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Diluting concentrated solution (DCS) is a new, simple, general and
effective approach to improve power conversion efficiencies (PCEs)
of polymer solar cells (PSCs). PCEs of binary blend PSCs, ternary
blend PSCs and all-polymer solar cells fabricated using this method
are enhanced by a factor as high as 37% relative to those using the
general process.

Polymer solar cells (PSCs) have attracted considerable attention
in recent years because of some advantages, such as low cost,
light weight, flexibility, simple preparation, semi-transparency
and large-area fabrication."” To date, bulk heterojunction (BH]J)
PSCs based on interpenetrating networks of semiconducting
polymers and fullerene derivatives have shown power conversion
efficiencies (PCEs) >10%'® for single junction and 11%"" for
tandem structure.

Control of the active layer morphology is as important as
synthesis of donor and acceptor materials’*” and interfacial
engineering,'®>° and becomes one of the research focuses of
PSCs.”'* In particular, controlling the dynamics of solvent
evaporation during spin-coating (by use of solvent additives*>™°
or mixed solvents®**) and post-treatments after spin-coating
(by use of thermal annealing,>*® solvent annealing®” > or
solvent treatments****) was widely investigated.

However, the aggregate state of active materials in prepared
solution is also very important for active layer morphology but
was rarely investigated.**™*® According to the theory of Flory
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Broader context

Polymer solar cells (PSCs) have attracted considerable attention in recent
years because of some advantages, such as low cost, light weight, flexibility,
simple preparation, semi-transparency and large-area fabrication. Control of
the active layer morphology is very important. In particular, controlling the
dynamics of solvent evaporation during spin-coating and post-treatment after
spin-coating were widely investigated. However, the aggregate state of active
materials in prepared solution is also very important for active layer
morphology but was rarely investigated. In this work, we report a new,
simple, universal and effective approach to enhance the power conversion
efficiencies (PCEs) of PSCs through controlling the polymer aggregate state in
solution. In order to allow polymers to contact and entangle at high
concentrations and to avoid changing the dynamics of solvent evaporation,
we prepare a donor : acceptor solution with a very high polymer concentration
of 70 mg ml™", and then dilute it to a low polymer concentration of
10 mg ml~ " for spin-coating. The polymer aggregate state in solution may
be maintained during dilution, since the diffusion of solvent molecules into
polymers is much quicker than the diffusion of polymers into solvent
molecules. High original polymer concentration leads to reduced phase
separation and the formation of polymer networks in blended films,
increased hole mobility and efficient vertical phase separation. PCEs of
binary blend PSCs, ternary blend PSCs and all-polymer solar cells
fabricated using this method are enhanced by a factor as high as 37%
relative to those using an original polymer concentration of 10 mg ml ™.

and de Gennes,’®" there are three types of polymer solutions

in terms of polymer concentration: (1) dilute solution, in which the
polymer concentration is lower than the contact concentration (c*),
and the polymers don’t contact or entangle; (2) semidilute solution,
in which the polymer concentration is between ¢* and the entangle-
ment concentration (c¢.), and the polymers contact with each other
but no entanglement occurs; (3) concentrated solution, in which the
polymer concentration is higher than ¢, and the polymers contact
and entangle with each other. The polymer aggregate states in these
three types of polymer solutions are different and influence the
performance of PSCs. For some representative high-efficiency poly-
mer/fullerene systems (e.g. PTB7/PC,,BM,>> PBDTTT-C-T/PC,,BM™),
the concentrations of polymer donors are generally 10 mg ml™ "
Although the structures of polymer materials widely used in
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Fig. 1 Schematic diagram of different fabrication processes of devices in
this work and the literature.

PSCs are too complicated to obtain ¢* and c., the general
relationship of polymer concentrations and polymer aggregate
states can still be used. Polymers with higher concentration
have more opportunity to contact and entangle, while polymers
with lower concentration have less opportunity to contact and
entangle. To control the polymer aggregate states, simply
changing polymer concentration needs a changing speed of
spin-coating to obtain a similar film thickness, but a change in
speed will lead to a change in the dynamics of solvent evaporation,
especially for systems with solvent additives.

