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n-Type doped transparent conducting binary
oxides: an overview
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This article focuses on n-type doped transparent conducting binary oxides — namely, those with the
general formula M,O,:D, where M,O, is the host oxide material and D is the dopant element. Such
materials are of great industrial importance in modern materials chemistry. In particular, there is a focus

on the search for alternatives to indium-based materials, prompted by indium’s problematic supply risk

as well as a number of functional factors. The important relationship between computational study and
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experimental observation is explored, and an extensive comparison is made between the electrical properties
of a number of the most interesting experimentally-prepared materials. In writing this article, we aim to
provide both an accessible tutorial of the physical descriptions of transparent conducting oxides, and an

up-to-date overview of the field, with a brief history, some key accomplishments from the past few decades,
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1 Introduction
1.1 Transparent conducting oxides

1.1.1 Background. Transparent conducting oxides (TCOs)
are materials which have attracted much attention in recent
decades on account of their unique and hugely useful properties.
These materials might have once been considered unusual due to
their exhibition of both transparency and conductivity, properties
which according to the simplest description of band theory ought
to be mutually exclusive."> Band theory considers that when atoms
combine to form a compound, their atomic electronic orbitals
overlap to form molecular orbitals - the countless permutations of
the bonding and antibonding combinations of atomic into mole-
cular orbitals in a solid result in the blurring of discrete energy
levels into a continuous ‘band’. In a semiconductor, the energy
level corresponding to the highest occupied molecular orbital
(HOMO) in the ground state is referred to as the valence band
maximum (VBM), while the lowest unoccupied molecular orbital
(LUMO) is called the conduction band minimum (CBM). Tradi-
tionally, in order for electrical conduction to occur within the
semiconductor material, ground state electrons must be excited
from the VBM to the CBM, across an energy difference referred to
as the band gap. This excitation requires energy input — one way
this can occur is via the absorption of a photon. A wider band gap
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the current state of the field as well as postulation on some likely future developments.

requires a higher-energy photon in order for an electron to become
excited into conduction. Therefore, according to this simplistic
model, widening the band gap to greater than E, = 3.1 eV in a
material permits transparency to the visible portion of the
spectrum,” yet places greater separation between the VBM and
CBM of the material, thereby decreasing the probability of exciting
an electron into conduction.

TCOs have been developed to sidestep this conundrum by
doping the material in order to facilitate the creation of charge
carriers. In a more sophisticated description of the band model,
there is an important distinction between the fundamental band
gap such as that described above (i.e. the energy separation of the
bulk HOMO and LUMO), and the optical band gap, which corre-
sponds to the lowest-energy allowed optical transition. For a TCO to
be useful, it is this optical band gap which becomes important for
the transparency of the material, which means that in an n-type
TCO, electrons can be injected from a nearby defect donor level
directly into the conduction band in order to permit conductivity.
In n-type TCOs, lattice defects in a metal oxide crystal, such as
oxygen vacancies, proton interstitials and certain substitutional
defects, effectively create an excess of electrons close to the defect
site. If there is sufficient orbital overlap, it permits delocalisation of
electrons from the defect sites such that electronic states at the
CBM become filled, i.e. the Fermi level shifts above the CBM (see
Fig. 1). This leads to an effect known as the Moss-Burstein shift,
which effectively widens the optical band gap from simply:*

Eg = Ecgm — Evem (1)
to

Eg™ = Eg' + Eg = Fr — Eyewm (2)

This journal is © The Royal Society of Chemistry 2016
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Fig. 1 Diagram of the optical widening effect of the Moss—Burstein shift.

since the Moss—Burstein shift is:

Ey® = Ex — Ecpm (3)
where E, is the fundamental energy gap separating the VBM
and CBM, Eg is the optical band gap corresponding to the
smallest allowed optical transition from the VB to the CB,
Ey'™ is the Moss-Burstein shift and Ey is the Fermi level. In
this way, lattice defects in TCOs are able to simultaneously
promote both electrical conductivity and optical transparency.

