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ABSTRACT: The layer-by-layer process method, which had been used to
fabricate a bilayer or bulk heterojunction organic solar cell, was developed to
fabricate highly efficient ternary blend solar cells in which small molecules and
polymers act as two donors. The active layer could be formed by incorporating
the small molecules into the polymer based active layer via a layer-by-layer
method: the small molecules were first coated on the surface of poly(3,4-
ethylenedioxy-thiophene):poly(styrenesulfonate) (PEDOT:PSS), and then
the mixed solution of polymer and fullerene derivative was spin-coated on
top of a small molecule layer. In this method, the small molecules in crystalline
state were effectively mixed in the active layer. Without further optimization of
the morphology of the ternary blend, a high power conversion efficiency
(PCE) of 8.76% was obtained with large short-circuit current density (Jsc)
(17.24 mA cm−2) and fill factor (FF) (0.696). The high PCE resulted from not
only enhanced light harvesting but also more balanced charge transport by
incorporating small molecules.
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1. INTRODUCTION

Bulk heterojunction organic solar cells (OSCs) have become
promising candidates for commercial solar energy conversion
product owing to their low cost, light weight, mechanical
flexibility, and approaching benchmark of industrial applica-
tion.1−8 Many efforts have been extensively investigated to
improve the power conversion efficiency (PCE) of OSCs
including the development of new narrow band gap conjugated
materials with suitable energy levels,9−15 interface engineer-
ing,16−20 morphology control using processing additives or
post-treatments,21−24 and development of new device struc-
tures.25−27 Recently, the PCE has exceeded 9% for binary
single-junction OSCs based on devices with only small
molecules or polymers as donors.28−33

Although the development of narrow band gap donor
materials enhances the light absorption of binary blend OSCs,
the narrow full width at half-maximum of absorption spectrum
still hinders the utilization of the solar spectrum. An attractive
strategy to overcome the spectral limitation of binary blend
OSCs is to employ a ternary blend with the incorporation of
additional component in binary blend OSCs.27,34−38 Also, a
third such component should exhibit the complementary
absorption spectrum with the binary to extend the absorption

of the solar spectrum and suitable energy level for exciton
dissociation and charge carrier extraction.39−42 Currently, the
ternary blend OSCs based on polymer as the host donor have
drawn much attention,43−48 and the efficiency has exceeded 8%
using polymer or small molecule as complementary
donor.36,40,49,50 In the ternary blend OSC, the morphology of
the blend active layer is also one of critical parameters, which
was similar to the binary blend OSC.51−53 Nanoscale
interpenetrating networks with appropriate phase-segregated
domains and large interfacial area between donor and acceptor
are important for achieving efficient exciton dissociation and
favorable charge carrier transport.54

At present, the active layer of conventional ternary blend
OSC is usually prepared by spin coating the mixed solution of
three components directly. The incorporation of the third
component makes the active layer of ternary blend OSC exhibit
different film-forming characteristics as compared to those of
the corresponding binary blend OSC. Also, much work has
been done to control the nanoscale morphologies, such as
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employing a ternary solvent system (mixing the high-boiling
solvent into the binary solvents) to obtain a fine nanostructure
for high-performance ternary blend OSCs.55 However, the film-
forming process becomes more complex. In order to obtain
high device performance in conventional ternary blend OSC, a
lot of work is needed to further optimize the morphology and
the ratio of three components. Therefore, it is necessary to
develop a simple and effective method to prepare highly
efficient ternary blend OSCs.
The layer-by-layer (LBL) solution-processed method has

received much attention to prepare highly efficient organic solar
cells.56−59 Using this method, the bulk heterojunction OSC
could be fabricated when solvents for the second layer could be
diffused into the first layer, and if not, the planar heterojunction
OSC could be fabricated. Highly efficient bulk heterojunction
OSCs with PCE of 6.18% were fabricated by Zhan et al., and
displayed appropriate vertical phase separation.56 Zhan et al.
also fabricated the highly efficient binary planar heterojunction
OSC based novel small molecules with selective solubility as
donor, which showed a high FF (0.75) benefit from the high
mobility of small molecules.57 In addition, this method had
been used to prepare OSC with complex p-i-n-like structure
(donor/donor:acceptor/acceptor).58 Therefore, the layer-by-
layer solution-processed method was simple and available for
fabrication of highly efficient OSC. However, this method has
not been used for fabrication of ternary blend OSC.
In this work, the LBL processed method was developed to

