Chapter six

Solid state physics, electronic structure

     Few of the journeymen and masters of energy band calculations learned their methods entirely from books. Band calculations is a craft learned by experience, often developed in groups, and needing access to computers. Wigner and Seitz, who performed the first serious band calculations in 1933, refer to afternoons spent on the manual desk calculators of those days, using one afternoon for a trial wavefunction. Modern computers have eased the pain. However, the formulation of the problem requires great care, and the computer programs are not trivial.

                                                                 Kittel page 260 [1]

6.1 Electronic band structure of diamond, silicon, germanium and tin

Several effects should be considered before applying ab initio or approximate self consistent theories to solids. First of all is the infinitesimal number of atoms or electrons in the solid. As a consequence of this it is impossible to simulate the solid in exact Hartree-Fock theory and use of approximate theories is unavoidable. Another way out of this problem is the use of finite number of atoms which is called cluster calculation. Cluster calculations on the other hand suffer from the large number of surface atoms and dangling bonds. In order to simulate the bulk of a solid, surface atoms are replaced some times by another atoms or pseudo atoms to saturate the surface dangling bonds. Hydrogen atoms were used as surface atoms[16]. However hydrogen atoms were found adequate to saturate diamond surfaces but there use were found inappropriate to saturate the silicon crystal surfaces. This is due to the large difference in the affinity between hydrogen and silicon atoms. The simplest cluster that simulates diamond is the methane molecule. This is a sever approximation to the bulk of diamond since only first neighbors are included with this neighbors being hydrogen atoms instead of carbon atoms. The first realistic simulation of the diamond cluster is the C5 cluster. This cluster contains one central carbon atom surrounded by 4 carbon atoms as its first neighbors. This cluster can be saturated on its surface with 12 hydrogen atoms. However if we consider only the carbon atoms, the number of basis functions to be considered in this case is 25 basis, 5 for each carbon atom. In order to apply exact self consistent calculations to this cluster a number of two electron integrals must be calculated. This number is equal to [7]
14, 15, 16
                    Mexact = 1/8 ( N4 + 2N3 + 3N2 + 2N )                       (6.1.1)

where N is the number of basis. In the C5 case the number of two electron integrals that must be calculated is  52,975 integrals.

      CNDO calculations had been tried several times on a solid with varying number of atoms but with the semiempirical parameters fitted to obtain the properties of the solid . The important advantage of CNDO method is the great reduction of the number of two electron integrals. The number of two electron integrals in CNDO theory is given by 
17,18,19,20,21
                                   MCNDO = ½ A (A+1)                                        (6.1.2)

where A is the number of atoms in the molecule or solid. For the C5 cluster  the number of two electron integrals in CNDO theory is 15 integrals.      

     From table (6.1) we can see that a real solid can be considered in CNDO cluster calculations without facing computational time or storage problems. On the contrary except for the C5 cluster the evaluation of the two electron integrals in ab initio theory is out of the reasonable time and storage capacity of the nowadays available computer facilities. Highly sophisticated international programs were written to perform ab initio calculations for molecular systems [6,22,23,24]. However, the use of these programs for molecules that contains more than ten carbon atoms is rare[5]. In addition the use of CNDO for solid clusters has the unconvergence problem [15]. A way out of the the unconvergence problem is the use of periodic boundary, which will be discussed shortly. The number of two electron integrals in INDO formalism is the same as in CNDO theory but with a more accurate value for these integrals, so that all what we have said above concerning CNDO is directly applicable to INDO theory which is the subject of this work.

Table (6.1.1): The number of two electron integrals in ab-initio and CNDO    

                   theory for a given carbon clusters.  

	    cluster
	  neighbors 

   included
	basis states for ab-initio calculations
	ab initio two   

   electron  

   integrals
	CNDO two  

  electron  

   integrals

	       C5
	         1
	       25
	       52975
	        15

	       C17
	         2
	       85
	    6681340 
	       153

	       C29
	         3
	       145
	    5.60 107
	       435

	       C35
	         4
	       175
	    1.18 108
	       630

	       C47
	         5
	       235
	    3.84 108
	     1128

	       C71
	         6
	       355
	    1.99 109
	     2556 

	       C87
	         7
	       435
	    4.49 109
	     3828


     In order to perform cluster calculations and to simulate the bulk of a solid, the cluster is chosen such that its surface has the minimum possible area to reduce the number of dangling bonds or the number of saturating atoms. This also restricts the number of atoms (note table (6.1.1)) to certain numbers since we have to add all the n- neighbors of the central atom to the calculations.

In order to avoid this restriction and to avoid the problem of non-converging CNDO calculations mentioned above, in addition to the profits gained from cyclic boundary to simulate the solid, the large unit cell (LUC) approach was suggested [20]. The LUC alters the shape and the size of the primitive unit cell so that the symmetry points in the original Brillouin zone at a wave vector k become equivalent to the central symmetry point ' in the new reduced zone [17]. Symmetry points are given in table (6.2) and there relation to atomic orbital via LCAO is given in table (6.3) for Γ symmetry points. In table (6.4) the symmetry points that arise from each number of LUC atoms is given 

Table (6.1.2): Some high symmetry points in band structure of solids in units of 2SYMBOL 112 \f "Symbol"/a where a is the lattice constant. 

	 high symmetry      

      points   
	coordinates in 

 k space(2SYMBOL 112 \f "Symbol"/a)

	           SYMBOL 71 \f "Symbol"
	    ( 0 , 0 , 0 )

	          X
	    ( 1 , 0 , 0)

