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Nanostructured Organic and Hybrid Solar Cells

Jonas Weickert, Ricky B. Dunbar, Holger C. Hesse, Wolfgang Wiedemann,

and Lukas Schmidt-Mende*

This Progress Report highlights recent developments in nanostructured
organic and hybrid solar cells. The authors discuss novel approaches to
control the film morphology in fully organic solar cells and the design of
nanostructured hybrid solar cells. The motivation and recent results con-
cerning fabrication and effects on device physics are emphasized. The aim of
this review is not to give a summary of all recent results in organic and hybrid
solar cells, but rather to focus on the fabrication, device physics, and light
trapping properties of nanostructured organic and hybrid devices.

1. Introduction

The supply of clean energy for our society is a central challenge
to maintain our standard of living. It is important to change from
fossil fuels to renewable energy sources for two main reasons:
Firstly, the natural resources of gas and oil are limited and will
run out. Secondly and more importantly, a continued depend-
ence on fossil fuels would increase an already alarming rate
of CO; emission. Additionally, other environmental problems
such as oil spills, etc. caused by the mining of these resources
may increase because the remaining resources will be in places
which are more difficult to reach, e.g. far below sea level. Solar
cells are promising candidates for CO, emission free energy
supply. However, the technology is still too expensive for their
standing in competition against other energy sources, Novel
types of solar cells featuring abundant organic semiconductors
have the potential to emerge as energy generation devices that
can be cheaply produced in large quantities.I"! Even though the
efficiencies of organic and hybrid solar cells are still limited, it
is expected that their efficiency will continue to increase. The
highest reported efficiencies of organic solar cells are currently
over 7% and it is expected that 10% will be reached in the next
year or two.l”) Compared to conventional solar cells these values
are still low. However, it should be mentioned that the progress
in this field over the last ten years has been tremendous with an
increase in efficiency by a factor of 3.1

Hybrid solar cells (HSCs) incorporating both organic and
inorganic semiconducting materials aim to combine the

J. Weickert, R. B. Dunbar, H. C. Hesse, W. Wiedemann,
Prof. L. Schmidt-Mende

Department of Physics & Center for NanoScience (CeNS)
Ludwig-Maximilians University (LMU) Munich
Amalienstr. 54, 80799 Munich, Germany

E-mail: L.Schmidt-Mende@ physik.uni-muenchen.de

advantages of both material classes. The
most efficient hybrid solar cells are dye-
sensitized or Gritzel solar cells (DSSC).
Here, a mesoporous TiO; film is sensitized
with a monolayer of dye molecules, filled
with an iodide/triiodide-based electro-
lyte and capped with a platinum counter
electrode. Fast electron transfer from the
photoexcited dye into the conduction band
(CB) of the TiO, takes place. The oxidized
dye molecules are regenerated by the
iodide redox couple, the positive charge
being transported through the electro-
Iyte to the platinum counter electrode.”! This type of solar cell
has achieved efficiencies as high as 11%.°! There are several
approaches to replace the liquid electrolyte with a solid organic
hole-transporting material. Holes are directly transferred from
the dye to this material and transported to the counter elec-
trode. These solid-state dye sensitized solar cells (SS-DSSC)
have not yet reached the same efficiencies as their liquid elec-
trolyte counterparts.

In organic solar cells, the morphology of the semiconducting
thin film is critical for the device performance.l%”! This has been
the motivation for developing nanostructured organic or metal-
oxide materials for solar cell architectures.

This review will focus on nanostructured organic and hybrid
solar cells. We will exclude deliberately liquid electrolyte dye-
sensitized solar cells, although control over the nanostructure
of mesoporous films may have some advantages. The interested
reader is instead referred to other review articles describing
progress in liquid electrolyte dye-sensitized solar cells.>#14
Here, our focus will be on recent developments of organic and
hybrid solar cells that have been brought about through control
of the device nanostructure.

It is expected that nano-architectured solar cells will have
some advantages over standard bulk-heterojunction solar cells.
The fundamental operating principal in an organic or hybrid
solar cell is identical. Light is absorbed by at least one of the
photoactive materials and creates electron-hole pairs, so called
excitons. These excitons have a binding energy of around
0.5 eV, which must be overcome for exciton separation. Exciton
separation can be energetically favorable if the exciton can dift
fuse to a heterojunction of two device materials which have
an offset between the respective highest occupied molecular
orbital (HOMO) and lowest unoccupied molecular orbital
(LUMO) levels. Following separation, the free charge carriers
can then be extracted by the electrodes. A major loss mecha-
nism inside the cell is charge carrier recombination. The device
morphology can influence the exciton separation and charge
collection kinetics to a large extent. Therefore, an important
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question is: What is the ideal morphology? Even after decades of
research into hybrid and organic devices this is still largely an
open question. However, some design rules can be listed!"”:: The
domain size of donor and acceptor material should be small
compared to the exciton diffusion length. For many polymers
the exciton diffusion length is 10 nm or even smaller. In addi-
tion to the morphology, the electrochemical potential drop at
the donor-acceptor interface must be sufficiently large to over-
come the exciton binding energy. The formed geminate pair
must be split into free charges before recombination occurs.
The free charge carriers can be transported to the electrodes.
This process is governed by the charge carrier mobility of the
materials, which also influences strongly the device perform-
ance. Therefore, both electron and hole mobility should be high
enough to extract charges efficiently. A balance between hole
and electron mobility will prevent build up of space charge,
which leads to declined charge extraction. High charge carrier
mobility will allow fast charge extraction and decrease the prob-
ability of charge recombination while the charges travel to the
electrodes. However, if the mobility is too high it will allow dif-
fusive dark currents which will lower the open circuit voltage of
the cell.l'") In standard bulk-heterojunction solar cells processed
from solution the device morphology cannot be precisely con-
trolled. By selection of solvent, spin-coaling conditions, etc., it
is only possible to influence the phase separation of the organic
films.

The same is also true in evaporated small molecule solar
cells. The research on nanostructured solar cells with full con-
trol over the structure, especially the interfacial area of donor
and acceptor materials, addresses the challenge of fabricating
the “ideal” nano-morphology. In these devices, large interfacial
areas and direct percolation pathways to the electrodes are real-
ized. In metal-oxide nanostructures the charge carrier mobility
can be influenced by increasing the crystallinity of the material
or doping with additional elements. Even though nanostruc-
tured hybrid solar cells possess these advantages, current nano-
structured devices show performances far below the standard
bulk-heterojunction cells. We see the main reason in this lower
performance not in the concept, but rather in the realization
of the cells which is still far from optimal. The control of the
structure down to dimensions of ~10 nm, comparable of the
exciton diffusion length in polymers, is still a challenging task.
Most nanostructured solar cells show dimensions larger than
50 nm. Only if these dimensions become significantly smaller
the performance of nanostructured devices will improve over
that of standard bulk heterojunction solar cells. Nanostructured
devices with defined morphologies and interfaces will also allow
a better understanding of the physical processes in the devices.

There are still many physical mechanisms in organic and
hybrid solar cells that need to be better understood. Defined
nanostructures will enable us to investigate questions such as,
among others, whether a) exciton separation happens prefer-
ably in direction of the external field given by the difference
in work-functions of the metal electrodes or also in opposed
direction, b} the interface can be designed to efficiently enable
charge injection but hinder charge recombination, ¢) there is a
maximum size of the nanostructure needed to allow efficient
charge transport d) additional effects based on the nanodimen-
sions start to play a role when the dimensions get smaller than

10 nm and e) plasmonics and other light trapping approaches
can significantly enhance the device efficiency.

In the next sections we will report on different strategies to
achieve the desired nanostructures. Here it will be necessary to
differentiate between fully organic and hybrid solar cells. Nano-
structuring of organic solar cells can be achieved by self-assembly
or nanoimprint lithography. Metal oxides nanostructures are
usually prepared by facilitation of self-organized growth mecha-
nisms. We will report on nanowire, nanotube and nanonetwork
structures and the different synthetic routes for these structures.
Even so there is a huge variety of available metal-oxides, our
report will focus on the most common materials, such as TiO,
and ZnO. In the last section of this article we address the inter-
action of light with device nanostructures, especially metallic.
The interaction can lead to enhanced light scattering and plas-
monic field enhancement, improving the device performance.

2. Fully Organic Solar Cells (OPVs)

One of the main challenges in the field of organic photovoltaics
(OPVs) is achieving complete exciton harvesting while main-
taining minimal losses due to recombination. As mentioned
above, the exciton diffusion length in organic semiconductors
is typically short, often below 10 nm. A donor acceptor inter-
mixing with a nanometer length scale phase separation is
therefore conducive to efficient harvesting of excited states.!'?.18]
However, direct percolation pathways to the respective elec-
trodes are necessary to suppress charge carrier trapping and
recombination. High charge carrier mobility and lifetime in the
respective phases also lead to high performance as can be seen
in Figure 1.I"" Therefore, architectures of highly crystalline and
ordered materials with intimate contact of donor and acceptor
phase on the nanometer length scale are desired for improved
efficiency.?®?!l The synthesis of highly pi-conjugated molecules

“r I

0.1
- il Relative
E values of it
= -0.3
£
=
o 04 = p
B ’ o 2 5 7 |
S o B - /
S 05 |- — _

M ————— = i R

double thickness cell
-0.7
S 0.5 0 0.5 1
Voltage (V)

Figure 1. Snapshot from Ref. 19 showing the potential of increased mabil-
ity-lifetime product. Reprinted with friendly permission of R. A, Street.
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with functional groups fostering self-assembly into mesoscopic and
macroscopic architectures is a versatile tool to achieve this goal.

In the following paragraphs we will introduce a number of
different approaches aiming to control the nano-morphology of
organic/organic heterojunction solar cells.

2.1, Small Molecules

The facile synthesis of small molecules, where high purity and
monodispersity is possible, is an advantage compared to that
of the materials used in polymer-based solar cells. High cristal-
linity and mobility can thus be achieved.”?! A bi-layer stack of
small molecules also served as the photoactive layer in the first
organic solar cell with an efficiency of over 1% by Tang et al.
in 1986.2*1 However, when the bulk heterojunction approach
is used for small molecules, strong recombination often drasti-
cally limits the performance. It has been shown that due to
their compatible size and often comparable stacking properties,
fully intermixed blends of donor and acceptor molecules are
formed.I*! This can result in a pronounced photoluminescence
quenching despite a significant loss of free charge carriers
due to bimolecular recombination and incomplete charge car-
rier pathways to the electrodes. A de-mixing of the donor and
acceptor molecules induced by the introduction of hydrophilic
and hydrophobic substituents, respectively, or using molecules
with incompatible size is believed to reduce this unfavorable
molecular stacking.”®l Controlling morphology and molecular
alignment in small molecule donor-acceptor systems is a key
issue and might help to access the outstanding properties of
the pristine materials.

