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Abstract—Interfacial tension between two materials is a key parameter in determining their miscibility and, thus,
their morphological behavior in blend films. In bulk heterojunction (BHJ)-type polymer solar cells (PSCs), control of
the interfacial tension between the electron donor and the electron acceptor is critically important in order to increase
miscibility and achieve optimized BHJ morphology for producing efficient exciton dissociation and charge transport.
Herein, we report the synthesis of a series of indene-Cy, bis-adducts (ICBA) derivatives by modifying their end-groups
with fluorine (FICBA), methoxy (MICBA) and bromine (BICBA) functional units. We systematically studied the effects
of their structural changes on the blend morphology with poly(3-hexylthiophene) (P3HT) and their performance in
the PSCs. The end-group modification of ICBA derivatives induced a dramatic change in their interfacial tensions with
P3HT (i.e., from 4.9 to 8.3 mN m ), resulting in large variations in the power conversion efficiency (PCE) of the PSCs,

ranging from 2.9 to 5.2%.
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INTRODUCTION

Polymer solar cells (PSCs) have attracted considerable attention
as promising candidate devices for harvesting solar energy due to
flexibility, portability and low manufacturing cost [1-4]. In particu-
lar, BHJ-type PSCs developed by simply mixing electron-donating
conjugated polymers and electron-accepting fullerene derivatives
are the most prevalent type of PSCs due to their simple fabrica-
tion and high performance. A well-intermixed blend of the elec-
tron donor-acceptor, with small-scale separation that is comparable
to the exciton diffusion length, is required in BHJ-type PSCs to
ensure their high performance in the PSCs. This is because photo-
generated excitons can be dissociated only at the interface between
the donor and the acceptor [5,6]. However, the control of phase
separation between the donor and the acceptor in the BHJ blend
is not trivial because the kinetically trapped BHJ morphology is
concurrently dependent on various parameters, including the intrin-
sic properties of the materials and the device processing conditions.

Phase separation between the donor and the acceptor is deter-
mined by both thermodynamic and kinetic parameters, such as
the interfacial tension between the donor and the acceptor, the sol-
ubilities of the donor and the acceptor, and the evaporation rate of
the solvent [7-11]. Hence, much research has focused on tuning
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the chemical structures of conjugated polymers to control the inter-
action between the electron-donating polymers and the electron-
accepting fullerene derivatives [12-18]. Even small changes in alkyl
solubilizing groups of conjugated polymers can induce significant
effects on the blend morphology and the performance of the solar
cell [19-23]. The importance of the structural effects of the fuller-
ene derivatives on the BHJ blend morphology can be amplified
because they have much higher molecular mobility than polymers,
resulting in the tendency to diffuse out of the polymer and thus,
seriously affecting the BHJ blend morphology [24-27]. Initially, the
solubilizing groups of the fullerenes were modified with the aim of
tuning the LUMO levels, because the open-circuit voltage (V,.) of the
PSCs is proportional to the difference between the lowest unoccu-
pied molecular orbital (LUMO) level of fullerene derivatives and
the highest occupied molecular orbital (HOMO) level of the elec-
tron-donating polymers [28-32]. For example, several fullerene
bis-adduct derivatives have been developed recently in order to ef-
fectively increase V,, and produce higher efficiencies in the PSCs
[28,29,33-35], because the fullerene bis-adducts have higher LUMO
energy levels than fullerene mono-adducts. The higher energy lev-
els are due to the presence of fewer unsaturated bonds in the bis-
adducts, which reduces the molecules electron affinity. In addi-
tion, the solubilizing groups of the fullerene derivatives have been
modified to improve their solubility in organic solvents and increase
their miscibility with polymer donors [36-38]. For example, Tro-
shin et al. reported the modification of ester groups in phenyl-Cg,-
butyric acid methyl ester (PCBM) because the side chains appended
to the ester groups enhanced their solubility in organic solvents
[39]. However, the successful modification of fullerenes resulting
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in improved power conversion efficiencies (PCEs) of the PSCs com-
pared to PCBM rarely has been reported due to the changes in other
properties that are accompanied by the modifications, such as changes
in the electrical properties, electro-chemical properties, and crys-
talline behavior [31,32,40,41]. Furthermore, the effects of chemi-
cal modification of fullerene derivatives have been rarely addressed
in terms of the morphological interactions with conjugated poly-
mers, although the changes of the solubility of the fullerene deriv-
atives could significantly affect the interfacial interactions with poly-
mers and the blend morphology. Therefore, systematic study of
the effects of the molecular structure of fullerene derivatives on
their interaction with conjugated polymers and of their effects on
the performances of PSCs is essential to determine the appropri-
ate design of fullerene derivatives for use in PSCs. Such study on
the molecular structure-device function relationship in PSCs using
the indene-Cy, bis-adducts (ICBA) model is especially important,
because ICBA is one of the most studied and successful bis-adduct
fullerenes, which produces high V,. and PCE values in PSCs [33,
3542].

