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Abstract: Tin dioxide (SnO;) is an important transparent conductive oxide (TCO), highly desirable
for its use in various technologies due to its earth abundance and non-toxicity. It is studied for
applications such as photocatalysis, energy harvesting, energy storage, LEDs, and photovoltaics as
an electron transport layer. Elemental doping has been an established method to tune its band gap,
increase conductivity, passivate defects, etc. In this study, we apply density functional theory (DFT)
calculations to examine the electronic and optical properties of SnO, when doped with members
of the oxygen family, namely S, Se, and Te. By calculating defect formation energies, we find that S
doping is energetically favourable in the oxygen substitutional position, whereas Se and Te prefer the
Sn substitutional site. We show that S and Se substitutional doping leads to near gap states and can be
an effective way to reduce the band gap, which results in an increased absorbance in the optical part
of the spectrum, leading to improved photocatalytic activity, whereas Te doping results in several
mid-gap states.

Keywords: SnO5; electronic properties; optical properties; density functional theory

1. Introduction

SnO; is an n-type wide band gap (~3.6 eV) semiconductor that has attracted much
interest in the scientific community due its abundance, non-toxicity, and interesting and tun-
able properties. Potential applications include gas sensing [1,2], photocatalysis [3], energy
storage [4], and use as a transparent conducting oxide (TCO) in touchscreens, flat-panel
displays, and photovoltaic cells. Various new and efficient preparation methods [5] have
been developed for SnO, growth, such as magnetron sputtering [6] and electrochemical
deposition [7], which are expected to facilitate scalability and lead to large-area, uniform
5SnO; films. Although undoped SnO, has a rather wide band gap and primarily absorbs
shortwave ultraviolet light, this can be addressed by tuning its properties through estab-
lished methods such as varying its morphology [8,9] and introducing doping [10,11]. The
modification of band gaps and band edges has been a matter of research, particularly from
a computational perspective [12,13].

Here, we investigate the impact of doping with the chalcogen elements S, Se, and Te.
S, Se, and Te (though mainly S) have been examined for sensing applications, but it is also
interesting to investigate the effect of their doping on optical properties when they are used
in optoelectronics or as a transport layer in photovoltaics, given the limited theoretical
studies on these dopants.

Experimental studies have shown that doping with S (as a surface dopant) significantly
improves the sensitivity of resistive NO, gas sensors [14]. In the experimental study by Ma
et al. [15], S-doped SnO, nanoparticles were successfully prepared and characterised. These
nanoparticles exhibited increased photocatalytic activity due to a significantly improved
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visible light response, leading to the effective separation of photo-generated electron—
hole pairs.

In a recent computational study, Yu et al. [16] calculated the effect of non-metal doping
of SnO;, including sulphur. They modelled S at an oxygen substitutional position and
used the PBE functional to calculate the electronic properties and band gap. The calculated
band gap in this study was 1.28 eV, and the effect of S was examined, mainly being the
introduction of impurity levels into the band gap.

The effect of Se as a dopant has been also examined for sensing applications [17].
Se-doped SnO, was found to exhibit a 2 to 3 times higher response towards certain gases
attributed to a considerable electron transfer by the dopant Se, which was found to be
prone to act as a substitutional dopant on the Sn site. DFT calculations were performed
on Snj4O3; slabs to examine the activation energy barrier of the CO oxidation, which was
found to be significantly lower for Se-doped than pristine SnO,. The density of states was
computed with the PBE functional.

Regarding Te as a dopant, a recent study [18] prepared Sn-O-Te layers and examined
them as humidity sensors. The preparation method involved thermal co-evaporation of
Sn and TeO; in a vacuum, resulting in a nanosized SnO, matrix with a finely dispersed
phase of Sn, Te, TeO,, and SnTe. Elemental Te exhibits high mobility and begins to diffuse
from the bulk and segregate on the layer surface at temperatures above 100 °C. At room
temperature, as-deposited layers with Sn/Te ratios between 0.4 and 0.9 show excellent char-
acteristics as humidity sensors. It was determined that both electron and ionic conduction
simultaneously drive the overall conduction mechanism of the sensor response.

