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Effect of substituted Mn on optical properties of indium oxide and zinc oxide
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Improving the optical properties of materials in the industry is of particular importance. In this paper, we investigated
the effect of manganese succession on indium oxide and zinc oxide. Using first-principles based on the density functional
theory, the relationship between band structures and optical properties is examined. The full potential linearized
augmented plane wave (FP-LAPW) method is employed accompanied by the generalized gradient approximation (GGA).
Optical spectra calculations are done for the energy range 0-40 eV. The obtained results indicate that the band structure
decreases for In,O3 and increases for ZnO by adding Mn. The optical results reveal that the static Dielectric function
increases for In,O3 and decreases for ZnO due to the Mn dopant. It was observed that the static refractive index for doped

indium oxide increased and for doped zinc oxide decreased.
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INTRODUCTION

Metallic oxides are a class of materials indicating
one of the greatest range of characteristics including
superconducting, ferroelectric, ferromagnetic [1],
multiferroic, magneto-resistive, dielectric, or
conducting. Of special interest is the transparent
conducting oxides (TCOs) and amorphous
semiconducting oxides (ASOs).

Transparent conducting oxides (TCOs) like
In,03, SO, ZnO and CdO are n-type wide band-
gap semiconductor materials. Thin films of these
elements have been provided by various methods
which  are  fundamental  components in
optoelectronic devices, like transparent electrodes in
panel displays, in thin-film transistors and in infrared
reflectors[2-4]. They show high transmittance in the
visible and near-infrared domain. The electrical and
optical properties of these materials can be changed
by introducing impurities. The doped TCO films
characteristics are very sensitive to the type of
impurities. To know how the structure and properties
are affected when the composition changes, it is
interesting to investigate the alloys of these
elements[5].

Zn0 is the other well-known TCO, especially for
photovoltaic applications. Zinc oxide can be used as
direct wide-band gap semiconductor with band gap
energy of 3.3 eV at 300K which is widely employed
for production of green, blue-ultraviolet, and white
light-emitting devices. ZnO crystallizes in the
wurtzize, zinc blende, and rocksalt structures, while
the stable phase is wurtzite [8] with regard to

* To whom all correspondence should be sent:
E-mail: f.amiril53@gmail.com

thermodynamics. Thermodynamically, the zinc
blende ZnO structure is metastable; it can be
achieved only by hetero-epitaxial growth on cubic
symmetry substrates, such as ZnS GaAs/ZnS[9].

In this study, the impact of Mn dopant on optical
properties of In,O3 in the cubic bixbyite structure
(Fig. 1(a)) and ZnO in phase zinc blende is compared
(Fig. 1(b)). From two perspective, the transition
metal impurities are of special interest. One manages
acceptor-like doping with regards to electronic
characteristics. The other manages magnetic
characteristics when the concentration of transition
element is proportionately high yet inside the dilute
limit so as not to change the fundamental basic
nature of the ZnO matrix[9].

METHOD OF CALCULATION

The computations are accomplished by means of
a self- consistent plan by solving the Kohn- Sham
equations using the Full- Potentiol Linearized
Augmented Plane Wave (FP-LAPW) method in the
structure of density functional theory with the
generalized gradient approximation (GGA) method
[10,11] using WIEN2k codes [12,13].

The computation is carried out with 1000 k-
points for calculating optical part and RKmax=7 (R is
the smallest muffin- tin radius and Kmax is the cut- off
for the plane wave) for the convergence factor for
which the computations stabilize and converge
regarding the desired charge. The value of Gmax=12
(the magnitude of largest vector in charge density
Fourier expansion or the plane wave cut-off), and the
muffin- tin radii for In, Zn, O and Mn are
Rwvt(In)=2.0 au , Rmt(Zn)=1.9 au , Rmt(0)=1.6 au
and Rur(Mn)= 1.8 au, respectively. The iteration is
stopped when the charge contrast is under 0.0001e
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between steps as convergence criterion. The cut- off
energy, which defines the separation of the valence
and core states, is selected to be -6 Ry.

Firstly, the calculations are done by utilizing the
experimental data for the lattice constants. Then, the
theoretical lattice constants are calculated with

optimizing the total energy of crystal to the volume.
The final calculation is done with the theoretical
lattice constant and relaxed structure for In,Os,
IN15MnosO3, ZnO and ZnegrsMno.1250. The results
are indicated in Table 1 which are in agreement with
the other results.
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Fig. 1. The unit cells of (a) In,03 (b) ZnO
Table 1. Calculated lattice constants for In,Os; and ZnO in pure and doped with Mn states.

Compound This work(A) Others(Exp., A)
In,03 10.059 10.117%3
Zn0O 4.623 4,655

RESULTS AND DISCUSSION
Band structure

Using the GGA approach, the values of the band
gaps of pure In;O; and ZnO are computed and
alloyed In15sMnos03, and  ZngsrsMno 1250 from the
band structure, respectively, as shown in Figs. 2 and
3 . The energy scale in all figures is in eV and the
Fermi level is set to zero on the energy scale. The
valence bands are separated by 1.4 eV and 0.75 eV
for undoped In,O3 and ZnO energy gap directly from
the conduction band states at I' point. The
experimental value of In,Oz direct band gap is
around 3.6 eV at I' point[14, 15] and experimental
results of ZnO indicate a direct band gap around
3.3eV[16]. These values of band gaps are smaller
than the experimental results due to the outstanding
gap problem, whereby the DFT undervalues the
band gaps. The band gap results for In,0; and ZnO
are in accord with the theoretical previous studies
such as the reported studies in Ref[17,18].

