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ABSTRACT: An integrated device architecture was constructed via
vertical combination of planar and bulk heterojunctions by solution
processing, where a cross-linked D-A copolymer (PBDTTT-Br25)
was inserted between a PEDOT:PSS layer and the blended
photoactive layer. PBDTTT-Br25 can readily undergo photo
crosslinking to form an insoluble robust film via ultraviolet
irradiation after solution−deposition, which enables the subsequent
solution processing of a photoactive layer on the robust surface. The
insertion of a pure PBDTTT-Br25 layer to build an integrated
heterojunction could provide an additional donor/acceptor inter-
face, which enables hole transport to the anode without interruption, thereby reducing the charge carrier recombination
probability. The power conversion efficiency (PCE) of the polymer solar cell (PSC) with the integrated architecture reaches
5.24% under an AM1.5G illumination of 100 mW/cm2, which is increased by 65%, in comparison with that of the reference
single heterojunction device (3.17%), under the same experimental conditions.
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1. INTRODUCTION

Polymer solar cells (PSCs) have gained extensive attention in
recent years, because of their potential applications.1,2 In order
to increase the donor/acceptor contact area for efficient charge
separation, a bulk-heterojunction (BHJ) structure has been
introduced to form a nanoscale interpenetrating network of
donor and acceptor materials.3−6 The advantage of the BHJ
configuration is the increase of the donor/acceptor interface
area, so that most of the excitons could reach the
heterojunction interface within exciton diffusion length, which
is beneficial to improving the exciton separation efficiency.
However, a critical issue for bulk heterojunction PSCs is that
the physical blending of donor and acceptor materials could
result in macrophase separation. The domain sizes of donor or
acceptor phase could exceed the exciton diffusion length (ca. 10
nm), and there could exist randomly distributed floating islands
or dead ends (donor or acceptor domains that are isolated and
not connected to the electrodes) in the active layer, which
hinder the separated charge from transporting to the respective
electrodes.7−9 Therefore, the electrons generated near the
anode and the holes generated near the cathode could not
transport to the corresponding electrodes to be efficiently
collected, which leads to increased charge recombination and
reduced current.1,10,11 One approach to overcome this
drawback is to construct ordered BHJ films,12 which would
enhance the charge transport and collection. Unfortunately, it is

difficult to demonstrate such a structure in the BHJ system. On
the contrary, in conventional planar solar cells, electrons and
holes have their own respective transport channel; therefore,
the carrier collection efficiency on the electrodes of the planar
devices is much higher than that of BHJ devices. A further
improvement strategy is the construction of planar and bulk
integrated heterojunction polymer solar cells.13−18 The idea is
to produce a series of stacked layers bearing different functions.
The implementation of planar and bulk integrated hetero-
junction offers many advantages over the single planar and bulk
heterojunctions, i.e., (1) a spatially continuous pathway for the
transport of charge carriers to their corresponding electrodes,
thus charge recombination at the electrodes can be reduced;
(2) an extra donor/acceptor interface which could increase the
probability of exciton dissociation; (3) the absorbing layer
thickness can be optimized to achieve better quantum
efficiency; (4) it is possible to tune the internal distribution
of the electrical field within the different layers.13,18 However, it
is a challenge to fabricate well-organized multilayer devices with
commonly used materials (e.g., P3HT and PCBM) via solution
processing, since most organic solvents used for the formation
of the upper layer can dissolve the previously coated
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underneath layer, which destroys the orthogonal structure.17,19

