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Metal oxides play an essential role in modern optoelectronic devices because they have many unique physical prop-
erties such as structure diversity, superb stability in solution, good catalytic activity, and simultaneous high electron con-
ductivity and optical transmission. Therefore, they are widely used in energy-related optoelectronic applications such as
photovoltaics and photoelectrochemical (PEC) fuel generation. In this review, we mainly discuss the structure engineer-
ing and defect control of oxides for energy applications, especially for transparent conducting oxides (TCOs) and oxide
catalysts used for water splitting. We will review our current understanding with an emphasis on the contributions of our
previous theoretical modeling, primarily based on density functional theory. In particular, we highlight our previous work:
(i) the fundamental principles governing the crystal structures and the electrical and optical behaviors of TCOs; (ii) band
structures and defect properties for n-type TCOs; (iii) why p-type TCOs are difficult to achieve; (iv) how to modify the band
structure to achieve p-type TCOs or even bipolarly dopable TCOs; (v) the origin of the high-performance of amorphous
TCOs; and (vi) band structure engineering of bulk and nano oxides for PEC water splitting. Based on the understanding
above, we hope to clarify the key issues and the challenges facing the rational design of novel oxides and propose new and
feasible strategies or models to improve the performance of existing oxides or design new oxides that are critical for the
development of next-generation energy-related applications.

Keywords: band-structure engineering, defect control, oxides, density functional theory

PACS: 71.20.-b, 74.62.Dh, 71.15.Mb, 77.84.Bw

1. Introduction

Metal oxides comprise a group of materials that have
many unique structural, electronic, and optical properties suit-
able for energy applications, for example, the transparent con-
ducting oxides (TCOs) and oxide catalysts are essential mate-
rials for photovoltaics!!! and hydrogen fuel production,#-6]
respectively. TCOs are usually defined by their high electrical
conductivity approaching that of a metallic compound, with
high transmission of photons in the visible range of the elec-
tromagnetic spectrum. The first TCO thin film was reported
by Badeker!” in 1907, more than 100 years ago, and is based
on CdO. Afterwards, more TCOs such as SnO,, In,O3, ZnO,
and their alloys have been discovered and utilized in our daily
life.[®°) The most important TCO used today is tin doped in-
dium oxide, In,O3:Sn,'% typically called indium-tin-oxide or
ITO, which is the most used TCO for photovoltaics and flat
panel displays. !

Although TCO materials are now widely used for op-
toelectronic applications, many problems still need to be re-
solved. For example, a TCO is usually a wide band-gap semi-
conductor that has a relatively high concentration of free elec-
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trons (holes) in its conduction (valence) band. These arise ei-
ther from defects in the material or from extrinsic dopants,
such as Al or Ga-doped ZnO, F-doped SnO,, and Sn-doped
In,O3. However, so far, all of the commercialized TCO ma-
terials are of the n-type, and there is no high-conductivity p-
type TCO. Why are most of the well-known TCOs n-type?
What kinds of material characteristics are best for n-type
TCOs? Why is there no high-conductivity p-type TCO? How
can high-level p-type doping in TCOs be achieved? Further-
more, is it possible to have bipolarly dopable TCOs? Further-
more, high carrier concentration can lead to good electrical
conductivity but can also cause intra band optical absorption
and reflection in both the visible and infrared portions of the
light spectrum. How should electrical conductivity and optical
transmittance for a high-performance TCO be balanced? How
should the extrinsic dopants for n- and p-type doping in TCOs
be chosen?

For photoelectrochemical (PEC) water splitting, TiO, is
the most studied photocatalyst because it has high chemi-
cal stability, strong catalytic activity, correct band-edge align-
ment, and high photo-generated current with a long carrier
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lifetime.[*!213] However, because it has a large band gap
(~ 3.2 eV), it cannot absorb visible light in the solar spectrum
and thus has a poor solar-to-hydrogen conversion efficiency.
How can the visible-light absorption be enhanced without de-
creasing the high efficiency of the hydrogen reduction reac-
tion? How can the hydrogen-production efficiency of nano
oxides for PEC water splitting be improved?