Herein, we introduce three different substituents into the end
solubilizing groups of ICBA molecules to produce a series of the
ICBA based fullerene derivatives and study the effect of the struc-
tural changes on the blend morphology with the poly(3-hexylthio-
phene) (P3HT) donor polymers. The fullerene derivatives based
on ICBA were chosen as a model system due to their high PCE
and the simplicity in their synthetic routes [43]. Modification of
the solubilizing group in ICBA was achieved by simply varying
the chemical structure of the indene precursors with different end-
groups: fluorine, methoxy, and bromine functional groups (Fig. 1).
The introduction of these functional end-groups induced changes
in the interactions with P3HT, and thus, the PCE values of P3HT :
ICBA-derivative devices varied dramatically from 2.9 to 5.2%. The
change in the interactions between P3HT and ICBA derivatives
also was demonstrated by measuring the surface tensions of P3HT
and the different ICBA derivatives and comparing the correspond-
ing interfacial tensions between P3HT and each different ICBA
derivative. In particular, the blend morphologies of P3HT and the
ICBA-derivatives were dependent largely on the surface tension
values of the ICBA derivatives, resulting in the significant changes
in the values of fill factor (FF) and short circuit current (J,.) and,
thus, in the PCE values of the photovoltaic devices. In addition,
the effects of the end-functional groups of the ICBA derivatives on

P
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charge transport were investigated by measuring the performance
of each of the ICBA derivatives in organic field-effect transistors
(OFETs).

EXPERIMENTAL

1. Materials

All commercially available reagents were used without further
purification unless otherwise indicated. The organic solvents (1,2-
dichlorobenzene, toluene, hexane, and methanol) were used as anhy-
drous solvents. Column chromatography was carried out on Merck
silica gel 60 (230-400 mesh).

2. General Procedure for Synthesis of Indene Bis-adducts Fuller-
ene Derivatives

The compounds were prepared by using a modification of a pub-
lished procedure [43]. Thirty-five milliliters of indene-based pre-
cursors in 1,2-dichlorobenzene was added to a solution of Cg, and
the mixture was stirred at reflux temperature for 2h under an Ar
atmosphere. Upon cooling to room temperature, the reaction mix-
ture was precipitated with excess methanol. The precipitated solid
was filtered and purified by flash column chromatography on sil-
ica gel using toluene/hexane as the gradient eluent to afford the
corresponding fullerene derivatives.

ICBA was prepared by the reaction of Cy, (500 mg, 0.695 mmol)
with indene (970 mg, 8.34 mmol). A brown solid (272 mg, 41%)
of the desired product was obtained by purification using column
chromatography (hexane/toluene): Elemental analysis for C,H,:
calculated: C, 98.3; H, 1.7. found: C, 97.1; H, 1.7. Matrix-assisted laser
desorption/ionization-time of flight mass spectrometry (MALDI-
TOF MS): calculated for C,iH 4 952.962. found: 953.069 (M").

5-Fluoro-indene Cg, bis-adduct (FICBA) was prepared by the
reaction of Cg, (890 mg, 1.236 mmol) with 5-fluoro-indene (1.9 g,
14.83 mmol). A brown solid (367 mg, 30%) of the desired product
was obtained by purification using column chromatography (hex-
ane/toluene): MALDI-TOF MS: calculated for C,sH,¢ 988.943. found:
989.263 (M").

5-Methoxy-indene C, bis-adduct (MICBA) was prepared by
the reaction of Cy, (505 mg, 0.701 mmol) with 5-methoxy-indene
(1.23 g, 841 mmol). A brown solid (201 mg, 29%) of the desired
product was obtained by purification using column chromatogra-
phy (hexane/toluene): MALDI-TOF MS: calculated for CgH,,0,
1013.014. found: 1013.955 (M").