In this work, in order to allow polymers to contact and
entangle at high concentration and to avoid changing the
dynamics of solvent evaporation, we explored a new method:
diluting concentrated solution (DCS). We prepared a donor:
acceptor solution with a very high polymer concentration of
70 mg ml~*, and then diluted it to a low polymer concentration
of 10 mg ml™~" for spin-coating (Fig. 1). The polymer aggregate
state in solution may be maintained during dilution since the
diffusion of solvent molecules into polymers is much quicker
than the diffusion of polymers into solvent molecules.’® PTB7:
PC,;BM and PBDTTT-C-T:PC,;BM-based binary blend PSCs,
PTB7 :ICBA: PC;;BM-based ternary blend PSCs and PBDTTT-C-
T:PPDIDTT-based all-polymer solar cells fabricated using this
method achieved PCEs as high as 7.85%, 7.82%, 8.88% and
4.63%, respectively, which were enhanced by a factor of 6-37%
relative to those using an original polymer concentration of
10 mg ml~'. The PCE of 8.88% is the highest reported for
ternary blend PSCs based on organic third components,**~°
while the PCE of 4.63% is among the highest reported for
perylene diimide (PDI) polymer acceptor-based all-polymer solar
cells.®*® This is a new, simple, universal and effective approach
to enhance the PCEs of PSCs through controlling the polymer
aggregate state in solution.

We used PTB7°> and PBDTTT-C-T** as the donor materials
and PC,;BM, PC,;BM/ICBA®* and PPDIDTT®® as the acceptor
materials to fabricate polymer/fullerene and all-polymer solar
cells (structures of these molecules are shown in Fig. S1, ESIT).
Fig. 2 shows the J-V curves and external quantum efficiency
(EQE) spectra of devices based on PTB7: ICBA: PC,,BM blends
with different original polymer concentrations under AM 1.5G
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Fig. 2 (a) J-V curves and (b) EQE spectra of devices based on PTB7:

ICBA: PC7,BM blends with different original polymer concentrations under
the illumination of an AM 1.5G solar simulator, 100 mW cm—2.

illumination at an intensity of 100 mW cm™ 2, Table 1 summarizes
the average and best device characteristics of different D/A pairs
(PTB7:PC,,BM, PTB7:ICBA:PC,,BM, PBDTTT-C-T:PC,;BM,
PBDTTT-C-T: PPDIDTT) with different original polymer concen-
trations. For polymer/fullerene solar cells, the original polymer
concentrations of polymers influence the short circuit current
density (Jsc) and fill factor (FF) but slightly affect the open circuit
voltage (Voc). With increasing the original polymer concentra-
tions of polymers from 10 mg ml™" to 70 mg ml ™", the average
Jsc, FF and PCE increase. The polymer/fullerene solar cells
exhibit the best performance when the original polymer concen-
trations of polymers are 70 mg ml™; the average PCEs increase
from 7.23% to 7.67%, 8.13% to 8.73% and 7.18% to 7.69% for
PTB7/PC,,BM, PTB7/ICBA/PC,;BM and PBDTTT-C-T/PC,,BM,
respectively. For all-polymer solar cells, the trend is similar;
the Jsc, FF and PCE increase with increasing original polymer
concentration. Relative to what we reported before (20 mg ml™*),**
the devices with higher original polymer concentration (80 mg ml ™)
exhibit enhanced performance: the average Jsc, FF and PCE increase
from 8.55 mA cm™ 2, 51.5% and 3.31% to 9.77 mA cm™ 2, 60.9% and
4.55%, respectively.

