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In this paper, we applied the density functional theory method, within the framework of 
GGA+U methods, to study the optoelectronic properties of undoped tin dioxide SnO2. The 
effect of substitutional doping of transition metals (TM) in Sn-site on these properties was 
also investigated in Sn0.92TM0.08O2 with TM = Fe, Co, Ni. Initially, we studied the Hubbard 
parameters U and the starting spin polarization to determine their optimal values. From the 
band structures, Sn0.92TM0.08O2 appears to be a dilute magnetic semiconductor (DMS) with 
a direct bandgap. Our analysis of the total density of states revealed variations in the bandgap 
and Fermi level. Additionally, we explored the optical properties of these compounds in the 
UV, visible light, and infrared regions IR, observing a decrease in peak intensity and a shift 
from the IR to the UV-visible region. These findings align well with experimental studies 
and aim to provide interpretations and guidelines for future experimental work. 
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1. Introduction 
 
Over the last ten years, extensive research has focused on the use of nano-sized 

semiconductors. In the form of thin films, these semiconductors have enabled the integration of 
thousands of components, leading to the miniaturization of devices used in various technological 
applications. Examples include light-emitting diodes  [1,2], photocatalysis  [3], transparent 
electrodes in solar cells  [4–6], and optoelectronic devices  [7,8]. Transparent conducting oxides 
(TCOs) are a notable category of these semiconductors, playing a major role in the rapid 
development of these applications. 

Among TCOs, tin dioxide (SnO2), stands out as a highly versatile material. It has been 
extensively researched for its significant role in various technological applications. SnO2 exhibits 
remarkable electrical, optical, and chemical properties  [9–11]. Additionally, its non-toxicity and 
abundance on Earth make it an ideal candidate for numerous uses, including gas sensors  [12] , solar 
cells  [13], energy storage devices  [14], transparent conductive films  [15], catalysts  [16].  

SnO2 is an intrinsically transparent n-type semiconductor, crystallized in the tetragonal rutile 
structure (space group 𝑃𝑃42/𝑚𝑚𝑚𝑚) with lattice parameters a=b=4.7397 Å, c=3.1877 Å and α = β =
γ = 90∘  [17], and a wide direct bandgap of 3.6 eV  [18–21]. SnO2 is appropriate for optoelectronic 
applications because of its wide bandgap, which enables it to maintain conductivity while being 
transparent to visible light  [22,23]. Doping SnO2 with foreign elements or impurities has been the 
subject of recent developments in order to change its electronic structure, increase conductivity, and 
improve performance in a variety of applications. 

Calculations using Density Functional Theory (DFT) are now necessary to comprehend the 
electronic structure and characteristics of materials at the atomic level. DFT calculations shed 
important light on the electronic band structure, charge distribution, and optical characteristics of 
SnO2. With excellent precision, researchers can predict material behavior by simulating SnO2 under 
various situations. Our study aims to investigate the structural and optoelectronic properties of 
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Sn0.92TM0.08O2 based on first-principles calculations within the framework of density functional 
theory (DFT), as implemented in the Quantum Espresso package  [24,25], using a plane-wave basis 
set and the projector-augmented wave method. We employed the generalized gradient 
approximation (GGA) developed by Perdew, Burke, and Ernzerhof (PBE)  [26] for electron 
exchange-correlation functionals. Additionally, we conducted DFT+U calculations to determine the 
optimal Hubbard parameters and starting spin polarization for studying the electronic and optical 
properties of Sn0.92TM0.08O2, where TM represents Fe, Co, and Ni. 

 
 

  2. Computational details  
 
All computations were performed utilizing the Quantum Espresso (QE) software tool within 

the context of density functional theory (DFT).  [24]. This package implements the plane-wave basis 
set along with the projector-augmented wave (PAW) method  [27]. For the electron exchange and 
correlation functions, we adopted the generalized gradient approximation (GGA)  [26].  

We constructed a supercell with dimensions 3 × 2 × 1, as illustrated in Fig. 1. In this 
supercell, we performed substitutional doping by replacing a tin (Sn) atom located at the original 
position (0, 0, 0) with a transition metal (TM) atom, achieving a doping concentration of 08%. 

 
 

 
 

Fig.  1. The 3 × 2 × 1 supercell of the Sn0.92TM0.08O2 with TM = Fe, Co, Ni. 
 
