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New concepts

Recent upsurge in the solar-to-electrical power conversion efficiency (PCE) associated with
organic photovoltaics (OPVs) opens up new opportunities, particularly by means of their
commercial viability. However, several challenges must be overcome. Among others,
processability of OPVs using green-solvents without compromising much on the performance is
paramount. This study makes use of newly designed small molecular acceptors (MAs) and donor
polymers processed with a biomass-derived solvent (2-methyltetrahydrofuran, 2-MeTHF) to
facilitate high performance of ~15% PCE in bulk heterojunction (BHJ) OPVs without using
halogenated additives. In doing so, this work provides unprecedented new insights into the
molecular origins of moderate-to-high PCEs in the 9-15% range for the BHJ OPVs processed from
2-Me THF. The synergism between synthesis, processing, characterization and device physics is
used to explain the rationale for the large variation in the PCE values. This is further corroborated
by morphology analysis at different length scales using microscopy, X-ray scattering and magnetic
resonance spectroscopy techniques, which indicate that the domain size and purity, D-A intermix

and distribution, and local packing interactions facilitate high performance in ‘green’ OPVs.
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Abstract

We report on the use of molecular acceptors (MAs) and donor polymers processed with a biomass-
derived solvent (2-methyltetrahydrofuran, 2-MeTHF) to facilitate bulk heterojunction (BHJ)
organic photovoltaics (OPVs) with power conversion efficiency (PCE) approaching 15%. Our
approach makes use of two newly designed donor polymers with an opened ring unit in their
structures and of three molecular acceptors (MAs) where the backbone and sidechain were
engineered to enhance the processability of BHJ OPVs using 2-MeTHF, as evaluated by an
analysis of donor-acceptor (D-A) miscibility and interaction parameters. To understand the
differences in the PCE values that ranged from 9-15% as a function of composition, the surface,
bulk, and interfacial BHJ morphologies were characterized at different length scales using atomic
force microscopy, grazing-incidence wide-angle X-ray scattering, resonant soft X-ray scattering,
X-ray photoelectron spectroscopy, and 2D solid-state nuclear magnetic resonance spectroscopy.
Our results indicate that the favorable D-A intermixing that occurs in the best performing BHJ
film with an average domain size of ~25 nm, high domain purity, uniform distribution and
enhanced local packing interactions— facilitates charge generation and extraction while limiting
the trap-assisted recombination process in the device, leading to highly effective mobility and good

performance.
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1. Introduction

The continued push to optimize the properties associated with organic photovoltaic (OPV) cells
has enabled high power conversion efficiencies (PCEs) approaching 20%, which can help
encourage and facilitate the commercialization of devices based upon these materials.!** Most
high-performance single junction OPV devices are processed from halogenated solvents such as
chloroform (which is highly volatile) (CF), chlorobenzene (CB), and additives such as 1,8-
diiodooctane (DIO) and 1-chloronaphthalene (CN),> ¢ which are hazardous to either human health
or the environment, or both. Therefore, the use of such solvents (and additives) is an impediment
to the large-scale commercialization of OPV modules and it is desirable to replace them with eco-
friendly ‘green’ solvents generated from renewable agricultural resources.” 8 However, there
usually is a trade-off between the use of these renewable solvents and PCE, and the development
of high-efficiency OPVs processed from green solvents necessitates new molecular design and
BHJ processing approaches, as well as a comprehensive understanding of structure-property
relationships. In this work, we focus on developing processable high-performance OPV BHJs,
using an environmentally friendly and sustainable solvent 2-methyltetrahydrofuran (2-MeTHF).
Although a large pool of non-halogenated solvents is available for processing of donor-
acceptor molecules and their blends, a priori, screening of potential solvents can be obtained based
on solubility, polarity, and dispersion, for example, by examining Hansen solubility parameters
(HSP).>-!2 Additives as morphology boosters also have a significant impact on the processability,
efficiency, and stability of OPVs.!3-?2 Regarding the use of non-halogenated solvents for
processing BHJ solar cells, ortho-xylene (o-xylene),?>?’ toluene,? 28 tetrahydrofuran (THF),?®
terpene bio-solvents,® and 2-MeTHF have been reported. Among these solvents, 2-MeTHF is
produced from agriculture byproducts and widely utilized for large-scale organic synthesis in
industry.3% 3! Furthermore, it has a low boiling point (78 °C) allowing for fast drying and
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processing BHJ mixtures into thin films*? for OPVs.?% 33-38 For example in early work, 2-MeTHF
treated BHJ-based OPVs involving a low bandgap polymer PPDPP and the PC;;BM acceptor
enabled a PCE of 4.18%.3* In addition, an all-polymer solar cell consisting of the PTzBI-Si donor
and N2200 acceptor processed in non-halogenated solvents such as 2-MeTHF and cyclopentyl
methyl ether (CPME) resulted in a PCE of ~11%.3* Very recently, the utility of 2-MeTHF as a
processing solvent is exemplified by work published during the preparation of this manuscript,
where PTQ10 and FO6-T polymer donors blended with Y12 acceptor were used to attain OPV
with up to 14.5% and 11.4% PCE.?3 Often, poor solubility of high-performance donor and acceptor
molecules in non-halogenated solvents such as o-xylene and 2-MeTHF is a bottleneck for
processing these molecules into BHJ thin films. Therefore, a considerable “molecular redesign” of
the donor/acceptor components is necessary to achieve good solubility in 2-MeTHF. This
enhanced miscibility and processability while keeping optimal film morphology for charge
generation and transport properties at the desired levels, which are crucial to formulate high-
performance BHIJ thin films. Understanding the molecular origins of the factors that influence the
molecule packing in the BHJ morphology is important, as well as their role in governing device
performance, which is yet to be addressed and compared for OPVs processed from 2-MeTHF.

