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ABSTRACT: The ability to tune the lowest unoccupied molecular orbital (LUMO)/highest occupied molecular orbital
(HOMO) levels of fullerene derivatives used as electron acceptors is crucial in controlling the optical/electrochemical properties
of these materials and the open circuit voltage (V,.) of solar cells. Here, we report a series of indene fullerene multiadducts
(ICMA, ICBA, and ICTA) in which different numbers of indene solubilizing groups are attached to the fullerene molecule. The
addition of indene units to fullerene raised its LUMO and HOMO levels, resulting in higher V. values in the photovoltaic device.
Bulk-heterojunction (BHJ) solar cells fabricated from poly(3-hexylthiophene) (P3HT) and a series of fullerene multiadducts-
ICMA, ICBA, and ICTA showed V. values of 0.65, 0.83, and 0.92 V, respectively. Despite demonstrating the highest V,_ value,
the P3HT:ICTA device exhibited lower efficiency (1.56%) than the PAHT:ICBA device (5.26%) because of its lower fill factor
and current. This result could be explained by the lower light absorption and electron mobility of the P3HT:ICTA device,
suggesting that there is an optimal number of the solubilizing group that can be added to the fullerene molecule. The effects of
the addition of solubilizing groups on the optoelectrical properties of fullerene derivatives were carefully investigated to elucidate
the molecular structure—device function relationship.
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Bl INTRODUCTION
Polymer solar cells (PSCs) based on conjugated polymers and

absorption to 900 nm and increase light harvesting; these
polymers produce high efficiencies greater than 7%.””"

fullerene derivatives have attracted a great deal of attention
because of their mechanical flexibility, simple fabrication
process, and the potential for their low-cost, large-scale
manufacture.'~* Until now, one of the most representative
polymer donors and fullerene derivative acceptors used in
polymer solar cells has been regioregular poly(3-hexylthio-
phene) (P3HT) and [6,6]-phenyl-Cg;-butyric acid methyl ester
(PCBM), respectively. PSCs based on the P3HT/PCBM BH]J
have reproducibly reached power conversion efficiencies
(PCEs) greater than 4% by solvent annealing as well as
thermal annealing.’~® And research activities on development
of new materials have been intensively focused on new low-
bandgap p-type materials in order to extend the light
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However, many of the reported conjugated polymers, including
P3HT, suffer from low efficiency in photovoltaics because of a
loss of V,."®7?° The use of PCBM, which has a relatively low
LUMO level, limits the V.. of the PSCs because V. is
proportional to the difference between the LUMO of the
acceptor and the HOMO of the donor material.”!

To overcome this problem, a number of fullerene derivatives
with high LUMO levels have recently designed and synthesized
for use as electron acceptors in high-V, PSCs.”>"% For
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Figure 1. Schematic illustration of mono-, bis-, and multiadduct fullerenes with different number of the solubilizing groups (left). The schematic
presents the resulting change in the LUMO levels of the fullerenes as a function of the number of the solubilizing groups (right).

example, the use of a regioisomeric mixture of PCBM bisadduct
(bis-PCBM) isomers was reported by Blom et al**> LUMO
energy level of bis-PCBM is approximately 0.1 eV higher than
that of PCBM, and the PCE of a PSC based on P3HT and bis-
PCBM reached 4.5%, which constitutes an 18% increase over
the PCE achieved with PCBM. This increase is a result of the
higher V. (0.73 V) caused by the higher LUMO energy level.?
More recently, Laird®”” and Li et al.”* > reported a remarkable
bisadduct fullerene derivative, indene-Cg, bisadduct (ICBA).
Through Diels—Alder [4 + 2] cycloaddition of indene to the
Cg fullerene structure, ICBA achieves a LUMO energy level
that is 0.17 eV higher than that of single-functionalized PCBM.
A PSC based on P3HT using ICBA as an acceptor
demonstrated a V. of 0.84 V and a PCE of greater than
5.44%, whereas a cell based on P3HT/PCBM displayed a V. of
0.6 V and a PCE of 3.88% under the same experimental
conditions.”® Thus, the development of new fullerene
derivatives with tunable LUMO and HOMO levels is both
urgent and important.

The standard fullerene acceptor contains 60 sp* orbitals, of
which fullerene derivatives with solubilizing groups have a
reduced number. For example, the monoadduct has 58 sp*
orbitals and the bisadduct has 56 sp’ orbitals. The electron
affinity of bisadduct fullerene is lower than that of the
monoadduct because of the difference in the sp® orbital
number (Figure 1).

