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We have developed a new donor material, 2,6-di(pyren-1-yl) dithieno
[3,2-b:2',3'-d]thiophene (DDT), consisting of dithieno[3,2-b:2',3'-d]-
thiophene (DTT) and pyrene units. The bulk heterojunction (BHJ)
device based on DDT:C;o = 1:4 exhibited an efficient power
conversion efficiency (PCE) of 3.60%, under simulated AM 1.5 solar

irradiation at 100 mW cm 2.

Organic solar cells (OSCs) are emerging as a clean and renew-
able energy resource due to their unique features including low-
cost manufacturing, easy synthesis of active layer materials,
possibility of flexible panels, easy device fabrication, and other
potential applications.*

Since the first report of OSCs by Tang,' researchers have
focused on improving the power conversion efficiency (PCE) of
the devices using new organic small molecules. In recent years,
the PCE of OSCs has been steadily improved by the use of
various organic small molecules.>* Further, the PCEs of 8-9%
have been achieved for polymer and small molecule based
OSCs with the most promising bulk heterojunction (BHJ)
architecture.”

Pyrene-based organic materials have been utilized as active
materials of organic thin-film transistors (OTFTs), and blue
light-emitting and electron-transporting materials in organic
light-emitting diodes (OLEDs), and donor materials for
0OSCs.*" Oligothiophene-based organic materials have been
widely investigated for optoelectronic applications such as
OSCs, OTFTs, and OLEDs, owing to their light-emitting and
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absorbing, hole-transporting, and charge carrying transport
properties.'* In particular, linearly fused oligothiophene-based
compounds derived from dithieno[3,2-b:2/,3'-d]thiophene
(DTT) have been utilized in a variety of organic optoelectronic
applications, because the DDT unit has a relatively high hole
mobility due to the fused thiophene core.**** Therefore, the
synthesis of DDT derivatives has received much attention.*
However, to the best of our knowledge, DTT-based small
molecules have not been successfully utilized for high perfor-
mance OSCs."”

In this paper, we report on the development of a thermally
stable and efficient donor material, 2,6-di(pyren-1-yl)dithieno
[3,2-b:2',3'-d]thiophene (DDT), consisting of DTT and pyrene
units, for OSCs. The device performance was optimized at
DDT : C;, = 1 : 4; the maximum open circuit voltage (V,.), short
circuit current (Js.), and PCE value of the device were 0.98 V,
9.24 mA cm 2, and 3.60%, respectively, under simulated AM 1.5
solar irradiation at 100 mW cm™ 2.

Compound DDT was synthesized by the palladium catalyzed
Suzuki cross coupling reaction between 2,6-dibromodithieno
[3,2-b:2',3'-d]thiophene® and 1-pyreneboronic acid (Scheme 1).
Compound DDT was identified by HR-mass and EA analyses.

Fig. 1a shows the absorption (UV) and emission (PL) spectra
of DDT in CH,Cl, and in solid film. The UV spectrum of DDT in
CH,Cl, shows a main absorption band with A, at 387 nm,
which originates from the DTT and pyrene unit. The UV spec-
trum of DDT in solid film shows an absorption maximum band
at 412 nm, which is 25 nm red-shifted when compared to the
absorption in CH,Cl,. The PL spectrum of DDT shows
maximum bands at 499 nm in CH,Cl, and at 569 nm in film,
which is 70 nm red-shifted when compared to the absorption in
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Scheme 1 Synthesis of DDT.
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Fig. 1 UV spectra (a) and PL spectra (a and b) of DDT at 400 nm
excitation in 0.02 mM CH,Cl, and in solid film.

CH,Cl,. The UV and PL spectra of the solid film of DDT were
both red-shifted relative to the CH,Cl, solution spectra,
presumably owing to the more planar structure of DDT in the
film than in CH,Cl,. Fig. 1b and S1T show the PL spectra of DDT
in neat film and the blended film of DDT : C;5 =1:1,1: 4. The
PL spectra of DDT in DDT : C;o = 1:1, 1: 4 blended film were
significantly quenched by C,,. That means that an efficient
intermolecular photoinduced charge transfer (PICT) process
from the excited state of DDT to C,, occurred. This PICT process
of DDT is similar to the case of conducting conjugated polymer
and fullerene blend system.**

The thermal stability of DDT was investigated by thermo-
gravimetric analysis (TGA) and differential scanning calorim-
etry (DSC). DDT shows a high thermal stability of Tq = 432 °C, as
revealed by the TGA thermogram (Fig. 2), suggesting that DDT is
stable during the vacuum thermal sublimation process used in
OSC fabrication. When the sample of DDT was heated, a
melting peak was observed at around 358 °C (Fig. S2+).

