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ABSTRACT: Organic solar cell (OSC) bulk heterojunctions
(BH]J) typically feature a rich phase morphology with the phase
composition and distribution significantly affecting processes
such as charge generation, recombination and extraction, and in
turn, device performance. While fullerene-based BH]Js are
relatively well understood structurally, especially when blends
with a flexible-chain donor are employed, donor: non-fullerene
acceptor (NFA) blends are more challenging to elucidate. The
reason is that NFAs often display different polymorphs;
moreover, their glassy states can be complex. Focusing on
blends of the widely investigated donor polymer, poly(3-
hexylthiophene-2,5-diyl) (P3HT), and the prototype NFA,
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3,9-bis(2-methylene-(3-(1,1-dicyanomethylene)-indanone))-

5,5,11,11-tetrakis(4-hexylphenyl)-dithieno[2,3-d:2,3’-d’]-s-indaceno[1,2-b:5,6-b’ ]dithiophene (ITIC), we reveal here the
coexistence of two glassy phases: a molecularly intermixed and an ITIC-rich one. In P3HT-rich blends, both glassy phases are
present as nanosized domains, evenly distributed in the BHJ, as visualized via vapor phase infiltration (VPI) “staining”. In
contrast, the 1:1 (by weight) and NFA-rich blends show clear, lateral phase separation between large (>500 nm) domains of
the glassy phases and thinner polymer-rich domains that are unaffected by annealing. Our observations help to explain earlier
P3HT: ITIC device studies; and also highlight the complexity of NFA-based BHJs, emphasizing the need for a deeper

understanding of the phase behavior of such systems.

low-cost, flexible, and lightweight alternatives to

inorganic photovoltaic technologies,' > with power
conversion efficiencies (PCE) having evolved dramatically
from about 9% in 2012 to over 18% today.” This significant
improvement is predominantly due to the advancement of
small-molecule non-fullerene acceptors (NFAs) that, in
contrast to fullerenes widely used prior to 2016, are of a
narrow band gap and contribute to light absorption.” NFAs
also differ from fullerenes with respect to the molecular

S olution processed organic solar cells (OSC) promise

packing motifs they can feature. The reason is that, contrary to
fullerenes, NFAs are not spherical, and strong intermolecular
interactions may form between NFA molecules that can lead to
aggregation” or polymorph formation.*” Their often complex
chemical structure can limit molecular ordering, which can
result in vitrification.”” As a consequence, new understanding
and broadly applicable design rules are needed to enable the
prediction of phase morphologies of NFA-based OSC blends
toward optimized photovoltaic device performance.
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In order to begin our discussion, we recall that OSC bulk
heterojunctions (BHJs) can often be composed of a complex
mixture of phases. In the most efficient fullerene-based OSCs,
the BHJ morphology can be described by the presence of three
types of phases, especially if a flexible-chain donor polymer is
used. These include a donor-rich phase, an acceptor-rich phase,
and an intermixed phase composed of the donor and the
acceptor.'”"" Although the phase composition,'' ™" relative
donor/acceptor fractions,"*"> size,""'® and, e.g., lateral and
vertical phase distribution'”™" differ from system to system,
some general guidelines have been advanced for such fullerene-
based OSCs. It has, for instance, been shown that the
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Figure 1. (a) Chemical structures of P3HT and ITIC. (b, c¢) DSC thermograms of P3HT: ITIC blends: (b) as-cast blends and (c) after

thermal annealing at 150 °C for 10 min.

composition and distribution of the often vitrified, intermixed
donor: acceptor domains affect important processes, such as
charge generation and charge recombination.'”*”*" The
amount of the intermixed phase that may form in fullerene-
based BHJs was thereby found to be dictated by donor:
acceptor interactions,”’ polymer molecular weight,” blend
composition,20 miscibility22 and processing conditions—i.e.,
kinetic and thermodynamic factors. During film formation,
precipitation, crystallization, and demixing processes compete
with nonequilibrium quenching effects, e.g., vitrification, which
suppresses polymer crystallization and leads to amorphous
solid solutions.”” Such intermixed glasses can evolve over time,
which occurs more rapidly at elevated temperatures, e.g., when
the system is heated above its glass transition temperature
(Tg),8’23”24 but this can be limited by restricting molecular
diffusion/mass transport via introduction of cross-links
between the donor and acceptor,” use of donor polymers of
high molecular weight”> or selection of donor and/or
acceptors with a high Tg.26’27

