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From Binary to Ternary Solvent: Morphology Fine-tuning
of D/A Blends in PDPP3T-based Polymer Solar Cells

Long Ye, Shaoqing Zhang, Wei Ma,* Benhu Fan, Xia Guo, Ye Huang, Harald Ade,

and Jianhui Hou*

In the past decade, great successes have been achieved in bulk
hetero-junction (BHJ) polymer solar cells (PSCs) in which
donor/acceptor (D/A) bi-continuous interpenetrating networks
can be formed resulting in a high power conversion efficiency
(PCE); in some recent studies, PCEs that approach 8% have
even been reported.'” In addition to the intrinsic proper-
ties of active layer materials, such as bandgaps and molecular
energy levels, morphological properties of the D/A blends
including crystallinity of polymers, domain size, materials
miscibility, hierarchical structures, and molecular orientation
are also of great importance for the photovoltaic performance
of the devices.>® Therefore, several strategies including slow
growth,”! solvent annealing,!” thermal annealing,!'!l selection
of solvent™ or mixed solvent!**l have been applied to modify
or control the morphology of the D/A blends. Among these,
binary solvent mixtures have been successfully used in mor-
phology control. For example, the dichlorobenzene (DCB) or
chlorobenzene (CB)/1, 8-diiodooctane (DIO) binary solvent
system has been widely applied in PSC device fabrication proc-
esses. By mixing a few volume percent of DIO with the host
solvent (DCB or CB), the efficiencies of many polymers can be
improved dramatically."'¥ Besides DIO, other solvents, like
1,8-octanedithiol (OT),") N-methyl-2-pyrrolidone (NMP),[1310]
1-chloronaphthalene (CN),[1®!71 and chloroform (CF),'#!% can
also be used. According to these works, it can be concluded that
crystallinity, as well as domain size in the blends can be tuned
effectively by using binary solvent mixtures, and thus binary
solvent mixtures play a very important role in high perform-
ance PSCs.
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Conjugated polymers with diketopyrrolopyrrole (DPP) units
are widely used in organic photovoltaics to obtain high efficient
ultra-low band-gap materials with highly efficient photovoltaic
properties.'*26l As known, photovoltaic performance of the
PSCs based on DPP-containing polymers is quite sensitive
to morphology of the D/A blends. Therefore, how to select a
suitable solvent system to make the solution of the active layer
materials is one of the key issues in making highly efficient
PSCs based on DPP-containing Polymer/fullerene blends. For
instance, when pure CF was used in processing the blend of
PDPP3T/PC;;BM,2U only a modest PCE was obtained, by
using a CF/DIO binary solvent, i.e., add small amount of DIO
as processing additive during the solution processing of the
blend, the PCE of the PSC device can be dramatically increased
to ~5%. However, considering that PDPP3T has a very broad
absorption band covering the range from 400 to 900 nm but
the optimum short circuit current density (Js¢) reported in pre-
vious work is 11.8 mA/cm? only, there should be much space
for improving Jsc and thus PCE of the device.

Compared to binary solvent mixtures, ternary solvent mix-
tures attracted much less attention from the field of PSCs,
though they have been successfully used in other applications,
such as liquid chromatography!?”! and, electrochemistry,?! etc.
Therefore, it is interesting and also meaningful to investigate
the utility of ternary solvent mixtures to PSC active layer fab-
rication. Herein, a DCB/CF/DIO ternary solvent system was
employed to optimize the morphology and thus to improve the
photovoltaic performance of the PDPP3T/PC;;BM blend films.
Since it is quite laborious to do a full scan for three variables
in one study, a two-step strategy was adopted for the present
solvent investigation as the followings: 1) to optimize pho-
tovoltaic performance of PDPP3T-based PSCs by tuning the
volume ratio of the two ingredients (DCB and CF) of the binary
solvent; 2) to make further improvement of photovoltaic per-
formance by adding another ingredient (DIO) into the binary
solvent with the optimal DCB/CF ratio obtained from step 1.
The photovoltaic results indicate that photovoltaic performance
of the PDPP3T-based PSCs can be improved effectively by this
two-step optimization. Furthermore, the morphological evolu-
tion of the blends during this two-step optimization process
was demonstrated by atomic force microscopy (AFM), resonant
soft X-ray scattering (RSoXS) and grazing-incidence wide angle
X-ray scattering (GIWAXS) measurements. To the best of our
knowledge, this work demonstrates the first successful example
for the application of ternary solvent mixture in PSC device
fabrication.

