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A first-principles self-consistent orthogonalized-plane-wave energy-band calculation has
been performed for cubic boron phosphide (BP) using a nonrelativistic formalism and Slater’s
free-electron exchange approximation. These are the first fully self-consistent energy-band
solutions reported for BP. The imaginary part of the dielectric constant, spin-orbit splittings,
effective masses, deformation energies, and the x-ray form factors (Fourier transforms of the
electron charge density) have been calculated. The theoretical results are compared with the

available experimental data.

I. INTRODUCTION

Boron phosphide (BP) is a group.III-V compound
semiconductor. Scientific interest in this com-
pound is stimulated by its potential for solid-state
devices; however, many of the important basic
physical properties have not been well established.
Crystalline BP, as a substance for semiconductor
compounds, has advantages such as a high melting
point, chemical inertness, and high mechanical
hardness.

Cubic BP has a melting point greater than
3000 °Cbut decomposes into BgP and P,at much lower
temperatures. Hence, the customary methods of
crystal growing are not applicable. However,
single crystals of sufficient size and purity for op-
tical and electrical measurements have been pre-
pared. Methods of growing crystalline BP have
been reviewed by Williams.! BP crystallizes in the
fcc zinc-blende structure with a lattice parameter
of 4.538 A.%3 BP shows both physical and chem-
ical properties that differ from the general trend
of the III-V family. BP is quite inert chemically.
It has a hardness about equal to that of SiC.*

The purpose of this paper is to report for BP a
theoretical calculation of the band structure, the

imaginary part of the dielectric constant (e,) de-
rived from the theoretical bands, spin-orbit split-
tings, effective masses, deformation energies, and
the form factors (the Fourier transforms of the
electron charge density).

In the past couple of years, a great deal of suc-
cess has been attained in calculating the energy
band structures of group II-V, II-VI, and IV com-
pounds using an unadjusted first-principles self-
consistent orthogonalized-plane-wave (SCOPW)
model developed here at the Aerospace Research-
Laboratories. The (SCOPW) programs used to
calculate the electronic band structure have given
surprisingly good one-electron band energies for
tetrahedrally bonded compounds when Slater’s ex-
change is used. 5!

II. CALCULATIONAL DETAILS
A. Self-Consistent OPW model

The orthogonalized-plane-wave (OPW) method of
Herring'® is used to calculate the electron energies.
In the SCOPW model, 5'% the electronic states are
divided into tightly bound core states and loosely
bound valence states. The core states must have
negligible overlap from atom to atom. They are
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calculated from a spherically symmetrized crys-
talline potential,

The valence states must be well described by a
modified Fourier series

bro(r) =2 B, (WR)e B * - Tetfukiy ga ( _p )
'3 a

where &k, =%, +K,, K, locates the electron within
the first Brillouin zone, K, is a reciprocal-lattice
vector, ﬁ,, is an atom location, @, is a core wave
function, and £, is the volume of the crystalline
unit cell. The coefficients A, are determined by
requiring that y,, (») be orthogonal to all core-state
wave functions. The variation of B, to minimize
the energy then results in the valence one-electron
energies and wave functions.

The dual requirements of no appreciable core
overlap and the convergence of the valence wave-
function expansion with a reasonable number of
OPW’s determine the division of the electron states
into core and valence states. For B, the 2s and
2p states (for P, the 3s and 3p states) are taken
as the valence states. OPW series convergence is
discussed in Sec. II B.

The calculation is self-consistent in the sense
that the core and valence wave functions are cal-
culated alternately until neither changes appreciably.
The Coulomb potential due to the valence electrons
and the valence charge density are both spherically
symmetrized about each inequivalent atom site.
With these valence quantities frozen, new core wave
functions are calculated and iterated until the core
wave functions are mutually self-consistent. The
total electronic charge density is calculated at 650
crystalline mesh points covering - of the unit cell,
and the Fourier transform of p(»)"® is calculated.
The new crystal potential is calculated from the
old valence charge distribution and new core
change distribution, Then new core valence orthog-
onality coefficients A, are calculated. The itera-
tion cycle is then completed by the calculation of
new valence energies and wave functions, The
iteration process is continued until the valence one-
electron energies change less than 0.01 eV from
iteration to iteration.

