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Optimizing domain size and phase purity in all-polymer solar cells
by solution order aggregation and confinement effect of the
acceptor

Qiang Zhang, P Zhenyu Chen, ¢ Wei Ma,*< Zhiyuan Xie, ® and Yanchun Han*?

Domain size, phase purity, and the interpenetrating network within the active layer of all-polymer solar cells (all-PSCs) are
crucial for efficient charge generation and carrier transport. However, it is a great challenge to decrease domain size and
enhance phase purity simultaneously because of the energetically disfavoring polymer-polymer mixing and chain
entanglement. In this work, we manipulated the domain size and phase purity of J51:N2200 blends by promoting their
solution ordered aggregation and the confinement of acceptor N2200 to J51 during phase separation. Thus, three solvents,
chloroform (CF), mesitylene (Mes), and cyclopentyl methyl ether (CPME) were selected. The solubility of J51 and N2200 in
these three solvents decreases solubility differences between J51 and N2200 increases gradually. Among these three
solvents, only in CPME solution, N2200 possesses ordered structures, which reduces nucleation barrier to increase
nucleation density and boosts template effect of N2200. During phase separation, the ordered aggregation of N2200
dominates solid-liquid phase separation and has the confinement effect of J51. Thus, the blend films cast from CPME have
fine-scale phase separation in contrast to the films from CF. In addition, the "memory" effect of ordered aggregations
transferred to films can enforce the order of blend films. As a result, the blend film with small domain size (=21 nm),
interpenetrating network structure, and a higher degree of crystallinity was obtained by processed from green solvent
CPME. The improved morphology facilitated charge-generating process and carrier transport, resulting in higher short-circuit

current (Js.), fill factor (FF), and the power conversion efficiency (PCE).

1. Introduction

Recently, the hotspots of bulk heterojunction organic solar cells
(BHJ 0OSCs) research have focused on the non-fullerene
acceptors (NFAs).> 2 Indeed, impressive progress has made in
developing high-performance OSCs based on NFAs thanks to
the synthesis of new materials3, advances in optical absorption
of engineering,* > and manipulating the morphologies of active
layers.>® Among the NFA OSCs, active layers formed from a
polymeric donor and a polymeric acceptor, those are, all-PSCs.*
10 Wwith the potential for applications in flexible wearable
devices, all-PSCs have attracted considerable attention as they
possess critical advantages such as durable morphological
stability, high blend ratios tolerance, robust mechanical
properties.® 11-15 Up to date, all-PSCs have acquired significant
advancement with the devices performance exceeding 10%
ascribing to the emergence of new synthetic polymers.1® 17 On
the downside, the performances of all-PSCs still lag behind the
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polymer solar cells based on non-fullerene small molecular due
to the difficulty in regulating the domain sizes and purities of
phase separation.® 182! Since the low entropic contribution to
the Gibbs free energy by the polymeric donor and polymeric
acceptor that not thermodynamically conducive to polymer-
polymer mixing, the large domain sizes near 50-200 nm in all-
PSCs are very normal, leading to low short-circuit currents.? 22-
28 |n addition, entanglement and low diffusion ability of polymer
chains reduce the ordering of domains, affording unfavorable
charge transport. Simultaneously reducing domain sizes and
elevating phase purity of the active layer in all-PSCs can
effectively help for improving device performance.?®

Intense efforts have been invested to regulate the
morphology of the interconnected network in the active layer
of all-polymer blends.2 3034 Normally, phase-separated
morphology manipulation in all-PSCs can be realized by means
of compatibilizers,3® side chain optimizations,3638 crystallinity
control via regulating backbone structure,?® molecular weights
manipulation for donor and acceptor polymers,*® and
ameliorating device processing technology.*’ However,
reducing the domain size can negatively impact on the PCE
when the decrease in domain size comes at the expense of
reducing the ordered stacking of molecules concomitantly.
Reducing domain sizes and elevating phase purity at the same
time seem to be stumped as these morphology parameters
always keep a competitive relationship in the regulatory
process. Promoting polymer aggregation conformation in the
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solution has a positive influence on decreasing phase-separated
domain sizes and increasing the crystallinity in BHJ polymer
solar cells containing small organic molecules.*?%> But for all-
PSCs, it remains controversial whether promoting solution-
state polymer aggregation can have a positive impact on the
morphology.*® 47 How the donor and acceptor polymers
aggregation in solution to regulate the domain sizes in all-PSCs
remains less understood. Up to now, successfully controlling
the degree of phase separation within 20-30 nm and improving
domain purity in all-PSCs at the same time are less realized. The
suboptimal film morphology with large domain sizes and low
phase purity limits the improvement of device performance.
Besides, to move toward the targets for applications in future,
capitalizing on environmental-friendly solvents to substitute
chlorinated solvents is often necessary.*®