The multiadduct contains fewer sp’ carbons, reducing the
electron affinity; thus, it displays a high LUMO energy level.
Therefore, it is expected that a further increase in the number
of the solubilizing groups (i.e., trisadduct fullerene) will result
in further reduced electron affinity and the potential for a
higher value of V.. Recently, Blom,** Nelson,*! and Fukuzumi
et al*® reported a series of PCBM-based multiadducts.
However, it was found that multiadducts of tris- and tetrakis-
PCBM blended with P3HT produced very low efficiencies in
BHJ devices. In addition, the V. values of P3HT:multiadduct
based BHJ devices were not typically higher than those of bis-
PCBM based BHJ devices. Additionally, whereas indene-based
fullerenes have shown great potential as electron acceptors,
there have been no reports of the use of trisadduct indene-
based fullerene (ICTA) as the electron acceptor in PSCs, to the
best of our knowledge.

Here, we report the synthesis of a series of indene-Cg,
multiadducts including indene-Cg, monoadduct (ICMA),
indene-Cy, bisadduct (ICBA), and indene-Cg, trisadduct
(ICTA) with different numbers of indene solubilizing groups,
ranging from 1 to 3. We have investigated the effects of the

number of solubilizing groups added to the fullerene on its
electrochemical and optical properties. And we have studied the
correlation of LUMO and V. in BHJ solar cells. The LUMO
levels of ICMA, ICBA and ICTA were found to be —3.84,
—3.67, and —3.53 eV, respectively, indicating that an increase in
the number of solubilizing groups increased the LUMO levels
of the compounds. As a result, BHJ devices consisting of
P3HT:ICMA, P3HT:ICBA and P3HT:ICTA demonstrated
increased V. values of 0.65, 0.83, and 0.92 V, respectively.
Interestingly, the P3HT:ICTA BH]J device displayed one of the
highest V. values that have been reported for P3HT-based
solar cells. However, because of its lower current and fill factor,
this device demonstrated a lower PCE (1.56%) than
P3HT:ICBA (5.26%). To better understand this result, we
will discuss the effects of the addition of solubilizing groups to
the fullerene molecule on the charge mobility as well as the
optical and morphological properties of its blend with P3HT.

B EXPERIMENTAL SECTION

Synthesis of Indene Cg, Multiadducts (Monoadduct,
Bisadduct, and Trisadduct). The compounds were prepared using
a modification of a published procedure.>® Cg, (500 mg, 0.695 mmol)
and indene (970 mg, 8.34 mmol) were dissolved in dry 1,2-
dichlorobenzene (35 mL) at reflux temperature for 60 h under an
argon atmosphere. Upon cooling to room temperature, the reaction
mixture was precipitated with excess MeOH. After the cosolvent was
removed with filter paper, the combined crude solid product was
purified using column chromatography on silica gel with toluene/
hexanes as the gradient eluent. This separation yielded corresponding
products, such as ICBA (272 mg, 41%, brown solid) and ICTA (171
mg, 23%, brown solid). In contrast, ICMA gave only trace yields.

ICBA. Elemental anal. Calcd for C,gH 4 C, 98.3; H, 1.7. Found: C,
97.1; H, 1.7. MALDI-TOF MS: caled for C,gH4 952.962; found,
953.069 (M"). ICTA. Elemental anal. Calcd for Cg,H,,: C 97.7; H, 2.3.
Found: C, 96.3; H, 2.0. MALDL-TOF MS: caled for CgyH,,, 1069.121;
found, 1069.249 (M*).

When 2.0 equiv. of indene was used, Cq, (0.5 g, 0.695 mmol) in dry
1,2-dichlorobenzene (35 mL) was refluxed for 48 h with indene, and
the following indene Cg4, monoadduct (186 mg, 32%, brown solid)
product was obtained. ICMA. '"H NMR (400 MHz, CDCL): § 7.61—
7.65 (m, 2H), 7.42—7.46 (m, 2H), 4.95 (br s, 2H), 3.85 (dt, ] = 10.2,
1.6 Hz, 1H), 2.92 (dt, ] = 10.2, 1.6 Hz, 1H). elemental anal. Calcd for
CeHg: C, 99.0; H, 1.0. Found: C, 97.4; H, 1.2. MALDL.TOF MS:
caled for CgoHg, 836.802; found, 836.983 (M™).