As shown in Fig. 2b, the trend of EQE is similar to Jsc. The
EQE in 450-750 nm range is mainly attributed to PTB7, while
that below 450 nm is mainly contributed by PC,;BM. The EQE
related to PTB7 is obviously enhanced by use of higher original
polymer concentration. To evaluate the accuracy of the photo-
voltaic results, the Jsc values are calculated from integration of
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Table 1 Average and best device characteristics of different D/A pairs with different original polymer concentrations

0,
Polymer Calculated PCE (%)
Active layer Ratio concentration (mg ml™")  Voc (V)  Jsc (mAcem™?)  Jsc (mAcm ?)  FF (%) Average Best
PTB7 : PC,;BM 1:1.5 10 0.701 14.99 14.46 68.8 7.23 7.35
PTB7:PC;;BM 1:1.5 30 0.702 15.27 14.88 69.2 7.42 7.48
PTB7:PC,BM 1:1.5 50 0.701 15.28 15.03 70.1 7.51 7.60
PTB7:PC,;BM 1:1.5 70 0.703 15.45 15.38 70.6 7.67 7.85
PTB7:1CBA: PC,;BM 1:0.225:1.275 10 0.728 16.26 16.02 68.7 8.13 8.24
PTB7:1CBA: PC,,BM 1:0.225:1.275 30 0.731 16.38 16.07 69.8 8.36 8.45
PTB7:1CBA: PC,,BM 1:0.225:1.275 50 0.732 16.44 16.38 70.7 8.51 8.60
PTB7:1CBA: PC,,BM 1:0.225:1.275 70 0.735 16.68 16.55 71.2 8.73 8.88
PBDTTT-C-T: PC,;BM 1:1.5 10 0.765 15.26 15.08 61.5 7.18 7.30
PBDTTT-C-T: PC;;BM 1:1.5 30 0.768 15.36 15.13 62.3 7.35 7.41
PBDTTT-C-T: PC;;BM 1:1.5 50 0.768 15.38 15.11 63.0 7.44 7.58
PBDTTT-C-T: PC,;BM 1:1.5 70 0.771 15.61 15.40 63.9 7.69 7.82
PBDTTT-C-T:PPDIDTT 1:1 20 0.752 8.55 8.58 51.5 3.31 3.45
PBDTTT-C-T:PPDIDTT 1:1 40 0.757 8.74 8.63 55.8 3.69 3.82
PBDTTT-C-T:PPDIDTT 1:1 60 0.760 9.32 8.99 58.7 4.16 4.30
PBDTTT-C-T:PPDIDTT 1:1 80 0.765 9.77 9.72 60.9 4.55 4.63

the EQE spectra with the AM 1.5G reference spectrum. The
calculated Jsc is similar to J-V measurement (the average error
is 1.4%, Table 1).

Fig. 3 shows the atomic force microscopy (AFM) height
images and phase images of PTB7:ICBA: PC,;BM blends with
different original polymer concentrations spin-coated on indium
tin oxide (ITO)/poly(3,4-ethylenedioxythiophene): poly(styrene
sulfonate) (PEDOT : PSS) substrates. The blend films with different
original polymer concentrations exhibit a typical cluster structure
with a lot of aggregated domains and a root-mean-square (RMS)
roughness of 1.50 nm (10 mg ml™ %), 1.22 nm (30 mg ml ),
0.917 nm (50 mg ml~") and 0.706 nm (70 mg ml "), respectively.
The more uniform and smooth films with better contact with
calcium (Ca) cathode can reduce charge recombination. As shown
in phase images, the higher original polymer concentration induces
smaller scale phase separation. The smaller aggregated domains
lead to a larger donor/acceptor interfacial area. Moreover, given the

fact that the typical exciton diffusion length in the disordered blend
layer is about 10 nm, the smaller scale phase separation in the blend
film with higher original polymer concentration is favorable for
efficient exciton dissociation, leading to higher Jsc, FF and PCE
compared to that with a lower original polymer concentration. Fig. 4
shows the transmission electron microscopy (TEM) images and the
energy filter transmission electron microscopy (EF-TEM)® images of
PTB7 : ICBA: PC,;BM blends with different original polymer concen-
trations spin-coated on ITO/PEDOT: PSS substrates. The TEM and
EF-TEM images show a similar trend of morphology change with
change in polymer concentration. These images show the relation-
ship between different original polymer concentrations and polymer
networks. The polymer networks (the light part in EF-TEM) become
more obvious and continuous with increasing original polymer
concentrations. At high original polymer concentrations, the poly-
mer chains tend to be easily contacted and entangled, and the
diffusion of polymers is suppressed, leading to the formation of

| . |

Fig. 3 AFM height images (a—d) and phase images (e—h) of PTB7:ICBA: PC;,BM blends with different original polymer concentrations spin-coated on
ITO/PEDOT : PSS substrates: (a, €) 10 mg ml™%; (b, f) 30 mg ml™%; (¢, g) 50 mg ml™%; (d, h) 70 mg ml~%. The scan sizes of all AFM height images and phase

images are 3 um x 3 um and 1.5 um x 1.5 um, respectively.

