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ABSTRACT

In this study, solid solutions formed of SnO and CaO [termed (Sn:Ca)xO] are explored as potential solar active layers. The results indicate
that a ratio of x ¼ 7 : 1 leads to a fundamental direct bandgap of 1.56 eV. In order to promote the transport of excited charge carriers from
within the active layer, appropriately aligned hole/electron transport layers need to be identified. To this end, a set of results are presented for
the electronic band alignment of (Sn:Ca)7:1O with a selection of oxide transport layers, with and without oxygen vacancies. From this, it is
recommended that a CaO/(Sn:Ca)7:1O/TiO2 device shows the most potential for an all-oxide solar cell.

VC 2020 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (http://
creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0024947

Solar cell development is driven by how to design a cheap, large-
scale working device. Ideally, this device needs to have an active layer,
possessing a 1.34 eV bandgap (related to the Shockley Queisser
limit)1,2 and a built-in field to drive the current. There are two ways to
form this field—p–n and p–i–n junctions. Traditional silicon solar
cells take advantage of the p–n junction design, but a potentially
cheaper alternative is an oxide p–i–n solar cell.3 However, oxides have
been held back by issues such as large bandgaps and oxygen vacancies.
The present leading oxide, Cu2O,

4 is limited to 20% efficiency, due to
its bandgap of over 2 eV.

For the p–i–n junction, the band alignment between the various
layers (contact, transport, and active) is of vital importance. Typically,
the transport layers need to be semiconducting/insulating materials,
with band alignments to the active layer exhibiting type II (staggered)
structures. This allows for the electrons and holes to be driven in
opposite directions, aiding in the separation of the charge carriers.

While silicon is currently the industry leading standard for solar
cells (reaching 26.7% efficiency),5 its manufacturing processes present
many issues and limitations.5–7 These could be overcome by using
oxides for all component layers. Oxide versatility stems from their rich
array of electronic properties, ease of fabrication,8,9 as well as sustain-
ability, due to the fact that many of them are formed of abundant,
nontoxic elements.

Stannous oxide, SnO, has been explored recently as a candidate
for the active layer of oxide solar cells.10 It has garnered attention due

to its highly dispersive conduction bands, anisotropy in effective mass,
and its relative ease of fabrication and stability.11 However, its photo-
voltaic use is limited due to its small, indirect bandgap (below 0.7 eV).

Optical properties of a material can be improved through solid
solution, which consists of mixing two materials with different proper-
ties. Thus, it is desirable to mix SnO with a material exhibiting a direct
and larger bandgap. Recent works have investigated mixing SnO with
calcium oxide, CaO, to increase the bandgap.10 When forming a solid
solution, one of the main questions, after determining the materials to
mix, is the proportion of each material to use.

In this work, we present a first principles study of forming solid
solutions between SnO and CaO for use as a solar cell active layer. We
explore how different mixing ratios affect the electronic properties, as
well as their stabilities. We then identify a potential p–i–n solar cell
design by exploring contact and electron/hole transport layers (ETLs/
HTLs) compatible with our (Sn:Ca)xO active layer.

In this work, first principles techniques based on Density
Functional Theory (DFT) were used to determine structural and elec-
tronic properties of the various materials considered for solar cell
layers. These calculations were performed using VASP.12,13 The
valence electrons for each atomic species are considered as follows: Ca
3s23p64s2, Sn 5s25p2, O 2s22p4, Ti 3p63d44s2, Mo 5s14d5, F 2s22p5, and
Li 1s22s1. The projector augmented wave method was used, with an
energy cutoff of 700 eV. Bulk structural properties were completed
using the PBE functional,14 while bulk electronic properties were

Appl. Phys. Lett. 117, 153901 (2020); doi: 10.1063/5.0024947 117, 153901-1

VC Author(s) 2020

Applied Physics Letters ARTICLE scitation.org/journal/apl

https://doi.org/10.1063/5.0024947
https://doi.org/10.1063/5.0024947
https://www.scitation.org/action/showCitFormats?type=show&doi=10.1063/5.0024947
http://crossmark.crossref.org/dialog/?doi=10.1063/5.0024947&domain=pdf&date_stamp=2020-10-12
https://orcid.org/0000-0002-9134-9712
https://orcid.org/0000-0002-2528-1270
mailto:admin@solaris-photonics.com
mailto:S.P.Hepplestone@exeter.ac.uk
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1063/5.0024947
https://scitation.org/journal/apl


