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ABSTRACT We report the fabrication of efficient indium—tin—oxide-free organic
solar cells based on poly(3-hexylthiophene-2,5-diyl):[6,6]-phenyl-C61-butyric acid methyl

ester (P3HT:PCBM). All layers of the devices from the lowermost silver nanowire cathode 3

to the uppermost conducting polymer anode are deposited from solution and processed

at plastic-compatible temperatures <200 °C. Owing to the absence of an opaque metal

electrode, the devices are semitransparent with potential applications in power- ¢ =4
generating windows and tandem-cells. The measured power conversion efficiencies
(PCEs) of 2.3 and 2.0% under cathode- and anode-side illumination, respectively, match
previously reported PCE values for equivalent semitransparent organic solar cells using

indium tin oxide.
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ransparent conducting electrodes
T(TCES), which make electrical contact

to other functional layers for current
supply/extraction while also transmitting
light, are essential components of optoelec-
tronic devices. State-of-the-art TCEs are
made of metal oxides, most commonly in-
dium tin oxide (ITO) which has a typical
sheet resistance (Ryq) of ~10 Q sq ' at
90% transparency.1 ITO, however, suffers
from several drawbacks that limit its viability
as a TCE for next-generation optoelectronics,
including high cost, poor performance on
plastic substrates, and a tendency to crack
when flexed.??

Potential solution-processable alterna-
tives to ITO include carbon nanotubes,**
graphene®™® conducting polymers,'®"
and metal nanowires'*™"® Single-Walled
Carbon Nanotubes (SWCNTSs) are attractive
TCE materials due to their high intrinsic
conductivity and mechanical durability
but, owing to large intertube resistances,
their reported performance characteristics
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are significantly worse than ITO. The need
for aggressive acid treatments to induce
p-type doping of semiconducting tubes
and the nonpermanent nature of the doped
state are also problematic.'® Graphene is
another potential TCE material among the
carbon allotropes, with Bae et al. having
reported 30-in. graphene films with sheet
resistances of 30 Q sq ' at transmittances of
~90%. The fabrication procedure however
involved a combination of chemical vapor
deposition (CVD), chemical etching, and
solid-state transfer, and is unlikely to transfer
easily to large-scale industrial use. Graphene
TCEs may alternatively be prepared from
a dispersion of graphene oxide,®’ which
can be cast onto a substrate and then re-
duced to render it conductive. The reduction
step, however, requires high temperatures
and/or harsh reagents such as hydrazine and
is consequently ill-suited to direct deposition
on plastic substrates. Moreover, the resultant
films show sheet-resistances that are more
than ten times higher than CVD-graphene.
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Modification of poly(3,4-ethylenedioxythiophene):
poly(styrenesulfonate) (PEDOT:PSS) is a promising
approach to high performance polymeric TCEs.'""”
PEDOT:PSS, doped with dimethylsulfoxide (DMSO)
and Zonyl FS-300 fluorinated surfactant, can yield
TCEs with transmittances >90% at sheet resistances
<100 Q sq . Kaltenbrunner et al. reported that
the power conversion efficiencies (PCEs) of poly(3-
hexylthiophene-2,5-diyl):[6,6]-phenyl-C61-butyric acid
methyl ester (P3HT:PCBM) organic solar cells (OSCs)
using highly conductive PEDOT:PSS on plastic were
comparable to equivalent devices using ITO-coated
glass."” They further demonstrated that PEDOT:PSS-
based devices were more mechanically resilient than
equivalent ITO-based devices on plastic, suffering
only slight reductions in performance under repeated
flexing.

Recently, TCEs based on silver nanowires (AgNWs)
have been shown to provide high flexibility, while
providing transmittances and sheet-resistances at the
level of ITO."'8~2° Several groups have tested solu-
tion-deposited AgNW films in OSCs, using them as a
bottom or a top electrode, and frequently achieving
comparable PCEs to equivalent ITO-based devices.?' %’
Virtually all devices reported to date, however, have
used ITO or a thermally evaporated metal as the
counter electrode, with a consequent need for vacuum
processing during fabrication. The development of
fully solution-processed devices, fabricated at plastic-
compatible temperatures, would greatly enhance the
industrial viability of OSC technology.

