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We report on the enhanced performance of polymer bulk heterojunction solar cells composed of an iridium
complex with pendant sodium cations (pglrpicNa) as an energy donor, poly(3-hexylthiophene) (P3HT) as an
energy acceptor, polyethylene oxide (PEO) as an ion channel, and PCBM as an electron acceptor. With the
iridium complex and PEQ as additives, we observe a 20% increase in the current density, from 8.57 mA cm™2
to 10.24 mA cm™2, and a photoconversion efficiency of up to 3.4%. The observed enhancement in current
density comes primarily from an efficient triplet—singlet energy transfer from the iridium complex to P3HT.
Transient photoluminescence studies reveal triplet—singlet energy transfer efficiency from pqglrpicNa to
P3HT of over 99%. Because of this high energy transfer efficiency, an enhancement is observed in the
incident photon-to-conversion efficiency spectrum between 350 and 550 nm, which overlaps with the
absorption range of the iridium complex. We also observe enhanced nanophase segregation of the
active layer with pqglrpicaNa and PEO by atomic force microscopy. We propose that the observed
enhancement in the current density stems not only from the enhancement in the morphology with the
iridium complex, but also from the enhanced mobility of the sodium cations toward the metal
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Introduction

Bulk heterojunction (BHJ) solar cells consisting of an electron
donor and an electron acceptor are an attractive type of solar
cell because they are inexpensive, simple to process, light-
weight, and flexible."” The most common donor material in
BH]J solar cells is regioregular poly(3-hexylthiophene) (P3HT),
using which, it is possible to achieve a photoconversion effi-
ciency (PCE) greater than 6%.® Despite their many promising
advantages, the highest photovoltaic efficiency reported for BHJ
solar cells to date is less than 10%,° which is significantly less
than the value predicted by modeling (15%).'° There are many
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factors limiting the performance of BHJ solar cells, such as the
optical absorbance, purity of the polymer materials, exciton
diffusion length, charge separation, and charge collection at the
electrode. In addition, the morphology of the active composite
layer has an impact on the photovoltaic performance, and the
energy barrier between electrodes and the active layer can
intrinsically limit the current density as well. Among these
factors, one of the major challenges in BH]J solar cells is to
fabricate devices that can efficiently absorb sunlight from the
visible to the near IR region (350-900 nm), as it is very difficult
to obtain a wide absorption range and a high extinction coef-
ficient using a single material. Energy transfer between an
energy donor and an acceptor with different absorption spectra
could be an ideal strategy to solve this issue.

Energy transfer has been widely employed to enhance both
the signal-to-noise ratio in biosensors**> and the efficiency of
organic light-emitting diodes (OLEDs)."* The criteria for an
energy donor capable of efficient energy transfer are high
quantum efficiency, efficient overlap between the absorption
spectrum of the energy acceptor and the emission spectrum of
the energy donor, minima overlap with the absorption range of
the energy acceptor, a large Stokes shift to prevent self-
quenching, and a higher energy gap than that of the energy
acceptor to prevent charge transfer. There are three types of
energy transfer: singlet-singlet energy transfer, which is known
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as Forster resonance energy transfer (FRET)," triplet-triplet
energy transfer, which is known as Dexter energy transfer," and
triplet-singlet energy transfer, which is similar to FRET.'*"
Dexter energy transfer, employing triplet excitation with iridium
complexes, plays an important role in increasing the efficiency
of OLEDs. This is because iridium complexes have a high
quantum efficiency, a large Stokes shift, and a long exciton
diffusion length. The long diffusion length present in iridium
complexes is very beneficial in BH]J solar cells because the
diffusion length of singlet excitons in most photovoltaic mate-
rials is usually between 5 and 10 nm,'®** which is much shorter
than that required for efficient light absorption.

Iridium complexes have been studied in organic BHJ solar
cells as electron donor materials but have failed to attain
reasonable efficiencies due to their low hole mobilities.*
Alternatively, iridium complexes have been implemented in
BH]J solar cells as dopants to increase the triplet population,
thereby increasing the photoconversion efficiency,>* or as an
additive to improve the morphology.>* Although triplet states
have a long diffusion length, there are few reports on the
enhanced performance of BHJ solar cells using energy transfer
with a triplet excited state except for those operating by the
FRET mechanism. Recently, the Taylor group demonstrated
that FRET significantly improved the light absorption and PCE
for BH]J solar cells.”® Therefore, because triplet states have a
longer diffusion length than singlet states, employing triplet
energy transfer is a promising strategy for the fabrication of BHJ
solar cells.

