
ABSTRACT 

WU, KUN.  Ab Initio Calculations of SiO2 and ZnO Defect Structures. (Under the direction 

of Dr. David Aspnes.) 

This thesis covers research based on ab initio calculations (Hartree-Fock combined with 

Configuration Interaction) on two materials systems:  SiO2 defects in a tetrahedral network 

and ZnO defects in a wurtzite crystal.   

Owing to its importance in the semiconductor industry, SiO2 has been studied 

extensively. Of particular interest here is the oxygen “vacated-site” defect, which has been 

studied by the Lucovsky group from XAS data. We start with a SiO2 cluster constructed with 

optimized bond lengths, bond angles, and medium-range order. The same geometrical basis 

is then applied to the oxygen vacated-site defect structure.  General properties of its ground 

and excited states within the band gap are revealed.  

Wurtsite ZnO is a candidate material for light emission. Dr. Reynolds working in the 

Aspnes group has developed a series of processing steps leading to significant p-type 

behavior, and has investigated the effect of the different steps using Raman scattering. Here, 

the intermediate and final stages of this progression are investigated theoretically.  We 

explore the relationship between various defect sites and p-type conductivity. The ZnO 

defects are studied with a structural model that uses the experimentally determined 

parameters. Defect sites related to N doping and single Zn/O vacancies are created and 

compared.  H atoms are also introduced to mimic conditions that occur in metal-organic 

chemical vapor deposition (MOCVD) with associated Raman frequencies calculated.   
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Chapter 1 : Introduction of the theory. 

All the defects reported in the thesis are studied by an ab initio approach. The calculation 

is carried out under Dr. Jerry Whitten’s supervision, with the help from Dr. Brian Papas. The 

original data are available on sever jwm2/jw3.chem.ncsu.edu. The Introduction provides a 

description of general methods, summarized from various lecture notes. Some crucial 

technical details are also discussed.  

1.1 Definition of Hamiltonian 

 

The method solves for total electron wavefunctions under a static framework of nuclei. 

Thus the Hamiltonian of the system only includes the electronic terms. It is written as  

   ∑     
  ∑              ∑                                                                          (1.1) 

In the above equation, i and j are indices for electrons and k is for nuclei.    
   is the 

Laplacian operator, 

   
  

  

   
  

  

   
  

  

   
                                                                                                      (1.2) 

which is used to calculate the kinetic energy of the electron i. It is also written as T for 

simplicity.  ∑           , sometimes written as V, is the nuclear attraction for the single 

electron i. 1/rij stands for the repulsion between electrons i and j. To avoid the complication 

of constants such as h and e, atomic units (a.u) are adopted. For length, 1 a.u = 1 

bohr=a0=0.5292Å. For energy, 1 a.u = 1hartree=e
2
/a0=27.21eV. 

The total wavefunction   of an electronic system is given by  
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                                                                                                                       (1.3) 

where E is the total energy of the electronic system.  In this work, the equation is solved by a 

two step process, a Hatree-Fock Self-Consistent Field (SCF) calculation followed by 

Configuration Interaction (CI) calculation.  

1.2 Hartree-Fock Self-Consistent Field(SCF) Method 

Electrons are fermions. The total wavefunction of an electron system is required to be 

antisymmetric. To satisfy such a requirement, the SCF method constructs the total 

wavefunction as  

         ⁄                                                                                        (1.4) 

where 

                                                                                                                            (1.5) 

is a one-electron wavefunction. It consists of a spatial orbital and a spin function (  ⁄ ).  

    is a set of orthogonal wavefunctions so that 

                                                                                                                          (1.6) 

These one-electron wavefunctions are of the general form 

      ∑                                                                                                                    (1.7) 

where      is an orthonormal set of atomic orbitals.  

The solution of Eq. (1.6) is guided by the Variational Principle. It requires the 

optimization of the cmk’s so that the total energy of the system 

   
       

     
                                                                                                                  (1.8) 
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is minimized. 

It is informative to take closed shell molecules as an example. Spatial orbitals are 

occupied by electron pairs with opposite spin. Thus for the set of occupied spatial orbitals 

{  }, the overall energy E is written as: 

∑  ⟨  | |  ⟩  ∑ ∑  ⟨          |
 

   
|          ⟩   

∑ ∑ ⟨          |
 

   
|          ⟩                                                                               (1.9) 

where h = T + V. The two terms involving the electron interaction are phrased as coulomb 

repulsion (Jij) and exchange interaction (Kij) respectively. So the equation is simplified as  

  ∑  ⟨       ⟩  ∑                                                                                       (1.10) 

This E expression is then optimized by the SCF theory of Roothann [1]. Lagrangian 

multipliers are introduced to the expression for E.  

       Suppose that a change of coefficient Cmk’s generates a new energy E’ as  

     ∑       ⟨     ⟩                                                                                       (1.11) 

To achieve the minimum of energy, it is required that 

   

    
                                                                                                                        (1.12) 

For the coefficient    , Eq. (1.15) becomes, 

⟨                 ⟩  ⟨               ⁄      ⟩  ⟨               ⁄        ⟩  

  ⟨           ⟩                                                                                                             (1.13) 

where   and   are introduced to simplify the expression for coulomb repulsion and exchange 

interaction.  Form 1.12, it is easy to show that 
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      ∑          
                                                                                                      (1.14) 

       ∑            
                                                                                               (1.15) 

Other interaction terms vanish due to the partial derivative in Eq. (1.15). Combined with Eqs. 

(1.8) and (1.10), Eq. (1.16) can be written as  

∑     ⟨                 ⟩  ⟨               ⁄      ⟩   

⟨               ⁄        ⟩    ⟨           ⟩                                                         (1.16)      

The equation can be written in a more compact form: 

∑                                                                                                               (1.17) 

where the Fik’s are known. Thus                are the eigenvalues and eigenvectors of a 

matrix. 

     Such a problem can be solved analytically only if  

                                                                                                                    (1.18) 

In practice, iterative methods are used. Each iteration would yield a set of               .  

Then Fik’s are redefined by new eigenvectors. Ideal results are obtained when 

               do not change significantly between iterations. Such a scheme is shown in 

Fig. 1.1. 

For a large molecular system, the convergence of iterative results is rather crucial. An 

initial “guess” of the coefficients is needed to avoid divergence of system energy among 

iterations. Generally, a converged, stable result can be achieved within roughly 30 iterations. 
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1.3 Orbital Energy-Fock operator 

As in Eq. (1.10), the method treats the electronic system as an entity by adding the kinetic 

energy, nuclear attraction, and pairwise interactions between electrons together. This is 

different from the one electron description of material such as band theory. For comparison 

purpose, the energy of a specific orbital is defined by the Fock operator 

                                                                                                                   (1.19) 

where h = T+V and J, K would follow the definition of coulomb repulsion and exchange 

interactions, respectively. Different from H, this operator acts on individual orbitals and only 

counts the interactions involving the specific orbital. All the orbital energies from the Fock 

operator do not add up to be the E in Eq. (1.10) due to the fact that the interaction parts are 

doubly counted.  

1.4 Gaussian Type Orbitals 

There are multiple choices for the expressions Fk. In our case, the Fk’s are expressed as a 

linear combination of Gaussian-type orbitals (GTOs). A Gaussian-type orbital is generally 

written as  

               
                                                                                                                (1.20) 

The coefficients (l, m, n) change according to the symmetry of the orbitals. For example, s-

functions would have l=m=n=0, leaving only one adjustable parameter  . P-functions behave 

as       
,       

,      
. The GTO form simplifies the calculation of two electron integrals 

(as would be introduced later) from the calculation. The reason is that the product of two 
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GTOs is another GTO. But a single Gaussian function in general does not describe the shape 

of an atomic orbital well. Thus in our case, two or three Gaussian functions are combined to 

describe one atomic orbital. To present the multiple lobes of a p/d orbital, the same Gaussian 

function is deployed multiple times around the nuclei. 

1.5 Localization 

Spatial orbitals from SCF methods are linear combinations of basis functions on different 

atoms. The electron density is distributed all over the system. Sometimes the research interest 

only lies in a certain area of the geometrical model (most likely the central part). A unitary 

transformation U can be applied to the occupied/unoccupied orbitals separately.   

            
        

      
      

       
                                                      (1.21) 

The result would be a new set of orbitals     , among which some are localized in the area of 

interest. Given that the transformation matrix commutes with Hamiltonian of the system,  

                                                                                                                               (1.22) 

the new set is still a valid solution for the whole system. Such a technique is called 

localization. It is useful in interpretation of the calculation result. Localized orbitals can be 

matched with quantitative descriptions, such as oxygen lone pair.  

1.6 Ion calculation 

The SCF result is also used to construct excited states of a system. It uses unoccupied 

orbitals, also known as virtual orbitals. They are also from Eq. (1.21), which assumes that 

they interact with all the electrons in the Hamiltonian. To better describe the virtual orbitals, 
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the electronic system is usually set as positive ion. Thus when one electron is injected into a 

virtual orbital, it interacts with the right number of electrons. 

This however undermines the occupied orbitals, since in ion calculations they interact 

with one less electron. Thus when ground state properties are studied, the SCF calculation is 

set up as a neutral system. This applies in the case of bond angle/length optimizations. 

Excited states come out of the ion SCF calculations.  

1.7 Mulliken population analysis. 

As mentioned above, the natural result from HF-SCF calculations is the total energy of 

the system and a set of orbitals.  In analysis, some other quantities may need to be derived 

from them so that a physical picture of the system is better delivered. Among those 

quantities, one common quantity is atomic charge. It is frequently used as a reference for the 

discussion about structural/reactivity differences. In our program, such a quantity is 

calculated by Mulliken population analysis [2].   

At a certain position r, the electron density, the possibility of finding an electron from a 

single molecular orbital, is given as square of the molecular orbital  

   ⃑       ⃑                                                                                                              (1.23) 

Where     is an occupied molecular orbital with formation of Eq. (1.7). 

      ∑                                                                                                                     (1.7) 

In practice, the orbital is constructed out of a linear combination of the Gaussian basis set.  

Thus the equation is rewritten as 

    ∑      
  
                                                                                                         (1.24) 
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where AO stands for the whole Gaussian basis on different atoms {gα}. Thus we can get  

  
  ∑           

  
                                                                                               (1.25) 

where α and β stand for different basis functions. The total number of electrons in the system, 

N, can be calculated by integrating and summing over all the occupied molecular orbitals,  

   ∑ ∫  
   ⃗  

  ∑ ∑       ∫      ⃑  
  

  
                                                          (1.26) 

MO in the above equation stands for all the molecular orbitals. This may be generalized by 

introducing an occupation number ni for each of the molecular orbitals. In a single 

determinant wavefunction this will either be 0, 1 or 2. Thus  

   ∑   ∫  
   ⃑   

   ∑  ∑         
  
     

  
   ∑       

  
                                (1.27) 

It is easy to see that in the above equation, we have 

    ∫      ⃑                                                                                                          (1.28) 

and  

     ∑         
  
 .                                                                                                   (1.29) 

It is noteworthy that the matrices Dαβ and Sαβ are symmetric. Thus all diagonal elements 

would appear once, while the off diagonal elements appear twice due to symmetry. Thus the 

former represents the number of electrons located completely on one specific atom. The latter 

stands for half the number of electrons shared between atoms. In the Mulliken population 

analysis, the electronic charge of one atom is naturally related to the Gaussian basis on the 

atom.  If the atom is labeled as A, then the charge is calculated as 

   ∑ ∑       
  
 

  
                                                                                                   (1.30) 

The gross charge on atom A is the sum of nuclear charge and electronic charge 



9 

 

 

 

 

                                                                                                                        (1.31) 

1.8 Pseudopotential treatment. 

       One atom usually has more than one shell of electrons. Accordingly, they are represented 

by different spatial orbitals. In a molecular structure, only the outmost electrons, the so-called 

valence electrons, are interacting with neighbors and forming bonds. The inner electrons 

remain roughly the same as in the atomic case.  

     For heavy atoms such as Zn, the inner shell orbitals (1s, 2s, 2p, 3s, 3p, 3d in this case) 

outnumber the valence orbitals.  And their basis functions contribute very little towards the 

bonding/virtual orbitals.  As shown in Eqs. (1.14) and (1.15),  

      ∑          
                                                                                                       (1.14) 

       ∑            
                                                                                               (1.15) 

the density and overlap of spatial orbitals requires the density and overlap from basis 

functions. Thus including the inner shell orbitals (and their basis functions) in the calculation 

individually would increase the amount of calculation in a factorial manner. It also adds to 

the difficulty for the system to produce converged result.  

      To solve this problem, the idea of pseudopotentials is introduced.  It combines inner-shell 

orbitals into one entity. When interacting with other basis orbitals, only one density from Eq. 

(1.14) is needed and the number of pair-wise overlaps is also greatly reduced. In practice, 

construction of such a pseudopotential requires coefficients of inner shell orbitals.  Since 

inner shells experience small change, these coefficients can be calculated from smaller 

systems with similar environments for the atom. 



10 

 

 

 

 

1.9 Configuration Interaction. 

The SCF yields a whole set of orthonormal orbitals for single electrons to occupy. But it 

comes with subtle restriction. A single determinant wavefunction does not address 

correlation between electron occupancy. For example, in Eq. (1.4), 

         ⁄                            ,                                                           (1.4) 

two orbitals,           , are always occupied at the same time. However, the variational 

principle does not have such a restriction for the ground state of the system. When one 

electron occupies   , it is possible that another electron would occupy a set of other orbitals 

    , with certain probabilities     . Thus the wavefunction could be written as  

   ∑                                                                                                                       (1.32) 

where    has the form of single determinant wavefunction in Eq.  (1.7). 

This is the basic idea of the Configuration Interaction(CI) method. A singlet determinant 

in Eq. (1.23) is called a configuration. After configurations are constructed out of SCF 

orbitals, the variational principle is applied again to solve for the total wavefunction. But this 

time the variables are the coefficients for configurations, other than the total wavefunctions. 

The matrix Fik  is replaced by a H matrix with elements 

    ⟨  | |  ⟩                                                                                                           (1.33) 

When the two methods are combined, we obtain the scheme shown in Fig. 1.2. 
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1.10 Transition dipole  

Transitions into excited states in this work are treated as one electron processes. 

Transition probabilities are estimated by the dipole operator 

  giei rp


                                                                                                            (1.34)   

where the subscripts e and g stands for excited state and ground state, respectively. 

1.11 Overview of dissertation work 

The thesis work consists of two parts. 

      The first part includes the next three chapters. It describes the investigation of the 

properties of bulk oxygen vacancy sites in SiO2. Chapter 2 provides some background 

information for the research. The calculation, including setting up the model and calculation 

analysis, is covered in Chapter 3. Ground-state and excited-state properties are presented. 

The former addresses the behavior of the lowest singlet and triplet states. The latter discusses 

the symmetry properties of the excitations from those two states. It focused on the range of 

excitations below the band gap. Group theory is applied to assist the analysis.   

The second part covers the topic on ZnO crystal defects. Chapter 4 is dedicated to 

background information. Chapter 5 concerns the setup of the crystal structure model and the 

defect topics covered in the calculation. 

