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Abstract

The microstructure of the donor and acceptor materials within a bulk heterojunction is critical to

the performance of organic solar cells, significantly influencing charge generation, transport, and

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

overall efficiency and stability. Here, we studied the role of the donor:acceptor ratio and the use

of additives on the resulting microstructure in films and devices based on PM6:Y6. A detailed
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study of the resulting structures, mainly by X-ray scattering, indicates that the molecular

arrangement leading to higher efficiencies is correlated with the presence of a single, well-mixed

(cc)

phase. In this phase, the diffusion of the Y6 molecules is constrained within the PM6 matrix.
Interestingly, this microstructure can be achieved either by tuning the composition or by
incorporating a solvent additive. Consequently, either approach can be employed to enhance

photovoltaic performance.

Introduction

Organic solar cells (OSCs) based on non-fullerene acceptor (NFA) molecules are one of the most
successful research threads in soft condensed matter of the last years].! The potential of
manufacturing wearable, economical photovoltaic devices with reasonable efficiency and
stability? explains their success. The efficiency now exceeds the 20% threshold®# after the

synthesis of Y-family molecules. Current research in this field is focused on establishing
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its photovoltaic power conversion efficiency and stability.>

Although the photovoltaic system comprises at least two elements, a donor and an acceptor
material, the actual relations of the micro and nano-structure of those materials with the
photovoltaic performance are elusive. It is imperative to understand their structure as a
combination of the effects of the single components and those triggered when the experimental
conditions are varied. For the moderately rigid conjugated donor polymer PBDB-T-2F (PM6),
we previously introduced a new approach to study its structure, ] which can be seen as a dense
amorphous network with rigid paracrystalline domains. Moreover, we have reported an extensive
analysis of the rich polymorphic nature of the acceptor molecule BTP-4F (Y6).” PM6:Y6 is a
well-known organic photovoltaic mixture that has been extensively characterised in recent years.
Building on our previous studies of these materials individually, we aim to leverage the

knowledge gained to better understand their behaviour in photovoltaic blends.

Unsolved questions about the behaviour of the blended microstructure and its relationship with
the properties of the device blur the right track to fabricate photovoltaic devices, in which the
molecular packing within single and mixed phases is especially important.>-'° Here, we focus on
specific structural features of the blend, inquiring how they are correlated with the device

performance.

The actual photovoltaic layer is casted from a mixed solution; the result is what we call a bulk
heterojunction (BHJ). During the formation of the solid layer, liquid-solid transitions are
expected. The result is usually a multiphasic system in which pure, mixed, crystalline, and

amorphous domains contribute to the generation and extraction of free charges.!!-!3

In addition to the main solvent, it is common to incorporate a low volume (< 1%) of an additive
or dopant,' such as ferrocene,'> graphyne derivatives,'® 1-chloronaphtalene (CN),"” or 1-
phenylnahpthalene (PN)'® into the solution. As a general rule, we know that additive usually
triggers: 1) the separation of phases between components in the blend;!® and 2) the crystallisation
of the purer domains, preferentially those of the acceptor, less reluctant to crystalise than the rigid
donor.?? Focusing on NFA-based solar cells, evidence suggests that the generation of nanometric,
crystalline pure domains is key for its improvement.?! Recent literature suggests that the presence
of CN triggers the crystallisation of Y6217 although this effect is not always clearly identified
by X-ray diffraction.'6? In addition, we detected a common change in the PM6 diffraction pattern

that has not yet been reported.

While many studies have focused on structural analysis of single components, it is key important
to shed light on how one component influences the other. This is precisely what we present in this

document: how the presence of Y6 have a similar effect on the blend as the presence of a solvent
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how both crystallisation and phase separation of the PM6:Y 6%*>* system are highly dependent on

the ratio between the components, and how 1-chloronaphtalene triggers both Y6 crystallisation

and phase separation from the PM6 matrix, which, without this additive, forms a single phase

with the acceptor molecule.

Results and discussion

The molecular structures of PM6 and Y6, as well as the device architecture, are shown in Figure
la,b. The photovoltaic performance of PM6:Y6 solar cells as a function of the donor:acceptor
ratio was consistent with the findings of previous studies (Figure 1).222 In this study, an inverted
device architecture was employed to prioritize stability and reproducibility over absolute power
conversion efficiency. The primary aim is to derive fundamental insights into the relationship
between microstructure and device performance, rather than to achieve record efficiencies. For a
single-junction PM6:Y6 solar cell with an inverted architecture, its maximum efficiency is
achieved if: 1) Y6 is more abundant than PM6 and 2) a small volume of solvent additive is
added.?>?¢ Regarding the second point, we can say so far is that a small amount of additive is
beneficial, neutral, or at least not critically damaging, depending on the donor:acceptor ratio. All
photovoltaic parameters of the tested devices are compiled in the Supplementary Information
(Table S1). Power conversion efficiencies exceeding 10% have been achieved, which aligns with
the state of the art for inverted PM6:Y 6 systems. However, significantly higher values have been

reported in the literature using these same materials?’. We attribute this discrepancy primarily to

