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We report the application of novel mono- and bis-o-quino-dimethane C60 (oQDMC60) adducts in bulk

heterojunction photovoltaic devices. When blended with poly(3-hexylthiophene), the fullerene adducts

presented here have an enhanced open-circuit voltage of 640 mV and 820 mV, while preserving high

short-circuit current and fill factor, resulting in efficiencies of 4.1% and 5.2%, respectively. Detailed

assessment of material properties relevant to photovoltaic devices such as energy levels, charge carrier

mobility, absorption and solubility further complements the evaluation. Increased fullerene solubility

hindering phase segregation in blends with bis-oQDMC60 has been circumvented by an in-depth

morphology optimization assisted by absorption spectroscopy, X-ray reflectivity and atomic force

microscopy. This optimized preparation could also serve as a guide for implementation of similar

fullerene derivatives. Furthermore, we compare bis-oQDMC60 to previously reported fullerene bis-

adducts to provide insight into this emerging class of materials.
1. Introduction

The efficiency of organic photovoltaic devices has swiftly risen in

the last years to values of over 8% for single-junction polymer:

fullerene bulk heterojunction cells.1,2 Important advances in the

understanding of structure-property relationships of donor-type

conjugated polymers as well as the identification of promising

polymer types have largely driven this progress.3 Despite

considerable effort in acceptor-type polymer and small molecule

synthesis, fullerene derivatives remain the most efficient acceptor

materials in these blends.4 This unmatched performance of C60

derivatives stems from the combination of their desirable frontier

orbital energetics, enabling efficient charge transfer, combined

with their high electron mobility owing to their ability to self-

organize into percolating pathways for charge collection.

However, the commonly used phenyl-C61-butyric acid methyl

ester (PCBM) acceptor presents several limitations, namely

reduced absorption in the visible region and a deep lowest
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unoccupied molecular orbital (LUMO) compared to polymers

such as poly(3-hexylthiophene) (P3HT). To enable enhanced

efficiencies, optimization of the offset between the LUMO of the

donor and acceptor should balance more efficient charge transfer

with reduced open-circuit voltage (VOC). The former process

requires the acceptor’s LUMO to have a sufficient offset

compared to the donor’s LUMO to ensure an exothermic elec-

tron transfer.5 On the other hand, the maximum VOC in bulk

heterojunctions is determined by the difference of the donor’s

highest occupied molecular orbital (HOMO) and the fullerene’s

LUMO, provided the electrical contacts are ohmic.6 An

optimum LUMO offset emerges as result of these considerations.

This quest to determine the optimal LUMO offset has mostly

focused on the archetypal P3HT:PCBM material system, where

an offset larger than 700 meV clearly limits the photovoltage.

Molecular design of sidechains attached to C60 proves to be

a successful pathway to tune frontier energy levels, though

modifications preserving good charge transport and

morphology, as well as solubility, are challenging.7,8 Compared

to PCBM, the most promising molecules in combination with

P3HT presented an increase of 70 mV,9 140 mV,10 230 mV11 and

260 mV12,13 in VOC, with nearly no change to the other photo-

voltaic parameters after optimization, producing efficiencies of

4.5%, 5.8% and 5.6% (up to 6.5%14), respectively. The highest

VOC of 890 mV in P3HT:fullerene devices was reached with tri-

metallic nitride endohedral fullerenes, though a decrease in

photocurrent inhibited an overall efficiency enhancement.15,16

Currently, one of the most successful design routes to raise the
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fullerene’s LUMO level is the multiple adduction of identical

sidechains on the C60 cage.
10,14 However, these bulkier molecules

both inhibit close packing with the polymer and introduce

energetic disorder, as synthesis inherently yields a mixture of

their numerous isomers.17,18

Here, we report the characterization and evaluation in

photovoltaic cells of mono-o-quino-dimethane C60 (mono-

oQDMC60) and bis-o-quino-dimethane C60 (bis-oQDMC60)

yielding 4.1% and 5.2% efficient devices in blends with P3HT,

respectively. These novel mono- and bis-adduct fullerenes have

compact sidechains that raise the LUMO level by 50 meV and

180 meV compared to PCBM, resulting in an increase of VOC by

70 mV and by 250 mV respectively in devices with the mono- and

bis-adduct. These energy levels are established by cyclic vol-

tammetry and correlated to semi-empirical quantum chemical

calculations. Following the optimization of the blend

morphology, critical to reach high performance, the description

of optimal devices is discussed with correlation to electrical

materials properties and structural characterization. Finally, we

compare device performance of bis-oQDMC60 to analogous bis-

C60 adducts, such as bis-PCBM and indene C60 bis-adduct

(ICBA) in similarly processed devices, in order to gain some

insight as to the optimization of polymer:fullerene bulk

heterojunctions.