Fig. 1. Synthesis route and molecular structure of ICBA and three different ICBA derivatives.
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5-Bromo-indene Cy, bis-adduct (BICBA) was prepared by the
reaction of Cy, (700 mg, 0.972 mmol) with 5-bromo-indene (2.28 g,
11.66 mmol). A brown solid (292 mg, 27%) of the desired product
was obtained by purification using column chromatography (hex-
ane/toluene): MALDI-TOF MS: calculated for C,;H,,Br, 1110.754.
found: 1110.872 (M").
3. PSC Fabrication

P3HT (BASF P200) was used as the electron donor, and ICBA,
FICBA, MICBA, and BICBA were used as electron acceptors. Solu-
tions of P3HT, ICBA, FICBA, MICBA, and BICBA in o-dichloro-
benzene (30 mg mL™") were prepared and stirred at 100 °C for more
than 24 h. Then, the solutions were filtered with a 0.2-um PTFE
syringe filter. Next, the P3HT solution was mixed with the solu-
tions of the ICBA, FICBA, MICBA, and BICBA at optimized donor :
acceptor ratios. The concentration of P3HT in the blend solution
was 15 mg mL ™. The devices were fabricated using an ITO/PEDOT :
PSS/P3HT: ICBA derivatives/LiF/Al structure. ITO-coated glass
substrates were ultrasonicated in acetone and 2% Helmanex soap
in water, followed by ultrasonication in deionized water and then
in isopropyl alcohol. Each ultrasonication step was conducted for
more than 20 min. Then, the substrates were dried for several hours
in an oven at 80 °C. The ITO substrates were treated with UV-ozone
and a filtered dispersion of PEDOT: PSS in water (Baytron PH
500) was spin-coated at 2,000 rpm for 30 s onto the substrates and
baked for 20 min at 140 °C in air. Then, all subsequent procedures
were performed in a glove box under an N, atmosphere. Each blend-
ing solution of P3HT and fullerene derivative was spin-coated onto
an ITO/PEDOT : PSS substrate at 900 rpm for 40s. Each P3HT/
fullerene derivative film was dried and the final thickness of the
films was ~120 nm. Then, the substrates were placed in an evapo-
ration chamber at high vacuum (less than 10~ Torr) for more than
1 hr before evaporating approximately 0.7 nm of LiF and 100 nm
of Al. The configuration of the shadow mask produced four inde-
pendent devices on each substrate. All of the samples were ther-
mally annealed at 150 °C for 5 min to optimize their device per-
formance. The active area of each of the fabricated devices was 0.102
cm’. The photovoltaic performance of each of the devices was char-
acterized by using a solar simulator (ABET Technologies) with an
air mass (AM) 1.5 G filter. The intensity of the solar simulator was
carefully calibrated with an AIST-certified silicon photodiode, and
the current-voltage behavior was measured with a Keithley 2400
SMU.
4. Fabrication of the OFETs

In a typical solution-shearing process, the fullerene films were
spin-coated onto n-octadecyltrimethoxysilane (OTS)-treated SiO,/
Si substrates using chlorobenzene solutions (3 mg mL™) of the fuller-
ene derivatives. An upper substrate dragged the solution placed on
a heated substrate at a shearing rate of 0.12 mm s, which was con-
trolled by a digital syringe pump. Then, all the semiconductor films
were placed in a vacuum oven at 80 °C for the complete drying,
After drying, 40 nm-thick gold electrodes were thermally evapo-
rated through a shadow mask onto the semiconductor layer. The
current-voltage (I-V) characteristics of the devices were measured
in a Ny-filled glovebox by using a Keithley 4200 semiconductor
parametric analyzer, and their corresponding field-effect mobility
was calculated in the saturation regime by the following equation:

w 2
Ip= Z_L/ueci(VG -V

where I, is the drain current, W and L are the channel width and
length of semiconductor film, respectively; 1, is the electron mobil-
ity, C; is the capacitance per unit area of the gate dielectric, and V;
and V- are the gate voltage and threshold voltage, respectively.
5. Contact Angle Measurement

