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ABSTRACT: Organic solar cells based on a typical DPP polymer were
systematically optimized by a solvent swelling assisted sequential
deposition process. We investigated the influence of solvent swelling on
the morphology and structure order of the swollen film and the
resultant device performance. Morphological and structural character-
ization confirmed the realization of ideal bulk heterojunctions using a
suitable swelling solvent. A trilayered morphology was also found with
the conjugated polymer concentrated bottom layer, PC71BM con-
centrated top layer, and interpenetrated networks of donor and acceptor
in the middle by solvent swelling instead of thermal annealing in the
sequential solution processing method. We proposed a simple strategy
to optimize the sequential deposition fabricated devices by tuning the
concentration of the PC71BM solution instead of thermal annealing.
The best device showed a PCE of 7.59% with a Voc of 0.61 V, Jsc of 17.95 mA/cm2, and FF of 69.6%, which is the highest
reported efficiency for devices fabricated by a sequential processing method and among the best results for DPP polymers.
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■ INTRODUCTION

Polymer solar cells (PSCs),1−10 having the advantages of being
cost effective, lightweight, and processable onto a flexible
substrate by roll-to-roll printing techniques, have been the focus
of much research.11 The most efficient PSCs produced to date
are mixed bulk heterojunction (BHJ) PSCs based on blends of
conjugated polymers (donor) and fullerene derivatives (accept-
or).12−23 However, since the BHJ structure is kinetically
trapped during solution processing,24 balancing multiple kinetic
processes to optimize crystallinity, domain size, orientation, and
distribution of the components within the active layer is
challenging.25−31 The optimal BHJ morphologies must have
efficient exciton dissociation and a balanced charge transport
for electrons and holes to their respective electrodes.32

Conventionally, PSCs are prepared by solution casting or
spin coating a solution of mixed conjugated polymer and
fullerene. Phase separation, ordering, and preferential segrega-
tion of components to either the lower electrode or the air
interface dictate the morphology and performance. Kinetically
trapped morphologies with characteristic length scales and
interfacial segregation of the polymer and fullerene are realized
that yield quite reasonable device efficiencies, though the
morphology is certainly not optimized. The commonly used
hole-transport buffer layer PEDOT:PSS has a high surface
energy, and PCBM preferentially wets this interface, producing

a nonfavorable gradient in the components.33 Several groups
have reported the fabrication of “bilayer” solar cells by casting a
PCBM layer onto a polymer bottom layer to affect structures
with a more suitable gradient of the donor and acceptor
components.34−46 Burn et al.39 and Moule ́ et al.41 showed
neutron reflectometry plots for vertical concentration of their
“bilayer” devices, demonstrating that the polymer swells with
fullerene and that a fullerene-rich layer is left on top. Schwartz
et al.42 also showed how much fullerene goes into the polymer
and that this can be controlled with the solvent choice in the
sequential deposition. It is essential, though, to thermally
anneal these bilayers to generate an interpenetrated morphol-
ogy having performance comparable to conventional
BHJs.47−49 An alternate approach using such a bilayer strategy
is to use the solvent in which the PCBM is dispersed to swell
the initial polymer layer so as to enable penetration of the
PCBM into the nonordered regions of the polymer. While
avoiding the thermal annealing step, the favorable interactions
of the PCBM with the solvent and the natural solvent gradient
produced during solvent evaporation reduces the segregation of
the PCBM to the anode interface and promotes segregation of
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the PCBM to the surface onto which the cathode is placed.
This process forces a vertically tiered morphology that is
particularly well suited for OPV applications.
In this contribution, we use a solvent swelling assisted

sequential deposition (SSA-SD) method to produce bulk
heterojunction PSCs based on a crystalline diketopyrrolopyr-
role (DPP) polymer (pDPP) and PC71BM (Scheme 1). Both
the donor layer and the acceptor layer can be fabricated and
optimized separately. Here, we fabricated devices in the forward
geometry using pDPP as the bottom layer and PC71BM as the
top layer. pDPP (Scheme 1) is a DPP-based conjugated
polymer with high crystallinity and broad absorption of the
solar spectrum50 that is soluble in chloroform but can only be
swollen by toluene (TOL), o-xylene (XY), chlorobenzene
(CB), and 1, 2-dichlorobenzene (DCB).50 Consequently,
pDPP is an ideal material to probe the SSA-SD process and
a good candidate to generate BHJ OPV devices. We find the
property of the swelling solvent is critical for diffusion of
PC71BM into the polymer layer. Table 1 shows the properties