A large-scale computational work [19] examined the screening of a total of 63 SnO,
dopants, all positioned in a Sn substitutional site, including S, Se, and Te. PBE calculations
were applied as a screening method. The importance of a high level of theory, such as
the PBEO hybrid functional for the calculations of the electronic properties of defected
structures, was pointed out. The authors concluded that p-type doping is not possible
via elemental substitution of Sn. Nevertheless, that study was not extended to oxygen
substitutional or interstitial dopants.

In the present study, we employ DFT calculations to examine the electronic, structural,
and optical properties of SnO; doped with S, Se, and Te at both oxygen or sulphur substitu-
tional and interstitial sites, which seems to be lacking in the literature. The electronic and
optical properties of doped SnO, are systematically examined with a higher level of theory,
employing hybrid functionals. Additionally, we have employed a “harder’ Sn projector
wave potential (Sn_d) that provides higher accuracy and correctly predicts the SnO, band
gap. We believe that this study can be of interest for potential application in solar cells
and photocatalysis.

2. Materials and Methods

The crystal structure of SnO; is that of rutile. It crystallises in the tetragonal P4, /mnm
space group with the lattice constants of a = 4.737 A and ¢ = 3.186 A, as determined by
X-ray diffraction (XRD) experiments [20]. For the defect calculations, we used a2 x 2 x 2
supercell approximation, which consists of 48 atoms in the perfect cell configuration (see
Figure 1). We substituted either the Sn atom (for substitutional cation doping) or the O
atom (for substitutional anion doping) with members of the chalcogen group (excluding
polonium), namely S, Se, and Te. All Sn positions in the crystal structure are equivalent and
occupy the 2a Wyckoff site, as do all oxygen positions, which occupy the 4f Wyckoff site.
Additionally, we examined these dopants at interstitial positions. To account for size-related
errors, we also performed calculations using a larger 3 x 3 x 3 supercell [21]. However,
when comparing defect formation energies with those from the 2 x 2 x 2 supercell, the
differences were minimal, on the order of about 0.1 eV.

The calculations were performed with the aid of the Cambridge Serial Total Energy
Package (CASTEP) code using the PBE functional. Following the convergence tests, 800 eV
was chosen as the cutoff energy and a Brillouin zone 3 x 3 x 3 k-point sampling was



Materials 2024, 17, 3910

3o0f11

chosen for the geometry optimisation. In order to account for the impact of localised
electrons and the underestimation of the band gap that is typically observed in GGA and
LDA, we applied the hybrid functional PBEO [22] for the electronic and optical property
calculations applied on the 2 x 2 x 2 supercell with a denser k-point mesh of 5 x 5 x 5.
Regarding convergence criteria for our calculations, the self-consistent field (SCF) method
tolerance was 1.0 x 1075 eV /atom, the force tolerance was set at 0.05 eV /A, and the max
displacement tolerance was set at 0.001 eV /A.

Figure 1. SnO; 2 x 2 x 2 supercell (a) initial (perfect) structure. Sn occupies the 2a Wyckoff site
and O occupies the 4f site. The S atom that is substituted in our model (black) and the oxygen atom
(yellow) are shown in different colours.

3. Results and Discussion
3.1. Formation Energies and Structural Optimisation

For the calculation of the formation energies for the various doping cases, geometry
optimisation was performed using the PBE functional. The following formula was applied
for the calculation of the defect formation energy:

d t t
E‘J; _ ETefec . Eézerfec +Zyini (1)
i

perfect .
ET

where E{; is the defect formation energy, is the total energy of the supercell with no

defects, and Eb;ef ! is the total energy of the supercell where 1; atoms of chemical potential

u; have been added or removed.
Since we are examining doping with a single element, this formula can be reduced to
a simpler form:

Eformation = Eperfect - Edoped - (ﬂdopzmt + ﬂsubstituted) ()

The chemical potential of each element was determined by calculating the total energy
per atom in its most stable, standard state. The calculated defect formation energies are
presented in Table 1, along with the DFT calculated lattice constants, cell volume, and
relative volume expansion.

