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ABSTRACT: A D1−A−A′−π−D2 type (D = donor; A = acceptor)
unsymmetrical small molecule denoted as BTD3 containing different
end group donor moieties has been designed and synthesized for use
as a donor in the solution processable bulk heterojunction (BHJ) solar
cell. The BTD3 exhibits a low HOMO−LUMO gap of 1.68 eV and
deeper HOMO energy level (−5.5 eV). Its LUMO energy level
(−3.65 eV) is compatible with the LUMO level of PC71BM to
facilitate the electron transfer from BTD3 to PC71BM in the BHJ solar
cell. The solution processed BHJ solar cell with optimized
BTD3:PC71BM active layer processed with THF solvent exhibited a
PCE of 3.15% with Jsc = 7.45 mA/cm2, Voc = 0.94 V, and FF = 0.45.
Moreover, the device with optimized concentration of 3 vol. % 1-
chloronaphthalene (CN) additive, i.e., CN/THF, showed significant enhancement in PCE up to 4.61% (Jsc = 9.48 mA/cm2, Voc =
0.90 V, and FF = 0.54). The improvement in the PCE has been attributed to the appropriate nanoscale phase separation
morphology, balance charge transport, and enhancement in the light harvesting ability of the active layer.

KEYWORDS: unsymmetrical D1−A−A′−π−D2 small molecule, bulk heterojunction organic solar cells, power conversion efficiency,
solvent additives

1. INTRODUCTION

In recent years the power conversion efficiency of organic solar
cells based on bulk heterojunction (BHJ) active layer
comprised of electron donor (conjugated polymers or small
molecules) and electron acceptor (fullerene derivatives)
materials has increased remarkably and approached greater
than 9%,1−9 and are the potential candidate for a low cost
commercial product.10,11

Organic BHJ solar cells based on a solution processed π-
conjugated low bandgap small molecule as donor and fullerene
derivatives as an acceptor have been investigated,9,12−17 because
of their advantages such as lightweight, flexibility, defined
molecular structure, intrinsic monodispersity, high purity,
negligible batch-to-batch variations, and reproducible perform-
ance, compared to conventional polymer counterparts.18 The
current research on organic solar cells focuses on the design
and synthesis of new small molecules built by connecting
various electron donating (donor) and electron withdrawing
(acceptor) moieties through π-conjugated spacer (D−π−
A).19−26 The strength of the D−A interaction is determined
by the donor and acceptor groups and the connecting π-
bridges. It was reported that strong electron donating or
accepting groups and long π-bridges tune the bandgap and

assist the formation of favorable morphologies for high
photovoltaic performance.27 Li et al. and Chen et al.
synthesized two-dimensional small molecules D2 and
DR3TBDTT with an A−π−D−π−A framework and used as
donor for solution processed BHJ organic solar cells which
showed PCEs up to 6.75% and 8.12%, respectively.22,28 The
recent development on the solution processed small molecules
BHJ solar cells has led to high PCEs of >8%.29−32 In recent
investigations, the PCE of the BHJ solar cells based on small
molecules has been approaching 10%.32−34

We were interested in the design of a small molecule (SM) as
donor material along with the PC71BM as electron acceptor for
the fabrication of solution processed BHJ organic solar cells.
The design of unsymmetrical BTD3 is based on the following
considerations: (i) In D−A small molecules, an electron
donating group such as triphenylamine (TPA) plays a
significant role in stabilizing separated holes from excitons
and improves the transport properties of the hole carrier.35−37