The band structure is a key aspect in designing a TCO; the
optical band gap is just one such consideration. Other factors
include the separation of the CBM of the host material from the
vacuum level, i.e. the CBM depth or electron affinity (E,), which
affects the ‘dopability’ of the TCO. A higher value of E, indicates
greater ease of introducing charge carriers, ie. a greater
dopability.*” A large separation (E, > 3.1 eV) between the Fermi
level in the CB and the next electronic energy level (‘CBM + 1’
here) helps to prevent excitation of electrons to higher states
within the conduction band, which might otherwise produce
unwanted optical absorption.® This effect is often referred to as
free carrier absorption (FCA). These factors are clearly visible in
Fig. 2, in which the doping by Sn of In,0; raises the Fermi level
above the CBM (ie. the conduction band becomes partially
filled), while the separation of the CBM from the CBM + 1 level
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Fig. 2 Band structures of (a) undoped and (b) Sn-doped In,O3. The Fermi
level is set at £ = 0 eV. The Brillouin zone centre is denoted by I', while H,
N and P denote points at the Brillouin surface along high symmetry k-vectors
in the reciprocal crystal lattice. The energy lines represent allowed electronic
states at given k-points. Adapted with permission from Freeman et al.®
Copyright 2011 Cambridge University Press.
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appears to be around 3 eV after doping (noting also that the
fundamental band gaps tend to be underestimated by the
density functional theory).

The conductivity of a TCO is related to the number of charge
carriers and their ability to move through its crystal lattice,
i.e. their mobility. The mobility of electrons within an n-type
TCO is inversely proportional to their effective mass. This is a
quantity used to express the mass that the electrons appear to
have when moving within a periodic solid, in which their
mobility is affected by their response to local forces within
the crystal, expressed relative to their true mass (m.). The key
factor here is the orbital overlap between the metal cation in a
host lattice and the oxygen, since it has been shown computa-
tionally that the CB in TCOs has significant oxygen character.
It has been observed that metal-oxide structures with pre-
dominant s-character of the cation at the CBM are correlated
with the lowest electron effective masses, suggesting that the
degree of cation-oxide orbital hybridisation is a key factor.” It is
therefore likely that for this reason, TCOs based on an e.g. TiO,
host structure (where the CBM has 3d-character) are generally
observed to have higher effective masses than SnO,-hosted
TCOs.*>® The calculated CB with a lower effective mass is
described as having higher dispersity, and appears visually as
having higher curvature at the band edges.”'° This relationship
can be easily demonstrated; to a parabolic approximation, the
energy E(k) of the CB at wavevector k close to the Brillouin zone
centre can be expressed as:

n2 k>
2m*

Ey + (4)
where E, is a constant representing the energy at the band centre
and m* is the electron effective mass. Then, the curvature of
the CB is:

d?E(k)  #
K wr )

Thus, a CB with a high curvature corresponds to a low electron
effective mass, which in turn facilitates high electron mobility.
By computational modelling of TCO band structures, it is
possible to predict the electronic properties of prospective TCO
formulations by calculation of the electron effective mass. The
electron mobility, electron density and (therefore) conductivity
of inorganic materials are linearly related by the Boltzmann
formulation:

o = ney (6)

where ¢ is the electrical conductivity expressed in S cm ™, n is the

density of free charge carriers (i.e. electrons in an n-type TCO), e is
the electronic charge and u is the electron mobility. The electrical
resistivity, expressed in Q cm, is simply:

p= )

In order for a TCO material to be suitable for most electrode
applications, it is desirable to maximise the charge carrier
mobility (typically 4 = 50-70 em®> V' s™'), minimise the
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Fig. 3 Boltzmann relation of electron density, mobility and hence, conduc-
tivity. The latter is displayed as straight-line contours. Adapted with permission
from Edwards et al'® Copyright 2004 Royal Society of Chemistry.

