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The structural, electronic and optical properties of pure and doped trivalent element
Al(x=0, 0.0625, 0.125) in SnO, have been studied using full potential-linearized
augmented plane wave (FP-LAPW) method based on density functional theory. The
structural and electronic results indicated that as the Al concentration increases in rutile
tetragonal SnO,, lattice parameters decreases (0.01 A and 0.02 A and for ¢ are 0.02 A and
0.038 A) and band gap increases (2.84 ~ 3.17 eV). Fermi level shift into valence band and
material tends to convert into p-type semiconductor. Optical properties shows, that with
increasing Al concentration in SnO, transparency increases and absorption spectrum has a
significant blue shift. Furthermore, high static value of dielectric constant (10.5), refractive
index (3.45) and low reflectivity was observed in visible region. The wide band-gap and
transparent behavior for ultra-violet and visible region makes it important material for
transparent applications.
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1. Introduction

Tin dioxide (SnO,) which has become a focus of recent studies has a wide range of
applications in solar cells, optoelectronic devices, flat panel display, gas sensor and catalysis. The
transparent conducting oxides materials such as In,05[1], SnO, [2], CdO [3] and ZnO [4] develop
a class of materials which shows both conductive as well as transparent behavior [5].

Tin dioxide (SnO,) has direct band gap energy of about (3.6 eV) which makes it
transparent in visible energy region and operates in ultra violet to blue wavelength. Tin dioxide
(Sn0O,) presents an auspicious task in short wave length LED and laser-diode because of its wide
band gap (3.6 eV) and high exciton binding energy of about 130 meV[6, 7]. The higher excitation
separation energy increases the luminescence efficiency of light emission.

The first principle study of pure and doped SnO, have been reported by many researchers
[8-15] using density functional theory within LDA and GGA functional and got underestimated
results as compared to experimental results. Difference of the computed energy band gaps with the
experimental results illustrate that each simulation-based approximation is well-off for some
oxides material up to a specific limit and accuracy but no one of these approaches is efficient in
reproducing the exact experimental energy band gaps of oxides semiconductors.

DFT-based potential named modified Becke and Johnson (TB-mBJ) used to solve the
problem of theoretical energy band gaps of doped oxides material [8]. This potential removes
some of intrinsic drawbacks of the density functional theory [9,10]. In the present work, this
exchange and correlation potential is used to reproduce the accurate band structures and optical
properties of pure and doped Sn;,AlO;, (x=0, 0.0625 and 0.125).
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2. Methodology

Fig.1 shows the unit cell of SnO; rutile tetragonal phase with space group of P42/mnm
(No. 136) at ambient temperature and pressure. Its unit cell contains two molecules with the Sn
atoms at position 2a (0,0,0) and (1/2, 1/2, 1/2) and six oxygen atoms at positions 4f (u, u,0), -(-u, -
u, 0), +(1/2+u, 1/2-u, 1/2) and — (1/2-u, 1/2+u,1/2).

Fig.1.Rutile tetragonal structure of SnO,.

In this present work, the full potential-linearized augmented plane wave (FP-LAPW)
method used to investigate the structural, electronic and optical properties of pure and Al doped
SnO,. PBEsol-GGA exchange and correlation potential to calculate structural properties and PBE-
GGA and TB-mBJ to compute electronic and optical properties within WIEN2k program based on
Density Functional Theory (DFT).

3. Results

3.1. Structural properties

All calculations have been performed with Al doped 2x2x1 and 2x2x2 super-cell which
contains 24 (8-Sn and 16-O) and 48 (16-Sn and 32-O) atoms respectively. The 2x2x1 and 2x2x2
doped crystal structures created by substituting one Sn atom in supercell with an aluminum atom.
This corresponds to an aluminum atomic concentration at x=0.0625 and 0.125. Geometry
optimization was performed for all these cases of pure and Al doped SnO, structures to obtain the
optimized lattice parameters.