To achieve full solution processability, several tech-
nical challenges must be addressed. Interfaces must
be engineered to give Ohmic contacts at the cathode
and anode for efficient electron and hole collection,
respectively. At the same time, both interfaces must be
selective with respect to charge transport, passing only
the desired charge carrier while blocking the other
carrier type. Moreover, all constituent layers should be
smooth, and energetically matched to (and chemically
compatible with) adjacent layers so that a multilayered
device with well-defined interfaces can be produced.
Satisfying these requirements with low temperature,
solution-processed materials is challenging, especially
when nonuniform TCEs such as AQNWs are used.

Here we report the use of AgNWs (Cambrios
ClearOhm) and highly doped PEDOT:PSS (Clevios
PH 1000) as solution-processed cathode and anode
materials in inverted P3HT:PCBM bulk heterojunction
(BHJ) OSCs. Both electrodes, together with all other
(charge-generating and charge-transporting) layers in
the device, are deposited from solution under ambient
conditions and processed at plastic compatible tem-
peratures. The resultant devices, which use no opaque
metals, are semitransparent and exhibit favorably
high PCEs of 2.3 and 2.0% for cathode and anode
side illumination, respectively. Despite their fully
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solution-processed nature, they are comparable in
efficiency to previously reported semitransparent OSCs
with ITO, which have been reported to have PCEs in
the range 1.9—2.5%.2773" The efficiencies also com-
pare well with a very recent report by Guo et al.>?
where PCEs of 2.3% were achieved using AgNWs for
both electrodes (although, in contrast to the devices
described here, a ternary-blend of P3HT, PCBM and the
low band gap polymer poly-[(4,40-bis(2-ethylhexyl)-
dithieno[3,2-b:20,30-d]silole)-2,6-diyl-alt-(2,1,3-benzothia-
dia-zole)-4,7-diyl] (Si-PCPDTBT) was employed as the
active layer).

RESULTS AND DISCUSSION

The transmittance versus sheet-resistance trade-off
characteristics of TCEs are commonly quantified in
terms of the ratio 04c/0,p, in the Tinkham formula:'®

2
Tt — <1+ Zo ”""(l)) M)

2R5q Odc

This equation describes the relationship between
optical transmittance T and sheet resistance R, for a
thin conducting film, with Z, being the free space
impedance (377 Q), 1 the wavelength of transmitted
light, and o4, and oy the film's optical and DC con-
ductivities. Higher values of o4./0,, indicate higher
transmittance for a given sheet-resistance, and 04c/0p
must typically be >35 for practical device applica-
tions.'® Figure 1 shows the 550 nm trade-off character-
istics for AQNW and PH 1000 TCEs of varying thickness.
The values of 04./0,, deduced from the best-fit curves
in Figure 1a,c are 360 =+ 30 for the AgNWs and 50 + 1.5
for PH 1000. The AgNW value is fairly close to that of
ITO (04c/00p ~ 500) and an order of magnitude higher
than for SWCNTS (04c/0op ~ 24),° graphene (04c/0op ~
70),” and PH 1000 (04c/0op ~ 50)."" A similar 04c/0op
value has previously been reported for AQNW films, but
over a limited transmittance range (T < 80%).3* In the
case of PH 1000 films modified with 5 vol % DMSO and
0.5% Zonyl FS-300 fluorosurfactant (see Experimental
Section), the deduced 04./0,, value agrees closely with
that reported by Vosgueritchian et al."’

