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Effective prediction of SnO, conduction band edge potential:
The key role of surface oxygen vacancies
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effective application in optoelectronic devices such us, for example, perovskite solar
cells. However, the predicted band edges fall outside the experimentally measured
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conduction band minimum values of SnO,, yielding results aligned with experiments.
Our analysis points out the fundamental role of encompassing surface oxygen vacan-

cies to properly describe the electronic profile of this material. We explore the impact
Ana Belén Muioz-Garcia, Department of
Physics “E. Pancini”, University of Naples
Federico Il, Naples, Italy.

Email: anabelen.munozgarcia@unina.it

of both bridge and in-plane oxygen vacancy defects on the structural and electronic
properties of SnO,, explaining from an atomistic perspective the experimental observ-

ables. The results underscore the importance of simulating both types of defects to
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accurately predict SnO, features and provide new fundamental insights that can guide
future studies concerning design and optimization of SnO,-based materials and func-

tional interfaces.

2, INVESTIMENTO 1.3)

1 | INTRODUCTION

Metal-oxide semiconductors exhibit versatile properties that find
applications in a wide range of technologies, including flat-panel
displays,l’3 gas sensors,*” photodetectors,é’7 solar cells,®° thin-film

transistors®1?

and catalysis.'>"* Their outstanding physical and
chemical characteristics, combined with cheap and simple preparation
methods, promote the widespread use of these materials.

Tin(IV) oxide, also known as stannic oxide (SnO,), has received signifi-
cant attention owing to its distinctive feature of being simultaneously
transparent and conductive.'®> Although being a wide bandgap material,
with bandgap values ranging from 3.5 eV to over 4.0 eV depending on

6

specific synthesis conditions,*® undoped SnO, is considered an n-type

semiconductor.?>718 This characteristic is attributed to the presence of

1920 \which create shallow

oxygen vacancies (Vo) in the crystal lattice,
donor levels near the conduction band?* and cause the reduction of some
Sn(IV) ions to Sn(ll) as charge compensation mechanism. The resulting

electronic conductivity could then occur through the mobility of electrons

from Sn(ll) to Sn(IV) sites.” The most stable crystallographic phase of
SnO5, is rutile (space group P4,/mnm), where each tin is coordinated with
six oxygen ions, while each oxygen is surrounded by three tin ions. The
(110) surface is considered from various studies®?>?® the lowest energy
surface. This facet contains rows of Sn in both six-fold and five-fold coor-
dination, while the surface oxygen ions are classified as “bridging” or “in-
plane,” depending on whether they are outside or inside the plane, respec-
tively (Figure S1). Consequently, the surface oxygen vacancies are com-
monly named according to this distinction.

The concentration of surface oxygen vacancies (V) can be controlled
through fabrication methods or dopings, encompassing a broad spectrum
ranging from 15% to 42%.2472% Bonu et al.2* evaluated the ratio between
bridge and in-plane Vo (Vog and Vop, respectively) by comparing peak
intensities at specific energies of collected photoluminescence (PL) spectra.
They found Vgp:Vog ratios of 5:8 and 1:2 for SnO, nanoparticles, depend-
ing on the synthesis process employed. Deepa et al.?” confirmed the pres-
ence of both Vop and Vg in their undoped SnO, nanoparticles using

Raman analysis and evaluated a Vop:Vog ratio of ~5:4 via PL.
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Numerous investigations have underscored the importance of
self-doping via oxygen vacancies in improving the performance of
SnO, across various applications. This includes enhancing its role as
an electron transport layer (ETL) in perovskite solar cells, 2?2 boosting

29-31 and advancing sensing capabilities.®2 The

photocatalytic activity,
electronic structure of stannic oxide undergoes significant modulation
based on the amount and nature of oxygen vacancies.?® These defects
introduce intermediate energy levels within the bandgap,®® playing a
pivotal role in shaping the material's electronic profile and the position
of its band edges, so impacting on the effective operation of the
desired device. Conduction band minimum (CBM) position is a key
factor influencing the electronic transport, the material's ability to par-
ticipate in redox reactions, its response to light and the ability to facili-
tate electron-hole pair generation and separation. In perovskite solar
cells, where SnO, has become the actual benchmark ETL, CBM sets
the driving force for extracting electrons from the photo-excited
perovskite, while its deep valence band ensures effective hole-
blocking. For these reasons CBM position represents a critical param-
eter in the design and optimization of SnO,-based materials for
diverse technological applications, and the knowledge of band edge
positioning and the influencing factors is essential to design custom
materials for specific applications.

