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ABSTRACT 

In this report, the optical properties of Ta doped SrTiO3 (STO) due to its potential in transparent 

conducting oxides (TCOs) is explored by a combination of theoretical studies based on density functional 

theory and spectroscopic ellipsometry. To achieve this theoretically, we vary the concentration of Ta from 

0 - 12.5% in SrTi1-xTaxO3 system by substitutional doping and report its effect on the resulting structural, 

chemical, electronic, chemical, and optical properties. Additionally, we perform band unfolding to shed 

light on the true nature of optical transitions due to Ta doping. We verify these results experimentally by 

fabricating epitaxial SrTi1-xTaxO3 thin films ( x = 0 - 5%) by pulsed laser deposition and obtain the optical 

dielectric properties of the system with the help of spectroscopic ellipsometry. By combining theoretical 

and experimental studies, we provide evidence that the band gap of STO increases due to Ta doping while 

also enhancing its electronic properties. The findings of our study offer an extensive understanding of the 

intricacies associated with elemental doping in perovskite oxides and propose strategies for addressing 

obstacles associated with TCOs.  
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I. INTRODUCTION 

A wide variety of conventional devices, including light-emitting diodes (LEDs), solar cells, touch screens, 

and smart glasses, rely on the use of transparent-conducting electrode that combines high conductivity 

with excellent transparency in the visible spectrum [1–6]. In the quest for high-performance transparent-

conducting materials (TCMs), various oxides, such as tin-doped indium oxides (ITO) [7], Al-doped 

ZnO [8], Sb-doped SnO2 [9], amid others, have been the subject of extensive research over the past two 

decades. Out of these materials, ITO stands out as an ideal candidate for widespread application in the 

optoelectronic industry due to its tunable band gap of 3.27 to 3.75 eV, minimal absorption peaks in the 

UV-Visible-NIR regions, and fabrication compatibility with present semiconductor technologies. 

However, multiple reports have emphasized the urgent need to explore alternatives to ITO due to the 

supply risk of indium [10,11]. Among the plethora of materials explored as alternatives to ITO, SrTiO3 

(STO) has shown great promise as a TCM because of its compatible physical properties, ease of 

fabrication, cost-effectiveness, and abundant availability in nature [12]. Pristine STO exhibits very high 

transmittance in the visible region of the spectrum (~ 90 %), accompanied by a large band gap of 3.25 

eV [13,14]. However, owing to its inherent electrically insulating nature, it is essential to introduce doping 

in STO to improve its electrical conductivity, effectively converting it from an insulator to a metal oxide. 

Beyond its possible application in the optoelectronic industry, doped STO also holds substantial potential 

in various other fields, including photocatalysis, thermoelectricity, hydrogen fuel cells, gas sensing, and 

low-temperature superconductivity [15–20]. 

In the pursuit of exploring promising dopants to create n-type STO, several works have explored the 

potential of Ta, whether as a primary or a co-dopant at the Ti site of STO. For instance, by conducting 

theoretical studies on the 12.5% Ta-doped STO system, Hou et al. [21] found that Ta effectively donates 

its electrons to the conduction band of STO without modifying its electronic band gap. Their study further 

revealed that akin to the pristine system, Ta-doped STO is also non-magnetic. On the contrary, Modak et 

al. and Liu et al. reported that the (Ta, Rh) and (Ta, N) co-dopant pair reduces the band gap of STO [22,23], 



consequently enhancing its visible light activity. Moriga et al. [24] have shown that Ta-doped cubic STO 

is stable only in a broad concentration range of Ta doping (~20%), which has been confirmed 

independently by Yaremchemko et al. [25]. Nevertheless, it is crucial to mention that most of these 

previous studies have primarily focused on understanding the electronic, optical, and transport properties 

of Ta-doped SrTiO3 for photocatalysis and thermoelectric device applications. To effectively utilize STO 

as a TCM, it is crucial to comprehend the complexities associated with the variations in band gap, 

transmittance, and electrical conductivity of STO in relation to different concentrations of Ta doping. In 

a connected  previously reported work [26,27], we have shown that 5% Ta-doped STO thin film possesses 

a remarkable transmittance (~ 80-90%), a low electrical resistivity in the range of 5 mΩ-cm, and a 

comparably high charge-carrier mobility of 5 cm2V-1s-1 at room temperature, making it an exciting 

material for transparent conducting applications. However, before integrating Ta-doped STO into 

optoelectronic-based devices, it is crucial to thoroughly investigate the impact of Ta-doping on the 

variation of the band gap of STO. This aspect of research has not been extensively studied and calls for 

detailed exploration through both theory and experiment. 