The obtained band structure of In1.sMnosO3 s
presented in Fig.2.b. In this case, energy gap is
indirect (at T point)1.2 eV.

According to the results of band structure for
ZnogsMng1250, the band gap energy increases by
adding Mn which is 0.9 eV.
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OPTICAL PROPERTIES
Dielectric function

The study focuses on the optical properties of
In,O3 and ZnO in the pure and doped with Mn states.

The frequency- dependent dielectric function
e(w) is calculated; it describes the characteristics of
the linear response of the system to electromagnetic
radiation and really controls the spreading behavior
of radiation in a medium. e(w) is associated with the
interaction of photons with electrons.

However, the random phase approximation
(RPA) approach is used for computing the imaginary
part of dielectric function for pure In,Os;, ZnO and
doped with Mn. The real part of dielectric function
is computed by utilizing the Kramers- Kronig
transformation.

The real and imaginary parts of the frequency
dependent dielectric function for In,O3; and ZnO in
pure state and doped with Mn state are indicated in
Figures 4 and 5.

The static dielectric permittivity tensor, £45(0),
of a nonpolar material includes electronic (high-
frequency) and ionic commitment; its square is
equivalent to refractive index. Table 2 indicates the
high- frequency dielectric constant, £(c0), of In;Os3,
In1,5Mno_503, ZnO and Zno,875Mno,1250.

The obtained results demonstrate that refraction
index increases by adding Mn to Indium Oxide while
it decreases by adding dopant Mn to Zinc Oxide.
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Fig. 2. Band structure of (a) pure In2O0z (b) of In15MnosO0s.
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Fig. 3. Band structure of (a) pure ZnO (b) Zng.g7sMng.1250.

Table 2. High-frequency dielectric constants, € (o0), of In,O3 and ZnO in pure and alloyed with Mn.

Method In203 In1,5Mno,503 Zn0O ZnNo.g7sMnNo.125
(6]
This work 4.40 4,98 4.88 3.93
Theoretical 4.5419 - 3.78% -
Experimental 3.6220 - - -

In Figure 5, the calculated Ime(w) shows that the
first peak is at Eo = 1.46 eV according to the band
structure which is due to the fundamental gap. This
peak is related to the interband transition from the
valence to the conduction band states at the T"-point.
To simplify the analysis of other optical transition

spectra, the labels Eo, Ex and E, have been used.
Subscript 0, 1, 2 refer to the transitions along the T’
direction, T-N direction, and TP of k-space,
respectively.

In figure 5(b), the compounds Eo, E: and E; are
related to transitions along the I'-T", T'-L and I'-X
direction.
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Fig. 4. Real part of the dielectric function for: (a) In,O3 and In15Mngs03 (b) ZnO and Zng.g7sMng 1250.
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Fig. 5. Imaginary part of the dielectric function for:

Electron energy loss spectroscopy (EELS)

EELS is a valuable tool to examine the different
aspects of materials[19-22]. The advantage of EELS
is that it covers the overall energy range including
non-scattered and elastically scattered electrons
(zero loss), electrons that arouse an atom’s outer
shell (valence loss) or valence interband transitions.
Likewise, the fast electrons arouse the inner shell
electrons (core loss) or induce core level excitation
of near edge structure (ELNES) and XANES.
Regarding interband transitions, this comprises
mainly of plasmon excitations. In a direct manner,
the probability of scattering for volume losses is
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(@) In203 and In15Mng 503 (b) ZnO and Zng g7sMng.1250.

associated with the energy loss function. Then, the
EEL spectrum can be calculated from the following
equations [23]:

eaﬂ(w) =& + i&

-1 &
EELSpectrum =Im =
p [eaﬁ(w)] e+ &2

Figs. 6 indicates the plot of energy loss function
for In,O3 and ZnO in pure and alloyed states in the
0-40 eV energy range. The energy of the main
maximum of Im [—e~1(E)] is assigned to the energy
of volume plasmon hwe. The obtained values of hwp
are provided in Table 3.
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Fig. 6. Electron energy loss for: (a) In203 and In15Mno 503 (b) ZnO and Zngg7sMng 1250

Table 3. Calculated plasmon energy for In,Os and ZnO in pure and alloyed with Mn

Compound hor (eV)

In203 25.81

|n1A5Mno,503 25.18

ZnO 20.01

ZNo.g75sMng.1250 20.19
CONCLUSION Parilla, L.M. Gedvilas, B.M. Keyes, ,B. To, D.

In the present study, the structural and optical
properties of In;O3; and ZnO in undoped and doped
with Mn states are investigated by utilizing the full
potential-linearized augmented plane wave (FP-
LAPW) method with the generalized gradient
approximation (GGA). The obtained results indicate
that In.O; and ZnO energy gap is changed by
substituting Mn element on In, Zn in In,O3 and ZnO,
respectively. Doping In,O; with Mn brings about a
decrease in the band gap while it increases for doped
Zn0.

Calculating the optical spectra have been carried
out in the energy range 0-40 eV. The obtained high-
frequency dielectric constant e(c0) shows that
refraction index for In,Osis increased by adding Mn,
£(o0) whereas this value is decreased for ZnO
compound.
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