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A low band gap acceptor-donor-acceptor (A-D-A) small molecule donor material, named DR3TDTN, has been

designed and synthesized for solution-processed organic solar cells. DR3ITDTN shows narrow optical band gap
with value of 1.49 eV and broad absorption spectrum from 300 to 820 nm. The HOMO and LUMO energy levels of
DR3TDTN are —4.74 and —3.26 eV, respectively. The optimized photovoltaic device based on DR3ITDTN:PC;BM
blend film shows a power conversion efficiency of 3.03% with an open-circuit voltage of 0.67 V, a short-circuit

current of 8.22 mAscm ™2 and fill factor of 0.55.
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Introduction

Solution-processed organic photovoltaic cells (OPVs)
have been studied intensively in the past few years due
to the advantages of light-weight, low cost and the po-
tential to fabricate flexible devices.!'™! Man?f efforts
have been focused on polymer-based OPVs”'® and
power conversion efficiencies (PCEs) around 10% have
been achieved."”*! Compared to polymer materials,
small molecules show competitive advantages, such as
definite molecule structure and therefore less batch-to-
batch variation, easier band structure control, ete 2431
To date, solution-processed small molecule based OPVs
have achieved PCEs over 9% through design and syn-
thesis of new small molecule materials and optimization
of device fabrication.?**¥

The PCE of OPVs is determined by the three pa-
rameters open-circuit voltage (V,.), short-circuit current
(Jsc) and fill factor (FF). Recently, small molecule based
OPVs with high V. over 0.9 V and high FF over 0.70
have been reported by several groups."**®) However,
the J,. of small molecule based OPVs is still far behind
polymer based OPVs. The J, is mainly limited by the
light absorption which depends on the band gap of small
molecule donor materials. Therefore, to achieve high Jj,
design and synthesis of new donor materials with nar-
row band gap are in high demand. The band gap is de-
termined by the difference of the highest occupied mo-
lecular orbital (HOMO) energy level and the lowest
unoccupied molecular orbital (LUMO) energy level of

the donor material. For acceptor-donor-acceptor (A-D-A)
type small molecules, the HOMO energy levels mainly
depend on the central donor segments, and the LUMO
energy levels depend on the terminal acceptor
units.””>*! Thus, introducing stronger electron-donating
central units to enhance the HOMO energy levels, or
stronger electron-withdrawing terminal acceptors to
lower the LUMO levels could be an efficient way to
reduce the band gap and to extend the absorption band
of A-D-A molecules. It is to be noted that low V. might
be an adverse effect due to the enhanced HOMO. How-
ever, it is expected that a balance between the J,. and
Vo, and high J;. could be obtained through molecules
design and device optimization. In our recent works, we
have synthesized a series of linear A-D-A small mole-
cules with benzodithiophene (BDT) as the central donor
unit and alkyl-rhodanine as the terminal acceptor unit
(Scheme 1).1****) These molecules showed absorption
onset around 700 nm with relatively wide band gaps (ca.
1.75 eV).

In this work, using the above strategy for designing
low band small molecule, herein, we have chosen di-
thienopyrrole, an efficient electron donating unit widely
used in organic optoelectronic materials!®”****! as the
central building unit to design and synthesize a new
A-D-A molecule, named DR3TDTN (Scheme 1) with
dithienopyrrole as the core, octyl-rhodanine as the ter-
minal acceptor, and terthiophene as the m-bridge. The
new molecule, with strong electron-donating dithieno-
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Scheme 1 Synthesis routes of DR3ITDTN
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pyrrole as the donor unit, indeed obtains much lower
optical band gap with value of 1.49 eV, and a broad ab-
sorption band from 300 to 830 nm. The photovoltaic
device based on DR3TDTN:PC,;BM blend film shows
a PCE of 3.03% with a ¥V, of 0.67 V, a J of 8.22
mA<cm ~ and FF of 0.55.

Experimental

General experimental section

All reactions and manipulations were carried out
under argon atmosphere using standard Schlenk tech-
niques. All starting materials were purchased from
commercial suppliers and used without further purifica-
tion.

