structure (sodium chloride structure NaCl). TaN 

is the only one which has the stable phase of hexagonal structure, while its cubic phase is 

metastable. The detailed differences between TiN and TaN in structural property 

properties are discussed in the following sections. 

The simple diagram of NaCl structure is shown in figure 1.  Among the low index 

surfaces of the sodium chloride structure, the (100) and (110) surfaces have equal 

concentrations of metal and nonmetal atoms in each layer at stoichiometric composition.  

Along the (111) direction, the crystals are composed of alternating layers of metal and 

nonmetal atoms, giving polar surfaces, which have been found to be metal-terminated. 

The different crystal structures are the result of different stacking sequences of these 

layers. 

Among the low-index surfaces of the sodium chloride structure the (111) surface has 

been found to be the most reactive while the (100) surface has been found to be the most 

inert. Repeated high-temperature annealing cycles, sometimes combined with a short 

initial sputtering cycle, has been the common method for preparing clean and well 

ordered surfaces of these materials in situ. For more reactive surfaces, like the (111) and 

even the (110) of some nitride crystals, this cleaning method has however failed and no 

investigations of such surfaces have so far been reported. Due to these experimental 

difficulties, the majority of surface experimental information to date has therefore been 

collected on (100) surfaces. 7 
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Figure 1. Unit cell of the NaCl crystal structure and the three low-index surfaces: (a) 

(100), (b) (110) and (c) (111) assuming perfect bulk truncation. The darker spheres 

present nonmetal atoms and the lighter spheres metal atoms. (Ref. 7) 

 

Those structural and surface characteristics will directly affect the bonding and electrical 

properties of these transition metal nitrides. We will extensively discuss the bonding and 

electrical properties of TiN as an example for all the other transition metal nitrides in 

section 1.1.1.2 and 1.1.1.3. 
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2. Thermodynamic and thermal property database 

Formula ∆fHo
298 

(kJ/mol) 

∆fGo
298 

(kJ/mol) 

So
298 

(J/mol •K) 

Tmp 

(K) 

∆fHo
298 

(kJ/mol) 

TiN -337.7 -308.9 30.2 3223 66.9 

VN -217.2 -191.1 37.3 2450 - 

CrN -117.2 -92.8 37.7 1773 - 

ZrN -365.3 -337.0 38.9 3225 67.4 

NbN -220.3 -194.8 35.3 2323 46.0 

Mo2N - - - 1173 - 

HfN -373.6 -345.5 44.8 3660 - 

TaN -252.3 -223.9 41.8 3363 67.0 

 

Table.2. Enthalpy of formation, Gibbs free energy formation, entropy, melting point 

temperature, and heat of fusion. (Ref. 8) 

 

From thermodynamic properties of transition metal nitrides, one can conclude that most 

of transition metal nitrides listed above have very high melting point and are very stable 

at room temperature. Especially TiN, ZrN, HfN and TaN, their melting points are around 

3000oC, so they are widely used as high temperature coating and diffusion barrier 

materials for copper interconnect in IC technology. The detailed hard coating and 

diffusion barrier applications will be discussed in the following sections. 
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3. Mechanical property database 

Formula Micro-

hardness 

Hv at load 

(GPa, N) 

Young’s 

Modulus 

E 

(GPa) 

Poisson’s 

ratio 

ν  

Bend 

Strength 

σ bend 

(MPa) 

Compressive 

strength  

σ c 

(MPa) 

Tensile 

strength 

σ t 

(MPa) 

Fracture 

toughness 

KIC 

(MPa •m1/2) 

TiN 19.9 0.5 390 - 260 1298 37 - 

VN 13.0±0.5 1 350 - - - - - 

CrN 10.8±0.9 - 320 - - - - - 

ZrN 15.0 1 328 - 190 - 35 - 

NbN 18.3±0.5 1 484 - - - 28 - 

Mo2N 6.3±0.9 1 - - - - - - 

HfN 16.7 1 480 - - - - - 

TaN 14.4 1 576 - - - - - 

 

Table.3 Micro-hardness, Young’s Modulus, Poisson’s ratio, bend strength, compressive  

strength, tensile strength and fracture toughness date for transition metal nitrides. (Ref. 8) 

 

 Extensive efforts have been directed on mechanical properties of transition metal 

nitrides. But due to their high hardness and inherent ceramic properties, the mechanical 

property measurements such as compressive strength and tensile strength measurements 

have to be performed at elevated temperatures. Mechanical properties of some of these 

materials have not been reported. But generally speaking, they all have very high 
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microhardness, and high Young’s Modulus and have been widely used as superhard 

coating materials. 

 

4. Electrical and magnetic property database 

Temperature 

coefficient of 

resistivity 

 

Formula Electrical 

resistivity 

ρx108 

(Ω?m) 

α  

x103 

Range 

(K) 

Seeback 

coefficient, 

thermal 

electric 

power α  

(µV/K) 

Hall 

coefficie

nt 

RHx1010 

(m3/K) 

Work 

function

, 

Φ  

(eV) 

Molar 

magnetic 

susceptibilit

y, 

Χx106 

(1/mol) 

TiN 40 0.44 273-1473 -7.7 -0.55 4.09 37 

VN 60 0.07 273-1473 -5.0 -1.44 - 130 

CrN 640 - - -92.0±4.0 -264 - - 

ZrN 18 2.0 77-300 -5.9 -1.44 3.97 22 

NbN 54 3.1 77-300 -1.5 0.52 3.92 - 

Mo2N 19.8 - - +2.18±0.5 2.83 - - 

HfN 32 1.5 77-300 -2.9 -4.0 4.27 - 

TaN 180 0.1 77-300 -1.0 -0.53 - 25 

 

Table 4. Electrical resistivity, temperature coefficient of resistivity, Seeback coefficient, 

Hall coefficient, work function, and molar magnetic susceptibility. (Ref. 8) 
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Electrical properties of transition metal nitrides show them to good conductors and 

possess the electrical characteristics of metals, such as low resistivity, positive 

temperature coefficient and relatively low work function. The detailed bonding structure 

and electrical properties of transition metal nitrides is discussed in 1.1.1.2 and 1.1.1.3 

using TiN as an example.  

One point need to be mentioned here is that the data listed here are mainly from the bulk 

material study, so the values may vary from that of thin film, as a function of 

microstructure. Even for the data of the thin films, the different deposition techniques 

may cause variation in microstructural characteristics. For example, the electrical 

resistivity of single crystal TiN thin film by pulsed laser deposition was reported to be as 

low as 15 Ωµ cm, which is even smaller than the above listed bulk value. 9 It is reasoned 

as, the grain boundaries and defects such as dislocations, stacking faults and point 

defects, including impurities and vacancies in single crystal TiN by PLD are much less 

than in the bulk-processed TiN. So those grain boundary and defect induced resistivity 

are relatively lower in epitaxial TiN thin films. One more interesting point here is the 

electrical properties of TaN. Due to hexagonal structure, TaN is the stable phase, so all 

the bulk processed TaN specimens have primarily hexagonal structure. The data reported 

above are all for hexagonal TaN. But recent research on diffusion barrier applications of 

TaN has shown the metastable cubic phase of TaN become more attractive. So extensive 

work has been done towards the processing and property study of cubic TaN. The various 

TaN phases and corresponding properties will be extensively discussed in 1.1.1.2 and 

1.1.1.5. 
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1.1.1.2 Structures of TiN and TaN 

TiN 

Over last two decades, TiN has been extensively studied due to its successful use in a 

variety of thin film applications. For example, the high hardness of TiN makes it a 

particularly useful material for increasing the wear resistance of high speed steel cutting 

tools, punches, and metal forming tools. In addition the good corrosion and erosion 

resistance of TiN, its relative inertness, high sublimation temperature and optical and 

electronic properties have resulted in TiN coatings being considered for use as diffusion 

barriers in microelectronic devices, cosmetic gold-colored surfaces, and wavelength-

selective transparent optical films.  

The interesting properties are related to its structure and bonding characteristics (for 

bonding characteristics see detail in 1.1.1.3). TiN has a cubic NaCl-type crystal structure 

with a lattice constant (for stoichiometric materials) of 0.4240nm and a vacancy defect 

structure that is stable over a wide composition range (0.6<N/Ti<1.16). The schematic 

diagram of its structure is shown in figure 2. 

 

  
 

 

 

 

 

Figure 2. Schematic diagram of crystal structure of TiN (Titanium Nitride) NaCl 

structure, lattice spacing: a=4.240 angstroms. 
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TaN 

Compared to the phase of TiN thin films, TaN thin films are much more complex, since 

TaN has different stable phases (such as solid-solution α-Ta(N), hcp-γ-phase, and 

hexagonal ε-phase) and metastable phases (such as bcc β-TaN, hexagonal δ-phase TaN, 

hexagonal WC structure θ-TaN and B1 NaCl-structured TaN).10, 11 Here we will not 

introduce all 8 phases for TaN, ins tead of that, all the structure information is listed in 

table.  We will focus on two important phases which form the basis for chapter 4 and 5. 

One is a stable phase--hexagonal ε-phase TaN, the other one is a metastable phase-- B1 

NaCl-structured TaN.  