fabricate efficient ternary blend OSCs based on polymer
(PBDTTT-C) and small molecule (DCA3TBDTP) as donors,
and PC71BM as acceptor. The chemical structures of materials
are shown in Figure 1a, and the device structure is shown in
Figure 1b. The pure small molecule DCA3TBDTP was first
deposited on PEDOT:PSS by spin coating, and then the mixed
solution (o-dichlorobenzene (o-DCB) was used for solvent) of
polymer PBDTTT-C and PC71BM was spin-coated on top of
the small molecule layer. In this case, although o-DCB could
not dissolve the small molecules, the small molecular layer was
broken into pieces due to the effect of o-DCB. Also, the small

molecules in crystalline form were penetrated into the binary
blend to form the active layer. A highly efficient ternary blend
OSC with PCE of 8.76% was obtained without further
optimizing the morphology of the active layer.

2. EXPERIMENTAL SECTION
Materials. Polymer PBDTTT-C was purchased from Solarmer,

and PC71BM was obtained from American Dye Sources (ADS). The
small molecule DCA3TBDTP was synthesized in our group. Patterned
ITO glass with a sheet resistance of 15 Ω per square was obtained
from Shenzhen Display (China). All of these materials were used as
received without further purification.

Characterization. Atomic force microscopy (AFM) was employed
to measure the morphologies of films by an Agilent 5400 with tapping
mode. Transmission electron microscope (TEM) images were
recorded on a Hitachi H-7650 transmission electron microscope at
an accelerating voltage of 100 kV. Absorption spectra were measured
with a Hitachi U-4100 UV−vis−NIR scanning spectrophotometer.
The structure of the active layers was analyzed using X-ray diffraction
(XRD), Bruker D8 ADVANCE.

Device Fabrication and Testing. The solar cells were prepared
with the structure ITO/PEDOT:PSS/active layer/Ca/Al. Patterned
ITO-coated glass was cleaned by ultrasonication in ITO detergent,
deionized water, acetone, and isopropanol for 20 min each time, and
then exposed to oxygen plasma for 6 min. PEDOT:PSS (Baytron P VP
Al 4083) was deposited by spin coating onto ITO-coated glass
substrates, and then annealed at 160 °C for 20 min. Subsequently, the
substrate was transferred to a glovebox. The small molecule layer was
prepared by spin coating the solution of pure DCA3TBDTP solution
in chloroform onto PEDOT:PSS for 20 s, and then the complete
active layer was prepared by spinning the mixed solution of polymer
PBDTTT-C and PC71BM on the small molecule layer. The thickness
of the small molecules was controlled by changing the spin speed from
600 to 3000 rpm. The weight ratio of PBDTTT-C:PC71BM was 1:1.5,
and the total concentration was 31.25 mg/mL in o-dichlorobenzene
(o-DCB). The spin speed and spin coating time for PBDTTT-C:
PC71BM solution were about 1250 rpm and 60 s, respectively, and the
resulting thickness was about 110 nm. Finally, after the samples were
transferred to a vacuum chamber, Ca (10 nm) and Al (100 nm) were
deposited via a mask to define the active area of 0.10 cm2 in high
vacuum. Current density−voltage (J−V) characteristics were recorded

Figure 1. (a) Chemical structures of PBDTTT-C, DCA3TBDTP, and PC71BM, (b) the device structure, (c) the energy levels of the materials, (d)
the absorption spectra of the small molecule DCA3TBDTP and the polymer PBDTTT-C:PC71BM blend films.
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with a Keithley 2420 source measure unit under illumination of an
AM1.5G solar Oriel simulator with an intensity of 100 mW cm−2,
which was calibrated by a standard silicon photodiode. External
quantum efficiency (EQE) curves were measured by a Newport 2931-
C coupled with the 300 W xenon lamp.