2. Experimental

2.1. Synthesis of mono-ortho-quinodimethane C60 and bis-

ortho-quinodimethane C60

Both o-quino-dimethane derivatives were synthesized by means

of a [4 + 2]-cycloaddition, modifying a procedure previously

reported by Belik et al.19 To a solution of C60 (6.0 g) in toluene

(3.0 L), 1,2-bis(bromomethyl)benzene (4.44 g), potassium iodide

(6.0 g), and crown-6 (36 g) were added. The reaction mixture was

heated to reflux under argon in the dark for 24 h and then cooled

to room temperature. The mixture was washed with NaOH (5%),

water, and brine. After drying over magnesium sulfate (anhy-

drous), the solvent was removed under reduced pressure. Sepa-

ration by flash chromatography on silica gel (230–400 mesh,

60 �A) with toluene/cyclohexane (1 : 7) as eluent, resulted in three

major fractions. Analysis by means high-pressure liquid chro-

matography (HPLC) on an Agilent Series 1100 HPLC instru-

ment using a 2-(1-pyrenyl)ethylsilica stationary phase (Cosmosil

BuckyPrep column, 250 mm � 4.6 mm), toluene for elution

(1 mL min�1) and detection at 330 nm allowed for the identifi-

cation of Fractions 1, 2 and 3 as unreacted C60 (10%), mono-

ortho-quinodimethane C60 (5%) and bis-ortho-quinodimethane

C60 (38%), respectively. After repeated chromatographic purifi-

cation, 2.60 g of mono-oQDMC60 and 1.40 g of bis-oQDMC60,

at purities of 99.8% and over 99.5% could be recovered. Corre-

sponding yields relative to the initial C60 were 37.9 and 18.1%.

HPLC chromatograms of purified mono- and bis-oQDM60 are

given in the supporting information.†

2.2. Cyclic voltammetry

Glassy carbon was used as a working electrode whereas platinum

and silver wires served as counter and reference electrodes,

respectively. The experiments were run in 0.05 M solutions of
17346 | J. Mater. Chem., 2011, 21, 17345–17352
tetra-n-butylammonium hexafluorophosphate (TBAPF6) in

ortho-dichlorobenzene (ODCB).

2.3. Photo-CELIV measurements

Photogenerated charge carrier extraction by linearly increasing

voltage (photo-CELIV) measurements, to extract charge carrier

mobility, were performed at 300 K in a closed-cycle helium

cryostat on optimized photovoltaic devices with an active area of

2 mm2 to limit resistive and capacitive artifacts. A double-pulse

generator (Agilent 81150A) was used to apply a triangular

voltage pulse to the solar cell. The current transients were

acquired by a digital oscilloscope (Agilent Infiniium

DSO90254A) after amplification by a current–voltage amplifier

(FEMTO DHPCA-100). The second harmonic of a Nd:YAG

laser (l ¼ 532 nm, < 80 ps pulse duration) was used for laser

excitation. The charge carrier mobility was calculated in accor-

dance with a previously established method.20 As the measure-

ments were carried out at room temperature, the extracted

mobility values are considered as only lower limits of the actual

values, as the photo-CELIV peak maximum was on the order of

the RC time constant of the circuit.

2.4. Solubility

In a first attempt, increasing quantities of the various fullerene

derivatives were dispersed by sonication then filtered. The filtrate

was analyzed with HPLC using extinction coefficients deter-

mined for each compound by means of calibration curves. In all

cases, the resulting solubilities appeared to depend on the initial

concentrations despite indubitable saturation of the solution

indicated by aggregates. One possible explanation is that sonifi-

cation yielded stable suspensions instead of real solutions, hence

another approach based on ASTM standard E1148 is imple-

mented here. Solutions corresponding to concentrations higher

than those observed above were prepared and stirred for more

than 3 days at room temperature in order to achieve equilibrium.