As illustrated in Figure 1b, a conventional PSC device
structure, ITO/PEDOT: PSS (~35 nm)/PDPP3T: PC;,;BM/Ca
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Figure 1. (a) Molecular structures of PDPP3T and (b) device structure diagram.

(~20 nm)/Al (~80 nm), was used in this work. The D/A ratio
(PDPP3T/PC,BM, wt/wt) was optimized by using DCB as the
processing solvent prior to the study of mixed solvents, and we
found that the optimal D/A ratio is 1:2, which is consistent with
the reported work.?!l Then, binary solvent mixtures of DCB
and CF were chosen as the processing solvents, and different
volume ratios (DCB/CF, v/v), from 1:4 to 4:1, were scanned. |-V
curves of the PSC devices fabricated by using the binary sol-
vents are shown in Figure Sla, and the photovoltaic results of
the PSC devices are listed in Table S1. Furthermore, the data for
DCB/DIO (95:5, v/v) are also listed in Table S1 for reference.
It can be seen that the best photovoltaic performance with a
PCE of 5.38% was recorded with a open circuit voltage (V) of
0.68 V, a Jgc of 11.27 mA/cm? and a fill factor (FF) of 70.08%,
when DCB/CF 4:1 (v/v) was used in the binary solvents. The
desirable result exceeds the highest PCE (4.7%) achieved by
CF/DIO co-solvent.?!]

Successively, DIO was used as the third ingredient in the
processing solvent mixtures. In order to get a optimum for-
mula of the ternary solvent for achieving high PCE, the content
of DIO was scanned. DCB and CF mixture with a 4:1 DCB/CF
ratio (v/v) was used as the host solvent to make a solution of
PDPP3T/PCyBM, and then 1%, 3%, 5% or 8% DIO was added
prior to spin-coating process. The J-V curves of the devices fab-
ricated by using different DIO ratios are plotted in Figure S1b,
and the detailed photovoltaic results and device parameters
are listed in Table S2. The J-V curves of the three representa-
tive devices are shown in Figure 2a and Table 1, and it can be
seen that when the ternary solvent (DCB/CF/DIO) was used,
Jsc of the device can be improved effectively with slightly sac-
rificing the FF. Therefore, the champion device was obtained
when a 5% DIO was added during the spin-coating process,
and the optimal composition of the ternary solvent is DCB/CF/
DIO = 76:19:5 (v/v/v). A PCE of 6.71% was recorded from the
champion device, which is the highest one for DPP-based BH]J
PSCs.

The corresponding external quantum efficiency (EQE) curves
of the three devices metioned above are shown in Figure 2b.
The EQE curves indicate that the PSC devices have broad
response in the wavelength range from 300 nm to 900 nm.
Since the polymer PDPP3T shows weak absorption in short
wavelength region, the response of the devices in the region
from 400 nm to 600 nm should be due to the absorption of
PCBM and the response in long wavelength is ascribed to the
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polymer. The comparison among these three
EQE curves reveal that: a) in the device proc-
essed by pure DCB, PC;;BM works better
than the polymer; b) in the device processed
by the DCB/CF binary-solvent, the quantum
yield from the polymer becomes better while
that from PC;;BM decreases obviously; c) in
the device processed by the ternary solvent,
the quantum yield in the whole response
region is improved -effectively. Addition-
ally, for the device processed from the ter-
nary solvent, the integral current density
deduced by EQE curve and the global refer-
ence spectrum yielded a particularly high Jg¢
of 15.22 mA/cm? The difference between
measured Jsc and the calculated current density value is within
5%, indicating that the photovoltaic measurement is reliable.
Grazing-Incidence Wide Angle X-ray scattering (GIWAXS)
is used to provide the structural information such as crystallite
size, intermolecular distance and crystallite orientation in blend
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Figure 2. J-V (a) and EQE (b) curves of the PSCs processed from DCB,
DCB/CF (4:1, v/v) and DCB/CF/DIO (76:19:5, v/v/v).

Adv. Mater. 2012, 24, 6335-6341



A

ADVANCED
MATERIALS

M
\ie'S
www.MaterialsViews.com

Table 1. Photovoltaic results of PSCs processed by different solvents.

