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The increase in energy production costs for fossil fuels has led to a search for an eco-
nomicatly viable alternative energy source. One alternative energy source of particular
interest is solar energy. A promising alternative to inorganic maierials is organic semi-

| conductor polymer solar cells due to their advantages of being cheaper, light weight,
flexible and made into large areas by rofl-to-roll processing. However, the conventional
architecture that is typically used for fabricating solar cells requires high vacuum io
deposit the iop metal electrode which is not suitable for roll-to-roll processing. Recently
an inverted device architecture has been investigated as a suitable architecture for de-
veloping the ideal roll-to-roll type processing of polymer-based solar cells. This review
will go over the recent advances and approaches in the development of this type of
inverted device architecture. We will highlight some of the work that we have done to
integrate materials, device, interface, and processing of the inverted device architecture
platform 1o produce more idealized polymer-based solar cells:

Keywords inverted device architecture, polymer solar cell, interface engineering, self
assembled monolayers

1_. Introduction

Recently, organic polymer photovoltaic cells have attracted a significantamount of attention
due to the need to develop an inexpensive clean and sustainable renewable energy source.
Polymer-based photovoltaic cells have the advantage of being less expensive and solution-
processible by roll-to-roll type processing techniques.’ The most widely studied polymer
blend system is based on a solution processed p-type poly(3-hexyl-thiophene) (P3HT)
polymer and an n-type [6,6]-phenyl Cg, butyric acid methyl ester (PCBM) fullerene. This
polymer blend system has led to efficiencies as high as 5%.%* Efficiencies as high as 6
10 7% have been achieved with polymer:fullerene bulk-heterojunction (BHJ) systems by
developing lower band-gap polymer materials that can absorb a broader range of the solar
spectrum.+® The BHJ device configuration is achicved by blending the n-type and p-type
materials to increase the number of interfaces between the donor and acceptor phases in
order to provide more exciton dissociation/charge separation sites to generate more charge
carriers. Generally, phase segregation of the blend materials greater than ~10-20 nm will
lead to lower photocurrents from the high charge recombination rates due to the low mobility
of the conjugated materials.
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The BHI concept has generally been implemented into the conventional device archi-
tecture. This architecture consists of a transparent conducting metal oxide coated with a
poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS) hole-transporting
layer followed by the active BHJ layer. To complete the device, a low work function
metal electrode (Al, Ca/Al) is evaporated on top as an electron-collecting electrode. Al-
though the majority of polymer-based solar cells are fabricated in the conventional archi-
tecture, there are concerns with the inherent device stability. The transparent conducting
indium tin oxide (ITO}) used as the hole collecting contact can be etched over time upon
exposure (o the acidic PEDOT:PSS hole-transporting buffer layer.”# Replacing the PE-
DOT:PSS layer with other hole-transporting layers have so far been unsuccessful in main-
taining high conversion efficiencies due to the high resistance of the transporting layer.’
The low work function electrode used in this device architecture requires high vacuum
deposition leading to increases in fabrication costs. Additionaily, ambient exposure can
lead to oxidation of these electrodes leading to device degradation and failure.'® Electron
selective buffer layers (TiO;, ZnO) have been successiully inserted between the top metal
electrode and organic active layer to minimize oxygen diffusion leading to improved device
stability.!'~'*> However, this still requires high vacuum deposition of the metal electrodes to
complete the device. : '

Device architectures that remove PEDOT:PSS at the ITO interface and use non-vacuum
deposited high work function metal electrodes at the top interface are needed. Based
on these considerations, an inverted device architecture where the nature of the charge
collection is reversed was proposed as a good device alternative. This architecture has
recently gained considerable research attention due to the device stability and processing
advantages compared to the conventional architecture. In this inverted architecture, the
polarity of charge collection is the opposite of the conventional architecture aliowing the
. use of higher work function (Au, Ag, Cu) and less air-sensitive electrodes as the top electrode
for hole collection. The use of higher work function metals offer better ambient interface
device stability and the possibility for using non-vacuum coating techniques to deposit the
1op electrode helping to reduce fabrication complexity and costs.'+'® Mos of the research
attention for these inverted device architectures has been to understand how to improve
the device efficiency, stability, and processing of the different interface layers in the device
structure. The inverted architecture can be differentiated by the direction of the incoming
light source illuminating the solar ceils (top illuminated or bottom illuminated solar cell
architecture). The top illuminated architecture utilizes a reflective buried bottom electrode
and a semi-transparent top electrode whereas the bottom illuminated inverted architecture
configuration utilizes a higher work function reflective electrode as the top hole collecting
contact and a semi-transparent conducting electrode at the bottom to collect electrons.
These two types of inverted solar cells architectures have been successfully demonstrated
in literature, but mosi research has been focused on the bottom illuminated type inverted
solar cell. This is due to the difficulty in finding a suitable transparent conducting top
electrode material for top illuminated devices.

In the top illuminated inverted solar cell configuration, the requirements are that the
top electrode needs to be semi-transparent so that light can reach the active layer. This
type of architecture was demonstrated by Glatthaar et al. In this architecture, a thin film
of aluminum was deposited onto glass followed by a titanium film. An active layer of
polymer was deposited on top followed by a PEDOT:PSS/Au grid layer.!” Efficiencies of
1.4% were demonstrated using the PEDOT:PSS/Au grid semi-transparent top electrode
configuration. Chen et al. also demonstrated a top illuminated type inverted device with
efficiency of 3%.'® The difference in this device configuration was that a flexible stainless -
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steel metal foil was used as the subsirate instead of a glass substrate. The sequence of layers
deposited on top of the stainless steel foil were Ag, ITO, CsyCO5, PIHT:PCBM active
layer, MoOs, Al metal grid and ITO. Since these devices were fabricated onto flexible foils,
a flexural test was performed showing good mechanical stability with only a 12% decrease
in efficiency after 450 bending cycles. The top illuminated inverted configuration was also
demonstrated onto a pelymer flexible substrate: Instead of a metal foil, a surface-nickelized
polyimide film was used. A thin layer of titanium oxide precursor was cast onto the surface-
nickelized polyimide film, followed by a P3HTPCBM active layer, and a high conductivity
PEDOT:PSS top electrode showing efficiency of up to 2.4%.'%

In the bottom illuminated inverted solar cell configuration, a high work function elec-
trode is utilized at the top to collect holes and an interface layer is used to modify the ITO
interface to effectively collect electrons. Some of the interface layers that have been utilized
to modify the ITO for effective electron collection are Cs,C03,2%?' Ca,? Zn0,'%232% and
Ti0,.2>%" Since light needs to pass through these layers to reach the active layer to generate
a photocurrent, the layers are typically very thin for maintaining high transparency. Direct
contact of the top high work function metal to the active layer can lead to degradation
of the solar cell performance; therefore, hole transporting/electron blocking layers have
been also deposited between these layers to improve charge selectivity and collection of
holes. Some materials that have utilized at the active layer and metal interface are based on
various transition metal oxides (MoQ3,2-30 W0, 3132 v, (35,3335} and solution processed
conducting polymers (PEDOT:PSS, 02426 SPDPA%).

Combining cesium carbonate (CsyCO;y) and vanadium oxide (V,0s), Li et al. demon-
strated that by placing these two interface layers at different locations in the device layer
stack, the polarity of the solar cell can be changed from a conventional device to an inverted
device architecture.?® An inverted solar cell device was demonstrated by evaporating a thin
Cs,CO; (~1 nm) at the ITO interface and a thin V05 (~10 nm) layer between the active
P3HT:PCBM layer and top metal electrode leading to an efficiency of 2.25%. Replacing
the evaporated Cs,CO5 with a solution processed Cs,C(}y layer showed very similar con-
version efficiency ~2.1%. In another study by the same group, efficiency as high as 4.2%
in inverted solar cells was achieved using the solution processed Cs,CO; based interface
layer system.?! Upon annealing the Cs,CO; at 150°C, the Cs,CO5 was found to decompose
to doped cesium oxide (Csz0) helping to reduce the work function from -3.45 eV to -3.06
eV favoring improved electron collection.

N-type metal oxides (ZnO and TiO;) are more commonly uullzed as the interface

modification layer at the ITO interface for inverted solar cells due to the high optical’
transparency in the visible and near infrared, high carrier mobility, and its solution proces- -

sibility. The energy levels of these metal oxides (LUMQ and HOMO) have been reported
to be around —4.4 eV and —7.6 eV, respectively. The low LUMO and high HOMO levels
allow these materials to be a good electron selective layer and hole-blocking layers. Many
demonstrations of using these n-type metal oxide layers as the electron selective layer for
inverted solar cells have been reported in literature. An efficient inverted solar cell from
a high temperature processed sol-gel ZnO underlayer on ITO and an Ag electrode as the
top hole collecting contact was demonstrated by White et al.2*> The ZnO sol-gel was ther-
mally annealed at 300°C for 5 min to crystallize the ZnO to improve its conductivity and
mobility leading to conversion efficiencies of 2.97%. When these devices were exposed to
air, it was found that the device performance improved. They attribute the improvement
to the oxidation of Ag which caused a shift in the effective work function closer to the
HOMO of P3HT leading to improved ohmic contact. Tt was found that devices stored in
nitrogen with periodic exposure to air maintained a device efficiency of 2.32% even after
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7 days of storage. A thin titanium oxide sol-gel layer (~10 nm) at the ITO interface was
also demonstrated as an effective electron selective layer for use in inverted solar cells.?
Devices were fabricated from a solution of PAHT:PCBM in o-xylene with a solution pro-
cessed PEDOT:PSS interface layer between the active layer and Au top electrode showing
efficiencies of 3.1%. The authors found using o-xylene as a solvent segregates more PCBM
at the bottom (electron collection interface) which is better for inverted solar cells. Control-
ling the bulk blend vertical phase segregation of one of the materials towards a particular
charge collecting interface is important to minimize Josses in photocurrent and efficiency
caused from charge recombination due to poorly distributed phases. The vertical phase
segregation of the donor and acceptor blend materials in the bulk-heterojunction has al-
ready been shown by many research groups to have a dramatic effect on the performance of
polymer-based solar cells.>**! In another study by the same group, a thin polyoxyethylene
tridecylether (PTE) (~10 nm) was coated on the ITO surface prior to coating a thin titanium
oxide layer in an inverted solar cell leading efficiencies of ~3.6%.% It is suggested that the
improvement in the efficiency is that the passive PTE layer improves the surface quality for
better titanium oxide wetting of the surface, therefore providing a more intimate interface
with the active layer.- _