In order to span the molecular organization from microscopic
to mesoscopic or even macroscopic length scales, liquid crystal-
line (LC) materials have been shown to hold great promise.l?7 %!
The supra-molecular interactions in LCs allow a better organi-
zation on the molecular scale when compared to the isotropic
phase!®l Furthermore, due to the avoidance of grain boundaries
commonly found in crystalline phases an unhampered charge
carrier transport can be provided also in the bulk material.
Therefore, these materials very well meet the requirements as
active layers in OPV devices.

A variety of different molecules has been found with LC
properties, often showing multiple phase transitions and
having phases with different levels of supra-molecular organi-
zation. When heated to an isotropic state, external stimuli such
as electric® or magneticP! fields can induce long range orien-
tation of the molecules which may be retained in the LC state.
Furthermore, local defects in the supra-molecular organization
can be overcome by a self-healing procedure which is highly
desirable for increased device lifetimes.*!)

Liquid crystal materials can form 1D organic nanowires,
which display high charge carrier mobility along the nanowire
axis.”l Combined with strongly absorbing acceptor molecules,
a remarkable solar cell efficiency of 1.95% has been reported at
low light intensities.*!

If the molecules are stacked with a face-on alignment to the
substrate plane (homeotropic alignment), charge carriers can be
extracted more efficiently, even at higher generation rates. The
use of a sacrificial capping layer™l or specially functionalized

molecules!® allow for this favorable alignment on transparent
electrode materials.

However, the full potential of LC materials is yet to be real-
ized in solar cell applications. It remains a great challenge to
simultaneously orient and organize the donor and acceptor
molecules, A recent study has shown the successful orientation
of two LC molecules in a bi-layer geometry.’® This might be a
step towards the fabrication of solar cells based on highly ori-
ented LC materials.

In order to access more sophisticated interface architectures,
pre-orientation of either donor or acceptor material is a natural
approach. Both hybrid solar cells — discussed later — and poly-
merization assisted methods seem appealing.

An entirely different approach feasible for a large number
of small molecules is vacuum sublimation and co-evaporation
of organic materials. The best devices are based on the p-i-n
model and the reader is referred to a comprehensive review by
K. Walzer.”]

2.2, Di-Block Co-Polymer Approach

The use of di-block copolymers is another promising approach
to achieving controlled active layer morphologies. Here, repeat
units of donor and acceptor are covalently bound to each other.
Upon solvent evaporation self assembly of the building blocks
drives the formation of highly ordered architectures. The size
and type of linker unit between donor and acceptor oligomers
and their respective weight fraction determines the phase for-
mation and thus the resulting nano-architecture. This direct
morphology control is a clear advantage compared to the poly-
mer-fullerene systems, which exhibit the best power conver-
sion efficiencies to date. Ordered nanostructures with different
shapes have been realized by this method (Figure 2).% This
self-assembly has been mainly studied on non-conducting
polymers and only more recently also semiconducting di-block
co-polymers have been synthesized. Since the first successful
application of this concept by S. SunP*® a variety of different
donor and acceptor moieties has been tested with high intrinsic
absorption and mobility. However, up to date the efficiency of
these devices remains still far below 19, which is mainly attrib-
uted to high series resistance and significant recombination
losses.I*”) Despite a high exciton separation yield indicated by
significant photoluminescence quenching, strong recombina-
tion at covalent bonding sites of the polymer backbone limits
the overall performance.

Optimization of the alignment yielding the formation of
wire-like structures perpendicular to the substrate plane and
the insulating spacer units may help to improve the efficiency
of these devices. It should also be noted that the synthesis of
these macromolecules with minimized polydispersity and high
yield remains a challenging task.

2.3. Nanoimprint Lithography

Mechanical lithography, often called hot embossing or nano-
imprint lithography (NIL), was first discovered by Chou et al.
[t is a useful technique in the field of nanosciencel**4!l and
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Figure 2, Schematic showing different morphologies which can be realized by choosing appropriate di-block co-polymers. Reprinted with permission ¢l
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provides another method of controlling the nanostructure of
the active layer in organic solar cells. Figure 3 illustrates the
simple working principle of the procedure. A mold is pressed
into an organic film. After removal of the mold the film has
the structure defined by the mold. The process allows fine-
tuning through parameters such as pressure, duration and
temperature. An alternative method exposes the mold and sub-
strate to solvent vapor atmosphere and is called solvent assisted
nanoimprint lithography (SANIL). It is an easy and versatile
method that can achieve high aspect ratio imprints without the
need of high pressures or temperatures. This treatment effec-
tively lowers the glass-transition temperature and decreases the
viscosity of the polymer by many orders of magnitude. This is
important because the narrow window between glass transition
and thermal degradation temperature limits the range of vis-
cosities at which NIL can operate. One tremendous advantage
of NIL compared to traditional lithographic methods is that its
resolution is not limited by factors such as wave diffraction,
scattering and interference. As a result, it is possible to use NIL
to replicate patterns with sub-10 nm accuracy.*?! Nanoimprint

f separation

pressure

Figure 3. Schematic of the working principle of nanoimprint litho-
graphy. A thin organic film is fabricated on a substrated and imprinted
with a mold. After separation, the pattern of the mold is transferred to
the organic layer.

lithography and related technologies were originally designed
for applications with the need of sub-micrometer features in
the lateral dimension such as transistors, high-density data
storage or organic light emitting diodes. When used in organic
photovoltaic cells however, high-aspect ratio structures, i.e.,
very thin but high features, are desired to produce large sur-
face area interfaces to facilitate efficient exciton dissociation.
Fully organic/organic devices with nanostructured and defined
interfaces have only been investigated by very few groups. The
results of some important investigations are shown in Table 1.
Aryal et al. pioneered the fabrication and characterization of
poly(3-hexylthiophene) (P3HT)/[6,6]-phenyl-Cq; -butyric acid
methyl ester (PCBM) nanostructured heterojunctions.*3 Using
an Anodic Aluminum Oxide (AAO) membrane fabricated by a
two step anodization process as an imprint stamp, a transfer
method of the porous structure from the AAO to a silicon
wafer by using reactive ion etching was developed. The strongly
anisotropic nanohole array was then used to imprint P3HT,
PCBM, photoresist SU-8, hydrogen silsesquixane and poly-
methylmethacrylate. The imprint was performed after applying
an anti-sticking layer onto the mold and the temperature was
chosen to be 20-50 °C above the glass transition temperature of
the chosen material. Using an orthogonal solvent combination,
a layer of PCBM was spin-coated on top of the nanostructured
ITO/poly(3 4-ethylenedioxythiophene):poly(4-styrenesulfonate
(PEDOT:PSS)/P3HT architecture, followed by the evaporation
of aluminum as the back electrode. Measuring current-voltage
characteristics reveals the change in open circuit voltage (Voc),
short circuit current (Is¢), fill factor (FF) and power conversion
efficiency (PCE) due to the nanostructured interface. It has to
be mentioned that this method of preparation of spin-coating
a PCBM layer on top of the nanoimprinted P3HT layer creates
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Table 1. Nonexhaustive survey of reports on nanoimprint solar cells,

Ref. Feature Height  Feature distance Aspect Ratio Feature Width T [°C] Pressure Time [min] Orientation Technique

[nm] [nm] [nm] [MPA]
[146] 200 100 2,5 80 160 SMPA 10 Edge-On to vertical Commercial Imprinter
91 300 300 12 250 250 - 30 Edge-On to Vertical  Melt-assisted wetting
[45) 150 100 3 50 250 - 30 Edge-On to Vertical ~ Melt-assisted wetting
[192] 80 50 32 25 - - 20 - SANIL

a diffuse and slightly intermixed interface, rather than a strict
bilayer."!l The slightly diffuse interface explains the high short
circuit current observed in bilayer devices with flat and nano-
structured interface. Nevertheless, an improvement in device
performance for the nanostructured devices is observed due to
an increase in interfacial area.

Similar results have been observed in structures where pores
of an AAO membrane have been filled with P3HT using cap-
illary action under vacuum.* With dimensions as high as
150 nm in height, 100 nm pitch and 50 nm width, the cylin-
drical P3HT nanowires exhibit an aspect ratio of 3 and an addi-
tional interfacial area of 2.6 compared to a flat layer. X-ray data
indicate a re-orientation of polymer chains from edge-on to
face-on resulting in a conductivity increase by a factor of ten
has been observed.

Nanostructured devices with evaporated Cg as electron
acceptor show a strong photoluminescence quenching rela-
tive to the bilayer film indicating a good contact between the
organic layers. The overall results indicate good filling of Cgy
within the P3HT matrix. The current-voltage curves show a
short circuit current increase by a factor of 4, with little change
in Vge and a slight increase in FF, The improved FF indicates
smaller series resistance and can be attributed to more efficient
charge transport and reduced recombination. Overall, a relative
efficiency increase by a factor of 6 can be calculated, yielding an
absolute PCE of 1.1%. It should be noted that an intermixing
at the polymer/Cy, interface during an applied post-process
annealing can be assumed, as has been shown previously in
poly[2-methyl, 5-(3,7 dimethyl-octyloxy)|-p-phenylene vinylene
(MDMO-PPV)/Cgy, bilayer devices.|*®! This is in very good agree-
ment with our observations, when investigating and comparing
annealed bilayer devices. We observed a short circuit current
increase by a factor of four in a P3HT/PCBM bilayer device,
which can be attributed to additional organic/organic interface
induced by annealing. An increase of current due to an increase
of crystallinity is very unlikely because it can be assumed that
the crystallization in the as spun pristine materials is initially
high.1*7#8 [n order to investigate the effect of the nanostructured
interface alone, we demonstrate a solar cell consisting of
a well defined P3HT/PCBM layer, fabricated by a novel transfer
technique. The 100 nm thick P3HT layer was imprinted with
an AAO stamp exhibiting pores with about 50 nm diameter and
an average pore-to-pore distance of 100 nm. After imprinting,
the surface was analyzed by scanning electron microscopy
(SEM) and glancing incidence small angle X-Ray Scattering
(GISAXS). By fitting the GISAXS data, the obtained structural
parameters such as the average pillar height (= 35 nm), pillar
to pillar distance (=80 nm) and pillar radius (= 20 nm) could

be extracted. After transferring the PCBM film on top of the
P3HT structures, additional GISAXS measurements were used
to confirm the filling of the nanostructures. Solar cell results
indicate a short circuit current increase of about 50%, which
correlates well with the increase of surface area. Both FF and
Voc increased slightly in the nanostructured cell.*?

