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ABSTRACT We demonstrate organic photovoltaic cells in which every layer is deposited by solution

processing on opaque metal substrates, with efficiencies similar to those obtained in conventional device

structures on transparent substrates. The device architecture is enabled by solution-processed, laminated silver

nanowire films serving as the top transparent anode. The cells are based on the regioregular poly(3-

hexylthiophene) and Cg; butyric acid methyl ester bulk heterojunction and reach an efficiency of 2.5% under 100

mW/cm? of AM 1.5G illumination. The metal substrates are adequate barriers to moisture and oxygen, in contrast

to transparent plastics that have previously been used, giving rise to the possibility of roll-to-roll solution-

processed solar cells that are packaged by lamination to glass substrates, combining the cost advantage of roll-to-

roll processing with the barrier properties of glass and metal foil.
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rganic bulk heterojunction pho-

tovoltaic (PV) cells fabricated

from both polymers' and small
molecules? show promise as an alternative
to their inorganic counterparts with a po-
tentially lower module cost per peak watt.
Much of this cost reduction relies on the
ability to use high-throughput processing
techniques such as roll-to-roll coating on
low-cost substrates. Both vacuum and
solution-based roll-to-roll coating can be
cost-effective, and the lowest costs will be
achieved when all coating steps are per-
formed either from solution or in vacuum
as this prevents the need to switch between
tools. Metal foil substrates and plastic foils
with opaque metal coatings are particularly
attractive because they are low-cost and,
unlike transparent plastic foil substrates,
have excellent barrier properties against
the permeation of O, and H,0, which would
otherwise lead to device degradation.?~>
However, no high-performance polymer
devices whose active layer is deposited
from solution onto metal foil without the
use of vacuum deposition for some of the
layers have been reported. The goal of this
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work is three-fold: (1) to develop a device
that can be processed onto a substrate us-
ing only solution processes, (2) to eliminate
the costly metal oxide transparent electrode
and replace it with an equivalent that is
solution-processed and equally conductive
and transparent, and (3) to invert the de-
vices optically such that light is not incident
from the substrate side to allow for the use
of opaque metal substrates with good bar-
rier properties.

The organic bulk heterojunction system
used here consists of the donor material re-
gioregular poly(3-hexylthiophene) (P3HT)
and the fullerene derivative [6,6]phenyl Cg;
butyric acid methyl ester (PCBM). This sys-
tem has produced single-junction cell effi-
ciencies over 4%.°~ 8 The most common de-
vice of this type is fabricated using the
superstrate cell structure: glass/indium tin
oxide (ITO)/poly(4,3-ethylene dioxy-
thiophene) (PEDOT):poly(styrene sulfonate)
(PSS)/P3HT:PCBM/AI. Often, a thin evapo-
rated layer of LiF or another alkali metal
containing salt is added between the poly-
mer and Al cathode to lower the barrier to
electron transport at that interface.” More
recently, polymer bulk heterojunction de-
vices have been reported that are electri-
cally inverted.'®”"° The ITO-coated glass or
plastic is still the superstrate, but in these
devices, the ITO functions as the cathode.
To change the workfunction of the ITO, vari-
ous strategies have been used, such as
treatment with Cs,COs using vacuum depo-
sition'® and solution processing,'"'?
solution-processed amorphous TiO,'> '°
and ZnO,'® and self-assembled monolay-
ers.'”” These devices have reached power
conversion efficiencies over 4%.""

However, there remain problems with
this approach. Indium is an expensive
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metal, and ITO is deposited in a time-consuming sput-
tering process, which would damage the underlying or-
ganic if used as a top electrode.® In addition, the brittle
nature of ITO makes it unattractive for use in flexible or-
ganic solar cells.'® Various solution-processable alterna-
tives to ITO have been proposed and used in solar
cells, including carbon nanotubes (CNTs)?°~ 22 and
graphene sheets,?>2° and more recently combina-
tions thereof.?” Even though reasonable device efficien-
cies have been obtained in organic PV cells in which
ITO was replaced with CNTs in the standard device con-
figuration,?’ the properties of CNT films do not com-
pare favorably to ITO. The sheet resistances are around
200 )/0 at the 85—90% transmissivity required for effi-
cient device performance.?>?' The only polymer bulk
heterojunction device reported in which a CNT film was
used as a top electrode in an inverted organic PV cell
on ITO yielded a poor power conversion efficiency of
0.3%.%2 Graphene sheets show similar performance to
CNT films and in addition require very high temperature
annealing steps to obtain conductivities that are still
too low for efficient devices to be fabricated.?>?® Com-
bining the two carbon nanostructures into one elec-
trode still does not result in sheet resistivities and trans-
missivities comparable to ITO.>” Ag nanowire films
remain the only solution-deposited ITO alternative that
meets the performance requirements for photovolta-
ics, at 10 /0 with 85% transmissivity over the wave-
length from 400 to 800 nm,?® and in this paper, we
demonstrate their use as a top electrode.

