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Introduction  

 

 Defect physic has always been of paramount significance in materials research and 

technology. The understanding and control of defect engineering has enabled progress in wide 

range classes of materials, starting from metals and ending in semiconductors, which are the 

subject of this thesis. The proper comprehension of native defects and their complexes is 

essential to the successful application of any semiconductor. They are directly or indirectly 

responsible for compensation, doping, minority carrier lifetimes, luminescence efficiency, and 

a number of other crucial properties. The defects assist the diffusion mechanism, which 

influences growth, processing, and degradation of any device. Investigation of Frenkel pairs 

(FPs), which are the core subject of this thesis, has played an important role in the study of 

metals, where it was mainly analyzed from the point of view of mechanical properties. In 

semiconductors, FPs did not receive a lot of attention. At the beginning of defect physics, they 

played important role in studying native defects using irradiation experiments [1], their 

mutual interaction, and diffusion. Then, when the calculations from first principles became 

available, they were sometimes delved into, usually as a background to intensively covered 

native defects – see for example [2, 3]. Recently, Frenkel pairs in Si [4] and chalcopyrite 

semiconductors [5] were studied, but the treatment is also far from being comprehensive, 

although the papers constitute progress.  

 My motivation is to treat FP more deeply than it was up to this time, and devise a 

scheme that systematizes the approach to study this defect. I give special treatment to FPs in 

CdZnTe compound, and I cover them in the most detail out of all semiconductors, because (i) 

FPs in CdZnTe may be responsible for bistability effect and ‘dark defects’ in II-VI LEDs and 

finding theoretical explanation to these experimental conundrum engrossed my attention at 

the beginning of my PhD studies, (ii) the relative importance in comparison with other 

semiconductors, and (iii) my research group specializes in fabrication and investigation of this 
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compound. The methodology and approach implemented initially to FPs in CdZnTe is also 

utilized in the case of GaAs, SiC, ZnO, and GaN – already very important or/and emerging 

semiconductors. A FP is generated when an atom is ejected from its substitutional site, 

leaving vacancy behind, and stabilizes in the metastable position. In effect, interstitial-

vacancy complex is created. The most important issues are following: how much does it cost 

to produce a FP? What influences this cost? What factors influence the stability of a FP? 

What are the optical, electrical, and magnetic consequences of FPs generation? It is 

significant to stress that if a FP generation cost is similar to the energy available in the 

material, it can substantially affect structural properties and behavior of the material. The 

valid and characteristic energy scales in material depends on the way of excitation: electric 

and optical transitions can be on the order of band gap, thus if a FP generation barrier is 

comparable to bandgap, the material can be unstable from the point of view of the FP 

generation. Thermal excitations define another scale that has to be taken into consideration 

while assessing the feasibility of activating rare events ruled by diffusion, generation, and 

recombination barriers. The organization of my PhD thesis can be advocated and justified as 

follows:    

First of all, my approach bases on ab-initio supercell approach, which has its own 

limitations and errors. The calculation of formation energies has to be treated with due 

diligence, as it is the most fundamental quantity to be determined upon the study of defects. A 

judicious methodology correcting GGA and finite-size supercell errors has to be employed to 

guarantee correspondence to the experiment and predictive capabilities. The Chapter 1 is 

dedicated to this problem. The general information on Minimum Energy Path (MEP) methods 

is also covered in this chapter. The determination of MEP is important if one is interested in 

energy landscape, and thus the feasibility of dynamical transitions of defects, i.e., the 

determination of diffusion, generation, and recombination barriers. I use the most advanced 

methods available in both cases. 

Second, because FP is a complex that is composed of two native defects, namely 

vacancy and interstitial, I focus on the native defects properties. As it follows later, the deep 

knowledge of native defects, i.e., constituents of a FP, is very important when studying the 

complex. I give special treatment to the calculation of formation energy, energy levels, and 

diffusion patterns of the native defects. The comprehensive study of both cation and anion 

vacancy and interstitials in CdTe and ZnTe is covered in Chapter 2. 

Chapter 3 is dedicated to studying of FPs in CdTe and ZnTe. FPs are analyzed from 

the point of view of the interaction of their constituents. The discrepancies between FPs on 



 10 

anion and cation sublattices are underlined. The generation of a FP is elucidated as a function 

of Fermi level. Charge state of FP determined by the type of doping, influences vehemently 

the generation barriers. The stability of FPs are investigated from the point of view of 

recombination and dissociation of their constituents. Finally, the FP’s generation is relevant to 

experimentally established bistability in CdZnTe. Defect-induced changes of magnetic 

behavior in CdZnTe with Mn ions are also calculated and explained.  

Chapter 4 deals with FPs in other important semiconductors. The special treatment is 

given to the comparison of generation of FPs in two different crystal structures, namely zinc 

blende and wurtzite. FPs in zinc blende GaAs and SiC were previously investigated and I 

compare my results with other authors. FPs in wurtzite GaN and ZnO were not addressed 

until my work.  

I acknowledge the help, intellectual inspiration, and, highly revered by me, critical 

approach of my PhD supervisor, prof. P. Bogusławski. I also appreciate all scientific 

interactions with colleagues from Institute of Physics, Polish Academy of Sciences and other 

research and academic institutions I visited and collaborated with. I especially would like to 

thank prof. G. Karczewski and T. Wojciechowski for fruitful and numerous discussions on 

experiments in CdZnTe. Finally, I appreciate the support of Polish Ministry of Science and 

Higher Education, 6th UE Framework programme, HPC-Europa and HPC-Europa++ 

Transnational Access programmes, Interdisciplinary Centre for Mathematical and 

Computational Modeling, and Mazovia PhD grant.  
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Chapter 1 
 
Methods of calculation 
 
 
 
 
In this Chapter computational details are presented. Special treatment is given to the 
determination of defect’s formation energy and the calculation of the lowest energy paths.    
 
 
 

1.1 Density Functional Theory 
 Density functional theory (DFT) has become widely acknowledged and adopted 

theoretical machinery since its inception in sixties of the previous century [6]. Its numerous 

implementations have allowed to solve a plethora of problems in various fields, spanning 

from chemistry, to physics, to biology, and to materials science and technology. As it 

advanced and nurtured, and computational power increased, more complex issues and more 

realistic systems could have been tackled successfully. Although many challenges still 

remain, which unable desired accuracy of answers or restrain applicability in some important 

research areas, the techniques based on DFT have become mainstream and standard 

theoretical procedures when dealing with microscopic treatment of various material problems. 

The approach is well established now, an array of codes are available, and the field, which 

already has a huge number subfields (and counting), is burgeoning.  

 By and large, DFT allows solving many-body Schrödinger equation adopting ab-initio 

approach, i.e., one where calculations are only based on the laws of physics and the values of 

nature constants. Because the interesting problems consist usually a considerable or a huge 

number of ions and electrons, several approximations had to be invented. First of all, Born-
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Oppenheimer approximation which separates the motion of ions and electrons is usually 

implemented. The approximation is justified due to different timescales of the two kinds of 

particles, and stems from substantial differences of their masses. In effect, the ions are treated 

as stationary with the electrons rearranging themselves to the ions configuration, which 

decreases significantly the computational burden. As a result, total Schrödinger equation can 

be separated into two equations: one for the nuclei, and the second for electrons 

corresponding to the frozen ionic configuration. The milestone was to treat electron density as 

the main quantity, and to show that expectation value of electron Hamiltonian can be 

expressed only depending on the electron density. It was possible to advance further after 

proving by Kohn and Hohenberg [7] that (i) the ground state expectation value of any 

observable is a unique functional of the exact ground state electron density, and that (ii) for a 

given external potential, the true density minimizes the total energy functional. Hence, all 

ground states properties, especially total energy of a system, can be extracted from the exact 

electron density if one can determine it. The holy grail then was to determine the exact 

electron density. The breakthrough was to show that the solving of many-body Hamiltonian 

can be mapped into the problem of noninteracting electrons moving in an effective potential 

coming from other electrons [8]. Using variational principle with restrain that the total 

electron density integrated over the space gives the constant number of electrons, Kohn and 

Sham rewrote the many-body Schrödinger equation in the form of one particle Kohn-Sham 

(K-S) equations that can be solved self-consistently. As a consequence, instead of minimizing 

the electron density functional of total energy, one has to solve eigenproblem as formulated 

by K-S equations. The challenge is to propose the form of exchange-correlation potential that 

is the only part of the effective potential and not known analytically. Many methods has been 

invented to address this problem, including the well known Local Density Approximation 

(LDA) or General Gradient Approximation (GGA). The properties of bulk crystals are very 

often of the research significance, thus to avoid dealing with the infinite numbers of electrons, 

the periodicity of the crystals is utilized. The effective potential is then periodic and the 

wavefunctions can be expanded in the form of plane waves using Bloch’s theorem. This 

enables to use efficient Fast Fourier Transform algorithms during computation. Moreover, due 

to Bloch’s theorem the eigenproblem of infinitely many electrons is translated into 

eigenproblem of finitely many k-points in reciprocal k-space. This trick is possible due to the 

exploitation of the fact that the first Brillouin zone entails all required k-points and because of 

the symmetry considerations that reduce the number of k-points to be calculated. The 

electronic part, to the good approximation, can be calculated using a small number of k-
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points, making the cutoff energy and k-point mesh the parameters of convergence. Finally, the 

problem of representing the electrons in atoms had to be solved. The outer electrons that are 

engaged in chemical bonding of a crystal can be easily  represented by plane waves (i.e. using 

a small number of plane waves), in opposition to the core electrons, which. to a good 

accuracy, can be treated as inert and localized. Because a computationally huge number of 

plane waves has to be entangled to represent core electrons, the pseudopotential 

approximation was invented [6].    

 The calculations have been performed using DFT in GGA [9]. The numerical 

implementation in the QUANTUM-ESPRESSO code [10] uses ultrasoft Vanderbilt 

pseudopotentials [11] and plane waves as the basis set. The Methfessel–Paxton smearing 

method [12] has been used for obtaining partial occupancies. The width of smearing has been 

chosen to be 0.272 eV. The cut-off energies of 408 eV for the plane waves’ expansion and 

1632 eV for the electronic charge density have been found to be sufficient in all studied cases 

to obtain convergent results. Ionic positions have been optimized until the forces acting on 

ions were smaller than 0.026 eVÅ. Large unit cells with 64, 128, 256, 512, and 1024 atoms 

have been employed. Thus, substitution of one Cd atom by Zn in CdTe corresponds to the 

CdZnTe alloy containing 3.1% of Zn (for 64 atom-supercell), and etc. Brillouin-zone 

summations have been performed using the Monkhorst–Pack scheme [13] with at least 3x3x3 

k-point mesh. The calculations do not include spin-orbit interaction.  

 Bulk Cd and Zn metals crystallize in the hexagonal-close packed (hcp) structure. 

Lattice parameters have been found with 16x16x16 Monkhorst-Pack sampling. The results for 

Cd (a=3.030 Å, c=5.752 Å) agree with experiment [14] (a=2.98 Å, c=5.62 Å), and the results 

for Zn (a=2.657 Å, c=4.963 Å) are even closer to the experimental values [14] (a=2.66 Å, 

c=4.95 Å). Bulk Te crystallizes in the γ Se trigonal structure (space group P3121, no. 152). 

The calculated lattice parameters are a=4.64 Å, c=6.01 Å, and u =0.249. The cohesive energy, 

Ecoh, of elemental solids is the difference between the total energies of a solid and of isolated 

atoms. The calculated values for Cd, Zn and Te are −0.76, −1.13, and −2.91 eV per atom, 

while the respective experimental values are −1.16, −1.35, and −2.19 eV  [14]. The calculated 

lattice constants of CdTe and ZnTe are 6.62 and 6.21 Å, while the experiment gives 6.46 and 

6.10 Å, respectively [15].  The cohesive energies of CdTe and ZnTe are the differences in 

total energy between the bulk ECdTe and EZnTe and isolated atoms. The calculated CdTe
cohE = 

−4.61 eV and ZnTe
cohE =−4.98 eV per two atoms are reasonably close to the corresponding 

experimental values of −4.4 and −4.7 eV [16]; the calculated heats of formation are ∆Hf 
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(CdTe)=−0.94 eV and ∆Hf (ZnTe)=−0.95 eV, while the respective measured values are −0.86 

and −0.92 eV [17]. The overall agreement with experiment is satisfactory. Finally, LDA and 

GGA are known to underestimate the band gaps of semiconductors. In our case, the calculated 

band gaps GGA
gapE  of ZnTe and CdTe are 1.05 and 0.60 eV, respectively, while the 

corresponding experimental values exp
gapE  are 2.39 and 1.60 eV. 

 The satisfactory correspondence between experiment and calculation results 

(obviously taking into consideration the common errors of GGA) was also obtained for 

compounds treated in Chapter 4, namely GaAs, SiC, ZnO, and GaN.    

   

1.2 Methodology of formation energy calculation of defects 
There are two main features that are important to know when it comes to the defect, 

namely its transition levels and its concentration. The former property implies whether the 

defect acts like an acceptor, donor, or both, and whether the defect is deep or shallow. The 

relative concentration of the defect determines whether its presence really influences the 

properties of the material. The formation energy is the foremost entity to be calculated, as it 

explicitly determines the concentration and the transition levels of the defect. The defect 

concentration N is related explicitly with its formation energy Eform by N = N0exp(-Eform/kT), 

where N0 is the density of the appropriate lattice sites. The definition of the transition level 

requires previous clarification, thus is described after the introduction of the formation 

energy. 

 

1.2.1 The defect formation energy formula 

 The formation energy of the defect is the energy required to generate the defect in the 

perfect crystal. There are two types of reservoirs, namely atoms and electrons reservoirs, that 

interchange particles with the perfect crystal upon the creation of the defect. The energy of the 

atom and electrons reservoir are determined by the chemical potential and Fermi energy, 

respectively.     

Formation energy of a defect A in a charge state Q is defined as [18]: 

 

∑ ∆−++−−=
i

ii
QQ EEEQnEAEAE form

bulk
VBMF

bulk
tottotform )(][][ µ  .                          (1.1) 
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Here ][tot
QAE  is the total energy of a supercell containing the defect, bulk

totE  is the total 

energy of the ideal supercell, in  is the number of i-th type of (host or impurity) atoms that are 

transferred from the supercell to the atom reservoir while forming the defect, 1−=in  (+1) if 

an atom is removed (added), and iµ  is the chemical potential of the i-th atomic species. Thus, 

this part of the equation depicts the interchange of atoms between the perfect crystal and the 

atoms reservoirs.  

 The next expression in the sum quantifies the exchange of electrons between the 

perfect crystal and the electron reservoir depicted by Fermi energy, FE , referenced to the 

maximum of the valence band (VBM). The VBM of the ideal crystal is denoted by bulk
VBME .  

The last expression of the sum in the right hand side of Eq. (1.1), formE∆ ,  includes any 

corrections that are applied to the basic energy formula and are described below. 

 

 1.2.1.1 Chemical potentials 

        Chemical potential of i-th atomic species iµ  is referenced here to the chemical 

potential of the elemental solid bulk
iµ  according to 

 

iii µµµ ∆+= bulk .                                                                                                               (1.2) 

 

Cohesive energy of the elemental solid is obtained by subtracting the energy of the isolated 

atom from bulk
iµ . Chemical potentials depend on experimental growth conditions, which 

range from cation-rich to Te-rich. They determine formation energies, because formation of a 

defect requires exchange of atoms between the host and the reservoirs. For instance, when a 

substitutional CdZn  is created, Zn atom is taken from the reservoir of Zn and embedded into 

the host substituting Cd, and the Cd atom is removed from the host and put into the reservoir 

of Cd. Consequently, Eform of CdZn  increases when the Znµ decreases and/or Cdµ  increases, as 

explicitly reflected in Eq. (1.1).  

Chemical potentials are variables subject to firm bounds. For example, Cdµ  assumes 

the maximum value when the growth occurs under Cd-rich conditions, that is  

 

bulk
CdCd µµ = ,  and 0Cd =∆µ .                                                                                           (1.3a)  
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Thermodynamic equilibrium requires that Cdµ cannot be higher than the energy of bulk Cd, 

bulk
Cdµ , otherwise precipitates of metal Cd in the bulk or at the surface would form. Similarly, 

Zn- or Te-rich conditions define the upper limits of Znµ  by 0Zn =∆µ  and 0Te =∆µ , 

respectively. On the other hand, lower bounds of chemical potentials are given by, e. g.,  

 

(CdTe)TeCd fH∆=∆+∆ µµ ,                                              (1.3b) 

 

where (CdTe)fH∆  is the heat of formation of CdTe. Thus, in the case of CdTe at Cd-rich 

conditions, 0Cd =∆µ  eV , 0.94(CdTe)Te −=∆=∆ fHµ  eV, and at the Te-rich conditions 

0.94(CdTe)Cd −=∆=∆ fHµ  eV and 0Te =∆µ  eV. Analogous relations hold for ZnTe.  

Finally, possible formation of secondary phases between a dopant A and the 

constituents of a compound BC imposes additional limitations on the chemical potential of A, 

which in general affect dopant solubilities [18, 19]. In the case under study, when, e.g., Zn is 

introduced in CdTe it should be treated as a dopant. Consequently, besides the bounds (1.3a) 

and (1.3b), formation of ZnTe as a secondary phase in CdTe (and CdTe as secondary phase in 

ZnTe) should be considered. This imposes additional upper bounds on dopants in the 

considered compounds:  

 

(ZnTe)TeZn fH∆=∆+∆ µµ for Zn in CdTe, and  (1.4) 

(CdTe)TeCd fH∆=∆+∆ µµ for Cd in ZnTe.  

 

In particular, in the case of Zn in CdTe at the Cd-rich growth conditions, 0Cd =∆µ  eV, 

0.94(CdTe)Te −=∆=∆ fHµ  eV according to Eq. (1.3), and 

(CdTe)(ZnTe)(ZnTe) TeZn fff HHH ∆−∆=∆−∆=∆ µµ  = -0.01 eV according to Eq. (1.4). 

Thus, the excess chemical potentials of Zn and Cd are practically equal and vanishing. In this 

particular case, additional constrains (1.4) have no practical implications because 

(ZnTe)fH∆ and (CdTe)fH∆ are equal to within 0.01 eV. For the same reason chemical 

potentials of Zn and Cd are equal in all the remaining cases. However, it should be stressed 

that in general, when ∆Hf of the compounds under study are different, constrains (1.4)  

strongly affect the results. Similarly, the formation of secondary phases such as Cd0.5Zn0.5Te 
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practically does not affect the chemical potentials of Zn and Cd. This is because the heat of 

formation of Cd0.5Zn0.5Te is equal to (ZnTe)fH∆ or  (CdTe)fH∆  to within 0.01 eV. In other 

words, the mixing enthalpy of CdZnTe alloy is about 10 meV. 

 

1.2.1.2 Determination of VBM 

  The energy bulk
VBME  is determined from the total energy difference between the perfect 

crystal with and without a hole at the VBM in the nondegenerate regime, i.e., 

  

q

(q)(0)
lim(q)

bulk
tot

bulk
tot

0

bulk
VBM

EE
E

q

−
=

→
                                                                                         (1.5) 

 

In such a case, the energy of the VBM is tantamount to that of a dilute hole gas. The 

procedure is equivalent to the one with q=1, when the supercell size increases to the infinity. 

(q)bulk
VBME converges to the K-S eigenvalue of the VBM, εVBM. Hence, the corresponding εVBM 

is set in Eq. (1.1). Figure 1.1 shows the energy difference defined in (1.5) as a function of 1/q 

in a 2 atom unit cell of CdTe and ZnTe. The problem is that εVBM depends on the unknown 

average potential that can be defined only up to a constant.  This is why comparing the VBM 

between the different charged states one has to align the average potentials of the perfect 

crystal and the defected crystal (see Sec. 1.2.1.3) 
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   FIG. 1.1. Total energy difference bulk
VBME  per hole in eV between the neutral host material and 

the positively charged host material in CdTe and ZnTe. Increasing 1/q corresponds to a more 
dilute hole concentration. 
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1.2.1.3 Potential alignment correction of VBM 

When dealing with charged defects, a compensating uniform background has been 

assumed [20]. The top of the valence band in the ideal supercell, bulk
VBME , and in the supercell 

with a (charged) defect differ by the electrostatic potential ∆V for reasons described in Sec. 

1.2.1.2. The alignment of V∆  was obtained following Ref. 18, i.e., using 2 methods. First, by 

comparing the potential at two reference points far from the defect in the respective supercells 

with ][ QAV and without V[0] the defect. Second, by comparing LDOS of atoms far from the 

defect. In particular, consideration of energies of strongly localized d(Zn), d(Cd), and s(Te) 

states giving sharp peaks was employed. Both methods give the same alignment to within 

0.05 eV.  This correction term has been evaluated for neutral defects, and used for charged 

states using the following formula: 

 

( )]0[][pac
form VAVQE Q −⋅=∆                                                                                         (1.6) 

 

1.2.1.4 Image charge correction 

Makov and Payne [21] (M-P) have shown that because of electrostatic interaction 

between the periodically spaced charged defects, total energy converges as 1/єL as a function 

of the supercell size, where L is the linear dimension of the supercell and є is the static 

dielectric constant. To compensate this effect a correction term PM
form

−∆E  is added, which takes 

into account electrostatic energy of point charges in the compensating background. This term 

is given by the Madelung expression divided by dielectric constant of the host. Since the 

defect-induced charge density is not point-like, there is a quadrupole contribution to the 

electrostatic energy. Typically, the quadrupole term decreases the interaction energy by about 

30 %, which is included. The image charge correction takes following form: 

 

)(
3ε

2π
2ε

][ 2/5
3/1

2
PM

form
−− +⋅+

⋅
=∆ c

cc

MQ VO
V

QS

V

Q
AE

α
                                                           (1.7) 

 

Here, αM is lattice dependent Madelung constant, which for cubic supercell is 1.76 

[22], Vc is the volume of the cubic supercell, and S is the second radial moment of the 

aperiodic density.    
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The detailed value of the defect-defect interaction depends on the change of the total 

electron density ∆n induced by a defect, which is not point-like. However, in general ∆n is 

limited to a distance comparable to the distance to the nearest neighbors, i.e., the perturbation 

is localized [23]. The localization of ∆n is stronger than the localization of individual defect 

states, which may extend over several unit cells. However, the M-P corrections are expected 

to be larger for interstitials (inducing deep and localized states) than for vacancies (which 

levels are close to VBM and more delocalized). In any case, we stress that the used values, 

][ 1PM
form

=−∆ QAE =0.11 eV for CdTe and 0.13 eV for ZnTe, are the upper limit for vacancies.  

 

1.2.1.5 Band filling correction 

 Because of relatively small supercell sizes corresponding to the high defect densities, 

the defect concentrations computed in supercell approach are of the order of 1022 cm-3. This 

high doping concentration gives rise to the unwanted impurity bands instead of a single defect 

eigenstate. The defect electrons (for donors) and hole (for acceptors) populate states with 

energies higher (for donors) and lower (for acceptors) than that characteristic of the defect 

energy in the dilute limit (Fig. 1.2). Thus there is a need to correct the total energy, and also 

consequently Eform to this Moss-Burstein type band filling and band dispersion effects. It can 

be done by substracting energy difference of the higher energy populations and the lowest 

(highest) populated donor (acceptor) level [18]: 

 

 )εε( min
BZ

bf
form −⋅⋅−=∆ ∑

∈j
jkjkkwE η       for donors                                                   (1.8a) 

            )εε( max
BZ

bf
form −⋅⋅−=∆ ∑

∈j
jkjkkwE η       for acceptors.                                             (1.8b) 

 

Here, εjk is the single particle eigenstate of the defect electron (hole). εmin (εmax) is the lowest 

(highest) populated defect state, usually for shallow defects located at the Г-point. The mesh 

of k-space determines the weights wk of the k-points, and from the tetrahedral k-space 

integration [24] the weights ηjk of the electron population are obtained. Obviously, if one aims 

to calculate the defects properties of highly doped semiconductors, the band filling correction 

is zero. 

 



 20 

 
   FIG. 1.2. Schematic figure showing the band-filling correction problem in GGA finite 
supercell calculations. The case of shallow donor is illustrated. Due to impurity band, except 
εmin depicting energy of the lowest populated shallow donor level, usually for Г point, there 
are other contributions to total energy, εjk, calculated for other k-points. εjk  is higher in energy 
than εmin, thus the total energy without correction is enlarged in comparison with total energy 
of shallow donor in the dilute limit.  
 

 

1.2.1.6 Band gap correction 

The results of the GGA calculations of defect properties are often corrected to account 

for the underestimation of the gap. In fact, DFT relates the ground state energy of an arbitrary 

system, e.g., a crystal with or without native defects, with its electron density calculated using 

the K-S equations. The one-electron K-S states are identified with the actual one-electron 

states. Solution of the K-S equation requires the knowledge of the exchange and correlation 

potentials, and typically LDA or GGA is assumed. However, the GGA/LDA K-S 

eigenenergies underestimate band gaps of insulators, which may be interpreted as a result of 

the fact that DFT does not describe properly excited states of a system. More accurate band 

gap energies are obtained within the GW approximation [25], which shows that the errors 

mainly arise from the underestimation of the energies of conduction states. The 

underestimation may also occur in the case of deep defect-induced levels in the band gap, 

which leads to a question about the accuracy of both the energies of the defect-induced levels 

and of their formation energies obtained within LDA/GGA. An empirical procedure to correct 

the LDA/GGA gap errors consists in shifting the energies of defect states, and then to 

k 

minε

jkε
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accordingly modify formation energies. More precisely, after finding the underestimation of 

the gap relative to the experimental value, ∆Egap = exp
gapE  – GGA

gapE , the GGA defect levels GGA
defectε  

are shifted upwards. One may assume the shift to be proportional to the contribution of the 

conduction states to the defect level. This contribution in turn may be assumed to be 

proportional to the energy of the level relative to the conduction bands, i.e., the corrected 

defect energy corrected
defectε  is rescaled by the correction of the band gap, and is given by corrected

defectε = 

GGA
defectε  ( exp

gapE / GGA
gapE ). Thus, the levels close to the top of the valence band are almost non-

shifted, while the levels close to the conduction band are shifted by about ∆Egap. Finally, 

formation energy of the defect is increased by corrected
defectε  - GGA

defectε   times the number of electrons 

that occupy the gap state. This approach is empirical. In particular, considering the energy 

corrections, energies of shallow effective-mass donors, which wave functions are built up 

from the states close to the minimum of the conduction band, are expected to shift by the 

same amount as the bottom of the conduction band itself. Corrections of the deep levels are 

less straightforward, since their wave functions are derived from various bands and various 

points of the Brillouin Zone. For example, the wave functions of the interstitials are 

considered to have a non-bonding character, and thus the contribution of the conduction states 

should not be dominant.   