of different solvents. Boiling points or vapor pressures of the
swelling solvent have a significant influence on the final
morphology of the swollen films. Morphology and structure
characterization confirmed the realization of BHJs with a pDPP
concentrated bottom layer, a PC71BM concentrated top layer,
and interpenetrated networks of donor and acceptor in the
middle by tuning the solvent swelling instead of thermal
annealing in the sequential solution processing method. A
systematic procedure was first proposed to optimize the SD-
fabricated devices by tuning the concentration of the PC71BM
solution. The best device fabricated using SSA-SD showed a

PCE of 7.59% with a Voc of 0.61 V, Jsc of 17.95 mA/cm2, and
FF of 69.6%, which, to our knowledge, is the highest reported
efficiency for devices fabricated by a sequential processing
method and also among the highest results for DPP polymers.

■ EXPERIMENTAL SECTION
Materials. PC71BM was obtained from Nano-C, Inc. Solvents used

in this research were purchased from Sigma-Aldrich. pDPP was
prepared by previously established procedures.50 The molecular
weight of the polymer was characterized with high-temperature GPC
(Polymer Laboratories PL-220 with a refractive index detector) at 135
°C with 1,2,4-trichlorobenzene (Aldrich) as solvent. The results shown
in Figure S1, Supporting Information, are based on calibration with
polystyrene standards and yield Mn = 47 400, Mw = 84 600, PDI =
1.79.

Device Fabrication Procedure. The indium tin oxide (ITO)-
coated glass substrates (20 ± 5 ohms/square) were bought from Thin
Film Devices Inc. and cleaned through ultrasonic treatment in
detergent, DI water, acetone, and isopropyl alcohol and then dried in
an oven overnight. PEDOT:PSS (Clevios P VP A1 4083) (∼35 nm)
was spin coated onto ultraviolet ozone-treated ITO substrates. After
annealing at 150 °C for 30 min in air, the substrates were transferred
into a glovebox. The pDPP (5 mg/mL in chloroform: DCB = 4:1) was
spin coated on top of the PEDOT:PSS layer at 1000 rpm. The
thickness of the film was ∼60−70 nm (KLA-TENCOR Alpha-Step IQ
Surface Profiler). Then PC71BM dissolved in different solvents
(toluene, o-xylene, chlorobenzene, and 1,2-dichlorobenzene) was
drop casted onto the pDPP thin films. Allowing the PC71BM solution
to swell and diffuse for about 60 s, we sequentially started spin- coating
to form the “bilayer” structure with a thickness of ∼80−100 nm.
Finally, 15 nm calcium and then 100 nm Al cathode was deposited
(area 6 mm2 defined by metal shadow mask) on the active layer under
high vacuum (2 × 10−4 Pa) using a thermal evaporator. All current−
voltage (I−V) characteristics of the devices were measured under
simulated AM1.5G irradiation (100 mW cm−2) using a Xe lamp-based
Newport 91160 300-W Solar Simulator. A Xe lamp equipped with an
AM1.5G filter was used as the white light source. The light intensity
was adjusted with an NREL-calibrated Si solar cell with a KG-5 filter.
Photon mask was used during the measurement. The light exposure
area (5.5 mm2) of the devices was defined using a photomask with an
aperture.

Characterization. Grazing incidence wide-angle X-ray diffraction
(GIXD) characterization of the thin films was performed at the
Stanford Synchrotron Radiation Lightsource (SSRL) on beamlines 11-
3. The scattering intensity was recorded on a 2 D image plate (MAR-

Scheme 1. Procedures for SSA-SD Method and Molecular Structure of pDPP and PC71BM

Table 1. Solvent Properties: Boiling Point, Relative Polarity,
and Hansen Solubility Parameters51