 
Structural optimization was performed on both undoped and doped supercells. This process 

included determining the optimal starting spin polarization and was carried out until the force on 
each atom was minimized to less than 0.001 Ry/Bohr. The kinetic energy cutoff for the plane wave 
expansion was set to 637.306 Ry, and the cutoff for charge density and potential was set to 70.811 
Ry. 

For the electron-ion interactions, we employed the scalar relativistic Rappe Rabe Kaxiras 
Joannopoulos ultrasoft (RRKJUS) pseudopotentials  [28] in all calculations, with the exception of 
optical property calculations. For these, we utilized norm-conserving pseudopotentials 
(NCPP)  [29,30] to ensure accuracy.  

 
 
3. Results and discussion    
 
3.1. Investigation of Hubbard parameters U 
We performed Density Functional Theory (DFT) calculations enhanced with the Hubbard 

U correction (DFT+U) to investigate the electronic properties of undoped tin dioxide (SnO2). The 
focus was on accurately determining the bandgap energy (Eg) of the material by systematically 
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adjusting the Hubbard parameters USn-5p and UO-2p over a range from 0.1 eV to 10 eV. Our goal was 
to find a combination of these parameters that yields a calculated bandgap consistent with the 
experimentally reported value of 3.6 eV. We prepared the initial crystal structure of SnO2 using 
known lattice parameters  [17] and performed electronic structure calculations using the DFT+U 
approach for each pair of USn-5p and UO-2p within the specified range. The bandgap Eg was 
determined as the energy difference between the conduction band minimum (CBM) and the valence 
band maximum (VBM) for each set of Hubbard parameters and compared with the experimental 
value. This method allowed us to identify the optimal pairs of Hubbard parameters that produce a 
bandgap closest to the experimental value. By systematically varying USn-5p and UO-2p, we aim to 
refine the DFT+U method for SnO2, improving its predictive accuracy for electronic properties such 
as the bandgap. 

 
 

 
 

Fig. 2. Variation of bandgap values for several Hubbard parameters USn-5p and UO-2p. 
   
 
Fig. 2 depicts the variation of bandgap values as a function of the Hubbard parameters USn-5p 

applied to the Sn-5p orbital and UO-2p applied to the O-2p orbital. The experimentally reported 
bandgap energy (Eg=3.6 eV) is achieved with the Hubbard parameters USn-5p=6 eV and 
UO-2p=7 eV. For transition metal (TM) doping elements (TM = Fe, Co, Ni), the Hubbard parameters 
were set at UFe-3d=4.6 eV, UCo-3d=5.0 eV, and UNi-3d=5.1 eV, applied to the 3𝑑𝑑 orbitals of Fe, Co, 
and Ni, respectively  [31]. These optimal Hubbard parameter values were used in all subsequent 
calculations. 

 
3.2. Investigation of the optimal value of the starting spin polarization 
When doping tin dioxide (SnO2) with a transition metal (TM = Fe, Co, Ni), an additional 

parameter, the starting spin polarization, needs to be optimized. To explore this, we varied the spin 
polarization from -1 to 1 in increments of 0.1, aiming to identify the value that results in the 
minimum energy of the system (see Fig. 3). 
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Fig. 3. Illustration of variations of the starting spin polarization of the transition metal in the Sn0.92TM0.08O2. 
  
 
This investigation was conducted both before and after the relaxation of the material's lattice 

parameters. The results obtained post-relaxation are presented in Table 1: 
 
 

Table 1. Optimal values of starting spin polarization after structural relaxation of Sn0.92TM0.08O2. 
 

