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1. Introduction

Transparent top electrodes for solid-state dye-sensitized solar cells (ssDSCs) ) .
Solid-state dye-sensitized solar cells!*?l

allow for fabrication of mechanically stacked ssDSC tandems, partially trans-
parent ssDSCs for building integration, and ssDSCs on metal foil substrates.
A solution-processed, highly transparent, conductive electrode based on
PEDOT:PSS [poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate)] and
spray-deposited silver nanowires (Ag NWs) is developed as an effective top
contact for ssDSCs. The electrode is solution-deposited using conditions and
solvents that do not damage or dissolve the underlying ssDSC and achieves
high performance: a peak transmittance of nearly 93% at a sheet resistance
of 18 Q/square — all without any annealing that would harm the ssDSC. The
role of the PEDOT:PSS in the electrode is twofold: it ensures ohmic contact
between the ssDSC 2,2",7,7’-tetrakis-(N,N-di-p-methoxyphenylamine)9,9’-

(ssDSCs) have been developed as a stable
alternative to dye-sensitized solar cells
based on a liquid electrolyte and have
achieved record efficiencies over 7%.1
Solar cells using a similar structure,
but sensitized using a hybrid organic-
inorganic  pervskite, termed meso-
superstructured solar cells (MSSCs),l*¢
have attained efficiencies of over 12%.U"]
Almost all MSSCs and ssDSCs are built
on a fluorine-doped tin oxide (FTO)-glass
transparent bottom electrode and use

an evaporated metal layer for the hole-
collecting top electrode. This architecture
restricts ssDSCs and MSSCs to fabrication
on glass substrates, requires illumina-
tion from the bottom electrode and only
allows for fabrication of opaque solar cells.
Development of a low-sheet resistance top
electrode that can be deposited without
damaging the underlying ssDSC or MSSC
removes these restrictions and opens up
the possibility of new device architectures.

Applying such a top electrode to make a
semitransparent ssDSC allows for the use
as a large bandgap solar cell in a tandem architecture. Since
both ssDSCs and MSSCs have achieved open circuit voltages
of over 1 V,*89 they are attractive candidates for large bandgap
absorbers to be used in conjunction with a with low-bandgap
absorber such as CIGS or Si.ll% In such a tandem device, an
efficient semitransparent ssDSC must be fabricated with two
transparent electrodes, allowing for unabsorbed low energy
photons to pass through ssDSC and be absorbed in the lower
bandgap solar cell.'] In a similar architecture to a tandem
device, upconverting materials can be used to expand the
photoresponse of a semitransparent solar cell by absorbing
sub-bandgap light passing through the device and re-emitting
higher energy photons.'8 By themselves, semitransparent
ssDSCs can be utilized in building-integrated photovoltaic win-

spirobifluorene (Spiro-OMeTAD) overlayer and the silver nanowires and it
decreases the series resistance of the device. Semitransparent ssDSCs with
D35 dye fabricated using this Ag NW/PEDOT:PSS transparent electrode show
power conversion efficiencies of 3.6%, nearly as high as a reference device
using an evaporated silver electrode (3.7%). In addition, the semitransparent
ssDSC shows high transmission between 700-1100 nm, a necessity for use
in efficient tandem devices. Such an electrode, in combination with efficient
ssDSCs or hybrid perovskite-sensitized solar cells, can allow for the fabrica-
tion of efficient, cost-effective tandem photovoltaics.
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dows. Additionally, the development of a transparent top elec-
trode allows for fabrication of ssDSCs on opaque bottom sub-
strates. Since ssDSCs require sintering at 450 °C, a temperature
too high for most plastics, it is difficult to build flexible ssDSCs
using the conventional architecture. With a transparent top
electrode, ssDSCs can be roll-to-roll fabricated on metal foils,
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allowing for easier deposition and processing, lower materials
costs and flexible devices.

