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a b s t r a c t

We report on the optical and electrochemical characterization (experimental and theoretical) of two
donor substituted benzothiadiazole with different cyano based acceptor p-linkers, tetracyanobutadiene
(TCBD) SM1 and dicyanoquinomethane (DCNQ) SM2, and explore them as the donor component for so-
lution processed bulk heterojunction organic solar cells, along with PC71BM as the electron acceptor. The
solution bulk heterojunction (BHJ) solar cells based on dichloromethane (DCM) processed active layer
with SM1 and SM2 as donor and PC71BM as acceptor achieve power conversion efficiency (PCE) of 2.76%
and 3.61%, respectively. The solar cells based on these two small molecules exhibit good Voc, which is
attributed to their deep HOMO energy level. The higher PCE of the device based on SM2 compared to SM1
is attributed to the its small bandgap, broader absorption profile and enhanced hole mobility. Additionally,
the PCE of the SM2:PC71BM based solar cells processed with 1-chloronaphthalene CN (3 v%)/DCM is
further improved reaching upto 4.86%. This increase in PCE has been attributed to the improved nanoscale
morphology and more balanced charge transport in the device, due to the solvent additive.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

Researchonbulkheterojunction (BHJ) organic solar cells basedon
solutionprocessed smallmolecules has rapidlygrown in thepast few
years due to their advantages over polymeric counterpart such as
well defined molecular structures, mono-dispersive nature, high
absorption coefficient and charge carrier mobility [1e12]. A power
conversion efficiency (PCE) higher than 8% has been recently re-
ported due to the excellent solubility in organic solvents, broadband
light absorption and good charge transport property of the solution-
processed SM donor [13,14]. Chen and co-workers have developed a
series of small molecules, used as donors, with a benzodithiophene
core, a terthiophene spacer, and a rhodamine end-group and have
achieved a PCE of 8.12% [15]. An organic solar cell (OSC) based on the
small molecule donor of p-DTS(FBTTh2)2 was recently reported by

Bazan et al. and they found that thefill factor (FF) of the device can be
significantly enhanced by barium cathode layer by increasing the
charge collection at the cathode [10,11,16]. Finally the PCE for the
SMOSCs was improved to the record value of 9.02% and thus making
solution processed SMOSCs strong competitors to polymeric solar
cells. More recently, the PCE in the range of 9e10% has been reported
of D-A conjugated small molecules BHJ organic solar cells [17e20].

In the field of organic solar cells, the most efficient organic
semiconductors investigated so far are with donor-acceptor (-D-A-)
backbonewhereD is electron rich (D)moietyandAelectrondeficient
(A)moiety. In recent years, the search for new smallmolecules based
donor systems resulted in the development of a large variety of
organic small molecules with different D-A moiety combinations
[21] Large number of symmetrical acceptor-donor-acceptor (A-D-A)
[22e26], donor-acceptor-donor (D-A-D) [27e29], A-D-A-D-A [30]
and D-A-D-A-D [11,31,32], as well as unsymmetrical D-A [33,34]
and D-A-A [35,36] small molecules have been developed. The re-
ported PCE values of OSCs based on these SM donors are quickly
approaching the best values for polymeric solar cells [37e40].
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In this contribution we report benzothiadiazole-based small
molecules as donor for solution BHJ solar cells. The design of this
molecule is based upon the following consideration: (i) The incor-
poration of triphenylamine (TPA) moiety, which has a three
dimensional propeller structure can effectively impede molecular
aggregation, increase solution processability and function as a
donor unit [41e43]; (ii)The incorporation of carbazole donor unit as
a building block to synthesize organic/polymer donor materials
results in lowHOMO levels which leads to high open circuit voltage
for their OSCs [44e48]; (iii) Incorporation of strong acceptor ben-
zothiadiazole results in low HOMOeLUMO gap; and (iv) Incorpo-
ration of TCNE/TCNQ units results in strong intramolecular charge
transfer chromophores.

Herein, we have investigated the optical and electrochemical
(experimental and theoretical) properties of two unsymmetrical
novel D1eA1eA2eD2 small molecule SM1 and SM2 donors that
bear the same benzothiadiazole (BTD) acceptor (A2), carbazole (CA)
(D2) and TPA (D1) donor units with different A1, i.e. tetracyano-
butadiene (TCBD) and dicyanoquinodimethane (DCNQ) for SM1
and SM2, respectively. We have used them as a donor component
along with PC71BM as acceptor for the fabrication of solution pro-
cessed BHJ small molecule solar cells. The BHJ solar cells based on
SM1:PC71BM and SM2:PC71BM processed with DCM solvent
showed PCE of 2.76% and 3.61%, respectively. The PCE of the device
based on SM2:PC71BM processed with CN/DCM has been improved
up to 4.86%. The increase in PCE for the device processed with 1-
chloronaphthalene (CN) as additive, could be attributed to the
improved nanoscale morphology and balanced charge transport,
induced from solvent additive during film formation.

2. Experimental details

2.1. Device fabrication and characterization

The BHJ organic solar cells were prepared using the indium tin

oxide (ITO) coated glass substrate as anode, Al as cathode and a
blended film of SM1 or SM2:PC71BM between the two electrodes as
the photoactive layer as follows: Firstly, ITO coated glass substrates
were cleaned with detergent, ultrasonicated in acetone and iso-
propyl alcohol, and subsequently dried in an oven for 12 h. An
aqueous solution of PEDOT:PSS (Heraeus, Clevious P VP, Al 4083) in
aqueous solution was spin cast on the ITO substrates obtaining a
film of about 40 nm thick. The PEDOT:PSS film was then dried for
10 min at a temperature of 120 �C in ambient conditions. Then, a
20 mg/mL solution of SM1 or SM2/PC71BM blends in different
solvents were prepared with different weight ratio and then spun
cast on the top of PEDOT:PSS layer and then dried at 80 �C for
10 min. The solvents include dichloromethane (DCM) and DCM
containing 1, 2, 3 and 4% (v%) CN. The thickness of the photoactive
layer is about 100 ± 10 nm. Finally ~90 nm thick Al electrode was
deposited on the top of BHJ film under reduced pressure
(<10�6 Torr). All the devices were fabricated and tested in ambient
atmosphere without encapsulation. The active area of the devices is
about 20 mm2.

The currentevoltage characteristics of the devices were
measured using a computer controlled Keithley 238 source meter
in dark as well as under illumination intensity of 100 mW/cm2. A
xenon light source coupled with AM 1.5 optical filter was used as
the light source to illuminate the surface of the devices. The inci-
dent photon to current efficiency (IPCE) of the devices was
measured while illuminating the device through the light source
and monochromator and the resulting current was measured using
Keithley electrometer under short circuit condition.

The charge carrier mobility of the BHJ active layers was
measured using space charge limited current (SCLC) method. The
hole only and electron only devices ITO/PEODT:PSS/donor:PC71BM/
Au and Al/donor:PC71BM/Al structures were fabricated to measure
the hole and electronmobility, respectively andmeasured their JeV
characteristics in dark. The hole and electron mobilities were
extracted bymodeling the dark current (J) under forward bias using
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Scheme 1. Synthetic route of SM1 and SM2.
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