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InSb the group III-V semiconductor with narrow band gap is combined with Mn in various concentrations and that InSb–Mn
alloy is doped with poly methyl methacrylate (PMMA). *e optical properties and electronic structure of ternary InSb–Mn alloy
with PMMA are investigated by first principles calculations using the DFTmethod. VaryingMn concentrations play an important
role in the improvement of the absorption coefficient and optical conductivity. It is observed that the band gap of InSb–Mn:
PMMA decreases monotonously with the increase in Mn concentration. Optical properties of InSb–Mn: PMMA, such as the
optical absorption coefficient and optical conductivity, are greater than those of pure InSb. InSb–Mn: PMMA alloy is doped with
PMMA polymer in order to make a thin film as PMMA is a transparent thermoplastic polymer. *ese results suggest a promising
application of InSb–Mn: PMMA thin film in optoelectronics when the InSb doping is 24% with improved conductivity when
compared with other doping ratios. *is states the optimum doping ratio and the major finding in the carried out research based
on modelling and simulation.

1. Introduction

III-V semiconductors, because of their structure, play a
crucial role in scientific research and its application. Prep-
aration of the device of compound semiconductors partic-
ularly of III-V group elements has improved in recent years
as these compounds are proven technologically that these
are highly helpful for galvanometric devices, high-speed

electronics, magnetic sensors, and infrared detectors in
distinct wavelength ranges [1–3]. Some of group III-V
compounds such as GaAs, InP, InSb, GaSb, and AlSb have
high electron mobility that makes them helpful for many
photonic applications. InSb and doped InSb semiconductor
are widely implemented in infrared detectors and high-
speed devices because of narrow band gap [4] of 0.17 eV at
300k and 0.23 eV at 80k and additionally its high electron
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mobility of 80,000 cm2/Vs. A p-type InSb is employed in
magnetic sensitive devices like magneto resistors [5]. Ap-
plications could include ultrahigh-speed and ultralow power
integrated circuits, satellite communications, active-array
space-based radar, portable mobile devices, chemical de-
tection, drug analysis, gas environmental monitoring, bio-
medical diagnosis, and other fields [6, 7]. *e leading
advancement in thin film materials and devices has ini-
tialized many of developments in field of flexible electronics
including polymers, nanowires, carbon nanotubes, or other
nanomaterials with semiconducting thin films enabling the
enhancement in their properties [8, 9] Devices based on such
composites show improvements in electrical performance.
In recent years, there is holding attention in the charac-
terization of InSb thin film because of its potential opto-
electronics applications in various fields. *e extreme range
of application of InSb is required in the form of thin film.
InSb films have associate important application in device
manufacturing, applied in position detectors and drive
motors part of equipment [10–14]. In this paper, we propose
a polymer thin film made of InSb–Mn and poly methyl
methacrylate (PMMA) for improved conductivity and ab-
sorption. PMMA is a thermoplastic material with out-
standing optical and mechanical properties supporting wide
spread applications such as photovoltaics, laser power at-
tenuators, blue light filters, biomedical (bone cement), and
optical data storage [15–21]. Optical property of the
InSb–Mn with the PMMA doping improves with varying
doping ratios [22]. Experimental validation and the process
involved make it time consuming to check any composite.
Hence, the gap in the process was addressed in the present
work to cut short the time and to identify the optimum
doping concentration before even going for experiment.

2. Methodology

Methodology of the proposed work involves the first principle
calculation by density functional theory (DFT). Cambridge
serial total energy package (CASTEP) was used to calculate the
DFT using the plane wave pseudo potential method for cal-
culating the properties of materials from the first principles.
Calculations were performed to simulate various properties of
materials such as energetics, electronic response properties,
vibrational properties, and structure at the atomic level [23, 24].
*e concept of a pseudo potential is an important one for plane
wave total energy methods since the alternative full Coulomb
potential of the electron-ion interaction decays too slowly to be
accurately represented by a small number of Fourier com-
ponents. *e most general form for a pseudo potential is
represented in the following equation [25]:

NL �  lm>Vl < lm


. (1)

Generalized gradient approximation (GGA) with Per-
dew, Burke, and Ernzerhof (PBE) [26] parameterization was
used to describe the exchange-correlation interaction. Ul-
trasoft pseudo-potentials [27] were applied to model the
electron-ion interaction. In this paper, we mainly focus on
the electronic structure and the optical properties of

InSb–Mn. *e DFT algorithm was chosen for the geometry
optimization of the super-cells. *e energy cut-off for the
plane wave basis was chosen as 300 eV for the electronic
structure calculation and optical properties calculation. *e
SCF tolerances were set as follows: 2.0e−6 eV/atom for the
total energy; maximum SCF cycles were set as 100. K-points
were separated by 0.051/Å. Augmentation density scaling
factor is 1.0. Perdew, Burke, and Ernzerhof (PBE) presented
a simplified construction of a simplified GGA for exchange
and correlation, in which all parameters other than those in
LSD are fundamental constants.

