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Abstract:

Translating all-polymer solar cells from spin-coating to scalable roll-to-roll (R2R) compatible
fabrication techniques is a critical step towards the application of organic photovoltaics (OPVs) at
scale. Techniques to control polymer crystallization and phase separation during solution printing
are essential to achieve high performance printed organic solar cells. Here we demonstrate a novel
solvent additive approach employing trace amounts of phthalates as additives to control polymer
crystallinity and suppress unfavorable phase separation in a representative PTB7-Th/P(NDI20D-
2T) all-polymer solar cell. The best performing additive increased the blade-coated device
performance from 2.09% to 4.50% power conversion efficiency, an over two-fold improvement,
mitigating the loss in performance that is typically observed during process transfer from spin-
coating to blade-coating. It is suggested that the improved device performance stems from a finer

polymer phase-separation size and overall improved active layer morphology, evidenced by device

characterization data and indirectly supported by grazing incidence wide angle X-ray scattering



(GIWAXS) analyses. Real time X-ray diffraction measurements during blade-coating provide
mechanistic insight and suggest that the dioctyl phthalate additive may act as compatibilizer,
reducing the demixing of donor and acceptor polymer during film formation, enabling a smaller
phase-separation and improved performance. The structural diversity of the class of phthalate
additives makes this simple yet effective concept promising for translating other all-polymer

material systems to blade-coating and other scalable printing techniques.

1. Introduction

Organic photovoltaics (OPVs) based on polymeric semiconductors are attractive candidates
for lightweight and low-cost renewable energy applications with a flexible form factor. The power
conversion efficiency (PCE) of single-junction OPVs have recently surpassed 18%* and 15%?23
for polymer small-molecule and all-polymer systems, respectively. All-polymer OPVs featuring a
donor polymer and an acceptor polymer are desirable in terms of their versatility in molecular
design to tune light absorption and energy levels and have the advantage of better mechanical
properties, morphological stability and ambient processability.*® Consequently, all-polymer
OPVs are a promising technology for applications in flexible devices and building integrated
photovoltaics (BIPV) with the advantage that they can be manufactured with large-area printing
techniques like roll-to-roll (R2R) processing. However, high efficiency OPVs are typically
realized employing wasteful and non-scalable spin-coating in inert atmosphere. Fabricating
devices by roll-to-roll compatible methods such as blade coating or slot-die coating is critical to
translate OPVs to mass production to ultimately realize their potential of being a low-cost
technology.” Unfortunately, often one cannot simply transfer the processing from spin-coating to
R2R compatible techniques because device performance deteriorates® as the active layer

morphology is highly sensitive to changes in processing conditions.® Specifically, for all-polymer



solar cells the polymeric acceptor typically has less tendency to form more intermixed and small
domains with the polymer donor due to the strong tendency of the polymers to crystallize.'° This
results in poor morphological control and undesirable phase separation sizes much larger than the
exciton diffusion length of 10-20 nm?'!, leading to inefficient exciton splitting and poor
performance. A few examples of high performance blade coated all-polymer solar cells have been
demonstrated'?, but the gap in performance between spin-coated and blade-coated device
performance remains. Thus, morphological control presents a key challenge in all-polymer solar
cells, in particular developing processing to achieve adequately small nanophase seperation.34
In recent years, various strategies, including molecular design, solvent and thermal annealing,
and solvent additives, have been employed to control morphology in spin-coated OPVs.*>1” However,
for all-polymer solar cells employing R2R-compatible fabrication techniques, precise control of
morphology is rarely explored due to our relatively poor understanding of how processing impacts
morphology!4, which limits R2R all-polymer solar cell application. One promising strategy to
establish morphological control in blade and slot-die coated all-polymer OPVs is reducing the
tendency of polymer to crystallize, potentially suppressing unfavorable phase separation.® This is
particularly relevant to all-polymer OPVs featuring highly crystalline polymers and highlights the
need to consider the polymers propensity to aggregate and crystallize during the film formation.°
Specifically, we have shown recently that polymer blends with intrinsic low crystallinity feature
highly stable morphology and reduced phase separated domain size, allowing for high-
performance R2R printable solar cells.!® Further, we demonstrated that incorporating 2,6-
diisopropylphenyl as a fraction of the side-chains on a highly crystalline naphthalene diimide
(NDI) based acceptor polymer effectively suppresses acceptor polymer crystallization resulting in

reduced phase separation and improved all-polymer OPV performance.® Despite these approaches



showing great promise, high performance devices often use highly crystalline polymers and
molecular design approaches to fine-tune crystallinity can be time intensive and expensive and
may not result in the desired morphology control.

