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Using the first-principles orthogonalized linear-combination-of-atomic orbitals method in the local-
density approximation, the electronic structures and the linear-optical properties of ten wurtzite crystals,
BeO, BN, SiC, AIN, GaN, InN, ZnO, ZnS, CdS, and CdSe are investigated. Results on band structures,
density of states, effective masses, charge-density distributions, and effective charges are presented and
compared. Optical properties of the ten wurtzite crystals up to a photon energy of 40 eV are calculated
and the dielectric functions are resolved into components perpendicular and parallel to the z axis. The
calculated results are compared with the available experimental data and other recent calculations. The
structural properties of the wurtzite crystals are also studied by means of local-density total-energy cal-
culations. It is shown that the calculated equilibrium volume and the bulk modulus are in good agree-

ment with recent experimental data.

I. INTRODUCTION

In comparison with III-V semiconductors with a zinc-
blende (ZB) structure, binary semiconductors and insula-
tors with a wurtzite (W) structure have not been widely
studied.! In the ideal case in which the ¢ /a ratio equals
1.6333 and the internal parameter u =0.375, the W
structure differs from the ZB structure only in the stack-
ing sequence of the A4-B atoms in the [111] direction of
the compound AB. For most W crystals, the ¢ /a ratio
and u deviate slightly from the ideal values which result
in two slightly different neatest-neighbor distances: one
with a length of uc and the other three of length
[a®/3+(L—u)*c?]'/2. Many semiconductor crystals
such as SiC, ZnS, CdS, etc., exit in both forms. The local
atomic environments in both crystals are sufficiently close
and it has been taken for granted that their electronic
structures should also be very similar. Nevertheless, the
lower symmetry in the W structure (space-group P6;mc)
does result in new features in electronic properties that
are unique only to W crystals.

In this paper, we report the results of a detailed study
of the electronic and optical properties of ten wurtzite
crystals using the self-consistent orthogonalized linear-
combination-of-atomic-orbitals (OLCAQO) method. The
W crystals are BeO, BN, SiC, AIN, GaN, InN, ZnO,
ZnS, CdS, and CdSe. With the exception of BN, which
crystallizes in hexagonal and cubic phases, all these crys-
tals have the W structure as the stable phase. At high
pressure, hexagonal BN may transform into the W struc-
ture. Our main objective is to have a comprehensive set
of results obtained by a state-of-the art method that could
be the basis for further studies in these materials. In
1985, Huang and Ching? presented the band structures of
six of these W crystals plus 28 other semiconductors with
17 of them in the ZB structure using the OLCAO
method. However, the calculations in that study were
not self-consistent and a minimal basis set was used. In
the spirit of a semi-ab-initio approach, the exchange pa-
rameter in the one-electron atomiclike X-a potential was
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adjusted so as to reproduce the experimental band gap
for each crystal. The semi-ab-initio approach with a
minimal basis set gave results far more superior than the
semiempirical tight-binding method with only a modest
increase in computational effort. The transferability of
the basis set and the potential makes it ideal for studying
more complex configurations of the semiconductor sys-
tems and compounds,®~’ or for more demanding calcula-
tions such as nonlinear optical properties.®°

In the last few years, the methodology of the OLCAO
method has been greatly refined and improved. Fully
self-consistent, first-principles calculations with a full
basis set have been carried out by our group in a large
number of crystals!® including semiconductors,'' ™13 insu-
lators,"*?* high-T, superconductors,?™3 ferroelectric
crystals,’’3* metals and metallic compounds,’>3 ful-
lerene and related systems,>” ™% etc., many of them with
very complex crystal structures. It is therefore timely to
reinvestigate the electronic properties of wurtzite crystals
as a distinctive group. It is not uncommon to find de-
tailed calculations in the published literature that are de-
voted to one or two wurtzite crystals. We find it more
substantial and useful to present the results of ten W
crystals in a single publication so that a meaningful com-
parison can be made easier. Our present results include
band structures, density of states (DOS), effective masses,
charge distributions and bonding patterns, total-energy
calculations, and linear-optical properties. The result for
AIN is repetitious and is a continuation of the study by
Ching and Harmon in 1986.!* The optical result for AIN
has also been presented in conjunction with experimental
measurement and critical-point modeling.*> The result
for BN has been reported earlier in which the three
phases of BN, ZB, W, and hexagonal, were studied.

Almost all of the ten W crystals are materials of in-
creasing importance in modern technology. BeO is a py-
roelectric material composed of very light elements. BN
and SiC are known for their superior mechanical proper-
ties that are especially valuable in high-temperature ap-
plications.***> Although the stable phase for BN is the
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hexagonal phase and SiC has a number of polytypes with
ZB being the most common one, the W phase is impor-
tant in connection with stability in the epitaxial growth
of thin films and in the structural phase transitions under
pressure. The III-V nitrides AIN, GaN, and InN and
their alloys have promising applications in semiconduc-
tor technology because of their larger band gaps in com-
parison with cubic III-V compound semiconductors.*®
AIN is also a very important ceramic material noted for
its excellent mechanical, thermal, temperature-resistant,
and piezoelectric properties.*”*® GaN has gained much
attention recently because of its potential as a blue light
emitter due to a wider band gap.*® InN has been given
very little attention because of material problems associ-
ated with defect contamination and other technical
difficulties in the growth process.*® The application of
I1I-VI compounds (ZnO, ZnS, CdS, CdSe) and their alloys
in either ZB or W structures are mainly in electro-optical
and electro-acoustic devices.** "> When doped with Mn,
the Zn-based W crystals form an interesting group of di-
lute magnetic semiconductors.