F
PBE
x (s) � 1 + k − k/ 1 + μs

2/k , (2)

where μ� 0.219 51 and k� 0.804.

3. Calculation of Properties Using DFT

3.1. Optical Conductivity. Another mostly used quantity for
expressing optical properties is optical conductivity σ (ω)
given as follows:

σ � σ1 + iσ2 � −iω/4π(ε − 1). (3)

Optical conduction is sometimes used to characterize
metals, but CASTEP is aimed toward the optical properties
of insulators and semiconductors. Difference between the
insulators and semiconductors is the intraband transitions
which play vital role within the IR a part of the optical
spectra of metals and these transitions are not considered in
CASTEP [28].

3.2. Optical Absorption. In vacuum, N (refractive index) is
real with the value being unity. For transparent materials, the
real part is presented, and the imaginary part is represented
as

η �
2kω

c
. (4)

*e coefficient of absorption indicates the fraction of
energy lost by the wave once it passes through material [28].
*e light absorption coefficient expresses the percentage of
light intensity attenuation per units of distance traveling in
the medium. Figure 1 shows that InSb with different Mn
content all have peaks between 2.5 eV and 5.5 eV.

3.3.Densityof States. *eCASTEPDensity of States Options
dialog allows you to specify the k-point set and the eigen-
value convergence criterion used for density of states cal-
culations. Gamma point only, when selected, indicates that a
single k-point at (0, 0, 0) will be used for the density of states
calculation [29].

3.4. Band Structure. CASTEP calculations using both the
GGA and PBE [29] were performed. Pseudo-potential-
mixed plane wave Gaussian basis LDA and GGA [30] and
full-potential nonorthogonal local-orbital minimum basis
band-structure method within the LDA were used for the
calculation of the band structure [31].
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4. Results and Discussion

Results obtained by the above CASTEP-based calculation
are represented in the graphs as shown in Figures 1–4. *e
plot of the graphs obtained was by the material studio
software package using the CASTEP-based calculations.
Illustration of the graphs from the CASTEP calculations is
very useful to identify the maximum optimum values of
each graphically. Band structure shows the occupancy of
the electrons in the sub bands and the orbitals. Optical
conductivity shows the peak intensity of the composite
with the doping ratios, and the absorption graph shows
the maximum intensity of the absorption of the composite
and its bandwidth .

4.1. Band Width. Figure 2 shows the band structure of
InSb–Mn: PMMA with different Mn concentrations, it is
evident that InSb is a narrow band gap semiconductor, and
the band gap shows a decreasing trend as the Mn con-
centration increases. *e result is given in Table 1.

*e coordinates of the special k-points in Figure 2 are G
(0.000, 0.000, 0.000), F (0.000, 0.500, 0.000), Q (0.000, 0.500,
0.500), and Z (0.000, 0.000, 0.500).

InSb–Mn doped with PMMA with 24% Mn has the
least band gap and then 5% of Mn, 13.6% of Mn, and 29%
of Mn. As the concentration of Mn is increased from 5%
to 24%, the band gap is decreased from then, while as the
concentration of Mn increases, the band gap also in-
creases. Narrowing of band gap on doping is a normal
phenomenon in semiconductors. Donor impurities
produce energy levels within the band gap close to the
conduction band, and acceptor impurities produce

energy levels close to the valence band. With the increase
in the quantity of doping, the density of states of those
dopants increases and forms a continuous state similar to
the bands and effectively the band gap decreases. It is
possible to extend the band gap of narrow band gap
semiconductor by alloying it with a wide band gap
semiconductor.

4.2. Optical Properties. *e optical properties of InSb–Mn:
PMMAmainly refer to the absorption coefficient and optical
conductivity, which are primarily decided by the bands near
the Fermi energy level, the concentration, and the mobility
of carrier.