In addition to modifying the ITO surface with interface layers for inverted solar cells,
transition metal oxides (MoQOj3, W03, and V,05) have also been used to modify the interface
between the active layer and top metal electrode. These metal oxide layers are usually
deposited by means of vacuum deposition. Inverted solar cell with 2.57% efficiency have
been demonstrated using vacuum deposiied MoO1/Ag as the top metal contact and high
temperature annealed TiO; at the ITO interface.? Further improvement in efficiency to
3.09% was demonstrated using high temperature annealed ZnQ at the ITQ interface and
vacuum deposited MoOs/Ag at the top electrode.?® Efficiency of 3.55% was achieved

- using a MoO; as the top buffer layer and Ca as the electron collecting layer at the ITO
interface in inverted solar cells,”? Semi-transparent inverted devices were demonstrated
using MoOx/sputtered ITO as the top electrode and atomic layer deposited titanium dioxide
at the bottom ITO interface to collect electrons. The MoO; buffer layer prevented damage to
-the active layer from the sputtering process of the ITO coating leading to 1.9% efficiencies,*
‘W03 and high temperature processed TiQz inverted solar cells have also been demonstrated
with 2.58% efficiencies.®' Inverted cells using a solution processed V205 and evaporated
Ag metal contact on top with ZnO at the ITO interface have also been demonstrated
showing efficiencies of 3.56%.™ The use of a solution processible method to cast the buffer
layer on top has the advantage of minimizing the fabrication complexity which can lead to
lowering of fabrication costs. Other solution processible materials that have been utilized as
" buffer layers between the active layer and top metal electrode have been based on solution
processible polymers such as PEDOT:PSS and self-doped sulfonated poly(diphenylamine)
(SPDPA). Li et al. demonstrated inverted solar cell efficiencies of 3.91% using SPDPA as
the hole collecting buffer layer between the active layer and the top metal electrode 3¢
The ideat fabrication process for polymer-based solar cells would be to utilize solution
processing techniques to deposit the different layers onto flexible substrates so that it allows
for the potential to be used for simple roll-to-roll type processing. Additionally, the solar
cells should maintain high device stability and efficiency over a certain period of time. The
inverted device architecture has the potential to combine all of these requirements—device
flexibility, stability, efficiency, and solution processibility into one system. However, in
order to achieve this more ideal polymer-based solar cell system an integrated engineering
approach to develop materials, devices and improve interfaces and processing are required.
The following will review some of the work that we have done to integrate materials, -
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device, interface, and processing onto the inverted device architecture platform to produce
a more idealized polymer-based solar cell.

2. Inverted Polymer-Based Solar Cells

2.1 Inverted Polymer-Based Solar Cells on Flexible Substrates

Many studies on the inverted device architecture have utilized n-type inorganic metal ox-
ides (ZnO, TiO,) as the electron selective layer between the active layer and the ITO
semi-transparent electrode. However, most of the electron selective layers require high
temperature annealing processing conditions in order to improve the crystallinity of the
material to minimize resistive losses in the solar cell devices. These high temperature pro-
cessing conditions can reach as high as 500°C which is not compatible with the processing
of solar cells on flexible polymer substrates. The use of flexible plastic based substrates
requires that the electron selective layer to be processed at low temperatures in order to
minimize degradation to the substrate. From this consideration, a method to fabricate and
process a room temperature electron selective layer of n-type ZnO nanoparticles (ZnO-NPs)
was demonstrated on a flexible inverted polymer solar cell. The feasibility of replacing high
temperature processed sol-gel layers of ZnO with a room temperature processed Zn()-NPs
layer was studied by X-ray diffraction of the ZnQ layers and by fabrication of inverted solar
cell devices. Devices on glass/TTO substrates using the high temperature ZnO sol-gel are
compared to those fabricated using the ZnO-NPs layer.

X-ray diffraction studies were performed on room temperature processed films of the

ZnO NPs and the sol-gel processed ZnQ after thermal annealing at 400°C (Fig. 1). Both

the thermal annealed ZnO and ZnO NPs show three typical crystalline ZnO peaks at31.8°
(100), 34.3° (002), and 36.3° (101} indicating that both films have crystallinity regions.
Devices were fabricated using these processing conditions for the two electron selective
layers. Table I shows the average device performance of the inverted solar cells fabricated
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Figure 1. X-ray diffraction of ZnO NPs at room temperature and sol-gel processed ZnO afier thermal
anneating at 400 °C showing three distinct ZnO crystalline peaks at 31.8° (100), 34.3° (002), and
36.3° (101). Adapted with permission from.!” Copyright 2008 American Institute of Physics. (Figure
available in color online) : ’
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. Table 1
Average device performance of un-encapsulated inverted P3HT:PCBM bulk heterojunction
solar cells using sol-gel processed or ZnO NPs on ITO/glass and ZnO NPs on ITO/plastic.
Adapted with permission from.'? Copyright 2008 American Institute of Physics

Substrate Electrode Zn0O Voc (V)  Jsc (mA/Cm% FF(%) PCE (%)
Glass/TTO Ag Zn0 Sol-Gel 0.62 11.1 513 35
Glass/ITO Ag Zn0O-NPs 0.62 10.7 54.2 3.6
Plastic/ITO Ag ZnO-NPs 0.62 9.8 539 33

onto ITO/glass substrates on the ZnO sol-gel and ZnO-NPs electron selective layer as well
as devices fabricated from the ZnO-NPs onto flexible piastic substrates. The active layer
used in these studies is based on a bulk-heterojunction blends of P3HT:PCBM at a weight
ratio of 1:0.6 and thermally annealed at 160°C. The devices fabricated from the Zn(-NPs
on ITO-coated glass show an average PCE of ~3.6%. This value is very similar to that
obtained from the high temperature processed ZnO sol-gel devices on glass/ITO which show
an average efficiency of ~3.5%. This demonstrates that both the sol=gel ZrO and ZnO-
NPs derived layers both behave similarly as a good electron selective tayer in the inverted
device architecture. To demonsirate that the ZnO-NPs layer can be used onto flexible plastic
substrates, inverted devices were fabricated onto ITO-coated plastic substrates showing an
average PCE of ~3.3%. However, a slightly lower efficiency is observed with these devices
which is attributed to the lower transparency (~80%) of the ITO-coated plastic in the region
of 500-600 nm compared to ITO-coated glass (~88%) which reduces the photon flux to
the active layer as indicated from the lower J.. Nonetheless, the use of a low temperature
process electron selective layer with high efficiency onto flexible plastic subsirates was
demonstrated which is important for the development of roli-to-roll type processing.

2.2 Stability of Inverted Polymer-Based Solar Cells

2.2.1 Air-Stablity of Inverted Polymer-Based Solar Cells. The architecture of the inverted
device allows for the use of a more air-stable higher work function top electrode to collect
holes such as Ag or Au. Because of the higher work function electrode utilized at the
top, the device stability should to be improved. White et al. found that using an Ag
electrode in the inverted device architecture did maintain improved stability under nitrogen
atmosphere.” However, unencapsulated inverted solar cells under ambient air exposure
conditions have not been studied. To study the effect of the devices under ambient air
exposure, unencapsulated inverted solar cells and conventional solar cells were fabricated
and periodically tested and stored in air for 40 days (Fig. 2). The conventional device
using LiF/Al as the electrode was extremely unstable as its PCE was reduced to less
than half of its original value after 1 day of storage and totally degraded after 4 days.
The FF and V,; decrease dramatically after 1 day of air exposure due to the interface
instability of the electrode from oxidation of the aluminum. The J-V characteristics of
the conventional device as a function of storage time in ambient are plotted in Fig. 3(a).
The plots show a dramatic decrease in photocurrent.in the first couple of days and show
negligible photocurrent after 4 days of air exposure. The inset of Fig. 3(a) illustrates the
dark current diode characteristics for which the device exposed to 4 days in ambient has
a two orders of decrease in the current density at 2V compared 1o its initia} state. The
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Figure 2. Device performance of un-encapsulated conventional and inverted solar cells stored 40 -
days in air under ambient conditions. (a) Normalized power conversion efficiency (PCE), (b} Short-
circuit current density (F..}; () Open-circuit voltage {V..), (d) Fill factor. Adapted with permission
from.'® Copyright 2008 American Institute of Physics. (Figure available in color online)
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Figure 3. (a) J-V characleristics of un-encapsulaled conventional P3HT:PCBM bulk-heterojunction
solar cells over a period of 4 days in air under ambient conditions. (b} J-V characteristics of un-
encapsulated inverted P3HT:PCBM bulk-heterojunction solar cells (ZnO NPs on ITO-coated plastic
substrate) over a period of 40 days in air under ambient conditions. Inset: un-encapsulated dark
current device characteristics at 0 days and 40 days in air under ambient conditions. Adapted with
permission from.'" Copyright 2008 American Institute of Physics. (Figure available in color online)
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inverted devices however, showed high stability to ambient exposure showing constant
FF and V. values over the period of 40 days while the J slightly decreased over this
time leading to normalized PCE of over 80%. Figure 3(b) shows a typical flexible inverted
unencapsulated device exposed to ambient. The improved in-device stability is attributed
to both the PEDOT:PSS layer and Ag electrode. The PEDOT:PSS can effectively prolong
oxygen diffusion to the active layer. Additionally, the Ag electrode in air can form a layer
of silver oxide thereby increasing its_effective work function to —5.0 eV. This matches
well with the PEDOT:PSS HOMO of —5.1 ¢V which improves its elecirical coherence
at the interface.”*42** By having devices stable in air, the encapsulation process can be
perfonned under ambient conditions substantially reducing fabrication complexity leading
1o cost-effective solar cells.