Synthesis procedures

2,6-Bis(tri-methyl)-N-(octyl)-dithieno[3,2-b:2',3'-d]-
pyrrole (1) and 5-bromo-3,3-dioctyl-2,2":5,2"-terthio-
phene—2—carbaldeh?fde (2) were synthesized according to
the literatures.*>*

A solution of 1 (1.46 g, 2.36 mmol) and 2 (3.28 g,
5.66 mmol) in dry toluene (50 mL) was degassed twice
with argon followed by the addition of Pd(PPh;), (40
mg, 0.035 mmol). After stirring at 110 ‘C for 24 h un-
der argon, the mixture was poured into water (200 mL),
and extracted with chloroform. The organic layer was
washed with water, and then dried over Na,SO4, and
evaporated. The residue was purified by silica gel
chromatography using a mixture of petroleum ether and
dichloromethane (V' : V=1 : 2) as eluant to afford
compound DCHO;TDTN (1.82 g, 60%)."H NMR (400
MHz, CDCly) ¢: 9.79 (s, 2H), 7.56 (s, 2H), 7.25—6.90
(b, 8H), 4.14—4.02 (m, 2H), 2.90—2.64 (m, 8H),
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1.90—1.80 (m, 2H), 1.70—1.60 (m, 8H), 1.48—1.20
(m, 50H), 0.94—0.82 (m, 15H); MS (MALDI-TOF) m/z:
1287.49 [M+]. Anal. calcd for C74Hy97NO,Ss: C 68.95, H
7.58, N 1.09; found C 68.71, H 7.51, N 1.16.

Synthesis of DR3TDTN

To a chloroform (50 mL) solution of DCHO;TDTN
(0.30 g, 0.208 mmol), octyl-rhodanine (0.60 g, 2.44
mmol) and three drops of piperidine were added. The
resulting solution was refluxed for 24 h under argon.
Then, the mixture was poured into water (200 mL), and
extracted with chloroform. The organic layer was
washed with water, and then dried over anhydrous
Na,SO4. The solvent was removed under reduced
pressure. The residue was purified by silica gel
chromatography using a mixture of chloroform and pe-
troleum (V' : V=3 1) as eluant, and the crude solid
was recrystallized using hexane and chloroform to
afford DR3TDTN (0.26 g, 64%). 'H NMR (400 MHz,
CDCl3) 6: 7.73 (s, 2H), 7.20—6.90 (b, 10H), 4.20—4.02
(m, 6H), 2.94—2.64 (m, 8H), 1.96—1.80 (m, 2H),
1.78—1.64 (m, 12H), 1.35—1.20 (m, 70H), 0.98—0.86
(m, 21H); MS (MALDI-TOF) m/z: 1741.67 [M"]. Anal.
calcd for C96H131N302812: C 6612, H 757, N 241,
found C 66.16, H 7.99, N 2.58.

Measurements and instruments

The H' NMR spectra were taken on a Bruker AV400
Spectrometer. Matrix  assisted laser desorption/
ionization time-of-flight (MALDI-TOF) mass spectra
were performed on a Bruker Autoflex III instrument.
The thermogravimetric analyses (TGA) were carried out
on a NETZSCH STA 409PC instrument under purified
nitrogen gas flow with a 10 ‘Cemin ' heating rate.
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UV-vis spectra were obtained with a JASCO V-570
spectrophotometer. X-ray diffraction (XRD)
experiments were performed on a Bruker D8 FOCUS
X-ray diffractometer with Cu Ka radiation (1=1.5406
A) at a generator voltage of 40 kV and a current of 40
mA. Atomic force microscope (AFM) investigation was
performed using Bruker MultiMode 8 in “tapping”
mode. Cyclic voltammetry (CV) experiments were
performed with a LK98B II Microcomputer-based
Electrochemical Analyzer in dichloromethane solutions.
All CV measurements were carried out at room
temperature with a conventional three-electrode
configuration employing a glassy carbon electrode as
the working electrode, a saturated calomel electrode
(SCE) as the reference electrode, and a Pt wire as the
counter electrode. Dichloromethane was distilled from
calcium hydride under dry argon immediately prior to
use. Tetrabutylammonium phosphorus hexafluoride
(BuyNPFg, 0.1 mol-L_l) in dichloromethane was used as
the supporting electrolyte, and the scan rate was 100
mVes '. Hole mobility was measured by space charge
limited current (SCLC) method using a diode
configuration of ITO/PEDOT:PSS/donor:PC;1BM/Au
by taking the dark current density in the range of 0—6
V and fitting the results to a space charge limited form,
where SCLC is described by:

9808rﬂ0V2 14
J=——"—exp(0.894, | —
o p(0.898, L)

where J is the current density, L is the film thickness of
the active layer, o is the hole mobility, & is the relative
dielectric constant of the transport medium, g is the
permittivity of free space (8.85X10 ' Fem '), ¥V
(Vapp— Vi) 1s the internal voltage of the device, Vi is
the applied voltage to the device and V%; is the built-in
voltage due to the relative work function difference of
the two electrodes.

The current density-voltage (J-V) characteristics of
photovoltaic devices were obtained by a Keithley 2400
source-measure unit. The photocurrent was measured
under illumination simulated 100 mWeem > AM1.5G
irradiation using a xenon-lamp-based solar simulator
[Oriel 96000 (AM1.5G)] in an argon filled glove box.
Simulator irradiance was characterized using a
calibrated spectrometer and illumination intensity was
set using a certified silicon diode. External quantum
efficiency (EQE) value of the encapsulated device was
obtained with a halogen-tungsten lamp, monochromator,
optical chopper, and lock-in amplifier in air and photon
flux was determined by a calibrated silicon photodiode.

Fabrication of organic solar cells

The photovoltaic devices were fabricated with a
structure  of  glass/ITO/PEDOT:PSS/donor:acceptor/
ZnO/Al. The ITO-coated glass substrates were cleaned
subsequently by ultrasonic treatment in detergent,
deionized water, acetone, and isopropyl alcohol under
ultrasonication for 15 min each solvent and then dried
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by a nitrogen flow. A thin layer of PEDOT:PSS
(Baytron P VP Al 4083, filtered at 0.45 pm) was
spin-coated (3000 r/min, ca. 40 nm thick) onto ITO
surface. After being baked at 150 ‘C for 20 min, the
substrates were transferred into an argon-filled glove
box. Then, the active layer was spin-coated from donor
(10 mg/mL):PC7BM blend chloroform solution with
different ratios at 1700 r/min for 20 s. Subsequently,
ZnO particle suspension was used to spin-coat the ZnO
layer on top of the active layers.*’? Thermal annealing
was carried out on a digitally controlled hotplate at
various temperatures after ZnO spin coating in an
argon-filled glove box. Finally, 50 nm Al layer was
deposited on ZnO film under high vacuum (<2Xx10"*
Pa). The thickness of active layers was measured using
Dektak 150 profilometer. The effective area of each cell
was 4 mm” defined by masks for the solar cell devices
discussed in this work.

Results and Discussion

Thermal and optical property

As shown in Figure 1a, molecule DR3TDTN exhib-
its good thermal stability with 5% weight-loss tempera-
ture at 360 ‘C under N, atmosphere. The UV-Vis ab-
sorption spectra of DR3TDTN in chloroform solution
and in the thin film are shown in Figure 1b, and some
important optical data are summarized in Table 1. As
shown in Figure 1b, DR3TDTN in chloroform
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Figure 1 (a) TGA curves of DR3TDTN with a heating rate of
10 “C/min under N, atmosphere and (b) absorption spectra of
DR3TDTN in chloroform solution and in as-cast film.
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(107 moleL™") shows an absorption peak at 532 nm
with a maximum absorption coefficient of 7.8X10*
Lemol 'scm . The DR3TDTN film cast from chloro-
form shows a red-shifted maximum absorption peak at
638 nm, and broad absorption band from 350 to 820 nm.
In addition, the DR3TDTN film shows a vibronic
shoulder peak at 688 nm, indicating effective n-n pack-
ing between the molecule backbones. The optical band
gap of DR3TDTN is 1.49 eV estimated from the onset
of the film absorption spectrum.

