Vol. 136 (2019)

ACTA PHYSICA POLONICA A

No. 3

Electronic Band Structure
and Complex Dielectric Function of zb-AlP:
A First Principles Study

K. UMA MAHENDRA KUMAR
Dept of Physics, School of Advanced Science, Vellore Institute of Technology, Vellore-632014, India

(Received May 6, 2019; revised version June 13, 2019; in final form August 12, 2019)

From first principles, the electronic and optical properties of zb-AlP are calculated. Based on calculated
band structure, within the RPA approximation, the complex dielectric function and linear optical properties are
calculated. With a band gap of 1.54 eV, zb-AIP shows typical wide band gap semiconductor like optical properties.
The plasmon frequency w,, is found in the ultraviolet region.
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1. Introduction

Aluminum phosphide (AlP) is well known semiconduc-
tor with wide band gap. With other binary compounds
of ITI-V semiconductors AIP forms wide variety of semi-
conductor compositions and is used in electronic industry
for light emitting device (LED) applications.

Apart from LED applications, AIP has become most
probable dilute magnetic semiconducting (DMS) mate-
rial in recent years. Compared with Mn-doped AIN, more
stable ferromagnetic state has been found in Mn-doped
AIP [1]. In a theoretical study of Katayama-Yoshida
and Sato the Curie temperature of 5% Mn-doped AIP
was above the room-temperature [2]. An enhanced opti-
cal absorption is also observed when AIP is doped with
Mn [1]. Olsson et al. has investigated many more inter-
esting properties of AIP when doped with Cr [3]. They
have proposed that dilute Cr doped AIP can be an effi-
cient photovoltaic material.

All the above mentioned merits are computationally
attributed to AIP and AIP lacks experimental evidence.
Very few experimental reports are available about the in-
trinsic optical properties of AIP [4, 5]. It is surprising
that for a material like AIP, which has been extensively
used in LED applications and found to be the most fa-
vorable semiconductor for DMS and photovoltaic appli-
cations, the detailed studies of the electronic and optical
properties are seldom available.

In this present work, we investigate in detail the com-
plex electric function and linear optical properties of
zb-AlP using first principles. The derived data is inter-
preted with a fundamental interest in physics lying be-
hind the spectral features in the complex dielectric func-
tion of zb-AlP.
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2. Computational details

The ground-state of zb-AlP is calculated using first
principle total-energy based on density functional the-
ory (DFT) as implemented in GPAW code [6]. The ki-
netic energy cut-off for the plane waves are expanded
up to 450 eV. A uniform mesh of 13 x 13 x 13 k-points
are used to sample the Brillouin zone of zb-AlP.

Bulk model of zb-AlP was generated using atomic
simulation environment (ASE) [7] with fundamental
structural parameters taken from crystallographic open
database with entry no. 9008831 [8]. AlIP crystallizes
in two different crystallographic forms: zinc-blende and
wurzite. We have chosen the zinc-blende form for the cur-
rent studies. The initial lattice parameter is a = 5.451 A
with Al at (0,0,0) and P at (0.25,0.25,0.25). All the cal-
culations were carried out within the generalized gradi-
ent approximation (GGA) for exchange-correlation en-
ergy [9]. The lattice parameter is optimized by following
the standard procedure of fitting the energy vs. volume
curve with the Murnaghan equation of state (EOS) [10].

The complex dielectric function, é(q,w) = €1 + i€,
is calculated from the ground state electronic structure,
where q is transferred momentum, w is the frequency,
€1 is real part, and €, is the imaginary part of the dielec-
tric function. For the above, a frequency dependent lin-
ear response function is calculated within the frame work
of time-dependent density functional theory (TD-DFT)
using projector augmented wave method. For the ex-
change and correlation energy, corrections are calculated
using random phase approximation (RPA).

3. Results and discussion

At standard conditions aluminum (Al) and phospho-
rus (P) with their natural electronegativity and atomic
size result in a compound semiconductor AIP, whose
bond nature is covalent as well as ionic. As stated
previously, AIP crystallizes in zinc-blende structure,
with tetrahedral coordination.
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The structural properties of zb-AlP are detailed
in Table I. The calculated lattice parameter aq is 5.5125
which is in good agreement with previous calculation
of ap which is 5.52 [13], in contrast with the experimental
lattice parameter ag as 5.4510 [8]. The estimated lattice
parameter value is 1.12% deviated from the experimental
value.

TABLE I

The optimized lattice parameter of zb-AlP compared
with experimental values, where ag is lattice parameter,
Bg is bulk modulus

zb-AlP ao [A] By [GPa] | Volume [A3]
GGA 5.0125 82.10 167.51
Exp. [9] 5.4510 - 161.96
Cale. [11,12] | 5.480 - -
Calc. [§] 5.52 86.5 -
The bulk modulus, By of zb-AlP is estimated

as 82.10 GPa in the present work. This value is in good
agreement with previous calculation with By of 86.5 GPa.
Estimated structural parameters from GGA are in good
agreement with experimental findings. All further cal-
culations, such as electronic band structure and complex
dielectric function are obtained within the GGA approx-
imation.