Processing Voc Jsc FF PCE R, w?
Solvent M [mA/em?]  [%] %]  [Qcm?  [cm?/(Vs)]
Pure DCB 0.65 12.57 59.98 4.87 10.08 52x107*
DCB/CF (4:1,v/v) 0.68 11.27 70.08  5.38 5.21 1.4%x1073
DCB/CF/DIO 0.66 15.41 65.92  6.71 5.93 3.9%x10°°
(76:19:5, v/v/v)

3 Calculated by SCLC method.

films of BHJ PSCs. Figure 3 shows the out-of-plane (Figure 3b)
and in-plane (Figure 3c) GIWAXS profiles of the PDPP3T/
PC;;BM blend films processed with different solvents. From
Figure 3b, it is clear that the (h00) crystallinity of the film proc-
essed with DCB was low and only a (100) peak can be observed.
When DCB/CF was used, pronounced (100) and (200) reflection
peaks are observed. When DCB/CF/DIO was employed, three
pronounced reflection peaks, (100), (200), and (300) can be
observed clearly, indicating that lamellar stacking of the blend
films is further improved. A similar trend can also be observed
from the in-plane GIWAXS profiles as shown in Figure 3c.
However, it is not thought that charge generation and trans-
port occurs in this direction of polymer crystal and resulting
with improving device performance, although an enhanced
polymer lamellar stacking is indeed observed. The (010) n—7
stacking packing reflection peaks, the direction corresponding
to charge transport, are revealed in both Figure 3b and 3c at g
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near 1.7 A~1, which appeared for all the blend films. We noted
that the (010) n—r stacking peaks are more pronounced in
out-of plane direction than in-plane direction, which indicates
that overall a preferential face-on crystal orientation was formed
in blend films. The face-on orientation is considered to be
desirable for improved hole transport. However, only minor dif-
ferences between the three samples are observed. Furthermore,
by performing a Scherrer analysis on out-of plane (100) and
(010) peaks, the size of crystal and the size of 77 stacks were
obtained (see Table S3). No significant differences of crystal size
are detected among blend films processed with DCB, DCB/CF
and DCB/CF/DIO (7.5 nm, 7.8 nm and 8.5 nm, respectively).
For the size of m—r stacks, smaller size is found for DCB proc-
essed films (ca. 2.0 nm), but little variation is observed for DCB/
CF and DCB/CF/DIO (ca. 4.3 nm and 4.5 nm, respectively).
This observation mirrors the above discussion that cystallinity
can not always be readily correlated to the device performance.
To investigate the nanoscale topography networks, AFM is
employed to measure the surface morphology. The height and
phase images of the PDPP3T/PCBM blends prepared by using
solvents with different compositions are shown in Figure 4, and
the morphology evolution of the blend films can be well demon-
strated. From the comparison of topographies (Figure 4a, 4b and
4c), the mean square surface roughness (R;) of three blend films
are 0.86 nm, 2.63 nm, 4.09 nm for the blend films processed from
pure DCB, DCB/CF, DCB/CF/5%DIO, respectively. More detailed
comparison among the phase images of the films reveals another
feature: although nanoscale phase separation can be observed in
the film processed by pure DCB, the edges of the domains are
very blurry (see Figure 4d), while for the films processed by the

DCB/CF DCB/CF/DIO
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(300)

(200)

(100)
I}

Figure 3. 2D pattern (a), out-of-plane (b) and in-plane (c) GIWAXS data of PDPP3T:PC;;BM blend films prepared by DCB, DCB/CF (4:1, v/v) and DCB/

CF/DIO (76:19:5, v/v/v).
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Figure 4. AFM topography and phase images (2umx2um) of PDPP3T/PC;;BM blend films processed by DCB (a, d), DCB/CF (4:1, v/v) (b, €), and

DCB/CF/DIO (76:19:5, v/v/v) (c, f).

binary and ternary solvents, sharp and blurry edges of the fibril
domains can be observed respectively (see Figure 4e and 4f). Con-
sidering that the surface texture needs to be considered with care
and might not reflect the bulk morphology, we will show below
though that the AFM observation correlate to the sharpness of the
domain boundaries inferred from the Porod scaling exponents
observed for scattering from the bulk morphology.

