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Electronic Charge Den_sities_ in Semi-éonductors*
by
John P, Walter and Marvin L. Cohen
| Devpartme’nf; of Physics ané Inorganic Ma‘t.erials Research
Divislion_,v Univ-éi‘s_ity of Cal_iforn_ia anrdlLawrence Radiafion Laboratory,
| ~ Berkeley, California 94720
Abstract
Electromc charge dens1?122’%%1%u%i;ec?lon of posxtlon m the unit cell

for several dlamond and zmchlende semiconductors using wavefunctions de-

rived from pseudopotential band struéture calculations. The covalent bond-

‘ing charge is also calculated for these crystals and is plotted against the

ionicity scales of Phillips and VanVechten and of Pauling. It is v'shop\‘mvthat::_
an e).;trapovla.ti‘on to zero covalent bonding charge yields a critical vaiue of the
ionicity which separates 4-~fold c;oordinated. and 6-fold coordinated diatomic
crystals. ThiS value is in agreement with the empirical v_alue obtained by‘

Phillips and Van Vechten.

The bopding and che_rhicai ..n_ature of .éér'hiconduétoris’ 'aLr.ml‘:ir:ls;u_'lators1—'5
has recently been a focal pqi}nt of interest for solidstate phy'sicists; The
emphasis™’ " on bonding is motivated by the belief that a detailed knbwledge
of the distribution of electronic charge in solids will lead to ébetter under- |

standing of the physiéal and chemical properties of these solids. Despite

the existence of accurate band structure calculations, accurate charge

* . .
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densif;y calculations have_not béen previ'ouslj,7 available. We present here
the results of s_uch calculations for Ge, GaAs, ZnSe, a-Sn, InSb and CdT'e
(élphough space allows only detailed plots for Ge and GaAs).. - The calculated
charge density distr“ibut'icl)nsj aré_used to compute covalent bonding charges,
which in tgrn are'used to compute the cr_itiéal ionicity, fC,Wh_ic_h separates
4-fold co‘ordinate_d and 6-fo;d coordinated diatomic crystals. -

| ~ The spétial qharge density distribution for ,Valence band n may be

written

@ ez g @, (1

where the sufhm.aition? is ovef all available states-‘f«:> in band n. _z,bn" k1S
obtained from émpiricél pseudopotential band structure calculations® for
Ge, GaAs,' 7nSe, a-Sn, InSb, and CdTe.9 To obta'm.proper convergence
. for the accurate calculation vof charge density distributions, it is necessary
to expand lpn,k in a basis of épproXimately 90 plane Wa\}es. 10" phe wave-
flirictio'ﬁéa‘re evaluated on a grid of_v 3360 points in the Brillouin zone.

Ry uéing_ Eq. (‘1) , thé charge density pn(?). is evaluated at over |
16QO points in a plane which intelrs.ects both atoms in the primitive cell
(a (1,;1,0) plane). A diagram of the primitive cell and the orientétion of
this plane is shown in the insert in Fig. 1. The charge density is plotted on
contour maps in units of (e/), where Q = %a3 is the volume of the primi-
tive cell. |

| The results of the calcu.;at'iOns are shown in detailed contour maps

~ofthe total valence charge. density (Figs. 1 and 2). The contours are



 striking and can be used to describe selected physical properties of crys-
tals to a more generalaudiencé. One can definitely see tetrahedral cova-
lent bonding in germanium,,,_where the charge density is concentrated half-
way between the two atoms. ‘Ionlc trends 1n the bonding may be seen by |
comparing the total \}alence charg'.e density for Ge and GaAs. For GaAs,
the center of the bondi.ng charge has mol/ed toward the As ion. 'Another
trend that is notlceable is that the amount of bonding charge decreases in
gomg from Ge to Ga.As. Thus the covalent bondmg becomes weaker as the
'crystals become more ionic. o

The covalent bondmg charge Z, may be calculated as follows

b

2 =f(p(?)-po)d3r . @
where Po is the charge density at the outermost close contour of the bond-
ing charge density. The integration eXtend‘s over the volurne defined by
this outermost contour. | | |

For the purposes of our icalc:ulations we choose twoseries o'f crys-
tals. The first series, composed of Ge, GaAs, and ZnSe, lies in the fourth
row of the Periodic Table. The second series, composed of. a-Sn, InSb,v
| and CdTe, lies in the f1fth row of the Perlodlc‘ _’I‘able. S'mce spin-orbit
effects have been neglected in our calcu1at1ons and smce sp1n—orb1t effects
are relatively large in the second series of crystals the results for the
second series are not expected to be as good as for the first serles. - For
the crystals of each series the lat‘_t.ice constant is practically the same and

the ion-cores are identical. The values we calculate for Zb (in mits of €)
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are 0.146 for Ge, 0.080 for GaAs, 0.026 for ZnSe, 0.123 for Sn, 0,091 for

InSb, and 0.027 for CdTe.