A study based on P3HT and a small molecule acceptor
was published by Zeng and co-workers.’% Very similar to the
previous investigations, Zeng et al. produced a nanostruc-
tured array of P3HT by NIL with a silicon mold. The electron
acceptor 4,7-bis(2-(1-ethylhexyl-4,5-dicyano-imidazol-2-yl)vinyl)
benzol[c]1,2,5-thiadiazole (EV-BT) was used instead of PCBM.
This allowed defined bilayers to be fabricated because of EV-
BT’s different solubility compared to P3HT. Devices with lay-
ered structures of ITO/PEDOT:PSS/P3HT/EV-BT/Ca/Ag with
planar bilayers, nanostructured interfacial bilayers and blend
morphologies were fabricated and characterized. Atomic force
microscopy (AFM) images revealed a 100 nm pitch nano-hole
array with about 50 nm wide and 25 nm deep holes. The short
circuit current in the blend and nanostructured device increased
compared to the bilayer by a factor of 3.7 and 2.3 respectively,
indicating a good contact between the organic materials in the
nanostructured device. The FF in the blend (29%) and nano-
structured cell (38%) was limited, which could be due to imbal-
anced electron- and hole mobilites or an overall low electron
mobility resulting in higher recombination. The pure bilayer
solar cell exhibited the best FF of 55%. All values are listed
before annealing in order to discuss defined interfaces without
any inter-diffusion.

An extensive study was performed by He et al. using P3HT
as electron donor and poly((9,9-dioctylfluorene)-2,7-diyl-alt-[4,7-
bis(3-hexylthen-5-y1)-2,1,3-benzothiadiazole]-2’,2"-diyl) (F8TBT)
as electron acceptor. Heterojunctions with feature sizes on
the order of the exciton diffusion length were reported. The
smallest feature sizes are as small as 25 nm on a 50 nm pitch.
SANIL was used together with a novel double imprint process:
After imprinting the surface of P3HT with a silicon stamp,
it is sandwiched together with a Kapton/Al/F8TBT system.
This method is suitable only for polymer combinations with a

large difference in glass transition temperature T,, otherwise,

polymer deformation would occur at the interface. The tech-
nique allows the fabrication of a functional photovoltaic device
with precisely defined interfacial geometry.

AFM and SEM images revealed a high quality, defect-free
replication of the pattern and it could be conclusively shown
that the double imprint technique works. An increase in crys-
tallinity induced by the confinement during the NIL is postu-
lated, which was supported by an increase of the absorption of



the imprinted compared to the untreated film. This was in good
agreement with the overall increase of the device performance,
attributed to an increase in the dissociation efficiency, caused
by higher mobilites. Photoluminescence (PL) measurements
showed a significant quenching and a decrease of (PL) intensity
as the pattern feature size was decreased. The authors claimed
that by changing the imprint pattern, double imprinting has
the potential to allow the dimensions of both phases to be inde-
pendently tailored to match the respective exciton diffusion
length in either phase — a great benefit compared to the bulk-
heterojuncion (BHJ) solar cell approach. The Vi is slightly
increasing with smaller feature sizes and short circuit current
increases proportional to the additional surface. Interestingly,
one can observe an increase in FF from 0.39 to 0.49 when
going from 200 to 25 nm feature sizes, indicating an improved
hole mobility and better geminate pair dissociation. The best
P3HT/F8TBT device with a nanostructured array exceeded the
efficiency of the control blend devices and had an efficiency of
1.9%, an especially impressive result for a polymer—polymer
solar cell.

3. Hybrid Solar Cells

Another method to control the morphology of the donor-acceptor
heterojunction is using highly ordered metal oxide nanostruc-
tures. Metal oxides are well known in the field of organic and
hybrid photovoltaics. Besides applications as transparent elec-
trodes (indium- or fluorine-doped tin oxide (ITO, FTO)), metal
oxides can be employed as electron or hole selective contacts.
Zn0 and TiO; are commonly used as hole-blocking contacts
for polymer solar cells.”"* In the most widely used cell geom-
etry holes are collected at the front electrode, with low work-
function metals like Al or Ca as back electrodes. Since these
metals oxidize quickly in air, the resulting solar cells have to
be operated in vacuum or inert atmosphere, Electron-selective
front contacts allow the usage of noble metal back electrodes in
so-called inverted solar cells.”®! Thus, long-term air stable solar
cells can be realized.’*% Other metal oxides, such as MoO; or
V,05, exhibit excellent electron-blocking properties allowing the
fabrication of devices with two highly selective contacts.l?*57)
Here, we focus on HSCs with ordered nanostructured metal
oxides. HSCs are excitonic solar cells and typically consist of
at least one absorbing material, e.g., a dye, and a metal oxide
with a large surface area.”® The most common materials for
n-type nanostructures are ZnO and TiO,. Excitons generated
in the dye are dissociated at the organic-metal oxide interface
with electrons being rapidly injected into the metal oxide.'!
The dye is then regenerated by either a liquid electrolyte, like in
DSSCs, or by a solid hole conductor.P”! Currently, liquid elec-
trolyte cells exhibit the highest power conversion efficiencies.
However, especially for SS-DSSC, further improvements in
device performance are conceivable using highly ordered metal
oxides. Ordered structures can be fabricated with large surface
areas and can provide pathways for 1D charge transport, thus
increasing electron lifetimes and reducing recombination. 5%
The incorporation of absorbing hole-transporting conjugated
polymers such as P3HT or MDMO-PPV instead of transparent
hole conductors in hybrid devices has shown great promise. !¢

The combination of dye-sensitized nanostructured metal oxides
with absorbing polymers enables enhanced light harvesting if
the dye absorption is complementary to that of the polymer,63
Due to flexible fabrication methods of metal oxide nanostruc-
tures, the structure and dimension can be controlled on the
nm scale to match the exciton diffusion length of typical photo-
aclive organic materials. Therefore, exciton dissociation eflicien-
cies comparable to fully organic bulk heterojunction solar cells
(BHJ) could be reached. BH] solar cells already exhibit high
efficiencies above 7%.%1 However, the donor-acceptor mor-
phology, which plays a crucial role.for mechanisms of charge
separation, transport and recombination, cannot be controlled
directly in these devices. By replacing the organic acceptor with
ordered metal oxide structures, the active layer morphology can
be controlled on the nm scale. Percolating pathways for sepa-
rated charges can be therefore ensured, as well as sufficiently
large donor-acceptor interfaces.

An additional benefit of HSCs is the potentially higher device
lifetime. Stability of non-Si based solar cells will become an
important issue for commercialization./’! Metal oxides are con-
sidered as stable materials compared to organic compounds,
which can be degraded by elevated temperatures and expo-
sure to oxygen!®l or water vapor.”’l UV light is also known to
damage organic materials.[®l Since ZnO and TiO, exhibit pro-
nounced absorption in the UV range, they can act as UV filters
for the organic material in the hybrid cell thus protecting the
more sensitive part of the device. However, to date there have
been no systematic studies concerning the stability of hybrid
solar cells. Such research is required to rigorously demonstrate
a higher intrinsic stability in HSC over fully organic solar cells.

3.1. Unordered Structures and Metal Oxide-Polymer Blends

In this review we mainly discuss ordered nanostructures, How-
ever, this section briefly addresses hybrid solar cells with less
ordered active layers.

One approach is the use of mesoporous metal oxide elec-
trodes, usually TiO,, in SS-DSSC, as first employed in liquid
electrolyte DSSC. These structures consist of sol-gel processed
nanoparticles of 10-30 nm diameter that are sintered together
and form a structure of around 60% porosity and a 100-fold
increased surface area compared to a flat film. Due to the sin-
tering, mesoporous TiO; is electronically connected and allows
efficient electron transport. In S§-DSSC the mesoporous layer
is commonly a few micrometers in thickness to provide suf-
ficient absorption of the dye monolayer which is adsorbed to
the TiO,. The structure is infiltrated with a transparent hole
conductor such as Spiro-OMeTAD (2,2",7,7"-tetrakis-(N, N-di-p-
methoxyphenylamine)9,9"-spirobifluorene).

Efficiencies of S$S-DSSC with mesoporous TiO, are still
around 5%, significantly lower than their liquid electrolyte
counterparts.|®?7% Therefore, the use of mesoporous TiO, in
combination with conjugated polymers as hole-conductors
instead of the commonly used Spiro-MeOTAD has been consid-
ered in order to achieve enhanced light harvesting.”!l Coakley
and McGehee reported remarkable efficiencies of 1.5% for
TiO2-P3HT HSCs in 2003.72l Further improvements were
possible by using additives such as 4-tert-butylpyridine (TBP)
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and lithium salts which are known to enhance Ise, Ve, and
the power conversion efficiency!”’ Optimized processing and
a highly absorbing metal-free dye recently allowed the fabrica-
tion of mesoporous TiO;-P3HT HSCs with efficiencies above
2.5% as reported by Zhu et al.” This is the highest reported
efficiency so far for this geometry.

HSCs with an unordered active layer have also been fabri-
cated via an approach similar to organic BH] solar cells. By
blending metal oxide nanoparticles with conjugated polymers, a
hybrid active layer can be solution processed. In contrast to infil-
tration of organics into nanostructures, a complete filling and
an improved inorganic-organic contact can be guaranteed.’!
Best efficiencies for hybrid blends have been shown with PbS
or CdSe nanoparticles. In 2002 Huynh et al. reported 1.7% effi-
cient devices’® using CdSe and P3HT. However, in contrast
to metal oxides such as TiO, or ZnO, these materials contain
toxic compounds such as Cd or Pb. Beek et al. reported effi-
ciencies of 1.4% and 0.9% for blends of ZnO nanoparticles and
MDMO-PPVI®! or P3HT/?” respectively. Lower performances
are reported for blends of surface treated TiO, nanorods and
P3HTI?® Although the metal oxide's electronic properties and
crystallinity can be better controlled in this approach, the insuf:
ficient connection between nanoparticles and uncontrolled
morphology of the blend lead to trapped charges and low
photocurrents.

