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Effect of a calcium cathode on water-based nanoparticulate solar cells

Ben Vaughan, Andrew Stapleton, Bofei Xue, Elisa Sesa, Xiaojing Zhou, Glenn Bryant,

Warwick Belcher, and Paul Dastoor®

Centre for Organic Electronics, University of Newcastle, Callaghan, NSW 2308, Australia
(Received 19 April 2012; accepted 29 June 2012; published online 30 July 2012)

Water-based nanoparticulate (NP) and bulk heterojunction (BHJ) organic photovoltaic (OPV)
devices based on blends of poly(9,9-dioctylfluorene-co-N,N-bis(4-butylphenyl)-N,Ndiphenyl-1,
4-phenylenediamine) (PFB) and poly(9,9-dioctylfluorene-co-benzothiadiazole (F8BT) have been
fabricated with aluminium and calcium/aluminium cathodes. The NP devices exhibit power
conversion efficiencies (PCEs) that are double that of the corresponding BHJ device. Moreover, the
addition of calcium into the cathode structure results in a dramatic increase in open circuit voltage
and PCEs approaching 1% for water-based polyfluorene OPV devices. © 2012 American Institute

of Physics. [http://dx.doi.org/10.1063/1.4737640]

It is widely recognized that conventional organic photo-
voltaic (OPV) materials offer the prospect of low-cost fabrica-
tion using reel-to-reel manufacturing techniques.' However,
two key aspects of current OPV fabrication are not well-suited
to building large area PV modules using high speed printing.
First, using current fabrication approaches to control phase
segregation across large areas is problematic.? Second, using
toxic, volatile, and flammable organic solvents presents diffi-
culties for high speed industrial printing line development.3’4

Water dispersed nanoparticles of conducting polymers,
which can be readily synthesized using the miniemulsion
technique, have been previously explored as materials for
use in OPVs.” More recently, roll-to-roll processing of
water-dispersed nanoparticulate (NP) polymer solar cells has
also been demonstrated for a range of low band gap materi-
als.® However, devices fabricated from aqueous nanoparticu-
late dispersions have traditionally exhibited lower efficiency
than the corresponding bulk heterojunction (BHJ) devices,
which has been ascribed to non-optimum film morphology.°

It is well established that the choice of cathode material
plays a critical role in determining the efficiency of OPV
devices.” The work function of the cathode determines the
internal electric field in the device and thus needs to be well
matched to the LUMO of the electron accepting material to
ensure facile electron transfer to the external circuit.® More-
over, the effect of interfacial states, which can be created by
chemical reactions (or other charge transfer processes) at the
polymer/cathode interface, are complex and can be either
detrimental or beneficial to device performance.®

In this Letter, we show that multilayered photovoltaic
devices can be fabricated from aqueous nanoparticle disper-
sions (solar paint) that are more efficient than the corre-
sponding bulk heterojunction blend devices. Furthermore,
we compare the effect of Ca and Al cathodes (two of the
most common electrode materials) in OPV devices based on
polyfluorene blend aqueous polymer NP dispersions. The
use of Ca/Al cathodes instead of Al cathodes results in a dou-
bling of the efficiency of NP devices, which arises from
reduced recombination.
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An aqueous dispersion of semi-conducting PFB:F§BT
(American Dye Source Inc) nanoparticles (1:1 blend) was pre-
pared using the miniemulsion technique as outlined previ-
ously.” Dynamic light scattering (Zetasizer Nano-ZS, Malvern
Instruments, UK) was used to measure the distribution of
particle sizes in the aqueous dispersion and gave a mean parti-
cle size of 51.9 = 1.3nm. Poly(3,4-ethylenedioxythiophene)
poly(styrenesulfonate) (PEDOT:PSS) (Baytron P) films were
spin-coated (5000rpm) on pre-cleaned patterned indium tin
oxide (ITO) glass slides and annealed at 140 °C for 30 min to
eliminate water in the films. PFB:F8BT nanoparticle layers
were deposited by spin coating 35pul of the dispersion
(2000 rpm for 1 min) in air. Following the deposition of each
layer, the film was dried at 70 °C for 15 min. After depositing
the final layer, the films were dried at 140 °C for 15 min and
then transferred into a vacuum chamber for cathode evapora-
tion. Bulk heterojunction layers were spin coated from
PFB:F8BT blend solutions (1:1 PFB:F8BT, 10mg/ml in
CHCl3) to give a total layer thickness of approximately
110-120nm as measured using a KLA-Tencor Alpha-step
500 surface profilometer. In comparison with the smooth
intermixed BHJ films, previous atomic force microscopy stud-
ies have shown that the NP films adopt a random close packed
structure.'® The calcium/aluminium (Ca/Al) and aluminium
(Al) electrodes were evaporated on the active layers in vac-
uum (2 x 107%Torr). The thickness of the Ca and Al layers
were measured to be about 20nm and 70 nm, respectively,
using a quartz crystal monitor. After evaporation, fabricated
devices were annealed at 140 °C on a hot plate for 4 min under
a nitrogen atmosphere and then tested. The photocurrent
density-voltage (J-V) measurements were conducted using a
Newport Class A solar simulator with an AM1.5 spectrum fil-
ter. The light intensity was measured to be 100 mW cm 2 by
a silicon reference solar cell (FHG-ISE) and the J-V data were
recorded with a Keithley 2400 source meter.

