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1. Introduction: Low-Cost Photovoltaic Energy

It is increasingly clear that the global reliance on exhaust-
ible natural resources must shift in favor of using sustainable
strategies and renewable energy sources in order to provide
abundant energy worldwide in an economically viable way.
The limited reserves of carbon-based fuels, such as oil,
ethanol, natural gas, and coal, along with the environmentally
damaging emissions associated with combustion of these
fuels, make this transition ever more pressing.! However,
by 2050, it is predicted that nearly 30 TW (10'?) of new
power will be needed,” which will require dramatic scale
changes for noncarbon emitting sources and/or CO, seques-
tration on a global scale. One renewable resource that has
the capability to meet the growing energy demand comes in
the form of solar radiation, supplying to the earth in one
hour an amount of energy roughly equivalent to current
annual consumption.> While this clean, unlimited source of
energy is available, reliable and cost-efficient methods for
harvesting it on the terawatt scale pose a tremendous challenge.
The direct conversion of solar energy to electricity by photo-
voltaic technologies represents a rapidly growing component
of the electricity market.* However, significant cost reductions
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are necessary to compete with traditionally generated power,
and production scaling remains a significant issue.
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There are a large number of options for solar absorber
materials and device architectures, but at this time crystalline
and multicrystalline silicon solar cells dominate the market.
An emerging class of thin-film devices that is based on
amorphous silicon (a-Si), Cu(In,Ga)Se,-,S, (CIGS), or
cadmium telluride (CdTe) is beginning to penetrate the
market, making headway in terms of processing costs per
unit area.’ Implementation of thin-film technologies, how-
ever, still hinges on the interplay between power conversion
efficiency, cost, and reliability. For a material like CIGS that
has demonstrated device efficiencies necessary to make it
competitive with existing Si-based solar technologies, much
of the production cost lies in thin-film deposition. Typically,
metal chalcogenide films are deposited by evaporation or
sputtering techniques that rely on vacuum environments. The
integration of multiple evaporation or sputtering sources
provides versatility, leading to control over film composition
and the corresponding phase profile but also requires a large
capital investment. Furthermore, a considerable amount of
energy is required to deposit material from the target sources,
and relatively slow throughput and low materials utilization
compound difficulties associated with large-scale production
using vacuum-based techniques.’

Solution-based deposition and processing is an appealing
alternative to standard vacuum-based physical vapor deposi-
tion (PVD) approaches. The straightforward comparative
advantages of solution methods include atmospheric pressure
processing, which requires significantly lower capital equip-
ment costs, suitability for large-area and flexible substrates,
higher throughput, and the combination of more efficient
materials usage and lower temperature processing.” In
addition, these approaches can be readily adapted for
patterning materials, which eliminates the need for subse-
quent processing steps. The incredible array of solution
processing methods that can be applied to photovoltaic device
fabrication range from coating processes such as electro-
chemical and chemical bath deposition, and spin- or spray-
coating, to direct-write techniques like inkjet printing, which
will be discussed along with the requirements for solution
precursors or “inks”. Both organic and inorganic materials,
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as well as their hybrids,? are amenable to solution processing
methods. Organic materials, more traditionally deposited by
solution methods, often have the advantage because their low
temperature processability provides an avenue for flexible
substrate integration as well as the potential for cost-reduction
and minimization of environmental impact.® The precedence
of inorganic materials comes from their broad spectral
absorption, high carrier mobilities, and increased stability.
However, the incorporation of many inorganic materials into
marketable solar devices is still hampered by efficiency,
reliability, and the overall performance metric of price per
watt. As ways are sought to make a dramatic impact on the
cost of photovoltaic device fabrication, solution-processing
approaches come to the forefront in terms of versatility and
scalability.

In this review, we will explore the potential of solution
processing to lower the cost of conventional Si-solar cell
technologies and contribute to the large-scale deployment
of thin-film devices. We will cover the development of
inorganic solution precursors and corresponding deposition
techniques, with the focus on low-cost chemical approaches
to semiconductors, conductors, and dielectrics toward an all-
solution processed conventional solar cell. Because of the
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extensive scope of the subject matter, preference is given to
materials and methods that have been directly applied to
photovoltaic devices, although every effort is made to direct
the reader toward more extensive review articles.

2. Inorganic Photovoltaic Devices

Silicon has long been, and still is, the predominate player
in photovoltaic energy conversion, as evidenced by its large
share of the solar electricity market. The band gap of Si (1.11
eV) is very close to the optimal value of ~1.3 eV for
maximum photoconversion efficiency in a first-generation,
single-junction cell.!®!" However, the indirect band gap and
low absorption coefficient require Si thicknesses on the order
of 100 um to adequately absorb the solar spectrum. Conse-
quently, large grain, high-purity Si is needed to minimize
carrier recombination, so high temperature purification and
crystal growth as well as materials losses during wafer
fabrication contribute to the cost of a conventional Si device.
Thick film Si on low-cost substrates is of increasing interest
but is still in the early stages of development. Second-
generation thin-film devices based on CdTe and CIGS
absorber layers have the advantage of a direct transition,
which leads to a high absorption coefficient and enables the
use of much thinner layers (1—5 um).'? Furthermore, the
band gap of CIGS can be tuned from 1.0 to 2.4 eV by
adjusting the atomic ratio of Ga to In, as well as S to Se,
allowing precisely graded band gaps.'? These materials have
yielded some of the highest confirmed efficiencies for single-
junction polycrystalline thin-film devices to date,'*'> and,
at the same time, are highly amenable to solution processing.

In addition to the absorber material, each component of a
solar cell has unique materials requirements, the complexities
of which are compounded when considered from the
perspective of solution processing. Some parts of a cell are
already routinely accessed by solution methods, such as the
metal contacts for industrially fabricated crystalline and
multicrystalline Si devices that are formed from screen-
printed pastes. The driving force for extraction of photoge-
nerated charge carriers from these conventional homojunction
devices, depicted in Figure 1a, derives from the built in field
at the p—n junction formed by doping the top layer of the
wafer (>10%° cm ™). Heavy doping at the surface facilitates
the formation of an Ag front contact through the antireflection
coating (ARC) with a contact resistivity below 107> Q cm?.
The back contact contains Al, which provides a back-surface
field.'® A representative heterojunction device, based on
CIGS (Figure 1b), typically begins with a 1 um thick
sputtered Mo-back contact on soda-lime glass, followed by
the p-type absorber layer (1—2 um thick) and then a very
thin junction layer, also referred to as the buffer. The junction
material, CdS (50 nm), is most successfully deposited by a
chemical bath technique and is followed by a transparent
bilayer of undoped (intrinsic) i-ZnO (50—70 nm) that
prevents shunting and conductive heavily Al-doped ZnO (120
nm)."”

Beyond Si, CIGS, and CdTe, there are a large number of
materials that have not been thoroughly explored on the sole
basis of their lower power conversion efficiencies (PCE). In
comparison to the theoretical maximum PCE of 33% for a
single-junction cell with a bandgap of ~1.3 eV,'®!! larger
gap materials do not absorb low-energy wavelengths leading
to a lower short circuit current (Jy.), while smaller band gap
materials absorb over a wider region of the solar spectrum,
but at the cost of lowering the open circuit voltage (V).
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Figure 1. Schematic diagrams of (a) a homojunction Si solar cell
and (b) a heterojunction CIGS cell.

However, when extraction costs and supply constraints are
considered, a multitude of other absorber materials start to
become economically viable if they can be affordably
processed.!! High on the list of new candidates are environ-
mentally “green” and “abundant” materials such as
Cu,ZnSnS,, which would go a long way toward diminishing
concerns about the long-term fate of solar modules. In
addition to absorbers, other cost-effective materials including
the large band gap semiconductors SnO, and ZnO can be
integrated as transparent top contacts, and an increasing
number of Cd-free buffer materials are under investigation.

It is clear that there is an increasing diversity of inorganic
materials emerging for use in new photovoltaic technologies.
Although only a few of the processes currently contributing
to a finished industrial solar cell are solution-based, the end
goal is to access each component of the device, from absorber
layer to contact materials, via such processes. In the following
sections, we will detail the current state of materials and
techniques that advance the objective of a fully solution-
processed solar cell.

3. Development of Liquid Precursors

Liquid precursors, both solutions and suspensions, are the
key to low-cost thin-film deposition. While capital equipment
and operating costs associated with atmospheric processing
of liquid precursors are expected to be lower overall than
those for vacuum-based techniques,'® the cost of the ink,
depending on the metal species, additives, and solvents used,
can quickly become prohibitive. The characteristics of the
ink also determine the quality of the final product, the types
of substrates that can be used, and requirements for post-
processing, all of which can increase the device fabrication
costs and limit its application.

Solution-based inks are homogeneous at the molecular
level and are often excellent choices for obtaining smooth
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layers of uniform composition and phase. In many cases,
the precursor stoichiometry can be easily controlled, and there
is potential for the facile introduction of dopants.'* However,
solution-based inks are limited by the solubility of the
inorganic components, and low weight loading can lead to
volume contraction with stress, potential cracking, and
delamination upon drying. The solvent and additives as well
as conditions such as temperature and pH should be chosen
to promote full ink solubility, while at the same time
preventing premature precipitation of the final material.

Suspensions containing solid particles prepared by top-
down techniques such as ball milling, or bottom-up ap-
proaches including spray pyrolysis offer another option for
the deposition of normally insoluble materials with high
weight loading. The incorporation of nanoscale particles can
impart additional advantageous ink characteristics. While
nanoparticles have long been used for industrial applications,
more recently, a significant degree of synthetic control by
solution methods has been realized over a broad range of
nanoscale materials.?’~2?> For absorber materials, the incor-
poration of nanoparticles has a number of benefits ranging
from physical properties such as tunable electrical and optical
characteristics® to structural benefits including the arrange-
ment of anisotropic particles to create interdigitated structures
with high surface area junctions.?* Additionally, the reduction
in melting point for high surface-area-to-volume materials
can promote sintering between the particles under mild
conditions.??

Aside from difficulties filling in void spaces and promoting
the growth of large crystal grains, the disadvantages of
particle precursors often stem from the organic molecules
used for synthetic control and stability. Incomplete removal
of the stabilizing agents can result in contamination that can
negatively impact the electronic properties of the material
and reduce the size of the crystalline domains, which is why
vacuum-based deposition techniques have generally dem-
onstrated superior performance over solution coating meth-
ods. Achieving effective electrical transport between particles
may require additional steps such as annealing or ligand
exchange procedures. Even with high temperature treatment,
which limits substrate material options, a polycrystalline film
composed of sintered nanocrystals can contain a large density
of structural defects that lead to limited carrier lifetimes and
mobilities.?” The use of a small volatile ligand or one that
decomposes at low temperature, either during synthesis or
in a postsynthetic ligand exchange procedure, can minimize
residual contamination while instigating contact between
particles.

Depending on the method of assembly, closely packed
particle arrays can have long-range translational ordering that
is absent in randomly oriented polycrystalline solids. Cou-
pling between the quantum dots can promote the formation
of artificial quantum dot crystals or nanocrystal solids with
three-dimentional minibands arising from splitting of the
quantized carrier energy levels in the individual particles.?®*
Good electronic transport depends heavily on interparticle
spacing and the particle surface chemistry, which is influ-
enced by the stabilizing ligands. The large organic molecules
commonly used in the synthesis of semiconductor nano-
crystals can be exchanged for smaller ligands like hydrazine,
amines, or thiols that decrease interparticle spacing and
influence the electronic structure.’* 32 Alternatively, these
smaller volatile species can be replaced with a more stable
molecular metal chalcogenide complex (MCC) such as a
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Sn,Se*~ Zintl ion that can act to stabilize nanocrystal arrays
and enable strong electronic coupling between neighboring
particles or be converted to SnS, at only 180 °C to form a
composite material (Figure 2).>* Additional information on
this topic can be found in a review by Talapin et al.>*

Hybrid solution-particle inks that combine solid and
dissolved components represent another strategy for produc-
ing thin films that leads to an almost unlimited array of
material compositions. The solution portion of the ink can
be engineered to replace separate organic binding additives,
and during processing, the presence of solid particles
facilitates the formation of thicker crack-free layers by
relieving stress in the film. Additionally, the large contact
area between the two phases promotes rapid homogeneous
reaction to give the final material.>> Each ink type, solution,
suspension, and dual-phase, has specific formulation require-
ments to achieve stability and maintain compatibility with
the desired deposition and processing techniques to form
high-quality films. The primary considerations for ink
formulation are the precursor, solvent, and additives, which
are chosen with regard to the final chemical composition and
phase, deposition and processing techniques, and substrate
selection. Ink requirements and formulation guidelines are
discussed in reference to inkjet printing*® and for a number
of other coating and printing techniques that will be
addressed in the next section.?’