	          L
	  ( ½ , ½ , ½ )

	          SYMBOL 68 \f "Symbol"
	  ( ½ , 0 , 0 )       

	         W
	  ( 1 , ½ , 0 )       

	          SYMBOL 83 \f "Symbol"
	  ( ½ , ½ , 0 )       


Table (6.1.3): Some high symmetry SYMBOL 71 \f "Symbol" points in band structure of diamond type crystals.  s1 is the s orbital at the central atom and s2 is the s orbital on one of its first neighbors.

	 high symmetry      

      points   
	     LCAO

	           SYMBOL 71 \f "Symbol"1
	    s1+s2

	           SYMBOL 71 \f "Symbol"2
	    s1-s2

	           SYMBOL 71 \f "Symbol"25
	    px1-px2

    py1-py2

    pz1-pz2

	           SYMBOL 71 \f "Symbol"15
	    px1+px2

    py1+py2

    pz1+pz2


Table (6.1.4) the most common LUCs that are used for the calculations of diamond type crystals band structure is listed with the high symmetry points that are obtained from the solution of Hartree-Fock equations for these crystals.

	     number of     

    atoms in the    

         LUC              
	 high symmetry      

      points   

	           8
	      SYMBOL 71 \f "Symbol",3X   

	          16
	   SYMBOL 71 \f "Symbol",3X,4L

	          64
	 SYMBOL 71 \f "Symbol",3X,4L,6SYMBOL 68 \f "Symbol" ,6W,12SYMBOL 229 \f "Symbol"

	          128
	 SYMBOL 71 \f "Symbol",3X,4L,6SYMBOL 68 \f "Symbol" ,6W,12SYMBOL 229 \f "Symbol" and 

32 inner points of Brillion zone


     Another feature of the LUC is the applicability of the k=0 approximation.

The first Brillouin zone of a given lattice with a lattice constant a in the one dimensional case is defined by the wave vector

                                     +/a                                          (6.1.3)
  -  k  /a  
However this zone will become smaller when choosing a LUC lattice with a lattice constant 2a and is defined by the new wave vector 

                                     +/2a                                       (6.1.4)
  -  k  /2a  
    As can be seen from the above example that choosing a LUC lattice with a lattice constant large enough will make all points in the first Brillouin zone close to the point k=0. As a consequence we shall need to solve the self consistent equations only for the points at the origin of the first Brillouin zone. This approximation is called the k=0 approximation and is used frequently in solid state physics when ever such large cells are encountered [25]. The use of the k=0 approximation will result in a great simplification of the self consistent field equations as we shall see shortly.

     To apply self consistent field theory to a solid with a periodic potential, the wave functions of the solid must have a special form which is induced by the Bloch theorem   

                                  (k,r)= u(k,r) exp(ik.r)                            (6.1.5)

with u(k,r) has the period of the crystal

                                      u(k,r)= u(k,r+Tv)                                  (6.1.6)

where T is the lattice translation operator defined by

                                     Tv= v1 a1 + v2 a2 + v3 a3                                    (6.1.7)

where v1 , v2  and v3  are integers and a1 , a2 and  a3 are the basic translation vectors of the LUC of the crystal.

     For a crystal wave function that is translated to the new position r+Tv 
we have

                                  (k,r+Tv)= u(k,r+Tv) exp(ik.r+Tv)                (6.1.8)

using  the Bloch theorem Eq. (6.7) for the crystal wave function we have

                                  (k,r)                     (6.1.9)
(k,r+Tv) = exp(ik.Tv) 
    In order to apply the theory of LCAO discussed earlier, two linear combinations must be made [17] :

   1- The crystal wave functions are approximated as a linear combination of the molecular orbitals (k,r-Tv) of each LUC so that

                                  (k,r-Tv)                  (6.1.10)
vk  (k,r) = N-½ 
                                                         v
where the summation v goes over all the crystal LUCs, N is the number of LUCs in the crystal and is added for normalization requirements. As can be seen from Bloch theorem of Eq. (6.7), the expansion coefficients vk 
can be written as      

                                 vk = exp(ik.Tv)                                     (6.1.11)

so that the crystal wave function can be written

                          (k,r-Tv)                (6.1.12)
 exp(ik.Tv) (k,r) = N-½ 
                                                                                  v
     2- The molecular orbitals (k,r-Tv) are themselves written as a LCAOs of the constituting atomic orbitals of the LUC atoms

                                p(r-Tv)                          (6.1.13)
 cpk (k,r-Tv) =  
                                                               p
where the summation p goes over all the atomic orbitals of the atoms of the LUC. Note that no normalization coefficients are needed in Eq. (6.15) since these normalization coefficients are absorbed in the expansion coefficients cvk whereas the coefficients vk   of Eq. (6.12) always have a value of unity.

      The final form of the crystal wave function is

             p(r-Tv) exp(ik.Tv)               (6.1.14)
 cpk   (k,r)=N-½ 
                                                  v     p
     Using this expansion of the wave function, the Hartree-Fock equations  can be written as [17] 

                        k Spqk) cpk = 0                             (6.1.15)                                               
 (Fpqk- 
                                            p
where Fpqk  and  Spqk  (the Fock and overlap integrals) are now given by

                         Fpqk =  exp(ik.Tv)         (6.1.16)
q(r-Tv)  H p(r-T0)   
                                        v                        

                         Spqk =  exp(ik.Tv)             (6.1.17)
q(r-Tv) p(r-T0)   
                                          v                        

where H is the operator of the total energy ET defined in Eq. (1.15). 