The layout of the paper is as follows. In the next sec-
tion, we give a brief sketch of the method of calculation.
The electronic structure results for ten W crystals are
presented in Sec. III. In Sec. IV, we make a detailed
analysis of the charge distribution and the effective
charges in these crystals. The results of optical proper-
ties are presented and discussed in Sec. V and that of the
total-energy calculation in Sec. VI. Some conclusions are
drawn in the last section.

II. METHOD OF CALCULATION

The first-principles self-consistent OLCAO method in
the local-density approximation for electronic structure
determination, total-energy calculation, and optical prop-
erty studies of crystals has been described in the pub-
lished literature.!® We shall only briefly mention those
points that are relevant to the present calculation for W
crystals. The Kohn-Sham form of the exchange-
correlation potential®® with Wigner interpolation formula
for additional exchange effects is used.>* We employ a
full basis set consisting of linear combinations of atomic
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orbitals expressed as a sum of Gaussian-type orbitals. In
the present calculation, the 3d orbitals of Zn, Ga, and Se,
and the 4d orbitals of Cd and In are treated as valence or-
bitals. Extra orbitals corresponding to excited states for
each atom are included to ensure sufficient convergence
in the basis set expansion. The atomic basis orbitals used
for the ten wurtzite crystals are listed in Table 1.

In the direct-space OLCAO method, the potential and
charge-density functions are also expressed in a form of a
sum of atom-centered Gaussian functionals!® with fixed
exponentials. We have adopted a set of 16 Gaussians per
site with exponentials ranging from 0.1 to 100000. The
accuracy of the calculation depends very sensitively on
the accuracy of the charge-density fit. In the present cal-
culations for W crystals, we have achieved a fitting accu-
racy of no worse than 0.004 electrons per valence elec-
tron. This level of accuracy is very adequate for the
band-structure and optical properties calculations. For-
tunately, this fitting error is more or less stable for each
crystal at different volume contractions so the relative er-
ror introduced in the total energy is much smaller. In the
self-consistent iteration, a total of 12 special k points are
5 in the Brillouin zone (BZ) were used. For the density
of states (DOS) and optical calculations, energy eigenval-
ues and wave functions were obtained at 95 regularly
spaced k points in the same irreducible portion of the BZ.
For the DOS calculation, the linear analytic tetrahedron
method®®> was used. Spin-orbit interaction was not in-
cluded in the present calculation and this may affect the
calculated effective masses and gaps for W crystals con-
taining heavy elements.

For the optical calculation, the real part of the
frequency-dependent interband optical conductivity o(w)
was evaluated first with all the optical transition matrix
elements between the unoccupied valence bands (VB’s)
and the occupied conduction bands (CB’s) fully included.
From the o(w) curve, the real and the imaginary parts of
the dielectric function, &(w), €,(w), and the electron
energy-loss (ELF) function were extracted.®

For the total-energy calculation, we assume a condition
of isotropic strain. Hence, the symmetry, the ¢ /a ratios,
and the internal parameters of the W crystals were kept
the same, and only the lattice constants were scaled. The

TABLE I. Atomic orbitals used in the OLCAO basis set for elements in the wurtzite calculation.

Element VA Core orbitals Valence orbitals Additional orbitals
Be 4 1s 2s,2p 3s,3p
B 5 1s 2s,2p 3s,3p
C 6 s 2s,2p 3s,3p
N 7 Is 2s,2p 3s,3p
(o] 8 1s 2s,2p 3s,3p
Al 13 1s,2s,2p 3s,3p 4s,4p,3d
Si 14 1s,25,2p 3s,3p 4s,4p,3d
S 16 1s,2s,2p 3s,3p 4s,4p,3d
Zn 30 1s,2s,2p,3s,3p 4s,4p,3d Ss,5p,4d
Ga 31 1s,25,2p,3s,3p 4s,4p,3d Ss,5p,4d
Se 34 1s,2s,2p,3s,3p 4s,4p,3d 5s,5p,4d
Cd 48 1s,2s,2p,3s,3p,4s,4p,3d Ss,5p,4d 6s,6p,5d
In 49 1s,2s,2p, 3s,3p,4s,4p,3d 5s, S5p,4d 6s,6p,5d
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total energy E of the crystal was evaluated as a function
of the volume fractions V/V,, where V, is the experi-
mental equilibrium volume. Based on the calculated E
versus V /V, data points, the bulk static properties of the
W crystals were obtained by fitting the calculated data to
Murnaghan’s equation of state.’® The bulk modulus B,
the pressure coefficient B’, and the crystal volume V
where the calculated total energy is a minimum were ob-
tained.

