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SUMMARY

Non-fullerene acceptor (NFA) aggregation is crucial in determining
bulk-heterojunction (BHJ) organic photovoltaic (OPV) performance.
However, it is still a big challenge to characterize the nanostructure
of NFAs in the disordered donor-acceptor intermixed phase. Here,
we demonstrate a method to characterize NFA aggregation and
composition in the intermixed phase by measuring NFA concentra-
tion-dependent ultraviolet-visible (UV-vis) absorption spectroscopy
of BHJ films. In various polymer:NFA films, an absorption shift as a
function of increasing molecular concentration (ASIMC) phenome-
non is observed, and different NFA aggregation behaviors can be
distinguished. The ASIMC method was then applied to study the
influence of processing conditions on the NFA concentration in the
intermixed phase of devices to establish a correlation with device
efficiency. The current work provides a feasible tool to study the
nanostructure of NFAs in the complex polymer matrix and to under-
stand the variations in the NFA concentration in the intermixed
phase under non-equilibrium conditions.

INTRODUCTION

Thanks to the development of small-molecule non-fullerene acceptors (NFAs) and

wide-band-gap polymer donors, significant progress has been achieved in bulk-het-

erojunction organic photovoltaics (BHJ-OPVs).1–3 Power conversion efficiencies

(PCEs) of single-junction devices have surpassed 19%.4–6 In addition to the donor

and acceptor materials, of critical importance to high-performance OPVs is the mo-

lecular packing/order, composition, and morphology of the BHJ film, which is

typically in a non-equilibrium state.7,8 BHJ morphologies result from the multi-inter-

action of thermodynamics and kinetics processes, including molecular interactions

between donor and acceptor molecules, solution and additive properties, speed

of film formation, and post-treatments.7,9–11 In general, the nanostructure of the

BHJ is believed to be a three-phase morphology composed of a donor phase, an

acceptor phase, and a disordered donor/acceptor intermixed phase.12–14 However,

the nanostructure within the intermixed phase, including aggregate structures and

compositions, is not fully understood owing to the lack of characterization methods.

At the molecular level, the intermixed phase consists of well-mixed disordered poly-

mer donor and dispersed NFAs, where photogenerated excitons dissociate and

form free charges, which diffuse through the disordered polymer and dispersed

NFAs to their respective phases.15,16 The simulations and experimental results

have revealed that an efficient charge transport channel in the NFA aggregation is
Cell Reports Physical Science 3, 100983, July 20, 2022 ª 2022 The Author(s).
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through the end-cap p-p stacking.17,18 Nevertheless, knowledge about charge

transport channels between dispersed NFAs in the intermixed phase is still limited.

The acceptor’s composition in the intermixed phase has been suggested to affect

the efficiency and stability of BHJ-OPV by influencing charge transport and

recombination.13,19 From the point of view of thermodynamics, the equilibrium

composition of the acceptors in the intermixed phase is dependent on the molecular

interaction between the donor and the acceptor, an interaction that can be captured

by the Flory-Huggins interaction parameter.13,20 However, the thermodynamic equi-

librium state is not easy to achieve for BHJ films.7 Moreover, in most cases, there is a

gap between the thermodynamic equilibrium state and the morphology-optimized

state that results in devices with high PCEs. Because of this, the acceptor composi-

tion needs to be adjusted to the percolation threshold.21 As part of the non-equilib-

rium nature of the optimized morphology, small-molecule acceptors immiscible in

the donor material within the intermixed phase tend to diffuse out of the percolation

threshold as aging occurs.22–24 At times, device performance first increases as the

percolation threshold is crossed during diffusion-driven purification.22 Although

the influence of the intermixed phase composition has been well delineated in the

literature,13 systematic research on the composition evolution in the intermixed

phase of NFA-based OPVs after the solution coating, post-treatment, and aging

processes is still lacking. This is primarily because the intermixed phase lies between

the donor and the acceptor phases, and it is spatially too small to be directly

observed. Moreover, the composition in the intermixed phase is statistical.25,26

Up to now, several methods have been reported to estimate the thermodynamic inter-

actions andcompositionof the intermixedphase, i.e., time-of-flight secondary ionmass

spectrometry (TOF-SIMS),27 scanning transmission X-ray microscopy (STXM),14,28

visible light microscopy (VLM),29 grazing-incidence wide-angle X-ray scattering

(GIWAXS),30 small-angle neutron scattering (SANS),31,32 and resonant soft X-ray scat-

tering (R-SoXS).16,28 TOF-SIMS, STXM, and VLM are based on the acceptors’ diffusion.

Thus, only the film in thermal equilibrium can be studied. GIWAXS, SANS, and R-SoXS

are based on the different scattering intensities between donors and acceptors.30,33

However, in NFA-based OPV films, it is at times difficult but not impossible to study

the composition of the intermixed phase, due to the low scattering intensity contrast

between donors and acceptors.21 Moreover, most of thesemethods require advanced

equipment, e.g., SIMS and synchrotron radiationX-ray, and analysis expertise, prevent-

ing widespread adoption bymost of the community. Thus, developing an easily acces-

sible and straightforwardmethod to study the intermixed phases, especially for films in

non-equilibrium states, is highly needed for a better understanding of the correlation

between device performance and optical aggregation of the intermixed phase.

