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ABSTRACT

Transparent conducting oxides (TCOs) are a special class of materials that can simultaneously be both optically
transparent and electrically conducting and, as such, are a critical component in most thin-film photovoltaics. TCOs
are generally based on a limited class of metal oxide semiconductors such In,O,, ZnO and SnO,, which are transparent
due to their large band gap energy and can also tolerate very high electronic doping concentrations to yield
conductivities of 1000S/cm or higher. However, these three basic TCOs alone do not meet the TCO performance needs

of emerging PV and other applications.

Introduction

Transparent conductors in the form of
transparent conducting oxides (TCOs)
are critical components in many opto-
electronic applications including flat
panel displays (FPD) and photovoltaics as
well as organic electronics including both
organic light-emitting diodes (OLED) and
organic photovoltaics (OPV) [1,2]. Unlike
most metals which are opaque and most
transparent materials, which are insulating,
TCOs are a special class of wide band
gap (~ 3eV) metal oxide semiconductors
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such as ZnO, SnO, and In,03, which
can support high enough free electron
concentrations (~1021/cm3) to be effective
electrical conductors [3]. Typical good
transparent conductors have conductivities
of 1000 — 5000S/cm and are transparent
from ~ 350 — 1500nm (thereby including
the visible portion of the spectrum,
400-700nm). For comparison, we note
that copper metal is about 100 times
more conductive than a typical TCO.
For single-junction PV applications,
transparency out to about 850nm is a
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requirement, which does not put too much
of a constraint on TCO materials.

TCOs in photovoltaics

In PV applications, transparent
conductors are needed as a contact for
collection of the photo-generated carriers
while still allowing the light to reach the
active solar absorber material. As such,
transparent conducting oxides are part of
every thin-film photovoltaic technology.
The two main PV areas where this is not
the case are epitaxial multi-junction III-
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Figure 1. Configurations for Si heterojunction (SHJ) cells with Sanyo HIT cell on the left.

V solar cells (e.g. GaInP,/GaAs) [4] and
conventional bulk/polycrystalline Si cells.
In these cases, a thin doped top layer of
either III-V semiconductor for the former
or Si for the latter can provide satisfactory

lateral current transport when used
in conjunction with a metallic current
collection grid. This latter approach is
even being integrated with a TCO as
discussed later.

Moving onto PV technologies that use
TCO contacts, the image on the left of
Figure 1 shows the basic structure of a
two-sided Sanyo HIT cell (Heterojunction
with Intrinsic Thin-layer, [5]). Note the
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Figure 2. CIGS (top) and CdTe (bottom) PV structures in cross-section.
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two TCO layers, one for the top and one
for the bottom. The Sanyo-HIT cell is an
Si Heterojunction (SHJ) structure which
uses thin hydrogenated amorphous Si
(a-Si:H) layers in conjunction with a
crystalline Si core [6]. The image on the
right in Figure 1 shows a more expanded
view of a one-sided SHJ structure. Note
that even for this structure, there are still
two TCO layers. ZnO is part of the top of
the TCO/metal multilayer top contact and
TCO-coated glass forms the transparent
bottom contact for this device. In these
SHJ structures, the a-Si layers effectively
passivate the c-Si surface, but, due to the
low carrier mobility in a-Si, a TCO layer is
needed for lateral current conduction to
avoid resistive losses. Indium-tin-oxide is
typically used in this application [6].

“The range of possible
compositions for TCOs
is enormous, covering
75% of the tie line
between CdIn,0, (x = 0)
and Cd,SnO, (x=1).”

The upper half of Figure 2 shows a
cross-sectional image and schematic for
a Cu-In-Ga-Se (CIGS) thin-film solar
cell. The primary absorber layer is the
CIGS, which has the CulnSe, structure,
but with Ga partially substituted for In to
optimize the absorber band gap energy.
CdS is deposited over the CIGS to form the
junction and then a TCO top layer is used
as the transparent electrical contact. In the
highest efficiency CIGS cells, a TCO bilayer
composed of first undoped ZnO deposited
directly onto the CdS layer and then a high
conductivity Al-doped ZnO (AZO) on top
provides the lateral current conduction
[7]. The TCO layer must be deposited at
~ 200°C or lower to avoid degrading the
CIGS/CdS junction. Similarly, the lower
half of Figure 2 shows a cross-sectional
image and schematic for a CdTe/CdS solar
cell. In contrast to the CIGS device where
the TCO layer is the last layer deposited, the
CdTe layer stack begins with TCO coated
glass that then becomes the substrate for
the subsequent CdS, CdTe and metallic
back-contact layers. This allows higher
growth temperatures to be used during
the TCO layer growth and the F-doped
SnO, or bilayer Cd,SnO,/Zn,SnO, are the
standard TCOs for CdTe cells [8,9].