The structure—property—performance relations developed
for fullerene-based systems may not be applicable to the NFA-
based systems, despite their similar photophysical behavior,
their comparable low dielectric constants and their relatively
limited charge-carrier mobilities.**® Therefore, one cannot
build on the knowledge and expertise gained for fullerene-
based devices for developing understanding of NFA-based
systems. To mitigate the laborious trial-and-error efforts
invested in the design and processing of high performing
NFA-based OSCs, it is necessary to investigate and disentangle
the complex interactions and phases that are present and
dominate the NFA-based systems. Here, we selected the
prototype indacenodithienothiophene-based NFA, 3,9-bis(2-
methylene-(3-(1,1-dicyanomethylene)-indanone))-5,5,11,11-
tetrakis(4-hexylphenyl)-dithieno[2,3-d:2’,3’-d’]-s-indaceno-
[1,2-b:5,6-b]dithiophene (ITIC),”” as a model acceptor
together with poly(3-hexylthiophene-2,5-diyl) (P3HT) (Fig-

2126

ure la), a materials combination that each has been shown to
form glassy intermixed phases in BHJs.*** While this system
exhibits a very low PCE of about 1.25%,’" the thermal and
structural behavior of the neat materials have been widely
investigated,”' ~** which provides the knowledge for us to
understand the phase behavior of P3HT: ITIC BHJs and will
yield general insights on NFA-based systems.

We start our investigation with the thermal analysis of as-
cast (AC) P3HT: ITIC blends, along with the neat
components as reference, using differential scanning calorim-
etry (DSC). The first heating thermograms of AC neat P3HT,
neat ITIC, and P3HT: ITIC blends of different compositions,
deposited from chlorobenzene are presented in Figure 1b
(concentrations ranged from 20 mg/mL for the neat solutions
to 40 mg/mL for the 1:1 solution, as detailed in the Supporting
Information (SI)). Upon heating (20 °C/min), AC neat P3HT
shows a clear melting endotherm (T,,) at 240 °C (taken from
the peak temperature), in agreement with literature.” For neat
ITIC, we observe a dominant exotherm centered around 210
°C and a weak endotherm around 250 °C. For the P3HT:
ITIC blends, the endotherm due to melting of crystalline
P3HT moieties is visible in the thermograms of all blends.
ITIC-rich blends, in addition, feature two prominent
exotherms around 180 °C (CC1) and 210 °C (CC2). These
may be assigned to cold-crystallization processes resulting from
the fact that solution-blending P3HT and ITIC leads to films
of low molecular order, i.e., partial vitrification occurs during
solidification because crystallization of one (or both) blend
component(s) is hindered by presence of the other’*—a view
that is supported by GIWAXS data (vide infra). Notably, it is
likely that the solution processing of this system caused it to
pass through the Berghmans point as the phase separation of
the system was hindered and vitrified phases were obtained.*®

To obtain more quantitative insight on the possible partial
vitrification from solution of P3HT: ITIC blends and how they
cold-crystallize when they are heated in the solid-state, we

https://doi.org/10.1021/acsmaterialslett.2c00625
ACS Materials Lett. 2022, 4, 2125—-2133


https://pubs.acs.org/doi/suppl/10.1021/acsmaterialslett.2c00625/suppl_file/tz2c00625_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsmaterialslett.2c00625/suppl_file/tz2c00625_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsmaterialslett.2c00625?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsmaterialslett.2c00625?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsmaterialslett.2c00625?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsmaterialslett.2c00625?fig=fig1&ref=pdf
www.acsmaterialsletters.org?ref=pdf
https://doi.org/10.1021/acsmaterialslett.2c00625?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Materials Letters

www.acsmaterialsletters.org

d.