     The density matrix operator P has now the following form

                                       0cc
                        P ))             (6.1.18)
ik'  exp(ik.(Tv- Tik'*  c c = 2 v
                                                 i,k'

the additional superscripts for the density matrix refer to the LUCs and the new wave vector k' refers to the summation over the occupied wave vector states only. As we mentioned above, the solution of the exact equations is out of the power of the present computational facilities so that we have to resort to approximate solutions.


The many-body self-consistent field theories of solids rely on several approximations that enable the problem to be handled on present day computational facilities. These approximations are continuously relaxed as theoretical and computational tools advances. In the present work the approximations that are used are:

1- The range of the interaction is limited to limited number of neighbors. This approximation is frequently used and proved adequate for most solids. A correction is added for the remainder of neighbors.

2- The size of the unit cell is several times the size of the conventional lattices. 

3- The use of k=o approximation (k is the wave vector), which is used whenever such large unit cells are encountered. 

4- The use of linear combination of atomic orbitals (LCAO) to approximate the exact Hartree-Fock self-consistent field method.

5- The use of the complete neglect of differential overlap (CNDO) or intermediate neglect of differential overlap (INDO) to approximate the LCAO method.

6-  Relativistic corrections are neglected for atoms that have an atomic numbers that is less than 40 which is the threshold number of important relativistic corrections.  

Corrections that can be added to the calculations are:

1- Correlation corrections: A HOMO-LUMO (highest occupied molecular orbital with the lowest unoccupied molecular orbital) is used.

2- Zero-point motion energy: correction to the cohesive energy is added.

[image: image1.png]



Figure (6.1.1) The diamond conventional (Bravais) lattice. Filled black circles refer to the positions of atoms.


In Fig. (6.2) a block diagram of the computational procedure that is used in the present calculations is shown. This procedure takes the steps:

1.
The positions of atoms (in atomic units) and the kind of states that are associated   with every atom are given as an input data.

2.
The three-dimensional (overlap and core Hamiltonian) integrals and six-dimensional (two-electron) integrals are calculated and stored.

3.
The Fock Hamiltonian is calculated from an initial guess of the wave function together with the calculated integrals of step 2.

4.
The new eigenvalues are used to calculate the density matrix

5.
The density matrix is used to calculate the total electronic energy.

6.
The new eigenvalues are used to calculate a new Fock Hamiltonian.

7.
The steps 4 and 5 are repeated and the new electronic energy is compared with previous one.

8.
If the new electronic energy differs from the preceding one by more than a given tolerance (0.0136 eV), steps 6, 4, and 5 are repeated. If the new electronic energy differs from the preceding one by less than the given tolerance, step 9 is executed.

9.
Final Hartree-Fock wave functions are used to calculate the correlation corrections and correlated wave functions are obtained.

10.
The correlated wave functions are used to obtain the band structure of covalent semiconductors.

11.
The correlated wave functions are used to obtain the physical properties of covalent semiconductors.


The tolerance of convergence of the total electronic energy depends on whither double precision (16 digits) calculations are used or single precision (8 digits). This precision is taken as 5.0 10-4 atomic units of energy (0.0136 eV) of the total energy of the lattice in our double precision calculations.


The prediction of the initial guess of the wave function is important since this initial guess reduces the number of iterations performed to obtain the converged electronic energy. A large number of iterations will result in an accumulation of computational errors in the matrices of the calculated quantities. The sp3 initial guess of the wave function is given as an expected linear combination of the atomic states of one cell.


The calculations are carried out by forming a cube of side 3a where a is the lattice constant of the Bravais lattice. The number of Bravais lattices in this cube is 27 lattices. The interaction of the atoms in the central Bravais lattice with the surrounding atoms up to the fourth neighbors is included. These calculations require the determination of wave functions and positions of  864 electrons and 216 nuclei.      


The selection of the suitable parameters is made after correlation corrections are added to the final Hartree-Fock wave functions (or Dirac-Fock wave functions if relativistic corrections are important as in the case of Ge and Sn). This is in contrast to the previous LUC works [52, 28, 31, 29] which did not include correlation corrections. CI calculations imposed on the final CNDO wave functions was performed by Deak [51]. This calculation differs from ours by the method of correlation correction. In addition this calculation used hydrogen atoms to saturate the surface of the LUC. Since we have 32 eigenvalues half-filled with electrons, the full number of the possible configurations is 257 configurations (162+1). All of these configurations are considered in the present calculations using Moller-Plesset theory.
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Figure (6.1.2): A flow chart of the computational procedure for obtaining band structure and physical properties of covalent semiconductors. 


The convergence of the LUC-INDO calculations is fast. As an example Table (6.5) shows the successive electronic energies calculated in each iteration for silicon lattice needed to obtain the final  Hartree-Fock results in the present work parameter set of Table (6.12). From this table we can see that the difference of electronic energy between step 4 and 3 is 8.1 10-3 eV which is less than  the required tolerance (1.36 10-2 eV) so that calculations are terminated at step 4. The calculated energy approaches the final energy approximately by one digit per iteration so that five iterations are needed to the required tolerance. Since we are using an 8 atom LUC, the tolerance of the cohesive energy of one atom can be seen to be 0.0017 eV.


