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Two novel p-type materials, Cz(Et)ThOM and Cz(Et)OM—
respectively with and without a thiophene m-spacing unit—have
been synthesized for vacuum-deposited organic photovoltaics
(OPVs). The power conversion efficiencies of planar hetero-
junction OPVs of the former are clearly higher than that of the
latter. Further improvement of the device with Cz(Et)ThOM was
obtained by employing bulk heterojunction structure and post-
annealing. The structural analysis of thin films by synchrotron
X-ray diffraction and atomic force microscopy shows that this
improvement is due to Cz(Et)ThOM becoming highly ordered
during annealing.

Vacuum deposition has recently attracted much attention as
a potential means to realize tandem-structured organic photo-
voltaic (OPV) devices with a wide absorbance for sunlight.!-?
One of the advantages of organic semiconductor materials in
this context is that the absorption range is controllable from
ultraviolet/visible to near-infrared wavelengths. High-perform-
ance vacuum-deposited OPVs need to be achieved with small
molecules. Therefore, to obtain enhanced performance, novel
electron donor materials in OPVs are required with high molar
absorption coefficients (¢£) for long wavelengths. For OPV
applications, electron donor materials should have narrow
energy gaps between their highest occupied and lowest un-
occupied molecular orbitals (HOMO and LUMO, respectively).
On the other hand, a deep HOMO level is also important
because the open-circuit voltage (V) in OPV devices strongly
depends on the difference between the HOMO of the donor and
the LUMO of the acceptor.® Furthermore, in view of vacuum
fabrication, the thermal stability of the material is crucial. To
date, however, the literature on small molecules for vacuum-
deposited OPV devices is sparse.

To synthesize small molecules that satisfy the above-
mentioned requirements, we focused on push—pull chromo-
phores with an asymmetric structure. Push—pull chromophores
based on a donor-m-spacer—acceptor (D-m—A) structure offer
potentially high ¢ values, making them attractive candidates for
high-performance OPV applications.*® In addition, their light
absorption properties and HOMO-LUMO levels are readily
controllable via structural modifications of the electron donor
and acceptor moieties. In spite of these advantages, however,
an optimal molecular design based on push—pull chromophores
with a m-spacer for OPV devices has not been firmly established
till date. As donor and acceptor skeletons, respectively, we chose
N-ethylcarbazole and 2-(3-oxoindene)malononitrile, the latter
possessing two cyano and one ketone substituents with strong
electron-accepting properties. The carbazole unit affords high

1: Cz(Et)ThOM

2: Cz(Et)OM

Figure 1. The molecular structure of Cz(Et)ThOM and Cz(Et)OM.

power conversion efficiency of up to 9% in dye-sensitized solar
cells with the MK dye®'! and a hole mobility of 0.1 cm?>V~'s~!
in indolocarbazole organic field effect transistors.'> The elec-
tron-donating property and steric planar structure of the carba-
zole unit clearly contributed to these results. However, a smaller
structure would be preferable for OPV applications to confer
the thermal stability required for vacuum deposition. In small
n-conjugated molecules, the intramolecular interactions between
strong donor and acceptor units can narrow the HOMO-LUMO
gap and afford long-wavelength absorption, while a strong
acceptor unit also provides deep HOMO and LUMO levels.

Herein, we report the synthesis of, and the optical and
electrochemical properties of the novel push—pull chromophores,
Cz(Et)ThOM and Cz(Et)OM (hereafter referred to as com-
pounds 1 and 2; Figure 1). The performance of planar hetero-
junction OPV devices prepared with compound 1 being clearly
superior, a more focused optimization was performed, revealing
substantial improvements after preparation of a bulk hetero-
junction (BHJ: donor—acceptor blend) structure and thermal
treatment. This paper focuses on the relationship between the
OPV performance and crystallinity of Cz(Et)ThOM films, as
revealed by synchrotron X-ray diffraction.