TCO materials and thin-film
growth

Figure 3 depicts the conventional five basis
set of metal oxides (SnO,, In,03, ZnO,
CdO and Ga,;O3) which form the majority
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Figure 4. Optical spectra of typical (ZnO) transparent conductor.

of crystalline TCOs when appropriately
doped. Sn-doped In,O5 (ITO), Al-doped
ZnO (AZO) and F-doped SnO, (FTO)
are by far the most commonly used
TCO materials at present. CdO can have
extraordinarily good electrical properties
if neither the yellow colour due to lower
band gap energy nor the toxicity of Cd
preclude its use. On its own, Ga,Oj5 is
not conducting enough to be a practical
TCO but it is included as a basis oxide for
its role in more complex TCOs such as
GaInOj [10]. Similar binary metal TCO
compounds with simple stoichiometries,
such as those that lie in the composition
space depicted in Figure 3, include
Cd28n04, Zn28n04, and In22n205
[10,11]. When TCOs formed from three
basis oxides are considered, broad ranges
of compositions and structures become

possible. For examples, in the Cd-In-Sn-
O system, Cdy,,In; ,,Sn, O, over the
range 0 < x < 0.75 can be made [12]. The
range of possible compositions for TCOs
is enormous, covering 75% of the tie line
between CdIn,O, (x = 0) and Cd,SnO,
(x=1).

With the exception of CdO, which is
light yellow in colour, all of these materials
just discussed are inherently transparent
in the visible when made undoped
and fully oxidized. To achieve practical
electrical conductivities of 1000S/cm or
greater, these TCO host matrix materials
must be effectively doped to create free
carrier concentrations on the order of
1020 — 1021/cm3. The simple single basis
oxide materials are almost always made
with explicit substitutional doping. Both
7Zn0O and In,Oj5 are usually doped on the




cation site with Al to give Zn;_(AlLO and Sn to give In,_ Sn O3
respectively [13]. SnO,, on the other hand, is generally doped on
the anion site using fluorine to give SnO,_,F, but it can also be
doped on the cation site using Sb [14].

For Al-doped ZnO and Sn-doped In,O3, sputtering is the most
common method of thin-film deposition. High quality thin films
can be grown either by sputtering from ceramic metal oxide targets
or by reactive sputtering from metal alloy targets. Other physical
vapour deposition (PVD) methods used to deposit these and other
TCO materials include evaporation and pulsed laser deposition, a
technique which is excellent for proto-typing new materials even if it
is not yet practical for large-area commercial deposition. In contrast,

SnO, is generally deposited using spray pyrolysis or various forms of

chemical vapour deposition (CVD). Spray pyrolysis deposited SnO,:
F has been a mainstay of the TCO industry for decades, especially
for low-e windows and IR selective windows. We note that PVD-
deposited SnO, is generally less conducting for reasons that are not
fully understood at present [14,15].

Basic opto-electronic properties

Figure 4 shows the optical reflection, transmission and absorption
spectra for a typical commercial ZnO TCO on glass. Collectively,
these show the key spectral features of a TCO material. First, the
material is quite transparent, ~ 80%, in the visible portion of the
spectrum, 400 — 700nm. Across this spectral region where the
sample is transparent, oscillations due to thin-film interference
effects can be seen in both the transmission and reflection
spectra. The short wavelength cut off in the transmission at ~
300nm is due to the fundamental band gap excitation from the
valence band to the conduction band of the basis semiconductor,
ZnO in this case. The gradual long wavelength decrease in the
transmission starting at ~ 1000nm and the corresponding increase

in the reflection starting at ~ 1500nm are due to oscillations of

the conduction band electrons known as plasma oscillations,
or plasmons for short. The corresponding schematic electronic
structure for a heavily doped semiconductor with a completely
filled lower valence band and significant free electron density
in the upper conduction band states is shown in Figure 5. What
distinguishes TCOs from conventional semiconductors is that
the valence band to conduction band (band gap) energy is very
large, 3eV or more, which makes TCO materials transparent
in the visible spectrum. Furthermore, TCO materials allow for
conduction band free carrier densities as high as 102! electrons/
c¢m3, which enables the high conductivities.

