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Abstract: Crystallinity has played a major role in organic solar cells (OSCs). In small molecule
(SM) bulk-heterojunction (BHJ) OSCs, the crystallinity and crystalline packing of SM donors have
been shown to have a dramatic impact on the formation of an optimum microstructure leading to
high-power conversion efficiency (PCE). Herein we describe how crystallinity differs from polymers
to SMs, and how the packing habits of SMs (particularly donors) in active layers of BH] devices can
be described as following two different main modes: a single crystal-like and a liquid crystal-like
packing type. This notion is reviewed from a chronological perspective, emphasising milestone
donor structures and studies focusing on the crystallinity in SM-BHJ OSCs. This review intends to
demonstrate that a shift towards a liquid crystalline-like packing can be identified throughout the
history of SM-BH]J, and that this shift can be associated with an increase in overall PCE.

Keywords: organic solar cell; photovoltaics; small molecule; bulk heterojunction; crystallinity;
crystalline packing

1. Introduction

For several decades, the manufacture high-efficiency photovoltaics (PVs) was thought
to be possible only from solid-state semiconductor materials of ordered (crystalline) nature,
having high dielectric constants and high electron and hole mobilities. For that purpose,
extremely pure crystalline mono- or polycrystalline silicon has proved to be the material
of choice for PV solar cell manufacture. The discovery of the semiconducting properties
of conjugated polymers by Heeger, MacDiarmid and Shirakawa has established a new
paradigm in semiconductor physics, which eventually led to the development of organic
solar cells in the late 1980s. Although the first organic planar heterojunction solar cell was
reported by Tang and co-workers in 1986 [1], organic solar cells (OSCs) only began to attract
significant interest after the demonstration of PCE over 2% in solution-processed polymer-
fullerene bulk-heterojunctions with polyphenylenevinylene electron donors: MEH-PPVor
MDMO-PPV. These types of solar cells showed, contrary to early expectations, that efficient
photovoltaic devices could be manufactured with semiconductors having rather distinct
features from inorganic semiconductors. Indeed, the components of the so-called active
layer are very disordered with respect to their inorganic counterparts, and as a consequence,
hole and electron mobility, as well as dielectric constants, are generally three to four orders
of magnitude lower than those of silicon. Despite these apparent conundrums, great
efforts made by the scientific community over the last decades proved that organic solar
cells with an efficiency of a similar magnitude to those of silicon-based PV could be
manufactured on the laboratory scale. These achievements were made possible by several
breakthroughs in research areas as diverse as polymer chemistry, semiconductors physics and
physical chemistry. Consequently, the underlying mechanisms of OSCs are currently reasonably
well understood [2,3]. However, the extent to which the characteristics of a device can be
predicted according to the chemical structure of its active layer components is still limited. The

Appl. Sci. 2022, 12, 5683. https:/ /doi.org/10.3390/app12115683

https://www.mdpi.com/journal/applsci


https://doi.org/10.3390/app12115683
https://doi.org/10.3390/app12115683
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/applsci
https://www.mdpi.com
https://orcid.org/0000-0002-5092-9227
https://orcid.org/0000-0003-0999-899X
https://orcid.org/0000-0002-9967-9484
https://doi.org/10.3390/app12115683
https://www.mdpi.com/journal/applsci
https://www.mdpi.com/article/10.3390/app12115683?type=check_update&version=1

Appl. Sci. 2022,12, 5683

20f17

reason behind it lies in the fact that the morphology (or microstructure) of the photoactive layer
of OSCs is the key determinant of the overall device’s characteristics [4-14]. Phase segregation
into domains of donors and acceptors and crystallinity are essential features. The latter
properties are challenging to predict, considering the sole chemical structure of the electron
donor (D) and electron acceptor (A) components. In the case of small-molecule (SM) bulk-
heterojunction (BHJ) OSCs in particular, the crystalline properties of the D and A molecules
are critical to the device function since the formation of segregated D/A domains relies on
the formation of crystalline domains of pure donor and pure acceptor. The kinetics and
thermodynamics of the crystallisation process are likely the primary physical parameter
involved in the genesis of the microstructure [15-19]. The recent progress in the field,
with record PCEs over 14% using non-fullrerene acceptors (NFA) [20], demonstrates the
importance of understanding the evolution of the crystallinity of the active layer from a
fundamental perspective.

Therefore, herein we describe the evolution of the crystalline properties of active layers
in SM-BH]J OSCs from a historical perspective. We will first briefly introduce the concept
of crystallinity in the context of polymers, liquid crystals and small molecules, and then
review the methods currently used to characterise the crystallinity of SM-BH] active layers.
Next, the crystalline characteristics of the main classes of donor/acceptors blends will be
reviewed, particularly focusing on the different modes of molecular packing in crystalline
films of OSC active layers. We show that, throughout the evolution of the SM-BH]J field,
SMs shifted from a single-crystalline-like to liquid-crystalline-like packing habit in active
layers of OSCs. We believe that such a shift is directly linked with the trend in the design of
SMs (D or A) consisting—in a broad sense—of adding a large proportion of alkyl chains to
the conjugated core (far beyond the necessary amount for solubility). This trend is likely to
have significantly contributed to the increase in PCEs in SM-BH] OSCs, as we will show
herein.