Starting spin 
polarization 

Total energy of TM-doped SnO2 (Rydberg) 
TM = Fe TM = Co TM = Ni 

-1.0 -2812.51804090 -2856.00764884                                     -2904.05110857                                      
-0.9  -2812.51804087 -2856.00764819 -2904.32225038 
-0.8  -2812.51804096 -2856.00764844 -2904.07842037 
-0.7  -2812.51804029 -2856.00764861 -2904.07842029 
-0.6  -2812.51804083 -2856.00764874 -2904.07842102 
-0.5  -2812.51804110 -2856.00764843 -2904.07842113 
-0.4  -2812.51804102 -2855.98959704 -2904.07842112 
-0.3  -2812.51804108 -2855.99661462 -2904.07842132 
-0.2  -2812.51804056 -2856.02030994 -2904.07842086 
-0.1 -2812.51804081 -2855.98966084 -2904.32225103 
 0.0                                       -2812.28061288 -2855.94150487 -2904.02414369 
 0.1 -2812.51804081 -2855.98966085 -2904.32225103 
 0.2 -2812.51804056 -2856.02030994 -2904.07842086 
 0.3 -2812.51804108 -2855.99661369 -2904.07842132 
 0.4 -2812.51804102 -2855.97369976 -2904.07842112 
 0.5  -2812.51804110 -2856.00764843 -2904.07842113 
 0.6  -2812.51804083 -2856.00764874 -2904.07842102 
 0.7  -2812.51804029 -2856.00764861 -2904.07842029 
 0.8  -2812.51804096 -2856.00764844 -2904.07842037 
 0.9  -2812.51804087 -2856.00764819 -2904.32225038 
1.0  -2812.51804090 -2856.00764884 -2904.00676133 
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The optimal values of starting spin polarization after the structural relaxation of the material, 
which yield the minimum energy for Sn0.92TM0.08O2, are ±0.5 for Fe, ±0.2 for Co and ±0.1 for Ni. 
All of the electronic and optical characteristics covered below have been computed using these 
values. 

 
3.3. Electronic properties 
The density functional theory has been used to predict the electronic properties of undoped 

tin dioxide SnO2 and Sn0.92TM0.08O2 (TM = Fe, Co, Ni). To conduct the analysis, we employ DFT 
calculations to investigate the band structure and density of states (DOS), for both undoped and 
doped SnO2 systems. 

In the undoped SnO2, DFT helps to accurately describe its electronic band structure, 
highlighting the nature of its bandgap, which is crucial for its semiconductor properties. The 
calculated bandgap, along with the corresponding DOS, provides insights into the intrinsic 
electronic behavior of the material, including the valence and conduction bands' energy levels.  

For the doped systems (Sn0.92TM0.08O2), the introduction of transition metal atoms (Fe, Co, 
Ni) is expected to significantly alter the electronic properties of SnO2. DFT calculations enable us 
to explore these changes in detail.  

 
3.3.1. Band structure 
By systematically studying the undoped and doped SnO2 systems using DFT, we aim to 

gain a comprehensive understanding of how transition metal doping influences the electronic 
properties of SnO2. These insights are not only fundamental for theoretical knowledge but also have 
practical implications for optimizing SnO2-based materials for applications in electronics, sensing, 
and catalysis. 

 

 

 

 

 (a) Undoped SnO2  

   
(b) Fe-doped SnO2 (spin up) (c) Co-doped SnO2 (spin up) (d) Ni-doped SnO2 (spin up) 
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(e) Fe-doped SnO2 (spin down) (f) Co-doped SnO2 (spin down) (g) Ni-doped SnO2 (spin down) 

 
Fig.  4. The electronic band structure of undoped and Sn0.92TM0.08O2 (TM = Fe, Co, Ni) for the spin up and 

down. 
 
 
Fig. 4 present the electronic band structures of undoped (Fig. 4.a) and Sn0.92TM0.08O2 (TM 

= Fe, Co, Ni) (Fig. 4.b-c-d-e-f-g). The electronic band structure of undoped SnO2 indicates that it is 
a direct bandgap semiconductor with a bandgap of 3.6 eV occurring at the Γ–Γ symmetry point. This 
wide bandgap is typical for materials used in optoelectronic applications as it allows the material to 
be transparent to visible light. 

For Fe-doped SnO2, the spin-up (Fig. 4.b) and spin-down (Fig. 4.e) band structures states 
reveal that the introduction of Fe atoms creates states within the bandgap of SnO2, significantly 
affecting the material's electronic properties. The Fermi level shifts, indicating a transition from an 
intrinsic n-type semiconductor to a p-type diluted magnetic semiconductor. Similarly, Co-doped 
SnO2 band structures also exhibit spin-up (Fig. 4.c) and spin-down (Fig. 4.f) states, with Co doping 
introducing additional states in the bandgap and shifting the Fermi level. This modification suggests 
potential applications in spintronics due to the magnetic nature of Co. 