Furthermore, it is worth noting that previous theoretical reports on electron-doped STO have not been 

able to adequately explain the observed trends in experimentally obtained band gaps. For instance, Chen 

et al. [28] have demonstrated an indirect nature  upon electron doping of STO, whereas Hou et al. [21] 

have reported a direct transition. This issue arises from the use of supercell approach to simulate doping 

behaviour, which folds the band structure in the first Brioullin zone. Consequently, the results obtained 

might not provide an accurate description of the band structure which can be seen experimentally from 

ARPES studies [29]. This dispute regarding the characteristic of band dispersion can be resolved through 

employing the methodology proposed by Popescu et al. and others  [30–35] to unfold the band structure, 

revealing correct band dispersion and determination of the nature of band gap.  Another key consideration 

during doping is the interplay between various factors such as the Moss-Burstein effect, band gap 

renormalization, electron-impurity interaction, and electron-phonon interaction [36–38]. Due to band 



filling, the MB effect widens the band gap in doped systems [39,40]; however, other factors counteract 

this MB effect and cause the band gap to contract [15,41]. In order to ascertain the complications 

introduced by doping and validate the theoretical models, experimental determination of the optical 

properties is also crucial. 

Hence in this work, we combine theoretical and experimental studies to understand the effect of Ta doping 

on the optical properties of STO for fabrication of new generation of TCOs. The theoretical studies are 

first reported in detail to shed light on the effect of Ta on the structural, electronic, chemical, and finally 

the optical properties. On the experimental side, thin films of epitaxial Ta doped STO are grown by pulsed 

laser deposition and consequently optical properties are obtained by spectroscopic ellipsometry. The 

evolution of band gaps obtained theoretically is compared with the experimental results. The comparison 

of theoretical and experimental results illustrates the band gap variation due to doping in STO saturates 

at ~10% doping and larger doping has no significant effect on the transparency of STO in the visible 

spectrum due to the inter-competing effects as mentioned in the preceding paragraph . 

 

II. METHODS 

A. Computational Methods  

We carry out the first principles based density functional theory (DFT) calculations using the Vienna ab 

initio simulation package (VASP) based on projector augmented wave (PAW)  [42] pseudopotentials. We 

chose a cut-off kinetic energy of 600 eV, which is 1.5 times the energy cutoff of O ions. Both the lattice 

and bond length are allowed to relax till the energy convergence criterion of 10-6 eV with Hellman-

Feynman forces on each atom at 10-3 eV/Å is attained. Gamma centered Monkhorst-Pack grid with a 

resolution of 0.02 Å-1 is chosen for obtaining a higher accuracy in the total energy. Four different 

structures corresponding to different level of doping are studied. A primitive of STO with space group 

Pm3"m contains 5 atoms and has a lattice parameter of 3.905 Å (Figure 1(a)). The k-point mesh for this is 

13×13×13 for maintaining a 0.02 Å-1 resolution. To simulate the doped system, one Ti atom is replaced 



by one Ta atom in the supercells of size 4×4×4 (320 atoms), 3×3×3 (135 atoms), and 2×2×2 (40 atoms) 

to get a corresponding doping percentage of 1.6%, 3.7%, 12.5%, respectively. The k-point mesh is chosen 

accordingly to maintain this resolution, i.e., 4×4×4, 5×5×5, and 7×7×7 for 1.6%, 3.7%, and 12.5%, 

respectively. Two different exchange correlation functionals, namely PBE [43] and HSE06 [44,45] are 

utilized to obtain the electronic properties. The band unfolding is done with the use of BandUP [46,47] 

package developed by Medeiros et al. The frequency-dependent optical studies are performed to obtain 

the absorption spectrum.  

 

B. Experimental Methods 

Epitaxial films of 0, 2%, and 5% Ta doped STO are grown on LaAlO3 (001) substrates with the help of 

pulsed laser deposition (PLD). All these samples have a same growth condition i.e., a growth temperature 

(Tg) of 750°C, laser energy density of 1.5 J/cm2 and oxygen partial pressure (pO2) of 10-5 mbar. The 

thicknesses of these films range are in ~100-130 nm range. Measurements of optical properties are carried 

out with the help of variable angle spectroscopic ellipsometer (VASE) (model M-2000-UI, J. A. Woollam, 

USA) in the standard geometry. The schematic of VASE is given in Figure 1(b). The measurement is 

taken at 3 different angles of 55°, 60° and 65° to get reliant optical characteristics. The modelling is done 

by the CompleteEASE software package. Other details and results on the structural, chemical and 

electronic properties has been reported elsewhere [26,27]. 



 

Figure 1: (a) Unit cell of STO, and (b) schematic of spectroscopic ellipsometer measurement. 

 

III. RESULTS AND DISCUSSION 

A. Structural and chemical properties of pure and Ta doped STO 

To gain insights into the impact of Ta doping on the structural stability of STO, we begin by computing 

dopant formation energy for Ta substitution in STO at different concentrations of doping, ranging from 

1.6% to 12.5 at.%. The primitive cell structure of STO is shown in Fig. 1(a). At room temperature, the 

compound crystallizes in a cubic perovskite structure with space group Pm3"m. It can be seen from Fig. 

1(a) that the cubic structure of STO exhibits pure centrosymmetry with the Ti atom residing at the center 

of the octahedron formed by six O2- anions, while the Sr atoms occupy the eightfold corner-sharing 

positions. Within the DFT-PBE theory, we obtain the lattice constant of STO to be 3.942 Å which shows 

a very good agreement with experiments (3.905 Å), as well as previous reports  [48]. This primitive 

structure of STO is thus adopted as the basis for designing all the Ta doped supercells in the present study. 