Moreover, compounds containing a TPA unit as a donor end
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unit were shown to exhibit an intense and broad absorption
band that extends from UV to the far red end of the visible
spectrum.38,39 (ii) Anthracene and its derivatives have been
widely investigated in organic field effect transistors (OFETs)
in view of good hole mobilities as a result of π−π stacking of
adjacent molecules in films.40,41 Anthracene-based D−A
conjugated polymers have been also employed as donor for
polymer BHJ solar cells and showed moderate PCE.42−44 (iii)
The 2,1,3-benzothiadiazole (BTD) is used as an acceptor owing
to its high electron affinity. (iv) The incorporation of a
tetracyanobutadiene (TCBD) unit results in tuning of the
HOMO−LUMO gap of donor-substituted benzothiadiazoles.
Herein, we have synthesized a D1−A−A′−π−D2 type

unsymmetrical small molecule denoted as BTD3 with D1
(TPA), A (TCBD), A′ (benzothiadiazole), π (ethynyl), and D2
(anthracene) and investigated its optical and electrochemical
properties. A comparative representation of optical gaps of
D−π−A−π−D, D1−π−A−π−D2, and D1−A−A′−D2 types of
molecular motifs are shown in Chart 1, which reveal that the

hybrid 2 (unsymmetrical BTD3) exhibits a low optical gap,
which is desirable for BHJ organic solar cells. We have used
BTD3 as donor material along with the PC71BM as electron
acceptor for the fabrication of solution processed BHJ organic
solar cells and showed moderate PCE (3.15% and 4.61% for the
active layer processed with THF and CN/THF active layers,

respectively). The higher PCE of the device processed with
additive solvent was attributed to the more appropriate
nanoscale morphology of the active layer and balanced charge
transport, induced by the solvent additive.

2. EXPERIMENTAL SECTION
Device Fabrication and Characterization. The BHJ organic

solar cells were prepared using indium tin oxide (ITO) coated glass
substrate as anode, Al as cathode, and a blended film of
BTD3:PC71BM between the two electrodes as photoactive layer, as
follows: First, ITO coated glass substrates were cleaned with detergent,
ultrasonicated in acetone and isopropyl 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 10 mg/mL solutions of BDT3/
PC71BM blends in different solvents were prepared with different
weight ratios and then spin-cast on top of the PEDOT:PSS layer and
dried at 40 °C for 10 min in ambient atmosphere to remove the
residue of the solvent. The solvents include THF and THF containing
1, 2, 3, and 4% (vol. %) CN. The thickness of the photoactive layer is
about 100 ± 10 nm. Finally ∼90 nm thick Al electrode was deposited
on top of the BHJ film under reduced pressure (<10−6 Torr). All of
the devices were fabricated and tested in ambient atmosphere without
encapsulation. The active area of the devices is about 0.20 cm2.

The current−voltage characteristics of the devices were measured
using a computer controlled Keithley 238 source meter in the dark as
well as under illumination intensity of 100 mW/cm2. A xenon light
source coupled with AM1.5 optical filter was used as the light source
to illuminate the surface of the devices. The incident photon to current
efficiency (IPCE) of the devices was measured by illuminating the
device through the light source and monochromator, and resulting
current was measured using a Keithley electrometer under short circuit
condition.

3. RESULTS AND DISCUSSION
Synthesis and Characterization of BTD3. The synthesis

of unsymmetrical D1−A−A′−π−D2 small molecule denoted as
BTD3 is shown in Scheme 1. The triphenyamine-substituted
benzothiaozole (1) was synthesized by the Pd-catalyzed

Chart 1. Comparative Representation of Optical Gap of
D−π−A−π−D, D1−π−A−π−D2, and D1−A−A′−D2 Types
of Molecular Motifs.46

Scheme 1. Synthesis of BTD3
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Sonogashira cross-coupling of 4-ethynyltriphenylamine with
4,7-dibromobenzo[c][1,2,5]thiadiazole following earlier re-
ports.45 The Pd-catalyzed Sonogashira cross-coupling reaction
of BTD1 with 9-ethylanthracene (4) resulted in BTD2 in 74%
yield.45