Ni-doped SnO2 shows comparable behavior with separate band structures for spin-up (Fig. 
4.d) and spin-down (Fig. 4.g) states. The introduction of Ni doping also creates additional states 
within the bandgap, altering the electronic properties and shifting the Fermi level. 

Doping with transition metals (Fe, Co, Ni) results in a reduction of the bandgap compared 
to undoped SnO2, attributed to the introduction of new electronic states within the bandgap. The 
band structures for doped SnO2 indicate spin polarization, highlighting the magnetic nature of these 
doped materials, particularly in the split of the spin-up and spin-down states. The shift in the Fermi 
level with doping indicates a change in the type of semiconductor from n-type to p-type. 

 
3.3.2. Density of states (DOS) 
The density of States (DOS) calculations provides detailed information on the energy levels 

and the contribution of each dopant to the electronic states near the Fermi level, which is crucial for 
understanding changes in conductivity and carrier concentration. 
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(a) Undoped SnO2                                                  (b) Fe-doped SnO2 

 
(c) Co-doped SnO2                                                     (d) Ni-doped SnO2 

 
Fig. 5. The total density of states of undoped and Sn0.92TM0.08O2 (TM = Fe, Co, Ni). 

 
 
Fig. 5 reveals significant changes in the electronic properties of SnO2 upon doping with 

transition metals (TM = Fe, Co, Ni): 
In undoped SnO2, the DOS displays a distinct separation between the valence and 

conduction bands, with the Fermi level positioned within the band gap. This indicates typical 
semiconducting behavior with a wide band gap, as there are no states present in the gap itself. 

Upon doping with Fe, additional electronic bound states emerge within the band gap for 
both spin-up and spin-down configurations. This introduces magnetic characteristics and shifts the 
Fermi level towards these new states, resulting in a narrower band gap and suggesting a transition 
towards p-type semiconductor behavior. Similarly, Co doping introduces bound states in the band 
gap for both spin orientations. The presence of these states and the corresponding Fermi level shift 
indicate a reduction in the band gap and highlight the potential for spintronic applications due to the 
magnetic nature of the Co-doped system. 

Ni-doped SnO2 also exhibits additional bound states within the band gap, similar to the 
effects observed with Fe and Co doping. The DOS shows a shift in the Fermi level, indicating altered 
electronic properties and a possible transition towards p-type behavior. 

 
3.4. Optical properties 
According to equation (1), the complex dielectric function describes the behavior of the 

material at a photon energy of (hv)  [32,33]:                
                 

                        𝜀𝜀̃(𝜔𝜔) = 𝜀𝜀1(𝜔𝜔) + 𝑖𝑖𝜀𝜀2(𝜔𝜔)                                                                    (1) 
 

The real part, 𝜀𝜀1(𝜔𝜔), which represents the medium's polarization, can be calculated using 
the Kramers-Kronig relations [34]. The imaginary part, 𝜀𝜀2(𝜔𝜔), reflects the material's absorption 
properties and can be obtained from electronic structure calculations [35].    
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Using the post-processing code 𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒. 𝑥𝑥 from QE, we calculated the real and imaginary 
components of the dielectric function, the energy loss function 𝐿𝐿(𝜔𝜔) and the optical joint density of 
states. Since our system is anisotropic, its optical properties vary along the three polarization 
components  [36]. 

 
3.4.1. The dielectric function 
When light interacts with a material, the complex dielectric function provides key insights 

into this interaction. The real part of the complex dielectric function, 𝜀𝜀1(𝜔𝜔), is used to determine 
electronic polarizability along different directions. In contrast, the imaginary part, 𝜀𝜀2(𝜔𝜔), is directly 
related to light absorption. Our material exhibits anisotropy, as shown by varying dielectric function 
values along different polarization directions. 

 
 

 
 

Fig. 6. The real component of the complex dielectric function 𝜀𝜀(𝜔𝜔) along the directions of (a) 𝑥𝑥 - axis, (b) 𝑦𝑦 
- axis, and (c) 𝑧𝑧 - axis for both undoped SnO2 and Sn0.92TM0.08O2. 