The appropriate charge density to use for both
the self-consistent potential calculation and the
form-factor calculation is the average charge den-
sity of all the electrons in the Brillouin zone. In
the present self-consistent calculations, this aver-
age is approximated by a weighted average over
electrons at the I', X, L, and W high-symmetry
points of the Brillouin zone shown in Fig. 1. The
weights are taken to be proportional to the volumes
within the first Brillouin zone closest to each high-
symmetry point. The adequacy of this approxima-
tion has been tested and the error in the energy
eigenvalues due to this approximation has been shown
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to be less than 0.1 eV.°
The present self-consistent model neglects cor-

relation effects and approximates the complicated
Hartree-Fock exchange potential by a term propor-
tional to the electron charge density to the 3 power.
The best known exchange potentials are Slater’s!®

V,s=— 6[(3/8mp(r)IH/?
and Kohn and Sham’s'* and Gaspar’s®®
Vixso = - 4[(3/8mp()]V* .

When calculating the energy band structure of tet-
rahedrally bonded semiconductors with our SCOPW
model, we have found that Slater’s exchange always
gives results that agree most closely with experi-
ment.!! The many-body work of Hedin, Lund-
qvist, and co-workers supports the choice of
Slater’s exchange and shows why Slater’s exchange
gives good excitation energies.® To indicate
which transitions are most sensitive to the value

of the exchange constant, both the Slater and
Kohn-Sham-Gaspar energies are tabulated in Table
I for selected high-symmetry points.

In order to calculate the absorptive part of the
dielectric constant €;, a pseudopotential fit is made
to the relevant energy levels at the I', X, L, and
W points. The pseudopotential technique is then
used to calculate energy differences and transition
matrix elements throughout the Brillouin zone. !’

In our experience, this procedure gives the €, peaks
at the correct energies. However, the relative

peak heights do not match experiment because of
their dependence upon the poor pseudopotential

wave functions, and because of complicated electron-
hole and electron-phonon interactions which are
ignored in our model.

One way of taking relativistic effects into account
within the framework of nonrelativistic band calcu-
lations is with first-order peturbation theory. The
perturbing Hamiltonian obtained for the spin-orbit
splitting is

FIG. 1. Zinc-blende
Brillouin zone with high-
symmetry points labeled.

A

Hy=-%ig?6 - [VVr)x¥]

where V(7) is the potential, ¢ is the Pauli spin
operator, and ¢q is the fine structure constant. The
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TABLE I. Self-consistent energy eigenvalues for cubic
BP based on a lattice constant of 4.538 A, the Slater and
Kohn-Sham exchanges, and on a four-point (T, X, L,
and W) zone sampling. 459 and 411 OPW’s were used
at T and a comparable number of OPW’s at X, L, and
W. The zero of energy has been placed at the top of the
valence band (Ty5,). All entries are in eV.

I';5, SCOPW valence wave functions are used in this
calculation,

B. OPW Series Convergence
A major problem involved in an OPW calcula-

tion of a compound which has a constituent from the
first row of the Periodic Table such as B is the

Kohn-Sham very slow convergence of the OPW series expan-
Level Slater exchange exchange sion of the valence and conduction wave functions.
459 OPW’s 411 OPW's 459 OPW's In the OPW expansion, all k vectors are used
Ty 6.80 6.77 7.27 which have magnitudes smaller than some value
Tise 3.63 3.64 3.11 Bmaxr The minimum distance that can be defined
Liso 0.0 0.0 0.0 by the plane-wave terms in the OPW series is
Ty ~15.30 -15.31 -15.67
thus roughly
X, 2.24 2.25 1.16
X, 1.93 1.93 0.94 doin™ FAmin= 1/ Rmax= @/ 2(m* +n® + B)2
X5 - 3.9 - 3.9 - 4.29 where a is the lattice constant and (m, n, I) are
X3y - 8.44 — 8.47 - 8.71 int definine the 1 t B t The d
X, ~10.70 ~10.70 -10.76 integers defining the largest % vector. e depen-
Xyo-Xs, 6.19 6. 20 5.47 dence of the BP valence- and conduction-band ener-
X3-Xs, 5.88 5. 88 5.23 gies upon d,,;, is shown for two different OPW
- y _
Ly, 5.17 5.18 4.40 modfals in Figs, 2 ?.nd 3. II? Fig. 2, lI;,Ie?rman s.over
L 3. 80 3. 80 3. 60 lapping free-atomic-potential model™ is used in
Laz - 17 - 172 —- 1.82 which the potential is calculated from free-atom
Ly, - 8.73 — 8.75 - 9.31 charge densities which are packed in the crystal
Ly, -12.16 -12,17 -12.26 lattice. In Fig. 3, SCOPW results are presented
Ly-Ly, 6.88 6. 90 6.22 for different dmin: . For both figures, the B and P
Ly-Ly, 5. 51 5. 52 5. 42 core charge densities [477%p(7)] are also shown,
It has been shown that the series convergence
%‘” Z' g: Z‘ (1)3 g' i; depends upon two factors.!® One is the relative
ch - 511 - 511 -5 76 core size of anion and cation. d,;, depends upon
WZ: _ 5.36 — 5.37 — 6.00 the lattice constant which depends upon the sum of
Wi, - 7.97 — 8.00 - 8.10 anion and cation core sizes. The penetration into
Wi —10.49 -10.49 —10.46 the smaller core is thus least when the core size
Wo W, 11.19 11. 21 10. 86 ratio is most extreme. The second factor involves
e % the presence or absence of core wave functions in
80
m._.___‘___.___-.—-————f——‘ r|c —-52
BP Tisc ]
—-54
60 E
Tisv —1-56
Q N m
N --583%
k40 b = FIG. 2. Convergence study of non-
A —1-60 self-consistent energy levels at T
} point in cubic BP.
~-73
20 —e Ty .
—-75
A 1 A l A A A
e 5 [¢) 1.5 20 r(a.u.
965 229 65 51 27
459 137 # OPW'S
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80 SCOPW BP W), are given in Fig. 4. The energy eigenvalues
14 are given in the second column of Table I. The
Tic 2 calculated band structure is quite similar to that