In this brief review, we will address the above issues, and
present our understanding with an emphasis on the contribu-
tions of our theoretical understanding of the band structure

engineering and defect control based on density functional
theory. This review is organized as follows. Section 2 dis-
cusses the band structure engineering and defect optimization
of TCOs, which includes the mechanisms and approaches to
improve n-type, p-type, and bipolar doping in TCOs, as well
as the defect properties of amorphous TCOs. Section 3 de-
scribes the band structure engineering of oxides for enhanced
PEC water splitting, specifically for TiO,. Section 4 briefly

summarizes this review and provides an outlook.
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Fig. 1. (color online) (a) Crystal structure and (b), (c) calculated band structure and dipole optical transition of In, O3, showing the
large disparity between the fundamental and optical band gaps. Cited from Ref. [14].

2. Transparent conducting oxides for photo-
voltaics

2.1. Band structures and defect properties of n-type TCOs

Despite the wide usage of TCO materials, the band struc-
tures of these common TCOs are still not very well under-
stood. For example, even though InyOs with bixbyite struc-
ture is widely used as a TCO, the nature of its band gap was
only recently resolved by a joint experimental and theoretical
effort.l'* In this study, we find that the direct electronic band
gap of the bulk material is of the order of 2.9 eV (Fig. 1), much
smaller than people believed in the past. Our theoretical band
structure calculations show that there exists a large disparity
between the fundamental band gap (2.9 eV) and the optical
band gap (3.7 eV), i.e., the onset of the optical absorption is
0.8 eV larger than the fundamental (minimum) band gap so it
is highly transparent to visible light despite its relatively small
fundamental band gap. The origin of the large band gap dispar-
ity between the electronic and optical band gaps can be under-
stood as follows. InyO3 adopts the body-centred cubic (bcc)
bixbyite lattice (space group Ia3, Fig. 1), which is a defective
2 x 2 x 2 superstructure of the fluorite mineral structure. The
In cations form roughly octahedral structures, which implies
an effective coordination number close to 6. The inversion
symmetry of the crystal structure requires that the dipole op-
tical transition is allowed only between states with opposite
parity. However, both the valence band maximum (VBM) and
conduction band minimum (CBM) states at the Brillouin zone
center have even parity, so the dipole optical transition be-

tween the fundamental band edge states is forbidden (Fig. 1).
Further investigation of good n-type TCOs such as SnO, and
Cd;Sn0y4 suggests that the large disparity between the funda-
mental and optical band gaps is a common feature in these ma-
terials and all have inversion symmetries and forbidden dipole
optical transition at the fundamental band gap edge.

Another puzzling issue for n-type TCOs is the origin of
the free electrons in most of the intrinsic TCOs, which is still
not fully clear at present. In previous studies, it is generally as-
sumed that defects such as oxygen vacancies should be respon-
sible for the free electrons. However, if this is true, the donor-
like oxygen vacancies must lie at rather shallow levels rela-
tive to the conduction band to give such high-carrier concen-
trations. However, there is no underlying physical reason for
this to be true. Indeed, some first-principles calculations per-
formed by us and others suggest that this is not the case.[!5-18]
For example, our calculated (0/2+) ionization energies of oxy-
gen vacancies in ZnO, SnO», and In,O3 are 1.15 eV, 0.73 eV,
and 0.57 eV, respectively, below the CBM.US! All of them
are very large so the vacancies are hard to ionize and produce
enough free carriers at the room temperature. There are also
proposals that cation interstitials such as Sn; in SnO; may be
responsible for n-type doping in TCOs. However, consensus
has not been reached on the origin of n-type doping in TCOs.
Therefore, further studies are needed to understand the roles
of defects and impurities in introducing carriers to the intrin-
sic TCOs.