2. Crystallinity in Active Layers of OSCs

In the early days of OSCs, active layers of polymer-based solar cells were thought of
being primarily amorphous. However, the introduction of thiophene-based conjugated
polymers, such as poly(3-hexylthiophene) P3HT, demonstrated the importance of crys-
tallinity in OSCs [21,22]. Indeed, the need for an active layer annealing, in order to achieve
improved current density-voltage (J-V) characteristics, which was initially mostly linked
with phase segregation, was soon associated with polymer crystallisation [23-28]. However,
the concept of crystallinity for polymers is somewhat different from the crystallinity of
small molecules since, in the former case, crystallinity is understood as the presence of
ordered stacks of molecular fragments in an otherwise disordered matrix of polymer chains.
These fragments stack over a sufficiently long range to form well-defined planes detected
by X-ray diffraction, hence the association with crystallinity [29]. Although these stacks are
ordered, the very nature of polymers, i.e., polydisperse mixtures of different chain lengths,
limits the order and size of these domains. The condition for such stacking phenomena is
the existence of relatively strong intramolecular interactions, generally, T—m stacking or
hydrophobic interactions favourable over long distance ranges.

Similar crystalline behaviour is observed in the case of liquid crystals, which contrary
to polymers, consist of small molecules with discrete and well-defined structures. Their
specific design—i.e., the extended conjugated core and long lateral alkyl chains—form
ordered stacks of molecules in the mesophases (intermediate phase between crystalline
and liquid phase) [30]. These disordered crystalline domains form generally from t—m
stacked conjugated cores or alkyl chain intramolecular interactions. Therefore, these strong
intermolecular interactions limit the degree of order to a similar extent to that of polymers.
That is, despite consisting of small molecules of a discrete structure, their packing in the
mesophases is not expected to adopt a perfect arrangement such as that of small molecules
in the solid state. Indeed, the concept of crystallinity in the case of the latter molecules
is more comprehensive. The well-defined structure of the molecules, together with their
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higher degrees of freedom resulting from more diverse types of weak intermolecular
interactions, defines crystallinity as the perfect arrangement of molecules following Bravais
lattices (from one of the 230 existing space groups) [31]. This type of packing habit is,
in fact, identical to that of inorganic materials, however, the intramolecular interactions
between organic molecules being weaker, the size of the crystals, i.e., the extent of the
arrangement, is generally limited to small sizes compared to inorganic crystalline materials,
which generally rely on strong ionic interactions.

The crystallinity of either polymers or SMs is mainly studied using X-ray diffraction,
which is one of the best methods to characterise materials encompassing different degrees
of crystallinity and order. Indeed, the diffraction of ordered planes following Bragg’s
law can give direct information on the interplane distances of specific molecule stacks for
polymers and liquid crystals [32]. However, in the case of small molecules, these interplane
distances must be assigned to the diffraction planes of an arrangement of the molecule
in a specific Bravais lattice. This statement implies that small molecules in a crystalline
state consist of a perfect arrangement of packed units in one of the 230 existing space
groups in the crystalline state. The space group constituting the crystal is first determined
from a collection of diffraction peaks recorded in all directions of space. The molecular
packing (so-called crystal structure) in that specific space group is later retrieved from the
relative intensity of the diffraction peaks via diffraction data refinement. Consequently,
the molecular packing of a polycrystalline sample of a small molecule, i.e., a powder or
thin-film sample, could only be determined by comparing its diffraction pattern with a
calculated diffractogram from a single-crystal structure.