In this research, we suggest a novel approach to fabricating a
BH] solar cell that involves a multifunctional iridium complex
containing pendant Na" ions (pqlrpicNa) as an energy donor,
P3HT as an energy acceptor, Phenyl-C61-butyric acid methyl
(PCBM) as an electron acceptor, and polyethylene oxide (PEO) as
an ion channel to improve the ionic mobility** and
morphology control.*® The most promising advantages of
pqlrpicNa are that its absorption range exhibits a small overlap
with that of the energy acceptor, a large Stokes shift, and a
reasonable quantum efficiency. The transient photo-
luminescence (PL) spectrum, measured by time-correlated
single photon counting (TCSPC), showed energy transfer effi-
ciencies of over 99% from pqlrpicNa to P3HT. Furthermore,
recent research showed that ionic iridium complexes enhanced
the phase separation between the donor and the acceptor,
leading to an increase in the photovoltaic performance.”*
Overall, the extent of the phase separation is influenced by the
hydrophobicity of the iridium complex, which can be controlled
by varying the ligands. Therefore, the neutral iridium complex
(pqIrpicNa) with a hydrophobic unit, 2-phenylquinoline (pq),
can offer great potential to improve the morphology. The
sodium ion of pqlrpicNa is generally known to have a faster
mobility in the solid film with PEO. Thus, Na" is expected to
reduce the energy barrier between the electrode and the organic
material by moving the cation toward the electrode® when the
electric field is formed by sunlight, increasing the exciton
diffusion length by stabilizing the exciton. In this manner,
charge collection at the electrodes is improved. To demonstrate
the various advantages of iridium complexes mentioned above,
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we evaluated BHJ solar cells containing various amounts of
pqlrpicNa to demonstrate the energy transfer effect between the
Ir complex and P3HT, to envisage the ion channel effect of the
Na' ion with or without PEO, and to control the morphology of
the active layer. The presence of pqlrpicNa improved the
photocurrent (Jsc) in the BHJ solar cells and the morphology. As
a result, the overall photoconversion efficiency of P3HT:PCBM
solar cells is improved from 3.0% to 3.4%.

Experimental

The synthesis of pqlrpicNa was carried out using a previously
reported procedure.” Optimized BH] devices were prepared as
follows. Indium tin oxide (ITO)-coated glass substrates were
cleaned with distilled water, then sonicated in distilled water,
acetone, and isopropyl alcohol, and dried overnight in an
oven. Next, an aqueous solution of poly(3,4-ethyl-
enedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS) was
spun-cast to form a film with a thickness of approximately 40
nm. The films were annealed for 10 min at 140 °C in air and
then transferred to a nitrogen-filled glovebox. Next, active layers
were deposited from a mixture of 2 wt% P3HT : PCBM (1 : 0.8 w/w)
in o-dichlorobenzene without and with varying ratios of the Ir
complex and PEO (1:0,3:1,1:1,1:3,and 0: 1 wt% relative
to the P3HT concentration). The devices were completed by the
thermal evaporation of Al cathodes (~100 nm) at a base pres-
sure of 10~° Torr. Device characterization was carried out in a
nitrogen-filled glovebox by recording the current density-
voltage (/-V) curves with a Keithley 2635 A source measurement
unit under simulated AM1.5G radiation (calibrated to
100 mW cm™?) using a high quality optical fiber coupled to a
xenon arc lamp. Atomic force microscopy (AFM) images were
obtained using a Veeco microscope in tapping mode over a 1 pm
x 1 pm scan area. The exciton lifetime was determined by a
TCSPC technique. The details can be found in a previous
report.*®

Results and discussion
Photophysical properties and energy transfer

The molecular structures and photophysical properties of the
materials used in this research are shown in Fig. 1a. The
synthesis of pqlrpicNa followed a previously published method.
The emission spectrum of pqlrpicNa efficiently overlaps with
the absorption spectrum of P3HT, as shown in Fig. 1b. The
absorption range of pqlrpicNa below 450 nm does not inhibit
the absorption of P3HT, and pqlrpicNa has never been used in
devices outside of being an energy donor.