Figure 1 shows that NP devices with Al and Ca/Al cath-
odes exhibit qualitatively very similar behavior, with a peak
power conversion efficiency (PCE) of ~0.4% for Al and
~0.8% for Ca/Al, and that there is a distinct optimized thick-
ness for the NP devices. The optimal thickness is a conse-
quence of the competing physical effects of the repair and
filling of defects for thin films'"'? and the development of
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FIG. 1. Variation of PCE with number of deposited layers for PFB:F8BT
nanoparticulate OPV devices fabricated with an Al cathode (filled circles)
and a Ca/Al cathode (open circles). Dotted and dashed lines have been added
to guide the eye. An average error has been determined based upon the var-
iance for a minimum of ten devices for each number of layers.

stress cracking in thick films."® Indeed, recent work by the
authors has shown that the optimal layer thickness in these
devices corresponds to the critical cracking thickness (CCT)
above which stress cracking occurs resulting in low shunt re-
sistance and a reduction in device performance.”

The J-V characteristics under illumination and the solar cell
performance (for NP and BHJ devices for both cathodes) are
summarized in Figure 2 and Table I, respectively. Despite being
fabricated from a water-based system, the devices are stable and
do not exhibit any rapid degradation of device characteristics in
oxygen free conditions. The data show that: (a) changing from
an Al to a Ca/Al electrode results in an approximate doubling of
the measured PCE for both the NP and BHJ devices, and (b) the
PCE of the NP devices is double that of the corresponding BHJ
devices for both Al and Ca/Al cathodes.

The increased PCE of the NP devices relative to the
BHIJ devices is driven primarily by a significant increase in
Jsc and demonstrates that this improvement is inherent to the
NP structure and is not dependent upon the choice of cathode
material. In addition, this PCE increase is not due to
increased thickness of the NP devices, since the efficiency of
F8BT:PFB BHJ devices is effectively constant for thick-
nesses between 50-500 nm (not shown). We have previously
shown that the NPs have a phase-segregated core-shell do-
main structure with length scales close to the optimal size
for exciton dissociation for the PFB-F8BT system.9 Thus, we
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FIG. 2. Variation of current density as a function of applied voltage (J-V)
for the most efficient PFB:F8BT 1:1 NP devices fabricated with Ca/Al (4
NP layers, solid line) and Al (5 NP layers, dashed line) cathodes. Also plot-
ted are the J-V curves for PFB:F8BT 1:1 BHJ devices fabricated with Ca/Al
(filled circles) and Al (open circles) cathodes.

hypothesise that the improved PCE of the NP devices arises
from enhanced exciton dissociation resulting from an opti-
mized domain structure in the NP active layer; a result not
achievable by simple blending of bulk materials."* More-
over, the low R; values for the NP structures indicates that
the charge transport pathways are not detrimentally affected
by the nanoparticulate structure and interparticle connectiv-
ity must be high.

The NP devices with an Al cathode exhibit a signifi-
cantly lower V. than the corresponding BHJ devices, which
can be attributed to increased recombination.'> By contrast,
the use of a Ca/Al cathode restores V. to the value observed
for an optimized BHJ device whilst retaining the high J. val-
ues expected from the NP structure suggesting that the addi-
tion of calcium reduces recombination without detrimentally
affecting charge generation and transport in the device. This
result is consistent with previous observations that have
shown that electron transfer occurs at the Ca/polymer inter-
face resulting in a decrease in the HOMO of the polymer and
an increase in Voc.m’17

The external quantum efficiency (EQE) spectra (Fig. 3)
for the BHJ and NP devices are consistent with the device
characteristics and, moreover, the J,. values obtained under
AML.5 illumination agree with those obtained by combining
the measured EQE spectra with the AM1.5 spectrum (JfCQE")

TABLE I. Comparison of device characteristics for the most efficient PFB:F8BT 1:1 NP devices fabricated with Ca/Al (4 NP layers) and Al (5 NP layers)
cathodes and the corresponding BHJ devices. The data presented are for the best device of a minimum of ten devices and the APCE error is obtained from the
standard deviation of the device efficiencies. The JiQE values are calculated from the calibrated short circuit currents obtained by combining the measured

EQE spectra with the AM1.5 spectrum (JEF) (see supplementary material).