3. X-ray Diffraction Characterisation Techniques

The characterisation of thin films of active layers of solar cell devices has adapted to
the materials composing the active layers of early solar cell devices, namely polymers. In
the case of crystallinity, the choice of X-ray diffraction is evident, however the measuring
setup must be adapted to the features of the active layers. Therefore, one of the most
common X-ray diffraction systems used on the lab scale is the so-called Bragg-Brentano
geometry, where the incident angle w is defined between the X-ray source and the sample.
The diffracted angle, 20, is defined between the incident beam and the detector angle
(Figure 1a). The incident angle w is always % of the detector angle 20. Although this
setup can be used to characterise thin films, it is usually limited to films of very crystalline
materials (e.g., inorganic materials such as perovskites, for example), the Bragg—Brentano
geometry is generally most commonly used for crystalline powders [31,32]. The limited
crystallinity of polymers—i.e., stacked polymer units over short ranges—together with the
fact that OSCs’ active layers are in the range of 50 to 200 nm in thickness at most, requires a
deeper penetration of the X-ray beam for increased signal-to-noise ratios, since the intensity
of the diffraction beam is proportional to the overall crystalline volume. In order to reach
such irradiation depth, a so-called grazing incidence X-ray diffraction (GIXRD), or grazing
incidence wide-angle scattering (GIWAXS) setup, has emerged as the benchmark geometry
for analysing thin films of OSCs’ active layers, where the incident X-ray beam is fixed to
a very fixed low-angle (0.5 to 5°) with respect to the substrate normal, thus guaranteeing
a maximum penetration of the X-rays through the layer [5,10,33]. The technique can be
implemented in laboratory diffractometers; however, the high photon fluxes and high-
brilliance X-ray beams offered by synchrotron light sources are essential, in order to produce
well-defined diffraction patterns. It is worth mentioning that the outcome of a GIWAXS
analysis is a 2D image allowing for the analysis of the orientation of the diffracting material
with respect to the surface (so-called texture), while the Bragg—Brentano geometry provides
a 1D diffractogram in which the information on the texture is missing.
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Figure 1. (a) Schematics of a Bragg-Brentano geometry X-ray diffraction setup. (b) Schematics of
a GIWAXS geometry diffraction setup. (c) Archetypical GIWAXS images showing the correlation
between diffraction peaks in the out-of-plane and in-plane directions of space and the orientation
of polymer stacks. Randomly oriented crystallites would give rise to Debye diffraction rings (left)
instead of well-defined spots (right). Adapted with permission from the American Chemical Society,
copyright 2012 [34].

The resulting area images of GIWAXS patterns show typical diffraction planes in the
out-of-plane direction (parallel to the substrate normal) and in-plane direction (perpen-
dicular to the substrate normal). The diffraction peaks’ position, shape and width can be
directly related to the interplane distance (from Bragg’s diffraction law), the orientation
of the crystalline domains, and their size. A depiction summarising the attributes of the
technique and typical scattering patterns expected for polymer-based thin films is shown
in Figure 1b. The analysis of GIWAXS should first proceed with the assignment of peaks
to specific reflections within the crystal lattice, if the latter is known. This is, however,
usually only possible for single-crystal-like packing types, i.e., small molecules, therefore,
the analysis generally consists in assigning the diffraction peaks to specific molecular
or intermolecular d-spacings. The most common distances for polymers used in OSCs
correspond to t— stacking spacing at d ~ 3.5 A. Additional peaks corresponding to a
d-spacing in the range of 15—25 A are often observed, corresponding to a longitudinal
ordering triggered by the intermolecular interactions of alkyl chains. Once diffraction peaks
are assigned, the shape of the diffraction peaks allows one to determine the orientations
of diffraction planes’ directions with respect to the film surface. For example, diffraction
peaks near the g, axis will be caused by planes perpendicular to the film normal, whereas
those near the gy, axis will be caused by planes within the film plane. This information is
often used to determine whether the orientation of 71—7t stacking is in-plane (“edge-on”) or
out-of-plane (“face on”) (Figure 1c). Note that comprehensive details on GIWAXS can be
found elsewhere [4,6,9,10,33,34].

Consequently, GIWAXS has been critical in determining the impact of crystallinity in
polymer—fullerene solar cells on the |-V characteristics of solar cell devices. If the GIWAXS
diffraction patterns of polymer-based active layers are rather straightforward to rationalise
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due to the simplified crystallisation modes of polymers, i.e., peaks corresponding to a very
limited number of diffraction planes, the case of small molecules can be significantly more
complex depending on their crystallisation habits. As an illustrative example, although
the fullerene component (i.e., a small molecule) of polymer-based OSCs generally displays
somewhat limited crystallinity in active layers when blended with polymers, in some rare
cases the PCBM was shown to form a well-defined, highly ordered packing reminiscent
of single-crystalline-like small molecules [35]. In these particular cases, the interplane
distances corresponding to the diffraction peaks cannot be related to a direct molecular
spacing. Instead, they should be related to a packing pattern from a matching X-ray
diffraction single-crystal structure of PCBM (Figure 2a). In a more recent study from
Lee et al., a blend of a polymer and a non-fullerene SM acceptor showed a very similar
trend in which, depending on the active layer deposition conditions, the CITIQ-4F non-
fullerene acceptor (NFA) can form crystallites with an extremely well-arranged pattern.
Figure 2b shows the GIWAXS image of films composed of pristine CITIQ-4F, indicative of
single-crystal-like packing patterns of a pure or polymorphic form, as suggested by the
authors [36].