 
 

 
 

Fig. 7. The imaginary component of the complex dielectric function 𝜀𝜀(𝜔𝜔)  along the directions of (a) x - 
axis, (b) y - axis, and (c) 𝑧𝑧 - axis for both undoped SnO2 and Sn0.92TM0.08O2. 

 
 
Fig. 6 illustrates the real component of the complex dielectric function 𝜀𝜀(𝜔𝜔) along the 𝑥𝑥, 𝑦𝑦, 

and 𝑧𝑧 axes for both undoped and doped SnO2. The intense peaks at high wavelengths (~860 nm) 
along the x and y directions for undoped SnO2 indicate greater polarizability in the IR region, 
signifying strong responses to low-energy photons due to low-energy electronic transitions. In 
contrast, the less intense peak around 600 nm along the z direction suggests some interaction with 
higher-energy photons in the visible region. Sn0.92TM0.08O2, however, exhibits peaks over a lower 
wavelength range (200-550 nm), indicating the introduction of new electronic states by the dopants, 
facilitating higher-energy transitions primarily in the UV-Visible region. 

Similarly, Fig. 7, which shows the imaginary component of the dielectric function, reflects 
these trends. The significant absorption in the IR region along the 𝑥𝑥 and 𝑦𝑦 directions and in the 
visible region along the 𝑧𝑧 direction for undoped SnO2 suggests efficient interaction with low-energy 
and mid-energy photons, respectively. The Sn0.92TM0.08O2's peaks in the UV-Visible region indicate 
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the presence of new electronic states introduced by the dopants, enhancing the material's response 
to higher-energy photons. 

3.4.2. The refractive index and extinction coefficient 
The complex refractive index, refractive index, and extinction coefficient  [37,38] are 

mathematically expressed as follows: 
 

                       𝑛𝑛�(𝜔𝜔) = 𝑛𝑛(𝜔𝜔) + 𝑖𝑖𝑖𝑖(𝜔𝜔)                                                                    (2) 
 
where, 

                        

𝑛𝑛(𝜔𝜔) = 1
√2
��{𝜀𝜀12(𝜔𝜔) + 𝜀𝜀22(𝜔𝜔)} + 𝜀𝜀1(𝜔𝜔)�

1
2   and   𝑘𝑘(𝜔𝜔) = 1

√2
��{𝜀𝜀12(𝜔𝜔) + 𝜀𝜀22(𝜔𝜔)} − 𝜀𝜀1(𝜔𝜔)�

1
2         (3) 

 
The refractive index 𝑛𝑛(𝜔𝜔) and extinction coefficient 𝑘𝑘(𝜔𝜔) of undoped and Sn0.92TM0.08O2 

were calculated and used to study the propagation of light in the material. 
 
 

 
 

Fig. 8. The refractive index n(ω) for undoped SnO2 and Sn0.92TM0.08O2 along different directions of 
polarization: (a) x - axis (b) y - axis and (c) 𝑧𝑧 - axis. 

 
 

 
 

Fig. 9. The extinction coefficient k(ω) for undoped SnO2 and Sn0.92TM0.08O2 along different directions of 
polarization: (a) x - axis (b) y - axis and (c) 𝑧𝑧 - axis. 

 
 
Fig. 8 shows the refractive index 𝑛𝑛(𝜔𝜔) of undoped and doped SnO2 along different 

polarization directions (𝑥𝑥, 𝑦𝑦, 𝑧𝑧 axes): 
For undoped SnO2, the refractive index demonstrates a significant peak in the IR region, 

indicating strong dispersion and interaction with low-energy photons. This behavior is consistent 
with the material's higher polarizability in the IR region. In contrast, doped SnO2 exhibits a peak in 
the UV-Visible region, suggesting that doping alters the electronic structure and introduces new 
energy states, thereby enhancing interaction with higher-energy photons. 
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Likewise, Fig. 9 presents the extinction coefficient 𝑘𝑘(𝜔𝜔) undoped and doped SnO2 along 
different polarization directions. The high values of the extinction coefficient in the UV region for 
both undoped and doped SnO2 indicate significant interaction with electromagnetic waves at these 
energies, corresponding to increased optical density. In doped SnO2, the progressive increase in the 
extinction coefficient in the visible region suggests that doping introduces additional bound states, 
enhancing the material's ability to attenuate light at lower energies compared to undoped SnO2. 