4.3. Absorption. Figure 3 represents the absorption of the
composite with the varying doping ratio of InSb into the
PMMA. InSb–Mn: PMMA with 24% Mn has increased
absorption when compared to the 5% and 13.6%, whereas
29% Mn concentration has a much reduced absorption.
Recorded first peak is at 5 eV and continues till 7.5 eV, and
there is a further increase in at 12 eV for the Mn con-
centration of 13.6%. Recorded maximum absorption is at
24% Mn concentration, whereas the Mn concentration at
29% has resulted in the peak at 4 eV and decreases till 20
eV.

4.4. Conductivity. Figure 4 represents the optical conduc-
tivity of the prepared composite with the varying doping
concentration.*e change in the color illustration shows the
real (blue) and imaginary (red) parts of the recorded data in
the graphical representation. Semiconductor optical
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Figure 1: *e density of states of InSb–Mn with Mn� 5%, Mn� 13.6%, Mn� 24%, and Mn� 29%.
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conductivity is the change in conductivity caused by illu-
mination, either an increase or a decrease. Generation and
recombination effects in the material occur due to the
photon effect on the materials which causes the covalent
bonds to break and create new electron hole pairs.*is effect
makes more carriers to migrate from one place to another
which causes the conductivity. *e photoconductive effect is

the physical basis of optoelectronic applications of semi-
conductors, InSb–Mn: PMMA with 24% Mn has the much
increase in the conductivity than 5% of Mn and 13.6% of Mn
concentrations but further increase in the concentration of
Mn to 29%, and then there is fall in the conductivity. It is
showing maximum conductivity at 24% of Mn concentra-
tion in thin film.
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Figure 2: *e band structure of InSb–Mn with Mn� 5%, Mn� 13.6%, Mn� 24%, and Mn� 29%.
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Figure 3: *e absorption of InSb–Mn with Mn� 5%, Mn� 13.6%, Mn� 24%, and Mn� 29%.
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4.5.Density of States. Figure 1 represents the density of states
of the prepared composite with varying doping concen-
trations. Density of states illustrates the occupancy of the
electrons in the bands and sub bands. When the occupancy
of the electrons in the band is high, then it allows more
electrons to have the generation and recombination effect.
Hence, the creation of more electron holes pair allows
improved movement of the carriers in the structure. *ese
effects of the occupancy of electrons in the bands and sub
bands of the atom are due to the materials doping effects
which change the atomic structure of the existing material.
Hence, the effect of the doping will have significant im-
provement or decrement in the carrier concentration of the
exiting material. In the present work, different doping
concentrations of InSb–Mn are doped into the PMMA and
its effective density of electrons. Depending on the varying
doping concentration, the density of states graph structure
varies with respect to the InSb–Mn doped PMMA. Peak
intensity in the graph represented in Figure 1 illustrates the
maximum electron occupancy. *e peak intensity varies
with respect to the varying doping concentration of the
InSb–Mn. Doping of 24% Mn has the much increase in the
density of states than 5% of Mn and 13.6% of Mn con-
centrations, but further increase in the concentration of Mn
to 29% results in decreasing density of states. In Figure 1, the
maximum density of states at 24% of Mn concentration in

thin film as illustrating the energy level of around 27.5 eV
with the peak intensity is shown.

InSb–Mn doped with PMMA with 24% Mn has the
much increase in the density of states than 5% of Mn and
13.6% of Mn concentrations but further increase in the
concentration of Mn to 29% and then there is fall in the
density of states. It is showing maximum density of states at
24% of Mn concentration in thin film.

5. Conclusion

Investigated first principle analysis of the electronic and
optical properties of InSb–Mn doped with PMMA with
varying Mn concentration reveals that the there is an
enhanced electronic and optical property. *e band gap
decreases with increasing of Mn concentration. Similarly,
the absorption of the InSb–Mn: PMMA shifts toward lower
energy with the increase in Mn content. *e optical con-
ductivity is greater than those of pure InSb when 24% of
Mn is doped but less than those of pure InSb doped with
29% of Mn.*us, Mn doping plays an important role in the
modulation of the optical absorption and optical con-
ductivity. *e band gap narrowing effect and the special
optical properties suggest that the InSb–Mn: PMMA is a
promising new semiconductor for optoelectronic
applications.
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Figure 4: *e conductivity of InSb–Mn with Mn� 5%, Mn� 13.6%, Mn� 24%, and Mn� 29%.

Table 1: *e band gap of InSb–Mn with Mn� 5%, Mn� 13.6%, Mn� 24%, and Mn� 29%.

Concentration of Mn 5% (eV) 13.6% (eV) 24% (eV) 29%
(eV)

Band gap 0.407 0.341 0.033 0.131
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