2.2.2 Thermal Stability of Inverted Polymer-Based Sotar Cells. In addition to the ambi-
ent device stability, another concern with polymer-based solar cells is the morphological
stability of the BHJ blend phases. The phase-separated morphology of the blends are not
very thermodynamically stable due the fact that the materials still have a certain degree of
freedom to diffuse slowly or recrystallize over time. This is especially true under elevated
temperatures which can lead to gradual changes in the nanostructure and microstruc-
ture.** The two components will segregate into larger phases leading to reduction in the
number of interfaces causing degradation in the device performance. There have been sev-
eral strategies that have been developed to improve the thermal and morphological stability
of PSHT:PCBM BHI active layers. One is to change the polythiophene backbone to induce
a controlled amount of disorder which helps to suppress the crystallization-driven phase
segregation between the polymer and fullerene.®#” Another method is to utilize diblock
copolymers additives in the BHJ film to help stabilize the film from phase segregation.*®
Another method found to be an effective one to stabilize the nanophase segregration is to
utilize similar chemical motifs in both the polymer and fullerene used in the blend system.*
In our approach, amorphous fullerene derivatives are synthesized and utilized as the elec-
tron accepting material in P3HT: fullerene based BHY inverted solar cells.® The amorphous
fullerenes studied are based on modifications to PCBM by replacing the planar phenylene
ring with a bulky triphenylamine (TPA) or 9,9-dimethylflucrene (MF). The aim was to
suppress the crystallization induced morphological changes that cause device degradation.

2.2.2.1 Electrochemical, Thermal, and Electrical Properties of TPA-PCBM and MF-
PCBM Derivatives. The electrochemical properties of the amorphous fullerene derivatives
were studied by cyclic voltammetry as shown in Fig. 4. The fullerenes all show four quasi-
reversible one-electron reduction waves, which are attributed to the fullerene core. The first
reduction potential (E;™) corresponding to the LUMO level of PCBM is shifted to a more
negative value as compared to the parent Csg (Fig. 4) due to the release of strain energy after
the introduction of the [6,6) methane substitute on Cgg.3!~* The stronger electron-donating
properties of the TPA and MF compared to benzene results in'a reduction wave shift toward
more negative potentials. Differential scanning calorimetry (DSC) of PCBM, TPA-PCBM,
and MF-PCBM are shown in Fig. 5. The results show that PFCBM has a crystallization peak
at 295°C with no additional transitions between 20 and 350°C. Both the TPA-PCBM and
MF-PCBM show a glass transition (T,) of 170°C and 180°C, respectively.

One of the more important properties that can drastically influence the performance of
polymer-based BHJ solar cell is the mobility of the materials. The electron mobilities of
TPA-PCBM and MF-PCBM are compared to PCBM in an n-channel organic field effect
transistor (OFET) device configuration. All of the PCBMs showed typical n-type OFET
behavior with saturation field-effect electron mobilities of 1.6 x 1072 1.1 x 1072, 5.4 %
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Figure 4. Cyclic voltammograms of Cg, PCBM, TPA-PCBM and MF-PCBM in 1.2-di-
chlorobenzene solution. Adapted with permission from,> Copyright 2009 American Chemical Soci-
ety. (Figure available in color online) ' . '

1073 cm¥V-s for PCBM, TPA-PCBM, and MF-PCBM respectively. The slight decrease
in the mobilities of the two amorphous fullerenes compared to PCBM is attributed to the
bulky substituent from the triphenylamine and dimethylfluorene.

2.2.2.2 Device Characteristics of Inverted Polymer-Based Solar Cells with Amorphous
Fullerenes. These amorphous fullerenes are compared to PCBM as the electron accepting-

material in the active layer of inverted devices and the J-V characteristics of these devices
are shown in Fig. 6. Thé conversion efficiencies of the TPA-PCBM and ME-PCBM devices
were 4.0% and 3.8%, respectively, which is comparable to those fabricated with PCBM
as the n-type material (4.2%). The open-circuit voltage (V) of the TPA-PCBM and MF-
PCBM was 0.65 V, whereas the PCBM devices only had a Vi of 0.63 V. The 20 mV increase
in Voo compared to PCBM is in agreement with what is observed in the shift in LUMO

2
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Flgure 5. DSC curves of PCBM, TPA-PCBM and MF-PCBM. Adapted with permission from
Copyright 2009 Ameérican Chemical Society. (Figure available in color online) -
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Figure 6. The I-V curves of PCBM, TPA-PCBM and MF-PCBM-based BHJ devices under AM1.5
illumination at 100 mW/cm®. Adapted with permission from.% Copynght 2009 American Chemical
Society. (F1gure available in color online) .

level as seen by cyclic voltammetry. The slight differences in short circuit current density
(9.9 mA/cm? for TPA-PCBM and 9.8 mA/cm? for MF-PCBM) as compared to PCBM (10.4
mA/cm?) are attributed to the lower mobility of the two amorphous fullerenes.

The thermal stability of these solar cells is examined by annealing the BHJ films at
a typical post-treatment temperature of 150°C for a time period of 10 min to 10 hours.
Figure 7 shows the dependence of the PCE on the annealing time of the three different
systems. In the system with PCBM as the acceptor, a gradual degradation in the device
performance is observed with prolonged annealing time. The PCE of the PCBM system
was 4.2% after 10 min of annealing and gradually decreased to 1.8% after annealing for
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Figure 7. Plot of PCE vs anneéling time of PCBM, TPA-PCBM and MF-PCBM-based devices
annealed at 150°C. Adapied with permission from.™ Copyright 2009 American Chemical Society.
{Figure available in color online) .
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Figure 8. Optical images of (a) P3HT:PCBM, (b) P3HT TPA-PCBM and (¢) PBHT:MF-PCBM films
after annealing at 150°C for 600 mins. Adapted with permission from.™ Copyright 2009 American
Chemical Society. (Figure available in color online)

10 hours. However, both the TPA-PCBM and MF-PCBM show a significantly higher ther-

mal stability showing negligible PCE loss even after 10 hours of annealing. To understand

the origin of the improved thermal stability, optical micrographs (Fig. 8) of the different

fullerene active layer systems after annealing for 10 hours were taken. The optical im-

age shows severe aggregation and microcrystallites in the P3HT:PCBM films anneated for

10 hours whereas both the TPA-PCBM and MF-PCBM films show no signs of severe

phase segregation even after 10 hours of annealing. Atomic force microscopy (AFM) also

show severe crystallization in the PCBM blend films whereas both the amorphous fullerene.
blend films have a surface roughness in the range of 1.3-1.5 nm rms (Fig. 9). These amor-

phous fullerene compounds show comparable electron mebilities to PCBM in OFETs and .
high power conversion efficiencies (~4%) in PAHT:fullerene polymer solar cells. The ther-

mal stability of the polymer solar cells are remarkably enhanced and show no significant

degradation in morphology or solar cell performance after annealing at 150°C for 10 hours

whereas PCBM devices degraded dramatically. These amorphous based fullerene acceptors

are attractive candidates for improving the long-term thermal and morphological stability

of inverted based BHJ polymer solar cells.

2.3 Interface Modification of Inverted Pol,'vmer-Based Solar Cell
with Self-Assembled Monolayers

Even though reasonable efficiencies have been reached with n-type metal oxides as the
electron selective layer in inverted solar, it is known that the surface of metal oxides have
hydroxyl groups that have been shown to cause charge trapping at the interface.™ These
hydroxyl terminated surfaces lead to high charge carrier recombination due to poor charge
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transfer leading to losses in device performance. This increase in resistance across these
interfaces needs to be minimized by appropriately controlling the electrical contacts (contact
resistance, charge transfer, energy level alignment) to allow efficient collection of charges.
Additionally, the poor morphological distribution of phases in the bulk-heterojunction active
layer may also lead to high resistances in the solar cell due to high recombination of charge
carriers. To improve the device parameters (PCE, I, FF, and V) and minimize resistance
losses in the active layer, the size and distribution of phases needs to be appropriately
controtled.