For this purpose, 1.003 g of PCBM, 4.008 g of bis-PCBM,

0.32198 g of mono-oQDMC60, 2.558 g of bis-oQDMC60 and

3.507 g of ICBA were added to 10 mL of ODCB, respectively.

Samples of 1 to 2 mL were taken after 90, 94 and 96 h, filtered

through a 0.2 mm pore size syringe filter, diluted 50 : 1 with

ODCB and analyzed by means of HPLC. Solids remained in

each flask indicating that saturation was achieved. Concentra-

tions determined at the three sampling times varied slightly but

not systematically, indicating that equilibrium was reached.

2.5. Thin film characterization

Absorption spectra of the films on quartz substrates were

measured between 250 and 900 nm with a Shimadzu UV-1601PC

UV-visible spectrophotometer. Out-of-plane ordering of the

spin-coated thin films was examined by X-ray reflectivity (XRR)

involving q/2q scans on a PANalytical XPert Pro Materials

Research Diffractometer using CuKa radiation. An integration

time of 5 s per 0.01� was used. Measurements were performed on

films prepared under the same conditions as solar cells, except on

SiO2 substrates. Atomic force microscopy (AFM) topography

and phase scans were recorded directly on devices using a Pico-

scan PicoSPM LE scanning probe in tapping mode.
This journal is ª The Royal Society of Chemistry 2011



Fig. 1 Chemical structures of P3HT and the various fullerene deriva-

tives discussed in this article, namely PCBM, mono- and bis-o-quino-

dimethane C60, bis-PCBM and ICBA.

Table 1 Lowest unoccupied molecular orbital (LUMO) of the fullerene
derivatives calculated by semi-empirical quantum chemical techniques
and measured by cyclic voltammetry. The LUMO of P3HT is also given
for comparison22

Material LUMO (eV) calculated LUMO (eV) measured

PCBM �4.30 �4.30
Mono-oQDMC60 �4.27 �4.25
Bis-oQDMC60 (�4.02)–(�4.16) �4.12
Bis-PCBM (�4.10)–(�4.27) �4.18
ICBA (�4.02)–(�4.14) �4.06
P3HT — �3.4

Table 2 Mobility values measured in P3HT:fullerene blends by CELIV
at room temperature

C60 derivative CELIV mobility (cm2 V�1 s�1)
2.6. Device processing and characterization

Solar cells were prepared on glass substrates coated with

patterned indium-tin-oxide (ITO) with a sheet resistance of

15 U sq�1. Substrates were thoroughly cleaned in a sequence of

sonication in detergent, deionized water, acetone and iso-

propanol, and finally treated with ultraviolet-ozone for 15 min.

First, filtered PEDOT:PSS (Baytron P VPAl4083) was spin-

coated at 5000 rpm for 60 s, giving a 25 nm thick layer. Then,

samples were transferred to a nitrogen filled glovebox where

they were annealed at 130 �C for 10 min to remove excess

water. All further steps of processing, sample transfer and

characterization were carried out in an inert nitrogen atmo-

sphere. P3HT (Sepiolid P200, Rieke Metals) and all C60 deriv-

atives (PCBM, bis-PCBM, mono-oQDMC60 and bis-

oQDMC60) were synthesized at Nano-C, Inc. with purities of

99.5%. Mono-PCBM is a standard commercial product (www.

nano-c.com) and bis-PCBM is a by-product recovered during

its chromatographic purification. ICBA was purchased from

Lumtec. A solution of 2.5 wt% in ODCB in a 1 : 0.8 or

1 : 1.2 ratio was used for mono-adducts and bis-adducts,

respectively. Mono-o-quino-dimethane C60 was dissolved in

a mixture of ODCB and chlorobenzene. The solutions were

stirred inside the glovebox at 80 �C overnight. In some cases

1,8-octanedithiol is added to the dissolved ink in 0.5 mL mg�1 of

fullerene weight. The active layer was spin-coated at 600 rpm

for 40 s, and the still wet film was covered with a petri dish for

30–40 min. The samples were subsequently heated at 130 �C
and 170 �C for 10 min in the case of PCBM and the bis-