In a real situation, a uniform hydrostatic pressure leads
to isotropic compression which may induce changes in
the ¢ /a ratio and the internal parameter. A more sophis-
ticated and demanding first-principles calculation will in-
volve geometry optimization. The present total-energy
calculation corresponds to an idealized situation that
closely mimics the real one near equilibrium.

III. ELECTRONIC STRUCTURES

As mentioned earlier, there were not many rigorous
calculations of electronic structures for W crystals. We
summarize briefly some of the recent results of electronic
structure studies for W crystals. Recently, Yeh et al.
considered the problem of ZB-W polytypism in several
semiconductors using the local-density calculation.®’
Chang, Froyen, and Cohen studied the BeO crystal using
the first-principles pseudopotential method.’®*° Con-
tinenza, Wentzcovitch, and Freeman explored the possi-
bility of a graphitic form of BeO using the first-principles
local-density approximation (LDA) calculation.®® Poster-
nak and co-workers addressed the problem of spontane-
ous polarization in BeO using the ground-state first-
principles theory.®! Park, Terakura, and Hamada were
the first to calculate electronic structures for all three
phases of BN including the W structure.? Lam,
Wentzcovitch, and Cohen studied the possibility of phase
transition in BN from the hexagonal structure to the W
structure at high pressure.* A comparison of band
structures of SiC, AIN, and GaN in W and ZB crystals
was attempted by Lambrecht and Segall (LS).** Bulk
structural properties of AIN have also been studied by
Gorczyca et al.®® and Van Camp, Van Doren, and De-
vreese.® Min, Chan, and Ho (MCH) studied the bulk
properties of GaN using the total-energy pseudopotential
calculation.®’ Earlier calculations gave rather different
band structures for GaN.®*~7" Perlin et al.”! presented
the pressure-dependent properties for GaN. Mufioz and
Kunc’? studied the high-pressure phase transition in
GaN using the local-density pseudopotential calculation.
For InN, Foley and Tansley did an empirical pseudopo-
tential calculation in 1986.”> Jenkens and Dow studied
the electronic structures of InN, InGaN, InAIN, and the
effect of doping in these systems using a nearest-neighbor
tight-binding model.”* The band structure of ZnO was
studied using the empirical pseudopotential’® and also the
nonlocal pseudopotential methods’® quite a long time
ago. Mishra and co-workers investigated the fundamen-
tal issue of “bands versus bonds” in ZnO using the X-a
multiple-scattering method for the cluster calculation and
the augmented-spherical-wave calculation for the band
structures.”” The electronic structures of wurtzite ZnS,
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CdS, and CdSe were first calculated by the empirical
pseudopotential method in the 1960s.®7% We are un-
able to locate more recent calculations for ZnS, CdS, and
CdSe in the W structure other than the semi-ab-initio
OLCAO calculation mentioned above.?

Our calculated band structures for the ten W crystals
are shown in Figs. 1-10. The corresponding DOS which
is resolved into atomic components is presented in Figs.
11-20. The lattice constants a, ¢, and the internal pa-
rameter u used in the present calculation are listed in
Table I. These are all experimentally determined values
from various sources such as those listed in Ref. 2. All
the W crystals are insulating with finite band gaps and
the zero of the energy is thus set at the top of the VB.
The VB consists of a p-orbital dominated upper VB and
an s-orbital dominated lower VB. In the cases of GaN,
InN, ZnO, ZnS, CdS, and CdSe, additional narrow bands
corresponding to the semicorelike 3d or 4d states are also
present in the VB. Of the ten crystals, BN and SiC show
indirect band gaps with the top of the VB at the zone
center I' and the bottom of the CB at K. All other crys-
tals have direct band gaps at I'. The calculated gap
values are listed in Table I together with the known mea-
sured values.’>6%8178% Ag expected from the local-
density calculations, the calculated band gap underesti-
mates the measured value by a low percentage value of
3% in CdSe to a high value of 73% in ZnO. In cubic
semiconductors, gap underestimation over 100% using
the LDA calculation is quite common.!* Also listed in
Table I are the total VB width and the widths of the
separated bands W1, W2, and W3 within the VB region,
as well as the gaps separating them (G 1, G2). From the
DOS diagrams, it is obvious that the 3d or 4d electrons
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FIG. 1. Calculated band structure of BeO.
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FIG. 2. Calculated band structure of BN.

from the cations interact with the valence electrons of the
anion, and should never be treated as the core electrons
were in the case of some older calculations.

For BeO, our OLCAO result is very close to the first-
principles pseudopotential calculation of Chang, Froyen,
and Cohen.’® They obtained a direct gap of 7.0 eV and a

4
\

=N

—18

18

,
15

124

-]
X

w
3

ENERGY (eV)
|

|
[«

D%

"Wl R

5
N
%
AN

(NN N C

r K H AT ML A
WAVE VECTOR

FIG. 3. Calculated band structure of SiC.