TaN 0.05 Ta2N TaN δ-TaN ε-TaN Ta5N6 Ta4N5 Ta3N5 

β  phase γ phase  δ phase ε phase    

BCC 

a=0.337n

m 

HCP 

a=0.305nm 

c=0.492nm 

FCC 

a=0.433n m 

 

Hex 

a=0.293nm 

c=0.286nm 

Hex 

a=0.518nm 

c=0.290nm 

Hex 

a=0.293nm 

c=0.286nm 

Tetragonal 

a=0.683nm 

c=0.427nm 

Tetragonal 

a=1.022nm 

c=0.387nm 

 

Table 5.  The list of crystallography parameters for all the 8 phases of TaN. (Ref. 10) 

For hexagonal ε-phase TaN, the crystallography symmetry is P6/mmm (#191). The 

schematic diagram in figure shows the structure of ε-phase TaN. (a=0.518nm, c=0.290nm, 

c/a=0.560) 
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1 Ta in 1(a): 000 

2 Ta in 2 (d): 1/3,2/3,1/2; 2/3,1/3,1/2 

3 N in 3 (f): 1/2,0,0; 0,1/2,0; 1/2,1/2,0. 

Figure 3. Schematic diagram of structure of ε-

phase TaN. 

B1 NaCl-structured TaN has the NaCl standard structure which is same as TiN shown in 

figure and its lattice parameter a=0.433nm.  

 

 

 

 

 

 

Figure 4. Schematic diagram of structure of B1 NaCl-structured TaN. 

 

TaN hexagonal ε-phase is the stable phase which usually can be obtained by high 

temperature sintering at 1300oC to 1400oC. So the target for TaN pulsed laser deposition 

is hexagonal ε-phase TaN determined by X-ray diffraction. But for the applications in 

diffusion barrier for Cu interconnections, the cubic metastable phase TaN is preferred, 

due to its structure integrity with Si and its lower resistivity. The detailed diffusion 

barrier applications for TaN are discussed in section 1.1.1.5. 
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1.1.1.3 Electrical properties of TiN and TaN 

The distribution of charge between the atoms in a solid determines the nature of the 

chemical bond ing. The corresponding electronic states are fundamental importance for 

the properties of a solid. The electronic states directly involved in the bonding are in an 

ordered solid described by the band structure, E(k), and are commonly referred to as 

valence and conduction-band states. The band structure describes the distribution of these 

states in energy and momentum space and also provides a means for understanding the 

electronic properties on a microscopic level. In band-structure calculation an infinite 

crystal having translation symmetry determined by the crystal lattice is assumed and the 

band structure describes the bulk electron states. However, presence of the surface, or of 

vacancies, breaks the assumed symmetry and may result in charge rearrangements giving 

rise to specific surface or vacancy electron states. 2-4 

 

Electron state involved in the bonding 

The band structure calculations of the first and second row of transition metal nitrides can 

be based on the APW (Augmented Plane Wave) or LAPW (linear APW) methods. 4 But 

the compounds belonging to the third row such as TaN involves 5d transition metals. So 

the relativistic effects have to be included in the treatment of the heavier transition metals 

and the presence of 4f states in the occupied energy region complicates the bonding. So 

far no literature discussed in detail about the calculation of TaN band structures. 

Fortunately, TiN band structure has been studied by several groups and band structures of 

transition-metal-nitrides are fairly similar. Figure 3 shows the band structures of TiN 

calculated by APW method. It is characterized by an energetically low-lying band, which 
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is derived from nonmetal 2s states. Separated by an energy gap from the nonmetal 2s 

band, three overlapping bands are found, which originate from the state G labeled G15. 

These bands can be derived from the 2p states of nonmetal atom but contain also a 

significant contribution of states with d-symmetry. The amount of hybridization varies 

from compound to compound. The next five bands, which originate at G25 and G12 are 

predominantly derived from transition metal d-states, but exhibit also some p character. 

The highest-lying bands represent a mixture of states with different symmetries, 

originating from both constituents. 12 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5. Band structure of TiN calculated using the APW method. (Ref. 12). 
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Bulk energy band mappings 

Detailed information about the band structure in solid can be extracted from angle-

resolved photoemission experiments (ARP) on single crystals. 13-16 Location and 

dispersion of two-dimensional energy bands are usually mapped out by determining the 

energy positions of features in photoemission spectra. The calculated band structure of 

TiN along G-X symmetry direction is shown in figure, by solid line. The dotted lines 

and open dots represent the position of shoulders and peaks in the ARP spectra. This 

band mapping was derived from non-emission spectra recorded using synchrotron 

radiation and photon energies from about 15 to 35 eV. Individual bulk bands and their 

symmetry and dispersions can be identified and mapped out by applying the direct-

transition model.17 

 

 

 

        

 

 

 

 

 

Figure 6. Calculated (solid lines) and experimental (solid dots) bulk energy band 

dispersions along the <100> direction for TiN. The thin solid lines represent the ?1 

final-state bands displaced downwards by the amounts indicated. (Ref. 17). 
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Core-level electron binding energies are element-specific but experience in molecules 

and solid chemical shifts that are related to the chemical environment.18 These shifts can 

be explained by the redistribution of charge that occurs in the outer electron orbitals when 

a chemical bond is formed. In a simplified ionic model, a spherical “valence shell” 

model,18 the binding energy of a core electron is expected to increase/decrease if charge is 

removed/add from the valence shell. This is the basic idea which has been exploited in 

transition metal nitrides to observe the chemical shifts. Band structure calculations show 

that the bonding contains a significant amount of ionic character and indicate charge 

transfer from the metal to the nonmetal atoms upon compound formation. The charge 

transfer from the metal atoms is moreover expected to be la rgest at stoichiometric 

composition and to decrease with increasing amount of nonmetal vacancies. In metals 

and metallic compounds the core-level binding energy is commonly determined relative 

to the Fermi energy. 19-20 

 

Figure 7.Ti 2p XPS spectra from TiNx and 

metallic titanium (Ref .21) 
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Figure 7 shows the core- level shift for different Ti concentration. It is clear that, the 

energy separation between the metal level and nonmetal level increased with increasing 

x, indicating a larger charge transfer from metal to nonmetal atoms with increasing x.21  

 

1.1.1.4 Mechanical properties of TiN  

TiN 

The bulk TiN hardness and other mechanical properties are listed in 1.1.1.1 data base. 

The microhardness value is about 19.9GPa (1990 kg/mm2). For TiN thin films, the 

hardness value varies from 3.4 GPa to 40GPa (340-4000 kg/mm2). The large differences 

arise primarily from differences in thin film microstructures, such as grain size, columnar 

vs. equiaxed structure, void density and so on, and film purity. The first microhardness of 

single crystal TiN thin film was reported by Johansson et al.22 in 1984 and it is 23±2 GPa 

(2300±200 kg/mm2). The sample was grown on MgO substrate and the hardness was 

measured by Vickers hardness measurement. The reason for lower hardness observed in 

polycrystalline TiN was explained in the paper to be intergrain boundary failure. They 

interpret that the dislocation mobility is quite low in most of the transition metal nitrides 

at temperature below 1000oC.  

Johansson et al. also discussed that the polycrystalline films with small grains and dense 

grain boundaries having sufficient shear strength to force plastic deformation to occur via 

dislocation movement may actually have somewhat higher hardnesses than single 

crystals.22 This is due to the additional component of dislocation scattering from grain 

boundaries. Similar phenomena were observed in hardness study of nanocrystalline TiN 

presented in chapter 3. Nanoindentation results show that hardness of single crystal TiN 
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thin films is 29GPa which is relatively smaller than polycrystalline TiN 32 GPa.( The 

average grain size is around 100nm.) We envisage this drop to be related to the decrease 

in overall dislocation density in these single crystal films. If the grain size of TiN thin 

film continues to decrease in nanocrystalline regime, the hardness is starting to decrease, 

which is known as negative Hall-Petch relationship.23 The detailed study of the 

mechanical property variation of TiN thin film vs. grain size is discussed in chapter 3.  

 

TiN and TiN-based alloy for hard-coating  

TiN has been widely used as hard-coating material due to several important 

characteristics:  

(1) High thin film uniformity: TiN coating conforms uniformly to the substrate.  No 

buildup occurs on corners (unlike plating operations) and coating "throws" well into 

features.   

(2) High hardness: Hardness is larger than 2000 kg/mm2 in Knoop or Vickers 

Microhardness measurements.  Values of 2500-3000 are typical for TiN thin film and it is 

higher than hard chrome or carbide material. 

(3) Good adhesion: The coating forms a metallurgical bond to the substrate that will not 

flake, blister, chip or peel.   

(4) Low coefficient of friction:  TiN generally provides relatively low friction against 

steels, carbides, TiN, ceramics, platings, etc. The coefficient of friction is a system 

property, not a material property.  It depends on many factors such as material, counter-

material, lubrication, environment temperature, speed, loading force, surface finish, 
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surface finish of the counter-material, and type of motion (reciprocating, rotating).   The 

published values have a large variation from 0.50 to 0.90.  A typical value is 0.65 for TiN 

against steel. 

(5)  Non-stick TiN is an excellent non-stick surface against most other materials. 

 

From above discussions, it is obvious to see the reasons that why the titanium nitride 

(TiN), has served as the most practical and economical protective coating. TiN exhibits a 

metallic character with golden color and high hardness, high temperature stability, and 

abrasion resistance. The golden color can be further adjusted by doping with Zr. 

However, the TiN gets oxidized above 500oC to form a rutile-structure which limits its 

applications in high speed cutting tools.24,25 AlN thin layers have remarkable hardness, 

thermal and chemical stability and high electrical resistivity. TiN-AlN binary-component 

coatings can integrate their functionalities and show much higher oxidation resistance, 

lower internal stresses and better adhesion.26 TiN-AlN binary-components can be formed 

in two types of structures. One is uniform alloy which AlN concentration is lower than 

60%.27,28 If AlN concentration is higher than 60%, phase separation results which may 

lead to precipitation hardening.29 The other type is mutilayer structure where there is no 

reaction between TiN and AlN. Especially, nanometer-scale multilayer structures attract a 

lot of interest due to their special interfacial structure which may lead to novel structural 

and mechanical properties.30,31 In chapter 7 we present a novel method to grow highly 

aligned TiN/AlN superlattice by using pulsed excimer laser. In this method TiN and AlN 

targets are arranged in a special configuration that they can be ablated in a sequence, 
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giving alternate layer by layer growth of TiN(1 nm)/AlN(4nm). The structure of AlN is 

determined to be cubic which is metastable and stabilized by the thin layers of TiN.  