electrical resistivity (ideally p = 10~ *-10°) while keeping the
carrier concentration below 2 x 10*' em™* to minimise undesired
optical absorption. It is clear from Fig. 3 that there are three
somewhat distinct domains amongst inorganic materials regard-
ing electrical properties: namely the semimetals (high carrier
density, low electron mobility; top-left), highly conductive metals
(both high carrier density and mobility; top-right) and semi-
conductors (low carrier density, high mobility; lower-right).
While the introduction of a donor level close to the conduction
band permits a wide optical band gap from the VBM to the
CBM, the optical absorption associated with the promotion of
electrons from the CBM to higher states places an upper limit
on the carrier concentration in the CBM, such that the absorp-
tion coefficient « of the TCO is proportional to the density of
free electrons n by:

o=on (8)

where ¢ is the absorption cross-section. Thick or highly doped
TCO films therefore give rise to a pronounced optical absorption,
which needs to be factored in when designing TCO components.™*
Aside from this, increasing the dopant concentration of the
TCO film also introduces an increasing density of defect
(dopant) sites; in doing so, the increased conductivity conferred
by the dopant’s donor characteristics gradually becomes out-
weighed by an electron scattering effect from the increased
number of defects. The mean free path length of charge carriers
and therefore the free carrier relaxation time becomes reduced,
which increases film resistivity.>*'%"'* The effect of film thick-
ness on transmission and resistivity is depicted in Fig. 4, and a
similar relationship can be inferred for increasing the dopant
concentration.

The demand for TCOs has soared in recent years due to them
being key components in liquid crystal displays, touch-screen
technology and photovoltaic cells, usually as electrodes."?
Other applications amongst a growing number include
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Fig. 4 Effect on optical transmission and resistivity of increasing thickness
of ITO film on PET substrate. Adapted with permission from Wong et alt?
Copyright 2004 Elsevier.

antireflective coatings,'* waveguides in plasmonic devices,'®
organic light-emitting devices'> and ‘lab-on-a-chip’ or bio-
analytical devices.'® The current highest dollar-value market
for TCOs is as transparent electrodes in flat-panel displays
(FPDs), a market valued at US$ 97 Bn in 2014 and forecasted
to reach US$ 135 Bn by 2020."7 Meanwhile, low-emissivity
(‘low-e’) TCO window coatings account for the greatest amount
of TCO deposited annually.'® Current European and US legisla-
tion requires that all new buildings must feature solar control
window coatings, which has assisted such products as fluorine-
doped tin oxide (FTO) coatings on glass to contribute to a multi-
billion dollar market for low-e glass coatings.'® Ongoing social
and technological development such as the increasing adop-
tion of renewable energy sources and the continual growth of
emerging economies therefore means that demand for TCOs is
set to increase further and faster still.>

1.1.2 Historical perspective. TCOs were first reported in
1907 by German physicist Karl Baedeker, who sputter-coated
cadmium onto a substrate followed by heat treatment in air to
yield a cadmium oxide TCO. Incomplete oxidation of Cd in the
heat treatment step led to a nonstoichiometric cadmium oxide,
inevitably leaving oxygen vacancies within its crystal structure.
The resulting pentavalent Cd*>" ions led to occupation of an
electronic defect energy level close to the cadmium oxide con-
duction band minimum, facilitating easy promotion of electrons
into that band.?" As the earliest recorded instance of a TCO, it
was not optimal and did not exhibit resistivities anywhere near
as low as pure metals, and would fully oxidise with time to yield
the insulating wide band-gap semiconductor. Today, while
Cd-based TCOs continue to be investigated such as CdO:In,
which has resistivities an order of magnitude lower than the
current market-leading TCOs,*” the extreme toxicity of Cd largely
precludes its use on an industrial scale.