3.2. Nanowires

As discussed above, the ideal morphology for excitonic solar
cells is still unknown. However, the interpenetrating donor-
acceptor interfaces and directed charge transport pathways
present in metal oxide nanostructure-based HSCs are consid-
ered to conducive to efficient exciton separation and charge
transport. Metal oxide nanowires exhibit excellent regularity,
orientation and crystallinity properties and can be grown sev-
eral micrometer long on conducting glass. Application of metal
oxide nanowires for energy conversion is also summarized in
the review by Hochbaum and Yang.”?!

TiO; nanowires are fabricated in a so-called hydrothermal
process.® The resulting wires are rutile single crystals and
therefore provide excellent electron percolation pathways. In
liquid electrolyte DSSC these structures showed impressive
efficiencies of 6.9% for 33 pm long wires.®!l Even structures
of only 2-3 um length showed efficiencies of 5%.5% Since the
TiO, surface area is much smaller in these structures than in
~10 pm thick mesoporous TiO, as commonly used in liquid
electrolyte DSSCs, this is a striking hint that the superior
charge transport properties of TiO, wires allow high electron
mobilities, ideal percolation pathways and accordingly highly
efficient solar cells.

Hydrothermal growth of TiO, nanowires also facilitates
homogeneous doping of the metal oxide. Since the growth is
a self-organized process at equilibrium conditions, dopants can
be easily added to the hydrothermal bath. Feng et al. reported
a 15% increase of the Ve in DSSC due to Ta doping of TiO,
nanowires. The achieved Ve of 0.87 V is close to the theo-
retical maximum, showing that optimized metal oxide wires
exhibit almost loss-free electron transport,|®

To date there are only very limited studies on HSCs com-
posed of single crystalline TiO, nanowires and conjugated
polymers. The electronic properties of rutile TiO; are consid-
ered to be less favorable for this type of selar cell than anatase
TiO,. Therefore, rutile single crystal TiO; nanowires demand
surface treatments or core-shell structures as discussed in
Section 3.4. Ensuring that the TiO, nanowire matrix is completely
filled with the hole-conducting material presents a challenge to
device fabrication. Currently we are able to almost completely
fill the voids of arrays of 1 pm long TiO; wires on FTO with
P3HT (see Figure 4), which is a first important step towards
efficient HSCs. However, the growth of single crystalline TiO,
wires on a compact TiO, layer is still complicated. Such a dense
layer is necessary to ensure that the front contact is electron-
selective and to avoid recombination at the P3HT-FTO inter-
face. Additionally, initial experiments with HCSs reveal that
elaborate engineering of the TiO,-P3HT interface is necessary
to avoid charge carrier recombination and allow reasonable FF,
VOC and [ S0

Besides hydrothermal synthesis, template-assisted fabri-
cation methods for TiO, nanowires are also possible. Kuo
et al. reported TiO,-P3HT HSCs from AAO-directed TiO,
nanowires.®!! Here, AAO is fabricated via the anodization of
200 nm thick Al films that are evaporated directly on 1TO. TiO,
is then deposited using a sol-gel method. After heat curing, the
AAO is removed yielding free standing TiO, nanowires. Com-
pared to flat TiO; films a significantly increased Ig¢ is observed,
which can be attributed to the larger donor-acceptor interface.
However, between the nanowires, ITO is directly exposed to the
P3HT. Since ITO effectively collects both electrons and holes,
this causes pronounced charge carrier recombination in the
nanostructure cell compared to the flat junction device which is
reflected in the lower V¢ and the apparently low shunt resist-
ance. The highest efficiency so far for TiO; nanowires-P3HT
solar cells have been reported by Williamson et al. Wires were
fabricated via sol-gel deposition onto nanosphere lithography
templates. Structures of 30 to 100 nm in height and 30 to
65 nm in spacing filled with P3HT resulted in power conver-
sion efficiencies of up to 0.6%./%%

Another approach for TiO, nanowire fabrication is to electro-
chemically deposit TiO, from a TiCly precursor into AAO
templates, as opposed to the above sol-gel deposition method.

Figured4, SEM cross-sectional view of P3HT infiltrated into TiO, nanowires
on FTO coated glass. The filling is almost complete.



Figure 5. SEM cross-sectional view of TiO; nanowires grown from electro-
deposition onto AAO. The wires are free standing on a compact TiO; layer
on ITO.

This was described by Musselman et al. for AAOs on ITO using
thin Ti and W layers between the ITO and the Al as blocking
and adhesion layers, respectively.® Recently, we optimized the
synthesis of TiO, nanowires following this method (Figure 5).
It is possible to fabricate free standing TiO, nanowires directly
on a compact layer of TiO,, which functions as an anodization
blocking layer as well as an Al adhesion layer. The length and
diameter of the wires can be controlled via the AAO template
and aspect ratios of 1:6 have been realized. TEM studies reveal
that after heat curing at 450 °C these wires are polycrystalline
anatase TiO,.

Extensive studies have also been carried out on ZnO, another
promising material for the fabrication of n-type nanowires for
HSCs. Some recent results are summarized in the review article
by Gonzales-Valls and Lira-Cantu®”) Similar to TiO;, ZnO
nanowires can be easily grown using hydrothermal methods.
For ZnO nanowires, the fabrication commonly consists of two
steps. First, a seed layer is formed from ZnO nanoparticles of
approximately 10 nm diameter. These particles work as nuclea-
tion sites for wire growth, which is carried out in the second
step.I®! By choosing appropriate synthesis conditions, control of
quality and dimensions of the wires is possible, ZnO nanowires
are usually grown at temperatures below 100 °C making them
interesting for low-cost mass production [l

Generally, HSCs based on ZnO nanowires show relatively
low performances at present. Law el al, reported efficiencies
of 1.5% for liquid electrolyte DSSC based on ZnO nanowires
in 2005 It is likely that the lower efficiency compared to
conventional DSSCs based on mesoporous metal is due to
their reduced interfacial area. However, as outlined by Law
and co-workers, ZnO nanowires offer the potential to achieve
almost loss-free electron transport. When comparing ZnO and
TiO, nanoparticle cells exhibiting different layer thicknesses
and roughness factors with ZnO nanowire devices, the Igc is
found to increase linearly with the metal oxide surface area for
ordered structures. In contrast, for nanoparticle cells, insuffi-
cient charge transport seems to limit the device performance
above a certain layer thickness.

Devices composed of ZnO nanowires and conjugated poly-
mers such as P3HT have demonstrated efficiencies between
0.2% and 0.5%.°%I It has only been possible to increase the
efficiency of these devices (up to 3%) through the addition of an
organic acceptor such as PCBM."%5| However, this is not con-
sidered to be an intrinsic drawback of ZnO nanowires, which
exhibit beneficial crystallinity and high electron mobility. To

date, dimensions of ZnO nanowires are not completely opti-
mized. Nanowire arrays show relatively large wire spacing and
diameters resulting in lower surface area compared to mesopo-
rous structures. Since the dimensions do not match the exciton
diffusion length of typical organic donors, geminate recombina-
tion is a severe problem of recent ZnO nanowire arrays. More
advanced surface engineering is necessary to enhance Vpe in
HSCs based on ZnO nanowires. Growing attention is paid to
core-shell structures as discussed in Section 3.4.

Another interesting approach to study the properties of ZnO
nanowires has been recently presented by Briseno and co-
workers.I”! By grafting modified P3HT to ZnO nanowires they
were able to realize single nanowire cells. Detailed analysis of
such structures might allow insight to principle working mech-
anisms of ZnO-based HSCs and could reveal design rules for
improved devices.

Currently, there are only very limited studies on metal
oxide nanowires of materials different than TiO, or ZnoO.
Schwenzer et al. reported on HSCs composed of p-type
nanowires of Cos{OH)y{NO3),-2H,0 and the n-type polymer
poly(3-butylthiophene) (P3BT).*’] Although these devices exhibit
a low FF of 26% and Isc of 9 LA/cm?, a Ve of 1.38 V can be
measured, very close to the theoretical maximum. Recently, Yu
et co-workers showed that ITO nanowires efficiently enhance
the hole transport in polymer-fullerene BH]. Incorporation of
100 nm long structures yielded efficiency improvements of
10% and 34% under simulated one sun and five suns illumina-
tion, respectively. Especially at high illumination intensities, the
improved hole extraction has a significant impact on the device
performance.

3.3. Nanotubes

A geometry which has generated remarkable scientific
interest during the past years is the nanotube array. Similar to
nanowires, tubular structures provide excellent pathways for
directed charge transport, In addition, nanotubes exhibit almost
twice the surface area as rod-like structures of similar dimen-
sions. This makes metal oxide nanotubes especially interesting
for application in HSCs, where large surface areas for dye
adsorption and large donor-acceptor interfaces are demanded.
By far the most common metal oxide for tubular structures
is TiO,. Progress in the field of these structures is summarized
in the reviews of Mor et all® and Ghicov and Schmuki.*”
Utilizing self-organization processes, TiO; nanotubes are usu-
ally formed by anodization of metallic Ti in fluoride ion con-
taining electrolytes, either aqueous HF solutions!'%l or NH,F
containing ethylene glycol baths.!%! For the latter, 360 um long
nanotubes with aspect ratios above 2000 have been realized
when anodizing high purity Ti foils.'%l The tubes are hexago-
nally packed and are forming at growth velocities of 15 pm/h.
TiO; nanotubes can also be grown directly on transparent con-
ducting glass substrates by sputtering high quality Ti films and
subsequent anodization.'”}] This offers the advantage that con-
ventional cell geometries with front illumination (through the
glass substrate) can be realized, which is especially interesting
for solid state HSCs. Paulose et al. reported on backside illumi-
nated DSSC assembled from Ti foils and found a significant loss
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in light intensity and performance due to the partial opaqueness
of the Pt covered counter electrodes.|'™ By adjusting the anodi-
zation process parameters, control over tube length, diameter,
wall thickness and spacing can be achieved.!"%]

Remarkable efficiencies above 6% have been reported for
liquid electrolyte DSSCs based on anodized Ti foils.!'?!:10¢]
Although this is lower than performances of DSSC with mes-
oporous TiO, films, tubular structures are considered to offer
great potential. Aside from the non-ideal backside illumina-
tion, the lower efficiencies are mainly attributed to a lower dye
uptake due to the smaller surface area. However, the favorable
charge transport properties of ordered tubular structures may
give rise to record efficiency DSSCs in the future. In contrast
to single crystalline nanowires, nanotubes from anodization
of Ti are polycrystalline with typical grain sizes of 30-40 nm
and have to be annealed at temperatures above 450 °C to yield
anatase crystallinity.'""”! Due to crystal domain sizes being only
slightly larger than in mesoporous TiO;, only a small difference
in the electron mobility is expected. However, ordered struc-
tures enhance electron lifetimes due to optimized percolation
pathways and therefore reduce recombination losses. Future
research may also yield nanotubular structures with enlarged
grain size.