00
Gy (A)

Figure 2. (a,b) GIWAXS diffraction patterns of PBHT:PCBM films post-treated with chlorobenzene and
toluene vapours, respectively. The dominant Bragg diffraction peaks corresponding to PCBM packed
in a single crystal-like fashion are marked as black, yellow and red circles. Adapted with permission
from the Royal Society of Chemistry, copyright 2016 [35]. (c) GIWAXS diffraction patterns of a thin
film of pristine CITIQ-4F processed from chlorobenzene; (d) GIWAXS diffraction patterns of a thin film
of pristine CITIQ-4F processed from chlorobenzene containing 2% of chloronaphtalene; (e) GIWAXS
diffraction patterns of a thin film of a PTB7-Th/CITIQ-4F blend processed from chlorobenzene
containing 2% of chloronaphtalene. Adapted with permission from the American Chemical Society,
copyright 2019 [36].

This crystallisation habit is maintained when CITIQ-4F is blended with the polymer
(PTB7-th), however the texture (crystal orientation) decreases, as seen by the appearance
of Debye rings instead of well-defined diffraction spots. Interestingly, this behaviour is
only prevalent when a slight amount (2%) of additive is added to the processing solvent.
Indeed, if pure chlorobenzene is used, CITIQ-4F forms disordered liquid-crystalline-like
stacks of individual molecules, as seen by the single diffraction peak in the out-of-plane
and in-plane direction in the GIWAXS image corresponding tod = 3.5 A and d = 15.3 A
(Figure 2c). These interplane distances are straightforwardly linked to face-on p-p stacking
planes and edge-on lamellar stacking. Likewise, a slight modification of CITIQ-4F chemical
structure, namely adding an ether group on one of the alkyl chains, shows again a liquid-
crystalline-like behaviour. In this case, the extremely ordered single crystal-like packing is
not observed even using additives [36]. These experiments are capital in demonstrating
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that subtle changes in either processing conditions or molecular structure can dramatically
impact the crystallisation mode of SMs in thin films. Consequently, a given small molecule
can adopt a single-crystal-like or liquid-crystal-like packing mode in OSC active layers.
Such a shift in crystallisation habit is rather challenging to predict, however, the trend in the
design of SM (D or A) consisting in adding a large number of alkyl chains to the conjugate
core (far beyond the necessary amount for adequate solubility) has had a dramatic impact
in shifting the crystallisation mode from a single-crystal-like to a liquid-crystalline-like.
This trend has had a significant impact in reaching record PCEs in SM-BH] OSCs, as we
will expound below.

4. Crystallinity and Crystalline Packing in SM-BH]

The crystalline features in SM-BH]J are, as introduced above, more difficult to ra-
tionalise than polymer-based BHJ OSCs. The crystallisation habit of SMs in thin films,
particularly in active layers composed of D/A blends, can be divided into two distinct
classes: a single-crystal-like packing following one of the possible Bravais lattices, or a
more disordered liquid-crystalline-like behaviour. Early SM donors were exclusively mixed
with fullerene derivatives, most commonly with [6,6]-phenyl-C61-butyric acid methyl
ester (PCgoBM) or [6,6]-phenyl-C71-butyric acid methyl ester (PC70BM), and featured a
conjugated backbone often reminiscent of polymer monomers, functionalised with alkyl
chains to increase solubility [37—45]. Later SMs relied on acceptor-donor alternating units
(A-mrbridge-D), which proved very effective in increasing the overall absorption coefficient
of the molecule, in addition to shifting the onset of absorption towards the infrared part of
the visible spectrum [46-55].

The presence of relatively short alkyl chains on the donor’s structure and the rather
amorphous nature of PCBM suggested consideration of the crystallinity of SMs in a single-
crystalline-like fashion. As such, early studies attempted, in a rather speculative manner,
to link the characteristics of PV devices, with the packing of the SM donor derived from a
known X-ray crystal structure of that SM. Although the approach is sensible, it relied on
the hypothetical assumption that the SM donor would adopt the identical polymorphic
crystalline phase in the active layer, let alone that the active layer would be crystalline [56].
This critical limitation was partially dealt with in later studies. The active layer was charac-
terised via conventional XRD using either Bragg—-Brentano or GIWAXS configurations, and
the experimental diffractograms were compared to the calculated powder diffractograms
of polymorphic single-crystal structures, however, with limited accuracy [57-62]. Figure 3
shows such an attempted comparison where the scarcity of diffraction peaks in the active
layers—presumably due to the very small crystallites’ size, the low crystalline volume and
the high degree of texture—render any comparison inaccurate. Indeed, in this early study
from Béauerle and co-workers [60], a library of oligothiophenes was reported, from which
single-crystal structures were obtained of at least one polymorph for each oligothiophene
derivative. The authors recorded a GIWAXS 1D diffractogram of an active layer made
from a blend of a dicyanovinyl (DCV)-quaterthiophene substituted derivative (DCV4T-Me,
Figure 3a) and fullerene-C60, deposited via thermal evaporation. The diffractogram shows
three very broad distinct peaks, which the authors attributed to semi-amorphous C60, and
to DCV4T-Me packed in an identical phase as that of the single-crystal structure obtained
from DCV4T-Me (Figure 3b). Such assumptions were made from the comparison of the
active layer’s diffractogram (black line, Figure 3c) with a powder diffractogram of pristine
C60 (blue line, Figure 3c), and with the calculated powder diffractogram of DCV4T-Me from
the single crystal structure (red line). The authors assigned the highest-intensity diffraction
peak of the blend to the highest-intensity calculated diffraction peak at 12° of DCV4T-Me
(red line). The weak Bragg reflection at 25.95° (d = 3.43 A) in the experimental diffractogram
was assigned to the calculated diffraction peak of DCV4T-Me (26.69°, d = 3.34 A). Although
they assign the shift between the peaks from the experimental diffractogram and the cal-
culated one to an increase in the unit-cell dimensions, it is evident that such comparison
entails an additional set of somewhat speculative assumptions, such as a high degree of
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texture (preferential orientation), and the existence of one stable polymorphic structure
for DCV4T-Me. Indeed, as seen in Figure 3c, the scarcity of diffraction peaks in the active
layer’s diffractogram implies that the crystalline phase assignment is a more suggestive
analysis rather than an accurate determination.

