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The renaissance of dye-sensitized solar cells
Brian E. Hardin', Henry J. Snaith? and Michael D. McGehee*

Several recent major advances in the design of dyes and electrolytes for dye-sensitized solar cells have led to record power-
conversion efficiencies. Donor-pi-acceptor dyes absorb much more strongly than commonly employed ruthenium-based dyes,
thereby allowing most of the visible spectrum to be absorbed in thinner films. Light-trapping strategies are also improving
photon absorption in thin films. New cobalt-based redox couples are making it possible to obtain higher open-circuit voltages,
leading to a new record power-conversion efficiency of 12.3%. Solid-state hole conductor materials also have the potential
to increase open-circuit voltages and are making dye-sensitized solar cells more manufacturable. Engineering the interface
between the titania and the hole transport material is being used to reduce recombination and thus attain higher photocurrents
and open-circuit voltages. The combination of these strategies promises to provide much more efficient and stable solar cells,

paving the way for large-scale commercialization.

are made from cheap materials that do not need to be highly

purified and can be printed at low cost’. DSCs are unique
compared with almost all other kinds of solar cells in that electron
transport, light absorption and hole transport are each handled
by different materials in the cell**. The sensitizing dye in a DSC is
anchored to a wide-bandgap semiconductor such as TiO,, SnO, or
ZnO. When the dye absorbs light, the photoexcited electron rapidly
transfers to the conduction band of the semiconductor, which car-
ries the electron to one of the electrodes’. A redox couple, usually
comprised of iodide/triiodide (I7/15), then reduces the oxidized dye
back to its neutral state and transports the positive charge to the
platinized counter-electrode®.

In 1991, O’'Regan and Gritzel demonstrated that a film of tita-
nia (TiO,) nanoparticles deposited on a DSC would act as a mes-
oporous n-type photoanode and thereby increase the available
surface area for dye attachment by a factor of more than a thou-
sand'. This approach dramatically improved light absorption and
brought power-conversion efficiencies into a range that allowed
the DSC to be viewed as a serious competitor to other solar cell
technologies®. A schematic and energy level diagram showing the
operation of a typical DSC is shown in Fig. 1. During the 1990s
and the early 2000s, researchers found that organometallic com-
plexes based on ruthenium provided the highest power-conversion
efficiencies”®. Iodide/triiodide was found to be the most effective
redox couple’ . The record power-conversion efficiency rapidly
climbed to 10% in the late 1990s and then slowly settled to 11.5%'*
7. Figure 2 shows a current-voltage curve under 1 Sun illumina-
tion, together with a plot of the external quantum efficiency as a
function of photon wavelength.

The iodide/triiodide system has been particularly successful in
DSCs because of the slow recombination kinetics between elec-
trons in the titania with the oxidized dye and the triiodide in the
electrolyte, which leads to long-lived electron lifetimes (between
1 ms and 1 s)'*. JTodide reduces the oxidized dye to form an inter-
mediate ionic species (such as I") that then disproportionates to
form triiodide and diffuses to the counter-electrode, providing two
electrons per molecule, as shown in Fig. 1b**. The slow recombi-
nation and relatively fast dye regeneration rates of the I/I; redox
couple have resulted in near-unity internal quantum efficiencies
for a large number of dyes, providing the high external quantum
efficiencies shown in Fig. 2a. The small size of the I7/I; redox

D ye-sensitized solar cells (DSCs) are attractive because they

components allows for relatively fast diffusion within the mes-
opores, and the two-electron system allows for a greater current
to be passed for a given electrolyte concentration. Unfortunately,
the I/I; system is corrosive and dissolves many of the commonly
used sealants and metal interconnects (such as silver, copper, alu-
minium and gold).