One of the most impressive examples of the high potential of
TiO, nanotubes was presented by Mor et al. in 2006.1° Using
only 360 nm long TiO, tubes on conducting glass they realized
DSSCs with efficiencies of 2.9% and Ig¢ of 7.9 mA/em? The
overall dye absorption is relatively low in such small structures,
which limits the photocurrent. However, the impressive effi-
ciencies could be directly attributed to increased electron life-
times and optimized transport pathways compared to mesopo-
rous Ti0,.

To our knowledge, there are no systematic studies on SS-
DSSC based on nanotubular TiO, yet. However, TiO; nano-
tubes have been used in highly efficient HSCs with conjugated
polymers. In 2009 Mor and co-workers reported on TiO,-P3HT
HSCs based on nanotubular films of a few 100 nm on FTO
glass.®% By using a dye with absorption in the near infrared and
utilizing nanotube geometries that almost match the exciton
diffusion length of P3HT, they were able to achieved efficien-
cies up to 3.8%, which is the highest performance reported so
far for metal oxide-dye-conjugated polymer HSCs. These high
efficiencies were possible only after TiCl, treatment of the nano-
tubes and the use of TBP. TiO, nanotube arrays infiltrated with
blends of P3HT and PC;BM still show slightly higher efficien-
cies, suggesting that additional surface engineering and further
optimization of the TiO, geometry is necessary if the organic
acceptor is completely replaced by the Ti0 ./l

In addition to the anodization of Ti foils, other methods
for the fabrication of TiO; nanotubes are available. Foong and
co-workers reported on a template-directed growth of TiO,
nanotubes using atomic layer deposition (ALD) onto AAO
membranes.|'”) Optimized anodization conditions for AAOs
allow the formation of highly ordered hexagonally packed
nanostructures!''% Thus, nanotubular TiO, thin films could be
realized in the future. Additionally, ALD allows the fabrication
of tubes with small wall thicknesses below 5 nm.

Another interesting method of tube synthesis was presented
by Na et al. in 2008.'1 Via electrodeposition onto ITO, a

template of ZnO nanorods can be fabricated. TiO, is then
deposited onto this template from a sol-gel and undergoes a
heat treatment. Finally, the ZnO is removed, resulting in free
standing TiO, nanotubes on conducting glass. Sol-gel deposi-
tion also results in a thin compact TiO, layer which makes the
structures highly interesting for use in HSCs.

Compared to TiO; there are only very limited studies on
nanotubular structures of ZnO. Similar to TiO,, nanotubes are
fabricated via self-organization processes. Using a low tem-
perature liquid phase method, hexagonal ZnO nanotubes have
been fabricated on Zn foil.""? By choosing appropriate condi-
tions, ultrathin ZnO nanowires have also been synthesized
on a ZnO compact layer on 8i in a hydrothermal process.!'"?l
Martinson et al. reported on liquid electrolyte DSSC based on
Zn0 nanotubes.!*l These structures were fabricated by ALD
onto AAO membranes. Even though only moderate efficiencies
of 1.6% have been achieved, their results show that ZnO nano-
tubes provide excellent and almost loss-free electron transport
over several pm.

3.4, Metal Oxide Modifications and Core-Shell Structures

Several reports on various systems agree that the interface
between donor and acceptor plays a crucial role for processes
of charge separation and recombination. The commonly used
solution processing for fully organic solar cells does not allow
direct control of this interface. In contrast, metal oxide nano-
structures can be easily modified in HSCs. Surface treatments,
doping and the application of core-shell structures offer the
potential to increase charge separation yield, reduce recombina-
tion and enhance both Ve and I, resulting in more efficient
devices. In addition to the full control of the interface mor-
phology, this is another advantage of HSCs compared to fully
organic BHJ.

Usually, all kinds of TiO; nanostructures show better effi-
ciencies in HSCs after a TiCl; treatment.''®l TiCl, is supposed
to fill Ti voids at the TiO; surface, fill cracks and repair defects.
Additionally, a TiCl; treatment slightly increases the TiO; sur-
face area yielding a larger interface for dye adsorption,

For mesoporous TiO,,"' TiO, nanocrystal bulk heterojunc-
tion cells’® and HSCs based on nanotubular TiO,,® it has
been shown that the choice of suitable sensitizers can efficiently
reduce recombination and improve Vi and device efficiency.
However, the sensitizer materials have to be chosen carefully.
Liu et al. were able to change the work function of planar TiO,
by modification with carboxylated polythiophenes and tested
the metal oxide's properties in P3HT-based HSCs."'”] Although
they could significantly improve the exciton separation yield,
interfacial dipoles caused a band offset shift at the metal oxide-
polymer junction, reducing the Vge. Surface modifications can
also be used to influence the interfacial morphology. Lloyd and
co-workers investigated P3HT crystallinity at the heterojunction
in ZnO-P3HT HSCs.''® Untreated ZnO shows a strong inter-
action with the P3HT and hinders crystallization of the polymer.
However, if ZnO is modified with an alkanethiol monolayer, the
polymer shows enhanced crystallinity in a region extending up
to a few nm from the ZnO interface, leading to reduced recom-
bination, improved I5c and efficient solar cells.



An interesting approach for P3HT-based HSCs is the use of
carboxylated polymer dyes based on P3HT."' A monolayer of
this polymer dye grafted to the metal oxide surface might work
as a crystallization seed layer and induce favorable P3HT align-
ment along the nanostructure. Due to a similar HOMO and
LUMO structure, both efficient energy and charge transfer
should be possible between the P3HT and the polymer dye.
Another very promising sensitizer for P3HT-metal oxide devices
was presented by Vaynzof et al.l'?l By covering flat ZnO films
with a carboxylated PCBM they were able to improve the Ve, Isc
and FF compared to non-modified ZnO. Since the combination
of P3HT and PCBM is well known to facilitate efficient charge
separation, PCBM-based sensitizers might allow high perform-
ance HSCs in the future, especially for carboxylated [6,6]-phenyl
Cyp -butyric acid methyl ester (PC,BM), which shows a broader
absorption in the visible spectrum than PCBM.['?!]

Besides surface modifications, doping of metal oxides is a
versatile method to influence charge transport properties and
location of valence and conduction band. Olson et al. were able
to achieve almost doubled Vg for ZnO-P3HT hybrid devices
by doping ZnO with Mg.*?l An alloy of ZnMgO results in a
reduced band offset and therefore allows an increased poten-
tial. For Mg contents between 0% and 25% they were able to
decrease the effective work function from —4.2 eV to -3.9 eV
resulting in an increase of Ve from 0.5 V to more than 0.9 V.
As mentioned above, similar effects have been reported for TiO,
doped with Ta®¥ or N.I'?2l For N-doping, Vitiello et al. were also
able to show enhanced photoactivity of TiO, nanotubes in the
visible range.[?*

To simultaneously optimize both surface of the metal oxide
and charge transport properties of the nanostructure, core-
shell morphologies have been considered. Metal oxide nano-
structures are coated with a thin layer of another material thus
combining high mobility of the inner material with high charge
selectivity of the coating.

Law et al. reported liquid electrolyte DSSCs featuring coated
ZnO nanowires.'"”!) Comparing different thicknesses of ALD-
coatings with Al,0; and TiO,, they present a pathway towards
highly efficient DSSCs. Both materials reduce recombination
since the back-transfer of electrons from the ZnO into the dye
is hindered. However, improved performances were only found
for TiO,. As an insulator, Al,O4 reduces the probability of elec-
trons tunneling in both directions, towards the ZnO and the
dye. In contrast, due to excellent hole-blocking properties in
combination with high electron mobilities, TiO, coatings help
to transfer electrons from the dye to the ZnO by simultaneously
constraining the back-reaction.

Zn0O-TiO, core-shell structures have also been applied in
P3HT-based HSCs. Greene and co-workers reported on ALD
coatings of ZnO nanowires with Ti0,!'”l Even though the
overall efficiencies are relatively low and do not exceed 0.3%
in this study, they were able to show a six-fold increase in per-
formance for TiO,-coated nanowires. This is especially remark-
able when considering that no dye was used in this work.

Recently, Hao et al. reported on an interesting system of two-
shell nanowires.'?! By subsequent electrodeposition of CdSe
and thiophenes onto ZnO nanowires, they were able to sig-
nificantly improve the performance of liquid electrolyte DSSCs
compared to ZnO-CdSe core-shell structures. Additional charge

carriers are generated at the P3HT-CdSe p-n junction and
broadening of the absorption spectrum due to P3HT lead to
significantly higher Is¢ and even slightly increased V.

3.5. Working Mechanisms in HSCs

With the growing interest in the field of HSCs, a lot of effort
has been put on synthesis and characterization of nanostruc-
tured metal oxides. However, there are still many open ques-
tions. The ideal donor-acceptor morphology is unknown,
although there are hints that ordered nanostructures providing
huge interfaces and 1D charge percolation pathways can come
close to the optimum in terms of exciton separation and charge
transport. Besides, the impact of metal oxide crystallinity and
grain size is not yet completely analyzed. In solid state HSCs
ordered metal oxide nanostructures offer the additional advan-
tage that also hole transport in the organic material can be
improved. Organics infiltrated into the nanostructure do as well
provide continuous pathways for charge transport. Additionally,
confinement in nano-cavities can induce alignment of organic
molecules which further enhances the hole mobility.