A summary is given at the end of this thesis about all the important conclusions from the 

work. It is followed by discussion on possible research directions. 
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Figure 1.1: Scheme of Hartree Fock SCF calculation 
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Figure 2.1 Schematic representation of an SCF procedure 
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Figure 1.2: Flowchart for combined Hartree Fock SCF-CI method. 
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Chapter 2 : Background on SiO2 topics. 

2.1 SiO2/Si in the semiconductor industry 

The Si-based Metal-Oxide-Semiconductor-Field-Effect-Transistor (MOSFET) was first 

demonstrated in 1960. Since then it has driven the semiconductor industry for decades [1], 

and enabled Ultra-Large-Scale-Integration (ULSI) [2]. Shown in Fig. 2.1 is a MOS transistor 

structure. It consists of a Si substrate and a top gate electrode separated by an insulating SiO2 

gate dielectric layer. The source and drain are deposited on the two sides to form a channel. 

Carriers (electrons in n channel FET and holes in p channel FET) flow in the channel and are 

tuned by applying a gate voltage. Since 1970s, the transistor density has doubled every 18 

months, following Moore’s Law. As the dimensions of transistors decreased exponentially, 

performance of microprocessors has improved regarding switching speed, delay time, and 

power consumption [3-5]. 

SiO2 is made up of SiO4 tetrahedra connected at corners by oxygen atoms. Multiple 

crystalline forms can be achieved depending on forming conditions. Suboxide forms exist, 

but are not stable on Si. In industry, SiO2 can be easily formed by thermal growth or more 

sophisticated methods such as Chemical Vapor Deposition (CVD).  Such conditions generate 

amorphous SiO2.  These layers show ideal properties for integrated circuit (IC) applications, 

including (1) high quality SiO2/Si interface with low density of interface states ~ 1-2 x 10
10

 

(eV-cm
2
)
-1

, (2) a large band gap (~9eV), (3) thermal stability at high temperatures, and (4) 

high dielectric breakdown strength [6].  
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The application of SiO2/Si in the semiconductor industry made the material an interesting 

research topic. The major topics include order parameter of the non-crystalline SiO2 phase 

and various types of defect-sites. 

 For the order parameter, the focus is beyond the local tetrahedron. For a long period, the 

glass phase was modeled as continuous random network (CRN). Restriction of the 

orientation of neighboring SiO4 tetrahedrons was loose [7]. The introduction of X-

ray/Neutron Scattering techniques [8,9] provided new insight. Correlation between 

neighboring SiO4 tetrahedrons are identified by bond angle distribution and length scale 

beyond tetrahedron.  

For defect sites, researchers applied various methods, such as luminescence [10], ESR 

[11], Raman Spectroscopy [12], and XAS [13]. Point defects are the most intensively 

studied, with various geometrical model proposed from different methods. Their 

creation/activation under various conditions in the bulk and at the interface is examined. As 

SiO2 is mixed with other dielectric materials and used in other applications such as optical 

fiber, new conditions appear. Thus defect research is expected to continue. 

As aggressive scaling continues, the SiO2/Si system faces limits. The transient time of 

transistor switching,  , is determined by the following equation: 

  
         

      
                                                                                                                  (2.1) 

where Cload is the load capacitance of transistor, VDD is the supply voltage, and ID,sat is the 

saturation drain current. The saturation current ID,sat  is then determined by  

        
 

  
                                                                                                    (2.2) 
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In the above equation, W is the channel width, L is the gate length,      is the effective 

mobility of charge carrier in the Si channel, Vgs is the gate-source bias, and VT is the 

threshold. The scaling increases ID,sat   by increasing the Cox, the oxide capacitance. The latter 

can be expressed as  

    
   

   
                                                                                                                       (2.3) 

where     is the dielectric constant of the gate dielectric (SiO2 in this case) and tox is the 

thickness of the oxide. Thus reduced oxide thickness is desirable for faster reaction from 

transistor. However this leads to increased gate-leakage current through the thin dielectric 

layer [14]. 

2.2 Research on O-vacancy defects 

The study of O-vacancy-related defects is an important topic in the Lucovsky research 

group [15-21]. Various dielectric materials, such as HfO2 and HfSiON, are involved. O-

vacancy defects are important indicators of structural changes of the material during 

processing.  

Previous study relies heavily on X-ray absorption spectroscopy. In such a process [22], 

one electron from an inner shell of an atom is excited by a high intensity X-ray beam. It is 

excited into an unoccupied state. Other electrons sense the core hole left over by the first 

electron and fill it by subsequent downward transition.  This process provides rich 

information about the material and can be measured in different ways.  
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The total electron yield method (TEY) is applied in our research (shown in Fig.2.2). 

Samples are mounted on a metal plate in a high-vacuum chamber. During the X-ray process, 

electrons are ejected out of the material and collected. To hold the sample electrically neutral, 

electrons come into the sample from the plate. This forms a real time current, which is 

proportional to the total transition intensity of the X-ray process. By tuning the X-ray energy 

to the right range (OK edge for example), virtual states from normal and defect structure are 

probed. The signal observed in the energy region just under the conduction band edge is what 

inspired the calculation and subsequent experiments.   
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Figure 2.1: Scheme of MOS transistor 
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Figure 2.2: Scheme of X-ray interaction with matter 
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Chapter 3 : The SiO2 defect:  case study. 
 

As mentioned in the previous chapter, Lucovsky et al.[1] reported both singlet and triplet 

signals in XAS pre-edge data. Dr. Lucovksy proposed a vacated-site model, featuring a weak 

Si-Si bond instead of Si-O-Si bonding, to explain this phenomenon. This geometrical model 

is the defect structure that this part of calculation addresses. 

Two major issues are of interest here. First is the possibility for both singlet and triplet 

transitions to appear in the data. This would require comparable energy levels for the lowest 

singlet and triplet states of the defect site. Also the transition from the singlet and triplet 

lowest state needs to be explored, especially in the range within the band gap. Since its signal 

would not be buried by normal SiO2 band transitions, if the mentioned site reaches some 

density high enough it could in principle be detected. To assess this quantitatively, a valid 

geometrical model first needs to be established.  

Thus this chapter is naturally divided into three parts.  

1) The procedure to define the geometrical basis for a-SiO2. It includes optimization of 

the bond length and bond angle and incorporation of medium range order into the system. 

2) The behavior of the lowest singlet and triplet states, the interpretation and confirmation 

that mixed occupancy would be possible. Since the dangling bond interaction mainly 

involves two orbitals, the gap between the two states is broken down into different factors.  

3) The behavior of the excitation for both spin-multiplicities. Excitation is calculated and 

located in the bandgap region of a-SiO2.  Peaks are categorized based on group theory. The 

dipole selection rule is also cited. 
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3.1 Structural basis for a-SiO2 . 

3.1.1 Local parameters:  bond length and bond angle 

Construction of the structural basis of a-SiO2 starts with local parameters. In this material 

it is well known that Si atoms are bonded to four neighbors in a tetrahedron setting. Also, the 

two neighboring tetrahedrons maintain a staggered configuration. Thus the Si-O bond length 

and Si-O-Si bond angle need to be tested.  

 Shown in Fig.3.1 is the scheme adopted from previous research [2]. It provides the 

means to obtain optimized local parameters in a “strain free” environment.  In our case, the 

system is terminated by H atoms instead of Si “pseudo” atoms. 

Optimization is done with respect to the total energy of the system. To reduce the amount 

of work needed to find the optimized geometry, the parameters are changed alternatively.  In 

other word, a series of geometries with identical bond angle α but different O-Si bond length 

are calculated. The optimized bond length is then picked up for a new series of geometry 

with different bond angles.  

After iterating the calculation, the results obtained are plotted in Fig.3.2 and 3.3 for bond 

length and bond angle, respectively. The optimized value of bond angle and bond length is 

148° and 1.595Å, respectively.  

Since SiO2 has been studied for long time, various accounts exist for the two parameters. 

We hereby selected two samples for comparison. 
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A previous calculation [2] has already done a broader scan on the angle. The result is 

cited in Fig.3.4, where d-polarization means the inclusion of Gaussian functions to represent 

the d orbitals of Si and O. The results show good agreement.  

Shown in Fig. 3.5 is the measured bond lengths of various forms of SiO2 [3]. Both 

temperature and thermal expansion are considered. The bond lengths cover a range of 1.610 

~ 1.615 Å. Even though our model is static, the bond length that we obtain, 1.595Å, is 

reasonably close. 

3.1.2 Medium Range Order. 

With the local order defined, the next step is to obtain a big enough cluster to mimic bulk 

SiO2. Even though a-SiO2 does not have long range order, the first sharp diffraction peak 

from X-ray scattering reveals some characteristic lengths [4], which are attributed to Si-O 

and O-O distances extending beyond nearest neighbors. 

This is referred to as Medium Range Order (MRO).  To represent this we need two layers 

of Si tetrahedrons on each side of the oxygen atom if "bulk" influence is to be included. That 

leads to the construction of a larger cluster, as shown in Fig.3.6.  In the figure, Si and O 

atoms are colored grey and red respectively. As in the previous case, the cluster is terminated 

by the hydrogen atoms, which are shown as white in the figure.  

The requirements of MRO can be satisfied by multiple geometries with the same number 

of atoms involved.  For two neighboring tetrahedrons, only the bond angle and staggered 

configuration (dihedral angle) needs to be fixed. Thus a two tetrahedron cluster (as the 

central part of the system) would only have one configuration. But for each of the six outside 
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tetrahedrons, there are choices for their orientation.  A staggered configuration means that 

between the two neighboring tetrahedrons, four bonds would be in the same plane. When the 

other four bonds are projected onto this plane, they appear on the opposite side of the line.  

To define a plane, only two bonds are needed. Thus for each of the outside tetrahedrons, 

there exist three planes for the choice of orientation. Because one Si-O bond on central 

tetrahedron is involved for the connection, the plane can be defined by the selection of one 

back bond connected to the same central Si atom.  

If the Si-O-Si bond angle is 180º, the back bonds on two directly connected Si 

tetrahedrons would pair up naturally in planes. Thus the three planes mentioned above would 

only lead to one orientation. For our optimized angle, it is not the case. Tetrahedrons defined 

by different planes are not equivalent. Even with the same plane, the same bond angle would 

allow two different orientations. One bond can be bent upwards or downwards if we assume 

the other Si-O bond in the Si-O-Si connection is horizontal. Thus when the orientation of the 

central two tetrahedrons are fixed, there are six possible orientations by which one outside 

tetrahedron can be attached onto one Oxygen atom. For the same number of atoms, the 

number of alternative configurations is huge. And since silica is amorphous, there is no 

specific reason to favor one configuration over another. The one used here is made such that 

no specific symmetry axis could be found and the outside tetrahedrons are well spaced. 

Interested readers can refer to the Appendix A for the geometry of the coordinates in bohr. 
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3.1.3. Band transition. 
 

One obvious way to test the validity of this model is to calculate a “band transition”.  The 

ground state calculation of the system shows that the orbitals representing the nonbonding 

“lone pair” electrons on O atoms have the highest energies. Therefore it is natural to expect 

transition from such orbitals to represent the lowest-energy band transition. 

The transition from the central O atom is calculated using localization and ion setting. 

Since the ground state is singlet, the band transition energy is calculated as the energy 

difference between the ground state and next singlet state. We obtained a value of 9.1eV, 

reasonably close to experiment [5].  

The orbital that the lone pair electron is excited into is diffused and involves Si 3d 

orbitals from the central Si’s. This transition has a calculated dipole moment of nearly zero, 

in good agreement with the concept of an indirect band gap.   

3.2 Ground state of the defect site. 

The defect site of interest here is a single oxygen vacancy, termed a vacated-site. There 

can be multiple ways to "relax" the system after the central oxygen atom has been removed. 

As proposed by Dr. Lucovsky [1], the two sides are realigned to make dangling bonds 

colinear . It mimics the case of weak Si-Si bonding created during deposition or relaxation of 

strained Si-O-Si bonding when the O atom is removed in post-deposition process. The central 

tetrahedrons form D3d geometry.  
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For the vacated-site, the energy of the lowest singlet and triplet is calculated with respect 

to Si-Si distance and the result is shown in Fig.3.7. It can be seen that the gap between the 

lowest singlet and triplet states decreases rapidly with increasing distance d.  

The different behavior of the states can be explained by wavefunction formation at 

configuration interaction level. The configurations involved in the singlet and triplet lowest 

states differ mainly in the orbitals for the two electrons in the middle of the system. There are 

two individual orbitals for electrons to occupy, one “bonding”(A1g) and one “anti-

bonding”(A2u) , as shown in Fig.3.8. They are denoted as σ and σ*. Thus the two 

wavefunctions can be expressed as  

))2()2()1()1(det(
!

))2()2()1()1(det(
!

**21
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glet                   (3.1) 
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C

N

C
triplet             (3.2) 

The “” in Eq.3.1 and 3.2 stands for all other doubly occupied orbitals that the singlet and 

triplet have in common and α, β are spin wavefunctions. The C’s are coefficients for 

normalization of the total wavefunction. In general, C1 is greater than C2. 

By applying the above formation to the general equation 

 HH                                                                                                                   (3.3) 

and solving for the energy, the total energy of the system can be broken down into 

different parts.  

For the triplet, the total energy can be expressed as 
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Here, Eo stands for the total energy, including kinetic, nuclear attraction and electronic 

repulsion, among all the other doubly occupied orbital without interaction with σ and * ,  

which can be written as 




 )det()det(
)!2(

1
0  H

N
E                                                                                    (3.5) 

where E  is the summation of the kinetic energy of nuclear attraction for   and electronic 

repulsion between   and orbitals other than 
* .  
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*E


, whose formation differs from Eq.3.6 only by a subscript (from   to 
* ), is the 

counterpart for 
* . The last two terms, Coulomb and exchange term as commonly phrased, 

stand for the electronic repulsion between electrons in  ,
* .  Notation J is adopted for 

repulsion terms in which same electron from both wavefunctions occupies the same spatial 

orbital. Notation K is adopted for repulsion terms in which the same electron occupies 

different spatial orbitals in the two wavefunctions.  Subscripts are added to indicate the 

spatial orbitals involved. So the last two terms in Eq.8 would be conveniently written as *J


and *K
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Thus for the singlet, the total energy can be expressed as  
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In the above equation, the first four terms treat the total wavefunction as equally 

distributed between the two determinants without interaction. The last term adjusts the 

energy based on the energy difference and interaction between determinants so that the 

change of coefficients for determinants is factored in.  

    Fig.3.9 shows the behavior of E (lower curve) and *E


(upper curve) with respect to 

Si-Si distance d.  The former increases rapidly with d, while the latter lingers within a range 

of 1eV. This is a natural result of their electron density distribution. 

Fig.3.10 shows the behavior of J (solid line), * *J
 

(solid line with dots)and *J


(dash 

line). Those three terms all have orbitals occupied twice by the same electron from the 

wavefunction on both sides.  