ITIC [wt%]

>
ot
5 ue—
. (72]
1 0.0 c
1.0 18 1.0 15 20 -05 00 0
]
c
—
‘o)
L)
3
L1o
.6 0.8 4 08 5 _S 0.8 ,E
@ S ® ®
— R =
— 0.6 L06 5 = L0.6
& E S E
o o & ©
[} e O
£ 044 L04 = C Loa £
8 n 8 7]
3 - >
O 02- L02©° & Lo2©
0.0 )

T
80 100

P3HT [wt%]

T T
80 100

P3HT [wt%]

Figure 2. (a) 2D GIWAXS patterns of P3HT: ITIC bend films (blend ratio given in wt %). Top row: Patterns of as cast fims (AC). Bottom
row: Same films after thermal annealing (TA). (b, c) Crystalline fractions of P3HT (red and black) and ITIC (green and blue) for AC P3HT:
ITIC films (b) and TA blend films (c). The dashed lines show the fraction that can be calculated for a hypothetical, immiscible system where
the two components can crystallize essentially freely, using the linear combination of the scattering intensities of neat P3HT and ITIC films,
weighted by the respective mass fractions of the different blends. The continuous lines are the actual values calculated from the GIWAXS
patterns measured for AC and TA blend films. A crystalline fraction below the dashed line indicates that blending the materials suppresses
crystallization and the materials are more amorphous in the blend as compared to the neat films.

performed grazing-incidence wide-angle X-ray (GIWAXS)
measurements (Figure 2a and Figure S1). We use (h00) and
(0k0) to denote the lamellar and 7— stacking planes of P3HT
and ITIC, respectively, while (00/) is along the long molecular
axis. The AC ITIC films (Figure SI, top left) show weak and
broad (100) and (001) peaks in plane, and the (010) out-of-
plane peaks, indexed following Mai et al.”’ and indicating
predominant face-on orientation of low-ordered ITIC
crystallites. The pattern of the AC P3HT film (Figure S,
top right) exhibits up to three orders of the lamellar stacking
peak (h00) in the out-of-plane direction with the lowest order,
(100), at g, = 0.387 A~ (d(100) = 16.2 A), consistent with
previous reports.”>*” Combined with the 7—7 stacking peak
(010) in the in-plane direction at g,, = 1.68 A™' (d(010) =
3.74 A), the 2D scattering patterns, thus, indicate predom-
inantly edge-on orientation of P3HT crystallites.
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The orientation of P3HT crystallites remains predominantly
edge-on throughout the series of blend films with different
P3HT content (Figure 2a). Moreover, with increasing P3HT
fraction, we observe a qualitative decrease in the intensity of
the ITIC GIWAXS diffraction, while those of P3HT become
more intense. The effect of blending on the degree of
crystallinity of the blend components can be quantified by
calculating the crystalline fractions of P3HT and ITIC in the
AC blend films. We tracked for this purpose the relative degree
of crystallinity (rDoC) of both components separately across
all blend ratios.*>*! Specifically, we fitted the P3HT (200) and
the ITIC (200) peaks to quantify the scattering of crystalline
P3HT and ITIC. We chose these peaks because they provide
the least overlap with other peaks in the scattering patterns
presented in Figure 2a. The resulting peak areas for P3HT and
ITIC were then normalized relative to the peak area of neat
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P3HT (100 wt % P3HT) and ITIC (0 wt % P3HT), yielding
the relative crystalline fraction of both materials for the varying
blend ratios*' (see SI).

The solid lines in Figure 2b show the crystalline fraction of
P3HT (red) and ITIC (green) calculated from the GIWAXS
patterns of the different blends displayed in Figure 2a, while
the corresponding dashed lines describe the crystalline
fractions for a hypothetical, fully immiscible blend, where
both materials would be able to crystallize essentially
unhindered; ie., a scenario where the blend components
crystallize as in the neat materials. Accordingly, the expected
scattering intensities of the P3HT and ITIC fractions in such
hypothetical immiscible blends can be calculated by weighting
the scattering intensity of neat P3HT and ITIC films to the
respective mass fractions of the two components. A crystalline
fraction below this dashed line, as a consequence, indicates that
blending suppresses crystallization of the specific component,
leading to a higher molecular disorder in the blend as
compared to the neat films. A positive deviation, on the other
hand, suggests that blending of the materials promotes the
crystallization of one or both components.