CBM values are generally extracted by combining data from photo-
emission spectroscopy (PES) and optical spectroscopy. Due to the high
variability of oxygen vacancy concentrations depending on the fabrica-
tion method, the data reported in the literature for tin dioxide CB
edge range widely from —3.8 to —4.8 eV.3**! Therefore, it is crucial to
choose synthetic processes that provide band positions compatible with
the other materials of the device. However, PES instruments, owing to
their high cost, are not readily accessible to all laboratories. Moreover,
these characterizations are demanding, as they require relatively long-
time analysis and careful data processing. Investigating the effects of
annealing temperature or dopants on band positions, for example, can be
challenging due to the extensive array of experiments required.

Theoretical methods serve as a valuable tool for calculating the
CBM in the customized design of materials. In literature there are few
works employing different ab-initio methods to calculate the absolute
position of the SnO, conduction band.**"*3 Min et al.*? extracted a
value of —5.1 eV using PBEO level of theory, spin-orbit orbit coupling,
and TS dispersion correction, aligning the Hartree potential of the
SnO, slab with that of the SnO,/perovskite interface. Sopiha et al.*®
calculated energies of the band edges by adjusting in-plane average
potential in the middle of the vacuum slab to zero. A CBM value of
about —6.2 eV was obtained using PBE with Hubbard (U) correction
(U= 3.5 or 4.7 eV) or HSEOQ6 exchange-correlation functionals. Das
et al.** developed a semi-empirical approach named the “Helium-slab
approach.” By utilizing an optimized Hartree-Fock exact-exchange
parameter of 73%, extracted from a least-squares fit procedure on
experimental data from various materials, the proposed approach suc-
cessfully simulated the experimental band edges of SnO, and other
materials. However, prior to applying the fitting procedure, they pre-
dicted values of —1.9 and —2.9 eV for the CBM, respectively, at PBE
and HSEO6 level of theory, well above the upper limit of the
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experimental range. As a matter of fact, the predicted band edges of
SnO,, as determined at the current state of the art through ab-initio
methods, fall outside the experimentally measured range.

Here, we apply an effective computational scheme designed to
calculate the CBM values of stannic oxide, yielding results well aligned
with experimental measurements. We prove the fundamental role
played by surface oxygen vacancies in reproducing experimental band
edge values. We simulate the average experimental surface-vacancy
concentration in literature (33%) assessing the impact of the Vgp:Vog
ratios on the conduction band edge position. We use the intrinsic sur-
face oxygen vacancy formation energy (Evac), as discerning criterion
among the different possible scenarios. Our results predict ratios in
line with experimental observation to be the most stable ones, with
predicted CBM lying in the experimental range. On the contrary, the
configuration with only Vg, although energetically favorable as well,
provides a CBM outside the experimental range present in literature,
enforcing the need of simulate both types of surface defects.

This study represents a further step toward the effective model-
ing of the electronic properties of SnO,, enhancing our understanding
of factors influencing the conduction band edge position. Our findings
can support experimental efforts toward a tailored functionalization

of SnO, for technological applications.