The [2 + 2] cycloaddition−retroelectrocyclization reaction of
tetracyanoethene (5) with BTD2 in dichloromethane at 40 °C
resulted in BTD3 in 70% yield. The purification of BTD3 was
achieved by column chromatography. The exclusive formation
of mono-TCNE-substituted product could be justified on the
basis of a plausible mechanism of [2 + 2] cycloaddition−
retroelectrocyclization reaction of tetracyanoethene (Support-
ing Information (SI) Chart S1) and the earlier work performed
(SI Chart S2).46 The [2 + 2] cycloaddition−retroelectrocyc-
lization reaction of 5 with ANT-BTD resulted in recovery of
the starting material (SI Chart S2). This indicates that acetylene
linkage between the anthracene donor and BTD acceptor unit
is not susceptible to [2 + 2] cycloaddition−retroelectrocycliza-
tion reaction and hence results is mono-TCNE-substituted
BTD3. The plausible mechanism for the formation of BTD3 is
shown in Chart 2. The BTD3 was well-characterized by 1H and
13C NMR and HRMS techniques.
The stability of organic chromophore at elevated temper-

atures is significant for practical applications. In order to
determine the thermal stability of BTD3 thermogravimetric
analysis (TGA) was carried out at a heating rate of 10 °C
min−1, under nitrogen atmosphere (SI Figure S7). The
decomposition temperature (Td) for 5% weight loss for
BTD3 is 469 °C. The thermal stability shown in SI Table S1
indicates that the incorporation of the TCNE unit in BTD3
results in better thermal stability compared to BTD2.

Optical and Electrochemical Properties. The optical
absorption spectra of BTD3 in the UV−visible region are
shown in Figure 1, and the photonic parameters are

summarized in Table 1. It exhibits two distinct bands in the
absorption spectrum in dichloromethane (DCM) solution. One
band with absorption peak around 467 nm results from
localized π−π* transitions, and the second band with
absorption peak around 545 nm is attributed to intramolecular
charge transfer (ICT) between donor and acceptor moieties
present in the small molecule. Compared to the absorption

Chart 2. Plausible Mechanism for the Formation of BTD3

Figure 1. Normalized optical absorption spectra of BDT3 in solution
and thin film.
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spectra in solution, the thin film spectrum was broadened and
red-shifted with an absorption peak around 580 nm of the ICT
band. Additionally, a vibronic shoulder peak around 640 nm
was also observed, which indicates that the SM has stronger
intermolecular π−π packing interactions between molecular
backbones in the solid state.47,48 Moreover, the SM possesses a
broad absorption coverage ranging from 300 to 750 nm in thin
film suggesting that two electron withdrawing acceptors have
strong interactions with the aryl donor through the π-linkers.
The optical bandgap estimated from the onset absorption edge
in thin film is about 1.68 eV. Inspection of Chart 1 shows that
optical bandgap values of symmetrical BTDs of the type D−π−
A−π−D are 2.24 eV (TPA−BTD) and 2.14 eV (ANT−BTD).
The unsymmetrical BTD of the type D1−π−A−π−D2 exhibits
an optical bandgap value of 2.20 eV. The results clearly reflect
that unsymmetrical BTD3 of the type D−A−A′−π−D with
TCBD linkages shows efficient tuning of the optical bandgap as
desired for BHJ organic solar cell application.45

The electrochemical properties of BTD3 were explored by
the cyclic voltammetric analysis in dichloromethane (DCM)
solution using tetrabutylammonium hexafluorophosphate
(TBAPF6) as supporting electrolyte. The cyclic voltammogram
is presented in SI Figure S8, and the data are listed in Table 1.
The aryl-substituted BTD3 exhibits two reversible reduction
waves corresponding to the TCBD unit at −0.43 and −0.79 V,
and a third reversible reduction wave at −1.67 V due to the
BTD acceptor. The irreversible oxidation peak corresponds to
the oxidation potential of the aryl unit in BTD3. The HOMO
and LUMO energy levels of the BTD3 are HOMO/LUMO =
−q(Eonset + 4.4) eV;49 Eonset (1.16 V) is the onset potential
(oxidation and reduction). The onset oxidation potential and
reduction potential are 1.16 and −0.79 V, respectively (SI
Figure S8). The HOMO and LUMO levels are estimated as
−5.56 and −3.61 eV, respectively with a corresponding
electrochemical band gap of about 1.95 eV. Considering that
PC71BM has HOMO and LUMO levels of around −6.0 and
−4.1 eV, respectively, as acceptor for fabrication for organic
solar cells, its energy levels will be compatible for efficient
photoinduced charge transfer from BDT3 donor to PC71BM
acceptor, when used as blended active layer for organic BHJ
solar cells. Moreover, a deeper HOMO energy level is beneficial

for the high open circuit voltages of fabricated BHJ organic
solar cells.