 
3.4.3. The absorption coefficient 
The optical absorption coefficient provides a measure of the intensity of the photon energy 

that the material absorbs. The absorption coefficient 𝛼𝛼(𝜔𝜔) was calculated as follows  [39]: 
 

                       𝛼𝛼(𝜔𝜔) = 4𝜋𝜋
𝜆𝜆
𝑘𝑘(𝜔𝜔)                                                                               (4) 

 

 
 

Fig. 10. The absorption coefficient 𝛼𝛼(𝜔𝜔) for undoped SnO2 and Sn0.92TM0.08O2 along different directions of 
polarization: (a) x - axis (b) y - axis and (c) 𝑧𝑧 - axis. 

 
 
The absorption coefficient 𝛼𝛼(𝜔𝜔), depicted in Fig. 10, shows distinct behaviors along the 𝑥𝑥-

axis, 𝑦𝑦-axis, and 𝑧𝑧-axis for both undoped and doped SnO2. In undoped SnO2, strong absorption is 
observed in the UV region across all three polarization directions, indicating primary interactions 
with higher-energy photons. The absorption is weaker in the visible region, suggesting less 
interaction with lower-energy photons. The increased absorption in the IR region can be attributed 
to free carrier absorption. 

For doped SnO2, high absorption in the UV and early visible regions along all polarization 
axes points to the presence of new energy levels introduced by the dopants, which facilitate the 
absorption of lower-energy photons and enhance overall absorption. This enhanced absorption is 
consistent across the 𝑥𝑥, 𝑦𝑦, and 𝑧𝑧 polarization directions, indicating that the dopants uniformly affect 
the electronic structure regardless of the polarization direction. 

 
3.4.4. Reflectivity spectra 
The reflectivity 𝑅𝑅(𝜔𝜔) of the undoped and Sn0.92TM0.08O2 is given by the following 

expression   [40]: 
 

                       𝑅𝑅(𝜔𝜔) = �1−𝑛𝑛(𝜔𝜔)�2+𝑘𝑘(𝜔𝜔)2

�1+𝑛𝑛(𝜔𝜔)�2+𝑘𝑘(𝜔𝜔)2
                                                                    (5) 
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Fig.  11. The reflectivity spectra R(ω) for undoped SnO2 and Sn0.92TM0.08O2 along different directions of 
polarization: (a) x - axis (b) y - axis and (c) z - axis. 

 
 

Fig. 11 illustrates the reflectivity spectra 𝑅𝑅(𝜔𝜔) along different polarization directions. The 
low reflectivity in the UV region for undoped SnO2 suggests efficient absorption of UV light across 
all polarization axes, consistent with the strong absorption observed in the UV region. Higher 
reflectivity in the visible and IR regions indicates minimal interaction with these photons. For doped 
SnO2, reduced reflectivity in the UV region, and progressively in the visible and IR regions along 
the 𝑥𝑥-axis, 𝑦𝑦-axis, and 𝑧𝑧-axis, implies that the dopants create new electronic states that absorb more 
light, thus reducing reflectivity uniformly across all polarization directions. 

 
3.4.5. The optical conductivity 
The optical conductivity 𝜎𝜎𝑜𝑜𝑜𝑜𝑜𝑜(𝜔𝜔) is calculated along the three polarization components by 

the following expression  [41]: 
 

                       𝜎𝜎𝑜𝑜𝑜𝑜𝑜𝑜(𝜔𝜔) = 𝑐𝑐
4𝜋𝜋
𝛼𝛼(𝜔𝜔)𝑛𝑛(𝜔𝜔)                                                                (6) 

 

 
 

Fig.  12. The optical conductivity σopt(ω) for undoped SnO2 and Sn0.92TM0.08O2 along different directions of 
polarization: (a) x - axis (b) y - axis and (c) z - axis. 

 
 
The optical conductivity 𝜎𝜎𝑜𝑜𝑜𝑜𝑜𝑜(𝜔𝜔) shown in Fig. 12 measures the material's ability to conduct 

electric current under an optical field. The peaks in the UV region for undoped SnO2 indicate strong 
electronic transitions and possible interband transitions. The additional peaks in the UV and early 
visible regions for doped SnO2 suggest enhanced conductivity due to the presence of dopants, which 
introduce new pathways for electron excitation and movement, thereby enhancing overall optical 
conductivity. 