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

the differences in layer thickness optimisation. Nevertheless, the primary focus of this study is to

understand the structural variations induced by changes in the D:A ratio and the addition of the

Open Access Article. Published on 10 October 2025. Downloaded on 10/13/2025 10:24:23 PM.

solvent additive. Regarding the short-circuit current (Ji.), when there is a higher proportion of

PM6, the addition of CN increases the current (up to 20 mA/cm? compared to lower values of

(cc)

approximately 15 mA/cm? without CN). When the donor:acceptor ratio is balanced or there is a
higher acceptor content, the values are similar with or without CN, consistently ranging between
20 and 25 mA/cm?. In terms of the fill factor (FF), there are minimal differences, except for the
2:1 ratio, where devices with CN exhibit significantly higher values. No significant differences
are observed in the open-circuit voltages (V,.). When the Y6 content increases, the values become

even more similar.
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Figure 1. (a) Chemical structures of PM6 (left) and Y6 (right); (b) inverted architecture of the tested

OSCs; (c) average power conversion efficiency values for the tested OSCs. Average values with standard
deviation were obtained from at least 3 devices.

In numerous organic photovoltaic systems,?® research indicates that the ideal device parameters
are typically achieved with a donor-to-acceptor ratio of 1:1, with a modest surplus of acceptor
material ranging from 1:1.2 to 1:1.6. Under equal mass conditions, a percolated, homogeneous,
and bicontinuous network is expected to form.? A small amount of solvent additive disturbs this
network, inducing crystallisation and other diffusion effects that are beneficial. In this study, we
use 0.5% volume of CN with respect to the volume of chloroform. Higher CN concentrations
(>1%) reduces the solar cell performance after strong crystallisation of Y6, where microscopic
phase separation could be easily observed by polarised optical microscopy (Figure S1). In
polymer-rich devices, CN enhances the photovoltaic performance, whereas in acceptor-rich
devices, the effect appears to be neutral. Herein, we propose a meaningful explanation for the

combined effect of the additive and donor:acceptor ratio.

Synchrotron Grazing-Incidence Wide-Angle X-ray Scattering (GIWAXS) experiments on thin
films helps to cast light on the convoluted structure between PM6 and Y 6, revealing insights about
crystallinity, molecular orientations, and intermolecular interactions. The entire study is presented
in Figure S2 and S3. The selected patterns are shown in Figure 2a. For clarity, the azimuthally
integrated in-plane and out-of-plane 1D intensity profiles are shown in Figure 2b and 2c,

respectively.
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Figure 2. PM6:Y6 thin films with different donor:acceptor ratios were deposited from a chloroform
solution without (0%) or with (0.5%) 1-chloronaphtalene (CN). (a) 2-D GIWAXS patterns, (b-c)
integrated profiles on specific regions of the patterns: (b) q;p=2-6 nm-1 along the in-plane axis (centred
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on the 100/001 PM6 peaks), (c) qoop=10-25 nm-1 along the out-of-plane axis (centred on the mw-m View Article Online

stacking peaks). Both peak regions are highlighted with arrows in the first row of patterns.
Several common features are identified. The peaks (100) and (001) are associated to PM6 and

close enough between each other at g=3nm-!. There are two reflections from the Y6 crystals,
marked with arrows in Figure 2b (q = 2.2 and 4.3 nm™')”. These Y6 reflections appear only if Y6
is predominant and in the presence of the solvent additive (CN). Both conditions must be fulfilled
to detect the crystallisation of Y6. While this crystallisation has been observed in many works,?’
a further analysis of the peak corresponding to the n-n stacking reflection (at g=17nm™)3*® made
us identifying a subtle splitting of peaks, only present in the samples where Y6 is partially
crystallised (Figure 2.c, the peak splitting is highlighted with dashed arrows). In the remaining
cases, where Y6 crystallisation is not detected, the n-m stacking profile is reasonably adjusted with
only one peak (see Figure S4). For every sample, we had to add an additional, ubiquitous peak at
q~15 nm!, which we associate with the amorphous component of the film. It is important to
mention that several factors increase the complexity of performing an accurate peak fitting in
grazing incidence data acquired from polymer samples. For example, the disordered nature of the
bulk heterojunction and the effect of beam footprint on the sample contributes to the broadening
of the detected peaks. To ensure consistency, data were acquired under equivalent experimental
conditions, and an identical fitting approach was applied across all samples. This approach is
described in the supplementary document. The quality of the fitting can be assessed by checking
Figures S4-S5 and Tables S2-S3. There is a remarkably increase of the residue (difference
between experimental and fitted curve) for Y6-rich samples with CN when fitted with two peaks,
that is evidently fixed when a third peak is added. Further analysis was made by calculating the
second derivative of the experimental profiles, but the peaks are too convoluted to determine if
they contain an additional peak. Nevertheless, the profiles we claim to contain three peaks show

a hint of a local minimum, highlighted with arrows (Figure S6).