The results of the program that had been written by the author of this thesis were checked with the same CNDO results of Harker and Larkins [28] for diamond and silicon.  The part that is related to INDO calculations was checked for molecular systems to give the exact results of Pople et al. [5]. The correlation corrections were calculated and gave the same results of Duadle et al. [8] for the hydrogen molecule. The extension of the results to germanium and SYMBOL 97 \f "Symbol"-tin needed the evaluation and tabulation of the Y-matrix used to evaluate overlap and two-electron integrals. A partial tabulation of the Y-matrix was given by Pople et al.[5] for the 1s, 2s, 2p, 3s and 3p wave functions. The author evaluated and tabulated the Y-matrix for the 4s, 4p, 5s and 5p wave functions in Appendix B to calculate overlap and two-electron integrals for germanium and SYMBOL 97 \f "Symbol"-tin.


The number of parameters in the LUC-INDO method is three parameters. These are ½(Is+As), ½(Ip+Ap) and SYMBOL 98 \f "Symbol"0 , where I is the ionization potential, A is the affinity and β is the bonding energy. This number of parameters is medium between the ab initio methods that do not contain any parameters [11, 35, 53, 54] and the methods of large number of parameters [55, 56, 57, 58]. The methods of large number of parameters that are used to simulate the band structure contain usually six parameters at least. The use of a large number of parameters without a clear physical interpretation of these parameters will turn the method to a mere mathematical fitting method. In our work we avoided the addition of other parameters such as G1 and F2 that were used originally in this way [5]. G1 and F2 are calculated on theoretical basis as in Appendix A. 


The three parameters are varied first so as to give nearly the exact values of the equilibrium lattice constant, cohesive energy and to compensate between the direct band gap and valence band width. The remaining of the output data of the programs is a result of the theory that is used in this work. Over thirty physical quantities for each element are obtained from the above mentioned three parameters.  The large number of output data with the restriction of the parameters to give nearly the exact equilibrium lattice constant and cohesive energy will certainly be a fine check for the present theory of this work.  


The cohesive energy is calculated from the total energy of the LUC. Since the large unit cell is composed of 8 atoms, the cohesive energy is given by

  -Ecoh= ET/8 - Efree - E0,                                 (6.1.19)
where Efree is the free atoms sp shell energy [59]. The sp shell energy is given in Table (6.6) for the four free atoms C, Si, Ge and Sn. The cohesive energy is also corrected for the zero-point motion of the nuclei [60]. This correction is due to the fact that unlike the classical harmonic oscillator, the vibrational ground state is not equal to zero but equal to E0. This is a pure quantum mechanical effect and is directly related to the uncertainly principle [3]. This correction had not been taken into account in the previous LUC calculations [28,29,30]. Its value is 0.18, 0.07, 0.04 and 0.03 (eV) for the four elements C, Si, Ge, and SYMBOL 97 \f "Symbol"-Sn respectively [60].


The experimental direct band gap is corrected for spin-orbit splitting as described by Eqs. (3.4-3.6) of the last chapter. This correction increases the experimental value of the band gap by a certain amount depending on the states that bound this gap. The energy bands at high symmetry points are  set relative to the SYMBOL 71 \f "Symbol"25 (highest occupied state) as is the usual procedure used by most of the other works.

Table (6.1.5) The successive electronic energy (in eV) calculated in each iteration for silicon lattice in the present work parameter set of Table (6.12).

	Iteration no.
	Total energy (eV)

	        0
	   -857.5255479

	        1
	   -858.6123549   

	        2 
	   -858.8306718

	        3
	   -858.8731226

	        4
	   -858.8812418


Table (6.1.6) The experimental total energy of the free atoms sp shell electrons for the  four free atoms C, Si, Ge and Sn [59].

	       Atom
	sp shell energy (eV)

	         C
	         148.022

	         Si
	         103.129

	         Ge
	         103.763

	         Sn
	           93.212



Using the procedure outlined above, the band structure and electronic properties of diamond are listed in Table (6.7) in comparison with other LUC results [28] and ab initio method of Reference [53]. The semiempirical parameters of diamond used in the two LUC results are given in Table (6.8).


It is interesting to see the effect of INDO and correlation corrections on CNDO calculations. This is shown in Table (6.9) using our parameter set.  It can be seen that the effect of INDO corrections or INDO+correlation corrections is not trivial. In addition to this the INDO and correlation corrections are in the same direction in some of the listed properties and in opposite directions in the others. The most interesting feature of INDO and correlation corrections is the hybridized state which is moving toward increasing the s state occupancy.


The eigenvalues of the high symmetry points are shown in Table (6.10).


In our tables we did not include previous LUC-INDO calculations of Craig and Smith [61] since they presented only very few results. Their results are essentially the same of Harker and Larkins [28] which are presented in the tables.  

Table (6.1.7) The band structure and electronic properties of diamond in this work compared with other LUC results [28], ab initio method [53] and experimental data. Note that cohesive energy of Ref. [1] is corrected for zero-point motion energy [60].
	
	 Ref.[53]
	Ref.[28]
	Present work
	  Expt.

	     Lattice constant A0
	  3.56
	3.56
	    3.56
	3.56  [1]

	 Cohesive energy(eV/atom) 
	   ----
	7.68
	    7.55
	7.55  [1]

	 Valence band width (eV)
	   19.6
	22.4
	    20.17
	21.0 [62]

	   Direct band gap (eV)
	    6.0
	9.4
	    8.71
	7.3   [11]

	    Hybridization  state
	   -----
	s0.6p3.4
	s0.926p3.074
	    ----

	    Neighbors included
	   -----  
	2
	      4
	    ----

	              G1(eV)
	    ----  
	0
	 11.99      
	    ----

	               F2(eV)
	    ----  
	0
	  8.75
	    ----


Table (6.1.8) Parameter sets of diamond for the various LUC results.

	     parameter
	      Ref.[28]
	  Present work

	          SYMBOL 122 \f "Symbol"(a.u.-1)
	      1.765
	         1.83

	         SYMBOL 98 \f "Symbol"0(eV)
	     -10.2
	       -10.00

	- ½ (Is+As) (eV)
	       7.0
	          5.57

	- ½ (Ip+Ap)(eV)
	       5.5
	          4.39


Table (6.1.9) The band structure and electronic properties of diamond using the parameters of this work (Table (6.1.8)) for CNDO calculations and the same parameters for INDO and INDO+correlation corrections (this work).
	
