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 We use FP-LAPW method to study structural, electronic, and optical properties 

of the pure and Y-doped SnO2. The results show that by Y doping of SnO2 the band 

gaps are broadened, and still direct at -point. For pure SnO2 material, the obtained 

values of the direct band gap are 0.607 eV for GGA-PBE and 2.524 eV for GGA-

TB-mBJ, respectively. This later is in good agreement with the experimental data 

and other theoretical results. The Fermi level shifts into the valence band and 

exhibits p-type semiconductor character owing mainly from the orbital 4d-Y. 

Additionally, the calculated optical properties reveal that all concentrations are 

characterized by low reflectivity and absorption via wavelength  (nm) in the 

visible light and near-infrared (NIR) ranges, which leads to a redshift in the optical 

transparency. 

 

 

 1. Introduction 

Transparent and conductive oxides (TCO) such as tin dioxide (SnO2), zinc oxide 

(ZnO) and indium oxide (In2O3) are a class of materials that have a high optical 

transparency in the visible wavelength range, and high reflectance in the infrared (IR) with 

good electrical conductivity [1, 2]. Tin dioxide (SnO2) is a unique material with important 

properties such as high thermal stability and a high degree of transparency in the visible 
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region of the spectrum. It is also an important n-type semiconductor with wide band energy 

(3.6-3.8 eV) [3]. Due to its excellent optical, electrochemical and catalytic properties, it is 

used in many practical applications such as semiconductor sensors, solar cells [4], lithium 

batteries and optoelectronic devices [5,6]. The SnO2 similar to other energetic wide band 

gap materials such as TiO2, SiO2 and ZnO, it exhibits good photo-catalytic and antibacterial 

activity as well as degradability of organic contaminants [7]. Bolzanet al. [8] and Chetriet 

al. [9] conducted experiments to determine the structural parameters of SnO2. Different 

experimental techniques [10-12] have been used to observe high-pressure phase transitions 

in SnO2. 

Very many impurities for doping SnO2 thin films have been applied by other 

researchers such as Fluorine (F) [13], Antimony (Sb), Copper (Cu), Nickel (Ni) [14], Cobalt 

(Co), etc. According to the literature, SnO2 doped with metallic elements [15,16] could give 

rise to the ideal electronic device where the crystallinity, electrical conductivity and optical 

properties of doped SnO2 films are improved compared to undoped layers. In accordance to 

the current n-type doping of SnO2 [17], p- type SnO2 could be used to create new 

semiconductor device applications.  

Doping with various elements, including Sb [16, 18], Zn [19],  Li [20],  In [21],  

and Ga [22] have been used to obtain different results. In fact, M.Boujnah et al. [23] 

reported that the 3d transition metals (Sc, Ti and V) doped rutile SnO2 exhibits a new 

transparent conducting oxide with p-type semiconducting valuable for solar cells. Yttrium 

(Y) doped TiO2, it’s found to be successful in improving photo catalytic activity and 

extending the absorption edge towards visible light [24-26]. Furthermore, the 4d transition 

metals (Y, Ag, Cd, Nb, Mo) doped TiO2 reduce the energy gap of rutile TiO2, leading to 

same redshift in the optical absorption edge [27] with photocalytic activity being evidently 

enhanced [28]. In the previous studies, the Y doped ZnO can enhance the UV emission and 

decrease the deep level emission (DLE) band in the green range of ZnO [28-31], which 

doping with Y ions reduces the nonradioactive recombination centers and increase the 

possibility of the near band edge transition of ZnO. Yttrium ion is suitable to incorporate in 

SnO2, giving a similar crystalline size of Y3+cation to Sn4+, and leading good dispersion and 

enhance separation of electron-hole pairs [24]. 

The objective of this work is to study the influence of doping (6.25% and 12.5%) of 

yttrium on the structural, electronic and optical properties of tin dioxide (SnO2). The 

presentation of our work consists of three parts. In the first section, we make a general 

introduction on the properties of transparent conducting oxide (TCO), including tin dioxide. 
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The second part is concerned with the computational method and details used in this work. 