Obtaining maximum DSC power-conversion efficiencies
The Shockley-Queisser limit of ~32% is the maximum theoreti-
cal power-conversion efficiency of a single-junction solar cell
device?'. For highly efficient inorganic solar cells, the main devia-
tion from this ideal limit is through the loss-in-potential, which
can be roughly defined as the difference between the optical band-
gap of the photoactive semiconductor divided by the charge of an
electron, and the open-circuit voltage (V). As an example, the
record 25%-efficient silicon photovoltaic cell has a loss-in-poten-
tial of around 400 mV, whereas the record 28.1%-efficient GaAs
device has a loss-in-potential of 300 mV (ref. 6). Unlike traditional
inorganic solar cells, DSCs require relatively large over-potentials
to drive electron injection to titania and regenerate the oxidized
dye, as shown in Fig. 1b. This requirement results in significantly
large loss-in-potentials of more than 700 mV and defines the mini-
mum bandgap of the sensitizing dye (and therefore the onset of
light absorption). A plot of the maximum obtainable efficiency
versus loss-in-potential and absorption onset is shown in Fig. 3.
Typically, a potential difference between the lowest unoccupied
molecular orbital (LUMO) level of the dye and the conduction
band of titania is required for fast electron injection®. The mag-
nitude of the required offset has not been precisely determined
but is likely to be around 100-150 mV (ref. 23), which is much
lower than the over-potential usually required to regenerate the
dye. Regeneration of a ruthenium metal complex dye with the I-/I;
redox couple has a loss of around 600 mV, with over 300 mV of
that being directly related to the reaction within the iodide elec-
trolyte*”®. We estimate that the lowest loss-in-potential for the
ruthenium complex/iodide system is 750 mV, which limits the
maximum obtainable conversion efficiency to 13.8%, as shown
in Fig. 3%

There are two main ways in which the efficiency of a DSC can be
improved: extend the light-harvesting region into the near-infra-
red (NIR), and lowering the redox potential of the electrolyte to
increase V. Using a dye that absorbs further into the NIR, say to
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Figure1|Dye-sensitized solar cell device schematic and operation. a, Liquid-based DSCs are comprised of a transparent conducting oxide (such as
fluorine-doped tin oxide, FTO) on glass, a nanoparticle photoanode (such as titania) covered in a monolayer of sensitizing dye, a hole-conducting
electrolyte and a platinum-coated, FTO-coated glass back-contact’. b, Energy level and device operation of DSCs; the sensitizing dye absorbs a photon
(energy hv), the electron is injected into the conduction band of the metal oxide (titania) and travels to the front electrode (not shown). The oxidized dye
is reduced by the electrolyte, which is regenerated at the counter-electrode (not shown) to complete the circuit. Vo is determined by the Fermi level (E;)

of titania and the redox potential (I;/17) of the electrolyte.

around 940 nm, while still managing to generate and collect the
charge carriers efficiently, could increase the current by over 40%,
as shown in Fig. 3%?*. Further increasing the power-conversion
efficiency beyond 14% will require improved dyes and electrolytes
with smaller over-potentials to efficiently transfer charge. Single-
electron redox mediators based on cobalt and ferrocene complexes
have two advantages over iodide. First, they do not require an
intermediary step during regeneration and can therefore reduce
the loss-in-potential. Second, unlike iodide, which does not have
an ideal redox potential (0.35-0.40 eV over the normal hydrogen
electrode), alternative electrolyte couples can be tuned closer to the
highest occupied molecular orbital (HOMO) level of the sensitiz-
ing dye to obtain a higher V.

Although efforts to solve these problems were stymied for many
years®, new approaches have recently emerged and the world-
record efficiency is climbing again®*. Over the past 15 years, there
has been a great deal of research and improved understanding of
the associated chemistry and device physics of DSCs, which is
comprehensively described elsewhere?**#?7-3! This Review focuses
on several recent promising innovations in the field that we believe
will lead to power-conversion efficiencies of more than 15% in the
near future.
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Strongly absorbing donor-pi-acceptor dyes

The sensitizing dye in a DSC is anchored to the n-type metal oxide
surface’. Light absorption is determined by the molar extinction
coeflicient of the sensitizing dye, the surface coverage of the dye
and the total surface area of the oxide film*. Sensitizing dyes gener-
ally pack tightly on the titania surface, with a density of 0.5-1 dye
molecules per square nanometre”. Dyes typically contain a light-
harvesting portion, acidic ligands (for example, carboxylic or phos-
phonic acid) to attach to the semiconductor surface, and ligands to
increase the solubility in solution and reduce aggregation between
dyes’. Aggregation occurs when the dye molecules are packed so
tightly that their wavefunction overlap is large enough to change
their electronic character, which often causes the dyes to quench in
the excited state before electron transfer can occur.