Characterization Methods. UV—visible absorption spectra were
obtained using a JASCO V-570 spectrophotometer. Cyclic voltamme-
try (CV) curves were measured using a CHI 600C electrochemical
analyzer. The CV curves of the different electron acceptors (PCBM,
ICMA, ICBA and ICTA) were collected at room temperature using a
conventional three-electrode system (Pt disk working electrode, Pt
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Scheme 1. Synthesis of Indene Cq, multiadducts (ICMA, ICBA, and ICTA)
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tetrabutylammonium hexafluorophosphate (#-Bu,PF) solution in 1,2-
dichlorobenzene (0-DCB) at a potential scan rate of 10 mV/s. The
reduction potentials of the acceptor solutions against the Ag quasi-
reference electrode were measured and calibrated against a ferrocene/
ferrocenium (Fc/Fc*) redox couple, assuming that the absolute energy
level of Fc/Fct was —4.80 eV.' #3132

Device Fabrication and Measurement. To investigate the
photovoltaic properties of the indene fullerene multiadducts, BHJ
photovoltaic cells were fabricated using an ITO/PEDOT:PSS/
P3HT:Electron acceptors/LiF/Al structure. P3HT (BASF P200) was
used as an electron donor, while PCBM, ICMA, ICBA, and ICTA
were used as electron acceptors. ITO-coated glass substrates were
subjected to ultrasonication in acetone and 2% Helmanex soap in
water, followed by extensive rinsing with deionized water and
ultrasonication in deionized water and then in isopropyl alcohol.
Finally, the substrates were dried for several hours in an oven at 80 °C.
The ITO substrates were treated with UV-ozone prior to PEDOT:PSS
deposition. A filtered dispersion of PEDOT:PSS in water (PH 500)
was applied by spin-coating at 3000 rpm for 30 s and baking for 30
min at 140 °C in air. After application of the PEDOT:PSS layer, all
subsequent procedures were performed in a glovebox under a N,
atmosphere. Different solutions of P3HT, PCBM, ICMA, ICBA, and
ICTA in o-dichlorobenzene (30 mg/mL) were prepared and stirred at
100 °C for more than 24 h. The solutions were passed through a 0.2
um PTFE syringe filter. Then, blend solutions composed of P3HT
mixed with PCBM, ICMA, ICBA and ICTA were prepared with a
P3HT concentration of 15 mg/mL. Each solution was then spin-cast
onto an ITO/PEDOT:PSS substrate at 800 rpm. Each P3HT/
acceptor film was placed in a covered Petri dish while still wet for the
solvent annealing process. Before the deposition of LiF/Al, prethermal
annealing was performed at 150 °C for 10 min to optimize the
morphology of the active layer. The substrates were then placed in an
evaporation chamber and held under high vacuum <1 X 107 Torr) for
more than 1 h before evaporating approximately 0.7 nm of LiF/100
nm of Al The configuration of the shadow mask produced four
independent devices on each substrate. The photovoltaic performance
of the devices was characterized with a solar simulator (ABET
Technologies) with an air-mass (AM) 1.5 G filter. The intensity of the
solar simulator was carefully calibrated using an AIST-certified silicon
photodiode. The current—voltage behavior was measured using a
Keithley 2400 SMU. The active area of the fabricated devices was 0.10
cm’.

The hole mobilities of the P3HT used as an electron donor in the
blended systems were measured by the space-charge-limited current
(SCLC) method using the ITO/PEDOT:PSS/blend/Au device
structure. Current—voltage measurements in the range of 0—8 V
were taken, and the results were fitted to a space-charge-limited
function. The SCLC is described by
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Jscre = PRty

where & is the permittivity of free space, € is the dielectric constant of
the polymer, y is the mobility of the charge carriers, V is the potential
across the device (V = Vipplied — Vi — V), and L is the polymer layer
thickness. The series and contact resistances of the device (~25 Q)
were measured using a blank device (ITO/PEDOT/Au), and the
voltage drop caused by this resistance (V,) was subtracted from the
applied voltage. Electron-only devices with the structure ITO/
CS,CO;/blend/LiF/Al were also fabricated by spin-coating the active
layer onto ITO/CS,CO; substrates followed by the deposition of LiF/
Al on the cathode electrode, as reported in the literature.>*