An ink formulation should be as simple as possible without
sacrificing solution stability and final material performance.
Once the precursor has been identified, the solvent can be
chosen to either dissolve the precursor in the case of soluble
ink or to create a particulate suspension. The chemical
interaction of the solvent with the precursor determines the
loading capacity of the ink. Aqueous solutions are highly
desirable because they are cost-effective, and water has no
negative environmental impact. On the other hand, organic
solvents can be selected to be oxygen free, although carbon-
containing solvents have the potential to leave behind other
contaminants. There is a tradeoff between volatility and
viscosity, with higher molecular weight solvents providing
the viscosity necessary for many solution deposition tech-
niques but lacking the volatility required for removal under
mild heating. Conversely, solvents with a high vapor pressure
can evaporate too quickly and cause nonuniform films or
premature precipitation of reactants. In addition to the
solvent, a vast selection of additives can be utilized to control
the rheological properties and surface tension of the ink.
These should be avoided if possible because they are often
nonvolatile organic molecules or polymers that remain behind
or decompose to form carbon-containing impurities during
processing.

The Lewis group has shown that the rheological properties
of inks can be precisely tailored for a desired application.
In one case, they utilized the loading of poly(acrylic acid)
capped Ag nanoparticles to formulate an ink with a shear
elastic modulus high enough to form spanning interconnects
for a Si solar microcell array, and yet the ink can also be
extruded through a 1 ym tapered cylindrical nozzle as a result
of the increased shear stress (Figure 3). Annealing printed
features at 200 °C for 30 min imparts resistivity values of
5.2 x 107 Q-+cm (~30 times bulk), even though full organic
removal does not occur until 400 °C.*

The selection of substrate and surface treatment is very
important because surface energy determines how the ink
interacts physically with the substrate,***° and the substrate
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Figure 2. (a) Representation of a CdSe nanocrystal stabi-
lized with Sn,S¢*~ ions. (b) Thermogravimetric analysis of
(N,H5)4Sn,S6 (dashed line) and 3.6 nm CdSe nanocrystals capped
with (N,Hs)4Sn,S¢ (solid line) showing only 3.8% weight loss
upon decomposition of the metal chalcogenide complex (MCC)
to SnS; below 180 °C. (c) Fourier transform infrared spectra
for the CdSe nanocrystals capped with long-chain organic ligands
(red trace) and capped with the MCC before (green trace) and
after (blue trace) annealing at 180 °C, indicating disappearance
of MCC absorption features. Reprinted with permission from
ref 33. Copyright 2009 American Association for the Advancement
of Science.
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material places an upper limit on processing temperature.
Polymer substrates are cost-effective and flexible, but they
are generally not as thermally robust as metal foils or even
glass. Polyimide films are one exception, withstanding
temperatures to about 400 °C.

Overall, reconciling the complex needs of the ink to meet
those inherent to the deposition method is critical for
achieving the desired characteristics of the final material. The
composition and phase of the material, as well as the film
thickness, uniformity, and pattern resolution, all require a
carefully balanced combination of precursors, solvent, and
additives. Ink formulation for the expanding array of
functional materials is still an emerging science. Current
progress on ink development for specific solar absorbers,
dielectrics, transparent conductors, and metallic conductors
will be covered in Section 5.

4. Low-Cost Liquid Deposition Approaches

The development of liquid precursors is intimately joined
with the deposition technique, which, by virtue of the
engineered ink properties, is capable of meeting the complex
demands of uniformity, thickness, resolution, and rate. The
application of high-throughput liquid coating and printing
technologies is deeply entrenched in existing industries, from
newspapers and books to textiles, photography, and ceram-
ics.’” Increasingly advanced applications are continuously
driving the development of not only new functional inks but
also progress in deposition techniques, many of which can
be applied to photovoltaic device fabrication. For top-side
metallization of Si devices, for example, high-resolution lines
less than 100 ym in width need to be printed at the rate of
one six-inch wafer per second with minimal wafer loss.
Screen printing has been traditionally used for this process,
but advances in noncontact, direct-write methods such as
inkjet and aerosol spray printing are making it possible to
achieve a line-width of less than 50 #m on very thin wafers
without risking breakage. Coating techniques including
ultrasonic spray deposition and slot- or die-coating are useful
for uniform large-area coverage to form absorber layers from
solution- and nanoparticle-based precursor inks. All of these
technologies are scalable for the high-throughput fabrication
of photovoltaics from liquid precursors. In the following
section, we will review a number of coating and printing
techniques that are currently being used or may be applicable
for the solution processing of photovoltaics, along with the
corresponding ink properties that are suitable for each
method.

4.1. Coating Techniques

Strategies for depositing uniform large-area films can be
divided into two categories: coating techniques that enable
film growth directly on the substrate during deposition, and
direct liquid coating methods that require some degree of
thermal or chemical treatment to produce the desired
composition and phase. Chemical bath, electrochemical, and
electroless deposition techniques all fall into the first
category. Chemical bath deposition (CBD) is commonly used
to deposit a thin junction layer of CdS for CulnSe,_.S, (CIS)
and CIGS devices, which exhibit better performance than
those with CdS deposited by chemical vapor deposition
(CVD) or physical vapor deposition (PVD). The slow
decomposition of thiourea and the subsequent reaction of
sulfur ions with cadmium ions released from a Cd salt in
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alkaline solution provided controlled growth of a high-
quality, uniform CdS film on a substrate. The deposition of
CdS films and other chalcogenides such as CIS and CIGS,
as well as oxide materials, by CBD is a scalable technique
that can be utilized for large-area batch processing or
continuous roll-to-roll deposition, with only a small invest-
ment in capital equipment. The primary drawback comes
from the quantity of solution waste associated with this
method.*'*> Closely related to CBD are a number of
sequential solution-phase deposition techniques. Rather than
including all of the precursors required for film deposition,
successive ionic layer adsorption and reaction (SILAR), for
example, promotes conformal film growth through repetitive
cycles of cation and anion deposition. This process, along
with the related electrochemical atomic layer epitaxy
(ECALE), have been successfully utilized to deposit chal-
cogenide and oxide films with controlled thicknesses. Metal
films including those of Cu and Ag can be deposited by
alternating metal salt deposition with dips in a reducing agent.
Much like the gas-phase analogue atomic layer deposition
(ALD), sequential solution-phase processes can be time-
consuming, particularly with rinsing required between steps,
and are more often employed for growing well-defined films
with thicknesses on the order of 10 nm.** Solution deposition
techniques including CBD and SILAR have been reviewed
by Bhattachara,*' and Lindroos and Leskeli,* respectively.

Electrodeposition can also be used to create uniform films
over large areas, and less waste is generated. Conductive
substrates are required for this technique, which makes it
suitable for CIS and CIGS film deposition on Mo. A delicate
balance of electrochemical and chemical reactions is neces-
sary to achieve the desired film composition and morphology,
and high temperature annealing or treatment with additional
precursors may be needed.*! Electroless deposition is an
adaptation of electrodeposition, which is carried out by
incorporating a chemical component into the bath that is
easily oxidized and short-circuiting the conducting substrate
to this redox component. Less instrumentation is required
for the electroless method, but there is potential for con-
tamination from the additional bath component.*! Elec-
trodeposition and its electroless counterpart can be used to
build up additional metal thickness on printed metal contacts.
The metal deposited by these methods can have very high
conductivities and forms a good interface with the existing
contacts. Light-induced plating (LIP) is also used to build
up metal thickness from a chemical bath. This process
exploits the photovoltaic effect to induce a negative potential
on the front side of an illuminated solar cell.

The benefits of the solution techniques described above
include the deposition of high-quality films at atmospheric
pressure and room temperature or slightly above, with
minimal equipment cost. In addition, solutions can often be
recycled, which helps to minimize the waste generated by
these processes.

Spray deposition techniques can be used both for the direct
growth of films and to deposit liquid inks. In general, an
aerosol is formed pneumatically or ultrasonically. In the case
of ultrasonic aerosol generation, fine control of a low velocity
aerosol can be achieved by varying the ultrasonic frequency,
which is inversely proportional to the droplet size. Spray
pyrolysis involves the atomization of a liquid precursor that
is then directed onto a heated substrate. This method has
been extensively reviewed, and when solvent evaporation
occurs before contact with the surface, it can be referred to
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as spray chemical vapor deposition (CVD).* These spray
growth methods are ideal for low-viscosity inks, which can
be used to grow films that often do not require a subsequent
high-temperature annealing step. However, controlled growth
in this manner can require longer deposition times than a
direct liquid coating approach. Spray deposition can also fall
into the category of direct liquid coating, whereby an ink is
sprayed onto the surface of a substrate and thermally
processed to remove volatiles and byproducts, resulting in
the desired composition and phase.

In addition to spraying, there are a number of other low-
cost methods for liquid coating precursor inks uniformly onto
a substrate, with thermal treatment to remove solvents and
additives. These techniques are particularly sensitive to the
characteristics of the ink, which can either define the
deposition method or be tailored to suit it.

Spin-coating has been used extensively for smaller research
scale devices. Ink is deposited onto the substrate, which is
then radially accelerated to remove excess ink, leaving behind
a uniform layer. Although this technique is not amenable to
scaling for in-line production, spin-coating is highly repro-
ducible and suitable for small amounts of ink over a broad
range of viscosities. Coating methods that can be used for
larger substrates include dip-coating and meniscus coating,
which facilitate the deposition of an ink layer by withdrawing
the substrate from a reservoir of ink at a constant speed.
Whereas dip-coating is most often used when both sides of
the substrate need to be covered, meniscus coating can be
used to access a single side of the substrate by applying a
meniscus of ink to the appropriate side. Depending on the
characteristics of the ink and the substrate, patterning, a
phenomenon that will be introduced in the next section, can
be favored over uniform coverage.

Curtain coating was developed by the photographic
industry and takes advantage of highly controlled laminar
ink flow. Multiple layers can be deposited simultaneously
at very high speeds in excess of 4 m/s by passing a substrate
under a curtain of ink. Slide coating is similar to curtain
coating, but the laminar ink flow is directed off of a surface
that is touching the substrate. Solutions that have been
transferred to the substrate surface can be smoothed into a
uniform coat by doctor blading, which distributes the ink
with a blade or a rod. Either the blade or the substrate can
be moved relative to one another, and the thickness of the
resulting film is proportional to the gap between the two.
Slit casting or die coating is quite similar to doctor blading,
except that the ink is delivered by a flow-distribution head
through a slit of controlled length and diameter. These
methods work better with more viscous inks and can be used
for research scale as well as larger in-line production.

4.2. Patterning Techniques

The majority of a single junction-based solar cell is
composed of continuous layers, but some of the metal
contacts fall in the minority. Light must be able to penetrate
the top surface of the device, so metal grids are typically
employed to enable this process while still allowing extrac-
tion of the resulting photogenerated carriers. Although most
of the coating techniques discussed above can be translated
for patterning by applying either a physical or a chemical
mask, techniques specifically designed to produce high-
resolution patterns are simpler and more cost effective. These
techniques represent the mainstay of the graphic arts industry,
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are compatible with roll-to-roll processing, and have more
recently been adapted for device fabrication.