Sensitizing dyes have traditionally been made from ruthenium-
based complexes such as N3, N719, C106 and CYC B11'+'%%,
which have fairly broad absorption spectra (AL = 350 nm) but low
molar extinction coefficients (10,000-20,000 M ¢cm™)'>33, These
complexes also have extremely weak absorption at the band-edge
(around 780 nm), which restricts NIR light harvesting?. Although
ruthenium-based complexes work well and have been the most
widely used dyes over the past two decades, it seems that increased
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Figure 2 | Best-in-class dye-sensitized solar cells. a,b, The external quantum efficiency versus wavelength (a) and photocurrent density versus voltage
(b) for the ruthenium dye (CYC-B11)/iodide redox couple', the co-sensitized donor-pi-acceptor dye (YD2-0-C8 and Y123)/cobalt redox couple? and
a solid-state system comprised of the Y123 dye and the hole conductor spiro-OMeTAD®. Absorbing into the NIR region of the spectrum increases

the photocurrent density from 20 mA cm= to 30 mA cm™. ¢, Chemical structures of the best-performing ruthenium-based complex CYC-B11, together
with donor-pi-acceptor dyes YD2-0-C8 and Y123. d, Chemical structures of the iodide redox couple, a cobalt redox mediator and the solid-state hole

conductor spiro-OMeTAD.

Table B1 | Power-conversion efficiency (PCE), short-circuit current density (Js.), V., fill factor, optimized titania thickness (T) and

loss-in-potential for best-in class-DSCs.

Dye Couple/conductor  Reference  PCE (%) Je(MAcm?) Vo (mV) Fillfactor (%) T (um) Loss-in-potential (mV)
CYC-BM l5/17 16 1.5 201 743 0.77 13 850
YD2-0-C8  Co(bby), 26 12.3 17.7 935 0.74 10 775
Y123 Spiro-OMeTAD 55 7. 9.5 986 0.77 25 890

improvements in dye design and the promise of removing expen-
sive metals will result in not only increased power-conversion effi-
ciencies but also greater potential to scale beyond 19 GW per year,
which is the limit set by the availability of ruthenium?.

Organic dyes generally have substantially higher molar extinc-
tion coefficients (50,000-200,000 M c¢cm™) than ruthenium-
based complexes, but typically have narrower spectral bandwidths
(AL = 100-250 nm)*-%. Over the past few years, great strides have
been made in understanding and designing new dyes for use in
DSCs?®. The best dyes contain both electron-rich (donor) and elec-
tron-poor (acceptor) sections connected through a conjugated
(pi) bridge. The electron-poor section is functionalized with an
acidic binding group that couples the molecule to the oxide sur-
face. Photoexcitation causes a net electron transfer from the donor
to acceptor sections such that the electron wavefunction couples
to the titania conduction band states, while the hole wavefunction
resides mostly away from the oxide surface where it is well-posi-
tioned to interact with the redox couple®***. Alkyl chains are also
often attached to the side of the dye to create a barrier between
holes in the redox couple and electrons in the titania, thereby
inhibiting recombination.
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The use of new redox couples to achieve higher voltages

Although scientists have discovered several alternative redox cou-
ples that are less corrosive than iodide and whose potentials are
more suited to achieving high V., solar cells containing such com-
plexes typically have unacceptably high recombination rates and
consequently poor performance (efficiencies of <5%). However,
recent success using Co**/Co’* (refs 10,26,41,42), ferrocene Fc/Fc*
(refs 43,44), copper 1/11 (refs 13,45) and all-organic'***’ electrolytes
have resulted in more promising power-conversion efficiencies.