For example,  
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Since spatial orbitals are normalized by themselves, the behavior of these terms follows 

the 1/r factor and the change is much smaller than that seen in Fig.3.9 

      Fig.3.11 shows the energy of *
K (lower curve) and the square root term in Eq.3.7.  
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Here, the same electron from different wavefunctions occupies different orbitals. Its value 

and range are smaller than the J’s due to smaller overlap of from the electrons. However, due 

to the shrinking gap between E  and *E


, it is still the dominating factor for the square root 

term as d increases. 

After all the individual terms related to σ and σ* are laid out, Fig.3.12 shows their 

combined effect as E-Eo for both singlet and triplet. The E0, the contribution from all other 

electrons are also shifted and plotted as a comparison.  

      The singlet and triplet behaviors are influenced by many factors. But the terms that 

determine the singlet-triplet gap involve primarily the two central orbitals. Conceptually, the 

two are generated from the interaction between dangling bonds from neighboring Si atoms. 

Thus the two orbitals, and all the terms involving them depend on the overlap of the 

wavefuncions from both sides. This implies the behavior of the gap does not only depend on 

Si-Si distance d, but also on bond angle. Compared to other orientations, the vacated-site 

should have larger gap due to maximized wavefunction overlap for a given angular 

orientation.   

A vacancy site where dangling bonds are kept at the normal Si-O-Si angle is tested and 

the result plotted with vacated-site for comparison in Fig.3.13. A smaller gap is seen but the 

difference is negligible in the range where the gap is small. It confirms the above argument 

and also shows that at large distance, d is still a primary indicator of overlap since the 

difference among angular orientation is small. 
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The gap calculated here cannot be measured by direct optical excitation because of spin 

mismatch, but it can be used to estimate the ratio of occupancy between the triplet and singlet 

by thermal excitation which is about3 ( )
B

EExp
k T

 , where E  is the gap between the two 

states and kB is Boltzmann constant. The factor 3 comes from the spin multiplicity.  At the 

annealing temperature, roughly 1200K [1], the factor is close to 1 for a gap of ~0.1eV, which 

corresponds to the right end in Fig.3.7. It is likely that the small gap between the singlet and 

triplet in this range results in both states being occupied, which leads to an excitation 

spectrum from both states. 

Due to the difference in geometries, it is impossible to compare the ground states of 

normal a-SiO2 and vacated-site configurations directly. However, we can estimate these from 

the SCF orbital energy. It is the summation of kinetic energy, nuclear attraction and all the 

electron repulsion terms for a spatial orbital (defined by Fock operator in Chapter 1). Band 

transition for silica starts from a lone pair electron on an Oxygen atom, whose orbital energy 

is about 11.9eV.   At 4.7Å,    and *  have orbital energies of 8.9eV and 7.74eV, 

respectively.  Eq3.1 shows that in the singlet an electron occupies some hybrid orbital 

between   and * , thereby lowering its energy. Thus the singlet is at most 3eV higher than 

the lone pair at the top of valence band.  

3.3 Excitation for both singlet and triplet. 

The excitation, both singlet and triplet, can be understood in terms of their atomic origin 

and the formation of molecular orbitals under a given symmetry.  
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Starting from Si atomic orbitals, the tetrahedral (Td) bonding of Si atom with its O 

neighbors will be explained. The symmetry then will then be distorted to be three-fold (C3v) 

to demonstrate the effect of a “dangling bond” on a single Si atom. With two “dangling 

bonds” aligned towards each other, the evolution of unoccupied (virtual) molecular orbitals 

will be shown. They form the basis of the excitation in the defect structure. Some discussion 

is also provided on the effect of the angle between the dangling bonds to give this analysis 

additional generality. Finally, the influence of bulk (Medium Range Order) will be taken into 

account by incorporating the second Si neighbors into the system.  

3.3.1 Bonding of a Si atom 

Shown in Fig.3.14 is an energy diagram of a single Si atom without any neighbor/ligand 

field. The valence shell and core levels are separated energetically. Without influence from 

any neighbor, the system is highly symmetric and would maintain high degeneracy of 

orbitals, such as the Si 3d’s.  

A simple Si(OH)4 structure can be used to illustrate the bonding interaction between the a 

Si atom and its oxygen neighbors. Under tetrahedral geometry (Td) as shown in Fig. 3.15 (a), 

the energy diagram of the system is calculated and shown on the left side of the energy 

diagram in Fig.3.16. Individual orbitals are plotted and assigned group symmetry labels 

according their shape.  

Compared to Fig. 3.14, several differences can be noticed. The number of occupied 

energy levels is increased due to the involvement of O and H atoms. The core levels, such as 

O 2s levels, are well separated from other levels energetically. They form linear 



33 

 

 

 

 

combinations under Td symmetry, as shown in Fig.3.17 (a). But the lack of interaction among 

them produces minimal splitting. Thus T2 and A1 representation maintain the same energy.   

For the valence orbitals, the situation is different. Atomic orbitals from different atoms 

are energetically close to each other and have significant overlap. They can show strong 

mixing to form bonding molecular orbitals, as shown in Fig.3.17 (b).  Mixing between 

different atomic orbital types here depends on their overlap, which is reflected in their match 

of group representation. Si 3p, O 2pσ and H s functions all form T2 representation by 

themselves. This enables them to mix and form molecular orbitals belonging to the T2 

representation. 

Any distortion of the structure can further reduce the degeneracy allowed by the system. 

An example is shown in Fig.3.15 (b), where one OH group of the structure moved away from 

the Si by 1.0Å. The point group changes from Td to be C3v, and the result can be seen on the 

right hand side of Fig.3.16, with the evolution of the T1/T2 representations shown by arrows. 

The C3v symmetry allows a highest degeneracy of 2, so the E and A1 representations 

maintain their identity, with some shift in energy. 

3.3.2 Single “dangling bond” on Si 

When the OH group in Fig. 3.15 (b) is completely removed from the structure, the energy 

diagram is shown on the right side of Fig.3.18. As in Fig. 3.15 (b), the symmetry is still C3v 

type, but there are a few qualitative differences. 

The electrons and atomic orbitals associated with the OH group are absent from the new 

system. This decreases the number of molecular orbitals formed by O atomic orbitals at both 
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core and valence level.  It, however, does not alter the number of orbitals associated with Si. 

The energy shift for most of them is also small. The only exception is that mixing between 

the Si 3p and neighboring O 2p functions, where a T2 representation splits into one E and one 

A1 representation, as shown in Fig.3.19. The energy of A1 is raised dramatically due to the 

lack of bonding interaction in one direction. This molecular orbital becomes a singly 

occupied HOMO, commonly referred to as a “dangling bond”. 

One CI calculation is done on this configuration and the excitation is shown in Fig. 3.20. 

The symmetry representation of ground and excited states are identified by symmetry 

combination of occupied molecular orbitals, with the ground state being A1. Bar plots are 

used to indicate the transition energy and dipole. Gaussian fitting is also applied to simulate 

the measurement and help to identify degeneracy. In total, ten excited states are involved. 

The lower nine of them simply excite the electron from HOMO. That electron moves into 

virtual molecular orbitals from Si 4s, 3d and 4p, as indicated in Fig. 3.18. The highest one 

excites one electron from the A2 orbital below HOMO and places the electron in the A1 

orbital from 4s. In this case, the excitation probes all the virtual orbitals in Fig. 3.18. 

3.3.3 Interaction between “dangling bonds”. 

If two Si(OH)3 structures are considered in a staggered geometry, with the dangling 

bonds pointed towards each other, the  newly created Si(OH)6 system, as shown in Fig.3.21, 

mimics the vacated-site structure in the silica bulk. The structure has D3d symmetry, which 

adds inversion symmetry operations compared to C3v. The dangling bond and virtual orbitals 
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from both sides also interact and form molecular orbitals according to the new symmetry, as 

shown in Fig. 3.22.  

Newly formed molecular orbitals are either symmetric or antisymmetric with respect to 

the inversion operation. The former is denoted by subscript g and the later by u. The lowest 

two orbitals (A1g and A2u) in this diagram correspond to the σ and σ* orbitals that are used to 

describe the lowest singlet and triplet state of the cluster. From the one 4s orbital and five 3d 

orbitals of each Si atom, a total of 12 virtual molecular orbitals are formed. Compared to 

their C3v counterparts, they spread out over a wider energy range with roughly the same 

center. The excitation of electron from the A1g/A2u mentioned above into them generates the 

excited states for the system.  

In many cases the excitation can be understood as if it were located primarily on one 

atom, as done with Tanabe-Sugano diagrams [6]. Even though the geometric center of the 

structure is a vacancy, an analogy can be made by considering atomic orbitals with their 

nucleus at the center of a D3d ligand field. Thus one set of p function gives one A2u (pz) and 

one Eu representation. One function is an A1g representation and a set of d function gives a 

A1g and two Eg representations. The full set of molecular orbitals on the right side of Fig. 

3.22 would be equivalent to the combination of 2 s sets, one d set, two p sets and a separate 

pz function. If a imaginary atom were to be placed in a D3d field such that its 2s, 2p, 3s, 3p, 

3d and the pz function from the 4p form a block of orbitals without the others, it would give 

the same set of group representations. If two electrons are placed in the block, similar 

excitations would be expected.  
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As in large cluster, the system now has both singlet and triplet states. Their corresponding 

lowest states could be expressed as  

))2()2()1()1(det(
!

))2()2()1()1(det(
!

**21
sin  

N

C

N

C
glet                   (3.9) 

and 

))2()2()1()1(det(
!

))2()2()1()1(det(
!

**  
N

C

N

C
triplet           (3.10) 

where σ and σ* correspond to the lowest two molecular orbitals in Fig. 3.22, A1g and A2u 

respectively.   

Transitions from the singlet state are shown in Fig. 3.23 while the triplet counterpart is 

plotted in Fig. 3.24. The singlet transition shows a total of 12 peaks. The lowest two are 

made by simply rearranging the σσ+σ*σ* formation in Eq.3.9 into σsu/sgσ* configurations, 

where su/sg stands the A2u/A1g at 1.2/1.6 eV in Fig.3.22, made primarily of 4s functions. The 

rest are created by exciting the electron from σ* to a symmetric d orbital (red) or from σ to 

anti-symmetric d orbital (black). For the triplet case, the first excited state in Fig.3.24 has the 

σsg configuration as the major term. The ten excited states following it fall into two sets. The 

lower five excite one electron from σ* to a symmetry orbital with 3d origin, while the higher 

five replace the σ orbital in ground state with a anti-symmetric orbital with 3d origin.   

In both cases, the inversion symmetry is altered during the excitation, as required by 

group theory. Compared to the excitation from Si(OH)3, the range of d orbital-related 

excitation expanded, which is consistent with the change in energy diagram shown in Fig. 

3.22. 
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3.3.4 Influence of bond angles. 

So far, we have primarily addressed the geometry where the two Si dangling bonds are 

collinear, forming weak Si-Si bonding.  In amorphous SiO2, there are likely to be many 

similar sites with different angles between the Si dangling bonds adjacent to the vacancy.  It 

is worthwhile to examine the impact of this angle.  

If the angle between the two dangling bonds is not 180º, most symmetry operations under 

D3d symmetry, such as inversion and three fold rotation, are no longer available. The only 

symmetry operation that may still apply is the reflection (σ), if the two sides still maintain the 

staggered configuration. In this case, the symmetry of the system is reduced to a simple Cs 

group, which only allows the A’ and A” representations. In other words, degeneracy in 

virtual orbitals and total wavefunctions would be completely removed. This does not 

significantly alter the energy range of the virtual orbitals or total wavefunctions, as they are 

primarily determined by their atomic origin.  

As an example, the Si2(OH)6 cluster is slightly modified so that the dangling bonds from 

the two Si atom form a angle of 148º. The new set of virtual orbitals is very similar to the set 

shown in Fig. 3.22, except that the degeneracy have been removed. For instance, the Eg set at 

~1.3 eV is now reduced to an A’ and an A”.  Both occupy the same energy range but are 

0.05eV apart.  

The difference is more pronounced in the excitation spectrum for both singlet and triplet, 

as shown in Fig. 3.25 and 3.26. For the ease of comparison, the arrows used in Fig. 3.23 and 

Fig. 3.24 are kept in Fig. 3.25 and Fig. 3.26 respectively.  
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Two differences can be seen. First, peaks similar to those in vacated-site case are seen, 

with the degeneracy removed. This is in good agreement with the change of symmetry group. 

Also, extra transition peaks show up with relatively weaker intensity. As discussed in the last 

section, transition peaks under D3d symmetry are selected by parity. Since the inversion 

operation is no longer applicable in the new symmetry, the parity restriction is gone.   

Overall, the energy range of the transitions in the band gap is the same for the vacated-

site geometry, and the line shape is similar. Thus it is convenient to consider the vacated-site 

since its high symmetry makes it easy to understand and the transitions from other similar 

defect sites with unspecified bond angles may be approximated from the vacated-site case.  

3.3.5 Influence of the bulk 

So far, the analysis has been done for two Si atoms. As discussed when the cluster was 

being established, the influence of bulk silica can be better estimated by adding six more 

silicon tetrahedrons to mimic the medium range order of the material. An expanded cluster 

with perfect D3d symmetry is shown in Fig.3.27. The inclusion of more neighbors is expected 

to have two effects. First, it adds in Si 4s and 3d functions from newly introduced Si atoms to 

form the molecular orbitals. Thus more virtual orbitals would be available for excited states. 

Also the electronic potential each molecular orbital experiences would be altered.  

Following the analysis above, one-side of the cluster is considered first, with the energy 

diagram shown in Fig. 3.28. Since each Si atom brings one 4s function and 5 3d function, a 

total of 24 virtual molecular orbitals are constructed. Compared to the Si(OH)3 case, their 

range is expanded asymmetrically.  
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However, a CI calculation shows that the excitation, shown in Fig.3.29, has major peaks 

similar to the Si(OH)3 case. This is a natural result of dipole selection. A dipole, as discussed 

in the introduction of the algorithm, is calculated by the following equation, 

 giei rp


                                                                                                             (1.11)      

where subscripts g and e denote the ground and excited state respectively. Though Ψ 

stands for the total wavefunction, it is easy to show that, for dipole to be nonzero, only one 

molecular orbital can differ between the initial and final state. The expression holds if the Ψ 

is replaced by the individual molecular orbitals by which the initial and final state differ.  

In the specific case here, the orbital for initial state would be the “dangling” Si pz. A 

comparison between the energy diagram for Si(OH)4 and Si(OH)3, as in Fig. 3.18, reveals 

that a dangling bond orbital is separated energetically from the Si 3p bonding orbitals and O 

2pπ orbitals. So when new Si neighbors are added, the dangling A1 orbital would remain 

largely localized on one Si atom due to minimal mixing with new neighbors. For the dipole 

in Eq.3.11 to be non-zero, the molecular orbital in final state needs to occupy the same 

spatial area as pz.  

This requirement is best satisfied when the electron is excited into a orbital made of Si 4s 

and 3d function from the same Si atom as A1. Since molecular orbitals are linear combination 

of atomic orbitals, there is only a limited number of virtual obitals with the mentioned atomic 

orbital as major component. This small set is similar to the set of virtual orbitals in Si(OH)3. 