One approach that can both reduce the resistance across the metal oxide interface
and affect the active layer morphology is to utilize a self-assembled monolayer (SAM)
between the inorganic and organic interface. SAMs can be utilized to significantly modify
the interfaces of oxide and metallic surfaces to improve adhesion, compatibility, charge
transfer properties, energy level alignment, and affect the upper layer growth of materi-
als.!324.2155-58 We have demonstrated that modifying the meta oxide surfaces of TiO;
and ZnO based inverted solar cells with a fullerene-based self-assembled monolayer (Cgo-
SAM) can improve the device performance. The Ceo-SAM affects the photoinduced charge
transfer at the interface o reduce the recombination of charges, passivate inorganic surface
trap states, improve the exciton dissociation efficiency at the polymer/metal oxide interface
as well as act as a template o influence the overlayer bulk-heterojunction dlstnbunon of
phases and crystallinity leading to higher efficiency inverted solar cells. 7

2.3.1 Inverted Solar Cells: Modification of TiQ: Electron Selective Layers
with Self-Assembled Monolayers.

2.3.1.1 Effect of the Self-Assembled Monolayers on Bulk-Heterojunction Solar Cells. -

The device structure of the TiO; based inverted polymer solar cells with the different types
of surface modified SAMs are shown in (Fig. 10). The J-V characteristics for the inverted
bulk-heterojunction cells medified with carboxylic acid SAMs are shown in Fig. 11. A
summary of the average device performance modified with and without the monolayers is
given in Table 2. The devices without SAM modification have an average power conversion
efficiency (PCE) of 2.8% with a J, = 9.8 mA/cm?, a Vo = 0.61 V, and a FF = 46.9.
When modified with the SAM, the devices show overall improvement in series resistance

PEDOT:PSS

P3HT/PCEM

Figure 10, Device architecture of the inverted polymer solar cell with the different carboxylic acid
based self-assembled molecules used to modify the TiO; surface. (Right side, top to bottom) Cg, based
SAM, terthiophene SAM, benzoic acid SAM, and tauric acid SAM. 27—Repraduced by permission
of The Royal Society of Chemistry. (Figure available in color online)
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Figure 11. J-V characteristics of the inverted PAHT:PCBM bulk-hélerojunctio‘n solar celis modified
with and without self-assembied monolayers. (inset: plot of illuminated J-V curve in log scale).”’—
Reproduced by permission of The Royal Society of Chemistry. (Figure available in color online)

(R,) from 13 €-cm? to 3—4 ©.cm? and shunt resistance (Rg,) compared to devices without
modification. The LA-SAM shows a slight improvement in PCE to 3.0%. The J;c and Vi,
remain similar to devices without a monolayer; however, the FF increases slightly to 49.5%
which is attributed to the reduced surface traps leading to better contact. Modification with
BA-SAM shows further improvement in PCE to 3.2%. The FF is similar to that of devices
modified with LA-SAM; however, an increase in J is observed. The J;; improvement is
attributed to BA-SAM improving the interface electron transfer by removing the trap states

at the interface of the TiO- layer as described by Moser et al.>® Modifying the surface with

an electroactive functional group like terthiophene or Cgo shows efficiency improvements of
0.6% and 1.0%, respectively when compared to devices without modification. A dramatic
increase in FF of 56.2% and 57.2% in the TT-SAM and Cg-SAM, respectively is observed
indicating that the electroactive groups on the SAM help to reduce the charge recombination

Table 2 :
Summary of the average device performance of inverted P3HT:PCBM bulk-heterojunction
solar cells with and without carboxylic acid self-assembled monolayer modifica-
tion,’—Reproduced by permission of The Royal Society of Chemistry

Voc Isc FF PCE Ry R,
SAM (V) (mA/em?d) (%) (%)  (Qem®d)  (Qcemd)
None 0.61 98 46.9 28 i3 380
Ceo 0.62 10,6 57.2 38 2.4 1010
Terthiophene (TT) 0.60 10.0 56.2 34 35 880
Benzoic Acid (BA) 0.60 10.5 50.2 3.2 2.7 580
Lauric Acid {LA) 0.61 9.9 49.5 3.0 2.6 - 440
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Figure 12. J-V characteristics -of the inverted P3HT:TiO, hetercjunction solar cells modified with
and without self-assembled monolayers under AM 1.5 illumination (100 mW/cm?) plotted in linear
scale (a) and in the dark plotted in log scale (b). “—Reproduced by permission of The Royal Saciety
of Chemistry. (Figure available in color online)

losses at the interface and promotes photoinduced charge transfer at the interface. Devices
fabricated with the Cso-SAM show a low R; of 2.4 Q-cm? with average device efficiencies
of 3.8%. .

2.3.1.2 Effect of Self-Assembled Monolayer on Photoinduced Charge Transfer at the
Interface. The photo-induced charge transfer property at the inorganic/SAM/organic in-
terface is investigated by fabricating heterojunction TiO/P3HT devices. In this device
configuration, the only exciton dissociation site is at the n-type TiO/p-type P3HT. in-
terface. Therefore, the effect of the SAM on the exciton dissociation efficiency can be
independently studied with this type of device, The J-V plots and the device performance
of the heterojunction devices are shown in Fig. 12 and Table 3: The data shows that both the
LA-SAM and BA-SAM do not have a significant effect on the device performance whereas
the TT-SAM and Cgo-SAM shows an improvement in all the device characteristics. An
improvement in the fill factor and the photocurrent density with the TT-SAM and Cgo-SAM
in this device configuration confirms that photoinduced charge transfer at the interface
plays a role in preventing charge back recombination at the Ti(); interface. Interestingly,
the Cgr-SAM shows the largest improvement in the overail device performance paramters.
The reason for this is that the Cgg molecule is a very good electron acceptor (n-type) under’

Table 3
Summary of the average device performance of inverted P3HT:TiO; heterojunction solar
cells with and without carboxylic acid self-assembled monolayer modification.””™ Repro-
duced by permission of The Royal Society of Chemistry '

SAM Voc (V) Isc (mA/em® FF(%) PCE (%) Rectification Ratio
None 0.08 0.45 31.5 0.01 4 x 1072
Ceo 0.37 0.65 49.1 0.12 . 3 x 1074
Terthiophene (TT) 0.19 . 0.56 4.1 005 2 x 103
Benzoic Acid (BA) .12 0.43 35.7 002 . 2x107?

Lauric Acid (LA) 0.07 0.49 30.6 - 0.01 4 x 1072
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illumination due to photoinduced electron transfer from polymer to Cgo.* The improve-
ment of the BHJ blend system can also be partly explained by this photoinduced electron
transfer from P3HT to the Cgo-SAM, since both P3HT and PCBM can be located at this
interface. Furthermore, the large rectification ratio ~10™* of the Cso-SAM modified device
at £3 V compared to the other SAMs indicates that the Cgo-SAM serves as an effective
hole blocking layer at the interface.

2.3.1.3 Self-Assembled Monolayer Effect on P3HT Polymer Crystallinity. The effect
of the SAM modification on the overlayer crystallinity of the P3HT:PCBM BHJ blend
was studied by XRD. The X-ray diffraction spectrum of the bulk-heterojunction blend
prior to and after annealing at 150°C on devices with and without SAMs modification are

- shown in Fig. 13. The diffraction spectrum shows a typical P3HT (100) intensity peak in

which the intensity differs depending on the SAM and whether the BHJ was anncaled.
An overall increase in diffraction intensity is observed in the BHJ films after thermal
anneating which is a typical observation of better P3HT ordering. The P3HT diffraction
intensity of devices modified with BA-SAM are lower than those without a2 monolayer
showing a negative influence on the overlayer crystallinity implying that improved device
performance from the BA-SAM is attributed mainly to the improved charge transfer and
lower contact resistance at the interface. The TT-SAM devices show an increase in P3HT
diffraction signal indicating that the improvement in crystallinity in addition to the betier
charge transfer properties at the interface lowers contact resistance and improves the device
efficieny. Diffraction signals of the LA-SAM are higher, indicating better P3HT ordering;
however, the device efficiencies are poor. The improved order is due to the long alkyl chain
SAM interacting with P3HT to help order the P3HT chains.5' The slight improvement in
performance is due to the improved crystallinity of the BHJ film which lowers the series
resistance of the device. This improvement is not likely to be due to improved charge transfer
at the interface since lauric acid is not electroactive and will act as a physical barrier that
affects the electronic coupling between the polymer and Ti0);, Cey-SAM modified devices

(a) BA-SAM
14009 o (b} No SAM note
(c) TT-SAM F d
12004 — (d)LA-SAM N
- (e) C,-SAM b
2 a
= 10004
=
o
S 8004
E
§ 600-
[%]
&
& 4004
2001 AsPreparsd Annealed at 150 °C
4 5 & 7 s 5 6 7
2-Theta (Degrees} 2-Theta (Degrees)

Figure 13. X-ray diffraction spectrum of the P3HT (100) peaks before and after thermal annealing
at 150°C on bulk-heterojunction devices modified with and without the SAM.”"—Reproduced by
permission of The Royal Society of Chemistry. (Figure available in color online)
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show the largest increase in the diffraction signal confirming that it can affect the overlayer
crystallinity and morphology. The combined improvements in P3HT crystallinity, contact
resistance by passivating surface traps, and photo-induced charge transfer to reduce back
charge recombination are reasons for the high performance of these devices.

