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The efficiency of a photovoltaic cell is directly propor- 7
tional to its open circuit voltage. This in turn is eventu- ¢ |

ally set by the donor-acceptor energy gap, i.e. the energys Ay Ve
of the intermolecular charge-transfer state in organic so-£ %

lar cells. In this letter we study diindenoperylene (DIP) .
as a new molecular acceptor. We show that planar het-
erojunctions of thiophene derivatives and DIP yield ex-
traordinarily high open circuit voltages of approximately
1.2V for poly(3-hexylthiophene) and almost 1.4V for
heat treatedv-sexithiophene. Those values are close to 2 +——— —————T
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The open circuit voltag&,,. of organic heterojunction While a large variety of donor materials has been in-
solar cells has been the subject of intense research in rerestigated in the literature, the choice of acceptors is dom-
cent years. Even though its origin is not yet completelyinated by the class of fullerenes, most prominengy &d
understood, it is generally accepted that the donor-acceptats soluble derivatives. Yet, the first organic heterojunction
(D/A) intermolecular gap is decisive for thg. reached by  solar cell presented by Tang in 1986 comprises a perylene
solar cell devices [1-3]. This gap is determined by the rel-derivative as the electron accepting material [4]. Recently
ative energetic position of the highest occupied moleculaanother perylene derivative, diindenoperylene (DIP), was
orbital (HOMO) of the donor and the lowest unoccupied introduced as a new donor in DIRfCsolar cells exhibit-
molecular orbital (LUMO) of the acceptor material. For a ing power conversion efficiencies up to 4 % [5]. Addition-
D/A system to be suitable for solar cell applications, theally ambipolar transport in DIP was found in transistor de-
HOMO-HOMO and LUMO-LUMO offsets need to be suf- vices, where the electron mobility even outranges the hole
ficiently large to efficiently drive the exciton dissociation. mobility by a factor of two [6]. Good electron transport po-
However, if this energy offset is too big, a major fraction of tentially enables DIP to also act as the acceptor in a solar
the incoming photon energy is lost. As a rule of thumb, thecell, if a suitable donor can be found.
ultimate limit of V.. is considered to be about 0.5 - 0.6 eV Figure 1 shows the energy levels @fsexithiophene
below the optical gap of the absorber material [2]. (6T), DIP and Gy. Besides the obvious combinations of

Copyright line will be provided by the publisher



physica status solidi (RRL) - Rapid Research Letters, 5 (2011) 241-243 https://doi.org/10.1002/pssr.201105238

2 Ulrich Hérmann et al.: High open circuit voltages in organic solar cells by applying diindenoperylene as acceptor

-3.0

| 7 ,/ | —— HIL1.3N/6T/DIP
] [ Ar@aoonm) | . o7 |- HILL3NIET/Cao
4.9 === 1 BCP (5nm) I - ==+ HILL3N/DIP/Cso
. -4. X\ - :
s \{gp} Acceptor (60 nm) T
-5.8 ‘Q’ Donor (60 nm)
1.3N
‘ HIL (30 - 60 nm)
e ITO (140 nm)

HIL 6T DIP Cso BCP Al glass substrate

Figure 1 Schematic drawing of molecular formulae and energy
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levels (in eV) of 6T, DIP and €. Energy values of organic ma- 2 Y I B Al4083/P3HT/DIP

terials are taken from [5,7,8], 6T LUMO is estimated by adding — ——— —

the transport gap [9] to the HOMO. Defect states enabling elec- 0.5 0.0 05 1.0 15 2.0
tron transport through BCP are sketched [8]. The layer stack of Voltage (V)

the investigated solar cell devices is shown on the right. ) - )
Figure 2 Current-voltage characteristics of the solar cell devices

under white LED illumination. (a) Comparison of different D/A
systems. (b) Electron accepting performance of DIP when com-

. bined with diff td .
6T/Cso and DIP/Gy — both employing &, as acceptor — ned with difierent donors

the relative energetic position of 6T and DIP suggests a so-
lar cell device in which DIP is used as the electron accephand between 500 and 700 nm and an illumination inten-
tor. From this figure the intermolecular gap of the different sity of 54 mwi/cn?.
D/A pairs is estimated to 0.6eV, 1.25eV and 1.85eV for  The resulting characteristics are shown in Figure 2(a)
6T/Cs0, DIP/Cso and 6T/DIP, respectively. The linear de- and important values are summarized in Table 1. It is ev-
pendence oF,. on the gap [2] implies an open circuit volt- jdent that all three D/A systems yield proper diodes with
age that is approximately twice as high for DIR/Gnd fill factors of 54 % for 6 T/DIP and 57 % for bothgg solar
three times as high for 6T/DIP with respect to the 6t/C  cells. The open circuit voltage shows a behavior close to
device. the prediction from the intermolecular gaps, wherelihe