Considering the fact that Ta atoms preferentially occupy Ti sites rather than Sr sites [23], this study 

exclusively concentrates on the substitution of Ti atoms with Ta. Herein, we particularly choose three Ta-

doped systems of STO with dopant concentrations of 1.6, 3.7, and 12.5 at.%. These systems are realized 



theoretically by employing three different supercells of STO, i.e., 2×2×2, 3×3×3, and 4×4×4 supercells, 

and replacing one Ti atom with Ta in each supercell. Prior to the analysis of the stability and structural 

properties, the doped structures are unbiasedly relaxed until the forces between each pair of atoms are less 

than 1 meV/Å. The dopant formation energy (Ef) is then calculated using the following equation [28] 

Ef = (Edoped + μTi) – (Epure + μTa)                                           (1) 

where Edoped and Epure represent the total energy of the supercell with and without the Ta dopant, 

receptively, and μTi (μTa) is the chemical potential of Ti (Ta) atom, defined as the energy per atom of its 

room-temperature stable phase having symmetry P63/mmc (P42/mnm) [49]. The corresponding results 

together with the calculated lattice parameter and nearest neighbor atomic bond length for both pure and 

examined doped systems are given in Table 1. Theoretically, a lower dopant formation energy signifies a 

higher stability of the doped structure and an increased solubility of the dopant within the lattice. In light 

of this, the small positive dopant formation energies of the 1.6% and 3.7% Ta-doped STO systems, in 

comparison to the 12.5% Ta-doped STO, suggest that although not occurring spontaneously, these dopant 

concentrations can be easily introduced into the pristine system using standard experimental techniques. 

Although, it is important to mention here that the dopant formation energy of the 12.5% Ta-doped STO 

is much smaller than the 12.5% M-doped STO (where M = Mn, Ru, Rh, Pd, Ir, and Pt [15,16,21,28,50–

54]); among them, some were experimentally studied  [55–57]. Further, Ta doping as high as ~20% has 

been experimentally fabricated and studied in ref.  [24,25]. 

 The increase in doping concentrations leads to an increase in the lattice parameter of the pure STO. 

Indeed, our study finds that in accordance with Vegard's law, the lattice parameters exhibit a linear 

relationship with the carrier concentrations, as illustrated in Fig. S2 of the Supporting Information (SI).  

 

 

 



Table 1: The obtained lattice parameter, formation energy, and the bond lengths of Ta-doped STO system at different concentration. The 

effect of doping on the local structure distortion is seen clearly due to the introduction of Ta.  

  

In our previous work, we demonstrated that the theoretical increase of the lattice parameter of Ta doped 

STO (1.6% to 12.5% doped) is consistent with experimental measurements and is the combined result of 

three competing effects: (i) the size of the Ta dopant, (ii) the deformation potential caused by hydrostatic 

strains, and (iii) the density of free and compensating carriers [27]. Although, one can find from Table 1 

that the lattice parameter of doped systems exhibits only a little increase compared to the pristine STO, 

indicating no significant structural changes in STO upon low Ta doping. Our study, as expected, finds 

that due to the similarity in ionic radii between Ti and Ta (60.5 pm and 64.0 pm [58], respectively), the 

Ta-O bond length (1.981 Å) in the doped system is very similar to that of Ti-O (1.971 Å), which 

consequently leads to no significant change in the lattice parameter of the pure system following the 

doping process. However, similar to previous theoretical works  [23,28], our DFT calculations identify a 

noticeable lattice distortion near the dopant site due to the alternation of Ti-O bond length and Ti-O-Ti 

bond angle. Under the doping of Ta, the nearest neighbour Ti-O bond length and the corresponding TiO6 

octahedra undergo shrinkage to accommodate the slightly larger Ta-ion in the Ti site, leading to stretching 

and shrinking of  

Ti-O bonds away and towards the defect, respectively (see Fig. S2 in SI). Although, one can further see 

from Table 1, this bond length alternation is very localized and diminishes rapidly away from the defect 

System  
(% 
doped 
Ta) 

Lattice 
Parameter 
(Å) 

Formation 
Energy 
(Kcal/mol
) 

Sr-O Bond length (Å)                   Ti-O  Bond Length (Å) Ta-O 
  
(Å) 
      

1st 
Neighbour 

2nd 
Neighbour 

3rd 
Neighbour 

1st 
Neighbour 

2nd 
Neighbour 

3rd 

Neighbour 

 

Pure 3.942  -- 2.787 -- -- 1.971 -- -- -- 

1.6% 3.944 6.262 2.837 2.788 2.775 1.930 -
2.005 

1.970-
1.976 

1.969-
1.973 

1.981 

3.7 % 3.948 7.581 2.845 2.799 2.787 1.942-
1.997 

1.972-
1.978 

1.969-
1.972 

1.981 

12.5 % 3.960 10.934 2.850 2.801 2.801 1.983 1.978 1.978 1.982 



center. The same is true for Sr-O bond length which increases around the dopant site due to the shrinkage 

of the Ti-O bond length. 