adducts, respectively, to achieve an optimal morphology. The

cathode composed of 20 nm of Ca and 100 nm of Al was

deposited at 10�7 mbar with a 1.5 �A s�1 deposition rate. The

metals evaporated through a shadow mask defined eight cells of

32 mm2 on each substrate. The actual active area was measured

using an optical microscope. The initial photovoltaic charac-

teristics were measured in inert atmosphere with a Keithley

2602A in two-wire configuration under an Abet Xenon arc

lamp with 100 mW cm�2 illumination intensity and AM1.5G

spectrum. The lamps’ intensity was calibrated with an ISE

Fraunhofer certified Si photodiode. For external quantum

efficiency measurement, light from Xe and quartz halogen

lamps was coupled into a monochromator and their intensities

were calibrated with a Si photodiode. The light incident on the

device was chopped and the modulated current signal was

detected with a current–voltage and lock-in amplifier.

PCBM 1.0 � 10�3

Mono-oQDMC60 2.0 � 10�3

Bis-oQDMC60 7.1 � 10�4

Bis-PCBM 6.0 � 10�4

Table 3 Solubility limit of fullerene derivatives in ODCB at room
temperature determined following ASTM E1148

C60 derivative ortho-dichlorobenzene (mg mL�1)

PCBM 14.1 � 0.4
Mono-oQDMC60 2.8 � 0.04
Bis-oQDMC60 61.1 � 8.9
Bis-PCBM 147.0 � 6.9
ICBA 140.5 � 6.2
3. Results and discussion

In this section, we first present various properties of mono- and

bis-oQDMC60 relevant to photovoltaic performance, such as

energy levels, charge carrier mobility and solubility in a common

chlorinated organic solvent. This is followed by the optimization

of the P3HT:bis-oQDMC60 morphology, crucial to achieve high

performance. Next, optimized photovoltaic devices utilizing

mono- and bis-oQDMC60 derivatives in photovoltaic devices are

reported. Finally, we draw comparisons between bis-oQDMC60

and two other bis-adducts, namely bis-PCBM and ICBA.

Chemical structures of all molecules discussed in this article are

depicted in Fig. 1.
This journal is ª The Royal Society of Chemistry 2011
3.1. Materials properties of the fullerenes

The electronic structure of the fullerene derivatives has been

assessed both computationally and via electrochemical tech-

niques. As hardware requirements as well as computation time

increase exponentially with the number of electrons, semi-

empirical quantum chemical techniques have been used in the

present work. All results reported here have been obtained by

means of the PM3 method using the Hyperchem 8.0 software

package.21 Taking into account that discrepancies with
J. Mater. Chem., 2011, 21, 17345–17352 | 17347



Table 4 Photovoltaic properties of ITO/PEDOT:PSS/P3HT:bis-oDMC60/Ca/Al devices prepared in different drying conditions with and without 1,8-
octanedithiol (OT). Values are averages and standard deviations over 6–8 devices

Processing VOC (mV) JSC (mA cm�2) FF (%) h (%)

Bis-oQDMC60 without OT Fast drying 799 � 18 5.7 � 0.6 52 � 3 2.3 � 0.3
Slow drying 834 � 4 7.6 � 0.4 68 � 1 4.4 � 0.2

Bis-oQDMC60 with OT Fast drying 806 � 3 9.0 � 0.3 62 � 1 4.5 � 0.2
Slow drying 812 � 8 8.2 � 0.5 69 � 2 4.6 � 0.2
experimental data are likely to be caused by the degree of