Hansen solubility parameter

solvent
bp
(°C)

relative
polarity

δD
[MPa]1/2

δP
[MPa]1/2

δH
[MPa]1/2

toluene 111 0.099 18.0 1.4 2.0
xylene 138 0.074 17.6 1.0 3.1
CB 131 0.188 19.0 4.3 2.0
DCB 181 0.225 19.2 6.3 3.3
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345) with a pixel size of 150 μm (2300 × 2300 pixels). Samples were
∼10 mm long in the direction of the beam path, and the detector was
located at a distance of 400 mm from the sample center (distance
calibrated using a Lanthanum hexaboride standard). The incidence
angle was chosen in the range of 0.10−0.12° to optimize the signal-to-
background ratio. The beam size was 50 μm × 150 μm, which resulted
in a beam exposure on the sample 150 μm wide over the entire length
of the 10 mm long sample. Data were distortion corrected (θ-
dependent image distortion introduced by planar detector surface)
before performing quantitative analysis on the images using the
software WxDiff. The overall resolution in the GIXD experiments,
dominated by the sample size, was about 0.01 Å−1.
Resonant soft X-ray scattering (RSoXS) was measured at ALS

beamline 11.0.1.2 using a transmission geometry. Samples were loaded
on silicon nitride substrates, and the beam energy used was 284.4 eV,
which generally probes the carbon edge resonance.50

Bright-field transmission electron microscopy (TEM) studies were
conducted with a JEOL 2000 FX TEM operating at an accelerating
voltage of 200 kV. Atomic force microscopy was performed on a
Digital Instruments Dimension 3100, operating in tapping mode. To
characterize the bottom surface of the thin film, we prepared samples
according the procedures reported previously.50

X-ray photoelectron spectra (XPS) were recorded with a
PerkinElmer-Physical Electronics 5100 with Mg KR excitation (400
W). Spectra were obtained at three different takeoff angles, 15°, 45°,

and 75° (angle between the surface plane and the entrance lens of the
detector optics). To characterize the bottom surface of the thin film,
we prepared samples according the procedures we reported
previously.47

■ RESULTS AND DISCUSSION

A thin film of pDPP was spin coated onto a PEDOT:PSS-
coated ITO substrate (Scheme 1). PC71BM, dissolved in
orthogonal solvent, was drop cast onto the pDPP film (Scheme
1), allowing ∼60 s for the pDPP to swell and the PC71BM to
diffuse into the pDPP, then spin coated to evaporate the
solvent. In this initial study we maintained a constant PC71BM
solution concentration of 15 mg/mL. Toluene, o-xylene,
chlorobenzene (CB), and 1,2-dichlorobenzene (DCB) were
used to dissolve the PC71BM, and the resultant device
performances were compared (see Figure 1A and Table S1,
Supporting Information). With increasing boiling point (or
decreasing vapor pressure) of the solvent, a steady increase in
the short circuit current (Jsc) and fill factor (FF) (Figure 1B)
were observed, indicating a finer BHJ morphology. With DCB,
a more polarized solvent with higher boiling point, more than a
7-fold improvement of the Jsc was observed, suggesting a greatly

Figure 1. (A) Critical parameters of the device fabricated using toluene, o-xylene, CB, and DCB as swelling solvent (PC71BM solution concentration
is 15 mg/mL), and the corresponding typical (B) J−V curve. (C) Critical parameters of the device fabricated using different concentrations of
PC71BM solution in DCB, and the corresponding typical (D) J−V curve. (Parameters derived from at least 8 devices for each condition.)
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improved BHJ morphology. While DCB is a poor solvent for
pDPP,51 the penetration of PC71BM into pDPP is evident.
Consequently, DCB must swell the amorphous pDPP, and its
lower vapor pressure translates into a longer residence time in
the film, allowing the PC71BM to penetrate. It should also be
noted that the device performance achieved by the SSA-SD
process can even surpass BHJs fabricated by conventional spin
coating of the blend solution (PCE ≈ 5.6%) (Table S3,
Supporting Information), suggesting it is a more effective route
to fabricate BHJ OPV devices.
Optimization of the concentration of PC71BM penetrating