	   CNDO
	  INDO
	INDO+

correlation

	Cohesive energy(eV/atom) 
	    18.99
	   7.02
	    7.55

	Valence band width (eV)
	     16.01
	   20.47
	    20.17

	Direct band gap (eV)
	      7.85
	    7.85
	      8.71

	  Hybridization  state
	 s0.72p3.28
	s0.920p3.080
	s0.926p3.074


Table (6.1.10)  Energy bands of diamond in (eV) at SYMBOL 71 \f "Symbol" and X high symmetry points with respect to SYMBOL 71 \f "Symbol"25 point compared with reference [28] for CNDO calculations, reference [53] for ab initio calculations and available experimental data.
	
	  Ref. [53]
	  Ref.[28]
	Present work
	   Expt.

	         SYMBOL 71 \f "Symbol"1  
	    -19.6
	   -22.4  
	-20.17
	-21.0 [62] 

	         X1V
	    - 11.6
	   -13.2
	-9.03
	-13.0 [63]    

	         X4V 
	    -5.3
	    -7.6
	-4.92
	-5.00 [63]    

	         SYMBOL 71 \f "Symbol"25
	      0.0
	     0.0
	0.0
	      0.0

	         SYMBOL 71 \f "Symbol"15
	      6.0
	     9.4
	8.71
	  7.3  [11]

	         X1C
	      5.9
	    13.9
	9.97
	  6.0  [63]

	         SYMBOL 71 \f "Symbol"2
	      10.8
	     9.69
	9.98
	  15.3 [11]

	         X4C
	      14.2
	    14.1
	11.23
	



The band structure and electronic properties of silicon are listed in Table (6.11) in comparison with other LUC results [28] and ab initio Hartree-Fock method [35]. The semiempirical parameters for diamond used in the LUC results are given in Table (6.12).


The effects of INDO and correlation corrections on CNDO calculations are shown in Table (6.13) using the present work parameter set of Table (6.12). It can be seen that the effects of INDO corrections or INDO+correlation corrections are not trivial. In addition as in the case of diamond,  the INDO and correlation corrections are in the same direction in some of the listed properties and in opposite directions in the others. Energy bands of silicon in the present work at SYMBOL 71 \f "Symbol" and X high symmetry points compared with other LUC  [28] calculations, ab initio calculations [35] and experimental data are shown in Table (6.14).
Table (6.1.11) The band structure and electronic properties of silicon in this work compared with other LUC results [28], ab initio calculations [35] and experimental data. Note that cohesive energy of Ref. [1] is corrected for zero-point motion energy [60] and the direct band gap is corrected for spin-orbit splitting [14].
	
	 Ref.[28]
	 Ref.[35]
	  Present  

   work
	   Expt.

	   Lattice constant  (A0)
	     5.45
	   5.43
	    5.43
	 5.43 [1]

	 Cohesive energy(eV/atom) 
	     4.7
	   -----
	    4.68
	 4.70 [1]

	  Valence band width (eV)
	     13.2
	   18.3
	    11.87
	12.4 [64]

	   Direct band gap (eV)
	     7.0
	    7.5
	    3.50
	3.44 [65]

	    Hybridization  state
	 s0.93p3.07
	   -----
	s1.256p2.744
	   ----

	   Neighbors included
	      2
	   -----
	     4      
	   ----

	              G1   (eV)
	      0
	      0
	   8.05      
	   ----

	               F2   (eV)
	      0
	      0
	   6.06
	   ----


Table (6.1.12) Parameter sets for the various LUC results of silicon.

	
	      Ref.[28]
	   Present work

	          SYMBOL 122 \f "Symbol"(a.u.-1)
	        1.54
	         1.635

	         SYMBOL 98 \f "Symbol"0(eV)
	        -6.4
	         -5.45

	 -½ (Is+As)(eV)
	         6.3
	          7.25

	 -½ (Ip+Ap)(eV)
	         4.5
	          4.95


Table (6.1.13) The band structure and electronic properties of silicon using the parameters of this work for CNDO calculations and the same parameters for INDO and INDO+correlation corrections.
	
	   CNDO
	  INDO
	INDO+

correlation

	Cohesive energy(eV/atom) 
	    11.69 
	    4.25
	    4.68

	Valence band width (eV)
	    10.08
	   12.11
	    11.87

	Direct band gap (eV)
	     4.82
	    2.80
	    3.50

	  Hybridization  state
	s1.089p2.911
	s1.251p2.749
	s1.256p2.744


Table (6.1.14)  Energy bands of silicon in the present work in (eV) at SYMBOL 71 \f "Symbol" and X high symmetry points with respect to SYMBOL 71 \f "Symbol"25 point compared with other LUC   calculations [28], ab initio calculations [35] and experimental data.
	
	  Ref.[28]
	 Ref.[35]
	Present work
	   Expt.