A few previous organic solar cell device architec-
tures that are ITO-free have been reported, with the lay-
ers deposited in a substrate configuration onto metal.
One structure showed poor device performance using
monochromatic light.?® Another utilizes e-beam evapo-
rated Ti as the cathode and a shadow-masked evapo-
rated Ag grid for the anode, which shades part of the
device area, lowering device performance.>® Semitrans-
parent metal films have been used as transparent top
electrode in vacuum-deposited small-molecule devices
on metal substrates.' ~>* No device has been reported
in which every layer is deposited from solution onto a
low-cost substrate with good barrier properties to yield
promising device efficiencies. Here, we fabricate an effi-
cient P3HT:PBCM bulk heterojunction organic solar cell
on a metal substrate with the active layer, workfunction
adjustment layers, and transparent electrode all depos-
ited from solution.

RESULTS AND DISCUSSION

Fully solution-processed devices on opaque silver
substrates are fabricated in two parts: the lower device
layers, which are spin-cast, and the top transparent an-
ode, which is laminated onto the device. Figure 1a
shows the device structure and a diagram of the lami-
nation process. Cs,CO;3, spin-cast from solution, is used
to reduce the Ag cathode workfunction as described by
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Figure 1. (a) Device structure and lamination process. All layers below the
nanowires are deposited by spin-casting onto the Ag substrate. (b) Cross-
sectional scanning electron micrograph (SEM) in which the Ag film, the or-
ganic layers, and the top Ag nanowire mesh electrode are visible. Nano-
wires sunk into and adhered to the organic layer can be seen at that inter-
face. (c) Top-view SEM of the devices in which the nanowire mesh is shown
to be a continuous network.

Liao et al.'’ This is followed by the spin-cast P3HT:
PCBM blend, and finally, the PEDOT:PSS is spun on top
of the bulk heterojunction layer. Prior to spinning, the
PEDOT:PSS is sonicated for 15 min and then heated at
90 °C for 25 min.3* This approach improves wetting of
the hydrophobic P3HT:PCBM by the hydrophilic PEDOT:
PSS. In this way, each device layer is deposited from so-
lution onto the primary substrate.

The top electrode (anode) is fabricated from a Ag
nanowire mesh. Ag nanowire electrodes have been
shown to have a transparency similar to ITO at a sheet
resistance of ~10 ()/0, appropriate for use in thin-film
photovoltaics.?® Prior to lamination, the Ag nanowire
films are pressed with a clean glass substrate to flatten
the nanowire mesh and remove features that may
otherwise punch through the active layer. The pressed
films are then laminated on top of the PEDOT:PSS sur-
face of the solar cell structures, as shown in Figure 1a. In
a manufacturing process, this step could serve to both
complete the devices and package them, leaving them
between two low-cost, highly protective barrier layers,
glass and metal. This would eliminate the need for ad-
ditional packaging steps and materials, driving down
manufacturing cost. In this case, for laboratory devices,
the glass donor substrate is removed to leave the
nanowires transferred to the PEDOT:PSS as the top elec-
trode. The nanowires sink into the soft polymer layer
and adhere, as is visible at the organic—nanowire inter-
face in the cross-sectional scanning electron micro-
graph (SEM) in Figure 1b. However, some portions of
the nanowires also lift up as the glass is removed, which
is also clearly visible in this micrograph. An SEM of the
top surface of the finished devices is shown in Figure 1c.
The Ag nanowires form a continuous mesh over the de-
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Figure 2. Specular transmission over the range of visible
wavelengths for the organic layers used in the device with
(green) and without (red) the top Ag nanowire mesh elec-
trode. Total (specular plus diffuse) transmission over the
range of visible wavelengths for the organic layers with the
top Ag nanowire mesh electrode (yellow).

vice surface through which current can be conducted
laterally.