 
3.4.6. The energy loss function 
The energy loss function contains features associated with the excitation of the solid's 

valence electrons. These include interband and intraband transitions, as well as plasmonic excitation. 
The energy loss function 𝐿𝐿(𝜔𝜔) along the three polarization components is depicted in Fig. 13  [42]. 
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Fig. 13. The energy loss function L(ω) for undoped SnO2 and Sn0.92TM0.08O2 along different directions of 
polarization: (a) x - axis (b) y - axis and (c) z - axis. 

 
 
Fig. 13, which depicts the energy loss function 𝐿𝐿(𝜔𝜔), reveals resonances associated with 

plasmon oscillations in the visible region for undoped SnO2, with sharp peaks indicating significant 
changes in the reflectivity spectra. The shifts in these peaks for doped SnO2 suggest alterations in 
the plasmonic behavior due to the introduction of dopants, which modify the electronic environment 
and alter the energy loss characteristics. 

 
3.4.7. The optical joint density of states 
The optical joint density of states (JDOS) represents the number of electronic states 

available for optical transitions at a given energy and provides insight into the interaction of photons 
with electronic states in the material  [43]. 

 
 

 
 

Fig. 14. The optical joint density of states (JDOS) for the undoped SnO2 and the Sn0.92TM0.08O2. 
 
 
Fig. 14 illustrates the optical joint density of states (JDOS) for undoped SnO2 and 

Sn0.92TM0.08O2 (where TM = Fe, Co, Ni). 
For undoped SnO2, the JDOS shows significant peaks in the UV region, indicating a high 

density of states available for optical transitions at these energies. This suggests that undoped SnO2 
is more responsive to high-energy photons in the UV range, which correlates with strong absorption 
observed in this region. 

In contrast, the doped SnO2 (Sn0.92TM0.08O2) exhibits additional peaks in the visible region 
along with the UV region. This implies that the introduction of transition metal dopants (Fe, Co, Ni) 
creates new electronic bound states that facilitate optical transitions at lower energies (visible range). 
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Consequently, doped SnO2 materials are likely to absorb a broader spectrum of light, including both 
UV and visible regions, enhancing their overall optical response. 

Overall, the JDOS analysis confirms that doping SnO2 with transition metals modifies its 
electronic structure, introducing new states that allow for increased optical activity across a wider 
range of photon energies. This is consistent with the observed absorption and reflectivity spectra 
discussed earlier 

 
 
4. Conclusion 
 
In summary, this study has systematically explored the electronic and optical properties of 

SnO2 and its transition metal (TM)-doped variants (TM = Fe, Co, Ni) employing first-principles 
calculations based on the density functional theory (DFT) framework. Our investigation, conducted 
with a 08% concentration of TM doping, revealed significant alterations in the electronic band 
structure and optical properties upon TM doping. 

Our results highlight the role of the Hubbard U parameter and starting spin polarization in 
accurately predicting the properties of these doped systems. The optimal values for these parameters 
were determined, ensuring the reliability of our computational approach. 

The undoped SnO2 displayed a wide direct bandgap of 3.6 eV, confirming its n-type 
semiconductor nature. However, substitutional doping with Fe, Co, and Ni introduced mid-gap 
bound states, transforming SnO2 into a diluted magnetic semiconductor (DMS) with a direct 
bandgap. This change in the electronic structure is attributed to the interaction between the dopant 
3d orbitals and the SnO2 matrix, which results in the modification of the density of states (DOS) and 
the Fermi level positioning. 

Optically, TM doping significantly impacted the dielectric function, refractive index, 
absorption coefficient, and energy loss function. The doped systems exhibited enhanced absorption 
in the UV-visible region, with a noticeable shift in peak intensities. Co and Ni doping showed the 
highest intraband transition contributions, indicating their potential for applications in optoelectronic 
devices and transparent conducting electrodes. 

This comprehensive investigation provides a deeper understanding of the fundamental 
properties of TM-doped SnO2, paving the way for their application in advanced photonic and 
optoelectronic devices. The findings not only advance the knowledge of DMS materials but also 
open up new possibilities for the development of high-performance, transparent conducting 
materials. 
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