Herein, we demonstrate a simple yet effective solvent additive approach to control polymer
crystallinity in a representative all-polymer OPV model system, PTB7-Th/P(NDI20D-2T).
Particularly P(NDI20D-2T) is used in various spin-coated record performance all-polymer OPV
systems,?%2?! but is prone to form large domains in polymer:P(NDI20D-2T) blends due to the rigid
and planar structures of NDI units and its strong tendency to aggregate.?> For PTB7-
Th/P(NDI20D-2T), it has been reported that the high crystallinity of P(NDI20D-2T) results in
large domains (>300 nm) and poor performance in R2R-printed devices.'® Therefore, moderating
the polymer crystallization, molecular ordering and scale of phase separation is critical in
P(NDI20D-2T)-based all-polymer solar cells. However, established solvent additive such as 1,8-
diiodooctane (DIO) and 1,8-octanedithiol (ODT) typically tend to induce polymer crystallinity, by
extending drying times and possibly due to increased preferential solubility of the alkyl side chains
of the polymers.'® DIO has been shown to increase polymer crystallinity in PTB7-Th/P(NDI120D-
2T) resulting in highly ordered polymer organizations with face-on orientation.?® Use of diphenyl
ester (DPE) additive resulted in an increased domain size and reduced performance in blade-coated
PBDBT-TS1/PPDIODT all-polymer solar cells.!* Overall, there are very limited examples of
effective solution additives for all-polymer solar cell systems?*, particularly for processing via
blade-coating. Consequently, it is important to identify new solvent additive candidates that can
better control polymer crystallization during solution printing to ultimately enable high

performance printed all-polymer solar cells.



The majority of successful solvent additives typically have low volatility and selective
solubility for either donor or acceptor.’® Here, we explore the use of two phthalate additive
candidates, diethyl phthalate (DEP) and dioctyl phthalate (DOP), to control crystallization and
suppress unfavorable phase separation in a blade-coated all-polymer OPV model system (see
Figure 1), PTB7-Th/P(NDI20D-2T). Phthalates are commonly used as functional additives to
improve flexibility, plasticity, and processability of polymer products by weakening
intermolecular interactions and by lowering the overall crystallinity.?® Further, phthalates typically
feature relatively low volatility (bp > 300 °C) and large structural diversity. This structural
diversity is of particular interest, as it can potentially be leveraged to fine tune polymer-additive
interactions by systematically changing the molecular structure of the additive.?*

In this paper, we explore the effects of the DEP and DOP additives on polymer crystallization
and how they induce morphological changes in blade-coated neat and blend films of PTB7-Th and
P(NDIOD-T2) using grazing incidence wide angle X-ray scattering (GIWAXS). We then used
these additives to fabricate photovoltaic devices and showed that the additives indeed led to
reduced blend crystallinity and higher PCE that are on-par with the best spin coated devices for
the most effective additive. Morphological studies indirectly support that the phthalate additives
enable a finer phase separation in all-polymer blends. Realtime X-ray scattering during blade-
coating suggests that the DOP additive may act as a compatibilizer and suppresses unfavorable

solid-liquid (S-L) phase separation.
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Figure 1: a) Schematic of blade-coated active layer morphology with and without additive b) Additive
chemical structures.

2. Results and Discussion
2.1 All-Polymer Solar Cell Device Performance

We fabricated blade-coated, all-polymer solar cell devices using an inverted configuration
of indium tin oxide (ITO)/ZnO (20 nm)/PTB7-Th:PNDI20D-2T/MoOs3 (7.5 nm)/Ag (100 nm) to
investigate the effect of the additive on device performance. The same optimized fabrication
condition was used for all devices, specifically, D/A ratio (1:1 by weight), total solution polymer
concentration (10 mg mL™") in chlorobenzene (CB) solvent, shearing speed (60 mm s?),
processing temperature (60 °C), and film thickness (100 to 110 nm) of the active layer to reflect
only the effect of the additive. Figure 2a shows the current density versus voltage (J-V) curves of
the optimized device without additive and the best performing devices for each optimized amount
of the respective additive under AM 1.5G illumination (100 mW cm™). The key photovoltaic

metrics such as open-circuit voltage (Voc), short-circuit current density (Jsc), fill factor (FF), and



power conversion efficiency (PCE) are summarized in Table 1 and are the statistical average of
ten devices fabricated under the same conditions. The control devices fabricated by blade-coating
without additive featured a low PCE of 2.09 % (Voc = 0.766 V, Jsc = 5.16 mA cm2, and FF = 0.53),
which is significantly lower than with best reported performances of spin-coated devices for this
material system, with most reports ranging from 3.7% to 4.6%2%2¢ and the record performance of
5.7%?2". Notably, Voc and FF of the blade-coated devices are comparable to reported values for
spin coated OPVs. However, Js is significantly lower, suggesting a less optimal morphology
and large domain size of the blade-coated devices.

