Chapter seven

Solid state physics, electronic and mechanical properties


Most of the physical properties of a solid can be obtained using the wave functions obtained in the preceding section. In this chapter we shall be interested mainly in mechanical and electronic properties of covalent semiconductors. 

7.1 electronic properties


The electronic charge density in a lattice can be determined experimentally from scattering intensity in x-ray diffraction procedures. In our case we can do the reverse operation. Having the valence electronic charge density we can determine the x-ray scattering intensity after adding the standard atomic core charge distribution. Redistribution of atomic core charge density when the solid is formed is neglected in these calculations. The x-ray scattering intensity can be calculated from the structure factor defined as [1]   

        S = SYMBOL 229 \f "Symbol"j  fj  exp(-i G.rj)                                  (7.1.1)

where G is the reciprocal lattice vector, rj is the position vector of atom j where the summation j is over all the atoms in the cell. fj is called the atomic form factor or scattering factor and is defined by

fj = SYMBOL 242 \f "Symbol"  SYMBOL 114 \f "Symbol"e ( r )  exp(-i G.r) dV ,                          (7.1.2)

where the integration is over all space and SYMBOL 114 \f "Symbol"e ( r ) is the atomic charge density. fj is essentially an atomic quantity. In Tables (7.2.1), (7.2.2), (7.2.3) and (7.2.4) we list the calculated x-ray scattering factors for diamond, silicon, germanium and SYMBOL 97 \f "Symbol"-tin respectively in comparison with experiment. These calculations are also compared with Hartree-Fock calculations for free atomic charge densities packed in the crystal lattice.

Table (7.1.1)  Calculated x-ray scattering factors of diamond in comparison with experiment [81] and  previous Hartree-Fock (HF) calculations [81] for free atoms packed in the crystal structure . 
	   reflection
	diamond x-ray scattering factor

	        Hkl
	  HF[81]
	  Present  

   work
	Expt. [81]

	        111  
	    3.29
	     3.50
	    3.32

	        220 
	    1.93
	     2.16
	    1.98

	        311 
	    1.69
	     1.87
	    1.66

	        400
	    1.57
	     1.62
	    1.48

	        331
	    1.55
	     1.53
	    1.58

	        422
	    1.42
	     1.43
	    1.42

	        511
	
	     1.38
	    1.42

	        333
	
	     1.38
	    1.42


Table (7.1.2)  Calculated x-ray scattering factors of silicon in comparison with experiment [82] and previous Hartree-Fock (HF)calculations [82] for free atoms packed in the crystal structure.
	   Reflection
	       Si x-ray scattering factor

	        Hkl
	  HF [82]
	 Present       

   work
	Expt.[82]

	        111  
	    10.53
	    10.98
	   11.12  

	        220 
	     8.71
	     8.94
	    8.78

	        311 
	     8.16
	     8.33
	    8.05

	        400
	     7.51
	     7.66
	    7.40

	        331
	     7.18
	     7.33
	    7.32

	        422
	     6.70
	     6.85
	    6.72

	        511
	     6.44
	     6.59
	    6.40

	        333        
	     6.44
	     6.59
	    6.43


Table (7.1.3) Calculated x-ray scattering factors of germanium in comparison with experiment [83] and previous Hartree-Fock (HF) calculations [84] for free atoms packed in the crystal structure.

	   reflection
	       Ge x-ray scattering factor

	        Hkl
	  HF [84]
	Present work
	Expt. [83]

	        111  
	    27.5
	    27.92
	   27.87   

	        220 
	    23.76
	    24.43
	   23.72 

	        311 
	
	    23.09
	   22.18 

	        400
	    20.95
	    21.40
	   20.25 

	        331
	
	    20.40
	   19.6

	        422
	
	    19.02
	   18.05

	        511
	
	    18.33
	   

	        333
	    17.5
	    18.25
	   17.32  


Table (7.1.4)  Calculated x-ray scattering factors of SYMBOL 97 \f "Symbol"-tin in comparison with experiment [85] and previous Hartree-Fock (HF) calculations [86] for free atoms packed in the crystal structure.
	  reflection
	     SYMBOL 97 \f "Symbol"-Sn x-ray scattering factors 

	        Hkl
	 HF [86]
	  Present 

   work
	Expt. [85]