Table 1 Optical and electrochemical data of DR3ATDTN
£°Y(Lemol '
em )

532 8.2x10* 638 1.49 —4.74 -3.26

sol
ax /nm

o /nm E % /eVHOMO/eVLUMO/eV

Electrochemical properties

The electrochemical properties of DR3TDTN was
investigated by cyclic voltammogram with ferrocene/
ferrocenium of the (F/F, ") redox couple (4.8 eV below
the vacuum level) as the internal calibration. The HO-
MO and LUMO energy levels of DR3TDTN are esti-
mated based on the onset oxidation potential and the
onset reduction potential of the redox curve as shown in
Figure 2, which are —4.74 and —3.26 eV, respectively.
Compared with our previous A-D-A molecules with
BDT as the core,[31’3 81 the new small molecule with di-
thienopyrrole as the central building block indeed shows
an increased HOMO energy level, which also demon-
strates that the HOMO energy level of the A-D-A small
molecule indeed can be fine tuned by changing the cen-
tral donor unit. The electrochemical band gap of
DR3TDTN is 1.48 eV, which is consistent with the val-
ue of optical band gap. The narrow band gap of
DR3TDTN is attributed to the increased HOMO energy
level.

Current

1 | 1 | L | ! | 1 1 L 1 ! | 1 |
-20 -15-10 -05 00 05 1.0 15
Potential/V (vs. F/F.*)

Figure 2 Cyclic voltammogram of DR3TDTN in a dichloro-
methane solution of 0.1 molsL ' Bu,;NPF with a scan rate of 100
mVes .

Photovoltaic properties

Bulk heterojuction organic solar cells were fabri-
cated using DR3TDTN as the electron donor material
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and PC;;BM as the electron acceptor material with a
device structure of glass/ITO/PEDOT:PSS/DR3TDTN:
PC;BM/ZnO/Al, using the conventional solution spin-
coating process. The corresponding parameters of de-
vice performance are summarized in Table 2. The cur-
rent density vs. voltage (J-V) curves measured under
AM 1.5G illumination at an intensity of 100 mWecm >
are shown in Figure 3a. Device optimization was con-
ducted by varying the weight ratios of donor/acceptor.
The best result is observed for a donor/acceptor weight
ratio of 1 0.8 from chloroform solution. For
DR3TDTN without any post treatment, a low PCE of
0.67% is obtained with a V. of 0.69 V, a J, of 2.95
mAe<cm ~ and a FF of 0.33. Further improvement of the
PCE was achieved by gradient heating process. The
photovoltaic performances of the devices with thermal
annealing at different temperatures are shown in Table
S1. After 120 C thermal annealing for 10 min, the
PCEs increase to 3.03% for DR3TDTN, which is attrib-
uted to increase of both J,. and FF as shown in Table 2.
EQE spectrum of the optimized OPV device based on
DR3TDTN is shown in Figure 3b. From EQE spectrum,
it is apparent that DR3TDTN-based device exhibits
broad photo-to-current response from 300 to about 800
nm, but the highest EQE value is only 35%. The rela-
tively low EQE response of DR3TDTN results in the
relatively low Jy, which is attributed to the poor mor-
phology of blend film, as discussed below.

a
F —s=— without post treatment

—e— thermal annealing

)]
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Figure 3 (a) J-V curves of the devices based on DR3TDTN:
PC;BM (1 :0.8, w . w) and (b) EQE of the optimized device
based on DR3TDTN:PC#BM (1 © 0.8, w : w).
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Table 2 Device performance parameters of the organic solar
cells based on DR3TDTN:PC;;BM blend films with different
treatment

Donor . acceptor V,./V JSC/(mA-cmfz) FF PCE (PCEaveb)/%

1:05 0.70 2.22 033  0.52(0.46)
1:0.5 0.68 7.12 052 2.52(2.37)
1:08 0.69 2.95 033  0.67(0.62)
1:0.8 0.67 8.22 0.55  3.03(2.90)
1:1 0.69 2.40 032  0.53(0.48)
1:1¢ 0.67 743 0.54  2.69(2.53)

“ Annealing at 120 “C for 10 min. ” Average over 20 devices.