Contact methods, where some degree of force is applied
to the substrate surface, are more traditionally used for higher
viscosity inks. Screen-printing, for example, is similar to
doctor blading but with a higher viscosity ink and a physical
mask or stencil in place to impart features to the coat. The
mask, composed of ink-permeable and impermeable regions,
is inserted between the substrate and the blade so that ink is
transferred only through the permeable regions to give a two-
dimensional pattern with a resolution comparable to that of
the mask (50—100 um).”” This approach is commonly used
to deposit contacts on Si solar cells, for example, although
the pressure applied to the substrate requires a minimum
wafer thickness. Flexographic printing is a slightly higher
resolution method that relies on a raised image on a printing
plate cylinder to transfer the pattern to a surface. Flexography
has the potential for high-throughput printing and can operate
at the high temperatures required for the annealing of
functional inks. Even higher resolutions around 25 um can
be achieved with lithographic printing in which hydrophobic
and hydrophilic regions of a printing surface produce the
positive and negative regions of the image based on the
wetting characteristics of the ink. Gravure printing utilizes
an engraved metal surface and the transfer of ink from the
grooves in the surface to the substrate to give high-resolution
patterns (15 um).* All of these methods, however, require
a master containing the pattern, making rapid prototyping
both difficult and costly.

Noncontact methods, including inkjet, aerosol spray, and
laser-transfer printing, enable rapid prototyping as well as
the potential for three-dimensional wrap-around contacts,
which is incredibly difficult by conventional patterning
methods. These direct-write methods also offer maximum
ink utilization and scalability to large area manufacturing.
Inkjet printing, in particular, is a well-developed technique,
and reviews from Schubert and Jabbour highlight its
capabilities for patterning functional inks.**~*® The most
common type of inkjet printing applied to functional inks is
based on the drop-on-demand (DOD) delivery of a picoliter
quantity of ink by piezoelectric actuation. The ink droplet is
ejected from the nozzle upon application of the electric field,
which creates a pressure pulse in the ink chamber and forces
the drop out. When the droplet impinges the substrate, it
spreads as a result of momentum and surface tension and
then dries through solvent evaporation. An effective process
of droplet formation, interaction with the substrate surface,
and drying to form the final printed feature requires a high
degree of control over the characteristics of the ink and the
substrate.*” When inks for inkjet printing have a low
viscosity, in the range of 8—15 cP, and utilize solvents that
allow for careful interplay between evaporation in the print-
head and on the substrate, printed features less than 20 ym
in width are achievable.

More recent advances in direct-write technologies were
developed under the DARPA mesoscopic integrated con-
formal electronics (MICE) program with the goal of creating
electronic circuits and materials on any surface.’® One of
the techniques to come out of the MICE program called
maskless mesoscale materials deposition uses aerodynamic
focusing of a stream of aerosolized ink droplets for the direct
writing of patterns with a resolution as low as 10 um.’!
Theoretical investigation of the forces influencing aerosol
spray printing by Schulz and co-workers has led to the
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Figure 4. (a—d) Scanning electron microscopy images (scale bars 100 #m) of nanoparticle stripe patterns formed by dewetting of a
nanoparticle monolayer onto a substrate during dip-coating. (e) The dimensions of nanoparticle stripe patterns can be tuned by changing the
density of the nanoparticle monolayer, (f) leading to a linear dependence. Reprinted with permission from ref 57. Copyright 2005 Nature

Publishing Group.

development of a radially varying nozzle system with
improved microfluidic control of the collimated aerosol beam
(CAB-direct-write technique) that is capable of further
narrowing line width to 5 4m.>>> The advantages of aecrosol-
based printing arise from its large processing window. Ink
viscosities can range from 1 to 2500 cP, the system is highly
tolerant of particulate inks,”* and high substrate temperatures
can be more readily accessed than with inkjet printing, which
is more sensitive to solvent evaporation and clogging. The
application of aerosol spray printing in photovoltaic device
fabrication has been successfully demonstrated at Fraunhoffer
ISE for front-side metallizations.? Also developed under the
MICE program was the matrix assisted pulsed laser evapora-
tion direct-write (MAPLE-DW) technique, a soft version of
the laser-induced forward transfer process (LIFT) that relies
on the absorption of pulsed UV laser energy by an ink-coated
ribbon to induce local solvent evaporation and direct material
toward a substrate. In comparison to LIFT, the “soft” nature
of the MAPLE-DW approach allows the ink to retain some
of the solvent and additives so that it can wet the substrate
to give good contact, creating features as fine as 50 ym.*

In addition to patterning methods that are dependent on
the type of apparatus used, there is an array of techniques
that arise from colloidal assembly. As discussed above, in
addition to producing a uniform film, dip-coating has the
potential to pattern materials based on the characteristics of
the substrate and the ink. In this case, the ink is a low-density
nanoparticle monolayer that can be transferred onto a
substrate by dip-coating. Periodic micrometer-scale metal

stripes can be fabricated as a result of fingering instabilities
during dewetting at the moving contact line between a
hydrophilic substrate and the nanoparticle monolayer (Figure
4). Stripe width increases with surface particle density, while
the periodicity of the pattern decreases with faster substrate
movement.”’

This patterning technique and others that depend on
dewetting®® can be used to create metal contact lines with
subsequent annealing or seed layers for metal plating.
Although these dip-coating techniques are not as high-
throughput as some of the other printing techniques, they
have the ability to move patterning down into the nanometer
regime, along with other colloidal assembly techniques,
nanometer stamp printing, and dip-pen lithography.>*~¢!

5. Solar Inks

The diversity of inorganic materials that can be deposited
by solution methods has expanded dramatically over the past
few years. The deposition of thin-film semiconductor layers,
transparent conducting oxides, dielectrics, and metals as well
as their nanoparticle analogues is becoming routine. Even a
material like Si, which historically has not been amenable
to solution processing because of its oxidation potential, has
gained headway with new synthetic approaches. A primary
driving force behind the choice of new materials and
precursor chemistries has been the goal of solution-processed
photovoltaic devices, which requires large-area deposition
of very high quality electronic materials at low cost. A
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significant degree of control over the composition, phase,
defects, doping, and interfaces is necessary to attain materials
that can be integrated into high-efficiency devices. Optimiza-
tion of this complex array of parameters depends on the
precise selection of precursors, solvents, and additives, which
also need to be tailored to the deposition and processing
techniques. The range of custom designed inks is rapidly
evolving and provides tremendous momentum toward a fully
solution processed solar cell. In this section, we will review
the current progress on ink development for absorber
materials, buffer layers, transparent conductors, and metals.

5.1. Thin-Film Absorber Materials
5.1.1. High-Efficiency Materials

Metal chalcogenide semiconductors have played an active
role as absorber layers for thin-film photovoltaic devices.
Some of the highest confirmed efficiencies for single-junction
polycrystalline devices have been achieved with CdTe and
CIGS layers.'*!> The electronic properties of the metal
chalcogenide, vital to device performance, are dictated by
the elemental composition, crystal phase, grain structure, and
density of the film.!” Solution precursors often have the
advantage of easily controlled chemical composition, but
formation of the desired crystal phase and the development
of large crystalline domains can present a challenge for both
solution and nanoparticle inks. A variety of inks have been
developed for the solution processing of metal chalcogenide
thin films for solar cells. Inks for chalcopyrite materials such
as CIS and CIGS have enjoyed particular attention, along
with deposition and processing strategies for achieving the
desired compounds.®%? Although these materials have been
recently reviewed by Hibberd et al. and Todorov et al.,®?
they are also discussed here with the intent of highlighting
advances in ink formulation along with some more recent
results.

5.1.1.1. Copper Indium (Gallium) Sulfide and Selenide.
Vacuum-based deposition of CIS and CIGS for high ef-
ficiency devices is typically achieved by either coevaporation
of the constituent elements or sequential processes employing
stacked combinations of metal, chalcogenide, and chalcogen
precursors deposited by sputtering or thermal evaporation.
The latter technique often relies on thermal treatment of the
stacks in a selenium- or sulfur-containing atmosphere to yield
the desired composition and crystal phase. A conceptually
similar technique can be employed for solution processing
of CIS and CIGS films. Metallic alloy films, including those
containing Cu and In, have been prepared by annealing a
spin-coated film of metal salts in a reducing atmosphere.
Subsequent selenization of the resulting metal film in Se
vapor yielded devices with efficiencies as high as 9%.9 The
application of metal salts such as chlorides, nitrates, sulfates,
acetates, etc., as precursors has been widely studied because
of their low cost and high solubility in a broad range of
aqueous and organic solvents. Spray pyrolysis of metal—nitrate
salt solutions, or spin-coating of sol—gel precursors, gives
clean conversion to the corresponding mixed oxides, which
can then be annealed in chalcogen vapor to form CIS or
CIGS films 547

Deposition of compositionally homogeneous absorber
layers with consistent coverage by liquid coating methods
often benefits from a more complex ink containing additives
to prevent crystallization of metal salts and improve ink
rheology. The addition of ethylcellulose to a solution of metal
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Figure 5. (a) Deposition of vulcanized CulnS, ink by an air-stable
ink rolling process, followed by (b) oxide bilayer formation by
heating at 370 °C in air and (c) sulfurization in sulfur vapor at 525
°C. (d) Auger electron spectroscopy depth profile of the bilayer
CuO/In,05:CuO film which is carbon-free, and (e) the final CulnS,
film after KCN etching, which is uniform and without impurities.
Reprinted with permission from ref 68. Copyright 2010 American
Chemical Society.

nitrates afforded an ink of higher viscosity amenable to
coating by doctor blading. Following heat treatment at 250
°C in air to remove the cellulose, the film was selenized at
560 °C in a dilute selenium vapor to give CIGS devices with
up to 6.7% efficiency.®’” The introduction of carbon contain-
ing binders such as ethylcellulose can act to improve the
deposition quality of the ink. However, despite the notable
efficiencies, a layer of amorphous carbon was observed
toward the back contact, indicating that the solvent and/or
binder was inadequately removed during heat treatment.%’
Careful interplay between the beneficial effects of additives
and their ease of removal is required to produce dense films
of sufficient thickness that are compositionally and phase-
pure without detrimental impurities. Another approach
exploits the vulcanization reaction between S and acetylac-
etonate salts of copper and indium to make a viscous polymer
that can be coated onto a substrate using a roller bar similar
to a Mayer rod (Figure 5). The film is heated in air at ~370
°C to remove the organic material and leave behind air-stable
Cu—In oxide that can be converted to CulnS, by sulfurization
in a bomb at 525 °C using elemental sulfur. Although the
initial device efficiency reached only 2.15%, no sulfur or
carbon residues were detected in the films after annealing
in air, indicating successful removal of the ink decomposi-
tion/oxidation products.®

All of the inks discussed thus far necessitate a secondary
sulfurization or selenization step to achieve the final CIS or
CIGS phases. The elimination of this additional step in favor
of a fully solution-based process would be advantageous from
the standpoint of large-scale production costs. Higher ma-
terial utilization and the lack of toxic chalcogen vapors make
S- and Se-containing precursors very appealing. A significant
amount of work has been invested in the spray pyrolysis of
soluble metal salts with a source of chalcogen incorporated
directly into the ink. Chalcogen precursors that have been
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Figure 6. Molecular structure of a single-source CulnS, precursor,
(PPh;),Culn(SEt),. Reprinted with permission from ref 76. Copy-
right 2003 American Chemical Society.

successfully used to deposit variations of CIS and CIGS
include thiourea, N,N-dimethylthiourea, selenourea, N,N-
dimethylselenourea, and thioacetamide, and some of the
results from these experiments are included in the cited
reviews.®® However, halogen-, carbon-, nitrogen-, and oxygen-
containing impurities from the precursors can be difficult to
remove at moderate temperatures,”*’! and annealing in reducing
H,S or a S-containing atmosphere is still beneficial with regards
to impurity levels and film morphology.”"’* Films were also
produced by spin-coating soluble metal salts and thiourea
in the presence of butylamine and propionic acid, which
facilitated the formation of CIS nanocrystal films in situ
during heating. These small volatile surface ligands were
easily removed under mild conditions (250 °C), promoting
sintering of the small nanocrystals, in contrast to other
procedures in which nanocrystals prepared prior to deposition
required removal of long-chain capping agents or separate
ligand exchange procedures. The CdS buffer layer was
formed in the same manner, giving nanocrystal-based solar
cells with 4% efficiency while eliminating processing steps
such as high-temperature sulfurization, a cyanide-bath etch
step to correct phase purity and grain size, and chemical-
bath CdS deposition.”