B RESULTS AND DISCUSSION

Synthesis. A series of indene-Cg, multiadducts of ICMA,
ICBA and ICTA were synthesized using the [4 + 2]
cycloaddition reaction between Cgyy-fullerene and diene, as
outlined in Scheme 1. Although the compounds were prepared
using a modification of a published procedure,**** the synthesis
of ICTA with three indene solubilizing groups and the analysis
of its chemical structure have not previously been reported in
the literature. The relative weight ratios of ICMA, ICBA and
ICTA in the product mixtures were dependent on the reaction
conditions, including the molar ratios of indene to Cg, and the
reaction times used. Despite the use of an extended reaction
time and a greater excess of indene, higher-adduct products
(e.g, tetrakis- and pentakisadducts) could not be obtained
using this reaction procedure.

When 12.0 equiv of indene was used, the crude products
were mixtures of indene Cg, multiadducts (such as ICBA,
ICTA, and a small amount of ICMA) and unreacted Cg,. The
solvent, 0-DCB, was partially evaporated under reduced
pressure. The desired products, ICBA (41%) and ICTA
(23%), were separated and purified using column chromatog-
raphy (hexane/toluene eluent gradient system). The structures
of ICBA and ICTA were confirmed using MALDI-TOF mass
spectrometry and elemental analysis. When 2.0 equiv of indene
was used, the cycloaddition product, (the Cq4 monoadduct,
ICMA), was obtained in an isolated yield of 32% (based on Cg,
fullerene) together with a small amount of ICBA and unreacted
Cgo- The purities of the ICMA, ICBA and ICTA products were
analyzed using elemental analysis and MALDI-TOF mass
spectroscopy (see Figures S1—S3 in the Supporting Informa-
tion) and were determined to be greater than 99%.

Electrochemical Properties. The LUMO/HOMO levels
of fullerene derivatives are of great importance in determining
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the potential of these compounds as electron acceptors in
photovoltaic cells. The electrochemical properties of a series of
indene-fullerene multiadducts were therefore carefully analyzed
using CV measurements. The CV curves were recorded with
referenced to a Ag quasi-reference electrode, which was
calibrated using a ferrocene/ferrocenium (Fc/Fc*) redox
couple (4.80 eV below the vacuum level) as an external
standard.'*#3>3¢

Figure 2 shows the CV curves of ICMA, ICBA, and ICTA
along with that of PCBM for comparison. Table 1 summarizes
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Figure 2. Cyclic voltammetry (CV) curves for PCBM, ICMA, ICBA,
and ICTA.

Table 1. Electrochemical Properties of the Series of Indene-
Fullerene Multiadducts Used in This Study

electron acceptors E, (V) E, (V) E..> (V) LUMO (eV)
PCBM —1.11 —1.51 —0.95 -3.85
ICMA -1.15 —1.55 —-0.96 —3.84
ICBA —1.29 —-1.69 —1.13 -3.67
ICTA —1.44 —-1.85 —-1.27 —-3.53

the electrochemical properties of the fullerene materials used in
our study. The series of indene—fullerene multiadducts and
PCBM exhibit two well-defined, quasi-reversible reduction
waves in the negative potential range from 0 to —2.5 V.

As shown in Figure 2 and Table 1, the first (E;) and second
(E,) reduction potentials decreased as the number of
solubilizing groups in the fullerenes increased; the most
negatively shifted values were those observed for ICTA,
which has the largest number of indene units among the
electron-accepting fullerenes used. Compared to the E; of
ICMA (—1.15 V), the E; of ICBA is shifted by —0.14 V, to
—1.29 V, and that of ICTA is shifted by —0.29 V, to —1.44 V.
The LUMO energy levels of the fullerene derivatives were
estimated from their onset reduction potentials, which were
determined by CV measurements. The onset reduction
potentials (E,¢™) of PCBM, ICMA, ICBA, and ICTA were
—0.95, —0.96, —1.13, and —1.27 V, respectively, vs Fc/Fc*. As
shown in Table 1, whereas ICMA has a LUMO level very
similar to that of PCBM, the indene-fullerene bis- and
trisadducts ICBA and ICTA exhibit much higher LUMO levels
than the monoadduct fullerenes PCBM and ICMA. For
example, the LUMO level of ICBA is —3.67 eV, a value that
is 0.17 eV higher than that of ICMA This trend is consistent
with previously reported findings.”® Of particular interest is the
observation that the LUMO level of ICTA is —3.53 €V, a value
that is higher than that of ICBA by 0.14 eV. The large shift in
the LUMO level of ICTA is attributed to the presence of an
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extra indene group and the resulting decrease in the sp” orbital
number (the bisadduct has 56 sp orbitals, whereas the
trisadduct has 54 sp” orbitals) and electron affinity. The higher
LUMO energy level of the indene-fullerene multiadduct
derivatives is desirable because electron acceptors of this type
produce higher values of V. in BHJ-type PSCs. This topic will
be discussed further in the following section.