In many cases, the intrinsic defects cannot produce a high
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enough concentration of electrons, as with most semiconduc-
tors, therefore, we may have to use extrinsic dopants to intro-
duce carriers. There is a question about whether we should
dope on cation sites or anion sites when extrinsic doping is
used to produce better n-type conductivity in the TCOs. It is
commonly believed that because the CBM (VBM) states are
derived from cation (anion) atoms, doping on anion (cation)
sites has less perturbation on the CBM (VBM), so they are
expected to produce shallow donor (acceptor) levels. That is
why F substitution on the anion O site (Fp) has higher elec-
trical conductivity than Sb substitution on the cation Sn site
(Sbgp) in SnO,. However, for ZnO, the experimental results
show that the rule is invalid.[') It is found that Fq produces
lower conductivity than Al substitution on the cation Zn site
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Fig. 2. (color online) Charge densities of CBM for (a) ZnO and (b) SnO,.
Projected band structures near the CBM for (¢) ZnO and (d) SnO,. CBM
states that are from cation (anion) s states are indicated by blue open circles
(red filled circles), while VBM states that are from anion p states are indi-
cated by black open circles. The size of the circle indicates the relative mag-
nitude of the contribution, and the Fermi energy is set to zero. (e) Schematic
plot of the band coupling model of ZnO. Cited from Ref. [20].

(Alzy). By analysing the wavefunction characters of the con-
duction band edge states, we find that this is because for more
ionic oxides such as ZnO, the CBM state actually contains
a considerable amount of anion O s orbitals and thus anion
site doping can cause larger perturbation of the CBM than the
cation site doping, and, therefore, give rise to deeper donor
levels, 29 as shown in Fig. 2.

2.2. Origin of p-type doping difficulty on oxides

There are some interesting observations on the behavior
of TCOs. One of the most obvious observations is that all
the dominant TCOs currently used in applications are n-type
metal oxides formed from closed-shell large size ns” cations
such as Sn**, In**, and Cd>*. The p-type doping in oxides
is very difficult. To understand this puzzling phenomenon, we
have to review the concept of the so called doping limit rule. In
general, there are three main factors that could cause the dop-
ing limit in a semiconductor material:>'->*! (i) the desirable
dopants have limited solubility; (ii) the desirable dopants have
sufficient solubility, but they produce deep levels, which are
not ionized at working temperatures; and (iii) there is spon-
taneous formation of compensating defects. The first factor
depends highly on the selected dopants and growth condi-
tions. The second factor only depends on the selected dopants.
Thus, these two factors can sometimes be suppressed by care-
fully selecting appropriate dopants and controlling the growth
conditions. The third factor is an intrinsic problem for semi-
conductors; thus, it is the most difficult problem to over-
come, especially for wide band gap (WBG) semiconductors.
This is because in forming defects one needs to exchange
atoms and/or electrons with certain energies (chemical poten-
tials), so the formation energy of charged compensating de-
fects AH(ot,q) = AE(t,q) + Y. nili + gEr depends linearly
on the position of the Fermi level Er. When a semiconductor
is doped, the Fermi level shifts, which can lead to spontaneous
formation of the compensating charged defects. For example,
when a semiconductor is doped p-type, Er moves close to the
VBM. In this case, the formation energy of the charged donor
defects decreases because they will donate their electrons to
the Fermi reservoir (Fig. 3). In WBG oxides with low VBM,
the formation energy decrease of donor defects can be very
large so that at some Fermi energy Er = eéfg,
energy of a certain donor defect becomes zero, i.e., it can form

the formation

spontaneously, so further shift of the Fermi energy is not possi-
ble. Moreover, low VBM also leads to high ionization energy.
Therefore, it is difficult to p-type dope a semiconductor with
low VBM. The trend for n-type doping is similar, i.e., it is
difficult to n-type dope a semiconductor with high CBM. This

doping limit rule, therefore, provides a general guideline about
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whether a material can be doped p-type or n-type if we know
the band edge positions of the compounds.

— 0
s fiy
%
) Y 3
T

O

pin
VBM £ CBM

Fig. 3. (color online) Schematic plot of the dependence of the formation
energy of charged defects on the Fermi energy position. The p-type pin-

ning energy 8(?[3 is the Fermi energy Er at which the formation energy
of donor A with +1 charge state has zero formation energy. Cited from
Ref. [25].