YONG-NIAN XU AND W. Y. CHING

18

154 _/

12+ —1

1P

VN

NV

=
%
S

ENERGY (eV)

N

v
/

Z
N
C
<

%

r K H AT ML A
WAVE VECTOR
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total VB width of 19.0 eV versus our value of 7.54 and
18.67 eV, respectively. For GaN, our calculated direct
gap of 2.71 eV is close to the recent first-principles pseu-
dopotential calculation of MCH who also obtained a
direct band gap of 3.0 eV.% LS compared the electronic
structures of SiC, AIN, and GaN in the ZB and W struc-
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FIG. 5. Calculated band structure of GaN.
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FIG. 6. Calculated band structure of InN.

tures using the LMTO method.* They obtained gap
values for the W phase without the GW correction to be
the following: SiC, indirect gap of 2.67 eV; AIN, direct
gap of 4.94 eV; and GaN, direct gap of 2.75 eV. These
values are very close to our calculated values listed in
Table II. Ley et al. measured the VB DOS of a large
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FIG. 8. Calculated band structure of ZnS.

number of III-V and II-VI compounds using x-ray photo-
electron spectroscopy,84 of which three were for W crys-
tals (ZnO, CdS, and CdSe). Our calculated DOS is in
general good agreement with their data, although the ex-
perimental curves have rather low resolution and only a
general comparison is possible.
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The effective mass for the electrons in the CB and the
holes in the VB are also evaluated from the band curva-
tures for the W crystals. The effective masses are highly
anisotropic. In Table III, we list the effective-mass com-
ponents along the three symmetry axes, I'-M, I'-4 and
I'-K. For BN and SiC, the bottom of CB is at K so the
components for the electron effective mass are evaluated
along the K-H and the K-I" directions. Several interest-
ing points are obvious: (1) The holes are much heavier
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FIG. 11. Calculated DOS and partial density of states
(PDOS) of BeO.
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FIG. 12. Calculated DOS and PDOS of BN.

than the electrons. The large disparity in the electron
and hole mobilities can result in larger optical nonlineari-
ty in these crystals. (2) The hole effective masses are
more anisotropic. This is related to the fact that the top
of the VB is associated with the p orbitals of the anions.
(3) The electron effective masses are generally less than
0.5 electrons except in the case of BeO. Carrier transport
in these crystals should be dominated by electrons. (4)
The electron effective mass has the smallest component
along the k, direction, a fact that may be of importance
in the film and superlattice construction of these crystals.
(5) Several crystals (BeO, AIN, ZnO) have very large hole
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TABLE II. Experimental lattice parameters, calculated bandwidths, and gaps for some wurtzite crystals.
Lattice VB width (eV) Gap (eV)
Crystal (A) Total w1 w2 w3 G1 G2 Calculated Experiment
BeO a=2.698 18.67 6.66 2.50 9.45 7.54(d) 10.6°¢
c=4.380 7—10.7"
u=0.378
BN a=2.536 21.00 11.76 6.28 2.93 5.81(id)
c=4.199 8.00(4,I")
u =0.375
SiC a=3.076 15.53 8.79 5.33 1.41 2.82(id) 3.332
c=5.048 5.10(d,T") 2.86°
u =0.375
AIN =3.110 15.11 6.16 2.89 6.07 4.64(d) 6.28%
¢ =4.980
u =0.382
GaN =3.190 16.03 7.26 2.65 0.98 3.76 1.39 2.71(d) 3.50f
=5.189 3.60°
u =0.375
InN a=3.533 15.78 5.98 4.84 4.95 1.02(d) 1.908
=5.692
u=0.375
ZnO a=3.249 18.28 6.67 0.98 10.63 0.88(d) 3.30°
¢ =5.207
u =0.345
ZnS a =3.811 13.00 6.54 1.08 1.17 0.26 5.30 3.35(d) 3.91¢
¢c=6.234
u =0.375
Cds a=4.137 12.25 443 1.89 0.32 4.55 1.11 2.02(d) 2.58¢
c=6.7144 2.4°
u =0.375
CdSe a =4.2985 12.24 4.18 1.56 0.31 5.10 1.11 1.79(d) 1.84¢
¢ =7.0152 1.80°
u =0.375

2Reference 81.
YReference 69.

°Table 1.1.1.2 in Ref. 52.
dAs cited in Ref. 84.

°For cubic ZnS, Table 1.1.1.2 in Ref. 52.
fReference 82.

eReference 83.

hAs listed in Ref. 58.
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effective masses and conductions by holes in these crys-
tals can be ruled out. (6) In the AIN, GaN, and InN
series, the electron effective masses become progressively
smaller as the cation becomes heavier. This is in line
with the high electron mobility observed in pure InN
samples.’’

IV. EFFECTIVE CHARGES

The effective charges Q% and Qf on atoms A4 and B in
a binary compound AB is a very useful concept to inter-
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FIG. 18. Calculated DOS and PDOS of ZnS.

pret many physical phenomena in these crystals.®® For
example, the fractional ionic character (FIC) is defined as

FIC=|Q%— Q| /(Q%+ Q%) (1)

which ranges from O for a perfectly covalent compound
to 1 for a 100% ionic compound. The simplest way to
obtain Q% and Qf in a LCAO-type of calculation is to
use the Mulliken population analysis scheme.?” Howev-
er, the Mulliken scheme is an approximate one which as-
sumes the equal sharing of the overlap between the atoms
in the crystal. When the basis set is reasonably localized
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FIG. 19. Calculated DOS and PDOS of CdS.
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such as in a minimal basis calculation,? the Mulliken
scheme can give quite reliable values for Q% and Qf.
However, in a more precise calculation, such as this one
in which a full basis set is used, the Mulliken scheme can
fail miserably because of the large overlap of the extend-

TABLE III. Calculated effective-mass components for wurt-
zites (in units of electron mass).