3.1. Electronic band structure

The ground-state electronic band structure of zb-AIP
is shown in Fig. 1. In Fig. 2, we have shown the total
density of states (TDOS) in the part (a) and in (b — ¢)
we have shown the partial density of states (PDOS) of Al
and P atom as sum over all bound states with the specific
angular momentum.

The electronic bands are grouped into three differ-
ent regions. The top of the valence band (VB) is set
to zero on the energy scale marking the Fermi level.
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Fig. 1. Electronic band structure of zb-AlP calculated
with in the GGA approximation.
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Fig. 2. Total and partial density of states (PDOS)

of particular atom as sum over all bound states with
the specific angular momentum; (a) total density
of states (TDOS), (b) partial density of states of Al
and (c) partial density of states of P.

A group of four bands with small overlapping are spanned
up to 10 eV above the Fermi level. These bands
have major contribution from Al 3p states and Al 3s
states. Moreover, a small contribution from P 3p and
3s-states is always present because of the covalent char-
acter of the AI-P bond. The same is clear from part (b)
and (c) in Fig. 2. This set of bands forms the conduction
band (CB) in zb-AlP.

Below the Fermi level up to —6 €V, there are three
bands mostly contributed by aluminium and phospho-
rus 3p states. Due to the sp-hybridization resulting from
Al 3s-states and phosphorus 3p states a peak emerges
in the TDOS at around —5.4 eV. Next, in the energy
range of —8.0 to —12 eV, this group of bands primarily
comes from phosphorus 3s states with small contribu-
tion from Al 3s-states. This set of bands forms the VB
in zb-AlP.

Within the limitation of GGA approximation the es-
timated band gap is 1.54 eV, and it is an underestima-
tion, when compared with experimental value 2.45 [14].
The nature of the band gap is indirect and occurs between
high symmetry points I and X in the first Brillouin zone,
which is in agreement with the experiment.

3.2. Complex dielectric function €

Within the RPA approximation, the complex dielectric
function is derived from the electronic band structure
calculated under GGA. The spectral dependence of €
and €, is shown in Fig. 3a. The optical properties shown
by zb-AlP are of a typical wide bandgap semiconductor.
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Fig. 3. Calculated spectral dependence of (a) €1 and €2
of zb-AlP, (b) refractive index n and extinction coeffi-
cient k and (c) the reflectivity calculated from Eq. (1).
The dashed green line marks the plasmon frequency
(wp at 15.56 V).

The real part of the dielectric function, €7, is continu-
ously increased till 4.3 eV, marking the normal dispersion
region of zb-AlP. Then, up to 5 eV, ¢; decreases with en-
ergy and marks the anomalous dispersion region. Due to
the inter-band transitions, between 5.26 to 5.91 €V, €; be-
comes positive with a spectral feature peaking at 5.33 eV
and crosses zero at 5.95 eV to become negative. Fur-
ther, €; again continues to increase as a function of en-
ergy and becomes positive at 15.56 eV. The peak maxi-
mum of the imaginary part €2, represents the inflection
point in €;. For zb-AlP this inflection point is located
at 4.95 eV. The shoulder peak on the € is due to inter-
band transitions.

As shown in Fig. 3b, the refractive index n and ex-
tinction coefficient k£ are plotted against the energy.
At the limit w — 0 the €; is approximately 6.5 and
as a result, the refractive index n = 2.55. These results
are in excellent agreement with the optical properties de-
rived from spectroscopic ellipsometry [5]. With an in-
termediate range of refractive index, zb-AlP can have

small amount of reflectivity (see Fig. 2¢) with no appre-
ciable absorption and more transparency in low energy
region. Further, reflectivity increases from 5.0 to 15 €V,
then gradually decreases, marking the plasmon frequency
in the ultra violet region (w, at 15.56 ¢V). Apart from
that, around 5.2 and 8.2 eV, zb-AIP has strong inter-
band transitions, which are markedly visible in €; also
as distinct peaks.

In normal incidence conditions the reflectivity can be
calculated from the following relationships [15]:

(- n)? + k2
Ri(l—i—n)?—i—sz’ (1)
where
1 1/2
n={z[@+ar2all @

k= {; [(e%—}—eg)lm—el}}l/z. (3)

Here, R is reflectivity, n is refractive index, and k is ex-
tinction coefficient. The reflectivity for zb-AlP is calcu-
lated using the €; and es shown in Fig. 3c.

4. Conclusions

We have presented an investigation of linear optical
properties of zb-aluminum phosphide based on first prin-
ciple calculations. zb-AlP shows typical wide band gap
semiconductor kind of reflectance with an indirect band
gap of 1.54 eV. The electronic band structure is de-
tailed in the light of the atom projected density of states
(PDOS). The spectral dependence of dielectric function
and linear optical properties like refractive index and ex-
tinction coefficient are depicted in detail.
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