A better justified scheme improving some of the LDA/GGA deficiencies is the 

LDA+U approach, which provides a better description of correlation effects important in the 

case of localized d orbitals. In particular, the LDA energies of d(Zn) are too high, thus the 

coupling between d(Zn) and the top of the valence band is overestimated, which results in an 

overestimation of its upward shift. This effect is important in ZnO [26], where the energy of 

d(Zn) is close to the VBM, and the LDA energy of the VBM is overestimated by 0.8 eV [27]. 

On the other hand, the energy of d(Zn) in ZnTe is lower, and the overestimation is 0.2 eV 

only [27]. A similar overestimation is expected for CdTe, since according to our results both 

d(Zn) in ZnTe and d(Cd) in CdTe are ~7 eV below the VBM. Finally, even in ZnO the 

differences in LDA and LDA+U formation energies are about 0.3 eV [26], and the LDA gap 

corrections lead to much larger changes of formation energies. Consequently, I neglect the 

LDA+U corrections. The band gap correction procedure is discussed also in detail in Sec. 2.2. 
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1.2.1.7 Finite-size effects  

 Supercell approximation, in line with band-edge corrections due to the approximate 

DFT functional (Sec. 1.2.1.6), introduces errors to the calculated properties of isolated 

defects. The image charge (Sec. 1.2.1.4) and band filling (Sec. 1.2.1.5) corrections are the 

most significant measures to improve the quality of results. The efficacy of the above 

corrections is illustrated in Fig. 1.3 for iCd  in CdTe.  
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   FIG. 1.3. Scaling of formation energy of iCd  in CdTe as a function of the reciprocal linear 

supercell dimension 1/L. Various supercell sizes, varying from 16 to 1024 atoms, were 
employed to construct the figure. The effect of different corrections on scaling is presented. In 
the case of (a) +2

iCd  no size dependence is achieved after both image charge and potential 
alignment correction (blue diamond). 1/L + 1/L3 scaling is obtained using no corrections (red 
circles). Bare potential alignment gives 1/L scaling (black squares). Employing only potential 
alignment correction is enough to obtain elimination of finite-size effects for (b) 0

iCd . 
∞
formE depicts the theoretical formation energy of infinitely large supercell with a defect, which 

corresponds to 1/L = 0, thus the formation energy of a perfectly isolated defect. 
 
 
The general conclusions are as follows. In order to adopt correct methodology each defect has 

to be considered separately, using several supercell sizes. The corrections are performed 

properly when Eform is size independent. Potential alignment correction has to be implemented 

in each case. Image charge correction is important for charged states of deep defects. It has to 

be also implemented for the neutral charge state of shallow defects that exhibit dependence of  

Eform on the size of supercell (see for example zinc interstitial in ZnO [28]). Finally, it has 

been very recently shown [29] that explicit expression for the L-3 term can be derived and 
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implemented efficiently in existing codes. This novel approach requires no fitting procedures 

or empirical parameters and is expected to be adopted widely in the immediate future.      

 

1.2.2 Transition energy levels 

         Transition energy level of a defect, )'/( QQε , is the Fermi energy at which the 

formation energies of the charge states Q and Q’ are equal. These levels are observed in 

experiments such as deep level transient spectroscopy, where in the final state the defect 

relaxes to its equilibrium configuration. In optical experiments, optical transitions are much 

faster than lattice relaxation to equilibrium. Accordingly, the transition energy between the 

charge states Q and Q’, )'/(opt QQε  is obtained when in the final state Q’ the atomic 

configuration is that of the initial state Q. Atomic relaxations of the final state give Franck-

Condon shifts. Finally, in principle free energy should be used in Eq. (1.1), but in general 

contributions of vibrational entropy are small and do not affect qualitative conclusions [18]. 

Summarizing, all factors considered, the errors in the calculated formation energies and 

energy levels are estimated to about 0.2 eV and 0.1 eV, respectively. The errors can be larger 

for very localized defects in high charge states [18, 30]. 
 

1.3 Minimal energy path of rare events 
 Computational methods that enable the study of complex systems, whose dynamics is 

driven by rare events, base on the correct identification of transition states. In the simplest 

case the transition states, which manifest bottleneck of a given reaction, can be encapsulated 

in a saddle point that separates two stable states represented by two minima. The saddle point 

has potential energy higher than those corresponding to minima, which represent the energy 

barrier that has to be surmounted to realize a given rare event. The transition rate of the rare 

event can be estimated by harmonic transition state theory, and the probability is proportional 

to exp(-Ebarrier/kT). This approach is substantiated only if potential energy surface (PES) of the 

system is smooth enough, and the temperature is low enough to ensure entropic effects to be 

described within harmonic approximation. The most daunting problem is usually to identify 

correctly the saddle points. Methods based on the first derivative of PES (i.e., forces) are not 

convergent to the unstable stationary points. Nevertheless, despite local convergence to 

stationary points, approaches dependent on the second derivatives of PES (i.e., Hessian 

matrix) are not practical within first principles calculations (due to difficulty of the evaluation 
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of second derivatives in this computational framework). The breakthrough was to propose by 

Elber and Karplus [31] to search for the saddle point by investigating a path connecting the 

initial point with the final one, instead of searching transition point starting from the initial 

state. The approach is very innovating since it focuses on the global property of the path 

rather than on the local properties of the PES like it was before Elber and Karplus paper. 

Nudged Elastic Method (NEB) [32] is the extension of this approach. Minimum Energy Path 

(MEP), joining stable points in the configuration space, is defined by its property to zeroing 

the orthogonal component forces to it. In effect, because vector force is always parallel to 

MEP’s tangent, finding MEP guarantees finding a path that crosses the saddle point. The 

saddle point is then the configuration with the highest energy on this path. If the temperature 

is considerably lower than characteristic barrier energy one can show within stochastic 

dynamics (i.e., the evolution of the system can be described by a first order Langevin 

equation) that MEP represents the most probable path connecting two minima of PES. NEB 

proves to be much more efficient and more accurate than methods based on the harmonic 

approximation, and gives reasonable results also in the regime when kinetics is dominated by 

entropic effects.  

The satisfactory results can be also obtained using string method [34], that also 

develops further the approach of Elber and Karplus.  

 If the energy potential is rugged and there are a lot of stationary points, a number of 

MEPs is allowed, and the concept of saddle point in the PES is not valid any more. The 

assumptions of transition state theory are not operative, and sometimes only one dynamical 

trajectory is known. In this case, simulated annealing in the space of reactive trajectories [35] 

or identification of dynamical trajectory based on the Hamilton’s least action principle [36] 

can be applied. Finally, if the knowledge of initial and final state of investigated reaction is 

missing, one can employ coarse-grained molecular dynamics approach (called metadynamics) 

[37] that explore free energy surface landscape.            

 

1.3.1 NEB methods 

 MEP, x, is the path connecting reactants and products, or minima, that has the property 

of vanishing components of the force perpendicular to the path: 

 

0)]([),()()]([ =∇⋅−∇ txVtttxV ττ .                                                                                  (1.9a) 
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Here, )(tτ is the normalized tangent vector, and V is the potential energy of the system. The 

PES is a function of x and describes how V changes as the nuclei move relative to each other. 

The potential energy in Eq. (1.9a) is stationary on each hyperplane perpendicular to MEP. 

MEP is parametrized by the arbitrary reaction coordinate, [ ]1,0∈t . In this notation x(0) 

depicts the initial state, and x(1) is the final state. Solving Eq. (1.9a) numerically enables the 

identification of MEP and the saddle point. The continuous path x(t) is discretized into so 

called images, signified by xi, and Eq. (1.9a) turns into: 

 

0][,][ =∇⋅−∇ iiii xVxV ττ .                                                                                             (1.9b)  

 

For each image, all Eqs. (1.9b) are solved when the energy is minimized on the hyperplane 

perpendicular to the discretized path. Such a minimization can be achieved iteratively using 

steepest-decent dynamics in the space of paths [37].  The computation starts with the initial 

path of equidistant images, which evolve by fictitious dynamics according to the projected 

force: 

 

}][,][{][ iiiii xVxVxF ∇⋅−∇−=⊥ ττ                                                                               (1.10a) 

)]s([s)s()ss( iii xFdxdx ⋅+=+                                                                                         (1.10b) 

 

The procedure is continued (i.e., the path converges to MEP) until  0][ =⊥ixF  for all images 

xi.  The disadvantage of this direct approach, especially when small number of images is used, 

is that the images tend to slide down as the iteration procedure ensues. This is due to limited 

accuracy of the path, imperfect estimation of the tangent, and additional influencing of the 

parallel component of the force on the path. As the sliding occurs, the further lost of accuracy 

is experienced. If this tendency is not counterbalanced, all images can eventually collapse into 

two minima. Thus, proper strategy to discretitize the path and judicious constraints imposed 

on the parametrization influencing evolution of inter-image distance are of great significance 

if one wants to solve correctly Eqs. (1.10). A number of strategies were devised to address 

above numerical challenges (to get familiarized with the most famous see Ref 37): 

(i) NEB [32]. Path parametrization is realized by introducing virtual force (which manifests 

itself in connecting of images by zero-length virtual string), in addition to the true projected 

force stemming from external potential. In effect, the discretitized path is described by elastic 
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band. The disadvantage is that when the evolving path bends, there is artificial, undesired 

addition to the orthogonal component, which can prevent correct convergence of the path to 

MEP. To reduce this effect, the elastic forces are projected (which is called nudging) onto 

path’s tangent. Then the effect of the elastic forces is decoupled from the external forces. As a 

result, the virtual springs act like a penalty function. Because, all elastic constants are equal, 

the configuration with equidistant images is the one that converges to MEP.  

(ii) Climbing-image NEB [33]. This procedure is an improvement to NEB. The maximum 

energy image is free (i.e., is not affected by spring forces) to move up-hill along the path’s 

tangent and simultaneously down-hill along all directions perpendicular to the path’s tangent. 

Other images are utilized as a degree of freedom for this optimization. The procedure is very 

computationally effective and swiftly converges. 

    The Climbing-NEB method was used to calculate minimum energy pathways and 

energy barriers for both the defects diffusion, generation, and recombination  of FPs. Five (for 

interstitials) and seven (for FPs) intermediate configurations (replicas) were chosen between 

the two stable configurations. The computations were done with the convergent parameters 

given in Sec. 1.1. The forces in each image were computed with stop criterion fixed at 0.026 

eV/Å. Due to the optimization with the DIIS algorithm [38] applied to the image with the 

highest energy, the errors on barriers at saddle points are similar to those at the stable states.  
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Chapter 2 
 
Native defects in CdTe and ZnTe 
 
 
 
 
In  this Chapter vacancies and interstitials in bulk CdTe and ZnTe are investigated in great 
detail. Both cation- and anion-originating defects are considered. Both electronic structure 
and diffusion are examined. Special treatment is given to the analysis of the formation 
energies, the influence of relaxation, electronic levels, and the compensation ensued from the 
defects under study.     
 
 
 
 

2.1 Cation vacancies 

Formation of a vacancy implies a formation of four dangling bonds of the four 

neighbors. In a zinc-blende host, their linear and symmetries combinations result in a singlet 

a1, and a triplet t2 that is located higher in energy. Their energies relative to the top of VBM 

depend on the host. These four orbitals may accommodate up to eight electrons. Because each 

Te bond is occupied with 6/4 electrons, the levels of a neutral cation vacancy are occupied 

with 4·(6/4)=6 electrons. Two of them are located on the a1 singlet, and the remaining four on 

the t2  triplet. Thus, a neutral cation vacancy in II-VI compounds has two empty states on t2, 

and is a double acceptor. The fact that the states induced by both VCd and VZn are formed by 

Te dangling bonds explains the similarities between the two defects that are discussed below. 

Next, since vacancy states are derived mostly from the valence states, energies of vacancy 

levels relative to the top of the valence band are determined accurately in spite of substantial 
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bandgap errors typical for GGA. In both CdTe and ZnTe, the a1 singlet is resonant with the 

valence band and is located at about 3.3 eV below the top of the valence bands. The t2 triplet 

is at about 0.1 eV above the VBM in both crystals (Fig. 2.1). Because of the fact that the 2t  is 

close to the VBM, it is delocalized in real space and wave function is not localized only 

around vacancy region (Fig. 2.2). Both differences in total density of states between defect 

supercell and ideal supercell, and wave function square of cation vacancy t2  state, 
2ψ ,  are 

qualitatively very similar in ZnTe. The energies of t2 are listed in Tables I and II. They depend 

on the charge of the defects. The energy of 2t  increases with the growing number of electrons 

occupying this state, which stems from the increasing electron-electron repulsion. 
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      FIG. 2.1. Calculated density of states for CdTe with substitutional Zn, CdTe:Zn, and 
density of states’ difference between CdTe:Zn with cation vacancy, CdTe:Zn-VCd, and 
CdTe:Zn without the defect. The energy alignment is implemented (see Chapter 1).  The left 
diagram represents single particle energy states for the tetrahedrally coordinated neutral VCd in 
CdTe.   
 

 

     TABLE I.  Energies of the vacancy-induced triplet state 2t , changes of distances to the 

first ( 1d∆ ) and second ( 2d∆ ) neighbor, and total energy gains due to relaxation relaxE∆  for the 

neutral and charged states of VCd in CdTe. d∆ is defined as the difference between the 

relaxed and unrelaxed bond length relative to the unrelaxed bond. Negative d∆ means inward 

relaxation. 
 
 0

CdV   −
CdV  −−

CdV  

2t  (eV) 0.04 0.05 0.08 

1d∆ (%) -7.96 -7.64 -8.70 
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2d∆ (%) -1.86 -1.85 -2.31 

relaxE∆  (eV) 0.23 0.30 0.47 

 
 
    TABLE II.  Energies of the vacancy-induced triplet state 2t , changes of distances to the 

first ( 1d∆ ) and second ( 2d∆ ) neighbor, and total energy gains due to relaxation relaxE∆  for 

neutral and charged states of VCd in ZnTe.  
 
 0

ZnV   −
ZnV  −−

ZnV  

2t  (eV) 0.05 0.07 0.10 

1d∆ (%) -4.87 -4.88 -5.51 

2d∆ (%) -1.31 -1.47 -1.65 

relaxE∆ (eV) 0.11 0.23 0.41 

 
 

Figure 2.3 presents the calculated formation energies of Cd vacancy VCd in CdTe as a 

function of the Fermi energy for both Cd-rich and Te rich conditions. Only line segments that 

correspond to the charge state with the lowest energy are shown. Thus, the slope of the line 

reflects the charge state of the defect at a particular FE , and the change in the slope 

corresponds to the change in the charge state and determines the transition energy level. 

Throughout the available values of FE , cation vacancy can assume one of the three charge 

states, which range from the neutral one in p-type samples to 2- in n-type samples. As it 

follows from Fig. 2.3, the calculated transition energy levels from the neutral to the singly 

charged state −
CdV   is  0.1)(0/cd =−Vε  eV and to 2- state −−

CdV  0.25)/(cd =−−−Vε eV. Next, 

formation of VCd is easier in the Te-rich limit than in the Cd-rich limit since the formation 

energy is lower by 0.95 eV, i.e., by the calculated values of (CdTe)fH∆ (see Chapter 1). 

Finally, the very low values of Eform for high Fermi energies indicate that cation vacancies act 

as compensating acceptors, as it will be discussed in more details below. The obtained results 

agree to within 0.1 eV with those of Ref. 39.  
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    FIG. 2.2. Wave function square of the cation vacancy 2t  state in CdTe.  
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    FIG. 2.3. Calculated formation energies of  VCd, iCd  and iZn  in CdTe as a function of the 

Fermi energy in the (a) Cd-rich and (b) Te-rich limit. The transition energy levels correspond 
to the values of FE  at which the slope changes.  
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    FIG. 2.4. Calculated formation energies of VZn, iCd  and iZn  in ZnTe as a function of the 

Fermi energy in the (a) Zn-rich, and (b)  Te-rich limit.  
 

           The formation energies of the VZn in ZnTe are shown in Fig. 2.4. The transition levels 

)(0/zn −Vε  and  )/(zn −−−Vε  are 0.06 and 0.36 eV, respectively. Comparing the results for 

CdTe with ZnTe, one may see that for given growth conditions (i.e., cation-rich or Te-rich), 

the formation energy of 0
ZnV  in ZnTe is lower than that of 0CdV  in CdTe by 0.28 eV. According 

to Eq. (1.1), this result may be due to (a) the lower value of energy necessary to extract a Zn 

atom from the crystal, given by [ZnTe]][ totZntot EVE − , or to (b) the lower cohesive energy 

solid
Znµ  compared to solid

Cdµ . The first contribution favors the formation of VCd in CdTe.  This 

stems from the fact that ZnTe is less ionic than CdTe, and, as a rule, more covalent 

compounds are characterized by stronger bonds. However, this factor is overcompensated by 

the fact that the cohesive energy of solid Zn, -1.13 eV, is higher than that of solid Cd, -0.76 

eV.  Thus, ultimately, this is the higher stability of solid Zn that favors the formation of VZn 

over VCd. 

           A comparison of the results from Tables I and II shows that the relaxation of atoms 

neighboring the vacancy depends on its charge state, and the relaxation effects are stronger in 

CdTe than in ZnTe. The four nearest-neighbor Te atoms and twelve second-neighbor cations 

surrounding a vacancy relax symmetrically toward the center. The contraction of the distances 

and relaxation energy are the highest for doubly charged centers (Tables I and II), when the 

triplet is fully occupied with six electrons. In the case of VZn, both the changes in the bond 

lengths and relaxation energy are smaller than in the case of VCd since the radius of a Zn atom 
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is smaller than that of Cd and the stiffness of ZnTe is greater (the calculated bulk modulus of 

ZnTe, 43 GPa, is larger than that of CdTe, 36 GPa).  

           In the case of neutral and singly charged vacancies, a partial occupation of the 2t  level 

can lead to the Jahn-Teller distortion. However, the obtained results show that the dT  

symmetry of the cation vacancies in both CdTe and ZnTe is maintained. Stability has been 

verified by imposing appropriate atomic distortions with either vC3  or dD2  symmetry. For the 

trigonal distortion, a Te atom is displaced along the [111] direction away from the center, 

while the other Te atoms are moved toward the center. Tetragonal distortion was imposed by 

moving along the [110] direction two Te atoms at (1,1,1) and (-1,-1,1) sites toward each other, 

and simultaneously moving closer Te atoms at (1,-1,-1) and (-1,1,-1) sites along the [1-10] 

direction. In both cases, the dT  symmetry is found to be more stable than the distorted one. 

The same result was obtained in Ref. 40. However, the relatively small supercell (64 atom) 

used here may be not sufficient to assess the exact geometry of an isolated vacancy, see Ref. 

41. 

The calculated optical levels for CdTe are 0.16)(0/opt
cd =−Vε  eV, 0.16)(0/opt

cd =−−Vε  eV 

and 17.0)/( =−−−opt
Vcdε  eV. The corresponding Franck-Condon shifts are 0.002 eV, 0.031 eV 

and 0.017 eV. For ZnTe we find 0.06)(0/opt
zn =−Vε eV, 0.18)(0/opt

zn =−−Vε  eV, and 

0.34)/(opt
zn =−−−Vε  eV with the Franck–Condon shifts of 0.005, 0.063, and 0.016 eV. Thus, 

optical processes entail more relaxation in ZnTe, in spite of the fact that Zn vacancy induces 

less surrounding relaxation than VCd in CdTe. 

 

2.1.1  Diffusion of cation vacancies 

Several mechanisms of the diffusion of cation vacancies were investigated [42, 43] 

(Fig. 2.5). The feasibility and efficiency of the relevant diffusion mechanism are investigated 

below. 

 

2.1.1.1  Diffusion to the first neighbor 

Diffusion to the first neighbor entails the diffusion of the first neighbor of the vacancy, 

i.e.,  Te1st, along the [111] direction. This is realized by the displacement of Te1st  toward the 

vacant site via a split vacancy configuration during which one bond of the Te1st atom is 
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initially stretched (namely the Te1st-Cd2nd  bond), and finally broken. The process bears a close 

resemblance to the diffusion of a neutral silicon vacancy in Si [44]. In the case of VGa in GaAs 

the diffusion to the first neighbor is possible, charge dependent, and efficient for all charge 

states except −3
GaV  [43], and results in metastable antisite –vacancy pair, AsGa+

stV 1
As . This 

means that it is possible to transform VGa into the defect pair by the mechanism of the first 

neighbor diffusion. In the case of both VCd in CdTe, and VZn in ZnTe, in all accessible charge 

states, this mechanism is not operative. TeCd+
stV 1

Te  and TeZn+
stV 1

Te  defect pairs are unstable 

with respect to the cation vacancy, since TeCd and TeZn antisite atoms spontaneously relax into 

the original substitutional position, Te1st.   

[110]

[0
01

]

V
Cd

(1)

(2)

(4)

 

    FIG. 2.5.  Schematic representation of diffusion mechanisms of VCd in the (110) plane of 
zinc blende in CdTe. The large green circles represent Cd atoms, medium grey circles Te 
atoms. (1), (2), and (4) arrows represent diffusion to the first, second, and fourth neighbor, 
respectively. (2) trajectory is out of the plane. 
 

2.1.1.2  Diffusion to the second neighbor 

Diffusion to the second neighbor involves at first breaking the Cd2nd-Te3nd  bond, i.e., 

displacing the Cd2nd atom along the [111] direction toward the interstitial region. During 

subsequent displacement, the diffusing atom passes through the diffusion plane perpendicular 

to the [110] direction causing three Te1st atoms move away from the surrounding vacancy, and 

opening the cage which facilitates the successful diffusion (hence the name – plane-passing 

mechanism [42, 43]). The diffusing atom undergoes curvilinear motion which is presented in 

Figs. 2.5 and 2.6. It is the case also of the migration to the second neighbor for both VCd in 
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CdTe and VZn in ZnTe. The mechanism is operative in all accessible charge states (Table III). 

The heights of diffusion barriers show a tendency to be slightly higher for higher charged 

states. The increase is relatively small, but evident in both CdTe and ZnTe.  

 

     TABLE III. Calculated diffusion barriers (in eV) for different diffusion mechanism and 
charged states of VCd in CdTe and VZn in ZnTe.  
 

                         CdTe                           ZnTe  
     0

CdV       −1
CdV       −2

CdV       0
ZnV       −1

ZnV        −2
ZnV  

First 
neighbor 

- - - - - - 

Plane 
passing 

    1.00      1.05      1.10     1.25     1.30      1.35 

Cluster 
assisted 

    1.70      1.80       1.90     2.20     2.30      2.35  

Fourth 
neighbor 

    2.60      2.70      2.75     3.40     3.45      3.50 

 

 

 

     FIG. 2.6. Migration path of VCd in CdTe to the second neighbor by plane passing 
mechanism.  
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I found based on the charge density plots and the Milliken populations that the 

electrons added to the neutral vacancy are delocalized and distributed themselves on the 

direction parallel to the [111] direction in all studied charge states. Less than 10 % of the 

charge is located on the four Te1st with the remaining 90 % spread over more distant 

neighbors (Figs. 2.7a and b). This suggests that Te-Cd and Te-Zn bonds are somehow 

stiffened upon the addition of extra electrons. Extra electrons localized in a given direction are 

tantamount to the statement that it is more difficult to break the bond in this direction. 

Obviously, if extra electron density is localized in the region of barrier, this would translate 

also into the increase of the height of the diffusion barriers. I found that the barriers are only 

slightly enhanced when additional electrons are added (Table III). The additional charge 

distribution overlaps the trace of displacement to the limited degree and the amount is small. 

The deficit regions which lose charge density when the defect is ionized, and if matched to the 

trajectory region would weaken the bond structure, are predicted to decrease the heights of the 

diffusion barriers provided they intersect these regions, and consequently facilitate the 

diffusion. Nevertheless, the deficit regions are negligible upon addition of extra electrons 

(their spatially corresponding isosurfaces are order of magnitude lower in value than the 

surplus regions depicted above and presented in Fig. 2.7), and their impact can be excluded 

here.     

Moreover, the heights of diffusion barriers are higher for ZnTe than for CdTe because 

of the higher stiffness and bulk modulus of the former as it was underscored in Sec. 2.1.  

 The cluster-assisted mechanism first analyzed in Ref. 43 was also investigated. 

Instead of crossing the [110] diffusion plane, the Cd2nd atom goes into the interstitial region 

with the assistance of three atoms, Te1st, Te3rd, and Cd3rd or Zn3rd  depending whether the 

diffusion takes place in CdTe or ZnTe. From the initial to the transition state (i.e., saddle 

point), Cd2nd and Te3rd experience incomplete bond exchange mechanism of Wooten-Winer-

Weaire type [45] which is also valid in Si. The cluster composed of the four aforementioned 

atoms is central to this mechanism, hence the name coined by El-Mellouhi and Mousseau 

[43]. Regardless of the charge state, the bond distances Cd2nd- Te1st and Cd2nd- Te3rd does not 

alter (2.75 and 2.57 Å for CdTe and ZnTe, respectively) while the qVcation - Cd2nd distance 

increases when the number of electron rises. After passing the saddle point only Cd2nd 

continues its displacement toward the vacancy, the other atoms forming the cluster remain 

their initial positions. It is characteristic of cluster-assisted mechanism that all cluster atoms 

undergo displacements from the initial to the transition point and remain unarranged after 
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passing saddle point with only interstitial Cd2nd experiencing displacement. This is in contrast 

to the plane-passing mechanism where from the initial to the final point in migration path all 

neighbors along with diffusing Cd2nd experience rearrangements and displacements. A similar 

microscopic behavior of atoms is found here for ZnTe. The most important result is that 

energy barrier for cluster-assisted mechanism is higher by about 0.7 eV than for plane-passing 

mechanism. Nevertheless, the mechanism is operative and can be important as the additional 

way of migration to the second neighbor by cation vacancies in CdTe and ZnTe, especially in 

higher temperature regimes.   