	        111  
	   44.47
	    44.65
	   43.59  

	        220 
	   39.56
	    39.84
	   38.79

	        311 
	   37.43
	    37.78
	   37.40

	        400
	   34.54
	    35.65
	   35.12 

	        331
	   33.08
	    33.60
	   33.17

	        422
	   31.01
	    31.40
	   30.19 

	        511
	   29.93
	    30.96
	   28.63

	        333
	   29.93
	    30.96
	   28.63


   fj (electron)
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                                                     ( sin SYMBOL 113 \f "Symbol"i )/SYMBOL 108 \f "Symbol" (A0)-1
Figure (7.1.1) The atomic form (scattering) factor for the diamond structure elements in our work compared with the experimental data (+)[81,82,83,85]. SYMBOL 113 \f "Symbol"i is the incidence angle and SYMBOL 108 \f "Symbol" is the wavelength of the incident radiation in A0.


The valence charge density can also be determined from the calculated density matrix by the equation

     SYMBOL 114 \f "Symbol"e ( r ) = [image: image2.wmf]å
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The electronic charge density along the line joining two C, Si, Ge and Sn atoms in their diamond lattice structure are shown in Figures (7.1.4), (7.1.5), (7.1.6) and (7.1.7) respectively. These figures show a two-peak structure  between the two atoms. This had been confirmed by other calculations [87]. This structure can be explained from the shape of the hybridized crystal wave functions of the solid. The maximum of a STO can be obtained by differentiating the wave function with respect to the radial distance r and equating to zero. The value of the radial distance at which the maximum of the wave function appears is given by
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The value of the distance between two neighboring atoms in diamond structure is given by
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so that the value of the distance between the two peaks is given by
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Table (7.1.6) shows rnn , d, and the percentage ratio (d/rnn %) for the four considered elements. This table shows a decreasing order of the ratio d/rnn  as the atomic number increases till the ratio reaches 26% where the two peaks become indistinguishable in the case of SYMBOL 97 \f "Symbol"-Sn. The value of d is approximate since we considered the orbitals of one atom for the evaluation of this quantity. We can also notice from Figures (7.1.4), (7.1.5), (7.1.6) and (7.1.7) that the overall electron cloud in the region between two atoms decreases and compensated by an increase in the spherical charge distribution around the atom as the atomic number of the considered elements increases. This can be expected from the hybridized crystal states that show an increment in the s state occupancy which is of a spherical shape.


It is also interesting to see the valence charge distribution in one of the  planes of the crystal in our method. This was done for the (110) plane of diamond in Figure (7.1.8). Figure (7.1.8) coincides with the results of Van Camp et al. [87].


We also note that charge distribution is not too much affected by INDO and correlation corrections. These corrections do not alter solid hybridized states appreciably which are intimately related to charge distribution. However the effect of these corrections is to transform some of the electronic charge from the region of the bonds to the spherical region around the atoms as can be seen from the effect of these corrections on the hybridized orbitals of the crystal. These same effects are pointed by Zunger [81] in his work on diamond. 

Table (7.1.6):  The values of nearest neighbors' distance (rnn), peak to peak distance (d) and their percentage ratio (d/rnn%).

	
	         rnn(a.u.)
	        d (a.u.)            
	       d/rnn %

	         C
	         2.917
	       1.824 
	         62.5

	         Si 
	         4.441
	       1.994 
	         44.9

	        Ge
	         4.623
	       1.590
	         34.4

	        SYMBOL 97 \f "Symbol"-Sn
	         5.287 
	       1.384 
	         26.1
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                                   Distance between two atoms (a.u.)

Figure (7.1.2) The electronic charge density along the line joining two carbon atoms. 
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                                   Distance between two atoms (a.u.)

Figure (7.1.3) The electronic charge density along the line joining two silicon atoms in silicon lattice. 
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                                   Distance between two atoms (a.u.)

Figure (7.1.4) The electronic charge density along the line joining two germanium atoms in germanium lattice. 
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                                   Distance between two atoms (a.u.)