In this work, we present amethod to quantitatively analyze the acceptor aggregation

structure in the intermixed phase by measuring the UV-visible (UV-vis) absorption

spectroscopy of blend films with different concentrations of NFAs. We also deter-

mine morphological and molecular packing parameters to infer the composition

of the intermixed phase of NFA-based OPVs. We discover four stages in the red shift

of UV-vis spectra of 2,20-[6,6,12,12-tetrakis(4-hexylphenyl)-6,12-dihydrodithieno
[2,3-d:20,30-d0]-sindacen[1,2-b:5,6-b0dithiophene-2,8-diyl]bis[methylidyne(3-oxo-1H-

indene-2,1(3H)-diylidene)]bispropanedinitrile (ITIC)1 in a poly[bis(4-phenyl)(2,4,6-tri-

methylphenyl)amine] (PTAA)34 matrix (see Figure S1 for the chemical structures of

ITIC and PTAA) as a function of ITIC concentration. Considering also the GIWAXS re-

sults, we assign these four stages to (1) dispersed monomer at a low concentration of

NFAs, (2) NFAs forming chain-like backbone ordering, (3) molecular clusters at a
2 Cell Reports Physical Science 3, 100983, July 20, 2022
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mediate concentration, and (4) pure acceptor phases at a higher concentration. The

absorption shift as a function of increasing molecular concentration (ASIMC) method

can also be applied to analyze the nanostructure of ITIC derivatives and Y6 (molecular

structures are also presented in Figure S1) on complex OPVmultiphase BHJs. Finally,

we use this method to study the PM7:C8-IT-4F and PM6:Y6 blend films based on

OPVs prepared under different solution process conditions and with different post-

treatments. A correlation of the photovoltaic performance with concentration-

dependent molecular packing and aggregation is then observed. We demonstrate

that the method based on UV-vis absorption spectroscopy may be a powerful tool

to understand the intermixed phase and thus help to improve the photovoltaic per-

formance of OPVs.
RESULTS

Dependence of molecular aggregation on NFA concentration

UV-vis absorption spectroscopy is one of the most effective and commonly used mea-

surements to study the intramolecular and intermolecular optical interactions of conju-

gated materials.35–37 In the acceptor-donor-acceptor (A-D-A) configuration, small-

molecule NFAs benefit from strong intramolecular interactions. These NFAs tend to

possess a high absorption coefficient and narrow band gap. A red shift of dozens of

nanometers is often observed when the NFA molecules are in aggregated states (for

example, in the neat film), compared with monomer states (such as in dilute solu-

tion).1,2 In this study, we chose ITIC, one of themost widely studiedNFAs, as themodel

conjugated small molecule for its intensive intermolecular interaction in thin solid films

(lmax
abs shifts from 678 nm in chloroform solution to 705 nm in thin solid film; Figure 1A).

Meanwhile, PTAA, a polymer with an absorption band over 300–430 nm with a lmax
abs of

384 nm, was chosen as the polymer matrix to offer a spectral window to study the eval-

uation of ITIC aggregation processes in the blend film.

In the research of self-assembled functional dyes in solutions, solutions with at least two

orders of the magnitude concentration range of solute are required.35,38 Therefore,

PTAA:ITIC weight ratios in blend films ranging from 1:0.01 to more than 1:1 were

used to study the ITIC aggregated states by UV-vis absorption spectra. The list of

PTAA:ITIC weight ratios and the corresponding ITIC concentrations in blend films are

presented in Table S1. For convenience, we used the concentration of ITIC in PTAA to

label the blend films with different weight ratios. Thus, PTAA and ITIC were regarded

as solvent and solute, respectively. For example, when the PTAA:ITIC weight ratio is

1:0.01, the concentration of ITIC in PTAA is 0.01. Figure 1B depicts the evolution of

the absorption spectra of the blend films with different concentrations of ITIC in

PTAA. To show the variation of the ITIC absorption band more clearly, the absorbance

(y axis) is presented on a logarithmic scale. The absorption band of PTAA does not

change too much, which indicates that the amount of PTAA in the blend films is nearly

constant, while the absorption band of ITIC (over 550–750 nm) red shifts with the in-

crease in ITIC concentration. The normalized absorption of ITIC after subtracting the

PTAA background is presented in Figure 1C. As shown in Figures 1B and 1C, the UV-

vis spectra of the blend films present the phenomenon of the absorption shifting as a

function of the increase inmolecular concentration (ASIMC). Themain (0-0) and shoulder

(0-1) peaks of ITIC in solid films red shift with the rise in ITIC concentration. Figure 1D

shows the evolution of the average lmax
abs of ITIC as a function of ITIC concentration in

PTAA with error bars (films spin-coated at 1,000 rpm). Four stages could be observed

for the variation of ITIC main peak versus ITIC concentration logarithm, distinguished

by various colors in Figure 1D. The comparison of the lmax
abs versus ITIC concentration

of PTAA:ITIC blend films spin-coated at 1,000 and 2,000 rpm deposited on poly(styrene
Cell Reports Physical Science 3, 100983, July 20, 2022 3
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Figure 1. Study of PTAA:ITIC blend films by UV-vis absorption spectra based on the ASIMC method

(A) Normalized UV-vis absorption spectra of PTAA in film, ITIC in dilute solution, and ITIC in film.