Later, in 1947, American inventor Harold McMaster patented
a transparent conductive SnO, coating which could be applied to
glass via chemical vapour deposition (CVD) from stannous
chloride, which became useful for planes when de-icing their
windows at high altitude.>® Such TCO materials depend on

This journal is © The Royal Society of Chemistry 2016
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oxygen vacancies and metal atom interstitials to lend conduc-
tivity, which are therefore not in practical use in modern TCOs
due to the instability of such defects on longer timescales
(i.e. gradual oxidation and interstitial migration). In 1954,
Rupprecht discovered tin-doped indium oxide (ITO), a binary
TCO material which to this day remains one of the most important
and best-performing TCO materials on the market.*

In the decades that followed, countless transparent conducting
oxide materials emerged from this fascinating field; in particular,
while zinc oxide had long been known to be an intrinsic n-type
semiconductor, its potential as a transparent conductor came
to be recognised in research pioneered in the later 1970’s to
early 1980’s by a fast-growing number of research groups, per-
haps the most prolific of which being that of Minami et al.>®
Work quickly moved on from intrinsically-doped ZnO, in which
conductivity is owed to defects such as oxygen vacancies and
hydrogen or zinc interstitials, to extrinsically-doped materials
such as indium-doped zinc oxide (IZ0).>° It was not long before
the field exploded with many more n-type doped binary oxide
systems for transparent conducting applications. Many of the
most notable developments of this now expansive field shall be
explored herein.

1.1.3 Choosing a synthetic route. Any two given transparent
conducting oxide films with the same chemical compositions
can possess significantly different properties depending on their
means of deposition. For instance, applications such as photo-
voltaic (PV) cells where the TCO layer meets a photon-absorbing
layer at a heterojunction must have very low surface roughness,
in order to make good contact. Deposition techniques such as
DC magnetron sputtering would therefore be preferable in such
an instance, where a smooth film is deposited on the substrate;>”
whereas we might expect that an inkjet-printed film, which
deposits nanoparticles on the substrate and therefore has a high
surface roughness (even after sintering), would make poorer
contact at a heterojunction. However, inkjet printing is an
inexpensive process, which minimises precursor wastage and
offers a means of scalable high-throughput production of patterned
TCO films for certain applications.*®

The relatively small concentration of dopant in the host
material (typically 1-5 at%) is optimised by the trade-off
between dopant carrier concentration versus increasing elec-
tron scattering effects at the dopant sites. This means that since
free carrier densities in TCOs are low relative to metals, the
mobility of the electrons within the TCO becomes the crucial
factor in determining the conductivity of the material.*® It is
also for this reason that TCO preparation methods which do
not involve crystalline growth ultimately yield films with a high
electrical resistance, i.e. that there is an abundance of physical
boundaries which charge carriers must overcome and therefore
their mobility is low. For example, indium-tin-oxide (ITO) thin
films printed from a dispersion of 25 nm ITO nanoparticles,
while achieving good optical transmittance at 84%, were only
able to reach a minimum resistivity of 1.5 x 107> Q cm.?®
Compare this with a typical polycrystalline ITO film grown by
DC magnetron sputtering at 200 °C, which has a transmittance
over 92% in the visible region and a much lower resistivity

This journal is © The Royal Society of Chemistry 2016

View Article Online

Journal of Materials Chemistry C

>

: (a)Annealedi ITO n’énoparti,clgs

- (b} Palyeryst
- Soev g W

-,
e
" dow

Fig. 5 Scanning electron micrographs from (a) an ITO thin film inkjet-
printed from 25 nm nanoparticles and annealed at 450 °C,%® and; (b) conven-
tional DC magnetron sputtered polycrystalline ITO film deposited at 200 °C.2”
Adapted with permission from Jeong et al. and Betz et al.?”?® Copyright
(a) 2010 and (b) 2006 Elsevier.

of 1.5 x 10~* Q em.”” The reason for the discrepancy becomes
more apparent in the scanning electron micrographs displayed
in Fig. 5; it is evident that the polycrystalline film contains large
(200-400 nm) well-oriented domains, while the inkjet-printed
film of annealed nanoparticles contains a randomly-aligned
physical boundary at the edge of each nanoparticle (i.e. every
25 nm). Therefore, due to the resistance faced by charge carriers
at these physical boundaries, it would be expected that their
mobility, and consequently the conductivity of the material,
would be hampered in the annealed inkjet-printed film. As such,
in choosing a synthetic procedure for a TCO product it is
important to weigh the benefits of the technique against its
cost, simplicity and safety, and the desired properties of the
TCO material.