obtained using the screened-hybrid functional HSE06.15 As the PBE
functional is known to underpredict the bandgap of materials, the
HSE06 functional has been employed where it is possible to improve
this agreement with experiment. All slab and heterostructure calcula-
tions were performed using PBE. Forces were relaxed to less than
0.01 eV/Å per atom, and electronic self-consistency is accurate to
within 10�7 eV. Our calculations were performed using k-point grids
with densities equivalent to those used for analyzing the SnO bulk unit
cell, where geometric relaxations and electronic calculations used
6� 6� 9 and 12� 12� 18 Monkhorst-Pack grids, respectively.16

For the slab (interface) supercell structures, these were reduced to
equivalentm� n� 1 grids. Electrostatic potential plots were obtained
following the method outlined by Delaney et al.17 and Hepplestone
and Sushko.18

Various phases and termination planes have been explored for
materials considered. Here, we present only the phases that resulted in
the most energetically favorable interfaces with the active layer. All
slab and interface structures are generated using the ARTEMIS soft-
ware package.19 For these structures, the following terminations and
phases are presented: SnO (001), Ca (001), CaO (101), anatase TiO2

(001), CaF2 (101), LiF (001), and a-MoO3 (001).
To optimize the electronic bandgap, we propose forming a solid

solution of the two oxides, SnO and CaO, with the chemical formula
(Sn:Ca)xO (where x defines the Sn:Ca ratio). This optimization con-
sists of increasing the SnO gap and reducing the difference between
the direct and indirect transitions.

Figure 1 presents the relationship between the bandgap and the
solid solution ratio (x). Solid solution ratios lower than 1:1 exhibit sim-
ilar bandgaps to each other, within the range of 1.2–1.6 eV (HSE06
values), optimal for photovoltaic applications. We determine that a
solid solution with x ¼ 7 : 1 will achieve a fundamental direct
bandgap of 1.56 eV at C, which is much closer to the optimum

bandgap of a single-junction solar cell (1.34 eV) than pure SnO. While
a composition of x¼ 3:1 exhibits a better bandgap of 1.22 eV, it is
strongly indirect, and thus, we focus instead on x¼ 7:1. Note that the
change in bandgaps caused by the alloying presents itself not as defect
states within the bandgap, but instead as alterations to the dispersive
bands in both the valence and conduction band regions. This is due to
the changes in the periodicity of the material.

In Fig. 1, we present the energetic cost of forming a solid solution
in the a-SnO phase from the constituent oxides SnO and CaO, nor-
malized to the number of oxygen. This is given by

Ef ;n:m ¼
En:m � nESnO �mECaO

nþm
; (1)

where n (m) represents the number of SnO (CaO) units in the solid
solution. The total energies of a single unit of SnO, CaO, and
(Sn:Ca)n:mO are denoted as ESnO; ECaO, and En:m, respectively. It is
apparent that, as the solid solution approaches x¼ 1:1 by increasing
the CaO content, the formation energy increases. Hence, for the con-
centrations studied, the most energetically favorable solid solution in
the a-SnO phase is the 7:1 ratio, Ef ;7:1 ¼ 0:054 eV per oxygen atom.
For all ratios, the elements prefer the individual oxides than the solid
solution. However, the formation energy of 7:1 is particularly low,
indicating that slight changes in the calcium chemical potential will
make this favorable. We also note that the higher the ratio, the more
likely that amorphous structures are to form (Fig. 2).

To thoroughly explore the atomic arrangement within the struc-
ture, each ratio was allowed to fully relax from the SnO and the CaO
atomic geometries. It was found that the SnO geometry was energeti-
cally favorable for all concentrations other than 0:1 (pure CaO), how-
ever, while the a-SnO phase is found to be more favorable than the
rock salt phase (CaO phase) for the solid solutions explored.

Our results show that, as we increase the mix of CaO into SnO,
the hole affinity vh increases from 4.31 eV in SnO to 4.93 eV for
(Sn:Ca)7:1O (see the supplementary material). By increasing the hole
affinity of the material, (Sn:Ca)7:1O allows for more oxides to work as
hole transport layers. This is due to the preference for oxides to exhibit
hole affinities typically greater than 5 eV.22–24

Having established a potential photovoltaic active layer, we now
explore a set of candidate transport layers for the (Sn:Ca)7:1O solid

FIG. 1. The dependence of the dopant concentration on the fundamental electronic
bandgap size for (Sn:Ca)xO. Where possible, the values obtained using PBE and
HSE06 and experimental results have been compared. Experimental bandgaps of
SnO and CaO were obtained from Refs. 20 and 21, respectively. The top panel
depicts the formation energy of the (Sn:Ca)xO solid solutions, from PBE, defined as
the energy difference between the solid solution and the constituent oxides, normal-
ized by the number of oxygen.