The synthesis of these compounds is described in the
Supporting Information. Ultraviolet-visible absorption spectra
were recorded to investigate their photophysical and electro-
chemical properties, with absorption maxima and € in a tetra-
hydrofuran solution observed at 572nm (¢ = 45400 M~ cm™")
and 514nm (¢ =33900M~'cm™!) for compounds 1 and 2,
respectively. The molar absorbance coefficient of compound 1 is
higher than that of 2 and its absorption peak is red-shifted
compared with 2. These results are ascribed to the extended
n-conjugation that results from the insertion of the electron-
donating thiophene ring. The HOMO level energies of thin
films of the two materials were measured by photoelectron
yield spectroscopy, giving 5.78 and 5.94 eV, respectively. This
suggests that OPV devices prepared with compound 1 or 2 as the
donor material will have a large V., since as mentioned above,
this strongly depends on the difference between the HOMO and
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Table 1. Parameters from J-J measurements on planar heterojunc-
tion devices prepared with compound 1 or 2

J |28 PCE
1 a scC oc .

Device /mA cm™2 N Fill factor %
1(D;=15nm) 3.57+£0.10 1.034+0.02 0.44 £0.02 1.61+0.07
1(D;=30nm) 2.86+0.17 1.06+0.00 0.42+0.01 1.27+0.10
2 (D;=15nm) 0.04+£0.01 0.61 £0.01 0.244+0.00 0.01 £0.00
2 (Dy=30nm) 0.04+£0.00 0.77+£0.01 0.21=£0.00 0.01 £0.00

aDevice area: 0.04 cm?.
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Figure 2. Characteristics of bulk heterojunction devices prepared
with compound 1: (a) J~V curves recorded under 100 mW cm~2 light

(The LUMO level of fullerene Cg is ca. 4.5eV.).!* The LUMO
levels in these materials were estimated from their HOMO levels
and the end-absorption of the thin films, giving 4.06 and 3.97 eV
for 1 and 2, respectively.

Organic photovoltaic devices were fabricated by vacuum
deposition. The configuration of the planar heterojunction
devices was as follows (with the thickness of each layer in
parentheses): indium tin oxide (ITO)/MoO, (15nm)/1 or 2
(thickness D; =15 or 30nm)/Cg (50 nm)/Bathocuproine
(BCP, 6nm)/Al (100 nm). Table 1 and Supporting Information
Figure S2a highlight the superior photovoltaic characteristics of
device 1, which has a ¥, greater than 1.0 V and higher incident
photon-to-current efficiency (IPCE) and power conversion
efficiency (PCE) than device 2 (see Figure S2 in the Supporting
Information). To identify the origin of these differences, we
calculated the series resistance (Rs, the internal resistance of the
device) and the parallel resistance (R, due to current leakage in
the device) by fitting the J-V curves according to the Shockley
diode model,'*"® yielding R, and R, of 0.4 Qcm? and
16.8kQ2cm?, respectively, for device 1, and 1.8Qcm? and
11.9 k2 cm?, respectively, for device 2. Although no differences
in morphology or crystallinity were apparent between the two
films, these values imply that the carrier transport property of
compound 2 is poor.

The following discussion concerns compound 1. To further
improve the OPV performance, we prepared BHJ devices by
coevaporation. The BHJ-type devices had the following config-
uration (with the thickness of each layer in parentheses) ITO/
MoO, (15nm)/1 (§nm)/1:Cgo = 1:1 v/v% (thickness D, = 15,
30, or 40nm)/Cg(50 nm)/BCP (6 nm)/Al (100 nm). The J-V
characteristics and IPCE spectra of these devices are shown in
Figures 2a and 2b, respectively. Compared with the planar-type
configuration, the BHJ configuration leads to an improved Jj..
This is attributed to the larger interface area between 1 and Cgy.
The PCE of these devices were further improved by annealing
treatment. The photovoltaic parameters of these BHJ devices
are summarized in Table 2. The PCEs obtained are as high as
ca. 3%. The Jy and fill factor (FF) in a 15-nm and a 30-nm BHJ
layer OPV are in a trade-off relationship. With a 40-nm-thick
layer, both J;, and the FF are reduced. Thermal treatment
improves V;. and the FF. The dark current of annealed devices
was smaller than that of as-deposited devices as shown in
Figures 2 and S3a. From these results, the improvement of Vo
was caused by the fact that carrier recombination loss was
decreased by annealing treatment.

In order to understand the improvements in OPV perform-
ance following annealing, atomic force microscopy (AFM),
and grazing incidence wide-angle X-ray scattering (GIWAXS)
utilizing synchrotron irradiation were performed on BHJ films

irradiation with air mass 1.5G and (b) incident photon-to-current

spectra.