Both additives improved the performance of the blade-coated devices. Additive
concentrations of 0% v/v to 0.5% v/v have been explored. For the case of DEP additive 0.25% v/v
exhibited marginally improved performance compared to 0.2% v/v but for easier comparison of
device and morphological data between DEP and DOP additive we will limit the discussion to the
0.2% v/v case. Solar cells processed with the additives featured a relatively consistent Voc almost
independent of the additive treatment, varying from 0.77 to 0.79 V (Figure Sla). Jsc and PCE
metrics were more relevant due to the pronounced changes depending on the additive being used.
Remarkably, adding 0.20 v/v % of DEP additive resulted in an over two-fold increase of Jsc (11.2
mA cm?) and PCE (4.5 %). The increase of Js tracks well with the increase in PCE (Figure 2d).
Interestingly, further increasing the amount of additive to 0.50% v/v resulted in a significant
decrease in device performance, particularly for the DOP additive. Based on the device data, we
expect that the significant increase in Jsc is due to a reduced phase separation size of donor and
acceptor as a result from reduced aggregation of the individual polymers by the additives. The
poor performance of devices cast with 0.5% v/v additive, is attributed to an overly disordered

blend morphology as discussed below. To our knowledge this is the best performance for this



material system fabricated by blade-coating under ambient conditions, and is comparable to most
of the best reported spin-coated devices.?%2¢:2’

Table 1: Summary of key photovoltaic metrics of the blade coated all-polymer solar cells without additive
and with 0.20% v/v DOP, 0.20% v/v DEP added to the casting solution under standard AM 1.5G 100 mW
cm?,

Active layer additive | Voc(V) Jsc(mA/cm?) | FF PCE(%)?
PTB7-Th: no 0.766 +0.01 | 5.16+0.34 0.53+0.01 2.09+0.12
P(NDI20OD-T2) DOP 0.791+£0.01  10.2+0.29 051+0.01 4.12+0.10
DEP 0.787£0.01 11.2+0.19 0.51+0.01 4.50+0.09

a) all parameters are the statistical average of ten devices under same conditions.
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Figure 2: a) J-V characteristics of PTB7-Th/P(NDI20D-2T) of optimized blends w/o (neat) and with DOP
or DEP additive, b) PCE and c) Js as function of additive concentration for DOP and DEP additive. d) PCE
and Jsc as function of additive (additive concentration of 0.2% v/v). RDoC of e) PTB7-Th and f)
PNDI(20D-2T) (100) lamellar peaks with 0% v/v, 0.2% v/v, and 0.5% v/v DOP and DEP.



2.2 Structural order and crystallinity of pristine donor and acceptor polymers
We performed GIWAXS of neat PTB7-Th (Figure 3a) and P(NDI20D-2T) (Figure 3b) films
with and without the additives to test our hypothesis. Specifically, we investigated how DOP
and DEP additives affect the degree of crystallinity and packing in the polymer films. To
accurately compare the scattering intensity of the pristine films in the GIWAXS patterns, we
configured these images to have the same brightness and contrast and normalized the scattering
intensity for sample size, film thickness, and incident X-ray beam intensity. GIWAXS
measurements were performed parallel and perpendicular to the shearing direction, to confirm
isotropic in-plane orientation of crystallites and to justify the applicability of the geometrical
correction. All GIWAXS data shown is from measurements performed with the incident beam
perpendicular to the shearing direction. Figure 3a shows the 2D-GIWAXS patterns of PTB7-Th
cast from chlorobenzene solutions w/o (neat) or with 0.20%v/v DOP or 0.20%v/v DEP, which
are close to the optimal values for device performance. In the neat film, PTB7-Th is weakly
ordered and features predominantly face-on packing (q(100) =~ 0.28 A and q(010) ~ 1.62 A™?).
Here we use (100), (010) and (001) to denote lamella, pi-stacking, and chain directions and
planes, respectively. Upon addition of 0.20% v/v DOP additive, the intensity of both (100) and
(010) peaks is significantly reduced, suggesting reduced crystallinity of PTB7-Th by DOP, while
the predominantly face-on orientation is maintained. In contrast, the DEP additive did not have
any significant effect on the crystallinity or orientation of PTB7-Th.