The third section shows our results and discussion for structural, electronic and optical 

properties of Y doped SnO2. Finally, this work has been completed by a conclusion. 

 

   2. Computational method and details 

The structure of SnO2 is similar to the rutile-type, with the space group P42/mnm; the 

unit cell is tetragonal quadratic with the experimental lattice parameters a = b = 4.738Å and 

c = 3.187Å [32,33]. The unit cell contains six atoms: two tin atoms and four oxygen atoms. 

Sn atoms are in position 2a: (1/2; 1/2; 1/2) and (0; 0; 0) and O atoms are in position 4f, 

given by (u ; u ; 0), (1-u ; 1-u ; 0), (1/2+u ; 1/2-u ; 1/2-u ; 1/2) and (1/2-u ; 1/2+u ; 1/2), 

respectively, with u = 0.3056 [8]. The calculations have been performed by the method of 

linearized augmented plane waves (FP-LAPW), within the framework of the Density 

Functional Theory (DFT) using the code Wien2K [34]. For the treatment of exchange 

potential and correlation, the approximation of the generalized gradient (GGA) as developed 

by Perdew, Burke and Ernzerhof [35] was used. However, for the electronic and optical 

properties, theTrans-Blaha modified Becke-Johnson potential (TB-mBJ) [36] was also 

applied. For the region of muffin-tin spheres we used to ensure the Convergence of 

spherical harmonics lmax=10, the wave functions in the interstitial region are extended into 

plane waves with a cut-off energy RMT× kmax= 9 (where RMT is the small radius of the 

muffin-tin spheres. The criterion of convergence of self-consistent cycles is only reached 

when the total energy is stable at 0.1 mRy [37]. The structures were geometrically optimized 

until the residual atomic energy is less than 0.01 eV/Å and the total energy is less than 10-

5eV/atom, respectively. 

The cut-off energy that defines the separation between core and valence states is 

taken-10 Ry. The core states are treated within the framework of complete relativism, while 

the valence states are treated within the framework of scalar relativism. Since we have a 

semiconductor and non-magnetic material, spin-orbit coupling effects are neglected because 

of their very small effect on the calculation of the different properties. Muffin-Tin radii 

(RMT) was taken equal to 2.12, 1.90, 1.70 u.a for Sn, Y, and O atoms, respectively. The 

electronic configuration of Tin is [Kr] 4d¹⁰ 5s² 5p², Yttrium is [Kr] 4d1 5s2 and that of 

Oxygen [He] 2s² 2p⁴. 
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3. Results and discussions 

3.1. Structural properties 

We were performed all calculations with Y doped 2×2×2 super-cell, which contains 48 

(32-Sn atoms and 16-O atoms). The percentage of doping used is 6.25 and 12.5%, the doping 

at 0.0625 is obtained by replacing one atom of Y in the site of Sn, and the doping at 0.125 is 

achieved at the same super-cell by injecting two atoms of Y into the site of Sn by substitution 

(show Figure1). The arguments for choosing this dopant are presented in the first section, we 

note that the atomic radius of the Yttrium impurity R (Y3+) = 1.005 Å is very close to that of 

the tin atom Sn R (Sn4+) = 1.11 Å, so it is almost constant. The structure keeps the same 

symmetry. We take the most stable phase, which is the rutile phase. The results are obtained 

using the FP-LAPW method implemented in the WIEN2K code. 

 
Figure 1. Structure of : (a) pure SnO2 , (b) Y0.0625Sn0.9375O2, and (c) Y0.125Sn0.875O2 

 

Tin oxide is crystallized in the tetragonal structure. So, the calculation consists of 

making an optimization of c/a ratio, internal parameter u and volume V, this optimization is 

used to determine the optimal values of lattice parameters, the compressibility module and 

its pressure derivative.  