(B) UV-vis spectra of PTAA:ITIC blend films with different concentrations of ITIC in PTAA.

(C) Normalized UV-vis spectra of ITIC after subtracting the PTAA background.

(D) Average ITIC main peak (0-0) location as a function of ITIC concentration in PTAA. Error bars represent standard deviation for four independent

experiments.

(E and F) The corresponding 1D-GIWAXS intensity profiles of the PTAA:ITIC blend films along (E) in-plane and (F) out-of-plane directions.
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sulfonic acid) sodium salt (PSS)modified substrates and at 1,000 rpmon zinc oxide (ZnO)

modified substrates is shown in Figure S2. The films prepared by spin-coating at

different speeds and different substrates showed four similar stages but with different

turning concentrations, which indicates that the ASIMC method is also reproducible

and sensitive.

To understand the different stages in Figure 1D, GIWAXS was performed on the

blend films spin-coated at 1,000 rpm. The 2D-GIWAXS patterns of PTAA:ITIC with

varying concentrations of ITIC in PTAA are presented in Figure S3. The correspond-

ing line cuts along with the in-plane (qxy) and out-of-plane (qz) directions are shown in

Figures 1E and 1F. The neat PTAA film exhibited a uniform ring at 1.1 Å�1 and a p-p

diffraction peak located around 1.5 Å�1.39 Also, the scattering intensity was rela-

tively weak for the PTAA neat film, suggesting that PTAA showed no preferred orien-

tation with a low degree of order in the thin solid film. The neat ITIC film exhibited a

p-p stacking around 1.53 Å�1 in the out-of-plane direction and lamellar stacking

around 0.42 Å�1 in the in-plane direction, which suggests that ITIC molecules

pack in a preferred ‘‘face-on’’ orientation. In addition, a diffraction peak at

0.33 Å�1 in the in-plane direction was measured, which is ascribed to the formation

of the backbone ordering structure of ITIC through p- p stacking between end

caps.18 Since the diffraction of the p-p stacking for PTAA and ITIC overlaps, the

backbone ordering and the lamellar stacking peaks are the critical signals for the

determination of the packing structure of ITIC in the blend films.

At a very low ITIC concentration in PTAA (below 0.05), the lmax
abs of ITIC was measured

to be around 673 nm, which is even lower than that of ITIC in chloroform solution
4 Cell Reports Physical Science 3, 100983, July 20, 2022
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(lmax
abs = 678 nm). Note that the maximum absorption wavelength of ITIC in dilute di-

chloromethane was 664 nm.1 The lower lmax
abs for ITIC in the PTAA matrix compared

with chloroform suggests that the PTAA surroundings showed less polar effect than

the chloroform.40 Meanwhile, no diffraction signals for ITIC were observed in

GIWAXS at a low concentration of ITIC (Figures S3, 1E, and 1F). Therefore, we

ascribed this part to a dissolved monomer stage, i.e., ITIC molecules are well mixed

within the PTAA matrix, and little intermolecular interaction of ITIC molecules was

found, which is consistent with the molecularly mixed features of the intermixed

phase.12,28,32 We note that the limit of this molecular solution regime corresponds

to the binodal if the film is under equilibrium conditions, analogous to the many

bilayer interdiffusion experiments utilized previously.19,22,41,42

When the ITIC concentration in PTAA was in the range of 0.05–0.20, the lmax
abs of the

ITIC was found to be linearly correlated with the logarithmic ITIC concentration with

an equation of lmax
abs = 688:2+ 11:13lgCðR2 = 0:998Þ (Figure 1D), where C is the con-

centration of ITIC in PTAA and lmax
abs is the peak wavelength of ITIC at a concentration

of C. Such a logarithmic relation of the absorption wavelength on concentration was

also reported inmicelles43 and noble metal nanoparticle systems44 and was ascribed

to the formation of aggregates in the blend film. The measured increase in the lmax
abs

of ITIC in the polymer blend indicates that ITIC molecules start aggregating. It was

reported that ITIC molecules tend to form intermolecular networks through the end-

cap p-p stack, with two main modes: chain-like and cluster-like aggregates.17,18

While in Figures 1E and 1F, when the ITIC concentration was over 0.15, weak back-

bone ordering and lamellar diffraction peaks at 0.33 and 0.42 Å�1 in the in-plane

direction appeared, and the intensities increased with the increase in ITIC concentra-

tion. In comparison to the UV-vis spectra, where shifting of the lmax
abs was seen when

the ITIC concentration in PTAA was over 0.05, no backbone ordering peak was

measured in GIWAXS for the films with ITIC concentrations below 0.15, which could

be due to the low ITIC concentration and the signal being out of the detection limit.