Table 2: Bader charge analysis of the Ti and Ta ions in different supercells showing the change in oxidation states of Ti as result of Ta 

doping.    

System 

(Ta (%)) 

Ti 

(𝒆") 

Ta 

(𝒆") 

Pure (No Ta) 3.515 -- 

1.6 % 3.45 4.85 

3.7% 3.39 4.72 

12.5% 3.25 4.43 

 

We next turn our attention to explore the impact of Ta doping on the change of chemical state of the ions 

in STO. In our previous experimental study of the electronic properties of the Ta doped STO (2% to 10% 

doped), we showed that the measured room-temperature charge carrier density of the examined systems 

is about 46-75% of the nominal charge carrier density, where the latter is calculated under the assumption 

that each Ta ion present in the system contributes one free electron to the system [27]. These charge 

carriers compensation originates from different types of anion and cation defects [25,59], as confirmed 

by previous XPS studies [26]. We reported that under doping of Ta and in the presence of O site defects, 

some Ti changes its valence state from Ti4+ to Ti3+, and even to Ti2+. Besides, Ta is also found to exist in 

a combination of two oxidation states, namely Ta5+ and Ta4+. Ta4+ contributes one free electron to the 

system, whereas the electrons around Ta5+ are highly localized, as a result of which the samples are not 

completely ionized.  

  



To further establish the effect of doping on the change of oxidation state of the Ti and Ta ions in doped 

STO, we here perform the Bader charge analysis of the atoms for both pure and doped systems, as reported 

in Table 2. Our study finds that the increase of Ta doping in STO slightly reduces the average charge on 

Ti ions as compared to the pristine system, indicating that some Ti atoms will move from +4 to some 

lower oxidation states, such as Ti3+, due to the doping of Ta. The reduction of oxidation state of Ti 

compensates any free electrons present in the system and therefore decreases the conductivity of the 

system. The Bader charge of Ta is also found to decrease monotonically as the concentration of Ta 

increases in the system, with values changing from 4.85 𝑒̅ at 1.6% doping to 4.43 𝑒̅ at 12.5% doping. This 

reduction indicates that with the increase of doping, some Ta atoms will change its valency from 5+ to a 

lower oxidation state, such as Ta4+, and release some electrons to the system. Given that the relative 

decrease in the Bader charge of Ta with increasing doping is comparatively greater than that of Ti, the 

free carrier density rises as doping increases. This, in turn, establishes why the measured charge 

compensation in Ta doped STO system decreases with the increase of doping. 

 

B. Electronic Properties of pure and Ta doped STO 

To unveil the impact of Ta doping on the electronic properties of STO, we next conduct a comparative 

first-principles study of the band structures and density of states of pristine and doped STO. It is well 

known that the accuracy of DFT in studying the electronic properties of matter is largely dependent on 

the choice of the exchange-correlation (xc) functional. In this study, we therefore considered two xc- 

functionals, namely PBE and HSE06, to assess their capability in accurately predicting the optoelectronic 

properties of STO, as compared to experimental measurements. Figure 2 represents the electronic band 

structures of pure STO obtained using both two xc-functionals. We find that the nature of band dispersion 

of STO throughout the whole Brillouin zone (Fig. 2(a) and (b)) remains consistent for both the functionals 

and matches well with the experimental band structure of STO studied by ARPES [29]. However, as 

expected, the PBE-functional significantly underestimates the electronic band gap of STO (1.87 eV, 



R→𝚪), while HSE06 predicts the band gap to be 3.16 eV, closely matching the experimental band gap of 

3.25 eV. Therefore, unless explicitly mentioned, we consider the HSE06 functional for studying the 

electronic properties of the pure and doped STO. 

Figure 2: Band structure of pure SrTiO3 as obtained from a) PBE and b) HSE06 functional. The band gaps obtained for R→Γ are 1.87 and 
3.16 eV respectively. 



 

 

Figure 3: DOS and PDOS of a) Pure b) 1.6% c) 3.7 % and d) 12.5 % Ta doped STO denoting the shift of the Fermi level (shown by green 
dashed lines) deep inside the conduction band. 
 



Here, we first focus on the change in the density of states (DOS) of STO due to doping. As shown in 

Figure 3(a), the valence bands of pure STO near the Fermi level (indicated by dashed green-line) is 

dominated by the O 2p-Ti 3d hybridized orbitals, while the bottom of the conduction bands is primarily 

governed by the empty Ti-3d states, with a very small contribution from the O-2p states. The Sr-3d 

orbitals, however, have been found not to contribute to total DOS near the Fermi level, in accordance with 

the nearly full ionic character of the Sr ions. In other words, the Sr atoms only participate in creating the 

perovskite structure but do not affect the electronic structure of STO around the Fermi level. Our DOS 

studies highlight that STO undergoes transition from insulating-to-semiconducting state under doping of 

Ta. As discussed above, the introduction of Ta into the crystal of STO contributes electrons to the system. 

