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The band structure of AIP is calculated using the empirical pseudopotential method. The
pseudopotential form factors are deduced from those of Si and GaP. The band structure obtained is
found to be in good agreement with recent experimental data. Based on the calculated band structure
the electronic density of states, the dielectric constant, and the reflectivity spectrum are also calculated.

L. INTRODUCTION

The optical properties of AIP were paid relative-
ly less attention in the past than those of other
more commonly known ITI-V compound semicon-
ductors. This is mainly due to the difficulty of
growing the crystal in sufficiently pure form and
its instability in a humid atmosphere. t Recently,
Lorenz et al.? have reported the fundamental ab-
sorption edge of an AlP single crystal, which was
synthesized and grown using a modified Bridgeman
two-zone technique. Monemar?® has reported ab-
sorption measurements on AlP crystals for tem-
peratures between 4 and 300 °K, and photon en-
ergies below 3.1 eV. Also reported! very recently
by Monemar was the measurement of the photo-
luminescence spectra of AIP. In both works by
Monemar, the AlP crystals were grown by a syn-
thesis technique. All the above, as well as earlier
experimental results, indicate that AIP has an in-
direct minimum band gap, with the lowest conduc-
tion state occuring at the X point of the Brillouin
zone. The values of the minimum band gap re-
ported, 2~7 however, range from 2.50 to 2.52 eV
at 4 °K, and from 2.41 to 2.7 eV at room tempera-
ture. Little is known about other critical-point
band gaps, except that a weak structure near 3.6
eV in the photoluminescence excitation spectrum
was observed, * which, because of its similarity to
that in the corresponding spectra of GaP, was as-
signed the I'y;, -~ I'y; exciton transition. Several
calculations®™? of the band structure of this crys-
tal exist in the literature. They are at variance
with one another, as well as with the experimental
data.

II. METHOD

In this paper, we present a calculation based on
the empirical pseudopotential method.™ It is a
common practice to determine the pseudopotential
form factors of a crystal by fitting salient experi-
mental features of its optical spectrum. In the
case of AlP, however, there are not sufficient ex-
perimental data to fit for the three symmetric and
three antisymmetric form factors normally re-
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quired for a zinc-blende type crystal, such as
AlP. To get around this difficulty, we use the
following procedure. First, one notices that AIP
is the isoelectronic nearest neighbor to Si in the
periodic table. The lattice constant of AlP is
5.42 A, 2 which is within 0. 2% of that of Si (5.45 A).
Since the symmetric form factors are the average
of those of the constituent atoms, in the unit cell,
i.e., Al and P, we expect that it can be well ap-
proximated by the form factors of Si. Therefore
we have

Vare(Q)= 3V alQ) + Ve (@]~ Va(Q),
where Vi (p) is the Fourier transform of the pseu-

dopotential of Al(P) and is defined as

1 - .
Vm(p)(Q)?ﬁf vam(r)e ¥ dr,
cell

where & (=a®/4) is the volume of the primitive
cell. v, (p)(r) is the pseudopotential of Al(P).
The antisymmetric form factors are defined as

Va(G) = HVal(G) - Ve(G)].

What is needed to determine V4,p(G) is either
Vai(G) or Vp(G), and from this V4,(G) can be
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FIG. 1. Fourier transforms of the pseudopotentials

for A1P, GaP, etc. The arrows on the abscissa indicate
the values of ¢* at which values of the form factors are
needed for the band-structure calculation.
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FIG. 2. E -k diagram at and on points or lines of high
symmetry. The top valence states occur at I' points of
the Brillouin zone. The lowest conduction states occur
at X point. The arrows indicate direct transitions be-
lieved to be mainly responsible for structures in the opti-
cal spectrum.

found in the following way: We take the pseudo-
potential form factors of GaP, as determined by
Cohen and Bergstresser, !* and plot them as a func-
tion of G2. A polynomial is then interpolated
through these points for V&.p(G) and V4.5(G), re-
. spectively, as shown in Fig. 1. We refer to the
curves obtained as V§ (g% and V4.p(¢?). By tak-
ing the difference between the two curves, we ob-
tain the curve Vp(g?), which is the Fourier trans-
form of the atomic pseudopotential of P. We next
do the same for the Si form factors'® and take the

TABLE 1. Experimental data of energy gaps of AlP.
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FIG. 3. . Electronic density of states. The zero of the
energy scale is placed at the top of the valence band.

curve obtained as an approximation to VS;p(g?).
The differences between V3,p(¢%) and Vp(4°) gives
V45(¢%). The values of which at ¢>=3, 4, and 11,
as read from the curve V4,5(¢%), are 0.13, 0.08,
and 0.03 Ry, respectively. We thus arrive at the
following sets of pseudopotential form factors for
AlP:

VS(3)=-0.21, V5(8)=0.04, V5(11)=0.08,
V4(3)=0.13, V4(4)=0.08, V4(11)=0.03.