	         SYMBOL 71 \f "Symbol"1  
	   -13.2  
	   -18.3
	    -11.87     
	-12.4 [64]

	         X1V
	    -7.5
	   -12.0
	    -6.22
	  -2.9 [63]     

	         X4V 
	    -4.8
	    -4.9
	    -2.63
	    ----

	         SYMBOL 71 \f "Symbol"25
	     0.0
	     0.0
	      0.0
	      0.0

	         SYMBOL 71 \f "Symbol"15
	     7.0
	     7.5
	     5.91
	 3.44 [65]

	         SYMBOL 71 \f "Symbol"2
	     7.1
	     10.1
	     3.50
	 4.2   [66]

	         X1C
	     8.6
	      6.0
	     5.25
	 1.13 [63]   

	         X4C
	     9.8
	      14.0
	     7.36
	     -----



The band structure and electronic properties of germanium are listed in Table (6.15) in comparison with other Hartree-Fock results [11]. No previous LUC calculations exist for Ge or SYMBOL 97 \f "Symbol"-Sn so that our calculations are the first LUC calculations for these two elements. The semiempirical parameters for germanium used in our calculations are given in Table (6.16).


The effects of INDO and correlation corrections on CNDO calculations are shown in Table (6.17). Energy bands of germanium in (eV) at SYMBOL 71 \f "Symbol" and X high symmetry points compared with Ref. [11] for Hartree-Fock calculations and experimental data are shown in Table (6.18) 
Table (6.1.15) The band structure and electronic properties of germanium in this work compared with other Hartree-Fock results [11]. Note that experimental cohesive energy of Ref. [1] is corrected for zero point energy [60] and the direct band gap is corrected for spin-orbit splitting [14].
	
	 Ref. [11]
	Present work
	Experiment

	   Lattice constant  (A0)
	    5.65
	   5.65
	5.65 [1]

	Cohesive energy(eV/atom) 
	     1.2
	    3.85
	 3.89  [1]

	Valence band width (eV)
	    18.9
	    12.47
	12.9  [67]

12.6  [68]

	Direct band gap (eV)
	     4.3
	    1.67
	 0.99 [69]

	 Hybridization  state
	   -----
	s1.487p2.513
	   ----

	   Neighbors included
	   -----
	      4
	   -----

	          G1 (eV)
	    -----
	   7.87
	   -----

	           F2 (eV)
	   -----
	   6.06
	    -----


Table (6.1.16) Parameter set for our LUC results of germanium.

	
	   Present work

	          SYMBOL 122 \f "Symbol"(a.u.-1)
	         1.98

	         SYMBOL 98 \f "Symbol"0(eV)
	        -5.35

	 -½ (Is+As)(eV)
	         9.35

	 -½ (Ip+Ap)(eV)
	          5.4


Table (6.17) The band structure and electronic properties of germanium using the parameters of this work (Table(6.16)) for CNDO calculations and the same parameters for INDO and INDO+correlation corrections.
	
	   CNDO
	  INDO
	INDO+

correlation

	Cohesive energy(eV/atom) 
	     10.59
	   3.43
	    3.85

	Valence band width (eV)
	     11.99
	   12.80
	    12.47

	Direct band gap (eV)
	     1.45
	    0.64
	    1.67

	  Hybridization  state
	s1.396p2.608
	s1.438p2.562
	s1.487p2.513


Table (6.1.18)  Energy bands of germanium in (eV) at SYMBOL 71 \f "Symbol" and X high symmetry points with respect to SYMBOL 71 \f "Symbol"25 point compared with Ref. [11] for Hartree-Fock calculations and experimental data.
	
	Ref. [11]
	Present work
	   Expt.

	         SYMBOL 71 \f "Symbol"1  
	    -18.9
	   -12.47 
	-12.9[67] -12.6 [68]

	         X1V
	    -13.0
	    -7.30
	 -9.3 [67]

	         X4V 
	    -4.2
	    -2.37
	 -3.15[67]

	         SYMBOL 71 \f "Symbol"25
	      0.0
	     0.0
	      0.0

	         SYMBOL 71 \f "Symbol"2
	      4.3
	     1.67
	  0.99 [69]

	         X1C
	     5.4
	     4.90 
	   1.3 [68]

	         SYMBOL 71 \f "Symbol"15
	     7.9
	     6.07
	   3.0[69]

	         X4C
	     19.2
	     7.60
	    ------



The band structure and electronic properties of SYMBOL 97 \f "Symbol"-Sn are listed in Table (6.19) in comparison with other Hartree-Fock results [11]. The semiempirical parameters for SYMBOL 97 \f "Symbol"-Sn used in our calculations  are given in Table (6.20).


The effects of INDO and correlation corrections on CNDO calculations are shown in Table (6.21). Energy bands of SYMBOL 97 \f "Symbol"-Sn in (eV) at SYMBOL 71 \f "Symbol" and X high symmetry points compared with Ref. [11] for Hartree-Fock calculations and experimental data are listed in Table (6.22).
Table (6.1.19) The band structure and electronic properties of SYMBOL 97 \f "Symbol"-Sn in this work compared with other Hartree-Fock results [11] and experimental data. Note that experimental cohesive energy is corrected for zero point energy and the direct band gap is corrected for spin-orbit splitting.
	
	 Ref.[11]
	this work
	experiment

	   Lattice constant  (A0)
	     6.46
	    6.46
	 6.46  [1]

	  Cohesive energy(ev/atom) 
	      0.1
	    3.00
	  3.17 [1]

	   Valence band width (ev)
	     16.0
	    12.21
	     -----

	   Direct band gap (ev)
	     2.6
	    1.27
	 0.26 [1]

-0.15 [70]

-0.37 [71] 

	   Hybridization  state
	     ----
	s1.544p2.456
	     -----

	     Neighbors included
	     ----
	     4
	     -----

	           G1(ev)
	     -----
	   6.86
	     -----

	           F2(ev)
	     ----
	   5.38
	    ------


Table (6.1.20) Parameter set for our LUC results of SYMBOL 97 \f "Symbol"-Sn.