These free electrons fill up the low-lying empty conduction bands of STO, which makes the doped 

systems into a n-type semiconductor. Because of doping, the Fermi level shifts into the conduction band 

and progressively embeds itself deeper with increasing doping levels, as shown in Fig. 3 (b), (c), and (d). 

As a result, the electrons now need to gain an extra energy ∆E (see Fig. 4(a)) for transition from the VBM 

to the empty conduction states, which is familiarly known as the Moss-Burstein shift [39,40]. Electrons 

present in the lower level of the conduction bands (i.e., below the Fermi level) can also jump to the empty 

states of the conduction band. These transitions are known as intra-band transitions and are responsible 

for an increase of the metallic conductivity of material. The increase of inter band-gap, i.e., the gap 

between the VBM and the Fermi level as well as ∆E, as a function of doping are demonstrated in Figure 

4(b). While it may appear that both inter- and intra-band gap increases linearly with rising doping 

concentrations, this is not the case in reality due to the strong influence of selection rules on electron 

transitions as well as electron-electron interactions that arises due a large number of free carriers in the 

system. This is clearly seen in Figure 4(b), that as the doping concentration reaches ~10%, Eopt as well as 

∆E, begins to saturate at around a constant value of ~3.5eV and 0.2eV. This saturation of band gap value 

cannot be explained by band structure studies alone, and studying the optical band gap of the materials 

through frequency dependent  dielectric function  becomes essential to accurately understand the variation 



of band gap under doping. This aspect has been examined in detail in the next section through a 

combination of theoretical analysis and experimental measurements. 

 

Figure 4: (a) Left side shows the band gap for pure semiconductors and the Moss-Burstein shift of doped semiconductors is seen on the right 

side. It clearly depicts the increase of band gap due to the introduction of electrons in the conduction bands. (b) Variation in the band gap as 

a function of the doping for the two different exchange correlation functional. 

 

Moreover, our study of the partial density of states (pDOS) of STO reveals that the d-orbitals of Ti splits 

into triply degenerate t2g (dxy, dyz and dzx) and doubly degenerate eg (dz2- x2 and dx2 – y2) orbitals, with latter 

orbitals situated higher in energy than former. The experimental confirmation of such splitting is evident 

from XAS [60–62] and PIXE [63] investigations conducted on STO thin films and single crystals. The 

crystal field splitting is also seen in the doped systems as well. However, in this case, the Fermi level 

intersects the low lying t2g states of Ti and Ta, as seen in Fig. 3 (b), (c), and (d). This suggests that the 

metallic conductivity of the doped system arises from the electrons filling in the t2g states of Ti and Ta. 

The pDOS for Ta shown in in Figure S4. 



We now focus on investigating the modification in the nature of the band gap of STO resulting from the 

doping of Ta. It is known that the incorporation of supercell in DFT calculations introduces some spurious 

bands in the band dispersion due to the band-folding effect. In this case, it becomes necessary to unfold 

the DFT band structure to accurately determine the nature of band gap. In order to overcome this 

shortcoming, we utilize the BandUP [46,47] code to unfold the band structures of the examined doped 

systems. Given that the PBE functional provides an accurate depiction of band dispersion of STO, we rely 

on the same functional in this context as seen in Figure S5. The unfolded band structures of 2×2×2, 3×3×3, 

and 4×4×4 Ta doped supercells of STO are shown in Figure 5 (a), (b), and (c), respectively. There are 

several reports that suggest a change from indirect to direct band gap of STO through doping, strain, or 

vacancy effects [21,64]. However, in our study, we do not observe such a change due to doping of Ta. As 

can be seen in Figure 5, the introduction of dopants to the STO lattice introduces a few new bands in the 

band structures. However, since these new bands are far from the Fermi level, they have no effects on the 

effective mass of electrons near the CBM and hence to the mobility. This was clearly demonstrated in the 

case of Nb/ La doped STO, another n-type STO, where mobilities and effective mass of this doped system 

undergoes a minimal change for low to moderate doping levels of Nb [12,65]. Moreover, the ARPES 

study on Nb doped STO has also been found not to show a significant change in the band structure, as 

compared to the pristine system [29]. Thus, it is expected that the mobility and the nature of band 

dispersion of low Ta doped STO will remain consistent as the pristine system. In fact, such changes have 

been reported by Yaremchenko et al. [25], where they found no significant change in the mobility (~5 

cm2V-1s-1) and effective mass (~ 1.2 me) up to 20% Ta doped STO, in agreement to our previous 

report [26,27]. 

 



 

 

Figure 5: Unfolded band structure of different concentrations (a) 1.6 %, (b) 3.7%, (c) 12.5%. The color spectrum at the bottom of each 

represents the spectral weight density of electrons and are required to unfold the band structure effectively (See Medeiros et al. for 

theory  [47]). The extra bands have very low spectral density, but the CBM and VBM have same spectral density as for pure STO.  