They form the final states that have the biggest dipoles. Thus the symmetry representation of 

the major peaks would be similar to that of Si(OH)3.  The rest of the virtual orbitals may still 
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have non-zero dipole, but the value is dampened by limited spatial overlap. Their presence is 

pronounced by additional weaker excitation closer to 9eV.  

The same bulk effect is also observed in singlet and triplet transition for the whole 

cluster. As in the transition from Si(OH)3 to Si2(OH)6, molecular orbitals from both sides 

would interact with each other and form new molecular orbitals according to the new 

symmetry. 48 virtual orbitals in 6 A1g, 2 A2g, 2 A1u, 2 A2u, 8 Eg and 8 Eu representations are 

generated, doubling the number with respect to the one-side case.  The excitation spectrum is 

shown in Fig. 3.30 and Fig.3.31 for singlet and triplet respectively. 

As in the one-side case, more excitation peaks show up in the spectrum after Si neighbors 

are introduced. They populate the energy range close to band gap. Red arrows are used in 

both plots to identify the main peaks that define the profile. These major peaks have a similar 

combination of representations as in Si2(OH)6 case. But their energy and dipole are changed 

as a result of the bulk influence.  As mentioned in one-side case, introduction of Si 

neighboring expand the energy range of the virtual orbitals. Therefore there are excitation 

peaks beyond the 9.0eV cutoff for both singlet and triplet features. This is also a result of 

bulk influence.  

In a word, the energy range and symmetry representation of major excitation peaks are 

largely determined by the interaction between the Si atoms next to the vacancy. The bulk 

effect is seen as a modification of the major peaks and the introduction of weaker transitions 

close to or higher than the band gap of silica. 
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The effect of bond angle is also tested with the big cluster, as in the Si2(OH)6 case, the 

angle between the dangling bonds are changed to 148º. The corresponding singlet and triplet 

result are presented in Fig. 3.32 and Fig. 3.33 respectively. 

Again, the comparison involving the large cluster confirms the effect of symmetry 

modification. For the major transitions allowed under D3d symmetry, the energy shifts and 

degeneracy is removed. More minor transitions, forbidden under D3d symmetry, also appear 

when the parity restriction no longer applies. 

3.4 Summary of the calculation. 

This chapter mainly answers two questions on the proposed vacated-site structure in 

amorphous SiO2.  

The first question is whether there exists a certain geometrical configuration that allows 

the system to have lowest singlet and triplet states to be energetically close.  

The answer is given by the ground state analysis, where the energy difference between 

the lowest singlet and triplet states is broken down into different contributing factors. We 

conclude that when the two Si atoms next to the O vacancy are far apart, interpreted here as a 

distance larger than 4.9Å, it is likely that both states are be occupied. This distance is much 

larger than the normal Si-Si distance in a Si-O-Si bonding (< 3Å). This implies that if the 

structure is created out of strained Si-O-Si bonding, significant local structural relaxation is 

involved. 

The second question is about the possible single electron excitation from both spin 

multiplicities.    
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The major transitions excite one electron from bonding or antibonding orbital between 

the two Si atoms into a virtual molecular orbital combination consisting primarily of the 

4s/3d orbitals on the same Si atoms. The combination determines the transition energy, 

symmetry, and number of major peaks.  

Since the structure is considered to be a part of a-SiO2 network, the influence of the bulk 

and possible variations of the angle between the Si dangling bonds are also considered. Both 

factors shift the major peaks and introduce weaker transitions with different mechanisms.  

However, the singlet and triplet excitations calculated in all cases, namely those of D3d 

and Cs symmetry for both Si2(OH)6 and the big cluster,  show similar results. The excitations 

always fall between 6and 9 eV. Also, the shapes of the spectra are rather similar for the 

singlet and triplet in all cases. Thus the qualitative conclusion here allows some flexibility of 

defect geometry, such as in bond angle.  

The excitation calculation by itself predicts a way to detect the proposed defect structure 

by the means of single electron excitation, such as UV spectroscopy or ellipsometry.  

Meanwhile, the analysis explores the virtual orbitals that are characteristic of the defect 

geometry.  This can be used to assess the logic of analyzing XAS data to obtain information 

about the vacated-site structure. 

3.5 Comments on the XAS analysis. 

Figure 3.34 shows a published [7] SiO2 OK XAS spectrum where the vacated-site 

structure is proposed. The major features in Fig. 3.34 lie above 531eV, which is labeled the 

“conduction band continuum”. 
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XAS edges are commonly understood as the excitation of a core orbital electron into a 

virtual orbital [8, 9]. In this specific case, an electron from a O 1s orbital is used as the probe. 

According to our energy diagram, the lowest virtual orbitals consist of Si 4s, 3d functions. 

They correspond to the conduction band for normal SiO2. For the vacated-site structure, they 

correspond to 12 virtual orbitals formed primarily from the Si 4s and 3d orbitals next to the 

vacancy.  

It is noticeable in Fig. 3.34 that the range between 525eV and 531eV does not exhibit 

significant features. However, vacated-site features are proposed to be seen in the second 

order derivative of the XAS data in this range, as shown in Fig. 3.35. 

This interpretation is based on two assumptions. First, the defect structure possesses 

certain symmetry so that the total wavefunction of the final states exhibits the symmetry 

properties labeled.  Second, the characteristic virtual orbitals of the vacated site are lower in 

energy than the “band” orbitals so that any features belonging to the defect would appear in 

the pre-edge range, rather than the edge area.  

Our calculations contradict both assumptions.  

First, the Tanabe-Sugano d
2
 diagram [6] is designed to be used with final states having 

two electrons in d orbitals. It assumes that the d orbitals are located on the same tetrahedrally 

bonded (Td) atom, with the ligand atoms providing an electric potential but not basis 

functions. This, as shown in the excitation analysis, is clearly not the case. The orbitals 

characteristic of the vacated-site are generated by interaction between the Si 4s/3d orbitals on 

both sides of the vacancy. The geometry is D3d rather than Td, which means that the set of 
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virtual orbitals available for constructing the total wavefunction is different. Also, any form 

of single excitation would have only one electron in a 4s/3d orbital. This also contradicts the 

assumptions behind the d
2
 diagram, where two electrons fill two d orbitals. As a result, the 

group labeling for our calculated final states in the excitation analysis and the set in Fig.3.35 

are clearly different.  

Second, in the XAS OK edge, O 1s electrons are excited into virtual orbitals. In the case 

of the normal SiO2 structure, XAS probes the “conduction band” orbitals, which involve Si 

4s/3d functions. The orbitals characteristic of the vacated-site structure are also Si 4s/3d 

functions.  

The energy diagram of Fig.3.18 and 3.22 show similar energy ranges for both types of virtual 

orbitals. Thus transitions from O 1s to those 4s/3d virtual orbitals must have roughly the 

same transition energies. In other words, XAS transitions involving the vacated-site would 

fall within the edge area, rather than extending ~10 eV below the edge itself. This should not 

be confused with the single electron transitions in our study that is at most 3eV lower than 

the band transition. Those start with the O (σ, σ*) orbitals that are 2~3 eV higher than the 

normal valence orbitals of SiO2, the O lone pair orbitals. In an analogy to the valence-

conduction band terminology, this means an upward shift of the valence orbitals, which are 

not probed in XAS. 

If the vacated-site signal is within the edge, the question remains as to weather such 

transition would be observable or not. Previous research [8] points out that core holes on 

ligand atoms do not significantly alter the wavefunctions on their neighbors. Due to the intra-
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atomic nature of the XAS O K edge here, the transition can be well approximated by 

changing one of the 1s orbital into a virtual orbital in the wavefunction. In other words, we 

can estimate the order of magnitude for such transition by evaluating 

 vrsp ii


1                                                                                                                  (3.11) 

where 1s stands for the oxygen 1s orbital considered here and v refers to the virtual orbitals 

constructed from Si 3d/4s wavefunctions in SiO2 normal and vacated-sites. Depending on the 

specific symmetry, dipole values differ among virtual orbitals. But for both cases, the 

nonvanishing dipole is about 10
-2

 a.u. from our calculation. Thus for dipole transitions from 

vacated-site to be seen at the edge, there needs to be either a high density of vacated sites or 

some resonance mechanism that stimulates this transition. Unfortunately, there is no 

evidence to support either of the two possibilities.  

Thus our calculations show that it is not likely that information about the structure of the 

vacated-site can be obtained from XAS spectra. This, however, does not rule out the 

possibility of its existence. Since the vacated-site can host different spin multiplicities, 

techniques such as ESR can be used to test it.  Our research also indicates that in the proper 

energy range, UV spectroscopy or ellipsometry may help to identify it. 
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Figure 3.1: Schematic of two tetrahedrons bonded together, from ref [2]. 
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Figure 3.2: Bond length vs. Ground state energy with optimized bond angle. Different colors 

stand for different series. The bond length is in Å and the energy in eV. 
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Figure 3.3: Bond angle vs. total energy of the geometry with optimized bond length. 

Different colors stand for different series. Bond length is in unit of ° and energy in eV. 
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Figure 3.4: Calculated Si-O-Si bond length, from ref [2]. 
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Figure 3.5: Si-O bond lengths of various form of SiO2, as determined by neutron 

scattering. 
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Figure 3.6: A 3D view of the cluster configuration for silica. In the picture, red, grey and 

white color stands for O, Si and H atoms respectively. 
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Figure 3.7: Total energy of lowest singlet and triplet states. The upper line is the triplet 

while the lower line is the singlet. The left end extend to the distance where Si atoms can be 

bonded to each other. The curve for triplet shows a kink there because the two lowest triplet 

states are different on the two sides. Here we are mainly concerned about the right side. 

When the gap shrinks to a range of about 0.1eV, it is likely that both singlet and triplet states 

would be occupied by thermal excitation. Thus both excitations would be seen. 
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(a)                                                                    (b) 

 

Figure 3.8: Contour plot (threshold 3.16e-003) of the two molecular orbitals that singlet and 

triplet lowest states are constructed out of. The molecular structure is represented by bonding 

sticks for a better view of the orbitals. Different colors (blue and red) stand for different signs 

of the wave function. (a)A1g, (b)A2u. The lowest singlet and triplet states for the system 

mainly differ on their combination of these two orbitals. 
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Figure 3.9: Behavior of E (lower curve), *E


(upper curve) with respect to Si-Si distance. 
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Figure 3.10: Behavior of J (solid line), **
J (solid line with dots)and *

J (dash line). 

For detailed definition of those terms, see Eq.(3.8) 
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Figure 3.11: Energy of *
K (lower curve) and the square root term in Eq.3.7 

For a detailed definition of these terms, see Eq.(3.8). 
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Figure 3.12: E-E0 for the two orbitals for singlet (bottom line on left), triplet (middle line on 

left) and E0 (top line on left). 
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Figure 3.13: Energies of the lowest singlet and triplet states for the vacancy (dots) and 

vacated-site (dash line) geometry. Vacated-site here refers to the case where the dangling 

bonds are collinear. Vacancy refers to the two bonds having a normal Si-O-Si angle. As 

shown here, the singlet-triplet gap is always smaller for the vacancy due to the smaller 

overlap of dangling bonds. At large distances, the difference is small. 
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Figure 3.14: Energy diagram from a single Si atom. The energy scale on the left are 

fragmented to accommodate the energy levels. Each bar in the plot represents one atomic 

orbital. Black orbitals are doubly occupied, the red are singly occupied and the blue are 

unoccupied in ground state. In calculation result, the unoccupied 3p orbital would have 

slightly higher energy. 
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(a)                                                                           (b) 

Figure 3.15: Si(OH)4 structure with Td(a) and C3v(b) symmetry. Grey, red and white color is 

used to denote the Si, O and H atoms respectively. Compared to the Td case, one OH group 

in the C3v configuration is moved away from the Si atom by 1.0Å.  
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Figure 3.16: Energy diagram of Si(OH)4. The two symmetries correspond to the structure in 

Fig.3.15 (a) (Td) and (b) (C3v). Compared to Td case, one OH group in the C3v case is moved 

away from the Si by 1.0Å. Energy scales are distorted to accommodate all the energy values. 

The energies of specific levels are marked for both symmetries. The origin of energy level 

groups are labeled in the middle of the plot, with red arrows tracing the evolution of the high 

symmetry groups. Here σ denotes the bonding direction and π stands for perpendicular 

direction. The same color code as in Fig. 3.14 is used to distinguish occupancy of orbitals in 

the ground state. 
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Figure 3.17: Contour plot of different type of orbitals in Si(OH)4. Red and blue denote 

different signs of the wavefunctions.  The frame is colored differently to indicate the location 

of atom. (a) top left, One of T2 orbital formed by O 2s’s. (b) top right, One T2 bonding orbital 

involving Si 3p, O 2pσ and H s functions. (c) bottom, One E orbital involves only O 2pπ 

orbitals. 
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Figure 3.18:  Evolution of the energy diagram from Si(OH)4 to Si(OH)3. The color code is 

the same as that used in Fig. 3.14.  It distinguishes occupancy of orbitals in the ground state. 

Cyan is added to label the single occupied HOMO, “dangling bond” orbital. Red arrows are 

used to mark its generation. For the C3v system, the lowest virtual orbital, A1 comes primarily 

from Si 4s function. The E set right above it is commonly referred to as dxy and dx
2

-y
2
. The 

next E set stems from dxz and dyz. It is topped by dz
2
 as A1 
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Figure 3.19: Contour plots of the E representation (a and b/top) and A1 representation (c, 

bottom) that correspond to the T2 representation from Si 3p under Td. The A1 is considered a 

“dangling bond”. The change of symmetry also allowed some pπ character to mix in the A1. 

The color code here is the same as in Fig.3.17. 
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Figure 3.20: Excitation from the Si(OH)3 structure. The symmetries of the states giving rise 

to the features are identified by symmetry combination of occupied molecular orbitals. The 

ground state is A1. The x value stands for the excitation energy, that is, the energy difference 

between the group state and the corresponding excited state. Transition dipole for each 

transition is calculated and plotted in the y direction. The bars indicate the exact transition 

energy while a Gaussian fit with line width ~ 0.1eV is applied. The Gaussian fit is intended 

to simulate real measurement and help to identify the degeneracy of the excitation. For E 

states, the bars reach roughly half the height of the Gaussian peaks.  For an A1 state that 

stands alone, the bar will reach the peak. Different excitation types are marked with different 

color for the arrows. Blue, red and black arrows mark excitation where the electron in the 

HOMO A1 moves into virtual orbital with Si 4s, 3d and 4p origin respectively. The yellow 

arrow marks a transition where one electron from the A2 orbital below HOMO gets excited 

into the A1 orbital from Si 4s.   
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Figure 3.21: The Si2(OH)6 structure. The color code is the same as in Fig.3.15. The two sides 

are aligned so that the dangling bonds are collinear. The Si atoms are 4.9Å apart and the 

system possesses D3d symmetry, meaning the OH groups from both sides are staggered. 
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Figure 3.22: Evolution of HOMO and Si 4s, 3d virtual orbitals from Si(OH)3 to Si2(OH)6. 