Although a number of inks have been developed that
directly incorporate S- and Se-containing compounds, the
corresponding thin films often suffer from phase and
morphology issues, as well as contamination without post-
treatment in a chalcogen or chalcogenide atmosphere.
Selenium-containing inks are also less prevalent because of
the expense and toxicity of organo-selenium compounds.
Alternatively, soluble metal polychalcogenide species or
metal organic decomposition precursors that decompose to
form the corresponding metal chalcogenides have been
extensively investigated as precursors for CIS and CIGS
chalcopyrite films and nanoparticles.**7*~76 These single-
source precursors are frequently stabilized with bulky organic
ligands or ions and contain tunable sites within the complex
(Figure 6) that can enable control of precursor solubility,
decomposition, and final material composition.

Polychalcogenide precursors can also be prepared by
simply dissolving In-, Ga-, and Cu-chalcogenide parent
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compounds with excess chalcogenide in hydrazine (N,Hy)
to form metal-chalcogenide anions stabilized by hydrazinium
(N,Hs™) cations in solution. Mitzi and co-workers have
published a number of excellent reviews on this topic.%%7778
Hydrazine serves multiple purposes in this capacity: a
reducing agent for the excess chalcogen, a volatile solvent
for the resulting ionic species, and a weakly coordinating
ligand that dissociates at relatively low temperatures. These
characteristics have enabled the preparation of highly
concentrated precursor solutions that decompose cleanly
under mild conditions to give phase-pure CIS and CIGS thin
films for devices demonstrating 12.2% and 12.8% photo-
conversion efficiencies, respectively.5>” In addition to direct
deposition from hydrazine, precursors have been prepared
inhydrazine with asecondary solvent such as ethylenediamine®*8!
or redissolved in a mixed solvent system containing etha-
nolamine and dimethylsulfoxide.®? Because of its toxic and
potentially explosive properties, decreasing the hydrazine
concentration or confining its use to precursor synthesis
would make this approach more attractive for large-scale
device production.

A rich library of soluble ink chemistries has been
developed for CIS- and CIGS-based photovoltaic devices,
with significant progress toward reducing the occurrence of
impurities in the films. Eliminating the need for high-
temperature postdeposition treatment in a Se or S atmosphere
or a cyanide bath treatment, while at the same time improving
the quality and composition of the films in fewer steps, has
yielded devices with efficiencies approaching those of their
vacuum-deposited counterparts.”

Another approach only touched upon thus far utilizes
nanoparticles as the primary ink precursor and is reviewed
by Todorov et al.®? The advances in particulate inks parallel
those of solution inks. Briefly, films of metal or metal-oxide
particles can be treated with an external S- or Se-containing
source to give CIS and CIGS films with photoconversion
efficiencies above 10%.%* The drawbacks of these approaches
come from low temperature alloying between the metal
particles which can promote phase segregation and the
intense reduction often required for nanocrystalline oxide
particles.®?

Nanoparticle-based inks provide the option to fix the final
metal-chalcogenide composition from the start. Amorphous
CIGS nanoparticles (10—30 nm), for example, were prepared
by a metathesis reaction between the metal iodides and
Na,Se. A suspension of the particles in methanol and pyridine
was sprayed onto a Mo-coated soda lime glass substrate and
thermally processed at 550 °C in Se vapor. Although 4.6%
conversion efficiency was achieved, pure CIGS phase
formation was found to occur at only 400 °C, impeding the
growth of large grains from the porous nanoparticle precursor
films. The utility of this method, however, lies in composition
control from starting materials to deposited precursor film,
all of which contain the same metal ratios.® In a different
process, phase-pure chalcopyrite CIS nanocrystals were
synthesized by heating metal chlorides and Se in oleylamine.
Rapid introduction of the selenium precursor at 285 °C
supported rapid nucleation and growth of the sphalerite
phase, whereas heating all of the reactants at only 130 °C
prevented supersaturation, leading to preferential formation
of the thermodynamically favored chalcopyrite phase. An-
nealing in Se vapor promoted facile recrystallization and
large grain growth, giving device efficiencies of 3.2%.% The
conversion efficiency was improved to 4.76% by reducing
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the void space in the sintered nanocrystal films by controlled
volume expansion (~14.6%) of Cu(In,-,Ga,)S, upon expo-
sure to Se vapor.®® Similarly, chalcopyrite CulnS,, CulnSe,,
and CIGS nanocrystal inks were dropcast to form films up
to 3 um thick without annealing to remove organics or
treatment with chalcogen vapor, although device efficiencies
were limited by high series and low shunt resistances.®’
Significant advances in the direct liquid coating of metal
chalcogenide suspensions onto metal foil with rapid thermal
processing (RTP) leading to independently confirmed 14%
efficient devices have come from Nanosolar.3

5.1.1.2. Cadmium Telluride. The potential of CdTe as a
cost-effective competitor for Si devices has already been
demonstrated, but it has been less extensively studied from
the standpoint of solution precursors. Thin-film CdTe
absorber layers are generally p-type, with a direct energy
gap of 1.45 eV and an absorption coefficient of >10° for
energies greater than the band gap. Devices are fabricated
in the superstrate rather than substrate configuration, where
a TCO (200 nm), typically doped In,O5 or SnO,, is deposited
on glass followed by n-type CdS (100 nm). The p-type CdTe
3—5 um absorber layer follows, and the solar cell is finished
with a metal contact. The device architecture allows il-
lumination through the backside.?* A number of deposition
processes such as sublimation—condensation have been
investigated as well as solution processes including electro-
chemical deposition, spray pyrolysis, and screen printing,
which have been reviewed by Bonnet,* and more recently
as sections within articles by Miles et al.?**! Electrodepo-
sition is one of the more common solution techniques,*? with
industrial efforts eventually culminating in 10% efficiency
for modules by BP Solar,” while spray pyrolysis of CdCl,
was adopted by Golden Photon, leading to 8% efficient
modules.® Screen printing of a CdTe paste containing CdCl,
as a flux, followed by annealing at 635 °C, produced cell
efficiencies close to 9%,% and a similar process was used
by Matsushita to fabricate 8% efficient modules.?® To
decrease the required annealing temperature for this process,
zinc blende CdTe nanoparticles were prepared by the
metathasis reaction between Cdl, and Na,Te in methanol.
Films sprayed in a N, atmosphere could be effectively
annealed at only 400 °C, with less final carbon contamination
relative to nanoparticles capped with long chain stabilizing
agents.”* Commonly, the performance of CdTe thin-film
devices is enhanced by treating the CdTe layer with a
methanolic solution of CdCl, followed by annealing at 400
°C in air.”>* In the case of solution processed films, chloride
ions can be introduced during deposition to improve the
crystallinity and electronic properties.?® Although industrial
production of CdTe solar cells by companies such as First
Solar are currently focused on nonsolution methods,” thin
films prepared by solution processing exhibited efficiencies
that are nearly comparable to those prepared by gas-phase
methods.

5.1.2. Earth-Abundant and Environmentally “Green”
Alternatives

Aside from amorphous Si, CdTe and CIGS hold the largest
market fraction for thin-film solar cells.”® However, limita-
tions for the sustained availability of In and Te required for
CIGS and CdTe solar cells,” as well as restrictions on heavy
metal usage, has prompted increased exploration of earth-
abundant, environmentally benign absorber materials. Binary
absorber-materials that fit these specifications such as pyrite
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FeS,, Cu,S, Cu,0, and SnS, are typically p-type. This feature
is observed when electrons are depleted from the valence
band of a semiconductor, and the valence band has significant
contributions from the metal ion in a compound. The four
binary materials profiled here have one important commonal-
ity in that the metal ion is not in its highest oxidation state.
FeS, pyrite contains Fe?*, Cu,0, and Cu,S have Cu*, and
SnS includes Sn?". In each case, further oxidation of the
metal is possible, thus removing electrons from the valence
band and creating holes. The resulting p-type character
enables these materials to act as one component of the p—n
junction required to separate photogenerated carriers, but it
also means that a heterojunction with an n-type film will be
required to create a working photovoltaic device. Common
themes that emerge are the effort required to create such
junctions and control the absorber stoichiometry with varying
degrees of success.

5.1.2.1. Iron Sulfide. From the perspective of materials
availability, pyrite FeS, is in a class by itself,!' and its band
gap of 0.95 eV and absorption coefficient of 10° cm™! for
energies greater than 1.1 eV are also very attractive.!” The
large absorption coefficient is particularly advantageous
because only 40 nm of pyrite are required to absorb 90% of
incident light.'® Tlluminated devices reported to date are all
photoelectrochemical (PEC) in nature and produce mixed
results, however. A 10—15 nm layer of pyrite on porous TiO,
returned only 1% efficiency under AM1 illumination, prob-
ably due to carrier generation and recombination at or near
the surface of the pyrite.'” With the electrolyte 4 M HI/
0.05 M I,/2 M Cal,, a similar PEC measurement produced
a slightly higher efficiency of 2.8%.'° The low reported
efficiencies may be due to the fact that high quality thin films
of FeS, pyrite have been difficult to produce regardless of
the deposition method selected. The solution-based ap-
proaches investigated include electrodeposition, CBD, and
spray pyrolysis.

Reports of electrodeposited Fe and S with pyrite as the
ultimate goal all utilized water as the solvent and Na,S,0;
as the sulfur source.'”'~'% The iron was supplied by the Fe(IT)
salts FeCl,+*4H,0,'"" (NH4),Fe(SO0.),,'” or FeSO,,'” and a
wide range of concentrations were investigated. Despite
utilizing mole ratios as high as 1 Fe:100 S, all of these
processes produced films of 1 Fe:1 S, which is far short of
the 1 Fe:2 S required. Pyrite was finally formed from all of
these films by postdeposition annealing in sulfur vapor.
Unlike the electrodeposition studies, a chemical bath process
utilizing nonaqueous solvents produced pyrite directly.!®
Elemental S and Fe(CO)s were dissolved in xylene, toluene,
benzene, or mesitylene to obtain solutions of 1 mol Fe:2 mol
S. When these solutions were heated to temperatures between
80 and 165 °C, dark films formed on glass, metal, or plastic
substrates. These films were identified as pyrite using X-ray
diffraction, X-ray fluorescence, and chemical analysis,
although actual elemental ratios were not provided.

Spray pyrolysis of an aqueous solution of thiourea and
FeCl; also produced pyrite without resorting to a postdepo-
sition reaction with S.!% The ink contained 1 mol Fe:>2 mol
S and was sprayed in the presence of S vapor. When the
same ink was deposited without the additional S vapor in
the chamber, the final films contained 1 Fe:1 S. This result
was also observed when FeCl, was used in the ink instead
of FeCls. In light of these observations, the authors proposed
that the first step in the reaction mechanism is the hydrolysis
of thiourea to form H,S. This species in turn reduces Fe*"
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Figure 7. A schematic cross-section of the CdS/Cu,S thin-film
solar cell. Reprinted with permission from ref 110. Copyright 1979
Elsevier BV.

to Fe**, thus producing polysulfide compounds to react with
the Fe?* and additional H,S to form pyrite. The S vapor
introduces additional polysulfides to drive the reaction to
completion.!®

As discussed above, it has been difficult to make pyrite
from aqueous solutions. Regardless of the S/Fe ratio in the
bath or ink, excess S is required in the vapor phase to
successfully synthesize thin films of pyrite. It is very
important to control the S concentration carefully because S
vacancies have been implicated in the poor device perfor-
mances reported to date.!% 17 Successful solution deposition
of pyrite must include a strategy to form S,>~ in solution,
and the use of nonaqueous solvents may help to facilitate
this goal.

5.1.2.2. Copper Sulfide. Despite its simple formula, Cu,S
is stoichiometrically and structurally complex. The Cu
concentration varies between 1.99 and 2.00 in the chalcocite
phase,'® and if it drops into the range of 1.935 to 1.965, the
phase changes to djurleite.!® Also observed is the phase
digenite Cu,S,'” thus demonstrating that the Cu stoichi-
ometry of a nominally Cu,S thin film can vary significantly.
Decreasing the Cu concentration has deleterious effects on
photovoltaic device performance due to increased carrier
concentration, decreased minority carrier lifetimes and
mobility, and even changes in the optical absorption.'® With
an indirect band gap of 1.15 eV,!® the chalcocite phase
provides the optimum photovoltaic device performance and
the most efficient Cu,S solar cells.