The highest occupied molecular orbital (HOMO) energy of
pqlrpicNa (—5.6 eV) is lower than that of P3HT (—5.1 eV), and
the lowest unoccupied molecular orbital (LUMO) energy of
pqlrpicNa (—2.9 eV) is higher than that of P3HT (—3.0 eV),
which allows for efficient energy transfer (not charge transfer)
from pqlrpicNa to P3HT (Fig. 2). To confirm the energy transfer
from pqlrpicNa to P3HT, both the steady-state photo-
luminescence (PL) and transient PL were measured by TCSPC.**
First, we compared the PL intensity of P3HT containing 1 wt%

This journal is © The Royal Society of Chemistry 2014


http://dx.doi.org/10.1039/c4tc01222d

Published on 02 October 2014. Downloaded by Seoul National University on 04/08/2017 06:28:33.

Paper

——PL of pqlrpicNa '
b = Abs of P3HT
= = =Abs of pgirpicNa

PL Intensity (a.u)
Absormption (a.u.)

T T T T
300 400 500 600 700 800
Wavelength | nm

Fig.1 (a) Chemical structures of P3HT, PCBM, pglrpicNa, and PEO. (b)
Photoluminescence spectrum of the energy donor (black line: pglr-
picNa) and absorption spectra of the energy acceptor and donor (blue
solid line: P3HT, blue dashed line: pqglrpicNa).
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Fig. 2 (a) Device structure and (b) band diagram of ITO, PEDOT:PSS,
palrpicNa, P3HT, PCBM, and Al

pqlrpicNa with that of pure P3HT when it was excited in the
metal-to-ligand charge transfer (MLCT) region of pqlrpicNa
(470 nm) in a solid film (Fig. S1t). The PL intensity of P3HT with
pqlrpicNa slightly increased and exhibited no emission from
pqlrpicNa (~600 nm). Therefore, the PL intensity enhancement
was derived from the energy transfer from pqlrpicNa to P3HT.
We carried out transient PL measurements to more precisely
evaluate the energy transfer efficiency, E, which can be calcu-
lated using the following formula:****

ET efficiency (%) = (1 — tp_a/tp) x 100, (1)

where 15 and tp, are the excited state lifetimes of the energy
donor (pglrpicNa) with and without the energy acceptor (P3HT),
respectively. In solid films, the lifetime for pristine pqlrpicNa
was 0.3 ps, while the lifetime for pqlrpicNa with P3HT
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Fig. 3 Time-resolved PL signal at 600 nm of pglrpicNa (Aex = 470 nm)
with and without P3HT and/or PEO measured by time-correlated
single photon counting (TCSPC) (the inset shows the time-resolved PL
signal of P3HT with and/or without pglrpicNa and/or PEO).

dramatically decreased to 0.5 ns when excited at 470 nm, which
corresponds to 99.8% energy transfer efficiency (E), as shown in
Fig. 3 and Table S1.f A decrease in the lifetime of the energy
donor is a very typical phenomenon with efficient energy
transfer.** The inset of Fig. 3 also demonstrates a change in the
lifetime of P3HT with pqlrpicNa. There are no significant
changes in the lifetime of P3HT with and without the energy
donor, because the rate of energy transfer is similar to or faster
than the lifetime of pristine P3HT.

BH]J solar cell studies

We fabricated solar cell devices with various concentrations
(wt%) of pqlrpicNa as an energy donor and PEO as an ion
channel, ie, 1:0,3:1,1:1,1:3, and 0: 1 pqlrpicNa : PEO.
The structure of the devices is shown in Fig. 2. For these
fabricated devices, the J-V characteristics under AM1.5G

2 palrpicaNa: PEO
0 |—— —@—w/o additive
—@—1:0
2 -@—3:1

—@—1:1
-4

Current density | (mAlcm’)
>

[
-
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Fig. 4 Current density—voltage (J-V) characteristics of the
P3HT:PCBM devices with different ratios of pglrpicaNa to PEO
measured under AM1.5G illumination from a calibrated solar simulator
with an irradiation intensity of 100 mW cm—2.
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Table 1 Photovoltaic parameters of the P3HT:PCBM device with different ratios of additives

