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Polymerizable methanofullerene bearing a pendant acrylic group
as a buffer layer material for inverted organic solar cells
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Inverted organic solar cells have been designed using an electron-selective buffer layer composed of a blend of a polymerizable
methanofullerene with an acrylic pendant group and a quaternized pyrrolidinofullerene as an iodine salt.

Alternative energy resources become more and more important
because fossil fuel reserves have declined rapidly.! The com-
bustion of oil, coal and gas releases greenhouse gases into the
atmosphere. The continuously increasing concentration of carbon
dioxide in air leads to a global climate change.? In this context,
the efficient conversion of wind and sunlight energy into elec-
tricity becomes extremely important. Organic solar cells form a
promising area of research directed toward the implementation
of third-generation photovoltaic technologies.’ The laboratory
prototypes of organic solar cells have already shown power
conversion efficiency of more than 10%, and it can be further
increased.* Practical implementation of organic solar cells requires
their long-term stability, which is reachable only for devices with
an inverted configuration.’

Highly efficient inverted organic solar cells comprise some
charge-selective buffer layers in their structure.® Many n-type’
and p-type metal oxides,® alkali metal salts,’ self-assembling
monolayers' and conjugated polymers!' are widely used for
this purpose. Special attention is paid to the buffer layers based
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on fullerene derivatives since they can effectively interact with
the electron-acceptor components of the photoactive layer of a
solar cell.'?

In this work, we propose electron-selective buffer layers
(ETL) in inverted organic solar cells using the blends of a
polymerizable acrylate derivative of [60]fullerene (MAF) and
pyrrolidinofullerene (FPI) (Figure 1). A fullerene derivative
similar to FPI was studied previously as an n-type buffer layer
material for solar cells.'? The synthesis of MAF was reported
previously."* FPI was synthesized according to a published
procedure.!> The photoactive layer of organic solar cells was
composed of the blends of the fullerene derivative [60]PCBM
and a conjugated polymer P3HT (Rieke Metals) or PCDTBT,'®
which was synthesized in our laboratory.!”

The solar cells were fabricated as follows: a glass substrate
coated with a layer of indium-tin oxide (ITO) was successively
cleaned with water, acetone and isopropyl alcohol in an ultrasonic
bath. The precursor solution containing MAF in various con-
centrations (1.25, 2.5 and 5.0 mg ml™!, respectively) and FPI
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Figure 1 (a) Schematic architecture of an inverted organic solar cell. The molecular structures of the materials used to form (b) the ETL buffer layer and (c)

the photoactive layer of the devices.
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Figure 2 Absorption spectra of the cross-linked MAF+FPI films before
and after washing with chlorobenzene (CB); MAF concentration in the
precursor solution was 1.25 mg ml~'.

(25 mol% with respect to MAF) was spin-coated on the dried
substrates at 1000 rpm. The resulting films were annealed under
argon at 230 °C for 30 min. In this case, the thermal polymeriza-
tion of Cg, derivatives resulted in the formation of fullerene-
based insoluble coatings. Monomer residues were washed away
from the surface of the films using chlorobenzene (12 drops
applied onto the sample rotating at 6000 rpm).

Figure 2 shows the absorption spectra of the thin films (the
spectra were recorded on an Avantes 2048 fiber spectrometer).
Washing the films with chlorobenzene reduced their optical
density by ~30% thus indicating the removal of unpolymerized
MAF and FPI species.

Semiconductor materials P3HT (12 mg) and [60]PCBM
(6.75 mg) or PCDTBT (6 mg) and [60]PCBM (24 mg) were
dissolved in 1 ml of chlorobenzene or 1,2-dichlorobenzene,
respectively, with stirring on a magnetic stirrer at 40-45°C for
30 h. Photoactive layer was spin coated on the substrates covered
with ETL at 600-900 rpm. The obtained films were annealed
under an inert atmosphere at 165 °C for 3 min (P3HT/[60]PCBM)
or at 90°C for 15 min (PCDTBT/[60]PCBM). Hole-transport
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Figure 3 Current-voltage characteristics of (a) inverted P3HT/[60]PCBM
and (b) inverted PCDTBT/[60]PCBM organic solar cells comprising MAF +
FPI buffer layers as a function of MAF concentration in the precursor
solution.

Table 1 Parameters of the inverted organic solar cells.

Concentration

Photoactive of MAF in the Vo/mV J./mAem? FF (%) 7 (%)

materials precursor solution/
mg ml~' ¢

P3HT/ — 409 6.9 46 1.3

[60]PCBM 25 582 7.4 42 1.8
2.50 591 6.5 43 1.7
5.00 486 7.0 43 1.5

PCDTBT/ — 585 6.6 42 1.6

[60IPCBM 625 618 11.1 39 2.7
1.25 677 8.3 54 3.0
2.50 707 9.1 46 2.9
5.00 712 7.5 41 22

“The concentration of FPI in the precursor solutions was always 25 mol%
with respect to the amount of MAF.

layer of MoOj; (3 nm) and the top silver electrodes were deposited
by resistive evaporation in a vacuum (4x107% mbar).

The current-voltage characteristics of organic solar cells
(Figure 3) were measured under standard conditions using
simulated solar AM 1.5 illumination (100 mW cm™2, a calibrated
Si diode was used as a reference) and a Keithley 2400 source-
measurement unit. The main parameters of the solar cells are
given in Table 1.