Crystal CB edge VB edge
BeO 0.75 (I'->K) —2.44 ('->K)
0.58 (I'—> 4) —12.01 ('—> 4)
0.73 (F'—-M) —2.44 ('->M)
BN 0.35 (K—T) —0.88 (I'>K)
0.24 (K—H) —1.08 (F'— 4)
—1.02 (r->M)
SiC 0.54 (K—T) —1.31 ('—>K)
0.29 (K—H) —154 (IT'—> A4)
—1.83 I'—>M)
AIN 042 ('—-K) —3.40 (I'>K)
0.33 ('—> 4) —0.30 ("'—> A4)
0.40 (I'>M) —3.52 ('->M)
GaN 0.36 (I'—>K) —1.58 ('—>K)
0.27 (F'— A4) —2.03 (- 4)
0.33 (F'—>M) —1.93 ('->M)
InN 0.31 (I'—>K) —1.51 ('->K)
0.20 ('— 4) —1.84 (> 4)
0.26 ('—>M) —1.73 (F'->M)
ZnO 0.37 ('—>K) —4.31 (F'—-K)
0.28 (I'— 4) —1.98 (I'—> 4)
0.32 (r—>M) —4.94 (F->M)
ZnS 0.35 ('—K) —1.33 ('—>K)
0.26 (F— A4) —1.51 (F—> A)
0.33 (r—>M) —1.47 (F->M)
Cds 0.27 (I'—>K) —1.41 ('->K)
021 (I'—> 4) —1.53 (> 4)
025 (F—-M) —1.50 (r—>M)
CdSe 0.24 (I'—>K) —1.44 ('>K)
0.18 (I'— A) —1.60 (I'—> 4)
0.22 (F—>M) —1.52 ('->M)
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ed orbitals of the atoms. In this case, a better way of
determining Q% and Qf must be devised. We have been
using a real-space charge integration scheme for calculat-
ing the effective charges in some insulators with consider-
able success.!? 21243134 I this scheme, the charge den-
sity along the A-B bond and the charge contour in a
plane containing the A-B bond are plotted. From the
contour map, the boundary between A4 and B is
identified. This boundary then defines the effective radii
r4 and rg for atoms A and B. The sum of r, and ry
equals the bond length AB. From the self-consistent cal-
culation, the atom-centered charge-density functions
p 4(r) and pp(r) are obtained.!® The atomic charges Q 4
and Qp within the two spheres of radii 7 ;, and rp are ob-
tained by integrating the functions p 4(r) and pg(r) in the
spherical approximation with r, and rp as integration
limits. The difference between the total valence charge in
the unit cell and Q ,+Qp constitutes the ‘“interstitial
charge,” which is divided between A4 and B in proportion
to the volumes of the spheres. When the apportioned in-
terstitial charges are added to Q4 and Qp, we have the
effective charge Q% and Qj.

This direct-space integration scheme for -effective
charges works best for ionic systems where there are very
little interstitial charges and the atomic boundary is easy
to define. It may not be as accurate in partially covalent
compounds such as W crystals because of the ambiguity
in locating a precise atomic boundary and a relatively
large amount of interstitial charges. As pointed out be-
fore,'* 2! the plot of the charge contour map is crucial in
locating the correct interatomic boundary, which is not
always at the minimum of the line charge along the bond
AB.

In Figs. 21 and 22, we display the bond charges along
the AB bond and the contour maps in the x-z plane for
the ten W crystals. The arrows along the bond charge in-
dicate the atomic boundaries in the crystals. In Table IV,
we list the effective radii, 7 , and rg, the spherical charge
Q4 and Qp, the interstitial charge Q; iersiitiam and the
effective charges Q%, Qf for each W crystal. Also listed
are the Q%, Qf, and FIC calculated by using the Mullik-
en scheme. As can be seen, the Mulliken result is quite
different from the more accurate integration scheme. It
tends to underestimate the ionic character of bonding in
W crystals. For example, the Mulliken scheme predicts
SiC to be almost totally covalent while the charge distri-
bution in Fig. 21 shows the C atom to have a much larger
region of valence charge distribution than Si. Most of the
W crystals show partially ionic, partially covalent charac-
ter as judged from their FIC values, except for BeO
which is highly ionic with a FIC value of 0.95. There is
some evidence that the size of the direct band gap corre-
lates with the calculated FIC.