Nevertheless, the GIWAXS results confirmed the formation of the backbone

ordering structure of ITIC in the PTAA:ITIC blend when the concentration was

over 0.15 and the higher sensitivity of the UV-vis spectra method in measuring the

formation of ITIC packing. Thus, we ascribed this logarithmic stage to forming back-

bone-ordered (chain-like) aggregates. The turning point (C = 0.05) that starts the

linear increase in lmax
abs is then defined as the critical concentration for forming the

backbone ordering structure (CBO).

With further increase in the ITIC concentration to higher than 0.25, the second line-

arly increased lmax
abs versus logarithm ITIC concentration was measured with the equa-

tion lmax
abs = 720:2+ 61:83 lgCðR2 = 0:995Þ. Themore significant slope of this stage

(stage III) results from the simultaneous presence of both new lamellar stacking and

backbone ordering, supported by the GIWAXS results. In addition to the backbone

and lamellar diffraction peaks at 0.33 and 0.42 Å�1 in the in-plane direction, a new

out-of-plane diffraction peak with higher intensity at around 0.42 Å�1 was measured

when the ITIC concentration exceeded 0.25, suggesting the formation of lamellar

stacking of ITIC with an edge-on orientation at a higher concentration.18 Therefore,

we ascribed this to the formation of molecular clusters (cluster-like aggregates), and

the turning point (C = 0.23) was defined as the critical concentration for the forma-

tion of molecular clusters (CMC).

With further increase in the ITIC concentration to over 0.60, the lmax
abs of ITIC in blend

films is stabilized at about 706 nm, reaching the lmax
abs of the neat ITIC film (Figure 1A).
Cell Reports Physical Science 3, 100983, July 20, 2022 5
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In Figure 1F, when the ITIC concentration exceeds 0.60, the lamellar packing diffrac-

tion peak shifts to 0.45 Å�1, corresponding to a smaller lamellar stacking distance,

which can be ascribed to the formation of more condensed ITIC cluster domains.

The more condensed ITIC aggregates are similar to the ITIC lamellar stacking in

the neat film, in which ITIC would form an acceptor phase with 3D molecular pack-

ing.17,45 We, therefore, ascribed the final stage to forming the acceptor phase in

the blend film. The ITIC concentration that starts forming the acceptor domain phase

is then defined as the critical concentration for the acceptor phase (CAP = 0.59). Over

the CAP, NFA molecules will cluster out from the polymer matrix and form NFA do-

mains within the blend film. Thus, the CAP is the maximum acceptor concentration in

the intermixed phase. It should be noted that this value is an uncorrected composi-

tion in the intermixed phase since the polymer crystalline volume is unknown.

The thicknesses of the PTAA:ITIC blend films with different ITIC concentrations were

also tested and the values are summarized in Table S2. The thickness as a function of

ITIC concentration is plotted in Figure S4. When the ITIC concentration in PTAA was

below 0.25, the thickness of the blend films had a tendency to increase from 28.9 G

0.9 to 33.9G 0.3 nm. Then, the thickness of the blend film increased with logarithmic

ITIC concentration. Interestingly, the turning point in Figure S4 is similar to the CMC

in Figure 1D, suggesting different ITIC aggregation properties in the blend films.

NFA aggregation in polymer matrixes

Based on the above UV-vis and GIWAXS results measured for the PTAA:ITIC blend

films, the aggregation structure and composition of ITIC in the PTAAmatrix are illus-

trated in Figures 2A–2F. For the neat PTAA film, the pure polymer phase is sur-

rounded by the amorphous polymer chains (Figure 2A).46 PTAA is amorphous. How-

ever, the pure polymer phase was used here to represent devices that would use a

polymer with a crystalline or paracrystalline phase.47 When a small amount of ITIC is

added, the ITIC molecules are entirely ‘‘dissolved’’ in the amorphous PTAA matrix.

Only ITIC monomers are measured in this stage (Figure 2B, corresponding to stage

I in Figure 1D). With the ITIC increase and the ITIC concentration higher than the

CBO, backbone ordering occurs through the end-cap p-p stacking between the

ITIC molecules (Figure 2C, corresponding to stage II in Figure 1D). Then, in addition

to the molecular ordering, an edge-on lamellar stacking of ITIC molecules occurs

when the ITIC concentration is higher than CMC in the blend films (Figure 2D, corre-

sponding to stage III in Figure 1D). Finally, when the ITIC concentration exceeds the

maximum acceptor composition in the intermixed phase, the acceptor phase forms

within the blend film (Figure 2E, corresponding to stage IV in Figure 1D). Since the

optimal donor:acceptor (D:A) weight ratio is needed to achieve the highest device

performance, the nanomorphology within BHJ films typically shows three phases,

comprising donor domain, acceptor domain, and intermixed phase (Figure 2F).

Moreover, intermolecular interaction between ITIC molecules was evidenced to

occur in the intermixed phase and the acceptor phase by the ASIMC method and

concentration-dependent GIWAXS. With the increased ITIC concentration in the

blend film, the number of ITIC molecules in the aggregation with molecular interac-

tion increases in stages II and III and saturates when the acceptor phase forms.