into the pDPP can be tuned by varying the concentration of
PC71BM in DCB. In conventional DPP polymer-based OPV
devices the weight fraction of PCBM is usually >0.5.20,52 Figure
1C and 1D, Table S2, and Figure S2, Supporting Information,
show that the device performance (Jsc and FF) improved almost
linearly with the PC71BM concentration up to 30 mg/mL in
DCB before the performance began to decrease (due, more
than likely, to formation of a thick PC71BM on the surface).
The best device fabricated using SSA-SD showed a PCE of
7.59% with a Voc of 0.61 V, Jsc of 17.95 mA/cm2, and FF of
69.6%, which, to our knowledge, is the highest reported
efficiency for devices fabricated by a sequential processing
method and also among the best results for DPP polymers.
Remarkably, the performance significantly exceeded record
values of conventional, spin-coated BHJ devices based on
pDPP. It should be noted that a Jsc of 17.95 mA/cm2 is among
the highest values for low-band-gap conjugated poly-
mers.2,20,52−56

The morphology of the thin films was characterized using
various topological, structural, and chemical sensitive techni-
ques. Shown in Figure 2 are transmission electron microscopy
(TEM) images of SSA-SD-processed thin films using different
solvents for the PC71BM. Toluene led to PC71BM aggregates
(>200 nm in size) residing on the surface of the pDPP (Figures

2A and S3, Supporting Information) and poor penetration of
the PC71BM into the pDPP, which severely limited device
performance (Jsc =1.76 mA/cm2, FF = 45.23%, and PCE =
0.47% on average.). While o-xylene swelled the pDPP and
enabled some penetration of PC71BM into the pDPP, resulting
in an improvement in the Jsc (9.83 mA/cm

2), FF (53.98%), and
PCE (3.17%), smaller aggregates of PC71BM were evident
(Figure 2B). With CB as the solvent for PC71BM, a uniform
distribution of PC71BM was observed where the size of the
PC71BM aggregates became much smaller than those found in
toluene- and o-xylene-processed films (Figure 2C), and a
marked increase of Jsc (12.48 mA/cm

2), FF (62.67%), and PCE
(4.8%) was found. Using DCB as the solvent for PC71BM, the
average aggregates of PC71BM decreased further (Figure 2D)
and increases in the Jsc (17.74 mA/cm

2), FF (69.1%), and PCE
(7.48%) were observed. At high concentrations of the PC71BM
in DCB the amount of PC71BM loading in the active layer using
the swelling approach was greater than that attained by the
conventional spin coating approach, as evidenced by the
increase in absorption at 400−600 nm by UV−vis absorption
(Figure S4, Supporting Information). In addition, a thin layer of
PC71BM was deposited on the surface that acted as a hole
blocking layer or electron transport layer at the cathode
interface.57

Using atomic force microscopy (AFM), we found that the
surface of the pure pDPP thin film was homogeneous with
evidence for fibrillar structures (Figure 3A). The surface
roughness increased when washing the films with DCB (Figure
3B). After spin coating a PC71BM/DCB solution onto the
pDPP film (Figure 3C), the surface was found to be smooth,
suggesting that PC71BM or a mixture of PC71BM and
amorphous pDPP is present after solvent evaporation. If this
film was rinsed with toluene (a good solvent for PC71BM but
poor solvent for pDPP) followed by drying, the remaining
surface became even rougher, suggesting that some of the
PC71BM that had diffused into the pDPP was also extracted
(Figure 3D). The morphology at the bottom surface (near
PEDOT:PSS) of the thin films was measured by removing the
active layer from the PEDOT:PSS and transferring the active
layer to a separate substrate with the original bottom interface
facing upward. A rough bottom surface was observed for both a
pure pDPP film and a DCB swelled pDPP film (Figure 3E and
3F). After swelling with PC71BM/DCB solution (Figure 3G)
and washing with toluene (Figure 3H), this bottom surface
morphology of the film was also modified, indicating that
PC71BM can diffuse through the entire polymer thin film,
forming mixed BHJ structure to harvest photons, leading to an
enhanced photocurrent.
Angle-dependent XPS was used to determine the elemental

composition at the top few nanometers of the surface (Figure
S5, Supporting Information). Table 2 summarizes the element
composition (in atomic fractions) of the top surface and
bottom surfaces of the thin film. Nitrogen (N 1s) and sulfur (S
2p) signals were used to label pDPP. We note that for a pure
pDPP film the expected nitrogen and sulfur atomic fractions
are ∼3% and ∼6%, respectively. For the top surface of the thin
film (at a depth of 1−1.5 nm, 15° takeoff angle), both nitrogen
and sulfur showed an atomic fraction of <1% (less than 30%
pDPP). With increased detection depth (75° takeoff angle), the
pDPP content increased (nitrogen and sulfur atomic fractions
increased to ∼1%), confirming a gradient with more PC71BM
on the top surface. Near-edge X-ray absorption spectroscopy
(NEXAFS) displays a rich sensitivity to different functional