r of other II-V compounds. The theoretical calcu-
60 ] lations yielded an indirect gap A7, - Iy, of 1.80
- 10 cs . .
eV, The minimum in the conduction band occurs

0. 81 of the distance from the T to the X point. The
next lowest minimum occurs at the I' point,

Stone and Hill?® made the first optical transmis-
sion measurements on amorphous BP, A large
abrupt decrease in the transmittance of 6.0 eV was

ar2
AN
o
5'1
(A2) 3

20 — ! taken to indicate a band gap of that width even
P — 1.9 though a small inflection occurred in their data at
fiv | 2.0 eV. However, now it has been extablished that
B the experimental band-gap energy is only about 2
ok . . . A ] eV. The first report of this lower value was by
° 5 M8 s 10 5| liog&?;su') Archer, Koyama, Loebner, and Lucas? who ob-
459 tained agreement within 50 meV from room-tem-

perature measurements of optical absorption, in-
jection electroluminescence, and photoelectric re-
sponse of surface barrier contacts. At about the
same time Wang, Cardona, and Fischer® deter-

FIG. 3. Convergence study of SCOPW energy levels
at I' point in cubic BP.

symmetrized OPW’s. If no core wave functions mined from transmission measurements that the
are present in an OPW expansion, it becomes a fundamental absorption edge of BP is near 2 eV and
pure plane-wave expansion (Fourier series) with caused by indirect transitions from the £=0 top
consequently poorer convergence. B has no p of the valence band to a conduction-band minimum

states in the core, and thus the I'y;, wave function

contains no B core states to aid convergence. The

only saving factor is that I'j;, convergence depends TABLE II. Self-consistent energy eigenvalues for
much more critically upon penetration into the BP based on four-point zone sampling, Slater’s exchange,
anion than upon cation penetration. But it can be 459 OPW’s, and a lattice constant of 4.538 & are given in

. 2. R X 3
seen from the figures that convergence of the en- comr.nn The Chang.es in the elgenvalues. Whefl selt
consistency was obtained at 4.528 A are given in column

ergies is still not complete by 965 OPW’s. This 3. The resulting deformation energies appear in column
lack of convergence can also be seen more quan- 4. The energies are in eV. Deformation energies (DE)
titatively in Table I where SCOPW energies are are in eV per unit dilation.
given when 411 and 459 OPW’s were used. In Energy
going from 411 to 459 OPW’s, the T'y,, T'ys,, Tyses Level (4.538 &) Eyso~Eosss DE
and T, . changed by 0. 03, 0.04, 0.05, and 0.01 eV, - i
respectively, We estimate a maximum uncertainty I - 8.830 0.039 5.9
. . Tiso 6.471 0.096 14.5
of 0.3 eV in our 459 SCOPW results owing to lack Tise 10. 102 0.103 15.6
of OPW convergence. Ty 13.275 0.193 29.2
III. RESULTS X, - 4,231 0.075 11.3
X, - 1.969 0.060 9.1
In the SCOPW model, the input data consist of X;, 2.521 0.072 10.9
the crystal symmetry, the nuclear charge of the Xse 8.397 0.087 13.2
cation and anion, the lattice constant, and the Xic 8.707 0.089 13.5
exchange constant. In these calculations the lat- Ly, — 5.689 0. 064 9.7
tice constant used was 4,538 A.2%® Self-consistent L - 2.256 0. 050 7.6
calculations were also made with a lattice constant Lg, 4.759 0.087 13.2
of 4.528 A to determine the effects of pressure. Ly 10.269 0.135 20.4
Slater’s exchange was used, since experience with La 11.643 0.101 15.3
tetrahedral semiconductors has shown that when Wy, - 4,019 0.079 12.0
it is used, one obtains good agreement with exper- Wiy — 1.499 0.066 10.0
iment. Wy, 1.109 0. 060 9.1
The energy bands basecg on Slater’s exchange, a gz" 1;‘ zgg g' gg: 12'2
lattice constant of 4. 538 A, and 459 OPW’s at I" W3: 13.516 0.111 16.8