Generality of the ASIMC method

To check the generality of this ASIMC method in determining the composition and

aggregate structure of NFA molecules in PTAA, we then applied this method to

other commonly used NFA molecules, including IT-M,48 IT-4F,49 IT-4Cl,50 C8-IT-

4F,51 and Y6.2 Except for Y6, the other four compounds have a conjugated backbone

identical to that of ITIC but slight differences in terminal substitution and alkyl side
6 Cell Reports Physical Science 3, 100983, July 20, 2022
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Figure 2. Schematic diagrams of the ASIMC method

(A) Neat polymer with the crystalline and amorphous region.

(B) Monomer state of ITIC in the intermixed phase for stage I.

(C) Backbone ordering state for stage II.

(D) Molecular cluster state for stage III.

(E) Acceptor phase arises in the blend film for stage IV.

(F) The three-phase model with optimal D:A weight ratio.
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chain. The chemical structures are also presented in Figure S1. The detailed UV-vis

absorption with different NFA content in the PTAA polymer matrix is shown in

Figures S5A and S5B for IT-M and IT-4F and Figures 3A–3C for IT-4Cl, C8-IT-4F,

and Y6, respectively. And the corresponding maximum absorption peak as a func-

tion of the logarithm of NFA concentration is shown in Figures S5C and S5D for

IT-M and IT-4F and Figures 3D–3F for IT-4Cl, C8-IT-4F, and Y6, respectively.

The ITIC derivatives’ blend films showed a lmax
abs similar to that in dilute chloroben-

zene solution (Figure S6A; 674, 691, 703, and 707 nm for IT-M, IT-4F, IT-4Cl, and

C8-IT-4F, respectively) at a low concentration, which can be ascribed to the dis-

solved monomers in the polymer matrix. All the blend films showed the ASIMC phe-

nomena. However, different transition processes were observed in these NFA blend

films. Four different stages can be seen for the IT-M and IT-4F blend films (Figure S5),

similar to ITIC shown in Figure 1D. The critical concentrations were determined to be

0.12, 0.30, and 0.59 for IT-M and 0.08, 0.40, and 1.00 for IT-4F, respectively. The dif-

ference in critical concentration between ITIC, IT-M, and IT-4F can be understood by

the different intermolecular interactions owing to their molecular structure

differences.52

Unlike the three NFAs mentioned above, as shown in Figures 3A and 3D, the

maximum peak of IT-4Cl turned out to be about 769 nm when the IT-4Cl
Cell Reports Physical Science 3, 100983, July 20, 2022 7
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Figure 3. Generality of the ASIMC method

(A–C) UV-vis spectra of (A) PTAA:IT-4Cl, (B) PTAA:C8-IT-4F, and (C) PTAA:Y6 blend films with different NFA concentrations.

(D–F) NFA main peak (0-0) location as a function of (D) IT-4Cl, (E) C8-IT-4F, and (F) Y6 concentration in PTAA.
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concentration was higher than 0.30 for the PTAA:IT-4Cl blend films. Since the peak is

similar to the neat IT-4Cl film (Figure S6B), we ascribed the low-energy band to

acceptor phases due to the poor miscibility of IT-4Cl with PTAA (Table S3) and the

higher crystallinity of IT-4Cl.50 For PTAA:IT-4Cl blend films, only CBO and CAP

were measured to be about 0.07 and 0.30. For PTAA:C8-IT-4F blend films, the

lmax
abs as a function of the logarithm of C8-IT-4F (Figure 3E) showed a tendency similar

to that of ITIC, IT-M, and IT-4F, but more aggregate states were measured in Fig-

ure 3B, and an additional shoulder peak around 780 nm was measured when the

C8-IT-4F concentration in PTAA was higher than 0.40. This may be attributed to
8 Cell Reports Physical Science 3, 100983, July 20, 2022
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Figure 4. Study of PM7:C8-IT-4F and PM6:Y6 blend films by the ASIMC method

(A) C8-IT-4F main peak (0-0) location as a function of C8-IT-4F concentration for the as-cast blend films and the films with different thermal annealing

temperatures. The variation of the C8-IT-4F concentration in the intermixed phase is indicated by the red dashed line.

(B) Uncorrected C8-IT-4F concentration in the intermixed phase (A/(D + A)) obtained by the ASIMCmethod at different temperatures, and average FF of

the PM7:C8-IT-4F devices at different temperatures. The average values of FF were calculated from more than eight independent cells. Error bars

represent standard deviation.

(C) R-SoXS scattering profiles of PM7:C8-IT-4F (D:A = 1:1) with the different thermal conditions at 285.2 eV.

(D) Y6 main peak (0-0) location as a function of Y6 concentration for as-cast, with 0.5% CN (CN)- and 0.5% CN and 100�C/10 min (CN&TA)-treated films.