As shown in Fig. S37, the cyclic voltammograms (CVs) of DDT
shows irreversible oxidation process in 1,2-dichlorobenzene
(ODCB). The oxidation potential energy of DDT is observed at
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Fig. 2 TGA data of DDT.
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Eonset = 1.00 V, calibrated against the ferrocene/ferrocenium
(Fc/Fc') redox couple. The highest occupied molecular orbital
(HOMO) energy level of DDT (—5.66 €V) is calculated from E s
after correction against the Fe/Fc¢' redox couple. The lowest
unoccupied molecular orbital (LUMO) energy level of DDT
(—2.95 eV) is calculated from the CV and cross sectional wave-
length between the UV and PL spectra (Table 1).*

DDT-deposited films exhibit no diffraction peaks present in
the X-ray diffraction (XRD) patterns, indicating that the DDT
molecule has poor crystalline morphology in the solid films
(Fig. S4, ESIT).

To investigate the correlation between the molecular struc-
ture and the photophysical properties, we performed molecular
orbital calculations using density functional theory (DFT). The
ground state geometries of DDT were optimized in vacuum
using the B3LYP/6-31 G* level in the Gaussian03 package. The
optimized structures and the frontier molecular orbitals are
shown in Fig. 3. The HOMO level of DDT is located on both the
DTT and pyrene units. The LUMO level of DDT is mainly located
on the pyrene unit.

To investigate the photovoltaic properties of DDT, we fabri-
cated planar heterojunction (PHJ) devices with a configuration
of ITO/MoO3 (5 nm)/DDT (10, 20, 30 nm)/C;, (40 nm)/2,9-
dimethyl-4,7-diphenyl-1,10-phenanthroline (BCP) (8 nm)/Al
(100 nm). Fig. S5, ESIt shows the current density (/) vs. voltage
(V) characteristic curves of the PHJ solar cells. All the PHJ
devices exhibit the poor photovoltaic behavior. The optimized
20 nm DDT-based device exhibited a J,. of 3.15 mA cm™?2, a V.
of 0.76 V, a fill factor (FF) of 0.22; thus a PCE of 0.52% was
obtained. In contrast, the device with a 30 nm DDT based device
had a reduced J,. of 0.71 mA cm ™2, a V. of 0.88 V, and a FF of
0.17; thus, a reduced PCE of 0.11%. The low-lying HOMO energy
levels of DDT results in a large energy difference relative to the
LUMO of fullerenes, leading to the relatively large V,. values.
The V,. value increases from 0.60 V to 0.88 V with increasing the
thickness of DDT film from 10 nm to 30 nm.?® Overall, the PCE
of DDT-based PH]J devices were not high compared with other
small-molecule-based OSCs due to the short absorption range
and poor crystalline property of DDT (Fig. S4, ESIY). Fig. S5, ESIT
shows the incident photon to current conversion efficiency
(IPCE) spectra of PH]J solar cells. PHJ solar cells show IPCE
values of 30% at 526 nm for 20 nm DDT based device and 25%
at 538 nm for 30 nm DDT based device (Fig. S5, ESI}).

To improve the PCE, we fabricated bulk heterojunction
devices with a configuration of ITO/MoO; (5 nm)/DDT:
C,;0=1:1,1:4 (50 nm)/BCP (8 nm)/Al (100 nm). Fig. 4a shows

LumMo ﬂ :OJ:‘%
HoMoO *#"M*

Fig. 3 Electron density distribution of HOMO and LUMO orbital
of DDT.
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Table 1 Optical, electrochemical and thermal properties of DDT

UV (nm) PL (nm)

sol film sol film HOMO (eV) LUMO (eV) T4 (°C) Tm (°C)

DDT 387 412 499 569 5.66 2.95 432 358
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Fig. 4 (a) J-V characteristic curves and (b) IPCE spectra of ITO/MoOs3
(5 nm)/DDT : C70 = 1:1,1:4 (50 nm)/BCP(8 nm)/Al (100 nm) device
under simulated AM 1.5 solar irradiation at 100 mW cm™2.