To quantify and further corroborate the qualitative effects of the additives on polymer
crystallinity and orientation discussed above, we performed pole-figure and relative degree of

crystallinity (rDoC) analysis of the polymer scattering patterns. The rDoC was calculated by
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integrating the area of the geometrically corrected pole figures following procedures discussed in
previous works.?83! Specifically, the scattering intensity of the (100) lamellar stacking peak and
the (010) n—= stacking peak were background subtracted, integrated, normalized for irradiated
sample volume and multiplied by the geometrical correction factor sin(y) yielding pole-figures of
the respective polymers.3! The polar angle y describes the relative orientation of crystallites with
respect to the substrate normal, with the y = 0° and 90° representing in-plane and out-of-plane
respectively and thus for the (100) corresponding to edge-on and face-on orientation of crystallites.
The scattering intensity of the (100) and (010) peaks were integrated over y = [-85°, 85°] and the
total integrated areas are compared between samples of PTB7-Th or P(NDI20D-2T) with and
without additive yielding their relative degree of crystallinity. Therefore, rDoC analysis captures
the intensity of all crystallite orientations (y = [-85°, 85°]) and not just the in-plane (100) peak
intensity. Notably, 0.20%v/v DOP reduce the crystallinity of PTB7-Th by 77% (rDoC100) = 0.23)
(Figure 2e). Interestingly, further addition of DOP (0.5%v/v) does not significantly further reduce
the crystallinity of PTB7-Th (rDoCo00) = 0.21). However, the overall orientation becomes more
isotropic with an increasing fraction of edge-on orientation (Figure S2a). In contrast, adding
0.20%v/v and 0.50% v/v of DEP did not significantly affect orientation or rDoC of PTB7-Th
(Figure S2b and 2e).

Figure 3b shows the 2D-GIWAXS patterns of PNDI20D-2T cast from CB solutions w/o
(neat), 0.20%v/v DOP or 0.20%v/v DEP additive added to the casting solution. In the neat film,
P(NDI20D-2T) is highly ordered and features predominantly face-on texture (q(100) = 0.26 A,
0(200) ~0.52 A™', q(010) = 1.60 A" and q(001) = 0.46 A™"), consistent with previous works.*?
Upon addition of the DOP or DEP additive, the in-plane intensity of the (100) peak and out-of-

plane intensity of the (010) are significantly reduced. Notably, some ordering along the
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P(NDI20D-2T) backbone is maintained as evidenced by the (001) scattering observed in these
samples. Interestingly, (100) and (010) pole figure (Figure S2) and rDoC analysis of P(NDI20OD-
2T) samples reveal that the addition of 0.2 and 0.5%v/v DOP changes the orientation of
P(NDI20D-2T) from predominately face-on for 0.2%v/v DOP to more edge-on for 0.5% v/v
DOP (Figure S3a), while the overall crystallinity is only slightly reduced (rDoC 00y = 0.92 for
0.5% v/v DOP) (Figure 2f). In contrast, the addition of 0.2 and 0.5% v/v DEP reduces the
rDoC 00y of P(NDI20OD-2T) to 39% and 35% (Figure 2f), respectively, while maintaining the
overall face-on orientation (Figure S3b).

Overall, the DOP and DEP additive have different effects on polymer crystallite orientation
and crystallinity in PTB7-Th and P(NDI20D-2T) films suggesting different interactions between
the additives and the polymers. We speculate that these differences stem from differences in the
additive-polymer interactions related to the subtle differences in DEP and DOP additive molecular

structures.
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Figure 3: a) 2D-GIWAXS patterns for PTB7-Th and b) P(NDI20D-T2) films sheared from CB solutions
w/o additive, 0.2%v/v DOP, 0.20%v/v DEP.

2.3 Structural order and crystallinity of PTB7-Th/P(NDI20D-2T) blends

We then performed GIWAXS of PTB7-Th/P(NDI20D-2T) blend films (Figure 4a) with
and without the respective additives to understand the effect of the additives on blend
morphology. As for the neat films, we configured these images (measured perpendicular to
shearing direction) to have the same brightness and contrast and normalized the scattering
intensity for sample size, film thickness, and incident X-ray beam intensity to accurately
compare the scattering intensity of all the pristine films in the GIWAXS patterns. Overall, we
observe preferential face-on orientation of all the blends, with and without additives (see Figure
4a). The similar q position of (100) and (010) peaks of donor (q(100)~0.28 A™!, q(010) = 1.62