“One fundamental reality of
TCO materials is that there is an
inherent tradeoff between conductivity
and the long wavelength
transparency limit”

Returning to the optical spectra in Figure 5, there can also be
substantial absorption due to these plasma oscillations as is the
case for this particular sample with the maximum absorption
occurring at the characteristic plasma wavelength, \_. As the
number of electrons in the conduction band, N, is increased,
such as by substitutional doping, the plasma wavelength shifts to
shorter wavelengths as X, o 1/ VN which also effects the electrical
conductivity (o) since o= Nep where e is the electron charge and p
the electron mobility [16]. Hence, one fundamental reality of TCO
materials is that there is an inherent tradeoff between conductivity
and the long wavelength transparency limit. At very high electron
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Figure 5. Schematic electronic
structure of TCO materials.

concentrations, this can even decrease the
visible wavelength transparency.

For example, Figure 6 shows how
the infrared transparency increases for
SnO, TCOs as the sheet resistance is
increased from 5Q)/sq. to 100)/sq. Even
though both of these SnO, samples have
similar visible wavelength transparency,
the 5Q/sq. sample would be unusable
as a transparent conductor for telecom
applications at 1500nm. TCO optimization
includes not just the inherent trade-off
between conductivity and transparency
just discussed, but also many other
application-specific constraints such as
chemical compatibility, required deposition
temperature, stability at the operating
temperature and surface roughness,
among others. Collectively, these examples
should make it clear that there is no such
thing as a single ‘best’ TCO and that TCOs
must be tailored to the constraints of the
specific application. This includes not just
the broad distinction between TCOs for
flat panel displays, PV and telecom, but
also the distinct TCO requirements for the
different thin-film PV technologies. This
‘set’” of requirements is what is driving the
development of new TCO materials in a
number of application areas.

Recent materials developments
Three recent trends in new TCO materials
research are: 1) The development of high
electron mobility materials; 2) The use
of amorphous mixed metal oxide TCOs
which can be deposited at low or even
ambient temperature, and 3) The discovery
of TiO,-based TCOs. The practical
industry standard reference point for this
new materials development is crystalline
ITO with 10wt.% SnO, in In,O3 deposited
at 250 — 350°C which typically has electron
mobilities of ~ 30cm?2/V-sec.
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Figure 6. Optical transmission spectra of SnO, TCOs with different sheet

resistances.

Figure 7 shows the electrical
conductivity, carrier concentration and
electron mobility for Ti-doped In,O3
on glass grown by sputtering [17]. Of
particular note are the high mobilities, >
80 cm?/V-sec, observed for films with Ti
concentration of 1-2%. This is attributed
primarily to the high doping efficiency

of Ti in InyO3, which is found to be near
unity for Ti concentrations near 2%. For
comparison, in most ITO the doping
efficiency of Sn is about 1 electron per
4 Sn atoms. Mo-doped In,O3 is also a
high mobility variant on doped indium
oxide with mobilities of 60cm?2/V-sec for
sputtered films on glass [18] and as high
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Figure 7. Electrical conductivity (o), carrier concentration (N) and mobility (pt) of
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as 125¢cm?/V-sec for films deposited by PLD onto single crystal
substrates [19]. Interestingly, in this case the doping efficiency is less
than half of that for the Ti.

While traditional TCOs are highly crystalline, recently, a new
class of amorphous TCO materials, typified by amorphous In-Zn-
O (a-1Z0O) and based on double (or triple) oxides of heavy metal
cations with ionic electronic configuration (n-1)d!%ns® has emerged
[20,21]. These materials typically exhibit an electron mobility of
30-60cm?/V-sec, which is unusually high and is thought to arise
from the direct spatial overlap of the large and spherical heavy metal
cation nsY orbitals and the lack of grain boundaries. For comparison,
typical thin-film amorphous Si has mobilities of less than 1cm?2/
V-sec. Technologically, a-IZO and similar materials are of great
interest because they can be easily deposited onto glass or plastic
substrates by ambient temperature sputtering, have excellent optical
and electrical properties, are very smooth (Rpyg < 0.5nm) and once
deposited, do not crystallize until heated to 500°C or higher [22].
Figure 8 shows the electrical conductivity, carrier concentration and
electron mobility as a function of metals composition for IZO films
grown by composition gradient combinatorial sputtering [23]. Note
that broad conductivity maximum with ¢ ~ 3000S/cm occurs in the
composition range which is amorphous, ~ 55 to 80 at. % indium
in this case. While for transparent conductor applications, a high
carrier concentration is needed, we note that when grown in the
presence of 5 — 10% oxygen, these amorphous mixed metal oxides
have carrier concentrations of order 1016 — 1018/cm3 and are being
developed as channel layers for transparent thin-film transistors
(TTFTs) [24,25]. At present, amorphous In-Ga-Zn-O is the primary
material of interest for TTFT applications.