 

 1.1.1.5 Diffusion property of TiN and TaN and diffusion barrier applications  

1. Diffusion in TiN and TaN 

Diffusion measurements in the nitrides are usually difficult to perform due to they have 

very high melting points and suitable radioactive tracers are often missing. Furthermore, 

many of these nitride materials are non-stoichiometric and may contain impurities or 

lattice point defects depending on the variation of PVD process. All of these features can 

have a large influence on the diffusivity of the metal or nitrogen species in the nitride. 

The diffusion behavior in nitrides (and carbides) which included the U-N, Pu-N, Si-N, 

Al-N systems has been reviewed by Matzke in 1992 32. The complete collection of 

diffusion data for carbides, nitrides, hydrides and borides was presented by Matzke and 

Rondinella in 1999 33. Most PVD reactive processes employ low-energy ion irradiation to 

modify thin film microstruc ture and composition during growth. However, ion 

bombardment can also result in potentially detrimental effects such as point defect 

generation, noble gas incorporation and excess nitrogen composition. Thus, a nitride far 

from thermodynamic equilibrium will be formed giving rise to different driving forces for 

diffusion in films. This section considers self-diffusion of N and metals especially Al and 

Cu in TiN and TaN. 

 

 

 



 27 

A. Nitrogen diffusion in TiN 

Table 7 presents diffusion data for self-diffusion or grain boundary diffusion of nitrogen 

and impurities in transition metal nitride TiN. N is expected to move by an N vacancy 

mechanism (octahedral sites), a condition that has been confirmed for TiN 34 and HfN 35. 

In general, nitrogen diffuses much faster than the metal atom32. An obvious concentration 

dependence of the diffusion coefficient was found also for the d-CrN1~x phase 36 where 

the N diffusivity decreases with increasing N concentration, while no significant  

concentration dependence was observed in b-Cr2 N36.  

 

Table 6. Nitrogen and argon diffusion in TiN(Ref. 37) 

Low-energy ion assisted deposition of nitride films can lead to oversaturation of nitrogen 

or inert gas atoms, frequently situated on interstitial sites 38. Annealing will drive excess 

N to find empty lattice sites or, as a competing process, precipitate at grain boundaries or 

as gas bubbles. N2 precipitation in the form of polyhedral gas bubbles and solid (cubic 

phase) nitrogen was thus observed in single-crystal TiN films deposited by bias 

sputtering in pure N2 discharges at growth temperatures in the range of 500-800oC. For 

temperatures lower than 500oC, diffusion was too limited during the course of deposition 

to give rise to precipitation of discernible bubbles whereas for the high-temperature end, 

segregation and desorption of excess gas at the  growing film surface maintained a 

stoichiometric film composition. 39, 40 

System mechanism Do (cm2s-1) Eo (eV ) Temperature(oC) 
N in TiN 0.82 Self-diffusion 4x10-7 2.2 700-1400 

N in TiN  Self-diffusion 5.4x10-3 2.2 1000-1500 
Ar in TiN Impurity 

diffusion 
1.5x10-14 

(Diff. coeff.) 
4.43 750 
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B. Metal Diffusion in TiN 

Activation energies for metal diffusion are generally higher for the metal compared to the 

nitrogen in a given nitride. The metal self-diffusion is via a vacancy mechanism on the 

metal sublattice 41-44. 

 

Cu and Al diffusion through TiN 

The diffusivity of Cu in polycrystalline TiN films by grain boundary diffusion has been 

measured by several groups including Suni et al.45 (see Table 2). For example, the 

diffusion length is 1 nm for annealing at 600oC for 10 min (quartz-tube furnace in 

flowing Ar 1% H2). The diffusivity for porous TiN films or films with oxidized grain 

boundaries is four orders of magnitude higher 45 Grain boundary diffusion of Cu through 

TiN has an activation energy of 4.43 eV. Al/TiN/Si system has been shown to be stable at 

annealing temperatures up to 500-600oC for 30 min (quartz-tube furnace in flowing Ar 

1% H2). For low-density TiN films, Si and Al interdiffusion has been reported, 

presumably along intergranular vo ids or oxidized grainboundaries. Hultman et al.46 

investigated the thermal stability of Al/dense-polycrystalline-TiN and Al/single-crystal-

TiN interfaces and found similar reaction paths and product formation in the two cases. 

Extensive penetration of Ti into the Al layer, resulting in the formation of a series of Al-

Ti intermetalic phases was observed with essentially no diffusion of Al into TiN. Since Ti 

is the mobile species, which aggressively penetrates Al, newly developed metastable 

NaCl-structure (Ti, Al) N alloys, provide a much improved barrier behaviour. Petrov et 

al.47 thus showed that the extent of interfacial reactions during annealing at 600oC for 150 
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min was decreased by a factor of 4 by the substitution of Ti 0.8 Al 0.2 N barrier layers for 

TiN.  

 

Table 7. Different metal diffusion in TiN (ref. 37) 

 

Epitaxial growth of TiN films has been reported on various substrates such as Si(001)48 

GaAs(110)49, and different SiC polytypes50. The synthesis of single crystals is also 

reported for the other nitrides VN, NbN, TaN, ScN, and CrN. The readiness of single-

crystal preparation provides for useful model systems in the studies of contacts and 

diffusion barriers to various crystalline substrates. 

For the advanced VLSI techno logy, the Cu/TaN/Si metalization scheme has recently been 

introduced commercially. A thin layer of TaN is effective in preventing Cu diffuses into 

the Si up to at least 600oC 51. The barrier failure is usually understood as grain boundary 

diffusion of Cu through the TaN film. The resistivity of TaN is reported to be relatively 

System mechanism Do (cm2s-1) Eo (eV ) Temperature(oC) 
Ti in TiN/NbN interdiffusion  2.6 830-875 

   4.5 885-930 
Cu in TiN Grain boundary 

diffusion 
9x107 4.43 608-700 

Al in TiN Grain boundary 
or surface 
diffusion 

3x10-14 0.3 300-550 

Si in TiN Grain boundary 
or surface 
diffusion 

2.5x10-14 0.3 400-900 

Fe in TiN Grain boundary 
or surface 
diffusion 

1.4x10-11 0.48 200-600 

V in AlN  0.3 2.9 1300-1550 
Ti in AlN  4x1017 8.3 1280-1400 
Nb in AlN  13 3.9 400-1600 
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low (150 Ωµ cm). For the detail TaN diffusion barrier study, it is discussed in following 

part of this section. Ta2N barriers exhibit interfacial reaction with Si substrate, whereas 

TaN is nonreactive at 700oC52. Further improvement in the barrier was reported for Ta-

Si-N films which fail by migration of Cu at 900oC 53.  

 

2. TiN diffusion barrier in IC technology 

TiN has been widely used in semiconductor back-ending technology as a diffusion barrier 

and interconnect material due to its high stability, low resistivity, good adhesion, and 

easy processing. Back-ending technology refers to the interconnect layers, contacts, vias 

and dielectric layers that wire the active devices into specific circuit configurations. A 

schematic diagram showing these components in a typical integrated circuit structure is 

shown in figure 8. The rela tive importance of back-end structures has greatly increased in 

recent years because the circuit delays associate with interconnects have not kept pace 

with the faster device speeds provided by scaled technologies. Thus much effort has been 

devoted to improving back-end technology. Interconnects include local and global. 

Basically, local interconnects are the first, or lowest, level of interconnects. They usually 

connect gates, sources, and drains in MOS technology, and emitters, bases, and collectors 

in bipolar technology. In MOS technology a local interconnect, polycrystalline Si, also 

serve as the gate electrode materials. Silicided gates and silicided sources/drain regions 

and materials such as TiN and W can also act as local interconnects. Local interconnects 

can tolerate higher resistivities than global interconnects since they are not very long. 

And they must be able to withstand higher processing temperatures because they are 

deposited earlier in the process flow than global interconnects. While for global 
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interconnects, mostly made of Al right now, are generally all the interconnect levels 

above the local interconnect level. Because they cover much longer distance, they are 

always low resistivity metal.54 

 

 

 

 

 

 

Figure 8. Schematic cross-section of back-end structure, showing interconnects, contacts, 

and vias, separated by dielectric layers (cross-hatched regions). (Ref. 54) 

 

Al interconnect problems  and TiN solution 

The main problem for Al interconnect is that thermal stability of Al and significant 

solubility of Si in Al. 500oC the solubility of Si in Al is about 1 atomic percent. That 

means that pure Al in contact with Si will attend to absorb the Si from the substrate up to 

its solubility level at that temperature. And the diffusion of Si in Al is very high, so Al is 

acting like a sink for Si. Then this will create Si voids in remaining Si, which can be 

quickly filled by overlaying Al. If Al penetrates uniformly into the substrate, typical 

processing conditions and contact/interconnect dimensions would result in about 0.2-

0.3µm of penetration. However the situation is even worse than that. When Al reduces 

native oxide, it does so nonuniformly. Al penetrates in localized spots. So Al “spikes” 
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will occur in Si substrate, penetrating in excess 1 µm. Figure 9 illustrates the formation of 

Al “spikes” into Si action region.  