 

C. Optical characterization 

Before commenting on the nature and evolution of band gaps obtained in the above section, we first 

determine the optical band gaps experimentally. For this, epitaxial thin films of SrTi1-xTaxO3 (x = 0, 0.02, 

and 0.05) are fabricated on LAO substrates with the help of PLD. The thicknesses of the thin films 

obtained through RBS is ~100 - 130nm respectively. During growth of the thin films, the partial pressure 

(pO2) is kept constant at 5×10-5 mbar to remove any unwanted defects and vacancies that arises during 

the film growth process. This helps to maintain the stoichiometry of all the samples even with the doped 

samples. Our previous studies as well as other reports have shown that the samples do not exhibit a large 

compressive strain, which might be introduced due to the substrate (LAO, a ~ 3.79 Å), and are already 

relaxed at thicknesses above 80 nm. The thin films are thus expected to be in cubic-type phase, the same 

structure that we have used for the theoretical calculations. 

The optical characteristics of the thin films are verified through the use of spectroscopic ellipsometer (SE). 

SE is a non-destructive technique that can provide information on the thickness, optical functions, surface 



roughness, interface features in much more detail than ordinary methods. The fundamental equation in 

ellipsometry is given by [66–69], 

𝜌 = !!
!"
= 	tan	𝜓. 𝑒"#                                                            (2) 

where rs and rp represent the complex Fresnel coefficients of perpendicular and parallel polarized light. 𝜌 

is the complex reflectance ratio; 𝜓 describes the ratio change in amplitude between the two polarizations, 

and ∆ represents the phase difference between them. Only the quantities 𝜓 and ∆ are measured by 

ellipsometry. The complex interaction of electromagnetic waves with the sample is all contained within 

the two components. Measurements are taken at different angles to average out the data and to obtain 

consistent properties. Moreover, the extraction of correct optical constants requires some background 

knowledge of the samples regarding their electronic properties, reflectance, and absorbance etc. Then the 

data is fitted by a particular model (or a mix of several models) through non-linear regression algorithms 

and varying the fitting parameters such that the root mean square error (MSE) between the fitted and 

experimental data is as low as possible. After fitting the data properly, the optical functions obtained are 

n, k, ε$, and ε%. Here, n and k are the refractive index and extinction coefficient, respectively, whereas ε$ 

and ε% are the real and imaginary parts of the dielectric function ε	0. They are all interconnected to each 

other by the following equations [67,68]: 

𝑛2 	= 	𝑛 ± 𝑖𝑘                                                                      (3)                 

𝜀̃ 	= 	 𝜀$ ± 𝑖𝜀%                                                                     (4) 

and, 

𝜀	0 	= 	𝑛2%                                                                        (5) 

Furthermore, the absorption coefficient, 𝛼 can be calculated with the help of k, given by the equation 𝛼 = 

4𝜋k/𝜆 where 𝜆 is the wavelength of the light. 

The raw data collected through SE (𝜓 and ∆) can be modelled by various fitting models available. In this 

work, a modified form of Lorentz Oscillator, namely Tauc-Lorentz (TL) Oscillator is utilized to fit the 



data. The TL model incorporates [70,71] an extra term of TL band gap (Eg) apart from the four terms 

present in Lorentz oscillators, namely amplitude parameter (A), broadening parameter (C), peak transition 

energy (𝐸('#)) and energy independent contribution to ɛ1(E). Due to the inclusion of the band gap term, 

this model is shown to be implemented successfully for transparent and slightly absorbing semiconductors 

and provides a correct fit to the complex refractive index, which is necessary to extract all other important 

parameters required for complete studies of the system.  

However, the introduction of free carriers due to doping renders the TL model insufficient to describe the 

optical properties of the system. Moreover, for metals and metallic systems, which have free charge 

carriers, generally the Drude model is successful in explaining the effects of free carrier effects. For 

relatively high doped systems, thus, a combination of Drude and TL oscillators are utilized to understand 

the complexity of the doped systems. This approach has been performed successfully in the past for pure 

and doped ZnO and is shown to be consistent with the experimental observations [70]. The dielectric 

function that combines the two oscillators Drude (ɛD) and TL (𝜀)*) has the equation given by [70]: 

𝜀	(𝐸) 	= 	 𝜀+	 +	𝜀)*(𝐸)                                                              (6) 

where the contribution from the two terms is 

𝜀! = − "!
#"$%&!#

	= 	 %− "!
#"'	&!"

& − 𝑖 %− "!&!
##'&!" #

	&                              (7) 

where AD, GD, and ΓD depicts amplitude, broadening and scattering time, respectively. The equation for 

TL oscillator is  ε)* 	= 	 ε$ ± iε%, where 

𝜀% =	
-.(%#)/	0.%1.'2

(

0.%1.(%#)2
(	
3	/(.%(

$
.%
				(𝐸' 	> 	𝐸4)                                              (8a) 

			𝜀% = 	0	(𝐸' ≤	𝐸4)                                                                              (8b)  



and the real part of the dielectric expression ɛ1(E) can be derived from the Kramers-Kronig relation 

(KKR), given both ɛ1 and ɛ2 are KKR consistent. 

