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A new donor-acceptor type small molecule with dithienothio-
phene and diketopyrrolopyrrole units has been synthesized for
application in organic solar cells. In order to optimize the
nanoscale morphology of the small molecule solar cells, additives
such as 1,8-diiodooctane (DIO) and 1-chloronaphthalene (CN)
are used. The use of CN significantly suppresses molecular
aggregation and allows suitable phase separation, enhancing
power conversion efficiency from 0.5% to 2.2%.

Organic solar cells based on solution processed bulk heterojunction
(BHJ) systems are a promising technology for low-cost energy
conversion devices." * Progress with BHJ solar cells involving blends
of conjugated copolymers and [6,6]-phenyl C;; butyric acid methyl
ester (PC7BM) has been rapid, in particular, the development of
narrow band gap copolymers comprising alternating donor—acceptor
(D-A) structural units have enabled highly efficient light absorption
across the visible spectrum.>® Considerable research effort has been
expended on the improvement of polymer/fullerene-based solar cells,
leading to power conversion efficiencies (PCE) over 8%.

Solution processable conjugated small molecules have recently
been recognized as a new class of donor material for BHJ solar cells,
which have advantages including intrinsic monodispersity, good
crystallinity and easy purification by column chromatography.”!
However, small molecules often have a tendency to self-assemble into
large, ordered domains, so that it is challenging to obtain the desired
nanoscale morphology for efficient charge carrier generation and
transport. Thus, the highest reported PCEs of solution-processed
small molecule BHJ cells have so far reached only ~6%.!"'* To
achieve ideal phase separation in small molecule BHJ solar cells,
several device process techniques have been utilized such as thermal
annealing,'® solvent vapor annealing,'® and choice of solvents.'®!”
Recently, in polymer/fullerene based BHJ cells, the use of solvent
additives has been demonstrated as an efficient way for controlling
phase separation without thermal annealing.'®! However, few
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applications of the additives process have been reported for the small
molecule BHJ devices.”

In this contribution, we report the synthesis of a novel donor—
acceptor (D-A) type small molecule consisting of a dithienothio-
phene (DTT) and two diketopyrrolopyrrole (DPP) chromophores
(DTTDPP). Solution processed BHJ solar cells were fabricated using
PC;BM as an electron acceptor and 1,8-diiodooctane (DIO) and
1-chloronaphthalene (CN) were used to control nanoscale morphol-
ogy, where the DIO and CN were chosen as processing additives due
to their higher boiling points than the parent solvent and selective
solubility for the donor and the acceptor.'!® We demonstrate that
the use of CN in small molecule blends can be an effective strategy to
achieve appropriate nanoscale morphology and leads to an increase
in the PCE from 0.5% to 2.2%

In Scheme 1, compound 3 and 4 were synthesized as reported in
the literature with some modification.”’* The compound 5 was
afforded via a microwave-assisted Stille cross coupling reaction and
brominated for further modification with 2-trimethylstannyl-5-
hexylthiphene to obtain the final structure. Detailed procedures are
described in the ESL}

Fig. 1a shows normalized UV-Vis absorption spectra of DTTDPP
solution in chloroform and the film on a glass substrate. Peak
maxima at 670 nm in both solution and film are nearly identical.
However, the absorption onset of the film is red-shifted by 70 nm
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Scheme 1 Synthetic procedure and molecular structures.
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Fig. 1 (a) Absorption spectra of dilute DTTDPP solution in chloroform
(red line) and film on glass substrate (blue line). (b) Energy level diagram of
DTTDPP:PC7BM solar cells.

relative to the solution due to increased aggregation and electronic
delocalization in the solid state. The optical gap (E,) was estimated
from the onset (827 nm) of the UV-Vis spectrum. Subtracting E,
from the HOMO obtained by ultraviolet photoelectron spectroscopy
(UPS) yields an approximate LUMO value (UPS data is available in
the ESIY). Thus, the energy levels of the materials in the solid state
can be determined. The frontier orbital energies are summarized
in Fig. 1b. According to the concept of band alignment between
electron donors and electron acceptors in BHJ devices, one might
expect that photoinduced electron transfer between DTTDPP and
PC7;BM would be efficient because of the large difference (0.7 eV)
between the LUMO energies of DTTDPP and PC; BM. 413

BHIJ devices were fabricated by spin-casting DTTDPP:PC,;,BM
mixtures from chloroform solution onto substrates consisting
of glass/ITO/poly(ethylenedioxythiophene):poly(styrene sulfonate)
(PEDOT:PSS). Fig. 2 shows current density—voltage (J/-V) char-
acteristics of the DTTDPP:PC;;BM devices as a function of blend
ratio. There is no significant change in the PCEs as the blend ratio is
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Fig. 2 J-V characteristics of DTTDPP:PC;;BM solar cells (a) as a function
of blend ratio and (b) DTTDPP:PC;;BM (1 : 1) solar cells without and with
1% additives under AM 1.5G irradiation at 100 mW cm 2.