Volume renormalization in this particular case af-
fects the major band gaps on the order of only a
few meV and are neglected in the present calcula-
tion. When the above form factors are used to
calculate the band structure of AlP, it turns out
that the indirect minimum gap, Is,-X;., is 2.23
eV and the lowest direct gap, I'j5, -~ Iy, is 3.35 eV.
In order to bring the calculated minimum band

gap into closer agreement with the experimental
results, we reduce the value of V4,p(11) by 0.015
Ry. With this minor modification the minimum
gap now becomes 2.49 eV, in excellent agreement
with Monemar’s value of 2.505+0.01 eV. Fur-
thermore, the smallest direct gap, I'y5,~ Iy, which
we make no effort to fit, now has the value 3.60
eV, in very good agreement with 3.63+0.02 eV,
also obtained by Monemar,

Ti5o—~ Ty Tisp—=Xie Type of Source of
(eV) (eV) measurement data II. RESULTS
oo 2.6~2.7 extrapolated Ref. 7 The E -k diagram at selected higher symmetry
(300°K) from absorption
edge of Gay.,Al,P
2.52 at 0°K i .2 . . -, .
o 1h ot 300 K abs:;gp:m" Ref TABLE II. Comparison of important transition energies
eoe 2.41+0.04 absorption Ref. 3 in A1P obtained by various band-structure calculations.
at 300°K edge Present
2.42 at reﬂ:ﬁ;“"ty Ref. 5 Transitions (Ref. 8  (Ref. 9  (Ref. 10)  calculation
300°K absorption Tisp—Xyo 2.14 2.4 2.3; 2.7 2.49
soe 2.48 at absorption Ref. 6 Tiso=~Tie 3.27 ~4.0 3.7; 4.6 3.60
300°K edge of Ty5,—Tys0 4.79 ~5.3 5.2; 5.2 5.6
ALGay P Xsp—Xs, 4,22 ~4,8 4.3; 4.6 4.75
3.63£0.02  2.5050,01 photo- Ref. 4 X5 Xy, 4.96 5.6 5.1; 8.2 5.25
ot 4°K oK — Lgy—Ly, 3.75 ~4.4 4.1; 4.4 4.15
2 uminescence Lg,—~Lg, 6.08 ~6.0 6.3; 6.3 6.65
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believe that the result of the present calculation
is a relatively more accurate description of the
band structure of A1P. Also listed in Table I are
the energies of several important transitions ob-
tained from the present calculation, along with
those of previous calculations.

Very recently the total valence-band density of
states for a number of common semiconductors
have become available!* from x-ray photo-electron
emission experiments, which for the first time
determine accurately the energies of deep-lying
valence states. This information has been found
very useful in judging the accuracy of a particular
band-structure calculation. Figure 3 shows the
density of states of A1P based on the present band
structure. Numerically, we sample a uniform bce
mesh of 74 points in the irreducible wedge of the
Brillouin zone, followed by a linear interpolation,
which generates eigenvalues at more than 100, 000
k points in the Brillouin zone. The density-of-
states function obtained by these numerical pro-
cedures has a resolution essentially identical to
that of those obtained by Chelokowsky et al.® for
other III-V compounds, where more than four
times as many sampling points were used.

We next calculate the imaginary part of the di-
electric constant, €,(w), due to direct interband
transitions. By time-dependent perturbation
theory, one can show

al0)=50 3 [ olE) - Bl - o)

CV
XM, (k)dk ,
where

Mv,c(E):' |<Uz.v

VU |? .

Uy,» and Uy, . are, respectively, the periodic

| parts of the valence and conduction-band wave

functions. In actual calculation, the integration

FIG. 4.

(a) € versus photon energy. The full line is

the result of the present calculation. T}le features in the
spectrum are assigned based on the E —k diagram in Fig.
2. The dashed line is the result from Stukel and Euwema

(Ref. 8). (b) € versus photon energy obtained from €,
by Kramer-Kronig transformation (see text for details).

points and lines is plotted in Fig. 2. No experi-
mental data for transitions other than I'j, - X,

and I'y5, -~ I'y; are available at the present time. If
such data were available, a more extensive judge-

ment could be made on the accuracy of the calcu-
lated band structure. However, because of the
fact that the pseudopotential form factors are
obtained systemmatically from reasonable as-
sumptions, with only one minor adjustment, we
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over k in Eq. (2) is replaced by summation over a
mesh of k points in the irreducible part of the Bril-
louin zone. The numerical techniques used in the
present calculation are similar to those described
in the literature.!! Figure 4 shows the calculated
€, spectrum in which the salient features have been
assigned based on the band structure shown in Fig.
2. Also shown in Fig. 4 is the €, spectrum cal-
culated by Stukel ef al. It is seen that the present
calculated result is very similar to that of Stukel -
et al., except for a shift of about 0.6 eV towards
higher energy of the Z,,~ Z;. and Lg, = Ly, peaks,
although the assignments of some of the structures
are different. The reflectivity, which is a more
desirable quantity for direct comparison with ex-
perimental results, is given by
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_(€1+€a); +i2€1+2(€1+€z) ] +1°
where ¢,, the real part of the dielectric constant,
can be obtained from €, by a Kramer-Kronig trans-
formation. To do this, one needs the value of ¢,
over all frequencies. Since €, can only be cal-
culated for a limited range of energy, we attach a
structureless tail of the form!! Bw/(w?+%?)? to the
calculated €, spectrum given in Fig. 4. y is set
equal to 4.5 eV. B is determined by continuity.
The €, spectrum obtained is also shown in Fig.
4(b). Figure 5 showsthe calculated reflection spec-
trum. Toour knowledge no experimental reflectivity

data over this range of photon energies are yet avail-
able for comparison with the theoretical result.
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