2.3.1.4 Capacitance-Voltage and Field Effect Transistor Measurements on BHJ Films.
The effect of the Ce-SAM on the interface between the organic active and inorganic
TiQ; layer can be studied with organic field effect transistors (OFET) and capacitance-
voltage (C-V) measurements. -C-V and OFET measurements of P3HT:PCBM films can
give information regarding the distribution and vertical concentration gradients of the
organic materials close to the interface.%> The transport properties in OFETs are generally
determined by the first few nanometers of the active material close to the interface, therefore
if one of the two components of the blend segregates towards the bottom interface, the charge
carrier mobility should ideally reach its pristine value. OFETs were fabricated of the pristine
films of P3HT and PCBM as well as P3HT:-PCBM blend films with and without Cgo-SAM
modification on a Ti0,/Si0,/doped-Si substrate. The transfer characteristics of the pristine
films of P3HT and PCBM are given in (Fig. 14(a)) showing a hole mobility of 1.8 x 10-4
cm¥V-s for P3HT and an clectron mobility of 1.2 x 10~* cm?/V.s for PCBM. BHJ blend
films without SAM modification had a hole mobility of 4.1 x 1073 cm%V s and an electron
mobility of 9.4 x 10~% cm?V-s. The higher hole mobility compared to the electron mobility
indicates that a higher concentration of P3HT is accurnulated at the interface which is in
agreement with previous reports of blend films cast from di-chlorobenzene showing higher
concentrations of P3HT near the bottom interface.®® However, BHJ films with Ceo-SAM
modification show a hole mobility of 1.8 x 107" cm¥*V.s and an electron mobility of
1.0 x 1074 ¢cm®V-s. The electron mobility in this case is higher than the hole mobility -
confirming that more PCBM is accumulated at the interface. To further confirm this, C-V
measurements (Fig. 14(b)) also indicate that the Cgs-SAM facilitates the accumulation
of PCBM (o the bottom Ti(); interface. The Cgo-SAM modified devices show p-mode
and n-mode accumulation that is in agreement with what was found from the OFET
measurements. C-V measurements of devices without the SAM show higher capacitance
under negative gate voltage implying a more p-mode accumulation at the interface and
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Figure 14. (a) Square-root of the measured transfer characteristics of OFETs prepared: from the
pristine P3HT, PCBM and blend films of P3HT:PCBM (weight ratio 1:0.8) with and without Cgy-
SAM maodification at the TiQ, interface. (b) Capacilance-vollage measurement of blend films of
P3HT:PCBM (weight ratio 1:0.8) with and without Cs)-SAM madification at the TiO; interface.”’—
Reproduced by permission of The Royal Society of Chemistry. (Figure available in color online} *
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show that no significant n-mode accumulates under positive gate bias. The Cgg-SAM can
help to nucleate PCBM to provide a better percolation conduction pathway of PCBM at
the interface to improve the overall distribution of phases, morphology, and crystallinity of
the blend leading to better charge selectivity. The Cgy-SAM leads to a 35% improvement
in device PCE over unmodified TiO; inverted devices. Understanding how to reduce the
interface and bulk-heterojunction resistance in a PV cell is critical in reducing losses in PV
performance caused by a recombination of charge carriers.

2.3.2 Inverted Solar Cells: Modification of ZnO Electron Selective Layers with Self-
Assembled Monolayers. The high electron mobility of ZnO compared to titanium oxide
makes it a better electron selective contact layer for inverted solar cells due to the lower
resistances. However, interface resistances caused by charge traps attributed to the hy-
droxylated ZnO surface can still lead to a high charge carrier recombination; therefore,
modification of the surface with a SAM is still necessary. The ZnO inverted device ar-
chitecture and structure of the Ceg-SAM are shown in Fig. 15. The J-V characteristics of
the bulk-P3HT/PCBM heterojunction (BHJ) and P3HT/Zn0 hetercjunction (HJ) inverted
devices with and without Ceo-SAM modification and device performance parameters are
 shown in Fig. 16 and Table 4. BHJ devices without SAM modification had an average
power conversion efficiency (PCE) of ~3.7%. The performance of the inverted solar cell
is improved by modifying the ZnO surface with a Cse-SAM. The PCE is improved by over
20% compared to the unmodified devices giving an average PCE of 4.5% and the highest
PCE of 4.9%. An improvement in both the FF from 55.4% to 60.6% and Jg. from 10.8
mA/cm? to 12.0 mA/cm? is observed after modification with the Cgp-SAM. This improve-
ment is aitributed to better electronic coupling of the inorganic/organic interface from the
Cs-SAM through the process of photo-induced charge transfer as similarly observed in
- the TiO; based Cg-SAM modified inverted devices. This helps mediate forward charge
transfer and reduces the back charge recombination at the interface leading to improved
photocurrent and charge selectivity.

Bilayer heterojunction devices of ZnQ modified with and without the Cgp-SAM and
pristine P3HT were fabricated showing an almost two times improvement in power con-
version efficiency in the Cgo-SAM devices over unmodified HJ devices. An improvement
in both the FF and J. from 46.7% to 54.2% and from 1.1 mA/cm? to 1.8 mA/cm? is
observed. A lower V. is observed with the Cgo-SAM modified devices as compared to the
unmodified device due to the fact that exciton dissociation happens at the Cgy-SAM/P3HT

PEDROT.PSS

P3HT/PCEBM
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Figure 15. Device structure and chemical structure of ZnQ-NPs based inverted solar cell with Ceo-
SAM modification. Adapted with permission from.?* Copyright 2008 American Institute of Physics.
(Figure available in color online) ’ .
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- Figure 16, (a) J-V characteristics of inverted ZnO NP/P3HT:PCBM bulk-heterojunction solar cells
with and without Ce-SAM modification. (b) J-V characteristics of inverted ZnO NP/P3HT het-
erojunction solar cells with and without Ce;-SAM modification. Adapted with permission from.2
Copyright 2008 American Institute of Physics. (Figure available in color online)

interface and not the ZnQ/P3HT interface. It is known that the V. between fullerenes and
P3HT is typically less than 0.7 V while between ZnO and P3HT can be greater than 0.7
V. Figure 17 shows the results of the external quantum efficiency (EQE) measurements
on the BHJ and HJ devices modified with and without the Cgp-SAM. The EQE for the BHJ
devices without modification shows a maximum of ~49% at 500 nm while after Csy-SAM

modification, the EQE reaches ~70%. A similar trend is observed with the HJ devices -

showing an increase in EQE from ~11% to 17% after modification with the Cgo-SAM.

2.4 Processing Optimization of the BHJ Active Layer for Inverted Polymer Solar Cells

The processing conditions of the active layer film can have a dramatic effect on the final

device efficiency. The processing conditions of the blend films that can affect the device
efficiency are the blend ratio of donor and acceptor materials, the active layer film thickness,
the thermal annealing temperature, and the thermal annealing time. By varying these
processing conditions in Cgp-SAM modified inverted solar cells, it is found that the optimum
active layer efficiency is ~4.5% using a PAHT:PCBM blend ratio of 1:0.7, an active layer
thickness of ~200 nm at an annealing temperature and time of 160°C for 10 min.%

Table 4
Summary of the average device performance of inverted ZnQ-NPs/P3HT:PCBM bulk-
heterojunction solar cells and ZnO-NPs/P3HT heterojunction solar cells with and without
Cgo-SAM modification. Adapted with permission from.2* Copyright 2008 American Insti-
tute of Physics :

Active Material SAM Voc (V) Jsc (mAfem?) FF (%) PCE (%)

P3HT:PCBM None 0.63 10.8 554 37
P3HT:PCBM Ceo 0.63 12.0 60.6 4.5
P3HT None 0.75 1.08 467 0.37
P3HT - Cao 0.67 1.83 54.2 0.67.
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Figure 17. Extemnal quantum efficiencies of ZnO-NPs/P3HT:PCBM bulk-heterojunction and ZnO-

NPs/P3HT heterojunction inveried solar cells with and without Cgo-SAM modification. Adapted with
permission from.?* Copyright 2008 American Institute of Physics. (Figure available in color online)

2.4.1 BHJ Donor/Acceptor Ratio Dependence on Performance of Inverted Solar Cells.
The ratioFigure 17 of donor and acceptor materials in BHJ blends influence the size and
distribution of phases leading to changes in the number of interfaces for exciton dissociation
and charge carrier transport. Reduction in the donor and acceptor interfaces lowers the
probability for exciton dissociation while increasing the probability for charge carrier
recombination due to the lower mobilities of organic materials. A balanced electron and
hole charge transport throughout the blends minimizes these recombination occurrences
and improves the solar cell performance. Generally, the ratio of PAHT: PCBM that has been
found to have high efficiencies in the conventional architecture in the range of :0.8t01:1.
Table 5 and Fig. 18 summarize the results of the inverted devices with and without the
Ceo-SAM modification varying the blend ratios keeping the annealing temperature and time
at 160°C and 10 min. Devices fabricated without PCBM (P3HT/ZnO-NPs heterojunctions)
show a PCE of 0.2%, but when modified with a Ceo-SAM, the PCE i$ improved to 0.3%
due to the improvement in J,. and FE. The improvement in FF and J;; in the Cge-SAM
devices is attributed to the improved charge transfer properties from P3HT to ZnO. The
resistance at the ZnO interface dominates the. device parameters since the only interface for
exciton scparation is at the polymer/ZnO-NPs interfaces. Devices with PAHT:PCBM ratios
of 1:0.1, 1:0.2, and 1:0.3 show similar FF for both the Ceo-SAM modified and unmodified
devices. The similar FF of both modified and unmodified devices indicates that the active
layer now dominates the resistances in the solar cell. The V. for the unmodified devices
are low (0.33 V, 0.38 V, 0.49 V) compared to ones modified with the Cgp-SAM (0.41 V,
0.50 V, 0.58 V) in these blend ratios. The addition of the PCBM into the BHJ blend adds
additional interfaces that also play a role in determining the V. The low concentration of
PCBM in these blends may not provide a good morphology and percolation pathway thus
leading to low V.. At the blend ratio of 1:0.4 (~29% PCBM content), the resistances in
the bulk active layer (donor-a'cceptor) and across the interfaces (Zn(}) are comparable, thus
changes at ZnQ interfaces can have a major effect on the solar cell performances. However,
the V. of devices are independent of ZnO modification indicating that the amount of
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Table 5

Average device performance of inverted ZnO-NPs/P3HT:PCBM bulk-heterojunction solar
cells fabricated with different active layer blend weight ratios from 1:0 to 1:1 (w:w).
Parentheses indicate average device performance of inverted solar cells modified with the
Cso-SAM. Adapted with permission from.%* (G2010EEE