(E) The average photovoltaic parameters (over two independent cells), VOC, JSC, FF, and PCE values, as a function of Y6 concentration. The red dashed

line in (D) and (E) is used to indicate the relationship between the Y6 concentration in the intermixed phase and the photovoltaic performance of PM6:Y6

blend films with different Y6 concentrations.
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the lower steric hindrance of the alkyl side chain and the different distances of

different types of p-p stacking.51,53 In PTAA:Y6 films (Figures 3C and 3F), when

the Y6 concentration is 0.01, the maximum absorption of Y6 is 732 nm, which is

similar to that in solution (731 nm). However, a shoulder absorption peak at about

830 nm was observed even at a low concentration, suggesting Y6 aggregates in

thin solid films. This may be due to the poor miscibility of Y6 with PTAA (Table S3)

and the higher crystallinity of Y6.54 These results demonstrate that molecular struc-

ture has a significant influence on the aggregation behaviors of NFA molecules.
Structure-photovoltaic performance relationship

Next, we applied the ASIMCmethod to study the practical photovoltaic blend films.

The PM7:C8-IT-4F and PM6:Y6 systems were selected (chemical structures are pre-

sented in Figure S1). The fabricated PM7:C8-IT-4F and PM6:Y6 devices at the opti-

mized conditions exhibited PCEs of about 14% and 16% (Table S4), respectively,

which are in good accordance with the PCEs reported in the literature.2,51 The blend

films with different NFAs were spin-coated and post-processed with the same recipe

for the optimized device.

The lmax
abs of C8-IT-4F as a function of C8-IT-4F concentration in the as-cast PM7:C8-

IT-4F blend films is plotted in Figure 4A. Four stages can also be distinguished in this

figure. At a low concentration of 0.01, the peak of C8-IT-4F was measured to be
Cell Reports Physical Science 3, 100983, July 20, 2022 9
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709 nm, which is close to that of the C8-IT-4Fmonomer state’s peak in dilute solution

(707 nm, Figure S6). Then, the peak red shifts slowly to 727 nm when the concentra-

tion of C8-IT-4F in PM7 reaches about 0.15, which suggests that, in PM7:C8-IT-4F

blend films, intermolecular interactions already form even at very low concentration

of C8-IT-4F. Between 0.20 and 0.60, a higher slope was observed. When the C8-IT-

4F concentration reached about 0.60 in PM7, the peak no longer changed. Thus, the

uncorrected concentration of C8-IT-4F in the intermixed phase of the as-cast

PM7:C8-IT-4F blend films is 37.5%.

As discussed above, the acceptor concentration in the intermixed phase is signifi-

cant for photovoltaic performance in OPVs, and the post-treatment would influence

this concentration. Therefore, we also examined the concentration-dependent UV-

vis absorption of the series of blend films at different thermal annealing tem-

peratures. As shown in Figure 4A, the main peaks of C8-IT-4F change with thermal

annealing temperature. The C8-IT-4F concentration in the intermixed phase de-

creases as the temperature increases (red dashed line in Figure 4A, the correspond-

ing data are presented in Figure 4B), indicating that the intermixed phase domain

purities increase with the thermal annealing temperature. Combined with the photo-

voltaic performance of the conventional device (indium-tin oxide (ITO)/poly(3,4-

ethylene- dioxythiophene):poly(styrene sulfonate) (PEDOT:PSS)/PM7:C8-IT-4F/

PFN-Br/Al) at different thermal annealing temperatures (data are summarized in

Table S4; fill factor [FF] values are plotted in Figure 4B), the correct C8-IT-4F concen-

tration in the intermixed phase is highly needed to get a higher FF. Phases that are

too impure or too pure would result in lower FF.13,19

R-SoXS was used to investigate the domain purity.28,55 A relative comparison of

composition variation and thus indirectly the domain purity could be obtained by

integrating the scattering profiles (the total scattering intensity). Figure 4C shows

the R-SoXS data of PM7:C8-IT-4F (D:A = 1:1) blend films with different thermal an-

nealing conditions at the carbon K-edge (�285 eV). The scattering intensities in-

crease with the thermal annealing temperature, suggesting that the domain purities

increase with thermal annealing temperature.21 The overall root-mean-square

composition variations are estimated to be 0.88, 0.92, 0.97, and 1 for the as-cast,

60�C, 120�C, and 180�C 10-min thermal-annealing (TA) PM7:C8-IT-4F (D:A = 1:1)

blend films, respectively. The R-SoXS result shows the same tendency as the C8-

IT-4F concentration in the intermixed phase obtained by the ASIMC method.

PM6:Y6 blend films need solvent additive and thermal annealing to optimize the

morphology for better photovoltaic performance.2 Figure 4D shows Y6’s main peak

in PM6:Y6 blend films as a function of Y6 concentration under different processing con-

ditions. However, at low Y6 concentration in the PM6:Y6 blend films, the main peak of

Y6 is around 770 nm, which is red shifted compared with 731 nm of the Y6 monomer in

dilute chloroform solution. This may relate to the unique packing of Y6 molecules.54,56

More work needs to be conducted on this in the future, as it is not within the scope of

this work. Herein, we focused on only the concentration of Y6 in the intermixed phase,

which changes with the optimized processes. As shown in Figure 4D, the uncorrected

Y6 concentration in the intermixed phase was about 0.33, 0.19, and 0.25 for the as-cast

film (as-cast), the film with 0.5% 1-chloronaphthalene (CN), and the film with 0.5% CN

and 100�C/10 min (CN&TA), respectively. According to the photovoltaic performance

of the conventional devices (Table S4) and the Y6 concentration in the intermixed

phase with different treatments, the domain purities in as-cast and CN-treated blend

films are too impure and too pure, respectively.13 The CN&TA-treated device
10 Cell Reports Physical Science 3, 100983, July 20, 2022
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possessed the proper Y6 concentration in the intermixedphase, which is in the range of

the percolation threshold, to get higher FF and better PCE.19

R-SoXS was also used to study PM6:Y6 blend films under the different processing

conditions. R-SoXS scattering profiles of PM6:Y6 systems are shown in Figure S7.