Characterization of the bulk morphology, the relative domain
purity, and interfacial structure can be achieved with resonant
soft X-ray scattering (R-SoX$).2% A photon energy 284.5 eV was
utilized to provide high material contrast between PDPP3T and
PC;;BM (see Figure S3). Figure 5 shows the R-SoXS data for
PDPP3T:PC7;BM blends processed with DCB, DCB/CF and
DCB/CF/DIO solvents, along with a fit of the high g-data to a
power law and a background to account for x-ray fluorescence
(For details, see Supporting Information). We note that the loca-
tion of the peak, the scattering intensities and the distribution
of R-SoXS patterns are clearly sensitive to which processing
solvent is used. The location of peaks represents the dominant
domain spacing of donor to donor or from acceptor to acceptor
phases. The scattering profiles represent the domain size dis-
tribution at low and medium q, i. e. structure factor, whereas at
very high g, the scaling of the intensity relates to the sharpness
of the interfaces (Porod regime). It was observed that overall,
the bulk morphology exhibits larger domains than observed
with AFM. Specifically, the PDPP3T/PC;;BM blend films proc-
essed by DCB had the coarsest morphology with a dominant
domain spacing of 81 nm. In contrast, when the binary (DCB/
CF) and the ternary (DCB/CF/DIO) solvent were used in the
film fabrication, the dominant domain spacing was reduced to
~71 nm. Notably, the DCB sample has the highest scattering
intensity at low g and a dispersion of domains size, whereas the
DCB/CF/DIO samples has the highest intensity at high ¢, and
the DCB/CF samples the most narrow dispersion of size.

© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

The relative domain purity of an assumed two-phase
system can be extracted by integrating scattering profiles via
total scattering intensity (TSI)*® (see Supporting Informa-
tion for details). The purer the domains are, the higher the
TSI. Relative TSI values of 0.79, 0.93, and 1 are obtained for
DCB, binary and ternary solvents, respectively. The domains
become more pure when DCB is mixed with CF and further
improvement of relative domain purity can be achieved by
adding DIO.
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Figure 5. R-SoXS information of PDPP3T/PC;,BM blend films prepared
at various conditions: DCB, DCB/CF (4:1, v/v), DCB/CF/DIO (76:19:5,
v/v/v). The peak locations are marked by the arrows. The total scattering
intensity and the scaling exponents at high g are also indicated.
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The scaling at high q is also rather informative. Two situations
are observed. The DCB/CF sample exhibit scaling exponent of
—4.35, which indicates that the interfaces are smooth and rather
sharp, i.e. only slightly interdiffused (an ideal sharp interface has a
scaling exponent of —4).31:32I The pure DCB sample and the DCB/
CF/DIO samples show exponents of approximately —3.31, while
indicates that the interfaces in these samples are somewhat rough
and possibly fractal in nature, leading to access scattering relative
to perfectly sharp and smooth interface. The interface character-
istics appear to be driven by CF when CF is added to DCB (see
Figure S4), the effect of which is negated and the interface struc-
ture reverts back to that of DCB when the DIO is added.

Overall, three parameters have been extracted from the
R-SoXS data: The dominant domain size and domain size dis-
tribution, the overall relative domain purity, and the nature of
the donor-acceptor interface. We will discuss these in relation
to the Jg¢ and FF in the context of exciton dissociation effi-
ciency, charge recombination and charge transport. It is gener-
ally assumed that smaller domains are more favorable for high
exciton dissociation efficiency, as the exciton diffusion length is
typically only about 10 nm.3>-%! Also, rough interfaces with an
increase in interfacial area provide improved exciton dissocia-
tion efficiency. However, depending on the length scale of this
roughness, it might also enhance bi-molecular recombination
if the charges are not transported efficiently to the electrodes.
This competing effect was previously investigated in bilayer
model systems of PFB/F8BT by Yan et al.l®l In that particular
case, it was found and supported by Monte Carlo simulations,
that sharp interfaces are best, and the recombination outweighs
the increase in area. Lastly, domain purity is important as
impure domains should lead to enhanced bi-molecular recom-
bination and reduced charge transport.

Then the following overall picture emerges, as illustrated
in Figure 6. DCB leads to domains that are the largest, with

(a) Single Solvent
(DCB)