2.3. Band structure engineering to overcome the p-type

doping problem in oxides

With the understanding above, we can now understand
why oxides such as CdO, InyO3, SnO,, and Cd;SnOy, etc.
can easily be doped n-type, but not p-type. The common
electronic characteristic of the above n-type TCO materials
is that they have a spatially delocalized, low energy, and low
effective mass antibonding CBM state with primarily metal
s and oxygen s orbitals. Such a state is achieved with ox-
ides formed from large-size closed-shell ns” metal ions such
as Cd?T, In®*, and Sn**. Because these metal ions have large
sizes, the antibonding state has a lower energy, which is fur-
ther assisted by the large oxygen s component in these more
ionic compounds.?! According to the doping limit rule, com-
pounds with low CBM are easy to dope n-type. On the other
hand, the VBM states of the oxides usually have primarily
oxygen p characteristics. Because the oxygen p orbital has

very low energy (Fig. 4), the VBM of the oxides also has very
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Fig. 4. (color online) Atomic orbital energies of elements showing that
O 2p state has very low energy due to the high electronegativity of oxygen,
whereas Cu 3d orbital has much higher energy than O 2p orbital. Cited from
Ref. [25].

low energy; thus, according to the doping limit rule, it is diffi-
cult to dope the oxides p-type. >+

Our understanding of TCOs suggests that a good n-type
TCO should have a small fundamental band gap caused by
low CBM (i.e., it should contain large cations), but also a
large optical band gap due to forbidden band edge transition
(i.e., it should have a crystal structure with inversion symme-
try and large p—d coupling). To avoid the intra-conduction
band optical transition for heavily doped n-type TCOs, the
separation between the first and the second conduction bands
should also be large (i.e., the material should have large ion-
icity). On the other hand, to achieve p-type doping of oxides,
one has to increase the VBM energy of the oxides. One of
the principal approaches is to include a metal with filled low
binding energy states at the top of the valence band, such as
(n—1)d'%xs® Cu'*. This is because the Cu d state has much
higher energy than O p orbital energy (Fig. 4, the details of
the calculation of the atomic orbital energy can be found in
Refs. [26]-[31]) so the Cu-containing oxides have a VBM
with primarily Cu d orbital with very high energy, as shown
for SrCu;0, (Fig. 5). Coupling between the Cu d and O p
states can also reduce the effective mass of the valence band,

1321 Following the work of

which can facilitate hole transport.
Hosono et al. on CuAlO5,*3 many ternary Cu oxides have
been explored for this purpose. The limitation of this class of
materials is the poor hole mobility that arises from the rela-
tively localized Cu d bands. Another approach is to include
heavy atoms with occupied ns® orbitals such as BiVOy.[*¥
In this case, coupling between Bi 6s and O 2p forces an up-
ward shift of the hybridized valence band, thus making p-type
doping easier. The s—p coupling also results in reduced hole

masses, thus improving the hole conductivity (Fig. 6).
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Fig. 5. (color online) (a) Crystal structure and (b) band structure of SrCu,0,.
Because the Cu d band has much higher energy than the O p orbital energy,
the VBM energy of the Cu compound is much higher than that of conven-
tional oxides, so it is easier to dope p-type. Cited from Ref. [32].
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Fig. 6. (color online) (a), (b) Density of states and (c) electronic band structure of BiVO4 showing that due to the Bi 6s and O 2p
interaction, the VBM state is pushed up in energy and becomes more delocalized, so it is easier to dope p-type. Cited from Ref. [34].

2.4. Bipolar doping of TCOs

Our discussion above suggests that according to the dop-
ing limit rule, a semiconductor with large band gap can be
doped only one type or none under equilibrium thermody-
namic growth conditions, because a wide band gap material ei-
ther has alow VBM or a high CBM or both. Therefore, bipolar
doping, that is, doping a material both p-type and n-type, in a
WBG material is not possible. In that case, can we still obtain
a bipolarly dopable transparent semiconductor? The answer
is ‘yes’ if we can have a material like CuInO,.133! This mate-
rial contains Cu, thus has a high VBM. It also contains large
cation In, so it has a low CBM, so it has a small band gap and
can be doped both p- and n-type. However, CulnO, has a de-
lafossite structure with an inversion symmetry, and the optical
transition between the band edge states is zero. Therefore, it
can still have good transparency because it has a large optical
band gap (Fig. 7). Therefore, a bipolarly dopable transparent
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Fig. 7. (a) Crystal structure, (b) band structure, and (c) dipole transition
matrix elements (P?) as a function of wavevector for CulnO,. Cited from
Ref. [35].

material can only exist when the material exhibits a large dis-
parity between its fundamental and optical band gaps.