Detailed information can be obtained from such an analysis.
For instance, we observe that P3HT in the AC 90:10 P3HT:
ITIC (by weight) blend films follows essentially the behavior
of immiscible systems, indicating that the presence of 10 wt %
ITIC does not affect P3HT crystallization. However, increasing
the ITIC content above 10 wt % induces a pronounced
deviation from the value that can be calculated for the
crystalline P3HT fraction in an immiscible blend, with the
strongest divergence found for the AC 60: 40 P3HT: ITIC
blend films (red squares in Figure 2b). The crystalline P3HT
fraction recovers for the 50: 50 P3HT: ITIC blend, adopting a
value closer to the ones calculated for immiscible blends, and it
fully returns to values that immiscible blends would show at
higher ITIC content. We conclude that the degree of
crystallinity of P3HT is reduced in blends with ITIC
(especially at compositions around $0% P3HT). This picture
is supported by a systematic decrease of the coherence length
(L) of P3HT crystallites as a function of ITIC addition in the
different AC blends films (see Figure S2 and analysis in SI
section). Notably, the ITIC crystalline fraction in all blends
deviates significantly from the value that immiscible binaries
would adopt.

We infer from these observations that the two components
in the AC blend films initially are at least partially vitrified, in
agreement with the fact that we see exotherms in our DSC
heating thermograms that suggest that as cast films are of low
(or lower) molecular order. Intriguing is that, in DSC, we
observe two distinct exotherms upon heating the blends. We
hypothesize that we have different types of amorphous phases
present in the P3HT: ITIC—a glassy intermixed phase formed
because of blending (and crystallizing in the temperature
region indicated with CC1), and an ITIC-rich glass (cold-
crystallizing in the CC2-regime). This picture is supported by
the fact that the CC1 peak temperature, measured in DSC,
shifts to lower temperatures in blends of higher P3HT content
(Figure S3a, solid pink lines), which would be expected for an
intermixed phase of varying composition, where the phase
transition (here CC) will be dependent on the amount of
P3HT in this phase. In contrast, CC2 is recorded in essentially
the same temperature range across the different blend ratios
(dashed pink lines in Figure S3a), suggesting that this phase’s
composition does not vary much across the different blends.
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We, thus, infer that this exotherm results from the cold
crystallization of relatively phase-pure, ITIC-rich amorphous
domains, consistent with the low rDoC for ITIC at high P3HT
concentrations. This means that P3HT: ITIC BHJs can be
composed of two different glassy populations that coexist: an
amorphous intermixed phase comprising P3HT and ITIC and
crystallizing at CC1, and an amorphous ITIC-rich phase that
begins to molecularly order in the CC2 temperature regime.
This is in strong contrast to fullerene-based BHJs that typically
are composed of one type of amorphous phase, the intermixed
phase comprised of the donor and the acceptor.””**

This hypothesis can be corroborated when analyzing
thermally annealed (TA) films and compare them with the
data obtained for as-cast structures. We selected as annealing
temperature 150 °C, which is at the onset (upon heating) for
the CC1 process for most blend films (see Figure 1b). The
enthalpies (AH) of both CC processes in the AC and TA
blends were deduced from the thermograms displayed in
Figures 1b and ¢ and compared in Figure S3b. We find that
annealing significantly reduces the enthalpy (AH) of the CC1
exotherm, while notably increasing for CC2, to the extent that
in the AC blends AH¢; > AHcc,, while in the TA samples
AHcc; < AHcc,. These observations indicate that annealing at
150 °C increases the population of the glassy ITIC-rich phase
at the expense of the intermixed amorphous phase. The
dissolution of the intermixed phase during annealing is also
reflected in an increase of the melting enthalpy AH,, of P3HT
(Figure S3b) and the nearly full recovery of the crystalline
fractions obtained from GIWAXS to values calculated for
hypothetical immiscible blends (Figure 2c). The slight
deviation from the values that immiscible systems would
adopt at compositions of around 50—70% P3HT may be
attributed to some remaining glassy intermixed domains. We,
therefore, conclude that upon annealing, the amorphous
intermixed domains phase-separate into P3HT- and ITIC-
rich regions. The fact that AH(, increases in the annealed
films compared to AC structures, suggests that some of the
phase-separated fraction of this ITIC remains amorphous, only
ordering at CC2.