At better than 9%, the most efficient solar cells utilizing
p-type Cu,S as an absorber also include CdS as the other
half of the p—n junction.!%!19 The Cu,S layer is formed by
immersing a CdS film in an aqueous CuCl/NaCl bath where
a rapid ion-exchange replaces Cd>™ with two Cu™." A rinse
step after the film is removed from the bath washes away
any additional CdCl, on the film.'%®!1" The result is a well-
defined interface without the adhesion issues that so often
plague solution deposited films (Figure 7).

Thin films of Cu,S deposited by spray pyrolysis have also
been integrated into photovoltaic devices, and the conversion
efficiencies vary widely.'!" An aqueous solution of CuCl and
thiourea combined in a ratio of 1 Cu:3 S was sprayed on a
280 °C substrate.''? These Cu,S films were incorporated into
solid-state devices with n-type Cd,Zn;_,S, and the best result
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was 7% conversion efficiency when illuminated at 100 mW/
cm?. Another ink utilizing thiourea was prepared by a two-
step process.'!® Ethylenediamine (2 mL) was added dropwise
to 5 mL of 2 M CuCl,+2H,0 to form a solution containing
1 mol Cu:3 mol ethylenediamine. This solution was dried
in air to give a solid, rinsed, dried again, and finally
redissolved in ethanol. Enough thiourea was added to reach
1 Cu:3 S, and the ink was sprayed on 330 °C substrates.
When these Cu,S films were deposited on NiO/SnO,:F
coated glass substrates and incorporated into a photoelec-
trochemical cell with an I"/I;~ electrolyte, the efficiencies
varied between 0.8 and 1.8% upon 300 W illumination.

Although multiple solar cells utilizing Cu,S as the absorber
have demonstrated promising conversion efficiencies, de-
velopment of this material has largely ceased because of
long-term instability.'” The Achilles heel of many devices
employing Cu-containing compounds is the mobility of the
Cu ions. In the case of Cu,S, this migration changes the
properties of the absorber and creates regions of Cu metal
at the electrodes and in the bulk of the solar cell.'®® These
Cu grains may cause short circuits and decrease or destroy
device performance. Thus, although it is possible to fabricate
Cus,S films of appropriate stoichiometry via solution routes,
this material has largely been rejected for more promising
absorbers.

5.1.2.3. Copper Oxide. Like Cu,S, Cu,O is typically
p-type in thin-film form, although Cu,O has a direct band
gap of magnitude 2.0 eV.!'*!'5 Many reported studies
synthesized Cu,O by controlled oxidation of Cu metal films
in order to test the material as an absorber for solar cells.
The highest efficiency reported for these Schottky barrier
devices under AM1 illumination is 1.76%."'* While Cu,O
thin films are typically p-type, both p- and n-type Cu,O have
been deposited electrochemically.!'® For p-type Cu,O, an
aqueous solution of 0.4 M CuSO, and either 1.8 or 3 M
sodium lactate was utilized, with pH values of 9.0 to 13.0
controlled by addition of NaOH. The bath temperature was
varied from 40 to 80 °C. For n-type Cu,0, the pH of the
aqueous solution of 0.01 M copper acetate and 0.1 M sodium
acetate was maintained between 5.2 and 6.4 by the addition
of acetic acid. This bath was held at 60 °C. Electron density
must be added to the Cu™ in order to form n-type Cu,0,
and this can be accomplished via formation of oxygen
vacancies. Such vacancies will eliminate holes, so more
oxygen is required to form a p-type material. This strategy
underlies the bath choices described above. Higher pH
solutions like those utilized for the deposition of p-type Cu,O
will have more hydroxide present, thus minimizing O
vacancies. Near a neutral pH, the concentration of hydroxide
is lower and more O vacancies form.

In the homojunction devices composed of the p- and n-type
Cu,0 layers described above, the best efficiency under AM1
illumination was 0.1%.''® Despite the poor efficiency, these
results are of particular interest because there are not many
binary compounds that can be reliably synthesized as both
n- and p-type. Heterojunctions between n- and p-type
compounds can be difficult to form because of interdiffusion,
and this problem can be avoided by using a homojunction.

Electrodeposition has also been utilized to form hetero-
junctions with Cu,0.""7 The aqueous solution was composed
of 0.10 M CuSO,4 and 0.25 M malic acid, and the pH was
adjusted to 9.0 with NaOH. The bath temperature was 60
°C. When solar cells were made by depositing p-type Cu,O
from this bath on n-type ZnO, they produced a maximum
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efficiency of 0.12% under AM1.5 conditions. Given the
larger band gap, it is not surprising that Cu,O solar cells
have produced considerably lower efficiencies than Cu,S-
based devices. At 2.0 eV, the current density that can be
generated will be considerably lower than that possible for
a band gap of 1.15 eV. A more promising solar cell would
position Cu,O as the top cell absorber in a tandem device.!'*

5.1.2.4. Tin Sulfide. The final binary absorber discussed
here is SnS, an indirect band gap semiconductor of magnitude
1.14 eV."® Thin-film development has been more recent,''®
and many authors focused on optical and electrical properties
instead of integration into solar cells. One reported hetero-
junction between SnS and CdS produced an efficiency of
0.29% under 100 mW/cm? illumination.'!8

In an electrochemical study, SnS was deposited from a
S-saturated ethylene glycol bath containing 0.05 M anhy-
drous SnCl, and 0.10—0.15 M tartaric acid.''® What is most
striking is the 5 mol Sn:1 mol S in the bath. Not only were
SnS films synthesized at room temperature, but SnS, films
were produced over a temperature range of 70—100 °C.
Depending on the electrochemical conditions used, the ratio
of Sn:S in the SnS films varied from 1.20 Sn:1.00 S to 1.04
Sn:1.00 S. Auger electron spectroscopy depth profiles showed
consistent Sn:S through the entire film. The chemical bath
containing SnCl, *2H,0, triethanolamine, thioacetamide, and
ammonia with 1 mol Sn:18 mol S in a combination of
acetone and distilled water is a more typical route to SnS
thin films.'?° The deposition was carried out at 35 °C, and
20 h were required to obtain film thicknesses of 0.50 um.
When these SnS films were incorporated into heterojunction
devices, the best efficiency was 0.2%.'%!

Spray pyrolysis routes are of considerably greater interest
in progressing toward a fully solution processable inorganic
solar cell. One ink utilized for this technique is a solution of
1 mol SnCl,:1 mol diethyl thiourea in a mixture of 3
isopropyl alcohol:1 deionized water.!?? The films formed by
spraying this ink on 350 °C substrates contained 1.06
Sn:1.00 S.

To date, photovoltaic devices incorporating SnS all have
low efficiencies <1%. The exploration of this semiconductor
has been incomplete, however, so it is difficult to determine
what factors have thus far limited its performance.

Overall, the binary absorbers pyrite FeS,, Cu,S, Cu,0, and
SnS are attractive for many reasons. Not only are they
composed of readily available elements, but their solution-
based thin-film syntheses require consideration of only two
elements. Chemical strategies are much less complex as a
result. Unfortunately, all four materials have thus far failed
to produce reasonably efficient photovoltaic devices that are
stable long-term. Better strategies for solution deposition of
these promising absorbers will be required before any of them
have the potential to contribute to a fully printable inorganic
solar cell.

5.1.2.5. Copper Zinc Tin Sulfide and Selenide. Earth-
abundant environmentally benign quaternary absorber ma-
terials, on the other hand, have shown a higher degree of
success despite their complex nature. Kesterite Cu,ZnSnSy
(CZTS) is similar to CIGS in terms of its crystal structure
and optical properties. It is a p-type conductor with an optical
band gap of 1.5 eV and an absorption coefficient greater than
10* cm™!.12312% Photovoltaic devices deposited by vacuum
methods have already demonstrated device efficiencies of
6.7% and 3.2% for the S and Se analogues, respectively.!2+!2>
Solution methods for CZTS film deposition have not been
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as extensively studied as those for CIGS, although devices
with efficiencies as high as 3.4%,'? have been achieved with
electrodeposited Cu-Zn-Sn precursors that have been sulfu-
rized in an H,S!* or S-containing atmosphere.'”’ Films
photochemically deposited from metal sulfates and Na,S,0;
also benefit from H,S treatment.'?® Spray pyrolysis of metal
chlorides and thiourea has been demonstrated both with
sulfurization in H,S,'” and without,'*® although, as with
CIGS films, it can be difficult to isolate a single phase and
prevent oxidation. A sol—gel route to CZTS with H,S
treatment has also been demonstrated, giving a device
efficiency of 1.6% for an all-solution processed cell.'?!

Nanocrystals of CZTS have been prepared by high-
temperature arrested precipitation in the coordinating solvent,
oleylamine. A spray-coated film of the nanoparticles exhib-
ited a photoconversion efficiency of 0.23%, notably without
annealing or chemical postprocessing.'*> A similar prepara-
tion gave nanocrystals that were dropcast and selenized at
500 °C, leading to 0.8% efficient devices.!** Nanocrystals
were also prepared in ethylene glycol with triethanolamine
at 170 °C, although a binder was required to prepare smooth,
homogeneous films on glass substrates following annealing
in a S-containing atmosphere.'** In the previous case, the
presence of a polymeric binding agent promoted film
formation but impeded crystal growth as a result of residual
carbon-containing species. As discussed in section 3, the
combination of solution and nanoparticle precursors can be
effectively formulated to produce the desired ink character-
istics necessary for uniform film deposition. The develop-
ments in solution processing methods for CZTS are similar
to those for CIGS and include the use of a hydrazine-based
approach, introduced in section 5.1.1, which was used by
Mitzi and co-workers to produce a soluble Cu—Sn chalco-
genide precursor. The limited solubility of ZnSe,_,S, was
overcome by taking advantage of the in situ formation of
dispersible Zn-chalcogenide particles. The dissolved com-
ponents in the hybrid slurry acted as the binding medium,
allowing for crack-free film deposition without the addition
of carbon containing additives. Annealing at 540 °C in the
presence and absence of elemental sulfur vapor gave
Cu,ZnSn(S,Se), with large grains (1—2.5 um), shown in
Figure 8, leading to device efficiencies as high as 9.6%.%

5.1.2.6. Silicon. Of all the thin-film devices discussed thus
far, the potential to print highly efficient Si-based solar cells
under atmospheric conditions is possibly the most tantalizing.
However, such research is still in the very early stages and
is complicated by the purity and air sensitivity of precursor
materials required. Thin-film Si solar cells are generally
produced by vacuum deposition methods using silane as a
precursor.'* The solution-phase analogues are hydrogenated
polysilanes, which include linear compounds (Si,H,,+,) and
cyclic versions (Si,H,,) as well as oligomeric and polymeric
forms of hydrogenated silanes. These materials are of interest
because they are carbon and oxygen free, but they are also
difficult to work with because of their oxygen sensitivity.
Alternatively, the synthesis of hydrogen-rich polysilanes
protected by organic functional groups can impart solubility
or facilitate polymerization, leading to higher-order molecular
substructures of crystalline Si.'*® The smaller hydrogenated
silicon compounds (n = 3) are a liquid at room temperature,
a useful property for solution deposition, but those with n <
10 have a boiling point below their decomposition threshold
temperature (300 °C), leading to evaporation instead of thin-
film formation. The polymeric silanes also have low solubil-
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Figure 8. (a) High-performance Se-rich Cu,ZnSn(S,Se)./CdS-
based device imaged by scanning electron microscopy to illustrate
the large 1—2.5 um grains and isolated voids. Transmission electron
microscopy images of (b) Se rich (sample A) and (c) sulfoselenide
(sample B) devices with (d) corresponding energy dispersive X-ray
spectroscopy profiles showing uniform metal distribution and higher
sulfur content in sample B. Reprinted with permission from ref
35. Copyright 2010 John Wiley & Sons, Inc.