curvature of fullerenes and its effect on molecular orbital overlap

and that all molecules assessed here have the same C60 core

structure, all computed LUMO levels have been adjusted by

�1.491 eV. This approach allows us to align the LUMO level of

PCBM with its previously reported value of �4.30 eV.22

Resulting LUMO levels for all molecules investigated here are

given in Table 1. Due to the presence of several isomers and the

challenge to identify specific isomers and their relative abun-

dance formed in the synthesis, all theoretically possible isomers

have been investigated and the lowest as well as highest LUMO

level given. Lower (i.e., less negative) LUMO levels for bis-

compared to mono-functionalized C60, as found for all species

investigated here, are in agreement with previous reports.10,17

For experimental validation, first half-wave reduction poten-

tials, reflecting the energy level of the LUMO, have been

measured for all derivatives studied here using cyclic-voltam-

metry (CV). All samples were referenced to ferrocene, which was

set at 0 V, as an internal standard. Similar to the approach

described above for the semi-empirical computations, the

LUMO level of PCBM was set to �4.30 eV while the corre-

sponding values for the other compounds were determined based

on the differences of the reduction potentials. While the resolu-

tion of CV appears not to be sufficient to differentiate between

isomers, the results given in Table 1 fall within the bandwidth of

the computationally obtained values and confirm at least the

internal consistency of our work. Experimental uncertainties of

the CV measurements were found to be less than 0.1 eV. The

cyclic voltammograms are reported in the supplementary

information.†

The electron mobility of the acceptor is another important

parameter, as poor charge carrier transport can limit device

performance. In organic solar cells, the mobility in the vertical

direction through a network of fullerenes included in the polymer
Fig. 2 (a) Normalized UV-visible spectra of P3HT:bis-oQDMC60 layers slow

annealing. As a reference, the absorption of pure P3HT and P3HT:PCBM a
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matrix is a particularly pertinent value. Photo-CELIV allows one

to measure this mobility directly in solar cells, though it should

be noted the values represented in Table 2 express a combined

mobility of holes and electrons, as both contribute to the

extraction peak in the photo-CELIV experiment.20 As the donor

material, P3HT, is identical in all blends, values reflect the

differences in fullerene mobility. The mobility in mono-

oQDMC60 is even slightly higher than that of PCBM, whereas

bis-oQDMC60 has a 40% lower mobility. Similarly, bis-PCBM

also possesses a reduced mobility compared to its mono-adduct.

Bis-adducts are inherently composed of various isomers, result-

ing in an energetic disorder that may hinder charge transport.

Finally, it is important to evaluate the solubility of various

fullerenes, as this could impact ink formulation and film forming.

Solubility directly determines the dynamics of aggregation

during film forming. As P3HT:fullerene blends are often casted

from ODCB, room temperature solubility is determined

following a standardized procedure in this solvent and listed in

Table 3. Even though mono-oQDMC60 has the lowest solubility

in ODCB, which is considered to limit device performance, we

present in the next section that a solvent mixture is still able to

ensure over 4% device efficiency.23 Bis-oQDMC60 has a 4-fold

higher solubility than PCBM, similar to other bis-adducts.

Optical absorption of the mono- and bis-oQDMC60 are

similar to that of PCBM and bis-PCBM, we do not observe an

increased absorption in the visible region by the o-quino-dime-

thane sidechains compared to PCBM’s sidechain as presented in

the supplementary information.†
3.2. Photovoltaic device optimization

In order to present a meaningful comparison to PCBM, first the

formulation of the ink and the deposition of the photoactive

blend need to be adapted for these new C60 derivatives.
and fast dried with and without 1,8-octanedithiol (OT) prior to thermal

re also depicted. (b) XRR patterns of the corresponding layers.

This journal is ª The Royal Society of Chemistry 2011



Fig. 3 AFM topography images of 2.5 mm � 2.5 mm areas of films

deposited on ITO glass covered with PEDOT:PSS, and the P3HT:bis-

oQDMC60 blends that are either fast (a) or slow dried (b). The rms

roughness of the films are 11 nm and 17 nm, respectively. The horizontal

scale bars are 500 nm. Corresponding AFM phase images of 500 nm �
500 nm areas of the same films are shown for fast (c) and slow dried (d)

films. The horizontal scale is 100 nm in this case.
Bis-oQDMC60, especially, requires significant consideration to

preserve a high JSC and FF, involving the adjustment of the

polymer:fullerene ratio, spin-coating conditions, and solvent and

thermal annealing applied prior to metallization. Finally, the

influence of processing additives is also briefly explored. We

examine the effect of these various parameters both on the

electrical properties of the devices and on the blend morphology

by absorption spectroscopy and X-ray reflectivity (XRR) in

order to probe the bulk, whereas film topography is monitored

by AFM. For comparison, all layers were processed under

identical conditions with a thickness of 170–180 nm. As a refer-

ence, P3HT:PCBM layers and devices are prepared under iden-

tical processing conditions.