-

(b) Binary Solvent
(DCB/CF)

www.advmat.de

a wide distribution of domains size, with the most impure
domains and somewhat rough interfaces. This leads to a high
exciton dissociation efficiency, hence good Jsc, but at a cost of
bi-molecular recombination and reduction in FF. Generally, the
PCBM domains are rather pure and impurity of the domains is
generally due to PCBM dispersed in the amorphous portion of
the polymer.?” This would be consistent with the relative bad
EQE of the polymer as shown in Figure 2b. The addition of CF
to DCB leads to a marked improvement in domain purity and
reduced domain size with sharper interfaces. Therefore, the
hole mobility (1) of the blend was improved from 5.2 x 107*
to 1.4 x 1073 cm?/(V-s), and this leads to the best FF. However,
the overall domain size is too large for efficient charge separa-
tion, and the Jg¢c is not much changed relative to DCB alone.
With DIO added to DCB/CF, the overall domain size is not
changing much, but the rougher interfaces provide a shorter
average distance from the average location of the photon
absorption site to the donor/acceptor interface. This enhances
exciton dissociation and thus Jsc. The slightly increased purity
is however negated by the enhanced bi-molecular recombina-
tion at the rough interfaces with a concomitant reduction in FF.
Consequently, the series resistance (R,) decreases from the ini-
tial value of 10.08 to 5.21 Q-cm? and then slightly increases to
5.93 Q-cm?,when the processing solvent successively change
from single solvent to ternary solvent. This would be analo-
gous to the situation observed for PFB/F8BT.l Monte Carlo
simulations and a more detailed study of the scattering scaling
behavior for a larger range of solvents would be helpful to fur-
ther elucidate the relative importance of the interface. Presently,
even just the raw data clearly indicates that the interfaces are
roughly of two types and detailed characterization is outside the
scope of this first report of the use of ternary solvent mixture.
In conclusion, by incorporating three functional solvents
as processing solvent for the first time, we are able to create

(c) Ternary Solvent
(DCB/CF/DIO)

impure pure

Polymer domain DCB DCB/CF DCB/CF/DIO
Size big t small t small
Purity poor good better
Interface blurry sharp blurry

Figure 6. Morphology evolution of the PDPP3T/PC;;BM blends prepared by different solvents.
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efficient BHJ PSC devices with PDPP3T: PC,BM as active
layer. The PCE of the device prepared by optimal condition
reached 6.71%, which is a remarkable result for the PSC based
on DPP-based polymers. Furthermore, the morphology of the
PDPP3T/PCyBM blend film was successfully optimized by
the application of a DCB/CF/DIO (76:19:5, v/v/v) ternary sol-
vent system for solution processing and therefore the PCE of
PDPP3T/PCBM-based PSC devices can be improved effectively.
By using AFM, R-SoXS and GIWAXS measurements, the evo-
lution of the morphology from the pure solvent (DCB) to the
binary mixed solvent (DCB/CF) and then to ternary mixed sol-
vent (DCB/CF/DIO) is well demonstrated. The advantage of ter-
nary mixed solvents treatment is the combination of two steps
tuning of morphology, and hence long-range ordered structure
with favorable domain size and good domain purity as well as
the rougher domain interfaces in the PDPP3T:PC;;BM blend
can be realized.

More importantly, this method could pave a path to the opti-
mization of other high performance photovoltaic materials.
Further advances in efficiency can be expected for the PDPP3T/
PCBM system when the domain size can be further reduced
upon the exciton diffusion length of 10-20 nm. The best
strategy appears to be use of a third co-solvent that preserves
the FF, sharpness of interface, and purity of the DCB/CF sol-
vent mixture, but leads to smaller domains to achieve higher
Jsc- Even though DIO produced the best results, other solvent
additives need to be explored.

Experimental Section

Materials: PDPP3T (M, = 780K, PDI = 3.25, GPC method by using
chloroform as eluent at 45 °C) was purchased from Solarmer Material
Inc and PC7,BM was purchased from Nano-C Inc. The ultradry solvents
used in device fabrication process were purchased from Alfa Aesar. The
other chemicals are commercially available products and were used
without any further purification.

Measurements:  GIWAXS, R-SoXS, and reference spectroscopy
measurements were performed at beamline 7.3.3.P% beamline
11.0.1.2.,B71 and beamline 5.3.2.2, respectively at the Advanced Light
Source, Lawrence Berkeley National Laboratory, Berkeley, CA. Morphology
was performed on a Nanoscope V (Vecco) Atom Force Microscopy in
the tapping mode. IPCE measurements were performed at Solar Cell
Spectral Response Measurement System QE-R3011 (Enli Technololy
Co., Ltd.). The J-V curves were measured under an illumination of
100 mW-cm=2 AM 1.5G using a XES-70S1 (SAN-EI Electric Co., Ltd.)
solar simulator (AAA grade, 70 mm x 70 mm photo-beam size). 2 x 2 cm
Monocrystalline silicon reference cell (SRC-1000-TC-QZ) was purchased
from VLSI Standards Inc.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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