Previous efforts in fabricating a transparent top contact
for ssDSCs have utilized a thin metal layer with sputtered
tin-doped indium oxide (ITO),!! but this electrode requires
vacuum processing and has shown relatively high series resist-
ance and low transmittance since ITO must be deposited at
a low temperature to avoid damaging the organic hole trans-
port material. Silver nanowires are a promising candidate for
a top electrode in ssDSCs due to their high transparency, low
sheet resistance and ability to be solution processed.l?*-*’! Silver
nanowire meshes have achieved sheet resistances below 10 Q/
sq at transmittances of greater than 90% at 550 nm,?%! figures
of merit necessary for incorporation into large-scale solar
modules,*”?8] and have been incorporated in a variety of solar
cells.?%-38] Typically, silver nanowires are deposited on glass,
receive post-treatment such as annealing to optimize transmis-
sion and conductivity, and then are used as a bottom substrate
for solar cell fabrication. However, deposition of silver nanow-
ires on top of an ssDSC requires careful choice of deposition
technique and parameters to prevent damage to the under-
lying device. As typical silver nanowire annealing temperatures
(180 °C) cause rapid ssDSC degradation, the deposited silver
nanowires must obtain low sheet resistances and high trans-
mission without any annealing. Techniques such as fabricating
the nanowires on a separate substrate and then transferringl>”!
using pressure and/or temperature often result in breakage of
the ssDSC substrate. Finally, the silver nanowire electrode must
make ohmic contact with the hole transport material, requiring
deposition and optimization of a interfacial layer with low con-
tact resistance, once again without damaging or dissolving the
underlying device.

Here, we describe the fabrication of efficient ssDSCs using
a completely solution-processed Ag NW/PEDOT:PSS electrode
and analyze the optical and electronic properties of the device.
These devices show efficiencies similar to those using an evap-
orated metal electrode, low series resistances, and allow for
high transmittance of below-bandgap light. Such a transparent
electrode should be compatible with other solar cells employing
similar device structures such as MSSCs.

2. Device Architecture
2.1. Overview

A schematic of the device architecture is shown in Figure 1,
along with scanning electron microscopy (SEM) images of
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the device cross section. The structure and fabrication pro-
cedure is exactly the same as a standard ssDSC except for
the omission of the evaporated silver top electrode. Instead
of this electrode, a conductive poly(3,4-ethylenedioxythio-
phene):poly(styrenesulfonate) (PEDOT:PSS layer; Clevios
CPP-105D) is deposited by spin coating, followed by spray
deposition of Ag NWs (donated by Blue Nano Inc.) from
methanol. The CPP-105D formulation of PEDOT:PSS is used
due to its ability to be deposited on hydrophobic surfaces
and its relatively high conductivity. The PEDOT:PSS disper-
sion was diluted with isopropyl alcohol as it was found that
the underlying Spiro-OMeTAD (2,2,7,7"-tetrakis-(N,N-di-p-
methoxyphenylamine)9,9”-spirobifluorene) layer is insoluble
in most alcohols. Deposition of the PEDOT:PSS layer required
sonication of the dispersion before spin coating, or agglomera-
tion of the PEDOT:PSS in solution resulted in poor films. The
CPP-105D formulation of PEDOT:PSS was also chosen for its
resistance to dissolution by solvents; once the PEDOT:PSS
layer was dried, it was not removed during subsequent
nanowire deposition. It is difficult to measure the thickness of
the PEDOT:PSS layer on the solar cell, as there is not enough
contrast between the Spiro-OMETAD overlayer and the
PEDOT:PSS interfacial layer in the SEM image (Figure 1d).
However, the spin coating conditions used in making devices
resulted in an 85-nm-thick PEDOT:PSS layer on a glass sub-
strate. As discussed in subsequent sections, the purpose of
the PEDOT:PSS layer is twofold: to allow for ohmic contact
between the Spiro OMeTAD overlayer and the nanowire elec-
trode, and to decrease the series resistance caused by lateral
transport of charges between the nanowires.