In the past, Co?*/Co’* electrolytes suffered from recombination
rates that were at least an order of magnitude faster than iodide-
based systems'®*2. The I"/I5 couple is an elemental system, whereas
Co?" and Co’ ions are surrounded by ligands that can be modified
to modulate the redox potential (Fig. 2)**. Bulky groups on these
ligands can function as insulating spacers, which slow down the
recombination process between the electrolyte and the titania*.
In 2010, Boschloo and co-workers demonstrated a significant
improvement in the power-conversion efficiency of cobalt-based
systems by adding bulky groups (such as insulating butoxyl chains)
to an organic dye*"*. When the insulating ligands on the organic
dye, which face away from the semiconductor, are used with the
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bulky cobalt redox couple, recombination in the system is reduced
by at least one order of magnitude without affecting the electron
transfer rate. Gritzel and co-workers recently took this approach
to the next level by applying the insulating ligand technique to a
donor-pi-acceptor dye YD2-0-C8 (Fig. 2¢), which has a broad
absorption spectrum. In doing so, they achieved similarly low
recombination rates and demonstrated DSCs with a laboratory-
measured world record efficiency of 12.3% under 1 Sun illumina-
tion?® (Table B1). The improved performance was linked to a 16%
increase in V over cells containing an iodide-based redox couple,
which demonstrates the importance of tuning the redox level to
increase V.. The dye had an absorption onset at 725 nm and the
cell had a total loss-in-potential of around 775 mV. In the short
term, moving the dye absorption out to 830 nm could increase
this efficiency to 13.6% without any further fundamental advances
in technology. In recent work, an over-potential of only 390 mV
was sufficient to regenerate the oxidized dye and achieve an exter-
nal quantum efficiency of more than 80%*. Given a total loss-in-
potential of 500 mV, and assuming a required over-potential of
100 mV on the electron-transfer side, it may be possible to increase
the efficiency of the cobalt system to 19% by extending the absorp-
tion out to 920 nm (Fig. 3).

One of the shortcomings of cobalt-based complexes is that their
bulky groups significantly decrease the speed at which the ions can
diffuse through the electrolyte — up to an order of magnitude less
than conventional iodide ions®. Gritzel and co-workers found that
reducing the illumination intensity increased the power-conver-
sion efficiency to 13.1%, as it is less important for the ions to diffuse
to the electrode quickly when the carrier density is lower?. One
could imagine obtaining this efficiency under 1 Sun illumination
by using even thinner films to reduce the required diffusion dis-
tance. Later in this Review we will describe potential techniques
for slowing recombination and attaining adequate light absorption
in thin films.

Long-term stability studies have not yet been performed on
cobalt complexes in dye-sensitized solar cells. It will be important
to make sure that cobalt complexes do not undergo irreversible
changes at the counter-electrode* while providing stabilities simi-
lar to (or better than) iodide-based electrolytes.

Solid-state dye-sensitized solar cells

Solid-state DSCs (ss-DSCs), which use solid hole conductors
instead of a liquid electrolyte, are also capable of delivering high
voltages®'. The hole conductor is typically made from either wide-
bandgap small molecules (such as spiro-OMeTAD) or semicon-
ducting polymers (such as PEDOT or P3HT). These DSCs are in
principle more industrially compatible than standard DSCs because
they do not contain a corrosive liquid electrolyte, which requires
careful packaging. The highest values of V. (>1 V) achieved so
far have been demonstrated in devices that exploit a small-mol-
ecule hole conductor™. In ss-DSCs, hole transfer occurs directly
from the oxidized dye to the HOMO level of the hole conductor,
which then transports the charge to the (typically silver) counter-
electrode®**. Dye regeneration occurs over a period of tens to
hundreds of picoseconds — several orders of magnitude faster
than regeneration with the I-/I; redox couple®. We believe that an
over-potential of only 200 mV may be sufficient for hole regen-
eration, thus allowing for power-conversion efficiencies of more
than 20%, as shown in Fig. 3 (again assuming a loss of 100 mV on
the electron-transfer side). Although the first ss-DSCs made with
solution-processable small molecules achieved power-conversion
efficiencies of less than 1%, researchers have recently increased this
value to 7.1%°"°. Significant recombination rates, together with the
difficulty in achieving high levels of pore-filling in thicker films,
means that ss-DSCs currently work best at thicknesses of only a few

NATURE PHOTONICS | VOL 6 | MARCH 2012 | www.nature.com/naturephotonics

26
24 |--300mv |
| |—d0omv | e
-=- 500 mV .
20+ |— 600 mV
5 700mV | T e
g |00V | T
> — 800 mV -
€ 16 | === 900mV
S | S T eemmm———
£ 144 e S e
5
I i,
§ 104 N
g 8-
&
67
4|
27
0 \ \ \ \ \
400 500 600 700 800 900 1,000

Absorption onset (nm)

Figure 3 | Maximum obtainable power-conversion efficiencies versus
absorption onset for various loss-in-potentials. The model assumes
an external quantum efficiency of 90% with the rise from the onset of
absorption occurring over a range of 50 nm and a constant fill factor of
0.75 (ref. 22).

micrometres®. The greatest issues facing ss-DSCs are their incom-
plete light harvesting and lower internal quantum efficiency, which
together result in current densities that are lower than liquid-based
DSCs, as shown in Fig. 2 (Y123, a spiro-OMeTAD system)™.