Theoretical Calculations. In order to explore the
electronic structure of BTD3, density functional theory
(DFT) calculation was performed at the B3LYP/6-31G**
level. The contours of the HOMO and LUMO of BTD3 are
shown in Figure 2. The computational results indicate the
following: (a) The HOMO orbital in BTD3 is localized over
anthracene and the benzo of the BTD, whereas the LUMO is
delocalized over the benzothiadiazole and the 1,1,4,4-
tetracyanobuta-1,3-diene (TCBD) unit. (b) The calculated
HOMO and LUMO energies of the ground state optimized
geometry of the BTD3 were −5.41 and −3.24 eV, respectively.
The calculated HOMO and LUMO gap of BTD3 is 2.28 eV.
(c) The optimized geometry of BTD3 shows that the ethynyl
linked anthracene donor unit adopts a planar orientation with
the BTD core as desired for extended electronic delocalization
and efficient π−π stacking of adjacent molecules in films (SI
Figure S9).

Photovoltaic Properties. BHJ organic solar cells were
fabricated with BTD3 as the electron donor and PC71BM as
electron acceptor. PC71BM instead of PC61BM was chosen as
the electron acceptor due to its stronger absorption in the
visible region.50 Photovoltaic properties were investigated using
the ITO/PEDOT:PSS/BDT3:PC71BM/Al device structure.
The active layer is a blend of BDT3 and PC71BM, spin-coated
from THF solution with different weight ratios. The perform-
ance of the organic solar cells based on this molecule is very
sensitive to the weight ratio of donor to acceptor, and a donor
to acceptor ratio of 1:2 by weight and a thickness of 90−95 nm
were optimized to give the best performance. The photovoltaic
parameters for the organic solar cells based on BDT3:PC71BM
with different weight ratios, i.e., 1:05, 1:1, 1:2, and 1:2.5, are
complied in SI Table S3a. The current−voltage (J−V)
characteristics of the optimized OSC device under illumination
of AM 1.5 G (100 mW/cm2) is shown in Figure 3a, and the
photovoltaic parameters are summarized in Table 2.
The optimized device based on BDT3:PC71BM (1:2) gave a

PCE of 3.15% with Jsc = 7.45 mA/cm2, Voc = 0.94 V, and FF =
0.45. In order to improve the PCE of the solar cell, we have
used 1-chloronaphthalene (CN) as solvent additive to prepare
the BHJ active layer. We have added different volume

Table 1. Optical and Electrochemical Properties of BDT3.a

compd λabs (nm) (ε (104 M−1 cm−1)) λabs (nm) film optical gap (eV) calcd gap (eV) Eox (V) Ered (V) electrochemical gap (eV)

BDT3 545 (5.923), 467 (6.459) 473, 585 1.68 2.28 1.31b −0.43, −0.79, −1.67 1.84
aRecorded by cyclic voltammetry, in 0.1 M solution of TBAPF6 in DCM at 100 mV s−1 scan rate versus SCE electrode. bFor the irreversible redox
process, the peak potential is quoted.

Figure 2. HOMO and LUMO orbitals of BTD3 at the B3LYP/6-31G** level for C, N, S, and H.
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concentrations (1, 2, 3, and 4 vol. %) of the CN into the host
THF solvent and tested the device performance. The
photovoltaic performance of the device summarized in SI
Table S3b shows that the optimized concentration was 3 vol. %
CN/THF. The J−V characteristics of the optimized organic
solar cell based on the BHJ BDT3:PC71BM (1:2) active layer
processed with solvent additive is shown in Figure 3a (red
color). The PCE has been further improved up to 4.61% with
Jsc = 9.48 mA/cm2, Voc = 0.90 V, and FF = 0.54, when the BHJ
active layer was processed with 3 vol. % CN/THF being used
as solvent. The devices yielded high Voc value, consistent with
the deep HOMO energy level (−5.56 eV), since the Voc for the
BHJ organic solar cells is directly related with the difference in
the LUMO energy level of acceptor and HOMO energy level of