Based on the above considerations, herein, we propose to
facilitate order aggregation in the solution to increase nuclei
density and the template effect of the acceptor, leading to
direct the phase-separated morphology and phase purity. We
chose poly{4,8-bis(5-(2-hexyldecyl)-2-yl)benzo[1,2-b:4,5-
b'ldithiophene-co-4,7-di(thien-2-yl)-5,6-difluoro-2-octyl-2H-
benzo[d][1,2,3]trazole} (J51)*% ° as the polymeric donor with
the poly{(N,N’-bis(2-octyldodecyl)-1,4,5,8-
naphthalenedicarboximide-2,6-diyl)-alt-5,5-(2,2" bithiophene)}
(N2200) 152 being electron acceptor, see Fig. S1. Manipulating
the aggregation of polymers can be achieved through three
different processing solvents of the halogen chloroform (CF),
non-halogenated aromatic mesitylene (Mes), and non-
halogenated and non-aromatic cyclopentyl methyl ether
(CPME)4& 53 (structures are shown in Fig. S2). The solubilities of
polymers in the three solvents decrease gradually and the
relative solubility differences between donor and acceptor
polymer increase. The order aggregation of polymer would
induce nucleation and slow chain diffusion and then form
network serving as a template for preventing large-sized phase
domain formation. The relative solubility differences can
enhance the effect of templating. Inducing nucleation can also
enhance the polymer crystallinity. Through promoting the
aggregation of polymer in solution, the phase-separated
domain sizes of J51:N2200 blends from CF to CPME were greatly
reduced, and the ordering of polymer and domain purity were
also enhanced. Thus, the device performance was improved
from 5.54% to 7.03%. Our finding demonstrates that promoting
solution aggregation, especially, the ordered structures of
N2200 can effectively optimize morphology of all-PSCs.

2. Results and discussion

In this work, we demonstrated order aggregations of both
donor and acceptor polymers in solution make a vital role in
well tuning the domain size and phase purity. The CF, Mes, and
CPME solvents were utilized to control the solubility of
polymers to promote the formation of ordered aggregations
and the template effect of acceptor and then to optimize the
morphology of blend films. We first discuss the molecular
aggregation conformation of polymers in solvents and its

2| J. Name., 2012, 00, 1-3

effects on the morphology of neat films. The ordered
aggregates that promote nuclei and the template effect of the
acceptor can facilitate the formation of small domains in the
active layers. The favorable morphology with small domain and
high phase purity can be realized by CPME, making the optimal
device efficiency of 7.03%.

2.1 Tuning aggregation of polymers in solutions via solubility

Polymer molecular aggregation in the solution state is supposed
to be an operative precursor to crystallinity, domain purity, and
phase separation. The molecular aggregation conformation in
the solution depends heavily on solvent quality. As to modifying
the aggregation of polymers, we have chosen three different
quality solvents, halogen CF, non-halogenated Mes, and non-
halogenated and non-aromatic CPME. Polymer aggregation in
solution is linked to the polymer solubility in the solvent. To
confirm the quality of the solvents, we first performed solubility
tests of J51 and N2200 in the three solvents, using ultraviolet-
visible (UV-vis) absorption to measure the quantitative
solubilities (seen in Fig. S3 and Table S1). The donor polymer J51
showed good solubility in all three solvents, while the solubility
gradually decreased from CF, Mes to CPME. The solubility of
N2200 showed the same regularity, N2200 dissolved poorly in
the CPME. The solubility differences between J51 and N2200 in
the three solvents progressively increased. For studying the
impact of solubility on the aggregation behaviors of polymer
chains in solutions, we measured the UV-vis spectra of J51 and
N2200 with a consistent concentration (0.1mg ml?) in various
solvents. Fig. 1 presents the normalized solution UV-vis
absorption spectra, (a) (b) for J51 and (c) (d) for N2200,
respectively. J51 shows two distinct absorption peaks between
450 nm and 650 nm in all solvents.5% For the three J51 solutions,
two absorption peaks gradually bathochromic shift with the
decrease of solubility. The absorption peaks’ position of J51
exhibits considerable variations as the solvent changes.
Comparing the CF and CPME solutions, the low-energy
absorption peak redshift ~10 nm and the high-energy
absorption peak redshift ~15 nm, respectively. These results
show that the polymer chains of J51 aggregation increased
gradually in solutions as the solubility dropping off. The redshift
in solution state indicates that the ordered structure of polymer
chains has already formed in the solution phase. Fig. 1 (c), (d)
depicts the UV—vis absorption spectra for N2200 solutions. The
N2200 has two absorption regions where a short-wavelength
peak (=400 nm) is ascribed to m—* transition, and the broad
long-wavelength peak (500-900 nm) derives from the
intramolecular charge transfer transition. On decreasing the
solubility from CF to CPME, two absorption bands continuously
redshift to longer wavelength region. The N2200 aggregate
absorption presents a red-shifted trend as the aggregates
contain the polymer chains with planar conformations.
Interestingly, the shoulder peak at 810 nm in CPME solution
enhanced much more than that in CF and Mes solutions. These
changes in the absorption spectrum indicate that the portion of
aggregated N2200 polymer chains in the solution increases
from CF solution to Mes, and then CPME solutions. CF is a good