There are many factors that affect the recombination between
conduction-band electrons in the titania layer and holes in the hole
conductor layer. Under solar operating conditions, the hole density
in ss-DSCs is highest near the dye-sensitized interface (the point of
generation) and charge screening is not as effective as it is in cells
containing liquid electrolytes, which typically leads to recombina-
tion rates that are an order of magnitude larger than those in the
best I/I; systems. Recombination in ss-DSCs can be significantly
inhibited by interfacial engineering (discussed below) and having
the correct mix of ionic additives in the hole transporter phase®**’.
Chemical p-dopants are often added to the hole transporter to
increase the conductivity, resulting in increased values of V{, and
the fill factor®.

Solid hole conductors are almost exclusively fabricated through
solution-deposition techniques. However, pore-filling can never be
complete through such procedures because space is left when the
solvent evaporates®®. The pore-filling fraction, which is defined
as the fraction of porous volume taken by the hole conductor,
can be as high as 60-80% with small-molecule hole conductors,
and the pores are generally uniformly filled throughout the entire
film thickness. Uniformly covering the dye/metal oxide surface is
extremely important to ensure good charge separation and col-
lection; as a rule of thumb, around 50% pore-filling is required in
a mesoporous network to ensure monolayer surface coverage®.
Improving the pore-filling fraction is an important strategy for
reducing recombination and might be achieved by infiltrating hole
conductors from the melt®.

Light-harvesting in ss-DSCs has benefited tremendously from
donor-pi-acceptor dyes, which provide significantly enhanced
light absorption in 2-um-thick films. Careful control over the
p-dopant, in combination with the use of a strongly absorbing
donor-pi-acceptor dye, has recently led to efficiencies of over 7%
in ss-DSCs that exploit small-molecule hole conductors®. Another
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transported to the back contact through the electrolyte. The ERD process is similar except that higher energy (blue) photons are first absorbed by the
ERD and then undergo Forster resonant energy transfer (FRET; ii) at rate k¢; to the sensitizing dye, which is responsible for charge separation (iii) involving

electron injection (rate k;,) and hole regeneration (rate k,,).

way of improving light absorption in ss-DSCs is to use light-
absorbing polymers as the hole conductor®'. Polymer hole con-
ductors, typically used in organic photovoltaic cells, have recently
achieved power-conversion efficiencies of more than 5% Polymer
hole conductors are also solution-processed, although the pore-fill-
ing fractions are much lower (<25%) than in small-molecule hole
conductors. Despite this, however, the polymer can predominately
wet the internal surface and carry holes efficiently out of devices of
up to 7 um in thickness®.

Compared with their liquid-electrolyte counterparts, ss-DSCs
have been significantly underdeveloped. Relatively few hole con-
ductors have been studied for DSCs, and there are still no clearly
defined rules for hole conductor design, doping and additive
requirements, and dye modifications. Although optical models®
have been created for ss-DSCs, understanding why the internal
quantum efficiency (for example, charge generation/separation or
charge collection) is lower for ss-DSCs than liquid-based DSCs
will require much better knowledge of the physics of these devices.
We believe significant improvements could be made by improv-
ing pore-filling and developing new hole conductors with deeper
HOMO levels, additives to further reduce recombination and dyes
that could result in a loss-in-potential of 300 mV.

