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A small molecule (DR3ITDOBDT) containing 4,8-dioctyl
benzo[1,2-b:4,5-b'] dithiophene as the central block and 3-(2-
ethylhexyl)-rhodanine as the end-capping groups has been
designed and synthesized. A power conversion efficiency of
8.26% was achieved through the active layer morphology
optimization process combine thermal annealing and solvent
vapor annealing.

Bulk heterojunction (BHJ) solar cells have attracted an increasing
amount of attention due to their advantages of solution
processability, low cost, light-weight, and flexibility'>. In the
past few years, power conversion efficiencies (PCEs) above 9%
have been achieved for polymer-based organic photovoltaic cells
(P-OPVs)™. Meanwhile, more and more attention has been given
to small molecule OPV cells (SM-OPVs) due to their
competitive advantages in contrast to P-OPVs, such as a well-
defined structure and therefore less batch-to-batch variation,
easier band structure control, etc'®'?. Recently, great effort has
focused on developing SM-OPVs and PCEs over 8% have been
achieved through new molecule design and device optimization'
15

To achieve commercialization of SM-OPVs, the PCE needs
to be greatly improved. Generally, the design and synthesis of
new small molecule materials and optimization of device
fabrication are both important for improving the performance of
SM-OPVs. The design and synthesis must consider several major
issues: good solubility, broad optical absorption, suitable energy
levels and high hole mobility. Optimization of device fabrication
could be realized in many ways such as morphology control,
interface engineering, device architecture and optical design®*%.
Among these methods, morphology control is a fundamental and
determining factor for achieving high performance OPVs. In
view of these issues, structural modification of existing excellent
small molecules and control of the morphology of the photoactive
layer based on these new small molecule donor materials through
different processing procedures would be an effective way to
obtain high-performance SM-OPVs.

In our previous work, we have reported a small molecule,
named DR3TBDT containing  2-ethylhexoxy-substituted
benzo[1,2-b:4,5-b'] dithiophene (BDT) as the central building
block. The OPV device based on DR3TBDT exhibits a high PCE
of 7.38%, with an open-circuit voltage (V,.) of 0.93 V, a short-
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circuit current (J,,) of 12.21mA cm ™2, and a fill factor (FF) of
65.0%°. As we know, alkoxy chains show a stronger electron-
donating ability than alkyl chains. Substituting bulky branched 2-
ethylhexyloxy side chains with lower electron-donating octyl
chains on BDT, could possibly achieve a deeper highest occupied
molecular orbital (HOMO) energy level with a higher open
circuit voltage (¥,.) and better intermolecular packing’. Thus, in
this work, we designed and synthesised a new small molecule,
named DR3TDOBDT (Scheme 1) containing an octyl substituted
BDT as the central block and 3-(2-ethylhexyl)-rhodanine groups
as the end-capping groups. Through primary optimization of
photovoltaic ~ performance, the OPV based on a
DR3TDOBDT:PC;;BM blend film shows an unsatisfactory PCE
of 4.34%, with an indeed higher V. of 0.98 V, but a lower J;. of
8.52 mA cm 2, and a lower FF of 52.0%. Thermal annealing8 and
solvent annealing’ including solvent vapor annealing, especially
the first are effective approaches to fine tune the morphology of
the active layer and thus improve the P-OPV performance. In an
attempt to further improve the DR3TDOBDT-based device
performance, we used a two-step annealing (TSA) approach
involving thermal annealing and solvent vapor annealing to
optimize the morphology of the photoactive layer. The PCE of
the device base on a DR3TDOBDT:PC;BM blend film is
significantly improved to 8.26% using the TSA approach, due to
the much improved J,. and FF while retaining the high V.. These
results indicate that the simple TSA approach could be used as an
effective yet simple method to tune the morphology of the active
layer for small molecule based devices.

B o
) N E;:Z({?t)ﬂylhexyl
S MR,
DR3TDOBDT °
Scheme 1 Chemical structure of DR3ITDOBDT.

The synthesis of DR3TDOBDT is outlined in Scheme S1
(ESIY). 2,6-Bis(trimethyltin)-4,8-dioctylbenzo[1,2-b:4,5-b']dithi-
ophene (1), 5-bromo-3,3-dioctyl-2,2':5,2"-terthiophene-2-carbald-
ehyde (2) and 3-(2-ethylhexyl)-rhodanine were prepared
according to the literature®”'. DCHO3TDOBDT was
synthesized using Stille coupling between 1 and 2. The target

molecule, DR3TDOBDT was then prepared by Knoevenagel

ss condensation of DCHO3TDOBDT with 3-(2-ethylhexyl)-

This journal is © The Royal Society of Chemistry [year]

[journal], [year], [vol], 00-00 | 1



2

2;

3

3

o

=

o

S

o

0

&

RSC Advances

rhodanine. The introduction of 2-ethylhexyl to replace ethyl on
the rhodanine unit could improve the solubility of the target
molecule and thus facilitate device fabrication. This new
molecule exhibits good thermal stability up to 300 °C under N,
atmosphere (Figure S1, ESIT).
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Fig. 1 (a) Absorption spectra of DR3TDOBDT in chloroform
solution and in an as-cast film. (b) Cyclic voltammogram of
DR3TDOBDT in dichloromethane solution of 0.1 mol L
Bu,NPF, with a scan rate of 100 mV s™.