 Finally, comparing the obtained results with those for VGa in GaAs, one may note 

following: 

(i) In the case of VGa in GaAs the diffusion to the second neighbor is also charge dependent 

and the diffusion barrier increases as the defect is ionized [43]. The increases are more 

pronounced in the case of VGa in GaAs, and equals 0.3 eV while going from 0
GaV  to −3

GaV  [43]. 

(ii) The distribution of additional charge is more localized in VCd or VZn than in the case of VGa 

in GaAs where 4% charge is located on the four As1st with the remaining 96 % spread over 

more distant neighbors. The delocalized additional charge was calculated to be distributed 

along the 111 axis [43]. I attribute the increase and the ratio discrepancies concerning 

localization of additional charge to the fact that the t2 orbital in CdTe or ZnTe is higher with 

respect to the VBM than in GaAs, and thus is less genetically related to the valence band. 

(iii) Similarly as for VCd in CdTe the energy barrier for cluster-assisted mechanism of VGa in 

GaAs [43] is higher than that for plane-passing channel of diffusion. In CdTe and ZnTe the 

process is also allowed in neutral state which is excluded in the diffusion of VGa in GaAs [43], 

because of the higher softness of the materials compared to the stiffer GaAs.   

 

2.1.1.3  Diffusion to the fourth neighbor 

Diffusion to the fourth neighbor engages the displacement of the fourth neighbor of 

the vacancy, namely Cd4th and Zn4th, along the [100] direction. Because during this 

displacement the diffusing atom is bound to break simultaneously two bonds with Te5th and 

twist the remaining Te3rd bonds, and obviously the breaking is not undergoing along the bond 

direction of any two fractured bonds, the energy required to accomplish this is much higher 

than in mechanisms described in (ii) (Table III). The barrier is attained when Cd4th or Zn4th is 

placed between two distant cation vacancies. The stabilization after passing this transition 
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point is facilitated by the formation of two bonds with Te1st. The path of migration to the 

fourth neighbor is presented in Figs. 2.5 and 2.8.  

 

    FIG 2.7. Isosurfaces at (a) 0.001,  and (b) 0.0004 electron/Å3 of the difference in electronic 
charge density between the 2- charged and the neutral cation vacancy in CdTe. In the case of 
both neutral and 2- charged state the same atomic coordinates were employed. Note that the 
isosurface represents positive values, the complementary negative values that give 
comparable spatial volume are the order of magnitude lower.      
   

 

  FIG 2.8. Migration path of VCd in CdTe to the fourth neighbor. 
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The dependence of the barrier on the charge state is small and comparable to the 

second neighbor because of still weak overlap of the extra electron region in the charged 

states with the trajectory of displaced atom (Fig. 2.7).  

As it was pointed above the charge density coming from extra electrons in GaAs is 

more delocalized than in case of CdTe, with the topology of the wave vacancy function in 

GaAs and CdTe similar. In both CdTe and ZnTe the process is also allowed in the neutral 

state (in VGa in GaAs it is not active in neutral state [43]), because of the higher softness of the 

materials comparing to the stiffer GaAs. 

  To the best knowledge of the author the diffusion of vacancies in CdTe and ZnTe, 

both anion and cation, was not addressed prior to 2009. 

 

2.2 Cation interstitials 

        In the zinc-blende structure there are two nonequivalent interstitial sites with the 

tetrahedral symmetry, the first of which is surrounded by four anions, T:anion, and the other 

by four cations, T:cation. They are shown in Fig. 2.9. In an ideal crystal, the distance from 

these sites to the nearest neighbors is equal to the bond length of the host. The location in the 

middle between T:cation and T:anion is denoted as H. The results obtained for both iCd  and 

iZn in CdTe are given in Tables IV and V and shown in Fig. 2.3 while those for ZnTe are 

given in Tables VI and VII and shown in Fig. 2.4. According to the obtained results, 

interstitials at both sites induce a singlet state a1 located in the upper half of the band gap, 

about 1.5 eV above the top of the valence band. This follows from the fact that an atom 

located at an interstitial site is surrounded by host atoms that have formed bonds with their 

four (host) neighbors. Consequently, the electrons of an interstitial do not form bonds with its 

neighbors, and the induced gap states are predominantly of non-bonding character. The a1 

level of the neutral interstitial is occupied by the number of electrons that is equal to the 

valence of the interstitial atom, i.e., by two electrons of cation interstitials in II-VI 

compounds. The Kohn-Sham energies of a1 corrected for the GGA underestimation of the gap 

are given in Tables IV and V. 
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T:Te T:Te

 

T:Cd

H

Cd
Te

 

FIG 2.9. Locations of the two tetrahedral (T) and of the 'hexagonal' (H) interstitial sites in 
CdTe in a (110) plane. Cd and Te atoms are represented by solid and open circles, 
respectively. The x axis is in the [110] direction, and y axis in the [001] direction. Each 
tetrahedral site is surrounded by four atoms of the same type, two of which are out of the 
plane of the figure and are not shown.  

 

 

2.2.1 Zn and Cd interstitials in CdTe 

          The calculated formation energies of iCd  and iZn  in CdTe as a function of the Fermi 

energy in Cd-rich conditions for minimum formation energy locations are presented in Fig. 

2.3. The difference in Eform between the Cd-rich and Te-rich limits is the heat of formation of 

a given compound, in accordance with Eq. (1.4). 

           As it was mentioned above, both interstitials induce levels in the upper part of the gap, 

which may lead to errors in formation energies calculated within GGA. A scheme to estimate 

and correct these errors, indicated in Chapter 1, is now applied to both interstitials, and the 

results are shown in Figs. 2.10 and 2.11. Figure 2.10 shows Eform of iCd  in CdTe for both 

interstitial sites obtained using (a) GGA, (b) GGA and the  M-P corrections, and (c) including 

both the M-P corrections and shifting the interstitial energies by the underestimation of the 

band gap ∆Egap = exp
gapE  – GGA

gapE . From Fig. 2.10 it follows that the M-P corrections and the gap 

corrections act in opposite ways. The M-P corrections decrease Eform of the charged defects, 

and thus increase the difference between the transition levels ε(0/+) and ε(+/2+). In contrast, 

the gap corrections increase Eform of interstitials in the neutral and 1+ charge state, which 

favors the negative-U situation. iCd  is a negative-U defect in the GGA, positive-U defect 

after the M-P corrections, and again negative-U with the gap corrections included. The final 
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results (with both M-P and band gap corrections) for both interstitials in CdTe and ZnTe are 

shown in Figs. 2.10 and 2.11, respectively. 

            In agreement with the fact that cation interstitials are donors, their charge state 

depends on the Fermi energy, and is neutral in n-type samples and 2+ in p-type samples. As it 

follows from Figs. 2.10 and 2.11, formation energies of neutral interstitials are relatively 

large, and their equilibrium concentrations are lower than 106 cm-3 (computed by supposing 

T=600 K, i.e., the temperature of molecular beam epitaxy (MBE) growth of CdZnTe 

samples). Thus, they play a negligible role in n-type samples. In contrast, in p-type samples 

++
iCd  have low formation energies and they are the dominant compensating donors, as it is 

discussed in Sec. 2.5.  

            A comparison of the results in Figs. 2.10 and 2.11 shows that under Cd-rich conditions 

the expected concentrations of iZn and iCd  at the T:Te sites are high and very close. Relative 

energies of interstitials at the T:Te and T:Cd sites are discussed in detail in Sec. 2.5 devoted to 

the interstitial diffusion.  

             Formation energies are affected by atomic relaxations. As it follows from Tables IV 

and V, the sign and the magnitude of lattice relaxation effects depend on the charge state, and 

on the interstitial site. In particular, neutral interstitials induce fully symmetric breathing-

mode outward displacements of neighbors. For example, in the case of iCd  at the T:Cd site, 

the outward relaxation of the first neighbors, 1d∆ , increases from 3.7 % for the neutral to 8.3 

% for the doubly charged state, while simultaneously the distance to the six second neighbors 

2d∆  decreases. These tendencies can be explained in terms of simple electrostatic 

considerations based on the fact that cations are positively charged and anions are negatively 

charged: an interstitial located at the T:cation site repels the cation neighbors more strongly 

when it is more positively charged. The opposite effect is expected and found for the second 

neighbors, Te, which are anions. For iCd  at the T:Te site, the increased Coulomb attraction 

explains why the outward relaxation of anions, given by 1d∆ , is reduced  from 6.9 % for the 

neutral state to 1 % for the 2+ state. Finally, in agreement with the non-bonding character of 

the defect-induced a1 states, their energies are practically not affected by the relaxation 
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effects.   
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   FIG. 2.10. Calculated formation energies of iCd  in CdTe as a function of the Fermi energy 

at the Cd-rich limit for both the T:Cd and T:Te sites. (a) bare GGA results, and those after 
including (b) the M-P corrections, and (c) both M-P and the gap corrections. See text for 
details.  
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FIG. 2.11. Calculated formation energies of iZn  in CdTe as a function of the Fermi energy 

at the Cd-rich limit for both the T:Cd and T:Te sites. (a) bare GGA results, and those after 
including (b) the M-P corrections, and (c) both M-P and the gap corrections. See text for 
details.  
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TABLE IV.  Energies of the singlet state 1a , changes of the distances to the first 1d∆  and 

the second 2d∆  neighbors, and relaxation energies relaxE∆  for neutral and charged states of 

iCd  in CdTe. When presenting energy of the 1a  state band gap correction ∆Egap was taken 

into account.   
 
             0Cdi                +

iCd              ++
iCd  

 T:Cd   T:Te T:Cd   T:Te T:Cd   T:Te 

1a (eV) 0.75   1.10 0.80    1.10 0.90    1.10 

1d∆ (%) 3.72   6.90 6.37    2.76 8.31    1.01 

2d∆ (%) 2.58   0.19 0.29    3.22 -1.64    4.40 

relaxE∆ (eV) 0.26   0.45 0.31    0.40 0.52    0.60 

 

In general, properties of iZn  and iCd  in both ZnTe and CdTe are similar. I discuss 

here in detail iZn  in CdTe. The contributions to the DOS of the iZn  in CdTe at the T:Te and 

T:Cd sites are presented in Figs. 2.12 and 2.15, respectively. iZn  at the two tetrahedral sites 

have distinct electronic structure.  At both sites iZn  in CdTe introduces deep d metal state in 

the valence band, at about -6 eV, and a localized state in the bandgap. Wave function square 

is mainly localized around interstitial atom and surrounding atoms (see Fig. 2.14a i b). In case 

of T:Te, 
2ψ  of the a1 state has the antibonding character with respect to the interstitial atom 

at the four surrounding Te nearest neighbors. The nearest six Cd atoms do not contribute to 

the a1 state. It is clearly evident in Fig. 2.13 where contributions to DOS from the nearest Cd 

and Te atoms are presented. Transition to the T:Cd case alters the character of the a1 state. 

2ψ  is still localized around the interstitial atom, but with the additional bonding character at 

the six surrounding Te atoms (the second nearest neighbors of the interstitial atom) with 

respect to the iZn  atom (Fig. 2.14b) . The first nearest neighbors, the four Cd atoms, 

contribute very scantly to  
2ψ  of the a1 state (Figs. 2.14b and 2.16).  The spread of charge to 

the neighbors by the interstitials is strongly suggesting that they can play a crucial assisting 

role in diffusion of anion based defects, and this is charge dependent phenomena. 
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TABLE V.  Energies of the singlet state 1a , changes of the distances to the first 1d∆  and 

the second 2d∆  neighbors, and relaxation energies relaxE∆  for iZn  in CdTe. When presenting 

energy of the 1a  state band gap correction ∆Egap was taken into account.   
 

           0Zni               +
iZn              ++

iZn   

T:Cd   T:Te  T:Cd  T:Te  T:Cd  T:Te 

1a (eV) 0.85   1.20 0.85   1.20 0.85   1.20 

1d∆ (%) 1.25   2.53 3.55 -1.35 6.86  -3.00 

2d∆ (%) 2.06   1.50 0.21  3.50 -2.45   4.38 

relaxE∆ (eV) 0.09   0.35 0.37  0.50 0.55   0.85 
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FIG. 2.12. Total DOS of CdTe:Zn and angular momentum projected local density of states 
(LDOS) for  iZn  at the T:Te site in CdTe:Zn. Zero energy is at the VBM. (b) figure is ten-

fold magnified with respect to (a) figure to highlight small features at about -4 eV. 
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FIG. 2.13. Total DOS of CdTe:Zn, and LDOS for (a) the four nearest neighbor Te atoms 
and (b) the six nearest neighbor Cd atoms of iZn  at the T:Te site in CdTe:Zn. Zero energy is 

at the VBM. y axis is magnified with respect to Fig. 2.12a to highlight features. 
 

  

FIG. 2.14. Wave function square of the  a1 state of iZn  at the (a) T:Te and (b) T:Cd sites in 

CdTe. 
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FIG. 2.15. Total DOS of CdTe:Zn and LDOS for iZn  at the T:Cd site in CdTe:Zn. Zero 

energy is at the VBM. (b) figure is ten-fold magnified with respect to (a) figure to highlight 
small features at about -4 eV. 



 45 

-12 -10 -8 -6 -4 -2 0 2 4 6
0.0

0.1

0.2

0.3

0.4

0.5

E
VBM

 

 

LD
O

S
 (

st
at

es
/e

V
)

E
V
(eV)

 Total DOS
 Cd

4NN
-d

 Cd
4NN

-s

 Cd
4NN

-p
(a)

T:Cd

-12 -10 -8 -6 -4 -2 0 2 4 6
0.0

0.1

0.2

0.3

0.4

0.5

E
VBM

 

 

E
V
(eV)

 Total DOS
 Te

6NNN
-s

 Te
6NNN

-p

T:Cd

(b)

 

FIG. 2.16. Total DOS of CdTe:Zn and LDOS for (a) four nearest neighbor Cd atoms and 
(b) six nearest neighbor Te atoms of iZn  at the T:Cd site in CdTe:Zn. Zero energy is at the 

VBM. y axis is magnified with respect to Fig. 2.15a to highlight features. 
 

            It is relevant to compare formation energies of iCd  in CdTe with those calculated in 

Ref. 39, using the LAPW method and neglecting the M-P corrections. LAPW has given in 

Ref. 39 almost correct gap of CdTe, and therefore the gap corrections was not necessary. For 

the neutral iCd  the results of Figs. 2.10a and b, 1.6 and 2.4 eV, respectively, bracket the value 

2.0 eV of Ref. 39. Moreover, in the spirit of arguments presented in Chapter 1, the mid-gap 

interstitial levels should be corrected by one-half of the band gap error. Applying this 

correction leads to a very good agreement with both Eform and transition level energies of Cdi 

in CdTe. However, the accuracy is too low to unambiguously assess the negative-U character 

of the defect. A more detailed comparison is not possible, since in Ref. 39  Ecoh of elemental 

Cd and Te are not given. 

 

2.2.2 Zn and Cd interstitials in ZnTe 

           I now turn to Cd and Zn interstitials in ZnTe. The results are shown in Fig. 2.14 and in 

Tables VI and VII.  In general, the calculated properties of both interstitials are similar to 

those in CdTe. In particular, both interstitials are donors with the singlet a1 state located in the 

upper half of the band gap. 
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TABLE VI.  Energies of the singlet state 1a , changes of the distances to the first 1d∆  and 

the second 2d∆  neighbors, and relaxation energies relaxE∆  for neutral and charged states 

of iCd  in ZnTe. When presenting energy of the 1a  state band gap correction ∆Egap was taken 

into account.     
 

         0Cdi            +
iCd             ++

iCd   

T:Zn T:Te T:Zn  T:Te T:Zn  T:Te 

1a (eV) 1.55 1.85 1.60  1.90 1.60   1.95 

1d∆ (%) 3.16 8.73 5.23   6.55 7.06   5.04 

2d∆ (%) 4.00 0.68 2.24 2.19 0.86   3.22 

relaxE∆ (eV) 0.41 0.89 0.40 0.83 0.53 0.95 

 
 
TABLE VII. Energies of the singlet state 1a , changes of the distances to the first 1d∆  and 

the second 2d∆  neighbors, and relaxation energies relaxE∆  for iZn  in ZnTe. When presenting 

energy of the 1a  state band gap correction ∆Egap was taken into account.   
 

          0Zni              +
iZn            ++

iZn   

T:Zn   T:Te  T:Zn  T:Te T:Zn  T:Te 

1a (eV) 1.45   1.90 1.45  1.90 1.35 1.90 

1d∆ (%) 0.44   4.64 3.31  2.47 5.19   0.87 

2d∆ (%) 2.96   1.17 1.03  2.36 -0.47  3.40 

relaxE∆ (eV) 0.15   0.26 0.14  0.32 0.28 0.56 

 
 

          iZn  in ZnTe was considered in Ref. 46. The results given in Fig. 2.14, obtained using 

both the M-P expression, and additionally corrected for the half of the underestimation of the 

GGA band gap, agree with those of Ref. 46 to within 0.2 eV. A more detailed comparison is 

not possible, since in Ref. 46 the correction of the band gap refers to its value at the mean 

value point rather than to the gap calculated at Γ.  

      Analysis of the obtained results allows drawing several general conclusions regarding 

the properties of interstitials: 

 1. Energy levels (Tables IV-VII) as well as transition energies (Figs. 2.13 and 2.14) of 

iZn are lower that those of iCd  by about 0.3 eV. This holds for both T:Te and T:cation sites, 

and for both CdTe and ZnTe hosts. The effect follows from the fact that the interstitial-

induced a1 level is dominated by the s orbital of the interstitial, it retains its chemical identity.   

Thus it mainly reflects the energy of the relevant orbital of an isolated atom. In fact, the 
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energy of s orbital of isolated Zn,  −5.96 eV, is about 0.3 eV lower than that of Cd, -5.64 eV 

(both values are obtained for the employed pseudopotentials). 

2. A comparison of Figs. 2.13 and 2.14 with the corresponding Tables IV-VII shows that 

the transition energies relative to the VBM of both interstitials at both sites in ZnTe are higher 

than those in CdTe. This result agrees with the fact that the top of the valence band of ZnTe is 

lower than that in CdTe, as the experimental valence band discontinuity in a ZnTe/CdTe 

heterojunction is 0.10 eV [47]. Thus, because of their non-bonding character, interstitial states 

may be regarded as 'absolute reference levels'.   

3. Formation energies of iZn  are in general lower than those of iCd . The energy 

difference is about 0.35 eV in neutral state, see Figs. 2.13 and 2.14. The effect follows from 

the smaller atomic radius of Zn. In fact, as it was mentioned at the beginning of this Section, 

both interstitials induce non-negligible outward displacements of neighbors, and thus generate 

excess elastic energy of local strains. On the other hand, for low Fermi energies, i.e., for the 

2+ charge state, the stable sites of both defects are T:Te, and formation energies of iZn and 

iCd are almost equal according to Figs. 2.13 and 2.14. In this case, the strain is lower for iCd , 

for which 1d∆  =1 %, than for iZn , for which 1d∆ = −3%.  

4. Strain effects also explain the fact that formation energies of interstitials in ZnTe are 

higher than in CdTe by about 0.7-0.8 eV. This effect follows from the smaller lattice constant 

and higher stiffness of ZnTe, and thus higher strain energies generated by interstitials.  

 

2.2.3 Diffusion of cation interstitials  
 

            Diffusion of self-interstitials occurs along paths that contain the interstitial tetrahedral 

sites, i.e., along -T:Te-T:Cd-T:Te-  path shown in Fig. 2.9. Changes of the total energy of both 

Zn and Cd interstitials as a function of their location along the diffusion path in CdTe and 

ZnTe are presented in Figs. 2.17 and 2.18, respectively. Both neutral and positively charged 

defects were considered. The results strongly depend on the charge state. 

  I begin with neutral defects. As it was discussed in Sec. 2.2.1, in all cases under study 

the stable location of interstitials is T:cation, while the T:Te sites are metastable. More 

precisely, total energy of both iCd  and iZn  at T:Cd in CdTe is lower than at the T:Te site by 

0.38 eV and 0.16 eV, respectively, see Fig. 2.17 and Table VIII. In ZnTe, the stability at T:Zn 

is more pronounced, since energy of both interstitials at T:Zn is lower by 0.4 eV, see Fig. 
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2.18. The maximum of the energy barrier separating the two sites is close to the H site shown 

in Fig. 2.9. Diffusion can occur by thermally activated jumps between the two types of sites, 

and is determined by the larger barrier. In the case of CdTe, the diffusion barriers of both 0Zni  

and 0Cdi  are close, about 0.7 eV in CdTe, Fig. 2.17, and somewhat higher, about 1.1 eV, in 

ZnTe, Fig. 2.18. Barriers for the reverse jumps from the metastable T:Te to the stable T:cation 

sites are higher in ZnTe, and amount to about 0.7 eV . In CdTe, these barriers are lower, 0.55 

eV and 0.31 eV for 0Zni  and 0Cdi  respectively. 

 

   TABLE VIII. Calculated diffusion barriers (in eV) for different configurations and charge 
states of cation interstitials in CdTe and ZnTe. T:c denotes the T:Cd and the T:Zn site 
depending whether the interstitial is considered in CdTe or ZnTe, respectively.    
 

                                           Barriers  
 Path 

 
Charge    
  State 

CdTe:Cd CdTe:Zn ZnTe:Cd ZnTe:Zn 

T:Te-T:c 0   0.3    0.6    0.8    0.6 
T:c-T:Te 0   0.7    0.7    1.2    1.0 
T:Te-T:c +   0.6    0.5    0.8    0.6 
T:c-T:Te +   0.7    0.1    1.0    0.6 
T:Te-T:c 2+   0.9    0.9    0.8    0.4 

     T:c-T:Te 2+   0.6    0.0    0.8    0.0 
 

           Energetics and diffusion of a doubly charged ++
iZn  in CdTe is qualitatively different 

than that of the neutral one, see Fig. 2.17a. In fact, the only stable site is T:Te, while the T:Cd 

site, which is the ground state configuration of the neutral 0Zni , corresponds to the maximum 

of the energy barrier. Consequently, the diffusion occurs by long and curvilinear jumps 

between two adjacent T:Te sites with the energy barrier of 0.85 eV. From Figs. 2.18 it follows 

that a similar situation takes place also for ++
iZn  in ZnTe, where the energy barrier is close to 

0.45 eV, and the T:Zn site is a center of a large energy plateau between adjacent T:Te sites.  

Finally, interstitial ++
iCd  in both CdTe and ZnTe diffuses with a barrier of 0.87 eV between 

T:Cd and T:Te sites. In ZnTe, its energies are identical within our accuracy. In CdTe, the 

T:Cd site is less stable by about 0.25 eV than the T:Te site. 

           Analysis of these results shows that energetics of interstitials, i.e., the dependence of 

total energy on the location in the unit cell and on the charge state, is determined by two 
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factors. The first one is the dependence of energy of the defect-induced 1a  level on the defect 

location, shown in Fig. 2.17c for CdTe and in Fig. 2.18c for ZnTe. The second factor is the 

ionicity of the host. Both factors will now be discussed.  

           Relative energies of interstitials at T:cation and T:Te sites are mainly determined by 

energies of the 1a  levels. In particular, in the case of iZn  in CdTe, the 1a  level decreases by 

0.4 eV from 1.2 to 0.8 eV when the interstitial moves from T:Te to T:Cd, see Fig. 2.17c. This 

fact does not affect the energy of ++
iZn , since for this charge state the 1a  level is empty. In 

contrast, in the case of the neutral iZn  this level is occupied with two electrons, and the shift 

of iZn  from T:Te to T:Cd induces an energy gain of 2·0.4 eV=0.8 eV that stabilizes inZ  at 

the T:Cd site, which correlates well with the total energy gain of 1 eV.  Similarly, in the case 

of iCd  at T:Cd in CdTe, total energy of 0Cdi  is 0.6 eV lower than that of +2Cdi (Fig. 2.17b), 

which is fully accounted for by the change of the energy of the doubly occupied 1a  by 0.3 eV 

(Fig. 2.17c). The comparison of Figs. 2.18a and 2.18b with Fig. 2.18c shows that the same 

explanation is also valid for interstitials in ZnTe. Moreover, results found for singly charged 

interstitials are intermediate between these for neutral and doubly charged defects.  
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FIG. 2.17. The total energy of (a) iZn and (b) iCd  in CdTe as a function of the location 

along the diffusion path for three charge states. The zero of energy is assumed at the T:Te site. 
Figure (c) shows the energy of the 1a  level at both tetrahedral sites for iZn and iCd . The 

lines are to guide eye only. 
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FIG. 2.18. The total energy of (a) iZn and (b) iCd  in ZnTe as a function of the location 

along the diffusion path for three charge states. The zero of energy is assumed at the T:Te site. 
Figure (c) shows the energy of the 1a  level at both tetrahedral sites for iZn and iCd . The 

lines are to guide eye only. 
 
 
 

           Turning to the effects of the ionicity of the host we observe that in the case of 

interstitials in the 2+ state, the energy difference between T:Te and T:cation is higher in the 

more ionic CdTe due to Coulomb interactions. This is in line with charge dependence of the 

interstitial-host bond lengths discussed in Sec. 2.2.1. These results are also consistent with 

those of Ref. 46 studying ZnO, ZnS, ZnSe, and ZnTe, in which ionicity differs due to the 

different anions (and not cations, as in our case). This indicates that the role of ionicity has a 

universal character. Moreover, the ionicity of the host may play a role even in the case of 

neutral interstitials. From Figs. 2.17 and 2.18 it follows that the energy of a neutral interstitial 

is lower in T:cation than in T:Te, and this difference is higher in less ionic ZnTe. This trend is 

also present in the series of compounds studied in Ref. 46.  

            Interestingly, Figs. 2.17 and 2.18 suggest that diffusion of neutral iZn  in both CdTe 

and ZnTe can be enhanced by injection of holes or illumination of the sample. The 

mechanism is similar to the Bourgoin-Corbett mechanism of athermal recombination-

enhanced diffusion provoked by successive capture/emission of electrons by a defect [48]. In 

fact, the T:cation site is stable for a neutral iZn , but is an energy maximum for ++
iZn . 

Consequently, after a capture of 2 holes, ++
iZn  relaxes with no energy barrier to the T:Te site. 

Here, either the interstitial persists in the 2+ state and migrates with the barrier of 0.4 eV in 

ZnTe (0.9 eV in CdTe), or it captures two electrons, and returns to the stable T:cation site 
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with the barrier of 0.6 eV (ZnTe) or 0.6 eV (CdTe). In both cases (except ++
iZn  in CdTe), the 

effective diffusion barrier is reduced relative to that of the neutral interstitial.  