(and a comparable number of OPW’s at X, L, and
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SELF-CONSISTENT ENERGY
BAND STRUCTURE
BP ~ 459 PLANE WAVES
L l
800 TWios 8.00
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Lic
500 5.00
FIG. 4. SCOPW energy band struc-
2.00 P>00  ture of BP. The solid dots denote
3 SCOPW energy levels. The solid
o Lay lines were obtained by fitting a pseu-
w W, .00 dopotential-type interpolation scheme
-1.0073 o to the SCOPW energy levels.
L
Way
-400 -400
Wv\‘ Liv
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at the X point. They attributed this small value of
the energy gap to an extremely small ionicity.
Fomichev, Zhukova, and Polushina?? obtained a
value of 2.0+0.2 eV for the band gap of BP by
ultrasoft x-ray spectroscopy.

In the literature, one finds completely different
empirical predictions of the band gap of BP. For
example, Manca, ?® on the basis of the correlation
between the value of the energy gap and the single-
bond energy, predicted aband gap of 4, 2eV. Sclar®
predicted a gap of 6.2 eV based on an empirical
formula connecting the energy gap with the ionic
and covalent atomic radii of the constituent ele-
ments. However, Stearns,?® in considering these
predictions, called attention to the fact that the
III-V compounds are ordinarily more ionic than
their group-IV analogs, but just the opposite is true
of borides. Starting from these considerations, he
predicted a band gap of 2.1 eV.

To calculate the effects of hydrostatic pressure
on the band energies, we iterated to self-consis-
tencyusinga lattice constant of 4.528 A in addition
to the equilibrium lattice constant of 4. 538 A.

The results are presented in Table II. The defor-
mation energies given in column 4 of Table II are
defined as

pESE ___OF

and are given in units of eV per unit dilation. «
is the lattice constant,

The imaginary part of the dielectric constant
(e,) is given in Fig. 5. Thelocations of some of

the major transitions are also indicated. It should
be remembered that the detailed €, shape is unre-
liable, while the peak positions are much more
reliable.

- Bp
| X3c-Xsy
3
D - Xic-Xsv
>
1 4
&
E Tic-Tisv
<
N
w
Lic-Lav
| | L 1 | L L |
30 60 90

ENERGY (eV)

FIG. 5. Theoretical €, curve for BP with the location
of the high-symmetry-point transitions shown.
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In the theoretical €,, there is only one strong
peak which occurs at 6.16 eV. This peak origi-
nates in the outer region of the zone. In most
zinc-blende I-VI and III-VI compound semicon-
ductors, as well as group-(V semiconductors,
there are three peaks. 71he lowest peak is due to
transitions closely related to the L, -Ls, transi-
tions. The second peak, commonly called the X
peak, ‘is due to transitions in the outer part of the
zone, U-K region, The third peak is due to tran-
sitions closely related to the Lg.~L,, transitions.
In theoretical calculation of Si, all workers have
had difficulty in obtaining the first peak. It has
been suggested that this is due to excitonic effects.
In a theoretical calculation of AlP, this first peak
is barely present as it is in the case of BP. The
peak is much more evident in BAs, The third peak
in other zinc-blende and diamond semiconductors
such as BAs, AlP, AlAs, GaP, GaAs, and Si is
much more pronounced than it is in BP,

Wang et al. found, at room temperature, the
main reflectivity maximum at 6.9 eV, a weak max-
imum at 5.0 eV and a shoulder at 8.0 eV. They
interpreted the main peak as due to X point transi-
tions, the weak maximum as due to I'j5~I'y;, tran-
sitions, and the shoulder as due to Lg.~Lg, transi-
tions., Since the €, peak is usually 0.2 or 0. 3 of
an eV below the reflectivity peak, the theoretical
calculation differs from the experimental results
by 0.4 or 0.5 of an eV, The weak maximum that
Wang et al. found at 5.0 eV is probably related to
the L, - Lg, transitions we find theoretical at 5. 51
eV. We have no structure that corresponds to the
weak shoulder Wang ef al. found at 8.0 eV, Itis
possible that part of the difference between theo-
retical and experimental results can be attributed
to the lack of convergence of the wave-function
expansions.