donor materials employed in the BHJ active layer.51 The
difference between the HOMO level of BDT3 and the LUMO
level of PC71BM is about 1.5 eV; therefore, the theoretical value
of Voc must be around 1.5 V, but the lower experimentally
observed value may be due to the voltage losses at the
interfaces between the anode and cathode. The solar cell that
has been prepared from the active layer spin-coated from CN/
THF exhibited PCE of 4.61%. The improvement in the PCE
arose from the increase in the Jsc (from 7.45 to 9.48 mA/cm2)
and FF (from 0.45 to 0.54). Jsc strongly depends on the number
of excitons generated in the active layer,52 and the photo-
response (IPCE spectra).53 The blend film cast from CN/THF
absorbed a greater fraction of incident light than the film cast
from pristine THF (absorption spectra as shown in Figure 4).

The stronger absorption coefficients of the blend cast from
CN/THF, which most likely increased the exciton and change
generation in the device, were induced by the solvent additive.
The IPCE, which is determined by illumination with

monochromatic light, is an important parameter for evaluating
the photovoltaic performance of solar cells. IPCE curves of the
devices based on BDT3:PC71BM (1:2) cast with and without
additive are shown in Figure 3b (red color). The THF-cast
BDT3:PC71BM-based devices exhibited a broader IPCE
response in the range of 350−750 nm with a maximum of
45% at 590 nm. When the active layer was processed with CN
additive, the IPCE response was further enhanced with
maximum value of 52% at 605 nm. The enhanced IPCE
spectrum of the device with the active layer processed with
CN/THF solvent was attributed to more conversion of
incident photons into the photocurrent at the absorption
wavelengths corresponding to the absorption band of BDT3,
consistent with the higher Jsc value.

54 The Jsc values calculated
from the integration of IPCE response agrees well with the
values obtained from the J−V characteristics under illumina-
tion.
The photovoltaic performance of the organic BHJ solar cells

are closely related with the nanomorphology of the active layer.
The film morphologies of BDT3:PC71BM (1:2) blend film cast
from THF and CN/THF solvents were investigated by atomic
force microscopy (AFM, in tapping mode). Figure 5 shows

Figure 3. (a) Current −voltage (J−V) characteristics under
illumination (AM 1.5, 100 mW/cm2) and (b) IPCE spectra of organic
solar cells.

Table 2. Photovoltaic Parameters of BHJ Organic Solar Cells
Based on BTD3:PC71BM (1:2) Blends Processed with THF
and CN(3vol.%)/THF

active layer Jsc (mA/cm
2) Voc (V) FF PCE (%) μe/μh

BTD3:PC71BM
a 7.45 0.94 0.45 3.15 19

BTD3:PC71BM
b 9.48 0.90 0.54 4.61 4.28

aProcessed with THF. bProcessed with CN(3vol.%)/THF.

Figure 4. Optical absorption spectra of BDT3:PC71BM (1:2) blend
films cast from THF and CN/THF solvents.
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AFM height and phase images of the blend films processed with
THF and CN/THF. The blend film casts from the THF
solvent showed a relatively homogeneous and flat surface with a
root mean squared (RMS) surface roughness of 0.54 nm and
poor phase separation which was not favorable for charge
transfer from BDT3 to PC71BM, and thus limited the PCE of
the resulting device. However, the spin-coated film from CN/
THF has slightly more aggregated domains and a phase
separated surface with larger RMS roughness of 1.90 nm. The
phase separation has also been increased with the addition of
CN additive. The aggregated domains may be likely originated
from the enhanced intermolecular interaction of SM, during the
film formation.55,56 A higher surface roughness is expected to
increase the internal light scattering and enhance the light
absorption,55,57 which is consistent with the absorption spectra
displayed in Figure 5. The blend film with larger domain size
suggests a good phase separation and well-connected domains,
which allow efficient charge generation and charge transfer
within the active layer. The improvement in the absorption was
observed only in the wavelength region corresponding to the
BDT3, which may be due to the close packing of BDT3
induced by CN additive as described by the XRD results. The
increase in surface roughness and phase separation is favorable
for exciton dissociation and interpenetrating pathways for
charge transport. All of these effects enhance the value of Jsc and
PCE for the device processed with CN/THF solvent than that
exhibited by the device processed with THF only.
To get information about the molecular packing of the