A characteristic feature of AGNW films is significant
haziness due to scattering of visible light. To quantify
the haze of our AgNW films, we measured their total
transmittance with an integrating sphere, collecting all
forward-scattered light. In all cases, the total transmit-
tance was measurably larger than the specular trans-
mittance, with the difference (AT%) being greatest for
the thickest (lowest Rsg) films (Figure 1d). AgNWs are a
few tens of nanometres in diameter and, as progres-
sively more nanowires are deposited to reduce sheet
resistance, they overlap to form geometrical features
with heights or lateral sizes that are of order a few
hundreds of nanometres and consequently scatter
visible light strongly. (Light scattering by individual
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Figure 1. Optical transmittance (1 = 550 nm) versus sheet resistance for AQNW and PH 1000 transparent conducting
electrodes for: (a) AgNWs in specular transmittance, (b) AgNWs in total transmittance, and (c) PH1000 in specular
transmittance. Square markers are experimental data, and solid lines denote numerical fits to Tinkham's formula. (d) Bar
graph showing how the difference between the specular and total transmittance of the AGQNW electrodes varies with sheet
resistance. A blank glass substrate was used as a reference for the transmittance measurements.

AgNWs can also cause haziness, but this effect dom-
inates for thin films). While haze is undesirable for
display applications, forward scattering of incident
light can be advantageous for solar cells where it can
increase path-lengths in the active layer and hence
enhance photon capture. Strikingly, when the total
transmittance versus sheet resistance characteristics
were fitted to eq 1 (Figure 1b), the inferred oy./0p
value of 493 + 42 was very close to that of device-
grade ITO (~500), implying the efficiencies of AGNW-
based OSCs should match conventional ITO-based
devices.

For the devices reported here, AQNWs were used
as the bottom electrode to allow photolithographic
patterning (see Experimental Section and Supporting
Information, Figure S1 and Figure S2) and to minimize
the risk of air-oxidation, while PH 1000 was used for the
top electrode because it is air-stable and can be readily
patterned using a shadow mask or contact-printing.
One advantage of this configuration is that the higher
transmittance of the AgNWs partially offsets optical
losses in the glass substrate, and so allows comparable
transmittances to be achieved for illumination via the
glass/AgNW and PH 1000 windows.

Compared to most other TCEs, AQNW films are very
rough due to their random-network morphology and
the tens of nanometer diameters of individual nano-
wires. Figure 2a shows a typical atomic force micro-
scopy (AFM) image of an as-coated Ryq = 13 Q sq
AgNW film on glass. The root-mean-square (RMS) rough-
ness of the film estimated from the 15 x 15 um?
scan image is 18 nm, while the peak-to-valley height
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is ~125 nm. Such high roughness is problematic for
organic device fabrication due to the significant risk of
shorting through other layers in the stack. Hence, as
previously described by Leem et al,** the roughness was
reduced by modifying the surface of the AgNWs with
n-type metal oxides, a combination of ultrathin TiO, and
thick ZnO (nominal thickness ~40 nm). The latter was
selected as an electron transport material (ETM) due to
its excellent transparency, environmental stability and
high electron mobility, with the TiO, precoating being
required to ensure reliable coating of the sol—gel ZnO
layer, and to improve the adhesion of the AgNW film
to the glass substrates. Strong adhesion is essential for
maintaining the integrity of the AgNW electrode
throughout the solution processes used to deposit sub-
sequent layers. (Note, TiO, was not used as the ETM since
the chosen Tyzor precursor must be annealed above
400 °C to attain adequate electron mobilities.) An AFM
image of a 13 Q sq~" AgNW film coated with TiO,/ZnO
is shown in Figure 2b. The RMS roughness and peak-to-
valley height have been greatly reduced to 10 and
75 nm, respectively, due to the small ZnO grains covering
exposed regions of the substrate and filling voids be-
tween nanowires. Importantly, the oxide-coated AgNWs
presented no difficulties in fabricating OSCs with a
210 nm P3HT:PCBM active layer.