This journal is © The Royal Society of Chemistry 20xx
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Fig. 1 Normalized UV-visible absorption spectra and absorption peak position changes highlight of (a) (b) J51, (c) (d) N2200 in various solvents. Normalized
photoluminescence (PL) spectra of J51(e), N2200 (f) in various solvents.
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solvent for N2200, and chains form “aggregate |” in it. Previous
work has confirmed that solvents with low polarizability, like
toluene, promote the extensive aggregation and, N2200 chains
form “aggregate II” in them, leading to the shoulder peak at 810
nm becoming more obvious.>* The absorption spectra of Mes
solution resemble that of the toluene solutions and N2200
aggregates even more strongly in CPME. Thus, we assume that
the N2200 polymer chains in Mes and CPME solutions possess
the characteristic features of aggregate Il. From the UV-vis
analysis, both the donor J51 and the acceptor N2200 more

aggregate in solutions, and molecules adopt more planar
conformations in the aggregation with the decrease of
solubility. To have deeply understood the aggregation
characteristic of J51 and N2200 in the three solvents, we further
studied the solution-state normalized UV-vis spectra on the
function of a series of temperature.*’ >> As depicted in Fig. S4,
we noticed that the feature peaks of polymer J51 gradually
exhibited blueshift in all the three solvents with the
temperature gradually rising from 20 °C to 60 °C. It indicates
that increasing temperature can break the aggregation of J51 in
the solution.
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Fig. 2 Transmission wide-angle X-ray scattering of (a) J51and (b) N2200 in various solvents.

But for N2200, the changed are quite different compared to J51.
In the CF solution of N2200, the low-energy peak moved to high-
energy region and the intensity obviously decreased, which
reflects the weak aggregation behavior of N2200 in the CF
solution. For the Mes and CPME solutions of N2200, the high-
energy absorption peak around 710 nm still remained as
increasing temperature to 60°C, meanwhile the characteristic
peaks at 810 nm are still obvious even at the temperature of 60
°C . The aggregation behavior of N2200 in Mes and CPME
solutions under the influence of temperature is less weak.
Compared to the three N2200 solutions, the range of variation
of temperature-dependent absorption spectra with the order of
CF > Mes > CPME, showing the aggregation in the CPME solution
is strongest. As explained in previous work, absorption and
photoluminescence (PL) spectra origin from different
interactions: the interchain interactions have a greater
influence on absorption while the intrachain make more
interactions on photoluminescence.*® In the normalized PL
spectra of the J51 and N2200 solutions shown in Fig. 1(e-f), we
can observe similar changes. As for the J51 solutions, the PL
spectra of the solutions present two peaks. Going from CF to
CPME solutions, the emission peak at lower energies is issued
in a pronounced redshift. Such changes demonstrate that
increasing the conjugation length can make an enhancement of
the m—mt* interactions.”” The intensity of the second peak at
lower energy (around 620 nm) relative to the high energy peak
(around 550 nm) increases with decreasing solubility. This
change results from the polymer chains getting more ordered
and planarized within solutions. In the PL spectra of N2200
shown in Fig. 1(f), we observe one dominant peak at around 840
nm, the emission peak features a redshift along with the
solubility reducing. This is in analogy to absorption spectra.
Besides this change, a shoulder peak around 910 nm arises in
the PL spectrum of the CPME solution. This is complementary
to the behavior of the lower energy peak observed in
corresponding absorption spectra. According to the PL spectra
of N2200 in various solvents, the associated vibrational
structure and a red shift indicate the formation of more ordered
and longer conjugation length polymer chains.