Molecular orbitals occupied in lowest singlet/triplet state are black. One major difference 

between the group labeling of the two symmetry is the subscript of g and u, which is 

associated with inversion operation. Bonding type notation is also included for Si2(OH)6. 
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Figure 3.23: Excitation from the singlet ground state of the Si2(OH)3 system. The group 

representation is determined by the molecular orbital combination for the two electrons as 

described in Eq. 3.9. From the A1g ground state, the excitation is to a final state anti-

symmetric about inversion, as denoted by their u subscripts. This is consistent with dipole 

selection rule. Different colors are applied to distinguish the configuration of the final state. 

The blue ones represent the final states with the σsu/sgσ* configuration, where su/sg stands the 

second lowest A2u/A1g in Fig.3.22, made primarily of 4s. The red and black colors mark 

transitions into a final state with σdu, σ*dg style configurations respectively, where d stands 

for a molecular orbital with d origin. 
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Figure 3.24: Excitation from the lowest triplet state for the Si2(OH)6 system. The group 

representation is determined by the molecular orbital combination for the two electrons 

described in Eq. 3.10. The ground is A2u. As expected, all the excited states possess 

symmetric representation denoted by g subscript. The first excited state is with σsg 

configuration. It is followed by ten more excited states consists primarily of σdg(red) or 

σ*du(black) configurations.    
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Figure 3.25: Singlet transition from the Si2(OH)6  where the Si dangling bonds form an angle 

of 148º. The same color code is used as in Fig. 3.23. The arrows from Fig. 3.23 are 

maintained to mark the transition allowed under D3d symmetry. The energy range of the 

transition is the same. The number of peaks shows two main differences. First, extra 

transitions forbidden by parity under D3d symmetry now can be seen, for example the new 

peak near 6.7eV.  Peaks existing under D3d symmetry are slightly shifted with the 

degeneracy removed, for example the Eu group near 7.5eV. The overall shape is similar to 

that seen in Fig. 3.23. 
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Figure 3.26: Triplet transition for Si2(OH)6 where the Si dangling bonds form an angle of 

148º. The color code is the same as that used in Fig. 3.24. The arrows from Fig. 3.24 are 

maintained to mark the transitions allowed under D3d symmetry. The energy range of the 

transition is the same. The number of peaks shows two main differences. Extra transitions 

forbidden by parity under D3d are now seen, for example the weak peak near 7.7eV.  Peaks 

existing under D3d symmetry are slightly shifted with the degeneracy removed, for example 

the Eg group near 8.0eV. Overall, the shape is similar to that seen in Fig. 3.24. 
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Figure 3.27: The vacated-site structure viewed from different angles. The cluster possesses 

D3d symmetry. The left picture views the cluster approximately down C3 axis. And the right 

picture shows the absence of central oxygen atom from perpendicular direction. 
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Figure 3.28: Comparison between Si(OH)3 and one-side of the bigger cluster. Due to the 

involvement of more Si atoms, additional virtual orbitals are created. This plot shows those 

with Si 4s and 3d origins. The energy scale of the two sides is different. The range for the 

right side is expanded asymmetrically. 
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Figure 3.29: Excitation from one-side of the expanded cluster. Compared to the Si(OH)3 

excitation, the major excitation peaks from Si 4s and 3d are preserved with minor change in 

energy and dipole. The higher energy end is now populated by weaker peaks. This is the 

clearly the effect of the bulk, which pushes up the 4p orbitals and introduce more 4s, 3d type 

virtual oribtals from second neighbor Si atoms.   
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Figure 3.30: Singlet transition from the whole cluster shown in Fig. 3.27. The same energy 

range with Si2(OH)6 is used.  Red arrows are used to identify the excitation peaks that define 

the profile of the excitation. The number of them closely follows the case of Si2(OH)6, but the 

position and the dipole are changed. Also, more states emerge close to right end of the area, 

such as the two “shoulders” of Eu representation at around 8.5eV. Due to the profile overlap 

between the two Eu representations around 7.5 eV, extra states are not easy to recognize. 

Thus an inset is introduced to give an example. 
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Figure 3.31: Triplet excitation from the whole cluster shown in Fig. 3.27. As in Fig. 3.30, red 

arrows are applied to mark the transition peaks that define the profile. Compared to Si2(OH)6 

case, the defining representations are roughly the same, with modified energy and dipole. 

Extra excitation peaks are visible close to the right end of the range. As in the singlet case, 

their impact on the profile is not clearly visible.  
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Figure 3.32: Singlet transition from the big cluster where the Si dangling bonds forms an 

angle of 148º. The arrows from Fig. 3.30 are maintained to mark the transitions allowed 

under D3d symmetry. The energy range of the transition is the same. The same effect as in 

Si2(OH)6 can also be seen. Extra transitions forbidden by parity under D3d symmetry are now 

apparent, as for example the new peak near 6.0eV.  The peaks existing under D3d symmetry 

are slightly shifted when the degeneracy is removed, for example the Eu group near 7.5eV. 

Overall the shape is similar to that seen in Fig. 3.30. 

 

 



86 

 

 

 

 

 

Figure 3.33: Triplet transitions from the big cluster where the Si dangling bonds form an 

angle of 148º. The arrows from Fig. 3.31 are maintained to mark the transitions allowed 

under D3d symmetry. The energy range shown is the same. The same effect as in Si2(OH)6 

can be seen. Extra transitions forbidden by parity under D3d symmetry are now visible, see 

for example the new peak near 8.6eV.  Peaks existing under D3d symmetry are slightly 

shifted when the degeneracy is removed, as seen for example the Eg set around 7.2eV. 

Overall the shape is similar to that seen in Fig. 3.31. 
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Figure 3.34: A typical SiO2 XAS OK edge spectrum of nc (nanocrystalline) -SiO2 formed by 

remote plasma deposition (RPD) and annealed at 950 °C in Ar for 1 min [7]. 
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Figure 3.35:  A second-derivative O K pre-edge spectrum of remote plasma deposited 

SiO2 annealed at 900 °C for 1 min in Ar [7]. A Tanabe-Sugano d
2
 diagram is adopted to label 

all the peaks shown here. 
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Chapter 4 : The ZnO calculation. 

With this chapter, the research topic shifts from a tetrahedral network of Si to a 

tetrahedral network of ZnO. Two chapters will be dedicated to this research. Chapter 4 gives 

some essential information about ZnO, including its structure, properties, application and 

current research topics. The motivation of our calculation will also be presented. Chapter 5 

covers all the individual topics on ZnO material, including the establishment of our ZnO 

cluster, the various defect sites created out this cluster and their properties.  

4.1 Structure and properties. 

ZnO is a II-VI compound crystal. Up to three different crystal structures ZnO has been 

discovered so far. These are the rock salt, zinc blend, and wurtzite structures, as shown in 

Fig.4.1.a, 4.1.b and 4.2 respectively. The first two requires special conditions such as growth 

on a cubic substrate and high pressure to stabilize [1].  

In contrast, wurtzite is thermodynamically stable under ambient conditions. Thus wurtzite 

is the general crystal type when it comes to research and applications of crystalline ZnO. 

From this point on, the discussion on ZnO assumes that the structure is wurtzite without 

exception. 

The ZnO wurtzite structure has a hexagonal unit cell. By convention, it is described by 

two parameters, a and c. This scheme is shown in Fig. 4.3. 

For simplicity, the structure is interpreted as composition of two interpenetrating 

hexagonal-close-packed (hcp) sub-lattices, each containing one type of atom. The two sub-
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lattices are displaced with respect to each other by b along the c axis. Ideally, one atom 

would be surrounded by four atoms of the other type on vertices of a tetrahedron. In this 

case, it is easy to get the ratio between u = b/c = 3/8 = 0.375. Real ZnO crystals deviate 

slightly from this structure. Distortion is achieved by changing the bond angle α, β shown in 

Fig. 5.3. The bond length is nearly constant. 

Lattice parameters such as a, c and bond length have been studied intensively.  Like most 

crystalline material, high resolution x-ray diffraction (HRXRD) has been applied to wurtzite 

ZnO by the Bond method [2]. Various X-ray measurements on wurtzite samples [3-7] were 

carried out. The results are tabulated in Table 4.1. From the table, it is not hard to see that the 

a and c values are rather accurately 3.25 and 5.21 Å, respectively. From the u values, it can 

be inferred that the angle α in Fig.5.3 is smaller than ideal tetrahedron value. 

Characterization of crystal ZnO is a fairly old topic. Extensive studies began many 

decades ago about the optical properties, processes in ZnO and refractive index [8-23]. 

Vibrational frequency such as Raman scattering was also investigated very early on [24-30]. 

Research on those topics, combined with later measurements such as photo-luminescence 

[31-40], helped to identify the intrinsic band transition and various defect states.  

The fundamental absorption edge is about 3.3 to 3.4 eV. The conduction band is made up 

of s type wavefunction while the valence band is made up of p type function [41]. The result 

is a direct transition, which does not require the involvement of a phonon. And the 

wavelength of photon borders the range of visible light and UV light. It is the bandgap 

energy that gives the ZnO wurtzite structure its great potential for Light Emitting Diode 
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applications.  Use of ZnO for LEDs is the ultimate driving force behind most research 

activities on ZnO. It is also the case for this calculation work.  

4.2 Light Emitting Diodes 

4.2.1 General Semicoductor LEDs 

As mentioned above, light emitting diodes take advantage of electroluminescence. When 

an electron decays from a higher energy level (or recombines with a hole in semiconductor 

terminology), it can lower its own energy by generating a photon. The photon wavelength is 

therefore dependent on the energy difference between the two states.  

Fig .4.4 is a diagram of a LED. The core part is a p-n junction. Depending on the design 

and the color generated, the p type and n type semiconductors can either be the same or 

different. Impurities are introduced by doping to change the Fermi level with the material so 

that electrons (for n type) or holes (for p type) become the major carriers. As in other diodes, 

current flows easily from the p-side to the n-side with the voltage bias shown in the figure. 

Reverse bias does not work for LED. Electrons and holes enter the junction and recombine. 

The recombination of each pair generates a photon, which carries the energy equivalent of 

the band gap. In practice, various technical issues determine that LEDs have a more 

complicated structure.  LEDs are generally deposited on a substrate in layers, as shown in 

Fig. 4.5. 

After decades of commercial development, LED products based on the diode structure 

shown above are available at an affordable cost. They are widely used as replacements for 
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incandescent lights and light sources for display panels. Compared to previous light sources, 

its advantages are obvious. The light emitting process does not generate much heat. LEDs 

emit more light per watt than incandescent light bulbs. The minimum heat dissipation 

requirement, combined with fabrication techniques, leads to small sizes. This helps LEDs to 

fit into various devices. Also, light emitted from LEDs emerges to full brightness in 

microseconds, and can cycle on and off at high frequencies. This enables LEDs to be used for 

communication. Dimming can be achieved by pulse-width modulation of the current. Being 

solid-state components, LEDs can endure external shocks easily. Failure of LEDs is indicated 

by a slow decrease of full brightness. It is thus easier to predict and handle than the abrupt 

and complete failure of light bulbs. Currently, useful lifetime of LEDs is estimated to be in 

the 35000 to 50000 hour range, much longer than that of fluorescent or incandescent bulbs. 

4.2.2 Blue, Violet and UV LEDs. 

As mentioned above, the wavelength of LED light depends on the band gap of the 

semiconductor material. Thus research on LEDs with different wavelengths essentially 

focuses on the discovery and modification of materials with the desired band gap. 

In 1962, Nick Holonyak, Jr. developed the first practical visible (red) LED at General 

Electric Company [43]. In 1972, his former graduate student, M. George Craford, invented 

the first yellow LED while increasing the brightness of red and red-orange LEDs by a factor 

of ten [44].  After that, red and yellow LEDs enjoyed rapid development and became 

available for myriad applications. 
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Research on LEDs with shorter wavelengths, however, was relatively slow. Bright blue 

LEDs in the market now use GaN and InGaN as the basis for their light-emitting layers. This 

was first demonstrated by Jacques Pankove at RCA Laboratories in 1971 [45].  However, the 

output from those devices was too little for practical use. No significant improvement 

happened until key breakthroughs were made in late 1980s in GaN epitaxial growth and p-

type doping. High-brightness blue LEDs based on GaN were invented and demonstrated by 

Shuji Nakamura of Nichia Corporation in Japan. The efficiency of blue LEDs (the ratio 

between light energy produced and electric energy consumed) reached 10% [46]. Since then, 

GaN-based blue LEDs were commercialized and dominated the market. 

ZnO-based material has been a candidate for blue LEDs for a long time.  In fact, it started 

even earlier than GaN. In 1967, a ZnO-based LED was fabricated by Drapak [47]. A ZnO n-

type layer was combined with a Cu2O p-type layer. The resulting spectrum was broad and 

had a maximum at 540 nm, far off the range of blue light. In 1975, Tsurkan et al.[48] 

reported heterostructures that combined p-ZnTe and n-ZnO. Luminescence was observed but 

the wavelength depended on carrier concentration.  In 2000, a p-SrCu2O2/n-ZnO 

heterostructure was developed by Ohta [49]. A stable spectrum around 3.0eV was achieved 

with various carrier concentrations. However, the efficiency was very low (< 0.001%). Later 

research on heterostructures saw the combination of p-GaN and n-ZnO, such as that shown in 

Fig 4.5. This worked in part due to the minimal lattice mismatch between the two materials. 

Availability of GaN deposition technique also boosted research. 
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The above approaches with ZnO all aimed to circumvent a major difficulty, the lack of p-

type ZnO. Without specific doping, ZnO wurtizite crystals obtained under various laboratory 

conditions show n-type behavior [50]. This well-known experimental fact, however, did not 

have a clear explanation. Intrinsic defects, such as oxygen vacancies (VO) or Zn interstitials, 

were proposed by some researchers to explain the effect [51, 52]. Others raised the issue of H 

incorporation [53, 54], since H is present in all growth methods and has a high mobility. 

Efforts were made to dope the ZnO p-type and therefore pave the way for improved LED 

behavior. 

4.2.3 p-type ZnO 

p-doping of ZnO encountered certain difficulties. First of all, nominally undoped ZnO is 

invariably n-type. There is certainly the possibility that acceptors could compensate the 

intrinsic defect states or H impurities.  The effect of doping also depends on the solubility of 

dopants in the host material and the depth of the acceptor state level once the dopant species 

is implanted or otherwise incorporated. 

A variety of dopants were tried. Some are aimed to replace Zn, such as Li [55, 56]. 

Others attempt to replace O with group III atoms such as N [57, 58], P [59], Sb [60], or As 

[61]. Some calculations suggest that Group I atoms on Zn sites would have shallower 

acceptor levels [62]. However, the atoms mentioned favor interstitial sites over the Zn site 

[63]. Thus they may contribute to n-type conductivity rather than p-type. Also, their radii are 

different from that of Zn, leading to strain in the lattice. This may help generate undesired 
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defects. Among the group III species, N is thought to be the best candidate due to its similar 

radius and electronegativity compared to O [64].  

In 2012, Liu et al. [65] proposed a novel model to generate p-type conductivity. Due to 

the cyclic nature of ZnO growth along the c axis, N atoms may end up at Zn sites. This 

would be coupled with adjacent O vacancies along c axis. This configuration is a donor but it 

is not stable. During post-growth annealing, the vacancy would be expected to exchange 

positions with N, creating an acceptor site. This scheme could help avoid self-compensation 

during growth, thus offering a promising way of achieving p-type conductivity.  