An important conclusion from the calculation of the defect formation energies is that
doping with S appears energetically favourable on the oxygen site, although it is found to
be so in the Sn position in some computational studies. Here, we find that the formation
energy of S as an oxygen substitutional atom is 3.95 eV, which is significantly less than that
at the Sn substitutional position, which is 5.43 eV. We also find that Se and especially Te are
preferably Sn-substitutional dopants, with a formation energy of 3.90 eV for Se (less than
the 5.04 eV at the oxygen substitution site) and just 2.88 eV for Te (7.66 eV at the oxygen
substitutional position, which renders this case unfeasible).

The minimum energy configuration structures are shown in Figure 2 for the energeti-
cally preferable doping cases. In Figure 2a, the structure with S as an oxygen substitution
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is presented. The Sn-S atomic distances are calculated as 2.34 A. In Figure 2b, the case of
doping with Se as a Sn substitution is shown. The Se-O bond is at 2.064 A, slightly smaller
than the Sn-O bond, which is at 2.098 A. The Se-Sn bond is at 3.233 A, very similar to the
Sn-Sn bond (calculated for this structure as 3.236 A). In Figure 2c¢, the Te atom is at a Sn sub-
stitutional site. The Te-O distance is calculated as 2.16 A and the Te-Sn distance as 3.253 A,
the same as the Sn-Sn bond length. Structures were drawn using VESTA visualisation
software (version 3) [23].

Table 1. Calculated lattice constants and cell volume for the examined dopants at different positions.

SnO, a(A) c(d) Vol (A3) AV (%) Eformation

perfect 4.818 3.236 75.121 n/a n/a
Ssn 4.816 3.232 74.958 —0.218 5.43
Sox 4.833 3.240 75.681 0.745 3.95
Sint 4.843 3.251 76.427 1.739 4.64
Segn 4.820 3.234 75.128 0. 009 3.90
Seox 4.839 3.241 75.892 1.027 5.04
Seint 4.843 3.252 76.533 1.879 4.73
Tegn 4.826 3.241 75.468 0. 462 2.88
Teox 4.848 3.246 76.272 1.532 7.66
Tejnt 4.838 3.251 76.786 2.216 5.62

(@) (b) (c)

Figure 2. Dopant positions in the SnO; 2 x 2 x 2 supercell of (a) S substituting an oxygen atom,
(b) Se substituting a Sn atom, and (c) Te substituting a Sn atom.

In Table 1, the relative volume change is shown. The substitution of Sn with S is
the only case of a decrease in total volume, attributed to the smaller atomic radius of S
compared to Sn (100 pm vs. 140 pm). When substituting oxygen with S, Se, or Te, the
total cell volume is increased. When dopants are located in an interstitial position, the cell
volume will be increased in all cases, with Te showing the highest increase in volume as it
has the highest atomic radius.

3.2. Electronic Properties

Herein we will examine the electronic properties of the doped SnO, by calculating the
density of states (DOS) and partial DOS. The doping level is at approx. 2% per atom. The
DOS and PDOS plots for the undoped cell are shown in Figure 2.

The band gap has been calculated as 3.6 eV using the PBEO functional with a fairly
‘harder” and quite accurate potential [24], included in the CASTEP code. The use of the
Sn_d PAW pseudopotential, which includes 14 valence electrons and accounts for d-orbitals,
yields a band gap for the undoped structure that is almost identical to the experimental
value (3.62 eV) [25]. This approach appears to perform better than other computational
works, which typically calculate the band gap as around 3.2 eV (with PBEO or HSE06).
Using the same code with standard pseudopotentials yields a band gap of 3.18 eV [9].
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DOS (states/eV)

The DOS plots of the undoped structure are shown in Figure 3. The valence band of
5nO; is dominated by oxygen p-states, while the conduction band mostly comprises tin s-
and p-states. The electrical conductivity of SnO; is largely controlled by the movement of
electrons in the tin d-orbitals.

| totalpos o | S
Sn [0)
°—1 7
4 O]
—
. O
—
{1 £
u wn
| \ . O
0 2 4 6 8 10 12 a
energy (eV)
8 -6 4 -2 0 2 4 6 8 10 12
energy (eV)
(a) (b)

Figure 3. (a) DOS and (b) PDOS plots for the undoped SnO,

Using the same method as for the pristine supercell, we calculated the DOS of the doped
structures. These are presented in Figures 46 for the S, Se, and Te dopants, respectively.