Photovoltaic Properties. To elucidate the relationship
between the molecular structure of indene-fullerene multi-
adducts and the function of solar cell devices, BHJ-type PSCs
(ITO/PEDOT:PSS/P3HT:indene-fullerene multiadducts/LiF/
Al) were fabricated from blends of these fullerenes with P3HT,
and their performances were measured. A device composed of
P3HT:PCBM was also fabricated as a control. Solvent
annealing was used to optimize the morphology of the BHJ
active layer and improve the device performance via control
over the evaporation rate of the residual solvent. Figure 3a
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Figure 3. (a) Current density—voltage characteristics of BHJ-type
PSCs; (i) P3HT:PCBM (black), (ii) P3HT:ICMA (blue), (iii)
P3HT:ICBA (red), and (iv) P3HT:ICTA (green) based BHJ devices
under AM L.5 illumination at 100 mW/cm?. (b) Energy-band diagram
showing the LUMO levels of the indene C4, multiadducts studied
(ICMA, ICBA, and ICTA).

shows the current density versus voltage (J—V) curves of the
ITO/PEDOT:PSS/P3HT:indene-fullerene multiadduct/LiF/
Al devices under AM 1.5 illumination at 100 mW/cm? Table
2 summarizes the device characteristics of the P3HT-based
BH]J-type PSCs mixed using different weight ratios of PCBM,
ICMA, ICBA and ICTA. The P3HT:ICMA device exhibited a
PCE of 3.65% (V,. = 0.65 V, J,. = 9.66 mA/cm? and FF =
0.59) at a P3HT:ICMA weight ratio of 50:50, and its
performance was comparable to that of the P3HT:PCBM
control device (V. = 0.61V, J,. = 9.68 mA/cm?, FF = 0.61, and
PCE = 3.59%) .

Interestingly, the P3HT:ICBA device performed much better
(V,. = 083 V, J.. = 10.53 mA/cm?, FF = 0.60, and PCE =
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Table 2. Device Characteristics of Solar Cells Composed of
P3HT:ICMA, P3HT:ICBA, and P3HT:ICTA along with
P3HT:PCBM under AM 1.5 G-Simulated Solar Illumination
(100 mW/cm?)

active layer (w/w) Voe (V) Joo (mA/cmi?) FF PCE (%)
P3HT: PCBM (60:40)  0.62 9.71 0.62 3.74
P3HT: PCBM (50:50) 0.61 9.68 0.61 3.59
P3HT: ICMA (60:40) 0.63 9.25 0.60 3.46
P3HT: ICMA (50:50) 0.65 9.66 0.59 3.65
P3HT: ICBA (60:40) 0.83 10.53 0.60 526
P3HT: ICBA (50:50) 0.83 1045 0.59 5.10
P3HT: ICTA (60:40) 0.88 627 0.40 225
P3HT: ICTA (50:50) 0.92 4.26 0.40 1.56