FIG. 2. (a) Ball and stick model of the atomic structure and (b) electronic band
structure of (Sn:Ca)7:1O, obtained from first principles HSE06 calculations. The
shaded region highlights the bandgap of the system. Energies are given relative to
the valence band maximum (VBM).
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solution to aid in the separation of charge carriers. As it is known that
metal Fermi levels are pinned to the oxide HTL and ETL Fermi level,25

we focus on the alignment of these (the ETL and HTL) with the active
(Sn:Ca)7:1O layer. While there is a clear disagreement between the the-
oretical and experimental bandgaps (even when employing HSE06 to
compensate), the qualitative results (relative bandgap sizes) are repro-
duced and this quantitative discrepancy (exact bandgap sizes) should
not be present in theoretical hole affinities. This is because the hole
affinities are determined by the occupied states, whose PBE has been
shown to be reliable for predicting.26 As the band alignment should be
reasonable, we have provided the experimental bandgaps to allow the
reader to consider the true band alignment.

In Table I, we present the hole affinities of SnO, (Sn:Ca)7:1O,
CaO, TiO2, CaF2, LiF, and MoO3 to compare potential transport layers
with the hole affinity of the active layer. In doing so, one can estimate,
using Schottky–Mott prediction,31 whether a material is more suitable
for hole or electron transport; however, this does not account for
changes in band alignment due to interfacial effects.19 Thus, this
method provides an initial screening method to select suitable candi-
date materials for further studies. Hence, using the table alongside the
previous criteria for identifying electron and hole transport layers, we
can determine that CaO should act as hole transport layers, while
MoO3 should be the only viable electron transport layer from the list.
The other potential transport layers straddle the bandgap of the active
layer, which would force both charge carrier types to flow away from
the transport layer. Note that due to the intrinsic n-type dopant state
of TiO2 (caused by inherent oxygen vacancies32), it is possible that this
layer could act as a transport layer.

We first explore these heterostructures without intrinsic dopants,
such as oxygen vacancies (discussed later). This allows us to determine
the idealized alignment of these materials and whether this is desirable.
We now present, in Table II, a comparison between the exact calcu-
lated value from DFT and the previously discussed Schottky–Mott
prediction for band alignment. While some band alignments show
little change—(Sn:Ca)7:1O/CaO and (Sn:Ca)7:1O/CaF2—some show
drastic changes—(Sn:Ca)7:1O/TiO2 and (Sn:Ca)7:1O/MoO3. Most of
these candidate materials exhibit valence band maxima below and
bandgaps larger than that of the active layer. This leads to type I
(straddled) band alignment occurring in many of the potential

electron transport layer candidates. From Tables I and II, it is apparent
that both hole and electron transport layers are challenging to find for
(Sn:Ca)7:1O. Hole transport layers are limited by the higher chance of
oxides to exhibit hole affinities greater than 5 eV, while the problem in
finding electron transport layers is linked to the large bandgaps (>
2 eV) typical of oxides.

Figure 3 depicts the band alignment between (Sn:Ca)7:1O and a
set of potential transport layers (CaO, MoO3, and TiO2) as well as Ca
(see the supplementary material for a comparison to bulk properties).
Here, the band alignment is defined as the difference between the
valence band maxima (Fermi energy for metals) of the two materials
(for further details, see the supplementary material). From the density
of states for each of the heterostructures, it becomes apparent that
interface states arise at the (Sn:Ca)7:1O slab surface, with similar effects
occurring on the surface of the neighboring transport layer. For some
systems, these are less apparent—such as with the (Sn:Ca)7:1O/Ca het-
erostructure—whereas others show rather pronounced changes—as is
the case with the (Sn:Ca)7:1O/TiO2 heterostructure.