Spray deposition of Ag NWs has been shown to produce uni-
form films of silver nanowires.*"! Here Ag NWs were deposited
out of a methanol solution directly onto the PEDOT:PSS layer
using a custom-built spray deposition system with a nitrogen
gas driven atomizer nozzle. Solvent damage to the underlying
Spiro-OMETAD layer can be eliminated during wire deposi-
tion by carefully choosing key deposition parameters (such as
nozzle height, Ag NW solution flow rate and N, pressure) to
minimize the amount of liquid solvent that reaches the device
surface. Methanol was chosen as the solvent for the Ag NWs for
its low boiling point, further reducing the amount of solvent
reaching the device. While Spiro-OMeTAD and PEDOT:PSS
are only minimally soluble in alcohols, solvent on the device
may remove additives in the Spiro-OMeTAD, causing damage
to the device. Heating during spray deposition was found to
degrade the ssDSC and so spray deposition of the Ag NWs was
done at room temperature. Ag NW mesh density (and thus

1658  wileyonlinelibrary.com

Figure 1. a) Schematic diagram of semitransparent ssDSC device. The device consists of a 400-nm-thick F:SnO, (FTO) layer, 100-nm-thick compact
TiO, layer, 2-um-thick dye-sensitized active layer, 200-nm-thick Spiro-OMeTAD overlayer, approximately 85-nm-thick PEDOT:PSS layer and solution
deposited silver nanowires. b) SEM image of semitransparent ssDSC cross section at 20° angle of incidence. c) SEM image of Ag NW/PEDOT:PSS
electrode at normal incidence. d) SEM image of the PEDOT:PSS/Ag NW composite electrode at 3° angle of incidence, showing that the wires are
embedded in the PEDOT:PSS layer.
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Figure 2. a) Current-voltage characteristics of ssDSC sensitized with
D35 dye with no PEDOT:PSS interfacial layer. The J-V shows a distinc-
tive s-shape, which causes a low fill factor (FF) and efficiency (Eff). b)
Energy level diagram of ssDSC. The work functions of the Spiro-OMeTAD,
PEDOT:PSS and Ag NWs were measured by PESA, while other energy
levels are approximate and shown for comparison.

transmission and conductivity) is easily controlled by varying the
concentration of wires in solution. As can be seen in Figure 1c,
the silver nanowires form a sparse, uniform, well-dispersed
mesh with maximum wire-to-wire gaps on the order of 1-2 um.
At higher magnification, it can be seen that the spray-deposited
wires actually appear to embed into the PEDOT:PSS layer
(Figure 1d), likely due to partial solvation of the PEDOT:PSS
layer during spray deposition.

2.2. Role of the PEDOT:PSS Layer

The main purpose of the PEDOT:PSS interfacial layer is to
ensure ohmic contact between the Spiro-OMeTAD and silver
nanowires. As shown in Figure 2a, ssDSCs fabricated with
no PEDOT:PSS layer display "s-shape" current—voltage char-
acteristics, typically indicative of a barrier to charge trans-
port.l Photoelectron spectroscopy in air (PESA) reveals
that the work function of the as-sprayed nanowires is 4.5 eV
(Figure S1 in the Supporting Information), while the work
function of Spiro-OMeTAD is 5.2 eV (ssDSC energy level dia-
gram depicted in Figure 2b). It is hypothesized that this energy
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level discrepancy is responsible for the energetic barrier seen
in ssDSCs without an interfacial layer, and a more detailed
discussion is provided in the Supporting Information. The
work function of PEDOT:PSS was measured to be 5.0 eV, cor-
responding to a better energetic match with Spiro-OMeTAD.
Thus the disappearance of the s-shape current—voltage charac-
teristics observed when using an interfacial PEDOT:PSS layer
may be attributed to the better work function match between
PEDOT:PSS and Spiro-OMeTAD than between Spiro-OMeTAD
and the as-sprayed silver nanowires.