3. RESULTS AND DISCUSSION

The energy levels of the three components are important for
exciton dissociation, charge transport, and collection in ternary
blend OSC. The highest occupied molecular orbital (HOMO)
energy level and lowest unoccupied molecular orbital (LUMO)
of DCA3TBDTP and PBDTTT-C are −5.25, −5.07 eV, and
−3.43, −3.47 eV (calculated from the optical band gap and
HOMO), respectively, as shown in Figure 1c. The energy levels
are suitable for the charge separation and transport. In addition,
the complementary absorption spectra of the three components
could improve the light harvesting and consequently short-
circuit current density (Jsc). As shown in Figure 1d, the main
absorption of the small molecule DCA3TBDTP ranges from
450 to 650 nm, where the PBDTTT-C:PC71BM blend film has
relatively weak absorption. The three components show good
complementary spectral characteristics. Therefore, the small
molecule DCA3TBDTP is appropriate as an additional donor
to improve the performance of polymer based ternary blend
OSC.
The ternary blend solar cells based on layer-by-layer method

(LBL ternary blend OSCs) were fabricated with the traditional
structure of ITO/PEDOT:PSS/active layer/Ca/Al (Figure 1b).
The diagrammatic sketch about the preparation process of the
LBL ternary blend active layer is shown in Figure 2a. First, the
small molecule is covered on the PEDOT:PSS/ITO substrate

by spin coating. Next, the whole active layer is completed after
spin coating the mixed solution of polymer and PC71BM on the
surface of the small molecule.
The absorption spectra were examined to investigate the

influence of the small molecule on the absorption of the active
layer. As shown in Figure S1, the active layer showed broad and
strong absorption from 350 to 750 nm. Compared with the
binary blend layer, the LBL ternary blend layer exhibited higher
absorption from 400 to 650 nm, which was contributed by the
small molecule because it had strong absorption in this range as
shown in Figure 1d. The absorption further confirmed that the
small molecules could be incorporated into the active layer
using this method. Meanwhile, the absorption intensity was
increased gradually with increasing the thickness of small
molecules. Thus, the ratio of small molecule in active layer
could be tuned by changing its initial thickness, which can be
employed to optimize the photovoltaic performance of the LBL
ternary blend solar cells.
The scanning electron microscope (SEM) image of the cross

section of the active layer was examined to investigate the
change of the small molecular layer. As shown in Figure S2a,
there are obvious PEDOT:PSS layer and the active layer, but
no evident small molecule layer. The bottom surface
morphologies of the active layers were examined by atomic
force microscope (AFM) to further investigate the interface
between the anode and the active layer. The active layers of
both devices were inverse transfer printed onto a copper screen
covered with carbon diaphragm by dissolving the water. As
shown in Figure 2b, the LBL ternary blend OSC showed the
similar surface image with the binary blend OSC (Figure S2b),
and low root-mean-square (RMS) roughness value of ca. 1.30
nm. This implied that the small molecules had no influence on
interface contact between active layer and anode. The
aggregation state of the small molecule in the active layer was
examined by X-ray diffraction (XRD). As shown in Figure 2c,
the film of the LBL ternary blend showed an obvious diffraction
peak at which the small molecule DCA3TBDTP film also
showed an evident diffraction peak.60 However, the peak was
absent in the binary blend film based on polymer and PC71BM.
It indicated that the peak belonged to the small molecules, and
therefore, the small molecules in the LBL ternary blend film
were crystalline. On the basis of the analysis of the above
details, it was assumed that the small molecular layer was
broken into small crystals by the o-DCB solution and then
diffused into the active layer.
The surface morphologies of the small molecule layer and

the active layer were investigated and shown in Figure S2c,d,
respectively. Although many holes appear in the small molecule
layer, the complete active layer displays an integrated film
without holes and shows a smooth surface with RMS roughness
value about 2.0 nm. Also, interestingly, the top surface
morphology was very similar to that of PBDTTT-C:PC71BM
binary blend film as shown in Figure S2d. The addition of the
small molecule using this method has no influence on the initial
top surface morphology of the binary blend film, which is
different from the conventional ternary blend solar cells
prepared with mixed solution of three components.38,45,49In
addition to the surface morphology, the interpenetrating
network structure in the bulk is also very important, which
affects the charge transport and collection. A transmission
electron microscope (TEM) was employed to explore the
microstructure inside the bulk. In LBL ternary blend OSC, the
active layer presented obvious dark and light domains as shown