Active layer pqlrpicNa : PEO Thermal annealing (°C) Jsc (mA cm™2) Voc (V) FF Efficiency (%)
P3HT : PCBM (1:0.8) X X 6.31 0.51 0.50 1.6
150 8.57 0.60 0.59 3.0
1:0 X 4.39 0.46 0.43 0.9
150 9.27 0.60 0.57 3.1
3:1 X 7.45 0.54 0.54 2.2
150 10.40 0.55 0.56 3.2
1:1 X 7.40 0.59 0.44 1.9
150 10.24 0.58 0.56 3.4
1:3 X 8.06 0.54 0.56 2.4
150 9.79 0.55 0.57 3.1
0:1 X 8.40 0.54 0.58 2.6
150 9.26 0.53 0.57 2.8

illumination (100 mW cm™?) are shown in Fig. 4 and summa-
rized in Table 1. The reference P3HT:PCBM device exhibited a
short-circuit current density (Jsc) of 8.57 mA cm™>, an open
circuit voltage (Vo) of 0.60 V, and a fill factor (FF) of 0.59, which
corresponds to a 3.0% PCE. The Jsc of the BHJ solar cells
increased by approximately 20% as the content of pqlrpicNa
increased from 0 to 3 wt% and reached 10.40 mA cm™ 2. With
PEO, the Jyc also improved from 9.27 to 10.24 mA cm™> moving
froma1:0toal:1ratio of pqlrpicNa to PEO. The optimized
device performance was obtained with a 1 : 1 ratio of pqlrpicNa
to PEO and exhibited a 10% enhancement compared to the
reference device, which corresponded to a 3.4% PCE with a Js¢c
of 10.2 mA cm ?, a Voc of 0.58 V, and a FF of 0.56. This
enhancement of the photovoltaic performance could be attrib-
uted to the triplet-singlet energy transfer, ion channel effect,
and morphology enhancement. We obtained evidence of the
triplet-singlet energy transfer by the incident photon-to-current
efficiency (IPCE), which is in accordance with the Jsc of the
devices, as shown in Fig. 5. When 1 wt% pqlrpicNa was added
without PEO, an IPCE enhancement was observed from
350-450 nm, which corresponds exactly to the MLCT region of

60 - Ir complex: PEOJ
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Fig. 5 IPCE data of the P3HT:PCBM devices with different ratios of
additives.
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pqlrpicNa and the IPCE spectrum of pqlrpicNa and PCBM
(Fig. 5 and S27). Thus, we assume that the enhancement was
derived from the triplet-singlet energy transfer. The IPCE over
450 nm was slightly increased, which might be derived from an
enhancement in the morphology and/or triplet-singlet energy
transfer. An enhancement in the IPCE spectrum from 450 nm to
600 nm was also observed when PEO as an ion channel was
added to the active layer (Fig. 5).

In Fig. 6, we put forth a plausible mechanism for the ion
channel effects on the Jsc enhancement over 450 nm. First, the
photoexcited material forms an exciton. This exciton can then
be stabilized by being surrounded with Na* ions and Ir-SO;~
ions (Process 1), increasing the lifetime and diffusion length of
the excitons, as well as decreasing their self-recombination
rate.* In the following step, the excitons migrate to the donor-
acceptor interface and dissociate into charge carrier holes in the
donor and electrons in the acceptor, and then they move to the
electrodes. The sum of these processes produces a potential
between the ITO and the metal electrode (Process 2). Once this
potential is formed, small Na" ions rapidly move towards the Al
electrode through the PEO ion channel, while the bulky Ir-SO;~

e © | Stablhfatlon A Ir-SO;  D: P3HT
\ Aote— e of exciton

o —Ametal ® Na* A: PCBM

A A ,
L A o -
A-f-‘l g <N\ 0~ ~503 Na
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channel

Fig. 6 Plausible mechanism of the PEO ion channel in P3HT and
PCBM with pglrpicNa and PEO.
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ions remain at the counter electrode.” The accumulated Na*
ions at the metal electrode can reduce the energy barrier
between the metal and the active layer, which is very similar to
the way in which light-emitting electrochemical cells function at
a low operating voltage (Process 3). The decreased energy
barrier between the metal electrode and the active layer conse-
quently increases the current density, resulting in an
enhancement of the IPCE over 450 nm.