A second important function of the PEDOT:PSS layer is to
facilitate lateral charge transport in between the nanowires.
While a four-point probe measurement quantifies the sheet
resistance of charge transport through the nanowire mesh,
photogenerated charges in the gaps between wires must
first travel laterally to a nearby Ag NW before they can exit
the device. As seen in Figure 1c, this distance can be on the
order of 500 nm, meaning for low conductivity materials,
the additional series resistance caused by lateral transport of
charges to the nearest wire can be very significant. For very
low conductivity materials, such as zinc oxide nanoparticles,
it has even been seen that current is not collected far from
the nanowires themselves, resulting in dead spots of low
current.*?] In the case of more moderate conductivities, the
resistance of lateral transport to the nanowire mesh results
in additional solar cell series resistance causing a loss in fill
factor. In the regime where the resistance of lateral trans-
port does not cause dead spots, the photogenerated current
can be assumed to be constant, and the power loss due to
lateral transport can then be calculated for a given geometry
of nanowires. For a 1D mesh of thin nanowires each evenly
spaced a distance w apart, the power lost per unit area can be
analytically calculated as

1 2.2
/R )

where ] is the photogenerated current density and R; is the
sheet resistance of the material in the gaps between the wires
(units of Q/square). Equation 1 allows for an estimate of the
required interfacial material sheet resistance in order to have
negligible losses due to lateral charge transport to the nanow-
ires. Using a photogenerated current density, J, of 7 mA cm™
and a distance, w, of 0.5 um between nanowires, a R of approx-
imately 1 x 10° Q/square is required to ensure resistive losses
are less than 0.1 mW cm™ (or a 0.1% decrease in efficiency).
This corresponds to the sheet resistance of a 500-nm-thick
layer of Spiro-OMeTAD (conductivity of 2 x 10~ Q1 cm™),*3!
hence if Spiro-OMeTAD made ohmic contact to the Ag NWs,
the losses in efficiency due to lateral transport would be rela-
tively small: on the order of 0.1 mW c¢cm2. However, for sparser
nanowire meshes or other hole transport materials with lower
conductivity (semiconducting polymer or small molecule hole
transport materials with low doping densities),*3*4 these losses
could be significantly higher. Hence, adding a highly conductive
interfacial layer such as PEDOT:PSS (85 nm of Clevios CPP-
105D PEDOT:PSS was measured to have a sheet resistance
on the order of 10° Q/square) will help eliminate any resistive
losses due to lateral transport of photogenerated charge to the
nanowires.
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1 without damaging the underlying ssDSC with heat treatment
o typically required to remove surfactant. The sheet resistance
0.95 of the PEDOT:PSS/Ag NW electrode was also measured when
- Sesanaa, deposited on a ssDSC device (fabricated on glass with no con-
g 09 e i, SNtmese ductive oxide), and resulted in similar values to that of the bare
S '"‘""“"'"'"'--u.-...,,.- wires on glass (18 Q/square). The density of wires can easily
€ 0.85 be adjusted to decrease the sheet resistance at the cost of trans-
2 mittance. The PEDOT:PSS decreases the transmittance by only
S 08 approximately 1-2% at 550 nm, but absorbs slightly more in the
3 near infrared, causing a 4% drop in transmittance at 1100 nm.
- PEDOT
0.75 -+ Ag NW film
»_composite 3. Device Results

400 500 600 700 800 900 10001100
Wavelength [nm]

Figure 3. Transmittance of 85 nm PEDOT:PSS film, Ag NW film and
Ag NW/PEDOT:PSS composite electrode. Inset: glass slide with Ag
NW/PEDOT:PSS composite electrode on the bottom half of the glass
substrate.