Ratio Voc (V) Jsc (mA/cm?) FF (%) PCE (%)
1:0 0.60(043) 0.5(1.2) 48.7(52.6) 0.200.3)
1:0.1 0.33(0.41) 1.3(1.8) 46.6{47.2) 0.20.4)
1:0.2 0.38 (0.50) 2.2(3.4) 44.8(44.4) 0.4(0.8)
1:0.3 0.49(0.58) 4.5{6.2) 43.6(43.9) 1.0(1.6)
1:04 0.63(0.64) 9.0(10.3) 47.7(52.2) 2.7(3.5)
1:0.5 0.63(0.64) . 10.6(10.8) 55.6(60.0) 3.77(4.1)
1:0.6 0.63 (0.63) 10.8(11.0) 59.5(61.8) 4.0(4.3)
1:0.7 0.62(0.62) 10.6(11.2) 60.83(64.2) 4.0{4.5)
1:0.8 0.62(0.62) 10.5(10.8) 62.2(64.8) 4,1(4.3)
1:0.8 - 0.61(0.61) 10.1(10.2) 62.9(65.2) 3.9(4.1)
1:1 0.61(0.62) 10.0(10.3) 62.5(62.6) 3.8(4.0)
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Figure 18. Plots of the four device parameters (a) V., (b) Jy, (¢) FF, and (d) PCE as a function of
P2HT:PCBM blend ratio (w:w) (from 1:0 to 1:1} in inverted ZnO-NPs/PIHT:PCBM solar cells with
and without Cey-SAM modification. Adapted with permission from.® ©2010EEE. (Figure available
in color online) . k
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blend P3HT:PCBM interfaces are large enough to lead to good distribution of phases to
minimize charge recombination. Increasing the ratio from 1:0.3 to 1:0.4, the efficiency
increases from 1.0% to 2.7% in unmodified devices and from 1.6% to 3.5% in Cgo-SAM
modified devices. The unmodified devices still show iow fill factor and J,. (47.6%, 9.0
maA/em?) indicating resistances in the solar cell, but after modification with a Ceo-SAM,
the fill factor and J,. are improved to 52.2% and 10.3 mA/cm?. This shows that the SAM
is influencing the blend active layer morphology and reducing the resistance losses caused
from carrier recombination. Increasing the blend ratio from 1:0.5 to 1:1 show saturation in
the device V. in both the modified and unmodified devices. The Csyp-SAM devices at higher
blend ratios show improvements in J, and FF compared to devices without modification.
The highest PCE reached ~4.5% at blend ratios of 1:0.7. At these ratios, the Cgo-SAM
effect on the bulk morphology to improve solar cell efficiency is minimized. Therefore,
the improvement from the Ceo-SAM at these higher ratios is mainly due to the improved
charge transfer propeities at the interface. '

2.4.2 Influence of BHJ Film Thickness on Inverted Solar Cell Performance. Another pa-
rameter that can influence the performance of the inverted solar cell is the BHI film
thickness. Inverted solar cells from solution concentrations of 10 mg/mL to 60 mg/mL
were spun at 1500 rpm and its effect on the four device parameters are show in Fig. 19.
The optimization of the BHIJ film thickness in these inverted solar cells utilized a blend
ratio of 1:0.7 and an annealing condition of 160°C for 10 min. The V. using a 10 mg/mL
concentration is low ~0.53 V, but as the solotion concentration increases (increasing film
thickness), the V., increases and remains similar ~0.61-0.63 V. The lower V. in the thin
layer may be attributed to the formation of more current leakage pathways in the film
causing higher recombination of charges. As the BHJ film thickness is increased, the J

. also increases due to the higher optical absorbance of the film generating more charge

carriers. With a thin BHJ film (10 mg/mL), the FF is very poor, but increasing the film
thickness leads to fill factors greater than 60%. However, increasing the thickness further
leads to a decrease in fill factor due to the high resistance of the active layer from the poor
charge carrier transport of the organic materials. In the ideal case, the BHJ film thickness
should both maximize photon absorbance and still maintain high carrier mobility to allow
maximum collection of the charges. It is found that the BHJ film thickness of ~200 nm (40
mg/mL} shows the optimum PCE in these inverted solar cells.

2.4.3 Influence of Thermal Annealing Temperature on the Performance of Inverted Solar
Cells. Another processing parameter that can influence the performance of solar ceils is
the thermal annealing of the BHJ blend. Annealing can change the blend morphology and
segregation of donor/acceptor phases which can influence the number of interfaces for
exciton dissociation. The device performance of inverted solar cells with thermal annealing
temperatures from 100~200°C using a BHJ film thickness of ~200 nm, a blend ratio of 1:0.7
and an annealing time of 10 min were studied (Fig. 20). The annealing temperature showed
very minimal effect on Vo until 200°C where it decreased to ~0.57 V. The annealing
temperature shows a maximum Jg in devices with annealing temperatures ~130°C o
160°C. Increasing the annealing temperature further leads to a lowering of the J.. The FF
however shows a dramatic change with annealing temperature. Temperatures below 120°C
lead to fill factors below 50%. Further increasing the temperature from 130°C to 170°C
leads to fill factors as high as 65%. However, increasing temperatures beyond 170°C leads
to a reduced fill factor. This drastic change in the fill factor is explained by the evolution of
the blend morphology as characterized by AFM (Fig. 21). Low annealing temperatures are




496 . S. K. Hau et al.

070 —
— G SAM n‘E" 12| —=—Cgy-SAM /l
L7}
~ 0651 E |
< oso} — T—d—— | »
. w sl
s :
> 055} a
g Bl
6 0.50F 8 [1s
=
g :
O 045} & 2t
@] g ()
0.40 t + u y t + ﬁ 1] + t t U U t
10 20 30 40 50 80 10 20 30 40 56 . 680
Concentration (mgiml) . Congentration {mg/ml)
0.70 - — 5
—e—C_.-SAM —a—C-5AM
60 - 60
D65} /{ R
‘ L.
0680} — 4
= 055} / 3t .
2 £
T 050} £ .
. 02
= 045¢ gl
D40}
1k
035
© (d)
0.30 ¥ t J + ¥ + 0 t t - U + + .
10 20 k4] 40 50 80 10° 20 30 40 50 80
Concentration {(mgimi) Concentration {mg/ml)

Figure 19. Plots of the four device parameters (a} Vo, (b) Jy., (¢) FF, and (d) PCE as a function of
solution concentration of P3HT:PCBM blends spincoated at 1500 rpm (changes in thickness of active
layer) in inverted ZnO-NPs/ Cg-SAM/P3HT:PCBM sular cells. Adapted with permission from.*
(C)2010EEE.

insufficient to allow the P3HT and PCBM to interact strongly which causes poor mobility
in the phases of the organic materials leading to high carrier recombination. At elevated
temperatures (130°C to 160°C), the thermal energy required for both the P3HT and PCBM
to pack and interact is sufficient to allow the phases to segregate into the optimum nanophase
morphology. At higher temperatures (170°C to 200°C), the size of the phases begin 1o grow
as indicated by the AFM images. These larger phases lower the number of interfaces for
exciton dissociation causing higher charge catrier recombination therefore decreasing the
J. and FF. The optimum annealing temperature leading to the PCE is at 160°C.

2.4.4 Influence of Thermal Annealing Time on the Performance of Inverted Solar Cells.

In addition to the annealing temperature, the annealing time can also influence the final
performance of polymer-based solar cells. Based on previously optimizing the BHJ blend
ratio, BHJ film thickness, and annealing temperature device using a blend ratio of 1:0.7,
thickness ~200 nm, and annealing temperature ~160°C were studied. The BHI layers
were varied.from no annealing to 60 min of thermat annealing as shown in Fig. 22. Inverted
devices without annealing and annealed for 60 mins show changes in V,, from ~0.60
V to 0.62 V and J; from 9.5 mA/cm? to 10.3 mA/cm? The fill factor is found to be
sensitive to the annealing time having fill factors lower than 45% when the active layer
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Figure 20. Plots of the four device parameters (a) V... (b) J.., (¢) FE, and (d) PCE as a function
of thermal annealing temperatures of P3HT.PCBM biends from no annealing to 200°C in inverted
ZnO-NPs/ Cep-SAM/P3HT:PCBM solar cells. Adapted with permission from.% (§)2010EEE. -

is not annealed. After 1 min of annealing, the fill factor increases to ~57% and further

increases to over 65% after 5 mins of thermal annealing. With 10 mins of annealing, the
PCE showed optimum performance with efficiencies over 4%. Annealing for longer times
(60 min) show very little change in efficiency when compared to devices annealed. at 10
min indicating that shorter annealing times at a annealing temperature of 160°C is sufficient
to optimize the BHJ blend morphology. Optimizing the processing conditions for the BHJ
active layer allows understanding of the processing control required to maintain high device
performances for potential large-scale production of these inverted based solar celis.