A1) and the acceptor (q(100) =~ 0.26 A", q(010) ~ 1.60 A") polymers made it difficult to evaluate
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the crystallinity and packing of the individual polymers (see Figure S5). However, we observe
scattering in-plane at g = 0.46 A™!, which is unambiguously due to the (001) peak of P(NDI20D-
2T), indicating that some P(NDI20D-2T) is ordered in the blend. Qualitatively, both additives
disorder the polymers within the blend compared to neat films as evidenced by the reduced
scattering intensity of the (100), (010), and (001) peaks.

rDoC analysis reveals that both 0.20% v/v DEP or DOP additive reduce blend
crystallinity of the polymers by about 50% (rDoC~ 0.5) (see Figure 4b). Here by blend
crystallinity we mean the combined P(NDIOD-2T) and PTB7-Th crystallinities, since we cannot
distinguish individual components. Increasing the amount of DEP and DOP additive to 0.50%
v/v slightly decreases blend crystallinity, but does not further improve device performance. We
observe a decrease in device performance (see Figure 4c) for 0.5% v/v DOP or DEP which may
be attributed to an overly disordered blend morphology, as evidenced both by further slightly
decreased rDoC and a less face-on orientation of the polymers (see Figure S4a and S4b).
Generally, face-on orientation is considered favorable for OPVs, facilitating efficient hole and
electron transport between the electrodes, which is beneficial to device performance.?®>* Notably,
the loss of predominantly face-on orientation is more pronounced for the DOP additive in line

with the more pronounced decrease in performance for 0.5% v/v DOP (Figure 4c).
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As discussed above, DEP reduces the crystallinity of neat P(NDI20D-2T) films but does
not significantly affect the neat PTB7-Th crystallinity. The DOP additive strongly decreases
PTB7-Th crystallinity while the crystallinity of P(NDI20D-2T) was less affected. However,
DOP makes the orientation of P(NDI20OD-2T) less face-on and more isotropic. Further, as

mentioned above, the g-positions of donor and acceptor nearly overlap. Therefore the (100) d-
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spacing in the blend is a combination of both donor and acceptor lamella peaks. Comparing the
(100) peak positions of PTB7-Th and P(NDI20D-2T) in neat and blend films reveals that DOP
predominantly disordered PTB7-Th in the blend (Figure S6), as evidenced by the (100) d-spacing
of the blend with DOP additive (24.5 A) closely resembling the d-spacing of neat P(NDI20D-
2T) (24.3 A) (Figure 4d). Interestingly, the (100) d-spacing of the blend with DEP additive (23.4
A) is nearly identical to the d-spacing of the blend without additive (23.5 A) suggesting that both
the donor and acceptor polymers have similar crystallinity in the blend yielding a more balanced
crystallinity between donor and acceptor. By balanced crystallinity we refer to the scenario
where both donor and acceptor have comparable degrees of crystallinity in the blend in contrast
to a scenario where one material is highly crystalline, and the other material is amorphous.
Balancing crystallinity has been shown to be an effective strategy to achieve small scale phase
separation and balanced charge carrier mobilities, enabling high device performance.
Specifically, balanced carrier mobilities have been shown to contribute to a high FF and device
performance.t%343® The slightly superior performance of the DEP additive as compared to DOP
is attributed to the more balanced crystallinity and slightly higher FF for the blend cast with the
DEP additive. We further acquired atomic force microscopy (AFM) images of blend films to
investigate the qualitative effects of the additive on the blend active layer surface morphology.
The topography image of the PTB7-Th:P(NDI20D-2T) blend without additive (Figure S7a)
show large and elongated structures which may be related to fibrillar polymer structure, often
observed for P(NDI20OD-2T). The extend of these surface structures appears to be reduced for
the DOP additive (Figure S7b) and the blend cast with DEP additive (Figure S7c) features a
significantly different surface morphology with smaller features suggesting the absence of large

P(NDI20OD-2T) fibrillar polymer structures and improved phase separation size.
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Findings from morphology characterization further indirectly support our hypothesis that
DOP and DEP additive reduce phase separation size between donor and acceptor polymers based
on the strong correlation of increase in performance with increase in Jsc. To further corroborate
the effects of the additives on the donor acceptor phase separation size in blends, we performed
resonant soft X-ray scattering (RSoXS) measurements. However, it was not possible to resolve
any clear features for blends with and without additives. This is likely due to the limited contrast
between donor and acceptor for all-polymer blends and to the convolution of orientation and

domain contrast.