Besides the previous results, transmission wide-angle X-ray
scattering (WAXS) characterizations have been performed for
J51 and N2200 solutions. The corresponding profiles are shown
in Fig. 2. No differences in the profiles of J51 can be seen with
changing solvent. Due to the solubility of J51 polymer in all
solvents being good and low concentration used to measure,
there is no scattering intensity difference. For N2200 solutions,
the scattering intensity increases from CF to CPME. N2200
aggregates strongly and exhibit weak m stacking in CPME
solution. In other words, short-range ordered structures exist in
the aggregation of N2200 in CPME solution.

The polymer conformation and aggregates in solution are
crucial parameters affecting the morphology of the thin film.
Previous study has suggested that the polymer solubility in the
solution could impact the formation of nuclei. Classical
nucleation theory can be used to determine the minimum
nucleus radius, revealing by the Gibbs free energy in equation
(1).>8 The critical radius can be obtained by equation (2).%®

AG = LtR2pS A + 21tRy; + 2LTtRy, (1)

R*=-2y/pSAp (2)
Here, ps expresses the number of polymers per volume. The
item of pSAp <0 amounts to the chemical potential of
aggregation per fiber volume, y; and y, present the surface
tension at the end points of the nuclei and at the sides of the
nuclei, respectively.*® Janssen et al., have demonstrated that
reducing the solvent quality to decrease the solubility of a
polymer in solution, leads to increase the crystallization driving
force. As equation (1) (2) shown, the larger Ap would reduce the
crystallization barrier and decrease the critical radius, resulting
in more nuclei formed.>® As we discussed above, both the J51
and N2200 molecules adopted more planar conformations and
had longer conjugation length polymer chains and more
aggregate in solutions as the solubility decreasing from CF to
CPME. The aggregates of J51 and N2200 also got more ordered
in the solution from CF to CPME, which was demonstrated by
UV-bis, PL, and WAXS measurement. Therefore, we suppose
that the J51 and N2200 can form more nuclei with decreasing
the solubility during the formation of films. In the case where
the total number of free polymers is constant, the increased
amount of nuclei causes random crystallization all over the film,
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Fig. 3 AFM topographical images (3x3 um2) of the surfaces for neat films: (a) J51-CF, (b)
J51-Mes, and (c) J51-CPME; (d) N2200-CF, (e) N2200-Mes, and (f) N2200-CPME.

resulting in numerous smaller domains. To confirm the effect of
the amount of nuclei on the morphology of film, we first studied
the morphology of the single component J51 and N2200. The
surface morphology of component J51 and N2200 films cast
from CF, Mes, and CPME solutions were examined first via
tapping mode atomic force microscopy (AFM), seen in Fig. 3,
The CF processed J51 film has pronounced polymer aggregation
structures due to less amount of nuclei and large diffusion
capacity of the chain. The J51 film cast from the Mes solution
has less obvious polymer aggregation structures than the CF.
For the J51 film obtained from the CPME solution, the surface
morphology gets more uniform, which arises from the
enhanced polymer aggregates in the solution. The N2200 films
processed from CF, Mes, and CPME have a similar variation.
Both films processed by the Mes and CPME show a significantly
finer microstructure, whereas films processed by the CF
evidence relatively large aggregates. Both J51 and N2200 films
display the more uniform and finer structures as the polymer
ordered aggregation increasing in the solutions. The formation
of more ordered polymer chains with longer conjugation length
in solutions can facilitate more nuclei, which leads to smaller
phase domains and finer microstructures in both J51 and N2200
films.

Next, we performed the two-dimensional (2D) grazing
incidence X-ray diffraction (GIXD) for J51 and N2200 films to
evaluate the polymer packing structures and crystallinity in the
films cast from different solvents. Fig. 4a-b depict 2D GIXD
images for the J51 and N2200 films prepared with different
solvent, the related line cut profiles are shown in Fig. 4 c-d. As