This journal is © The Royal Society of Chemistry 2015
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Fig. 4 TEM (a-d) and EF-TEM images (e—h) of PTB7:ICBA:PC7BM blends with different original polymer concentrations spin-coated on ITO/
PEDOT : PSS substrates: (a, €) 10 mg ml™%; (b, f) 30 mg ml™; (c, g) 50 mg ml™%; (d, h) 70 mg mU™.

dense polymer networks and small scale phase separation in
the blended film.

Grazing-incidence wide-angle X-ray scattering (GIWAXS) was
employed to investigate the molecular packing and aggregation of
films with different original polymer concentrations. Fig. 5 shows
two-dimensional (2D) patterns, and the corresponding out-of-plane
and in-plane profiles of films with different original polymer con-
centrations. PTB7 pure films show very high n-r ordering in the out-
of-plane direction, indicating a face-on orientation relative to the
substrate. The polymers become more ordered with increasing
original polymer concentrations due to the enhanced (300). At high
original polymer concentrations, the polymer chains tend to be easily
contacted and entangled, which can induce more ordered molecular
packing. For the PTB7:ICBA:PC,;BM blended films, the peaks at
g=0.65,1.3 and 1.95 A" indicate fullerene aggregation. These peaks
become weaker with increasing original polymer concentration,
suggesting that the aggregation of fullerenes is reduced with increas-
ing original polymer concentration, which is consistent with TEM
and EF-TEM images.

The hole mobility and electron mobility of PTB7:ICBA:
PC,,BM blend films were measured by the space charge limited
current (SCLC)® method (Fig. 6) and listed in Table 2. Hole-only
and electron-only diodes were fabricated using the architectures:
ITO/PEDOT : PSS/PTB7 : ICBA : PC;;BM/gold (Au) for holes and
aluminium (Al)/PTB7:ICBA:PC,;BM/Al for electrons. The
blend films with different original polymer concentrations
exhibit a hole mobility ranging from 4.09 x 10° to 9.10 x
107% em® V' 57" and an electron mobility ranging from 2.32 x
10 * to 2.88 x 10~ * cm® V"' s ', The hole mobility increases
with increasing the original polymer concentrations, while the
electron mobility is slightly changed. At high original polymer
concentrations, close contact and entanglement the polymer chains
lead to strong interchain interactions and dense polymer networks,
which is attributed to the improvement in hole mobility.

Energy Environ. Sci.

In order to investigate the vertical phase separation of blend
films with different original polymer concentrations, we use X-ray
photoelectron spectroscopy (XPS) to measure the ratio of atoms
and estimate donor/acceptor ratios at the top surface. Since ICBA
does not contain heteroatoms and it is impossible to estimate
donor/acceptor ratios in PTB7:ICBA:PC,,BM, we choose PTB7:
PC,;BM to study the vertical phase separation affected by original
polymer concentration. The XPS survey scans of PTB7:PC,;BM
blend films with different original polymer concentrations are
shown in Fig. 7c. Since PTB7 contains sulfur, and both PTB7 and
PC,,BM contain oxygen, we attribute the sulfur 2p (S 2p) spectral
line (~160 eV) to PTB7 and oxygen 1s (O 1s) spectral line (~ 530 eV)
to PTB7 and PC,;BM. One PTB?7 repeat unit contains four S atoms
and four O atoms, while one PC,;BM molecule contains two
O atoms. Top surface compositions of PTB7 : PC,;BM with different
original polymer concentrations can be calculated from the
O/S ratio (ESIY), and are listed in Table 3. The top surface ratios
of PTB7:PC,;BM with low original polymer concentration
(10 mg ml™") and high original polymer concentration
(70 mg ml~ ") are 32.7% : 67.3% and 24.1% : 75.9%, respectively.
In polymer/fullerene blended films, the donor polymer tends to
aggregate on the top surface due to its relatively low surface
energy (proved by the relatively large contact angle) compared
with the fullerene acceptor (Fig. 7a and b). At higher original
polymer concentration, polymer chain entanglement and the
dense polymer network suppresses the migration of polymers
to the top surface. As a result, higher original polymer concen-
tration leads to lower polymer donor content and higher full-
erene acceptor content at the top surface, which is beneficial to
electron collection at the cathode.