The optimized unit-cell volume can be achieved by plotting relation between volume
versus total energy and after that fitted by “Birch Murnaghan equation of state” (EOS).
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The lattice constant a(A) was calculated by computing the c/a relation, next used the given
formula
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3)



877

equation of state”. After optimization, it was observed that doped structure had the tetragonal
symmetry of rutile structure. Lattice parameters and the volume of crystal structures changed by
some extent. Fig.2 shows the optimization plot of pure SnO,.

The optimized lattice parameters are given in Table (1) are closely related to experimental
values calculated by different researchers [11-19].The computed volume decreased and lattice
constants a and ¢ also decreases as Al concentration Sny,Al,O, (x=0,0.0625, 0.125) increases. The
change in lattice parameter (A) is 0.01 A and 0.02 A and ¢ is 0.02 A and 0.038 A respectively.
Small change in lattice parameters is due to minor difference of ionic radii between them. The
ionic radius of AI**(0.535 A) is smaller than that of Sn** (0.69 A) consequently lattice constant

decreases after doping process because the lattice reduction is physically realistic [12].

Table 1. Structural properties of SnO,, Sn;_, Al, O, (x=0, 0.0625,0.125).

Structural properties Present results Other calculated Experimental
Results [8-15] results

SnO,

a(A) 4.762 4.887/4.685/4.739 4,737

b (A) 3.233 3.283/3.156/3.161 3.186
cla 0.678 0.672/0.673/0.667 0.673

V (A) 494.96

SNg 9375 Al 0625 O

a(A) 4.753 - -

b (A) 3.214 - -
cl/a 0.676 - -

V (A) 490.18

Snogrs Alp.125 Oz

a(A) 4.743 4.670 -

b (A) 3.196 3.142 -
cla 0.672 0.673 -

V (A) 485.38
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Fig. 2. Volume Optimization of (a) pure SnO; (b) Shggzs Alg.1250, and (¢) Sng ga7s Alg.0s2502
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3.2. Electronic properties

Electronic properties were obtained using GGA and TB-mBJ approximation. Fig.3 shows
partial density of state (PDOS) and total density of state of pure and Al doped SnO, . Fig. 3(a) it is
observed that upper part of valence band is mostly formed by contribution of O-2p and Sn-5p
states from energy range (-7 eV to -5 eV), the O-2p state from energy range (-5eV to 0 eV) is
much stronger as compared to Sn. The lowest part of conduction bands from 4eV to 7eV are
essentially comprised of Sn-5s, whereas in upper part from energy range 7eV to 15eV, the 5p-Sn
states more dominated to some extent by 2p-O states. The 2p-O states exhibit a hybridization
nature with 5s-Sn and 5p-Sn and it is observed that valence-band is mainly originated due to Sn-5p
states and O-2p states and 5s and 5p orbitals of Sn and O-2p states mainly contributed to the
conduction band.

Fig.3 (b) and (c) shows the density of states of SnggssAlogs2s02 and SnggrsAlo 12502
respectively, it is observed that O- 2p states strongly hybridized with Sn- 5s, 5p and Al- 3s, 5p
states in the valence band and Sn- 5p, O-2p and Al-3p states contributed to conduction band. The
calculated results are in agreement with results obtained with TB-mBJ [21]. The effect of d-states
of Sn atom is more as compared to O atoms of SnO, but the overall effect of d-state is very small
[13].
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To explore the effect on the electronic properties of the Al-doping in SnO, the band
structure of pure and Al doped SnO, compared and it is observed that SnO, and Al-doped SnO,
have direct band structure. The band gap calculated with the GGA approximation is 1.07eV, which
is lower than the experimental value of 3.6 eV [22]. TB-mBJ approximation had been used to
improve the band gap value. The band gap value of pure SnO, calculated by TB-mBJ
approximation is 2.84 eV, which is closely to experimental and theoretical results [20, 23]. From
the comparison of band structures of Al-doped SnO, ,it was found that lower part of conduction
band and upper part of valence band shift toward higher energy range and Fermi level moves
toward lower energy and inserted into upper valence band which shows the dominant effect of
accepter level as shown in Fig. 4 (b) for Snggars Alggss O, and in Fig.4 (c) for Snggrs Algios Oo.
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Therefore, Al-doped SnO, shows the typical p-type behavior. It is observed that Al doped SnO,at
concentration x = 0.125 exhibits more p-type behavior (large band gap 3.17 eV) as compare to the
pure x = 0 (low band gap 2.84 eV).The band gap value increases as Al concentration increases
which is mainly due to smaller ionic radii of Al as compared to Sn shown in Table2.