      Table IX summarizes the obtained diffusion barriers with those of [46] that were 

calculated using a 'direct' approach, i.e., by fixing the position of an interstitial at a number of 

sites between T:cation and T:Te. Comparison of the two methods indicates that the two 

methods give qualitatively similar results, but in general the NEB barriers are higher, which is 

surprising since in principle NEB allows to find the lowest barriers.   

 

 
TABLE IX. Calculated diffusion barriers (in eV) for different configurations and charged 

states of iZn in ZnTe.  

 
Starting point Charge State   This work NEB        Ref. 46 

T:Te  (0) 0.6 0.24 

T:Te (+) 0.6 0.27 

T:Te (2+) 0.4 0.45 

T:Zn (0) 1.0 0.80 

T:Zn (+) 0.6 0.47 

T:Zn (2+) 0.0 0.15 

 
 
 

In summery, the most important result of this Section is that the diffusion barriers are 

rather small, 0.45-1.05 eV, what implies a possible mobility of interstitials even at room 

temperature. Finally, relative energies of an interstitial at the two tetrahedral sites as well as 

their energy dependencies on the charge state are almost completely determined by the energy 

of the a1 state, its occupation by electrons, and its dependence on the location of the 

interstitial.  

 

2.3 Anion vacancies  

As in the case of cation vacancy, the formation of anion vacancy implies four dangling 

bonds of the four cation nearest neighbors, i.e. the Cd or Zn atoms depending whether CdTe 

or ZnTe is considered, which form a singlet a1 and triplet t2 states. However, since the cation 

orbitals are higher in energy than the anion orbitals, both a1 and t2 levels of anion vacancy are 
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shifted upwards relative to those of cation vacancy. Because each Cd bond is occupied with 

2/4 electrons, the levels of a neutral anion vacancy are occupied with 4·(2/4)=2 electrons. Two 

of them are located on the a1 singlet, which is below VBM (Fig. 2.19). There is also the 

higher energetic triplet t2 state which is resonant with the conduction band and lies about 1.5 

eV above the CBM (Fig. 2.19).   
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  FIG. 2.19. Calculated density of states for CdTe and density of states’ difference between 
CdTe with neutral anion vacancy, CdTe-VTe, and CdTe without the defect. The energy 
alignment is implemented (see Chapter 1).   
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    FIG. 2.20. Calculated density of states for CdTe and density of states’ difference between 
CdTe with anion vacancy in 2+ charge state, CdTe-VTe, and ideal CdTe without the defect. 
The energy alignment is implemented. 
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Relaxation plays a crucial role in the stability of anion vacancy. I discuss it in the case 

of CdTe, since ZnTe is qualitatively very similar. In the ideal non-relaxed case, the a1 

vacancy state is in the gap, and the transition levels )(0/Te +Vε  and )/(Te +++Vε  are 0.60 and 

1.35 eV, respectively. This is in good agreement with the values of 0.67 and 1.27 eV 

calculated in Ref. 49 for the abovementioned transition levels. The energy levels and the Eform  

of non-relaxed TeV  are shown in Fig. 2.21. When relaxation is included, the energetics of the 

charged states alters dramatically. Both 0
TeV  and ++

TeV  lower their formation energies due to 

relaxation by more than 1 eV, which is also accompanied by huge shifts of the corresponding 

energetic positions of the 1a  levels. Inward relaxation mainly caused by nearest neighbor Cd 

atoms is valid for 0
TeV . It pushes the 1a  level deep in the valence band (Figs. 2.19 and 2.21a). 

Outward relaxation of the nearest neighbor Cd atoms is characteristic of ++
TeV  and gives rise to 

the upward shift of 1a  level above the CBM (Figs. 2.20 and 2.21a). The relaxation stands 

behind this upward shift and diminishes the role played by electrostatic Coulomb repulsion 

which, if dominating, would have displaced 1a  level downward in ++
TeV . +

TeV , in opposition to 

neutral and 2+ charged states, experiences small relaxation ( relaxE∆ = 0.15 eV) and subsequent 

shift of the 1a  level (it relaxes to 0.6 eV above VBM). It is interesting to understand different 

relaxation modes occurring in neutral and 2+ charge state in more detail.  
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    FIG. 2.21.  (a) Schematic representation of 1a  level, and (b) Eform of  TeV  in CdTe in non-

relaxed and relaxed cases. See text for more details. 
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Outward relaxation of the nearest neighbor Cd atoms in ++
TeV  can be interpreted in 

terms of the rehybridization toward sp2 bonding. Both the nearest neighbor Cd atoms and the 

next nearest neighbor Te atoms move about 65% of their way in the direction to create 

deformed planar sp2 bonding (Fig. 2.22). The next nearest neighbor Te atoms experience 

inward relaxation enabling the rehybridization. This behavior bears the close resemblance to 

3+ charged arsenic vacancy in GaAs, also provoked by the empty 1a  level [50].  
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    FIG. 2.22. The relaxation pattern and point-group symmetry corresponding to the neutral 
and 2+ state of  TeV  in CdTe. 

 

    In contrast  to  ++
TeV  which experience outward relaxation that maintains dT  

symmetry, 0
TeV  undergoes sharp symmetry lowering.  The orthorhombic ( vC2 ) relaxation 

mode (Fig. 2.22), which is the lowest in energy, entails the formation of Cd-Cd dimer bonds 

which is realized when two Cd atoms are displaced outward anion vacancy with the 

remaining two Cd atoms engaged in the formation of the dimer. Analysis of the 

wavefunctions shows that the 1a  orbital pertaining to the 0
TeV  is constructed from bondinglike 

combination of two Cd dangling bond orbitals, in contrast to ++
TeV  state which is formed by 

combination of four nearest neighbor orbitals. Due to nondegeneracy of 1a  orbital of 0
TeV  the 

Jahn-Teller effect cannot explain the lowering of symmetry. It can be attributed to the 

chemical stability of metal-metal bonds that leads to the formation of the dimer. The structural 

configurations around relaxed anion vacancies are given in Table X. The dimer formation in 

neutral anion vacancy was identified for almost all II-VI and chalcopyrite compounds [51, 
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52]. 20% of outward relaxation was calculated for nearest neighbors in 2+ state in CdTe in 

Ref. 53, which is close to 28.5% calculated in this work. The comparison is not possible for 

the neutral vacancy, because Cd-Cd dimer formation was not considered in Ref. 53.  

The +
TeV  case with half-occupied 1a  orbital is intermediary between above cases, and 

the above two mechanisms (i.e., those characteristic of 0
TeV  and +2

TeV ) partially cancel. That is 

why the relaxation and the shift of the 1a  level are so weak compared with 0 and 2+ charge 

states. +
TeV  is unstable against charge disproportion 0

Te
2

TeTe2 VVV +→ ++ , thus  VTe  in CdTe is a 

negative-U defect with U=-0.75 being the energy balance of the above reaction. This results 

in the lack of +
TeV  in the ground state for all accessible Fermi energies (Figs. 2.23 and 2.24) of 

anion vacancies, and with transition energy 0.80)(0/Te =++Vε eV.  

The Eform of anion vacancy in CdTe was calculated in Ref. 39 and Ref. 53. In Ref. 53 

the absolute values of Eform  were not provided, the defect was identified as a negative U-

center with )(0/Te ++Vε  transition at 0.85 eV which is close to 0.80 eV calculated in this 

work. Nevertheless, the authors failed to identify the possibility of the vC 2  symmetry 

reconstruction due to the formation of Cd-Cd dimers in the neutral state, which is critical for 

the correct description of the ground state of VTe. The same shortcoming is present in Ref. 39, 

which also lacks in the examination of the vC 2  reconstruction, but presents absolute value for 

the formation energy, which in Cd-rich regime is close to 2.5 eV in neutral state with 

)(0/Te ++Vε  at about 0.8 eV.  

              The behavior of anion vacancy in ZnTe is very similar to CdTe. The relaxation 

modes valid for CdTe are also operative here (Table X). The relaxation of the neighborhood 

in ZnTe is comparable to the values presented in Ref. 51 with the differences not exceeding  

5%.  +
TeV  is unstable against charge disproportion 0

Te
2

TeTe2 VVV +→ ++ , thus  VTe  in ZnTe is also 

a negative-U defect with U= -0.83 eV. Thus, the defect is not expected to be seen in EPR 

experiments. The formation energies presented in Figs. 2.23 and 2.24 show that anion 

vacancy in ZnTe is higher in energy than in CdTe, which stems from the arguments already 

given in Secs. 2.1 and 2.2. 

The calculated electronic structure of VTe has important consequences for experiment. 

First, because of the instability of the paramagnetic 1+ charge state of anion vacancy in both 

CdTe it can be easily explained why EPR signal is not observed or not straightforward to 

measure. Moreover, due to a substantial Franck-Condon effect, thermal and optical energies 
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are not comparable for VTe. Because the 1a  level of 0
TeV  is broad resonance in the valence 

band, the optical excitations are negligible. Second, there are two conditions for persistent 

photoconductivity (PPC) to occur, namely, (i) optical availability of the neutral state, and (ii) 

metastability of 2+ charge state that introduce carriers into conduction band. The first 

condition out of the two required for the occurrence of PPC seems to be not satisfied even in 

n-type samples of CdTe and ZnTe [51], i.e., although the neutral charge state 0TeV  is the initial 

equilibrium state in n-type material, it is not optically active. It is important to underline that 

if the computational procedure of Ref. 51 is employed, i.e., the VBM is shifted downward due 

to LDA+U correction, the 1a  level of 0
TeV  is above VBM in both CdTe and ZnTe, and 

therefore can be optically excited. Then since )(0/Te ++Vε  is around the mid-gap PPC can 

occur in CdTe and ZnTe, although only if the Fermi level is above )(0/Te ++Vε , i.e., in n-type 

material. The second condition demands precisely the 1a  orbital in 2+ charge state to be 

above CBM, and is satisfied in my computational scheme for both compounds. In this case 

++
TeV  leads to PPC by transferring the electrons to conduction band. The 1a  is a resonance with 

the conduction band and electrons occupying the perturbed host state do not spontaneously 

relax to deep localized state pertaining to 0
TeV . The unoccupied 1a  state is above CBM. The 

transition to 0 charged state requires simultaneous capture of two electrons with thermal 

activation of approximately 0.25 eV. The feasibility of second condition of PPC, similar to the 

first condition, depends on the details of calculations. When the scheme [18, 51] of upward 

shift of CBM accommodating the discrepancy between experimental and calculated band gap 

after downward shift of VBM is employed, the 1a  level in ZnTe is no longer above CBM, and 

the photoexcited electrons relax spontaneously into deep localized state returning the vacancy 

into nonconducting 0
TeV . The upward shift of CBM in CdTe is small enough, and even after 

correction PPC is possible provided the 1a  level in equilibrium stable 0
TeV  is above VBM and 

the material is n-type doped.  
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     FIG. 2.23. Calculated formation energies of VTe and iTe  in CdTe as a function of the 

Fermi energy in the (a) Cd-rich, and (b)  Te-rich limit. 
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    FIG. 2.24. Calculated formation energies of VTe and iTe  in ZnTe as a function of the Fermi 

energy in the (a) Zn-rich, and (b)  Te-rich limit.  
 

 

 
 
    TABLE X.  Energies of the vacancy-induced singlet state 1a  with respect to VBM, the 

percentage changes of distances to the first (1d∆ ) and second ( 2d∆ ) neighbor with respect to 

the perfect crystal, and total energy gains due to relaxation relaxE∆  for neutral and charged 

states of VTe in CdTe and ZnTe. In the case of neutral anion vacancy, where dimerized vC2  

structure is the most stable, the changes of relative distances between the inward (in) and 
outward (out) relaxing metal neighbors are given with respect to the metal-metal distances in 
the perfect crystal. In 2+ charge state the dT  symmetry is maintained. The 1a  levels in ++

TeV  

are non-corrected GGA values.  
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              0
TeV                  ++

TeV   

   CdTe     ZnTe    CdTe     ZnTe 

1a  (eV)    -0.55     -0.45    1.80      1.95 

1d∆ (%) (in)   -55.8 
(out)  28.2 

 (in)  -43.2 
(out)  25.3 

   28.5      25.3 

2d∆ (%) (average)     -5.1      -3.1     -6.6       -4.7 

relaxE∆ (eV)     0.91      0.84     1.13      1.03 

 

           

2.3.1 Diffusion of anion vacancies 

 In this section I analyze the diffusion of anion vacancies considering for all 

mechanisms investigated in detail in Sec. 2.1.1. The results are presented in Table XI and 

following: 

(i) Diffusion to the first neighbor (VTe → CdTe+
stV 1

Cd )  is possible although not efficient in the 

case of VTe both in CdTe and ZnTe, in all accessible equilibrium charge states. CdTe+
stV 1

Cd  and 

ZnTe+
stV 1

Zn  defect pairs are unstable with respect to the anion vacancy, since the barriers for 

return are negligible, and the CdTe and the ZnTe atoms spontaneously relax into the 

substitutional position, Cd1st and Zn1st, respectively. Due to huge atomic relaxations in the 

vC 2  reconstruction in the neutral charge state, the energy barrier for 0
TeV  is much lower than 

that for +2
TeV . Significant reorientation of atomic positions diminishes diffusion barrier of 0

TeV , 

however it is too short-range to guarantee efficiency of diffusion. The phenomenon is lacking 

in more well-behaved +2
TeV .  

(ii) Diffusion to the second neighbor is possible for both plane-passing and cluster-assisted 

mechanisms. Firstly, diffusion is more energetically demanding for ZnTe, for reasons 

described in Sec. 2.1.1. Secondly, cluster-assisted mechanism is less efficient like in the case 

of diffusion of cation vacancies. Finally, the barriers for diffusion to the second neighbor are 

higher by about 1 eV in the case of anion vacancy. The vC 2  reconstruction and higher 

concentration of charge enhance the barriers of 0
TeV , which are larger than in the 2+ charge 

state.       

(iii) Diffusion to the fourth neighbor is possible, but prohibitively high-cost in terms of 

diffusion barriers. The differences between materials and dependence on the charge state can 

be explained using the same reasoning like above and in Sec. 2.1.1. 
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     TABLE XI. Calculated diffusion barriers (in eV) for different diffusion mechanism and 
charged states of VTe in CdTe and ZnTe. The values in parentheses represent diffusion barriers 
for the return. 
 

                CdTe                ZnTe            
     0

TeV       +2
TeV       0

TeV        +2
TeV  

First 
neighbor 

0.20 (0.00) 1.65 (0.00) 0.25 (0.00) 1.75 (0.00) 

Plane 
passing 

    1.75     1.60      2.60       1.95 

Cluster 
assisted 

    2.30     2.15      2.90      2.50 

Fourth 
neighbor 

    3.60      3.55      4.30      4.20 

 

2.4 Anion interstitials 

 Based on the premises elucidated while considering the previous native defects, a 

charge neutral anion interstitial in zinc blende II-VI compounds is expected to introduce six 

electrons in nonbonding orbitals. In site with dT  symmetry two of them occupy the singlet 1a  

that lies below VBM, and the remaining four occupy the t2  triplet states which are expected to 

be in the band gap. Similar to cation interstitial, and in opposition to vacancies where the 

crucial defect orbitals have the host valence origin, the occupied 1a  and  t2 defect states are 

created from the host conduction band states. Since the t2 orbital is partially occupied (in the 

neutral charge state the triplet is occupied by four electrons) anion interstitial can be deep 

donor as well as deep acceptor.  The obtained results can be summarized as follows.  

I begin with CdTe and first consider Tei in dT  symmetry. Similar to the cation 

interstitial the anion interstitial can assume two nonequivalent interstitial sites with the 

tetrahedral symmetry, the first of which is surrounded by four anions, T:anion, and the other 

by four cations, T:cation (see Fig. 2.9). The energetic correspondence between the T:Te and 

the T:cation sites can be explained from electrostatic considerations like in Sec. 2.3 (see Fig. 

2.25 and 2.26a), where representative cases can be chosen and explained: 

(i) Q=0 case. The T:Cd site in the neutral charge state is more stable than the T:Te site, 

because t2 orbital is higher in energy in the case of the T:Te site.    

(ii) Q=3+ case. Depopulation of the t2 orbital stabilizes the T:Te site because of both 

electrostatics, and the bigger energy gain due to the recombination of 3 electrons from higher 

energy level.  
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(iii) Q=2- case. Stabilization of the T:Cd site is evidenced for the similar reasons (i.e., both 

electrostatics and bigger gain from population of t2 orbital by conduction electrons). 

(T:Te)
rec

T:Te

CB

VB

T:Cd

 

   FIG 2.25. Energy levels of Tei at the two tetrahedral sites with dT  symmetry, T:Cd and 

T:Te, and at the reconstructed T:Te site with 2C  symmetry, (T:Te)rec .    
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   FIG. 2.26. Relative total energies of Tei at characteristic sites with (a) dT  , and (b) 2C  

symmetry. 
 

 However, for Tei at the T:Te site, a pronounced local reconstruction occurs. This 

effect has not been previously recognized, and it strongly changes the energetics of Tei (Figs. 

2.25 and 2.26b).   

      1. First of all, because of huge symmetry lowering around the T:Te site, the reconstructed 

T:Te site, (T:Te)rec is ground state throughout all the accessible charge states. Depending on 
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the charge state configuration with C3v (Q=2+ and 3+) and C2 (Q=-2, -1, 0, and +1) is ground 

state. In each case, the total energy of (T:Te)rec site is lower than that of the T:Cd site (Fig. 

2.26b).   

       2. Moreover, the reconstruction splits t2  triplet level, and two of the resultant singlets 

become shallow  and close to the VBM (Figs. 2.25 and 2.27).  
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   FIG. 2.27. Total DOS and LDOS of iTe  in CdTe at (a) the  T:Cd and (b) the (T:Te)rec sites. 

 

      

  FIG. 2.28.  Atomic configuration in (a) the αSe structure of elemental Te, and (b) iTe  at the 

(T:Te)rec in zinc blende CdTe.   
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       3. Except two charge states (Q=2+ and 3+) the relaxation lowers the system symmetry to 

2C , which reflects the tendency of the interstitial atom to be in the local coordination that 

resembles that of the αSe crystal structure ( hC2 ), which is the stable phase for the elemental 

Te. The geometric relations between the nearest neighbors for elemental Te and Te interstitial 

at the T:Te site are presented in Fig. 2.28. The corresponding distances (Table XII) prove the 

close resemblance of the atomic coordination between the elemental phase and iTe  at the 

(T:Te)rec site.  

       4. Starting from +2Tei  and depopulating further, the vC3  symmetry configuration gives 

the lowest energy states. The distances between atoms are too large and the charge on the 

antibonding orbitals too small to stabilize the neighborhood similar to that operative in the 

elemental Te. The configuration where interstitial shares electrons with three Te atoms is 

more energetically privileged than the one employing two Te atoms. The latter is gaining 

advantage when at least three electrons are present in the bandgap. Actually,  b1 and b2 bond 

lengths for neutral and negatively charged defects are very close to each other, the atomic 

configuration is very close to the local coordination of the elemental Te (Table XII). For 

positive charged defects, b1 and b2 values are significantly different from each other, and the 

configuration differentiates from the one characteristic of the elemental Te.  

        5. Stabilization of the C2 reconstruction can be explained by the examination of 
2ψ . As 

it is seen in Fig. 2.29b the second level derived from the split triplet has bonding nature and is 

directed towards two neighbor Te atoms. The lowest (Fig. 2.29a) and highest levels of this 

split are not directed toward Te atoms, and only partially participate in bond creation. This is 

the reason why occupancy of the middle level of the split triplet is so significant for the 

stabilization of the (T:Te)rec site. The antibonding character of the triplet state in the case of 

the T:Cd configuration is shown in Fig. 2.30. Each, out of three orbitals, reaches different pair 

of six Te second neighbors. The energetic equivalence of those levels is underscored 

comparing Figs. 2.30a and b. Charging the defect in this case alters interrelation of charge 

distribution between neighbors which gives rise to diverse, but systematic, changes to 

interatomic distances in the vicinity of the T:cation site defect (Table XII). This trends can be 

fully explained by the means of simple electrostatic consideration like those presented in Sec. 

2.2.   
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    FIG. 2.29. Wave function square of the bandgap a1 states pertinent to iTe  at the (T:Te)rec 

configuration in CdTe. (a) shows the lowest level and (b) the middle level of the split triplet 
of iTe . In the neutral charge state both orbitals are fully occupied (see Fig. 2.25).      

 

   FIG. 2.30. Wave function square of the two bandgap  t2 states pertinent to iTe  at the T:Cd 

site in CdTe. In the neutral charge state both orbitals are fully occupied, and the third orbital, 
not shown here and overreaching to the remaining two second neighbor Te atoms, is empty.    
 

 

TABLE XII. Energies of the triplet state t2 (valid at the T:Cd site), singlets 1a  (at the 

(T:Te)rec site) with respect to VBM, and relaxation energies relaxE∆ for the neutral and charged 

states of iTe  in CdTe. When presenting energy of levels band gap correction ∆Egap was 
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omitted. The distances as defined in Fig. 2.28a are listed below for the 2C  symmetry defects 

for the (T:Te)rec configuration (denoted as Rec). For defects with vC3  symmetry a and b1 

represent the distance between the Te interstitial atom and three equivalent Te atoms, and the 
remaining fourth Te atom, respectively. The distance in the T:Cd configuration (dT  

symmetry), c, depicts the distance between the Te interstitial atom and the four Cd nearest 
neighbor atoms. For comparison, the corresponding values for the elemental Te at the 
equilibrium lattice parameters of αSe crystal structure ( hC2 ), a = 2.83 Å, and b =  3.67 Å. 

Bond length in CdTe is 2.87 Å. 
 

 0Tei ( 2C ) +1Tei ( 2C ) +2Tei ( vC3 ) +3Tei ( vC3 ) −1Tei ( 2C ) −2Tei ( 2C )  

T:Cd Rec T:Cd Rec T:Cd Rec T:Cd Rec T:Cd Rec T:Cd Rec 

 t2 (eV)  

1a (eV) 
0.55  

0.08 
0.32 
0.68 

0.49  
0.04 
0.13 
0.68 

0.47  
0.02 
0.68 
1.05 

0.50  
0.01 
0.67 
1.06 

0.57  
0.08 
0.36 
0.68 

0.63  
0.08 
0.35 
0.67 

  a (Å) 
  b1 (Å) 
  b2 (Å) 
  c (Å) 

 
 
 
2.96 

2.97 
3.85 
3.89 
2.69 

 
 
 
3.02 

2.92 
3.65 
4.18 
2.77 

 
 
 
3.11 

2.97 
4.12 

 
 
 
3.23 

2.93 
4.04 

 
 
 
2.88 

2.98 
3.85 
3.89 
2.69 

 
 
 
2.83 

2.98 
3.85 
3.89 
2.70 

relaxE∆  

  (eV) 

0.80 2.34 0.83 2.44 0.87 2.03 0.94 2.09 0.69 2.21 0.76 2.27 

 
 
 
TABLE XIII. Energies of the triplet state t2 (valid at the T:Zn site), singlets 1a  (at the 

(T:Te)rec site) with respect to VBM, and relaxation energies relaxE∆ for neutral and charged 

states of iTe  in ZnTe. When presenting energy of levels band gap correction ∆Egap was 

omitted. The distances as defined in Fig. 2.28a are listed below for the (T:Te)rec configuration 
(denoted as Rec). The distance in the T:Zn configuration ( dT  ), c, depicts the distance 

between the Te interstitial atom and the four Zn nearest neighbor atoms. For comparison, the 
corresponding values for the elemental Te at the equilibrium lattice parameters of αSe crystal 
structure ( hC2 ), a = 2.83 Å, and b =  3.67 Å. The bond length in ZnTe is 2.69 Å. 

 
 0Tei ( 2C ) +1Tei ( 2C ) +2Tei ( 2C ) +3Tei ( 2C ) −1Tei ( 2C ) −2Tei ( 2C )  

T:Cd Rec T:Cd Rec T:Cd Rec T:Cd Rec T:Cd Rec T:Cd Rec 

 t2 (eV)  

1a (eV) 
0.55  

0.11 
0.29 
1.10 

0.54  
0.02 
0.13 
1.12 

0.53  
0.03 
0.56 
1.13 

0.51  
0.03 
0.52 
1.15 

0.59  
0.11 
0.29 
1.09 

0.62  
0.12 
0.28 
1.11 

  a (Å) 
  b1 (Å) 
  b1 (Å) 
  c (Å) 

 
 
 
2.73 

2.91 
3.62 
3.71 
2,50 

 
 
 
2.81 

2.88 
3.57 
4.09 
2.54 

 
 
 
2.88 

2.84 
3.84 
4.86 
2.58 

 
 
 
2.96 

2.84 
3.83 
4.85 
2.58 

 
 
 
2.68 

2.91 
3.70 
3.65 
2.50 

 
 
 
2.62 

2.91 
3.71 
3.67 
2.50 

relaxE∆  

  (eV) 

0.92 2.41 1.01 2.60 1.14 2.55 1.22 2.49 0.79 2.32 0.86 2.37 
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     6. The formation energy of iTe  in CdTe is presented in Figs. 2.23. The defect has only 

acceptor-like character in CdTe. The formation energies are especially low in the p-type 

regime. iTe  can pin the Fermi energy close to VBM, similar to cation interstitials. In n-type 

samples, formation energies are high. Finally, the formation energies of iTe  in both T:Te and 

T:Cd sites were calculated in Ref. 39 and agree with my results within 0.3 eV.  However, 

these authors did not recognize the possibility of the low-energy reconstructed configuration 

at the T:Te site.   

            Tei in ZnTe is qualitatively similar to the results of anion interstitial in CdTe. Huge 

symmetry lowering around the T:Te site, (T:Te)rec is ground state throughout all the 

accessible charge states except in 2- charge state. The resemblance of atomic coordination to 

the elemental Te configuration is more pronounced for ZnTe, which has smaller lattice 

constant than CdTe and the corresponding interatomic distances are closer to those in the 

elemental phase of Te (Table XIII). As a consequence, for all charge states of Tei in ZnTe, the 

2C  symmetry is the ground state. The formation energy is higher than in CdTe (cp. Figs. 2.23 

and 2.24) for the reasons previously elucidated. Due to the bigger bandgap, which favors the 

stabilization of negatively charge states, iTe  in ZnTe is amphoteric. 