In summary, we report a new, simple, general and effective
method to improve the efficiency of polymer solar cells. We prepare
the donor : acceptor solution with a very high polymer concen-
tration of 70 mg ml ™', which allows the polymers to contact

This journal is © The Royal Society of Chemistry 2015
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Fig. 5 2D patterns (a) out-of-plane and in-plane (b) GIWAXS data of films
with different original polymer concentrations: PTB7 10 mg ml™%, PTB7
70 mg ml™Y, PTB7:ICBA:PC,BM 10 mg ml~% PTB7:ICBA:PC,BM
70 mg ml™L. The dashed lines are in-plane data.

and entangle, then dilute it to a regular polymer concentration
(10 mg ml™") for spin-coating. The higher original polymer
concentration leads to smaller phase separation and the formation
of polymer networks in blended films, increased hole mobility and
efficient vertical phase separation. After optimization of the original
polymer concentration, the efficiencies of binary blend polymer
solar cells, ternary blend polymer solar cells and all-polymer solar
cells are enhanced by a factor of 6-37%.

Experimental section

Unless stated otherwise, solvents and chemicals were obtained
commercially and used without further purification. PTB7,>>

This journal is © The Royal Society of Chemistry 2015
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Fig. 6 J-V characteristics in the dark for (a) hole-only and (b) electron-
only devices based on PTB7:ICBA:PC,BM blends with different original
polymer concentrations.

Table 2 Hole mobilities and electron mobilities of PTB7:ICBA: PC,BM
blends with different original polymer concentrations

Polymer

concentration Ue
Active layer (mg m1™") (em®*v's™) (em?>v s
PTB7:ICBA:PC,,BM 10 4.09 x 1073 2.61 x 1074
PTB7:ICBA:PC,,BM 30 6.74 x 1073 2.80 x 1074
PTB7:ICBA:PC,,BM 50 7.45 x 1073 2.32 x 107*
PTB7:ICBA:PC,,BM 70 9.10 x 1073 2.88 x 1074

PBDTTT-C-T*® and PC,,BM (purity >99.0%) were purchased from
Solarmer Materials Inc. and American Dye Inc. PPDIDTT,*
ICBA®** and PDI-2DTT®’ (non-volatile additive) were synthesized
according to our previous reports. 1,8-Diiodooctane (DIO) and
o-dichlorobenzene (DCB) were obtained from J&K Chemical Inc.
Polymer/fullerene and all-polymer solar cells were fabricated
with the structure ITO/PEDOT : PSS/active layer/Ca/Al. The ITO
glass (sheet resistance = 10 Q [~ ') was pre-cleaned in an
ultrasonic bath of acetone and isopropanol, and treated in an
ultraviolet-ozone chamber (Jelight Company, USA) for 20 min.
A thin layer (35 nm) of PEDOT:PSS (Baytron PVP AI 4083,
Germany) was spin-coated onto the ITO glass and baked at
150 °C for 20 min. A mixture of polymer: PC,;BM was dissolved
in DCB solvent (1:1.5, 25 or 75 or 125 or 175 mg ml~ " in total) with
stirring overnight, then diluted to 25 mg ml ™" in total without
stirring and kept for over 3 h. Afterwards, this polymer/fullerene
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Fig. 7 The static contact angles of (a) PTB7 film and (b) PC,,BM film, (c)
XPS survey scans of PTB7:PC;BM blended films with different original
polymer concentrations (from bottom to top is 10, 30, 50 and 70 mg ml ™,
respectively).