 

 

 

 

 

Figure 9. Si-Al contact region showing spiking of Al into Si active region. This is due to 

Si diffusion into Al to satisfy the solubility requirement, with Al filling the resulting 

voids in the Si substrate. (Ref. 54) 

 

For this problem, diffusion barrier provides answer. The diffusion barriers need to be a 

barrier for diffusion between Si and Al at processing temperature (up to 450-500oC). 

They also need to be thermally stable and low stress. That means the thermal expansion 

needs to be close to Si (2.6 ×10-6 oC-1). They have to adhere well to Si and Al, as well as 

SiO2. TiN can be used as a diffusion barrier to alleviate the above problems. TiN thin 

films are usually fine-grained structures with grain size below 10nm. Diffusion through 

them is very low and making them impermeable to silicon and most other species. TiN 

thin films are chemical stable and chemically inert with most other layers. The electrical 

resistivity of TiN is low enough for use as both a contact material and local interconnect.  

And TiN is usually used in a bilayer structure with TiN on top of Ti, with Ti usually 

reacted to form TiSi2 to form better contact. The best properties of these two layers are 

utilized: the good adhesion and low resistivity of Ti or TiSi2, and the good barrier 
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property of TiN. This is accomplished without much more processing, since TiN can be 

easily deposited immediately after Ti, just by adding nitrogen in the sputter deposition 

chamber. Or TiN can form after annealing Ti in nitrogen.   

Another reason for TiN interconnect is to minimize the electromigration of Al. The 

electromigration is a strong function of the grain texture. The closer all the grains are to a 

single  (111) orientation in vertical direction, the less electromigration occurs. The grain 

texture of Al is very good on TiN because TiN takes on a pseudogranular structure, 

continuing the TiN structure to Al interface. Therefore, TiN can reduce the Al 

electromigration by introducing grain boundaries perpendicular to the current flow. TiN 

can also be used as a barrier between W and Al layers in semiconductor devices.   

 

3. TaN diffusion barrier in Cu interconnect technology 

From Al to Cu interconnects 

 In order to improve interconnect speed, the delay time Lτ has to be kept from increasing 

too much as the device dimension is scaled down. From this simple equation 1, we can 

see that if the metal interconnect height H, width W, space Lx, and oxide thickness Xox 

are smaller, the delay time increases.  

)
11

(89.0 2

sox
ooxIL WLHx

LKK += ρετ ………….(1) 

Where, ρ  is the resistivity of interconnect, L, W and H are the interconnect length, width, 

and height respectively, KI is added to empirically account for fringing fields and other 

interconnects above and below the line in multilayer in interconnect systems. Kox and Xox 

are the oxide dielectric constant and oxide thickness, respectively.  



 34 

One way to keep the metal thickness H constant is to minimize the reduction in resistivity 

while shrinking the lateral dimensions. This does slow down the increase in RC delay as 

the lateral dimensions are scaled. However if the thickness is kept constant, while the 

lateral dimensions are scaled, the aspect ratios of the features increase making the 

deposition and etching more difficult. Another option is to actually increase the height, 

width, and spacing of those interconnects where the major delays occur. These could be 

the longest lines and would probably be the higher levels of interconnects. Such scheme 

is commonly used today, with the higher level interconnects kept thicker and wider. But 

disadvantage of that reverse scaling is fewer metal lines can be fabricated on any level 

where the line widths and spacing are larger. Other choice could be replacing SiO 2 with 

lower dielectric constants materials. But the main problems are those materials tend to 

evaporate or melt when heated and crack easily when subjected to stress. 

The most popular trend is replacing Al with lower resistivity materials. Three materials 

include silver, gold, Copper. Silver has corrosion problems and poor electromigration 

resistance, and gold has just marginally lower resistivity than Al and contamination 

problem. Cu has low resistivity, 1.72 Ωµ cm versus 2.7 Ωµ cm for Al. Additionally, Cu has 

much better electromigration resistance than Al. Higher electromigration resistance also 

allows for circuit operation at higher current densities in the interconnects, resulting in 

potentially faster circuit speed. For these reasons, many manufactures have been 

developing the new processes that use Cu as interconnect materials. 
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From TiN to TaN diffusion barrier  

The major problem for Cu interconnects is diffusion and contamination of Cu in Si 

devices. Cu atoms have high diffusivity into underlying dielectric and Si device areas. 

Diffusion barrier is needed to prevent the diffusion of Cu. Various diffusion barriers are 

explored, such as TiN, W, Ta, TaSi, W-N, and Ti-W. The base materials of these barriers 

are refractory metals and the reduction of Cu interdiffusion was achieved by adding a 

second element such as N or Si. However those materials acting as an effective diffusion 

barrier, the thickness has to be more than 100nm, which is too thick for the ULSI devices 

and scaling requirement. The thickness of diffusion barrier has to be scaled down to 

10nm to reduce the size and electrical resistivity of barrier/Cu structure.  

TaN has become a very promising diffusion barrier material.55 In previous studies, 

polycrystalline TaN films have been deposited by a variety of techniques: metal-organic 

chemical vapor deposition56, radio-frequency and DC sputtering 57,58 and ionized metal 

plasma59. Since TaN has different stable phases (such as solid-solution α-Ta(N), hcp-γ-

phase, and hexagonal ε-phase) and metastable phases (such as bcc β-TaN, hexagonal δ-

phase TaN, hexagonal WC structure θ-TaN and B1 NaCl-structured TaN).60, 61 The 

structural and electrical properties of polycrystalline TaN films vary a lot with different 

deposition techniques and different phases. Furthermore, these polycrystalline films tend 

to grow columnar with grain boundaries normal to the substrate. These grain boundaries 

of TaN provide faster (pipe) diffusion paths for Cu and reduce its effectiveness as a 

diffusion barrier. This warrants the deposition of single crystalline TaN films. The single 

crystalline B1 NaCl-structured TaN film deposition has recently been reported on 

MgO(100) substrates.62 However, for microelectronic applications it is desirable to grow 
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single crystalline TaN on Si. In chapter 4, we report the integration of single crystalline 

TaN with Si(100) and Si(111) with a buffer layer of TiN, using a pulsed laser deposition,  

where we explored the lattice-matching epitaxy of TaN and TiN and domain matching 

epitaxy of TiN on Si.  

Diffusion characteristics of Cu in polycrystalline TaN thin films deposited by various 

techniques have been studied extensively.63,64 Various techniques have been explored in 

qualitative and quantitative characterization of Cu diffusion in TaN. For example, sheet 

resistance study of Cu/TaN/Si were done after various temperature annealing. The results 

show that TaN can stand up to 800oC annealing without Cu breaking through.65 SIMS 

and RBS are the other two depth profiling technique widely used in diffusion study.66  

Results show that TaN can at least stand up to 600oC annealing without Cu diffusing 

through. But for diffusion depth study and detailed microstructure study of diffusion area, 

TEM is one of the powerful techniques.67 But because technically it is very difficult to 

grow epitaxial cubic-TaN (detail see 1.1.1.6), so far no report on the diffusivity of copper 

in single crystal cubic NaCl-structured TaN is found in the literature. After we used TiN 

buffer layer to successfully grow single crystal TaN, the Cu diffusion study in single 

crystal TaN layer is possible. In Chapter 5 we discuss in detail about the characterization 

of Cu diffusion in cubic TaN thin films. In order to determine the diffusion characteristics 

of the single crystalline cubic TaN, we grew a layer of Cu on top of the TaN samples at 

room temperature and annealed at different temperatures. The diffusivity of Cu into these 

single crystal cubic TaN films and diffusion activation energy are evaluated and 

compared with the results of polycrystalline TaN films directly grown on Si by pulsed 

laser deposition. Both poly and single-crystal films with Cu overlayers were annealed at 
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500oC, 600oC, 650oC, and 700oC in vacuum to study the copper diffusion characteristics. 

The diffusion of copper into TaN was studied using STEM-Z contrast, where the contrast 

is proportional to Z2 (atomic number), and TEM. The diffusion distances (2 τD ) are 

found to be about 5nm at 650oC for 30 min annealing. The diffusivity of Cu into single 

crystal TaN follows the relation 12]/)1.027.3(exp[)5.9160( −±−±= scmTkeVD B  in the 

temperature range of 600oC to 700oC. We observe that Cu diffusion in polycrystalline 

TaN thin films is nonuniform with enhanced diffusivities along the grain boundary. 

 

 

1.1.1.6 Synthesis of TiN and TaN thin film  

After we discussed the properties and applications of TiN and TaN, another important 

issue is the processing of these materials.  

 

TiN deposition 

TiN thin films have been deposited by PVD and CVD generally speaking. In PVD, 

sputtering is commonly used in device fabrications. It is often produced by sputtering a 

Ti metal target in a nitrogen-containing atmosphere. Sputtering can produce good 

stoichiometry control and purity control and resistivity of sputtered film is as low as 30-

40 Ωµ cm.68 But problem is the conformal coverage. The sputtered diffusion barriers are 

very thin at the bottom corners of  via holes and failure may occur here. Improvements in 

step coverage of sputtered TiN are achieved by perforated metal masks or ionized metal 

plasma deposition in current IC production. At the same time extensive exploration of 

CVD techniques has been carried out over last 15 years. The oldest way is using TiCl14 as 
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precursor with ammonia and nitrogen as oxidants. The resulting films have good 

conformality and resistivity is around few hundred Ωµ cm. TDMAT and TDEAT are the 

other precursors used in TiN CVD processing.69 

These deposition techniques produce conformal films but they are polycrystalline with 

high values of resistivity. Epitaxial films are expected to reduce film resistivity. First 

epitaxial TiN growth was reported in 1984 by reactive magnetron sputtering on MgO 

substrate. 68 The lattice matching and close crystal structure between MgO and TiN 

facilitated the epitaxial growth. In this paper, Johanson and coworkers also reported the 

resistivity is as low as 18 µOcm, which proved the single crystal TiN could have much 

lower resistivity than polycrystalline TiN. The first epitaxial growth of TiN on Si 

substrate was reported by Narayan et al. at 1992.70 The large lattice mismatch between 

TiN and Si lattice was resolved by domain matching epitaxy theory and discussed in 

detail this thesis in section 1.2. In this thesis, chapter 3 discussed TiN thin film grown by 

PLD in detail from nanocrystalline to single crystalline. The TEM study of the large 

lattice mismatch of TiN and Si clearly proved the domain matching epitaxy by 

observation of ordered misfit dislocation arranged along the interface.  