2 | METHODS AND COMPUTATIONAL
DETAILS

We build the pristine (110) SnO, slab starting from the optimized SnO,
bulk structure obtained in a previous work.** The choice of the exposed
facet is motivated by experimental and theoretical studies that identify
the (110) surface as the most stable in rutile structure.?>?3 The slab model,
shown in Figure S2, is thick 15 layers (5 tri-layers O-Sn-0O) and contains
180 ions. Our surface model consists of a 3 x 2 supercell of the (110) unit
cell. The thickness of the slab has been chosen from a convergence test
that ensures the correct simulations of the bulk properties. The vacuum
space is large enough (10 A) to avoid interactions between the slabs
repeated in the z-direction. The slab contains 6 bridging and 12 in-plane
oxygens on each surface. This size allows us to explore different oxygen
defective Vpop:Vop configurations. Our study focuses on systems with
33% of surface oxygen vacancies, as it is a mean value of the range found
experimentally.24~2% This content was achieved by removing 6 of 18 sur-
face oxygen ions. Our defective slab models are symmetric on both sides
so to prevent a fictitious dipole formation. Oxygen vacancy positions on
each surface are selected via the Special Quasi-random Structure (SQS)
approach, implemented through the sqsgenerator code;* in order to max-
imize the configurational entropy. The vacancy formation energy (Ey.c) is

calculated following the approach by Oviedo and Gillan*:

1
Eger +§nE02 - Eprist
Evac =~ n ’

where Eo, is the energy of the oxygen molecule, Eger and Epyis; are the

energies of the defective and pristine systems, respectively, and n is
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the number of O vacancies in the model. This energy has been calcu-
lated at HSEQ6 level of theory. We perform a Bader charge analysis,
as implemented by the Henkelman group,*”® to further elucidate our
findings.

We calculate the CB edge energy position of the pristine SnO,
material following the approach proposed by Toroker et al.*° Briefly,
the band gap centre (BGC) is obtained as the midpoint between high-
est occupied energy level and the lowest unoccupied energy level.
The resultant BGC is then referenced to the vacuum energy calcu-
lated as the electrostatic potential in the vacuum region. Finally, the
CBM is extracted by adding to this value half of the experimental
band gap of SnO,. We chose the bulk SnO, band gap value of
3.6 eV.15%0 To extract the shifts of the CBM in oxygen-defective
slabs, we subtract to the predicted CBM for the pristine slab, the WF
difference between the defective and the pristine slabs (WFges and
WFgrist). We correct the WF,5: by subtracting its calculated band gap,
to account for the n-type behavior of the material conferred by vacan-
cies. Thus, the CB edge of the defective systems is obtained by means
of the following formula:

CBM (def) = CBM (prist) — (WF et — (WFprist — BGrist) ),

where CBM (prist) and CBM (def) are the absolute position of the CB
in the pristine and defective systems, respectively, and WFs; and
WFg4es their work functions defined as the difference between the
vacuum energy and the highest occupied energy level.

We perform periodic spin-polarized density functional theory
(DFT) calculations based on plane waves, as implemented in the VASP
code (version 5.4.1). All the slab structures are relaxed within a thresh-
old of 0.03 eV/A. Plane wave energy cut-off was set at 600 eV in all
calculations and the SC-loop break condition was set to 107> eV. lonic
cores are represented by projector-augmented wave (PAW)

5152. 2529p* electrons for O and 5s25p? electrons for Sn

potentials
are treated as valence electrons. We use the Perdew, Burke, and
Ernzerhof (PBE) GGA-exchange-correlation density functional®®>** for

6°°5¢ calculations are

structural optimizations, and single-point HSEO
performed on the optimized PBE structures. Dispersion energies
are treated with the Grimme's D3 correction®” with the damping
scheme by Becke and Jhonson (D3BJ).>® K-points grids used are
I'-centered Monkhorst-Pack. A 3 x 3 x 1 mesh is employed for PBE

and 2 x 2 x 1 for HSEOQ6 calculations, respectively.

3 | RESULTS AND DISCUSSION

We consider different Vop:Vog ratios, ranging from the all bridge (all the
bridging O lost) to the all in-plane (six in-plane O are missed), and going
through mixed in-plane/bridging oxygen vacancies configurations. The
five considered configurations are schematically illustrated in Figure 1A.
The vacancy formation energy (Ey,c) reaches its minimum in the
1:1 configuration, as shown in Figure 1. Increasing the number of in-
plane vacancies provides higher energies for the 2:1 and the all in-