         We have calculated the variation of the total energy as a function of unit cell volume, 

and the obtained curve was fitted to the Murnaghan’s equation of state [38, 39]. 

 

𝐸(𝑉) = 𝐸0 + [
𝐵0𝑉

𝐵′(𝐵′−1)
] . [𝐵′ (1 −

𝑉0

𝑉
) + (

𝑉0

𝑉
)

𝐵′

− 1]                         (1) 

 

where, E and V are the total energy and the volume of the unit cell, respectively, E0 and V0 

are the energy and the volume of the unit cell at equilibrium, respectively, and B0 and B0 ́ are 
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the modulus of compressibility at equilibrium and its first derivative with respect to 

pressure, respectively. 

 The modulus of compressibility B0 and its pressure derivative B0 ́ are expressed as 

follow [39]: 

          𝐵0 = 𝑉
𝜕2𝐸

𝜕𝑉2
                                               (2) 

       𝐵0
́ =

𝜕𝐵

𝜕𝑃
                  (3) 

 

The lattice constant a0(Å) was calculated by the following relation: 

 

       a0 =(√
𝑉0

c/𝑎

3
)                                       (4) 

 

These equations allowed us to obtain the equilibrium lattice parameters, the 

compressibility modulus and the corresponding pressure derivative at the equilibrium. The 

calculated results are shown in Table 1. The obtained values of the lattice parameters for pure 

SnO2 are a0 = 4.831Å, c = 3.233 Å, c/a = 0.671, and u = 0.306, respectively. They are in good 

agreement with the other theoretical results [40-50] and the values obtained from the 

experience [51, 52]. Our value of the B0 = 197.39GPa is slightly higher than B0 = 181 GPa 

calculated by Peltzer y Blanc et al. [40], and lower than the value B0 = 244.7 GPa found by 

Zhu et al. [41]. The doped materials have the rutile-type structure of tetragonal symmetry. 

Small changes were observed in the volume and in the lattice parameters of the crystalline 

structures. Figure 2 illustrates the optimization curve for pure SnO2 (a), Y0.0625Sn0.9375O2 (b), 

and Y0.125Sn0.875O2 (c), respectively. 

With the increase of the Y concentration in YxSn1-xO2 (x=0, 0.0625, 0.125), the lattice 

constants a, c and the calculated volume are also increased. The variation of the lattice 

parameters is due to a minor difference of the ion radii between them. The ion radius of Y3+ 

(0.89Å) is greater than that of Sn4+ (0.69 Å), therefore, the lattice constant increased after the 

doping process. 
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Figure 2. The variation of total energy as a function of volume for YxSn1-xO2 with x = 0, 6.25% and 12.5% 

using GGA. 
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Table 1. Equilibrium structural parameters: a0 (Å), c (Å), c/a, internal parameter u, unit cell 

volume V (Å3), bulk modulus B0 (GPa) and its pressure derivative B0
’ at zero pressure of 

YxSn1-xO2 (x=0, 0.0625, 0.125), in comparison with other calculations and the available 

data of experiments. 

System a0 (Å) c (Å) c/a u V (Å)3 B0(GPa) Ecoh(eV) 

 

 

SnO2 

 

4.831* 3.233* 0.671* 0.306* 75.83* 197.39* 26.073* 

 3.288a 

3.194b 

3.236c
 

0.673 a 

0.672d 

 

0.307e 

0.306f0.3061g 

78.44h 

68.76i 

71.49j
 

204.5a 

244.7f 

181k 

 

 3.186m  
 

 212l  

Y0.0625Sn0.9375O2 4.847* 3.252* 0.672* 0.344* 76.57* 187.19* 26.888* 

Y0.125Sn0.875O2 4.871* 3.301* 0.677* 0.346* 78.34* 145.28* 27.287* 

*Present calculations, 

aRef. [42], bRef. [43], cRef. [44], dRef. [45], eRef. [46], fRef. [41], gRef. [40] , hRef. [47], iRef. [48], jRef. [49], 

kRef. [50], lRef. [51]Experiment, mRef. [52]Experiment. 