Recently, Nb and Ta-doped TiO, have been shown to be good
transparent conductors with conductivities of ~ 3000S/cm on
single crystal substrates and ~ 2000S/cm on glass [26-28]. The
highest conductivity has been observed for the Nb-doped materials
and some recent theoretical results support this [29]. In a simple
electron counting model for TiO,, the Ti** has no electrons in the 3d
states, which contradicts the conventional wisdom that metal oxide
materials for TCOs should always have filled d-shell states. To obtain
these good TCO properties, the TiO, must have the anatase structure
perhaps due to a much lower effective mass than rutile. The more
common rutile TiO, is not a good TCO. At present, it is not known
whether anatase TiO, is the first member of a new general class of
TCOs or a singular exception to the filled d-states rule.
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Organic PV applications

TCO materials are also critical in organic
photovoltaics (OPV), where they can
be used in a conventional geometry
as shown in Figure 9 or in an inverted
geometry where the oxide becomes the
electron acceptor. Clearly, these two
configurations require very different
characteristics for the TCO in terms
of electron affinity, surface chemistry
and even doping level. A typical layered
structure for the conventional bulk
heterojunction is shown in Figure 9
where the TCO acts as the hole extraction
contact in conjunction with either an
organic or inorganic hole transport layer
(HTL). In this application, reducing the
energy level mismatch between the Fermi
level of the TCO and the highest occupied
molecular level (HOMO) of the organic
semiconductor is believed to be central
to improving the current collection and
operating voltage. In general, for TCOs
used in typical bulk heterojunction OPV
(Figure 9), higher work function TCOs
are needed to improve the energy level
matching [30].

Alternatively, TCOs or similar materials
may also have applications as the electron
acceptors in an inverted OPV device. In
this case, lower work functions TCOs
are needed to move the conduction
band higher and thus increase the open
circuit potential. In these devices, due to
the strong exciton binding energy and
short exciton diffusion length in organic
semiconductors, the photo-excited
excitons (electron-hole pairs) can only be
effectively split by an interface-induced
charge separation, where the electron is
transferred from the organic absorber
to the acceptor. In this case, TCOs with
a higher band gap energy (lower work
function) are desired to avoid voltage
loss when the electron transfers from
the lowest unoccupied molecular orbital
(LUMO) of the organic to the TCO
conduction band. Figure 10 shows both
the band gap energy increase in ZnO
(shorter wavelength absorption edge)
due to substituting Mg in place of Zn and
the corresponding increased open circuit
voltage in a simple planer OPV device
where Zn(Mg)O is used as the electron
acceptor [31]. Overall, the substitution
of Mg for Zn in ZnO decreases the band
offset between the LUMO of the polymer
donor and the conduction band of the
acceptor metal oxide material. As shown
in the inset, the Vi, was increased from
500 to 900mV in the P3HT-Zn;_,Mg,O
devices through the substitution of
Mg into ZnO over a range of 0 to 30%
Mg for Zn. However, to be effectively
incorporated into a practical OPV device,
this basic materials result would have to
be transferable to an intercalated metal-
oxide/organic active layer structure with
nanometre-length scales. This remains an
active area of research.
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Summary

Thin film photovoltaics require an
optically-transparent electrically-
conducting contact layer to enable
current extraction while allowing
sunlight to reach the active PV junction.
For most PV applications, this need is
met with transparent conducting oxides
that are heavily doped wide band gap
semiconductors. Crystalline Sn-doped
In,Oj5 is the industry standard with Al-
doped ZnO and F-doped SnO, also being
used commercially. However, due to
factors such as cost, reactivity, deposition
temperature and stability, these three
materials are not sufficient to meet the
TCO requirements for emerging high
performance applications both in PV
or other opto-electronic applications.
Consequentially, new materials are being
actively developed. A few important
areas of current TCO materials research
include compositionally complex binary,
ternary and beyond materials, amorphous
mixed metal oxide TCOs, early
transition metal series TCOs and higher
performance dopants. The past decade
has seen a resurgence in TCO research
and significant advances are likely in the
next five years.
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