Firstly, P3HT:fullerene weight ratio is adjusted by slightly

varying the ratio between 1 : 0.8 and 1 : 1.4. The optimal 1 : 1.2

ratio is established by a trade-off between the steadily rising FF

values from 60% to 69% and the drop in VOC from 835 mV to

815 mV with increasing fullerene loading (Fig. S5(a) in the sup-

porting information†). As the molecular weight of bis-oQDMC60

is only 1% higher compared to PCBM, maintaining the optimal

molarity ratio between P3HT and fullerene cannot account for

this improvement. Furthermore, absorption spectroscopy indi-

cates that this optimal ratio slightly impedes P3HT crystalliza-

tion, illustrated by a decrease of the characteristic shoulder at

a wavelength of 620 nm (Fig. S5(b) in the supporting

information†).24 Hence we tentatively attribute the enhanced FF

with increasing fullerene loading to improved electron transport.

Secondly, solvent annealing, also referred to as slow drying,

has proven to be a crucial step to achieve enhanced performance.

The impact of this process has been extensively investigated in

P3HT:PCBM devices, and has resulted in the highest reported

efficiencies.25,26 However, solvent annealing of P3HT:bis-

oQDMC60 blends results in a two-fold enhancement, whereas

reference P3HT:PCBM samples only exhibit a 10% increase in

efficiency as reported in Table 4. The high regioregularity of the

P3HT (>98%) used here explains the reduced influence of solvent

annealing in the P3HT:PCBM blend reference. In contrast to

blends with PCBM, absorption spectroscopy reveals a signifi-

cantly reduced P3HT crystallization in fast dried films with bis-

oQDMC60, indicated by the diminished vibronic features of

P3HT at wavelengths of 550 nm and 620 nm, as shown in Fig. 2

(a). One could also observe that, even in solvent annealed films,

bis-oQDMC60 seems to considerably impede P3HT organization

when compared to a blend with PCBM. At first sight however,

XRR measurements of corresponding films, depicted in Fig. 2

(b), indicate larger crystallites in fast dried layers, namely 32 nm

compared to 23 nm in slow dried films as estimated by the

Scherrer equation.27 Crystallographic data extracted from the

peak fitting of the XRR results are listed in the supporting

information.† However, XRR probes the out-of-plane ordering

of polycrystalline P3HT, but does not account for crystallites

with stacking order other than vertical, which tend to develop in

solvent annealed layers.28 Besides, AFM topography and phase

images shown in Fig. 3, which are strongly linked to the bulk

morphology, indicate that the fast dried films, indeed, exhibit

large, straight chain-like domains, whereas the slow dried films

have homogeneously mixed small domains.25 In these images, the

fibrillar features are assigned to P3HT crystallites, while the

domains in between appear to be amorphous. Additionally, the
This journal is ª The Royal Society of Chemistry 2011
slow dried layers have a rougher interface on a longer scale

compared to the fast dried films with a short scale reduced

roughness, in agreement with previous reports.25

Hence, AFM phase images in correlation with XRR

measurements reveal larger P3HT crystallites when layers are

dried fast, while slow drying permits the formation of P3HT

crystallites in finely intermixed phases. Previous grazing-inci-

dence X-ray diffraction studies confirmed that even though fast

drying results in larger domains, the overall crystallinity is

generally enhanced with slow drying, as we can also observe with

absorption spectroscopy.28 These observations aligned with

earlier studies on P3HT:PCBM blends allow us to understand

the difference in phase segregation between blends with bis-

oQDMC60 and PCBM. Li et al., described that slow drying

permits the diffusion and aggregation of the fullerene molecules

intermixed with P3HT chains, thus allowing P3HT to locally self-

organize and crystallize. Therefore, we consider that the strong

influence of the drying conditions on the blend morphology

arises from the fact that bis-oQDMC60 remains finely dispersed

in the film and thus inhibits the nanoscale aggregation necessary

for phase segregation. We attribute this enhanced intermixing of

the fullerene in the film to its considerably enhanced solubility in

ODCB. While PCBM is often deposited from a solution at close

to its solubility limit, conditions for aggregation are rapidly

reached, whereas the same situation may not occur during film

formation with bis-oQDMC60. Besides, the higher optimal

fullerene loading in blends also indicates that the aggregation

and the formation of the percolating fullerene network are

hindered. This relationship between the fullerenes solubility and
J. Mater. Chem., 2011, 21, 17345–17352 | 17349