 

3.2. Electronic properties. 

3.2.1. Band structure 

The combination of the En (k) curves represent the electron dispersion curves in the 

crystal: also known as the band structure. In the same way that it is necessary to know V(r) on 

the elementary cell of the crystal; the curves En (k) have the same symmetry as the reciprocal 

space and it is sufficient to describe En(k) in the first Brillouin zone. We have calculated the 

band structure of YxSn1-xO2 with (x=0, 0.0625 and 0.125) with the GGA and GGA + TB-mBJ 

approximations, using the FP-LAPW method. We have plotted this band structure following 

the points and directions of high symmetry in the first Brillouin zone. The corresponding 

band structure is shown in Figure 3. 

Both the maximum and minimum of the valence and conduction bands are expressed as 

follow the point of high symmetry Γ, indicating a direct transition (Γ-Γ). The table 2 contains 

the different gap values of the studied compounds calculated by the approximation GGA and 

GGA + TB-mBJ and compared with other results. The difference between the value of the 

gap obtained from GGA-PBE and that of the experiment is due to usual underestimation of 

GGA for the energy gaps compared to those of the experiment. To overcome this problem, 

we have used the method named TB-mBJ, which has the role of correcting the gap to 

confront the experimental values. We note that our results of pure SnO2 are very comparable 

to experimental data. To the best of our knowledge, neither experimental nor theoretical data 
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related to electronic properties of Y0.0625Sn0.9375O2 and Y0.125Sn0.875O2 materials are available. 

When an Y3+ substitutes the Sn4+ in the SnO2 host lattice, it leaves one hole in the valence 

band and contributes to offset the relative position of the Fermi level with respect to the top of 

the valence band. This leads to acceptor-like energy band around the VBM. Hence Y doped 

SnO2 is an extrinsic semiconductor with a p-type conduction characteristic in the ideal diluted 

system. However, experimentally the charge neutrally is disturbed due to this replacement, 

hence the system search the neutral configuration with the compensation of vacancies, which 

is not taken in the present work. 
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Figure 3. Band structures of pure SnO2 (a),Y0.0625Sn0.9375O2 (b), and Y0.125Sn0.875O2 (c) using GGA(left panel) 

and GGA+ TB-mBJ (right panel). 
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Table2: Calculated band gap of YxSn1-xO2(x=0, 0.0625 and 0.125) with GGA and GGA + 

TB-mBJ approximations, compared with the theoretical and experimental values. 

Gap energyEg (eV) 

Compound This work Other works Experimental results 

 GGA TB-mBJ GGA TB-mBJ  

SnO2 0.607 2.524 1.07 [45] 

0.832[55] 

2.84[45] 

2.86[54] 

2.76[55] 

         2.76 [45]3.6 [53] 

Y0.0625Sn0.9375O2 0.843 2.678 - - - 

Y0.125Sn0.875O2 0.933 2.847 - - - 

 

3.2.2 Density of state (DOS)  

The density of states of these compounds is calculated by the tetrahedron method [56], 

which requires a large number of special points in the Brillouin zone. A number of 168 

special points is used for pure SnO2 semiconducting material, while 87 points is used for the 

other concentrations. The total and partial densities of states (TDOS and PDOS) of pure and 

yttrium doped SnO2 with concentrations 6.25% and 12.5% are presented in Figure 4. For pure 

SnO2 the valence band is dominated by a mixing between the Sn-5s and Sn-4d states and the 

O-2p state. The conduction band is derived mainly from the Sn-5s and O-2p. In the case of 

doped SnO2, a Fermi level shift appears in the valence band. In the vicinity of the Fermi level 

it is characterized mainly by Y-4d and may be responsible firstly for the extrinsic electrical 

conductivity caused by the doping of SnO2 by yttrium. Concerning the valence band, we see 

that the region between -8 eV and 0 eV is characterized by Sn-5s, Y-4d and O-2p with a small 

contribution of Sn-4d states. The conduction band is derived mainly from Sn-5s and Y-4d. 