The spin-orbit splitting at 2= 0 of the top I'y;,
valence band into I'; and I'; bands has been found
by the use of first-order perturbation theory on the
self-consistent Slater I'y;, wave functions to be
0.06 eV.

Effective masses have been calculated for the
top valence band at the I' point and for the bottom
conduction band at the I'-X minimum. For the
T';s, valence band (where spin-orbit splitting has
been neglected) m¥ is 0.5 for the heavy hole and
0. 2 for the light hole for the (1, 1, 1) direction and
m¥is 0. 3 for both the heavy hole and light hole for
the (1, 0, 0) direction. For the conduction-band
minimum in the (1, 0, 0) direction, the effective
mass in the parallel direction is about 0. 9.

In Table III, theoretical Fourier components of
the charge density (the x-ray form factors) are
given. The Fourier components in the column
headed RHF are obtained by the superposition of

TABLE III. Theoretical BP structure factors in elec-
tron per crystallographic unit cell. The RHF values
are relativistic free-atomic Hartree-Fock results. KS
and Sl refer to the use of the Kohn-Sham or Slater ex-
change approximation. SI-RHF (for example) refers to
structure factors calculated using SCOPW valence elec-
tron densities and RHF free-atomic core densities. 459
OPW’s were used in the wave-function expansion.

hkl RHF KS KS-RHF sl S1-RHF
111 43.63  44.45 44,52 45.41 45.34
200 29.55 29,23 29.31 29. 85 29.72
220 41.54 41.26 41. 46 41,94 41.79
311 32.27 31.67 31.87 32.07 31.87
222 23.99 23.93 24.09 24,26 24. 05
400 35.18 34,70 34.99 35.15 34. 88
331 28.07 28.15 28. 40 28.65 28. 37
420 20.80 20.70 20. 89 21.08 20. 81
224 31.25 31.07 31.39 31.67 31.32
115 24.91 24.74 25.01 25.27 24,93
333 24,91 24,63 24.65 25.15 24,71

relativistic Hartree-Fock free atoms placed in the
crystalline lattice. The columns are headed with
the exchange potential used in the SCOPW model.
From Table III, it can be seen that for higher re-
flections, the RHF results agree with the results
obtained using the Kohn-Sham exchange potential.
This good agreement illustrates the well-known
general result that the Kohn-Sham wave functions
are very good for free-atom calculations, For the
low reflections, the RHF results are generally too
small in semiconductors. The opposite result ap-
plies in metals where the valence charge spreads
out. It has beenfound thatSlater’s results generally
give slightly better agreement with experiment for
lower reflections, 2

IV. CONCLUSIONS

This work provides a large amount of informa-
tion about the band structure of BP, These calcu-
lations confirm the experimental measurements of
Archer et al. ,?! Wang et al.,® and Fomichev et al.?
which indicate that the band gap is near 2 eV. The
theoretical results show that the conduction-band
minimum is not at X, as previously believed, but
rather along the A line at 0. 81 of the distance from
the I'to the X point, These results indicate that the
assignment made by Wang et al. of their weak re-
flectivity maximum at 5.0 eV to I'j;.-T'y;, is incor-
rect. This weak maximum is most likely due to
L,,-Lg, transitions. This work shows that the
main reflectivity maximum, that Wang et al. found
at 6.9 eV and interpreted as due to X-point transi-
tion, is due to transitions in the outer part of the
zone, especially the U-K region. These calcula-
tions provide information on physically interesting
quantities for which there is no experimental in-
formation. These quantities include the spin-orbit
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splitting, effective masses, x-ray form factors,
and the effects of hydrostatic pressure on the
bands.

These results are based almost completely on
first principles with no adjustment to fit experi-
ment. The only experimental datum used is the
lattice constant. Correlation is neglected and
Slater’s exchange approximation is made. In the
final analysis, the validity of these results depends
upon the applicability of Slater’s exchange approxi-
mation, the validity of the SCOPW model, and the

4797

convergence of the wave-function expansions.
Past experience on many tetrahedral compounds
gives us considerable faith in the validity of these
results,
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Formation of / Centers in LiF under Electron Irradiation*
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The lithium interstitial model (antimorph of the H center) for the defect associated with the
5430-4 absorption band formed in LiF by electron or neutron irradiation at 77 °K is strongly

supported by new experimental results:

The creation rate of these defects is proportional to

the incident electron flux, is independent of the F-center creation rate, and increases with
the thickness of the sample, in good agreement with a knock-on process.