As Figure 4 indicates, the insertion of S in the supercell leads to band gap states that
are just above the valence band maximum (VBM). In the case of substitutional S in the
oxygen position, the calculations show band tail-like behaviour and a reduction of the band
gap at ~2.8 eV. The S peaks arise at 0.77 eV above the valence band maximum (VBM) for the
oxygen substitutional case, and a second neighbouring peak is present for the interstitial
case, at approx. 1.45 eV above the VBM. The band tail is expected to vary the optical
properties of the material, producing a red shift in the optical absorption. This is examined
in the next section. The formulated peak is due to the hybridisation of s-orbitals of S and O,
as confirmed by partial DOS analysis (Figure 4b).

In Figure 5, the DOS of Se-doped SnO, with Se replacing a Sn atom is presented. In
this case (Sesy), a Se peak is present as a band tail, reducing the band gap. The calculated
results are very similar to the S case, which is to be expected as both dopants have four
p-electrons in their outer shell. According to partial DOS analysis, these peaks are attributed
to p-orbitals of Se and O. Se peaks are present at 0.77 eV above the VBM, and the band
gap is at approximately ~2.7 eV, although this may vary slightly on the Gaussian smearing
parameter (here set at 0.2). This decrease in value is consistent with the experimental work
of Kumar et al. [26] who determined a decrease in the band gap (depending on the Se%),
reaching a minimum of 2.9 eV and a red shift in the absorption spectrum.



Materials 2024, 17, 3910 60f 11

-10-8-6-4-2 0 2 4 6 8 1012
1'?' L. L\l L\l L\l 1§ T L} L}
0.8 - *
0.6 I
0.4
O.(Z) 140 Pl 1
70 T ) ] T L\l T -
2 e
18 1 ~
0.07
70 T r 7
T T T T total DOS < 888
] L
P 0 — ~~ 0.
Sl = 8 %%
% 40 + . s }B 0 L1 1 1
S 30} § S -3 LI L P I B S
@ 1) 5 Sp—
Q20| i ~  ar =
g @ 3f .
0 - — A L o [ (;- Loty ]
-0 -8 -6 -4 -2 0 2 4 6 8 10 12 10
energy (eV) 8
6
4
2
0 -
]
e P PR S
: ‘/J.l’\\ 1 L
-10-8-6-4-2 0 2 4 6 8 1012
energy (eV)
(a) (b)

Figure 4. (a) DOS and (b) PDOS of S-doped SnO; for oxygen substitutional position.
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Figure 5. (a) DOS and (b) PDOS of Se-doped SnO, for Sn substitutional position.
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Figure 6. (a) DOS and (b) PDOS of Te-doped SnO, for Sn substitutional position.

In Figure 6, the calculated DOS of Te-doped SnO, is shown for the Sn substitutional
case. A strong and wide peak is evident below the middle of the band gap, at approx.
1.6 eV from the VBM, as well as a band tail nearing the conduction band edge. In contrast
with the cases of S and Se doping, the calculations show that Te does not significantly
reduce the band gap with the introduction of states near the band edges, but instead shows
considerable mid-gap states. These can enhance photocatalytic processes by stabilising
intermediate species or by providing additional reaction pathways. However, they can
also reduce efficiency at high concentrations by increasing recombination rates. Therefore,
understanding and controlling mid-gap states is important for optimising photocatalytic
materials. For completeness, the DOS of all doping cases (interstitial and substitutional of
Sn or O) are shown in Figure S1.

3.3. Optical Properties

Examining the optical properties can provide important information for comprehend-
ing the electronic structure of materials. These properties are derived from the complex
dielectric function e(w) = &1 (w) + iex(w), a quantity that characterises the material reaction
to an external electric field. Using the CASTEP DFT code, we obtain the optical properties
resulting from electronic transitions of the examined structures. We performed DFT calcula-
tions of the optical properties using LDA, PBE, and non-local PBE0 and HSE06 functionals.
Hybrid functionals PBEO and HSEQ6 yield, at low frequencies, a refractive index of approx.
1.52 for undoped SnO,, while non-local functionals LDA and PBE produce a refractive
index of approx. 2 (Figure S2).
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The refractive index of the undoped SnO, may vary depending on the growth condi-
tions and crystal structure of the sample. It has been reported to be about 1.9 [27] or 2.0 [28]
at the incident photon wavelength of 550 nm (photon energy of 2.48 eV). Here we will
present the DFT results obtained using the hybrid functional PBEO (very similar to HSE06).