This journal is © The Royal Society of Chemistry 20xx
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shown in Fig. 4a, the J51 film cast from CF represents that
scattering peaks of (010) along the out-plane direction (q=1.72
A-1), and in-plane (100) diffraction peaks are mainly located at
g=0.25 A-1, suggesting that the CF-processing J51 film tends to
have poor ordering. For the J51 films processed from Mes and
CPME, noticeably enhanced molecular ordering is observed,
despite the r—t stacking distance according to the out-of-plane
(010) peak displaying a negligible difference with that of CF film.
The film processed by CPME exhibits (h00) reflections up to the
four orders along the g, direction and the film processed by Mes
has similar pattern. Obviously, the J51 polymer becomes more
ordered in the films processed by Mes and CPME, which is
evidenced by periodic out-of-plane (h00) reflections. In
addition, we observed that the texture of J51 films processed by
Mes and CPME exhibited dim (010) scattering peak in-plane
implicating little edge-on the molecular orientation appearing.
Since the longer time taken by the film-forming and the more
aggregates in the solutions promote the polymer chains to
assemble, Mes and CPME processed J51 films formed mixed
face-on/edge-on textures, showing the formation of three-
dimensional charge channels for efficient carrier transport in
the film.5° For N2200 films, the (100) peak is located at 0.24 A-1
and the out-of-plane r—m stacking peaks (010) are at q=1.58 A-1,
1.61 A1, and 1.61 A-! are observed in all films, as shown in Fig.
4b. The corresponding m—rt stacking distances are 3.98, 3.91,
and 3.67 A. The N2200 film processed by CPME presents (h00)
reflections up to the four orders along the out-of-plane
direction. That is to say, the N2200 film cast from CPME
represents high order. The N2200 films prepared from CF and
Mes show similar diffraction features, the absence of apparent
(h0O0) reflections along the q, suggesting less ordered than
CPME. We have also performed absorption spectra for the
corresponding films, as depicted in Fig. S5. With regard to J51,
the film absorption spectra are a bit different from those of
solution. The absorption spectrum of J51 film cast from Mes
solution exhibits the most red-shift, followed by those of CPME
and CF due to the boiling point of Mes is much higher than
CPME and CF. It seems that the film order of J51 is influenced
by thermodynamics and kinetics with kinetics dominating. For
the film absorption spectra of N2200 cast from the three
solvents, they show similar changes with solution-state
absorption spectra. The intensity of peak at 810 nm gradually
increases from CF to Mes, then CPME with showing the
increased film order. The relative intensity changes of peaks
around 700 nm for the N2200 films may be relevant to their
specific molecular structure packing.

J. Name., 2013, 00, 1-3 | 5
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Fig. 4 2D GIWAXS patterns of the (a) J51 films, (c) N2200 films spin-cast from different solvents and corresponding one-dimensional line-cut profiles of GIWAXS patterns

for (b) J51 and (d) N2200.

2.2 Fine phase-separated morphology by ordered aggregation and
template effect

Controlling nanoscale phase-separated morphology is one of
the critical factors that determine exciton harvest efficiency and
profoundly influences the device performance of all-PSCs. The
phase separation process can be affected by multiple
contributory factors combining of thermodynamic and kinetic
factors. To study the phase-separated morphology of blend
films spin-coated with CF, Mes, and CPME solutions, AFM and
transmission electron microscope (TEM) measurements
combining with resonant soft X-ray scattering (R-SoXS) were
conducted to examine the effects of solution aggregation on
domain size.

AFM topography and phase images of blend films from CF,
Mes, and CPME solutions were obtained to examine the surface
morphology. As shown in Fig. 5a-f, the surface root-mean-
square (RMS) roughnessis 1.72, 1.21, and 0.71 nm for the active
layer cast from CF, Mes, and CPME. This result suggests that the
surface topographies become smoother. The corresponding
phase images also showed the same trend, the CF-processing
leads to apparent aggregation phase feature, while the CPME-
processing results to small and fine fibrous aggregates. The
results indicate that promoting the aggregation of both donor
and acceptor polymers in solutions can lead to well-defined
nanofibrils feature with suitable domain sizes. To better
understand the bulk morphologies of blend films, active layers
were examined utilizing TEM, as presented in Fig. 5g-i. It is
obvious to note that all the blend films formed the fibrillar
network with the trends to be more extreme and finer from CF
to Mes, and to CPME, which agrees well with the AFM
morphology results. These structural changes may be due to the

increasing crystallinity and reducing domain sizes. The stronger
polymer aggregation in solutions promoting generate more
nuclei give and enlarged
donor/acceptor interfacial areas, which is advantageous for

rise to finer domain sizes
exciton diffusion and carrier transport, benefiting for higher Js,
FF, and superior PCE.