In this work, we designed a series of donor:acceptor (D:A) blends based on the PM7 series of
polymer donors with different backbone structures and Y-series molecule acceptors (MAs), in
which the position of the sidechains on the polymer and the alkyl chain length on the MAs are
used to control the solubility in 2-MeTHF without the use of additives. The replacement of the
closed-ring diketone in PM6 and PM7 with an opened ring diester quaterthiophene moiety in PM7-
D3 and PM7-D5 (structures are shown in Figure 1a) provides backbone flexibility. A combination

of characterization techniques is employed to resolve the BHJ morphology at different length
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scales ranging from sub-nanometer to micrometer distances using solid-state nuclear magnetic
resonance spectroscopy (ssNMR), atomic force microscopy (AFM), grazing-incidence wide-angle
X-ray scattering (GIWAXS), and resonant soft x-ray scattering (RSoXS) techniques. In addition,
we characterized the optical properties, energetics, and electronic parameters that contribute to the
different PCE values in these BHJ devices. The additive-free donor and MA blended PM7-
D3:PTI04 device processed from 2-MeTHF demonstrates a PCE value of 14.9%, which is akin to
PM6:Y6 reference devices’® processed from CF with additives. Our studies of the bulk and
interfacial BHJ morphology indicate that a favorable intermixing of PM7-D3 and PTI04 results in
appropriate MA domain sizes and phase purity. Furthermore, PM7-D3:PTI04 devices have high
charge carrier mobilities and low charge recombination, enabling high PCEs. Our studies suggest
that the underlying reasons for the lower performance of the other PM7-D5/PM7-D3:MA blends
(PCEs in the 9-11% range) are an unfavorable local morphology, which we attribute to the

positions of the ester sidechains on the donor polymers and elongated sidechains on the MAs.
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2. Results and discussion

2.1. Molecular design, D-A interaction parameters, and optical properties

The repeat unit structures of polymer donors (PM7-D3 and PM7-D5), which differ only in the
positions of the ester side chains on the thiophene rings of the backbone, and the structures of the
Y-series MAs (Y12, DTY6, and PTI04) with different sidechain lengths and branching are shown
in Figures 1a and 1b. The synthesis of these polymers is simpler than the well-known high-
performance polymers PM6 and PM7. From gel permeation chromatography (Figure S8), PM7-
D3 has a higher molecular weight than PM7-D5 (M,;: 65 kg/mol, My,: 149 kg/mol, D: 2.30 versus
M,: 26.1 kg/mol, My: 55 kg/mol, D: 2.09). More details of the material synthesis and molecular

characterization are given in the Supporting Information (SI).

A comparison of the optical properties of neat donor polymer and MA thin films spin coated from

2-MeTHF solutions is given in Figure 1¢, while their ionization energies (IEs) and electron

affinities (EAs) are shown in Figure 1d. The IE and EA energies are estimated based on the

extraction of the onset potentials using dynamic pulse voltammetry (DPV) versus

ferrocene/ferrocenium (considering a conversion factor of =5.12 V wvs. vacuum). To better

represent solid-state characteristics and minimize any alterations in the film properties caused by
electrolyte absorption, the initial voltammograms of fresh films are employed, and different films
are utilized for the oxidation and reduction processes, so the onset for oxidation and reduction is
not affected by the electrochemical history (Figures 1d). A small variation in the IEs is observed,
which may be attributed to different aggregation and packing behaviors, as will be thoroughly

investigated below (vide infra).
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The degree of assembly of the D-polymer or MA in the BHJ blend can be influenced by their
solubility and aggregation tendency, which strongly depends on the backbone structures and
sidechains. For instance, when a D-polymer is blended with a MA, the delayed solidification of
the D-polymer results in a less favorable final morphology of the BHJ blend.*® While enhancing
backbone planarity in conjugated polymers by utilizing fused aromatic rings is expected to
improve transport properties and device performance, these fused-ring-core polymers may lead to
reduced solubility and bring additional challenges to processability. Conversely, incorporating
flexible connections (non-fused rings) into the backbone often leads to enhanced solubility, but
the OPV performance may be compromised. By tailoring the backbone structure using fused ring
(benzodithiophene part) and non-fused ring (diester quaterthiophene part) components in PM7-D3
and PM7-DS5, together with the placement of the branched 2-butyloctyl sidechains on the ester
functionalities, solubility in the green solvent 2-MeTHF can be adjusted and enhanced. The
presence of two peaks or a peak-shoulder pattern in the absorption spectrum of both PM7-D3 and
PM7-D5, respectively, suggests the presence of aggregates resulting from interchain n-m stacking.
In particular, the larger 0-0/0-1 ratio (ratio between the absorbance of shoulder to main peak) in
PM7-D5 points to a more planar backbone compared to PM7-D3.4! This observation is further
supported by the 150 meV lower IE for PM7-D5 and the results of long-range corrected ®B97X-
D/6-31G(d, p) density-functional theory (DFT) calculations based on symmetric dimers (Figure

le), where the PM7-D5 backbone conformation intrinsically exhibits a higher degree of planarity.