BDT3, the XRD patterns of the BDT3:PC71BM films spin-cast
from THF and CN/THF were recorded and shown in Figure 6.
The XRD patterns indicate that the BDT3:PC71BM film cast
from THF exhibited a relatively weak crystalline structure with

a well-defined signal (100) at 2θ = 3.95° that corresponds to a
d-spacing of 20.43 Å. Moreover, another signal at 2θ = 6.12°
was also observed, corresponding to scattering from a second
order reflection. When the film was cast from CN/THF
solvent, the diffraction peaks remained at the same position, but
the intensity increased and narrowed. These results indicate
that solvent additive improves the π−π stacking structure,58

phase separation, and crystallinity of the active layers upon
these treatments, in agreement with the AFM images. The high
ordered crystallites in the blend active layer enabled efficient
charge transport,59 leading to superior PCE as compared to the
device processed with the active layer without solvent additive.
To gain further insight into the effect of solvent additive on

the charge transport, the space charge limited current (SCLC)
method was used to estimate the hole and electron mobilities of

Figure 5. AFM images of BDT3:PC71BM blend films cast from THF and CN/THF solutions (size, 3 μm × 3 μm).

Figure 6. XRD patterns of BDT3:PC71BM blend films cast from THF
and CN/THF solutions.
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the active layer processed with and without CN additive, using
hole and electron only devices, respectively. According to the
SCLC model, current density can be expressed by the following
equation:60

εμ=
⎛
⎝⎜

⎞
⎠⎟J

V
L

(9/8)
2

3

where ε and L are the permittivity of the blend film,
respectively, μ is the charge carrier (hole or electron) mobility,
and V is the applied voltage. Figure 7 shows the variation of the

dark current of hole only devices (ITO/PEDOT:PSS/active
layer/Au) with corrected bias voltage, which is determined by
the built-in potential (Vbi) that arose from the work function
difference of anode and cathode electrodes. The SCLC fitted
curves are shown by the solid lines. Similar characteristics have
been observed for the electron only devices (ITO/Al/active
layer/Al) using the active layer. The hole mobilities for the
active layer processed without and with additive are 1.34 × 10−5

and 5.56 × 10−5 cm2/(V s), respectively. The hole mobility was
enhanced significantly, but the electron mobility changed
slightly (from 2.54 × 10−4 to 2.38 × 10−4 cm2/(V s)). The
increase in hole mobility can be attributed to the increase in the
crystalline nature of BTD3 in the blend as confirmed from the
XRD and absorption spectra data. The ratios of electron and
hole mobilities in the active layer cast with and without additive
are 19 and 4.28, respectively, indicating more balanced charge
transport in the device based on the active layer processed with
CN/THF solvent. In the case of the device processed with
THF only, hole accumulation occurs in the device due to the
unbalanced transport between the electron and hole; the
photocurrent is space charge limited.61

It can be seen from Table 2 that the FF of the device
processed with CN additive increased to 0.54 as compared to
0.45 for the device processed without CN. The improvement of
FF can be partly attributed to a decrease of the series resistance
(Rs) as derived from the slope of the device J−V characteristics
under forward bias (under illumination), by increase of shunt

resistance (Rsh) derived from the slope in the third quadrant of
J−V characteristics. The smaller value of Rs for the device
processed with CN/THF (10.13 Ω cm2) as compared to the
device processed with THF (18.17 Ω cm2) indicates that there
is favorable charge transport with the active layer processed
with additive. On the other hand, the larger Rsh (457.12 Ω cm2

and 346.16 Ω cm2 for devices processed with and without CN
additive) indicates reverse current density is smaller, resulting
in higher FF.
We have calculated the maximum exciton generation rates