Table 2. Parameters from J-J measurements on bulk heterojunction
devices prepared with compound 1:Cqp

Device® / mAJS(‘::m’Z ;/i; Fill factor I;((:%E
Dy=15nm® 5444+0.12 097+£0.02 0.51£0.00 2.70%0.08
Dy =15nm® 5.114+0.06 1.04+0.01 0.56+0.00 2.99=+0.09
Dy =30nm® 6.58+0.18 096+£0.02 038+0.01 2.37+0.01
D, =30nm® 6.81£0.02 1.05+£0.01 0.41+0.01 2.90+£0.01
Dy=40nm® 5754020 0.90+0.02 034+£001 1.7740.01
Dy =40nm® 5904+0.08 1.01+0.01 0.36+0.00 2.1540.06

*Device area: 0.04 cm?. PAs-deposited. °After annealing at 130°C for
10 min.

BHJ film

Figure 3. Atomic force micrographs of (a, b) compound 1 and (c, d)
1:Cgo = 1:1 films deposited onto ITO/MoO, substrates, (a, c) as
deposited and (b, d) after annealing (130 °C for 10 min).

and on single-component films of compound 1. Figure 3 shows
the AFM images obtained for as-deposited and heat-treated
samples. The root-mean-square (RMS) roughnesses of the
single-component films before and after annealing are 0.55
and 62.6nm, respectively, which is a 110-fold increase.
Figure 3b shows the aggregation structures that grow on 1 in
the BHJ film during annealing. A similar trend in the RMS
roughness is observed for the BHJ film, with 0.89 and 1.76 nm
measured before and after annealing, respectively.

Figure 4 shows the GIWAXS images and the corresponding
intensity plots obtained for these films in the in-plane direction.
Both as-deposited 1 and 1:C¢y BHJ films have no diffraction
patterns, implying that as-deposited films are amorphous. On
the other hand, diffraction patterns in these films appeared after
annealing treatment. In particular, a comparison of Figures 4a
and 4b highlights the appearance of a highly-oriented structure
during heat treatment. A strong peak along the g, axis is
observed, which is attributed to a m—m stacking structure
(calculated d-spacing: 3.56 A at gy =176 AN,

In Figure 4e, diffraction peaks are observed in the data
acquired for both films after annealing. For the single-component
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Figure 4. Grazing incidence wide-angle X-ray scattering images of
(a, b) compound 1 and (c, d) 1:C4p = 1:1 films deposited onto ITO/
MoO, substrates, (a, c) as deposited and (b, d) after annealing (130 °C
for 10 min), with (e) the corresponding g, intensity profiles.

film, the d-spacing values calculated from the peaks at
¢y = 0.36 and 0.75 A~" are 17.3 and 8.7 A, respectively, which
are indicative of a highly ordered structure. Since the ring
pattern was observed from GIWAXS measurement, annealed
BHJ films show randomly oriented polycrystalline films. This
suggests that the presence of fullerene hinders crystal growth
in compound 1. Nonetheless, the peak at g, =0.75 A1 in
Figure 4e shows that some crystallization of compound 1 occurs
in the BHJ film with fullerene Cgy during annealing. The two
peaks at g, = 1.27 and 1.48 A~ are consistent with those that
arise from the (022) and (113) planes of crystalline Cgy with a
face-centered-cubic lattice structure.!® These results show that
heat-treated 1:Cg4y = 1:1 BHIJ films consist of randomly oriented
crystals of compound 1 and Cg. Moreover, this comparative
structural analysis of as-deposited and annealed films indicates
that the molecules of compound 1 can be rearranged in an OPV
cell by thermal treatment, leading to clear improvements in V.
and the FF of the devices.

In summary, we have described the synthesis and character-
ization of two novel push—pull chromophores having N-ethyl-
carbazole and 2-(3-oxoindene)malononitrile as electron donor
and acceptor units, respectively. These materials have a wide
absorption range (400-650nm) with a high molar absorption
coefficient. The PCEs of OPV devices prepared with compound
1 (Figure 1) are clearly higher than those prepared with
compound 2, indicating that carriers are transported more
efficiently in the former than in the latter. Annealing drastically

improves the V. and FF of devices based on compound 1. The
best PCE (ca. 3%) was obtained with a heat-treated BHJ device.
From an analysis of film structure, this improvement was
attributed to the increased crystallinity of compound 1 following
annealing, which has a favorable effect on ;. and FF.
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