For the donor polymers, backbone flexibility in PM7-D3 and PM7-D5 provides the requisite
solubility for processing films without compromising solid-state packing. PM7-D3 exhibits
solubility of slightly greater than 10 mg/mL in 2-MeTHF while PM7-D5 shows a slightly lower

solubility of approximately 7 mg/mL even at lower molecular weight, in line with the backbone
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planarity trend between the two polymers. While molecular weight differences between the two
polymers can also play a role, the main factor contributing to the different solubilities and
aggregation behaviors between these two structural isomeric polymers is believed to be the
position of the diester sidechains in the quaterthiophene building block. One would expect PM7-
D5 rather than PM7-D3 to have a higher solubility in 2-MeTHF if only considering the low
molecular weight of PM7-D5. Thus, it is evident that the sidechain position in these polymers
controls the conformation of the backbone as corroborated by the DFT calculations for symmetric
dimers shown in Figure le. The enhanced conformational degrees of freedom and less planar
backbones in PM7-D3 coming from the position of the diester quaterthiophene are expected to
contribute to the improved solubility in 2-MeTHF. It is worth noting that all three MAs also
exhibited good processing capabilities with high solubility of ~10 mg/ml in eco-friendly solvent
2-MeTHF. For three MAs, similar high solubility of above 10 mg/mL in 2-MeTHF is observed,
which is also supported by a solubility assessment that describes the origins of good solubility
supported by Hansen solubility parameters (HSP). The HSP theory can evaluate the cohesive
energy density (CED) of material/solvent considering the contribution of dispersivity, polarity,
and hydrogen bonding togetherly.® - 12 From the CEDs of selected molecules and solvents, the
molecule—solvent interaction parameters, y, are calculated and summarized in the SI (Section 2,
Tables S2 and S3). Smaller y values of around 0.70 indicate small differences in the properties
between three MAs and the host solvent, which further supports their good solubility in 2-MeTHF.

Thus, PM7-Dx:MA blends are highly versatile to the processability with 2-MeTHF.

2.2. Photovoltaic characteristics

To assemble OPV cells, the PM7-Dx:MA in a 1:1.2 weight ratio BHJ active layer was cast from

2-MeTHF heated at 70 °C to accelerate the drying of the thin films during spin coating,*> and the
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resulting devices were tested. It is noteworthy that solvent additives were not used in order to
eliminate the health and environmental hazards due to halogenated additives, which also simplifies
the fabrication process for large-scale fabrication compatibility.?> 4> The device structure of
ITO/PEDOT:PSS/PM7-Dx:MA/PNDIT-F3N-Br/Ag was utilized and a more detailed description
of the device fabrication procedure can be found in the SI, Section 3. The current density-voltage
(J-V) characteristics of these solar cells are shown in Figure 2a and Table 2. Due to this variation
in IE values, it is expected that the PM7-D3 donor polymer with a higher IE (roughly speaking, a
lower HOMO) can enhance the open-circuit voltage (V,.) of the PM7-D3:MA OPV device relative
to PM7-D5:MA BHJ. Among the four BHJ blends with different combinations of the donor
polymers and the MAs, we found the highest PCE of 14.91 £+ 0.25% for the PM7-D3:PTI04 device,
enabled by a relatively high fill factor, FF (0.69), V. (0.90 V), and J. (23.88 mA c¢cm™2), which is
also one of the best performing systems processing with 2-MeTHF compared to recent eco-friendly
solvent treated organic solar cells shown in Table S4. The integration of the external quantum
efficiency (EQE) spectrum, Figure 2b, results in a similar J;. value for this system. By comparison,
the other BHJ systems exhibited lower PCE values in the 9.61-11.28% range. We attribute this to
the relatively large domain size and uneven distribution of donor and acceptor in the BHJ
morphology of those devices, which will be further described by characterizing the photophysical

parameters as well as performing a morphology analysis at different length scales.

Table 1. Photovoltaic parameters of the studied OPVs measured under simulated AM1.5G

illumination. Average values are obtained from 10 devices.