An approach to solve the dissolution problem in solution
processed multilayer devices is utilization of cross-linkable
materials, which can readily undergo chemical crosslinking to
form insoluble films through thermal treatment or UV
irradiation. Such materials would therefore enable the
sequential deposition of several layers and also improve the
thermal stability of the device.15,20−22 The photo-crosslinkable
materials can be crosslinked through photoinitiation with
minimal effect on the packing of conjugated polymers and
electronic properties, thus enabling high performing and
thermally stable PSCs. However, the currently reported
crosslinkable materials merely acted as buffer layers, wherein
the transportation of the selective carriers could be increased,
thus the device performance could be improved by reducing
separated charge quenching. Poly[4,8-bis-substituted-benzo-
[1,2-b:4,5-b′]dithiophene-2,6-diyl-alt-4-substituted-thieno[3,4-
b]thiophene-2,6-diyl] (PBDTTT)-derived polymers are a type
of narrow-band-gap D-A copolymer with excellent optical and
electronic properties.23 The photo-cross-linkable conjugated
polymer, PBDTTT-Br25, with conjugated backbone and
bromine-functionalized side group, can be cross-linked through
photoinitiation with minimal effect on the packing of
conjugated polymers and electronic properties.
Herein, we insert the cross-linkable PBDTTT-Br25 layer

between the indium tin oxide (ITO) anode and the blend
active layer to produce a vertical integrated structure of planar
and bulk heterojunction. In addition to serving as the buffer
layer, the additional PBDTTT-Br25 layer can also serve as a
donor layer to form an extra planar heterojunction with the
PCBM acceptor molecules at the bottom of the blend active
layer. The integrated planar and bulk heterojunction could
create an extra donor/acceptor interface for more-efficient
exciton dissociation and carrier collection. The PSC with
integrated architecture exhibits higher short-circuit current
density (Jsc) and input photon to converted current efficiency
(IPCE), compared to a single heterojunction device. The extra
planar structure increases the extraction of holes by decreasing
the charge recombination at the anode. The power conversion
efficiency (PCE) of the PSC was improved by 65%, from 3.17%
to 5.24%, using this integrated structure of planar and bulk
heterojunctions.

2. EXPERIMENTAL DETAILS
ITO-coated glass substrates (series resistance, Rs = 10 Ω/□, CSG
Holding Co., Ltd.) was used as the anode. PEDOT:PSS (Clevious P
VP AI 4083, H. C. Starck, Inc.) was chosen as the hole-transport layer.
PCBM was purchased from Nano-C. 1,8-Diiodooctane (DIO) was
purchased from Alfa Aesar. PBDTTT-Br25 was synthesized by Stille
cross-coupling polymerization in our group, according to previously
reported procedures.24 The weight-average molecular weight (Mw)
and polydispersity index (PDI) of PBDTTT-Br25 are 3.1 × 104 and
2.0, respectively.
An Ambios Technology XP-2 surface profilometer was used to

measure the thickness of the films. Topographic and phase images of
films were analyzed using a VEECO DICP-II atomic force microscopy
(AFM) system operated in the tapping mode. The absorption
spectrum of PBDTTT-Br25 film was recorded on a Hitachi U-3010
UV-Vis spectrophotometer. The cross-section morphologies were
observed using a Hitachi S-4800 cold-field-emission scanning electron
microscopy (SEM) system.
Device fabrication process has been described in a previous paper.29

The PSCs were fabricated with three types of structures: A, a control
single bulk heterojunction device, ITO/PEDOT:PSS (30 nm)/
PBDTTT-Br25:PCBM (90 nm)/Ca (10 nm)/Al (100 nm); B and

C, integrated architecture device, ITO/PEDOT:PSS (30 nm)/
PBDTTT-Br25 (5−18 nm)/PBDTTT-Br25:PCBM (90 nm)/Ca (10
nm)/Al (100 nm). The difference between devices B and C is that the
pure PBDTTT-Br25 layer in device B is not photo-cross-linked,
whereas for device C, the pure PBDTTT-Br25 layer is cross-linked by
UV radiation. The PSCs were fabricated on a patterned ITO substrate,
which had been cleaned by sequential ultrasonic treatment in
detergent, deionized water, acetone, and isopropanol. Then, the ITO
substrate was subjected to UV−ozone treatment for 20 min. After that,
a PEDOT:PSS film was prepared by spin coating an aqueous solution
of PEDOT:PSS at 2000 rpm for 60 s on the pre-cleaned ITO
electrode, and then baked at 150 °C for 10 min in air. The pure
PBDTTT-Br25 layer was prepared by spin-coating a 12 wt %
PBDTTT-Br25 1,2-dichlorobenzene solution onto a ITO/PEDOT
substrate and then baking it at a low temperature of 150 °C for 10 min.
The thickness of the pure PBDTTT-Br25 layer was controlled from 5
nm to 18 nm by modifying the concentration of the PBDTTT-Br25
solution and the spin-coating rate. For device C, photo-crosslinking
was carried out for the PBDTTT-Br25 layer in a nitrogen-filled glove
box, using 254-nm UV light from a low-power handheld lamp for 10
min to produce an insoluble film, enabling the fabrication of the
subsequent blended layer by spin-coating. The same procedure was
conducted for the preparation of the active layer for the three types of
PSCs: a solution containing a mixture of PBDTTT-Br25:PCBM (1:1.5
w/w, polymer concentration of 10 mg/mL) in 1,2-dichlorobenzene
with 2.5 vol % DIO was then spin-coated (2000 rpm) for 60 s on top
of the PEDOT:PSS or PEDOT:PSS/PBDTTT-Br25 layer. DIO was
used as an additive to optimize the active layer morphology. Then, 10
nm of calcium and 100 nm of aluminum were deposited sequentially,
through vapor deposition.