a) Me Me NG, on C) 400 -
NC™en me’ e = 300+
DCV4T-Me o
2 z
® 200+
c
2
1=
100+
0_ kg e’ e ate:
0 5 10 15 20 25 30 35

20 [°]

Figure 3. (a) Molecular structure of oligothiophene 2; (b) X-ray single-crystal structure of derivative
DCV4T-Me 2 showing the molecular packing along the ab plane of the unit cell. Derivative 2
exhibits a layer arrangement in which molecules form rows interacting via four weak CH:---NC
hydrogen bonds between vinyl and methyl hydrogens and the dicyanovinyl groups (red dotted lines);
(c) GIXRD diffractograms of powder Cgp (blue line), active layer blend of 2 and Cgg, and calculated
powder diffractogram of 2 from X-ray crystal structure (b). Adapted with permission from the Wiley
VCH, copyright 2012 [60].

A unique solution to the limitations expounded above was reported in a comprehen-
sive study by our group [63], in which the crystalline phase adopted by a squaraine (SQ)
donor in an active layer was accurately identified using a combination of experimental
methods and powder diffraction refining methods. As such, Figure 4a shows the diffrac-
tograms (Bragg—Brentano 6-6 configuration, out-of-plane incident beam) of spin-coated
thin-film active layers of SQ:PC7oBM blends. A diffraction peak at a 26 angle of 8.01 can
be seen, as well as a faint peak at 26 angle of 16.1 in some cases. Additional GIWAXS
images of the same films provided clear evidence of a highly textured film (Figure 4b).
Therefore, the two peaks appearing in the diffractograms, as shown in Figure 4a, could
be unambiguously attributed to reflections of the same (hkl) family of diffraction planes.
More importantly, those peaks appeared to match the expected diffraction pattern of SQ
packed into a P21/n phase with a high degree of texture, and thus with the (011) plane
parallel to the substrate (Figure 4a). This identification was possible from the calculated
diffractogram of SQ obtained from a single crystal structure (P21/n polymorphic phase)
with preferential orientation along the <011> direction (Figure 4a, red line).
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Figure 4. (a) Stacked diffractograms of SQ: PC7oBM active layers spin-coated from different solvents
and on the top of different substrates, with thermal annealing (Th. A.) or solvent vapour annealing
(SVA) post-deposition treatments. (b) GIWAXS diffraction image of a typical active layer; (c) Single-
crystal X-ray diffraction structure of SQ crystallised in the P21/n space group. Adapted with
permission from the Royal Society of Chemistry, copyright 2014 [63].

However, similarly to the above example, the scarcity of diffraction peaks induced by
the high degree of texture and the low diffraction volume limits the analysis to assumption.
To circumvent this limitation, we developed an experimental turnaround consisting of
recording a diffractogram of a so-coined “powdered” active layers [63]. The “powdered”
active layer technique consists in depositing thin films of SQ: PC7BM onto large area
(>50 cm?) glass substrates using similar conditions to those used for processing active lay-
ers in OSC devices, and subsequently submitting them to solvent vapour annealing, SVA,
(the annealing method used for OSCs devices fabrication of that type) for an extended pe-
riod of time, in order to allow for extended crystallite growth. The resulting thin films were
scraped off the glass substrate, and the solid was used for X-ray powder diffraction analysis.
This somewhat simple method allowed for the acquisition of the missing information from
the direct measurement of active layers, and provided an improved signal-to-noise ratio as
a result of greater crystalline volume. Consequently, the appearance of several additional
diffraction peaks in the diffractogram of the powdered sample confirmed the hypothesis
mentioned above, whereby the experimental diffractogram appears to match, both in 20
angle value and in relative intensity, the diffractogram calculated from the P21/n structure
(Figure 5). The calculated diffractogram was further fitted to the experimental one using Ri-
etveld refinement methods, in order to provide further quantitative evidence. Importantly,
this study further demonstrated that the SQ could pack in a different space group (Pbcn)
(identified using identical methodology) or a combination of the two, depending on the
deposition conditions.