When accounting for fluorescence background and the low scattering contrast, we

find that the as-cast PM6:Y6 films have the lowest and the CN-treated films the high-

est intensity. The R-SoXS results of PM6:Y6 blend films also show the same tendency

as the results obtained by the ASIMC method (Figure 4D).

GIWAXS was used to study the PM6:Y6 blend films treated with CN&TA. 2D-GI-

WAXS patterns are shown in Figure S8. Like the previous report, the p-p stacking

distance of PM6 and Y6 is about 3.67 and 3.61 Å, respectively.2 Therefore,p-p stack-

ing distance of the combined PM6/Y6 signal was extracted and plotted in Figure S9

as a function of Y6 concentration. Thep-p stacking distance was around 3.67 Å when

the Y6 fraction was below 0.20, and the distance was around 3.61 Å when the Y6 frac-

tion exceeded 0.30, suggesting that the Y6 domain phase arises after the Y6 concen-

tration exceeds 0.30. The GIWAXS result is also consistent with the result obtained

by the ASIMC method.

The photovoltaic performance of PM6:Y6 blend films with different Y6 concentra-

tions was also tested by using an inverted device structure (ITO/ZnO/active layer/

MoOx/Ag). The tendency of the photovoltaic parameters, VOC, JSC, FF, and PCE,

is plotted as a function of Y6 concentration in Figure 4E. The VOC are around

0.95 V (show a slight decrease tendency) when the Y6 concentration is below 0.10,

then decrease quickly between 0.10 and 0.30, and show a slight tendency to

decrease around 0.84 V when the concentration of Y6 exceeds 0.30. We found

that the VOC approach constant values when the acceptor domain phase arises in

the blend films according to the ASIMC method. The JSC increase slightly around

1.3 mA/cm2 when Y6 concentration is below 0.10, then increase gradually between

0.10 and 0.60, and finally approach saturation. The increased absorption intensity of

Y6 in the films is one reason for the increased JSC. And external quantum efficiency

(EQE) curves of PM6:Y6 devices with different Y6 concentrations are also added in

Figure S10A. The calculated current densities (Jcal), which are integrated from

EQE curves and the AM 1.5 G solar spectrum, as a function of Y6 concentration (Fig-

ure S10B) also present a similar tendency compared with JSC versus CY6. As pre-

sented in Figure S10A, the EQE values of PM6 increase with the Y6 concentration,

which suggests that more efficient exciton dissociation and charge transport are

the other effects contributing to the increased JSC. Around the Y6 concentration in

the intermixed phase, the ratio of change of JSC is the largest. The FF decreases

when the Y6 concentration is below 0.20, suggesting that the isolated Y6 aggregates

may function as traps in the blend films. And then, The FF gradually increases after

0.30 and reaches the highest value at 1.00 concentration of Y6. The resulting PCEs

are below 1% when Y6 concentration is 0.20, then increase gradually from 0.20 to

0.80, and are over 15% when Y6 concentration is 1. The onset of FFs and PCEs is

consistent with the Y6 concentration in the intermixed phase. Therefore, the

ASIMC results show a good relationship with the devices’ photovoltaic performance.
DISCUSSION

In summary, this study demonstrates an experimental approach to revealing NFA

concentration-dependent molecular aggregation in OPV blend films. The method-

ology is based on commonly used UV-vis absorption spectroscopy to study the
Cell Reports Physical Science 3, 100983, July 20, 2022 11
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molecular states of NFAs in blend films as a function of NFA concentration. In the

model blend film, PTAA:ITIC, the NFAs show different molecular aggregated states

in the polymer matrix with different NFA contents: monomer, molecular backbone,

molecular cluster, and acceptor phase. In particular, intermolecular interactions

were proved to occur between the NFA molecules in the intermixed phase of BHJ

films. And the NFA concentration in the intermixed phase was also determined. In

real photovoltaic devices, PM7:C8-IT-4F and PM6:Y6, the ASIMC method was

used to study the effects of process and post-treatment conditions on the composi-

tion in the intermixed phase and to relate structure and performance.