It is possible to tune the physical properties of the TCO in
order to suit the application. For the PV heterojunction, to
facilitate efficient charge transfer from the photo-absorbing layer
to the TCO, there must also be optimal overlap of the energy
levels of both layers, as determined by the TCO work function -
this can be tuned by adjusting the relative concentration of
components within a multi-component TCO.?*® For instance, it
was recently demonstrated by computation that the band gap of
SnO,, which is sufficiently wide for visible transparency, can be
controllably narrowed by alloying with isoelectronic PbO,, which
has a narrow band gap but a large CBM to CBM + 1 gap and low
electron effective mass. The properties of the alloying materials
can combine to compliment one another, and in doing so, the
CBM is lowered (i.e. the electron affinity is increased) to facilitate
band alignment and Ohmic contact with other materials,
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while the Fermi level becomes positioned above the CBM to
enable TCO functionality. The authors invite experimental
verification.”

1.2 Indium-tin-oxide and the search for an alternative

1.2.1 Indium: cost and supply risk. Currently, the most
effective and utilised TCO material for electronic applications is
tin-doped indium oxide (ITO), preferred on account of possessing
both a high optical transmittance in the visible range, whilst also
having a very low resistivity (typically 1-2 x 10~* Q cm for poly-
crystalline ITO).'®*° However, issues arise with ITO on account of
the unpredictable nature of the cost per unit mass of indium, due
to its very low natural abundance and its subsequent production
only as a by-product.

Limited global supply has led to competition over the
control of the resource and therefore limited availability of
indium. The EU in particular is entirely dependent on imports
for its indium supply, meaning that TCO manufacture within the
EU, as well other indium-dependent low-carbon technologies
such as nuclear control rod manufacture, suffers severely from
the indium supply risk (see Fig. 6).>°

1.2.2 The demand for flexible TCOs. The interest in recent
years for flexible transparent conductive materials (TCMs), driven
by their ease of handling (lightweight, easier to transport, less
prone to fracture) and low-cost manufacture (roll-to-roll conti-
nuous mass fabrication), has further spurred the search for
alternatives to ITO.>" The high temperatures required to obtain
polycrystalline ITO (generally T > 400 °C) preclude its deposition
on flexible substrates, which are generally polymers such as
polyethylene terephthalate (PET) and cannot be processed above
the glass transition temperature. While some progress has been

View Article Online
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made in low-temperature deposition of amorphous ITO films
onto PET substrates using techniques such as radiofrequency
(RF) magnetron sputtering’® and pulsed laser deposition,
amorphous TCO films generally have inferior electronic proper-
ties to the polycrystalline films (p = 5-7 x 107" Q cm vs. p =
1-2 x 10~* Q cm for amorphous vs. polycrystalline ITO), though
nitrogen-doped tin oxide may be an important exception to this
trend.*® It has also been demonstrated recently that amorphous
ITO films on flexible substrates will sustain a lesser degree of
bending with fewer bending cycles before failure, as compared
with polycrystalline films of the same material.** Some work
has gone into remedying this issue by fabrication of TCO-
metal-TCO multilayer surface structures, which makes feasible
the use of amorphous semiconductors deposited at low tem-
peratures on flexible substrates by enhancing their electronic
properties with a sandwiched thin metal layer such as Ag. The
ductility of the metal layer enables continued operation of
the device even when beyond the failure strain of the TCO.*
Crucially however, ITO is a brittle material with a critical strain-
to-failure of just 1.5% (for both bending and stretching tests);**
cracks develop irreversibly in ITO thin films from 36° up to a
maximum bending angle of 60°, which gradually reduces the
conductivity across three orders of magnitude as the bend
approaches its maximum. On the other hand, graphene for
example is able to operate efficiently as a transparent conductor
under bending angles of up to 138°, with minimal loss to its
operational characteristics.*