2.5. Origin of excellent conductivity and optical trans-
parency of amorphous oxides

Another interesting observation is that many TCOs can
easily form an amorphous phase, 33381 especially during low
temperature growth. However, unlike in covalent semiconduc-
tors where amorphization can lead to detrimental effects on
their electrical conductivity,?*! for many TCOs conductivity

136 This is because for

is not much affected by amorphization.
ionic amorphous oxides, the defect states induced by amor-
phization are shallow, so they are not detrimental to the carrier

t.[40] The essential physics of these processes can be

transpor
captured in a band coupling mechanism based on the energies
of the atomic orbitals involved (Fig. 8). This understanding
thus provides a promising way to engineer the conductivity
and optical properties of amorphous materials for optoelec-

tronic device applications.
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Fig. 8. (color online) In the ionic compound, the dangling bond states are
close to the band edges so its defect levels are shallow. For the covalent com-
pound, its dangling bond states are close to the center of the gap so its defect
levels are deep. The left-hand side is the pseudo band structure of amorphous
ZnO, which shows no deep gap state, consistent with the simple model.

3. Oxides for hydrogen production through pho-
toelectrochemical water splitting

3.1. Band structure engineering of anatase TiO, for PEC
water splitting

Photoelectrochemical water splitting is a promising pro-
cess to produce hydrogen fuel with an effective photocata-
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lyst for dissociating water into hydrogen and oxygen by ab-
sorbing solar energy.!**1#?] In this process, the big challenge
is the search for an appropriate high-efficiency photocatalyst
that should simultaneously meet the following material prop-
erty criteria: (i) structural stability in water; (ii) consisting of
earth-abundant elements with low cost; (iii) appropriate band
gap (1.7-2.2 eV); (iv) correct band-edge alignment that strad-
dles the water redox potential levels; (v) high catalytic activity.
So far, none of the common semiconductors meet all of these
criteria. Anatase TiO, is the most studied photocatalyst for
PEC since it satisfies most of the above criteria. However, it
has a low energy conversion efficiency because it has a wide
band gap of about 3.2 eV, which is too large to absorb sunlight
efficiently, because it absorbs only a small portion of the so-
lar spectrum in the ultraviolet region. Therefore, to improve
solar-to-hydrogen conversion efficiency, one needs to modify
the band structure of TiO; by shifting its absorption edge to-
ward the visible light region. Meanwhile, to maintain the high
efficiency of the hydrogen reduction reaction, the CBM posi-
tion should be as high as possible. Based on these consider-
ations, we propose the passivated-codopant model to modify
the band edges of TiO,. By identifying atomic wave function
characters of the band edge states of TiO,, as well as the chem-
ical potentials of the dopants, we find that the Mo+C passi-
vated codopants can significantly reduce the band gap of TiO;,
and simultaneously shift the valence band edge up signifi-
cantly, while leaving the conduction band edge unchanged, [+3]
as shown in Fig. 9. Our prediction is confirmed by the exper-
iments that use Mo+C passivated codopants to significantly
enhances the photocatalytic activity of TiO,.4

The modified band-edges and band gaps of TiO, depend
sensitively on the dopant or alloy concentration. In previ-
ous studies, this effect is not carefully investigated. To check
this effect, we compare the band offsets for TiO, and TiO;
alloyed with various passivated donor—acceptor combinations
in the low- and high-concentration regimes,*! as shown in
Figs. 10(a) and 10(b). It is found that, in the low-concentration
regime (i.e., 3.1% O replaced), the 2 Nb+C, 2 Ta+C, Mo+2 N,
and W+2 N combinations have both better band-gap reduction
and band-edge positions. Taking into consideration the large
dispersion of the defect bands, Mo+2 N and W+2 N combi-
nations are expected to be good choices for improving TiO»
PEC efficiency. In the high-concentration regime (i.e., 25%
O replaced), it is clearly shown that the CBM positions of the
Mo+2 N and W+2 N systems decrease significantly and are
no longer suitable for the hydrogen reduction reaction. Only
the Nb+N and Ta+N combinations give a desirable band gap
and proper CBM and VBM positions. In brief, the band gaps
and band edges are critically dependent on the concentration
of doped donor—acceptor combinations, and one should care-
fully check band structures related to the combination concen-