2.3 Influence of Additive on Real-Time Polymer Aggregation during Solution Printing

To gain an in-depth understanding and provide mechanistic insight for the morphology
evolution during solution printing, we used real-time in-situ X-ray diffraction during blade-
coating®® (see Figure 5a) to track the crystallization process of PTB7-Th and P(NDI20D-2T)
polymers w/o and with the additives. We perform peak fitting of the (100) polymer peak at various
times of wet film drying to extract the (100) peak area. The increase in the (100) peak area is
proportional to the amount of crystalline polymer that is formed. Neat PTB7-Th films were found
to be too weakly scattering for the in-situ experiments, particularly with DOP additive added.
Hence, we limit this discussion to the crystallization kinetics of P(NDI20OD-2T) and PTB7-
Th/P(NDI20D-2T) blends. Figures 5b shows representative GIWAXS line-cut profiles at various
times during film drying for thin-films printed from P(NDI20D-2T) solutions. Figure 5¢ shows
the evolution of the (100) P(NDI20D-2T) polymer peak during film drying. To aid the discussion
of the crystallization kinetics, we propose a four-stage model to describe the film drying: (I)

dissolution stage, (I1) aggregation stage, (I11) nucleation and rapid growth stage, and (V) final

17



film stage. Further, we define the duration of the respective stages I-1V as t_stage. In the beginning
of the wet film drying (stage 1), P(NDI20D-2T) remained well-dissolved and no diffraction was
observed. As the solvent continues to evaporate, the concentration of the polymer increases, and
P(NDI20D-2T) reaches its solubility limit in chlorobenzene. This typically results in polymer
aggregation and nucleation as evidenced the appearance of the (100) diffraction peak (stage Il and
111).1° Stage IV represents the final film stage which is reached once nucleation and growth process
stop and the solvent is fully evaporated.

Figure 5c¢ shows the peak fitting of the (100) polymer peak of P(NDI120D-2T) cast from a 5 mg
mL CB solution. This concentration was chosen as it is the effective concentration of P(NDI120D-
2T) in PTB7-Th/P(NDI20D-2T) blend solutions (10 mg/mL, D/A ratio = 1:1). In stage | the
overall scattering is dominated by the scattering from CB solvent and exhibits a broad isotropic
diffraction feature centered at q ~ 1.4 A with no polymer scattering observed. After 13s of wet-
film drying, we observe aggregation of P(NDI20D-2T) in stage Il as evidenced by the appearance
of a scattering feature at q ~ 0.248 A" with a larger d-spacing (daggregate = 25.3 A) than in the fully
dried film (dxa = 24.3 A). These aggregates are ordered but are still swollen with solvent, as
evidenced by the increased d-spacing.®’ Strong self-aggregation and crystallization of P(NDI2OD-
2T) often results in large crystalline domains in blends with a much weaker aggregating donor like
PTB7-Th® and PPDT2FBT?°. With ongoing solvent evaporation, we observe a gradual increase
of the scattering intensity of these P(NDI20OD-2T) aggregates. At 21s, we observe the onset of
P(NDI20D-2T) crystallite nucleation and growth (stage Il1), which becomes evident from the
distinct change in observed d-spacing from = 25.3 A to = 24.3 A (final film dya = 24.3 A) and
change in the slope. During this time, reflections characteristic of the formation of face-on

crystallites, including the (010) n—= stacking peak in the out-of-plane direction and the (100)
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lamellar stacking peak in the in-plane direction, appeared and rapidly increased in intensity. At
27.5 seconds nucleation and growth concludes (t 1 = 6 s) and stage IV is reached. Figure 5d and
Figure 5e show the peak fitting results of the (100) polymer peak of P(NDI20D-2T) cast from CB
solutions with 0.20% v/v and 0.50% v/v DEP additive, respectively. For 0.2% v/v DEP, we observe
aslight reduction of the extend of aggregation in stage |1, as evidenced by delayed onset and overall
reduced scattering intensity of stage 1. These changes become more apparent for 0.50% v/v DEP.
The polymer pre-aggregation in stage Il is suppressed, and nucleation and growth during stage 11
becomes more gradual, as evidenced by the reduced slope of the (100) peak area evolution (Figure
5e) and the lack of a change in d-spacing. The drastic change in curve shape (between no additive
and 0.5% v/v DEP) further supports different crystallization behaviors due to the additive. The S-
like curve shape for the 0.5% v/v DEP case represents continuous nucleation and growth®, distinct
from the rapid nucleation and growth stage without the additive. Moderating the strong self-
aggregation of P(NDI20D-2T) is critical for efficient OPVs, as strong self-aggregation was found
to reduce the intermixing of acceptor and donor polymers, resulting in an excessively large phase