2.3. Electrode Characterization

The transmittance of the PEDOT:PSS/Ag NW composite elec-
trode is shown in Figure 3 along with an image of the electrode
on glass. The electrode has a transmittance of over 90% between
450 and 700 nm and remains above 86% out to 1100 nm. This
high transmittance is necessary for applications in tandem pho-
tovoltaics where the low bandgap device may absorb photons
until 1100-1200 nm. The as-sprayed Ag NW mesh shows a
peak transmittance of approximately 94% at a sheet resistance
of 18 Ohm/square, some of the best figures of merit reported
for Ag NW electrodes, even with no post-treatment such as
annealing. Achieving such a low sheet resistance without any
annealing?®3? or additional post-processing!*’! is made possible
by the minimal amount of insulating surfactant on the surface
of the silver nanowires in the formulation received from Blue
Nano Inc. This allows for fabrication of conductive electrodes

Devices were fabricated using D35, a commercially available,
strongly absorbing organic dye (chemical structure shown in
Figure 4b).*] As seen in Figure 4c, the device has a bright red
color due to its absorption in the green portion of the spec-
trum. Utilizing other color dyes can allow harvesting of other
portions of the solar spectrum, along with desirable aesthetics
for applications such as building-integrated photovoltaics. The
current-voltage characteristics of the best-performing devices
are shown in Figure 5, and the figures of merit are summarized
in Table 1. While the open-circuit voltage (V,.) and fill factor
(FF) of the semitransparent ssDSC remains comparable to that
of the reference device, the short-circuit photocurrent density
(Jsc) drops slightly. The overall efficiency of the semitransparent
device (3.6% under illumination from the FTO side) remained
very close to that of the reference with an evaporated elec-
trode (3.7%). Since record efficiencies of over 7% have been
achieved with D-7-A dyes that have similar absorption spectra
to D35, semitransparent ssDSCs using record-efficiency dyes
can achieve efficiencies close to the 7% under FTO-side illu-
mination.l’] Furthermore, MSSCs*7] sensitized with a strongly-
absorbing perovskite could approach efficiencies of 12% using
a PEDOT:PSS/Ag NW electrode, while still being transparent
to sub-bandgap photons. Such a device would be an ideal high
energy absorber in a tandem solar cell. This can be contrasted

a) — Reference b) &)
-- Ag NW ssDSC (FTO) pas

09 = Ag NW ssDSC (NW)

08
0,0
i 05 N

04 )

03 h\

02 R

01 R\ ol CN

400 500 600 700 - COOH

Wavelength [nm]

Figure 4. a) EQE of reference ssDSC device using an evaporated silver electrode and EQE of semitransparent ssDSC (using Ag NW/PEDOT:PSS elec-
trode) illuminated from both the FTO and Ag NW electrodes. b) Chemical structure of D35 dye used in device fabrication. c) Picture of semitransparent
ssDSC. The Ag NW/PEDOT:PSS electrode is barely visible as a slightly darker square in the middle of the device.
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Figure 5. J-V curves of best semitransparent ssDSC and best reference
device using an evaporated silver electrode. The difference in current
between devices is only 0.3 mA cm™, which is slightly less than typical
between a reference device and a semitransparent device. Device area
was approximately 0.5 cm? and was masked with a 0.2 cm? mask. Even for
small areas (0.1 cm?), references in our lab are less than 4.0% efficient.

with organic solar cells, where the weaker absorption of the
device means that semitransparent cells achieve significantly
lower efficiencies than those with a reflective back elec-
trode.3133371 As can be seen in Figure 4a, the external quantum
efficiency, or EQE, of the semitransparent device is nearly as
high as that of the reference, particularly at the dye’s peak
absorption. Additionally, it should be noted that these devices
were fabricated with a moderate-size active area (electrode area
of approximately 0.5 cm?), and utilizing a spray-deposited semi-
transparent electrode resulted in a higher device yield with less
shorting than in ssDSCs fabricated with a standard evaporated
silver electrode. This is likely due to PEDOT:PSS and Ag NWs
being less likely to short the device through pinholes than the
silver evaporation. As shown in Table 1, the measured series
resistances of the J-V curves were nearly identical, showing that
the additional series resistance of the silver nanowire electrode
is not a significant loss. The series resistance in these ssDSCs
is dominated by other components, such as the internal resist-
ance of the device and Spiro-OMeTAD overlayer.