Static contact angles for water and glycerol were measured with
a contact angle analyzer (Phoenix 150, SEO, Inc.) equipped with a
microsyringe that can dispense liquid droplet. A 5 pL of liquid drop
was delivered to the surface of the sample. At least 10 measurements
were taken for each liquid drop to report their average values.
6. Photoluminescence (PL) Spectra Measurement

Glass substrates were ultrasonicated in acetone, followed by ultra-
sonication in deionized water and then in isopropyl alcohol. Each
ultrasonication step was conducted for more than 20 min. Then,
the substrates were dried for several hours in the oven at 80 °C. Each
blend of P3HT and fullerene derivative was spin-coated onto the
glass substrate at 900 rpm for 40 s. Since the concentration of P3HT
in the blend solution was 15 mg mL", diluted P3HT solution (15 mg
mL™) was solely spin-coated onto the glass substrate at 900 rpm
for 40 s as a control sample for PL quenching study. For each film,
PL spectra were taken with a Horiba Jovin Yvon NanoLog spec-
trophotometer under 460 nm excitation wavelength. The PL quench-
ing efficiency of each P3HT : ICBA-derivative film was determined
by comparing its PL intensity to the PL intensity of the pristine
P3HT film.

RESULTS AND DISCUSSION

The synthesis route and molecular structure of ICBA and three
different ICBA derivatives are shown in Fig. 1. The various indene
derivatives (indene, 5-fluoro-indene, 5-methoxy-indene, and 5-bro-
mo-indene) were reacted with Cg, using a modified Diels-Alder
[4+2] cyclo-addition [43]. After purification with flash silica col-
umn chromatography (toluene/hexane as the gradient eluent), four
different fullerene derivatives of indene Cg, bis-adduct (ICBA), 5-
fluoro-indene Cg, bis-adduct (FICBA), 5-methoxy-indene Cg, bis-
adduct (MICBA), and 5-bromo-indene Cg, bis-adduct (BICBA)
were successfully synthesized and confirmed by MALDI-TOF mass
spectroscopy and elemental analysis. For convenience, the four dif-
ferent ICBA derivatives are denoted as ICBA, FICBA, MICBA, and
BICBA, as shown in Fig, 1.

The LUMO levels of fullerene derivatives are one of the most
important factors in evaluating their potential as electron accep-
tors in photovoltaic cells [31,44]. The electrochemical properties of
ICBA, FICBA, MICBA, and BICBA were therefore estimated using
cyclic voltammetry (CV). The CV curves were measured with an
Ag quasi-reference electrode and calibrated using a ferrocene/fer-
rocenium (Fc/Fc") redox couple as an external standard [12,45].
Fig. 2 shows that all of the ICBA derivatives had two distinct, quasi-
reversible reduction waves in the negative potential range between
—0.9 and —2.3V; Table 1 summarizes the first (E,) and second (E,)
reduction potentials of each fullerene derivative. The onset reduc-
tion potentials (E,;”) and corresponding LUMO energy levels of
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Fig. 2. Cyclic voltammetry curves for ICBA, FICBA, MICBA, and
BICBA with an Ag quasi-reference electrode.

Table 1. Electrochemical properties of ICBA, FICBA, MICBA, and

BICBA
Compounds E, (V) E,(V) E, " (V) LUMO (eV)
ICBA -1.30 -1.74 -1.09 -3.71
FICBA -1.24 —-1.65 -1.05 -3.75
MICBA -1.27 —-1.62 -1.11 -3.69
BICBA -1.19 -1.60 —1.00 —3.80

the fullerene derivatives are also summarized. The E, and E, of ICBA
were —1.30 and —1.74 'V respectively, and the calculated LUMO level
was —3.71 eV, which is comparable to those of the previous find-
ings [29]. FICBA and BICBA exhibited greater values of E,, E, and
E,;” than ICBA, resulting in the lower LUMO levels of —3.75 and
—3.80 eV, respectively. However, the MICBA had slightly decreased
E.;” and, thus, a higher LUMO level (-3.69 eV) than ICBA. Hum-
melen et al. previously reported that the LUMO levels of PCBM
derivatives were determined by the electrochemical properties of
the substituents; thus, LUMO levels can be increased or decreased
by the electron-donating and electron-withdrawing substituents,
respectively [46]. In the same way, the methoxy group was intro-
duced as the electron-donating substituent into the ICBA, and the
LUMO level of MICBA was slightly greater than that of the ICBA,
ie, —3.69 eV compared to from —3.71 eV. In contrast, the LUMO
levels of FICBA and BICBA decreased to —3.75 and —3.80 eV, re-
spectively, due to the electro-withdrawing substituents. Therefore,
the electrochemical properties of ICBA derivatives were controlled
systematically by simply introducing three different functional groups
into the chemical backbone of ICBA.