	
	     This work

	          SYMBOL 122 \f "Symbol"(Bohr-1)
	         2.05

	         SYMBOL 98 \f "Symbol"0(ev)
	        -5.35

	 -½ (Is+As)(ev)
	         9.46

	 -½ (Ip+Ap)(ev)
	         4.96


Table (6.21) The band structure and electronic properties of SYMBOL 97 \f "Symbol"-tin using the parameters of our work (Table(6.20)) for CNDO calculations and the same parameters to INDO and correlation corrections.
	
	   CNDO
	  INDO
	INDO+

Correlation

	Cohesive energy(ev/atom) 
	     8.89
	   2.68
	    3.00

	Valence band width (ev)
	     11.85
	   12.44
	   12.21

	direct band gap (ev)
	     0.979
	    0.386
	   1.270

	  hybridization  state
	s1.421p2.579
	s1.452p2.548
	s1.544p2.456


Table (6.1.22)  Energy bands of SYMBOL 97 \f "Symbol"-Sn in (ev) at SYMBOL 71 \f "Symbol" and X high symmetry points with respect to SYMBOL 71 \f "Symbol"25 point compared with Ref. [11] and experimental data.
	
	Ref.[11]
	This work  
	   EXP.

	         SYMBOL 71 \f "Symbol"1  
	    -16.0
	   -12.38  
	    -----

	         X1V
	    -11.2
	    -7.37
	    ----- 

	         X4V 
	    -3.9
	    -2.75
	    -----

	         SYMBOL 71 \f "Symbol"25
	      0.0
	     0.0
	    0.0 

	         SYMBOL 71 \f "Symbol"2
	      2.6
	     1.27
	  0.26 [1]

-0.15 [70]

-0.37 [71] 

	         X1C
	     4.39
	      4.6
	    

	         SYMBOL 71 \f "Symbol"15
	      6.6
	      6.12
	   2.6 [72]

	         X4C
	     15.1
	      7.34
	



In the following we shall see the figures that show the variation of the various parameters in the above quantities. These figures are self explanatory.  These include  ½ (I+A), SYMBOL 98 \f "Symbol"0, SYMBOL 122 \f "Symbol", Radial part of the wave function, SYMBOL 60 \f "Symbol"rnlmSYMBOL 62 \f "Symbol", Cohesive energy of diamond, Correlation energy, Exchange integral and s state occupancy.
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                       The principal quantum number n of the valence band

Figure (6.1.3)   The values of the parameters ½(Is+As) and ½(Ip+Ap) of the solid  in our work compared to the same quantities for atoms[5]. s refers to ½(Is+As) and p to ½(Ip+Ap) . The principal quantum number n of the valence band is equal to 2 for diamond, 3 for Silicon ..., etc. 
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                               The principal quantum number n

Figure (6.1.4)   The value of the parameter SYMBOL 98 \f "Symbol"0 of the solid in the present work  compared with the same quantity for molecules suggested by Boca [12].
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                                    The principal quantum number n

Figure (6.1.5) The values of SYMBOL 122 \f "Symbol" in this work for the diamond structure elements (SOLID) compared with that given by Clementi for atoms [80] (ATOM), and that given by Clementi for molecules [6] (MOLECULE).

Radial part of the wave function (e/(a.u.)3)1/2
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Figure (6.1.6) The values of the normalized 2s wave function as a function of  r (radial distance in a. u.) for carbon atom [80], carbon atom in molecular environment [6] and diamond in present work.
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                          The principal quantum number n of valence shell

Figure (6.1.7) The values of SYMBOL 60 \f "Symbol"rnlmSYMBOL 62 \f "Symbol" (AVERAGE r) in this work compared with half the distance between two neighboring atoms rnn/2 (MID POINT) for the four considered elements in atomic units (a.u.). 
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Figure (6.1.8) Cohesive energy of diamond as a function of lattice constant in present work.

  Correlation energy (eV)      
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                                    The principal quantum number n

Figure (6.1.9) The values of the correlation corrections to the cohesive energy for diamond structure elements as determined by the present theory.
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                                    The principal quantum number n

Figure (6.1.10) The values of the one-center untransformed exchange integrals. s is the s orbital, x and y are the x and y components of the p orbital respectively.

  s state occupancy (electron)
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                               The principal quantum number n

Figure (6.1.11) The s state occupancy of the crystal hybrid orbitals in this work compared with the results of Harker and Larkins, sp3 ideal solid configuration and s2p2 atomic configuration.