ZnO research in Dr. Aspnes’s group followed the proposed growth method with 

MOCVD, obtaining good experimental results. During the growing process, H is also 

introduced into the system via the precursors used. p-type conductivity is achieved and 

various features are observed in the Raman spectra of samples after the different treatment 

steps.  

The present calculations were done to enhance our understanding of the phenomena. We 

first establish a geometrical model that provides a good basis for defect calculations. The 

exchange of the vacancy and its donor/acceptor nature is double checked.  The influence of H 

on this NZn-VO site is also investigated, with emphasis on determining the optimized H 

geometry and Raman frequency. This study is also extended to intrinsic defect sites such as 

the Zn vacancy (VZn), the O vacancy (VO), and interstitial configurations. 
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Figure 4.1: rocksalt(a/left) and zinc blende(b/right) structure model 
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Figure 4.2: wurtzite structure model. Ideally each cation is surrounded by four anions at the 

corner of a tetrahedron, and vice versa. 
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Figure 4.3: Schematic representation of wurtzite ZnO [1]. c is defined as distance between 

the two nearest Zn(or O) atoms located along the [0001] direction of the crystal. And a is the 

distance between the nearest Zn/O atoms on the plane perpendicular to the direction. Other 

parameters are also used. These include b, length of the bond along c axis, and u, the ratio 

between b and c. 
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Figure 4.4: Scheme of a Light Emitting Diode 
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Figure 4.5: Schematic diagram of a n-ZnO/ p-Al0.12Ga0.88N heterojunction 

LED structure (Ref [42]) 
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Table 4.1: Measured parameters of ZnO wurtzite crystal 

a(Å) c(Å) c/a U Ref. 

3.2496 5.2042 1.6018 0.3819 3 

3.2501 5.2071 1.6021 0.3817 4 

3.2498 5.2066 1.6021  5 

3.2475 5.2075 1.6035  6 

3.2497 5.206 1.602  7 
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Chapter 5 : ZnO defect case study. 

As mentioned in Chapter 4, the first objective of this chapter is to find a valid geometrical 

basis to model bulk ZnO. Various defect sites will be created and examined within the 

model. We check the NZn-Vo to No-VZn transition first.  We then introduce H to this site, 

along with other intrinsic defects. The modification of the electronic structure and Raman 

frequency associated with H will be discussed.   

5.1 Model  

Unlike amorphous SiO2, ZnO has well-defined crystal lattice parameters. The major task here 

involves deriving the correct bond length/angle from experimental value and defining a large 

enough cluster to mimic the bulk ZnO environment. 

5.1.1 Bond length and angle. 

As mentioned in Ch. 4, the Zn in ZnO does not quite have perfect tetrahedral bonding. 

Distortion occurs through a change of bond angle, while the bond length is constant 

regardless of direction. Given the threefold symmetry of the crystal, three other parameters 

are needed to determine the coordinates of atoms in the lattice. They are shown in Fig. 5.1. 

Parameter b1 is defined as the ZnO bond length, as in Fig.5.1. (a). The projection of a lateral 

bond along the c axis is defined as b2, while projection along the perpendicular direction is 

defined as b3. Due to the constant bond length among ZnO bonds, b1, b2 and b3 are correlated 

according to  

  
    

    
                                                                                                                   (5.1) 
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Other constraints come from experimental values a and c.  

                                                                                                                       (5.2) 

   √   
              

  √                                                                              (5.3) 

Given Table 4.1, the value of a is chosen to be 3.25Å, and c is chosen to be 5.20Å. Thus from 

the equations above, b1, b2 and b3 are calculated to be 1.98Å (3.742 Bohr), 0.62Å (1.172 

Bohr) and 1.88Å (3.553 Bohr). The angle between a “vertical” bond along the c axis and a 

lateral one can be easily derived to be 108.25º, slightly smaller than the value from ideal 

tetrahedron, 109.48º.  

5.1.2 Determining the cluster. 

After we fix the orientation of atoms with respect to each other, the next question is to 

determine the number of electrons needed and shape of the entire cluster.  

Multiple factors are involved in establishing the cluster. Given that Zn and O have 

different electronegativities and that both are considered to be ionic, the numbers of Zn and 

O atoms are kept to be the same. Since ZnO is a crystal, no medium-range order scale is 

available to truncate the cluster. A larger cluster is desired to minimize the impact of the 

boundary on the central part of the cluster where the defect will be created.  Three-fold 

symmetry along the c axis should also be maintained.  Available computing power is also a 

factor.  

The first cluster designed is shown in Fig. 5.2 and 5.3. It may appear complicated at first 

glance, but the principle is simple. At the center of the cluster is a Zn-O pair. All the first and 

second neighbors of the central pair are included in the cluster, with the full basis function set 
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on them. However, with only the real nuclei and basis set, the system does not deliver a 

stable, converged electronic ground state. This is related to the fact that the connectivity of 

the boundary atoms are far from their normal level in bulk ZnO. To solve this problem, point 

charges without basis functions are introduced to the system. They are located as neighbors 

of the boundary atoms so that the wurtizite geometry is maintained.  After the modification, 

converged result could be achieved with charge values from 2 to 0.65.  The value can be 

optimized in a self-consistent manner. If set correctly, the gross atomic charge of the central  

ZnO site should be linked to the charge. Also, the factor between should be approximately a 

quarter of the Madelung constant of the wurtzite structure, 0.41.   

By this method, the atomic charge of O is approximately 1.7e to 1.8e, while Zn has a 

net charge of +1.7e to +1.8e. This model thus confirmed the existence of internal electric 

fields in ZnO crystals. This is due to the fact that ZnO has a layered structure along the c axis 

and shows dipole and piezoelectric behavior. In fact computational works have been 

dedicated specifically to this [1]. In other research, the cluster is sometimes terminated with 

H or OH without much justification [2]. 

Although the point charge method yields some physical insight into the structure, it is 

crude overall. On one hand, the consistency between the point charge and Mulliken 

population may not be accurate enough. On the other hand, when point charges are placed, 

the wavefunctions next to them may not act in a physical way. For example, positive charges 

are supposed to mimic Zn atoms, which donate electron density to boundary O atoms. In this 

calculation, however, the wavefunction would be attracted to the positive charge, leading to a 
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reversed donation. This may be bad for mimicking the bulk ZnO environments. To 

compensate for this in the current geometry, basis functions and more electrons need to be 

introduced, leading to many more parameters to optimize.  

Therefore a better geometry is needed to circumvent this difficulty. The challenge is to 

deliver the desired polarization between O and Zn at the center of the atom without needing 

external parameters such as point charges. Since a uniform external electric field is not  

available in the program, the net dipole should be minimized to avoid any overall 

polarization of the electron density along the c axis.  

The smallest structure that meets these requirements is shown in Fig. 5.4. It consists of 16 

ZnO pairs, with threefold symmetry to cancel any lateral net dipole. Along the c axis, 10 

ZnO pairs polarize in one direction while the other 6 polarize oppositely.  In an ideal 

tetrahedral geometry, the distance between two atoms in the former case are 3/5 of the 

distance in the latter case. As discussed in Chapter 4, the distorted ZnO crystal does not 

deviate much from it. Thus if the atomic charges are approximated as point charges, the 

system would have nearly zero net dipole in the bulk of ZnO.  

In the calculation, the zero net dipole may be undermined by the surface effect.  Since the 

area of main interest is the central 4 ZnO pairs, three layers are stacked together to make sure 

that those atoms are connected to four neighbors. This increases the number if atoms to 96 in 

the whole cluster. To accelerate the calculation and facilitate convergence, a pseudopotential 

is used for the Zn atoms to mimic the behavior of the inner shell electrons up to the 3d level. 

The potential is applied to all Zn atoms other than the central four, which still use the full Zn 
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basis set. An optimized O basis set is applied to the oxygen atoms outside the central area. 

The complete cluster is shown in Fig. 5.5. The central atoms with their full basis sets are 

colored differently. Defect structures will be created by replacing or adding atoms in that 

area.  

From the ground state result, the atomic charge of the central ZnO pair is determined to 

be ~1.8e, which agrees with the previous model. 

As a further test, band transition is calculated at the CI level. The hole is localized in the 

central area, and the calculated energy is 3.3 eV, in agreement with the experimental value 

given in Chapter 4. The transition occurs between an O p orbital and a Zn s orbital, which 

also agrees with previous knowledge. 

Thus it seems to be reasonable to model the various defects on the basis of this crystal 

model. For simplicity, we will not present the entire cluster later in discussions about defect 

states. The geometry of defects is better illustrated by showing only the central part of the 

cluster. 

5.2 Transition from the Vo-NZn to No-VZn and No-VZn-H configurations. 

The first defect site we address is the Vo-NZn/VZn-No system. As proposed in the Liu 

paper [2], an N atom may take a Zn location (NZn) during epitaxial growth along the c axis. 

In such a case, it is highly likely that an O vacancy (Vo) will be formed next to it. This makes 

it possible to exchange later (Vo-NZn to VZn-No). We first assume that the Vo-NZn 

configuration exists, and then investigate the transition, including the geometry, energy 

barrier, and donor-acceptor state. We are also interested in the effect of H in the final state. 
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5.2.1 Vo-NZn to No-VZn transition. 

Shown in Fig. 5.6 are the initial (Vo-NZn) and final (VZn-No) configurations of the defect 

site.  This defect is created in the highlighted area of Fig. 5.5 by taking away the central ZnO 

pair and introducing the N atom. Only the Zn and O atoms and the newly introduced N atoms 

are shown. Given the three-fold symmetry of the system, the N atom is placed on the 

symmetry axis (c axis) of the cluster. During its movement away from the oxygen atoms 

towards the Zn atoms, only the N position on the c axis is needed to describe the geometry. 

We define the origin of the c axis to be at the center of the cluster, equally distant from the O 

and Zn atoms, with the Zn atoms on the positive side. 

Shown in Fig 5.7 is the energy of the system for the N atom placed at different locations.  

Both Hartree-Fock SCF and CI result are plotted. This surveys the energy landscape of the 

proposed transition. 

The first thing to notice is there are two local minima at the two ends. These correspond 

to the stable configurations for Vo-NZn and No-VZn, where N is bonded to Zn atoms and O 

atoms respectively. In the current frame, the central ZnO pair that is removed was located at 

~±1.0Å. It is clear that in both cases, the N atom is drawn closer to its nearest neighbors, 

reflecting the existence of the vacancy next to it. 

It is also very clear that the N atom favors the oxygen site over the zinc site. This is well 

anticipated, given the electronegativity difference of the involved species. At the CI level, 

Vo-NZn is higher than No-VZn by about 2.1eV, meaning that each Zn-N bond has a bond 

energy that is ~0.7eV bigger. Between these two stable configurations, there is an energy 
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barrier of about about 1.1 eV. Thus some thermal treatment is needed to give the system 

enough energy for N to overcome the barrier.  

As one can see, the entire curve, both at the SCF-HF and CI levels, can be divided into 

three segments.  The electronic configuration of the ground state is different among the three. 

This is best demonstrated by the Highest Occupied Molecular Orbital (HOMO). In this case, 

we keep the system as neutral, so that HOMO is a singly occupied. Shown in Fig 6.8 is the 

plot of HOMO’s for the three segments. 

With the Vo-NZn configuration, the left end of the Fig.5.7, the HOMO is a delocalized 

orbital made up by various Zn s basis functions. Characteristically, this orbital is similar to 

the virtual orbitals for the conduction band. Thus this configuration is potentially a donor 

site.  When the nitrogen atom is in the middle of the cavity, HOMO is localized on the N 

atom with p functions as major components. In such a case HOMO favors the p functions 

perpendicular to the c axis N when closer to the vacated Zn site. The N p function along the c 

axis and some O p function next to the VZn site mix in as the N atom moves further to the O 

site. This takeover is the reason behind the tiny bump near 0Å. At the right end of Fig.5.7,                                                                                                     

the HOMO becomes completely localized on one of the O atom next to the vacated Zn site 

(VZn), where the O p basis functions contribute the most to the atoms. Due to the similarity 

between this HOMO and the one for the normal ZnO cluster, a.k.a. top of valence band, this 

configuration is identified as an acceptor site. 

The donor/acceptor type of the defect site can also be checked by orbital energies from 

the Fock Operator, as mentioned in Chapter 1. One singly occupied conduction orbital in 
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normal ZnO has an orbital energy of –3.64eV, while theVo-NZn site shows 4.28eV for the 

“conducting” orbital. For the acceptor type, VZn-No, the energy of the highest doubly 

occupied orbital is -7.83eV, compared to -8.25eV for the normal ZnO structure. The 

Donor/Acceptor level, as mentioned in experimental measurement [3], could be 

approximated by the energy difference between the values. But this approximation ignores 

the correlation between electrons, embodied by the relaxation of the whole system during the 

transition. Therefore it may not achieve the accuracy comparable to experimental 

measurements.   Still, a small difference in orbital energy speaks for the similarity of orbital 

character, given the close relationship between orbital energy and its basis function. 

The analysis above is based on the assumption that three-fold symmetry locates the 

optimized N position on the symmetry axis of the cluster. This assumption is also checked by 

moving the N atom perpendicular to the c axis from its nominally optimized Vo-NZn/No-VZn 

position. The total HF-SCF energy is plotted in Fig. 5.9.  Since the system is symmetric, 

displacement is done in a range of 60º. An energy minimum for N being on the symmetry 

axis is confirmed. One interesting difference between the two figures is the scale of the 

energy difference. It speaks for much stronger bonding of N atom in the No-VZn case, as 

pointed out by Fig.5.7. 

5.2.2 No-VZn-H configuration. 

The transition mentioned above is believed to occur during annealing after growth of the 

material. Raman measurements indicate that during the same process, H features in the 
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material arise. Thus it is of practical interest to investigate the impact of H on the final state. 

The new state is denoted as No-VZn-H.  

The first question is the stable geometry after the introduction of H. Unlike N, H in most 

cases is only bonded to one atom. Thus it is hard to obtain the optimized geometry from an 

initial guess. To obtain a reliable result for the stable No-VZn-H configuration, a simplex 

code developed by Dr. Whitten’s research group is used.  Given an initial geometry, it takes a 

few initial steps to alter the geometry and predict the next move to lower system energy. 

Such a process is repeated in iterations so that the newly predicted energy would be 

minimized, yielding stable geometrical configuration of the system. 

Shown in Fig.5.10 and 5.11 is some detailed information of one optimization series of the 

simplex code, which yielded stable N-H bonding. After about 100 iterations, a stable result is 

achieved. Both the N and H atoms are relaxed and eventually the N-H bond length is about 

1.03 Å, similar to the commonly known N-H range. 

Multiple initial geometries of N and H have been investigated. The final geometry 

associated with Fig. 5.10 and 5.11 that shows the lowest total energy of the system is given in 

Fig. 5.12. Compared to the No-VZn case, the N atom is farther away from the Zn plane by 

about 0.5 Å. The H-N bonding is roughly along the c axis, maintaining the C3v symmetry of 

the system.  