Type Electrode Voo (V) Jo (mA/cm?) JECE: (mA/em?) FF PCE (%) APCE (%) R, (kQ) Ry, (kQ)
NP Ca/Al 1.50 1.81 1.91 0.30 0.82 0.05 43 21.0
NP Al 0.77 1.81 1.72 0.28 0.39 0.03 2.0 18.1
BHJ Ca/Al 1.48 0.91 0.91 0.27 0.36 0.02 26.6 39.1
BHJ Al 1.00 0.71 0.84 0.26 0.19 0.02 233 373
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FIG. 3. EQE as a function of incident wavelength for PFB:F8BT 1:1 NP
devices fabricated with Ca/Al (4 NP layers, solid line) and Al (5 NP layers,
dashed line) cathodes. Also plotted are the EQE spectra for PFB:F8BT 1:1
BHIJ devices fabricated with Ca/Al (filled circles) and Al (open circles)
cathodes.

with an average deviation of less than = 5% (see supplemen-
tary material).>* However, the different shapes of the NP
EQE plots reveal that for the Ca/Al cathode NP device, there
is a significantly increased contribution from charges gener-
ated by the PFB component (peak ~ 380nm'®). The active
layer thicknesses of the np devices fabricated with either an
Al or a Ca/Al cathode are the same and the thickness of the
Ca layer is only 10nm (~5% of the wavelength of the peak
absorption at 380nm). As such, there is no mechanism
whereby the observed EQE enhancement in the device
with a Ca/Al could be due to either: (a) an antibatic response
arising from a difference in device thickness or (b) a differ-
ence in the optical field distribution in the device due to
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interference effects.'” We have previously established that
PFB:F8BT NPs adopt a core shell morphology with a major-
ity PFB component located in the shell.” Westenhoff er al.
has shown that immobile, metastable interfacial states are
the bottleneck of device efficiency in blends of FSBT and
PFB, with 75% of charge pairs rapidly recombining where
they are formed resulting in a typically modest quantum effi-
ciency (QE) of ~3.4%.%° As such, the increased PFB contri-
bution to the EQE spectrum (maximum QE ~ 16%) indicates
that Ca must decrease the recombination of charges gener-
ated by the PFB component.

While there is likely to exist a rich complexity of interfa-
cial structure and interactions in these devices, our results are
consistent with a model (Figure 4) whereby Ca penetrates into
the multilayered structure creating interfacial states at the sur-
face of the NP. Ca readily penetrates polyfluorene films and
significantly decreases the luminescence efficiency by rapidly
quenching excitons that arrive at the calcium-polymer inter-
face.”! Moreover, Ca doping of polyfluorenes is known to cre-
ate interband-gap states by lowering the energy of the frontier
orbitals by up to 1.6eV.'® Here, we propose that these states
are created primarily in the PFB component, since this poly-
mer preferentially segregates to the surface of the nanopar-
ticle.’ Subsequently, electron transfer from Ca (Figure 4(b))
to the doped polymer (PFB¥*) results in a filled interband-gap
state at the Ca-NP interface;** excitons approaching these
interband-gap states are likely to dissociate and contribute
their holes to the polaron.21 For an exciton generated on PFB
(Figure 4(c)), holes moving into the filled interband state cre-
ate excess energy, which is transferred to the electron to con-
serve pair energy,23 resulting in enhanced charge separation,
and the observed increase in EQE contribution from PFB.
Furthermore, the observed increase in V. for the calcium
doped devices is explained by the reduction in PFB HOMO
energy level.'” By contrast, for an exciton generated on
F8BT, electron transfer to either the higher energy PFB

FIG. 4. Energy level diagrams for PFB:F8BT
nanoparticles in the presence of calcium. (a)
Calcium diffuses to nanoparticle surface. (b)
Calcium dopes PFB-rich shell producing gap
states. Electron transfer occurs from calcium
producing filled gap states. (c) An exciton
generated on PFB approaches the doped PFB
material (PFB*) and a hole transfers to the
filled gap state producing a more energetic
electron. (d) Electron transfer from an exciton
generated on F8BT to either the higher energy
PFB LUMO or the filled lower energy PFB*
LUMO is hindered.

&< PFB*

(Caj
_x PFB

Ca PFB* PFB F8BT



053901-4 Vaughan et al.

LUMO or the filled lower energy PFB* LUMO is unfavoura-
ble (Figure 4(d)). Thus, regions of the PFB-rich shell that are
Ca-doped act as a partial blocking layer for charges generated
on the F8BT explaining the reduced EQE contribution from
this component. Furthermore, any Ca-doping of the minority
F8BT in the outer shell of the NP results in additional electron
trap states at the interface.

In summary, we have shown that the intrinsic morphol-
ogy of NP PFB:F8BT OPV devices enhances exciton dissoci-
ation relative to the corresponding BHJ structure. Moreover,
the use of a Ca/Al cathode results in the creation of interfacial
gap states, which reduce recombination of charges generated
by the PFB in these devices and restores V,. to the level
obtained for an optimized BHJ device, resulting in a PCE
approaching 1%.
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