Recently, other methods of -calculating effective
charges based on the change in polarization induced by
small atomic displacement has been suggested. Test cal-
culations in a binary semiconductor such as GaAs (Ref.
88) gives excellent agreement with experiment. That ap-
proach is much more elaborate and is quite different from
the present direct space integration method. Although
the approach we use still has some minor ambiguity in
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covalently bonded solids as discussed above, it neverthe-
less provides a step-by-step recipe for calculating effective
charges in any compounds and is physically much more
transparent. Our test calculation on GaAs (ZB structure)
(Ref. 13) gives Q* for Ga to be 1.93 if the “ionic” radii of
Ga and As are chosen to be 1.0771 and 1.3709 A, respec-
tively. However, this effective charge value is very sensi-
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tive to the choice of ionic radius which is less clearly
defined in a covalent crystal.

V. OPTICAL PROPERTIES

The calculated imaginary parts of the dielectric func-
tion for the ten W crystals for photon energy up to 40 eV

FIG. 21. Charge density along the A4-B
bond (left panel) and in the x-z plane (right
panel) for BeO, BN, SiC, AIN, GaN. Units for
contour lines: from 0.01 to 0.05 by 0.005; from
0.05 to 0.20 by 0.01; and from 0.20 to 0.40 by
0.05. All in units of electrons/(a.u.)3.
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are shown in Figs. 23 and 24. The dielectric functions
are resolved into two components, the in-plane com-
ponent &,,(w) is the average over the x and the y direc-
tions and the z component which is perpendicular to
g,,(®). Since the full calculated spectra are shown, we
will not make a detailed analysis or comparison of the
spectra. The optical properties of BN and AIN have been
discussed in detail elsewhere.?>** We will summarize the
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optical results of the remaining crystals as follows: (1)
The electronic dielectric functions for the ten W crystals
are distinctively different and all have sharp prominent
structures depending on the details of the band struc-
tures. This indicates that the crystal structure itself, in
this case the W crystal, cannot dictate its optical proper-
ties. (2) There is substantial anisotropy in the dielectric
functions between the in-plane and the perpendicular

FIG. 22. Charge density along the A-B
bond (left panel) and in the x-z plane (right
panel) for InN, ZnO, ZnS, CdS, CdSe. Con-
tour lines are the same as Fig. 21.
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TABLE IV. Calculated effective charges (electrons), ionic radii, and FIC=|Q* — Q7| /(Q% + QF) for some wurtzite crystals.
Direct-space integration Mulliken scheme
Crystal Q4 (ry in A) Qp (rg in 10\) Qinterstitial Qo [N FIC Qi Q05 FIC
BeO 0.17 (0.5349) 7.50 (1.1207) 0.33 0.20 7.80 (0.95) 1.76 6.24 (0.56)
BN 1.00 (0.6614) 5.27 (0.9143) 1.73 1.47 6.53 (0.63) 2.99 5.01 (0.25)
SiC 1.53 (0.8834) 4.35 (1.0096) 2.12 2.38 5.62 (0.41) 3.96 4.04 (0.01)
AIN 0.66 (0.8505) 6.00 (1.0523) 1.34 1.12 6.88 (0.72) 2.86 5.14 (0.29)
GaN 1.90 (0.9340) 5.94 (1.0119) 0.16 1.98 6.02 (0.51) 2.80 5.20 (0.43)
InN 1.36 (1.0673) 5.73 (1.0673) 0.91 1.83 6.17 (0.54) 2.70 5.30 (0.45)
ZnO 0.91 (0.8855) 6.49 (0.9108) 0.60 1.20 6.80 (0.70) 1.88 6.12 (0.53)
ZnS 1.70 (1.0672) 6.16 (1.2705) 0.14 1.77 6.23 (0.56) 1.06 6.94 (0.74)
Cds 1.80 (1.2462) 6.10 (1.3988) 0.10 1.85 6.15 (0.54) 1.46 6.54 (0.64)
CdSe 2.30 (1.2770) 5.60 (1.3536) 0.10 2.35 5.65 (0.41) 1.58 6.42 (0.61)

components. This is most evident in SiC. The degree of
anisotropy depends on the electronic structure of each
crystal. (3) There are substantial absorptions above 20 eV
in several crystals, especially in GaN and ZnO. The pres-
ence of the semicorelike d states in different regions of
VB precludes a simple interpretation of these structures.
(4) There is a reasonable resemblance in the absorption
spectra of the nitride series (AIN, GaN, and InN) below
20 eV. This is quite obvious from the similarity of the
upper VB and lower CB structures in these three crystals
as shown in Figs. 4—6, with the exception of the size of
the band gaps. (5) There is also a reasonable resemblance
in the spectra for the two sulfides, ZnS and CdS. This is
again related to the similarities in the band structures. In
ZnS, the Zn 3d level is at —6 eV while in CdS, the Cd 4d
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FIG. 23. Imaginary parts of the dielectric functions of BeO,
BN, SiC, AIN, GaN: left panel, polarization along the z axis;
right panel, in the x-y plane.

level is at —10.4 eV. This indicates that the transitions
from the relatively more localized d states are not impor-
tant in these two crystals.