While semitransparent devices illuminated from the F:SnO,
(FTO) electrode showed efficiencies comparable to those of ref-
erence devices, various device architectures, such as ssDSCs
on metal substrates, would require that incoming light be inci-

Table 1. Photovoltaic figures of merit for best-performing semitrans-
parent ssDSC and reference device using an evaporated Ag electrode
under simulated AM 1.5G illumination.

Device Jsc Voc  Fill Factor Efficiency Series Resistance?
[mMAcm™@ V] [%] [Q cm?]

Reference 7.6 0.82 0.60 3.7 13.8

NW device 7.2 0.82 0.61 3.6 15.1

?Based on a linear fit of the J-V curve in light at a forward bias of 0.91-1.00 V.

Adv. Energy Mater. 2013, 3, 1657-1663
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dent through the Ag NW electrode. Because incoming light
is filtered by the Spiro-OMeTAD overlayer before it can be
absorbed by the dye, the EQE drops to nearly 0 below 425 nm
where Spiro-OMeTAD is strongly absorbing (Figure 4a). Fur-
thermore, there is an additional loss in photoresponse between
425-550 nm, which can be attributed to the parasitic absorption
of the oxidized Spiro-OMeTAD species in the overlayer.#’->
Beyond 550 nm, the EQE of the semitransparent ssDSC is the
same when illuminated from either side, due to the fact that
the optical performance of the Ag NW/PEDOT:PSS electrode
is comparable to that of the FTO. Overall, illumination from
the Ag NW electrode side results in approximately a 20% drop
in integrated short-circuit photocurrent, primarily due to the
effects of the Spiro-OMeTAD overlayer.

One of the primary motivations for making semitransparent
ssDSCs is for use as a top cell in tandem devices with a sil-
icon or copper indium gallium selenide (CIGS) low bandgap
bottom cell. In such a hybrid tandem photovoltaic (HTPV),10
the incident light would first pass through the semitrans-
parent cell, where the high energy photons would be absorbed,
and the remaining photon flux would be absorbed by the low
bandgap inorganic solar cell. In order to achieve an efficient
HTPV device, the semitransparent top cell must strongly
absorb photons with energy above its bandgap, but must show
a transmittance of approximately 80% or more for lower energy
photons.'% The transmittance, absorptance, and reflectance of
the semitransparent ssDSC are quantified in Figure 6. As can
be seen, a majority of the photons below 550 nm are absorbed
within the device, while above the bandgap of the dye the trans-
mittance peaks at 74% at 820 nm, with an average transmit-
tance of 67% between 700 and 1100 nm. A significant amount
of this loss in the infrared portion of the spectrum can be attrib-
uted to the strong absorption of the soda-lime glass substrate,

ssDSC
Absorptance

Transmittance

Fractional Spectral Distribution

0
400 500 600 700 800 900 1000 1100
Wavelength [nm]

Figure 6. Fractional spectral distribution of incident light upon the
semitransparent ssDSC. Shown is the fraction of photons transmitted
through the semitransparent ssDSC (all layers other than glass substrate,
including the FTO), the fraction absorbed by the semitransparent ssDSC,
and the fraction absorbed by the soda-lime glass substrate. The light
area at the top of the plot denotes reflected photons. Transmittance and
absorptance measurements were carried out using an integrating sphere
to account for scattering.
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which absorbs approximately 18% of incident 1100 nm pho-
tons. The actual absorptance of the semitransparent ssDSC
(every layer other than glass substrate) is only 10-22% between
700 and 1100 nm, suggesting that with more transparent glass
and an antireflective coating, such a semitransparent cell could
achieve the transmission levels necessary for use in a HTPV.