Fig. 4 Evolution of the photovoltaic parameters as a function of the temperature of thermal annealing in P3HT:PCBM and P3HT:bis-oQDMC60

devices. The thermal annealing was applied after the solvent annealing for 10 min.
blend morphology not only assists further optimization in this

case but can also serve as a guide for similar bis-fullerene

adducts, which inherently present an increased solubility

compared to their mono-adducts.

Similarly enhanced fullerene aggregation can also be achieved

with processing additives incorporated in P3HT:PCBM blends,

thus they present an alternative to solvent annealing as previ-

ously shown by Yao et al.26 We found the incorporation of

octanedithiol (OT) allowed a successful substitution of the

solvent annealing as the photovoltaic parameters in Table 4

show. We achieved higher JSC and similar FF compared to

solvent annealed devices, though reduction of VOC counterbal-

ances this improvement, resulting in a similar performance under

both processing conditions. The optical and structural charac-

terization presented in Fig. 2 also confirm that both processing

routes lead to similar P3HT ordering and crystallization. The
Fig. 5 (a) Current density vs. voltage characteristics under 100 mW cm�2 A

(EQE) measurement of solar cells where P3HT is blended with the different

blend/Ca/Al.
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enhanced photovoltaic properties achieved by additives

promoting fullerene aggregation further proves that optimal

phase segregation is limited by the fine dispersion of the fullerene

in the blend.

The last step of the morphology optimization involved the

determination of the optimal annealing temperature. Unlike in

P3HT:PCBM films, blends with bis-oQDMC60 present a clear

optimum at an annealing temperature of 170 �C as presented in

Fig. 4. This results from the steadily increasing FF with

annealing temperature, whereas the FFs in P3HT:PCBM blends

plateau above 110 �C. Thermal annealing in P3HT:fullerene

blends equally contributes to the crystallization of the polymer

and the formation of PCBM aggregates.29 Absorption spectros-

copy, presented in Fig. S7 in the supporting information,† indi-

cates that P3HT crystallization progresses little over 110 �C in

both cases, and this is also supported by the stable JSC over
M1.5G simulated solar illumination and (b) external quantum efficiency

fullerene derivatives. The device structure consists of ITO/PEDOT:PSS/

This journal is ª The Royal Society of Chemistry 2011



Table 5 Photovoltaic properties of devices reported in Fig. 5 and 6.
Values given are best, while averages over 6–8 devices are given in
parentheses

C60 derivative VOC (mV) JSC (mA cm�2) FF (%) h (%)

PCBM 567 (561) 9.6 (9.5) 70 (68) 3.8 (3.6)
Mono-oQDMC60 639 (638) 9.5 (9.4) 67 (64) 4.1 (3.9)
Bis-oQDMC60 816 (818) 9.4 (9.0) 66 (65) 5.2 (5.1)
Bis-PCBM 686 (685) 9.4 (9.1) 65 (65) 4.2 (4.1)
ICBA 828 (819) 9.7 (9.5) 69 (70) 5.6 (5.4)
different annealing temperatures. Thus, the higher optimal

annealing temperature suggests both an initially more dispersed

fullerene network and higher glass transition temperature of the

blend film.

Unlike bis-oQDMC60, its mono-adduct required only slight

adaptation of the ink formulation, due to its reduced solubility in

ODCB. A mixture of chlorobenzene and ODCB deposited from

hot solution allowed us to prepare 180–220 nm thick particle-free

films with a close to optimal morphology.