3.5.1. Absorption and Exciton Separation

High photovoltaic performances demand high absorption over
a broad range of the solar spectrum. Dye-based solar cells such
as DSSC and other HSCs offer the advantage of a tunable
absorption band through the choice of dye. However, since dyes
are applied only as monolayers, relatively thick active layers are
necessary if the dye is the sole absorber. Currently, sufficiently
thick layers of alternative absorbing material can be realized
only in liquid electrolyte DSSCs and not in their solid state
counterparts. Here, the active layer thickness is limited to a few
micrometers, mainly due to insufficient filling and non-ideal
hole transport.''l Nevertheless, SS-DSSCs are an interesting
alternative to conventional DSSCs since no toxic electrolyte is
necessary and flexible devices can be realized.'”’] In addition,
$S-DSSC can already compete with fully organic solar cells
and unlike conventional DSSCs, the coloring of the cells can
be arbitrarily tuned via the dye, which could be interesting for
commercial applications.

By using conjugated polymers such as P3HT instead of a
transparent hole conductor, enhanced device absorption is pos-
sible also for sub-micrometer active layers.[* However, metal
oxide geometries still have to be improved to better meet the
exciton diffusion length in polymers. Further optimization of
the organic-inorganic interface is necessary to guarantee effi-
cient charge separation. The ideal combination of materials is
still unknown and possibly new dyes have to be developed to
allow loss-free charge and energy transfer from the polymer. To
date, most reports focus on well-known polymers such as P3HT
and MDMO-PPV. In fully organic solar cells, new types of poly-
mers have been recently presented and allowed power conver-
sion efficiencies above 7%®" These polymers exhibit broad
absorption spectra, optimized HOMO and LUMO levels and
high hole mobilities. Accordingly, these materials might also be
highly interesting for applications in conjugated polymer-based
HSCs,
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Once the absorption is optimized and donor-acceptor dis-
tances are in the range of typical exciton diffusion lengths,
highly efficient charge separation is demanded. For dyes on
metal oxides the mechanism of electron injection is relatively
well understood. Covalent binding between the dye-linker
and the metal oxide ensures good electrical contact across the
interface and allows efficient charge injection. A sophisticated
approach is the development of “push-pull” dyes, which fur-
ther increase the probability of electron injection by simulta-
neously reducing recombination."?*12% In these dyes, HOMO
and LUMO states are spatially separated. The LUMO is located
close to the inorganic-organic interface whereas the HOMO is
spaced further away from the metal oxide. This enhances the
injection of electrons, suppresses recombination by pushing
electrons and holes away from each other and accelerates the
regeneration of the dye, i.e, the transfer of holes to the electro-
lyte or the organic hole conductor.!'**131]

In contrast, there are still many open questions concerning
the P3HT-metal oxide (dye-coated or neat) interface. Gener
ally, an energy level cascade from the P3HT towards the metal
oxide is considered ideal for charge separation.[¥l Provided the
energy level differences between dye and metal oxide are in the
range of exciton binding energies, charge separation may occur
as discussed above. Additionally, free charges can be yielded at
the interface of the P3HT and the dye or the metal oxide. The
resulting Vi is determined by the metal oxide's quasi-Fermi
level and the HOMO of the P3HT. However, if charge recom-
bination is efficiently suppressed due to surface coatings, e.g.,
Al,O3, or if the dye sufficiently screens electrons in the metal
oxide and holes in the P3HT, V¢ enhancements can be real-
ized. For the case where the HOMO and LUMO levels in the
dye and in P3HT match, energy as well as charge transfer is
conceivable. Excitons might thus travel through the polymer
matrix towards the dye-metal oxide interface where they get
separated. The resulting Vo is then understood to be inde-
pendent of the hole conductor and should be similar e.g. for
P3HT and Spiro-OMeTAD.

3.5.2. Charge Transport

Although widely investigated, the mechanism of electron trans-
port through nanostructured ZnO or TiO, is still not yet fully
understood. However, it is undisputed that charge transport
is many orders of magnitude faster in single crystals than in
polycrystalline structures, which implies an intrinsic limitation
for mesoporous metal oxides. Charge mobilities are considered
to be relatively similar for ZnO and TiO, structures. Quintana
et al. reported comparable findings for mesoporous ZnO and
TiO; with 15 nm particle sizes in liquid electrolyte DSSCs.['%%
They also found significantly longer electron lifetimes but lower
cell performance for ZnO, suggesting differences in charge
injection and back-reaction for these two materials.

For TiO,, charge transport is mainly hindered across
grain boundaries!™®¥! and at the surface of structures and
particles.!**13] This is attributed to a higher density of trap
states at these locations. There is convincing evidence that
electron transport in TiO; is determined by trapping and de-
trapping between sub-bandgap states in the tail of the density
of states and the conduction band!"**'*l as covered by the

multiple-trapping model.313% As discussed in a previous
report!'!l it is hard to exactly determine the location of trap
states. However, it is relatively obvious that single crystalline
structures and structures with larger grains exhibit less trap
states and accordingly higher electron mobilities and life-
times. Upon variation of the crystal domain size via different
annealing treatments in mesoporous TiO;-based SS-DSSCs, a
direct dependence of grain size and photocurrent is found.*"l
This suggests that improving the electron transport properties
of metal oxides is a promising pathway towards higher efficien-
cies for HSCs.

Our recent work provides hints that the domain size is sig-
nificantly larger in our TiO, nanotubular structures compared
to mesoporous layers. By carefully adjusting the appropriate
anodization conditions, partial control over grain structure and
domain size during the anodization process might be possible.

Impressive charge carrier mobilites of 1 em? V! 571 have
been reported for single crystals, especially for rutile TiO,.
Hendry and co-workers directly compared commercially avail-
able rutile single crystals with several micrometer-thick mes-
oporous layers.'"l Using terahertz time domain spectroscopy
they found 1000-fold increased electron mobility in the single
crystal compared to the nanocomposite film. As discussed
above, single crystal rutile nanowires, promising similarly high
mobilities, can be grown for applications in HSCs. Although
advanced surface engineering is necessary for solid state
HSCs due to the non-ideal band structure of rutile TiO,, the
beneficial charge transport properties make rutile TiO, nano-
structures appealing candidates for incorporation into future
high-performance HSCs.

Balanced, non-dispersive charge transport is considered
advantageous for excitonic solar cells.'*?l Ordered metal oxide
nanostructures offer the potential to not only improve electron
transport but also allow higher hole mobilities. Infiltration of
organic materials in 1D ordered nanostructures guarantees con-
tinuous, defect-free pathways for hole transport thus increasing
overall mobilities and reducing recombination.

In the case of Spiro-OMeTAD, the hole transport is quite well
understood. Charges travel via polaron hopping between mole-
cular sites with an approximate mobility of 10* cm? V-1 5! in
the pristine material.l'*}l Commonly, additives are used to further
increase the hole mobility. Using bis(trifluoromethylsulfonyl)
amine lithium salt (Li-TFSI) as an additive, a 10-fold increase in
mobility has been realized."""l Thus, the hole mobility becomes
comparable to the electron mobility in mesoporous TiO,.
However, the thickness of $8-DSSCs still seems to be limited
compared to liquid electrolyte DSSCs due to the different hole
transport mechanisms.[**]

As mentioned above, conjugated polymers as hole conduc-
tors are a promising approach for high efficiency solid state
HSCs with thin active layers due to the achievable high absorp-
tion coefficients. In the case of P3HT, ordered nanostructures
offer the additional benefit of improved hole transport. Besides
the provided continuous pathways, ordered structures can
induce favorable alignment of the P3HT. P3HT assembles to
sheet-like structures with three possible orientations on the
substrate (edge on, face on and vertical, see Figure 6.) and dif-
ferent resulting charge transport directions!™®: 1) along the
polymer backbone, 2) along the m—m stacking direction, i.e.,
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Figure 6. Possible P3HT orientations on a substrate (taken from). Charge
mobilities are highest along the polymer backbone, direction ¢, moderate
between sheets, direction b, and lowest across the side chains, direc-
tion a. Adapted with permission.!"8l Copyright 2009, American Chemical
Society.

from one sheet to another and 3) across the side chains. Hole
mobilities are highest in case 1) and lowest in case 3)."7148 [n
BH]Js, the orientation is supposed to be mainly edge on, ie.,
less beneficial in terms of hole mobility. However, the desired
vertical orientation could be realized in HSCs utilizing ordered
nanostructures, Aryal et al. reported vertical alignment of P3HT
in nano-cavities."*!l When imprinting edge-on oriented P3HT
films with nanopores or nanogratings, they were able to change
the orientation of the polymer. Infiltration of pelymer into
nanostructures leads to a similar effect resulting in the P3HT
backbone oriented along the z-axis, which should provide excel-
lent mobilities towards the hole-collecting electrode.

An additional effect caused by ordered nanostructures is a ben-
eficial screening of holes, which further increases the mobility.
Coakley et al. investigated the mobility of P3HT infiltrated into
AAO templates.I""" Besides beneficial alignment effects they
found an additionally increased mobility due to a modified hole
density. Since the AAO screens holes in neighboring nano-
pores, holes in the same pore repel each other resulting in high
densities close to the metal oxide. Figure 7 depicts the resulting
model suggested for hole transport in P3HT-based HSCs with
ordered nanostructures. Confinement inside the nanostructure
leads to vertically oriented P3HT. High order is present mainly
close-by the side walls of the metal oxide, whereas less ordered
domains are located further away from the nanostructure, Due

U hole density

h* transport h* transport

Figure 7. Suggested model for the hole transport in P3HT-based HSCs,
P3HT is vertically alighed with respect to the substrate, expecially close-by
the side walls of the metal oxide (MeO) nanostructure. Due to screening
effects the hole density is higher in the regions of highly oriented P3HT
resulting in further increased mobilites,

to screening of holes in neighboring cavities, the hole density
is increased especially in regions of high P3HT order and pro-
nounced vertical orientation. Thus, structures with superior
hole mobility can be realized.

We note that similar to the screening of holes by metal
oxides, the P3HT might screen electrons in neighboring nano-
rods or —tubes resulting in both high electron and hole den-
sity close to the inorganic-organic interface. This might lead to
enhanced recombination demanding for sophisticated surface
engineering.