The real parts of the dielectric functions €,(w) (aver-
aged over the three Cartesian directions) are obtained
from the imaginary parts by the Kramers-Kronig conver-
sion and the results for the ten W crystals are shown in
Fig. 25. The most important quantity is the zero frequen-
cy limit €(0) which is the electronic part of the static
dielectric constant. This quantity may be related to the
reflective index measured at a frequency above the lattice
vibrational frequencies. Our calculated static dielectric
constant averaged over the three directions for the ten W
crystals are listed in Table V. They range from a low
value of 2.76 for BeO to a larger value of 9.5 for GaN.
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FIG. 24. Imaginary parts of the dielectric functions of InN,
ZnO, ZnS, CdS, CdSe: left panel, polarization along the z axis;
right panel, in the x-y plane.
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The precise determination of the €(0) values for these
crystals is complicated by the fact that the band gap ob-
tained from the LDA calculation is always underestimat-
ed and varies from crystal to crystal. For example, in
case of SiC, the perpendicular and parallel components of
the electronic portion of the static dielectric constant for
6H SiC were reported to be 6.52 and 6.70, respectively.®
This is compared with our calculated values of 7.70 and
8.87 for the same two components. Similar linear-optical
calculations in cubic semiconductors'® indicate that un-
derestimation of gaps leads to larger values for €(0). A
more elaborate calculation of the dielectric constants us-
ing sophisticated correction procedures exists®®~** and so

20

25 30 35 40

far has not been applied to the W crystals discussed in
this paper. In Table V, we have also resolved £(0) into
in-plane and the perpendicular components in order to
estimate the degree of anisotropy for this constant. It
can be seen that AIN, GaN, and ZnS have the highest an-
isotropy Ag, followed by SiC, InN, and ZnO in that or-
der. In CdS and CdSe, At is small but negative.

Bloom et al. measured the reflectivity spectrum of
GaN up to 10 eV.%° The spectrum shows a major peak at
7 eV and several additional structures attributed to
critical-point transitions. Our calculated &,(w) curve for
GaN in Fig. 23, when converted to a reflectivity spec-
trum, shows good agreement with the data.

TABLE V. Calculated components of electronic dielectric constants and anisotropy factor in wurtzite crystals, £,= %(ex +e,+e,),
€y =2(€4€,), and Ae=(g, —&,, )/, and positions of plasmon peaks.

Crystal € Eyy €, Ae w, (eV)
BeO 2.755 2.747 2.770 0.008 13.5,23.5,35.0
BN 4.065 3.982 4.232 0.061 23.4,26.1,32.5
SiC 8.090 7.704 8.870 0.144 10.2,16.3,22.2,26.0,32.0
AIN 4.272 3.876 5.063 0.278 10.2,20.7,25.3,29.5,33.7,37.2
GaN 9.530 8.716 11.159 0.256 10.0,20.0,26.6,31.5,37.2
InN 7.390 7.054 8.061 0.136 6.5,10.3,17.1,26.3
ZnO 8.619 8.331 9.196 0.100 10.3,17.0,21.2,27.5,32.0,32.8
ZnS 6.810 6.287 7.866 0.232 10.0,17.0,21.2,27.5,32.0,32.8
CdS 5.071 5.082 5.051 —0.006 6.4,10.0,12.2,20.0,28.4,39.4
CdSe 4.939 4.947 4.924 —0.005 7.5,10.3,12.0,19.9,24.5,29.0,33.0
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Our calculated &,(w) curve for InN is in quite good
agreement with the experimental data of Sobolev et al.”’
(not shown) which have a deep minimum at 6.5 eV for
the perpendicular component of light polarization. For
ZnO, the calculated optical spectra in the perpendicular
to ¢ and parallel to c directions are consistent with the
measured reflectance data®® up to photon energy of 16
eV.

The electron energy-loss functions (ELF) for the ten W
crystals are also calculated from complex dielectric func-
tions and are shown in Fig. 26. Generally speaking, the
most prominent peak in the ELF spectrum is identified as
the plasmon peak, signaling the energy of collective exci-
tation of the electronic charge density in the crystal. It is
possible to have several plasmon peaks in a crystal. From
Fig. 26, it can be seen that there are multiple structures
in most ELF spectra. Only in BeO, AIN, and Zn can we
consider the existence of some prominent peaks. The po-
sition of these plasmon peaks are listed in Table V. Addi-
tional plasmon peaks above 40 eV cannot be ruled out for
some of the W crystals.

VI. TOTAL-ENERGY CALCULATIONS

The OLCAO-LDA method has been successfully used
for total-energy calculations to study the ground-state
bulk properties in a number of crystals.!>!416:20.23 Here,
we report a similar calculation for the W crystals. As