Device characterization was done in a nitrogen-filled glove box
under a simulated AM1.5G irradiation of 100 mW/cm2, using a xenon-
lamp-based solar simulator (Newport Co., Ltd.). The current density−
voltage (J−V) measurement of the devices was conducted on a
computer-controlled Keithley 236 Source Measure Unit. IPCE
measurement was performed with a Stanford Research System
model SR830 DSP lock-in amplifier coupled with a WDG3
monochromator and a 500-W xenon lamp under ambient atmosphere
at room temperature. The light intensity at each wavelength was
calibrated with a standard single-crystal Si photovoltaic cell.

3. RESULTS AND DISCUSSION
The molecular structure of PBDTTT-Br25 is given in Figure
1a. PSCs were fabricated with the configuration of ITO/
PEDOT:PSS/PBDTTT-Br25/PBDTTT-Br25:PCBM/Ca/Al,
where PEDOT:PSS was selected as the hole collection layer
and PBDTTT-Br25:PCBM was used as the photoactive layer.
An underlying pure PBDTTT-Br25 layer inserted between the
PEDOT:PSS hole collection layer and the photoactive layer
forms an additional planar heterojunction with PCBM
molecules present at the bottom of the blend layer. The pure
PBDTTT-Br25 layer can facilitate charge separation and
transport at the PBDTTT-Br25/PBDTTT-Br25:PCBM inter-
face, while avoiding the carrier recombination at the anode. For
comparison, a reference device with a single bulk hetero-
junction was also fabricated, in parallel with the structure of
ITO/PEDOT:PSS/PBDTTT-Br25:PCBM/Ca/Al. Figure 1b
depicts the simplified energy band diagram of the device. The
electronic energy levels of PBDTTT-Br25 and PCBM were
taken from the literature.24,25

When light irradiates the active layers through the ITO
electrode, the pure PBDTTT-Br25 layer and the PBDTTT-
Br25:PCBM blend layer will absorb photons to produce
excitons at the same time. Excitons generated in the blend layer
can diffuse efficiently to the bulk heterojunction interfaces to be
separated into holes and electrons. At the same time, the
excitons generated in the pure PBDTTT-Br25 layer can diffuse
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to the planar heterojunction interface, to be separated into
holes and electrons. The pure PBDTTT-Br25 interlayer also
provides a straight and independent pathway for holes to the
anode. With the integrated structure of planar and bulk
heterojunctions, electrons and holes can effectively transport to
the corresponding electrode with the minimized recombination
losses.
Since the HOMO of the PBDTTT-Br25 (−5.06 eV) is very

close to that of the PEDOT:PSS, an ohmic contact can be
formed between the pure PBDTTT-Br25 interlayer and the