The inclusion of Ca in this study is due to the intriguing features
it exhibits in its density of states when in a heterostructure with
(Sn:Ca)7:1O. The exploration here is as a potential contact directly on
the active layer. The band alignment between (Sn:Ca)7:1O and Ca is
found to be 1.15 eV. The disparity in the density of states and the lack
of states available near the (Sn:Ca)7:1O valence bands should allow for
a biased transport of the carriers. Furthermore, this disparity in avail-
able electron and hole states could lead to a higher number of electron
carriers compared to holes. However, without a detailed experimental
study of the conductivity of the interface structure, this cannot be
confirmed. Note that this setup could lead to further issues as a metal-
on-metal oxide heterostructure could risk the formation of a CaO insu-
lator at the interface. While this point is of high interest, we now focus
on the traditional p–i–n approach and disregard a direct Ca contact.
With this in mind, we now discuss CaO as a potential transport layer.

The band alignment between (Sn:Ca)7:1O and CaO is 0.92 eV.
This results in the valence bands of CaO lying close to the conduction
band of the active layer. The large bandgap of CaO causes its conduc-
tion states to lie far above that of the active layer. This is a Type II
band alignment. From the results presented here, CaO appears to be a

TABLE I. Theoretical hole affinities and bandgaps of various undoped materials.
Experimental bandgaps (where available) are presented for comparison. These
materials are considered for their potential as active and transport layers. TiO2 is pre-
sented in the anatase phase. Hole affinities and theoretical bandgap values are
obtained from first principles PBE calculations.

Layer Material vh (eV) Eg;theory (eV) Eg;expt (eV)

Active layers SnO 4.31 0.56 0.720

(Sn:Ca)7:1O 4.93 0.90 1.56a)

Transport layers CaO 4.09 3.58 7.121

TiO2 6.20 2.04 3.427

CaF2 6.69 7.38 11.228

LiF 7.68 9.39 13.629

MoO3 8.50 1.73 3.130

a)HSE06 result.

TABLE II. Predicted and calculated band alignments of a set of materials against
(Sn:Ca)7:1O. Predicted values are obtained by comparing the hole affinities of the
two materials, the Schottky–Mott method. Calculated values are obtained from the
electrostatic potential of the interface structure consisting of the two materials.
Positive (negative) values represent materials having valence band maxima above
(below) those of the active layer. Results are obtained from first principles PBE
calculations.

Band alignment (eV)

Material Predicted Calculated

Ca 2.17 1.15
CaO 0.84 0.92
TiO2 �1.27 �0.17
CaF2 �1.76 �1.74
LiF �2.75 �3.15
MoO3 �3.75 �1.47
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suitable candidate for the hole transport layer (potentially with Ca as
the metal contact).

For the electron transport layer, there are two candidates we con-
sider: MoO3 and TiO2. MoO3 and (Sn:Ca)7:1O have a band alignment
of 1.47 eV, while TiO2 and (Sn:Ca)7:1O show a band alignment of
0.17 eV. The valence band maxima and conduction band minima of
both transport layers lie below and above those of the active layer,
respectively—this results in type I band alignment. In the (Sn:Ca)7:1O/
MoO3 heterostructure, there are a large offset between the valence
bands, effectively creating a large barrier for holes, and a small offset
between the conduction bands, indicating a minor effect on the elec-
trons. This could lead to a strong separation of the charge carriers. In

the (Sn:Ca)7:1O/TiO2 heterostructure, the opposite features are seen,
where the hole has only a small offset in the valence bands, while the
conduction band offset for electrons is much more pronounced. For
these defect-free heterostructures, CaO/(Sn:Ca)7:1O/MoO3 and CaO/
(Sn:Ca)7:1O/TiO2 are shown to be viable solar cell designs. However,
for a full consideration, the effects of oxygen vacancies on MoO3 and
TiO2 need to be considered.

Most oxides are known to be intrinsically doped with oxygen
vacancies. These lead to binary and ternary oxides being n-type doped
and monoxides being p-type doped. The doping can lead to radical
changes in the band alignment. While oxygen vacancies have been
explored in both candidate electron transport layers, the band align-
ment in the CaO/(Sn:Ca)7:1O/MoO3 heterostructure remains relatively
unaffected (see the supplementary material). Hence, the discussion
ahead focuses solely on the CaO/(Sn:Ca)7:1O/TiO2 solar cell design.