From Figure 5, the existence of O-2p states over the Fermi level suggests a shift of 

charge balance between the metallic and oxide lattice sites, such that the lower valency of Y+3 

compared to Sn+4 contributes to shifts of the Fermi level into the valence band. The impurity 

levels are introduced above the Fermi energy and it situated at about 0.18 eV (0.21 eV) for 

6.25% (12.5%) doping concentrations. We observed that the magnitude of impurity levels 

increases with the Y concentrations and is consistent with the difference of valence between 

Sn and Y, and indicates that each Y dopant offers a hole as a charge carrier in the SnO2 host 

lattice. In addition, the position of conduction band edge move slightly to higher energy in the 

band gap structure. This situation is observed in the SnO2 doped Scandium [23] which the 

band gap becomes bigger than the band gap of pure SnO2. The main reason in the broadening 

of the band gap are the 2p-O and Sn-5s orbitals that operate in the top of VBM and the 

bottom of CBM respectively affecting by Yttrium doping. 
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Figure 4. Total and partial DOS of(a) pure SnO2,(b)Y0.0625Sn0.9375O2, and (c) Y0.125Sn0.875O2using GGA+ TB-

mBJ  

 

 

 

 

 

 

 

 
 

 

 

 

 

Figure 5. Compared orbitals in the top VBM and bottom CBM using GGA+ TB-mBJ 
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3.4. Optical properties 

 The optical properties of a material subjected to the effect of an external excitation 

(radiation) are described by the dielectric function ε(ω). The determination of the real and 

imaginary parts of the dielectric function allows us to evaluate other important optical 

properties, such as optical absorption refractive index and reflectivity. The measurable 

quantity that represents an important observable in the optical properties is the dielectric 

function ε (ω) of the system where it is presented in complex form by [57] 

 

      𝜀(𝜔) = 𝜀1(𝜔) +  𝑖𝜀2(𝜔)                                        (5) 

 

with the real part ( )1  describing polarization, which represents the dispersion of the 

incident photons by the materials and the imaginary part ( ) 2  describing absorption, which 

results from the inter-band transition between the occupied states in the valence band and the 

unoccupied states in the conduction band, the both quantities are related by the Kramers-

Kronig equations [59,60]: 

    
( )





−


+=

0

22

2
1

2
1)( Ed

EE

EE
E




                                           (6) 

    
( )





−


−=

0

22

1
2

2
)( Ed

EE

EE
E




                                            (7) 

 

where . hE ==  design the photon energy. The Kramers–Krönig relations permit us to 

determine either the real or the imaginary component if the other is known for all frequencies. 

( ) 2  is evaluated from momentum matrix elements given by the following relation [61]: 

 

    ( )
( )

( ) ( )( )  −−=
cv BZ

vcI kEkEvkPck
dk

m

e

,

2

32
2

2

²²3

²²4





            (8) 

 

where c, v and PI represents conduction band, valence band and momentum operator 

respectively. vk , ck represents the Bloch functions for the valence band and conduction 

band respectively. The summation is done on all the states of the irreducible zone of Brillouin 

(IBZ).The optical constants can be extracted from the knowledge of ( )1  and ( ) 2  using 

the following relation 
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                                                         ( ) ( )



 k

4
=                                                                         (11) 

 

wherein (ω), R(ω), () and () denoted the refraction index, Reflectivity, Absorption 

coefficient and Extinction index respectively. 