The UV-Vis absorption spectra of DR3TDOBDT in diluted
chloroform and in the thin solid state are summarized in Table S1
(ESIf). As shown in Figure la, DR3TDOBDT in diluted
chloroform shows an absorption peak at 511 nm and a maximum
absorption coefficient of 8.4x10* M"'cm™”. The DR3TDOBDT
film cast from the chloroform solution shows a broader
absorption and a red-shifted absorption peak at 583 nm with a
maximum absorption coefficient of 6.5x10* cm™. The
DR3TDOBDT film shows a vibronic shoulder peak at 629 nm,
indicating an effective n-m packing between the molecule
backbones''. The optical band gap of DR3TDOBDT is estimated
to be 1.79 eV. The electrochemical properties of DR3TDOBDT
were investigated using a cyclic voltammogram and the data are
summarized in Table S1 (ESIf). As shown in Figure 1b, the
HOMO and lowest unoccupied molecular orbital (LUMO) energy
levels, at -5.08 and -3.27 eV respectively, are calculated from the
onset oxidation and reduction potential of the redox curves. The
electrochemical band gap of DR3TDOBDT is estimated to be
1.81 eV, which is consistent with the optical band gap.

800

a) Spin coating
-

Activelayer
170 and PSS:PEDOT layer Thermal

annealing

CHCl,

-y S

Solvent vapor annealing

o

—— without post treatment
——thermal annealing
——two step annealing

o

bonest

o

[oeaed
faasad

. Current Density (mA cm”
&

o

00 02 04 06

Voltage (V)
Fig. 2 a). Schematics of the TSA approach; b). J-V curves of
DR3TDOBDT:PC;BM (1:0.8, w/w) blend film with different
post treatments.

OPV cells were fabricated using DR3TDOBDT as the
electron donor with a general device structure of indium tin oxide
(ITO)/poly(3,4-ethylen-edioxythiophene) poly(styrenesulfonate)
(PEDOT:PSS)/DR3TDOBDT:PC;,BM/ZnO/Al using the
conventional solution spin-coating process. The best result was

08 10

observed for a donor/acceptor weight ratio of 1:0.8 from
40 chloroform solution with a donor concentration of 10 mg mL™".
The current density-voltage (J-V) curves of the OPV were
recorded under 100 mW c¢m™ simulated sunlight illumination.
The typical results of the OPV devices with different treatments
are given in Table 2 and Fig. 2b. The device based on a blend
45 film without post treatment shows a PCE of 4.34%, with a V. of
0.98 V, a J,, of 8.52 mA cm >, and a FF of 52.0%. Compared
with the results of DR3TBDT, the device based on
DR3TDOBDT indeed exhibits a higher V., which correlates with
its lower HOMO energy level. The low J;. and FF of the device
so are  attributed to the unoptimized morphology of the
DR3TDOBDT:PC;,BM blend film, which could be seen from the
TEM image (Fig. 3a) and will be discussed later. Here, we used a
simple TSA approach combining thermal annealing and solvent
vapor annealing to finely tune the morphology of the blend film,
ss as shown in Fig. 2a. First, the DR3TDOBDT:PC;,BM blend film
as cast from the chloroform solution onto the PSS:PEDOT was
heated on a hotplate at 75°C for 10 minutes. After cooling to
room temperature, the film was placed in a glass petri dish
containing 1 mL chloroform for solvent vapor annealing for 1
¢ minute. The blend film was then removed and the ZnO layer and
Al electrode were fabricated without any post treatment. For
comparison, a device with only thermal annealing (TA) was
fabricated and shows a PCE of 6.53%, with V. of 0.96 V, J,. of
11.34 mA cm > and FF of 60%. After the TSA annealing process,
os the performance was significantly improved to a PCE of 8.26%,
with V,. of 0.94 V, J,. of 12.56 mA cm? and FF of 70%. The
intermolecular interaction (or electronic coupling) between the
donor and acceptor has great influence on the reverse dark
saturation density and thus V..'? Improving
70 intermolecular interaction would decrease V. The strength of
intermolecular interactions could be represented by J,, which are
3.10x107, 8.21x107 and 1.11x10" mA cm? for blend films
without post treatment, with thermal annealing (TA) and TSA
treatment, respectively (details in ESIf). The decreased V,. of
7s blend films with TA and TSA treatment could be due to the
increasing intermolecular interaction between the donor and
acceptor.

current

Table 2 Device performance parameters of the BHJ solar cells
based on DR3TDOBDT: PC;BM (1:0.8, w/w) blend films with
so different post- treatments.