Figure (7.1.5) The electronic charge density along the line joining two neighboring tin atoms in SYMBOL 97 \f "Symbol"-tin lattice. 
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Figure (7.1.6) Charge distribution in the (110) plane in diamond in arbitrary units
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Figure (7.1.7) Charge distribution in the (200) plane of gray tin in arbitrary units
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Figure (7.1.8) Charge distribution in the (100) plane of gray tin in arbitrary units
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Figure (7.1.9) Charge distribution in the (400) plane of gray tin in arbitrary units


The determination of the electrostatic potential is more difficult than the determination of the electronic charge density since it needs an integration over all the charge density of the lattice and the surrounding lattices for the potential of every point to be determined. The electrostatic potential of an electron in the field of the lattice  is given by 

Vp( r ) =  [image: image15.wmf]å
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          (7.1.7)

The electrostatic potential of the carbon lattice along the [111] direction between two neighboring atoms is shown in Figure (7.1.9). A similar calculated potential can be found in the work of Kellen [88] for silicon. 

          Vp (eV)
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                                   Distance between two atoms (a.u.)

Figure (7.1.10)   The electrostatic potential Vp along the line joining two     

neighboring atoms for diamond in eV.

7.2 Mechanical properties

An example of the mechanical properties is the bulk modulus. The bulk modulus is defined by [1]
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where V0 is the equilibrium lattice volume.


The bulk modulus of a lattice can be obtained numerically by calculating the lattice energy E at three different volumes, V0, V0+SYMBOL 68 \f "Symbol"V and V0-SYMBOL 68 \f "Symbol"V, and applying the second derivative formula
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     (7.2.2)

The calculated values of the bulk modulus for the four elements discussed above in their diamond structure are shown in Table (7.19). 

 Table (7.2.1):  The calculated values of bulk modulus (this work) compared with the results of Ref. [28] and the experimental values. Values are in 1011 Newton/m2.

	
	  Bulk modulus ( 1011 Newton/m2 )

	   Element
	  Ref.[28]
	Present work
	     Expt.

	         C
	     9.73
	      8.08
	 5.45   [1]

 4.42   [73]

	         Si 
	      2.1
	      1.495 
	 0.988  [1]

 0.97    [74]

	        Ge
	      ---
	      1.378
	 0.772  [1]

 0.758  [75]

	        SYMBOL 97 \f "Symbol"-Sn
	      ---
	       0.966 
	 1.11    [1]

 0.53    [76]



Another quantity that can be calculated from the bulk modulus is the speed of sound. The speed of sound waves in solids can be given approximately by the following equation [77]

            v0= ( B/SYMBOL 114 \f "Symbol" )½  ,                                        (7.2.3)

where SYMBOL 114 \f "Symbol" is the mass density. Since the LUC calculations give us both of these quantities, the speed of sound can be determined. The values of  v0  are tabulated in Table (4.20) in comparison with the experimental values. A good agreement with the experiment can be seen from this table. 

 Table (7.2.2):  The calculated values of v0 (speed of sound) compared with  the experimental values. Values are in m/s.

	
	          Speed of sound ( m/s )

	     Element
	  Present work
	   Experiment

	         C
	        15159
	        19161[78] 

	         Si 
	         8010
	        9150  [77]

	        Ge
	         5070
	        5400  [77]

	        SYMBOL 97 \f "Symbol"-Sn
	         4095 
	        --------



Other quantities that can be determined from the present theory are the pressure dependence of the various band structure quantities and physical properties discussed above. However the availability of the experimental data near the 00K at the required pressures limits the ability of comparing these calculations with experiment. 


The pressure that is associated with a given volume of a unit cell (V) can be determined from the following equation [1]

P = -SYMBOL 242 \f "Symbol"[image: image23.wmf]V
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where V0   is the equilibrium volume at zero pressure.


As an example we calculated the pressure dependence of the direct energy gap Ed  and the pressure dependence of s state occupation Pss (Pss is a density matrix) as shown in Table (4.25). The absence of experimental results forbid us from evaluating  further quantities. 

 Table (7.2.3):  The calculated values of pressure dependence of the direct energy gap Ed in (eV/Mbar) and the pressure dependence of s state occupation Pss in (electron/Mbar) for the diamond structure elements. 

	      Element
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	         C
	         0.0225
	       -0.061 

	         Si 
	         2.835
	       -0.403  

	        Ge
	         3.028
	       -0.356

	        SYMBOL 97 \f "Symbol"-Sn
	         3.75 
	       -0.472 
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