Solvent D:A Jse (MA cm2) Voe (V) FF PCE,y, (%)

Page 11 of 34

Page 12 of 34



Page 13 of 34

10

11

12

13

14

15

Materials Horizons

PM7-D3:PTI04 2388+0.12 090+0.01 0.69+0.01 14.91+0.25
PM7-D3:Y12 23776 £0.61 086+0.01 0.54+0.02 11.06+0.49

2-MeTHF
PM7-D3:DTY6  20.29+0.37 0.86+0.01 0.65+0.02 11.28+0.35
PM7-DS:PTIO4  17.17+0.51 0.87+0.01 0.64+0.02 9.61+0.45

To gain a deeper understanding of the device performance, we studied the voltage-dependent

charge collection probability (P.) using the following equation,

]ph

B ] ph,sat,

(1)

C

where the photocurrent density (/o) of the device is the difference between the current density
under illumination and in the dark,*# and ], o is the saturated photocurrent density under —2 V.
A high ], sar above 20 mA cm™ and weak voltage-dependent P, for all three PM7-D3:MA blends
indicate an efficient charge carrier generation rate in all devices. In Figure 2¢, the P, is plotted as
a function of the effective voltage (Vs = Vo — Vor), Where Vg is the voltage at which ]y, equals
0, and the corrected voltage (Vor = Vapp — JR) 1s obtained by considering the voltage losses due
to series resistance (R). Under short-circuit condition (black line, Figure 2¢), the PM7-D3:PTI104
device shows P, = 0.994, which is the highest among the four systems characterized here. In other
words, the PM7-D3:PTI04 system has the most efficient charge collection process without the

assistance of the external electric field for charge extraction.
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Figure 2. (a) J-V characteristics, (b) EQE spectra, (c) charge collection probability, (d)
voltage-dependent charge carrier density, (e) voltage-dependent effectivity mobility, and (f)
fitting of the recombination current density of PM7-D3:PT104, PM7-D3:Y 12, PM7-D3:DTY6,

and PM7-D5:PT104 under AM1.5G illumination at 100 mW cm™2.

Next, impedance spectroscopy was carried out to determine the charge carrier density in the
active layer upon varying operational biases and light intensities.*>->2 To maintain the steady-state
properties of the system during measurement under different illumination conditions, DC bias in
a range from —2 V to V., and a small AC signal (40 mV) were applied during the scanning. To
account for the impact of the device series resistance and parasitic inductance of the connecting
cables, a correction factor is included in the measured capacitance of the BHJ layer as represented
in Equation (2):

: 7' — ol
(Z —R)* + (2" — wl)

1
- 5 2]! (2)

Ccor =
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Here, L' is the inductance of the connecting cables, w = 2md is the angular frequency of the
AC signal, and Z' and Z" are the real and imaginary components of impedance, respectively. In the
dark, the corrected capacitance measured under a large reverse bias (—2 V) shows a horizontal line,
which is equivalent to a frequency-independent capacitance. From this, one can determine the
geometrical capacitance (Cg) of the active layer. Voltage-dependent impedance spectroscopy
measurements were performed to obtain the charge carrier density » (Figure 2d), via integration

of the chemical capacitance Ceem using the following equations:?# 46, 33-33

1 VCOr
n(Vcor) = Nyt + mf CechemdV cors (3)
VSat
1
Ngat = mcsat(vo - Vsat)' (4)

where V) is the forward bias at which the photocurrent is equal to zero, A is the device area (9.4
mm?), L is the thickness of the active layer, Vg, is the reverse bias at which the photocurrent
saturates (—2 V), and Cs,, is the internal capacitance, which is determined by the difference of the
corrected capacitance in the dark and under illumination at V. The charge carrier density in the
range from —2 V to close to V. under 100 mW ¢m 2 illumination in PM7-D3:PTI04 devices shows

an overall lower value (n < 1.6 x 10'6 ¢cm3) than that in other devices (7 > 2.5 x 10'® cm™3), while

the effective mobility e (1.1 X 10* cm? V7! s71) is about one order of magnitude higher than in

the other devices (< 3.5 x 103 cm? V™! s71); ues is calculated using the following equation:

J(V)L
Uetf (n;Vcor) = 2qn(V) [Voe — Veorl (5)

where V., is the corrected voltage considering the voltage drop over the series resistance, and |
(V) is the current density obtained from the J—V curves. The higher charge carrier mobility in the

PM7-D3:PTI04 can improve the collection process, leading to a small remaining amount of free
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charge carriers in the BHJ layer, which agrees with the minimum average n(V) in the operating

range from —2 V to a bias 0.2 V lower than V.. Among the other factors that influence the PCE

values are the recombination dynamics and voltage losses.

Table 2. Summary of the device parameters obtained under simulated AM1.5G illumination.

Nibuik Nisurt T Ly Laya  Lasr  Laifrd
(cm3) (cm3) (cm? V1) (nm) (nm)