PLD deposited TiN thin films have several advantages. First, good stoichiometry and low 

impurities. Non-equilibrium processing of PLD can preserve the target concentration into 

the film concentration. Second, better step coverage because of energetic species. Third, 

relatively low temperature processing. (see chapter 2.1 PLD for detail information) 
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TaN depositions  

Polycrystalline TaN films have been deposited by a variety of techniques: metal-organic 

chemical vapor deposition, radio-frequency and DC sputtering, and ionized metal plasma. 

Most of these deposition efforts are explored in diffusion barrier studies. Since TaN has 

different stable phases (such as solid-solution α-Ta(N), hcp-γ-phase, and hexagonal ε-

phase) and metastable phases (such as bcc β-TaN, hexagonal δ-phase TaN, hexagonal 

WC structure θ-TaN and B1 NaCl-structured TaN) as we mentioned before, the structural 

and electrical properties of polycrystalline TaN films vary a lot with different deposition 

techniques. Furthermore, these polycrystalline films tend to grow columnar with grain 

boundaries normal to the substrate. These grain boundaries of TaN provide faster (pipe) 

diffusion paths for Cu and reduce its effectiveness as a diffusion barrier. This warrants 

the deposition of single crystalline TaN films.  

The single crystalline B1 NaCl-structured TaN film deposition has recently been reported 

on MgO(100) substrates which was deposited by reactive magnetron sputtering. A large 

amount of efforts was done on CVD growth of single crystalline cubic TaN. For example, 

TaN by MOCVD using Ta(NMe2)5 and NH3 resulted in tetragonal phase Ta3N5 with high 

resistivity (>106mO cm), unsuited to diffusion barrier applications. Recent work has 

shown that cubic phase low resistivity TaN, suitable for use as a diffusion barrier, can be 

deposited by MOCVD using the liquid source (Et2N)3Ta=N. It has been proposed that the 

strong [Ta=N] bond in the molecule leads to the required cubic phase of TaN on 

pyrolysis.56 While the (Et2N)3Ta=N precursor is only available for research applications 

right now. So far no reports show single crystal cubic TaN thin film processed by CVD.  
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Further more, for microelectronic applications it is desirable to grow single crystalline 

TaN on Si. The integration of single crystalline TaN with Si(100) and Si(111) with a 

buffer layer of TiN, using a pulsed laser deposition was reported in chapter 4 and we can 

obtain resistivity as low as 220µOcm at room temperature and the diffusion study of Cu 

proved the  cubic TaN thin film can be a very promising diffusion barrier materials for 

Cu interconnects. Further more, as we added TiN into TaN to form binary components, 

the resistivity of the structures decreased and the resistivity characteristics changed from 

semiconductor to metallic behavior. And Cu diffusion in these binary components also 

shows very promising results (see chapter 6.) 
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1.1.2 III-nitride materials  

III-nitride materials have attracted a lot of attention recently, because of potential 

applications such as blue and ultraviolet light emitting diodes, blue lasers, UV detectors 

and high-power and high-temperature FETs. Short wavelength light emitters are required 

for full color display, laser printers, high-density information storage, and underwater 

communications. High temperature and high power transistors are needed for automobile 

engines, future advanced power distribution systems. Conventional GaAs based 

semiconductors are not suitable for designing and fabricating optoelectronic devices in 

the violet and blue region of the spectrum. These band gaps are not sufficiently large. 

GaAs based electronic devices cannot be used at high temperatures. III-nitrides are 

particularly suitable for applications in these areas. The band gaps of III-nitrides are large 

and direct. The band gap values are 1.9 eV for InN, 3.4 eV for GaN, and 6.2 eV for AlN. 

Because of their wide band gaps and strong bond strength, they can be used for violet, 

blue and green light emitting devices and for high temperature transistors. InN and AlN 

can be alloyed with GaN, this allows tuning of the gaps and emission wavelengths. The 

nitrides have good thermal conductivity. The III-nitride devices can work not only at 

much higher temperatures but also in hostile environments. The fact that the nitrides can 

stand for high temperature makes device-processing easier.1 

AlN as one of the III-nitride materials, has some outstanding physical properties that have 

attracted a lot research interests. Its high hardness, high thermal conductivity2, resistance 

to high temperature 3 and caustic chemicals,3 combined with a reasonable thermal match 

with Si and GaAs, also makes AlN an attractive material for electronic packaging 

applications.4 Its wide band gap has led to investigations of its potential as an insulating 
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material for GaAs and InP based electronic device structures. AlN also has attractive 

piezoelectric properties5 and its high sound velocity of 6000m/s6, which may be suitable 

for surface acoustic wave device applications. Its thermal stability up to 2000oC and its 

large nonlinear susceptibility make AlN an outstanding material for nonlinear optics7. 

However, the majority of interest in AlN comes from that it can alloy with GaN which 

may permit the fabrication of AlGaN based optical devices. These devices are active 

from the blue wavelengths well into UV.  

Another interesting field of research is integration III-nitride LEDs or LDs with Si 

electronics, these devices will have to grown locally on an already processed Si chip. 

Therefore considerable work has been done on the growth of III-nitrides on the Si 

substrate. Thin layers of wurtzite AlN (basal plane lattice parameters, a=0.3112nm) have 

become widely used as a buffer layer between Si substrate and GaN to improve GaN 

structural quality and electronic properties. Extensive work has been done on epitaxial 

growth of AlN on Si(111) substrate and minimizing the dislocation density and other 

defects.  

In this section, properties of AlN will be reviewed in detail from atomic structure to 

properties such as electrical and optical properties. Corresponding applications will be 

introduced with its properties. Finally the various crystal growth techniques of AlN on 

Si(111) and sapphire substrates will be reviewed and compared. 
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1.1.2.1 Structure  of AlN 

Stable phase of AlN is wurtzite crystal structure with lattice constant a=0.4982nm, and 

c=0.3112nm. (P63mc, 186) The schematic diagram of the wurtzite AlN structure is 

shown in figure 1. AlN also has another two metastable phase-cubic AlN: a=0.412nm 

(B1,  rocksalt) and a=0.433nm (Zincblend). The corresponding properties of wurtzite 

AlN phase are listed in table 1.  

 

 

 

 

 

Figure 1. The schematic diagram of the wurtzite AlN structure. (a=0.4982nm, and 

c=0.3112nm. (P63mc, 186)). 

  

Formula weight 40.99 Band gap energy Eg(300K)=6.2eV 
Eg(5K)=6.28eV 

Density kg/m3x10-3 3.26 

 

Index of refraction n=2.15±0.5 
Melting point 3000K Dielectric constant e0=8.5±0.2 

e8 =4.68 
e8 =4.84 

Micro hardness 
GPa 

15.3 Phonon modes 
cm-1 

TO=667 
E2=665 
LO=910 

Young’s modulus 
GPa 

400 Thermal 
expansion 10-6/K 

?a/a=4.2 
?c/c=5.3 

 
Electrical 

conductivity 
Ω cm 

1011 

 

Thermal 
conductivity 

W/cm K  

K=2  

 

Table 1. The properties of wurtzite AlN phase. (Ref. 3) 
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1.1.2.3 Electrical properties of AlN 

Electrical property characterizations of AlN have been limited to resistivity 

measurements due to its low intrinsic carrier concentration and deep native defect and 

impurity energy levels of AlN. Edwards and co-workers 8observed that transparent AlN 

single crystals had resistivities ?=1011-1013Ω cm, a value consistent with other reports. 9 

They also found that impure crystals which exhibited a bluish color, possibly due to the 

presence of Al2OC, had much lower resistivities ?=103-105Ω cm. These samples were p-

type and hall measurements produced a very rough estimate of AlN hole mobility 

µp=14cm2/Vs.  Chu et al. were able to obtain both n- and p- type AlN by introducing Hg, 

and Se, respectively, however the resistivity of their material was too high to allow the 

net carrier concentrations to be determined. 10 Rutz et al. observed an interesting 

transition in AlN films in which resistivity decreased by two orders of magnitude as the 

applied bias was increased.11 

 

 

 

 

 

 

 

 

 

Figure 2. Calculated band structure of wurtzite AlN.(Ref. 14) 



 50 

Hole effective mass Electron effective mass 

)( ⊥→Γ mM  0.3836 //m  1.5981 

)( ⊥→Γ mK  0.3836 

Top valence 

band 

⊥m  0.2437 

c
3Γ  

 

)( //mA→Γ  4.2211 

Γ→K  0.7622 //m  1.4238 
MK →  0.7682 

2nd valence 

band 
⊥m  1.4235 

cK 2  

HK →  0.4424 

A−Γ  1.4081 //m  0.2842 
HK −  0.3916 

M 0.4729 

3rd valence 

band 
⊥m  1.4235 

M-L 

L  0.4729 
 

Table 2. EPM values of the hole effective masses for the top three valence bands of AlN 

at G, and electron effective masses at relevant secondary minima. (Ref.15) 

 

First calculation of electronic structure of AlN is reported by Hejda using the 

orthogonalized plane wave method.12 Bloom 13and Jones and Lettington14 used 

pseudopotential methods to obtain band gaps of 5.25 and 5.31eV, respectively. The 

calculated band structure is shown in figure 2. Kobayashi et al. reported a band structure 

of 6.2eV direct band gap calculated using semiconductor empirical tight bonding method. 