(Gmax) of the devices based on THF- and CN/THF-cast active
layers, according to the method reported in the literature.62−65

Figure 8 shows the variation of photocurrent density (Jph) as a

function of effective voltage (Veff). Here, Jph is determined as Jph
= JL − JD, where JL and JD are the current densities under
illumination (100 mW/cm2) and in the dark, respectively. The
effective voltage is defined as Veff = Vo − Vapp, where Vo is the
voltage when Jph is zero (JL= JD) and Vapp is the applied voltage.
Figure 8 shows two distinct regions: one is where the Jph values
increase linearly with increasing Veff in the low Veff region, and
the other is where Jph saturated at a sufficiently high value of Veff
(i.e., Veff = 1.8 V). We assume that all of the photogenerated
excitons are dissociated into free charge carriers and collected
by electrodes afterward in the high Veff regions; the saturation
photocurrent density (Jsat) is only limited by the total number
of absorbed photons. Gmax was estimated using Jsat = qGmaxL,
where L is the thickness of the active layer. The values of Jsat
were estimated by asymptotic fitting of Jph−Veff curves. The
value of Jsat for the device processed with CN/THF solvent
increased from 87 to 104 A/m2, thus leading to an increase in
Gmax from 6.04 × 1028 to 7.2 × 1028 m−3s−1. Since Gmax is only
related to the light harvesting ability of the active layer,66,67 the
enhanced Gmax value indicates improved light harvesting
efficiency and consistence with the absorption profile (Figure
4).
The exciton dissociation probability was estimated from the

normalized photocurrent density (Jph/Jsat) at short circuit

Figure 7. Current−voltage (J−V) characteristics of hole only devices.
The solid lines are SCLC fitted.

Figure 8. Photocurrent density (Jph) versus effective voltage (Veff)
characteristics for both devices under constant incident light intensity
(AM 1.5G, 100 mW/cm2).
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conditions (Vapp = 0).68,69 The exciton dissociation probabilities
for the devices based on the active layer BDT3:PC71BM
processed with CN/THF was increased to 0.91 as compared to
0.86 for the device processed with THF-cast BDT3:PC71BM
layer. These results indicate that more appropriate nanoscale
phase separation of the active blend layer induced by the
solvent additive increases the exciton dissociation probability.

4. CONCLUSION
A new low bandgap D1−A−A′−π−D2 type unsymmetrical
small molecule named as BTD3 was synthesized and applied as
donor along with PC71BM as acceptor for solution processed
BHJ organic solar cells. BTD3 exhibits a deeper HOMO energy
level of −5.5 eV and a LUMO level of −3.65 eV. The fabricated
BHJ organic solar cell with BTD3:PC71BM (1:2, w/w)
processed with THF and CN(3vol.%)/THF exhibits an overall
PCE of 3.15% (Jsc = 7.45 mA/cm2, Voc = 0.94 V, and FF =
0.45) and 4.61% (Jsc = 9.48 mA/cm2, Voc = 0.90 V, and FF =
0.54). The enhancement in the PCE has been attributed to
mainly increases in Jsc and FF, related to more phase separated
nanoscale morphology of the active layer induced from the
solvent additive. The appropriate morphology leads to
enhancement in the light harvesting ability of the active layer,
exciton dissociation probability, and charge transport in the
device. The research work on the effect of the interfacial layer
on the photovoltaic properties of the optimized devices is in
progress and will be communicated later on.
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(12) Mishra, A.; Baüerle, P. Small Molecule Organic Semiconductors
on the Move: Promises for Future Solar Energy Technology. Angew.
Chem., Int. Ed. 2012, 51, 2020−2067.
(13) Son, H. J.; Carsten, B.; Jung, I. H.; Yu, L. Overcoming Efficiency
Challenges in Organic Solar Cells: Rational Development of
Conjugated Polymers. Energy Environ. Sci. 2012, 5, 8158−8170.
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