Phillips and Van Vechtenl’ 2 define ioniciiy fi using homopolar,

het‘eropolar'and averagé energy gaps, Eh’ C, and Eg, respectively, where

Eg2 = Eh2 + CZ. Their ionicity factor fi = Cz/ Eg2 varies between zero

and one: fi =0 }'designates a completely covalent-bonded crystal and .fi =1

o

. désignatés'a cdfn‘bletély idnic crystal: The important result is that for '
Phillips' sample2 of 68 bmary crystals, the ionicity value fé =0.785 +0.01
neatly separates the more covalent crystals of 4-fold coordination (zinc-
blende ahd Wi‘;rtzite Structures) f;bor_n the more ionic crygtals of 6-’foid coordi-

2 this

nation (rocksalt structure). As Phillips notes in his review article,
cfitical value of the ionicity fc is determined completely empirically.
We have at‘;empted‘to obtain £ from our cavlculation of bonding charge.

The idea is that the atoms in cry.'_étals of 4-.fold coordination form tetrahedrally-
directed covalent bonds through hybridization of (e.q. (sp3) in Ge) orbitals,
and that crystals of 6-fold coordination no longer form directed borids but
are held to‘geth‘er by éleétr,os,tatic forces. For an homologous series of
crystals of increasing ibnicity, the covalent bonding weakens as the ionic
bonding becomes stronger. When the ‘amount of charge in the covalent bond
approaches zero, .'the configuration of tetrahedrally~directed bonds is no
longer stable. Consequently, it is reasonable to sbeculé.te that a phase trans-
ition to a different crystalline structure occurs as the covalent bonding charge g
goes to zero, |

- To test ihis hypothesis we have plotted our calculated values of 2,

versus the ionicity of Phillips and Van Vechten. The points of the series Ge,
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The points of the series Sn, InSb and CdTe are also connected usmg a smooth curve,
which when extrapolated gives zero bondmg at an ionicity of f =0.79. /

—
\’\”'__ —. U [ R N — —

GaAs, and ZnSe]1 are connected with a smooth curv?which when extrapo-

o

S

| lated gives zero bonding at an ionicity of f = 0. 78.{These two values of -
critical lOnicity' (fé": O.. 79 and fC = 0. 78) should be compared with Phtllips' |
empirical value of the 'critic'a‘l ionicity, nanlelv, fc‘.z 0. '7853; 0.01.
: When the bonding'.Charge Zb is plotted against Pauling's ionicity
Scale,‘lz the curve_pa'ssing thrOugh the series Ge, GaAs, and ZnSe gives
a zero-covalent-bondhdg _ionlcity of 0‘1,8.0’ which is the empirically determined
" dritical 'ionicit.y' oh Paulingl's-" scale. The'curvevpassing through the series
Sn, InSb, and CdT'e glves a crltlcal 1on1c1ty of 0. 61 whlch does not agree
w1th Paulmg S empl.rlcal value For the crystals we have studied it appears
that the ionicity scale of-Phillips and'V_an Vecht'enis in better agreement with
our results than the ionicity scaleof ‘Pauling. | v
- We W:’_L_sh-to _thank.Dr.‘ 7. C P_hillips, Professor L. M. Falicov and

ProfeSsor C. Kittel for .stirnnlatirlg discussions and helpful c‘omments_.
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Figux_‘el Captions.

'Fig. 1. Valence el'eé'_ctron density contour map (in units of e per primitive

- cell) for Ge in the (1,-1,0) plane. The orientation of the plane (dashed

liﬁes) with reépebt to the primitiv.e cell is "s_hown' in the inset, The radii
of the} cores for Gé is 0. 2(.)} of the Ge-Ge distance. This radius is_that of
a sphere containing 80% of thé outermost shell of éore electi‘ons.

Fig; 2. Valence fslectron density contour map (in units of e per primitive
cell) for GaAs in the (1,-1,0) plane. Seeinset of Fig. 1. The core radii
for Ga and As are 0.23 and 0.18 of the Ga-As 'distané.e. The radii are
those of spheres containing 80% of the outermost shell of core electrons.
Fig. 3. Bonding charge versus ionicity (Phillips- Van Vechten scale).
The bonding charge is.in units of e per bond. The calculations do not include

spin-orbit effects.
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LEGAL NOTICE Q

This report was prepared as an account of Government sponsored work.
Neither the United States, nor the Commission, nor any person acting on
behalf of the Commission:

A. Makes any warranty or representation, expressed or implied, with
respect to the accuracy, completeness, or usefulness of the informa-
tion contained in this report, or that the use of any information,
apparatus, method, or process disclosed in this report may not in-
fringe privately owned rights; or -

B. Assumes any liabilities with respect to the use of, or for damages
resulting from the use of any information, apparatus, method, or
process disclosed in this report.

As used in the above, "person acting on behalf of the Commission”
includes any employee or contractor of the Commission, or employee of
such contractor, to the extent that such employee or contractor of the
Commission, or employee of such contractor prepares, disseminates, or pro-
vides access to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.
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