Appl. Sci. 2022,12, 5683

90f17

350 R factors:

_0 86, R,, _1 21, goodness of fit (GOF)= 1.42
300
250 —

200*
150_ M

100 —

Intensity (arb. units)
- (011)

(022)

50

0 T T T T T
10 15 20 25 30
26 (degrees)

Figure 5. (a) Pristine PC7BM powdered layer diffractogram; (b) SQ: PC7BM “powdered” active
layer diffractogram (black line) and refined diffractogram from the P21/n crystal structure of SQ (red
line). The cell parameters, profile shape and scale factor were accounted for in the refinement routine,
while all structural parameters (atomic positions and temperature factors) were kept constant. The
Rietveld R factors provide clear evidence of structural agreement between the single crystal and the

“powdered” layer; (c) calculated powder diffractogram of SQ from the P21/n X-ray single crystal

structure (143 K). Adapted with permission from the Royal Society of Chemistry, copyright 2014 [63].

A subsequent extensive study from our group allowed application of the above method
to a library of related donors [64]. The determination of the crystalline phase adopted by
two donors in active layers of OSCs allowed an attempt of a qualitative analysis of the
thermodynamics of the formation of crystallites in such active layers, in turn establishing a
link between the latter parameters with the |-V characteristics of the devices.

According to empirical evidence, it was assumed that the crystallisation of donor
molecules from the amorphous active layer would then occur via homogeneous or hetero-
geneous nucleation and growth mechanisms.

4
3 AGE + 4mr*y

AG(r) = 17Tr3AGV + 3

3

The free energy change for a classical homogenous nucleation process implying spher-
ical nuclei of radius r is described by equation 1. Accordingly, AG(r) is seen to be dependent
on three energy parameters: AGy corresponding to the bulk free energy difference of
crystal formation (energy/unit volume) intrinsic to each polymorphic crystalline phase; v
corresponding to the interfacial energy (i.e., energy arising from the interface between the
nucleus composed of pure donor molecules and the D/A amorphous matrix the nucleus
is growing from); and AGg the elastic free energy change due to the strain arising from
the growth of a particle in the solid matrix. The latter two energy terms act as a barrier to
nucleation. The profile shape of the free energy change of the transformation for a given
system is seen to proceed through a maximum value (activation energy), determining the
critical nucleus size (r*, critical radius) to be achieved for crystallite growth to become
favourable (when dAG(r)/dr = 0; AG¥) [65].

Consequently, for a given active layer, r* and AG* will be determined by the intrinsic
ability of the donor molecule to arrange in a thermodynamically stable crystalline phase
(maximising AGy and minimising <) in the amorphous D/ A blend. The interfacial con-
tribution to nucleus growth dominates at small nucleus sizes, while the volumetric ones
(AGy + AGg) dominate at large nucleus sizes.
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In order to provide an insight into the energetics of the crystallites” growth, relative
quantification of the interfacial energy < of the amorphous fraction of the active layers in
the early stage of crystalline growth (v = 0) was carried out [64]. Thereafter, a quantitative
analysis of the AGy contribution was derived from the free energy change of crystallisation
(AcrysG) for derivatives 1 and 2 from the enthalpy of fusion (af,s1) of pure crystalline
powder samples of 1 and 2 isolated as pure P-1 and P21/c phases, respectively. The
experimental values of AcrysG show that the formation of crystallites of 2 in the P21/c
phase is thermodynamically more favourable ((AcrysG(2-P21/¢) < AcrysG(1-P-1)) than the
formation of crystallites of 1 in a P-1 phase by unit of mole. Their volumetric counterparts
(AGy) were calculated from the unit cell volume derived for each crystalline phase from
the X-ray diffraction single crystal structure. We then used these values as a relative
indicator to draw a hypothetical energy profile of the nucleation process (Figure 6e). The
higher AGy contribution compensates for the higher interfacial energy experienced by
nuclei of derivative 2 during the early step of nucleus formation. This results in r*
being inferior to r*;, and in the formation of nuclei of 1 being kinetically favoured with
respect to 2 (AG*; < AG*,). This model showed good agreement with the experimental
crystallisation habits of each derivative. Although limited to certain types of SM systems,
the above analysis shone some light on the molecular packing of SMs and the energetics
of crystallisation, when SMs (in this case, donors) adopt a well-ordered single-crystal-like
packing.