ity in organic solvents, which limits their solution process-
ability. Researchers at Seiko Epson and JSR Corporations
have found that cyclopentasilane (CPS) that has undergone
ring-opening polymerization can be dissolved in a mixture
of toluene and CPS to give liquid-Si ink with tunable wetting
and coating characteristics.'®” This work has also been
reviewed in a book chapter by Furusawa and Tanaka.'3® Spin-
coated films of the liquid Si ink were prepared at various
temperatures, which controlled the final hydrogen content
of the layers. Amorphous Si prepared by conventional CVD
contains 5—20% hydrogen,'*> whereas the spin-coated film
annealed at 540 °C had only 0.3% hydrogen which contrib-
uted to the low observed mobility. The film annealed at 300
°C or below had sufficient hydrogen but were not fully
converted to amorphous Si, thus promoting facile oxida-
tion."?” Crystalline Si films with grains on the order of 10
um in size are desired for higher mobility materials. Low
hydrogen content films were subjected to laser crystallization
to produce polycrystalline Si with 300 nm grains as shown
in Figure 9, comparable to CVD poly-Si, and mobilities as
high as 108 cm?V s.!37 Cyclohexasilane was also utilized
as a precursor for liquid-Si ink for the fabrication of p—n
junction diodes and field effect transistors.'** Kovio'*® and
Innovalight'*! are pursuing Si nanocrystal-based printed inks.
Doping of the Si films can be achieved by incorporating
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Figure 9. Transmission electron microscopy (TEM) image of a
laser crystallized Si thin film prepared from a hydrogenated
polysilane liquid precursor. The average grain size of 300 nm is
comparable to a conventional chemical vapor deposited film. The
high resolution TEM inset highlights the Si lattice structure.
Reprinted with permission from ref 137. Copyright 2006 Nature
Publishing Group.

white phosphorus (P,)!'*?

the precursor.'*

or an organic boron dopant into

5.2. Buffer Materials

Cadmium sulfide (n-type) is most commonly employed
as the junction layer for CIS, CIGS, CZTS, and related binary
absorber materials as well as CdTe devices.!** Chemical bath,
electrochemical, and electroless deposition methods have
been developed for most of the components of a photovoltaic
device. However, formation of the buffer layer in particular
depends heavily on CBD and has been reviewed by Bhat-
tacharya,*! although there have been reports of spray
deposited and spin-coated layers.”® As discussed previously,
CBD deposition of CdS relies upon the slow decomposition
of thiourea and the subsequent reaction of sulfur ions with
cadmium ions released from a Cd salt in alkaline solution
to facilitate controlled growth of a high-quality, uniform film.
The nature of the device architecture necessitates a very thin
film with a wide band gap so that light can reach the primary
absorber material and photogenerated electrons can be
efficiently collected with minimal resistive loss. The high
level of control inherent in bath-type methods is crucial for
success of the device, which requires a smooth conformal
coating to ensure that no short circuits are formed between
the TCO contact and the absorber layer. Additionally, CBD
acts to remove oxidation products from the film surface!*
as well as facilitate Cd diffusion into the Cu poor CIGS
surface layer,145 or in the case of CdTe, reduce the lattice
mismatch. The resulting interface can be very complex but
at the same time contributes favorably to device perfor-
mance.'* Alternative Cd-free junction materials include
Zn(S,Se), ZnO, (Zn,Mg)O, In(OH)3;, Iny(S,Se);, InZnSe,,
Sn0O,, and SnS,,'*”1* all of which are potentially amenable
to a variety of solution deposition techniques.

5.3. Transparent Conductors

Once the absorber—buffer junction of a photovoltaic
device separates photogenerated carriers, they must be
extracted via conductive materials. Metals are an obvious
choice, but they can prevent light from reaching the absorber.
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Alternatively, a transparent conductive material can be used
to contact at least one side of the junction, and a large band
gap metal oxide is a good choice for minimizing both cost
and process complexity. Because oxygen is a necessary
component, thin films of oxides can be deposited from the
appropriate aqueous solutions in air and, as a result, the
majority of the materials cost associated with such films is
a function of the metal. To act as an effective top contact
for a solar cell, the oxide must have a band gap of at least
3 eV to allow transmission of visible and infrared light. An
intrinsic material with such a large gap will be insulating
under ambient conditions, so deliberate cation or anion
doping is required to move the Fermi level up into the
conduction band and produce high conductivity. The intrin-
sic, insulating oxides are also useful because they provide
an additional resistive barrier to short circuits from the
transparent conductor through the buffer to the absorber.'*
The lower gap buffer layer can thus be much thinner, which
allows more light to penetrate to the absorber to excite
carriers.

Solar cells are not the only semiconductor-based devices
that require wide band gap materials, and the extensive
development of promising oxides for transistors has expanded
the knowledge base.'*13° Of the wide variety of oxides
available, the materials ZnO, SnQO,, In,Os, and NiO have
consistently been successfully integrated into thin-film pho-
tovoltaic devices, and they can all be deposited via solution
techniques. There are excellent reviews of chemical bath
processes that produce all four of these oxides,'' spray
pyrolyzed films of ZnO, SnO,, and In,03,'3%!%3 and spin-
coated ZnO, SnO,, and In,O; films.">* Here we focus on the
basic material properties and rationale for utilizing solution
deposited ZnO, SnO,, and In,0;, along with typical dopants,
and only the most recent thin-film deposition literature will
be addressed. Solution deposited NiO thin films will be
handled in greater depth because they have not been reviewed
recently. Silver nanowire films, a novel nonoxide addition
to the transparent conductor family, will also be discussed
in more detail.

5.3.1. Intrinsic Oxides

One of the Holy Grails of transparent oxide research has
been a p-type material that is truly conductive. Of the four
oxides profiled here, only NiO is p-type, while ZnO, SnO,,
and In,O; are all intrinsically n-type. A common feature of
the three n-type oxides is that the metal is in its highest
common oxidation state: Zn**, Sn**, or In*". As a result,
the most likely defect becomes oxygen vacancies, which puts
more electron density on the metal and creates excess
electrons. In the case of NiO, Ni*™ can be further oxidized,
depleting electron density from the metal and leaving holes
behind.

With an optical band gap of 3.4 eV, ZnO is a transparent
compound'#*1>* and typical vacuum-deposited films range
from 7 x 1073 to 8 x 1072 Q+cm depending on the oxygen
partial pressure during deposition.'>* One solution-based ZnO
ink was evaluated as the semiconducting layer of a thin-
film transistor.'> Aqueous 2.5 M NaOH (10 mL) was added
dropwise to aqueous 0.5 M Zn(NO3),*6H,0 (15 mL) to form
a zinc hydroxide slurry. After rinsing to remove Na® and
NO;~, the precipitate was redissolved in aqueous NH; to
obtain a stock solution of 0.14 M Zn. The stock solution
was either deposited by spin-coating or diluted with isopropyl
alcohol, ammonia, and water for ink jet printing. The ink
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Figure 10. Scanning electron microscopy images of inkjet printed
7ZnO thin film cross sections (a and b at 45° tilt) annealed at (a)
150 and (b) 300 °C. (c) A spin-coated film annealed to 600 °C in
air. Reprinted with permission from ref 155. Copyright 2008
American Chemical Society.

jet printable ink contained 5.3 M NHj; and 0.056 M Zn. The
spin-coated films and printed lines were ultimately heated
on a hot plate in air at temperatures between 150 and 500
°C for 5—10 min to form ZnO. The resulting films were
morphologically dense (Figure 10) and performed well in
thin-film transistors.

Other solvents have also been used in solutions with
Zn(CH3COO0),:2H,0 as the Zn source. One such ink
composed of a 2-methoxyethanol solution of 0.75 M Zn and
0.75 M ethanolamine,'*® was deposited by spin-coating and
cured on a hot plate in air at 300 °C for 10 min. These ZnO
films were successfully incorporated into solar cells with a
poly(3-hexylthiophene) absorber, although the average ef-
ficiency of the devices was only 0.09%. A similar ink was
also deposited by spin-coating to produce ZnO films of 50
Q-cm resistivity and 60—95% transmission in the visible
region of the electromagnetic spectrum.'>” The most promis-
ing large-scale solution-based ZnO deposition was carried
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out with an even simpler ink containing 0.02 M
Zn(CH3COO), in ethanol, sprayed on a 250 °C substrate.'>®
These ZnO films were successfully integrated into CIGS
devices to provide quite respectable efficiencies of 12.3%.

While there are reports of a wide range of values,'> the
optical band gap of the best polycrystalline thin films of In,O3
is 3.75 eV.!* These films typically transmit 75—90% of
incident visible light,'>® which certainly places them in the
transparent realm. Thermally evaporated films have resis-
tivities of 2 x 107* to 3 x 1073 Q-+cm,'®® however, and
such values make them too conductive to prevent short
circuits to the absorber layer of a stack. As a result, In,O3
thin films produced by any method have not found wide-
spread application in inorganic solar cells.

Thin films of SnO, are also transparent with a band gap
of 3.6 to 4.0 eV,'**1% and typical resistivities for sputtered
films near 1.3 x 1073 Q-cm.!? Tin oxide is the most
commonly deposited of the three n-type oxides discussed
here'®! because it can be sprayed from a low-cost solution
of aqueous SnCl, on 475 °C substrates to produce films of
densely packed, large grain SnO,.!%* The resistivity of such
films is 5 x 107> Q-cm, and they transmit 60—70% of
incident visible light. A slight variation utilizes aqueous
solutions of Sn(II) chloride along with a substrate temperature
of 500 °C.'""* These SnO, films transmitted 60—80% of
visible light, and their resistivities were 20 €2+cm. Chemical
composition measurements demonstrate that SnO, films spray
deposited from a chloride salt are always O-deficient and
contain some C1,°%!%% 5o variation in optical and electrical
properties are certainly to be expected.

The nickel-deficient material NiO has an optical band gap
of approximately 3.8 eV that has been investigated for
electrochromic applications.'®1%% As a result of the nickel-
deficiency, some Ni*t forms in addition to the majority Ni**,
and thus NiO has garnered attention from the solar cell
community as a p-type transparent contact even though
sputtered films have modest resistivities of 1.4 x 107!
Q-cm.'® In organic bulk heterojunction cells, for example,
NiO is attractive for its ability to block electrons and readily
transport holes,!”® both necessary processes to prevent carrier
recombination after photogeneration.

Inks prepared to deposit NiO via chemical bath or spray
pyrolysis employ water as the primary solvent. Chemical bath
processes have utilized solutions of NiSO,, K,S,0g, and
NH,OH'"! or Ni(NO3),*6H,0 and urea'” to deposit amor-
phous or poorly crystallized Ni(OH), or NiOOH films.
Postdeposition heating in air produces NiO films that are
often porous (Figure 11a), and transmission through these
films can be as high as 60—70% in the visible range
(400—700 nm). In addition to Ni(NOs),*6H,0,!”? the Ni salts
NiCl,-6H,0"+!7 and Ni(CH3COO0),+4H,0'7%!"7 are em-
ployed in solutions for spray pyrolysis. Interestingly, the
majority of these salts hydrolyze well enough in water that
no additional surfactants or stabilizing agents are required
to produce NiO films when the solutions are sprayed on
substrates at 330 to 500 °C. One set of films prepared at a
substrate temperature of 350 °C from a Ni chloride solution
transmitted 80—90% of visible light and had a resistivity of
10% Q+cm.'”® Films prepared from a Ni nitrate solution with
LiCl as a dopant were less transparent at 40—60% in the
visible range, and photoelectrochemical cells prepared with
them had very low conversion efficiencies of 0.3%.