I I OR SOE

@ ;\///

S U N RPN )

Energy(eV)

A
¥
\

/
/
|

Cobibdhblnmncanwiuoae
TR I T A

L
- Lo
(S

¥

[T
B
1

(©)

y (eV)

g
o

Ener,

Fig. 4.Band structure of (a) pure SnO, (b) Sng 9375 Al 0625 O2 (C) Sngg75 Alg 105 O, With TB-mBJ.

Table 2. Calculated band gap with Sn,_,Al,O, (x=0, 0.0625 and 0.125).

Material Present work Present work Other theoretical
(GGA) (TB-mBJ) work
0.832/2.76
5o LOTeV 284ev (Hassan et al., 2015)
SNg.g375 Al 0g25 O2 1.18 eV 2.96 eV -
SN g75 Alg 125 O, 1.27 eV 3.17 eV -

3.3. Optical properties
The optical transitions in crystal structure of solid materials are related as inter-band and
intra-band transitions. Tensor components of the dielectric function &(w) are used to obtain the

transitions. The intra-band transition does not contribute to semiconducting crystal structure but
inter-band transition mainly contributed in semiconductor. The transitions are separated into two
classes, first one is direct transitions and other one is indirect transitions. The indirect transitions
due to photon-scattering are ignored due to negligible influence on the dielectric function &(w) .

e(w) =g(w)+ig,(w) (4)
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The dielectric function &(w)has a frequency dependence of incident photons and
separated in to real part &, (w) and imaginary parte, (@) . The electric field of the photon leads to

the optical transitions between their occupied states and unoccupied states, the imaginary part of
&(w) is calculated from electronic structure within the joint-density of states specified by

25(Ek°—EkV—E) (5)

2
2 =[%JZ\M uxrly?)

Here (//: and ' are conduction and valence band wave-function and k andd is the

vector showing the polarization of the incident electric field and r is the position vector. The
optical-constant such as reflectivity and absorption can be obtained from the dielectric-function.

The real-part & (@) of dielectric function can be compute from the imaginary-part ¢,(®) using
Kramer Krong relation.

Fig.5 shows the real part & (@) of dielectric function and Fig.6 shows the imaginary part
&,(w)and along [100] and [001] directions of Al-doped SnO, at concentration (x = 0, 0.0625,
0.125). Fig. 5 shows that the static value of dielectric constant ¢, is 2.4. 8.0 and 10.5 for pure
SN0, , Shges7s Algss02 and Snggrs Al 1250, respectively along the direction [100] and for £ ooy)
is 2.65 for SnO, and 3.1 and 3.6 for concentration x = 0.0625, 0.125 respectively along the
direction [001], which is closely related to experimental work [11].
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Fig. 5.Real part of Sn,,Al,O, (x=0, 0.0625 and 0.125 )along [100] and [001]directions

The imaginary part of dielectric function allows to determine the optically transition
related valence to conduction band. With the Al-doping in SnO,, as Al concentration increases the
energy band-gap move toward higher-energy. Compared with pure SnO, a new small peak
appeared after doping of Al in the lower energy range. These lower energy peaks mostly appear
due to shifting of Fermi-level into valence band these peaks height increases as Al concentration
increases. These lower energy peaks allowed to electron move from occupied state of most upper
edge of valence band to un-occupied state of conduction band. After doping the first transition
edge value increases as Al concentration increases and move towards the high-energy range. In
near UV region as shown in Fig. 6, the peak of imaginary-part links to first transition appearing at
4.2 eV of pure SnO, which is consistent to the band-gap and partial density of state (PDOS) to the
transition between O-2p state placed at upper edge of valence band and Sn-5s state placed at
lowest edge of conduction band. The second transition happens between O-2p state from top of
valence band and 5p-Sn state, the edge of this transition at near about 7.5eV, which is indicated by
DOS. Other remaining peaks indicate the transition from energy range about 9 to 11eV, between
25-0, 5s-Sn and 5p-Sn state.