Figure 2. (a) Diagrammatic sketch about the preparation process of
the active layer in LBL ternary blend OSC, (b) the bottom surface
morphology (4 μm × 4 μm) of active layer in LBL ternary blend OSC,
(c) the XRD curves of the active layers in binary and LBL ternary
blend OSC and pure small molecular films, respectively, (d) the top
surface morphology of the active layer in the LBL ternary blend OSC
(4 μm × 4 μm), and (e) the TEM image of the active layer in the LBL
ternary blend OSC.
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in Figure 2e, which implies that the good interpenetrating
network structure was formed using this method. Also, the dark
and light domains were also similar to those of binary blend
OSC (Figure S2e and Figure 2e). The interpenetrating network
structure inside the bulk was not disturbed by the small
molecules. Therefore, the active layer can be prepared easily by
this method without further optimizing the morphology of the
ternary blend OSC. Therefore, this is an efficient way to
incorporate the small molecular crystals into the polymer based
active layer.
The device performance of the LBL ternary blend OSCs

based on LBL method was investigated by changing the
thickness of the small molecule layer. The binary blend OSC
based on PBDTTT-C:PC71BM used as a reference device gave
a PCE of 6.61% with a Voc of 0.71 V, a Jsc of 15.94 mA cm−2,
and a FF of 0.584. After incorporating the small molecules with
different thickness into active layer, all the LBL ternary blend
solar cells show better performance in the experimental range
as shown in Figure S3 and Table S1. The optimal PCE of
8.76% was obtained with Voc = 0.73 V, Jsc = 17.24 mA cm−2,
and FF = 0.696, respectively, at the thickness of small molecule
layer about 50 nm. The typical current density−voltage (J−V)
curves of binary and LBL ternary blend solar cells under AM
1.5G illumination at 100 mW cm−2 are shown in Figure 3a, and

the corresponding parameters are summarized in Table 1. The
incorporation of small molecules increased the Jsc of the LBL
ternary blend OSC as expected. Also, the Voc was a little higher
than that of PBDTTT-C:PC71BM based binary cells and lower
than that of DCA3TBDTP:PC71BM based cells (0.90 V) as
shown in Figure S4. The higher Voc may arise from the lower
reverse saturation current as shown in Figure 3b. Interestingly,
the FF was also enhanced significantly. All the device

parameters were improved by incorporating the small molecule
crystal into the active layer, indicating that the LBL processed
method may be an effective way to fabricate the ternary blend
solar cells.
The conventional ternary blend organic solar cells by

blending three components in a single layer were also fabricated
for comparison. The 7.46% PCE was obtained with Jsc of 16.96
mA/cm2 and FF of 0.611 when adding 10% small molecules
(w/w, small molecules/polymers) as shown in Figure S5 and
Table S2, which is lower than our method. The morphologies
of conventional ternary blend organic solar cells were
investigated by AFM and TEM as shown in Figure S6. The
surface displayed different morphology compared to the binary
blend films and the LBL ternary blend films. Also, inter-
penetrating network structure in the bulk was also changed as
seen in the TEM image. These indicated that the addition of
small molecules in a conventional ternary device changed the
morphology of binary blend films, and then influenced the
device performance. The morphology optimization is crucial for
fabricating high-performance ternary blend devices with a
conventional method. Therefore, compared to the conventional
method, our LBL method is relatively simple to fabricate
ternary blend organic solar cells without further optimization of
morphologies.
The photoelectric conversion process of LBL ternary blend

OSC was investigated by employing the external quantum
efficiency (EQE) curves and reflectance spectra of PBDTTT-
C:PC71BM based OSCs before and after adding the small
molecules. From Figure 3c, one can observe that the EQE curve
of the optimal ternary blend OSC is higher than that of the
binary blend one, especially in the wavelength range 450−650
nm, where the small molecules show strong absorption (Figure
1d). The high EQE probably results from the enhanced
absorption of the active layer due to the good complementary
absorption spectra of the small molecule and polymer.
Meanwhile, the unreduced photoresponse of the polymer
implies that the addition of small molecule does not hinder the
photoelectric conversion process of polymer. The internal
quantum efficiency (IQE), which was calculated from the
measured effective absorption of the active layer (reflectance
spectra, Figure 3d) and EQE, was employed to verify the
contribution of the small molecules to the EQE enhancement.
As shown in the inset of Figure 3c, the LBL ternary blend OSC
exhibits high IQE (over 80% from 450 to 700 nm with peak
value over 90%), which is a little higher than that of the binary
blend solar cell. This means that the incorporation of small
molecules has no negative influence on the exciton dissociation,
and charge extraction, in reverse, enhances the process
relatively. In other words, the excitons, which are generated
from polymer, PC71BM, and small molecule in the active layer,
are separated to free charge carriers, and then the carriers could
be collected at the electrodes. Therefore, the enhanced EQE
can be mainly ascribed to increased effective light absorption of
the active layer as shown in Figure 3d. The current density
obtained by integrating the EQE curve with the standard solar

Figure 3. (a) Typical J−V curves of binary and LBL ternary blend
solar cells under AM 1.5G illumination at 100 mW cm−2, (b) the
corresponding dark J−V curves, (c) EQE curves [inset: internal
quantum efficiency (IQE)], and (d) reflectance spectra.