To investigate the relationship between the solubilizing groups
in the ICBA derivatives and the performance of the PSCs, BHJ-
type PSCs (ITO/PEDOT: PSS/P3HT : ICBA-derivatives/LiF/Al)
were fabricated with blends of four different ICBA derivatives and
electron donor, P3HT, and their performances were measured.
Fig. 3 shows the current density versus voltage curves of the opti-
mized solar cell devices under AM 1.5 illumination with intensity
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Fig. 3. Current density-voltage characteristics of P3HT :ICBA (1:
0.6)-, P3HT : FICBA (1:0.7)-, P3HT: MICBA (1:0.8)-, and
P3HT: BICBA (1 :0.8)-based BHJ devices under AM 1.5 illu-
mination at 100 mW cm >,

Table 2. Characteristics of PSC devices composed of P3HT : ICBA,
P3HT: FICBA, P3HT: MICBA, and P3HT : BICBA under
AM 1.5 G-simulated solar illumination (100 mW cm™?)

V,. (V) J.(mA/cm®) FF PCE (%)

Active layer (w/w)

P3HT: ICBA (1:0.6) 0.83 10.53 0.59 5.21
P3HT: FICBA (1:0.6) 0.76 9.89 0.60 454
P3HT: FICBA (1:0.7) 0.77 9.98 0.61 4.64
P3HT:MICBA (1:0.7) 0.81 8.94 0.53 3.80
P3HT:MICBA (1:0.8) 0.78 8.96 0.56 3.92
P3HT:BICBA (1:0.7)  0.73 8.65 0.45 2.85
P3HT:BICBA (1:0.8)  0.70 8.78 0.48 2.94

of 100 mW cm . The characteristics of the PSC devices with vari-
ous ratios of P3HT to each fullerene derivative are summarized in
Table 2. The P3HT : ICBA device exhibited a PCE of 5.21% (V,,. of
083V, J,. of 10.53mA cm 7, and FF of 0.59), which was in good
agreement with that of previous report [29]. However, the PCE val-
ues of P3HT : ICBA-derivative devices varied widely from 2.85 to
4.64% and, thus, the optimized PCE values increased in the order
of BICBA (PCE=2.94%), MICBA (PCE=3.92%) and FICBA (PCE=
4.64%). Compared to the P3HT: ICBA devices, the V,, values of
the optimized P3HT': FICBA and P3HT: BICBA devices decreased
to 0.77 and 0.70 V, respectively, due to the lower-lying LUMO lev-
els of FICBA and BICBA.

To better understand the changes in the performance of the PSCs
made of different ICBA-derivatives, the surface tensions of P3HT
and fullerene derivatives were calculated by contact angle meas-
urements. The contact angles of two different solvents, water and
glycerol, on the P3HT and ICBA-derivatives films were measured.
The surface tension of each film was calculated using the Wu model
and the following equations [47,48]:

d d 3 P
1 0 _ 47/Wut277/ 4ywater}/
7water( +cos water)_ d d+ ) )
7/water+ }/ }/Warer+ 7/

ey
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Table 3. Contact angles of water and glycerol on P3HT and ICBA-
derivatives films; surface tension values of P3HT and ICBA
derivatives films; interfacial tensions between P3HT and
each different ICBA derivative

Compounds Owier Opyeorn  Surface tension 1%
(deg) (deg) (mNm™) (mN m™)*
P3HT 97.1 93.2 20.5 -
ICBA 93.8 79.7 27.1 6.4
FICBA 89.7 76.7 28.3 49
MICBA 89.2 73.8 304 7.3
BICBA 88.6 71.1 32,6 83

“Interfacial tension between P3HT and each fullerene derivative

d d P P
4V ayeerot? | AV gyeerol?
7/glycerol(l+ cos Hglyfeml) =74 — 4 + » — »
7glycgml+ Ve 7glycerol+ Ve

)

7[0tuI: 7d+ 7P (3)
where " is the total surface tension of P3HT and the ICBA de-
rivatives; 7 and »” are the dispersion and polar components of
7™, respectively; y is the total surface tension of the i material
(i=water or glycerol); " and ? are the dispersion and polar com-
ponents of y;, respectively, and @is the contact angle of the drop-
let (water or glycerol) on the P3HT and ICBA-derivatives films.