mentioned earlier, we assume a uniform scaling of lattice
constants with the ¢ /a ratio fixed, and calculate the total
energy as a function of volume. In the total-energy calcu-
lation, the accuracy of the fitted charge density must be
maintained at a very high level. We have achieved, in
general, a fitting accuracy of the order of 0.001 electrons
per valence electron. We made no attempt to further op-
timize the fitting functions or the basis functions. Our
past experience and isolated tests indicate that the total-
energy result is not very sensitive to a minor variation in
the basis function as long as a full bass set is used. It is
conceivable that an improved result for total energy may
be obtained by further optimizing the fitting functions.
Figure 27 shows the total energy versus ¥V /V, curves
for the ten W crystals. For each crystal, both the actual
data points and the curve obtained by fitting the data
points to Murnaghan’s equation of state®® are presented.
The zero energy per molecule for each curve is set at the
calculated minimum and the energy scales for all the
curves are the same. It can be seen that the calculated
data points are quite smooth with the exception of CdS.
The bulk properties from the total-energy calculation are
summarized in Table VI, together with some limited ex-
perimental data.”>” 1% The calculated equilibrium
volumes are remarkably close to the measured data. For
the bulk modulus B, the agreement with the available ex-
perimental data is also quite good, particularly in SiC,
AIN, GaN, and CdS. However, it should be pointed out
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FIG. 27. Total energy as a function of volume for ten wurt-
zite crystals.

that the B values derived from such calculations may de-
pend, to a certain extent, on the equation of states used
and to a lesser extent on the number of calculated data
points. We made no attempt to improve the agreement
by a selective choice of data points. Unfortunately, we
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are unable to locate the more recent experimental data
for B and B’ for several W crystals for comparison, and
accurate experimental measurements are highly desirable.
Table VI also lists the experimental data for pressure
coefficient B’ for some crystals. As expected, the pressure
coefficient B’ is less accurate than B both experimentally
and theoretically.

For BeO, our calculated bulk modulus of 2.12 Mbar
slightly underestimates the measured data.!®!% On the
other hand, the first-principles pseudopotential calcula-
tion of Ref. 59 overestimates the measured data. For
GaN, our calculated bulk modulus of 2.03 Mbar is very
close to the experimental value of 1.95 Mbar.!? The
pseudopotential calculation of MCH gave for B of GaN
2.4 Mbar.®” Similar calculations by Mufioz and Kunc in
the ZB approximation gave for B of GaN 1.79 Mbar.”
For AIN, our calculated bulk property is similar to the
earlier one,'* and is in good agreement with the recent
high-pressure experiment by Ueno et al.®’ and other
data.

A number of researchers have studied the relative sta-
bility of the W crystal against other structures, especially
the ZB structure.’”>>%72 With the exception of BN,
where our total-energy calculation for different phases
yields very good results,?® we have not studied the possi-
ble transformation of the W crystals to other phases un-
der different thermodynamic conditions.

VII. DISCUSSION

We have presented detailed calculations on the bulk
electronic  structures, charge-density distributions,
linear-optical absorptions, and total-energy results for ten
wurtzite crystals. These are all technologically significant
materials and a fundamental understanding of their elec-

TABLE VI. Calculated equilibrium volume factors V,,;, /¥,, bulk modulus B (GPa), and pressure coefficient B’ in wurtzite crys-

tals.
Crystal Vain/Vo B (Mbar) Experiment B’ Experiment
BeO 1.002 2.12 2.24,2.29 1.97
BN 1.015 3.92 6.38
SiC 1.000 2.23 2.24f 5.45
AIN 1.000 2.07 2.08+0.6° 5.60 6.3+0.9°
2.02¢ 6°
2.06¢
GaN 1.000 2.03 1.958 3.98
2.45¢
InN 1.000 2.12 3.40
ZnO 1.000 1.25 1.43% 4.68
0.85,%0.48? 4.0,26.2*
ZnS 1.000 0.50 0.78% 4.02
0.762" 4.37+0.07"
CdS 0.970 0.60 0.61% 12.4
CdSe 0.975 0.58 0.53% 3.17

2Reference 96.
YReference 97.
‘Reference 98.
dReference 99.
*Reference 100.
fReference 101.

eReference 102.
hReference 103.
iReference 104.
iReference 105.
kReference 106.
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tronic properties is important. We believe this is the
most comprehensive study to date for wurtzite crystals
and the results obtained are in good agreement with ex-
perimental data. The band structures obtained are more
accurate than earlier calculations using a semi-ab-initio
OLCAO approach.? With the exception of AIN and
GaN, experimental results on other wurtzite crystals ap-
pear to be very limited. Our first-principles calculation
will certainly be very useful for the interpretation of fu-
ture experiments. We intend to use the present results on
ideal perfect crystals as a starting point for future studies
on more realistic systems involving defects, impurities,
interfaces, and superlattice structures of these crystals.
Also of interest is the change of electronic structures and
optical properties of W crystals under pressure.

Recently, we studied the nonlinear optical properties of
18 cubic semiconductors.!”” 71% The dispersion relations
for the second-harmonic and third-harmonic generations
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were calculated with zero frequency limits in good agree-
ment with experiment. Since most of the W crystals
studied here and their more complicated alloys and other
structural configurations may have great potential in
electro-optical technology, it is natural to extend non-
linear optical calculations to these W crystals. As a
matter of fact, the nonlinear optical properties of some W
crystals were studied almost 20 years ago, albeit by rather
crude empirical approaches.!’®"!3 To our knowledge,
no reasonably detailed nonlinear optical calculations for
W crystals have existed in the last two decades. Clearly,
the direct-space OLCAO method is fully capable of meet-
ing such a challenge.
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