4, Conclusions

Transparent top electrodes for ssDSCs have a variety of appli-
cations ranging from tandem devices to photovoltaic win-
dows. We have developed a method to spray a silver nanowire/
PEDOT:PSS electrode which achieves greater than 92% peak
transmittance without damaging the underlying ssDSC. The
use of a PEDOT:PSS interfacial layer allows the Ag NWs to
make ohmic contact to the Spiro-OMeTAD overlayer. Addition-
ally, the PEDOT:PSS layer eliminates any contribution to the
series resistance caused by lateral transport of charges between
nanowires. Combining this electrode with a D35-sensitized
ssDSC, we have been able to make an aesthetically appealing,
transparent device with an efficiency of 3.6%, only 0.1% less
than the efficiency of standard D35 ssDSCs using an evapo-
rated silver electrode. The semitransparent device shows high
transmission below the device bandgap, a requirement for fab-
rication of efficient hybrid tandem photovoltaics. Development
of such highly transparent Ag NW-based electrodes for ssDSCs
and MSSCs are an important step in the realization of HTPV
devices that can exceed 20% efficiency and provide clean energy
at competitive prices.

5. Experimental Section

ssDSC Device Fabrication: FTO substrates (TEC15, Hartford Glass Co.)
were cleaned by sonication in Extran detergent, acetone and isopropyl
alcohol, with subsequent UV-ozone treatment for 20 min. A compact
TiO, layer (50-100 nm) was deposited using spray pyrolysis of titanium
diisopropoxide bis(acetylacetonate) (Aldrich 75 wt% in isopropyl
alcohol, diluted 10x with isopropyl alcohol) on the FTO substrate.
The mesoporous titania layer was deposited by doctorblading titania
nanoparticles dispersed in paste. Dyesol paste (NR-18T) diluted with
terpinoel 1:1 (by weight) was used, resulting in nanoparticle films with
thicknesses of approximately 2.2 um. Films were subsequently sintered
at 500 °C for 30 min on a hotplate. Titania nanoparticle films were then
immersed in TiCl, solution overnight and then heated to 500 °C for
30 min once again. The substrates were then sensitized by immersion
for 18 h in a 0.2 mm solution of D35 dye (Dyenamo) in ethanol.

Spiro-OMeTAD  solution contained tert-butylpyridine  (4-tbp),
Spiro-OMeTAD  (Luminescence  Technology  corporation), and
lithium  bis (trifluoromethylsulfonyl)imide salt (Li-TFSI) (pre-solved in
acetonitrile in 1770 mg mL-1). Spiro solution was made by taking a 1g
Spiro-OMeTAD: 97 mL 4-tbp: 208 mL Li-TSFI solution mixture dissolved
in chlorobenzene (with 225 mg Spiro-OMeTAD/1 mL chlorobenzene).
The Spiro-OMeTAD solution was then infiltrated into the sensitized
nanoparticle film by spincoating at 2000 rpm. After allowing the device
to dry for 18 h in a dry air environment, the top electrode was deposited.
The electrode area was first masked off by polyimide tape and the tape
removed after electrode deposition. In the case of the evaporated silver
reference device, a 200 nm silver cathode was deposited by thermal
evaporation (107 Torr pressure). In the case of the semitransparent
device, the electrode was deposited as described below.