In order to visualize the complex phase morphology of the
P3HT: ITIC binaries, we exposed the blend structures to
gaseous metal oxide precursors that diffuse into the films and
in situ convert to an inorganic product.”>** Precursor diffusion
is, typically, permitted in domains with free volume, such as
amorphous polymer regions and permeable glassy (inter-
mixed) domains, but it is restricted in dense glassy domains
produced by molecularly intermixed phases.*>*® Such vapor
phase infiltration (VPI) “staining” can complement the above
X-ray and DSC data, as the heavy atoms’ preferential
interdiffusion and conversion in certain phases offers high
contrast when analyzing the resulting samples by scanning
electron microscopy (SEM). Specifically, Z (atomic number)-
contrast in cross section HRSEM can be used to map the
distribution of inorganic-free and “stained” domains."

We started with exposing AC and TA neat P3HT and ITIC
films to a VPI sequence of tetrakis(dimethylamido)hafnium
(TDAHY) and water,””** which led to metal oxide precursor
diffusion and HfO, deposition inside amorphous domains in
the polymer film, but not in the dense ITIC film, as can be
clearly observed in the micrographs presented in Figure S4.
Upon blending, the phase morphology of AC P3HT-rich
blends (90 and 80 wt % P3HT) generally stays unchanged
compared to that of neat P3HT, with HfO, particles being
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Figure 3. (a) Cross section HRSEM BSE micrographs of AC (left column) and TA (right column) P3HT: ITIC blend after a TDAHf/H,0
VPI process showing selective deposition of HfO, in the P3HT-rich domains (bright contrast). In contrast, the mixed glassy phase domains
and ITIC-rich domains inhibit HfO, deposition and, thus, are characterized by dark contrast. The selective “staining” of P3HT-rich domains
by HfO, in the VPI process effectively maps the phase separation as well as the size- and spatial distribution of the domains in P3HT: ITIC
blend films. The scale bar for all micrographs is 500 nm. (b) High-magnification cross section HRSEM BSE micrographs of the AC (top) and
TA (bottom) P3HT: ITIC blends after the TDAHf/H,0O VPI process showing P3HT-rich domains (bright contrast) and mixed glassy phase
and ITIC-rich domains (dark contrast). The scale bar for all micrographs is 200 nm.

evenly distributed in the films (Figure 3a). This suggests that
in such structures, the glassy intermixed P3HT: ITIC phase
present in these systems is permeable and homogeneously
dispersed in small domains throughout the films. Note that
generally, the VPI methodology cannot distinguish between
the two glassy phases, i.e. the intermixed P3HT: ITIC phase vs
the ITIC-rich amorphous phase, as they both seem to resist the
diffusion of the precursors. However, the density of the glassy
intermixed P3HT: ITIC phase can vary with ITIC content so
that at low ITIC content (80: 20) this phase might also be
stained. Moreover, annealing these P3HT-rich films induces
ITIC aggregation, as identified by the GIWAX analysis (Figure
2c¢), and via VPI as dark domains that remain small in size and
are well dispersed with a minor tendency toward separation to
the bottom interface, as can be observed in HRSEM images.
These aggregated ITIC domains thereby seem to be somewhat
larger than the glassy domains (see Figure 3b for an example of
a high magnification image of TA 80: 20 P3HT: ITIC film).
Increasing the ITIC content further to 40 wt % ITIC (P3HT
60 wt %) leads in AC films to dense glassy domains vertically
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separating toward the bottom substrate, evident from the
gradient of HfO, deposition throughout the film (high
magnification image in Figure 3b). Annealing the film induces
some ITIC aggregation but the molecular ordering process is
limited by the high ITIC content, leading to a BHJ with a
polymer-rich top phase, domains of the intermixed and ITIC-
rich glassy phases dispersed in the film, and ITIC crystalline
domains at the bottom. It is important to note that this phase
morphology could be beneficial for OSCs with bottom,
electron-collecting cathodes.