We then analyzed the R-SoXS results for J51:N2200 blend
films spin-coated from CF, Mes, and CPME solutions (Fig. 6). R-
SoXS data were taken with a photon energy of 285.8 eV to
obtain the maximum scattering contrast between the two
polymers. The domain sizes of the J51:N2200 blend films can be
calculated by an equation, £ =211/Qmoge. The mode domain size
stands for half of §,04e. The CF processed J51:N2200 blend film
has a peak at q=0.073 A%, thus representing a domain size of
43.0 nm. The J51:N2200 blend film spin-coated from Mes shows
a peak at 0.075 A1, amounting to a domain size of 41.9 nm. The
J51:N2200 blend film processed from CPME displays the clear
scattering peaks at g = 0.149 A1, meaning to a very small
domain size of 21.1 nm. Such small phase separation is well
profitable for exciton diffusion and charges separation, leading
to higher J,.. Consequently, the trend of decrease in domain
sizes was found from CF to CPME samples. The relative domain
purity through comparing the total scattering intensity (TSI) can
be calculated from the scattering profiles. The domain purity
underwent an adverse trend. The CF-processing film has the
lowest domain purity and film from CPME has the highest
domain purity, and the film obtained from Mes possess similar
domain purity compared to CPME. The phase-separated
domain size of blend film cast from Mes is close to that
processed from CF, though J51 and N2200 are more aggregated
in Mes solutions and the boiling point of Mes (b.p=166 °C) is
much higher than that of CF (b.p=61 °C). As the domain size
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Fig. 5 AFM height (a-c) and phase (d-f) and TEM images of J51:N2200 blend f

mages of J51:N2200 blend films
cast from CF (a, d, g), Mes (b, e, h) and CPME (c, f, i) solutions.

of blend film correlates with the kinetics and thermodynamics
of BHJ film development, the similar domain sizes between the
CF and Mes samples are reasonable.

Next, we compare the polymer stacking properties of the
blend films cast from various solutions. All the blend films
presented evident (010) rt—rt stacking along the g, direction. The
lamellar packing distances of the blend films fabricated with CF,
Mes, and CPME were 25.4 A (q=0.25 A1). The corresponding n—
7t stacking distances were 3.66A (q=1.72 A1), 3.67 A (q=1.71 A
1), and 3.67 A (g=1.71 A1), respectively. The blend films
prepared from Mes and CPME show stronger (h00) scattering
peaks along the out-of-plane direction, indicating that
J51:N2200 blend films can mostly maintain the molecular order
of the neat J51 films, which is relevant to more noticeable
molecular aggregation in Mes and CPME. These results agree
with our previous analysis that the blend films processed from
Mes and CPME had higher domain purity. Enhanced ordering
would make a favorable role in the carrier transport and then
would improve the efficiency of OPV devices.

2.3 Improving device performance via optimized morphology

To ascertain the correlation between cell efficiency and active
layer morphology, we evaluated photovoltaic current density-
voltage (J-V) curves of the J51:N2200 devices cast from CF, Mes,
and CPME. All devices were prepared in the glovebox adopting

This journal is © The Royal Society of Chemistry 20xx
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a conventional conformation of ITO/PEDOT:PSS/J51:N2200
(2:1, w.t/w.t)/PFN-Br/Ag. Fig. 8 (a) displays the J-V profiles of
the optimized devices fabricated from various conditions. Table
1 listed the detailed parameters. The device processed from CF
shows a PCE of 5.54% with a V,.0of 0.81V, aJ,.of 11.83 mAcm2,
and an FF of 57.87%, while the average PCE is 5.26%. The
devices display a modest PCE due to the low Js, which results
from the large domain sizes and low phase purity. Compared
with the device processed from CF, devices prepared with Mes
yield a relative higher J,. of 12.23 mA cm because of the slight
decrease of domain sizes, with a V. of 0.80 V, and an FF of
64.22%, a PCE of 6.28% (an average PCE of 6.0%). The significant
improvements in FF could be ascribed to the reinforced domain
purity. The minor decreased V.. is not uncommon due to the
improved order of blend films that causes energy losses. As the
active layer prepared from the CPME solution, the highest PCE
up to 7.03% with a V. of 0.80V, Js. of 13.84 mA cm2, and an FF
of 64.27% was obtained, which benefits from the enlarged
donor/acceptor interfacial area available for exciton separation,
and the high degree of domain purity available for carrier
transport. Variances of J,. due to changes in domain sizes and
phase purities are largely accountable to the changes in the
general cell performance. The minor decreased V,. is not
uncommon due to the improved order of blend films that
causes energy losses. The minor decreased V,. is not
uncommon due to the improved order of blend films that
causes energy losses. The blend films using CPME as processing
solvent presented both the smallest domain sizes and highest
domain purity, therefore coming along with boosted Js. and FF.
The trend of J, values with different solvents keeps pace with
with the changes in the external quantum efficiency curve
(EQE), as presented in Fig. 8(b). The EQE curves demonstrated
wide-ranging response between 300 and 850 nm. We noted
that the