881

94 54
K e S0 Snoz
8 100 :" \\Il‘ " ““ 001 SNg 5375 Al 025 Oz
. - = Sy Al
3 L 4 4 cC T snams Nn 125 O?

Imaginary part ¢ ()

Imaginary part z.(s)

[} 1 2 3 4 5 6 7 8 9 10
vy () Energy (eV)

Fig. 6. Imaginary part of Sn,_,Al,O, (x=0, 0.0625 and 0.125)along [100] and [001]directions

Absorption spectra indicate that transparency is increasing as Al concentration increases
shown in Fig 7. But in [001] direction it shows less absorption rate as compared with [100]
direction.SnO; is an anisotropic material therefore a difference of absorption rate between these
two directions is absorbed. After doping of Al a small peak appeared in the lower energy range this
allowed to the electron to shift from the occupied-state of upper part of the valence to un-occupied
state of conduction band. From these results, it is observed that the absorption spectrum has a
significant blue shift with increasing Al concentration, which is agreement with experimental [21]
and theoretical results [12].
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Fig. 7. Absorption of Sny,Al,O, (x=0, 0.0625 and 0.125) along [100] and [001] directions

Fig. 8 represents the refractive index of pure and Al doped SnO, along the direction [100]
and [001]. It is observed that in infrared region the speed of light propagation varies with
concentration shows high interaction between incident light and other medium. From energy range
(1.5 to 4 eV), the velocity of light propagation is almost equal which shows less interaction
between light and medium. It was found that, a static value (o = 0) of refractive index is increases
as Al concentration increases. In [001] direction, the static value of refractive index of Sny,AlO,
at x = 0is 1.63 and at x = 0.0625, 0.125 is 1.75 and 2.1 respectively. For [100] direction, static
value of refractive index of Sn;.,AlLO, at Xx = 0 is 1.58 and at x = 0.0625, 0.125 is 2.91 and 3.45
respectively. Refractive index value increases in [100] direction as compare to [001] direction
therefore velocity of light in [100] direction is smaller than [001] direction. The static value of
refractive index n(w) of Sn,.,AlLO, enhanced by increasing Al concentration as compared to pure

SnO,but in visible region small variation observed which is consistent with reference [14]. Fig.9

shows the low reflectivity in visible region it’s about less than 20% in visible region for pure and
Al doped SnO, along the [100] and [001] directions [12].
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Fig. 8. Refractive index along [100] and [001]directions of Sn,,AlLO, (x = 0, 0.0625 and 0.125).
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Fig.9. Reflectivity of Sny,Al,O, (x = 0, 0.0625 and 0.125) along [100] and [001] directions.

5. Conclusions

The structural, electronic and optical properties of pure and doped Sn;,AlO, at
concentration (x= 0, 0.0625 and 0.125) were studied using FP-LAPW method. The structural and
electronic results indicated that as Al concentration increases in rutile tetragonal structure SnO,
lattice parameters decreases (0.01 A and 0.02 A and for ¢ are 0.02 A and 0.038 A) and band gap
increases (2.84 ~ 3.17 eV). Fermi level shift into valence band and material tends to convert into
p-type semiconductor.

The calculated density of state of Tin and Aluminum allows a sufficient description in the
structure of transition of electrons. Optical transition shifted to the higher energy range, high static
value of dielectric constant (10.5) and refractive index (3.45) as the Al concentration increases in
SnO,. The optical absorption edge of SnO, doped with Al shows a blue shift. At x=0.0625
concentration of Al, it optically more transparent in visible region as compared to x= 0.125.
Furthermore, low reflectivity was observed in visible region. The wide band-gap and transparent
behavior for ultra-violet and visible region makes it important material for transparent
applications.
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