3.5.3. Charge Recombination

Besides exciton recombination, charge carrier recombination
is one of the crucial loss mechanisms in organic and hybrid
solar cells. The recombination of separated electrons and holes
lowers Vge and Ige and causes shunts, which also reduce the
FF. Avoiding recombination is an important prerequisite for
high efficiency excitonic solar cells.

In dye-based solar cells the dye plays an important role in
the mechanism of recombination. If an electron is injected into
the metal oxide and the dye is rapidly regenerated, extraordi-
narily slow charge carrier recombination in the order of tens of
milliseconds is present in liquid electrolyte DSSC."!I For these
devices this is attributed to a rather slow two-electron process
of recombination, which is a special property of the commonly
used iodide/triiodide system.>®13!1 However, insufficiently
regenerated dye can lead to pronounced recombination. There,
after injection of the electron into the metal oxide, the hole
is still located in the dye and can easily recombine with an
electron,

For solid state hole conductors such as Spiro-OMeTAD or
P3HT, regeneration of the dye is typically much faster than for
liquid electrolytes and occurs on the nanosecond timescale.
However, due to being an one-electron process, recombina-
tion is enhanced and takes place within microseconds.”} An
interesting approach to slow down recombination is the use
of donor-acceptor dyads which introduce another energy step
between p-type and n-type material. These dyads utilize an
electron-donating domain next to the chromophore.*?l Thus,
immediately after charge injection into the metal oxide the hole
is transferred to this domain before the chromophore is regen-
erated by the hole conductor. Due to the increased spacing
between metal oxide and hole conductor, recombination is sig-
nificantly slowed down. For liquid electrolyte DSSCs utilizing
dyads, recombination times in the order of seconds have been
realized.!'3)

Generally, quick transport of charges away from the inter-
face is considered to reduce recombination losses, For unbal-
anced charge mobilities and slow transport of one type of
carriers, solar cells approach a space charge limited regime.
The slower charge carrier is not sufficiently transported away
from the interface and a “charge jam” builds up, promoting
recombination.!'¥l On the other hand, if mobilities are too
high, the back-transfer of charges towards the interface might
also be enhanced.

Core-shell structures seem to offer several advantages for
solid state HSCs in terms of recombination and charge trans-
port, Figure 8 shows an idealized structure and the respective
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Figure 8. Device geometry and energy diagram for an idealized core-shell
metal oxide-P3HT HSC. Excitons are efficiently separated at the inorganic-
organicinterfaceand electrons are injected into a thin layer of hole blocking
metal oxide (MeQ). Subsequently, electrons are transported through a
highly doped MeO exhibiting high mobility whereas holes travel through
the polymer and are collected at the opposing metal (Me) electrode. Due
to the thin hole blocking MeO layer and an optimized energy landscape
recombination of holes and electrons is sufficiently suppressed.

energy landscape. From our point of view these structures offer
the highest potential for a solid state HSCs. Once optimized,
such devices might compete with the best fully organic BHJ or
even with liquid electrolyte DSSCs.

In this approach, a single crystalline nanowire, e.g. rutile
TiO;, is in direct contact with the transparent conductive oxide
(TCO) substrate. A thin coating of a second metal oxide such as
anatase TiO, provides excellent hole blocking and exhibits an
energetic structure favorable for electron collection. The surface
is further treated to enhance the surface area, e.g. with TiCl,,
which also reduces the density of surface trap states. The large
surface area of the nanostructure is coated with a suited push-
pull dye or a dyad, preferably absorbing in the near infrared.
Geometries of the nanostructure are around 15 to 20 nm and
match the exciton diffusion length of P3HT, which is vertically
aligned with respect to the substrate due to confinement into
the nanostructure. Active layer thicknesses are around 1 or 2 um
to guarantee sufficient light absorption over a broad spectrum.
The solar cell is finalized with a thin layer of PEDOT:PSS, which
is well known for its favorable hole-collecting properties,!'>’l
and a reflecting metal back electrode. Adjusted energy levels in
such an optimized structure ensure cascades for both electron
and hole transport as well as ohmic contacts between the active
materials and the external electrodes.

4. Nanostructures and Light Trapping

The device nanostructure plays also a critical role in the process
of light absorption in organic and hybrid solar cells. This sec-
tion will address the results of recent attempts to design nano-
structures that give rise to increased performance due to novel
methods of light management.

Although organic semiconductors may be cheaper and more
easily processable than their inorganic counterparts, their
inferior electrical properties enforce a compromise between

efficient light harvesting and efficient charge collection. The
nature of this compromise is determined to a large extent by
the thickness of the organic layer. Whereas bulk-heterojunction
devices with sufficiently thick (typically greater than a couple
of hundred nm) organic layers may be able to absorb all inci-
dent photons within the semiconductor's absorption band,
they generally suffer from high charge-carrier recombina-
tion. Conversely, devices with thin organic layers (typically not
more than 100 nm thick) absorb poorly despite displaying low
charge-carrier recombination. This dilemma can be resolved by
“trapping” incident light in the active layer. Solar cells with thin
organic layers that are fitted with effective light trapping sys-
tems can therefore achieve absorption equivalent to that of a
much thicker layer, and nevertheless retain their good charge
transport properties.

Therefore, the best candidate for light trapping is a device
with a thin active layer which has good charge collection prop-
erties. Some material combinations have already been shown
to have exactly these features. Devices featuring 80 nm active
films of poly(-heptadecanyl-2,7-carbazole-alt-5,5-(-di-2-thienyl-
benzothiadiazole) (PCDTBT)/PC;BM have recently reported
to have an internal quantum efficiency (IQE) that approaches
100% (at 450 nm), a direct indication of efficient charge carrier
generation and collection.”® A robust light trapping scheme
can then be implemented in such a device, resulting in a device
with high internal and external quantum efficiencies.

It is also appealing (for thin-film photovoltaics in general) to
construct solar cells with thinner active layers from the perspec-
tive of raw material availability. Photovoltaic technologies based
on scarce materials such as indium will be able to considerably
reduce their manufacturing costs through light trapping.

When discussing light trapping, it is vital to consider the
exact nature of the correlation between absorption enhance-
ment in the active layer and enhancement in the power con-
version efficiency. This correlation is not trivial, and is highly
dependent on the semiconductor, Assuming the light trapping
system leaves the IQE unchanged, the increase in absorption
will only lead to a proportional increase in photocurrent if it is
not saturated by recombination.

The performance of solar cells under illumination levels
greater than one sun provides a good insight. For the case of
inorganic solar cells, a strong positive correlation between
absorption and power conversion efficiency is clear, as concen-
trated sunlight of up to multiple hundreds of suns is routinely
used to achieve high power conversion efficiencies. However, for
organic solar cells, it is not so straight forward. Recent studies
of P3HT:PCBM inverted cells have shown that the power con-
version efficiency decreases significantly for illuminations of
10 suns or more.['’l Recombination seems to indeed be the
source of the decrease in performance, as the fill-factor under-
goes a strong reduction despite the I and Vi increasing.
Importantly, however, the efficiency does remain relatively con-
stant under illumination levels of 0.5-2.5 suns. These results
are promising for the implementation of light trapping in
organic solar cells, as they imply that if a light trapping scheme
can be implemented that doubles the light absorption in the
active layer, the efficiency will be doubled in turn.

Light trapping constructions of various forms have been
considered, and the interested reader is directed to the



literature to read recent results on distributed Bragg
reflectors "% and on macroscopic structures such as lenses,
microcavities and Winston cones!"1 We will here, how-
ever, limit our focus to two nanostructure-based light trapping
approaches that are receiving current attention in hybrid and
organic photovoltaics: scattering sub-wavelength particles and
plasmonics.

4.1. Scattering Sub-Wavelength Particles

Promoting wide-angle scattering into the absorbing layers in
solar cells is a robust way of increasing the optical path length
and hence absorption of the light. The geometry of the scat-
tering object plays a critical role in determining the inten-
sity and angular distribution of the scattered radiation. For
the regime d < A, where d is the diameter of the scattering
object and A the wavelength of incident light, the following
expressions!'®  for the scattering and absorption cross-
sections, Cy, and C, hold:
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where € and g, are the permittivities of the particle and the
medium, respectively. The d® dependence of the scattering
cross section highlights the importance of the particle size on
the scattering. As in the case for scattering bodies embedded
in solar cells, where absorption may be an unwanted effect, it
is often desirable to have scattering dominant interactions, i.e.
it is desirable to ensure the ratio Q = C,,/C,;, is maximized. For
particles of diameter d = A or d > A, the Mie solution to Max-
well's equations is required to provide an adequate description
of the scattering.['%1]

In silicon solar cells, front electrodes featuring textured
interfaces with a roughness of the order of several hundred
nm have been successfully implemented to achieve light
trapping.l'%?l The roughness of the interfaces, which could
be controlled through an etching process, determines the
feature size and spacing, and hence the scattering proper-
ties. In DSSCs, favorable light scattering can be achieved
by exerting control over the TiO, nanoparticles in the active
layer. In DSSCs, conventional TiO, electrodes have a nano-
crystalline porous morphology obtained by sintering colloids
of nanoparticles with sizes less than 30 nm.'®* The optical
scattering of particles of this size is negligible as the scattering
cross-section is small compared to the geometric cross-section
(easily shown using Equation 1). That is also evident from the
characteristic transparency of DSSCs, which demonstrates
coherent propagation of light through the device. This would
not be possible in the presence of significant scattering, which
is a non-coherent process. The scattering of optical light can
be increased upon the introduction of large diameter (50 and
100 nm) TiO, nanoparticles into the electrode, as shown by
Wang et al.l'l They were able to increase the power efficiency

L’—E‘mz

e+ 28,
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of a reference cell from 7.6 to 9.77% by constructing TiO,
electrodes that consisted of various nanoparticle sizes depos-
ited in multiple layers. The larger particles, which scatter most
strongly, were placed deeper into the electrode, to ensure that
bacl-scattered radiation would not be lost through the front
surface, but would be able to be absorbed by the intervening
layers.

This concept has also been extended to scattering bodies of
other shapes. Increased power conversion efficiencies have
been reported for DSSCs that have highly-scattering ana-
tase nanorods or nanotubes incorporated into the standard
nanocrystalline electrodes.'®® Regardless of the shape of
the scatterer, the potential improvement obtainable by this
approach is determined by a trade-off between the surface
area of the porous electrode and the corresponding scat-
tering capability. While larger particles provide more effi-
cient scattering, they also have a reduced surface area, which
limits the amount of dye that can be adsorbed and therefore
the light absorption.