Dip- and spin-coating both rely on controlled hydrolysis
of precursor solutions, and the strategy most often pursued
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Figure 11. Top-down scanning electron microscopy image of (a)
a chemical bath deposited NiO film heated in air at 350 °C for 30
min and (b) a spin-coated NiO film heated in air at 450 °C for 1 h.
Reprinted with permission from refs 179 and 180. Copyright 2008
and 2009 Elsevier.

is the use of multiple solvents. When the desired product is a
metal oxide, water is an obvious choice that can be incorporated
by deliberate addition or by choosing a hydrated metal salt.
The nickel salts Ni(CH;COO),*4H,0,'3~182 NiCl, - 6H,0, %
and Ni(HCOO),:2H,0'" have all been used. Because
limiting the availability of water can control hydrolysis, the
other solvent is typically an alcohol. Acids or bases can also
be used to manage the solution pH, and these species are
often chosen because they coordinate the desired metal ion.
Amines like ammonia,'®® ethanolamine,'®* and ethylenedi-
amine'”’ make frequent appearances in the preparation of
NiO films via spin-coating. Film deposition requires heating
to drive off solvents and decompose ligands, and then a
postdeposition anneal of 250 to 450 °C to crystallize NiO.
Transmission through a spin-coated NiO film (Figure 11b)
was 60—75% in the visible range, and incorporation of these
films into dye-sensitized solar cells gave an efficiency of
0.025%."%° The performance of a similar NiO film in a bulk
heterojunction organic device was much better, with a power
conversion efficiency of 3.6%.'7

5.3.2. Doped Oxides

The ion Sn** acts as a n-type dopant when it substitutes
for In*" in In,O3:Sn (ITO) thin films, and sputtered films
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have demonstrated resistivities of 3.7 x 1072 Q-cm to as
low as 6.8 x 107° Q+cm.'® Increasing the Sn concentration
adds carriers and increases the optical band gap, and both
of these trends are very useful when high conductivity and
transparency are the target properties. Films of ITO are
commonly prepared from mixed alcohol/water solutions
containing InCl; and SnCl,.'8>'%¢ These solutions were
sprayed on 400—500 °C substrates to form polycrystalline
films that transmitted 70—90% of visible light with resis-
tivities of 8 x 107 to 1 x 1072 Q+-cm. In a variation of this
method, ITO nanoparticles prepared by spraying aqueous
solutions of the chlorides were redispersed in water.'8” Films
formed by dipping substrates into this suspension were heated
in air at temperatures between 100 and 600 °C. The best
films transmitted 90—95% of visible light and had resistivities
in the vicinity of 9.5 x 1072 Q-cm. Other dip-coated ITO
film preparation methods are summarized elsewhere.!®

Like Sn** in ITO, AIP* acts as the dopant in ZnO:Al
(ZAO). Thin films of ZAO have been prepared by spin-
coating alcohol-based solutions of Zn(CH;COQO),+2H,0,
AI(NO3);+2H,0, and diethanolamine.'>”!3® These films crys-
tallized as ZnO after being heated in the temperature range
of 450 to 600 °C, and they have resistivities of 5 x 107!
Q-cm and transmit 80—90% of visible light. Aqueous
solutions of ZnCl, and AICl; also produce ZAO films when
sprayed on 450 °C substrates.'®® Depending on the concen-
tration of Al, these films have resistivities of 2 x 1073 to 9
x 1073 Q-cm, and they transmit 20—80% of visible light.
The films deposited from the chloride-based precursor
compare very well electrically to vacuum deposited films of
ZAO, which had resistivities that varied from 7.0 x 1073
Q-cm to 1.4 x 107* Q-cm based on the oxygen partial
pressure utilized during the deposition.'>

The most common dopant for SnO, is an anion instead of
a cation, and due to its volatility it can only be effectively
incorporated into thin films via solution processes. As more
F substitutes for O in SnO,:F (FTO) films, the carrier
concentration and band gap both increase.'®! Aqueous,
alcohol, or mixed solvent solutions of SnCl,+5H,0 and NH,F
have been sprayed on substrates at 400 to 500 °C to form
polycrystalline SnO, films.'0%18%1% The higher substrate
temperatures produce more transparent films of 75—90%
transmission in the visible range,'%*!*® while films prepared
at lower substrate temperatures transmit 50—75%.!% The
resistivities of the films sprayed at all of these substrate
temperatures are in the range of 1073 to 10™* Q+cm. Another
ink that utilized Sn(CHj3),Cl, with NH4F in aqueous solution
was spray deposited in an industrial scale belt furnace.'!
These FTO films had resistivities of 4.1 x 107 Q-+cm and
transmitted 70—90% of incident visible light. They also
performed well in CdTe solar cells, which had very respect-
able average efficiencies of 14.2%.

5.3.3. Silver Nanowire Films

Ag nanowire films couple the conductivity of a metal with
an open structure that also transmits light. If these two
attributes were not attractive enough, the open structure also
provides enough physical robustness to allow the films to
survive bending when they are deposited on flexible sub-
strates.'®> The typical synthetic procedure utilizes AgNOs,
polyvinylpyrrolidone, and ethylene glycol to form Ag
nanowires of 103 + 3.7 nm diameter and 8.7 + 3.7 um
length.!”® Other chemical species like PACl,'** or AgCl and
KBr'”? can be included to modify the wire diameter and
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Figure 12. Top-down optical microscope image of an Ag nanowire
network on glass. Reprinted with permission from ref 194.
Copyright 2010 IOP Publishing.

Table 1. Typical Resistivity and Transmission Values for

Solution Deposited Thin Films of Some Important Transparent
Conductors!43-157:163,185,187-189,191,195

max transmission

material resistivity (Q+cm) (400—700 nm) (%)
In,0;:Sn 1074 95
SnO,:F 107 90
Zn0O:Al 1072 90

length. After synthesis, suspensions of the wires can be drop
cast,'” sprayed,'** or spread with a Meyer rod (a small scale
technique that approximates slot coating)'’?> to form thin
films. Drying at room temperature or with moderate heat
removes solvent and places the Ag wires in contact with
each other in the final randomly oriented array (Figure 12).

Ag nanowire mesh films have demonstrated visible light
transmission up to 80% and sheet resistances ranging from
10 to 100 Q/sq.'>!%3 Unfortunately, no resistivity values have
been reported for these films, probably due to the difficulty
of accurately estimating the thickness of an open array of
wires. In one photovoltaic device incorporating Ag nano-
wires, the conversion efficiency was only 0.38%.'°3 There
is clearly room for large improvements in devices using these
new transparent conducting films.

As discussed above, both intrinsic and doped oxides play
important roles in the top contact of a solar cell. ZnO, SnO,,
and In,03, along with their doped analogues ZAO, FTO, and
ITO, have been prepared via solution deposition. The
precursors employed are typically simple metal salts in
alcohol or aqueous solutions that decompose readily at
moderate temperatures. Sprayed ZnO films were successfully
integrated into CIGS devices to provide quite respectable
efficiencies of 12.3%.!%® The doped compound FTO also
performed well in CdTe solar cells, which had even higher
efficiencies of 14.2%.'"! The typical resistivity and transmis-
sion data for ITO, FTO, and ZAO films in Table 1
demonstrate that all three compounds are good transparent
conductors. NiO thin films can also be deposited from simple
aqueous Ni(II) salt solutions. The greatest photovoltaic
promise of NiO films to date is in the arena of organics,
where a bulk heterojunction device incorporating such a film
produced a power conversion efficiency of 3.6%.'7° The
newest player in the solution deposited transparent conductor
game is Ag nanowire composites, which are uniquely poised
for integration with flexible low-cost substrates.
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Coupled with the appropriate solution deposition tech-
niques, the chemistries described here are promising for large
area and high throughput processing of transparent dielectrics
and conductors. We conclude that while the intrinsic and
doped oxides have all proven their value, the ZnO and SnO,
based solutions are the best choices because they are
composed of earth-abundant elements. Also of particular
interest is NiO because it can be incorporated with low-cost,
solution-processable organic materials.

5.4. Metal Contact Materials

Metal contact deposition exists as the final link in a
completed solar device. For grid-line contacts, reduction of
the line width enables a commensurate increase in the active
area and consequently in the device efficiency, although
higher quality electronic properties are required for size
reduction. New ink formulations coupled with deposition and
patterning techniques have enabled the production of high
quality thin film and grid line contacts over large areas, with
electronic properties comparable to their vacuum deposited
counterparts. Both solution- and nanoparticle-based inks have
experienced considerable advancement,*® and will be dis-
cussed in this section with highlights from recent literature.

5.4.1. Soluble Metal Inks

Early progress on metallization inks for inkjet-patterned
photovoltaics focused on metal—organic decomposition
(MOD) precursor formulations of copper 2-ethylhexoate,
silver neodecanoate, gold amine 2-ethylhexoate, and other
variations of metal-carboxylates.!*®!*” These metal—organic
precursors were often subject to discontinuity upon crystal-
lization, impurities leading to increased resistivity and short-
term stability. Nonetheless, inkjet printed tracks of Ag-MOD
inks of this type can achieve resistivity values of 2—3 X
107 Q-cm, which is about 1.3 to 2 times the resistivity of
bulk Ag (1.6 x 107% Q-cm at 20 °C) by thermal processing
at or above 150 °C.**18 Simple silver salts such as Ag nitrate
can undergo thermal reduction to metallic Ag,'*>" but the
high temperatures required for full decomposition are not
compatible with many solar devices. Post-treatment in a
reducing atmosphere of ethylene glycol vapor for 10 min
gives conductive silver tracks at a lower temperature of
250 °C.201’202

The addition of a reducing agent directly to the ink is
preferable, as it eliminates a secondary step. Strong reducing
agents, such as NaBH,, hydrazine, and aldehydes, cause rapid
precipitation of metallic silver. Alcohols or amines, on the
other hand, can act as reducing agents and in a secondary
capacity as stabilizing additives.””® Low molecular weight
solvents and weakly bound additives enable facile removal
under mild conditions (150—200 °C). Similar ink formula-
tions, such as Ag trifluoroacetate in ethylene glycol, have
been utilized for direct deposition onto a heated substrate,
yielding highly conductive lines without postprocessing.?**
Contacts for CIGS photovoltaic cells were inkjet printed at
200 °C on the ZAO layer. A line resistivity of 2.06 x 107°
Q-cm and contact resistance of 8.2 mQ-+cm? compared to
6.9 mQ-cm? for conventional thermally evaporated Ni/Al
contacts were achieved. However, prolonged exposure to the
high temperature required for ink decomposition caused some
degradation in the conversion efficiency. Still, devices with
inkjet printed contacts exhibited 11.4% efficiency in com-
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parison to 11.1% for a reference cell with evaporated contacts
that was heated for the same amount of time.?"

Although the majority of current printed contact work has
focused on Ag because of its high conductivity and tolerance
to an oxygen-containing atmosphere, inks of other conductive
metals are of significant interest as well. Both Ni and Cu
represent cost-saving alternatives to Ag, and their low bulk
resistivities, 6.9 x 107® and 1.7 x 107 Q-cm at 20 °C,
respectively, make them desirable targets for ink develop-
ment.2%72% An inkjet printable formulation of a Ni-MOD
ink, containing a Ni salt and a low molecular weight
complexing agent in a reducing solvent, was used to print
80 um wide lines on a 200 °C glass substrate. The higher
resistivity of the printed Ni lines (~25 times bulk) relative
to those deposited from the Ag-MOD ink described earlier
is caused by the formation of nickel oxide at high temperature
in air.?*” Printed Ni lines, however, can act as an adhesion
layer or as a barrier layer to prevent the migration of Cu
from the top-contacts into devices. The same Ni-MOD
precursor was utilized to deposit a Ni/Ag bilayer by inkjet
printing onto finished CIGS devices at 200 °C. The efficien-
cies of these devices were 11.6% compared to 10.7% for
Ag only.?"°

Direct printing of solution MOD inks onto heated sub-
strates has the advantage of eliminating postprocessing steps
such as annealing or plating to build line thickness, however,
the residence time over the hot surface can degrade the
performance of CIGS devices and limit the use of flexible
substrates. The use of high-speed printers currently available
or under development can minimize the thermal load, but
inks that can produce conductive patterns at low temperature
or with mild processing conditions are still being actively
investigated. Baumann and co-workers showed that UV
irradiation enhanced the thermal decomposition of an aque-
ous MOD precursor to give improved conductivity and
decreased sintering time at temperatures as low as 100 °C.2!!
Conductive metal patterns could be deposited at room
temperature by successively printing an Ag salt and a
reducing agent’'? or by using a multicolor inkjet printhead
with a separate Cu or Ni salt and a reducing agent.?' Taking
their cue from silver halide photography, Smith and co-
workers have printed a common MOD ink, Ag-neodecanoate
but then exposed the pattern to UV radiation, followed by
development in a solution containing a reducing agent such
as hydroquinone. Conversion to conductive metal can be
achieved in under a minute at room temperature, and the
printed lines were of sufficient thickness to give resistivities
as low as 10 times bulk.?!*

