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A Liquid-Crystalline Non-Fullerene Acceptor Enabling High-
Performance Organic Solar Cells

Pierluigi Mondelli,*¢ Francesco Silvestri,® Laura Ciammaruchi,® Eduardo Solano,® Eduardo Beltran-
Gracia,® Esther Barrena,” Moritz Riede® and Graham Morse*©

The use of liquid crystalline (LC) compounds in organic photovoltaics has revealed to be an effective strategy to optimise the
bulk heterojunction morphology, repairing structural defects through their self-assembling properties. Nonetheless, the
design of LC materials has mostly been limited to donor molecules in previous reports. Here we introduce a Non-Fullerene
Acceptor (NFA), 4TICO, characterised by an improved structural flexibility, which is imparted by the alkoxy sidechain and
favours the formation of LC phases at high temperature. This structural polymorphism also occurs in films where the 4TICO
is blended with the PBTZT-stat-BDTT-8 polymer. The high-temperature LC polymorph brings to the formation of a smooth
surface morphology with less structural defects, providing solar cells with improved short-circuit current (Jsc) and fill factor
(FF), by 14% and 20% respectively. An in-depth investigation of the NFA structural properties in relation to the solar cells

performance and charge transport is carried out in comparison to the 4TIC crystalline isomer.

Introduction

Organic Photovoltaics (OPV) has become an established
research topic in alternative renewable energies, offering a
sustainable solution with unique advantages in comparison to
conventional silicon photovoltaic technologies.! The main
benefits of OPV modules result from their
environmental footprint, along with desirable form factor being
lightweight, flexible and semi-transparent.?

In recent years a growing interest in solution-processed OPVs

low cost and

has been driven by the surge in the performance, now yielding
to Power Conversion Efficiencies (PCE) as high as 18% for NFA
OPVs.3 This tremendous progress is a result of progressive
optical gap narrowing and energetic alignment at the
donor/acceptor interface,* 5 along with optimization of the
active layer morphology and microstructure.6-13

The optimal active layer morphology, often referred to as the
bulk heterojunction (BHJ) morphology, is an intermixed blend
of an electron donor and acceptor material which ideally phase
separates at the nanometre length scale to form a network of
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pathways (1) to maximise donor-acceptor interface for optimal
charge generation and (2) to segregate into pure donor and
acceptor phases, ensuring an efficient charge collection at the
electrodes and minimizing recombination of opposite charges.
Thus, understanding how to control the blend morphology
formation is a large body of research in the OPV community and
can be achieved by molecular design,” 1419 formulation
design,20-25 and process design.26-33

One of the hallmarks of a high performing material (also often
essential to its identification) is the ease in which it forms a near
ideal BHJ with a simple and reproducible fabrication process.
There are many examples of high-performing materials at the
time of their discovery such as P3HT, PCBM, PBDB-T and ITIC.34
36 A common feature among them is our ability to control the
BHJ microstructure through post-process annealing at
temperatures between 100-150°C which are necessary for the
curing of adhesives for lamination in the module production
process (while being tolerable from plastic substrates).3” The
chemical design can play an important role to control the
material thermal properties, such as glass transition
temperature or melting points, in order to match the annealing
temperature at which a material can readily diffuse to adjust
domain sizes and purity (avoiding excessive phase separation).
Some OPV materials have been found to have liquid crystalline
(LC) properties, giving them a wider range of thermal transitions
with self-assembling properties and healing effect on grain
boundaries and defects.38 39 To the best of our knowledge, the
fabrication of organic solar cells with liquid crystalline materials
in the active layers has been mostly limited to donor molecules,
such as hexabenzocorene (HBC),49-4> phthalocyanine (Pc),6 47
porphyrin4® and triphenylene (TP),4% 50 but also more recently



developed compounds such as naphtodithiophene>! and BTR
derivatives>255, A rare example of liquid crystalline acceptors do
exist such as fullerene-containing hexaalkoxyloxytriphenylenes
compounds with columnar mesophases.’® For most of the
cases, active layers including a liquid crystalline donor has
demonstrated high FF and Js, which has been attributed to an
improved charge transport due to the reduction of
recombination centres and a better microstructural ordering.5%.
52,54

In this work, we compare two NFA molecules, 4TICO>7 and
4TIC,58 with a common design of a fused-ring thiophene-
thieno[3,2-b]thiophene-thiophene (4T) as the central donor
unit and an electron-deficient 3-(dicyanomethylidene)indan-1-
one (IC) as the terminal acceptor unit in OPV devices. During our
investigation, we identify unique liquid crystalline properties in
4ATICO, likely arising from the added structural flexibility and
rotational freedom around the oxygen bond in its alkoxy-phenyl
sidechain.’?® We highlight how NFA crystallization tendencies
can be tuned by sidechain engineering: (1) preventing the
drastic phase separation observed at high temperatures in 4TIC
films and other similar NFA derivatives3® €0 and (2) leading to
liquid crystal phase behaviour which can be responsible for a
severe reduction of the bimolecular recombination and
improved power conversion efficiency for PBTZT-stat-BDTT-
8:4TICO®! blends.