In a broader context, we believe that the methodology is widely applicable to study-

ing properties of disordered intermixed heterointerfaces of organic electronic de-

vices that consist of two materials with different spectral absorptions. With the infor-

mation on concentration-dependent molecular aggregated states in blend films,

more clarity on the photophysics and charge transport processes would be obtained

by combining other characterization techniques. In addition, we believe that the

evolution of concentration-dependent molecular packing and aggregation during

aging could be explored to understand the relationship with the burn-in loss of

OPVs. In the future, the ASIMC method is expected to help workers understand

the molecular interactions between NFAs and help disclose the structure-property

relationship of BHJ OPVs under non-equilibrium conditions.

EXPERIMENTAL PROCEDURES

Resource availability

Lead contact

Further information and requests for resources and materials should be directed to

and will be fulfilled by the lead contact, Chang-Qi Ma (cqma2011@sinano.ac.cn).

Materials availability

This study did not generate new unique materials.

Data and code availability

All of the data supporting the results are presented in the main text and supple-

mental information. Further information and requests for additional data should

be directed to the lead contact.

Materials

PTAA (15K–50K) was purchased from Xi’an Polymer Light Technology Corp. ITIC,

IT-M, IT-4F, IT-4Cl, Y6, PM7, PM6, and PFN-Br were purchased from Solarmer Mate-

rials (Beijing). C8-IT-4F was purchased from Hyper, Inc. (China).

Blend films with different NFA concentration

Glass substrates were sequentially cleaned with deionized water, acetone, and iso-

propanol by sonication. After being dried with compressed N2 gas, the glass sub-

strate was treated with UV-ozone for 30 min. PSS (1 mg/mL, in water) layers were

spin-coated at 3,000 rpm and dried at 130�C for 10 min. Then, the substrates

were transferred into a glove box with N2. Blend films with different polymer:NFA

weight ratios (Table S1) were spin-coated on the substrates. The concentration of

PTAA was 10 mg/mL in CB solution. The PTAA:NFA solution was spin-coated at

2,000 or 1,000 rpm. The concentration of PM7 in PM7:C8-IT-4F CB solution was

12 mg/mL. The PM7:C8-IT-4F solution was spin-coated at 2,000 rpm. The

PM7:C8-IT-4F blend films were then annealed at an elevated temperature for

10 min. The concentration of PM6 in the PM6:Y6 chloroform solution was 8.2 mg/
12 Cell Reports Physical Science 3, 100983, July 20, 2022
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mL. And 0.5% CN (volume fraction) process additives and thermal annealing (100�C
for 10 min) were used to optimize the morphology. The PM6:Y6 solution was spin-

coated at 3,000 rpm.
Photovoltaic device fabrication

The NFA-based devices were fabricated with a conventional structure (ITO/PE-

DOT:PSS/active layer/PFN-Br/Al). A 30-nm-thick PEDOT:PSS (Bayer Baytron 4083)

anode buffer layer was spin-coated onto the ITO substrates and dried by baking

in an oven at 150�C for 10 min. The active layer was then deposited on top of the

PEDOT:PSS by spin-coating for 40 s in a nitrogen-filled glove box at about 28�C.
For PM7:C8-IT-4F devices, the optimal donor/acceptor ratio was 1:1. For PM6:Y6

devices, the optimal donor/acceptor ratio was 1:1.2. PFN-Br (0.5 mg/mL in methane)

was deposited on top of the active layer as a cathode buffer layer. An Al (100 nm) top

electrode was evaporated under vacuum at a pressure of ca. 4 3 10�4 Pa. The effec-

tive area of one cell was 4 mm2.

The devices of PM6:Y6 blend films with different Y6 concentrations were fabricated

with an inverted device structure (ITO/ZnO/active layer/MoOx/Ag). A ZnO cathode

layer of approximately 30 nm was prepared by spin-coating (at 3,000 rpm) a precur-

sor solution prepared from 0.45 M zinc acetate dehydrate in 0.45 M ethanolamine

and 2-methoxy ethanol. After the electrical contact was cleaned, ZnO-coated ITO

glass substrates were immediately baked in the air at 200�C for 1 h. Subsequently,

the PM6:Y6 blend solutions with different Y6 concentrations were spin-coated at

3,000 rpm for 60 s on top of the ZnO layer. A MoOx (10 nm) anode layer and Ag

(160 nm) top electrode were evaporated thermally.
Instruments and measurement

UV-vis absorption spectra of BHJ films were measured with a PerkinElmer Lambada

750 at room temperature. The current density-voltage (J-V) characteristics of the

non-fullerene OPVs were recorded in a glove box filled with N2 with a Keithley

2400 source meter under illumination with simulated AM 1.5 G sunlight using an

SS-F5-3A (Enli Technology) solar simulator (AAA grade, 50 3 50 mm photo-beam

size). A 2 3 2 cm2 monocrystalline silicon reference cell (SRC-00019, covered with

a KG5 filter window) was purchased from Enli Technology Co., Ltd. GIWAXS mea-

surements were performed in a Xeuss 3.0 SAXS/WAXS system with a wavelength

of l = 1.341 Å at a Vacuum Interconnected Nanotech Workstation (Nano-X).

R-SoXS measurements were performed at a beamline 11.0.1.2 (Advanced Light

Source, Lawrence Berkeley National Laboratory, Berkeley, CA).
SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/10.1016/j.xcrp.

2022.100983.
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