1:PC;,BM
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BN AN N
T T T T T T
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1 G,
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Figure 6. (a,b) X-ray crystal structures of molecules 1 and 2, showing the unit cells; (c,d) Stacked
diffractograms of active layers, “powdered” active layer diffractogram and superimposed refined
diffractogram from the X-ray single-crystal structure, and calculated diffractogram (at 100 K) from
the X-ray single-crystal structure of 1 and 2 shown in (a,b); (e) hypothetical energetic profile of
donors’ nucleation in active layers of derivatives 1 and 2. Adapted with permission from Wiley VCH,
copyright 2017 [64].

The advent of the DAD-type donors, particularly oligothiophene-, dithienosilole (DTS)-
, benzodithiophene (BDT)-based SM donors, marked the start of a new era in SM-BHJ in a
way that the crystallinity, and more importantly the packing of molecules, shifted to a liquid-
crystalline-like mode. The transition between single-crystalline-like and liquid crystalline-
like behaviour is well exemplified by the oligothiophenes of the DRCNT library first
described by Chen and co-workers [66-70]. They consisted of a library of oligothiophenes
comprised of 5 to 9 thiophenes, which pioneered the manufacture of SM-BH] devices
approaching 10% PCE. The characterisation of their typical active layers by GIWAXS
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showed what appeared to be a transition between the two packing modes. The 5- and
7-thiophene analogues seem to adopt a well-defined crystalline packing of the single-crystal
type or complex liquid-crystalline type, respectively, while the 6 and 9 analogues seem to
form simplified 71— stacks of molecules in the out-of-plane direction very reminiscent of
crystalline polymers. Figure 7 shows the GIWAXS area images of DRCN5T and DRCNG6T,
with diffraction peaks located mainly in the out-of-plane direction for DRCN6T, while a
multitude of off-meridional well-defined diffraction spots at very low g value can be seen
in the data corresponding to DRCNS5T. Although the authors attributed the corresponding
d-spacing to a lamellar stacking distance (18-19 A), these peaks likely correspond to a
single-crystal-like packing. Interestingly, the derivatives leading to higher PCEs were those
of the highly ordered nature (5- and 7-thiophene units), although the PCEs were in a rather
similar range. Despite their different crystallisation modes, the hole mobility measured
from the corresponding active layers was very similar for all donors (in the range of
5 x 10~* cm?/V's), further demonstrating that an extremely ordered crystalline packing is
most probably not a determinant in obtaining devices with enhanced J-V characteristics.

0.5 0.0 0.5 1.0 1.5

05 00 0.5 -0 -5

a, 0] a, A7

Figure 7. (a,b) Chemical structures of DRCN5T and DRCNG6T; (c,e) GIXD patterns of pure films
of DRCN5T and DRCNG6T, respectively; (d,f), GIXD patterns of blend films of DRCN5T:PC; BM
and DRCN6T:PC7BM, respectively. Adapted with permission from the American Chemical Society,
copyright 2019 [67].

A contemporary class of SM donors to the above oligothiophene, based on the
dithienosilole (DTS) core [71-79] first described by Bazan and co-workers [76], confirms
the shift in crystallisation trend mentioned above. In the case of the most popular p-DTS
(PTThy),, crystallisation kinetics were seen to be unusually fast, as active layers would
display some degree of crystallinity directly after deposition (and therefore, some PV
performance) [73]. Active layers were shown to acquire the optimum crystallinity upon
processing with a small fraction of diiodooctane (DIO) additive in the processing solvent,
with no further annealing required. In this particular case, the packing pattern is exclu-
sively of the liquid-crystal type, an effect that may be enhanced by the fact that the DTS
core contains alkyl chains in both the longitudinal and lateral parts of the conjugated core.
This likely forces the packing towards a more disordered type, hence being favoured even
under fast film drying conditions (Figure 8). The enhancement of PV properties was shown
to have a clear dependency on the amount of DIO additive, and the best results were
obtained when a small fraction of polystyrene was also added [80]. The additive was not
shown to have an impact on the packing itself, which remains of the liquid-crystalline
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type, with 7-stacked units along the out-of-plane direction, and lamellar in the in-plane
direction. However, the DIO was key in adjusting the size of the crystalline domains to an
optimum value that would maximise photoinduced processes. The effect of DIO has been
rationalised by carrying out in-operando GIWAXS studies, which showed that intermediate
crystallites with different-plane spacing distances formed in the early moments of the active
layer deposition, which rearrange upon the slow evaporation of the high boiling point DIO
additive towards the final liquid-crystalline-type packing [77,78].