PM7-D3:PTI0O4 0.035 1.16E+12 6.97E+12  1.17E-09 1044.03 10.44 54.77 0.55

D:A &

PM7-D3:Y12  0.021 1.56E+I13 1.63E+14  8.83E-10 74237 7.35 47.62 047

PM7-D3:DTY6 0.027 7.55E+14 6.68E+13  7.54E-10 661.77 6.75 44.02 0.45

PM7-D5:PTI0O4 0.028 4.02E+13 1.66E+13  6.64E-10 600.11 6.00 41.30 0.41

To obtain quantitative insights into the charge recombination dynamics, we employ a model
that relates the recombination current density J,.. to the charge carrier density and compares it to
experimental values of J,. obtained from J-V curves, which can be achieved by a combination of
J-V characteristics (in the dark and under illumination) and voltage-dependent impedance
analysis.*> %> The density of bulk traps N, pui, the density of surface traps N, g, and the reduction
factor (also known as Langevin prefactor) & are parameters used to fit the recombination current
with the experimental data.’® A summary of the physical parameters used in the Jp fitting model
is presented in Table 2. Even though it shows a slightly higher Langevin prefactor correlating to
bimolecular recombination due to its higher g, it is worth noting that both bulk and surface trap
density dramatically decrease in PM7-D3:PTI04 system, suppressing charge carrier loss due to
bulk and surface trap-assisted recombination in the device. Also, benefiting from the high mobility,

the calculated zu for the PM7-D3:PT104 device exhibits the smallest value among the four systems,
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a feature that has been shown to correlate with a high FF in earlier reports.>” 3 Next, the drift
length (Lg;) and diffusion length (Lgi¢r) in the BHJ active layers are calculated based on n(V) and
Uefr, Which are further normalized by the thickness of the film. Considering the relatively long Lg,
(all above 600 nm) compared with the average thickness of the active layers (~100 nm), longer
Lgige in the PM7-D3:PTI04 system makes a difference when the internal electric field is small. In
other words, the drift length at Jsc is much greater than the thickness of the active layer. However,
the effective diffusion length is smaller than the active layer thickness, which can result in
significant losses in carrier extraction when drift is not efficient.’® The charge transport and
collection processes are mainly controlled by the diffusion process and benefit from the long Ly
in the PM7-D3:PTI04 system when getting close to maximum power voltage (Vpp) and Vi
conditions, which ultimately explains the higher PCE of the PM7-D3:PTI104 solar cells among the
four blend systems. Key takeaway from the detailed analysis of photovoltaic parameters is that the
PM7-D3:PTI04 system has lower surface- and bulk-trap assisted recombination and efficient
charge extraction and collection resulting in a high FF and J,.. Meanwhile, the lowest bulk traps
in PM7-D3:PTI04 system also suppress the non-radiative voltage loss and lead to a high V.. In
contrast, the other PM7-D3:MA blends suffer from relatively high recombination rates and low
FF, leading to poor performance in the OPV devices. The presence of significant bulk traps within
the PM7-D3:DTY6 system results in serious non-radiative voltage losses, leading to a limitation
in its V. and overall device performance. The PM7-D5:PTI04 devices also suffer from these
factors, indicating that both donor and acceptor molecules and their packing interactions are
particularly important in order to steer the electronic properties of the BHJ blends toward high
PCE values. This led us to investigate the BHJ morphology and molecular origins of the different

photovoltaic properties, as discussed below.
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2.3. Resolving BHJ morphology at different length scales
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Figure 3. Surface and bulk morphology of the BHJ blends processed from 2-MeTHF: (a) AFM

topography images 5 pm x 5 pm, (b) 2D GIWAXS patterns, (c) the corresponding log-log plot

of in-plane (dash lines) and out-of-plane (solid lines) GIWAXS profiles, and (d) RSoXS

profiles at 285.0 eV with film thickness normalization and Lorentz correction.
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The charge generation, transport, recombination, and extraction processes in OPVs are closely
linked to the BHJ morphology and packing arrangements of the donor-acceptor moieties.* 32 In
particular, the processing solvent has a significant impact on the BHJ morphology.®3-% To gain
further insights into the impact of the sidechain positions and lengths on the device performance
of the four OPV systems processed from 2-MeTHF, the BHJ morphologies were further
characterized with various techniques at different length scales (um to sub-nm).%¢ At the micron
to sub-micron length scales, AFM is employed to map the topography of PM7-D3:PTI04, PM7-
D3:Y12, PM7-D3:DTY6, and PM7-D5:PTI04 blends under optimized conditions. As shown in
Figure 3a, AFM images of all BHJ blends at 5 pum x 5 pum reveal continuous networks and
relatively smooth surfaces with RMS values from ~1 nm - 3.06 nm.

GIWAXS measurements were conducted to gain insights into the molecular packing and
orientation of the D and A molecules with respect to the substrate. The two-dimensional (2D)
patterns of all blend films exhibit a combination of features from the donor polymers (PM7-D3
and PM7-D5) and MAg, as illustrated in Figure 3b. The GIWAXS data for neat donor and acceptor
are shown in Figure S16. All the PM7-D3 systems displayed distinct (010) scattering patterns in
the out-of-plane direction originating from the n-x stacking of the polymer donor and MAs, which
indicates a preferred face-on orientation in an ordered structure. A comprehensive summary of all
relevant parameters and details can be found in the SI, Table S5.