separation between donor and acceptor beyond the exciton diffusion length.?
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Figure 5: a) Schematic of the real-time in-situ X-ray diffraction during blade coating setup with
representative 2D GIWAXS images at different times of the drying process. b) Representative in-situ
GIWAXS in-plane line-cut profiles of the P(NDI20OD-2T) wet-film drying process. (100) peak fitting
results of in-situ GIWAXS of P(NDI20D-2T) c) without additive, d) with 0.2% v/v DEP, and €) with 0.5%
v/v DEP additive cast from 5 mg mL solutions. (1) dissolution stage, (1) aggregation stage, (111) nucleation
and growth stage, and (IV) final film stage. The approximate boundaries between the respective stages are
shown by white dashed lines as a guide. The extracted parameters (peak location and peak area) of the (100)
peak are calculated by Gaussian fitting of the 1D scattering profiles from in-situ GIWAXS.
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In the following we studied the effects of the DOP additive on the all-polymer blend. The similar
g position of (100) and (010) peaks of donor (q(100)~0.28 A™!, q(010) = 1.62 A™!) and the
acceptor (q(100)=0.26 A7, q(010) = 1.60 A™') polymers made it difficult to evaluate the
crystallinity and packing of the individual polymers printed from blend solutions for our in situ
experiments. Hence, peak fitting of the composite (100) peak of both polymers is evaluating the
overall crystallization behavior of both donor and acceptor. We observed rapid polymer
crystallization (stage I11) in the blend without additive (see Figure 6) with a crystallization onset
at about 12 s after the deposition of the wet film and completion of crystallization after a further
6.5 s (t_in ~ 6.5 s). Notably, the DOP additive yields a two-fold increase in the time to complete
nucleation and growth during stage Il (tstage m = 13.5 s) and overall reduced peak area or
crystallinity in line with what was observed in ex-situ morphology characterization discussed
above. To better quantify the effects of the DOP additive on the crystallization kinetics, we
calculated the rate of crystallization by extracting the linear slope of the (100) peak area vs time
plots during nucleation and growth in stage 111 (Figure S8). We use the (100) peak area as a proxy
for the amount of crystalline polymer that is formed. The addition of DOP results in a significant
reduction on the crystallization rate (0.087 arb. units/s) compared to the case without the DOP
additive (0.19 arb. units /s). Note the GIWAXS intensities are in arbitrary units (au) and these are
the same for both additives. We further performed Fourier-transform infrared spectroscopy (FT-
IR) to determine residual amounts of additive after solution casting (Figure S9). We don’t observe
any significant differences in the spectra of blend films cast with DOP or DEP and w/o additive
suggesting that most of the additives evaporate during solution casting and during thermal
evaporation of the top-electrodes at low pressures (5 x 10°° Torr). Given the limited sensitivity of

the FT-IR technique and previous reports showing residual trace amounts of the lower boiling
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point additive 1,8-diiodooctane (DIO) in active layers cast with DIO additive***2, however, we
acknowledge that small amounts of DEP and DOP additives may still remain in the active layers.
Given that most of the DOP and DEP additives can evaporate during solution casting we primarily
attribute the improved morphology to the additives effects on the morphology evolution during
printing but residual additive may play a role in stabilizing and compatibilizing donor and acceptor
phases in the final film morphology. Consequently, evaporation of residual additive during long-
term operation may negatively affect the morphological stability of the devices.

During solvent evaporation, liquid-liquid (L-L) and/or solid-liquid (S-L) demixing are the
primary competing processes that drive phase separation and strongly influence the final blend
morphology.**® S—L demixing occurs when either donor or acceptor aggregates after reaching its
solubility limit or supersaturation in the blend solution. Polymers with a strong tendency to
crystallize like P(NDI20D-2T) (as discussed above) tend to segregate easily in solution. Slow
solvent evaporation, which is typically the case in blade-coating as compared to spin-coating,

enables prolonged aggregation. This increases the extent of S—L demixing and can result in coarser
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Figure 6: a) (100) peak area and position of blend in-situ GIWAXS. b) g vs. time plots of blend with and
without additive showing solvent scattering (solvent drying). Dashed line is guide to the eye indicating the
onset of crystallization. The extracted parameters (peak location and peak area) of the (100) peak are