5.26%) than the devices based on blends of P3HT and the
monoadduct fullerenes (PCBM and ICMA) at various
donor:acceptor weight ratios. The increase in the PCE of the
P3HT:ICBA device was mainly caused by an increase in V_ (its
value increased by 0.18 V compared to that of the P3BHT:ICMA
device). The changes in the V_. value and the device
performance observed in this study agree well with previously
reported values.”®*° The use of ICTA as an electron acceptor
produced a further increase in V. to more than 0.9 V. To the
best of our knowledge, this is one of the highest V. reported to
date for a polythiophene based BHJ-type PSC. However,
despite its high V,_ value, the P3HT:ICTA device exhibited
lower performance (V.. = 0.92 V, J,. = 426 mA/cm?, FF =
0.40, and PCE = 1.56%) than the P3HT:ICBA device (5.26%).
BHJ devices consisting of P3HT:ICMA, P3HT:ICBA and
P3HT:ICTA, in order of increasing number of indene
solubilizing groups added to the fullerene, exhibited increased
V,. values of 0.6S, 0.83, and 0.92 V, respectively. This trend can
be explained by considering an energy-band diagram of the
fullerenes and P3HT used in our study (Figure 3b). It is well-
known that V. is mainly determined by the difference between
the LUMO level of the electron acceptor and the HOMO level
of the electron donor, although other factors such as device
morphology and charge mobility make minor contributions.>”
The increase in the LUMO levels of ICMA, ICBA and ICTA
with increasing side chain number (—3.84, —3.67, and —3.53
eV, respectively) results in increasing gaps between the LUMO
level of each fullerene and the HOMO level of P3HT. Thus, it
can be concluded that the progressive addition of solubilizing
groups to the fullerene results in significant increases in the
value of V. Although the P3HT:ICTA device had a higher V.
than the P3HT:ICMA and P3HT:ICBA devices, this device
produced a much lower current and fill factor than the
P3HT:ICMA and ICBA devices. The optical and electrical
properties of ICMA, ICBA and ICTA devices will be discussed
in the following section to elucidate the reason for the lower
current and fill factor values in the ICTA device.

Optical and Electrical properties. To gain insight into
the operation of BHJ solar cells, the thin-film UV—vis
absorption spectra of the P3HT:fullerene blends were
measured under the optimal conditions for each device, as
shown in Figure 4. The UV-—vis absorption spectra of
P3HT:PCBM and P3HT:ICMA were similar to that of a
pristine P3HT film, with a A, of 517 nm. P3HT:ICBA
showed a slightly hypsochromic-shifted spectrum (4,,,, = 510
nm) compared to that of the pristine P3HT films. P3HT:ICTA
showed a dramatic change in the absorption spectrum, with a
much stronger hypsochromic shift (A, = 487 nm).
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Figure 4. UV—vis absorption spectra of thin films of PCBM, ICMA,
ICBA, and ICTA with P3HT.

Furthermore, the optical spectra of the P3HT:ICTA films
exhibited decreased intensity of the vibronic peak at 610 nm,
which is characteristic of highly ordered P3HT chains.>**~*
We suspect that the addition of solubilizing groups to the
fullerenes may introduce disorder into the fullerene packing
because of the presence of a higher number of isomers in ICTA
that can disrupt the two-dimensional packing between the
electron-donating polymers and their consequent crystalliza-
tion. A previous study reported a similar UV—vis absorption
trend in blended films of P3HT:bis-PCBM in comparison to
P3HT:PCBM.*' To find the additional evidence of the effect of
the fullerene molecular structure on the P3HT packing in the
P3HT:multiadduct blend films, the two-dimensional structure
of the P3HT chains and their orientation is under investigation
by grazing incidence X-ray diffraction (GIXRD) and high-
resolution X-ray scattering.

Charge-carrier mobility is of great importance in PSCs. The
space-charge-limited current (SCLC) mobility measures the
hole and electron mobility in the direction perpendicular to the
electrodes; thus, it is the most representative measurement of
charge-carrier mobility for solar cells. To measure the hole
mobility of different fullerene blends with P3HT, we fabricated
devices with the ITO/PEDOT:PSS/blend/Au structure,
resulting in a hole-only device. For blends of ICMA, ICBA
and ICTA with P3HT prepared using this device structure, the
hole mobilities measured using the SCLC method were 3.7 X
1074, 2.7 X 107, and 2.9 X 107* em? V™! s7}; respectively. These
results are consistent with the result of 3.1 X 107* cm* V™' 57
obtained for the control P3HT:PCBM sample. In contrast to
the similar hole mobilities of P3HT:ICMA, P3HT:ICBA and
P3HT:ICTA, there were significant differences in the electron
mobilities of the various fullerene derivatives, especially
between that of ICTA and the others. The current density—
voltage (J—V) characteristics of the electron-only P3HT:
PCBM/ICMA/ICBA/ICTA blend devices are shown in Figure
S.

To compare the electron mobilities of different P3HT blends
with ICMA, ICBA and ICTA, electron-only devices with the
ITO/CS,CO;/blend/LiF/Al structure were fabricated. It is
known that the ITO/CS,CO; bilayer effectively blocks hole
injection to the active layer.>* The thickness of each sample was
approximately 100 to 110 nm. Table 3 summarizes the hole and
electron mobilities of the PCBM, ICMA, ICBA and ICTA
blends with P3HT. The dark current of the P3HT/ICBA
device was similar to that of the devices with one solubilizing
group (P3HT:PCBM and P3HT:ICMA) . In contrast, the
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Figure 5. Measured space-charge-limited J—V characteristics of the
P3HT:PCBM/ICMA/ICBA/ICTA blend devices under dark con-
ditions for electron-only devices.