In strong contrast to these vertically separated structures, for
AC 50:50 P3HT: ITIC films, a noticeable lateral phase
separation is observed, with very large (>500 nm) dense
domains (dark regions in HRSEM image) being separated by
thinner polymer-rich domains (bright in HRSEM image).
Similar observations can be made for AC 30:70 P3HT: ITIC
blends, but the polymer-rich domains seem thinner based on
the brightness contrast we observe. Moreover, annealing does
not drastically affect the overall morphology, but it blurs the
boundaries between the P3HT- and ITIC-rich domains. The
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Figure 4. Schematic illustration of the morphology and microstructure of P3HT: ITIC blends as a function of composition (P3HT-rich in
upper row, ITIC-rich in lower row) and processing conditions (AC left column and TA right column). The types of aggregates and domains
present in the film are shown in the schematic legend below. The yellow background represents the intermixed glassy phase while the ITIC-
rich glassy phase is represented by blue domains with non-oriented “molecules”. The illustration shows that in P3HT-rich blends, both
glassy phases are present as nanosized domains, evenly distributed in the BH]J. In contrast, the NFA-rich blends show clear, lateral phase
separation between large (>500 nm) domains of the glassy phases and polymer-rich domains, with the domain boundaries slightly blurred

after annealing.

lateral phase separation in AC and TA 50:50 and 30:70 P3HT:
ITIC blends might be the result of a breakup of the transient
wetting layer due to an interfacial instability during spin
coating (spinodal decomposition), similar to that reported for
BHJ polymer/polymer systems.”” In agreement with this view,
a high surface roughness is found for these samples that is
significantly more pronounced compared to P3HT-rich blends
which display a horizontal phase segregation. We also note that
this type and the dimension of phase separation, in
combination with the significant surface roughness explains
the very low efficiencies of corresponding solar cells.*’

In summary, we combined the insights gained by different
materials characterization techniques to obtain mechanistic
insights on the morphology and phase evolution of a
prototypical polymer: NFA system. Different morphology
regimes can be identified based on composition (P3HT-rich
and ITIC-rich,) and processing conditions used (as-cast and
after annealing at 150 °C), as schematically illustrated in
Figure 4. The AC P3HT-rich films (top left) are composed of
crystalline P3HT, domains of a glassy phase of intermixed
P3HT: ITIC, and amorphous, relatively phase-pure (ITIC-
rich) domains. The glassy domains are nanometer-sized and
homogeneously dispersed in the polymer matrix (Figure 4, top
left). When increasing the ITIC content modestly, larger glassy
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domains are formed that generally accumulate at the bottom
film surface; i.e., a vertical phase separation is observed. In
contrast, AC films that are very ITIC-rich show a clear lateral
phase separation of large glassy domains (both intermixed and
ITIC-rich phases) separated by thinner P3HT-rich domains
(Figure 4, bottom left). The boundaries between the glassy and
P3HT-rich phases are distinct and the size of the P3HT-rich
domains decreases with decreasing P3HT content. Upon
annealing, in P3HT-rich films, the intermixed glassy domains
phase separate, leading to an increase of the ITIC-rich
amorphous fraction, that can crystallize upon further heating.
Accordingly, a higher fraction and larger crystalline ITIC
domains are formed at the expense of the intermixed glassy
phase (Figure 4, top right), while, simultaneously, the degree
of crystallinity of P3HT increases as well. For ITIC-rich
samples, thermal annealing has a relatively small effect; only a
blurring of the phase boundaries between the laterally
separated domains is observed (bottom right).

Our work, hence, illustrates that the morphology of NFA-
based BHJs can be highly complex. The coexistence of multiple
glassy phases renders establishment of widely applicable
processing/structure/performance interrelationships intricate.
However, it may also provide opportunities because of the
possibly highly diverse optoelectronic landscapes of such OSC
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systems that may be accessed as a function of composition and
processing. Understanding the morphology evolution of a
polymer: NFA BHJ with composition and temperature could,
therefore, provide a knowledge platform that will assist
revealing the intricacy and complexity of such systems
including multiple glassy phases and nontrivial macro-scale
phase separation. Moreover, the composition of the
amorphous intermixed phase may be estimated, especially if
employing fast calorimetry."” Overall, our approach further
advances the field via deeper insight of the phase behavior of
complex blend systems.
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