The measured contact angles of water and glycerol on each film
and the corresponding surface tensions were summarized in Table
3. The contact angle of a pristine P3HT film was measured as con-
trol sample and the film had a surface tension of 20.5 mN m™, which
was calculated based on 0),,,,=97.1° and 6..,,;=93.2°. The measured
surface tension value of P3HT was well matched with that of the lit-
erature value [38,49,50]. The ICBA derivatives exhibited decreasing
trend of water contact angles in the order of ICBA (93.8°), FICBA
(89.7°), MICBA (89.2°), and BICBA (88.6°), and the contact angles
of glycerol showed a similar trend in the same order. As a result,
the surface tension of ICBA derivatives decreased in the order of
BICBA, MICBA, FICBA, and ICBA, ranging from 32.6 to 27.1 mN
m’". Since the surface tension of P3HT film was much lower than
that of each ICBA derivative, it was anticipated that the P3HT would
be abundant on the top of the P3HT : ICBA-derivative layer to mini-
mize the surface energy of the blend film, leading to a P3HT-rich
phase on the top and a ICBA derivative-rich phase at the bottom
of active layer [51]. Also, the larger difference in the surface ten-
sion between P3HT and ICBA derivatives in P3HT : MICBA and
P3HT': BICBA devices can induce severe phase separation in the
blend film.

In the BHJ-type blend system of electron donor and acceptor,
the interfacial tension () between two materials determines their
miscibility [52]. To elucidate the relationship between the miscibility
and the performances of the PSCs, the interfacial tension between
P3HT and each ICBA derivative was calculated by using the fol-
lowing equation [48]:

d d
anrs 4rir
d d P P
ity ntrs

where %, is the interfacial tension between P3HT (1) and each ICBA

N2=nt)— 4

derivative (2); 7 is the surface tension of the j material (j=1 or 2),
and the dispersion and polar components of y are denoted as 7/
and y! that are calculated using the contact angle of water and glyc-
erol droplet on the P3HT and ICBA derivatives films.

The calculated interfacial tensions between the P3HT and the
four different ICBA derivatives are summarized in Table 3. As the
surface tensions of the ICBA derivatives varied, the interfacial ten-
sions were significantly changed. The interfacial tension between
P3HT and FICBA showed the smallest »value of 49 mN m™". In
contrast, the MICBA and BICBA with P3HT (y=7.3 and 8.3 mN
m’, respectively) showed much higher interfacial tension than that
of the P3HT:ICBA blend system. In general, the blend system
with low yvalue between two materials can develop a well-mixed
interpenetrating network with much smaller energy penalty than
the blend with high y value. Thus, the P3HT: ICBA and P3HT:
FICBA blend exhibited higher FF (0.59 and 0.61 for P3HT: ICBA
device and P3HT: FICBA device, respectively) and J,. values due
to their well-developed interpenetrating network with large interfa-
cial area. From the same perspective, the P3HT : MICBA and P3HT:
BICBA blend systems having high yvalues would have smaller inter-
facial area and suppress the exciton dissociation at the interface,
which resulted in the significant decreases in FE ], and the corre-
sponding PCEs. Thus, the morphological differences caused by the
changes in the interfacial tension within each P3HT : ICBA-deriv-
ative film can affect charge separation and charge transfer ability
between P3HT and ICBA derivatives.