Process methods of VoV Ty ! FF PCE (%)
the photoactive layer mA cm™

Without post treatment 0.98  8.52 0.52  4.34%4.20°
Thermal annealing 096 1134 0.60 6.53%6.34")
TSA treatment 094 1256 070  8.26%7.91%

a The active area is 0.04 cm™; b The active area is 0.12 cm™

Fig. 3 TEM images of DR3TDOBDT/PC;BM (1:0.8, w/w)
blend films from CHCl; with different post treatments. (a)
without treatment, (b) with TA.(c) with TSA treatment.
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X-ray diffraction (XRD) analysis was used to investigate
order in the active layer for the devices without post treatment,

with only TA treatment and with TSA treatment. As shown in Fig.

S2 (ESIt), the DR3TDOBDT:PC;;BM blend film shows a weak
diffraction peak (100) at 26 =4.32°. For the blend film with TA
treatment, a (100) diffraction peak at 26=4.31° with
significantly increased intensity was observed. Compared with
the blend film with TA treatment, the blend film with TSA
treatment shows a similar intensity diffraction peak (100) at
20 =4.35°. To demonstrate the influence of thermal annealing for
the packing of DR3TDOBDT, the XRD analysis of pure
DR3TDOBDT films with or without annealing were also
investigated. As shown in Fig. S3 (ESI{), a DR3TDOBDT film
with annealing shows better packing than a film without thermal
annealing. The XRD results indicate that thermal annealing leads
to the better organized assembly and crystallinity of
DR3TDOBDT which would be of benefit for charge transport. As
plotted in Fig. S4, the hole mobility of the
DR3TDOBDT:PC;BM blend film through the hole-only device
measured using the space charge limited current (SCLC) method
is 3.44X10° em®* V's™, 3.10X10* ecm”* V' s and 4.08 X 10"
em® Vs for blend films without post treatment, and with TA
and TSA treatments, respectively. The hole mobilities of
DR3TDOBDT:PC;;BM blend films with TA and TSA treatments
are an order of magnitude higher than for a film without any post
treatment. The significantly higher hole mobility of blend films
with TA or TSA treatments are probably due to the better packing
of DR3TDOBDT in the films, as observed from the above XRD
data. The difference in hole mobilities between films with TA
and TSA treatments could be related to morphology differences.
To further understand this, transmission electron microscopy
(TEM) and atomic force microscopy (AFM) were used to
investigate DR3TDOBDT:PC7;BM blend films with different
treatments. As shown in Fig. S5, blend films with different
treatments have a relatively small root mean square (rms)
roughness. The corresponding values are 0.70, 0.50 and 1.06 nm
for films without post treatment, and with TA and TSA
treatments, respectively. The TEM images clearly show the
differences between the morphology of the blend films with
different treatments. As shown in Figure 3, the film without any
post-treatment shows no obvious interpenetrating networks of the
donor and acceptor phases. After TA treatment, crystal-like
domains of size of 20~30 nm were observed. After the TSA
treatment, the DR3TDOBDT:PC;,BM blend films showed an
interpenetrating network with width of 20 nm, which is
comparable to the exciton diffusion length'’. The TEM results
indicate that the simple TSA approach could finely tune the
morphology of DR3TDOBDT: PC;BM blend films. The better
morphology of blend films with thermal annealing and TSA
treatment leads to increased donor - acceptor interfacial area and
hole mobility, which could increase exciton dissociation and
charge transport efficiency and reduce charge carriers
recombination, and thus higher J;. and FF!214, Comprehensive
studies on the TSA approach are in progress and will be
discussed in a future publication.

In summary, a new A-D-A structure small molecule donor
material DR3TDOBDT containing a benzo[1,2-b:4,5-b']
dithiophene as the central block unit and 3-(2-ethylhexyl)-

rhodanine groups as the end-capping groups was designed and
o synthesized. This donor material indeed exhibits a higher open-
circuit voltage, as designed, by using a less electron-donating
group on the BDT unit. Using a simple TSA treatment, the BHJ
device based on a DR3TDOBDT:PC;BM (1:0.8, w/w) blend
gives a high PCE of 8.26%, with significantly improved short-
es circuit current and fill factor. These results also indicate that the
TSA approach could be an efficient way to tune the morphology
of the active layer for a small molecule system to produce better
device performance.
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