Goano et al. presented the band structure calculation of wurtzite AlN based on nonlocal 

empirical pseudopotential method employing realistic effective atomic potentials.15 For 

each of the  constituent atoms in the AlN material, the form of the effective potentials is 

optimized through an iterative scheme in which the band structures are recursively 

calculated and selected features are compared to the experimental results. The conduction 
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band minimum located on the M-L edge of the Brillouin zone is positioning at 0.7542 of 

M-L segment and energy level at 7.0eV. The calculated values of hole effective masses 

for the top three valence bands and electron effective masses at relavant secondary 

minima are listed at Table 2. 

 

1.1.2.2 Optical properties of AlN 

The optical properties of AlN such as room temperature band gap, index of refraction, 

long wavelength dielectric constant and photon modes are listed in Table 1. Yim et al. 

characterized high-quality AlN by optical absorption and determined the room 

temperature band gap to be direct with a value of 6.2 eV.16 Some other measurements of 

AlN band gap gave much lower value which is probably due to the oxygen 

contamination.17 The room temperature absorption spectra of AlN films is shown in 

figure 3.  

 

 

Figure 3. Room-temperature 

absorption spectra of AlN films of 

varying thickness whose principle 

absorption edge occurs at 6.2eV. The 

bump near 4.5-4.8eV in the data of 

Pastrnak et al. was attributed to 

oxygen absorption bands. (Ref. 16) 
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1.1.2.4 Processing of AlN on sapphire and Si(111) 

As we mentioned before, due to AlN has high hardness, high thermal conductivity, 

resistance to high temperature and caustic chemicals, it is of considerable interest for 

high-power, high-temperature, and radiation-resistant electric and optoelectronic 

applications. High quality epitaxial heterostructures are required to fully realize these 

applications of AlN, because many of these applications are related to crystal structure of 

the films, epitaxial relations and orientation with the substrate. Especially the electric 

properties are sensitive to the nature of epitaxial growth and the density of structural 

defects such as dislocations, twins, and stacking faults, grain boundaries and related 

defects. While the epitaxial growth characteristics and nature of defects are determined 

by the thin film growth conditions and substrate variables including temperature, lattice 

misfit, and interfacial chemical free energy.  

Various deposition techniques are explored in the AlN single crystal growth, such as 

chemical vapor deposition, plasma assisted CVD,18 metalorganic CVD,19 reactive dc-

magnetron sputtering,20 plasma assistant molecular beam epitaxy21, and pulsed laser 

deposition.22 Various deposition techniques and related deposition parameters of epitaxial 

AlN are listed in table 3.  
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Deposition 

techniques 

Deposition 

temperature  

Pre-

deposit 

materials 

Substrate Back 

pressure  

Other 

parameters  

CVD 1000oC AlCl+NH3 a-Al2O3 

SiC 

ZnO 

130Pa  

plasma assisted 

CVD 

1000oC AlCl+NH3 a-Al2O3 

SiC 

ZnO 

  

Metal organic 

CVD 

1050oC TMAl a-Al2O3 

SiC 

ZnO 

130-

300Torr 

 

reactive dc-

magnetron 

sputtering 

650-800oC Al a-Al2O3 

SiC 

ZnO 

Si 

Ar/N2 

(30/70) 

10mTorr 

 

plasma assistant 

molecular beam 

epitaxy 

850oC-

1150oC 

Al+ 

activated 

nitrogen 

a-Al2O3 

SiC 

ZnO 

2x10-5 

Torr N2 

RHEED 

pulsed laser 

deposition 

750oC AlN a-Al2O3 

SiC 

ZnO  

Si 

5x10-5 

Torr N2 

 

Laser-MBE 750oC AlN a-Al2O3 

SiC 

ZnO Si 

1x10-8 RHEED 

 

Table 3. List of various deposition techniques and deposition parameters for AlN growth. 
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Substrate or film 

for AlN 

Symmetry Lattice 

parameters(A) 

Mismatch with 

AlN (Wurtzite) 

a-Al2O3 Hex a=4.758 

c=12.991 

13% 

6H-SiC Hex a=3.08 

c=15.12 

1% 

ZnO Hex a=3.252 

c=5.313 

1% 

Si(111) Diamond a=5.43 19% 

GaN Hex a=3.189 

c=5.185 

2.4% 

 

Table 4. List of various substrates and films for AlN and their lattice mismatch. 

 

AlN on sapphire  

Various substrates for AlN growth and lattice misfit are listed in table 4. From the lattice 

misfit comparison, we can see the prospective substrates for AlN growth are 6H-SiC and 

a-Al2O3. But 6H-SiC substrates are very expensive. More practical substrate is a-Al2O3. 

Extensive work has been done on the epitaxial growth of AlN on a-Al2O3 and their 

orientation relationships. The epitaxial relationship for (0001) sapphire was found to be 

(0001) AlN // (0001)sapphire, with in plane orientation relationships of [ 0101 ]AlN // 

[ 0112 ] sapphire and [ 0112 ] AlN // [ 1001 ]sapphire. This is equivalent to a 30o 
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rotation in the basal (0001) plane. The schematic orientation relationship between AlN 

and sapphire is shown in figure 4 and figure 5. (Ref.19) 

 

 

 

 

 

 

Figure 4. Schematic drawing of (0001) oxygen atoms plane of sapphire (large circle) and 

positions of Aluminum atoms just above and under this plane (small circles). (Ref.19) 

 

 

 

 

 

Figure 5. The (0001) plane of AlN; Aluminum and nitrogen atoms belonging to the same 

plane are indicated by small and large circles correspondingly. (Ref. 19) 
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While the high lattice misfit between AlN and a-Al2O3 make the formation of defects 

such as threading dislocations. So post deposition annealing becomes a very practical 

way to anneal the defects away. Some annealing stud ies have been carried out on MBE 

grown AlN on SiC samples at 1200-1400oC. 23  Results showed that the quality of thin 

films improved markedly and the dislocation density reduced to 3x108/cm2. But for the 

annealing effects of AlN on sapphire substrate and the mechanism for dislocation 

reductions, a lot of research work still need to be carried out.  

In my research, the epitaxial AlN was grown on sapphire substrate by pulsed laser 

deposition and annealed in N2 pressure at 1300oC for 30min. The annealing effects such 

as dislocation density and optical properties were studied. Weak beam condition in TEM 

was used to study the dislocation density and compare dislocation content between before 

and after annealing. The transmission measurement was used for optical property 

characterization. The dislocation density decrease dramatically and transmission 

improved after annealing, which showed the quality of AlN film improved. The possible 

mechanisms are discussed in chapter 8. 

 

AlN on Si(111) 

As we discussed earlier, the integration III-nitride LEDs or LDs with Si electronics 

requires III-nitrides thin films grown locally on an already processed Si chip. Thin layers 

of wurtzite AlN (basal plane lattice parameters, a=0.3112nm) have become widely used 

as a buffer layer between Si substrate and GaN to improve GaN structural quality and 

electronic properties. Extensive work has been done on epitaxial growth of AlN on 

Si(111) substrate and minimizing the dislocation density and other defects. 21, 22, 24 
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Epitaxial growth of AlN on Si(111) was reported by Vispute et al.22 via pulsed laser 

deposition, Bourret et al. used plasma assisted gas source molecular epitxay, and Kaiser 

et al. via Plasma-assisted molecular beam epitaxy (MBE). The epitaxial relation between 

AlN and Si is revealed to be AlN [ 0112 ]// Si[110] and AlN [ 0101 ] // Si[422]. While 

the large misfit between the spacing of { 0112 }AlN planes (a/2=1.556A) and{220} 

planes of silicon results in 19% strain. Domain matching epitaxy is proposed to resolve 

this big lattice misfit. But detailed domain relation and experimental proof of the domain 

matching between AlN and Si has not been reported yet. In order to study this domain 

matching epitaxy mechanism in AlN on Si(111), epitaxial wurtzite AlN thin films were 

deposited on Si (111) by laser-molecular-beam-epitaxy. Selected-area diffraction in 

transmission electron microscope revealed the epitaxial growth of AlN on Si(111) 

substrate. The orientation-relationship of AlN/Si(111) was studied from Si <110> and 

<112> zone axes and compared with simulated results. The interface structure and 

growth mechanism were studied by high-resolution transmission electron microscopy, 

and Fourier filtered image of cross-sectional AlN/Si(111) samples from both Si <110> 

and <112> zone axes revealed the domain matching epitaxy of 4:5 ratio between the 

interplanar distances of  Si (110) and AlN ( 0112 ). (see chapter 9) 
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1.2 Mechanism of epitaxial growth 

To realize a full potential of a new technology, epitaxial growth of thin film often present 

a major bottleneck. Materials such as TaxTi1-xN, GaxIn1-xN, AlxGa1-xN, ZnxMg1-xO, 

Ba0.5Sr0.5TiO3, La0.7Ca0.3MnO3, etc., and their heterostructures are important for diffusion 

barrier (electrical property), Light Emitting Diodes (LED, optical applications), magnetic 

field sensors and computer read heads (ferromagnetic properties). The crystal structures 

that are present in the natural semiconductors are the lowest energy configurations of the 

solid state of atoms. Since the electronic, optical and magnetic properties of the 

semiconductor materials are determined by their crystal structure, the fabrication of 

artificial structures or superlattices, which are metastable phases, is of great interest. The 

key to grow epitaxial artificial structures with controllable optical and electronic 

properties is the major challenge for a new device or technology. 