This geometry poses special restrictions on the electronic structure of the system. When 

the system is neutral, the top two occupied orbitals are both singly occupied and located on 

N, H and one of the bottom O atoms. The two singly occupied orbitals are shown in Fig. 
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5.13. Such an arrangement lowers the repulsion between the electrons in the singly occupied 

oribitals. It also makes this site active in ESR measurement since the spin of these two 

orbitals can be changed.  

The introduction of H atoms to the No-VZn  system increases the charge on N from –0.95 

to –1.25e, even though the change to the energy of doubly occupied orbitals is minimal 

(~0.1eV). Compared to the singly occupied orbital in Fig. 5.8(a), the new orbitals in Fig.5.13 

spread to form a N-H complex. The lower one of the two has roughly the same orbital energy 

as the old one in No-VZn.  However, it is not appropriate to infer that the system can take one 

more electron in either of these two orbitals. If any of the two are doubly occupied, the 

repulsion between the two electrons may force the H atom to a different location.  

We test this argument by requiring all the orbitals to be doubly occupied in the neutral 

state. In this case, regardless of the initial geometry, H invariably bonds to an O atom instead 

of N in the cavity. This geometry, shown in Fig. 5.14, increases the total energy of the system 

by roughly 0.33 eV. Thus it is not likely to occur. Also it does not provide a localized virtual 

orbital to act as acceptor state.  

Therefore, the introduction of H in the system effectively diminishes the potential of No-

VZn to act as an acceptor site.  

Since Raman data are readily available, a check on the model can be obtained by 

calculating the stretch frequencies of the N-H and O-H bonds in the two configurations.  

The Raman frequency is calculated by treating the bond as a harmonic oscillator. The 

vibration frequency can be expressed as  
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                                                                                                                      (5.4) 

In the above equation, k is the force constant. With the optimized geometry obtained, a 

total energy curve of the system can be obtained by moving corresponding atoms in a way 

representing the specific vibration mode. In our case, due to the mass difference between H 

atom and the other species involved, only the H atom is moved.  In the vicinity of the 

minimum the curve is assumed to be quadratic, yielding k from its second derivative. In 

practice, the calculated curve consists of discrete points. k is obtained by fitting the curve to a 

second order polynomial equation 

                                                                                                                    (5.5) 

where x is the displacement of H and a = k/2. A “reduced” mass 

  
     

     
                                                                                                                     (5.6) 

is assumed to appear in Eq. 6.4 for an oscillator connecting masses m1 and m2.  N and O 

atoms are back- bonded, increasing their effective mass. We note that they are already much 

heavier than H. Thus it is sufficient to use atomic mass of H as the m value. 

Shown in Fig. 5.15 is the energy curve of the N-H bond stretching mode from the SCF 

calculation. H atoms are moved from their equilibrium positions in both stretching and 

compressing directions by about 0.03Å.  The parabolic shape validates the assumption of the 

use of a quadratic fitting function. By this method, the stretching frequency of the N-H bond 

is determined to be 3234 cm
-1

. For the case shown in Fig. 5.14, the same method yields a 

stretching frequency of 3452 cm
-1

. 
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5.3. Intrinsic defect sites with H. 

Even though this research is inspired by N doping in ZnO, the Raman spectra of these 

materials are rich in features. This is potentially linked to the ubiquitous intrinsic sites in ZnO 

and their interaction with H atoms. Thus this section picks up some commonly mentioned 

sites, namely oxygen vacancy (Vo), zinc vacancy (VZn) and H interstitial sites. The 

investigation serves two purposes: a) to elucidate the H bonding and its influence on 

electronic structure of the system; and b) to determine some Raman frequencies as the 

fingerprint of the structures.  

5.3.1. Oxygen vacancy (Vo) with H. 

An oxygen vacancy is created by removing the O atom at the center of the cluster. 

Calculation shows that its ground state is a singlet with doubly occupied orbitals. The most 

interesting orbital is the HOMO, as shown in Fig. 5.16. During the establishment of the ZnO 

cluster, we already found that the Zn atom would donate its electron density to the 

neighboring O atom. Without a proper number of oxygen neighbors to donate to, the Zn 

atoms adjacent to the vacancy tend to form an orbital from their s functions to accommodate 

the extra electrons. Following the same argument of orbital energy as in 5.2.1, it is not 

surprising to find that the energy of this orbital from the Fock operator is –4.74 eV, close to 

the –3.64 eV of the conduction band. This orbital is also more localized and lower in energy 

than the one in Fig. 5.8.c. Thus it can be anticipated that its contribution to n-type conductive 

behavior as a donor site may be weaker. 
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One H atom is now introduced into of the system. Its position is determined by the 

simplex code to be at center of Vo, the position of the removed O atom. H here acts as a 

bridging atom between the Zn atoms surrounding the O vacancy. 

 At first glance this seems to be somewhat surprising, since in most cases, H atoms bond 

to one atom, as in the previous situation of O-H and N-H bonding. The explanation lies in the 

electronic configuration of the ground state. The introduction of H introduced one more 

electron to the system. While maintaining neutrality overall, the system places the extra 

electron into an orbital that spreads out in the cluster with Zn s basis functions and an orbital 

energy of –3.59eV. It can be seen immediately that the single electron is already in the 

conduction band. Thus the H nucleus in the middle of the vacancy basically serves as a 

source of nuclear attraction to the electrons nearby. As a result, other than the conducting 

HOMO mentioned above, all the orbitals show orbital energies below the top of the valence 

band. And unlike the N-H, O-H bonding cases, where the H atom has a net charge of 0.39e 

and 0.42e, respectively, the H atom has negative net charge of –0.97e.  

Thus the bonding of H is not of the common covalent type. It is closer to the ionic 

hydride compound such as NaH.  Interestingly, our calculation is not the only research work 

that found this special geometry in ZnO. This idea is confirmed by A. Janotti and C. G. Van 

de Walle [5].  Shown in Fig. 5.17 is a HOMO interaction diagram they proposed to elucidate 

the impact of H in the Vo site. The scheme is slightly modified by introducing the orbital 

energies from corresponding systems. The energy of the top of the valence band is the orbital 

energy of highest occupied orbital in Vo-H case, with a value lower than the – 8.25eV of the 
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normal ZnO structure.  The bonding state mixes with other orbitals in the valence band. Thus 

no specific orbital is selected from the SCF result to designate its energy. The same applies to 

the anti- bonding state since it is not occupied.  

Since the H atom is bonded to multiple atoms, it does not have a well-defined stretching 

mode. From the character table of C3v symmetry, Table 6.1, it can be seen that an H related 

vibration would have two modes, A1 along the c axis of the system and E in perpendicular 

directions. To test this conclusion, H movements in three directions are calculated, with 

corresponding energy curves shown in Fig. 5.18. In the plot, the z direction stands for 

movement along the c axis for A1 mode. One lateral bonding between Zn and H, together 

with c axis, helps to define an x direction perpendicular to the c axis. The third direction, y is 

simply set to be perpendicular to both above. 

The x and y curve in the plot overlap to such an extent that it will be hard to distinguish 

them in most areas. This confirms the degeneracy of the E mode.  The z curve for the A1 

mode is also not far away. This is hardly surprising given that the local geometry for H only 

experiences minor distortion from perfect tetrahedral symmetry (Td). The A1 and E mode in 

C3v symmetry here correspond to T2 mode in Td symmetry, which is totally degenerate. From 

the x curve, the E mode frequency is calculated to be 1140 cm
-1

. For A1, the frequency is 

1051 cm
-1

. 

As mentioned above, the HOMO of the Vo-H configuration is a conducting orbital that is 

not localized. To test its influence on the site, a calculation is carried out for the same site 

with the electron removed. Optimization shows that the H experiences no significant change 
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of position (<0.1Å) and the C3v symmetry is maintained. Energy curve of the two Raman 

modes are also calculated. The result is presented in Fig. 5.18. 

It can be seen that the removal of conducting electron does not disturb the degeneracy of 

the E mode, and that the A1 mode still has a slightly lower frequency. For comparison, the A1 

curve for the neutral case is also plotted, and only small changes can be seen. The new A1 

mode frequency is calculated to be 1001 cm
-1

, while E mode frequency determined to be 

1188cm
-1

. The presence of conducting electron only imposes minor changes.  

It is therefore concluded that a) the introduction of H into a Vo site effectively forms 

ionic multicenter bonding, b) the new site donates one electron to the conduction band, c) its 

signature Raman frequencies would be at ~1051 cm
-1

 and ~1140 cm
-1

. 

5.3.2 Zinc vacancy (VZn) with H. 

The VZn site is created by removing the Zn atom at the center of the system. At its ground 

state, the two highest occupied orbitals are singly occupied, as shown in Fig. 5.20. 

The two orbitals show very strong O p character. Since O atoms have the tendency to 

acquire electron density from adjacent Zn atoms, the missing Zn neighbor certainly translates 

to the lack of electrons to occupy the O valence orbitals. The combination of the two p type 

orbital speaks for their interaction to break the degeneracy, which can be easily understood 

by perturbation theory. The equivalent p functions on other O atoms mix together to form 

doubly occupied orbitals with energy up to –7.77eV, higher than the normal –8.25eV top of 

the valence band. Thus this site is likely to be an acceptor site with two orbitals available to 

accommodate electrons. 
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The H atom is introduced into the VZn site at various starting geometries. H can form 

bonding along the c axis or laterally, as shown in Fig. 5.21. The bond length is approximately 

1.0 Å for both. Compared to the Zn-O bond destroyed by the removal of Zn, the OH bond is 

slightly bent away from the only singly occupied orbital localized on one of the O. 

Energetically, the lateral bonding is 0.15eV lower than the c-axis bonding. With a net 

charge of 0.4 to 0.5e, H donates electron density and eliminates the possibly of the new site 

to be a double acceptor. Meanwhile, it lowers the energy of orbitals formed by O p functions 

to -8.21eV for lateral bonding and -7.89eV for c-axis bonding. Thus it is much easier for the 

only singly occupied orbital to act as an acceptor state. The stretching modes for both cases 

are calculated. The lateral bonding shows a frequency of 3500 cm
-1

. The value for c axis 

bonding is 3456 cm
-1

. 

5.3.3 Interstitial H atoms.  

Interstitial H sites are constructed by introducing one H atom into the system with various 

starting geometries, which are then optimized by the simplex code. In situations where H is 

closely attached to certain atom(s), such as O, the optimization also takes the neighboring 

atom(s) into account. In total, four types of H interstitial configurations are found.  

Two of them involve H atoms being close to an O atom, as shown in Fig. 5.22. The first 

type, as in Fig. 5.21(a) is attached to one O atom on the opposite side of one O-Zn bond, 

which forms a 0.99Å OH bond and drags the O atom slightly away from the normal O 

position towards H. The second type, as shown in Fig. 5.21(b), squeezes the H atom between 

a Zn-O bond. Both Zn and O are pushed along the c axis towards the atoms on the other side. 
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O only experienced a minor shift while the Zn atom moves to the other side of the O plane. H 

atom bonds closer to the O, with a roughly 0.95Å bond length, and the bond is slightly tilted 

away from the c axis against one of the O-Zn back bonds. But in both cases, the neutral state 

has a singly occupied HOMO with orbital energy higher than the conduction band bottom of 

a normal ZnO crystal. Also, the one electron in HOMO is delocalized. Apparently H acts as 

donor in both cases. However, different from the VZn-H case, the H net charge in both cases 

is minimal (<0.1e). This reflects the absence of acceptor states before the introduction of H. 

The existence of similar configurations is confirmed by other research groups. C. G. Van 

de Walle [6] calculated both cases as H
+
 interstitial sites. For the first type, “stretch” and 

“wag” frequency for first case to be 3550 cm
-1

 and 900cm
-1

, respectively, using Density 

Functional Method (DFT). For the second case, he predicts H to be on the c axis with a 

“stretching” frequency of 3680 cm
-1

 and a “wag” frequency of 450 cm
-1

. For comparison, 

bending modes are included in calculation here. 

For the first case, the stretching mode is calculated to be 3468 cm
-1

. Since the O shift 

breaks the symmetry for bending mode, two bending directions are calculated. Bending along 

the c axis yields 1067 cm
-1

, and bending in the perpendicular direction yields 1117 cm
-1

.  

For the second case, H movement along the c axis leads to a frequency of 3920 cm
-1

. This 

value is reasonably higher than all other OH stretch frequency, reflecting the existence of Zn 

in the moving direction. Bending motion perpendicular to the c axis shows a frequency of 

447 cm
-1

. The other bending mode, defined by OH bond and the c axis, has a much higher 

frequency of 1443 cm
-1

. 
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The other two configurations are shown in Fig. 5.23.  Here, H is held at the center of a 

“cage” of Zn and O atoms. The distance between the H atom and any of its neighbors is far 

larger than that of a normal OH bonding. The interaction between the H atom and the rest of 

the lattice is also minimal. The electron introduced by the H atom occupies an orbital 

localized on H of 1s character. All the other doubly occupied orbitals fill up to the same 

energy range as in the normal ZnO structure.  As in the above two cases, the H atom is nearly 

neutral, with ~0.1e net charge.   

The Raman frequency calculation for these two configurations follows the example of 

Vo-H site. For the case of Fig.5.23 (a), the A1 mode frequency is calculated to be 770 cm
-1

 

and the E mode possesses a frequency of 887 cm
-1

. For the structure in Fig. 5.23 (b), the A1 

frequency is 1731 cm
-1 

while E frequency is 803 cm
-1

. 

Another interesting topic concerning the interstitial sites is their thermal stability. If we 

denote the total energy of the normal ZnO cluster as Eo, and the energy of a free H atom as 

EH, then the total energy E for any of those four configurations above would the satisfy the 

following relationship. 

                                                                                                                         (5.7) 

If ∆E is defined as the difference between the two sides in the above equation, then it 

would be 2.2eV, 1.4eV, 1.2eV and 1.5eV for 5.21a, 5.21b, 5.22a and 6.22b respectively.  

Although the four configurations are stable locally, it would be energetically favorable for 

the H atom to leave the lattice and possibly form H2 instead. Given enough thermal energy, H 
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may overcome the local energy barrier and leave the material, leading to weakening of H 

interstitial Raman features.  

This behavior is intriguing. During deposition, H atoms are brought in by precursor for 

ZnO. The first two types of interstitial sites formed during this process would donate 

conducting electrons. Any subsequent annealing process may release the H from the 

interstitial sites, reducing the number of conducting electrons. Thus ZnO deposited as n-type 

may switch towards p-type following this mechanism. 

5.4 Conclusion and comments. 

In this Chapter, the transition from Vo-NZn to VZn-No proposed by the Liu et al.[2] is 

studied quantitatively. Despite difference in detail values, this transition is shown to be 

energetically favorable and to turn a donor site into an acceptor, suggesting a new route to 

achieving p type conductivity in ZnO. 

H is then introduced to VZn-No and other intrinsic sites. The electronic structure of these 

sites is examined to determine donor/acceptor type. In most cases the H atom acts as donor. 