plane configurations. Such a result is in line with the expected

behavior since in-plane oxygens are more coordinated (3-fold coordi-
nation) than bridge ones (2-fold coordination) necessitating the break-
ing of more bonds to create the defect. As we progress to
configurations with an excess of bridge vacancies (1:2 and all bridge)
the calculated energies are unexpectedly higher than the 1:1 case,
although containing a smaller number of in plane vacancies. The anal-
ysis of the structural and electronic features examined through a
Bader charge analysis elucidate these, at first glance, anomalous find-
ings. Table S1 summarizes the total gain in Bader charge for tin and
oxygen atoms on the surface upon the formation of vacancies, while
Figure 1b represents a detailed analysis of which tin atoms are
involved in the charge gain, where the acquired charge is depicted as
a gray halo. Notably, the corresponding charge variations on the
remaining oxygens are approximately one order of magnitude smaller
(~1072 ), indicating that charge reorganization predominantly
involves the metal atoms. It is important to highlight that, with a fixed
number of oxygen vacancies, both configurations with 6 (1:1 and all
bridge) and 7 reduced Sn?* atoms are observed. This discrepancy
arises from distinct compensation mechanisms: in 7-Sn?* configura-
tions, the compensation mainly involves surface Sn atoms, whereas in
6-Sn?* configurations, it also encompasses surface oxygen atoms.
This differential delocalization mechanism is corroborated by the
Bader charge fluctuations for oxygen atoms, as presented in the last
column of Table S1. Notably, the configurations with fewer reduced
Sn atoms (1:1 and all bridge) exhibit the highest ABader values of
0.55 and 0.56, respectively. There is a significant correlation between
the charge variation on Sn ions and vacancy formation energies,
except for the all bridge configuration, which contains only six Sn®*
ions despite having an energy similar to the 1:2 configuration. The
analysis suggests the reduction of surface tin atoms to be the reason
of the higher energy values.

The deviation played by the all-bridge model can be explained by
the peculiar “in row” charge localization (Figure 1) probably represent-
ing the reason for energy comparable with the 1:2 configuration.
Conversely, the remaining configurations exhibit a more delocalized
charge distribution.

A joint structural-electronic analysis reveals another effect
occurring on the surface of some of the considered models. Upon the
formation of the vacancies, some of the surface tin atoms change their
coordination and both 4- and 3-fold coordinated metal atoms appear.
In almost all cases a such change of the coordination is accompanied by
a reduction of the involved atoms from Sn** to Sn®*. In the mixed
Vop/Vog configurations (2:1, 1:1, 1:2) a peculiar structural reorganiza-
tion occurs in 4-fold coordinated tin atoms in which the more the
oxygen coordination becomes tetrahedral, the more a delocalization
effect occurs in which the atom keeps its +4 oxidation state. Such
effect is shown in Figure S3 with the angles summarized in Table S2.

The theoretically predicted energy trends also point out the synergic
role of both defect types in influencing the energy value. Oviedo and Gil-
lan previously explored all in-plane and bridge oxygen-deficient configu-
rations at varying concentrations of oxygen vacancies.*® Their results
affirm that under specific vacancy concentrations and geometrical con-

figurations, it is feasible to achieve comparable E,,. for both defect
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FIGURE 1 Top views of surfaces with different Vop:Vop ratios before (A) and after (B) geometry optimization. Vop and Vop are depicted in
(A) as orange and yellow spheres, respectively; gray circles in (B) display the ABader charge associated with the Sn ions. The figure includes
vacancy formation energy (E,.c) values and number of reduced Sn?* ions for each configuration.
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FIGURE 2 pDOS of systems containing different Vop:Vog ratios
studied at HSEO6 level of theory. The dashed line denotes the Fermi
level. Color legend: Sn (s)—blue, O (p)—red.

types. We investigate the configurations, named here (a) and (b), stud-
ied in this work at 33% using our level of theory (Figure S4). The
observed energy trend in this study aligns with the results presented
in Reference [46] (refer to Table S3). The in-plane configuration (a)
exhibits a similar E,,c to the all bridge configuration, whilst the in-
plane configuration (b) is higher in energy. This confirms that, within
certain arrangements and geometries, both defect types are energeti-
cally comparable. The outcomes of the present study further elabo-

rate on this concept, demonstrating the feasibility of attaining Eyac
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FIGURE 3 Absolute CB edge positions of pristine and defective
SnO, surfaces computed at HSEQ6 level of theory. Pristine and
defective configurations are colored, respectively, in gray and with a
gradient from orange (all in-plane) to light yellow (all bridge). The
experimental CBM interval®*~4° is denoted with a gray zone.

even lower than those associated with the all bridge. This is achieved
through configurations that contain both types of vacancies.