The tendency to have similar atomic surrounding like in the elemental phase is also 

present for O and N interstitials (which forms O2 and N2 molecules in the solids [54]) in 

compounds where these atoms act as anions. In the case of O and N, the propensity to form 

molecules instead of isolated interstitials can be explained by huge energy gain coming from 

formation of the molecules compared to the matrix bond gain. The anion atoms are more 

susceptible to reorganize themselves than cations, not only because of smaller size, but also 

because of ionicity-originated charge transfer. Because of the additional charge located on 

them, they can participate in new bond creation needed if the new surrounding is to be 

created. Furthermore, the cation atoms deprived of charge due to ionic charge transfer 

constitute themselves less demanding obstacle during atomic displacements and the relaxation 

can be more effective and pronounced. In the case of CdTe and ZnTe the discrepancies 

between compound constituents are not so significant like for ZnO or GaN, whereas they are 

also conducive to the formation of new local surrounding resembling that characteristic of the 

ground state elemental phase of the anion.  
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2.4.1 Diffusion of anion interstitials  

 Due to the stabilization of the (T:Te)rec configuration throughout almost all accessible 

Fermi level energies, the diffusion undergoes only approximately along -T:Te-T:Cd-T:Te- 

path shown in Fig. 2.9 like for 2+ charged cation interstitials (Sec. 3.2.3). The difference here 

is that the (T:Te)rec is the ground state relaxed configuration. Thus, the diffusion occurs by 

long and curvilinear jumps between two adjacent (T:Te)rec sites with T:Cd or T:Zn site 

corresponding usually to the maximum of the energy barrier. The details of the diffusion and 

barrier heights in both CdTe and ZnTe are presented in Table XIV. Practically, for all 

positively charged and neutral states, the diffusion occurs as stated above. For negatively 

charged states, the T:cation site ceases to be the maximum of the energy barrier and manifests 

a non-negligible metastability with (T:Te)rec configuration still acting like a ground state. 

Generally, the diffusion in ZnTe is more energetically demanding than in CdTe like in the 

previously considered defects and for the same reasons. To the best knowledge of the author 

no prior publications addressed diffusion of anion interstitials in CdTe and ZnTe.  

 

    TABLE XIV. Calculated diffusion barriers (in eV) for different configurations and charge 
states of anion interstitials in CdTe and ZnTe. T:c denotes the T:Cd and the T:Zn site 
depending whether the interstitial is considered in CdTe or ZnTe, respectively. (T:Te)rec 
represents the reconstructed T:Te site configuration (see text for more details).   
 

                 Barriers  
 Path 

 
Charge    
  State 

CdTe ZnTe 

(T:Te)rec-T:c 2-  0.0 0.0 
T:c-(T:Te)rec 2-  0.3 0.4 
(T:Te)rec-T:c 1-  0.7 0.7 
T:c-(T:Te)rec 1-  0.1 0.1 
(T:Te)rec-T:c 0  1.3 1.6 
T:c-(T:Te)rec 0  0.1 0.0 
(T:Te)rec-T:c +  1.0 1.3 
T:c-(T:Te)rec +  0.0 0.0 
(T:Te)rec-T:c 2+  0.8 1.0 
T:c-(T:Te)rec 2+  0.0 0.0 
(T:Te)rec-T:c 3+  0.4 0.6 
T:c-(T:Te)rec 3+  0.0 0.2 
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2.5 Compensation of doping by vacancies and interstitials  

As if follows from Figs. 2.3, 2.4, 2.23, and 2.24 and Eq. (1.1), formation energies of 

defects depend on the Fermi level and growth conditions embedded in chemical potentials of 

the relevant atomic species. In particular, Eform of cation vacancies in both CdTe and ZnTe 

decreases with the increasing Fermi energy, and assumes very low values when EF  

approaches the bottom of the conduction band. Therefore, because of their acceptor character, 

CdV  and ZnV  are the dominant native acceptors that compensate p-type doping, and they set up 

an intrinsic limit on the possible n-type doping of both CdTe and ZnTe. This tendency is 

weaker when the growth occurs under cation-rich conditions, when formation energies of both 

CdV  and ZnV  are higher. Finally, formation energies are lower in ZnTe than in CdTe, which 

explains bigger difficulties with obtaining n-ZnTe than n-CdTe [55]. 

Cation and anion interstitials are the dominant intrinsic donors that compensate p-type 

doping, which follows from their very low formation energies for low values of the Fermi 

energy. It is difficult to eradicate the p-type compensation, because the effects of any growth 

regime are counterproductive from the point of view of those two types of interstitials. For 

instance as the growth is carried out under Te-rich conditions it alleviates the detrimental 

effect coming from cation interstitial (i.e. moves pinning energy toward VBM) and 

simultaneously aggravates the situation in the context of anion interstitial (the pinning energy 

is moving higher in the bandgap). Because of higher formation energies of interstitials in 

ZnTe than in CdTe, less limits for p-type doping exist in the latter compound, again in 

agreement with experiment [55].  

Anion vacancy acts as a donor in both CdTe and ZnTe, but is not expected to have a 

dominant role in compensation of p-type doping mainly due to its high formation energy. 
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Chapter 3 
Frenkel pairs in CdZnTe 
 
 
 
 
A nearest-neighbor vacancy-interstitial Frenkel pair (FP) is created by displacing an atom 
from the substitutional site along the [111] direction. In the final configuration the interstitial 
is displaced by about 6 Å from its initial position. In this Chapter, I analyze this process for 
both cation and anion sublattice, beginning with the former case. Next, the cation sublattice 
FPs are employed to explain the electric polarization and the resistive switching observed in 
CdZnTe. I propose a microscopic model of bistability which is extended further to CdZnMnTe 
alloys. In most cases FPs are metastable, since there are finite energy barriers for the return 
of the interstitial atom to the substitutional site, i.e., for the defect recombination. The 
stability of FPs is also investigated from the point of view of dissociation that can ensue from 
the diffusion of the constituents of FP.  
 
 
 
 

3.1 Cation sublattice 
 

In this case, a cation, displaced from the substitutional equilibrium position along the 

[111] direction, is close to the T:Te site, see Fig. 3.1. Changes in the total energy 

corresponding to the formation of cation FPs (c-FPs) in CdTe and ZnTe are shown in Figs. 

3.2 and 3.3. The calculated barriers are given in Table XV. The results show that generation 

scheme and characteristics of FPs are very similar in CdTe and ZnTe. The most characteristic 

feature is the strong dependence of energy barriers and stability of FPs on the complex's 

charge state that I now discuss.  
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  FIG. 3.1.  Schematic representation of atomic positions of c-FP in the (110) plane of zinc 
blende CdTe. The large green circles represent Cd atoms, medium grey circles Te atoms. The 
high-symmetry tetrahedral interstitial sites are indicated by T:Cd and T:Te. The red short 
dotted line (1) indicate direction of displacement to generate c-FP. The blue short dotted line 
(2) represent the path, out of three equivalent ones, for out-diffusion of Cdi .  
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  FIG. 3.2. Total energy change corresponding to a creation of (a) iV ZnCd + , and (b) 

iV CdCd +  FPs in CdTe, and (c) iV ZnZn + , and (d) iV CdZn +  FPs in ZnTe as a function of 

the distance from the substitutional site (sub) for 4 charge states. In 2- charge state DX 
configuration is metastable. 
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  TABLE XV. Calculated barriers for generation (sub-FP) and recombination (FP-sub) (in eV) 
of c-FPs in CdTe and ZnTe for different configurations and charge states. 
 

                                           Barriers  
 Path 

 
Charge    
  State 

CdTe:Cd CdTe:Zn ZnTe:Cd ZnTe:Zn 

sub-FP 0 2.45 2.55 2.95 2.70 
FP-sub 0 0.55 0.60 0.50 0.40 
sub-FP - 1.95 1.80 2.60 2.20 
FP-sub - 0.45 0.40 0.60 0.45 
sub-DX 2- 0.60 0.60 0.60 0.65 
DX-FP 2- 1.20 0.95 1.60 1.25 
FP-DX 2- 0.60 0.55 0.65 0.60 
DX-sub 2- 0.10 0.15 0.10 0.20 
sub-FP + 2.00 2.30 2.35 2.20 
FP-sub + 0.10 0.45 0.00 0.00 
 

 

(i) Q=0 case. In intrinsic samples, the energy barriers are 2.5-3.0 eV. The final configuration 

of the nearest-neighbor V-I pair is relatively stable, since the calculated energy barriers for 

recombination are about 0.5 eV.  

(ii) Q=-2 case. In n-type samples, after capturing 2 electrons the FP is in the 2- charge state.  

Figure 3.3 summarizes the results for the four considered FPs. The Q=-2 case is qualitatively 

different from the remaining charge states because formation of the FP is preceded by 

stabilization of a DX-like configuration, in which the interstitial-vacancy separation is 2.3-2.5 

Å. This configuration corresponds to the local energy minima in Figs. 3.2 and 3.3. The 

barriers to form the DX centers are relatively low, 0.60-0.65 eV, see Table XV, and their 

energies are higher than the ground state by about 0.5 eV. Although barriers for 

recombination are low, about 0.2 eV, the metastability is clearly seen. The calculated 

metastability of iV CdCd +  pairs in CdTe in the DX configuration confirms the results of Lany 

et al. [56] Since in Ref. 56 the values of energies and barriers are not given, a detailed 

comparison is not possible. 
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  FIG. 3.3. Total energy change corresponding to a creation of c-FP in the 2- charge state. 
 

Formation of FPs is realized as a result of larger displacements of about 6 Å. The 

process of formation may occur either in two steps, i.e., with the DX configuration mediating 

the transition to the final FP geometry, or in one large hop. The former possibility involves 

overcoming two consecutive barriers that are relatively low, while the latter case involves 

larger barriers of about 1.5 eV. A detailed evaluation of the relative efficiencies of both paths 

is outside the scope of this dissertation. However, Fig. 3.2 shows that in both cases the energy 

barriers are substantially reduced with respect to the Q=0 values. The barriers for defect 

recombination for all cases are about 0.5 eV, which implies a stability of 2- charged FPs.  

The obtained results, i.e., the metastability of the complex and the increased efficiency 

of FP generation in the presence of excess electrons, are similar to the features characterizing 

both DX centers and the EL2 defect in GaAs [57, 58]. This similarity stems from the common 

physical origin: a large displacement of an impurity, or of a host atom, from the substitutional 

site induces a deep level in the gap, which energy decreases with the increasing displacement 

and relaxation. This in turn induces a decrease of the total energy and the stabilization of the 

DX configuration when the band gap state is occupied with 2 electrons in the 2- charge state. 

In the real space, the wave function of the deep state is localized on the broken bond [57], and 

thus the occupation of this state by electrons corresponds to a passivation of the broken bond 

created by formation of the complex. However, we note that DX centers are less stable than 

FPs: while the DX configuration is metastable only in the 2- charge state (and thus is unstable 

after optical emission of an electron, or its recombination with free holes), FPs are metastable 

in the Q= -1, 0, or even Q = +1 charge states, see (iv) below, and the relevant barriers are 

higher.  
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(iii) Q=-1 case. In the intermediate case of the 1- charge state, (i.e., when one additional 

electron is captured by the complex), barriers are also intermediate between those for Q=0 and 

Q=-2, i.e., about 2 eV. The total energy curves display a non-linear dependence on the V-I 

separation, indicating the tendency to stabilize the DX configuration in the 2- state. 

(iv) Q=+1 case. Energy required to form a FP in p-type sample is very similar to that for the 

Q=0 case. However, the barriers for recombination in CdTe are reduced for iV CdCd + , and 

they even vanish in ZnTe. This means that in p-type samples the nearest-neighbor FPs have a 

lowered stability in CdTe, and are not stable in ZnTe.  

Moreover, as it follows from Figs. 3.2 and 3.3, the properties of the iV ZnCd +  in 

Cd0.97Zn0.03Te differ from those of the remaining cases. First, the generation energy of the pair 

in the 2- state, 1.4 eV, is the smallest. In other cases it amounts to about 1.8 eV, implying a 

less efficient generation (since the generation probability depends exponentially on the barrier 

height, the difference of 0.2 eV in the barriers leads to a difference of three orders of 

magnitude in generation efficiency between them, assuming the same generation temperature 

of 300 K). Second, this is the only FP expected to be stable for charge states from 1+ to 3-. 

These results are significant in the context of experimental data discussed further in Sec. 3.3. 

Finally, it is interesting to investigate the Fermi energy dependence on the barriers’ 

height from the point of view of a net change in charge distribution when an additional 

electron or hole is introduced (Fig. 3.4). The same approach was employed while considering 

the influence of charge on the efficiency of diffusion of vacancies (Secs. 2.1.1 and 2.3.1). The 

addition of an electron gives rise to a decrease in a net charge around three Cd atoms (Fig 

3.4b) which constitute barrier while the interstitial is intersecting and passing the plane 

composed of these atoms. This facilitates the diffusion and lowers the barrier height. 

Furthermore, a decrease in a net charge around the Te atoms is experienced which enable the 

Cd-Te bond fracture. In effect, it facilitates the displacement of cation atom along the [111] 

direction. Upon addition of a hole, bonds around Te atoms get softened (Fig. 3.4a), i.e., there 

is an outflow of the total charge from these areas. That is why p-type doping does not affect 

substantially the barrier height for generation of a c-FP but simultaneously diminishes the 

metastability by means of enhancing the recombination (cation interstitial in a metastable c-

FP is surrounded by Te nearest neighbors). The changes in c-FP barriers are also influenced 

by a change in charging of its constituents. Both cation vacancy and cation interstitial 

introduce levels in the bandgap, i.e., both levels are electrically active and can accommodate 
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changes in net charge which can furthermore influence intrapair electrostatic interaction 

(more details below).  

Summarizing this part, the simple general picture of dependence of barrier heights on 

the c-FP charge emerges. Generation barriers are determined by the interplay of the interstitial 

of c-FP and the three cation atoms. In covalent-ionic CdTe and ZnTe, three cation atoms that 

form a plane, which is to be surmounted and passed by the interstitial in order to generate c-

FP, are positively charged. Thus, additional electrons on the interstitial facilitate generation of 

c-FP. On the other hand, the c-FP is stabilized by four Te atoms, which are negatively 

charged, and electrostatic interplay between surrounding Te atoms and the interstitial 

determine recombination barriers. In this case, positively charged c-FP enhances 

recombination barriers, and thus also stability of c-FP.       

 Formation of V-I pairs on the cation sublattice in GaAs, CdTe, and NaCl has been 

considered by Wei et al. [59] who used unit cells containing from 4 to 16 atoms. These cells 

are too small for a correct description of energetics of FPs, which are relatively extended 

defects. Actually, these cells have lateral dimensions close to the equilibrium distance 

between vacancy and interstitial, ~6 Å. One may only note that the calculated energy increase 

of ~1.75 eV for displacements of ~2.25 Å of neutral Cd or Zn from ideal sites in CdTe in Ref. 

59 is similar to the results of Fig. 3.2.  

 

 

  FIG. 3.4. Difference between (a) 1+ and neutral charge states, and (b) 1- and neutral charge 
states for CdTe, which reflect the wave function of (a) a hole, and (b) an electron. The (a) and 
(b) isosurfaces respectively correspond to charge densities of 0.001 eǺ-3 and -0.002 eǺ-3. It 
means that upon adding a hole (a) and an electron (b) the respective isosurface represents a 
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decrease in the total charge density. In the case of both neutral and charged state the same 
atomic coordinates were employed.  
 

 

Formation energy of a FP is given by Eq. (1.1), and can be expressed as: 

 

)()()()()( ordint0
form

0
formform IVEIVEIEVEIVE +++++=+ .                                    (3.1) 

 

Here, )()( 0
form

0
form IEVE +  is the sum of formation energies of a neutral and isolated vacancy 

and interstitial. )(int IVE +  is the interaction energy when V and I  are next to each other and 

form a FP. Finally, in the supercell method, creation of a defect (or of a defect pair) in the unit 

cell corresponds to formation of an infinite and ordered array of defects that may interact. In 

the case under study, V-I pairs are electric dipoles that interact by Coulomb forces. The 

corresponding interaction energy is denoted by )(ord IVE + . In a simple model assuming that 

the V-I pairs are [111]-oriented and localized dipoles, )(ord IVE +  vanishes due to the fact 

that the supercell is simple cubic. In this case, the dipoles are parallel-ordered. It should be 

underlined that this configuration is a ground state, i.e., the dipoles that align in parallel are 

energetically privileged. Other configurations increase the dipole-dipole interaction between 

FPs from different supercells. This fact was checked using 254-atom supercell calculations 

where two variously orientated FPs were introduced and parallel alignment was lower in 

energy by at least 0.15 eV than other configurations. This difference increases with the 

decreasing distance between FPs, i.e. with the decreasing size of the supercell. The 

dependence on the chemical potentials is negligible because the calculated heat of formation 

for CdTe and ZnTe are the same to within 0.01 eV, see the discussion in Chapter 1.  

There are three potential contributions to the interaction energy intE  of a neutral V-I 

pair, namely:  

1. Charge transfer of two electrons from the donor (interstitial) to the acceptor (vacancy). 

After the charge transfer both the vacancy and the interstitial become charged, and a V-I 

donor-acceptor pair generates a dipole-like electric field. This occurs in spite of the fact that 

the pair is neutral, i.e., it does not exchange electrons with donors or acceptors possibly 

present in the sample. 

2. The Coulomb attraction between charge defects that is created after charge transfer.  
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3. The atomic relaxation around the pair that is greater than the superposition of isolated 

defects relaxation.  
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   FIG. 3.5. Calculated dependencies on the Fermi energy of (a) formation energies iV CdCd +  

and iV ZnCd + in CdTe and (b) iV CdZn +  and iV ZnZn +  in ZnTe, and of the binding energies 

of FPs in (c) CdTe and (d) ZnTe.  
 

As it stems from Table XVI, intE  ranges from -2.65 to -3.5 eV. In particular, for +− + 22
Cd ZniV , 

intE = -2.65 eV, which decomposed onto the abovementioned contributions:  

 (1) The main contribution, -2.1 eV, which is provided by transfer of two electrons from iZn  

to VCd  orbitals (the value is obtained by comparison of the band gap levels of the constituent 

defects). 
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 (2) Electrostatic attraction between the charged defects contributes -0.75 eV. In fact, after the 

transfer of two electrons from the interstitial to the V, both defects are charged, which gives 

rise the Coulomb attraction between them. More precisely, the gap state of the vacancy is 

occupied with two electrons that are transferred from the gap state of the interstitial. The 

value of the coupling was found by direct integration using the calculated wave functions of 

the vacancy and the interstitial. This value is lower than – 1 eV obtained within a commonly 

used scheme that assumes two point charges located at the V and I sites, since the actual 

charge densities are delocalized. One may notice that in the considered case the transfer of 

two electrons is possible because the vacancy state is shallow and extended, and thus the 

intracenter Coulomb U interaction is small. The above procedure of integrating is valid 

because negative-feedback charge regulation [60, see also Sec.3.2] is not working here. 

Charging of the levels of both vacancy and interstitial does not alter the character of bonding 

and antibonding levels, and thus electron charging leads to a change in net charge of both 

constituent defects that is comparable to a change in charge of orbitals they introduce in the 

bandgap, and which are accordingly populated or depopulated upon the charging. It is not the 

case in anion vacancy – see a-FP below for thorough discussion. 

(3) lattice relaxation (compared to relaxation of isolated defects that constitute a given FP) 

upon pairing gives +0.2 eV. This value is obtained by subtracting the values (1) and (2) from 

intE  and the positive value reflects that the relaxation of constituents in a pair is smaller in 

comparison to relaxation of isolated constituents. Consequently, formation energies of neutral 

V-I pairs drop to about 1.9 eV in CdTe and to about 2.5 eV in ZnTe, see Table XVI and Fig. 

35.  

 

   TABLE XVI. The calculated formation energies )()( 0
form

0
form IEVE +  (in eV) of 

noninteracting neutral defects and the intrapair interaction energies )(int IVE + . Calculated 
transition energies, )(0/−ε and )/( −−−ε , in eV for the FP in CdTe and ZnTe are without M-
P correction. The values obtained when including the image charge correction (cf. Chapter 1) 
are given in parentheses. 
 
 00

Cd CdiV +  00
Cd ZniV +  00

Zn CdiV +  00
Zn ZniV +  

)()( 0
form

0
form BEAE +  4.69  4.57  5.77  5.45  

)(int BAE +  - 2.85 - 2.65 - 3.23 - 3.09 

)(form BAE +  1.84 1.92 2.54 2.36 

)(0/−ε  0.96 (1.07) 0.84 (0.95) 1.03 (1.16) 0.93 (1.06) 
)/( −−−ε  1.30 (CBM+0.03) 1.24 (1.57) 1.35 (1.74) 1.30 (1.69) 
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In both CdTe and ZnTe, a FP induces a deep mid-gap singlet, reminiscent of the 

singlet induced by an isolated interstitial (Sec. 2.2). This state is empty in the case of a neutral 

FP, and occupied with 1 or 2 electrons for sufficiently high Fermi level. Transition energies 

between the three charge states are listed in Table XVI. The dependence of formation energies 

on EF is presented in Figs. 3.5a and 3.5b. Eform for different charge states is calculated using 

Eq. (1.1). For higher EF we see a reduction of  Eform, which reflects the acceptor-like character 

of a FP. As it follows from Figs. 3.5a and 3.5b, Eform can be reduced to 0.75 eV in CdTe and 

nearly zero for ZnTe as EF  approaches CBM. At first sight, it is in contradiction to the results 

shown in Fig. 3.2 and Table XV. Formation energies for 2- are about 1 eV higher there than 

for EF  = CBM in Fig. 3.5. The reason for this “discrepancy” is that in Fig. 3.2  EF is pinned to 

the doubly occupied singlet level that is positioned below CBM. In Fig. 3.5 we take into 

consideration the fact that reservoir of electrons can vary from VBM to CBM. This can be 

true if other sources of doping except FPs are present in the system. If  EF  is higher in energy 

than the doubly occupied singlet, and the center acts like an acceptor, then additional energy 

that equals twice this difference (there can be two electrons on the singlet) is gained by the 

system. This additional energy gain is taken into account in Fig. 3.5, but not in Fig. 3.2, which 

implicitly assumes that the Fermi energy coincides with the energy of the gap state of the 

interstitial. The lowering is more pronounced in ZnTe than in CdTe as the energy difference 

between the singlet and CBM is larger due to larger bandgap. Considering the FP geometry, 

the close proximity of defects in the complex and the electrostatic coupling between them 

lower the distance between V and I  by 0.4 Å in CdTe and 0.12 Å in ZnTe relative to the ideal 

configuration. Lowering of the local symmetry from Td  to  C3v  weakly splits the triplet level 

of the vacancy into a doublet and a singlet by about 20-30 meV. The cation vacancy in a FP is 

a deeper defect compared to the isolated case. This due to the fact that as a constituent of a FP 

cation vacancy cannot fully relax like an isolated one. The energy levels of vacancy in FP are 

about 0.2 eV higher in energy than those in the same charge state of the isolated vacancy. This 

suggests that cation vacancy in a FP is no longer an efficient acceptor level, since its 

ionization energy is higher.    

The interaction energy intE  introduced in Eq. (3.1) includes the energy gain of charge 

transfer between I and V, because the reference (i.e., initial) energy is that of the isolated and 

neutral V and I. However, it is more natural to define the binding energy Ebind of a FP as the 

energy gain due to formation of a FP from isolated V and I for a given Fermi energy, when the 

defects are in their appropriate charge states:  
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][][][ formformformbind IEVEIVEE −−−=       (3.2) 

 

The binding energy Ebind includes not only the Coulomb coupling and changes in the local 

lattice relaxation, but also the electronic structure of the defects. The calculated binding 

energies shown in Figs. 3.5c and 3.5d display a relatively complex dependence on EF, because 

this is EF that determines the charge states of V, I, and the FP, and thus the effective coupling.  

The dependence of Ebind on the Fermi level is schematically explained in Fig. 3.6. 

According to Eq. (3.2), Ebind is defined by the difference of formation energies of a FP relative 

to that of the isolated V and I, which are sketched in Figs. 3.6 a-c. For the sake of transparency 

the intracenter Coulomb interactions are neglected, and thus V may assume only the 2- and 0 

charge states, and both I and the FP are in the 0 and 2- charged states. The dependence of Ebind 

on EF, Fig. 3.6d, stems from the relative positions of the levels of the defects. The possible 

values of EF  span the band gap, and are split into four segments bound by the values of EF at 

which one of the defects changes its charge state. The respective charge states are shown in 

Fig. 3.6e. In particular, the region B corresponds to the case of an intrinsic sample, when V 

and I are in the 2- and 2+ charge states, respectively. For higher EF, in the segment C, 

formation of the FP lowers the total energy because the (occupied) level of the FP is lower 

than that of the isolated I. In the opposite case the total energy would rise. Similarly, the 

segment A can be explained in terms of the deeper vacancy levels in a FP in contrast to 

isolated vacancy. The changes of EF  in the segment D does not influence binding energy 

because all accessible levels of a FP are occupied. 
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    FIG. 3.6. Schematics of defect formation energies Eform of (a) a Frenkel pair, (b) an isolated 
cation vacancy Vcation, and (c) an isolated cation interstitial Ication as a function of the Fermi 
level. The circles mark transition energies. (d) Binding energy Ebind of the FP obtained as the 
difference between Eform of the FP with respect to those of the isolated Ication and Vcation. Ebind 
can be divided into 4 characteristic regions of EF are denoted by A, B, C, and D, in which the 
charge states of the defects differ, as shown in (e).   

 

The non-vanishing binding energies together with the mobility of Zni and Cdi imply a 

tendency to form V-I pairs. Moreover, the formation barriers are comparable to the values of 

elementary excitations allowed in these materials, which are comparable with band gaps. In n-

type samples, cation vacancies are the dominant compensating acceptors, and their 

concentration exceeds that of interstitials. Thus, most interstitials should form V-I pairs, but a 

finite concentration of isolated and non-paired vacancies is expected. The situation is reversed 

in p-type samples, where the interstitials are the dominant compensating donors, their 

concentration is higher than that of vacancies, and thus a finite concentration of isolated 

interstitials is expected.   