Engineering the interface to prevent recombination

In iodide-based DSCs, recombination is inherently slow and exces-
sive electronic engineering of the interface is not entirely necessary.
However, for both new electrolytes and solid-state hole conductor
systems, fast recombination is a critical issue that must be reduced
in order to realize maximum efficiency. It should be noted that a
tenfold decrease in the recombination rate will result in a 50-60mV
increase in Vi (ref. 5). The oxide can be surface-treated through
either organic modification or inorganic shell growth. For organic
modification, co-adsorption of surface modifiers alongside the dye
molecules can be used to help block direct contact of the hole con-
ductor or electrolyte with the titania, or to modify the energetics of
the interface by introducing a dipolar field®.

For inorganic modification, thin shells of ‘insulating’ oxides
can be deposited on the titania layer prior to dye loading®®. The
insulating shell must be thin enough to allow electron transfer
from the photoexcited dye, but also thick enough to inhibit the
recombination reaction. Because the fundamental mechanism for
both forwards electron transfer and recombination is the same, we
expect the same inhibition in both rates. This technique therefore
requires the initial electron transfer process to be faster than is
strictly necessary, and to inhibit recombination only to the point
at which a drop in photocurrent occurs because electron transfer
to the titania is not occurring fast enough. In practice, there is usu-
ally a slight drop in photocurrent accompanied by an increase in
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Voc. Researchers often overlook the fact that coating the surface of
an oxide such as titania with an insulating shell usually results in
a shift in the surface potential of the oxide. This usually causes an
increase in Vi that can be mistakenly interpreted as being due to
the inhibition of recombination.

Changing the ionic content in the hole conductor can be much
more effective at slowing down recombination than introduc-
ing an inorganic shell (ref. 68). This is most likely caused by holes
in the hole conductor electrostatically screening the electrons
in the titania layer. Because the dielectric constant for titania is
extremely large (~100¢,), it is surprising that electrostatic screen-
ing is required once the electrons are transferred into the oxide.
The fact that recombination is so sensitive to ionic additives sug-
gests that the electrons undergoing recombination are in surface
states and are not entirely screened by the bulk dielectric. Pacifying
these surface states may therefore have a direct beneficial impact
on charge recombination®.

Light trapping

In DSCs that do not contain the I'/I; redox couple, it is a challenge
to make the cell thick enough to absorb almost all of the light while
also thin enough to ensure all the charge carriers are collected, as
many of the carriers recombine before travelling more than a few
micrometres. This problem can be avoided by scattering light in the
cell to increase its path length or using plasmonic effects to inten-
sify the absorption near nanopatterned metal.

The most commonly used light-trapping approach in cells con-
taining liquid electrolytes is to deposit a film of titania particles
measuring 200-400 nm in diameter on top of a layer of titania
particles of normal size (20 nm, for example)?*”°. The larger titania
particles scatter light and thereby increase the photon path length
in the cell®. In some cases, more well-ordered photonic crystals
have been used to scatter light”".

Alternative strategies are needed to trap light in ss-DSCs, whose
thickness is limited to less than 3 um. The use of plasmonic effects is
particularly attractive for achieving this”>”>. DSCs with plasmonic
back-reflectors can be made by using nanoimprint lithography to
press a hexagonal array of holes into a film of titania nanocrystals
before the film is sintered. When the hole conductor infiltrates the
film, it does not planarize the top surface. Consequently, when the
silver electrode is deposited, it contains a patterned array of posts
sticking into the solar cell that can scatter light very effectively
and possibly couple it to plasmon-polariton modes”™. Plasmonic
back-reflectors have been shown to improve the performance of
cells containing weakly absorbing ruthenium-based dyes by 20%,
and cells containing strongly absorbing donor-pi-acceptor dyes by
5%”°. Another plasmonic approach is to incorporate metal nano-
particles covered with an insulator or n-type oxide directly into the
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solar cell”>”. Light excites the plasmon resonances of these parti-
cles and so significantly enhances the electric field (and therefore
absorption) in the regions surrounding them.

Although light-trapping techniques are certainly helpful, the
extent to which they can be used to solve absorption problems is
limited because light-trapping also enhances parasitic absorption
by the ‘transparent’ electrode and hole conductor.

Co-sensitization and energy relay dyes

One of the greatest opportunities for improving the efficiency of all
types of DSC is to reduce the energy gap of the dyes so that more
light in the spectral range of 650-940 nm can be absorbed (Fig. 2a).
However, finding one dye that absorbs strongly all the way from
350-940 nm is extremely difficult. Typically, the peak absorption
coeflicient and spectral width of a dye are inversely related to each
other. The most promising strategy for harvesting the whole spec-
trum is to use a combination of visible- and NIR-absorbing dyes.