—CF

—— CPME

Intensity*q® (a.u.)

q (nm")
Fig. 6 R-SoXS scattering profile for J51:N2200 blend films processed from CF (black line),
Mes (red line) and CPME (green line) as indicated.
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peak around 600 nm was slight blue-shifted by using CPME
compared to the Mes-processed devices in the EQE profiles. It
results from more crystalline and ordered J51 film cast from
Mes (the results as shown in Fig. 4 and Fig. S5) for the much
higher boiling point of Mes than CPME and the kinetics
dominating the arrangement of J51 molecular during the longer
film evolution time. The EQE peak values of the optimized
device at 590 nm were around 71% for the device processed
with CPME. The EQE of devices with different solvents well-
matched with J, values. With the purpose of having a further
cognitive of photon absorption and exciton dissociation process
in the active layers cast from different solvents, we studied the
photocurrents density (Jyn) in the wide-ranging biased voltage,
depicted in Fig. 8 (c). The exciton dissociation probabilities
efficiency, P(E,T), can be determined by normalizing J,, (at the
short circuit circumstance) with Jg: (Jon/Jsat).° The calculated
P(E,T) values for the CF, Mes, and CPME three devices were
93.28%, 94.14% and 95.91%, respectively. Table S2 lists the
detailed values. The CF processed devices had the lowest
efficiency of the exciton dissociation due to the large domain
size so that the CF devices generated the lowest Ji. Therefore,
decreasing geminate recombination promotes the dissociation
and generation of charge carriers, thus giving rise to a dramatic
boost of Ji.. This well agrees with the J. data for these devices.
Besides, we also measured the J-V characteristics under various
light intensity (P) to understand carrier recombination kinetics

Journal Name

for the devices, as Fig. 8 (d) and Fig. S6 shown. Quantitatively,
Jsc has a power-law function of light intensity (Js < P?%), and
linearity would suggest less charge losses during the carrier
transport process.®> 62 The exponential factors of the three
devices were 0.932 for CF, 0.950 for Mes, 0.957 for CPME. It is
apparent that the devices processed with Mes and CPME had
the lower trap-assisted recombination. Consequently, the
CPME devices had the highest FF. Efficient and balanced carrier
transport within active layers is the assurance for high FF and
Js.. To have deeper knowledge in the difference of FF in devices
cast from three solvents, charge carrier mobilities were
determined applying the space charge limited current (SCLC)
method via the hole-only and electron-only diodes. The related
J-V characteristics and SCLC fittings for the hole and electron
devices are depicted in Fig. S7. Table S3 summarizes the
calculated hole (u,) and electron mobilities (ue) in detail. The
calculated hole/electron mobilities of J51:N2200 were
9.13/1.64x107%, 1.46 x 10-4/3.76 x 107>, and 3.45 x 1074/7.14 x
10-5 cm? V-1 s71 for CF, Mes, and CPME samples, respectively.
As the enhancement of phase purity, both the hole and electron
mobilities increase by degrees. Efficient and balanced charge
carrier mobilities are necessary to reduce recombination, as
observed for Mes and CPME conditions, helping to improve FF.
Higher mobility carrier also helps improve the Jg, thus the Js. of
the Mes sample is slightly higher than that of the CF sample.

(b)

10"
10"
10"

10°

10°

Intensity

in plane
out of plane

Blend-CPME

3
Ey

q (A7)

Fig. 7 (a) 2D GIWAXS patterns of the J51:N2200 blend films spin-cast from different solvents and (b) corresponding one-dimensional line-cut profiles of GIWAXS.
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using CF, Mes, and CPME.

Table 1. Photovoltaic characteristics of all-PSC devices based on J51:N2200 blend
film processed with different solvents.