Now we turn to research the stability of a FP with respect to the dissociation into its 

constituents. The diffusion of both an isolated cation vacancy and cation interstitial in CdTe 
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and ZnTe were investigated in Chapter 2. All mechanisms analyzed for isolated constituents 

were employed to examine the dissociation of a FP they constitute. The results for CdTe and 

ZnTe are in Tables XVII and XVIII, respectively.  

  

  TABLE XVII. Calculated dissociation barriers (in eV) for different diffusion mechanisms 
and charged states of c-FP ( iV CdCd + ) in CdTe. The values in parentheses represent barriers 

for the return to the initial c-FP. 
 

iV CdCd +  in CdTe  

    0FP     +1FP      +2FP      +3FP       +4FP      −1FP     −2FP   

First      
neighbor 

- - - - - - - 

Plane    
passing 

1.20 
(1.20) 

1.10 
(1.05) 

1.10 
(1.05) 

1.05 
(1.00) 

1.00 
(0.95) 

1.25 
(1.15) 

1.05 
(1.00) 

Cluster  
assisted 

2.00 
(1.85) 

1.90 
(1.80)  

1.85 
(1.80) 

1.80 
(1.70) 

1.70 
(1.65) 

2.15 
(2.00) 

2.05 
(1.95) 

 D
iff
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n 
 o

f  
 V

C
d

 

Fourth  
neighbor 

2.95 
(2.90) 

2.90 
(2.85) 

2.90 
(2.75) 

2.80 
(2.70) 

2.75 
(2.70) 

3.20 
(3.05) 

3.00 
(2.95) 

    Diffusion  
      of Cd i 

- - - - - 0.50 
(0.05) 

0.65 
(0.00) 

 
 

  TABLE XVIII. Calculated dissociation barriers (in eV) for different diffusion mechanisms 
and charged states of c-FP ( iV ZnZn + ) in ZnTe. The values in parentheses represent barriers 

for the return to the initial c-FP.  
 

iV ZnZn +  in ZnTe  

    0FP     +1FP      +2FP      +3FP       +4FP      −1FP     −2FP   

First      
neighbor 

- - - - - - - 

Plane    
passing 

1.40 
(1.40) 

1.30 
(1.30) 

1.30 
(1.30) 

1.30 
(1.25) 

1.25 
(1.20) 

1.40 
(1.40) 

1.30 
(1.30) 

Cluster  
assisted 

2.50 
(2.45) 

2.45 
(2.40) 

2.40 
(2.40) 

2.40 
(2.30) 

2.35 
(2.30) 

2.55 
(2.55) 

2.60 
(2.55) 

 D
iff

us
io

n 
 o

f  
 V

Z
n

 

Fourth  
neighbor 

3.65 
(3.60) 

3.60 
(3.50) 

3.55 
(3.45) 

3.50 
(3.45) 

3.40 
(3.40) 

3.80 
(3.75) 

3.80 
(3.80) 

    Diffusion  
      of Zn i 

0.55 
(0.25) 

0.55 
(0.20) 

0.55 
(0.15) 

0.50 
(0.10) 

0.50 
(0.10) 

0.60 
(0.20) 

0.80 
(0.30) 

 
 

I begin with dissociation caused by out-diffusion of vacancy. As it follows from the 

comparison of Tables XVII and XVIII with Table III (sec. 2.1.1) barrier heights for vacancy 

diffusion to the second neighbor by plane passing mechanism in both compounds are 
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enhanced by at least 0.2 eV when vacancy constitutes a FP. It can be mainly attributed to 

electrostatic attraction between constituents of a FP, which firstly has to be compensated in 

order to trigger off the out-diffusion. The atomic rearrangements due to the formation of a FP 

can also influence the efficiency of diffusions (this aspect is of huge significance for a-FPs – 

Sec. 3.2). The barrier for dissociation (i.e., to form a distant V and I  pair) is slightly higher 

than that corresponding one to the return to the initial FP configuration (presented in Fig. 3.1). 

It reflects a small, nevertheless, clearly evident propensity to stabilize the initial FP. The 

material trends operative in a description of isolated cation vacancies (Sec. 2.1.1) are also 

valid here. Other diffusion mechanisms than plane passing are more energetically demanding, 

and the diffusion to the first neighbor is not active (TeCd+
st1

TeV  and TeZn+
st1

TeV  defect pairs are 

not even metastable with respect to the vacancy of a FP, and the TeCd and TeZn antisite atoms 

spontaneously relax into the substitutional position, Te1st , like it is in the isolated cation 

vacancy case).  

The dissociation of a FP by out-diffusion of the interstitial can occur by the jump 

along (2) line in Fig. 3.1. There are three equivalent sites due to the C3v symmetry of a FP, 

and the T:Cd site presented in (110) plane is one of them.  

(i) In CdTe, such a jump is not possible, since Cdi relaxes back to initial configuration of c-FP 

with no barrier to within my accuracy. This is due to the relatively strong value of intrapair 

electrostatic attraction in FP when compared with diffusion barriers for isolated cation 

interstitials – see Table VIII (Sec. 2.2.3). To a good approximation the cation interstitial 

location in the c-FP is the only one metastable position in CdTe. It means that out-diffusion of 

cation vacancy induces spontaneous relaxation of its interstitial partner in a FP, i.e., a FP does 

not dissociate as interstitial is following the jumps of diffusing vacancy. As a consequence, 

the stability of a FP in CdTe is limited solely to the effects of recombination.  

(ii) Generally, the situation in the case of ZnTe is similar. The jump along (2) line is possible, 

but the barrier for the return is very small, 0.1-0.2 eV. In contrast to CdTe, the metastability of 

out-diffused positions is clearly evident for all charge states (Table XVIII). Due to 

electrostatic effects this metastability is diminished as a FP becomes positively charged. The 

diffusion barriers for out-diffusion are enhanced by about 0.1 eV juxtaposing with barriers 

valid for isolated cation interstitials if a FP is positively charged  (it corresponds to cation 

interstitial in 2+ charge state) - compare Tables XVIII and VIII (Sec. 2.2.3). In negative 

charge states, when cation interstitial level is occupied, electrostatic repulsion of constituents 

facilitates out-diffusion in a FP compared with an isolated cation interstitial. Because of small, 
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but pronounced metastability of out-diffusion positions, FPs in ZnTe are expected to be less 

stable than in CdTe. Both recombination and out-diffusion of constituents can destabilize a FP 

in ZnTe.       

           

3.2 Anion sublattice 
 

I now turn to formation of a VTe - iTe  pair, i.e., an anion FP (a-FP). Properties of 

isolated VTe and Tei were discussed earlier in Secs. 2.3 and 2.4. The C3v symmetry 

configuration, similar to that for c-FPs, is the metastable configuration with the lowest energy 

(see Fig. 3.1, with Cd and Te atoms interchanged, to visualize the a-FP). In the case of c-FPs 

it is a natural configuration, as their isolated constituents maintain approximately the Td  

symmetry, and the final C3v  symmetry of a FP is a result of the superposition of the 

configuration of the vacancy and the interstitial. The perturbation stems more from the close 

vicinity of defects (i.e., correlated relaxation) than electrostatic interaction (see below for 

explanation). In the case of the a-FP the situation is different. An isolated anion vacancy can 

assume cation dimer and Td  configuration depending on a charge state (Sec. 2.3). An isolated 

anion interstitial occupies an ‘elemental Te’ like site that exhibits huge atomic rearrangements 

for almost all charge states except in Q=-2 charge state, for which the Td symmetry is 

conserved (Sec. 2.4). Formation of an a-FP inhibits most for these configurations. The a-FP 

manifests the C3v symmetry like a c-FP, but with a much smaller perturbation from the Td  

symmetry.  

The electronic structure of a-FP is presented schematically in Fig. 3.7. The large 

reconfigurations of isolated constituent defects cause the large lowering of energy levels with 

respect to the C3v configuration. It is especially evident in the case of vacancy, for which 

ground state the C2v  configuration has doubly occupied singlet below the VBM, whereas the 

anion vacancy in metastable C3v configuration introduces singlet close to the CBM. The 

singlet level of anion vacancy in a FP is above CBM (see Fig. 3.7), and give its two electrons 

to CBM, which with near zero energy barrier land into lower energetic levels originating from 

Tei. The resultant a-FP has fully occupied singlet and doublet, which originate from Tei in the 

C3v configuration. 

The close proximity of defects in the complex and the smaller electrostatic coupling 

between them increases the distance between V and I  by 0.2 Å in CdTe and 0.05 Å in ZnTe 

relative to the ideal configuration. This is in contrast to a c-FP, where the distance is 
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diminished and the corresponding values are bigger (see Sec. 3.1). The main reason for this 

peculiarity can be attributed to the equilibrium configurations and properties of the 

constituents of a FP and will be elucidated below. 
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   FIG. 3.7. Electron levels of a-FP, and its constituents in the lowest energy configurations 
and those characteristic of a-FP, i.e., in the C3v  symmetry. The triplet level of vacancy is in 
CB. The singlet level of interstitial is deep in VB. 
    

First, the relaxation which lowers greatly the level position of VTe is inhibited by the 

proximity of the interstitial. Thus, the orthorhombic ( vC2 ) relaxation mode, operative in an 

isolated anion vacancy, leading to the formation of Cd-Cd dimer bonds (Sec. 2.3) is not 

working here. When VTe forms a a-FP, the relaxation does not take place and subsequently a 

singlet position lowering is not realized. This restriction of atomic relaxation around VTe 

causes that the singlet level of VTe is above the CBM for all possible charge states of a FP. 

This is why the singlet of VTe in CdTe does not play crucial role during changes of charge 

state of the FP. The energetics and charging depends solely on anion interstitial. In the case of 

ZnTe the fully occupied singlet of  VTe  is below the CBM (Sec. 2.3). The singlet is positioned 

to within 0.05 eV like in an isolated case. Here, those two electrons are transferred from V to 

I. The singlet level of VTe in ZnTe is important in n-type regime, because it can accommodate 

up to 2 electrons even before the Fermi energy reaches CBM. That is why FP in ZnTe can 

assume 2- charge state (Fig.3.9b)  in contrast to CdTe (Fig.3.9a).   

Second, the splitting of triplet level of Tei stemming from symmetry breaking from Td  

to C3v  is weak and does not exceed 0.02 eV for all cases under study. The positions of split 
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triplet levels are to within 0.05 eV with those for isolated anion interstitials in the Td 

configuration (the values for 1- and 2- charge states are presented in Tables XII and XIII for 

CdTe and ZnTe, respectively).  

Third, it is important to emphasize that alterations in occupation of the singlet level of 

anion vacancy, although accompanied by 2e change in charge on the singlet, are not 

influencing overall net charge of this defect center. The similar behavior is common for 

transition metals (TM) in insulators [60] which exhibit peculiar tendency to maintain a 

constant local charge under external perturbations in terms of an inherent, homeostasis-like 

negative feedback. It is realized when the energetic relations between the anion dangling bond 

levels and those coming from TM orbitals are interchanged. The same symmetry 

representation and spin levels interact to result in bonding and antibonding levels. When the 

energy of TM level is lower than that of the anion dangling bond then the crystal field 

resonance which has pronounced TM character is bonding like. The antibonding dangling 

bond hybrid originates from the anion dangling levels. When the energetic relation between 

TM level and anion dangling bond is reversed (it can be realized, when additional electron is 

accommodated in TM orbitals, which is equivalent to charging of the defect), the bonding and 

antibonding origin is also switched. In this case the relative weight of the bonding levels shifts 

towards the ligands, and the negative feedback gives rise to a depopulation of TM charge in 

the bonding states. This outflow of charge counterbalances the increase in the antibonding 

gap-level charge. As a consequence of the self-regulated response, the net local charge at the 

TM site stays constant. The same charge self-regulation upon charging is observed for anion 

vacancy. Here, the 1a  orbital pertaining to the 0
TeV  is constructed from bondinglike 

combination of two Cd dangling bond orbitals, and is deep in the valence band. This is in 

contrast to ++
TeV  state which is formed by combination of four nearest neighbor orbitals, has 

antibonding character, and is resonant with CBM (see Sec. 2.3 for details).                     

The changes of total energy are shown in Fig. 3.8. Several features can be 

distinguished. 

1. The generation barrier exceeds 6 and 8 eV for any charge state, for CdTe and ZnTe, 

respectively. The generation of a FP in ZnTe costs more energy due to the higher stiffness of 

this compound in comparison with CdTe as it was discussed in detail in Chapter 2. The high 

energy to generate a VTe - iTe  pair is consistent with the calculated high formation energies of 

its constituent defects. One should remember that C3v  symmetry configuration is not the 

ground state of neither anion vacancy nor anion interstitial. Because the higher energetic 
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configurations have to be realized in a FP for its ingredients, the resultant formation energy is 

higher. 
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FIG. 3.8. Total energy change corresponding to a creation of VTe - iTe  Frenkel pair (FP) in 

(a) CdTe and (b) ZnTe as a function of the distance from the substitutional site (sub) for three 
charge states.   
 

2. Formation energies of a-FP have strong dependence on the charge state. The 

formation barrier decreases to 3.3 and 4.7 eV for the 3+ charge state, for CdTe and ZnTe, 

respectively. The values of formation barriers are prohibitively large even in highly p-type 

material (barriers are at least 1.5 eV higher in energy than the band gaps of a given material), 

and the generation of FPs on the anion sublattice may be neglected until high temperature 

regime is considered. Moreover, the stability of the a-FPs is diminished with the barrier for 

recombination of a a-FP decreasing from 1.5 to 0.2 eV with the change state changing from 0 

to 3+ (see Table XIX). Thus, a-FP, in both CdTe and ZnTe, are practically unstable with 

respect to recombination. The discrepancies between formation energies for EF  = VBM in 

Fig. 3.9 and those in 3+ charge state in Fig. 3.8 are due to the effect explained in Sec. 3.1 

(namely, differences between Figs. 3.5 and 3.2). Because of acceptor-like character a FP can 

lower formation energy when an electron reservoir becomes lower in energy than the split 

triplet level and approaches VBM. The further lowering of formation energy in ZnTe, 

compared to CdTe, when EF  approaches CBM is due to the same reasons like for c-FPs. In 

opposition to c-FPs the formation of a-FPs is easier if additional holes are present. This is due 

to the fact that the energetics of FPs is ruled by C3v symmetry configurated anion interstitial, 

which acts like a deep donor. In effect, any lowering of the EF is expected to lower formation 

energy. This is in contrast to c-FP, where energetics is governed by cation vacancy with two 
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additional states of cation interstitial acting like 2 additional deep acceptor levels. Naturally, 

cation vacancy is an acceptor, also as a FP’s constituent, but because of pronounced 

interaction with cation interstitial it becomes much more deep (Fig. 3.5). In the case of a-FP, 

the interaction with its partner in a FP is weaker, mainly because of negative feedback effect 

that causes anion vacancy charge to be constant and overall neutral upon charging. Thus an a-

FP has formation energy behavior facets very similar to those characteristic of formation 

energy of an isolated anion interstitial (cp. Fig. 3.9 and Figs. 2.23 and 2.24). a-FPs, both in 

CdTe and ZnTe, have transition energies within 0.25 eV to isolated anion interstitials in 

corresponding compounds. Finally, one can interpret the dependence of barrier heights on the 

charge state of the FP using the scheme adopted in the case of c-FP. Generation barriers are 

determined by the interaction between the interstitial of a-FP and the three anion atoms. In 

covalent-ionic CdTe and ZnTe, three anion atoms that form a plane, which is to be passed by 

the interstitial just in order to generate a-FP, are negatively charged. Thus, additional holes on 

the interstitial facilitate generation of a-FP. On the other hand, the a-FP is stabilized by four 

cation atoms, which are positively charged, and electrostatic interplay between surrounding 

cation atoms and the interstitial determine recombination barriers. In this case, negatively 

charged a-FP enhances recombination barriers, and thus also stability of a-FP.       

3. Positive binding energies for both CdTe (Fig. 3.9c) and ZnTe (Fig. 3.9d) reflect the fact 

that low-energy, highly reconstructed configurations cannot be realized in the case of a-FP. If 

the 2C  symmetry a-FP was created, it would be less demanding energetically to generate and 

the binding energy could be negative. Moreover, the energy transfer from the singlet of TeV  to 

the split triplet of iTe  is not large and accompanied by electrostatic interaction which if was 

operative would decrease formation energy and move binding energy negative. Negative 

binding energy denotes a situation where total energy of a FP is lower than the sum of isolated 

constituents of the FP. It can be realized by charge transfers, surplus relaxation or interaction. 

In an a-FP the first contribution is small, the second nonexistent (actually, the stifled 

relaxation acts oppositely and enlarge the formation energy), and the last negligible due to 

charge self-regulation of anion vacancy. As a result, mainly due to strongly restricted 

relaxation and destitution of the other contributions, the binding energy is positive. In the case 

of a c-FP, relaxation is also weakened with respect to the isolated cases, but this inhibition is 

small and compensated by pronounced interaction and a charge transfer which together turn 

complex binding energy negative. An a-FP in CdTe has binding energy positive irrespective 
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of EF. The a-FP in ZnTe is expected to be weakly stable against its constituents disproportion 

in n-type regime and close to the intrinsic region.         

 

   TABLE XIX. Calculated diffusion barriers (in eV) for different configurations and charge 
states of a-FP in CdTe and ZnTe. 
 

             Barriers  
 Path 

 
Charge    
  state 

CdTe ZnTe 

sub-FP    2-   6.6   8.6 
FP-sub    2-   1.6   2.2 
sub-FP     -   6.6   8.8 
FP-sub     -   1.7   2.3 
sub-FP     0   6.4    8.6 
FP-sub     0   1.6   2.2 
sub-FP    +   5.0   7.1 
FP-sub    +   0.8   1.5 
sub-FP    2+   3.8   5.8 
FP-sub    2+   0.1   0.8 

     sub-FP         3+         3.3        4.7 
    FP-sub         3+        0.0        0.2 
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   FIG. 3.9. Calculated dependencies on the Fermi energy of (a) formation energies iV TeTe +  

in (a) CdTe and (b) ZnTe, and of the binding energies of FPs in (c) CdTe and (d) ZnTe. 



 88 

  TABLE XX. Calculated dissociation barriers (in eV) for different diffusion mechanisms and 
charged states of a-FP ( iV TeTe + ) in CdTe. The values in parentheses represent diffusion 

barriers for the return to the initial a-FP configuration.  
 

iV CdCd +  in CdTe  

    0FP     +1FP      +2FP      +3FP       +4FP      −1FP     −2FP   

First      
neighbor 

0.85 
(1.85) 

0.40 
(1.55) 

0.20 
(1.45) 

0.10 
(1.10) 

0.05 
(0.95) 

0.35 
(0.65) 

0.00 
(0.25) 

Plane    
Passing 

1.25 
(1.10) 

1.35 
(1.40) 

0.35 
(1.80) 

0.40 
(1.55) 

0.35 
(1.30) 

1.65 
(1.40) 

1.10 
(0.85) 

Cluster  
Assisted 

2.20 
(1.95) 

2.45 
(2.20)  

1.65 
(2.40) 

1.70 
(2.60) 

1.45 
(2.50) 

2.20 
(2.00) 

1.75 
(1.85) 
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Fourth  
neighbor 

3.65 
(3.90) 

3.75 
(3.65) 

1.40 
(3.40) 

1.30 
(3.15) 

1.30 
(3.45) 

3.75 
(3.40) 

3.35 
(3.15) 

    Diffusion  
      of Te i 

0.05 
(0.00) 

0.00 
(1.50) 

0.00 
(1.50) 

0.00 
(1.20) 

0.00 
(1.05) 

0.05 
(0.00) 

0.15 
(0.00) 

 
 

  TABLE XXI. Calculated dissociation barriers (in eV) for different diffusion mechanisms 
and charged states of a-FP ( iV TeTe + ) in ZnTe. The values in parentheses represent diffusion 

barriers for the return to the initial a-FP configuration.  
 

iV ZnZn +  in CdTe  

    0FP     +1FP      +2FP      +3FP       +4FP      −1FP     −2FP   

First      
neighbor 

0.25 
(2.00) 

0.05 
(2.00) 

0.00 
(2.10) 

0.15 
(1.90) 

0.20 
(1.60) 

0.40 
(2.25) 

0.00 
(2.30) 

Plane    
passing 

0.90 
(2.10) 

0.85 
(2.00) 

0.50 
(1.95) 

0.40 
(1.80) 

0.35 
(2.00) 

0.90 
(2.40) 

0.60 
(2.45) 

Cluster  
assisted 

1.40 
(2.75) 

1.75 
(2.55) 

1.25 
(2.70) 

1.00 
(2.35) 

1.05 
(2.05) 

1.40 
(2.60) 

1.15 
(2.70) 
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Fourth  
neighbor 

2.15 
(4.85) 

2.05 
(4.10) 

1.40 
(4.20) 

3.50 
(3.45) 

1.10 
(4.15) 

2.00 
(4.95) 

1.55 
(5.00) 

    Diffusion  
      of Te i 

0.05 
(0.15) 

0.00 
(1.60) 

0.00 
(1.90) 

0.00 
(1.55) 

0.00 
(1.20) 

0.00 
(0.25) 

0.00 
(0.25) 

 
 

The analysis of dissociation of a-FPs corroborates earlier considerations and results. 

The positive binding energy in both CdTe and ZnTe suggested that these FP can be unstable 

against dissociation. Due to unrealized, pent-up relaxation there is a tendency for the complex 

to dissociate. The results in Tables XX and XXI prove this assumption. From the point of 

view of anion interstitial in both CdTe and ZnTe, there is a propensity to disproportionate a 

FP. The barriers to accomplish this dissociation are zero or negligible. The easiness of out-

diffusion of anion vacancy also encourage the dissociation. Even diffusion to the first 
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neighbor, not active in c-FPs, is acting in favor of tearing the FP apart. The diffusion of anion 

vacancy to both the second and the fourth neighbor also favors the dissociation, although not 

in all cases in CdTe. The barrier height relations between different mechanisms and different 

compounds are similar like in the previous investigations of diffusion.  

To conclude, a a-FP is expected to be difficult to form and unstable against a 

disproportion of its constituents.    

 

 
3.3 Conductivity switching and electric polarization effects   
       – a microscopic model 
 

 

Experimental results on conductivity switching and polarization effects can be 

summarized as follows: 

(1) Schottky diodes based on CdZnTe [61, 62], CdZnS [63], CdZnSe [64], and CdMnTe 

[65] exhibit resistive bistability, i.e., reversible changes of resistivity between low and high 

resistance states induced by sufficiently high external voltages. Depending on the system, 

conductivities in these states differ from 2 to 6 orders of magnitude. They are due to the 

changes in carrier concentration and not because of changes in the mobility.  

(2) II-VI alloys in high resistive state reveal ferroelectric-like behavior, i.e., the presence of 

electric polarization with a hysteresis loop [61, 62, 66-68]. Electric polarization can be altered 

by free carriers generated by illumination of the samples [61].  

(3) Conductivity switching and ferroelectric-like behavior are observed only in alloys, and 

are absent in the end binary compounds [62, 68]. For example, the effect is observed in 

CdZnTe with the Zn content ranging from 4 to about 30%, but in neither pristine CdTe nor 

pristine ZnTe [62, 67]. 

(4) CdZnTe alloys have an undistorted zinc-blende structure, as shown recently by 

synchrotron radiation diffraction [69] and X-ray diffraction [62]. 

(5) Polarization effects in CdZnTe are observed in both bulk samples and epitaxial layers, 

and in both intrinsic and p-type samples, which indicates that the effects have an intrinsically 

bulk character [62, 70]. 

(6) Current-voltage characteristics and ferroelectric hysteresis is asymmetric in crystalline 

samples, and symmetric in polycrystalline samples [70].  

(7) Optical spectra of CdZnTe are different in the two resistivity states [71].  
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Bistabilities of conductivity and electric polarization were previously observed in 

Schottky diodes based on the ferroelectric semiconductor PbTiO3 [72]. In this system, the 

intrinsic electric field of PbTiO3 contributes to the total field in the diode. Interpretation of the 

experiment is based on the fact that a reversal of ferroelectric polarization induces changes in 

the width of the depletion zone, and thus switches the diode between the high- and the low-

conductivity states. The observed electrical characteristics of diodes based on II-VI alloys 

strongly resemble those of ferroelectric diodes. However, the zinc-blende structure of II-VI 

alloys prohibits ferroelectricity, and thus a different explanation is expected to be found. 

Clearly, it is not possible to provide a detailed interpretation of all experimental results at this 

stage, since this would require both a more complete experimental understanding of physical 

processes, and a simulation of conductivity of diodes at the mesoscopic scale, which is 

outside the scope of this thesis. However, the results obtained were allow to tentatively 

propose that the experimental data listed above stem from the generation-recombination of V-

I pairs.  

In particular, generation of c-FPs may explain conductivity switching in CdZnTe diodes. The 

scenario is schematically shown in Fig. 3.10. Initially, the junction is in the low-resistivity 

state, since free carriers are present and concentrations of possible compensating defects are 

negligible. When the applied voltage is high, the induced electric field causes bending of 

bands and accumulation of electrons at the appropriate interface. The presence of excess 

electrons induces in turn generation of FPs, as it is discussed in Sec. 3.1 and shown in Fig. 

3.10b. The process of c-FPs’ generation is expected to be operative in CdZnTe as the 

elementary excitations are comparable in energy to the formation barriers, especially in the 

presence of additional electrons when the formation energy of the FP is lowered considerably. 

In the situation of FP’s formation, partially occupied states exist in the band gap, and 

electrons from the defect states may compensate free holes and switch the system to the high-

resistivity state. This process is shown for a p-type layer, but the possibility of compensation 

of n-type layers is also evident. As it was shown during discussion of c-FPs, after 

compensation, i.e., after losing electrons from the fully occupied state,  the cation vacancy is 

not expected to behave as dominating acceptor, which is the case for an isolated cation 

vacancy. The formation of a FP induces the increase of the single electron levels of a cation 

vacancy by about 0.2 eV, and the ionization is considerably less efficient in the room 

temperature regime. FPs may recombine, which brings the system back to the low-resistivity 

state (a). The recombination can be caused by oppositely biased voltage or injection of holes 

as it was shown in Sec. 3.1. Thus, cation interstitial in a FP, which is electrically active, can 
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return to the substitutional position as high voltage is applied (temperature stimulus can 

accomplish this too). Although the levels are also optically active the switching between 

resistivity states is expected to be limited as a change in charge state of a FP does not 

destabilize profoundly the defect. This is in contrast to DX-like effects which are metastable 

only in one charge state, and optical manipulation actively influences the formation and the 

recombination of those defects provided they are optically active. Nevertheless, both barriers, 

i.e., the formation and for the return to the substitutional position (it was shown in Sec. 3.1 

that dissociation for iV Zncation −   entails higher energies, thus can be omitted in this 

discussion), can be altered by illumination and can influence greatly the efficiency of electric 

and temperature stimuli when applied simultaneously with optical one. Despite this limitation 

the optical experiments can probe two resistivity states and this model also explains why the 

observed optical spectra in the low- and the high-resistance states are different, ascribing the 

effect to the presence of defects in the latter case.  