calculated by Gaussian fitting of the 1D scattering profiles from in-situ GIWAXS.
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phase separation and low device performance. Additives acting as compatibilizers can reduce the
repulsive forces between the donor and acceptor as well as polymer crystal growth rate, thereby
reducing unfavorable L-L or S-L phase separation.'® Another possible mechanism for additives is
to act as nucleating agents. In the context of solvent additives, nucleation agents have been used
to manipulate the initial nucleation density in some BHJ systems by reducing the nucleation
barrier'®43 and consequently increasing the nucleation rate and typically increase the rate of
crystallization®’. Based on our observation of a delayed and slower crystallization (reduced
crystallization rate), we rule out the possible nucleation agent behavior of the DOP additive. It is
suggested that DOP may act as compatibilizer between the two polymers, reducing the demixing
of donor and acceptor polymer resulting in smaller phase separation, which is in line with our
device and morphology data. Specifically, the compatibilization effect of DOP may mediate the
repulsive force between PTB7-Th and P(NDI20D-2T), enabling entanglement and mixing of the
donor and acceptor polymers, reducing the polymers propensity to self-aggregate. Overall, it is
suggested that the addition of 0.2% v/v DOP suppresses unfavorable phase separation by
preventing polymer aggregation and S—L demixing in the BHJ solution, ultimately enabling a more
favorable active layer morphology with finer phase separation and improved device performance.

These morphological changes agree well with our device characterization. As discussed above,
the addition of 0.20 v/v % of additive (DOP or DEP) resulted in an over two-fold increase of Js
and PCE. The significant increase of Js tracks well with the increase in PCE, in line with a
reduced phase separation size of donor and acceptor in active layers printed from BHJ solutions

with the phthalate additives.

3 Conclusions
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In conclusion, we have demonstrated a new solvent additive approach employing two phthalate
additive candidates, DEP and DOP, to control polymer crystallinity to suppress unfavorable phase
separation in a representative PTB7-Th/P(NDI20D-2T) all-polymer blend resulting in an over
two-fold improvement of the blade-coated device performance from 2.09% to 4.50% fabricated in
ambient conditions using DEP as solvent additive. The device performance compares well to
record spin coated devices in the literature highlighting the effectiveness of the approach. Thus,
the use of the DEP or DOP additive effectively mitigate the loss in performance that is often
observed in translating from spin-coating to blade coating fabrication. Developing methods to
control polymer crystallization and phase separation are critical to translating high performance
all-polymer solar cells featuring highly crystalline polymers like the commonly used P(NDI20OD-
2T) to scalable R2R compatible fabrication techniques like blade-coating. Phthalate additives
feature a large structural diversity, which can potentially be leveraged to fine-tune polymer
additive interactions by systematically changing the molecular structure of the additive.
Consequently, this simple yet effective concept is promising for application in other all-polymer

systems.
Experimental Section

PTB7-Th and P(NDI20D-T2) were obtained from 1-Material, Inc. and were used as received.
The Mhand Bwm of polymers were measured by high-temperature GPC with 1,2,4-trichlorobenzene
as the eluent and polystyrenes as the calibration standards at 180 °C. The molecular weight
was My =57.5 kDa for PTB7-Th and Mn=76.0 kDa P(NDI20OD-T2). All solvents and additives
were purchased from Sigma Aldrich. All-polymer solar cells were fabricated in an inverted
device architecture comprising glass/ITO/ZnO/active layer/MoO3/Ag. The active layer was

deposited via solution shearing at a substrate temperature of 60 °C from CB solution with D/A
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ratio of 1:1 (by weight) and total solution polymer concentration (10 mg mL™!) in ambient air.
The MoOs layer (7.5 nm) followed by an Ag layer (100 nm) were thermally deposited at a pressure
of 5 x 107°° Torr. Solar cell device metrics were acquired under AM 1.5G illumination with an
intensity of 100 mW cm2 under nitrogen atmosphere. GIWAXS images were collected at
beamline 11-3 of the Stanford Synchrotron Radiation Lightsource (SSRL). The sample-to-detector
distance was 315 mm, and the incidence angle was 0.14°; the X-ray wavelength was 0.9758 A,
corresponding to a beam energy of 12.7 keV. Samples for X-ray characterization were sheared on
bare Si wafer using the same conditions as for device fabrication. In-situ GIWAXS images were
collected at beamline 7-2 of the SSRL. AFM images were acquired in tapping mode using a Park
NX-10 AFM. FT-IR absorption spectra were recorded using a Nicolet iS50 FT/IR Spectrometer
in attenuated total reflectance (ATR) mode. The full experimental procedures are shown in the

Supporting Information.

Supporting Information

e Materials, Solar Cell Fabrication, Device Performance Characterization, Morphology
Characterization, Voc and FF as a function of additive concentration, PTB7-Th pole
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GIWAXS linecuts, AFM images of blend w/o and with additive, linear fits of
crystallization kinetics, and FT-IR spectra of pure additives and blend active layers with
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