Conditions Vg (V) Jg(mA/cm?) FF (%) PCE (%)/(PCEqverage)”
CF 0.81 11.83 57.87 5.54 (5.2610.28)
Mes 0.80 12.23 64.22 6.28 (6.0£0.28)
CPME 0.80 13.84 64.27 7.03 (6.94+0.12)

a Statistic values averaged from over 6 cells.

In all-PSCs, the domain size and phase purity within active
layers are crucial for determining the exciton harvest efficiency
and charge transport, which extremely influence device
performance. Recently, Bao and coworkers proposed that
increasing the nucleation density via flow-induced nucleation

This journal is © The Royal Society of Chemistry 20xx

Please do not adjust margins

can increase the crystallinity and reduce phase-separated
domain sizes.?? By summarizing the additives promoting the

formation of polymer aggregates in solution in polymer/fullerene
systems, the aggregation of the polymer can be partially
preserved and then quickly forms a fibrillar polymer network
during film formation and this polymer network can perform as
a template and then the occurrence of larger-size phase
separation is prevented.*>* They have two key ingredients: first,
short-range order should reside in the polymer aggregation.
Then, relative solubility differences between D-A polymer and
fullerene ought to increase. According to our experimental
results, we propose the mechanism which controls the phase-
separated morphology in J51:N2200 BHJs including both the
nucleation density and also template effect of N2200, as shown
in scheme 1. Reducing solubility is to optimize the molecular
conformation and then enhance the order aggregation in solution
for both donor and acceptor molecules. We hypothesize that the
amount of the order aggregation increases from CF to CPME.
For the CPME processing condition, during the film formation,
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Scheme 1. Schematic represents the role of solution-state order aggregation of both donor and acceptor polymers in preventing the liquid-liquid phase separation and

improving phase purity by inducing nucleation during the formation of blend films.

the order aggregation can serve as nucleus seed leading to
increasing nuclei density throughout the whole film. Since the
solubility of N2200 is smaller than that of J51, the polymer
N2200 tends to form a fibrillar polymer network and the J51
would fill in the network of N2200 along with the solvent drying.
The polymer N2200 dominates the phase separation process.
Furthermore , the difference of solubility between J51 and
N2200 is large, template effect of N2200 makes more
prominent, confining the diffusion of J51 polymer. The more
nuclei, the finer polymer network formed. During the film
formation, increasing nuclei density can facilitate polymer
crystallization, leading to the enhancement in order of polymer
domains. Thus, the CPME-processed blend films possess the
smallest domain size and the highest phase purity. The
mechanism of liquid-solid phase separation is inferred for the
CPME-processed blend films. As for the blend films cast from
Mes solutions, the less amount of nuclei density and the smaller
difference of solubility between J51 and N2200 than CPME
result in a less fine polymer network and template effect of
N2200, leading to larger domain size. Owing to the higher
boiling point of Mes, the polymers have more time to crystallize,
which make the relative phase purity and promote maturing
integration between phases. Thus, the films from Mes have
large domain size together with high phase purity. In the case
of CF prepared blend films, the least amount of nuclei density
and negligible difference of solubility between J51 and N2200
may lead to executing the liquid-liquid phase separation
mechanism, causing the largest domain size and lowest phase
purity.

3.

In summary, we explored the impacts of polymer solution
aggregation on the phase-separated morphology and the
device efficiency of all-PSCs based on J51:N2200. Decreasing
the solubilities of both donor J51 and acceptor N2200 from CF
to Mes and then to CPME solvent led to the enhancement of
aggregation and ordering degree of J51 and N2200 in solutions.
Thereby, the ordered aggregation would reduce nucleation
barriers and then improve the molecular order of J51 and
N2200 in the domains. The sequentially increased relative
solubility differences between J51 and N2200 would enhance
the templating effect of N2200 on J51, leading to a dramatic
decrease in domain sizes during phase separation. The green
solvent CPME processed blend films had the smallest domain
size of 21 nm and the highest phase purity. Such a feature
domain size within the active layer cast from CPME is on par
with domain sizes in polymer/fullerene systems. The optimized
morphology via CPME improve the charge dissociation and
carrier transport. Therefore, the PCE of 7.03% was exclusively
achieved in CPME based devices, which fairly outperformed the
device processed from CF. The preliminary results demonstrate
that the network formed by polymer possessing ordered
aggregation acts as a template for phase separation could be a
promising way towards reducing the domain sizes of all-PSCs.

Conclusions
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We optimized the domain size and phase purity of J51:N2200 blends by changing solvent to

promote solution ordered aggregation and the confinement of acceptor N2200 to J51 during phase
separation.
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