All blends exhibit a moderate coherence length (Cp = 10-20 nm) for (100) scattering, which
corresponds to length scale over which the sample scatter coherently and indicates the quality of
the molecular packing. It is comparable to the exciton diffusion lengths in oligo-/polymeric organic
semiconductors..5”> 8 Importantly, the molecular packing of PTI04 remained intact, as evidenced

by the side scattering feature observed at g, = 0.36 A~!, which corresponds to the characteristic
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scattering of neat PTI04. This observation suggests that the incorporation of PM7-D3 and PTI104
into the blend film does not disrupt the formation of their respective molecular packing during the
blending process. In contrast, in the case of PM7-D3:Y 12 system, although it exhibits a preferred
face-on orientation indicative of ordered structures, the scattering feature corresponding to neat
Y 12 is undetected. This disruption of molecular packing upon mixing is consistent with the results
obtained from ss-NMR measurements to be discussed. While the increased volume fraction of
MAs in D:A domains can potentially enhance Jy by facilitating efficient charge generation, it can
also lead to a higher probability of recombination events, thereby adversely affecting the F'F". These
findings align well with the observed photovoltaic properties of the PM7-D3:Y 12 system, which
exhibits high J. values but low FF. Unlike the Y12 system, the PM7-D3:DTY6 system exhibits
completely different behavior. In this case, the scattering feature originating from the DTY6 crystal
remains in the blend. This intense scattering can be attributed to the poor miscibility between the
donor and acceptor components supported by the value of the Flory-Huggins parameter, which
will be further discussed below. While an improved molecular order of the acceptor component
can enhance electron transport, an excessive presence of acceptor crystallites can have a
detrimental effect on charge transport since the acceptor crystallite islands may work as traps.
These findings provide an explanation for the observed high FF but low J. of the PM7-D3:DTY6
system. When PM7-D3 is replaced with PM7-D5, no significant changes are observed in the 2D
GIWAXS analysis of PM7-D5:PTI04.

To gain detailed information on the amorphous mixed phases, RSoXS measurements were
conducted on all four studied systems.®® 70 Details of long period estimation by RSoXS
measurements and analyses are presented in SI, Table S6. These results suggest that all four blend

films exhibit multi-length scale morphology with larger domains with a long period of ~120 - 220
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nm and smaller domains with a long period of ~15 - 30 nm. The PM7-D3:PTI04 system contains
the highest volume fraction (69%) of the smaller domains with an average size of 26 nm. For the
other three systems, the volume fractions and long periods of the smaller domains are: PM7-
D3:Y12 (63%, 51 nm), PM7-D3:PTI04 (56%, 17 nm), and PM7-D5:PT104 (26%, 29 nm).
Previously, strong correlations between FF and scattering intensity/domain purity have been
observed in both single-mode and multi-mode morphologies, particularly if such morphologies
were for the same material system and processing was varied.”'-”3 Similarly, domains size could
be often correlated to Ji..”* Using morphological parameters to explain relative device performance
is more difficult and complex if devices are compared using different materials systems, as device
performance depends on many parameters and materials’ intrinsic properties such as charge
generation, charge carrier mobility, and recombination.” Reasonable rough correlations between
morphology and performance are observed here. For example, the high J,. of PM7-D3:PTI04
blends agrees with the large volume fraction of small domains. However, no clear self-consistent,
i.e. monotonic trend in FF or Jy. with a range of morphological parameters can be observed across
all four material systems. This indicates that other parameters such as intrinsic mobilities of the
materials, energetic offsets at interfaces, differences in interfacial structure, or vertical gradients

make a significant contribution to the relative device performance.
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Figure 4. (a) XPS depth profile of PM7-D3:PTI104, PM7-D3:Y 12, PM7-D3:DTY6, and PM7-
D5:PTI04 BHJ films showing D/(A+D) molar ratio evolution as a function of etching degree,
where etching begins at the top air/film interface. Dotted lines represent the ideal D/(D+A)
molar ratio calculated from the original D:A ratio of 1:1.2 by weight. (b) Schematics of the
PM7-D3:PTI04 blend with more uniform vertical phase separation and (c) of the other three
blend films showing vertical phase gradation with an acceptor-rich region near the

blend/PEDOT:PSS interface.

The BHIJ films were also characterized using depth-profiled X-ray photoelectron spectroscopy
(XPS) to investigate the impact of sidechain length and position on the donor and acceptor
distribution and composition in the vertical direction of the active layers.”® The distribution of the
PM7-series donors and Y-series MAs can be tracked by the chlorine (Cl) signal and fluorine (F)
signal, respectively, considering the fact that F is absent in the donors and Cl is absent in the
acceptors. As a result of the different active layer thicknesses, the etching time to reach the bottom
of the active layer is slightly different among the blends. The ratio of D/(D+A) for each blend was