To consider the effects of oxygen vacancies in potential all-oxide
solar cell setups, we model an equivalent concentration of 1 oxygen
vacancy present per 24 TiO2 unit (1:19� 1021 cm�3). While this
concentration is much higher than that would likely exist in a physical
system, it represents the highest potential effect of oxygen vacancies
on the band alignment (see the supplementary material for further
details).

Figure 4 depicts the effect of an oxygen vacancy in the CaO/
(Sn:Ca)7:1O/TiO2 heterostructure, with the vacancy having been
placed near the center of the TiO2 region. As can be seen, the intro-
duction of an oxygen vacancy into the TiO2 region results in n-type
doping, in agreement with experiment.23,33 This doping results in two

FIG. 3. (top) Electrostatic potential, (middle) ball and stick model of the atomic
structure, and (bottom) layer-projected density of states of (left to right)
(Sn:Ca)7:1O/Ca, (Sn:Ca)7:1O/CaO, (Sn:Ca)7:1O/MoO3, and (Sn:Ca)7:1O/TiO2 hetero-
structures, obtained from first principles PBE calculations. U denotes the band
alignment of each heterostructure. The electronic states are aligned to the core
states of the (Sn:Ca)7:1O slab-center layers. The blue lines in both the top and bot-
tom panels denote the Fermi energy in the respective region. The bold (dashed)
lines in the local potentials (density of states) separate the different heterostructures
that have been modeled.

FIG. 4. (top) Ball and stick model of the atomic structure and (bottom) layer-
projected density of states of CaO/(Sn:Ca)7:1O and (Sn:Ca)7:1O/TiO2, obtained
from first principles PBE calculations. An oxygen vacancy is present in the center
of the TiO2 region. The electronic states are aligned to the core states of the
(Sn:Ca)7:1O slab-center layers. The blue lines denote the Fermi energy in each sys-
tem. DE defines the difference between the Fermi energies (0.525 eV).
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main changes to the density of states. First, the TiO2 material gains
shallow n-type dopant states in the bandgap. Second, the alignment of
the density of states associated with the TiO2 region is seen to be lower
in energy by about 0.5 eV with respect to the defect-free TiO2 region.
This means that the inclusion of oxygen vacancies makes TiO2 a more
viable electron transport layer for the active layer of (Sn:Ca)7:1O. From
this, we can see that the offset in the Fermi levels between the
(Sn:Ca)7:1O/CaO and (Sn:Ca)7:1O/TiO2 regions is 0.525 eV, which
would lead to a strong driving field to form across a device with this
setup.

We now present a potential setup for an all-oxide solar cell with
(Sn:Ca)7:1O as the active layer, taking into account the effects of oxy-
gen vacancies. This setup is CaO/(Sn:Ca)7:1O/TiO2, which presents a
favorable alignment of the bands such that a driving field should be
present over the system. We suggest that this system is explored
further as a potentially viable all-oxide solar cell design, with an effec-
tive energy shift of 0.525 eV.

Here, we have explored the potential of doping SnO to improve
its electronic properties for photovoltaic applications. It is found that a
solid solution formed of SnO and CaO at a ratio of 7:1 results in the
bandgap of SnO changing from indirect to direct and increasing the
fundamental gap to 1.56 eV. Furthermore, the SnO structure shows
strong thermal stability and anisotropic conduction properties. With
all these capabilities, the solid solution (Sn:Ca)7:1O has the promise to
be an efficient photovoltaic material.

However, while the electronic properties of the solid solution
(Sn:Ca)7:1O make it an intriguing candidate as an active layer in oxide
solar cells, the poor band alignment between many other oxides makes
it challenging to identify a suitable transport layer. Overall, CaO
should be a viable hole transport layer due to its capability to sustain
p-type doping and appropriate band alignment with the active layer.
For the electron transport layer, we see that TiO2 is a promising candi-
date and, from preliminary studies, find that its intrinsic n-type doping
should make it even more suitable. Thus, we recommend that a CaO/
(Sn:Ca)7:1O/TiO2 device shows the most potential for an all-oxide
solar cell, which could offer an improvement in performance, due to
the direct bandgap of 1.56 eV.

See the supplementary material for further details on the meth-
ods used for determining band alignment and the bulk properties of
the oxides, fluorides, and metals considered here. The energetic, elec-
tronic, and geometric properties of the solid solutions are also dis-
cussed in further detail, along with their surface properties. Finally, the
(Sn:Ca)7:1O/MoO3 heterostructure is explored further, including oxy-
gen vacancies in the system.
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