1.2.3 Improving the conductivity. Further motivation for
replacing ITO exists in order to find TCOs with improved
resistivity characteristics — there is currently an upper limit to
the size of flat-panel displays (FPDs) set by the TCO resistivity,
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due to the visible change in brightness across the display as it
becomes larger. The demand for increasingly large FPDs for
applications such as active signage and bigger televisions creates a
need for improved TCO formulations. In particular, FPD technol-
ogy such as the now-widely popular OLED is highly current-
dependent and requires transparent electrodes with both much
greater conductivity'® and higher work function (in order to
improve band alignment with hole injection or extraction layers
in OLED devices).*! 1t is also well known that the work function
and chemical composition of ITO at its surface is highly depen-
dent on the method of cleaning, indicating that ITO is unstable to
oxidation - this becomes particularly apparent when fluorine-
doped tin oxide (FTO) exhibits no such dependence, therefore
further supporting that there is still room to improve on ITO.
Likewise, FTO, as well as other alternative TCOs such as ZnO:Al
and ZnO:Ga, does not suffer greatly from the thermal or chemical
instability that affects the electrical properties of ITO.%®

Therefore, investigation into alternatives to the highly suc-
cessful ITO as a TCO material has become necessary, in order to
find cheaper, more capable, more earth-abundant materials. The
search for a viable alternative seeks to optimise a number of
figures of merit such as optical transmission, haze, resistivity,
charge carrier concentration and mobility, etchability, ‘green’
processability and affordability. This wide range of desirable
propetties has led to some TCOs becoming preferable over others
depending on the context of application, for example etchability
in transparent circuitry or band alignment of a new TCO with
other existing materials within an established device, with no
single TCO formula therefore being universally ideal.”

2 n-Type doping of binary oxides
2.1 Background

As it stands, the industry standard TCOs used are largely limited
to the post-transition metal oxides ZnO, In,O; and SnO,, and
subsequent mixtures of these such as tin- or zinc-doped indium
oxide (ITO and 1ZO).'® The excellent metal-oxide orbital overlap
in these structures gives rise to low electron effective masses
(see Fig. 8) and therefore high electron mobilities. This, together
with their deep CBMs (high dopability) and wide band gaps
(see Fig. 7),” is what makes these three important host structures
for TCOs. Doped zinc oxide and tin oxide TCO materials have
received particular attention in recent years on account of the
indium supply risk,*® often with such dopants as to yield n-type
TCOs (e.g. SnO,:F,***” Sn0,:8b,>°*>¢ zZnO:F,***" ZnO:B,***°
Zn0:Ga,*®" Zn0:AlL,*""° etc.). In particular, the heavy focus on
n-type doping of SnO, is probably owing in part to doubts within
the community as to whether efficient p-type doped SnO, can
ever be realised.* Much research has gone into investigating a
number of dopant elements; in n-type TCOs, these are usually
substitutional dopant atoms which are selected in such a way
that excess electrons become available at the dopant site. A
comparison of a number of experimentally-prepared n-type
doped TCOs is given in Table 1, and can be referred to as a
summary of the materials reviewed here. While the traditional

This journal is © The Royal Society of Chemistry 2016
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‘look-and-see’ approach of doping aliovalent atoms into crystal
sites (e.g. AI>" on a Zn>" site or F~ on an 0>~ site in ZnO) has been
reasonably effective in the past for screening TCO materials, the
seemingly endless range of possible permutations of metal-oxide
host structures and dopants has more recently been narrowed
significantly with the aid of high-throughput computational
analysis.”

Computational simulations of hypothetical TCO materials
have enabled screening of a wide range of possible materials
and their properties, enabling us, with more power than ever
before, to narrow the search of the many possible combinations
of metal-oxide host and p-type or n-type dopants and their
concentrations. It is possible to model the band structures,
electron effective masses and mobilities in this way. Perhaps
unfortunately, in one particular landmark high-throughput
computational study, one of the most effective TCO materials
amongst thousands of alternatives was found to remain the tin-
doped indium oxide (ITO), the present industry standard TCO,
though there are of course errors associated with computational
modelling techniques; in particular, that Generalised Gradient
Approximation (GGA) functionals in density functional theory
(DFT) are known to strongly underestimate band gaps, and
electron effective masses are generally underestimated within
DFT itself. Still, the error appears to be systematic, meaning this
remains a useful tool for comparative screening of materials at
the early stages.”