 

Figure 6: Representative ψ and ∆ of the 2% Ta doped sample. The open structures represent raw data and the line represent the fitting. The 

angles are colour coded with the fitting line. (c) and (d) represents the real and imaginary part of the dielectric function. (e) and (f) represents 

the refractive index and extinction coefficient. 



The spectroscopic ellipsometry fitting and extracted parameters obtained are given in Figure 6. Figure 6 

(a) and (b) represents the ψ and ∆ of 2% doped STO while other samples are shown in supplementary 

Figure S6. The data is taken for the wavelength range of 248-1240 nm (or 1-5 eV) at three different angles 

of 55°, 60°, and 65°. The raw data is represented by the open circles and the fitting is shown by a line 

through the open circles in same color. A MSE less than 5% is obtained for each sample with the thickness 

deviation from RBS measurements not more than ± 5 nm. To qualitatively discuss the properties of the 

samples, roughness of the sample is also considered while fitting the data. The average roughness obtained 

for each is ~2 nm, compatible with the AFM data (not shown here. See Ref. [26]). The real and imaginary 

part of the dielectric function is represented in Figure 6(c) and (d). Correspondingly, the refractive index 

(n) and extinction coefficient (k) is shown in Figure 6 (e) and (f).  

The ɛ1 of pure sample that is obtained here matches very well with the previous reports [72]. As seen in 

Figure 6 (c) and (e), the peak position of ɛ1 (and n) shifts towards a higher energy value as a function of 

doping. The peak position of the samples in these figures shows the region of anomalous behaviour, i.e., 

the region around which interband transitions take place.  The shift towards higher energy side signifies 

that a higher energy of excitation is required for the interband transition. It is also seen that the absolute 

value of these terms (ɛ1 and n) decreases upon doping. This is the characteristic of metallic systems, which 

have lower refractive index compared to semiconductor or insulating systems [70]. Both these studies 

prove that the electronic conductivity and the band gap increases as a function of doping, consistent with 

the B-M effect and the theoretical results obtained earlier. The imaginary part of the dielectric effect ɛ2 

and extinction coefficient (k) of the dielectric effect shows the shift of peaks towards higher energy side, 

signifying an increase in the band gap, consistent with the previous behaviour. 

 

 



While the band structure studies shown above are necessary to understand the indirect nature of the Ta 

doped STO band transitions, they still do not provide complete information on the optical properties that 

we obtained from spectroscopic ellipsometry. To observe the complete optical transitions, such as the 

effect of intraband transitions, or free carrier absorption (FCA), and its effect on the optical transmission, 

frequency dependent optical properties are calculated for pure and doped STO systems using HSE06 xc 

as implemented in VASP. The absorption coefficient for pure and doped STO system obtained 

theoretically and experimentally are shown in Figure S7. As seen from the graph, the introduction of Ta 

on STO shifts the first absorption peak to the higher energies, meaning a widening of band gap. The effect 

is minute till 3.7 % followed by a large jump for 12.5% doping. However, near low energies (below 1eV) 

a surprising change is seen. The absorption peak intensity here increases a function of doping, and for 

12.5% doping, the absorption peak spectrum increases appreciably (inset Figure S7(a)). This effect may 

arise due to the intraband transitions between the filled level and the empty levels of conduction band due 

to excess electrons in the system and leads to FCA [73]. This effect is widely known and seen in samples 

exhibiting very high metallicity such as SrNbO3 [74], SrMoO3, and SrVO3 [75,76] etc. The FCA leads to 

an increase in the absorbance below the band edge [73], which results in the deterioration of the optical 

transmittance for heavily doped STO. 

The unfolded band structure obtained earlier now helps to determine the value of n for calculating the 

band gap of the samples using the Tauc’s plot, given by the equation: 

𝛼ℎ𝜈	 = 	𝐴	(ℎ𝜈 − 𝐸4)
$ '5                                                           (9) 



 

Figure 7: (a) Indirect band gap of Ta doped STO obtained by ellipsometry (b) The band gap variation of doped STO as function of carrier 

concentration obtained through all the studies. 

The theoretical studies prove that the band structure remains indirect even up to high doping. As a result, 

the value of n is taken to be ½ for the calculation of the band gap.  The trends of the band gaps obtained 

theoretically and experimentally show excellent agreement. For the sake of completion, we have also 

shown the variation of the band gaps from PBE XC, which agree with the trends observed above. 