XRD and morphology analysis

The packing properties of DR3TDTN were investi-
gated by the XRD analyses of pure DR3TDTN films
without and with thermal annealing. As shown in Figure
4, DR3TDTN film as casted from chloroform exhibits a
strong diffraction peak (100) at 26=4.69° demonstrat-
ing good molecule stacking in the film spin-coated from
chloroform. After thermal annealing at 120 ‘C for 10
min, a significantly increased intensity (100) diffraction
peak at 20=4.719° and a second-order diffraction peak
at 20=9.38° are observed, indicating that more organ-
ized assembly and higher crystallinity of DR3TDTN are
produced after thermal annealing. The XRD results of
DR3TDTN films indicate that thermal annealing leads
to the better molecular packing, which would be of ben-
efit for charge transport. As plotted in Figure 5, the hole
mobilities of the DR3TDTN:PC;BM blend films
through the hole-only devices were measured using the
space charge limited current (SCLC) method. The mo-
bility increased from 7.61X107 to 2.86X10 * cm’s
V 'es  for blend films before and after 120 C
thermal annealing, which is ascribed to the better
molecular packing after thermal annealing.

—— film of DR3TDTN without annealing

8000

6000

4000

. 2000 J
3 - .
E ——film of DR3TDTN with 120 °C annealing
2 20000
2
£
10000
5 10 15 20 25 30

26/(°)

Figure 4 XRD patterns of DR3TDTN films spin-coated from
chloroform onto glass substrates.

The morphologies of DR3TDTN:PC;;BM blend
films were investigated by AFM. As shown in Figure 6,
root mean square (rms) roughness of DR3TDTN:
PC7,BM blend film without any post treatment is 0.324
nm. And the film shows no obvious phase separation of
the donor and the acceptor. After 120 ‘C thermal
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Figure 5 J-V characteristics of hole-only devices with a con-
figuration of ITO/PEDOT:PSS (30 nm)/DR3TDTN:PC,;,BM/ Au
(30 nm). (a) without post treatment; (b) with 120 C thermal
annealing.
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Figure 6 The AFM images of DR3TDTN:PC,,BM blend films.
(a) without post treatment; (b) with 120 C thermal annealing.
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annealing, the roughness of DR3TDTN:PC;;BM blend
film increases to 3.24 nm, which could be caused by the
increased packing and aggregation of DR3TDTN.“%*
The results are consistent with the XRD data of
DR3TDTN. Moreover, the DR3TDTN:PC7;BM blend
film with annealing exhibits obvious phase separation
and interpenetrating network morphology, which benefit
charge transport, thus leading to increased J;.. However,
the well packing property of DR3TDTN leads to large
domains with size of ca. 200 nm in the blend film,
which is much larger than the ideal exciton diffusion
length (10—20 nm)."**! The large domains will cause
serious charge recombination, thus inferior FF and low
EQE response. In comparison with some high efficiency
benzo[1,2-b:4,5-b"] dithiophene (BDT) based donor
molecules we have reported,*'*® the low photovoltaic
performance of DR3TDTN based device is mainly due
to its inferior morphology in the active layer with large
domains (ca. 200 nm for DR3TDTN blend and ca. 20
nm for those BDT based molecules bended with
PC;;BM). Higher device performance is expected if
small domains around 20 nm can be obtained through
further device optimization.

Conclusions

In this work, we designed and synthesized a new
A-D-A small molecule donor material, DR3TDTN, with
dithienopyrrole as the core, and octyl-rhodanine as the
terminal acceptor. The molecule shows high HOMO
level of —4.74 eV, and broad absorption from 300 to 820
nm with a narrow optical band gap of 1.49 eV. The op-
timized photovoltaic device based on DR3TDTN:
PC,;BM blend film shows a PCE of 3.03% with a V. of
0.67V, aJ, of 8.22 mAecm 2 and FF of 0.55. The rela-
tively low J;. and FF could be attributed to the poor
morphology of the active layer. It is believed that the
OPV performance of the devices based on DR3TDTN
could be much enhanced through controlling and opti-
mizing the morphology of DR3TDTN:PC;;BM blend
films. Furthermore, our results demonstrate that the in-
troduction of strong electron-donating dithienopyrrole
as the core could be an efficient way to enhance HOMO
energy level and thus to achieve narrow band gap for
A-D-A small molecule donor materials.
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