 

 

FIG. 3.10. Scheme of the electronic structure of CdZnTe. (a) Low resistivity situation: p-
type CdZnTe with holes in the valence band. No defects are present. (b) High resistivity 
situation: after the generation of iV Zncation −  pairs the holes are compensated by electrons 

from the defect states.  
 

The presence of FPs is also a possible source of electric polarization and its changes. 

In fact, electric polarization and its hysteresis are observed in the samples in the high-

resistivity state in which, according to the proposed model, there is a finite concentration of 

FPs. Since cationV  is a double shallow acceptor and iZn  is a double deep donor, after 

formation of the complex two electrons are transferred from the interstitial to the vacancy, 

which corresponds to the formation of an electric dipole shown in Fig. 3.11. According to the 
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results of Chapter 1, diffusion of a positively charged ++
iZn  occurs by long jumps between 

two adjacent T:Te sites with a barrier of about 0.85 eV. The calculation of diffusion between 

configurations (each time the interstitial is located approximately at T:Te) presented in Fig. 

3.11 of a positively charged ++
iZn  being in iV Zncation −  complex gives value of 0.90 eV. 

Moreover, an investigation of diffusion in Sec. 3.1. implies that the out-diffusion of cation 

interstitial in such a complex in CdTe is expected to be highly improbable (see Table XVII). 

In the presence of external electric field, dipoles align along the field direction, and a change 

of the direction of the field induces a reconfiguration of the dipoles. However, since there are 

energy barriers between different configurations, a hysteresis of polarization is expected, in 

agreement with observations. Moreover, as the external electric field is approximately 

homogenous in the sample, the formation of dipoles in a direction indicated by the direction 

of applied electric field is energetically privileged. Finally, it was shown in Sec. 3.1 the 

electric dipoles lower their formation energy when they align in parallel with each other 

which suggests macroscopic orientation of dipoles. 

 

     

FIG 3.11. Two configurations of a iV Zncation −  pair in CdZnTe. Cd and Te atoms are 

represented by white and black spheres, respectively. Dotted circles indicate possible 
interstitial T:Te sites. Left and right figures correspond to two different orientation of the 
electric dipole of the FP. 

 
  

The proposed model requires a relative stability of FPs, which otherwise would 

recombine or dissociate. Stability of FPs from the point of view of the former aspect is 

discussed in Sec. 1.1, where I point out that in general there are finite barriers for 

recombination of  0.45-0.60 eV (for CdTe:Zn in different charge states). These values are at 

least twice higher than the barriers of 0.2 eV calculated for metastable DX-like configurations 
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of anion vacancies in ZnO and CdTe, which were proposed to cause PPC effects at room 

temperature [51]. Similarly, it was proposed that the barrier of 0.32 eV stabilizes metastable 

DX centers in Cu(In,Ga)Se2 up to 300 K [5]. Finally, since the diffusion barrier of 0.2 eV is 

sufficient to prevent annealing of FPs in Si up to 150 K [4], one may expect that the barriers 

of about 0.5 eV should stabilize FPs in CdZnTe at room temperature. The calculated barriers 

for return also explain why annealing at the temperatures of about 400 K causes that the 

samples return to low resistivity state. Furthermore, as it follows from Tables XVII and 

XVIII, the barriers for the jump to the tear the FP apart are more than 1.2 eV, which is 

relatively high and thus stabilizes the iV Zncation −  pair with respect to dissociation.  

As it was already mentioned, the switching effects are observed only in alloys. This 

fact was recently confirmed by a detailed experimental study of CdZnTe [62]. The results of 

Sec. 3.1 are in qualitative agreement with this observation. First, the barrier for generation of 

a iV Zncation −  pair is the lowest, see Figs. 3.2 and 3.3 and Table XV. Second, this pair is the 

only one with pronounced stability in all accessible charge states. For the remaining FPs in 

the 1+ state assumed in p-type samples the barrier for recombination is lower than 0.1 eV, or 

vanishes, see Fig. 3.2 and Table XV. These two factors may explain why both the 

conductivity switching and the ferroelectric behavior are observed only in CdZnTe alloys, and 

are absent in pure ZnTe and CdTe.  

Finally, the model implies that in monocrystals both the resistivity switching and the 

polarization effects are not symmetric when the sign of the applied voltage is reversed, 

because the formation of the V-I pairs occurs along the [111] direction that lacks the reflection 

plane. This feature agrees with experimental results, which are symmetric only in the case of 

polycrystalline samples.  

Concluding, the proposed microscopic model provides a tentative and qualitative 

interpretation of the experimental observations (1)-(8) summarized at the beginning of this  

Section. However, there are other effects that may affect both the resistivity and the 

capacitance of diodes based on II-VI alloys, such as the field-driven in-diffusion, surface 

effects and electromigration of contaminations from contacts due to the lack of control of 

interfaces.  
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3.4 Influence of the electrical conductivity on magnetic 
properties of CdZnMnTe 

 
 

It is interesting to investigate the possibility of expanding the functionality of CdZnTe 

alloys by adding magnetic Mn ions into the system.  CdMnTe is well known and the most 

extensively studied compound in VI
x

II
x1 BMnA − group in which Mn ions are 

antiferromagnetically (AFM) coupled by superexchange type interaction mediated by Te 

atoms [73].  The coupling is short ranged, nonvanishing practically only in the first neighbor 

configuration. These well established findings, in line with the electronic structure 

peculiarities, were corroborated in my LSDA calculations in which substitutional, low 

resistivity state 322129 TeMnZnCd  and 642161 TeMnZnCd  in different configurations was 

considered.  In this case, both the Zn and the Mn atoms occupy cation sites. The first neighbor 

configuration represents the situation when two Mn ions are spaced only by the Te atom, like 

presented in Fig. 3.12. The coupling constant J is defined as the computed total energy 

difference between ferromagnetic (FM) and AFM configuration. The interaction is definitely 

short-ranged as expected, see Fig. 3.13.  Because of the short-range interaction of the Mn 

ions, even relatively small supercells can adequately describe the magnetic behavior. In 

consequence, enlarging the system does change J only slightly as witnessed in Fig. 3.13. 

The situation changes dramatically when a FP already attributed high resistivity state 

(see Sec. 3.3) is generated in the system with the Mn ions. In this case, the Mn ions are 

coupled FM, and the interaction is not limited to first neighbor (Fig. 3.14). It is important to 

employ big supercells to obtain undistorted picture of the dependence of J on the distance 

between magnetic ions. The interaction is operative to the third nearest neighbor, which 

suggests that the concentration of the Mn ions exceeding 6.2 % should be enough to establish 

percolation in zinc-blende structure [74]. The long-range FM interaction of the Mn ions is 

mediated by one of the levels of the cation vacancy which is the building block of a FP that 

was generated in the system (Fig. 3.15). This statement is substantiated when comparing the 

spatial distribution of spin-down polarization with 
2ψ  of the levels inherent to cation 

vacancy in a FP. As it was underlined in Sec. 3.1 the formation of a FP lowers of the local 

symmetry from Td  to C3v  which splits the triplet level of the cation vacancy into a doublet 

and a singlet. The 
2ψ  of the triplet level (Fig. 2.2) decomposes into 

2ψ  of the higher 
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energetic singlet, and the doublet level (Fig. 3.16a and 3.16b, respectively).  
2ψ  of the singlet 

(Fig. 3.16a) matches the spatial distribution of spin-down polarization (Fig. 3.15b). 

  

  FIG. 3.12. Isosurfaces of (a) spin down, and (b) spin up polarization for substitutional, the 
Mn and the Zn ions on the cation-site, AFM coupled 322129 TeMnZnCd . The Mn ions are in 

the first neighbor configuration.   
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FIG. 3.13. Calculated dependence of the exchange parameter on the distance between the 
magnetic atoms in substitutional CdZnMnTe for various supercells. See text for the definition 
of J and the discussion. The lines are to guide eye only. 
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FIG. 3.14. Calculated dependence of the exchange parameter on the distance between the 
magnetic atoms in CdZnMnTe with c-FP for various supercells. See text for the definition of J 
and the discussion. The lines are to guide eye only. 
 

 

  

   FIG. 3.15. Isosurfaces of (a) spin up, and (b) spin down polarization for the FM coupled Mn 
ions in the first neighbor configuration in 322129 TeMnZnCd  with a c-FP.    
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   FIG. 3.16. Wave function square of (a) the singlet, and (b) the doublet levels pertinent to the 
cation vacancy in CdZnTe with c-FP.     
 

 

 Preliminary experimental results of CdZnMnTe samples exhibiting electric 

polarization bistability corroborate my theoretical inquires [75]. EPR spectra experiments 

indicate that upon conductivity switching a quality change of magnetic behavior of the 

material takes place, and this change undergoes in a way I presented in this section.  
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Chapter 4 

Frenkel pairs in other semiconductors 
 
 
 
 
In this Chapter, the generation of FPs is investigated in the other important semiconductor 
systems. Both c-FPs and a-FPs are taken into consideration. In the beginning, I analyze these 
defects in two technologically important zinc blende systems, namely GaAs and 3C-SiC. Next, 
FPs are researched in wurtzite structure which although similar to the zinc blende structure 
can manifest different generation mechanism and exhibit diverse facets. Two emerging and 
intensively researched nowadays wurtzite compounds are addressed: GaN and ZnO.  
 
 
 
 

4.1 GaAs 
 

GaAs, similar to Si, was intensively investigated from the inception of ab-initio 

studies. In particular, the study of the defects received a decent attention [76-86]. In terms of 

relative concentrations of the native defects, the As antisite AsGa is dominant in p-type 

regime, and the Ga vacancy VGa in n-type, both under the As-rich limit. For Ga-rich 

conditions and p-type, there are two defects: the As vacancy VAs and the Ga interstitial iGa  

with very similar Eform. In n-type material the Ga antisite GaAs is a dominant native defect. It 

should be underlined that in any circumstances the anion interstitial iAs  is energetically 

costly to produce. Because of this the defect pairs containing the above lowest-formation-

energy constituents were envisioned to play an important role. Actually, the defect pairs, such 

as the DX centers [57], the EL2 [57], and the divacancies [79] were intensively investigated 

by both theoretical and experimental community. Due to the relatively high Eform of both a-
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FPs and c-FPs they are expected to be energetically costly to generate. Eform of native defects 

differ from paper to paper, mainly because of different methodologies, supercell sizes, and 

methods implemented. Nevertheless, there is general agreement on the following properties of 

native defect (my results corroborate these finding):   

(i) VGa acts like an acceptor with both transition energies )(0/1Ga −Vε , )2/(1Ga −−Vε , and  

)3/(2Ga −−Vε within 0.3 eV above the VBM [83]. Eform in As-rich regime is about 3 eV for EF 

at the VBM and lowers below 1 eV at the CBM (EF=Egap). In Ga-rich regime Eform is 

respectively higher by the calculated ∆H in GaAs, ~1.0 eV [79, 80, 86], which is close to the 

experimental value, 0.736  eV [87]. In contrast to Vcation  in II-VI compounds, VGa in the 

neutral charge state introduces the triplet level, which is occupied with three electrons.  

(ii) iGa  introduces a level in the band gap occupied with three electrons. The respective 

transition energies, )0/(Gai +ε  and )1/0(Gai −ε , are 1.0 and 1.2 eV above the VBM [86], which 

underline the amphoteric character of the iGa . Eform for EF = 0 is below 1.5 eV at the Ga-rich 

limit. In n-type, under the Ga-rich conditions, Eform is about 2.0 eV. In all cases under study 

iGa  prefers to occupy the T:Ga tetrahedral interstitial site [86]. 

(iii) VAs is a deep donor, which in the Ga-rich limit, and for EF = 0,  has relatively low Eform, 

0.8 eV. In p-type it is in 3+ charge state in which the system undergoes substantial relaxation 

leading to the rehybridization of the four Ga atoms toward sp2 bonding [81]. This lowers Eform 

by 1.5 eV making it a dominant defect in this regime and shifts upwards the 1a  level to about 

1.1 eV above the VBM. The relaxation mode, similar to that observed in the Vanion in II-VI 

compounds (Sec. 2.3), results in nearly planar sp2 bonding configuration. In n-type sample, 

the 1a  level captures two electrons, and VAs  is in 1+ charge state with Eform of about 4 eV. 

The corresponding transition energy is expected to be in the mid band gap. Eform under the As-

rich regime are higher than those at the Ga-rich regime by the ∆H. 

(iv) iAs  is an amphoteric native defect. It has a split interstitial ground state configuration in 

the neutral or -1 charge state, which entails two As atoms sharing an arsenic lattice site, 

displaced from this site in opposite directions along a [110] axis. The lowest energy 

configuration for positively charged iAs , namely the +1 charge state, is a split interstitial 

consisting of an As atom and a Ga atom sharing a gallium site, displaced from this site in 

opposite directions along a [100] axis [83-85]. The corresponding transition energies, 

)0/1(Asi −ε  and )1/0(Asi +ε , are within 0.2-0.6 eV above the VBM [83].  For all accessible EF,  

Eform in the As-rich limit is not lower than 3.5 eV [83]. 
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 Despite the fact that VAs and iAs  do not occupy sites with the Td  symmetry, both c-

FPs and a-FPs have the C3v  symmetry in the ground state. Other configurations are much 

more energetically demanding with very small or zero barriers to relax into the ground state. 

The generation and recombination barriers (Table XXII) suggest that both types of FPs are 

possible, but energetically costly to generate. The material trends are similar to those 

characteristic of FPs in CdTe and ZnTe (Chapter 3): 

(i) The generation of c-FPs requires less energy than their anion counterparts for the same 

reasons like in CdTe and ZnTe.  

(ii) The generation barriers of c-FP can be further decreased in the presence of additional 

electrons, in opposition to a-FP which has comparable Eform in both intrinsic and n-type 

material.    

(iii) The injection of holes does not influence in a pronounced way the generation mechanism 

for c-FP. On the contrary, the generation barriers are considerably lower in p-type material for 

a-FP. 

For short, even in n-type samples the generation of c-FP costs above 4 eV, which is 

prohibitively large in comparison with accessible energies and excitations (~ Egap = 1.5 eV). 

That is why generation of neither c-FPs nor a-FPs is expected to be efficient.   

 

 TABLE XXII. Calculated diffusion barriers (in eV) for different configurations and charge 
states of a-FP and c-FP in GaAs.  
 

            Barriers  
 Path 

 
Charge    
  state 

Anion  
   sublattice 

   Cation  
  sublattice 

sub-FP    2- 6.71 4.24 
FP-sub    2- 0.97 1.28 
sub-FP     - 7.38 4.89 
FP-sub     - 0.98 1.09 
sub-FP     0 7.57 5.34 
FP-sub     0 0.97 1.03 
sub-FP    + 7.08 5.25 
FP-sub    + 1.01 1.02 
sub-FP    2+ 6.52 5.14 
FP-sub    2+ 1.13 1.04 

 

FPs in GaAs were investigated in Ref. 76, and the calculated Eform agree to within 0.5 

eV with my results. Eform was varied over EF, and it was found that the c-FP is amphoteric in 

opposition to the a-FP which has a donor-like nature. The detailed comparison is not possible 
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due to the lack of barriers in Ref. 76, small supercells implemented, and failure to account for 

relaxation effects, which according to my calculations play an important role. 

 
 

4.2.  3C-SiC 
 

SiC is a very important emerging compound for high temperature, high frequency, and 

high voltage applications due to its high electron mobility, high thermal conductivity, high 

electron saturation velocity, and a wide bandgap. The comprehensive and unanimous 

investigation of native defects is complicated by the pronounced polytypism of the compound. 

More than 200 SiC polytypes have been determined, and two typical polytypes are zinc 

blende, 3C-SiC, with pure cubic stacking of the Si-C bilayers in the [111] direction and 

wurtzite, 2H-SiC, with pure hexagonal stacking in the [0001] direction. The other polytypes 

represent rhombohedral or hexagonal combinations of these stacking sequences with n Si-C 

bilayers in the primitive cell. When it comes to native defects, the differences between 

different polytypes are not very pronounced (see for example Ref. 88). I analyze only 3C-SiC 

here. There is a lot of publications concerning native defects in cubic SiC [88-94]. Generally, 

because of the strong chemical bonds done by C, the formation of native defects is very 

costly, and the mobility of such point defects is reduced. They are thermally stable at room 

temperature, and far above. Under C-rich regime the carbon vacancy VC  is the dominant 

native defect in p-type material, and when EF approaches the CBM its equilibrium 

concentration is only than that of the carbon antisite CSi . In the Si-rich limit, VC  is still the 

defect with the lowest Eform, which is 1 eV less than the silicon antisite, SiC. In n-type sample, 

both VC  and SiC  dominate among all native defects. The properties of native defects acting as 

constituents of FPs that are the subject of my investigation (my results, in general, agree with 

those obtained in literature [88, 94]) are the following: 

(i)  The generation of VC  is generally accompanied by a remarkable Jahn-Teller distortion and 

as a consequence the low-spin states of VC  exhibit a negative-U behavior. The prototype 

behavior of this happens for 0CV . Here, the costs in energy to distort the crystal locally are 

overcome by an energy gain due to the overlap of dangling bonds and the formation of new 

dimerlike bonds, like it was in the case of Vanion in CdTe or GaAs. The effect is weakened for 

+
CV  and vanishes for ++

CV  . Under equilibrium conditions in the p-type limit, regardless of 

stoichiometry, VC is a double donor with transition energy to neutral charge state of around 
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0.8 eV. In the Si-rich limit for EF = 0, Eform of  ++
CV  is around 1eV, and for EF = CBM, VC is in 

neutral state with Eform of around 4 eV. In C-rich conditions Eform is increased by the 

calculated ∆H which is ~0.75 eV. 

(ii) VSi  has Eform higher than 6 eV for all EF. For all charge states only an outward breathing 

relaxation occurs due to the strong localization of the C dangling bonds at the neighboring C 

atoms. Consequently, high-spin configurations are predicted for VSi with no Jahn-Teller 

distortion occurring independent of their charge state [88, 95]. The Td symmetry is conserved 

and the basic mechanism is an outward breathing relaxation which increases with the 

decreasing number of electrons located at VSi . The prohibitively large Eform clearly indicates 

that the concentration of VC is higher than that of VSi under equilibrium conditions. Only 

under extremely C-rich conditions and high n-doping levels Eform of  −−
SiV  approaches the 

values for VC . 

(iii) The neutral carbon interstitials Ci are found to have several nearly degenerate total-

energy minima configurations in split-interstitial geometries (namely, the [100] split at carbon 

surrounded site, the [110] split at silicon surrounded site, and the geometry being the mixture 

of the two above see  [94]), with Eform ranging—besides higher metastable ones—from 6.3 to 

6.7 eV in stoichiometric SiC. Ci introduces deep levels in the band gap. The defect has 

amphoteric nature and Eform for any chemical potential, and for all EF is not lower than 4 eV. 

(iv) The neutral silicon interstitials Sii have a clear ground state configuration at the 

tetrahedral site with the carbon nearest neighbors, with Eform = 6.0 eV. The split interstitial in 

the [110] direction at the silicon site and the tetrahedral configuration with the silicon nearest 

neighbors are metastable and have the significantly higher Eform. In contrast to  Ci, Sii  at the 

tetrahedral site behaves like a shallow donor [94]. 

Now I turn to a discussion of FPs. According to my results, a plethora of defect pairs 

are metastable and thus possible to generate. This is due to the huge stiffness of the material, 

and the reduced role of relaxation and atomic rearrangements compared to CdTe. Thus, for 

example, in c-FPs the interstitial and the vacancy can be either the nearest- or the second-

nearest-neighbors configurated. Moreover, the diverse lowest energetic configurations 

characteristic of  Ci  are maintained and can form FPs. This is in opposition to FPs in softer 

CdTe or ZnTe, where the relaxation is much bigger and involves more surrounding atoms. 

The constituent defects may attract each other in 3C-SiC also at larger distances and in this 

way the recombination of the remote vacancy and interstitial demands a migration of the 

interstitial to the vacancy (this is because of the lower diffusion barriers of the interstitials 
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comparing to the vacancies [92]). In this thesis I analyze the generation and recombination of 

the following FPs: 

(a) a-FPs: 

(i) In the nearest-neighbor pair, VC forms a complex with the split Ci  at a silicon site 

C100SiC V−>< . Here, the only stable configuration is the one containing a three-fold 

coordinated Ci with a silicon dangling bond. The pair can assume the charge states from 2+  to 

1-.  The interaction of the p orbital of Ci and the silicon dangling bond of the vacancy located 

within the same plane gives rise to the formation of the defect states. The corresponding 

transition energies when coming from 2+ to 1-  are 0.5, 0.6, and 1.7 eV, which is in line with 

those calculated in Ref. 92 (0.4, 0.7, and 1.8 eV, respectively). Due to the origin of the defect 

states, the recombination in n-type can be understood as a transition from the localized to the 

delocalized conduction band states [96] and in p-type as the neutralization by an electron 

transfer – see Fig. 4.1. Because of an additional energy cost in the form of charge transfer to 

more energetic the CBM in n-type, FPs are expected to manifest more stability from the point 

of view of a recombination. This is reflected in rising recombination barriers as EF increases 

(Table XXIII). The generation of the FP costs a lot of energy, above 4.5 eV. Nevertheless, the 

binding energies are the biggest among all FPs under study. They are -2.3, -3.1, -3.8, and -4.2 

eV for 2+, 1+, 0, and 1- charge state respectively. The Eform and generation barriers are the 

lowest amidst all considered FPs which is mainly due to the origin of the defect state.   

n-typen-type p-type

 

    FIG. 4.1. Defect levels of C100SiC V−><  in 3C-SiC. Red arrow indicates electron transfer 

required upon recombination in n-type. 
(ii) The second-neighbor pair C100CC V−><  has the interstitial located at the neighboring 

carbon site. The complex exists in the same charge states like the FP described above and 

introduces an interstitial-originated defect level in the bandgap. The calculated transition 
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energies from 2+ to 1- charge state (0.7, 1.0, and 1.7 eV) are within 0.1 eV accuracy 

compared with the respective values calculated in Ref. 92. The FP is less stable, i.e., the 

recombination barriers can be about 1 eV lower than those for C100SiC V−>< . Because both 

constituents are positively charged in p-type, and as a consequence repel electrostatically each 

other, the recombination barriers are higher.  The formation energies are about 1.5-2 eV 

higher than for FP described in (i). The binding energies are about -1 eV for all accessible 

charge states. 

(iii) The FP where the tetrahedral Si-coordinated interstitial is displaced along the [111] 

direction away from a carbon vacancy CC VTd −  introduces defect levels originated from Ci. 

The FP can assume four charge states, 2+ through 1- with the corresponding transition 

energies: 0.8, 0.9, and 1.1 eV. It is worth noting that the isolated tetrahedrally configurated Ci 

is metastable, with Eform above 7.5 eV, and relaxes with negligible barrier into split 

configuration. Despite the stiffness of the host material and the weak metastability of the 

interstitial constituent CC VTd −  generation is possible. This is in contrast with the results of 

Ref. 92, where such a FP was not found to be metastable. The binding energies are 

approximately -0.5 eV. Nevertheless, the generation barriers are prohibitively large. 

(b) c-FPs: 

(iv) According to my calculations, the FP where the interstitial is tetrahedrally coordinated at 

the C site, SiSi VTd − ,  is the only metastable configuration. It exists only in neutral and 

positive charge states. This was corroborated also in Ref. 92. I found that the FP can 

recombine via a hop of the interstitial passing close to the adjacent T:Si site (Table XXIII) in 

contrast to the results of Ref. 92. They acknowledge that instead of the above path an 

antistructure pair forms CSi-SiC. It is accomplished by a hop of the carbon neighbor into the 

VSi  and, simultaneously, the interstitial displacement into the site left by the carbon atom in a 

concerted manner. The reaction barrier amounts to 3.2 eV for all accessible charge states, 

which is comparable with the migration barrier of the Sii  at the T:C site. My calculations 

support the feasibility of this path, but with calculated diffusion barrier of higher than 2.9 eV 

for any charge state it puts this process lower in hierarchy of annealing mechanisms. It costs 

at least 1 eV more than the recombination along the [111] direction. The generation barriers 

are enormous and important only when considering irradiation experiments. The binding 

energies are not surpassing 0.4 eV.  

Rauls et al. [97] investigated the recombination of the vacancies with the split Ci  in 

4H-SiC where only neutral FPs were considered. Similar recombination barriers were found 
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as in my calculations for 3C-SiC. Furthermore, native defects in 3C-SiC and 4H-SiC bear a 

close resemblance giving only quantitative differences [88, 94]. These can be explained by the 

huge stiffness of SiC and the same atomic neighborhood of zinc-blende and wurtzite up to the 

second nearest neighbors (see Sec. 4.3 for detailed comparison of both crystal structures from 

the point of view of FP generation). In effect, all substantial atomic arrangements pertinent to 

the nature of native defects and FPs undergo within the distances that exhibit common atomic 

configurations in both structures. Thus, no qualitative differences are observed between those 

crystal structures and a number of configurations is possible. Finally, abundant polytypism 

can be advocated using the same arguments.    

 

 
TABLE XXIII. Calculated diffusion barriers (in eV) for different configurations and charge 
states of a-FPs and c-FPs in 3C-SiC.  
 