 

               1.2.1 Epitaxy Theory and Lattice Matching Epitaxy 

Epitaxy is a term used to describe an extended single-crystal film formation on top of a 

crystalline substrate.1-4 While homoepitaxy refers to the film formation on top of the same 

material, heteroepitaxy refers to the films grown on substrates composed of a different 

material. When the epilayer and the substrate materials are identical or have same or 

almost-same lattice constants, there are no strained interfacial bonds, because lattice 

parameters match perfectly. Such structures are called lattice-matched epitaxial 

heterstructures, as shown in figure 1a. The deposition of epilayer atoms onto the substrate 

surface allows them to easily locate the potential minima corresponding to the substrate 

lattice sites, presuming that the adatoms have sufficient energy (i. e. growth temperature 
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is high enough) to move to the nearest energy minimum. Usually in heteroepitaxial 

structures, the lattice parameters are different, and hence depending on the mismatch, the 

film can grow onto the substrate either coherently, called coherently strained lattice –

mismatched heterosepitaxy (or strained- layer epitaxy) as shown in figure 1b or 

incoherently called relaxed lattice mismatched heteroepitaxy as shown in figure 1c.  

 

Figure 1. Schematic illustration of (a) lattice matched heteroepitaxy; (b)coherently 

strained lattice-matched heteroepitaxy; (c) relaxed la ttice-mismatched heteroepitaxy. 

 

In the strained layer epitaxy, atoms in the film are constrained to the substrate inter-

atomic spacing in the plane of interface despite the difference in the film and substrate 

lattice parameters. Thus significant elastic strain energy is stored in the structure. For 

example, accommodation of a lattice mismatch of only 1% in a coherent strained film, 

produces a stress field about 2 GPa (at shear modulus 5 x 1010 Pa, and Poison ratio 0.33 ) 

2. For a given lattice mismatch the elastic strain energy in the initially coherent film 

increases linearly with the film thickness. When the strain energy is sufficiently large, at 

a “critical thickness”, the strain at the interface is relieved via the formation of misfit 
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dislocations and this is called relaxed lattice mismatch mechanism of epitaxy. In 

heterostructures with a very large lattice mismatch (>10%) such as, TiN on Si with lattice 

misfit 24.6%, the strain in the film is so large at the very initial stages that the film can 

not grow coherently from the beginning. In such case the epitaxial growth is achieved via 

formation of domains when sf anna )1( ±= , where the fa and sa are the film and the 

substrate lattice parameters, respectively, and n is an integer.5 The coherency between the 

film and the substrate is preserved within the domain, while there is a cross-grid of misfit 

dislocations separating the domains. The mechanism of domain epitaxial growth in very-

high-mismatched systems is discussed in detail in section 1.2.2.  

 

Growth Morphology:  

In practice epitaxy builds up according to one of the three distinct “growth modes”,6, 7 as 

shown in figure 2: (a) layer-by- layer, or Frank-van der Merve two-dimensional growth 

mode (FM); (b) nucleation of three-dimensional clusters (islands) on the plane surface of 

a substrate, or Volmer-Weber three dimensional growth mode; and (c) formation of 

three-dimensional clusters (islands) on two-dimensional thin uniform layer, or Stranski-

Krastanov growth mode. Bauer8 has demonstrated tha t relative surface energies play an 

important role in determining which growth mode occurs at the thermodynamic 

equilibrium. If the deposited material has larger surface energy than the substrate, the 

three-dimensional or island structure is favored; otherwise the film tends to grow in 

layer-by- layer mode. Recent studies based on continuum elasticity approach predict that 

layer-by- layer growth is never the equilibrium morphology, but rather it is a metastable 

with respect to island formation. Three dimensional islands form when the epilayer-
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epilayer interactions are much stronger than epilayer-substrate interactions. Experimental 

studies support these considerations for systems with known surface energy values. 

 

Figure 2. Modes of growth of an overlayer on a 

substrate:  

a) layer-by- layer 2D(Frank-van der Merve);  

 

 

b) island growth 3D (Volmer-Weber);  

 

 

c) island growth on a thin layer 2D and 3D 

(Stranski-Krastanov).  

 

 

Stability and relaxation of strained epilayers : As it was stated earlier, beyond a 

“critical thickness” hc the coherently strained film relaxes via generation of misfit 

dislocations. The critical thickness of epilayer is related to the balance between the relief 

of the coherent strain energy and the extra energy associated with the lattice dis tortions 

produced by misfit dislocations. Different theories apply different approaches for critical 

thickness determination.  

Earliest models by Frank and van der Merve 9, 10 showed that : (1) if the misfit f does not 

exceed critical value of strain ec, a thin overlayer will grow coherently with the substrate; 
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(2) even if the strain in the overlayer cεε 〉 , the overlayer will be strained with the 

substrate except that a periodic array of localized regions called misfit dislocations will 

form; and (3) with the increase of the film thickness the film accumulates elastic strain 

energy so that above the critical thickness, misfit dislocations form to relieve the strain. 

Thus, according to van der Merve’s criterion, critical thickness is the thickness at which 

the energy of the coherently strained state becomes equal to the energy of the fully 

relaxed state.  

Matthews and Blakeslee criterion 11,12 is based on the energy minimum 

condition 0/),( =dnnhcdE  at 0→n , where E is the total energy of the structure and it is 

a function of the thickness of the film h and the dislocation density n. Ichimura and 

Narayan pointed out that the difference between the two criteria can be very large.13 

In addition to the critical thickness as the main issue in misfit strain accommodation 

process, the mechanisms involving generation of dislocations, including their nature, 

nucleation, motion and interactions is of increased scientific and applied interest.14-17 The 

mechanisms which control dislocation generation are different in low and large lattice 

mismatch systems. In systems with low mismatch (<2%), the generation of dislocation is 

nucleation limited because of the high energy barrier for nucleation. The misfit is 

accommodated first by fo rmation of 60o dislocations from the surface, which glide half-

loops to the interface, and eventually recombine at the interface to form 90o misfit 

dislocation. In high-mismatch systems (>2%), the energy barrier for nucleation is low and 

hence the generation of dislocation is a glide limited process. 
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Atomic Structure   The interest in the atomic structure of defects, and in particular of 

dislocations in semiconductors, is driven by the fact that defects influence the properties 

of electronic devices. The positions of atoms in a core region of a dislocation determine 

the electron distribution and hence their electronic properties. Also, the atomic structure 

and energetic of dislocations can be used to predict reactions and growth directions of 

dislocations. In the atomistic modeling, the atomic structures of dislocations are obtained 

by minimizing the bond distortions and the number of dangling bonds, using energy 

minimization procedures,18 which include: (1) choice of atomic cell with appropriate size 

and boundary conditions; (2) choice of an appropriate potential to calculate the energy of 

the cell; and (3) minimization of the cell energy by moving every atom sequentially in the 

direction of force calculated by interatomic potentials. 

Thus, understanding the principle mechanisms which control epitaxy on atomic level, the 

experimental characterization and control of epitaxial growth, and the ability to monitor 

the chemical and structural properties of the surfaces and heterostructures allows 

metastable phases and strained- layer heterostructures to be grown. Superlattices introduce 

new periodicities which determine the electronic structure of subbands originating from 

the superlattice potential. This subband structures determine the transport, optical, 

magnetic and other properties of materials. 
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1.2.2 Domain Matching Epitaxy 

The theory of Domain Matching Epitaxy involves matching of lattice planes between the 

film and the substrate having similar crystal symmetry. In this theory, the conventional 

lattice matching epitaxy (LME) becomes a special case where a matching of lattice 

constants or the same planes is involved with a small misfit of less than 7-8%. In large 

lattice mismatch systems, epitaxial growth of thin films is possible by matching of 

domains where integral multiples of major lattice planes match across the interface.  As 

we discussed in section 1.2.1, we can easily draw the relation of domain matching 

epitaxy and traditional lattice matching epitaxy in table 1.  

In the domain matching epitaxy, we consider the matching of lattice planes, which could 

be different in different directions of the film-substrate interface. In the DME framework, 

the film can have either a fixed or the same orientation relationship with the substrate, 

depending upon the nature of the misfit. The misfit is accommodated by matching of 

integral multiples of lattice planes, and there is one extra half-plane ( dislocation ) 

corresponding to each domain. 

Another important aspect of domain matching epitaxy theory is that it can be used on 

systems with misfits slightly off perfect one-to-one domain (integral) matching. If the 

misfit falls in between the perfect matching ratios of planes, then the size of the domain 

can vary in a systematic way to accommodate the additional misfit. By this theory,  

additional misfit can be accommodated by changing the domain size within the DME 

framework.   

An important feature of the domain epitaxy concept is that most of the strain is relieved 

quickly within a couple of monolayers, so that the misfit strain can be engineered and 
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confined near the interface. This makes it possible for the rest of the film to be grown free 

of defects and lattice strains.   
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Table 1. Schematic relationship between different epitaxy catagories. 
 
 

Usually in thin film growth, the lattice parameters between substrates and films are 

different. Hence depending on the mismatch, the film can grow onto the substrate either 
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coherently, called coherently strained lattice –mismatched heterosepitaxy (or strained-

layer epitaxy) or incoherently called relaxed lattice mismatched heteroepitaxy as we 

discussed in section 1.2.1. But in the second case, relaxed lattice mismatched 

heteroepitaxy has two different categories depending on lattice mismatch. In the first 

category, the relaxation happens after the critical thickness; second category, the 

relaxation happens exactly at the interface. Both of the categories are clearly shown in 

figure 3a and 3b. The second category falls into domain matching epitaxy. 