In the past, the co-sensitization of ruthenium metal complex dyes
was considered to be problematic because their low molar extinc-
tion coefficient required full monolayer coverage on the titania of
relatively thick films to absorb all the incident red photons. However,
organic dyes have significantly higher molar extinction coefficients
than ruthenium metal complex dyes and thus require smaller surface
areas, making it possible to co-sensitize thinner DSC films without
significantly reducing light-harvesting in any portion of the spec-
trum’. Today’s record-efficiency DSC employs a co-sensitization
strategy to boost absorption at a wavelength of 550 nm (ref. 26).
Although co-sensitization for this device results in an overall increase
in the power-conversion efficiency due to an increased short-circuit
current density, V. is reduced slightly because the co-sensitized dye
used to absorb light at 550 nm is not as good at blocking recombina-
tion as the YD2-0-c8 dye with which the device is co-sensitized?.

Only a few NIR dyes (that is, peak absorption at >700 nm) have
so far demonstrated good charge injection efficiencies in DSCs,
although no NIR dye has yet independently achieved a V. greater
than 460 mV in an electrolyte-based cell’”~”. NIR-sensitizing dyes
that do not require large over-potentials to regenerate and do not
have high recombination rates will be required to push efficiencies
towards 15%. The most significant challenge of co-sensitization
using NIR dyes is maintaining a large V,,., which requires that each
dye adequately prevents recombination. The problem of V. reduc-
tion is likely to be even more pronounced with NIR dyes because
they have small bandgaps. The resulting energy and hole transfer
from neighbouring visible sensitizing dyes® can increase recombi-
nation and lower V. (ref. 81).

Energy relay dyes (ERDs) decouple the light-harvesting and
charge-transfer processes, and therefore have a range of potential
advantages over co-sensitization techniques. In DSCs, ERDs absorb
sunlight and then transfer energy non-radiatively to sensitizing
dyes, which are responsible for charge separation (Fig. 4)**. ERDs
have been placed inside the electrolyte®** and the semiconductor®,
co-sensitized®%* on the semiconductor surface, and tethered to
sensitizing dyes®. The use of ERDs has several important advan-
tages over co-sensitization. Because ERDs do not participate in the
charge-transfer process, they do not require precise energy levels
for charge transfer, which allows for a wide range of dyes to be
implemented in DSC systems®. ERDs can be used to fill absorp-
tion gaps in the sensitizing dye for a liquid-based device, and also
to increase the overall light-harvesting efficiency of solid-state sys-
tems®. ERDs do not need to attach to the semiconductor surface in
order to contribute to light-harvesting, and thus their addition can
both widen and strengthen the overall absorption spectrum for the
same film thickness.

ERDs typically transfer energy via Forster resonant energy trans-
fer, which involves dipole-dipole coupling between the ERD and the
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sensitizing dye®. The distance over which energy transfer can occur
efficiently is determined primarily by the molar extinction coefficient
of the sensitizing dye and the overlap between the emission spectrum
of the ERD and the absorption spectrum of the sensitizing dye®.
When designing ERDs, it is important to use dyes with relatively
short photoluminescent lifetimes (<10 ns) because the rate of energy
transfer depends on the rate of light emission and must therefore be
faster than quenching by the electrolyte/hole conductor®. It is pos-
sible to use multiple ERDs to expand the overall spectral coverage®.
Energy transfer may occur efficiently over fairly long distances
(that is, >25 nm) for ERDs that have a strong emission overlap
with the absorption spectrum of tightly packed organic dyes on
the semiconductor surface®. This allows for high excitation trans-
fer efficiencies of >90% for ERDs placed inside liquid-electrolyte
systems® and >60% for ERDs placed in the hole conductor in ss-
DSCs®. It has not yet been possible to dissolve enough ERDs into
the electrolyte to absorb all of the light, although this should be pos-
sible to achieve by increasing the solubility and molar absorption
coefhicients of the ERDs*. It is still possible for systems with weaker
dipole-dipole coupling to efficiently transfer energy over short dis-
tances, although this requires the ERDs to be within 1-3 nm of the
sensitizing dye requiring co-sensitization®” or tethering®.