2.2 Group IIIA- and IIIB-doped ZnO

2.2.1 Aluminium and gallium. Zinc oxide is a non-toxic,
refractory, hexagonal wurtzite-type semiconductor with a wide
direct band gap of 3.37 eV,”" as well as being thermally and
chemically stable under hydrogen plasma conditions used in
solar cell production.”” Crucially however, zinc and oxygen are
two of the most abundant elements in the earth’s crust, present
at 70 ppm and 4.61 x 10> ppm for Zn and O respectively;
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indium on the other hand has an elemental abundance in
the earth’s crust of just 0.25 ppm.”® Also known as AZOs,
aluminium-doped zinc oxides have arisen as an earth-abundant
alternative to ITO. In the mid-1990s, Islam et al. synthesised
some of the earliest transparent conductive AZO films, which
exhibited resistivities of 2.2 x 107* Q em vs. 3.2 x 107> Q c¢m for
the Al-doped and undoped ZnO respectively, as synthesised by
spray pyrolysis.”* It had long been known that introduction of
impurities or vacancies into ZnO conferred conductivity to the
transparent film,”” however it was only in the 1990s that its
practical potential as a TCO material had begun to be explored.
By the year 2000, it had been found that Al and Ga dopants in
ZnO produced the lowest resistivities, which by this point were
down to 1.4 x 10”* Q cm and 1.2 x 10~* Q cm respectively, as
compared with other dopants such as B, Y, In, Sc, Si, Ge, Ti, Zr,
Hf and F.”*”” Both the AZO (ZnO:Al, 1.6-3.2 at% Al) and GZO
(ZnO:Ga, 1.7-6.1 at% Ga) n-type materials had carrier concentra-
tions of approximately 1.5 x 10*' cm™>, as compared with
concentrations of around 0.5 x 10*' ¢cm™* for the other listed
doped materials. Resistivities of polycrystalline AZO and GZO films
have improved little since then. The best quality polycrystalline
ITO films synthesised by magnetron sputtering methods typically
have resistivities of around 1-2 x 10~* Q cm with carrier concen-
trations of around 10** em™? and no colouring.>”*

GZOs have attracted particular attention due to the close
matching of Ga®* and Zn”" ionic radii, while Ga also effects a
lower electron effective mass in the TCO (see Fig. 8); both of
these factors are therefore more likely to result in higher
electron mobilities in n-type GZO TCOs. However, while GZO
and AZO films are competitive with each other in terms of TCO
properties, the affordability and natural abundance of Al makes
this a particularly attractive dopant material in TCO production,

View Article Online

Journal of Materials Chemistry C

whereas in 2014 the supply risk of Ga was closely comparable
with that of In (see Fig. 6).%°

AZOs have been synthesised by a number of means including
atmospheric-pressure (thermal) chemical vapour deposition,”” RF
and DC magnetron sputtering,”®”® atomic layer deposition,* pulsed
laser deposition,®" sol-gel®* and spray pyrolysis techniques.”* AZOs,
like any trivalent-doped n-type ZnO TCO, work by substituting an
AP*" ion into a Zn®" site, leaving an excess electron at the substituted
site and therefore leading to n-type conductivity. In principle,
the conductivity of the doped films can therefore be improved
by increasing the dopant concentration (and therefore the free
carrier concentration). However, the trouble with minimising
resistivity by ramping up the carrier concentration is that having
a carrier concentration anywhere over ca. 2 x 10** em™* causes a
shift of the plasma edge in the absorption spectrum from the
infrared into the visible region, resulting in coloured films in
extreme cases,>