PEDOT:PSS layer. The LUMO level of PBDTTT-Br25 (−2.92
eV) is much higher than that of PCBM (−3.9 eV), so that it
blocks the electron transport from PCBM to the anode.
Therefore, the device efficiency can be increased through
insertion of this pure PBDTTT-Br25 layer by decreasing the
recombination of the separated charges.
The layer of PBDTTT-Br25:PCBM blend on the underlying

un-cross-linked (sample B) or cross-linked (sample A)
PBDTTT-Br25 have been examined by cross-sectional SEM
(Figure 2). For the sake of convenience of the test, the
thicknesses of the pure PBDTTT-Br25 and the blend layer here
are different from those of the corresponding layers used in the
device. The pure PBDTTT-Br25 layer was prepared by spin-
coating a 24 mg/mL PBDTTT-Br25 1,2-dichlorobenzene
solution on the pre-cleaned glass substrate, and then baked at
150 °C for 10 min. For sample A, as shown in Figure 2a, in situ
crosslinking of the underlying PBDTTT-Br25 was carried out
by UV exposed after heating at 150 °C for 10 min to achieve an
insoluble film. In contrast, the underlying PBDTTT-Br25 film
was not cross-linked for sample B, as shown in Figure 2b. A
PBDTTT-Br25:PCBM blend layer was prepared by spin-
coating a solution containing a mixture of PBDTTT-
Br25:PCBM in 1,2-dichlorobenzene on top of the cross-linked
or as-prepared (un-cross-linked) PBDTTT-Br25 layer. SEM
analysis shows that a sharp interface was formed between the
two layers of PBDTTT-Br25 and PBDTTT-Br25:PCBM for
sample A (as shown in Figure 2a), which suggested that, after
crosslinking, the underlying PBDTTT-Br25 layer could remain
undissolved under the solution deposition of the upper blend
layer. In contrast, the un-cross-linked PBDTTT-Br25 film was
intermixed with the upper layer during the solution deposition
process of the upper layer, leading to a blurred-edge region, as
shown in Figure 2b. The results show that crosslinking the
PBDTTT-Br25 layer can solve the dissolution problem when
preparing multilayer devices with the solution process, thereby
enabling the sequential deposition of several layers and also
potentially improving the thermal stability of the device.
Figure 3a and 3b show the tapping-mode AFM images of

PEDOT:PSS on ITO and PBDTTT-Br25 interface layer on
ITO/PEDOT:PSS crosslinked by UV exposed after heating at
150 °C for 10 min, respectively. The root-mean-square (rms)
roughness of the pure PBDTTT-Br25 layer is only 0.92 nm,
which is small compared with that of the ITO/PEDOT:PSS
substrate (1.73 nm). The results demonstrate that a smoother

Figure 1. (a) Molecular structure of PBDTTT-Br25. (b) Highest
occupied molecular orbital (HOMO) and lowest unoccupied
molecular orbital (LUMO) energy levels of the materials involved in
the polymer solar cells (PSCs).

Figure 2. Cross-sectional scanning electron microscopy (SEM) micrograph of (a) cross-linked PBDTTT-Br25/PBDTTT-Br25:PCBM and (b) un-
cross-linked PBDTTT-Br25/PBDTTT-Br25:PCBM.
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surface can be achieved by applying the PBDTTT-Br25
interlayer, which enables a more uniform interfacial contact
between the buffer layer and blend active layers, thus increasing
the hole collection efficiency and affecting the morphology of
the upper active layer, as shown in Figures 3c−f. The height
image of the surface of the blend layer on PEDOT:PSS
substrate shows an rms roughness of 2.99 nm (see Figure 3c).
The use of the intermediate PBDTTT-Br25 layer can improve
the flatness of the blend layer (rms roughness of 1.89 nm). In
traditional P3HT:PCBM-based BHJ cells, the spin-coated film
is not exactly a uniform blend of donor and acceptor, in which
the thermodynamically favored vertical stratification consists of
a uniformly blended “bulk” structure capped with a P3HT-rich
air interface and a slightly PCBM-rich region at the bottom of
the blend layer.32,33 The vertical material gradient could be
ascribed to differences in the surface energies of the ingredients:

P3HT (23.2 mN/m2) shows a lower surface energy than that of
PCBM (45.1 mN/m2).33 The surface energy of PBDTTT-Br25
was determined to be 18.04 mN/m2 using the Owens−Wendt
method,34 which is lower than that of P3HT. Therefore, we
infer that there is similar vertical stratification in the PBDTTT-
Br25:PCBM blend layer, according to the comprehensive free-
energy analysis. The smooth surface of PBDTTT-Br25 enables
the formation of a well-organized planar heterojunction
between the pure PBDTTT-Br25 layer and the fullerene
acceptor molecules that exist at the bottom of the blend film.
Phase separation can occur during the film-forming process,

which means that the aggregation of PBDTTT-Br25 and
PCBM molecules can form separated continuous paths for the
transport of holes and electrons. As shown in Figures 3c and
3d, AFM images clearly reveal the strong influence of insertion
of the pure PBDTTT-Br25 interlayer. Figures 3e and 3f are

Figure 3. AFM images of (a) ITO/PEDOT:PSS, (b) ITO/PEDOT:PSS/PBDTTT-Br25, (c) and (e) PBDTTT-Br25:PCBM (1:1.5, w/w) on ITO/
PEDOT:PSS substrate, (d) and (f) PBDTTT-Br25:PCBM (1:1.5, w/w) on ITO/PEDOT:PSS/PBDTTT-Br25 substrate, with a scan size of 5 μm ×
5 μm. Panels (a), (b), (c), and (d) are height images; panels (e) and (f) are phase images.
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phase images of PBDTTT-Br25:PCBM film on the ITO/
PEDOT:PSS substrate and on the ITO/PEDOT:PSS/
PBDTTT-Br25 substrate, separately. Generally, the phase
image can give a picture of the change in surface local
hardness.26 For the polymer−fullerene mixture system, the
phase contrast image can be interpreted as showing fullerene-
rich and fullerene-poor domains.27

The J−V curves of the PSCs in darkness and under an
AM1.5G illumination of 100 mW/cm2 are shown in Figure 4a.

The device parameters are summarized in Table 1. Device A,
without the PBDTTT-Br25 interlayer, shows a PCE of 3.17%, a
Jsc of 8.04 mA/cm2, an open-circuit voltage (Voc) of 0.64 V, and
a fill factor (FF) of 61.6%. For device B, the un-cross-linked
PBDTTT-Br25 film was intermixed with the solution-deposited
upper layer (as shown in Figure 2b); therefore, device B shows
only slightly higher performance with a PCE of 3.94%, a Jsc
value of 10.58 mA/cm2, while the Voc value is slightly decreased
to 0.62 V. From the relatively small improvement in the

performance of device B, we can conclude that, although the
morphology of un-cross-linked PBDTTT-Br25 was partly
destroyed by the deposition of the upper layer, the remnant
of the PBDTTT-Br25 layer can still play an important role in
improving the hole collection efficiency. In contrast, the spin-
coating process of the top blended layer could not damage the
morphology of the cross-linked PBDTTT-Br25 layer for device
C. Thus, an additional well-organized planar heterojunction
formed between the pure PBDTTT-Br25 layer and the
fullerene acceptor molecules that exist at the bottom of the
blend film. Device C exhibits greatly improved performance
compared with the device without the PBDTTT-Br25
interlayer. Device C shows a PCE of 5.24%, with Jsc = 13.32
mA/cm2, Voc = 0.64 V, and FF = 61.5%, both Jsc and PCE are
increased for device C, while the FF and Voc values are almost
the same. As shown in Figure 4a and Table 1, the enhanced
PCE in device C mainly originates from the increase of Jsc. The
total Rs for PSCs in darkness is calculated from the J−V
characteristic at ∼1 V. The Rs value of device A without the
PBDTTT-Br25 interlayer is ∼3.1 Ω cm2, while that of device C,
with the cross-linked PBDTTT-Br25 interlayer, is decreased to
1.3 Ω cm2. The results prove that the planar heterojunction
could reduce the interface resistance between the active layer
and ITO/PEDOT:PSS anode, leading to a higher Jsc. This
enhancement could be ascribed to that the pure PBDTTT-Br25
interfacial layer could provide a straight pathway for holes
transport and the consequent reduction of contact resistance
and minimization of recombination losses.
To further understand the enhanced Jsc value in device C, we