Figure 3 shows current density versus voltage (J—V)
characteristics for two control devices of area 0.24 cm?
(Supporting Information, Figure S2), each having a
~17 Q sq~' AgNW cathode at the bottom and an
evaporated Ag (E-Ag) anode on top. For the first
control device, a 210 nm layer of P3HT:PCBM was
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Figure 2. Typical AFM images of (a) as-deposited and (b) TiO,/ZnO-modified AgNW films. Scale bar is 2.5 um. Line profiles
along the red lines are shown below the respective AFM images.
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Figure 3. J—V characteristics of the control devices with and
without a layer of graphene oxide in between the Al 4083
and the E—Ag anode: (a) in the dark and (b) under AM 1.5 solar
illumination. The control devices have an AgNW cathode at
the bottom and a reflective Ag anode at the top. Red solid
lines are best-fit curves to a nonideal diode model.

deposited on the oxide-coated AgNWs, followed by
a 30 nm layer of low conductivity PEDOT:PSS (Clevios
Al 4083), and then the E-Ag anode. The device had
a short-circuit current (J.) of 8.2 mA cm™2, an open-
circuit voltage (V) of 0.52 V, and a fill factor (FF) of 49%
under AM 1.5 solar illumination at 1 sun, resulting in
a modest PCE of 2.1%. It is common to model the
operation of OSCs as nonideal diodes. The equivalent
circuit parameters, obtained by fitting the J—V curve
in Figure 3b to the diode equation with parasitic
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resistances, were 3.7,7.0,and 302 Q cm? for the ideality
factor (n), the series resistance (Rs), and the shunt
(Rsp) resistances, respectively. The shunt resistance
corresponding to the dark J—V curve in Figure 3a
was 15 kQ cm?. The values of the ideality factor and
series resistance are comparable to those of typical
ITO-based devices with E-Ag top electrodes, but the
shunt resistance is rather low and is the principal
reason for the small V. and relatively low PCE.

In practice, it is difficult to deposit aqueous Al 4083
solution onto hydrophobic P3HT:PCBM. Despite add-
ing Zonyl surfactant to reduce its surface tension, the Al
4083 solution wetted the P3HT:PCBM layer poorly, and
many devices suffered from large leakage currents or
electrical shorts due to pinholes and nonuniform topo-
graphy. To remedy this problem, in our second control
device, we incorporated a thin (2—3 nm) solution-
deposited layer of graphene oxide between the Al
4083 and the E—Ag anode which, despite its ultrathin
nature, resulted in much better performance. The
GO-containing device had a J;c of 9.7 mA cm™2, a V¢
of 0.59 V, and a FF of 51% under AM 1.5 solar illumina-
tion at 1 sun, corresponding to an enhanced PCE
of 2.9%. Fitting the J—V curve in Figure 3b to the
nonideal diode equation revealed substantially im-
proved diode parameters of n = 3.8, Rs = 6.7 Q cm?,
and Rgy = 478 Q ¢cm? under illumination, while Rgy
corresponding to the dark J—V curve in Figure 3a
was ~158 kQ cm?. The slight reduction in Rs and
substantial increase in Rsy indicate improved contact
selectivity with the GO layer present, suggesting
an improved contact and reduced recombination
currents at the E—Ag anode (attributable to the

VOL.8 = NO.3 = 2857-2863 = 2014 W&)

WWww.acshano.org

2860



suppression of electron back flows). This in turn pro-
duces higher J,c and FF values, resulting in lower
reverse currents and larger V..

The deposition of GO on the Al 4083 layer induced
only minor topographical changes. Before coating,
the Al 4083 had a granular surface (Figure 4a) with an
RMS roughness of 7.8 nm. Deposition of the GO layer
resulted in only a slight reduction in the RMS rough-
ness to 6.6 nm, with the granular surface-structure
remaining largely unchanged (Figure 4b). We conclude
that the GO conformally coats the irregular Al 4083
surface, covering pinholes and making the surface more
chemically and electronically uniform. This in turn allows
a better contact to be formed with the E—Ag anode.

For OSCs with a spin-coated PH 1000 anode (instead
of E—Ag), the GO layer served an additional critical
function. Uneven coating of PH 1000 on the hydro-
phobic Al 4083 was a frequent cause of device failure,
resulting in device yields of <50% (7 out of 16). Inclu-
sion of the (hydrophilic) GO layer led to improved
wetting of the PH 1000 dispersion and protected

Figure 4. Topography images of Al 4083 on P3HT:PCBM
without (a) and with (b) a coating of graphene oxide. The
15 x 15 um? images were scanned in the x-axis direction.
The additional GO layer caused only a slight reduction in
RMS surface roughness from 7.8 nm (Al 4083 on P3HT:
PCBM) to 6.6 nm (GO on Al4083 on P3HT:PCBM).

the underlying multilayer structure from damage by
strong capillary forces during spin-coating and drying,
thereby increasing yields to ~85% (21 out of 24).