The obtained results suggest that the electron-selective buffer
layers based on the blends of the fullerene derivatives FPI and
polymerizable MAF can be successfully used for fabricating
inverted organic solar cells. The power conversion efficiencies
for the inverted devices were only 25-30% lower than the
parameters of the standard configuration organic solar cells.
However, the latter contain a reactive metal (calcium in our
case) cathode that induces inherent instability leading to the
rapid deterioration of the device parameters even under an inert
atmosphere. Inverted devices showed lower open-circuit voltages
(approximately by 100 mV) and fill factors as compared to the
standard ones. It is very likely that the electron work function of
the fullerene-based buffer layer material is too high with respect
to the conduction band (LUMO level) position of the n-type
component of the photoactive layer ([60]PCBM). Therefore, a
Schottky-type barrier might be formed at the interface between
the photoactive and the buffer layers. This might be a plausible
reason for the observed reduction of the open-circuit voltages
and fill factors of the inverted devices.
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Academy of Sciences (OHNM-03) and the Russian Foundation
for Basic Research (project nos. 14-03-31913, 14-03-31610 and
14-03-31681).

References

1 V.I1. Kuzmin, E. N. Pronina and A. N. Galusha, Energosberezhenie, 2000,
no. 4, 66 (in Russian).
2 (a) U. Siegenthaler, T. F. Stocker, E. Monnin, D. Liithi, J. Schwander,
B. Stauffer, D. Raynaud, J.-M. Barnola, H. Fischer, V. Masson-Delmotte
and J. Jouzel, Science, 2005, 310, 1313; (b) R. Spahni, J. Chappellaz,
T. F. Stocker, L. Loulergue, G. Hausammann, K. Kawamura, J. Fliickiger,
J. Schwander, D. Raynaud, V. Masson-Delmotte and J. Jouzel, Science,
2005, 310, 1317.
S. E. Shaheen, D. S. Ginley and G. E. Jabbour, MRS Bull., 2005, 30, 10.
http://www.nrel.gov/ncpv/images/efficiency_chart.jpg
L.-M. Chen, Z. Hong, G. Li and Y. Yang, Adv. Mater., 2009, 21, 1434.
(a) V. M. Manninen, W. A. E. Omar, J. P. Heiskanen, H. J. Lemmetyinen
and O. E. O. Hormi, J. Mater. Chem., 2012, 22, 22971; (b) P. Yang,
S. Chen, Y. Liu, Z. Xiao and L. Ding, Phys. Chem. Chem. Phys., 2013, 15,
17076; (c) A. Kanwat and J. Jang, J. Mater. Chem. C, 2014, 2, 901.

AN N kW

— 474 -



11
12

Mendeleev Commun., 2015, 25, 473-475

(a) G. K. Mor, K. Shankar, M. Paulose, O. K. Varghese and C. A. Grimes,
Appl. Phys. Lett., 2007, 91, 152111; (b) J. Y. Kim, S. H. Kim, H. H. Lee,
K. H. Lee, W. L. Ma, X. Gong and A. J. Heeger, Adv. Mater., 2006, 18,
572; (¢) S. K. Hau, H.-L. Yip, N. S. Baek, J. Zou, K. O’Malley and
A. K.-Y. Jen, Appl. Phys. Lett., 2008, 92, 253301.

(a) D. W. Zhao, P. Liu, X. W. Sun, S. T. Tan, L. Ke and A. K. K. Kyaw,
Appl. Phys. Lett., 2009, 95, 153304; (b) C. Tao, S. Ruan, G. Xie, X. Kong,
L. Shen, F. Meng, C. Liu, X. Zhang, W. Dong and W. Chen, Appl. Phys.
Lett., 2009, 94, 043311.

H.-H. Liao, L.-M. Chen, Z. Xu, G. Li and Y. Yang, Appl. Phys. Lett.,
2008, 92, 173303.

Q. Wei, T. Nishizawa, K. Tajima and K. Hashimoto, Adv. Mater., 2008,
20, 2211.

F. Huang, H. Wu and Y. Cao, Chem. Soc. Rev., 2010, 39, 2500.

C.-H. Hsieh, Y.-J. Cheng, P.-J. Li, C.-H. Chen, M. Dubosc, R.-M. Liang
and C.-S. Hsu, J. Am. Chem. Soc., 2010, 132, 4887.

13

14

15

16

17

— 475 -

N. Cho, C.Z. Li, H. L. Yip and A. K.-Y. Jen, Energy Environ. Sci., 2014,
7, 638.

S. A. Torosyan, Yu. N. Biglova, V. V. Mikheev, Z. T. Khalitova, F. A.
Gimalova and M. S. Miftakhov, Mendeleev Commun., 2012, 22, 199.
C.-Z. Li, C.-C. Chueh, H.-L. Yip, K. M. O’Malley, W.-C. Chen and
A. K.-Y. Jen, J. Mater. Chem., 2012, 22, 8574.

N. Blouin, A. Michaud, D. Gendron, S. Wakim, E. Blair, R. Neagu-Plesu,
M. Bellete, G. Durocher, Y. Tao and M. Leclerc, J. Am. Chem. Soc., 2008,
130, 732.

I. E. Kuznetsov, D. K. Susarova, L. N. Inasaridze, M. V. Klyuev and
P. A. Troshin, Mendeleev Commun., in press.

Received: 24th February 2015; Com. 15/4569