Since this difference matches with the Y6-crystallised samples, this observation supports the
interpretation that the peak splitting is real, and it is suggesting two structural scenarios for PM6
and Y6. The location of the single or double peak is plotted in Figure 3a. The q maximum of the
single peak is located in between the positions of single Y6 and PM6 samples, while the split
peaks are closer to these ones. It is trivial to identify one of the split peaks to the presence pure
crystalline domains of Y6. On the other hand, we propose that the single peak is correlated with
a unique, well-blended phase of PM6:Y6, where PM6 and Y6 molecules are homogeneously
mixed in a single thermodynamic phase where Y6 diffusion is restricted. If diffusion is restricted,
Y6 does not crystallise. To support this idea, we performed GIWAXS experiments while

increasing the temperature up to 300 °C to all samples. Two possible scenarios were identified:

DOI: 10.1039/D5TC02575C
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(1) Y6 crystallizes within the PM6:Y 6 matrix, or (ii) crystallization does not occur (see Fi %%339%55525755

DO
and Figure S7).
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Figure 3. (a) g-position(s) of the n-r stacking peak(s) maximum from GIWAXS of PM6.Y6 thin films with
different donor:acceptor ratios, deposited from a chloroform solution without (0%) or with (0.5%) -
chloronaphtalene (CN). The dashed horizontal lines represent the g-positions of this peak for the patterns
of the single components PM6 and Y6 (0% and 0.5% CN). (b-c) GIWAXS patterns from Y6-rich samples at
high temperature, (b) without and (c) with 1-chloronaphtelene.

The crystallisation onset is around 220 °C, as reported’, and the samples in which Y6 crystallises
are the ones that show the n-m stacking peak splitting. In the absence of a solvent additive or for
PM6-rich samples, Y6 does not crystallise below 280 °C (Figure S8). Between 280 °C and 300 °C,
the film quickly degrades, possibly due to the chemical decomposition of Y6 in combination with
the damage induced by the X-ray beam. Even though we collected data on the non-hit regions of
the film and reduced the acquisition time as much as possible, above 280 °C beam damage was
always visible. This experiment directly proves that Y6 only crystallizes if the additive (CN) is
able to induce partially ordered Y6 regions during the casting of the layer, so these will be present
at room temperature. This finding reinforces the idea that, in the samples where no Y6
crystallization is detected, the Y6 is not able to diffuse out of the PM6 matrix and form pure
domains, large enough to diffract the X-ray beam. Therefore, together with the previous peak
fitting analysis, it supports the idea that a single PM6:Y6 phase is formed when PM6 is

predominant or no additive is added.

The diffusion of Y6 and consequent phase separation between PM6 and Y6 is further supported
by atomic force microscope (AFM) and scanning transmission electron microscopy energy
dispersive X-ray spectroscopy (STEM-EDS) images in Figure 4. For PM6-rich blends (2:1), the
texture of the film does not change after the addition of CN; both surfaces are populated by fiber-
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roughness of the Y6-rich samples increases after the addition of CN. The STEM texture also

changes and is more evident as Y6 becomes more predominant (1:2), further supported by the

nitrogen EDS mapping.
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Figure 4. PM6:Y6 thin films with different donor:acceptor ratios, deposited from a solution without (0%)
or with (0.5%) 1-chloronaphtalene (CN). (a) AFM height images: scale bars are 200 nm, (b) height
histograms, (c) STEM-EDS maps, nitrogen-filtered on the right: scale bars are 500 nm.

Excessive phase separation is usually the cause of the eventual depletion of photovoltaic
performance.3? In this work, inducing phase separation in Y6-rich cells do not clearly enhance
their performance (Figure 1), although this effect is convoluted with Y6 crystallisation. A PM6-
rich system, hence a diffusion-restricted PM6:Y6 phase, experiences a remarkable increase in
performance after adding the solvent additive, reaching values close to the maximum of this
present work. For PM6-rich samples, CN modifies the PM6:Y6 structure without inducing Y6
crystallization or phase separation. Recently, Zhang et al. highlighted how the presence of CN
hinders the crystallisation of PM6 owing to its low solubility.33 The only structural effect observed
in the PM6-rich samples is the reorientation of the (100) PM6 reflection (Figure 2. a). The
GIWAXS patterns of the single PM6 samples with CN reveal this effect (Figure 5).
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chloronaphtalene: (a) 2D GIWAXS patterns, (b-c) intensity profiles after azimuthal integration along the
qip (in-plane) (b) and qoop (out-of-plane) axes (c).