A aYa
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Figure 8. (a,b) Chemical structures of p-DTS(FBTThj;), and DTS(Oct),-(2T-DCV-Me);; (c,d) GIWAXS
patterns of pristine DTS(FBTTh;), films and DTS(FBTThy),:PCy(BM films; (e,f) GIWAXS pattern of
DTS(Oct)p-(2T-DCV-Me),:PCyoBM films. Adapted with permission from Wiley VCH, copyright 2014
and 2015 [79,80].

Donors of the DTS family have been studied extensively, and it is interesting to note
that at least one close derivative of the original DTS (PTThy), donor shows an intermediate
crystalline habit in a very similar manner as the DRCNT donors described above. That is,
in this particular example from Luponosov et al. [79], the DTS (Oct),-(2T-DCV-Me), donor,
which differs from DTS (PTTh;),, amongst other parameters, by the length of the alkyl side
chains, show off-meridional symmetrical diffraction peaks at g 0.47 ! (Figure 8e,f). The
authors suggest that this is evidence of high crystallinity and “good molecular packing”
and attempted the resolution of the crystalline packing using molecular modelling tools.
Here again, the experimental results demonstrate how the presence of shorter alkyl chains
tips the balance towards the formation of single-crystalline-like packing rather than liquid-
crystalline-like.

The ADA (or ApDpA) approach, together with the addition of an extensive amount of
alkyl chains to the conjugated structure of the SM, has undoubtedly had a major impact on
devices’ characteristics. The combination of the approaches culminated in the synthesis
of the donors of the benzodithiophene terthiophene rhodanine (BTR) type [81-86], which
resulted in record PCEs, still held to this day. Indeed, the first BIR reported by Chen
and co-workers consisted of an oligothiophene structure with rhodanine end groups,
where a benzodithiophene (BDT) group was intercalated in the middle of the molecular
backbone [70,87,88]. Interestingly, in a later report, one of the best-performing BTR donors
(simply called BTR) was clearly identified as a liquid crystalline material with a nematic
phase forming above 165 °C. Additionally, and quite importantly, the authors succeeded
in growing small-sized single crystals, and solved their structure using synchrotron X-
ray source. Although the X-ray diffraction data were not of optimum quality, the crystal
structure showed that the greatest amount of disorder is located on the alkyl chains.
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The fact that the BTR molecule comprises ethylhexyl alkyl groups is an additional
cause of the increased disorder, since the chirality of the tertiary carbon may imply the
co-crystallisation of diastereomeric adducts. These results further confirm the hypothesis
upon which the increase in alky/aromatic carbon ratio has a significant impact on shifting
the crystallisation habit of SMs in active layers of OSCs from an ordered single crystalline-
like mode to a more disordered liquid-crystal-like mode. Figure 9c shows the GIWAXS
pattern of a typical active layer, showing a disordered nature of the molecular packing.

0 05 1

Qyy /A

156 2

Figure 9. (a) X-ray diffraction single crystal structure of BTR, with the alkyl side chains omitted for
clarity; (b) 2D-WAXS of BTR filament measured at 30 °C; (c) GIWAXS of spin-cast BTR thin film on
silicon (p-stacking reflection is indicated by an arrow). Adapted with permission from the Nature
Publishing Group, copyright 2015 [82].

5. Conclusions

The advent of the DA-type donors, particularly DTS, oligothiophene, BDT SM donors,
marked the start of a new era in SM-BH]J in a way that the crystallinity and, more impor-
tantly, the packing of molecules shifted to a more disordered liquid-crystalline-like type.
This trend is likely the result of incorporating a large number of alkyl chains in the chemical
structure of the donors with respect to early SM donors. Indeed, it is remarkable that
SM donors that led to efficiencies above 7% have a ratio of aliphatic to aromatic carbons
often superior to one. Therefore, it is consistent with the fact that the added disorder
incurred by the alkyl chains likely directs intermolecular interactions towards exclusive
ni—7 stacking and hydrophobic interactions. The disordered liquid crystalline-like packing
type is consequently greatly favoured. Although the link between this increase in disorder
brought about by the numerous alkyl chains and the higher PCEs is counterintuitive, it
can be readily rationalised by the fact that an ordered packing type is rather difficult to
achieve in such a complex medium as that of OSCs’ active layers. As demonstrated in our
previous study [64], the subtle thermodynamics and kinetics parameters underpinning
the nucleation and growth processes are extremely difficult to control. As a consequence,
the crystallites formed in such active layers often display extreme features, e.g., either too
small or too large crystallites with sub-optimal anisotropic features. Liquid-crystalline-like
packing SMs arise from limited types of interactions, namely p-p stacking and alkyl chain
intermolecular interactions, forming much more predictable stacks of molecules. Despite
the fact that disorder is more predominant in the crystalline domains, the gain in crystallisa-
tion control outcompetes the former setback to a large extent. The system is more forgiving
towards the formation of homogeneously distributed (size and orientation) crystalline
domains, hence the consistent increase in PCE over the years.
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