Table 1. Optimized Photovoltaic Parameters of the Binary and LBL Ternary Blend OSCs

solar cell Voc (V) Jsc (mA cm−2) FF PCE (%)a PCEmax (%)

binary 0.71(±0.005) 15.76 (±0.17) 0.576 (±0.08) 6.45(±0.19) 6.61
ternary 0.73(±0.005) 17.03 (±0.20) 0.688 (±0.09) 8.53(±0.21) 8.76

aThe average PCE was obtained from over 10 devices.
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spectrum (AM 1.5G) is about 16.62 mA cm−2, which is slightly
smaller than the measured Jsc (17.24 mA cm−2) with an error
<5%.
The relation of photocurrent density (Jph) versus effective

voltage (Veff) is further examined for LBL ternary and binary
blend solar cells. The curve of Jph versus Veff is plotted in Figure
4a for the two devices: here, Jph = JL − JD, where JL and JD stand

for the current densities under AM 1.5G illumination and in the
dark, respectively, and Veff = V0 − V, V0 stands for the voltage at
which Jph = 0 and V is the applied voltage.20,33 For both devices,
the Jph shows a linear dependence on the voltage at a low Veff
(<0.1 V), and is becoming saturated at a high Veff (>1 V). It
clearly shows that the LBL ternary blend OSC has a higher
saturation photocurrent density (Jsat) than binary blend OSC,
which means the LBL ternary blend OSC has a higher
maximum exciton generation rate (Gmax, given by Jsat = eGmaxL,
where L is the thickness of the photoactive layer, which reflects
the maximum photons absorption) than that of the binary
blend OSC. Therefore, the enhanced Jsc in LBL ternary blend
OSC results from the enhanced light absorption and harvesting
in the photoactive layer.

As shown in Table 1, FF was significantly increased from
0.584 to 0.696 when adding the small molecule, which was
probably due to the enhanced charge carriers extracting
properties in LBL ternary blend OSC. Hence, the charge
carrier transport characteristics were investigated by single
charge carrier devices with the space-charge-limited-current
model,61 which is described by the equation JSCLC = (9/
8)ε0εrμ((V

2)/(L3)), where J is the current density, ε0 is the
dielectric constant of free space, εr is the relative permittivity of
the transport medium, μ is the hole (μh) or electron (μe)
mobility, V is applied voltage across the device, and L is the
thickness of the active layer. As shown in Figure 4b,c, the LBL
ternary blend solar cell exhibits relatively higher μh (2.41 ×
10−4 cm2 V−1 s−1) but lower μe (3.48 × 10−4 cm2 V−1 s−1)
compared to the binary blend solar cell (μh = 1.70 × 10−4 cm2

V−1 s−1, μe = 4.38 × 10−4 cm2 V−1 s−1). The crystalline small
molecules usually have relatively high hole mobility. Therefore,
the addition of small molecular crystalline material by the layer-
by-layer method could improve the hole transport and increase
the hole mobility of the active layer. The enhanced hole
mobility yields a smaller ratio of the electron to hole mobility
(μe/μh, 1.44 for ternary vs 2.58 for binary). Therefore, a more
balanced charge transport was achieved by incorporation of the
small molecule into the LBL ternary blend OSC. The more
balanced charge transport could reduce space-charge effects,
and then high FF is possible. Meanwhile, the high carrier
mobility possibly also reduces the series resistance (Rs) of the
devices. The LBL ternary blend OSC has a relatively lower Rs
(3.7 Ω cm2) than binary blend OSC (8.5 Ω cm2). Therefore,
the LBL ternary blend OSC showed higher FF than that of
binary blend OSC.

4. CONCLUSION
In this work, a layer-by-layer solution-processed method was
exploited to fabricate the ternary blend OSC using small
molecules and polymers as donors. In this method, the small
molecules can penetrate into the active layer of the ternary
blend OSC, and exist in a crystalline state. A high-performance
ternary blend OSC with PCE of 8.76% was obtained without
further optimizing the morphologies of the active layers. Also,
enhanced light harvesting and more balanced charge transport
were realized in the solar cells. This work demonstrates a new
direction of fabricating ternary blend OSCs with high PCE and
a feasible route to improve performance of polymer solar cells.
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