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N,N'-Di(1-nonadecyl)perylene-3,4:9,10-bis(dicarboximide) (PDI-C9) based bulk-
heterojunction photovoltaic devices increased the power conversion efficiency
(PCE) with increasing PDI-C9 concentration and showed the highest incident
photon-to-current conversion efficiency (IPCE) of 19% at 495nm and PCE of
0.18% under AM 1.5 (100 mW/cmz) have been achieved with 1:4 ratio of P3HT:
PDI-C9. 1,7-Bis(N-pyrrolidinyl)-N,N'-dicyclohexyl-3,4:9,10-perylenebis(dicarboxi-
mide) (5-PDI-DI) based devices showed best performance of 9% IPCE at 525nm
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and 0.18% (AM 1.5) PCE at 1:1 blend ratio of P3HT: 5-PDI-DI and the PCEs were
drastically decreased by increasing 5-PDI-DI ratio.

Keywords: annealing; heterojunction; perylene diimide; photovoltaic

INTRODUCTION

Organic materials for photovoltaic devices based on conducting
polymers are attractive because most of them can be processed from
solution via spin-coating at room temperature, enabling the manufac-
ture of large area, flexible, and lightweight devices. Current progress
on organic photovoltaic devices from the standpoint of increasing
power conversion efficiency (PCE) is mainly attributed to the bulk het-
erojunction structure, which enables an efficient charge separation
due to the increased photoactive interface area of p-n junction. The
highest efficiency of 3.5% have been reported so far, and recently
5% efficiency benchmark has been overcome [1]. But, further increase
of the PCE is required for commercial applications of organic photo-
voltaic solar cells.

In order to increase the PCE of devices, many aspects should be
taken into account, such as the absorption coefficients of the materi-
als, the exciton dissociation rates and the charge-carrier mobilities.
First of all, the active layer should absorb as many as incident photons
to generate excitons. Most of the electron acceptors such as Cgg deriva-
tives and TiOs nanoparticles for the bulk heterojunction photovoltaic
devices are having relatively weak molar absorption coefficients at
the visible region and do not give any direction for self-assembly when
they were blended with electron donor polymers. We are interested in
perylene diimide derivatives (PDIs), because PDIs have large molar
absorption coefficients, good electron accepting properties [2] and
possible generation of highly conducting direction along the n—n
stacking axis [3,4], in addition to the other merits, like robust, ther-
mally stable, and inexpensive. Up to date, most of the applications
for photovoltaic devices with perylene derivatives were performed to
dye-sensitized solar cell (DSSC) [5] or layered structure through vapor
deposition with insoluble PDIs [6], but the applications of the PDIs to
the bulk heterojunction photovoltaic devices are quite limited [7].

Thus, in this paper we investigated three different PDIs: N,N'-
di(1-nonadecyl)perylene-3,4:9,10-bis(dicarboximide) (PDI-C9), 1-(N-
pyrrolidinyl)-N,N’-dicyclohexyl-3,4:9,10-perylenebis(dicarboximide)
(5-PDI-MONO), 1,7-bis(N-pyrrolidinyl)-N,N’-dicyclohexyl-3,4:9,10-
perylenebis(dicarboximide) (5-PDI-DI). PDI-C9 has swallow tailed
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FIGURE 1 Device configuration and the chemical structures of PS3HT and
perylene diimide derivatives (PDIs).

long alkyl chains to give good solubility. Introduction of pyrrolidyl group
at the bay position of perylene shifted the absorption region to longer
wavelength [8] and changed the LUMO levels of 5-PDI-MONO and
5-PDI-DI by its electron donating effect. The conjugated polymer
poly(3-hexylthiophene) (P3HT), which is known to be a good hole
mobility molecule in its regioregular form [9], has been chosen as a elec-
tron donor as well as a hole conductor. The device configuration and
compound structures are shown in Figure 1.

EXPERIMENTAL
Synthesis and Preparation of Materials

Regioregular P3HT purchased from Aldrich and the poly(ethylene-
dioxythiophene) doped with poly(styrenesulfonic acid) (PEDOT:PSS,
Baytron™ PH) purchased from Baytron were used without further
purification. 3,4,9,10-Perylenetetracarboxylic dianhydride was sup-
plied by Phthalos (South Korea). The PDI-C9 [10], 5-PDI-MONO
and 5-PDI-DI [8] were synthesized and purified by literature methods.