The devices displayed ~55% transparency at long
wavelengths beyond 650 nm (Figure 5a), where the
P3HT:PCBM active layer is largely absorption-free,
opening up potential applications in, e.g., power-
generating windows and tandem-cell devices.
Figure 5b compares the J—V characteristics under
illumination through the AQNW cathode and through
the PH 1000 anode (AM 1.5, 1 sun conditions). When
illuminated through the cathode the device showed
Rs =7.9 Q cm? Rsy = 351 Q cm?, J,c =82 mA cm 2,
Voc = 0.58 V and FF = 49%, corresponding to a PCE
of 2.3%. The main difference between the (GO-
containing) E—Ag control device (which had a PCE
of 29%) and the semitransparent device under
cathode-side illumination is the lower J,. of the latter,
which we attribute to reduced light absorption in the
P3HT:PCBM active layer. Unlike the control device, with
its mirror-like top electrode, there is minimal reflection
at the GO/PH 1000 interface and so negligible en-
hancement in the path-length through the active layer.
Additionally, the slight increase in Rs and decrease in
Rsy relative to the control device can be attributed to
the higher sheet resistance of PH 1000 and a slightly
lower quality anodic junction between the GO-covered
Al 4083 and PH 1000 compared to E—Ag. When
illuminated through the PH 1000, the semitransparent
device showed slightly worse performance with Rs =
12.6 Q cm?, Rsyy =707 Q cm?, Jsc = 7.1 mA cm ™2, Vo =
0.58 V, and FF = 49%, corresponding to a PCE of 2.0%.
Hence the V,. and FF values were equal for the two
illumination directions, whereas the J;. and Rs values
differed.

Transmittance differences between the cathode and
anode windows are not sufficient to explain the de-
pendence of J. on illumination direction. The cathode
window (Glass/AgNWs/ZnO) and the anode window
(PH 1000/GO/Al 4083) had similar average transmit-
tances of 84 and 83% between 450 and 650 nm, i.e.,
across the absorbing region of P3HT (Supporting In-
formation, Figure S3). However, significant differences
were observed in the external quantum efficiency
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Figure 5. (a) The optical transmittance spectrum of a typical semitransparent P3HT:PCBM solar cell with AGQNW- and PH1000-
based TCEs. (b) J—V characteristics of the semitransparent P3HT:PCBM solar cell illuminated through the AgNW and the
PH1000 electrodes. (c) A photograph of a typical semitransparent P3HT:PCBM solar cell.
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(EQE) spectra. The largest discrepancy occurred at
530 nm, near the EQE peak for cathode-side illumina-
tion (Supporting Information, Figure S4). Given the
similarity of the solar photon absorption spectra for
the two illumination directions (Supporting Informa-
tion, Figure S5) and the monotonic decrease in the
exciton-generation rates with distance into the P3HT:
PCBM layer (Supporting Information, Figure S6), we
attribute the different J,. values to differences in
the likelihood of an exciton reaching a dissociation
site. The observed behavior is consistent with the
P3HT—PCBM interfaces being located asymmetrically
with respect to the two electrodes, with the majority of
P3HT—PCBM junctions lying closer to the AQNW cath-
ode and hence yielding higher photocurrents under
cathode-side illumination (see Supporting Information
for detailed discussion).

CONCLUSIONS

In conclusion, AQNW and PH 1000 TCEs both satisfy
baseline industry targets of o4c/0op > 35, and could
potentially replace ITO in selected optoelectronic
devices. Indeed, taking forward-light-scattering into
account, we found AgNWs to have a 04/0,p value
of 493 + 42, close to the best device-grade ITO.