The full band structure of the considered solids can be evaluated using the tight binding approximation for the energy of the band [1]

                     Ek= SYMBOL 189 \f "Symbol"- SYMBOL 97 \f "Symbol" - 4 SYMBOL 103 \f "Symbol"1 [ cos(kx a/4) cos(ky a/4) cos(kz a/4) 

                              -i sin(kxa/4) sin(kya/4) sin(kza/4) ]

                              + 4 SYMBOL 103 \f "Symbol"2 [ cos(½ ky a) cos(½ kz a) + cos(½ kz a)

                                        cos(½ kx a) + cos(½ ky a) cos(½ kx a) ] 

+....... SYMBOL 189 \f "Symbol",                                                                 (6.1.20)

where SYMBOL 97 \f "Symbol" is the matrix element of the core Hamiltonian (Eq.(1.10)) between the orthogonal final states on the same atom, SYMBOL 103 \f "Symbol"1 is the matrix element of the core Hamiltonian between the orthogonal final states on first neighboring atoms ...,etc. As a result of using 8 atoms LUC, only SYMBOL 71 \f "Symbol" and X high symmetry points are obtained. The only coefficients that can be determined are SYMBOL 97 \f "Symbol"  and SYMBOL 103 \f "Symbol"1 for each band. As a consequence only one minimum in one period of the argument of the cosine function can appear. As an example the k-dependent diamond band structure is evaluated in Fig.(4.10). From this figure we can see that an important feature is missed which is the indirect energy gap. This is a consequence of the inclusion of only  SYMBOL 97 \f "Symbol"  and SYMBOL 103 \f "Symbol"1  constants discussed above. As we discussed in the preceding Subsection (order of SYMBOL 71 \f "Symbol" and X points), other workers [55,56] insist on that the indirect band gap can not be accounted for unless the first excited state of the atoms is included such as the 3s state for diamond. It is left as a future work to check the appearance of the  indirect band gap when higher excited states are included and a larger LUC is investigated. We note here that the investigation of the k-dependent band structure was not performed in the previous LUC works [52,28,29,31].  LUCs such as the 64 atom LUC was investigated in the CNDO approximation [28] without including excited states. The 64 atom LUC gives five points in every band (Table(3.4)). This number of points must be enough for the evaluation of the band structure with sufficient precession.    
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Figure (6.1.12) The k-dependent band structure of diamond. The high symmetry points are shown along the x-axis. The positions of these high symmetry points in the Brillouin zone are given in Table (3.2). The distances between high symmetry points are shown on the x-axis in units of 2SYMBOL 112 \f "Symbol"/a.  
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6.2 Electronic band structure of III-V compounds


The period IV A elements are the only elements that can form a real strong covalent bonds since any two atoms that share an electron in the lattice pull this electron with equal forces. A slightly ionic bond can be formed by III-V compounds such as BN, AlP and GaAs. These compounds have a zinc-blende type structure which is the same structure as diamond structure but with different two atoms in the primitive unit cell.


The large unit cell (LUC) formalism within complete neglect of differential overlap (CNDO) frame is used to simulate the above three compounds. 16 atoms per LUC is used [1]. The parameters of the atoms of BN crystal is given in table (6.2.1), while the band structure is given in table (6.2.2). In the same way the parameters of the atoms of AlP crystal is given in table (6.2.3), while the band structure is given in table (6.2.4). The parameters of the atoms of GaAs crystal is given in table (6.2.5), while the band structure is given in table (6.2.6).

Table (6.2.1) Parameter sets of B and N for the LUC results.

	
	B
	N

	SYMBOL 122 \f "Symbol"(a.u.-1)
	1.531
	1.9574

	SYMBOL 98 \f "Symbol"0(eV)
	-7.452
	-13.95

	- ½ (Is+As) (eV)
	5.0
	9.158

	- ½ (Ip+Ap)(eV)
	4.128
	7.511


Table (6.2.2) the band structure and electronic properties of BN in this work compared with experimental data.
	
	Present work
	Experimental

	Lattice constant A0
	3.600
	3.615

	Cohesive energy(eV/atom)
	8.131
	-

	Valence band width (eV)
	21.78
	20.6

	Direct band gap (eV)
	16.01
	14.5

	Indirect band gap
	12.34
	6.4

	Ionicity
	0.24
	-


Table (6.2.3) Parameter sets of Al and P for the LUC results.

	
	Al
	P

	SYMBOL 122 \f "Symbol"(a.u.-1)
	1.3856
	1.7798

	SYMBOL 98 \f "Symbol"0(eV)
	-5.000
	-7.500

	- ½ (Is+As) (eV)
	4.890
	8.820

	- ½ (Ip+Ap)(eV)
	3.000
	6.000


Table (6.2.4) the band structure and electronic properties of AlP in this work compared with experimental data.
	
	Present work
	Experimental

	Lattice constant A0
	5.46
	5.451

	Cohesive energy(eV/atom)
	4.75
	-

	Valence band width (eV)
	12.213
	-

	Direct band gap (eV)
	9.07
	3.65

	Indirect band gap
	8.74
	2.50

	Ionicity
	0.28
	-


Table (6.2.5) Parameter sets of Ga and As for the LUC results.

	
	Ga
	As

	SYMBOL 122 \f "Symbol"(a.u.-1)
	1.6506
	2.2391

	SYMBOL 98 \f "Symbol"0(eV)
	-4.555
	-6.650

	- ½ (Is+As) (eV)
	7.980
	10.570

	- ½ (Ip+Ap)(eV)
	4.600
	6.100


Table (6.2.6) the band structure and electronic properties of GaAs in this work compared with experimental data.
	
	Present work
	Experimental

	Lattice constant A0
	5.600
	5.653

	Cohesive energy(eV/atom)
	4.130
	3.35

	Valence band width (eV)
	13.32
	13.21

	Direct band gap (eV)
	5.31
	1.52

	Ionicity
	0.49
	0.31



As we can see from the above tables, the properties of BN, AlP and GaAs is very similar to diamond, silicon and germanium respectively. This includes electronic, mechanical and thermal properties. The parameters of carbon atom is in between that of B and N. This is also the case for the relation between silicon and germanium with AlP and GaAs respectively. Other compounds such as II-VI have also the same relation.
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