Photovoltaic Device Fabrication

Films of different weight ratios of the PSHT and PDIs were spin
coated from o-dichlorobenzene solution onto indium tin oxide (ITO)
covered glass substrates that had been previously coated with
100nm of PEDOT:PSS. Then, LiF (1nm) and Al top electrode
(200nm) were deposited by means of thermal evaporation in vaccuo
(base pressure < 2.0 x 1075 torr) onto the organic layer through a sha-
dow mask. The pixel size as defined by the overlap with ITO and Al
back electrode was 4 mm?. Thermal treatment was performed under
dry Ar atmosphere on a high precision hot stage. The current-voltage
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curve of the photovoltaic device was measured under the illumination
of a simulated solar light with 100 mW /cm? (AM1.5) by an Oriel 300 W
solar simulator. The photocurrent action spectra were carried out by
illuminating the samples with a 300 W Xenon lamp, dispersed by
Dongwoo-optron (South Korea) DM151i single-grating monochroma-
tor. Film thickness was measured using a KLA Tencor Alpha-step
IQ surface profilometer.

RESULTS AND DISCUSSION

From the UV-visible spectroscopic results of PDIs presented in
Figure 2, the maximum absorption peaks of PDI-C9 and 5-PDI-
MONO in solid film had hypsochromic shift when they solidified dur-
ing spin cast from chloroform solution. This blue shift was caused by
the H-aggregation of perylene moiety, which means PDIs were aggre-
gated via face to face self-assembly [3]. The extended H-aggregation in
the donor polymer in the blend device could give the charge transport-
ing channel along the n—n stacking axis [3,4]. However, in the case of
5-PDI-DI, the maximum absorption peak was not moved except the
short wavelength shoulder increasing. This means that two pyrrolidi-
nyl groups in 5-PDI-DI restrict its face to face self-assembly. By intro-
ducing pyrrolidinyl goup on PDI one by one, the absorption spectra
were drastically shifted to longer wavelength region. In film state,
the absorption maximum of 5-PDI-MONO and 5-PDI-DI had batho-
chromic shifts 105nm and 201 nm respectively from PDI-C9. This
long visible light absorption property of 5-PDI-MONO and 5-PDI-
DI could be a good advantage to use the whole range of the visible light
by fabricating photovoltaic device after blending with P3HT.

(a) —4—PDI-C9 (b)

12+ —0—5-PDI-MONO —a—PDI-C9
~—a— 5-PDI-DI 12 —a— P3HT
=0=5-PDI-MONO
—a—5-PDI-DI

Abs. (Normalized)
° °
> =

°
S

o
0

0.0

Wavelength (nm) Wavelength (nm)

FIGURE 2 UV-visble spectra of; a) PDIs in chloroform solution, b) PDIs and
P3HT spin-coated on quartz from chloroform solution.
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The LUMO energy levels of PDI-C9 (3.69eV), 5-PDI-MONO
(38.46eV) and 5-PDI-DI (3.40eV) were obtained from the half way
reduction potentials (Ef/lz) and the HOMO levels of PDI-C9
(5.97eV), 5-PDI-MONO (5.18¢V) and 5-PDI-DI (5.00eV) were esti-
mated by the addition of the optical band gap from the LUMO levels.
The HOMO (5.20 €V) and LUMO (3.34 eV) energy levels of PSHT were
obtained from the onset potential of the oxidation at CV and the
optical band gap. The optical band gaps were determined by the
absorption edge of their thin films. PDI-C9 has the proper HOMO
and LUMO levels to accept the electron from the excited PSHT mol-
ecule and to transfer the hole from the excited PDI-C9 to P3HT.
But for 5-PDI-MONO and 5-PDI-DI, HOMO levels were slightly
higher than the HOMO level of PSHT and it could have some possi-
bility to render the undesired energy transfer from P3HT to 5-PDI-
MONO and 5-PDI-DI rather than charge separation.

Table 1 summarizes photovoltaic device performance results. The
annealing were performed at higher temperature than their grass
transition temperature (Tg DI-C9_76°C, Tg'PDI'MONO:109°C and
TZPPI-PI_105°C). PCE of the most devices were increased with

TABLE 1 Performance of ITO/PEDOT:PSS/P3HT:PDIs/LiF /Al Bulk Hetero-
junction Photovoltaic Devices Under a Simulated Photovoltaic Light with
100 mW/cm? Tllumination with 70 nm Active Layer Thickness

Jsc PCE

PDIs Device P3HT/PDI ratio Annealing [mA/cmz] Voc [Vl FF [%]
PDI-C9 a 1/1 - 0.47 0.23 0.31 0.034
b 1/1 80°C, 60min  0.67 0.29 0.33 0.065

c 1/2 - 0.73 0.27 0.35 0.068

d 1/2 80°C, 60 min 1.09 0.25 0.37 0.100

e 1/4 - 1.31 0.30 0.38 0.139

f 1/4 80°C, 60 min 1.32 0.36 0.38 0.182

5-PDI-MONO ¢ 1/1 - 0.65 0.48 0.28 0.085
h 1/1 110°C, 30 min  0.73 0.51 0.29 0.107