EXPERIMENTAL SECTION

AgNW films of varying surface coverage were spin-coated
onto clean (3-aminopropyl)triethoxysilane treated 3 x 3 cm?
glass substrates from as-received Cambrios ClearOhm AgNW
dispersion, using speeds between 500 and 4000 rpm. After
drying for 1 min at 60 °C and annealing at 140 °C for 30 min,
TCEs with sheet resistances from 5 to 35 Q sq~ ' were obtained
(as determined by four-point-probe testing). The films were
characterized using a UV—vis spectrophotometer (Cary 5000,
Varian), and an Atomic Force Microscope (XE-100, Park system).

To fabricate devices, 13—18 Q sq~'AgNW films on 3 x 3 cm?
glass substrates were photolithographically patterned into the
desired electrode shape, either a strip for the control devices or
afinger pattern for the semitransparent devices (see Supporting
Information, Figure S2). TiO, surface layers were deposited on
the patterned AgNW films by spin-coating a 0.1 wt % ethanolic
solution of Tyzor, and then annealing at 120 °C for 30 min.
Sol—gel ZnO layers were spin-coated on the TiO, from a
precursor formulation proposed by Sun et al.>* and then baked
at 200 °C for 1 h. The nominal thickness of the ZnO layers, i.e.,
the thickness when deposited under identical conditions on a
smooth glass substrate, was ~40 nm. A dichlorobenzene solu-
tion containing a 40 mg mL™" 1:1 mixture of P3HT and PCBM
was spin-coated onto the ZnO, yielding a ~210 nm film, and
then baked at 140 °C for 10 min. Filtered and ultrasonicated
PEDOT:PSS (Clevios P VP Al 4083) mixed with 1 vol % Zonyl
surfactant (FSO-100) was spin-coated onto the active layer at
5000 rpm for 1 min, before baking at 110 °C for 10 min. Aqueous
graphene oxide (0.5 mg mL™' ) was prepared from purified
graphite by a modification of Hummer's method>> and mixed
with 0.5 vol % Zonyl surfactant. An optional GO layer was spin-
coated onto the Al 4083 at 5000 rpm for 1 min and then baked at
110 °C for 10 min. Devices were completed by twice spin-
coating Clevios PH 1000 PEDOT:PSS mixed with 5 vol % DMSO
and 0.5 vol % Zonyl (FS-300) onto the uppermost surface at
1000 rpm for 90 s, masking the surface with removable tape
to define the anode area, and then baking at 120 °C for 5 min.

YIM ET AL.

Using these two electrodes in combination, we have
fabricated fully solution-processed semitransparent
P3HT:PCBM BHJ OSCs in an inverted configuration with
a lower AgNW cathode and an upper PH 1000 anode.
TiO,/ZnO and Al4083/GO were selected as respective
cathode and anode buffer layers to achieve high PCEs,
improve fabrication yields, and balance the influx of
solar spectrum photons to the P3HT:PCBM active layer
for the two illumination directions. The fully solution-
processed semitransparent OSCs, which were pro-
duced under ambient conditions at plastic-compatible
temperatures <200 °C, had PCEs of 2.3 and 2.0% under
cathode- and anode-side illumination, respectively.
The devices are comparable in efficiency to previously
reported semitransparent devices using ITO bottom
electrodes and P3HT:PCBM active layers.”” ' They
also match the 2.3% efficiency of a recently reported
fully solution-processed semitransparent device using
AgNWs as both the bottom and top electrodes and
a ternary blend of P3HT, Si-PCPDTBT and PCBM as the
active layer.? Further improvements in PCE can be
expected with the adoption of lower band gap donors,
alternative fullerene acceptors, photonic structures to
enhance light collection or tandem-cell architectures
to harvest infrared-photons.

The resultant ~250 nm anode had a sheet resistance of
~55 Q sq . For the control devices, an 80 nm Ag anode was
evaporated through a shadow mask at 2 x 10 = Torr. The pixel
size, defined by the overlap of cathode and anode, was 0.24 cm?
in all cases. Devices were tested under AM 1.5G illumination
at 1 sun, using an Abet LS 150 Xe arc lamp source with an
appropriate filter.
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