This effect is achieved in several different ways. In VZn-No, it prevents singly occupied 

orbitals from taking a second electron.  In the Vo site and some interstitial sites, it promotes 

one electron into the conduction band.  

But it may also help to achieve p-type conductivity. In the VZn (double acceptor) site, it 

saturates one acceptor orbital while makes the other a better acceptor. Also certain H 

interstitial sites may help to swith the ZnO towards p-type in annealing by releasing 

conducting electrons with H.  
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Dr. Judith Reynolds from Dr. Aspnes’s research group grew ZnO samples following up 

on the suggestion for N doping. During different stages of processing, various Raman 

features were identified. This includes a strong feature near 3060 cm
-1

, which may 

correspond to the N-H bond stretching at 3234 cm
-1

 in our calculation.  Various weak 

features arise from 3200cm
-1

 to 3600cm
-1

. The OH stretching modes from OH bonding in 

VZn-No-H  at 3452 cm
-1

, VZn  at 3500 cm
-1

 and 3456 cm
-1

, and the first interstitial site at 3468 

cm
-1

 are likely to be responsible for some of these. In the lower frequency range of 1200 to 

1700cm
-1

, features in agreement with the interstitial frequencies 1443 cm
-1 

and 1731 cm
-1

 

vanish after high temperature annealing, as expected from interstitial H.  Some Raman 

spectra are shown in Fig. 5.24. The (a) and (b) lines are from samples from designed paths 

before and after high temperature annealing. 

5.5 References 

[1] S. Dag, S. Wang, and L. Wang. Nano Lett., 11 (6), (2011), 2348–2352. 

[2] L. Liu, J. Xu, D. Wang, M. Jiang, S. Wang, B. Li, Z.Zhang, D. Zhao, C.-X. Shan, B. Yao, 

and D. Z. Shen, Phys. Rev. Lett. 108, (2012) 215501. 

[3] Ü. Özgür, Ya. I. Alivov, C. Liu, A. Teke, M. A. Reshchikov, S. Doğan, V. Avrutin, 

S.J. Cho, and H. Morkoç, J. Appl. Phys. 98 (2005) 041301. 

[4] G.Schaftenaar, and J.H. Noordik, J. Comput.-Aided Mol. Design, 14 (2000) 123-134  

[5] A. Janotti and C. G. Van de Walle, Nature Material, 6 (2007) 44-47. 

[6] C. G. Van de Walle, Phys. Rev. Lett. 85(5) (2000) 1012-1015. 



127 

 

 

 

 

 
(a)                                                                       (b) 

Figure 5.1: Definition of parameter b1, b2 and b3. The three geometric parameters used in 

constructing the ZnO lattice. (a) The plane defined by one bond along the c axis and another 

lateral bond. In this scheme the ZnO bond can be expressed as either b1, as for the bond along 

c axis, or√  
    

  

, as in the case of lateral bond. The experimental parameter c is 

expressed as b1 + b2.  (b) The “top down” view of Zn bonding. The three lateral bonds show 

C3v symmetry, and the experimental value a is shown. 
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Figure 0.1: Side view of the cluster with point charges. O atoms, Zn atoms, positive point 

charges and negative point charges are colored red, grey, cyan, and white respectively. The 

ZnO bonds are also shown. 
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Figure 0.1: Top down view of the cluster with point charges. The color code here is the same 

as in Fig. 5.2. Since the view direction is along the c axis, all negative point charges are 

aligned “behind” the positive charges. The O and Zn atoms are stacked together, with the 

positive ion on top in some cases. 
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(a) 

 

(b) 

Figure 0.2: Layer structure of ZnO viewed from different angles. 
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Figure 0.3: The final cluster for bulk ZnO. Three layered structures are stacked together. The 

central atoms are colored differently (yellow for oxygen and blue for zinc). 
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(a) (b) 

Figure 0.4: Fig. 6.6 The initial (Vo-NZn) and final state(VZn-No) of N defect site. N, O 

and Zn atoms are colored green, red, and white, respectively. The N atom is moved along 

the c axis in the calculation, which is shown in both pictures.  The arrow marks the 

positive direction. 
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Figure 0.5: The energy of the entire system with the N atom placed on different locations 

along the c axis. This surveys the energy barrier to the proposed Vo-NZn to No-VZn transition.  
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Figure 0.6: Contour plot (contour value 0.015) of HOMO’s for the system when N is 

(a/top left ) at an Oxygen site, (b/top right ) in the middle (0Å in Fig 6.7), (c/bottom) at a Zn 

site. Yellow joints are Zn atoms while the red ones are oxygen. N is colored cyan, as can be 

seen in (a). For visibility, (a) and (b) only show the N atom and its six neighbors, while (c) 

shows two layers of ZnO, exposing the N atom on top of the image, as marked by the arrow. 

Red and blue stand for opposite signs of the wavefunctions. 
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Figure 0.7: Energy of the system versus displacement of the N atom perpendicular to the c 

axis at a Zn site (top) and an O site (bottom). The x direction is defined by a lateral bond. The 

major difference here is the scale of energy, indicating stronger bonding for No-VZn. 
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Figure 0.8: Evolution of the total energy of the system during optimization.  Energy is offset 

by the value of the initial state. After about 100 iterations, a stable result is obtained.  
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Figure 0.9: Evolution of the step size for N, H atom, and N-H distance during optimization. 

The top figure shows the change of N-H distance while the bottom shows the displacement 

of individual atoms. 
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Figure 0.10: No-VZn-H confguation with N-H bonding. H, N, Zn and O atoms are colored 

white, blue, grey and red respectively. Again, only the central area of the cluster is shown. 
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Figure 0.11: Contour plot (value 0.04) of the two singly occupied orbitals in the neutral 

No-VZn-H complex. The yellow joints are Zn atoms. N, H and O atoms are colored as cyan, 

white and red separately. The red and blue colors represent different signs of the 

wavefunction. 
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Figure 0.12: The optimized geometry with all orbitals doubly occupied. The color code is as 

the same as that for Fig. 5.12. 



142 

 

 

 

 

 
 

Figure 0.13: Energy curve of H-N bond stretching mode. The H atom is moved in N-H bond 

direction by 
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Figure 0.14: Contour plot (value 0.05) for the HOMO of VZn site.  The contour value is 

intentionally set to be high to show its concetration on the Zn atoms next to the site. The plot 

is also set to be “transparent” so the yellow zinc frame can be seen. 
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Figure 0.15: Interaction between the HOMO’s of the Vo site and the H atom. The plot is 

originally from A. Janotti and C. G. Van de Walle [5]. It is slightly modified by adding 

orbital energies from corresponding systems. 
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Figure 0.16: Energy curves for the A1 and E mode of the Vo-H configuration. The z direction 

is the c-axis direction, and corresponds to the A1 mode. The degenracy of the E mode is 

tested by moving H in two directions perpendicular to z. x is defined in the plane between c 

axis Zn-H bonding and one lateral Zn-H bonding.The y direction is perpendicular to that. 
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Figure 0.17: Energy curve of the two Raman modes for the Vo-H
+
 configuration. The 

directions are defined as in Fig. 5.18. For comparison, the z curve for the neutral cases is also 

included.  Ion-curve labels all start with “i”. 
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Figure 0.18: Contour plot (value 0.02) of the highest two occupied orbitals of the VZn site. 

The color code is the same as in Fig. 5.13. As can be seen, the two orbitals are emerging 

from the interaction of the O p functions from the two O atoms next to the vacancy. 
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(a) 

 

(b) 

Figure 0.19: Contour plot (value 0.075) of the only singly occupied orbital for the two O-H 

bonding cases. 
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(a) 

 

(b) 

Figure 0.20: Geometry of two H interstitial configurations where H is bonded closely to an 

O. O, Zn, and H are colored red, grey and white, respectively.  
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(a) 

 

(b) 

Figure 0.21: Two H interstitial configurations where H shows little interaction with with the 

rest of lattice. The color code is the same as in Fig. 5.21. 
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Figure 0.22: Raman data from Dr. Judith Reynolds. The curves (a) and (b) are from ZnO 

samples following a designed path to p-type conductivity and were taken before and after 

high temperature annealing. Labels are assigned from other literatures. 
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Table 0.1: Character Table of C3v Point Group 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 E 2C3 (z) 3σv linear, 

rotations 

quadratic 

A1 1 1 1 Z x
2
+y

2
,z

2
 

A2 1 1 -1 Rz  

E 2 -1 0 (x, y) (Rx, Ry) (x
2
-y

2
, xy) 

(xz, yz) 
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Chapter 6: Summary and Future Work. 

6.1 Summary. 

The thesis deals with computational work done on two types of materials.  

The first is amorphous SiO2. Geometrical models are established incorporating bond 

lengths, angles, and medium range order. The vacated-site model proposed by Dr. Lucovsky 

is thoroughly investigated with respect to both ground- and excited-state properties. It is 

confirmed that mixed occupancy would be possible. The gap between the two states is 

broken down into different factors for detailed review. The behavior of the excitation for 

both spin-multiplicities is also examined. Peaks are categorized based on the dipole selection 

rule. Group theory is applied to aid the analysis. It is shown that the excitation is dominated 

by the interaction between 4s, 3d orbitals of Si atoms adjacent to the vacancy. These results 

are used to assess the original XAS analysis and reveal some discrepancies in the original 

proposal. 

The second part concerns crystal ZnO, in particular the nature of specific types of defects 

that are thought to be encountered in making p-type material.  A geometrical model with a 

balanced dipole is established to accommodate various defect sites. First, a Vo-NZn to VZn-No 

transition is confirmed to be energetically favorable and to convert a donor site to an acceptor 

site. This suggests a new path to achieving p type conductivity in ZnO. H is then introduced 

to VZn-No and other intrinsic sites. In general, H is found to act as a donor, although in 

various ways. Its existence in the material in general undermines p type conductivity. Raman 
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frequencies associated with the structures are obtained and compared to experiment. Results 

are basically in agreement. 

6.2 Future Work. 

Both of these topics are driven by experimental results that needed to be backed up by 

theoretical calculations. As can be seen from the thesis, a considerable amount of time and 

energy is devoted to establishing the geometries. To a certain extent, the details of the 

geometries involve some guessing to supplement limited experimental information, and it 

needed to be corrected on a trial-and-error basis. Thus it would be ideal if more detailed 

structural measurements were available not only to cross-check these results but to yield 

more accurate configurations.  

Another issue concerns the possibility of actually detecting various defect sites. Other 

than the H interstitial sites that are believed to be unstable, little information is obtained on 

this topic. The reason is mainly that the difficulty in resolving the reaction pathway. Other 

computational groups, as cited in Chapter 5 for ZnO, address this issue by assigning chemical 

potentials for certain species in the material. Such values are refined in a range derived from 

enthalpy. However, no fixed value can be assigned for specific experimental cases. It would 

be very helpful to obtain more accurate criteria for this matter.  
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APPENDICES 
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Appendix A: Coordinates of the silica geometrical model. 

 

 Symbol and                                                  Coordinates 

Atomic number                 x                                 y                                   z 

O    8.0000      0.00000000000000      0.00000000000000      0.00000000000000 

Si  14.0000      1.59723651772480      0.00000000000000      2.55611275036030 

O    8.0000     -0.28027752204314      0.00000000000000      4.91403936426980 

O   8.0000      3.33461179647120      2.46101291966110      2.65520581858580 

O    8.0000      3.33461179647120     -2.46101291966110      2.65520581858580 

Si   14.0000      0.00000000000000      0.00000000000000     -3.01411295178340 

O    8.0000      2.84173294329100      0.00000000000000     -4.01881726904450 

O    8.0000     -1.42086647164550      2.46101291966110     -4.01881726904450 

O    8.0000     -1.42086647164550     -2.46101291966110     -4.01881726904450 

Si   14.0000     -3.12201046533410      0.00000000000000      5.91874368153090 

O    8.0000     -3.12201046533410      0.00000000000000      8.93285663331430 

H     1.0000     -3.12201046533410      0.00000000000000     10.77285663331400 

O    8.0000     -4.54287693697960      2.46101291966110      4.91403936426980 

H    1.0000     -5.41026125523510      3.96336662856810      4.30070603093640 

O    8.0000     -4.54287693697960     -2.46101291966110      4.91403936426980 

H    1.0000     -5.41026125523510     -3.96336662856810      4.30070603093640 

Si   14.0000      4.07821157413270      5.00915270753000      4.08311333598650 
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O    8.0000      1.67421677717200      6.82210536119410      4.22054905865980 

H    1.0000      0.20667043860814      7.92884320947820      4.30444828001100 

O    8.0000      6.29518914924430      6.39240010773190      2.58094358945470 

H    1.0000      7.64856866867860      7.23681943012840      1.66392674972970 

O    8.0000      5.00882857364320      4.36109244153300      6.87575487724560 

H    1.0000      5.57693444973070      3.96547658091010      8.58055510142980 

Si   14.0000      4.07821157413270     -5.00915270753000      4.08311333598650 

O    8.0000      1.67421677717200     -6.82210536119410      4.22054905865980 

H    1.0000      0.20667043860814     -7.92884320947820      4.30444828001100 

O    8.0000      6.29518914924430     -6.39240010773190      2.58094358945470 

H    1.0000      7.64856866867860     -7.23681943012840      1.66392674972970 

O    8.0000      5.00882857364320     -4.36109244153300      6.87575487724560 

H    1.0000      5.57693444973070     -3.96547658091010      8.58055510142980 

Si   14.0000      4.71924698305890      0.00000000000000     -6.37674388295400 

O    8.0000      3.12201046533410      0.00000000000000     -8.93285663331430 

H    1.0000      2.14695901914500      0.00000000000000    -10.49326513024200 

O    8.0000      6.45662226180530      2.46101291966110     -6.27765081472850 

H    1.0000      7.51722303026760      3.96336662856810     -6.21715830882330 

O    8.0000      6.45662226180530     -2.46101291966110     -6.27765081472850 

H    1.0000      7.51722303026760     -3.96336662856810     -6.21715830882330 

Si   14.0000     -1.56100523266710      5.47023517426400     -4.11791033726990 
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O    8.0000     -4.18683481048400      6.39240010773190     -2.96053928620110 

H    1.0000     -5.78980274847200      6.95534632266290     -2.25400878517710 

O    8.0000     -1.34510186719300      6.39240010773190     -6.97935655524560 

H    1.0000     -1.21330116867000      6.95534632266290     -8.72615938755490 

O    8.0000      0.70878221865428      6.63512756193100     -2.51292823858850 

H    1.0000      2.09440013584620      7.34624954959220     -1.53314841320850 

Si   14.0000     -3.95686000925430     -4.08698777406210     -4.11791033726990 

O    8.0000     -3.44256347920820     -6.82210536119410     -2.96053928620110 

H    1.0000     -3.12860523330880     -8.49178942440920     -2.25400878517710 

O    8.0000     -6.10058013530970     -2.70374037386020     -2.51292823858850 

H    1.0000     -7.40923880040990     -1.85932105146370     -1.53314841320850 

O    8.0000     -4.86342995085370     -4.36109244153300     -6.97935655524560 

H    1.0000     -5.41685602320980     -4.52842279584110     -8.72615938755490 

 