i 1/2 - 0.16 0.54 0.26 0.023

j 1/2 110°C, 30 min  0.19 0.49 0.27 0.026

k 1/4 - 0.11 0.46 0.27 0.014

1 1/4 110°C, 30 min  0.12 0.45 0.28 0.015

5-PDI-DI m 1/1 - 0.75 0.54 0.35 0.142
n 1/1 110°C, 30 min  0.90 0.62 0.32 0.180

o 1/2 - 0.23 0.56 0.27 0.035

P 1/2 110°C, 30 min  0.18 0.59 0.28 0.030

q 1/4 - 0.05 0.40 0.25 0.005

r 1/4 110°C, 30 min  0.03 0.31 0.22 0.002
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annealing. The increased device performance may be due to the reori-
entation of PSHT [7] and PDIs to get more ordered stacking during
annealing. With increasing PDI-C9 ratio in PSHT:PDI-C9 blend sys-
tem, the PCE also increased gradually and reached to a maximum of
0.182% at 1:4 ratio (device f). On the other hand, 5-PDI-MONO
and 5-PDI-DI based devices show best performance of 0.107% and
0.180% at 1:1 blend ratio and which is much better than that of
PDI-C9 based device at the 1:1 ratio of PSHT:PDI-C9. But the PCE
were drastically decreased by adding more 5-PDI-MONO and 5-
PDI-DI. The increase of the performance with the concentration of
PDI-C9 may due to the generation of percolation paths for electrons
by increasing more small crystals or self-assembled structure portions
[7al]. In the case of 5-PDI-MONO and 5-PDI-DI, which have more
uniformly spread over the device because of their solubility increasing
pyrrolidinyl side groups, the electrons could more easily reached the
cathode by transferring through pyrrolidinyl groups in addition to face
to face self-assembled pathway from perylene to perylene. Pyrrolidinyl
side groups give the good solubility but inhibit the well stacking of 5-
PDI-MONO and 5-PDI-DI and their good miscibility with P3HT
inhibits the ordered structure of PS8HT, which resulted in the limited
charge transporting ability in PSHT at high concentration of 5-PDI-
MONO and 5-PDI-DI.

When electron donating group is fixed with P3HT, the V¢ is
attributed to the LUMO level of the PDIs, so the introduction of elec-
tron donating group at the perylene body could increase the V¢ by
increasing LUMO level. Actually the increase of LUMO level by
0.3V with introducing electron donating pyrrolidinyl group renders
the increase of V¢ nearly 0.3V at 5-PDI-DI (Voc = ~0.6V). This is
quite well matched with the variation of the valence band of n-type
semiconductor resulting in a change of the open circuit voltage with
a scaling factor of ~1 [1b].

Incident photon-to-current conversion efficiency (IPCE) of the
device made with PDI-C9 (device f) reached maximum of 19% at
495 nm but the longer wavelength light than 670 nm did not generate
any photocurrent (Figure 3a), which is well matched with the UV-
visible spectrum of PDI-C9:P3HT = 1:4 film. In the case of device
n, the IPCE spectrum was also similar to absorption spectrum of
P3HT:5-PDI-DI = 1:1 blend film, which covered the whole visible
region. And the onset of IPCE spectrum was longer wavelength than
750 nm (Figure 3b) and this means the light absorbed by 5-PDI-DI
generate the photocurrent.

Thermogravimetry analysis (TGA) data of PDIs revealed that,
PDI-C9 is thermally stable over 400°C, but the pyrrolidinyl group
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FIGURE 3 UV-visible absorption spectra of PSHT:PDIs blend films and inci-
dent photon-to-current conversion efficiency (IPCE) spectra of devices; a)
P3HT:PDI-C9 = 1:4 (device f at Table 1), b) PSHT:5-PDI = 1:1 (device n).

attached at the bay position of 5-PDI-MONO and 5-PDI-DI were eas-
ily decomposed even below 200°C. Our next goal is to find the other
electron-donating side group that is thermally stable, because this
electron-donating group will improve the Voc by increasing LUMO
level of perylene and possibly shifts the absorbing region to the longer
wavelength and it could also act like an antenna or a wire through in
which electron could transfer.

CONCLUSIONS

All of the device performances were increased by thermal annealing
and the photon absorbed by PDIs converted to current. With increas-
ing PDI-C9 ratio in PSHT:PDI-C9 blend system, the PCE increased
gradually to get the best performance of 0.18% at 1:4 ratio. However,
5-PDI-MONO and 5-PDI-DI based devices showed the best perform-
ance of 0.11 and 0.18% at 1:1 blend ratio and the PCE were drastically
decreased by adding more 5-PDI-MONO and 5-PDI-DI. The absorp-
tion spectra of PDIs were shifted to 100 nm longer wavelength region
by introducing each pyrrolidinyl group. The Voc of the devices were
increased nearly 0.3V by introducing two electron donating pyrrolidi-
nyl groups from PDI-C9 (~0.3V) to 5-PDI-DI (~0.6V).
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