Table 3. Calculated Hole and Electron Mobility Values and
Electron-Hole Mobility Ratio (SCLC Method)

hole-only device electron-only device

blend system () [cm®/(V s)] (1) [em?/(V s)] Hn/He
P3HT:PCBM 3.1 x 10 23 % 107* 1.4
(1:1)
P3HT:ICMA 3.7 x 107* 25 x 107* 1.5
(1:1)
P3HT:ICBA 2.7 x 107* 27 x 1074 1.0
(1:1)
P3HT:ICTA 29 x 1074 5.0 x 107 5.8 X 10*

(1:1)

addition of a further indene group in the P3HT:ICTA fullerene
resulted in reduction of the electron mobility by 2 orders of
magnitude. This result is consistent with previous findings for
devices using tris-PCBM***' and probably results from an
increase in disorder in the fullerene phase caused by the
addition of the solubilizing group and the presence of a greater
number of isomers of the trisadduct, both of which prevent
efficient packing between the fullerenes and decrease electron
transport through the fullerene phase.

The parameter that represents the ratio of the hole-to-
electron mobilities (y,/4,) in the polymer/acceptor blends is
crucial to understanding the optoelectronic properties of BHJ
solar cells. Therefore, the puy/p, values of the devices were
calculated and compared; the results are summarized in Table
3. Whereas P3HT:PCBM, P3HT:ICMA, and P3HT:ICBA
exhibited relatively well-balanced p,/p, values, the P3BHT:ICTA
device showed an unbalanced ratio of py/u, (~5.8 X 10?)
because of its lower electron mobility. It is known that balanced
charge-carrier transport is an imgortant factor for increasing the
fill factor in BHJ solar cells.***

When the charge transport in the device is largely
unbalanced, as it was found to be for P3HT:ICTA, charge
accumulation can occur in the device, and the photocurrent can
then be space-charge-limited. When this occurs, the photo-
current is governed by a square-root dependence on the bias,
and a high FF (above 42%) is difficult to achieve.*”** However,
when the carrier transport is well-balanced, such as for
P3HT:PCBM, P3HT:ICMA and P3HT:CBA, the photo-
current is not limited by space-charge effects, and relatively
high fill factors can be achieved. Therefore, we suggest that in
addition to the decreased light absorption of the P3HT/ICTA
device, as shown in Figure 4, the unbalanced p,/ 4, value could
provide an additional explanation for the lower current and fill
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factor of the P3HT/ICTA device than those of the P3HT/
ICBA device.

B CONCLUSIONS

In summary, we have synthesized a series of indene fullerene
derivatives (ICMA, ICBA and ICTA) with different numbers of
indene solubilizing groups and investigated the effects of their
molecular structure on the performance of BHJ solar cells. An
increase in the number of solubilizing groups in the fullerenes
was found to increase the LUMO level. Because of their higher
LUMO levels, BHJ-type PSCs consisting of P3HT:ICMA,
P3HT:ICBA and P3HT:ICTA showed increased V. values of
0.65, 0.83, and 0.92 V, respectively. Interestingly, the use of
ICTA as an electron acceptor produced a further increase in the
Vo to more than 0.9 V. However, despite its high V. value, the
P3HT:ICTA device exhibited a lower PCE (1.56%) than those
of the P3HT:PCBM, P3HT:ICMA, and P3HT:ICBA devices
because of its lower current and fill factor. The lower current
and fill factor can be explained by blue-shifting, as well as the
decreased intensity of the vibronic peaks in the UV—vis
absorption spectrum and the unbalanced puy,/p, value of the
P3HT:ICTA blend; all of these effects are probably caused by
the presence of isomers of the ICTA molecule, which affect the
charge transport properties of the material. We have
successfully demonstrated that a series of indene-fullerene
multiadducts can provide a model system for investigating the
effects of the number of solubilizing groups on the LUMO and
HOMO levels of fullerene derivatives and their performance in
BHJ devices. This approach could be extended to other
polymer systems that suffer from low V. because of high
LUMO/HOMO levels.
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