tration to choose the desired combinations for improving TiO,
PEC efficiency. Also, to achieve high doping concentration,
non-equilibrium doping methods such as molecular doping,
epitaxial doping, quenching, etc. need to be used.**!
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Fig. 9. (color online) (a)—(d) The LDA-calculated total DOS of undoped TiO,
and (V+N), (Nb+N), (Cr+C), and (Mo+C)-codoped TiO,. (e) The band-
structure comparison between pure TiO, and TiO,: (Mo+C) calculated with
LDA+U. Cited from Ref. [43].
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Fig. 10. (color online) The band offsets (at the I" point) for TiO, and TiO,
alloyed with various passivated donor—acceptor combinations in the (a) low-
concentration and (b) high-concentration regimes. The CBM of pure TiO; is
set to zero as the reference. Cited from Ref. [45].
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3.2. Reducing band gap of nano oxides for PEC water
splitting

Nanostructured semiconductors are usually more suit-
able for photocatalysis applications because they have a large
surface-to-volume ratio that can significantly improve the cat-
alytic reaction rate. [>*¢471 However, nanostructured oxides are
often believed to be inadequate for photocatalysis applications
because their band gaps are too large due to the quantum con-
finement effect, and they fail to absorb a significant fraction of
visible light. Can the band gap of nano oxides be reduced,
and be made even smaller than that of their bulk counter-
parts? On the other hand, in theoretical studies of thin film
and nanostructured oxides, pseudo-hydrogen (PH) is widely
used to passivate the surface dangling bonds to reduce sur-
face states.[*349 However, in reality, PH does not exist in the
real world, and only the real-hydrogen (RH) atom is avail-
able. Through systematically comparing the differences be-
tween PH-passivated and RH-passivated oxide surfaces and
nano structures, we show that, unlike PH passivation, which
always increases the band gap with respect to the bulk value,
RH passivation will produce the gap states and largely re-
duce the band gap of the nanostructured oxides.”® For the
nano TiO,, this effect leads to an effective reduction of the
band gap (Fig. 11), resulting in the enhancement of light ab-
sorption and increasing the solar-to-hydrogen conversion effi-
ciency. This observation significantly extends the applications
of nanostructured oxides, and also provides a feasible solu-
tion to improve the light-absorption efficiency of the nanos-
tructured wide-band-gap oxide materials.
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Fig. 11. (color online) The calculated total DOS of bulk TiO,, no-passivation,
RH- and RH-passivated TiO, quantum dots, respectively. The VBM of bulk
TiO; is set to zero as the reference. Cited from Ref. [50].

4. Summary and future outlook

In this paper, we have reviewed the main issues and dif-
ficulties related to the band structures and defect limitations
of oxides for energy applications. Specifically, we discuss cri-
teria on the band structures for excellent n-type TCOs, and

the principles of choosing the extrinsic dopants for n-type

TCOs. Then, we explain the origin of the difficulty in per-
forming p-type doping on oxides, and propose some solutions
overcoming the p-type doping bottleneck in oxides. We also
propose material characteristics to achieve bipolar doping of
TCOs. Moreover, we demonstrate the microscopic origin of
the excellent conductivity and optical transparency of amor-
phous oxides. Finally, taking TiO, as example, we show how
band structure engineering can be used to significantly en-
hance the photocatalytic water-splitting efficiency of bulk and
nano TiO;. We believe that the above understanding will be
helpful in engineering material properties of oxides for future
energy applications.

Even though remarkable achievements have been made
in the development of oxides for energy-related applications,
there are still many challenges in this field. For n-type TCOs,
although ITO has remarkable material properties, one still
needs to further improve its transparency and electrical con-
ductivity. Moreover, due to the scarcity and high price of
In, it is desirable to develop and search for new alterna-
tives that are low-cost, non-toxic, and have a performance
similar to or even higher than that of ITO. For p-type ox-
ides, because both the doped carrier concentration and mo-
bility are far below the standard for commercial applications,
one still needs to develop practical strategies to achieve high-
performance p-type conductivity, possibly including non-
equilibrium growth methods, transition metal doping, complex
doping, multivalence-impurity doping to increase the carrier
concentration, and band structure engineering to increase the
carrier mobility and optical transparency.
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