The path to commercialization

The ultimate goal of any emerging solar cell technology is to
achieve an installed cost-per-watt level that reaches grid parity ver-
sus conventional fossil fuel technologies and competes favourably
against incumbent photovoltaic technologies. Silicon photovoltaic
module costs have continued to reduce from US$4 W in 2008 to
just US$1.25 W' in 2011, with module efficiencies ranging from
15% to 20% and lifetimes guaranteed to 25 years. It is realistic to
expect that silicon photovoltaic modules could continue to reduce
in manufacturing costs to around US$0.70 W', with module effi-
ciencies rising to 18-22%. Great strides have also been made in
the commercialization of thin-film technologies, where CdTe has
achieved module efficiencies of 10-12.5% at costs of US$0.70 W™
and current roadmaps expect to achieve module efficiencies of 14%
at costs of US$0.50 W-'. Copper indium gallium selenide modules
are now commercially available, with efficiencies of 12-15% and
module costs expected to be less than US$0.50 W~

How DSCs will compete in the future photovoltaic market
depends not only on our ability to increase power-conversion effi-
ciencies and develop ultralow-cost architectures that are stable over
20 years, but also on market factors such as the overall photovoltaic
demand and the scarcity of rare elements. DCSs can be constructed
from abundant non-toxic materials, which is a significant benefit
over current thin-film technologies'.

Commercializing 10%-efficient modules may require ultralow-
cost architectures that reduce inherent costs by removing at least
one glass substrate, thereby pushing costs down to US$20 m™2. It is
important to note there is an increased non-module ‘balance-of-
systems’ cost associated with using less-efficient solar modules; for
example, installing 10%-efficient modules costs US$0.30 W~ more
than 15%-efficient modules®™. 10%-efficient DSC modules will
therefore probably need to be priced at US$0.20-0.30 W and thus
manufactured at US$20-30 m~ to compete for utility-scale power
generation. Substrates represent the largest module costs. At the
gigawatt scale, glass covered with fluorine-doped tin oxide costs
US$8-12 m2, whereas uncoated glass costs US$5 m=2 The glass—
glass laminate for DSCs would therefore cost at least US$13 m™,
leaving only US$7-17 m™ for the remainder of manufacturing,
which is possible but challenging.

Ultralow-cost DSCs could be built from cheap metal foils (such
as stainless steel and aluminium) and plastic sheets to reduce glass
costs. Although iodide is known to dissolve aluminium and stainless
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steel, there is significant opportunity to create pinhole-free protec-
tive coatings on foils and develop electrolytes that are less corrosive
than iodide. Additional stability issues emerge when using plas-
tics sheets instead of glass, which have significantly higher water
vapour transport rates and thus allow moisture to ingress into the
DSC. Researchers have yet to produce a plastic sheet that is cheaper
than glass while also having an adequate water vapour transport
rate. Developing water-tolerant DSCs is an interesting pathway that
is unique to this technology®. Furthermore, sputtered transparent
conducting oxides on plastics are more expensive, less transpar-
ent and more resistive than when deposited on glass, which pro-
vides lower performance levels. Cheaper transparent conducting
electrodes for DSCs must therefore be developed to match the effi-
ciency of glass-based designs®®®.

Increasing the module efficiencies of DSCs to more than 14%
would relax the ultralow-cost constraints, thus providing substan-
tial incentive to create laboratory-scale devices with efliciencies
greater than 15%. The relatively slow increase in record values for
DSCs over the past ten years has left the impression of a perfor-
mance ceiling, which is partially justified given that conventional
iodide- and ruthenium-based DSCs have a realistic maximum pos-
sible efficiency of little more than 13%?2. The loss-in-potential can
realistically be reduced to 500 mV by better matching the energy
levels at the heterojunction, using more strongly absorbing dyes in
thinner films and further inhibiting recombination losses, pushing
efficiencies to 19% with a dye capable of absorbing out to 920 nm.
Finally, although there have been a number of initial studies into
the development of DSC modules, a thorough understanding of the
overall lifetimes and degradation mechanisms of new DSC cell and
module designs requires a great deal of further investigation>'®.
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