Finally the optimized photovoltaic performance of bulk het-

erojunction solar cells made with the various C60 derivatives and

regioregular P3HT is compared in Fig. 5 and in Table 5. Devices

with similar layer thicknesses of 220–240 nm are compared,

although processing conditions differ slightly for the various

fullerenes. Their performance reaches 4.1% and 5.2% with the

mono- and the bis-oQDMC60, respectively, compared to 3.8%

obtained with PCBM. This improvement is solely due to an

increase of 75 mV and 250 mV in VOC as both the JSC and FF

remain nearly unchanged. Furthermore, the shift of the LUMO

levels by 50 meV and 180 meV correlates well with the increase of

VOC. Our optimal P3HT:PCBM devices achieve a FF of over

70% even in thicker layers, while blends with bis-oQDMC60 only

have similarly high FF in thinner films of 150–180 nm. We

attribute this limitation in FF mostly to hindered phase segre-

gation and not to reduced electron mobility.

Moreover, the spectral response shown in Fig. 5 (b) also

reveals variations in the morphology in the blends with the new

fullerenes, as the characteristic vibronic features of P3HT differ

in comparison to the blend with PCBM,30 in agreement with the

previously presented absorption spectroscopy results.
Fig. 6 Current density vs. voltage characteristics under 100 mW cm�2

AM1.5G simulated solar illumination of devices blended with P3HT and

bis-PCBM, bis-oQDMC60 and ICBA.
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3.3. Comparison to other bis-adducts

This investigation of bis-oQDMC60 is further completed by

comparison of its photovoltaic parameters with those of analo-

gous bis-adducts. For this, devices with identical device archi-

tecture and ink formulation, as well as similar blend thickness of

200 nm are prepared. Additionally, all bis-adducts present an

increased solubility compared to the mono-adduct as listed in

Table 3, resulting in the similar difficulty to achieve an optimal

morphology. Therefore, applying the same processing conditions

for all bis-adducts yields close to optimal devices and it further

increases the relevance of the comparison.

As Fig. 6 and Table 5 show, JSC in all devices remain similar,

whereas VOC increases to 690 mV, 820 mV, 830 mV for bis-

PCBM, bis-ODMC60 and ICBA, respectively, compared to

570 mV for PCBM. These values are in agreement with the shift

of the molecule’s LUMO by 120 meV, 220 meV and 240 meV as

determined by cyclic voltammetry and confirmed by computa-

tion, as shown in Table 1. Interestingly, the minor distinctions

between bis-oQDMC60 and ICBA induces not only a shift in

VOC but also enhanced FF with ICBA, yielding the highest

efficiency of 5.6%. The higher FF achieved with ICBA suggests

improved charge transport, though it cannot be discerned

whether it originates from the impact of blend morphology

and/or intrinsic properties of the fullerenes. One drawback of

these sidechains attached to the C60 cage is their reduced

absorption in the visible spectrum compared to C60 as shown in

the supplementary information.† The minor differences in

JSC are only due to slight differences in P3HT organization in

the various blends. High photocurrent in these devices with

VOC > 800 mV also indicates that further efficiency improve-

ments remain possible by energy level engineering of the P3HT:

fullerene material system.
4. Conclusions

Here, we have described the implementation in photovoltaic

devices of a novel fullerene derivative, o-quino-dimethane C60, in

its mono and bis-adduct form. The latter yields up to 5.2% effi-

cient devices in blends with P3HT, due to its considerably higher

LUMO levels achieved by bis-adduction of the compact o-quino-

dimethane sidechain. In agreement with previous reports, this

design route preserves high charge carrier mobility and careful

optimization of the phase segregation also maintains a high

photocurrent. Hindered phase segregation of the photo-active

blend due to the increased solubility of the bis-adduct is corrected

by thermal and solvent annealing or alternatively by the use of

solvent additives. The morphology optimization presented here

can serve as a guide for the preparation of similar blends of

P3HT and bis-fullerene adducts, which inherently possess

a higher solubility. Comparison of bis-o-quino-dimethane C60 to

analogous bis-adducts show its superior performance compared

to bis-PCBM due to its increased energy level, while its perfor-

mance is comparable to ICBA. As with ICBA, high VOC is

achieved without any reduction in JSC, indicating that a reduc-

tion of the offset between LUMO levels from 900 meV to

600 meV still allows an efficient photocurrent generation. Hence,

both bis-oQDMC60 and ICBA yield a considerably enhanced

device efficiency compared to PCBM, and also suggest that
J. Mater. Chem., 2011, 21, 17345–17352 | 17351



further improvement by energy level engineering of fullerene

derivatives is still possible.
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