calculated from the representative elemental ratio of the polymers and MAs (Figure 4). As shown
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in Figure 4a, an overall decrease in the D/(A+D) molar ratio is observed in the vertical phase
separation for all the blend films. In all cases, the donor polymers accumulate more at the top
blend/air interface, while a molecular acceptor-enriched region can be observed close to the bottom
of the BHIJ layer, yet different trends in the depth profile are observed for the BHJ blends with
different acceptors. In particular, the PM7-D3:PTI04 blend tends to be more uniform in the vertical
phase arrangement with a gradual reduction of the D/(A+D) ratio from 0.43 to 0.31 upon going
from top to bottom. In the other three blends, a dramatic drop of the donor component occurs after
reaching 70% etching, and a region of ~10 nm is dominated by MA molecules at the bottom of the
active layers. These are illustrated by two different schematic diagrams (Figures 4b and 4c)
showing the vertical gradation trends in the microstructure of the PM7-D3:PTI04 blend and the
other three systems. A significant number of acceptors accumulated at the bottom of the BHJ layer
can have a negative impact on the device performance of the PM7-D3:Y 12, PM7-D3:DTY6, and
PM7-D5:PTI04 systems. Undesirable surface-trap-assisted recombination can occur as a result of
the enrichment in acceptors at the interface between the PEDOT:PSS layer and the active layer.
Compared with these blends, a uniform distribution in the vertical phase of the PM7-D3:PTI04
film implies higher miscibility of PM7-D3:PTI04 blend with PEDOT:PSS layer, which can
contribute to reducing the density of traps and suppressing the trap-assisted recombination of
charge carriers in the OPV device, especially surface-trap-assisted recombination, and thus lead to
a more efficient charge collection process.”® The miscibility between PM7-D3 and PTI04 could be
further investigated by the Flory—Huggins interaction parameter yr.y derived from the contact
angle measurements (CAM) (SI, Table S7). The polar and dispersive surface tension of the
measured films can be derived based on the CAM obtained by using water and glycerol as specific

solvents, which describes the solubility parameters of the studied donor and MAs. And yg.y can be
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calculated by comparing the difference of solubility parameters between different donor and
acceptor materials. Typically, the better the miscibility between two studied materials, the smaller
the value of yrq.”7-7® Among all four studied D:A blends, PM7-D3:PTI04 shows the smallest yg.
value of 0.036 as compared to the other three blends (0.233 for PM7-D3:Y 12, 2.089 for PM7-
D3:DTY6, and 0.177 for PM7-D5:PTI04). The lower y value found for PM7-D3:PTI04 further
confirms the better miscibility of D: A in the active layer. These results are not only consistent with
the higher D:A interfacial areas from the RSoXS measurement, but also with the effective mobility
and the recombination current fitting analysis discussed in the device physics part, which further
confirms the origin of the surface trap in the studied systems. A favorable vertical gradient of the
active layer increases the probability of excitons reaching and dissociating at the polymer and MA
interfaces, promoting higher effective mobility (ues~ 1074 cm? V! s71), lower trap density (both
in the bulk and at the surface), and lower non-radiative recombination loss in the PM7-D3:PTI104
system compared with the others, which is consistent with the higher observed PCE.

Within the resolution capabilities of the above techniques, the analysis of long-range order at
the surface, bulk, and interfacial BHJ morphology indicates that the acceptor domains exhibit
different morphological features as observed by means of lamellar stacking peaks of blend films
in GIWAXS plots and the XPS depth profile analysis. However, these data and observations do
not resolve the molecular origins of the different acceptor morphology induced by the PTIO4,
DTY6, and Y12 molecules in the PM7-D3:MA BHJ blend films. In other words, changes in the
bulk and interfacial morphology of Y12 and PTI0O4 molecules are expected to contribute to
different performances in OPV devices. The local chemical environments of end groups and

sidechains in acceptor morphology are known to be sensitive to solvent processing, which can be
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only identified and distinguished by gaining access to atomic-level resolution enabled by ssNMR

spectroscopy as discussed below.%3

2.4. Local structures and intermolecular interactions

Molecular-level origins of the different local structures and packing interactions in neat
materials and blends can be characterized by ssNMR spectroscopy. 4% 63 7983 To resolve the
different packing interactions in acceptor morphology that contribute to the different PCE values
in OPV devices, we have selected the PM7-D3:PTI04 and PM7-D3:Y12 blends, owing to the
differences in their PCE values (Table 1). For the neat PM7-D3, PTI04, and Y12 compounds and
the BHJ blends, the short-range order and intermolecular interactions are examined by analyzing
the 'H, 13C, and '°F chemical shifts (Figure 5, and SI, Figures S18-S19) and through-space dipole-
dipole interactions between them. The local chemical environment of the '°F species in the 2-(5,6-
difluoro-3-ox0-2,3-dihydro-1H-inden-1-ylidene)malononitrile (2FIC) terminal groups (henceforth
referred to as end groups) in the PTI04 and Y12 molecules lead to different '°F chemical shifts;*
% it is observed that PTI04 retains its local morphology in the BHJ blend but the Y12 molecules
do not. The different '°F peaks are due to the different intermolecular interactions between the end
groups and the sidechains and the fused ring core, as previously observed for Y-series molecules.®3
Two-dimensional (2D) °F-19F, 'H-13C and 'H-'H correlation NMR spectroscopy measurements
further corroborate these results (Figure 5 and Figure S18; a detailed discussion of peak analysis
is presented in SI). The local morphology of PT104 is retained in the BHJ blend, likely due to the
strong inter- and intramolecular interactions between the end-groups and sidechains of PTI04
(green color ovals in Figures 5¢,d,g,h). In contrast, subtle structural changes in the vicinity of end