                                          Barriers 
                       Anion sublattice Cation sublattice 

 
 Path 

 
Charge   
  state 

C100SiC V−><  C100CC V−><  CC VTd −     SiSi VTd −  

sub-FP - 8.8 9.1     14.1         - 
FP-sub - 1.5 0.4      0.6         - 
sub-FP 0 7.6 8.0     13.9       14.6 
FP-sub 0 1.4 0.3      0.3        1.3 
sub-FP + 5.1 5.4     12.0       13.6 
FP-sub + 1.2 0.6      0.1        1.5 
sub-FP 2+ 4.6 4.9     10.0       12.8 
FP-sub 2+ 1.0 0.9       0.5        1.9 
 
 
 
 

4.3.  ZnO 
 

ZnO has recently attracted a lot of attention due to its outstanding versatility in 

electrical, chemical, and optical properties. Ultraviolet light emission capabilities along with 

nontrivial problem of p-type doping prodded research community into the detailed 

investigations of defects in this interesting compound. A number of publications was devoted 

to the study of native defects in ZnO and various theoretical approaches were employed. 

Because of different correction schemes implemented, the calculated Eform for a given defect 

differ even by 4 eV. Despite this incumbent, and rather discomforting situation, intensive, still 

on-going debate over the pros and cons of the employed correction procedures, some 
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judicious correction schemes are emerging, and recent results are converging [98-102]. 

Generally, under the Zn-rich conditions in p-type crystal, the dominance of both the Zn 

interstitial Zni and the oxygen vacancy VO  is pronounced with Eform below zero for EF close to 

the VBM. For n-type samples, the zinc vacancy VZn has the lowest Eform of about 2 eV, being 

2 eV lower than Eform of VO  and the tetrahedrally coordinated oxygen interstitial Oi. Under the 

opposite O-rich conditions, in p-type material, the split Oi  is expected to be dominant native 

defect with Eform of about 2 eV. ZnO has substantial concentrations of VZn due to its near zero 

Eform together with both forms of Oi  that have the relatively low Eform  of about 1 eV. The 

constituents of investigated FPs have the following properties (these are my results that 

generally agree with those presented by other authors employing similar computational 

methodology) : 

(i) VO  is deep donor with the lowest Eform among all native donors. Eform of VO is very high 

(~3 eV) in n-type ZnO, and it is much lower (~-1 eV) in p-type ZnO, where VO assumes the 

2+ charge state. In effect, VO  is a potential source of compensation in p-type ZnO. Similar to 

Vanion  in CdTe and ZnTe, VO is a negative-U defect with the )0/(2o +Vε  transition level at 1 

eV below the CBM.  Moreover, dimerization of Zn neighbors in the neutral charge state is 

observed which is contrasted with a pronounced outward displacement of the Zn nearest 

neighbors in 2+ charge state.   

 (ii) VZn  introduces partially occupied levels in the bandgap near the VBM and acts as an 

acceptor. VZn is a deep acceptor with the transition level )1/0(zn −Vε  and )2/1(o −−Vε  

amounting respectively to about 0.2 eV and 0.9 eV. Because of acceptorlike behavior VZn in 

ZnO easily forms in n-type and under O-rich conditions. 

(iii) Zn i in wurtzite ZnO can assume two interstitial sites: the tetrahedral and the octahedral 

one. The latter is 0.9 eV more stable than the tetrahedral site for Q=0. Due to the high Eform in 

n-type crystal approaching ~6 eV, and thus low concentration, it is unlikely for Zni to be 

responsible for an unintentional n-type doping. Nevertheless, in p-type, being in 2+ charge 

state, it has Eform near zero, and as a consequence, it is a potential source of compensation in 

p-type. Because throughout accessible EF, Zni is in 2+ charge state, the defect always acts as a 

shallow donor. 

(iv) Oi can assume three nonequivalent configurations: the tetrahedral, the octahedral, and the 

split one. The first one is not stable. In the octahedral configuration Oi is electrically active, 

and induces a singlet state in the lower part of the band gap, empty for Q = 0. In n-type 

crystal, being in the 2- charge state, it has Eform lower by about 1 eV than the split 
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configuration. The defect levels are of oxygen p orbitals origin and therefore deep transition 

acceptor levels at ~ 0.7 eV and ~ 1.6 eV are identified. The split configuration in the neutral 

charge state, dominating in semi-insulating and p-type material, is electrically inactive. It is 

not possible to depopulate the gap level of Oi , since its transition level )0/(1Oi +ε is located 

below the VBM. In the process of formation, O-O molecule of bond length ~ 1.46 Ǻ 

(compared to 1.26 Ǻ of an isolated O2 molecule) two almost degenerate and completely filled 

states are introduced in the band gap. They resemble the antibonding ppπ* state of the isolated 

O2 molecule [100, 103]. In an isolated O2 molecule, the ppπ* orbital is occupied with 2 

electrons with parallel spins resulting in the triplet (S=1) ground state. O2  in the split 

configuration has two more electrons from the four zinc nearest neighbors, hence the ppπ* 

orbital is fully occupied. The additional occupation of the antibonding orbital explains the 

significantly longer bond length of O-O in the solid compared with that of the isolated O2 

molecule.   

 I investigated the generation of FPs in both zinc-blende and wurtzite ZnO. Various 

configurations of vacancy-interstitial pairs were analyzed. The results are summarized in 

Table XXIV and below: 

(i) In zinc blende ZnO, for FPs on both sublattices, the interstitial is solely tetrahedrally 

coordinated. The generation barriers are prohibitively large and exhibit the same trends as it 

was in the case of CdZnTe and GaAs. c-FPs, ZnZn VTd − , behave like deep donors in 

opposition to a-FPs which assume an acceptor like dependence of EF.  

(ii) In wurtzite ZnO, only a-FPs exhibit a pronounced metastability, OO Vsplit − , and in this 

case the interstitial has the split configuration. When the interstitials in FPs occupies either the 

octahedral or the tetrahedral sites, those interstitials recombine spontaneously with the 

vacancy. The analysis took into consideration the sites within the radius containing the sixth 

nearest neighbor of the vacancy. The FPs with a longer separation between V and I are 

expected to be stable, and behave more like isolated native defects that can obviously migrate 

[100] and finally recombine. The generation and recombination path of OO Vsplit −  is 

presented in Fig. 4.2. It is curvilinear and somewhat different in the immediate region of O-O 

molecule for different charge states. This is mainly due to the different O-O bond lengths for 

the different charge states. VO  being the constituent of the FP changes the position and 

availability of the O2 molecule defect levels comparing to what is valid for the isolated O2 

molecule in the solid ZnO (see Fig. 4.3). In the neutral charge state there are two occupied 

singlets with energy ~ 0.6 eV above the VBM introduced in the bandgap, ~0.25 eV moved 
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upwards by the interaction with VO. The upward shift of the defect energy level is also the 

case for VO  which in the FP has the )1/(2o ++Vε  and )0/(1o +Vε transition levels occurring at 

around 0.1 eV below the CBM. It is in opposition to the isolated VO in ZnO, which is 

negative-U defect which undergoes substantial relaxation in neutral charge state resulting in 

defect level below the VBM.  The relaxation around the VO in the FP is curtailed, the dimer 

does not form, and thus the defect level is located below the CBM with rising energy as the 

level is populated.  It means that in p-type and semi-insulating ZnO, VO  is in 2+ charge state 

introducing an empty singlet close to the CBM. In n-type material, VO  introduces a doubly 

occupied singlet below the CBM. Consequently, the population and depopulation of the Osplit 

levels determine the dependence of the a-FP on EF. What distinguishes between O2 being the 

constituent of a-FP and an isolated O2 is that in p-type the depopulated defect levels of a FP 

are above the VBM, while for the O2 molecule upon the depopulation, the defect level moves 

below the VBM making the defect electrically inert. As a consequence, in p-type material, the 

depopulation of the defect states of O2 molecule can takes place. Thus, electrostatic repulsion 

between ionized O2  molecule and the +2
OV  can stabilize the FP.  

 

  FIG. 4.2. Generation path of  OO Vsplit −  in wurtzite ZnO for the neutral charge state.    
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  FIG. 4.3. The defect levels of the neutral charged Osplit, VO, and Osplit – VO  in wurtzite ZnO.  

 

 

TABLE XXIV. Calculated generation and recombination barriers (in eV) for FPs in ZnO.  
 

                     Barriers 
               zinc-blende    wurtzite 

 
 Path 

 
Charge   
  state 

ZnZn VTd −   OO VTd −   OO Vsplit −  

sub-FP    2-       5.6      6.5      6.0    
FP-sub    2-     1.1      2.8      0.4 
sub-FP    1-     5.8      7.6      6.1  
FP-sub    1-     1.1      2.4        0.5 
sub-FP 0 6.0        7.7       5.7 
FP-sub 0 1.3        2.4       0.4 
sub-FP + 6.0        6.1       5.0 
FP-sub + 1.3        1.5        0.4 
sub-FP 2+ 6.0        5.3       4.4 
FP-sub 2+ 1.4        1.1       0.6 
sub-FP 3+ 6.0        4.9       3.8 
FP-sub 3+ 1.5        1.0       0.9 
sub-FP 4+ 5.9        4.7       3.5 
FP-sub 4+ 1.3        1.0       1.1 
 
 

Besides the electrostatic repulsion between the constituents of a-FP, the depopulation 

of singlets in p-type is tantamount to the depopulation of electrons in the antibonding  ppπ* 

state which stabilizes O2 molecule. It is reflected in Table XXIV where the increase of the 

stability of OO Vsplit −  is evident when the charge of the a-FP alters from the neutral to the 4+ 

state. In effect, the recombination barrier is increased to 1.1 eV for 4+ charge state. 
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Simultaneously, due to the acceptorlike character of OO Vsplit − , and the rising electrostatic 

repulsion between the constituents of the FP with the increasing EF, the generation barriers are 

also substantially diminished in p-type samples. When all defect levels are depopulated, the 

generation barrier decreases to 3.5 eV which is comparable to the bandgap (~3.3 eV at the 

room temperature), and thus also to elementary excitations. It means that p-type ZnO is 

expected to manifest significant instabilities by the means of the generation of OO Vsplit − , 

which exhibit a pronounced metastability. From that point of view I reckon that unless 

microscopic solutions to inhibit the formation of FPs are devised, ZnO is not expected to play 

an important role in high voltage/ temperature devices that exploit both p-type and n-type 

form of the compound. 

 It is interesting to understand why the FPs with the interstitial coordinated differently 

than O split coordination (obviously except the remote FPs) cannot form FPs in the wurtzite 

structure. As it is presented in Table XXIV the calculated zinc-blende ZnO assume FPs on 

both sublattices with the interstitials at the tetrahedral sites, but wurtzite ZnO allows solely the 

generation of OO Vsplit − .  This difference may be surprising, since the local environment of 

the substitutional atom is very similar in two phases. Namely, the two phases only differ at the 

positions of third-nearest neighbors and beyond, and no qualitative differences between 

phases are usually observed for native defects if the given material crystallizes in both phases  

(see in SiC [88] or GaN [104, 105]). The change of the space-group symmetry from Td  in 

zinc-blende to C6v in wurtzite arises from the respective change of the stacking sequence from 

ABC to ABAB. The change of the stacking sequence results in an increase of the fundamental 

energy gap by about 0.7 eV in the wurtzite case which influences the energetical stability and 

ionization levels of the defects. The reason for the nonequivalence of wurtzite and zinc-blende 

structure stems from the different surrounding of the corresponding interstitial sites in both 

crystal structure (Fig. 4.4). I will discuss them now. 

(i) The displacement along the [0001] direction (Fig. 4.4a), analogous to the displacement 

along the [111] direction in zinc-blende crystals (Fig. 4.4b), leads to the T:site position very 

close to the substitutional position (red arrow denoted as (1) in Fig. 4.4a). Reaching the next 

T:site along this direction, possible in the case of the [111] displacement in zinc-blende 

crystal, is not feasible here because of the Zn atom located on the displacement path. The FP 

with the interstitial at the T:site position is not even metastable and the atom spontaneously 

recombines with the vacancy. Nevertheless, the oxygen DX centers in wurtzite AlxGa1-xN 

with x> 0.3 were found to be stable in such a coordination [106]. Here, the DX center is 



 111 

stabilized by electrostatic attraction between the negatively charged ON and the third-nearest 

neighbors of the oxygen atom along the [0001] direction which are positively charged Al 

atoms. As a consequence, both the oxygen and Al atoms interact and shortens the mutual 

distance. The silicon DX center realized by displacement along the [000-1] direction of SiAl is 

not possible because now negatively charged nitrogen is the third nearest neighbor. It is worth 

underlining that oxygen DX center is unstable in wurtzite GaN. In zinc-blende crystal the 

nearest neighbor T:site never favors the creation of the FP due to the fact that the interstitial is 

surrounded there by four atoms that are not contributing substantially to electrostatic 

attraction (for example in Fig. 4.4b the Oi at this site is destabilized by four O atoms). 

Obviously, depopulating the interstitial from electrons lowers the electrostatic repulsion, thus 

in p-type material the barriers for generation of the a-FPs are lowered. 

(ii) There is a hypothetical possibility of stabilization of a more spaced FPs with the 

interstitial coordinated at the T:site (the red arrow denoted (2) in Fig. 4.4a). Two different 

counteracting nearest neighbors (the T:site is equidistant from four O and four Zn atoms) 

destabilize this FP in wurtzite crystal and eventually it spontaneously recombines. This is also 

the case for the FP with the interstitials at the Ioct - or Ioct’ octahedral-site where the 

electrostatic attraction is too small to stabilize the FP (here the Ioct -site is equidistant from six 

O and six Zn atoms). In zinc-blende crystal the next nearest T:site coordination stabilizes the 

FP. The interstitial is attracted by four atoms (for example in Fig. 4.4b the Oi at this site is 

stabilized by four Zn atoms). The stabilization of the FP can be undermined by the weakening 

of this attraction, i.e., by making the interstitial less negatively charged. Hence, although p-

type material facilitates the overcoming of the generation barrier (which is influenced by 

electrostatics depicted in the point (i) above), it also lowers the recombination barriers of the 

a-FP in zinc-blende crystal. This is in opposition to OO Vsplit − , which has the lowered 

generation barrier and the enlarged recombination barrier in p-type. This is the hallmark of FP 

in wurtzite ZnO in comparison to the zinc-blende ZnO.     
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   FIG. 4.4. Schematic representation of atomic positions in (a) the (11-20) plane of wurtzite, 
and (b) the (110) plane of zinc-blende in ZnO. The large green circles represent Zn atoms, 
medium grey circles O atoms. The high-symmetry interstitial sites are indicated: Ioct is the 
octahedral interstitial site, T the tetrahedral interstitial site. The red arrows indicate possible 
directions of displacement to generate FP with the T:site coordinated interstitial. Ioct sites are 
out of the plane. Osplit denotes split that is also out of plane. 

 

4.4.  GaN 
 

GaN is a direct-bandgap semiconductor material of wurtzite crystal structure, with a 

wide (3.4 eV) band gap, used in optoelectronic, high-power and high-frequency devices. It 

can be produced in zinc blende structure using non-equilibrium growth methods. Because 

GaN transistors can operate at much higher temperatures and work at much higher voltages 

than GaAs transistors, the compound is used for ideal power amplifiers at microwave 

frequencies. The huge number of papers were addressed to investigate native defects in GaN 

[104-107]. Under Ga-rich conditions, the nitrogen vacancy VN  has Eform going into negative 

values in p-type and the gallium vacancy VGa  has the lowest  Eform of ~1 eV when EF = CBM. 

In the N-rich limit, both the nitrogen interstitial Ni and VN  are dominating among native 

defects with Eform of ~1 eV for p-type material. In n-type, VGa is responsible for the pinning 

energy with Eform of near zero. The fundamental properties of native defects constituting the 

investigated FP are following (my results agree with those in Ref. 104 - Ref. 107 within the 

accuracy of the method and the methodologies used): 
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(i)  VN  behaves as shallow donor with the a1 state lying close to the VBM, and the t2 states 

above the CBM. Because in the neutral charge state there is one electron on the t2 level that is 

automatically transferred to the lower-lying CBM, VN  acts always as a donor. It has the 

transition level )1/(3 ++Vnε  occurring at 0.5 eV above the VBM. The 2+ charge state is never 

stable which is characteristic of a negative-U  defect, and associated with a strikingly large 

outward lattice relaxation of one of the four atoms surrounding the vacancy. In effect, it raises 

the energy of the a1 level and eventually shifts it into the band gap. The rise in the a1 level can 

only take place if the level is empty, hence the stabilization of the 3+ charge state. A similar 

behavior was observed for the VAs and VSe in GaAs and ZnSe, respectively. The low Eform of 

the 3+ charge state under p-type conditions indicates that nitrogen vacancies can be a serious 

source of compensation in p-type GaN. 

(ii) VGa acts as a triple acceptor showing the levels within about 1 eV above the VBM. VGa has 

a deep  transition  level )3/2( −−Vgaε  about 1.1 eV above the VBM. Transitions between the 

conduction band (or shallow donors) and this deep level would therefore result in emission 

around 2.3 eV. Thus, the VGa has been proposed as the source of the ‘‘yellow luminescence’’. 

(iii) N i  has split-interstitial configuration ground state that is strongly energetically preferred 

over the other metastable configurations (the octahedral and the tetrahedral) because of the 

large strength of N-N bond. The N–N bond distance varies from 1.1 Å in the 3+ charge, 

which is then comparable to the bond distance in N2, to 1.45 Å in the 1- charge state. The 

elongation of the N-N bond can be explained in the same manner like it was in the case of O2 

molecule in ZnO. An isolated N2 molecule has 14 paired electrons in the following molecular 

orbitals: ssσ and ssσ* coming from 1s and 2s (8 electrons), ppσ (4 electrons), and HOMO ppπ 

(2 electrons). The two ppπ* are LUMOs. The N2 molecule in GaN has three additional 

electrons from the four Ga atoms which occupy the ppπ* antibonding states. These levels are 

nondegenerate in GaN and introduced in the bandgap. Ni can act both as a acceptor and donor 

depending on EF and the defect can assume all charge states from 3+ to 1- with the 

corresponding transition energies within around 2 eV above the VBM. Eform  is higher than ~3 

eV for all EF under any growth conditions. 

(iv) Gai  has the ground state that is octahedrally coordinated with pronounced metastability at 

the T:site. The only stable charge state are 3+ and 1+ with )1/3( ++Gaiε  around 1 eV below 

the CBM. Gai  introduces a deep donor level and a resonance level above the CBM. Similar as 

for VN  one electron is automatically donated to the conduction band producing a shallow 

donor level. 
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TABLE XXV. Calculated diffusion barriers (in eV) for FPs in GaN.  
 

                     Barriers 
               zinc-blende    wurtzite 

 
 Path 

 
Charge   
  state 

GaGa VTd −   NN VTd −   NN Vsplit −  

sub-FP    2-         9.1        9.6     5.2 
FP-sub    2-       0.3        2.7     0.0 
sub-FP    1-     10.1      10.3     5.6 
FP-sub    1-       1.0        1.7     0.0 
sub-FP 0 11.3       10.9      7.7 
FP-sub 0   1.8         0.8      0.0 
sub-FP + 10.8         9.3      6.2 
FP-sub +   2.1         0.1      0.0 
sub-FP 2+ 10.6         8.4      4.9 
FP-sub 2+   2.5         0.0      0.0 
sub-FP 3+ 10.3         7.5      3.8 
FP-sub 3+   2.3         0.0      0.0 
sub-FP 4+ 10.1         6.6      3.5 
FP-sub 4+   2.1         0.0      0.2 
 

 
 The a-FP and c-FP with interstitials at the T: site, split, and Ioct -site configurations 

were investigated in wurtzite GaN within the radius containing the sixth nearest neighbor of 

the substitutional atom undergoing the displacement. Only NN Vsplit −  pairs exhibit very weak 

metastability (the recombination barriers are on the order of the errors pertinent to 

computational method, except the 4+ charge case). Other FPs under study spontaneously 

recombine. The reason for this was discussed in Sec. 4.3. The metastability of NN Vsplit −  is 

negligible in charge states from 2- to 3+ due to the occupation of the antibonding levels 

created by the interaction of the singlets pertinent to N2 molecule and VN . The occupation of 

these antibonding orbitals obviously destabilizes the FP. Both constituents of the FP when 

isolated introduce singlets above the VBM (Fig. 4.5). Upon the formation of the FP, the 

singlet of VN is shifted below the VBM, and the N2 molecule-originated antibonding levels 

move upward, mainly because of an additional electron transfer. The defect levels in the 

bandgap originate mainly from the N2 molecule levels, but they contain also contribution for 

VN  (Fig. 4.5). This is manifested by wave function square of these levels which are only 

slightly perturbed and delocalized than those characteristic of Nsplit in GaN. In effect, even in 

3+ charge state, the FP has one antibonding level partially occupied, which effectively 

destabilizes the complex from the point of view of recombination. The depopulation of all 

antibonding defect levels in the bandgap takes place in 4+ charge state. This increases 
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recombination barrier to 0.2 eV (Table XXV). To conclude, NN Vsplit −  has an acceptorlike 

behavior with negligible metastability. Thus, GaN is believed to have a pronounced structural 

stability from the point of view of the FP generation, which advocates the utilization of this 

compound in the high temperature/high voltage applications.  
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   FIG. 4.5. The defect levels of the neutral charged Nsplit, VN, and Nsplit – VN  in wurtzite GaN.  

 

 Both a-FPs and c-FPs in zinc-blende GaN give the results that obey the trends already 

identified. The generation barriers are enormous (Table XXV), much higher than the 

accessible excitation energies and the band gap, and therefore the zinc-blende GaN manifests 

a strong structural stability.   
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Conclusions 

 

 The thesis is dedicated to the study of generation and stability of FPs in the important 

classes of semiconductors. Formation of FPs is the principal mechanism that defines 

microscopic structural stability of crystals. First principles approach and state-of-the-art 

computational methodologies are used. The special treatment is given to the investigation of 

FPs in CdTe, ZnTe, and their alloys, especially in the context of electronic and magnetic 

properties, and bistability switching phenomena observed in CdZnTe alloys. Generation of 

FPs in other semiconductors, namely GaAs, SiC, GaN, and ZnO, is also covered and 

juxtaposed. A number of important facets are identified, summarized, and listed below. 

 First, comprehensive investigation of a FP requires the advanced knowledge of native 

defects that constitute the FP, especially electronic properties, formation energies, and 

relaxation effects. The stability of a FP has to be researched both from the point of view of 

recombination and dissociation of its constituents. State-of-the-art Minimum Energy Paths 

methods (like NEB) are methods of choice for the determination of generation and 

metastability barriers.  

 Second, it is informative to delve into a FP starting from isolated defects that 

constitute it, and analyze contributions from electrons transfer, electrostatic interaction, and 

relaxation. The binding and formation energies of the FP indicate the stability of the complex 

which can be further understood by looking at the metastability of the FP. 

 Third, FPs can be generated on both anion and cation sublattices. The generation 

barriers are determined by electrostatic interactions of the interstitial and the nearest 

surrounding at its way to create the FP. Anion-FPs require more energy to form than cation-

FPs, mainly due to the lack of contributions from electron transfer and lower electrostatic 

interaction in the latter case. Upon doping, both generation and recombination barriers can 

change dramatically. Anion-FPs can lower generation energy in p-type semiconductor, in 
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opposition to cation-FPs which generation becomes more efficient in n-type samples or in the 

presence of additional electrons.            

 Fourth, cation-FPs in CdZnTe alloys have generation barriers of the order of 1.5 eV in 

n-type samples, which is comparable to the bandgap. Thus, generation of cation-FPs can be 

important. I attribute switching phenomena observed experimentally in CdZnTe to the 

possibility of efficient generation of cation-FPs. The generation of the cation-FP in CdZnTe 

leads to high resistivity state that has distinct optical, symmetry, and magnetic features 

observed in experiments. Anion-FPs in CdZnTe are prohibitively costly to generate and its 

constituents tend to dissociate and as a consequence separate each other.  

 Fifth, the relatively small formation barriers in n-type CdZnTe of cation-FPs in zinc-

blende II-VI compounds indicate that FPs creation may be responsible for generation of ‘dark 

defects’ common in these compounds. They are undesired due to its notorious degradation of 

LEDs made out of II-VIs and prevent wide market adoption of II-VI LEDs in the industry. 

FPs in GaAs cost 1 eV more than bandgap, which predispose this compound to LEDs 

applications operating in normal conditions. Generation of FPs  in SiC or wurtizte GaN is 

prohibitively high cost, which makes microscopical stability very robust in these compounds, 

and suggests utilization as materials of choice for devices working under extreme conditions. 

Wurtzite ZnO has pronounced propensity to form anion-FPs in p-type regime, which in the 

absence of advanced counterbalancing defect engineering disqualifies it as a material in high 

temperature/voltage/pressure applications. 

 Sixth, the generation pattern of FPs depends on crystal structure. Generation on both 

sublattices in zinc-blende is possible, although asymmetric in terms of formation energy. 

Generation of FPs in wurtzite is possible only on anion sublattice. The tendency to form N2 or 

O2 molecules in bulk GaN and ZnO, respectively, stabilizes the anion-FPs, although not in all 

charge states.  

  Moreover, cation-based native defects (cation interstitials and vacancies) in CdZnTe 

are ‘well behaved’ by means of Td symmetry conservation, weak relaxation, and standard 

electronic behavior. I corroborate previous results published by other authors. Cation vacancy 

is shallow acceptor with relatively small formation energy. Cation interstitial is negative-U 

deep donor, a dominant hole-killer in p-type regime. It can occupy two nonequivalent 

tetrahedral sites which become ground state depending on the charge state of the defect. The 

cation interstitial diffuses along path joining tetrahedral sites with relatively small barriers, 

which suggest high mobility even at room temperature. The diffusion of cation vacancy, 

which until my work was not addressed, occur by second neighbor plane-passing mechanism 
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and also hinges on charge state. There are other channels of diffusion possible, although with 

higher diffusion barriers.    

 Finally, anion-based native defects in CdZnTe are not ‘well behaved’, and exhibit 

pronounced relaxation and symmetry breaking. Only anion vacancy, prior to my work, 

received substantial consideration, though diffusion was not addressed. Anion vacancy is deep 

negative-U donor which in a neutral state (i.e., upon capturing two electrons) experiences 

huge relaxation, symmetry lowering, and gives rise to creation of dimer bonds. When ionized 

it retains Td symmetry and is a resonate in CB. It posses similar diffusion channels like cation 

vacancy plus additional channel of first neighbor diffusion. Anion interstitial is amphoteric 

defect undergoing huge atomic reconstruction with the final configurations mimicking 

configurations valid for elemental Te. It is a common feature, also operative for anion 

interstitials in ZnO or GaN. The diffusion occurs between reconstructed sites with cation 

tetrahedral site acting as a barrier.      
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