5.4.2. Metal Particle Inks

Particle-based metal inks provide another option for mild
processing of contacts for solar cells. This technology is
somewhat more mature, and Ag nanoparticle inks, in
particular, are commercially available for inkjet printing
applications.?>2!® The conditions required to form a conduc-
tive network between particles in a deposited contact are
usually less harsh because decomposition of the precursor
is already complete. However, the deposition temperature
required for good adhesion to the substrate and conductivity
depends strongly on the size of the particles?® and the organic
additives in the ink.?'” Removal of high molecular weight
organic capping agents can require high temperature treat-
ment for an extended time to obtain highly conductive
lines,?!® and insufficient removal of organic material can
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Figure 13. High-resolution scanning electron microscopy images with corresponding particle size distributions for printed patterns of Ag
nanoparticles treated with the polycation PDAC at various polymer/Ag weight ratios. Reprinted with permission from ref 224. Copyright

2010 American Chemical Society.

impede grain growth and deteriorate the electrical properties.
A number of methods including electrical,?'” laser,?2%??! and
microwave®?? annealing, as well as plasma treatment,’?* have
been explored to facilitate nanoparticle sintering under mild
conditions that are compatible with flexible polymer sub-
strates. A particularly elegant solution to improve the
conductivity of printed nanoparticle-based inks has been
demonstrated by Magdassi et al.?** They have found that
polyanion stabilized Ag nanoparticles exhibit room temper-
ature coalescence and sintering in the presence of an
oppositely charged polyelectrolyte. In solution, Ag nano-
particles stabilized with poly(acrylic acid) (PAA) undergo
coagulation in the presence of polydiallyldimethylammo-
nium chloride (PDAC) at concentrations around the point
of zero charge. For printed Ag nanoparticle films treated with
PDAC (or vice versa), nanoparticle coalescence rather than
coagulation begins at a PDAC/Ag weight ratio of 0.01,
relative to 0.1 in solution, and leads to a network of large
particles at higher weight ratios (Figure 13). Patterns printed
by this approach had resistivities as low as 6.8 x 1076 Q-cm
(5 times bulk).??* Treatment of Ag nanoparticle patterns with
methanol to remove the surface stabilizer (dodecylamine)
also resulted in sintering at room temperature, although with
higher resistivity.??

Silver nanoparticle inks have been the most heavily
studied, particularly for inkjet applications,**2!® but Ni, Cu,
and Al nanoparticle inks are as highly sought as their MOD
counterparts for their low cost and high conductivities.??%?%’
A Cu ink composed of a mixture of nanoparticles and a Cu-
MOD precursor was developed with the intention of com-
bining the most desirable traits of nanoparticle and MOD
inks. The inclusion of Cu nanoparticles facilitated high metal
weight loading, while the Cu-MOD precursor promoted
adhesion and sintering of the nanoparticles at a lower
temperature. The Cu,O coating on the Cu nanoparticles was
removed by conversion into the same Cu-MOD complex,
(hexafluoroacetylacetonato) Cu(I)-vinyltrimethylsilane (Cu-
(hfa)+- VTMS), that was added to the final ink formulation.
The hybrid Cu nanoparticle-MOD ink was spray coated in

a N, atmosphere onto glass and polyimide substrates at
210—230 °C. Films from the hybrid ink had a resistivity of
about 2 x 107* Q-cm due to the irregular surface morphol-
ogy of the film, but the single component Cu(hfa)-VTMS
ink achieved a resistivity only an order of magnitude higher
than bulk Cu.??® A similar chelating chemical etching strategy
was employed to reduce the oxygen content of Al particle
inks.??2% The oxidation of Cu nanoparticles can be mini-
mized by controlling the molecular weight of the surface
stabilizing polymer,?’! but the introduction of excess organic
material can reduce conductivity. Alternatively, air-stable
nanoparticle inks composed of Cu with a Ag shell can be
prepared by the well-known transmetalation reaction, where
the Cu core acts as a reducing agent for Ag ions as a result
of the difference in their reduction potentials.?*? While the
Cu—Ag core—shell inks are stable in air, annealing inkjet
printed patterns in air at 200 °C in air promotes Cu oxidation,
although heating under N, promotes sintering via Ag
migration.?*>?3* The same low temperature sintering process
was observed for a mixture of Cu and Ag nanoparticles,
where the smaller Ag nanoparticles serve to enhance the
packing density.?3*

In addition to the standard metallization inks, those that
incorporate another component to extend the functionality
can provide significant added value to a single processing
step. The most common functional component incorporated
into metallization inks is a glass frit material that facilitates
etching of the dielectric ARC on industrially produced
crystalline and multicrystalline Si solar cells. The glass frit,
composed primarily of metal oxides, is contained in Ag ink
that can be deposited by any number of deposition methods,
although screen-printing is generally employed. Rapid
thermal processing (firing) at a temperature around 800 °C
is required to open the ARC and make contact to the n-type
Si emitter layer. The ink used here needs to serve multiple
functions: opening the dielectric ARC layer, forming a
metal—semiconductor contact with good adhesion, and
providing current transport through the contact grid. The
requirements of the ink are fairly complex and the process
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Figure 14. Scanning electron microscopy image showing a cross-
section of an aerosol spray printed Ag seed layer containing frit,
which was less than 1 um thick after firing (highlighted in orange).
The remaining thickness was deposited by light induced plating of
Ag, leading to rounded metal contacts that can promote reflection
of incident light (yellow arrows) onto the active solar cell area.
Reprinted with permission from ref 240. Copyright 2008 John Wiley
& Sons, Ltd.

of contact formation is still not entirely understood, although
a number of mechanistic studies on the subject have been
published.?*>~237 An adaptation on the standard Ag-containing
pastes is a hotmelt paste that is a solid at room temperature
but can be processed as a conventional paste on a resistively
heated screen. The higher Ag content ink solidifies after
printing, yielding higher aspect ratio contacts that reduce the
line resistivity.?*® Metallization inks containing standard frit
as well as those with an alternative frit-replacement have
also been deposited by inkjet printing. A two-step process
was used to deposit frit-containing ink followed by a pure
metallization ink to reduce the amount of Ag required and
yield better conductivity.?*>?** In conjunction with a second-
ary deposition of pure metal which increases line conductivity
for lateral current transport, aerosol spray and screen printing
of fine-line grids containing frit have been used as a seed-
layer to build line thickness of Ag (Figure 14) or Ni by a
light induced plating step to give high efficiency solar cells.>

Another approach that eliminates the need for high
temperature processing and the use of heavy metal containing
frit materials involves chemical etching of the dielectric layer.
Screen printing of a phosphoric acid-containing etchant paste
prior to the Ag paste,>*! or inkjet patterning of a resist layer
prior to wet chemical etching,?*>?** have been used. Direct
etching of the dielectric layer can be achieved by inkjet
printing an aqueous solution of NH,4F, with polyethylene
glycol added to reduce the surface tension and increase
viscosity, onto the SiO, or SiN, surface coated with an acidic
water-soluble polymer such as poly(acrylic acid).?** The
reaction between the printed fluoride ion containing solution
and the acidic polymer is similar to the commonly used
buffered oxide etching solution, although in this case, the
reaction is performed in situ during printing. Following a
washing step in deionized water, Ni was deposited by
electroless plating to form a good contact, and then line
thickness was increased in a Cu plating solution to give
50—60 um wide contacts and a cell efficiency of 16.4%.%*

6. Outlook Toward a Fully Printable Inorganic
Solar Cell

The development of soluble precursors for thin-film
absorber layers, dielectric materials, transparent conductors,
and metal contacts, in combination with solution deposition
and processing techniques, can be leveraged to prepare fully

Habas et al.

printed photovoltaic devices. At this juncture, a wide variety
of solution coating and patterning techniques are well
developed, and noncontact methods such as inkjet, aerosol
spray, and laser-transfer printing for high-resolution pattern-
ing are emerging with the throughput necessary to compete
with conventional methods. The number of materials ame-
nable to solution processing is expanding rapidly, and devices
fabricated with solution-deposited absorber materials such
as CIGS, CdTe, and CZTS have achieved photovoltaic device
efficiencies comparable to those containing vacuum-deposited
absorber layers. The less well-studied binary absorber materials
show promise, particularly with regards to materials cost and
environmental considerations, although pyrite FeS,, Cu,0, and
SnS thin-film devices are not yet competitive due to issues with
film quality, composition, and phase. Devices based on Cu,S
films have provided efficiencies greater than 9%, but they have
also demonstrated that significant stability issues must be
overcome either through materials development or affordable
encapsulation before they could be considered on a larger scale.
While certain materials have progressed rapidly within the realm
of solution processing, others, including liquid-Si, remain a
tantalizing alternative to current wafer-based Si. The propensity
of Si to oxidize complicates not only ink development but also
subsequent processing. Other semiconductors like CZTS are a
challenge because of their inherent complexity. Although the
initial results have shown great promise, CZTS is a good
example of a complex quaternary system that is not yet well
understood. As understanding evolves, a significant degree of
control over the ink chemistry and processing will be needed
to achieve scalable, low-cost materials with maximum efficiency.

Progress on absorber and buffer materials alone has already
provided the potential for fully solution-processed solar cells.
These materials, in combination with solution-deposited
transparent conductors and metals to extract photogenerated
charge carriers, and intrinsic insulating oxides to provide an
additional resistive barrier to prevent shunting, are only
limited by the quality of the interfaces. Intrinsic and doped
oxides, including ZnO, SnO,, In 03, and NiO, have been
successfully deposited by solution techniques for integration
into thin-film photovoltaic devices, and ZnO and SnO, have
the added benefit of an earth-abundant elemental composi-
tion. Metal inks and patterning techniques have undergone
significant advances in terms of printing resolution for narrow
grid-line front contacts as well as low temperature processing
of metal—organic and nanoparticle inks to form strongly
adhering contacts with conductivities near bulk.

Solution processing of photovoltaic materials has come a
long way, and there are demonstrated commercial successes
in the areas of metal contacts (screen printing) and transparent
conductors (spray pyrolysis). In other areas, the many
successful results have been shown on a research level. One
of the grand challenges that must be overcome to realize
fully solution-processed photovoltaics is to transfer and
combine these small scale achievements to the industrial scale
at low cost. Effective translation from research to industrial
scale will require coordinated advances in materials, inter-
faces, and processing. The necessary high throughput of large
area devices will depend on the rate of coating and printing
that can be achieved without compromising the uniformity
and resolution of the integrated materials. With reaction
kinetics often dictating the rate at which processing can
occur, new methods will have to be found to catalyze or
otherwise accelerate the rates without introducing impurities.
Concurrently, there exists the ultimate goal of reducing
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processing temperatures without sacrificing materials quality.
Overcoming these considerable challenges will also require
a much better understanding of the chemistry of inks and
the process by which the precursors react to form individual
materials. Moving toward fully solution-processed photo-
voltaics will rely heavily on understanding and designing
the interfacial characteristics of the integrated materials,
which will not necessarily behave in the same manner as
their vacuum-deposited or otherwise processed counterparts.

Aside from the challenges in these areas, solution process-
ing also offers significant opportunities. Solution processes
can facilitate the fabrication of structures that cannot easily
be obtained with other methods. Ink-based precursors can
be designed to directly produce desired morphologies such
as fully dense films or nanoscale arrays. Many opportunities
exist for enhancing the performance of existing devices by
using nanostructured materials for optical spacers, plasmon-
ics, or nanostructured contacts. The development of third-
generation approaches, and the complexity thereof, essen-
tially necessitates the application of solution processing.

Overall, advances in ink chemistry have enabled the deposi-
tion of compositionally- and phase-pure materials, which are
free of undesirable contaminants that can adversely affect device
performance. These same ink formulation strategies can be
utilized to tailor the characteristics of the ink to control the
interface characteristics. We conclude that the cost-effective
materials options, high-throughput deposition techniques, and
low-temperature processing schemes reviewed here offer the
potential of low-cost solution-processed photovoltaic devices.
Such solar cells will tap into the unlimited, renewable solar
energy source in order to provide abundant energy worldwide
in an economically viable way.
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