groups and sidechains are observed in Y12 molecules and the PM7-D3:Y 12 BHJ blend leading to
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different chemical shfits and peak intensities, as highlighted by the red color ovals in Figures
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Figure 5. (a) Structures of PM7-D3, PTI04, and Y12 with color dots to guide the analysis of
2D NMR spectra. (b) Solid-state 1D '°F MAS NMR spectra of MAs and PM7-D3:MA blends.
Solid-state 2D !°F-!°F spin-diffusion NMR spectra of (c) neat PTI04 and (d) PM7-D3:PTI04
indicating the identical acceptor morphology, and (e) neat Y12 and (f) PM7-D3:Y 12 blend
films with different peak patterns highlighted in red. Solid-state 2D 'H-13C HETCOR NMR
spectra of (g) neat PTIO4 and (h) PM7-D3:PTI04 indicating the identical local acceptor
morphology as depicted by green ovals, and (i) neat Y12 and (j) PM7-D3:Y 12 BHJ blend films

showing the difference in the local morphology as depicted in the red dashed ovals.
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Further insights into the local morphology and structural aspects of PM7-D3 moieties and MAs
in neat compounds and in the BHJ blends are obtained by analyzing 2D 'H-'H double-quantum —
single-quantum (DQ-SQ) spectra (SI, Figure S20). The most notable aspect is that the changes in
the inter- and intramolecular interactions among end-groups/sidechains in Y 12 lead to the different
2D 'H-13C peaks. Therefore, local morphology changes around the Y12 molecules in the vicinity
of the end groups as well as the branched sidechains (depicted in ovals), are expected to contribute
to the performance deterioration in the PM7-D3:Y12-based OPVs. These observations are
consistent with the AFM, GIWAXS, and XPS data that showed different surface and bulk
morphologies with different lamellar packing distances and domain sizes of the D-A moieties in
the 2-MeTHF processed BHJ blends, which impacts the charge generation, transport and

extraction processes.

3. Conclusions

In summary, the green solvent processed PM7-D3:PTI04 device exhibit a PCE approaching 15%,
comparable to the well-known PM6:Y6 system processed from traditional halogenated solvents
and additives. In understanding the structure-processing-property relationships, the key learnings
obtained from the device physics data and characterization at different length scales ranging from
microns to sub-nanometer distances can be summarized as follows:

1. The enhanced solubility of PM7-D3 polymer in 2-MeTHF due to its more flexible
backbone structure leads to a better mixing and more optimal phase separation in the
PM7-D3:PTI04 BHJ morphology. This results in enhanced J-V characteristics and FF
and reduced bulk and surface trap-assisted recombinations. These factors combine to
produce a high PCE value of 14.9% in the OPV devices. In contrast, the less favorable

BHIJ morphology in the other blends with MAs such as DTY6 and Y12, as well as
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PM7-D5:MA blends, leads to higher trap-assisted recombination dynamics and
reduced performance in the OPV devices.

The surface and bulk BHJ morphologies consisting of favorable D/A separation and
domain purity are paramount for the high efficiency achieved in the PM7-D3:PTI04
based OPV devices processed from 2-MeTHF solvent, as revealed by the AFM, 2D
GIWAXS, and RSoXS data. The high-performance PTIO4-based systems exhibit

domain sizes of ~26 nm vs. much larger domains for the other MAs in the BHJ blends.

. At a few tens of nm scale, the long-range order associated with n—m stacked and

lamellae stacked D and A moieties in the out-of-the-plane direction with respect to the
substrates is expected to be beneficial for charge transport in all devices, although
significant disruption in such interactions in PM7-D3:Y12 leads to its poorer
efficiency.

The compositional and spatial distributions of the D and A domains in the vertical
direction are important for charge generation and extraction. The PM7-D3:PTI04
systems exhibit favorable morphology while the PM7-D3:Y 12 BHJ blend shows Y12
molecules phase-separated into larger domains at the photoactive/PEDOT:PSS

interfaces, leading to higher charge recombination and therefore low FF.

. Examining the local packing interactions at sub-nanometer distances, the

backbone/sidechain interactions stabilize the donor and MAs morphology. The length
of the branched sidechains attached to the core in PTI04 is particularly important in
maintaining the self-assembly and phase separation in the BHJ morphology, as

revealed by ssNMR.%3

Page 27 of 34

Page 28 of 34



Page 29 of 34

10
11
12
13
14
15
16
17
18

19

20

21

22

23

Materials Horizons

6. Overall, the molecular design associated with the donor polymers and MAs in this
study including the core and sidechain engineering has a significant impact on the
solubility, processability, morphology, and charge carrier properties of the 2-MeTHF
processed OPV devices. A preferred average domain size of ~25 nm with relatively
high domain purity and more uniform distribution of D and A inter-mixing is observed
in the PM7-D3:PTI04 BHIJ film compared to the other D:A blends, which facilitates
the charge generation and collection processes while limiting the trap-assisted
recombination process in the device, leading to highly effective mobility and

remarkable performance.

Thus, this work provides insight into the structure-morphology-property relationships essential for

developing environmentally friendly and commercially viable high-performance OPVs.
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