To test this hypothesis planar heterojunction solar cell2f DIP/Gso approximately doubles the value reached by
as illustrated in Figure 1 were fabricated. ITO covered 6T/Geo. TheV. featured by 6T/DIP, however, is only 2.7
glass slides were coated with a polymeric hole injectiontimes that of 6T/, and thus slightly less than expected.
layer (HIL1.3N or Al4083, Heraeus Clevios) and dried This r_edu_ct|0n can possmly be attributed to increased re-
on a hotplate (150C). Thereafter the samples were trans- COmbination losses in the 6T/DIP solar cells [10]. Indeed,

ferred to a high vacuum systerg & 10~ 7 mbar), where ! By comparing to P3HT/PCBM cells measured under
60 nm of the donor and subsequently 60 nm of the accepam1.5g conditions we estimate the LED illumination conditions
tor were deposited. Finally a bathocuproine (BCP) bufferto correspond roughly to 1 sun for the given cells. Please note that
layer and the aluminum cathode were evaporated in amecause of these deviations from standard illumination conditions
additional vacuum chambe? (x 10~ 7" mbar). Molecular  power conversion efficiencies are not specified here.

materials were purchased from Sigma Aldrich (6T, BCP),
University of Stuttgart (DIP), Creaphys {§) and — except
for BCP — purified twice by temperature gradient sublima-
tion. Because of its high work function the PEDOT for-

Table 1 Characteristic values of the presented devices illumi-
nated by a white LED at an intensity of 54 mW/ém

mulation HIL1.3N was chosen as the hole injection layerCtive layer HIL Voo (V) jsc (MA/CT?)  FF (%)
to avoid the s-shape present in DIRj@evices employing  6T/Ceo 1.3N 0.45 4.24 56.9
the standard PEDOT:PSS formulation Al4083 as reportedIP/Cgo 1.3N 0.93 4.31 57.0
in [5]. The ITO pattern and the cathode geometry yield 6T/DIP 1.3N 1.23 1.97 54.0
an active area of 0.04¢émFor characterization current- gT/pip Al4083  1.25 1.65 48.3

vqltage curves have been recorded under white Ilght '”u'eT(100°C)/D|P Al4083 138 128 59.1
mination using an LED (Luxeon LXHL-NWES) as light B3UT/DIP A4083 194 0.69 48.0
source with a sharp emission peak at 453 nm and a broad i i :
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significantly larger charge recombination rates have been 30 2.8 26 24 E”ezr_gy (evg,o 18
predicted for the D/A pair 6T/perylenediimide (PDI) com- 4~ 207~ ' —

pared to 6T/G, [11]. Still, keep in mind that varying £ *°1 —a 880%

data for the energy levels of organic semiconductors are?gZ 161 --- DIP

found in the literature and the exact energetic landscapesg 147 k == Coo

as present in the 6T/G and 6T/DIP devices are currently £ 1 -~/ = L[ P3HT

being investigated in order to support this conclusion [7].
Both Gy, solar cells yield practically identical short cir-
cuit currents. This indicates that a major part of the photo-
generated charges is contributed by the acceptor in theseg ,
devices, as confirmed by optical simulations (not shown & | ' : kil i
here). This also explains the reduced short circuit current 400 450 500 550 600 650 700 750
in the 6T/DIP device due to the lower absorption of DIP Wavelength (nm)
compared to & as acceptor (Figure 3). Figure 3 Absorption spectra of the applied organic semiconduc-
To further analyze the electron accepting properties oftors. G and P3HT are taken from [17].
DIP, the donor layer of the devices was modified (Fig-
ure 2(b) and Table 1). 6T grown at room temperature was . . . . .
compared to high temperature growth and po|y(3_hexy|_Ne_vertheIess, in spite _of u_mre_zas_e_d absorption the short cir-
thiophene) (P3HT, Sepiolid P200, BASF), the most widely cuit current of this dewqe is S|gn|f|cantly belo_w th.e 6T val-
studied donor polymer in organic photovoltaics, was com-Y€S- This can _be ascribed to an exciton diffusion '?”gth
bined with DIP as acceptor in a planar heterojunction. In®f 0nly 8.5nm in P3HT [16], which is far below the film
these devices we used the standard PEDOT:PSS formuldhickness. Thus a major fraction of excitons is lost before

tion Al4083 since there is no need for the high work func- reaching the D_/A int_grface. :
tion of HIL1.3N. In conclusion, diindenoperylene was introduced as a

ovel acceptor in organic photovoltaic cells. Its applica-

ility was demonstrated for molecular solar cells incorpo-
rating the oligothiophene 6T as the donor, as well as in a
planar heterojunction with the de facto standard solar cell
. X polymer P3HT. For both systems efficient exciton disso-
imately three times th&/,. observed for the 6T/6 de-  i5ti0n and charge generation is achieved, while charge

vice, which implies a reduction of the recombination losses,o o mpination is suppressed, manifested by open circuit
suspected for the room temperature devices. This Squre%ltages approaching the ultirﬁate limit.

sion of recombination might be assisted by orientational ef-
fects at the D/A interface induced by a structural change of  Acknowledgements We acknowledge the German Re-
the 6T growth. Orientation dependent recombination ratesearch Foundation (DFG) for funding within the priority pro-
have been revealed by calculation for the case of 6T/PDpram SPP1355 and Heraeus Clevios for supplying HIL1.3N.
[11]. Improved structural ordering of 6T by substrate heat-U-H. acknowledges the Bavarian Research Foundation for finan-
ing has been reported in the literature [12] and validated-ia! support.
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Accompanied by a considerable enhancement of the fil
factor, theV,. of 6T/DIP can be increased to almost 1.4V
if the substrate is heated to a temperature of’XDduring
evaporation of the 6T film. Note that this voltage is approx-
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