Figure 6 illustrate the variation of the real and imaginary part of the dielectric function 

as a function of the different yttrium doping concentrations. The energy threshold for pure 

SnO2 is 1.109 eV, which corresponds to the transition between O-2p located at the valence 

band maximum and Sn-5s located at the conduction band maximum and the threshold energy 

equals for the doping case to 0.106 eV and 0.094 eV for the concentration 6.25% and 12.5%, 

respectively. This decrease in energy is effectively due to the increase of occupied states. The 

first peak energy for the 6.25% Y concentration observed in the imaginary part (ԑ2) is a value 

of 0.237 eV, it is dominated by the electronic transition from the acceptor states the Y-4d 

state to the unoccupied states of the conduction band above the Fermi level. This means that 

the electrical conductivity of Yttrium-doped SnO2 can improve from low excitation energy, 

which is useful for transparent conducting electrode device. However, the first peak energy is 

dislocated in 0.289eV for the 12.5% yttrium concentration. 

The reflectivity of light is important in the calculation of optical properties; it is 

sensitive to the complicated combination of the dielectric function. We present a 

performance comparison between the reflectivity curves of pure SnO2 and doped with 6.25 

and 12.5% as a function of wavelength (Figure 7(a)). All concentrations show low average 

reflectivity less than 15% in the visible light and UV regions and less in the near infrared 

region. The Figure 7(a) shows oscillations in reflectivity, which decrease with the Y 

concentrations. Figure 7(b) shows the variation of absorption coefficient as a function of 

wavelength (nm) for 0%, 6.25% and 12.5% Yttrium concentrations. It is confirmed that all 

concentrations are characterized by low absorption in the visible and near infrared region. It 

can be seen that the 6.25% concentration shows slightly low absorption compared to the 

12.5% concentration. Low reflectivity together with low absorption in the visible light and 

near infrared regions leads to considered transmittance of undoped SnO2, regarding the 
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experimental data on the SnO2 rutile thin film [62,63] shows an excellent optical transparency 

along the visible range with an average of 83%. Regarding to the experiments when we 

considered all conditions, the decreasing transmittance results at increasing Yttrium doping. 

In fact, the increasing Y3+doping levels induces to the increasing of scattering of photon 

through its crystal defects mainly the oxygen vacancies created by doping, hence the 

absorption edge gradually shifted to a low energy region [64]. Changmin et al. [65] reported 

that the dopant Y could successfully control the free carrier concentration by suppressing the 

formation of oxygen vacancy inside SnO2 semiconductors due to its lower electronegativity 

(1.22) and standard electrode potential (-2.38V) with increasing Y to fabricate Y-doped SnO2 

thin film transistor [65]. While, in the ideal diluted system, the results allow us to assess that 

the transmittance of doped SnO2 can be gradually increases in the visible light and near 

infrared (NIR) ranges owing to the low absorption and the area reflectivity in this range. 

Furthermore, the optical transmittance enhances with incorporation of Y dopant that is 

required for transparent conducting application. 

 

 

 

 

 

 

 

Figure 6. Real part(a) and imaginary part(b) of the dielectric function of pure SnO2 and SnO2Y-doped with 6.25 

and 12.5%, using GGA+TB-mBJ 

 

 

 

 

 

  

 

 

 

Figure 7. Reflectivity(a) and absorption (b) as a function of the wavelength () of pure SnO2, SnO2Y-doped 

with 6.25 and 12.5%, using GGA+TB-mBJ. 
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4. Conclusion 

We have investigated the structural, electronic and optical of pure and Y-doped SnO2. 

We first study the effect of dopant on the host lattice and reveal that the doping of Y element 

in the SnO2 lattice induces the increase of the lattice constant. We show, using GGA and mBJ 

methods that the pure SnO2 exhibits a direct band gap at  point and is in agreement with 

experimental results. For the doped system, the Fermi level is displaced into the valence band 

producing a p-type semiconductor characteristic owing to 4d-Y orbital. Additionally, the band 

gaps are broadened by doping. The optical response shows a low absorption and area 

reflectivity in visible light and infrared ranges depicting that the intrinsic band gap of SnO2 

was affected by the doping. Furthermore, the optical transmittance enhances with the 

incorporation of Y dopant that is required for transparent conducting application. 
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