Table 3 Top surface compositions of PTB7 : PC7,BM blends with different
original polymer concentrations

PTB7:PC,;BM

Polymer Atom Molar Weight
Active layer concentration ratio of O/S ratio (%) ratio (%)
PTB7:PC,sBM 10 1.722 40.9:59.1 32.7:67.3
PTB7:PC,yBM 30 1.836 37.4:62.6 29.6:70.4
PTB7:PC,sBM 50 1.922 35.2:64.8 27.6:72.4
PTB7:PC,sBM 70 2.107 31.1:68.9 24.1:759

solution with 3% DIO was spin-coated on the PEDOT: PSS layer
to form a photosensitive layer. Similarly, a mixture of PBDTTT-
C-T:PPDIDTT was dissolved in DCB solvent (1:1, 20 or 40 or
60 or 80 mg ml~" in total) with stirring overnight, then diluted to
20 mg ml™" in total without stirring and kept for over 3 h.
Different processing times slightly affected the device perfor-
mance (Table S1, ESIf). Afterwards, this all-polymer solution
with 2% non-volatile additive PDI-2DTT and 6% DIO was spin-
coated on the PEDOT : PSS layer to form a photosensitive layer.
The thickness of the active layer based on polymer/fullerene and
polymer/polymer blended films was 100 and 70 nm, respectively,
as measured by Ambios Technology XP-2 profilometer. A Ca
(ca. 20 nm) and Al layer (ca. 80 nm) was then evaporated onto the
surface of the photosensitive layer under vacuum (ca. 10~> Pa) to
form the negative electrode. The active area of the device was
4 mm>.

The J-V curve was measured using a computer-controlled
B2912A Precision Source/Measure Unit (Agilent Technologies).
An XES-70S1 (SAN-EI Electric Co., Ltd) solar simulator (AAA
grade, 70 x 70 mm” photobeam size) coupled with AM 1.5G
solar spectrum filters was used as the light source, and the
optical power at the sample was 100 mW cm 2 A 2 x 2 cm?

Energy Environ. Sci.
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monocrystalline silicon reference cell (SRC-1000-TC-QZ) was
purchased from VLSI Standards Inc. The EQE spectrum was
measured using a Solar Cell Spectral Response Measurement
System QE-R3011 (Enlitech Co., Ltd). The light intensity at each
wavelength was calibrated using a standard single crystal Si
photovoltaic cell. The nanoscale morphology of blended films
was observed by an atomic force microscope (AFM) (NanoMan
VS, Veeco, USA) in contact mode. The transmission electron
microscopy (TEM) characterization was carried out on JEM-1011.
The energy filter transmission electron microscopy (EF-TEM)
characterization was carried out on a Tecnai G2 F20 U-TWIN.
The samples for the TEM and EF-TEM measurements were
prepared as follows: the active-layer films were spin-cast onto
ITO/PEDOT : PSS substrates, and the substrates with the active
layers were submerged in deionized water to make the active
layers float on the air-water interface. Then, the floated films
were picked up on unsupported 200 mesh copper grids for the
TEM and EF-TEM measurements. GIWAXS measurements were
performed at beamline 7.3.3 at the Advanced Light Source,
Berkeley, USA. GIWAXS samples were prepared on Si substrates.
The incident angle was 0.14°, which maximized the scattering
intensity from the samples. The scattered X-rays were detected
using a Dectris Pilatus 2M photon counting detector. Hole-only
or electron-only diodes were fabricated using the architectures
ITO/PEDOT : PSS/active layer/Au for holes and Al/active layer/Al
for electrons. Mobilities were extracted by fitting the current
density-voltage curves using the Mott-Gurney relationship
(space charge limited current). Static contact angles were mea-
sured on a dataphysics OCA20 contact-angle system at ambient
temperature (the test liquid is water). X-ray photoelectron
spectroscopy (XPS) was performed on the Thermo Scientific
ESCALab 250Xi using 200 W monochromated Al Ko radiation.
The 500 um X-ray spot was used for XPS analysis. The base
pressure in the analysis chamber was about 3 x 107 '° mbar.
Typically, the hydrocarbon C 1s line at 284.8 eV from adventi-
tious carbon was used as an energy reference.
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