Figure 2 shows specular optical transmission data
over visible wavelengths for a device structure without
the Ag/Cs,CO; cathode, deposited on quartz both with
(green) and without (red) a nanowire anode. Also
shown is total optical transmission data collected us-
ing an integrating sphere (yellow) for the same struc-
ture with the anode. The specular transmittance
through the device decreases when the nanowires are
present due to both optical absorption in the nanowires
and due to scattering. The total transmission curve in-
cludes the light scattered through the device by the
nanowires. By comparing the total and specular curves
for the structures with nanowires and averaging over
the visible spectrum, it is shown that 83% of the trans-
mission through the Ag nanowire mesh is specular and
the remaining 17% is diffuse. This plot also shows that,
in the wavelength region from 450 to 650 nm, where
the absorption of the active layer is the strongest, the
decrease in total transmission due to the nanowires av-
erages only 11.8%, resulting in a total transmissivity of
88.2% through the nanowires in this region. Over the
entire visible spectrum, this loss is 16.2%, resulting in a
total transmissivity of 83.8%. Both of these numbers are
consistent with previous reports for the solar transmit-
tance of Ag nanowire meshes with conductivities use-
ful for photovoltaics.®

When J—V curves for these devices were measured
in the dark and under illumination, large dark leakage
currents were observed. Figure 3 shows non-optimized
J—V device data for these devices as fabricated (red) in
the dark (dashed line) and under 80 mW/cm? of AM
1.5G illumination (solid line). The large dark currents
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Figure 3. Current density—voltage (J—V) curves for non-
optimized devices measured as-fabricated (red), following
millisecond pulsing at —5 V (yellow), and at —10 V (green)
in the dark (dashed lines) and under 80 mW/cm? AM 1.5G il-
lumination (solid lines).

are attributed to the roughness of the nanowire elec-
trode, which results in some nanowires extending fur-
ther into the active layer and creating locally thinned
device regions. These preferential current pathways can
be eliminated by applying millisecond long voltage
pulses in forward bias to burn local shorts. Figure 3 also
shows J—V curves in the dark (dashed lines) and under
illumination (solid lines) following an applied pulse of
—5V (yellow) and —10 V (green).

J—V curves in the dark (green dashed line) and un-
der 100 mW/cm? AM 1.5G illumination (green solid line)
are shown in Figure 4. For the device structure de-
scribed above, with a device area of 2 mm?, the open
circuit voltage is Voc = 0.51V, the short circuit current
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Figure 4. Current density—voltage (J—V) characteristics for
the partially optimized organic PV cells in the dark (dashed
lines) and under 100 mW/cm? AM 1.5G illumination (solid
lines). The green curves are for a device with the structure
Ag/Cs,CO;/P3HT:PCBM/PEDOT/Ag nanowire mesh. The red
curves are for the same device structure, omitting the Cs,CO;
interface layer.
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density is Jsc = 10.59 mA/cm?, and the fill factor is 0.46.
This yields a power conversion efficiency of n = 2.5%.
These devices retain some conduction through a shunt,
as seen in the dark J—V characteristics. This is attrib-
uted to the remaining roughness of the nanowire elec-
trode and the resulting locally thinned device regions,
which produce a shunt resistance of 1 kQ/cm?2 The Vo
of these devices is around 100 mV lower than the best
devices made in the standard configuration.®” 8 This
may be partially due to the lack of chemical or struc-
tural modifications that occur when the metal cathode
is evaporated onto the polymer in superstrate de-
vices.?® This alters the barrier to charge transport at
this interface and could play a role in lowering the Voc.
Also shown in Figure 4 are the J—V characteristics
of a device without the Cs,CO; treatment of the Ag
cathode in the dark (dashed red line) and under illumi-
nation (solid red line). V¢ is reduced to 0.19 V, Jsc to 7.8
mA/cm?, and the fill factor to 0.32, resulting in a power
conversion efficiency of = 0.6%. The increase in leak-
age current originates from the use of a thicker, non-
optimized nanowire electrode in this device. These re-
sults show that the Cs,COs layer enhances charge
collection and transport between the Ag substrate and
the organic layers. This is consistent with reported find-
ings for both solution-processed and evaporated
Cs,CO; interface layers, which have been found to lower
the Ag workfunction to 3.45 eV (spin-cast Cs,COs), 3.06