2.5 Optimization of Electrodes in Inverted Polymer Solar Cells

2.5.1 Influence of the Top Metal Anode Electrode on the Performance of Inverted Polymer
Solar Cells. The performance of polymer-based solar cells can also be influenced by the
nature of charge collection at the interface of the active layer and electrode. For a single

‘component dicde, the metal-insulator metal (MIM) model suggests that the V is given

by the difference between the work functions of the anode and cathode.%%” This holds as
long as one or both of the contacts is non-Ohmic in nature. If the work function of either
electrode coincides with or is smaller than the LUMO or greater than the highest occupied




: (unuo Jo103 W 3|qe|iear 33L]) “FAFO10TD) ¢y woly uoissiusad yim pardepy wif g0 x wrf ¢ are safeun
WAV 24 J0J 3Zis ueds sy, ‘saanesadwa 3urjesuue ._u:mE. Wi saseyd JoF1e] oy saseqd LHE W) JO UODMIOAD UT mOYs saFew] “oqupauelo-gt] Aq parciual
aseyd NHDd 242 Y D007 O Suipauue ou WOy Spualq SjAd 18108 WL LHEAYS-%D /SIN-QUZ PausAaul pa[esuue AjjBwiay) JO safeult WAV

‘1z andg

498

A



I T T IR T e T L il B

Development of Inverted Polymer Solar Cell Architecture 499

0.84
"~ | T*CerSAM ~‘E 12} —e—C,"SAM
2 — + £
g o2} gop F
“ k.
y i
S oso} a
- i E 13
g 5
Q O 4}
§ 058F =
] g ol
@| %
I I ) I SN N
v T T v T L T T A L] T T T L] L] A L) L)
S T % % 40 % 6 B ¢ 10 2 3 40 50 6
Annealing Time {min) | Annealing Time {min)
- : 5
070} ——¢C, - ’ —— . .-SAM
[ cww . ; 60 [ T
0.5} L —1 4 L t
0.60
3 3
.g 055} £
L w
= 050} a2k
T &
045}
! 1}
0.40}
(©) : (d)
0.35— t y t t f—r—t ob— 4 ' ' } ——
0 10. 20 30 4 50 80 . 0 10 20 30 40 50 "80
~ Annealing Time {min) Annealing Time {min)

Figure 22. Plots of the four device parameters (a) Vo, (b} J. () FF, and (d) PCE as a function of
thermal annealing time of PAHT:PCBM blends from no annealing to 60 min annealing in inverted
ZnO-NPs/ Ceo-SAM/P3HT-PCBM solar cells. Adapted with permission from.** ©2010EEE.

molecular orbital (HOMO) of the semiconductor, the Fermi level of that elecirode pins at
the appropriate energy level. Under these conditions, the V. cannot exceed the band-gap
of the polymer. However, with the incorporation of an electron acceptor material in a BHJ
system, Vo is limited to the difference between the HOMO of the donor and the LUMO
of the acceptor.

Different top metal contacts for inverted solar cells are examined and the device
characteristics are summarized in Table 6. Device fabricated with the top anode electrode
using Ag, Cu, Au, and Pd show very similar PCE and almost no change in V.. However,
with inverted devices fabricaied with Al and Ca/Al show a lower PCE. The Ji; of the Al
and Ca/Al devices were 6.7 and 0.2 mA/cm?, respectively. These values are much lower
than the devices using higher work function electrodes which had average Jsc of ~10
mA/cm2 X-ray photoelectron spectra show that Al reacts to form chemical bonds with the
sulfonic acid moiety of PEDOT:PSS 8 resulting in a thin insulating layer. Calcium is also
susceptible to moisture and likely oxides very rapidly in air leading to similar interfacial
degradation. Higher work function electrodes such.as Au and Pd show inverted solar cell
efficiencies of 3.9% and 3.8%, respectively. The best device in this series of electrodes uses
Ag as the anode with average efficiencies over 4%. Interestingly, Cu as an anode electrode
also shows similar device performance having efficiencies of 3.8%. The data demonstrates




500 S. K. Hau et al.

Table 6
Average dewce performance of inverted ZnO-NPs/P3HT.PCBM bulk-hetemJunction S0-
lar cells fabricated with different top metal electrodes. Adapted with permission from.53

©2010BEE
Anode Electrode Voc (V) Jsc (mA/cm?) - - FF (%) PCE (%)
Pd 063 97 61.9 338
Au 062 10.2 61.7 3.9
Cu , 0.62 10.0 61.6 3.8
Ag 0.62 103 62.3 40
Al 0.61 6.7 60.5 2.5

Ca/Al 0.61 . 0.2 46.2 0.1

that given the proper device architecture, even inexpensive electrodes can be utilized to
gencrate high efficiency solar cells. This has implications for reéducing fabrication cost for
large-scale fabrication of polymer-based solar cells,

2.5.2 Selution Processed, Vacuum-Free Electrodes for Inverted Polymer Solar Cells.
2.5.2.1 Silver Nanoparticles as the Top Metal Anode in Inverted Polymer Solar Cells.
Ideally, all the processing of the active layers and electrodes as well as encapsulation

should be done under ambient conditions. However, this cannot be achieved with the

typical conventional architecture which requires both high vacuum for metallization and an
inert environment for encapsulation to produce the final solar cell. The inverted architecture
has been shown previously to maintain high efficiency even with the use of higher work
function electrodes. These higher work function metal electrodes like Ag ¢an be done by

printing and coating techniques which can be easily integrated into the roll-to-roll type

processing. In our inverted device architecture, PEDOT:PSS is utilized between the active
layer and the top metal electrode. Because PEDOT PSS provides a good protective layer to
the active layer, a method was developed to process solution processible-Ag- nanoparucles
as the top metal electrode in inverted solar cell devices.

The top metal electrode in these inverted solar cell devices was processed by spray-
coating a solution of the Ag-nanoparticles through a mask to define the device area. The
spraycoating process and final coating can be controlled by changing variables including
the solution viscosity, spray pressure, the spray distance from sample, spray time, and the
number of spray coats. In this study, the variables other than the number of coats were
held constant. The J-V characteristics and device performance parameters for the different
number of Ag-nanoparticle coating layers is shown in Fig. 23 and Table 7. Devices with
a coating of 20 layers show a low I of 7.7 mA/cm?, FF of 44.5%, and PCE of 2.1%.

Increasing the coating layer to 100 coats shows a saturation of Jy; to 8.3 mA/cm?. A sig-

nificant improvement in the FF is observed from 20 coats (44.5%) to 100 coats (59.6%)
which are attributed to the reduced resistance of the Ag-nanoparticle electrode with the
thicker coating. Devices fabricated with the 100 layer coating of the Ag-nanoparticles show
an average device efficiency of ~3.0%. Devices using a vacuum deposited Ag electrode
have a J., FF, and PCE of 9.3 mA/cm?, 62.2% and 3.6% respectively. The Ag spraycoated
electrode has a 0.6% difference in PCE compared to the device with the evaporated Ag
electrode.

y
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Figure 23. Illuminated J-V characteristics of inverted ZnQ NP/Cg-SAM/P3HT:PCBM bulk-
heterojunction solar cells fabricated on glass/ITO by spraycoating Ag-NPs (from 20-100 coats)
or evaporating Ag as the anode electrode. Adapted with permission from.™* Copynghl 2009 Elsevier.
(Figure available in color onling)

Electrical (four-point probe) and optical (UV-Vis, SEM) characterization of the Ag
spraycoated and Ag evaporated electrodes were compared to rationalize the reason for the
differences in efficiency. Electrical four-point probe measurements and optical SEM images
on a 20 layer coating show a poor Ag-nanoparticle interconnectivity which is the reason for
the low efficiency from these devices (Fig. 24(b)). Increasing the layer coating to 40 gave
a sheet resistance of 7.55 €2/sq while further increasing it to 100 tead to a sheet resistance
of 0.71 £2/sq which is comparable to the evaporated electrode (0.51 ©/sq). The lower sheet
resistance from the 100 coating layer of the Ag-nanoparticles is the reason for the similar fill
factors in both the Ag spraycoated and Ag evaporated elecirodes. This still does not explain

the difference in efficiency between the 100 layer coating and Ag evaporated electrode. To

Table 7
Average device performance of inverted Zn( NP/Cg-SAM/P3HT:PCBM bulk hetero-
Junction solar cells fabricated on glass/ITO and plastic/ITO substrates by either vacuum
deposition of Ag or spraycoating of Ag-NPs as the anode electrode. Sheet resistance of vac-
uum deposited Ag and different spraycoated Ag-NPs electrodes, Adapted with permission
from.'* Copyright 2009 Elsevier

_ Voc Jsc FF PCE Ag Sheet

Electrode Deposition (V) (mA/em? (%) (%) Resistance (S200)
Vacuum (.61 9.3 622 36 0.51
Vacuum (Plastic) 0.61 8.3 34.3 1.7 -
Spraycoat (20 coats) 0.61 7.7 445 2.1 -
Spraycoat (40 coals) 0.61 8.2 542 27 7.55
Spraycoat (60 coats) 0.61 82 . 566 28 347
Spraycoat (80 coats) " 0.6l 8.2 58.1 29 1.84
Spraycoat (100 coats) 0.61 3.3 396 30 0.71
Spraycoat (100 coats) (Plastic) 0.60 6.9 34.0 14 -
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Figure 24. (a) Photograph of polymer solar cells using an Ag spraycoated electrode (left) and Ag.

evaporated electrode (right). SEM images of (b) spraycoated Ag-NPs (20 coats) after annealing at
120°C for 5 min; (c) spraycoated Ag-NPs (100 coats) after annealing 120°C for 5 min; (d) 100 nm
evaporated Ag. Scale bar: 200 nm. Adapted with permission from." Copyright 2009 Elsevier. (Figure
available in color online)

explain the reduced efficiency, UV-Vis measurements were performed on the electrodes in
the range from 300-800 nm, The transmission near the P3HT absorbance peak (~550 nm)
of the different layer coatings show a transparency of ~45% for a 20 layer coating (Fig.
25). After increasing the layer coating to 80 and 100, the transmission at 550 nm is reduced
1o ~12% and ~9%, respectively. These values are still higher than the evaporated Ag film
at 550 nm which is ~1%. SEM images of the Ag-NPs film with a layer coating of 100
compared to the Ag evaporated film show a less dense film morphology (Fig. 24(d)). The
smoother and denser Ag evaporated film improves the reflectivity of Ag which improves the
photocurrent density of the solar cell. This spraycoating technique was also demonstrated
onto flexible ITO substrates showing efficiencies as high as 1.4%. This is comparabie to Ag
evaporate electrodes on these flexible ITO substrates which showed efficiencies of 1.7%.
This approach removes the need to use high vacuum to deposit the top electrode allowing
the possibility for roll-to-roll fabrication of solar cells.