Figure 2. TEM morphology of thin films prepared with (A) toluene,
(B) o-xylene, (C) chlorobenzene, and (D) dichlorobenzene as swelling
solvent (scale bar is 200 nm).
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groups and can be used to extract precise compositions for
many blends in organic photovoltaics. We sampled the top ∼5
nm of the surface by detecting NEXAFS in total electron yield
(TEY) at the magic angle (to minimize angular effects).
Through linear fitting of the spectrum we found that the top
∼5 nm of the surface is composed of ∼16% pDPP and ∼84%
PC71BM (Figure S6, Supporting Information), consistent with
the XPS results. For the bottom surface of the thin film, XPS
showed a nitrogen atomic fraction of 3.6%, which is close to the
expected atomic fraction for a pure pDPP film. The nitrogen
content decreased rapidly with increasing takeoff angle,
demonstrating that PC71BM can diffuse fully through the

Figure 3. AFM topographic image for the top surface of (A) pure pDPP film, (B) pure pDPP film swelled by DCB, (C) blend film prepared by the
SSA-SD process and then (D) after washing by toluene and the bottom surface of (E) pure pDPP film, (F) pure pDPP film swelled by DCB, and
(G) blend film prepared by the SSA-SD process and then (H) after washing by toluene.

Table 2. Angle-Dependent XPS Provided Surface Element
Composition of Thin Film Prepared by SSA-SD Process

atom %

surface tilted angle (degrees) S 2p C 1s N 1s O 1s

top 15 0.9 87.4 0.6 11.1
45 1.4 88.7 1.3 8.6
75 1.3 90.0 1.0 7.6

bottom 15 6.1 87.3 3.6 2.9
45 3.7 90.4 2.3 3.6
75 3.3 91.9 1.7 3.0
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film. The vertical composition variation inside the bulk active
layer was measured by dynamic secondary ion mass spectros-
copy (DSIMS) using deuterated PCBM to label the location of
the PCBM and S to locate the pDPP (Figure 4). The DSIMS

profiles show the variation in the elemental composition of a
sample as a function of sputtering time that corresponds to a
depth in the film. For a uniform sample, quantitative conversion
of sputtering time to depth requires a calibration of the
sputtering rate of the pure components. However, with a phase-
separated sample, differences in the sputtering rates of the
components will give rise to broadening, making an absolute
definition of the depth impossible. This is the case for our
solvent swelling fabricated thin films, and as such, the profile
was left as a function of the sputtering time. Since there is a
gradient in the composition only over a few nanometers from
the surface of the film, as evidenced by XPS, due to the
resolution of DSIMS, we cannot determine the element
composition quantitatively over this distance. The DSIMS
results clearly point to a uniform distribution of components
within the BHJ layer, which eliminates the possibility of a

“pseudo bilayer” structure with gradients. AFM, XPS, NEXAFS,
and DSIMS studies clearly demonstrated that SSA-SD
processing leads to a sandwich structure with (1) a finely
mixed BHJ layer in the middle, (2) a donor (pDPP)
concentrated layer at the hole collecting electrode, and (3)
an acceptor (PC71BM) concentrated layer at the electron
collecting electrode.
The structural order of the active layer prepared by SSA-SD