We calculate the Projected-Density of States (pDOS), displayed
in Figure 2 to further analyze the electronic properties of our models.
The data clearly illustrate that the bandgap decreases or disappears

when oxygen vacancies are introduced in the slab, as expected with
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the creation of intra-gap levels.>® As a result, the Fermi level shifts
toward the conduction band. In particular, when the quantity of Vog
exceeds the number of in-plane oxygen vacancies, the disappearance
of the bandgap suggests a significant increase in free charge carriers
due to this type of vacancies.

We evaluate the positions of the CBM both for the pristine and
the defective models following the procedure described in the previous
section. In Figure 3 are depicted the obtained values calculated at
HSEOQ6 level of theory. Notably the value extracted from the pristine
model (—5.81 eV) falls well outside the experimental range. In defective
systems, it is possible to observe that the higher the content of bridging
oxygen vacancies, the higher the CBM. On one side the all in-plane and
the 2:1 configurations underestimate the experimental values, while on
other the all bridge configuration provides a too high energy value. The
1:1 and 1:2 configurations provide instead values in the experimental
range of CBM. These configurations are also among the most energeti-

cally favorable with ratios reflecting experimental values.?*?”

4 | CONCLUSIONS

The present work employs periodic spin-polarized DFT calculations to
assess the impact of surface oxygen vacancies on the structural and
electronic features of stannic oxide. Such investigation is crucial for
understanding and optimizing the performance of this n-type semi-
conductor, in applications such as perovskite solar cells, catalysis, and
gas sensors. Herein, we have provided a comprehensive analysis of
different Vop:Vog ratios, all containing 33% of surface oxygen vacan-
cies, shedding light on their impact on vacancy formation energy (E,c)
and CBM positions.

Our results point out that configurations containing both defect
types can be even more favorable than the all bridge configuration,
despite the formation of oxygen bridge vacancies implies the breaking
of less bonds.

The Bader charge analysis reveals that energy is influenced not
only by surface tin reduction upon defect formation but also by the
charge distribution.

Furthermore, this study emphasizes the correlation between the
stability of surface configurations and the resulting CBM positions. A
notable shift in CBM with varying Vop:Vog ratios is observed, demon-
strating the interplay between surface defects and electronic structure.
The CBM of the pristine structure falls well outside the experimental
range value. By accounting for defects, we find a competing effect of
in-plane and bridge vacancies to lower and increase the CBM position,
respectively. This leads to results outside the experimental range for all
the defective configurations, except for the 1:1 and the 1:2. Among the
investigated configurations, these have some of the lowest E, ... The
results explain from an atomistic perspective the PL experimental

2427 \where SnO, surfaces containing a similar amount of

results,
Vop ~ Vog or an excess of Vog have been observed.

Further investigation of the electronic structure via pDOS analy-
sis predicts a strong relation between the presence of oxygen vacan-

cies and the material's conductivity, aligning with current literature.

Our results reveal the predominant role of bridge vacancies to
increase the conduction features.

In conclusion, this research contributes to advancing the under-
standing of factors influencing the conduction band edge position in
Sn0O,, offering a guidance for experimental efforts in functionalizing
SnO, for diverse technological applications. The study underscores
the importance of simulating both type of surface defects for accu-
rately predicting the electronic and structural properties of the mate-
rial. Moreover, this work provides a theoretical prescription serving as
a roadmap for effective theoretical simulation of stannic oxide proper-
ties, especially these findings offer fundamental insights for future
studies of interfacial features with other materials or manipulations,
such as doping, or new fabrication processes.
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