Ag NW/PEDOT:PSS Electrode Fabrication: PEDOT:PSS from Heraeus
(formulation Clevios CPP-105D) was diluted 1:1 (by volume) with
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isopropyl alcohol and deposited by spincoating at 4000 rpm on the
device or film. The device/film was then allowed to dry in a dry air
environment for 5 h. Silver nanowires, 10-30 um long and 30-50 nm
in diameter were provided by Blue Nano Inc. in a 10 mg mL™" ethanol
solution. This solution was diluted to 5 mg Ag per mL ethanol for long
term storage and further diluted with methanol to 0.11 mg mL™" for spray
deposition. 45 mL of this solution was loaded into a Harvard apparatus
PhD Ultra syringe pump and delivered to a 1/4JN-SS+SU11DF-SS
atomizing nozzle by Spray Systems Co. at a rate of 4 mL min~'. Nitrogen
gas at 25 psi was delivered to the nozzle. The nozzle was positioned
110 mm above a motorized, computer controlled X-Y stage (Parker
Hannafin ProMECH LP28) onto which the ssDSC devices were taped. To
ensure uniformity and repeatability of the deposited electrodes, the X-Y
stage moved the devices under the nozzle at a rate of 20 cm s™' during
the entire spray process such that the nozzle sprayed uniformly over a
20 cm x 5.5 cm area. This way 10 devices at a time could receive
identical nanowire coatings.

4-Point  Probe Measurements: Electrode sheet resistance was
measured using an in-line four-point probe with 1 mm tip spacing by
Jandel Engineering connected to a Kiethley 2400 sourcemeter. Each
measurement consisted of recording 100 pairs of current and voltage
data points between —30 and 30 mV and checking that each pair
corresponded to the same sheet resistance. While the sheet resistance
of the silver nanowire mesh on glass was measured to be 18 Q/square,
the corresponding sheet resistance of the composite PEDOT:PSS/Ag
NW electrode on glass was unable to be measured with a 4-point-probe
(readings of 4-8 kQ/square). However, 4-point-probe measurements of
the Ag NW/PEDOT:PSS electrode on a ssDSC (fabricated without an
FTO layer to avoid shorted measurement of the FTO sheet resistance)
found sheet resistances of approximately 18 Q/square.

J-V Measurements: All devices were subject to 5 min light soaking
under simulated AM 1.5G spectrum before measurement. J-V curves
were taken with a Keithley 2400 sourcemeter, under simulated AM
1.5G illumination using a Spectraphysics model 91160 solar simulator
calibrated with a hamamatsu Si photodiode with KG5 filter. The ssDSC
was was masked with a 0.2 cm? area machined mask during J-V
measurements to ensure accurate illumination area.

EQE, Transmittance, and Absorptance Measurements: External
quantum efficiency measurements were performed at a chopping
rate of 40 Hz with a white light illumination bias of approximately 0.4
suns applied using a white light LED array powered by a DC power
source. A Newport Apex monochromator illuminator was used (in
conjunction with a Princeton Instruments monochromator and a filter
wheel) to generate the monochromated, chopped signal. The current
response of the ssDSC was put through a 1000 Q transimpedance
amplifier and recorded using a Stanford Instruments lock-in amplifier.
Calibration of the EQE measurement was performed using a calibrated
photodiode of known EQE. Additionally, the monochromated EQE
signal was split with a 50:50 beam splitter into a second reference
photodiode connected to another Stanford Instruments lock-in
amplifier that was used to correct for any fluctuations in the EQE
beam source intensity.

Absorptance and transmittance measurements were performed
using the same light source/monochromator as the EQE measurements
and measured using an integrating sphere with an attached silicon
photodiode. For measuring transmittance, the device/film was placed in
front of the integrating sphere such that only light passing through the
device/film would be measured. For absorptance, the device was placed
in the center of the integrating sphere, allowing for a measurement of
the sum of the transmittance and reflectance. The reflectance was then
calculated by 1 — (transmittance + absorptance).

SEM Images: Device images were taken using a FEI XL30 Sirion SEM.
The ssDSC was cracked in half and placed on SEM sample mounts of
various tilt angle (0°, 20°, 90°) using graphite paste.

PESA Measurements: Samples for PESA measurements were prepared
using identical spin coating or spraying conditions as during device
fabrication but on a glass substrate. PESA spectra were measured using
a Riken Keiki AC-2 photoelectron spectrometer.
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Supporting Information is available from the Wiley Online Library or
from the author.
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