2.5.2.2 Indium Tin Oxide-Free Inverted Solar Cells using Conducting Polymers as
Electrodes. Indium tin oxide (ITO) has been utilized as the semi-transparent conducting
electrode for development of organic solar cell. However, ITO is typically processed at
elevated temperatures to improve crystallinity and conductivity, therefore the process is
not ideal for flexible roli-to-roll solar cell fabrication. 1TO with lower conductivity can
be processed onto flexible plastic substrates, but the brittleness of ITO leads to significant
degradation in conductivity and device performance due to the formation and propagatlon
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Figure 25. UV-vis transmission spectrum of spraycoated Ag-NPs electrodes from 20 to 100 coats
compared.to a 100nm Ag evaporated electrode on glass substrates. Adapted with permission from. '
Copyright 2009 Elsevier. {Figure available in color online) .

of cracks. The increasing costs of indium may also prevent large-scale usage of ITO as an
electrode material for low-cost polymer-based solar cells. Therefore replacement of ITO
as the semi-iransparent electrode is needed. A particular organic based electrode material
of interest is conducting PEDOT:PSS due to iis solution processibility which makes them
compatible with the concept of large-scale roll-to-roll processing. '
The use of PEDOT:PSS as a semi-transparent electrode to replace ITO is evaluated
by measuring both the transparency and sheet resistance of different thicknesses of PE-
DOT:PSS processed with DMSO (Fig. 26).%° UV-Vis spectroscopy of various thicknesses

100
804
9
- 60'
[&]
C
oL
S 40 ——ITO {15 ohmisq ]
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20 i 175 nim PH500 - 5% DMSO [220 ohmisq]
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0 v
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Figure 26. Transparency vs. wavelength of varying thicknesses of PEDOT.PSS —5% DMSO elec-
trodes on glass as compared 1o transparency of ITO on glass as referenced against air. Legend also

indicates corresponding sheel resistances obtained as measured by four-point probe. Adapted with
permission from.® Copyright 2009 Elsevier. (Figure available in color online) ’
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Figure 27. Device architectures of the inverted solar cells with ITO or PEDOT.PSS-DMSCO
electrodes. Adapted with permission from.*® Copyright 2009 Elsevier. (Fxgurc available in color
online)

Architecturel

of PEDOT:PSS show that a ~130 nm thick PEDOT:PSS layer has comparable transparency
to the ITO. The sheet resistance of the PEDOT:PSS layer however, is ~25 times higher
than that of ITO (15 §/00). Increasing the PEDOT:PSS thickness to ~220 nm leads to a
reduction in sheet resistance to as low as 160 £/, but also shows a decrease in transparency
due to the absorbance from the PEDOT:PSS film.

Inverted solar cells fabricated with different electrode PEDOT PSS thicknesses is com-
pared to devices fabricated from ITO. The device configuration of these two architectures -
is shown in Fig. 27. The J-V characteristics and device performance parameters are shown
in Fig 28(a) and Table 8. Devices using a thin PEDOT:PSS layer (~40 nm) have an average
T of 9.6 mA/cm?, FF of 39.4% and a PCE of 2.3%. A PEDOT:PSS electrode thickness
of ~130 nm improved the overall PCE to ~3.19%. However, a lower average Joe 0f 9.4
mA/cm? was observed while an increase in FF to 53.3% is observed. Further increasing the -
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Figure 28. (a) Yluminated J-V characteristics of inverted devices fabricated from various thick-
nesses of PEDOT:PSS —5% DMSO as cathode electrodes on glass as compared to ITO-based cath-
ode electrodes. (b) Illuminated J-V characteristics of inverted devices fabricated from PEDOT.PSS
—5% DMSO cathode electrodes on plastic substrates and ITO-based cathode electrodes on plas-
tic substrates. Adapted with permission from.%® Copyright 2009 Elsevier. (F’gure available in color
onling)
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. Table 8
Average device performance of inverted ZnQ NP/Cg-SAM/P3HT:PCBM bulk-
heterojunction solar cells fabricated using glass/PEDOT:PSS, plastic/PEDOT:PSS,
glass/ITO and plastic/ITO as the cathode electrode and vacuum deposited Ag as the anode
electrode. Adapted with permission from.%° Copyright 2009 Elsevier

Electrode Voc Jsc FF PCE
Electode (cathode) : " (anode) 4%] (mA/cm?) (%) (%)
ITO/glass Ag 0.62 10.3 666 4.2
PEDOT:PSS (~40 nm)/glass Ag 0.61 9.6 394 23
PEDOT:PSS (~130 nm)/glass Ag 0.61 9.4 53.3 LN
PEDOT:PSS (~175 nm)/glass Ap 0.61 8.6 57.2 30
PEDOT:PSS (~220 nm)/glass - Ag 0.61 8.2 . 60.0 3.0
ITO/plastic : Ag 0.61 9.9 612 37
PEDOT:PSS (~175 nm)/glass Ag 0.62 "84 57.7 30

' thickness of the PEDOT:PSS films lead to a saturation in PCE to ~3.0%. Interestingly, the

thicker PEDOT:PSS electrodes lead to higher FF, but a reduction in device J5;. This trend
can be correlated to the lower transparency and reduced sheet resistance with increasing
layer thickness. The transparency and sheet resistance of the electrodes are an important
consideration for the development of semi-transparent electrode materials in solar cells as
they can affect both the photocurrent and fill factor. Lower transparency leads to a reduction
of the potential photons that can be absorbed by the active layer therefore leads to lower

. photocurrent densities. Lower sheet resistance minimizes the resistive losses in the solar

cells and improves fill factor. The charges lost from the lateral charge collection through the
PEDOT:PSS electrode become much more apparent with higher sheet resistance. A dra-
matic improvement in the filt factor from 39.4% (~40 nm PEDOT:PSS) to 60.0% (~220
nm PEDOT:PSS) is observed by changing the sheet resistance from 2800 /0 to 160 £2/0.
ITO/glass based solar cells had an average J,. = 10.3 mA/em?, FF = 66.6%, and PCE
of ~4.2%. The higher efficiency of the ITO substrates is due to the higher transparency
{~10% higher) and lower sheet resistance (~10 times less) when compared to the ~220
nm thick PEDOT:PSS electrode.

Devices using PEDCT:PSS as the electrode in flexible substrates show similar perfor-
mance (PCE ~3%) to that of solar cells fabricated onto glass substrates (Fig. 28(b}). The
PCE is still lower in efficiency compared to ITO based plastic substrates which have an
average PCE of ~3.7%. An important consideration for the development of organic solar
cells that is often ignored is the mechanical device stability. Flexible solar cell devices using
ITO and PEDOT:PSS electrodes were subjected to a cyclic bending (bend radius ~7.4 mm)
test to evaluate the mechanical stability. Figure 29(a) shows the J-V characteristics of a
flexible ITC based electrode device subjected to multiple bending cycles. A decrease in
Jsc and FF is observed with devices using an ITO electrode and after 300 bending cycles
showed only a ~50% PCE retention. Devices fabricated from the PEDOT:PSS electrodes
show negligible degradation in Ji; and V., but some slight degradation in FF after multiple
bend cycles (Fig. 29(b)). In contrast to the ITO devices, the PEDOT:PSS electrodes re-
tained ~92% of its original PCE even after 300 bending cycles (Fig 29(c)). Improving the
mechanical stability will become important for commercial realization of low-cost polymer
solar cells. : .
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Figure 29. Plot of illuminated J-V characteristics of inverted devices fabricated from flexible [TO
electrode substrates under multiple bending cycles. (b) Plot of illuminated J-V characteristics of in-
verted devices fabricated from flexible PEDOT:PSS —5% DMSO electrode substrates under multiple
bending cycles. (c) Comparison of the normalized power conversion efficiency of devices fabricated

from flexible ITO and flexible PEDOT:PSS electrodes as a function of bending cycles. Adapted with
permission from.®® Copyright 2009 Elsevier. (Figure available in color online)

3. Conclusions

In conclusion, the inverted device architecture is a promising architecture for the develop-
ment of the more ideal polymer-based solar cell when compared to the conventional device
architecture. This architecture allows for solution processing techniques to deposit the var-
ious layers onto flexible substrates allowing them to be potentially processed by industrial
roll-to-roll type fabrication. In addition, the inverted device architecture is more stable to
ambient due the use of higher work function metals as the top electrode. These higher work
function electrodes also allow for the potential for coating the top metal electrode by a
printing and coating processes that will help to minimize fabrication costs. An integrated
engineering approach to develop materials, devices and improve interfaces and process-
ing to improve the performance of inverted solar cell is described. Amorphous fullerenes
were processed into the BHJ active layer of inverted solar cells showing improved thermal
and morphological stability compared to devices processed with PCBM. The interfaces of
the metal oxides (ZnQ, TiO,) in the inverted architecture were improved by using self-
assembled monolayers which help to improve the charge transfer properties at the interface
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and help to improve the bulk-heterojunction morphology leading to high efficiency solar
cells. Solution processed clectrodes to replace vacuum deposited metal electrodes and ex-
pensive ITO electrodes in inverted solar cells are demonstrated showing the feasibility for
developing roll-to-roll type processing of solar cells. More research in the development of
the inverted solar cell device architecture to further improve the efficiency and roll-to-rolt
type processibility is necessary in order for polymer-based solar cell to be fabricated in
large-scale production. :
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