Changes in the morphology can also enhance the IPCE over
450 nm. AFM images were collected to evaluate the effect of
pqlrpicNa and PEO on the phase separation of P3HT:PCBM
composite films according to their ratios (Fig. 7 and S37). All of
the films were thermally annealed at 150 °C for 5 min.** The
morphology of the pristine P3HT:PCBM film shows (Fig. 7a) a
somewhat rough surface compared to the composite films
containing pqlrpicNa and/or PEO (Fig. 7b and S37t). The root
mean square (RMS) roughness of the P3HT:PCBM film (3.87)
was reduced to 0.42 with a 1:1 ratio of pqlrpicNa to PEO
(Fig. 7b), 0.63 with pqlrpicNa (Fig. S3at), and 0.55 with PEO
(Fig. S3dt);**” the films witha 3 : 1 or 1 : 3 ratio of pqlrpicNa to
PEO exhibited similar RMS roughnesses of 0.62 and 0.54,
respectively (Fig. S3f). From the AFM results, it is clear that
pqlrpicNa and PEO improved the nanophase segregation and
compatibility of P3BHT and PCBM.

The amount of added PEO was found to influence the device
performance; the addition of more than 1 wt% PEO leads to a
reduction in the Vi (Table 1). This can be explained by the
following relationship between Voc and Jgc. The Vo depends
on the saturation current density (J,), and Jsc can be calculated

using eqn (2).*®
VOC = }IlkTT 11’1(@4’ 1)7 (2)

where q is the charge of an electron, n is the ideality factor, & is
the Boltzmann constant, and T is the temperature. While Jsc
typically varies only slightly, the saturation current density plays
a key role in the V¢ because it varies by orders of magnitude.
To attain a high Vo, Jo must be very low, because the leakage
current reduces the Voc. The diode saturation current density
(Jo) is extracted from the intercept on the vertical axis from the
log current-voltage graph. Fig. 8 shows the J-V characteristics of
the solar cells with different ratios of pqlrpicNa to PEO (0 : 0,
1:0,3:1,1:1,1:3, and 0:1) under dark conditions. The

10nm

Fig.7 AFM heightimages of P3HT and PCBM (a) without and (b
1: 1 ratio of pqlrpicNa : PEO.

) with a
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Fig. 8 Current density—voltage (J-V) characteristics in the dark of the
P3HT:PCBM devices with different ratios of additives.

addition of PEO without the iridium complex achieved the
highest J, and the lowest V¢ (0.53 V), while the reference device
without any additives exhibited a V¢ of 0.60 V (Table 1). The
Voc value with 1 wt% pqlIrpicNa decreased from 0.60 V to 0.55 V
as the amount of PEO increased from 0 to 3 wt%. The increase
in the saturation current density corresponds to the amount of
PEO in the device. Therefore, the amount of PEO should be
minimized. As a result, we found that the optimal ratio of PEO
to pqlrpicNais 1 : 1, which gives a Vo of 0.59 V and a higher Jsc
than the reference device.

Conclusions

In conclusion, a small amount of added pqlrpicNa and PEO
enhanced the performance of BHJ solar cells because of their
multifunctional abilities. Specifically, they have the ability to
function as an energy donor, reduce the energy barrier between
the active layer and the metal electrodes by the movement of
sodium cations, and improve the morphology. The optimal
ratio of pqlrpicNa to PEO was experimentally determined to be
1:1 in the solar cell devices, resulting in 20% and 10%
increases in the Jsc and PCE, respectively, compared to the
reference device without additives. The triplet-singlet energy
transfer efficiency from pqlrpicNa to P3HT reaches 99%, which
enhances the IPCE, ie., the MLCT absorption region of pqlr-
picNa between 350 and 450 nm. Addition of pqIrpicNa and PEO
resulted in an increase in the nanophase segregation and
mobility of sodium cations through the PEO ion channels,
which allow for easy collection at the electrodes. Overall, this
study demonstrates that carefully chosen additives in BH]J solar
cells give more control over the morphology and diffusion
length within the cells, resulting in devices with improved
characteristics.
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