 

 

Figure 3. Schematic illustration of two categories of relaxed lattice mismatched 

heteroepitaxy (a) relaxation happened after critical thickness; (b) relaxation happened at 

the interface (domain matching epitaxy). 

 

In the strained layer epitaxy, atoms in the film are constrained to the substrate inter-

atomic spacing in the plane of interface despite the difference in the film and substrate 

lattice parameters. Thus significant elastic strain energy is stored in the structure. For 
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example, accommodation of a lattice mismatch of only 1% in a coherent strained film, 

produces a stress field about 2 GPa (at shear modulus 5 x 1010 Pa, and Poison ratio 0.33 ) 

2. For a given lattice mismatch the elastic strain energy in the initially coherent film 

increases linearly with the film thickness. When the strain energy is sufficiently large, at 

a “critical thickness”, the strain at the interface is relieved via the formation of misfit 

dislocations and this is called relaxed lattice mismatch mechanism of epitaxy. If the 

critical thickness is not equal to “0”, it is the first category: relaxation after critical 

thickness. If in heterostructures with a very large lattice mismatch (>10%) such as, TiN 

on Si with lattice misfit 24.6%, the strain in the film is so large at the very initial stages 

that the film can not grow coherently from the beginning. It is called domain matching 

epitaxy. In such case the epitaxial growth is achieved via formation of domains when 

sf anna )1( ±= , where the fa and sa are the film and the substrate lattice parameters, 

respectively, and n is an integer.5 The coherency between the film and the substrate is 

preserved within the domain, while there is a cross-grid of misfit dislocations separating 

the domains.  

 

After studied various cases of domain matching epitaxy, Narayan and his coworkers 

presented the master plot of domain matching epitaxy, which includes all the possible 

configurations of domain matching in nature according to various tensile strain in the 

heterostructures, see figure 4.  
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Figure 4. Domain Matching Epitaxy plot of tensile strain vs. possible domain matching 

ratio. 

 

If any new epitaxy growth system needs to be set up, we can calculate the lattice 

matching and tensile strain by the lattice parameter of these two materials, then find the 

possible matching ratio between them from the above plot. If the ratio is exactly fall into 

one of the integer number ratio, it is quite possible they can grow epitaxially by domain 

matching epitaxy. If they fall in between two integer number ratio, they will have more 

0

10

20

30

40

50

60

70

80

90

100

c
b

a

b. AlN/Si(111)

Domain Matching Epitaxy Plot

c. ZnO/α-Al
2
O

3

a. TiN/Si(100)

1/61/10 45/4629/3025/269/10 49/50 53/5441/4237/3833/3421/2213/14 17/185/61/2

Te
ns

ile
 S

tr
ai

n 
( ε

%
)

Film /Substrate (Planar Spacing) Ratio



 71 

than one domain matching ratio. By varying the domain-size, which is equal to intregral 

multiple of lattice planes, in a periodic fashion, it is possible to accommodate additional 

misfit beyond perfect domain matching.   

Several examples shown in domain matching epitaxy master plot which have been 

proved by experimental are simply described in the following: 

 

TiN / Si  

Relatively large lattice mismatch f=24.6% and high interfacial energy result in misfit 

dislocations along the TiN/Si interface, because the strain in the film is so large at the 

very initial stages that the film can not grow coherently from the beginning.  In figure 5, 

misfit dislocations are clearly visible along the interface of TiN/Si and marked as the 

extra half planes of dislocation. The short ordering of these misfit dislocations is clearly 

observed as 3:4 relationship, which means that 4 atomic planes of TiN (111) align with 3 

atomic planes of Si(111), according to domain matching epitaxy master plot, in figure 4. 

And every two set of extra half planes compose one 90o dislocation as shown in figure 5.  

These 90o dislocations are orderly distributed along the interface and burgers vector of 

these misfit dislocation is identified as )110(
2
a

lying in {111} planes. 19 The two sets of 

a/2 <110> dislocations combine at the interface to produce a/2 <110> dislocations lying 

in the {001} interface.  This dislocation reaction can be described as: a/2[101](11-1) + 

a/2[01-1](111) à a/2[110](001).  This is first for a/2<110> dislocation in {111} planes 

of sodium chloride structure.  These new dislocations or slip systems may impact 

mechanical and physical properties of TiN films or materials of sodium chloride 

structure. 
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Fig. 5.  HRTEM <110> cross-section image (a) and SAD (b) of epitaxial TiN on Si(100). 

Arrows marked two set set of extra half planes which compose one 90o dislocation. (Ref 

19) 
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AlN/ Si(111) 

Epitaxial growth of AlN (0001) with hexagonal wurtzite structure (a=3.11A, c=4.982A) 

on silicon (111) substrate occurs via matching of four silicon {220} planes with five 

{ 0112 }planes of AlN from the master plot. The corresponding diffraction pattern of 

AlN < 0112 >// Si <110> confirmed the single crys talline AlN with hex-on-cube 

epitaxial relationship with AlN [ 0112 ]// Si[110] and AlN [ 0101 ] // Si[211].  The 

spacing of { 0112 }AlN planes (a/2=1.556A) result in close to 19% strain with {220} 

planes of silicon. Using this strain, we found that 5 AlN { 0112 } / 4 Si {220} matching 

results with less than 1% residual strain. Figure 6 shows a Fast Fourier Transformed 

image from cross-section HRTEM micrograph. The alignment of { 0112 } planes of 

AlN with {220} planes of silicon is clearly shown. In this field of view, five planes of 

AlN clearly match with four planes of silicon with one exception where six planes of AlN 

match with 5 planes of silicon. This is predicted from the master diagram in fig1. for a 

19% strain. Thus the direction from the ideal 5/4 matching corresponding 20% strain are 

accommodated by variation in domain size, rather than additional set of secondary 

dislocation to relieve this additional strain.20 
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Figure 6. (a) High resolution cross-section TEM image of AlN/Si<110> to show the 

quality of the film 

 

 

 

 

 

 

 

 

 

 

Figure 6. (b) Fast Fourier filtered HRTEM image using opposite AlN { 0112 } /  Si 

{220}reflexes showing the match of the corresponding planes. Misfit dislocations at the 
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interface are indicated. (AlN/Si<211>) It clarified the 5:4 matching between AlN 

{ 0112 } / Si {220}lattice planes. (Ref. 20) 

 

Domain Epitaxy of ZnO /a-Al2O3.  

There is a growing interest in growing high quality thin films of its alloys for light 

emitting diodes(LEDs) and laser diodes (LEDs) applications. The bandgap of ZnO can be 

tuned by alloying with MgO (8.0 eV, upshift) or with CdO(1.9 eV, downshift) the ZnO 

can be also as a template for III-nitride growth on sapphire substrate. Therefore, the 

growth of high quality ZnO thin films on practical substrate (sapphire) has considerable 

interests. By Pulsed Laser Epitaxy, high quality epitaxial ZnO films were grown on 

sapphire. The epitaxial relations are ZnO [ 0101 ]//sapphire [ 0112 ] and ZnO (0001)// 

sapphire (0001). This inplane orientation relation corresponds to a 30o rotation of ZnO 

basal planes with respect to sapphire substrate, which is similar to the epitaxial growth 

characteristics of AlN and GaN on sapphire. Under these conditions, approximately 18% 

of the lattice mismatch across the interface is accommodated via domain matching 

epitaxy where 6 units of the film match with 7 of the substrate, which is shown in figure 

8(b).  
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Figure 7. (a) High resolution TEM cross-sectional image of the ZnO film near the 

film/substrate interface (shown by black arrows). The terminating planes corresponding 

to the misfit dislocations are indicated by white arrows. (Ref. 21) 
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Figure 7 (b) Fourier filtered image using opposite ZnO { 0101 }//sapphire { 0112 } 

reflexes showing the match of the corresponding planes. Misfit dislocations at the 

interface are indicated. Numbers in the bottom of the picture correspond to the number of 

planes between the misfit dislocations. Note that every 7th or 6th { 0112 }plane of 

sapphire terminates at the interface. (Ref 21) 

 

 

From Above discussion, one can conclude that, according to domain matching epitaxy, 

the possibility for high lattice mismatch system to grow epitaxially increased. More and 

more new material systems which have large lattice mismatch could be realized by 

domain matching theory and further benefit the development of new structures and 
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devices. By matching integral multiples of major planes between the film and the 

substrate, it is possible to grow films with small as well as large misfits. The systematic 

variations in domain sizes are created to accommodate misfits that fall between the 

integral multiples.  As the domain size changes, the nature of the dislocations remains the 

same.  For large misfit strains, the critical thickness is less than one to two monolayers, 

so dislocations corresponding to full lattice relaxation are generated at or within a 

monolayer of the interface; and the remainder of the film can be grown virtually strain 

and misfit-dislocation free. Thus, the DME concept can be used to engineer and confine  

misfit strains near the interface, and films with larger misfits can be grown with a fewer 

number of defects in the active regions, compared to the films with smaller misfits grown 

by LME.  The nature of misfit dislocations in terms of Burgers vectors and habit planes 

are determined by geometrical constraints, rather than by deformation in the normal slip 

systems.  This is similar to the observations of unusual dislocation structures at the grain 

boundaries formed as a result of geometrical constraints.  The formation of a/2 <100> 

dislocations in {111} planes in TiN has been shown to be a result of geometrical 

constraints during domain epitaxy on Si(100) substrate. Thus, domain epitaxy provides a 

mechanism to grow epitaxial films on substrates with large misfits, and opens a new 

frontier in next-generation solid state technology.   
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