Table 1 Summary of device characterization

Blend ratio Additive Voo (V) Jo (mA cm™2) FF (%) PCE (%)
1:0.5 none 0.55 1.51 51 0.42
1:1 none 0.57 1.67 50 0.48
1:2 none 0.56 1.45 50 0.41
1:4 none 0.49 1.34 51 0.33
1:1 DIO 0.57 333 34 0.65
1:1 CN 0.57 7.67 50 2.19

varied from 1 : 0.5 to 1 : 2; each ratio exhibits similar a short-circuit
current (Jy), open circuit voltage (V,.), and fill factor (FF).

To examine the influence of solvent additives on device
performance, we used 1 vol% DIO and CN in the active layer.
We note that DTTDPP:PC;;BM films processed with DIO and
CN showed no residual I and Cl in X-ray photoelectron spectra
(ESIY), suggesting that the additive volatilizes during film
processing. The use of additives significantly enhances device
performance, especially in the J. (Fig. 2b). Table 1 provides a
summary of device parameters. Although 1% DIO doubled the J,.
from 1.67 to 3.33 mA cm™ 2, the FF decreased. The use of CN,
however, results in markedly enhanced J. and a constant FF,
leading to a big improvement in PCE from 0.65% to 2.19%. This
dramatic increase in Jy. suggests that solvent additives improve the
efficiency of charge carrier photo-generation and/or transport,
presumably through changes in the film morphology.

To gain insight into the surface morphology of the BHJ layers,
atomic force microscopy (AFM) was performed. Fig. 3 represents
surface topographic images (top) and height profiles (bottom) of
DTTDPP:PC;;BM as a function of blend ratio. Uneven and round-
shaped features with varying average diameters from 170 nm to
265 nm were observed as the amount of PC7;BM increases from
0.5 wt% to 1 wt%. Such large aggregated domains could decrease
exciton dissociation efficiency since the exciton diffusion length for
most organic semiconductors is estimated to be in the range of
5-20 nm.”

The surface morphology changes of DTTDPP:PC;BM after
adding 1% DIO and CN are shown in Fig. 4. Top images display the
surface topographies, while phase images follow in the bottom.
There is some degree of aggregation in the DTTDPP:PCBM (1 : 1)
films prepared using chloroform solution with 1% DIO (Fig. 4a

Fig. 3 Surface topographic AFM images (size : 2 pm x 2 pm) of
DTTDPP:PC;;BM devices with blend ratio of (a) 1 : 0.5, (b) 1 : 0.7, and (c)
1:1.
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Fig. 4 Surface topographic AFM images (size : 2 pm x 2 pm) of
DTTDPP:PC;BM (1 : 1) devices with (a) 1% DIO and (b) 1% CN. (c) and
(d) Phase images of devices corresponding to (a) and (b).

and ¢). In contrast, the addition of 1% CN appears to suppress
aggregation, leading to smooth surface and desired phase separation
as shown in Fig. 4b and d. This observation helps explain the high Ji.
obtained from the device processed from CN additive. These results
demonstrate that more ideal percolating networks are achieved using
CN additive. Although the possible effect of the additives on
crystallinity of these features remains poorly understood at this stage,
a more detailed investigation of mechanisms by which additives
affect the DTTDPP:PC;;BM BHJ system is currently under way.

Conclusions

We introduce a new D-A type of solution-processable, narrow band
gap conjugated small molecule, DTTDPP. Control devices of
DTTDPP:PC;BM (no additives) exhibit the large aggregated
domains, resulting in poor device performance. Our finding is that
the use of additives such as DIO and CN in chloroform dramatically
improves the Ji, concomitant with changes in the nanoscale
morphology. Such methodologies for optimization should be
applicable to other conjugated small molecules and further studies
of solvent additive effects on small molecule BHJ solar cells.
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