EXPERIMENTAL SECTION

Device Preparation. All device preparation steps are carried out
in a nitrogen glovebox. The PV cells are built on an opaque 150
nm thick vacuum-deposited, patterned Ag film on precleaned
glass. The glass substrate is not essential but provides a conve-
nient way to handle the substrates during the subsequent spin-
coating steps. Cs,CO; (Aldrich) in 0.2 wt % 2-ethoxyethanol solu-
tion is spun onto the Ag film and then annealed for 20 min on
a hot plate at 150 °C to reduce the cathode workfunction."’
Samples for XPS are completed after this step and removed from
the glovebox for measurement. For photovoltaic cells, the
Cs,CO0s layer is followed by spinning on a 2.5 wt % 1:1 P3HT
(Rieke Metals, Inc.):PCBM (Nano-C, Inc.) blend from ortho-
dichlorobenzene at 600 rpm for 45 s. The films are allowed to
dry in a covered Petri dish and are then annealed at 110 °C for
10 min to evaporate remaining solvent. The PEDOT:PSS (Clevios
CPP 105D, H.C. Starck) is sonicated for 15 min and heated at 90 °C
for 25 min* and is then spun on top of the bulk heterojunction
layer. The device is then annealed at 130 °C for 25 min, which
smoothes the PEDOT:PSS surface and evaporates water left in
the film.

Electrode Fabrication. The Ag nanowire mesh is prepared on a
separate precleaned glass substrate by drop-casting a suspen-
sion of Ag nanowires and allowing them to dry while agitated on
a shaker.?® The glass is dipped in an aqueous poly-L-lysine solu-
tion (0.1% w/v, Ted Pella) for 5 min prior to coating to increase its
affinity for the nanowires. The mesh films are then annealed at
180 °C for 1 h to lower the sheet resistance.?® The as-prepared Ag
nanowire films are pressed with a clean glass substrate at 5.9 X
10 psi for 30 s to flatten the nanowire mesh. The pressed films
are then laminated on top of the PEDOT:PSS surface of the solar
cell structures under the same pressure for 1 min. The glass do-
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eV (spin-cast Cs,CO;s after annealing),'" and 2.2 eV
(vacuum-deposited Cs,CO5)."°

CONCLUSIONS

In summary, we report fully solution-processed or-
ganic photovoltaic cells that are electrically and opti-
cally inverted on opaque Ag cathodes. This device
structure is made possible through the use of lami-
nated Ag nanowire meshes as the top transparent con-
ducting electrode. These electrodes are currently the
only solution-processed ITO alternative that has a per-
formance comparable to sputtered transparent con-
ducting oxides, and in this work, we demonstrate their
transfer and use as top electrodes. The fabricated PV
cells reach a power conversion efficiency of 2.5% un-
der 100 mW/cm? of AM 1.5G illumination, and because
they are deposited onto metal, they have unique ad-
vantages. Metals are exceptional barriers to moisture
and oxygen,® and they can be textured or shaped into
different form factors to enhance light trapping.>¢>”
Hermetic cell packaging can be achieved by laminat-
ing these cells to glass. Such an approach retains the
throughput advantages of roll-to-roll deposition but
uses glass substrates as a barrier and convenient form
factor for panel installation. These cells are also poten-
tially useful as components in tandem cells that are not
constrained by current matching. Because they are ITO-
free and fully processed from solution, their cost is po-
tentially very low.

nor substrate is removed to leave the nanowires transferred to
the PEDOT:PSS as the top electrode.

Electrical Measurements. For current density—voltage (J—V)
measurements, the bottom Ag anode is exposed by dissolving
the nanowires and polymer layers with acetone, while the nano-
wire electrode is contacted on top with a soft probe consisting
of a fine (100 m diameter) Au wire. The Ag cathode is contacted
with a hard probe. J—V measurements are conducted in air in
the dark and under 100 mW/cm? of AM 1.5G illumination, using
an Agilent 1455 C semiconductor parameter analyzer. We note
that no spectral correction factor was used to correct Jsc and .

Optical Measurements. Specular transmission measurements
are taken using a white light source with a monochromator and
a silicon photodiode (Newport Corporation). An integrating
sphere is placed between the sample and the photodiode for to-
tal (specular plus diffuse) transmission measurements.
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