To present an overview of the impact of doping on the optical properties of the SnO,-
doped system, the effect of doping on (a) the real part ¢; and (b) the imaginary part ¢, of
the dielectric function is presented in Figure 7 (curves are smoothed for visibility).

Ree

5 T T T

T T
undoped undope&

Sox . Sox
Segn 4t Segy .
Teg, —— Tegn

Imge

25

10 15 20 25 30 25 80

energy (eV)
(a) (b)

Figure 7. DFT calculated (HSE06) dielectric function vs. incident photon energy for doped and
undoped SnO;: (a) real part €1 and (b) imaginary part €;. Graphs smoothed for visibility.

energy (eV)

The calculated static dielectric function, £;(0), increases with doping, from 2.381 for
undoped SnO; to 2.466 for S doping, 2.576 for Se doping, and 2.604 for Te doping. A similar
trend is observed for the &;(w) parameter in the low energy region, where the parameter
exhibits a transition to non—zero values at lower energy levels for Te, Se, and S. This is
consistent with the band gap calculations, as a greater static dielectric constant indicates
a lower band gap [29]. At higher energy values, the g(c0) has a maximum at almost ~4,
consistent with wide band gap oxides. In Figure 8, the calculated refractive index is shown.
Its values at low frequencies range from 1.54 for undoped SnO, to 1.58 for S doping, 1.605
for Se doping, and 1.614 for Te doping. In Figure 9, the calculated absorption coefficients
and loss energy function vs. energy are plotted. It can be observed that at higher energies
(lower wavelengths), doping increases the absorbance of the film, making it less transparent.

Real refractive index n

T T
undoped 18

SOX
Seg,,

/\\ Tegn ——

10 15 20 25 30

energy (eV)

(a)

Imaginary Refractive Index k

T T
undoped
SOX
SeSn

Teg, —

energy (eV)

(b)

Figure 8. DFT calculated (HSE06) refractive index (smoothed curves) vs. incident photon energy for

doped and undoped SnO,, (a) Real refractive index and (b) imaginary refractive index
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Figure 9. DFT calculated (HSE06) (a) absorption coefficient vs incident photon energy (b) loss energy
function vs energy.

The refractive index, calculated at low frequencies, varies from 1.54 for undoped SnO,
to 1.61 for Te doping. The static dielectric constant increases with doping. This increase is
consistent with a lower band gap and is supported by band gap calculations. At higher
energies, the e(co) approaches ~4, characteristic of wide band gap oxides. Additionally, the
absorption coefficients and loss energy function indicate that doping results in increased
absorbance, diminishing transparency at higher energies, leading to a red shift in the
absorption spectrum.

4. Conclusions

The above findings can offer valuable guidance for tailoring SnO, properties for appli-
cations ranging from photocatalysis to energy harvesting. The reduction of its bandgap, as
demonstrated through S and Se doping, can enhance its suitability for such applications
by increasing its capability to absorb light, particularly in the longer wavelengths of the
spectrum (red shift), thus enabling the material to utilise a broader spectrum of sunlight.
This can also have applications as an electron transfer layer (ETL) in photovoltaic devices,
where a smaller band gap can improve band alignment with adjacent layers, which can
significantly influence the overall performance of a solar cell. In the case of Te doping, the
presence of energy levels in the middle of the bandgap could be beneficial in the context of
photocatalytic or sensing applications as it provides a site where chemical reactions can take
advantage of the trapped electrons. However, these mid-gap states can be detrimental for
photovoltaic applications when Te-doped SnO, is used as an ETL. Nevertheless, Te doping
has theoretical potential for applications in photocatalysis, such as hydrogen production.
In conclusion, this study provides additional insight into the effects of chalcogen doping of
SnO;. The suitability of these doping techniques depends on various parameters, including
overall device architecture, material compatibility, and performance requirements.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/mal7163910/s1, Figure S1: The DOS of all doping cases (interstitial,
substitutional of Sn or O). Figure S2: Comparison of refractive index calculated with LDA, GGA-PBE
and hybrid functionals PBEO and HSEQ6.
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