Steady-state PL measurements were performed to gain evidence
of changes in the charge transfer from P3HT to the ICBA deriva-
tives and the blend morphology with regard to the interfacial tension.
Fig. 4 shows the room temperature PL spectra of P3HT, P3HT:
ICBA, P3HT: FICBA, P3HT: MICBA, and P3HT: BICBA films,
obtained with an excitation wavelength of 460 nm. The P3HT: ICBA-
derivative blend samples were prepared by spin-coating the blend
solution on glass substrates with the optimized conditions applied
to the fabrication of solar cell devices. The PL quenching efficiency
of each P3HT': ICBA-derivative film was calculated by comparing
its PL intensity with that of the pristine P3HT film. When the P3HT

e P3H T
= |CBA
= FICBA
= MICBA
BICBA

Intensity

550 600 650 700 750 800 850

Wavelength (nm)

Fig. 4. Static photoluminescence spectra (excitation wavelength of 460
nm) of P3HT, P3HT:ICBA, P3HT: FICBA, P3HT : MICBA,
and P3HT : BICBA films.
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Table 4. Electrical performance of OFET devices based on the solu-
tion-sheared thin films of ICBA derivatives®

Compounds  Hem AV Toy Ty Vi)
ICBA 3.50x107 340%x107°  7.5x10°  30.7
FICBA 1.03x10°° 997x10™  24x10° 21.8
MICBA 1.47x107* 1.37x10™*  27x10° 8.1
BICBA 8.12x107° 697x107  59x10°  20.3

“I-V characteristics were measured in N,-filled glovebox
Maximum mobility of the OFET devices
“Average mobility of the OFET devices

was blended with the ICBA derivatives, the PL spectra were dra-
matically changed compared to the PL spectrum of the pristine
P3HT. In particular, the emissions of the P3HT: ICBA and P3HT:
FICBA films were quenched by 90% and 89%, respectively, relative
to the pristine P3HT. However, the quenching ratios of the emis-
sions of P3HT : MICBA and P3HT': BICBA were reduced to 86%
and 78%, respectively. These decreased PL quenching abilities sug-
gested that poor charge transfer occurred through the interface in
the P3HT: MICBA and P3HT': BICBA films [20,53-55]. In addi-
tion, the decreasing trend of PL quenching efficiency between P3HT
and ICBA derivatives was in accordance with the trend in yvalues,
because the morphology of the blend film with smaller interfacial
tension created greater interfacial area, which allowed for efficient
charge transfer between the donor and acceptor domains.

The field-effect mobility of each ICBA derivative was investi-
gated to better understand the effect of the structural changes of
the ICBA derivatives on their charge transport. The OFETs were
fabricated with top-contact, bottom-gate geometry. The I-V char-
acteristics of the OFETs of the ICBA derivatives are summarized
in Table 4. The ICBA devices exhibited an average electron mobil-
ity of 3.40x10° cm® V' s7', which agreed well with the previous
findings [42]. The average electron mobility of FICBA devices was
9.97x10* cm’ V' s, and the maximum electron mobility (¢4, ,,.,=
10310~ cm’ V' s7') was comparable to that of the ICBA devices.
However, the MICBA and BICBA devices showed serious decreases
in both the average and the maximum electron mobility. Specifi-
cally, the maximum electron mobility of the MICBA devices de-
creased by an order of magnitude compared to those of the ICBA
and FICBA derivatives, and the maximum electron mobility of the
BICBA devices decreased by two orders of magnitude. The reduced
electron mobility of the MICBA and BICBA devices could induce
poor charge transport through the fullerene domains in the blend
film of the PSCs, which could be one of the reasons for the decreased
current density of P3HT: MICBA and P3HT': BICBA solar cell
devices. Also, it was concluded that even slight modification of the
solubilizing group of the fullerene derivatives can affect their charge
transport properties, which might be attributed to the changes in
their molecular packing structures [56-58].

CONCLUSIONS

We successfully synthesized a series of ICBA-based fullerene
derivatives with different functional end-groups: fluorine, methoxy
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and bromine groups. By simply varying the end-groups of the ICBA
derivatives, the electrochemical and physical properties of the ICBA
derivatives were systematically tuned. In particular, the miscibility
and interfacial tension of the ICBA derivatives with P3HT were
easily controlled due to the change in the surface tension of each
ICBA derivative. Therefore, as the interfacial tension between P3HT
and each of the ICBA derivative was reduced, the FF and ], val-
ues of the P3HT': ICBA-derivative devices increased gradually, which
resulted in changes in the PCE ranging from 2.9 to 5.2%. The change
in the charge transport of the P3HT : ICBA-derivative devices due
to the modification of the functional end-groups was supported
by comparing the electron mobility of each of the ICBA derivative
in the OFETs. Our findings provide a model system for understand-
ing the relationship between the structure of electron acceptors
and the PSC performance.
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