4.2, Plasmonics

This section addresses the results of recent attempts to har-
ness the potential of surface plasmons (SPs) to achieve light
trapping. SPs are typically classified into two types of excita-
tions. The first is the surface plasmon polariton (SPP), an
electromagnetic wave that is coupled to the electron plasma
of a metal and propagates at the interface of the metal with
a dielectric. The second is the localized surface plasmon
(LSP), an excitation of conduction electrons coupled to an
external electromagnetic field. The typical metals of choice for
the excitation of SPs are Au, Ag, Al and Cu. Both SPPs and
LSPs can give rise to near-field enhancement of electromag-
netic radiation, and LSPs in particular can give rise to strong
resonant light scattering. It is for these reasons that plas-
monic solar cells are gaining a great deal of attention from
research groups seeking to demonstrate light trapping in solar
cells.['08167] previous reports of plasmonic light trapping in
organic solar cells have in general been based on one of three
excitation geometries: external scattering metal nanoparticles,
embedded metal nanoparticles and nanostructured electrodes.
The following sections will address each of these geometries
in turn.

4.2.1. External Scattering Metal Nanoparticles

Favorable plasmonic in-coupling of scattered light from an
external layer of metallic nanoparticles into the absorbing
medium in solar cells has been reported across multiple solar
cell types. In a typical configuration, Ag or Au nanoparticles
are deposited onto the front surface of the solar cell, either
embedded into the front electrode or electronically isolated by
an intermediate transparent dielectric layer. By selecting nano-
particle sizes that are favorable for scattering (of the order of
100 nm) and appropriate nanoparticle area coverage, scattering
can increase the light’s path length in the absorbing medium.
As a result, the light absorption can be improved, along with
it the power conversion efficiency. This configuration has been
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Table 2. Reported enhancements in power conversion efficiency in organic cells incorporating metallic nanostructures,

Metal Deposition Technigue Reference Efficiency (%) Enhanced Efficiency (%6) Reference
Ag Pulse-current electrodeposition 3.05 3.69 n7
Au Electrostatic assembley 3.04 3.65 72)
Ag Vapour Phase deposition 1.3 2.2 [170]

used to demonstrate photocurrent enhancements in thin-film
silicon solar cells!"”l and efficiency enhancements in gallium
arsenidel'®® and amorphous silicon!'®! solar cells,

This light trapping mechanism has been implemented into
organic solar cells with similar success. Enhancements in the
power conversion efficiency compared to control devices have
been reported by a number of groups.'”*172 As these publica-
tions represent some of the most effective reported plasmonic
light trapping systems for organic solar cells, they have been
summarized in Table 2. Although the synthesis and deposition
of the metal nanoparticles vary, all of the authors reported cells
with Ag or Au nanoparticles embedded in a layer of PEDOT:PSS
deposited on the ITO electrode.

However, an improvement in state-of-the-art efficiency for
organic solar cells through the use of plasmonics is still yet to
be demonstrated. Moreover, it is often difficult to confidently
attribute photocurrent enhancements to plasmonic effects
alone, and more consideration of the role of other effects such
as the improved series resistance (due the incorporation of Ag
in ITO electrodes) is required.['”!

One important consideration is the role played by the order of
the scattering bodies. Methods of depositing scattering particles
with highly-ordered geometries!'®*!73 are promising avenues to
improve upon the performance of previously reported organic
plasmonic devices (see Table 2), which feature completely disor-
dered arrays of scattering particles. Not only do highly ordered
arrays offer the benefit of hosting additional, order-sensitive
electromagnetic modes '’ but they are also more suitable can-
didates for simulation.

The approach of depositing nanoparticles onto the front
electrode can also be extended to realize structures that pro-
mote the propagation of nanocavity modes within the organic
layer.!"”] In this configuration, the front electrode is patterned
by an array of 250 nm wide Ag stripes. The light scattered from
the stripes then becomes confined in the space between the
stripes and the opposing electrode. An increase in conversion
efficiency was reported for test micrometer scale devices incor-
porating these electrodes.

In addition to coupling incident light to modes traveling
perpendicular to the device plane, it is also possible to excite
waveguide modes which propagate in the active layer parallel
to the device plane. Arrays of Ag stripes oriented on the front
electrode can also act as a suitable excitation geometry for this
purpose, with efficient scattering into waveguide modes pos-
sible in addition to the near field enhancement.!'’ Simulations
indicate that photocurrent enhancements of up to 43% are pos-
sible for thin-film silicon cells. In a study of a similar geometry
for amorphous silicon cells, large enhancements in absorption
were also predicted, citing large enhancements due to near-field
plasmonic enhancement for TM excitation, and coupling to

waveguide modes for both TE and TM excitation'”7] Although
the excitation of waveguide modes in 3D nanowire DSSCs has
been considered,'”®l there have been no reports on waveguide
excitation using metal nanostructures in either hybrid or
organic solar cells to the best of our knowledge.

4.2.2. Embedded Nanoparticles

An alternative construction features metallic nanoparticles
embedded in the active layer itself, rather than situated on
the electrode. In this configuration a number of additional
processes must be considered. In comparison to the external
scattering layer devices, back-scattering as well as forward scat-
tering may lead to enhanced absorption in the active layer. A
second important process is the LSP near-field enhancement
of the electromagnetic field which gives rise to an absorption
enhancement in the active material immediately surrounding
the nanoparticles. A third important process is the charge
recombination at the metal-organic interface, which must be
minimized in order for the incorporation of the nanoparticles
to have a net positive effect on the power conversion efficiency.
To prevent embedded metallic particles acting as recombination
centers within the active layer, coatings of insulating materials
have been recommended.'”?l

Plasmonic enhancement has been reported for organic
tandem cells featuring an embedded array of silver nano-
particles.'”l The enhancement was attributed to near-field
optical enhancement that was claimed to extend up to 10 nm
from the surface of the particles. Simulations of metallic nano-
particles embedded in organic films can estimate the maximum
possible enhancement that can be provided by this light trapping
configuration. One study reported absorption enhancements of
the order of 1.5 for devices made from P3HT:PCBM featuring
an array of 23 nm diameter nanoparticles with a spacing of
40 nm in a film.['80

The shape of the metallic nanoparticle has a large influence
on its interaction with light. A recent study used nanoprisms
as metallic additives to the active layer, in place of the conven-
tional spherical nanoparticles."®!] Nanoprisms have the advan-
tage that their plasmon resonances are highly tunable within
the visible and near IR wavelengths.I"®l This could lead to the
opportunity to tune the plasmonic resonance and optimize
absorption enhancement for any given active material.

4,2.3. Structured Electrodes

In a third geometry, plasmonic modes are directly excited on
metallic (back) electrodes in solar cells. In order to achieve exci-
tation from normally incident solar radiation, the electrode can
be structured with either ordered features such as nanowires



Figure9. Asemiconductor film deposited on a structured electrode, which
consists of an array of free-standing metallic nanowires on a dense metal
film. Light trapping can be achieved in the semiconductor filrm as a result
of mechanisms such as A: excitation of localised surface plasmons (LSPs)
on the metal nanostructure, B: light scattering from sub-wavelength
features and C: excitation (from scattered radiation) of surface plasmon
polaritons (SPPs).

(Figure 9) or random irregularites. Light scattered from these
features can then be coupled to propagating SPPs at the inter-
face between the semiconductor and the metallic electrode. The
electromagnetic energy transferred to these SPPs is essentially
“trapped”, traveling parallel to the plane of the device, promoting
enhanced absorption in the semiconductor layer. Calculations
for a poly[9,9-didecanefluorene-alt-(bis-thienylene) benzothiadi-
azole] (PF10TBT):PCBM-Ag interface give the promising result
that the bulk of the energy density of the SPP is absorbed in
the semiconductor layer, corresponding to a low energy loss
due to ochmic damping of the mode in the Ag layer."*l Ohmic
damping of plasmonic modes in silver electrodes can also be
reduced by using appropriately chosen dielectric layers between
the semiconductor and the electrode 'l

In addition, LSPs can be excited in transverse and longi-
tudinal directions along metal nanowires."® Similar to the
case of the LSPs excited on metallic nanoparticles embedded
in the active layer from Section 4.2.2, the plasmonic near field
enhancement due to the LSP and SPP modes on structured
electrodes have the potential to lead to significant enhance-
ments in absorption in the active layer,

Structured metallic electrodes have been considered in inor-
ganic solar cells!!92185186] and they are also receiving increased
attention from organic photovoltaic researchers. Sinusoidal Ca/
Al electrodes have been shown to increase the conversion effi-
ciency for P3HT:PCBM cells,'¥”) the improvement attributed to
diffraction grating properties of the electrode. Higher order dif-
fracted modes with larger angles of diffraction have increased
path lengths in the active layer, with the possibility for total
internal reflection at the active layer-front electrode interface.
In another study, a device was constructed using a periodic
Al grating with a height of 50 nm and a period of 277 nm as

the back electrode.l'®] The enhancement in photocurrent was
attributed to near-field plasmonic enhancement of the electro-
magnetic field at the metal-organic interface.

Simulations have given some insight to the light coupling
that can occur at structured electrodes. For a given geometry,
the amount of light coupled to SPPs, waveguide modes and
Fabry-Pérot resonances can be calculated using the finite differ-
ence time domain method.[8

Devices that are constructed by depositing active layers on
top of a pre-structured electrode or substrate have the benefit
that all of the subsequent layers adopt the structure of the
underlying layer. Improved performance has been reported for
such cells. The authors cite favorable scattering into guided
modes within the cell as a large contributing factor towards the
enhancement.[18%190]

5. Conclusion

In recent years research on nanostructured solar cells has
increased considerably. One major reason for this increased
interest is the possibility to fabricated designed structures in
nanometer dimensions. We are convinced that the research
on controlled nanostructured solar cells will enable to gain
better understanding of the precise physics of organic and
hybrid solar cells. Controlled nanostructures with defined inter-
faces between donor-acceptor materials allow more accurate
modeling, Even though none of the described solar cells can
yet compete with the best bulk heterojunction solar cells, we
are confident that improved nanofabrication techniques and
improved understanding of the device physics will lead to the
design of the ideal device architecture and subsequently to an
improved efficiency in optimized devices.
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