Upon doping of Ta in STO, the electronic conductivity of SrTi1-xTaxO3 increases due to the introduction 

of an extra electron in the system. The band gap variation is shown to have a non-linear feature. The band 

gap increase seems to saturate at a constant value at the high doping concentration, both theoretically as 

well as experimentally. As mentioned earlier, due to the alloy formation of SrTi1-xTaxO3 (x = 0 - 0.125), 

the band gap variation is not linear but follows Vegards law in a non-linear manner. Such studies on the 

influence of doping on A and B sites [77] of  BaTiO3-BaZrO3 and BaTiO3-CaTiO3 systems have shown 



that first the band gap increases, followed by a miscibility region where it remains almost constant, 

followed by the region where characteristics of the doped alloy mixture dominates. This is due to two 

competing phenomena of Moss-Burstein shift and the band gap renormalization on the doped 

semiconductors [9]. The band gap narrowing effect is caused by electron-electron and electron-ion 

interactions, as well as the fusion of the impurity band and conduction band. The band gap changes can 

then be calculated by the modified form of Vegards law [77]. In the present case the band gap saturates 

at around 12.5 % theoretically and is expected to remain almost constant till the dominance of SrTaO3 

takes over and a structural transition occurs. Further doping has no large effect on the band gap of STO, 

and a very high doping induces a phase transition to SrTaO3, which can occur in nature in its Sr2Ta2O7 

orthorhombic phase. The band gap of Sr2Ta2O7 calculated through DFT (PBE XC) is 3.5eV but is 

predicted to be an insulator.  

 Since high doping on a single site cannot yield a major improvement in the optoelectronic properties, we 

suggest other routes to increase the performance of doped STO as a TCO. The optoelectronic effects of 

Ta doped STO can further be enhanced by co-doping of La at Sr site as well. Nitride [78,79] and 

Carbon [80] doping at the oxygen site in SrTiO3 is shown to be of fantastic use in photocatalytic properties 

but decreases the band gap. However, the effects of doping due to two ions simultaneously can be complex 

due to the differences in ionic size, electron-defect interaction, electron-phonon interaction etc. to name a 

few and must be studied after the effects of co-doping are clear from first principles.  

IV. CONCLUSIONS 

The band gap evolution of the Ta doped STO in SrTi1-xTaxO3 is studied by combining the first principles 

method based on DFT and through the application of ellipsometry. We first change the concentration of 

Ta from 0-12.5% in the theoretical studies and study the effect of doping on the local site through bond 

length variation as well as its effect on lattice parameters. We then perform Bader charge analysis to 



understand the change of the oxidation state as a result of Ta doping. Next, we perform DOS and pDOS 

analysis on these systems to understand the evolution of STO from an insulator to a metallic system. The 

nature of the band gaps is verified by band unfolding method and has been found to have an indirect 

nature in all the cases, which is consistent with a few reported ARPES measurements on doped STO. To 

corroborate the findings of DFT, epitaxial thin films of pure and Ta doped STO are grown with Ta ranging 

from 0-5% through PLD. The films obtained are studied with the help of spectroscopic ellipsometry. A 

combination of TL and Drude oscillator methods are utilized to study the optical properties of Ta doped 

STO. The trend of the band gap variation obtained by SE matches well with the band gaps obtained earlier 

and has a non-linear behaviour. The optical properties of the system are then computed by frequency 

dependent dielectric calculations and are found to have the same behaviour obtained from ellipsometry. 

We thus conclude that when we dope STO with Ta, then apart from the Moss-Burstein shift, other effects 

such as band gap renormalization also occurs which counteracts the increase in the band gap of the system. 

As a result of this, the band gap value seems to saturate after a while and no band widening occurs further 

without inducing a significant structural transition. We also shed light on other routes to increase the 

optoelectronic performances of n-type STO for its industrial applications. 
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Unveiling the structural, chemical state, and optical band-gap evolution of 
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Figure S2: DFT calculated and Vegards law calculated lattice parameter. The Vegards law is given by aTa,STO = (1-x) aSTO + xaSTaO, where 
x represents doping and STaO represents SrTaO3. The lattice parameter for STaO obtained through DFT is 4.08A.  

Figure S1: various supercell configurations of a) 4×4×4 with 1.6 % doping, b) 3×3×3 with 3.7% doping and c) 2×2×2 with 12.5 % doping. 



 

 
Figure S3: The change in the bond lengths of Ti-O for (a) pure and (b) 1.6% doped STO. In (b) the first and second neighbour is shown by 
blue and green text boxes, respectively. It is clearly seen from (b) that when the Ta is doped at the Ti site, the nearest Ti-O bond is shrinked 
(1.930Å) and stretched (2.005 Å) along the direction towards and away from the defect center and is also unequal along axial and equatorial 
directions. This distortion becomes less as we move away from the defect. Similar behaviour is observed in other doped cases as well.  
 
 

 

 

 

 

(a) (b)

Figure S4: (a)DFT band and (b) unfolded bandstructure of 2×2×2 supercell of SrTiO3. While DFT gives the direct nature, (b) upon 
unfolding the band structure retains the structure of pure SrTiO3 unit cell. 

(a) (b) 



 

 

 

 

Figure S5: The splitting of Ta into its eg and t2g states for (a) 1.6% (b) 3.7% and (c) 12.5% doped cases. We have only shown the Ta 

contribution around the fermi level for simplicity.  

 

 

 

 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure S6: Ellipsometric raw data Psi for (a) pure and (c) 5% doped STO and delta for (b) pure and (d) 5% STO along with the fitted lines. 
 

 

 

 

 
 



 
 
Figure S7: Absorption coefficient obtained from (a) theoretical calculations, and (b) spectroscopic ellipsometry. Inset of (a) shows the 
absorption coefficient in the low energy range. 
 
 
 