the J-V characteristic curves of the BH]J solar cells. The DDT : C,,
=1: 1 based device exhibited a Js. of 2.27 mA cm ™2, a V. of 0.91
V, and a PCE of 0.38%. On the other hand, the DDT: C,o=1:4
based device exhibited a significantly increased efficiency: a Js. of
9.24 mA cm > a V,. of 0.98 V, and a PCE of 3.60% (Fig. 4a). The
higher PCE of the DDT:C,, = 1:4 based device can be
explained by the increased dissociation of excitons (Fig. S1, ESIt)
and increased carrier mobility at a low donor concentration.”
The dependence of the photocurrent (Jpn) on the light
intensity (I), taken from J-V characteristic curves of the device
with DDT: C;, = 1:1 and DDT: C,, = 1:4 (Fig. S6, ESIt),
reveals which recombination process is dominant (Fig. 5). The
light intensity-dependent photocurrent shows a power law
behavior and « is taken from the slope in the log-scale. The
devices with DDT : C;, =1 : 1 and DDT : C,, =1 : 4 show values
of « = 0.54 and « = 0.82, respectively. The square-root depen-
dence of the photocurrent on the light intensity in the device
with DDT : C;, = 1: 1 suggests that the bimolecular recombi-
nation process is dominant.** In other words, it can be
explained that the path for the carrier transport is more or less
prevented because of the mixing of the donor and the acceptor
molecules. On the contrary, the device with DDT: C,o = 1:4
shows the three-fourth power law dependence of the
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Fig. 5 Incident light intensity dependence of the Jy, at the short-
circuit condition taken from the J-V characteristic curves of the
device with DDT : C;o = 1:1 and DDT : C;g = 1: 4 are displayed in
black square and red circle, respectively.

photocurrent on the light intensity, which indicates that the
space-charge limited recombination process is dominant. This
means that the path for the electron and the hole transport is
relatively well built in the active layer.** It is noteworthy that the
PCE of 3.60%, to the best of our knowledge, is the highest value
among DTT-based OSC devices due to the efficient exciton
dissociation and space charge limited recombination process.
Fig. 4b shows the IPCE spectra of BH]J solar cells utilizing DDT
and C5,. The IPCE spectra of the BH] devices based on DDT and
C,0 show a broad response extending from 300 to 700 nm. BH]J
devices based on DDT : C,, show IPCE values with a maximum
of 41% at 394 nm for DDT : C;, =1 : 1 based device and 60% at
512 nm for DDT : C;, = 1 : 4 based device (Fig. 4b). The higher
PCE and J;. for the device based on DDT : C,, = 1 : 4 compared
to the device based on DDT : C,, = 1: 1 is reflected in higher
IPCE values in the long wavelength region. The overall device
performance data of DDT are summarized in Table 2.

In order to explain the device performance difference when
using different ratios of DDT and C,,, we investigated the
morphology of these DDT : C,, blended films by atomic force
microscopy (AFM).*® The AFM images of the blended film of
DDT : C,, are shown in Fig. 6. The morphology of DDT film
exhibits the formation of an aggregated large domain (Fig. S7,
ESIt). The morphology of DDT:C,, = 1:1 blended film
exhibits the formation of an aggregated large domain (Fig. 6a).
These aggregated domains of DDT and DDT:C,, = 1:1
blended films might hinder the efficient exciton dissociation
and carrier transport, resulting in low J;. and PCE. On the other
hand, the morphology of DDT : C;, =1 : 4 blended film exhibits
the formation of a relatively small domain (Fig. 6b), which
presumably leads to a higher Ji. and a high PCE of 3.60%.

Table2 OSC data based on DDT and Cyq under simulated AM 1.5 solar
irradiation at 100 mW cm™2

Material Voe (V) Jse (MA cm™?) FF PCE (%)
DDT, 10 nm 0.60 1.02 0.16 0.10
DDT, 20 nm 0.76 3.15 0.22 0.52
DDT, 30 nm 0.88 0.71 0.17 0.11
DDT:Cyo=1:1 0.91 2.27 0.18 0.38
DDT:Cyy=1:4 0.98 9.24 0.40 3.60
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Fig. 6 1 x 1 pum AFM images of DDT: C;0=1:1(a) and DDT: Cyo =
1: 4 (b) deposited thin films.

Conclusions

We have demonstrated thermally stable and efficient donor
material DDT, consisting of DDT and pyrene units. The
maximum V., Js. and PCE values of the BHJ device based on
DDT:C;,, = 1:4 were 0.98 V, 9.24 mA cm’z, and 3.60%,
respectively, under simulated AM 1.5 solar irradiation at 100
mW cm 2. A PCE of 3.60%, to the best of our knowledge, is the
highest efficiency among OSC devices fabricated using DTT
derivatives.
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