compared the IPCE spectra of the three devices, as shown in
Figure 4b. It can be seen that the maximum efficiency is
reached for device C with integrated architecture. All the
spectra show similar shapes; however, device C, with a
crosslinked PBDTTT-Br25 interlayer, exhibits a much higher
IPCE than the reference cell, which is consistent with the
photocurrent enhancement shown in Figure 4a. All curves have
peaks in the IPCE at ∼625 nm and ∼675 nm, which
corresponds to the absorption maximum of the polymer.
Remarkably, the characteristic signatures of PBDTTT-Br25 in
the IPCE spectra between 550 nm and 750 nm become more
pronounced from device A to device C. This change could be
attributed to the extra excitons photogenerated in the
underlying pure PBDTTT-Br25 layer and the additional planar
heterojunction formed by the two adjacent layers.
The effects of the pure PBDTTT-Br25 interlayer thickness

on the device performance were studied by changing the
interlayer thickness. The J−V characteristics for the polymer
solar cells with different pure PBDTTT-Br25 thickness are
shown in Figure 5, and the photovoltaic properties are listed in
Table 2. The Jsc value of the device is gradually increased, while
the Voc value is almost the same. The Voc is mainly decided by
the energy difference between the HOMO of the donor
material and the LUMO of the acceptor material; therefore, the
Voc is not affected by the thickness of the pure PBDTTT-Br25
interlayer. The insertion of pure PBDTTT-Br25 layer could
provide an additional donor/acceptor interface, which enables
the hole transport to the anode without interruption, thereby
improving the exciton separation efficiency and reducing the
charge carrier recombination probability. However, since the
exciton life is very short, the diffusion length of an exciton in
most conjugated polymer films is quite short (5−10 nm);28−31

therefore, excessive thickness of the buffer layer will result in
the excitons generated in the pure PBDTTT-Br25 interlayer

Figure 4. (a) Current density−voltage curves of the PSCs (devices A−
C) under an AM 1.5G illumination of 100 mW/cm2; (b) IPCE spectra
of the PSCs and absorbance of the PBDTTT-Br25 film.

Table 1. Device Parameters of Devices A−C in Darkness and
under an Illumination of 100 mW/cm2

device

open-
icrcuit
voltage,
Voc (V)

short-circuit
current density,
Jsc (mA/cm

2)

fill
factor,
FF
(%)

power
conversion
efficiency,
PCE (%)

series
resistance,
Rs
a (Ω
cm2)

A 0.64 8.04 61.6 3.17 3.1
B 0.62 10.58 60.1 3.94 2.0
C 0.64 13.32 61.5 5.24 1.3

aThe series resistance for PSCs in darkness is obtained at ∼1 V.

ACS Applied Materials & Interfaces Research Article

dx.doi.org/10.1021/am401263m | ACS Appl. Mater. Interfaces 2013, 5, 6591−65976595



failing to reach the donor/acceptor interface to be effectively
dissociated. At the same time, excessive thickness of the buffer
layer also increases the Rs of the device, as shown in Table 2. All
of the above factors will decrease the Jsc value of the device,
thus reducing the device efficiency. The optimal thickness of
the PBDTTT-Br25 interlayer is <10 nm.

4. CONCLUSIONS

We demonstrated efficient planar and bulk integrated
heterojunction PSCs with photo-cross-linked pure PBDTTT-
Br25 as an additional hole collection layer. PBDTTT-Br25
could be readily cross-linked to form insoluble robust films via
ultraviolet treatment after solution−deposition, which enables
the preparation of multilayer devices via the solution method.
The pure PBDTTT-Br25 interlayer shows good hole collection
ability when the thickness of the PBDTTT-Br25 interlayer is
<10 nm. The PCE of the PSC with a 5-nm pure PBDTTT-
Br25 interlayer reached 5.24%, which is increased by 65%,
compared to that of the device without a PBDTTT-Br25
interlayer (3.17%). The results indicate that the development of
cross-linkable materials could provide an approach to construct
multilayer cells with vertical integration of the planar and bulk
heterojunctions by solution processing.
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