The presence of CN promotes a “face-on” configuration of PM6 molecules, with the n-m stacking
reflection along the vertical (q,) and (h00) planes along the horizontal (q,) axis. We want to
highlight the rearrangement of the (100) and (300) reflections from the vertical to the horizontal
axis (Figure 5b-c). This is the same effect observed in the pattern when the Y6 content increases
(Figure 2a). Both Y6 and CN induce the reorientation of PM6 molecules, which is beneficial for
the performance (Figure 1c¢). The nature of the (100) peak oriented in the out-of-plane direction
in PBDB-T polymers is related to the presence of self-aggregated structures in the solution.®*
Because the solutions were deposited from chloroform at a relatively low temperature (45 °C), it
is reasonable to assume that the single PM6 films and PM6-rich devices contain pre-aggregated
clusters. Consequently, the presence of CN and/or Y6 in the solution helps to dilute these PM6
aggregates, either in the solution itself or during film formation. Following this idea, the inclusion
of Y6 would contribute to creating a percolated network and diluting the PM6 clusters, promoting
a single, well-mixed phase of PM6:Y6.353¢ Within this phase, non-crystalline Y6 and non-
aggregated PM6 preserve a favourable orientation for the polymer, and the diffusion of the
acceptor is restricted. These conditions are consistent with good efficiency values and are

promising for their stability.

In order to demonstrate that the rearrangement of the (100) PM6 peak is a collective effect of Y6

and CN, and not because of the dilution effect of chloroform, we characterised diluted PM6
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samples by GIWAXS (Figure S10). As predicted, the pattern from a single diluted Pl\é[glzsl%l_}q&g%%
still exhibits an intense vertically oriented (100) peak. Further analysis of the PM6 reflections is
presented in Figure S11 and Table S4. The fact that CN is also affecting the aggregation and the
configuration of PM6 is further supported by AFM (Figure S12) and UV-vis absorption
spectroscopy (Figure S13) experiments, respectively. The AFM images reveals changes in surface
texture consistent with different aggregation states, showing a clear increase of the size of PM6
aggregates upon the addition of CN. On the other hand, the redshift of the lowest energy transition
peak (0-0 vibronic), at least from a first analysis, points to an increase of the effective backbone
conjugation length.3” Correlating these effects with photovoltaic performance is a complex task.
The solar cell efficiency joints many other different effects that are not taking place in the active
layer and, of course, effects that cannot be captured by X-rays. Nevertheless, the aim of this study
is to find a consistent structural scheme by changing only two parameters (donor:acceptor ratio
and solvent additive). We have shown that the optimal performance of the PM6:Y6 system
coincides with a well-mixed phase, without visible Y6 crystalline domains and without self-

aggregated PM6 clusters from the solution.

Finally, we speculate on the relationship between phase separation and device stability. A high
diffusion coefficient of the acceptor molecules is correlated with lower device stability.? In this
work, we demonstrate how, in the same photovoltaic system, the diffusion of acceptor molecules
is extremely dependent on the donor:acceptor ratio and the incorporation of a solvent additive.
Accordingly, a system with a blended phase of PM6:Y6 (e.g. 1:1.2-0CN) is likely to present
higher thermodynamic stability than a system with a pure crystalline phase (for example, 1:1.2-

0.5CN).

Conclusions

In this work, we established a consistent structural framework to support the photovoltaic
performance of PM6:Y6 systems, considering the reciprocal effect between the components and
the effect of the solvent additive 1-chloronaphtalene (CN). We show how the maximum
performance is likely connected to a single, homogeneous phase of PM6:Y6, in which
crystallisation is restricted. When both components are balanced, the use of CN proves more
detrimental than beneficial, affecting not only performance but also device stability, as the results
indicate that a thermodynamically stable blend is formed when CN is avoided. While this study
is fully focused on PM6:Y6, we hope our findings about the coupling effects of the acceptor and
the additive in the polymer can be transferred, and will motivate further research on other similar
systems containing D18, PBDBT-2CI or N3, to name a few. We expect, as well, to see an
equivalent effect of CN with other additives, like diiodooctane (DIO) or 1-phenylnaphtalene (PN).

Furthermore, the correlations between structure and performance observed in this work are
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expected to hold for conventional PM6:Y6 devices, as these trends are primarily goélgﬁlgﬁlos AU

bulk morphology rather than the specific electrode configuration, thus supporting the generality

of our conclusions beyond the inverted architecture employed here.
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