processing was investigated by grazing incidence wide-angle X-
ray diffraction (GIXD). Shown in Figure 5 are the GIXD
patterns. All samples exhibited a sharp (100) reflection with up
to four orders of reflections in the out-of-plane direction,
indicating pDPP polymer adopt a well-defined edge-on
orientation. The diffuse arc at ∼1.4 Å−1 in conjunction with
less pronounced diffraction rings at ∼2 Å−1 arises from the
PC71BM. We did a line cut to get the out-of-plane (vertical cut)
and in-plane (horizontal cut) scattering profiles (Figure 6).
With a better swelling solvent, the diffraction peak location
shifts to a lower q region, indicating an increased swelling
degree of the polymer film. We find the π−π stacking peak
(010) is 1.6−1.7 Å−1 in the in-plane scattering profile (Figure
6B), corresponding to a d spacing of 3.7 Å−1. The (010)
diffraction was suppressed with increasing penetration of
PC71BM into the polymer film using a better swelling solvent,
as evidenced by Figure 6B. Toluene is not a good solvent to
swell the pDPP thin films, as evidenced by the similar UV−vis
absorption profiles with and without swelling by pure toluene
(Figure S7, Supporting Information). The inability of toluene
to bring PC71BM into the polymer layer resulted in the
PC71BM mostly depositing on top of the pDPP seen as grains
in optical microscopy (Figure S3, Supporting Information). o-
Xylene introduced PC71BM into the pDPP layer, slightly
disturbed the packing of polymer chains and enhanced device
performance. However, slight PC71BM aggregations can still be
observed in the TEM image, indicating it is a marginal
processing solvent (Figure 2B). More polarized solvents
(chlorobenzene and dichlorobenzene) can swell the polymer
layer well and effectively bring PC71BM into the polymer layer.

Figure 4. DISMS of thin film processed by SSA-SD.

Figure 5. Two-dimensional GIXD patterns of the SSA-SD films fabricated using (A) toluene, (B) o-xylene, (C) CB, and (D) DCB as swelling
solvent.
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The packing of the polymer is also affected. Since the diffusion
of PC71BM was driven by the swelling process, the amount of
PC71BM introduced into the polymer layer using non-
halogenated solvents (toluene, o-xylene) is lower than that of
halogenated solvents (CB, DCB), especially in the case of
toluene (Figure S8, Supporting Information). RSoXS30 offers
better contrast between the active layer components at X-ray
energies near the absorption edge and, due to the longer X-ray
wavelength, access to a longer length scale. At an X-ray energy
of 284.2 eV, the carbon K-edge, scattering contrast between the
constituent moieties of pDPP polymer and the PC71BM was
used in the transmission mode. RSoXS profiles (Figure 7) show
a diffuse shoulder, corresponding to a domain size of ∼64.0,
∼48.8, and ∼28.7 nm for the o-xylene, CB, and DCB swollen
(and dried) films, respectively, which is consistent with the real
space image provided by TEM. The sample swollen with

toluene showed no obvious phase separation due to the lack of
penetration of PC71BM into the pDPP (Figure S3, Supporting
Information). These combined results clearly demonstrate that
the swelling/interdiffusion is a viable route to generate BHJ
OPV morphologies that is comparable to that generated by a
conventional spin-coating method.

■ CONCLUSIONS

We successfully fabricated high-performance polymer solar cells
by the SSA-SD process without using thermal annealing. A
systematic device optimization was performed by varying the
casting and diffusion conditions of the PC71BM. PCEs of 7.59%
were achieved. We investigated the influence of solvent
properties (polarity and boiling point) on the morphology
and structure order of the swollen film and the resultant device
performance. Exploration of the device optimization procedure
in the SD process was performed to further promote the
development of this method. The nature of the fabrication
generates a sandwich structure that is ideally suited for device
applications. In addition, the ordered morphologies of the
pDPP layer were preserved during the swelling process, leaving
a very desirable continuous phase separated BHJ morphology.
These results also suggest that morphology improvements can
be achieved by optimizing the morphology of the pDPP
initially, prior to the interdiffusion of the PC71BM. Our SSA-SD
processing strategy avoids using a postannealing procedure,
taking full advantage of the natural solvent gradient produced
during solvent evaporation, is a true solvent swelling process,
and further development to sequential deposition. Conse-
quently, the SSA-SD processing strategy is promising in
generating highly efficient PSCs.
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Figure 6. Corresponding (A) out-of-plane (vertical cut) and (B) in-plane (horizontal cut) scattering profiles of Figure 5.

Figure 7. RSoXS profiles of the SSA-SD films fabricated using toluene,
o-xylene, CB, and DCB as swelling solvent.
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