Experimental

General Characterization

UV-Vis absorption spectra were recorded on an OceanOptics QE
PRO spectrometer using a tungsten halogen light source (HL-
2000-FHSA from OceanOptics). The DSC experiment was carried
out on a powder sample using a Q1000 model from TA
Instruments at a heating rate of 20°C min-tand under a constant
nitrogen flux of 50 ml min-1. Polarised optical microscopy (POM)
studies were carried out by using Olympus BH-2 microscope
equipped with two polarisers that were operated crossed with
the sample in between. A Metler Toledo FP82HT hot stage with
a Metler Toledo FP90 controller and an Infinity 2 camera.
Powder X-ray diffraction was performed using a PANalytical
X'Pert PRO diffractometer with Cu -Ka radiation. Preliminary
Raman scattering measurements in the 200-4000 cm range
were also performed. However, with the obtained spectral
response it was not possible to pursue the NFA polymorphism
at different temperatures like in other techniques presented
throughout the work.

Grazing Incidence Wide Angle X-Ray Scattering (GIWAXS)

The GIWAXS experiments were carried out at NCD-SWEET
beamline at ALBA synchrotron (Beamtime ID: 2019093873). A
monochromatic X-ray beam with a photon energy of 12.4 keV
was set using a Si (1 1 1) channel cut monochromator, further
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collimated with an array of beryllium lenses. The 2D GIWAXS
maps were recorded with a Rayonix LX 255-HS detector,
consisting of a pixel array of 960 x 2880 pixels of 88.54 x 88.54
um2 (H x V) for the binning employed. The samples were
thermally annealed using an adapted Linkam TMSH 600 stage
for grazing incidence experiments that maintains the sample
under a continuous room temperature N, flow. The in situ
thermal experiments were performed at 100°C, 120°C, 140°C
and 180°C with a thermal ramp of 50°C/min and then actively
cooled down (at the same rate) to room temperature using a
liquid N, flow. At each annealing step, after keeping the sample
at the selected temperature for 5 min, 2D GIWAXS frames were
acquired near the critical angle of the substrate (ca. 0.15°),
being surface sensitive and minimizing the contribution of the
substrate. The recorded 2D scattering patterns were analysed
using a home-made python routine based on pyFAIl (the Fast
Azimuthal Integration Python library).62 2D GIWAXS images are
in logarithmic scale, ranging from dark blue (low intensity) to
yellow (high intensity).

It has to be noted that the in situ annealing protocol slightly
differs from the one employed for the device optimization using
a hot plate (see below). Nevertheless, ex situ GIWAXS analysis
on the devices has confirmed the same structural evolution with
annealing although with small shifts in the temperature
attributed to the different thermal history in the two cases.

Atomic Force Microscopy

The films were systematically investigated by AFM both in
contact and dynamic modes using a commercial head and
control unit from Nanotec Electronica. The used thermal
annealing protocol was the one optimized for the devices (see
below). For each sample, after each annealing step, different
spots of the surface were imaged (at several image sizes) to
have a statistical validity of the measurements. The images
presented in the article are chosen as high-resolution
representative images of the surface. The estimation of the root
mean square (RMS) roughness was done selecting about 6
contact mode images (30x30 and 50x50 um?) for each
temperature. SisNs V-shaped cantilevers (Veeco) with the
nominal force constant ranging between 0.03 and 0.5 N/m were
employed for the contact mode, while Cr/Pt-coated silicon tips
on rectangular cantilevers (BudgetSensors) with a nominal
resonance frequency of 75 kHz and a force constant of 3 N/m
were used for the dynamic mode. The WSxM freeware was used
to analyse all the presented AFM images.®3

Solar Cells Fabrication and Characterization

Inverted-architecture organic solar cells were fabricated by
blade coating of the organic layers on Indium Tin
Oxide(ITO)/glass pre-patterned 5x5 cm? substrates. A 30 nm
thick layer of Aluminium-doped Zinc oxide from Avantama (N-
21X-Slot) was cast as received, using a 50 um blade gap, 40 uL
cast volume, 4 mm s1 blade speed on a 40 °C casting plate. The
layer was then annealed on a hotplate at 100°C for 10 minutes
in air. PBTZT-stat-BDTT-8:4TIC/4TICO active layers were
processed from o-Xylene solutions at 23 mg ml? in 1:1.3 ratio

This journal is © The Royal Society of Chemistry 20xx
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Figure 1 a) 4TIC and 4TICO chemical structures. (b) UV-vis absorption spectra acquired on the as-cast and 140°C annealed films. 4TICO main

vibronic peaks (0-0 and 0-1) redshifts upon annealing are highlighted. c) Multiple 4TICO enantiotropic transitions are visible in the Differential

Scanning Calorimetry thermogram.

(by weight) without the use of any additional additive, using a
100 um blade gap, 70 pL cast volume on a 60 °C casting plate.
The blade speed was adjusted between 7 to 13 mm s1 to reach
the desired thickness of 80 nm. A 50 nm thick layer of
PEDOT:PSS (Clevios Al 4083 from Heraeus) was used as a Hole
Transporting Layer (HTL), using a blade gap of 575 pum, 180 uL
cast volume, 20 mm s! blade speed on a 65 °C casting plate.
Finally, a 100 nm silver back electrode was thermally
evaporated on top of the HTL, under a pressure of 2x10-¢ mbar
at a rate of 1 A/s. The current-voltage characteristics were
measured in an inert nitrogen glove box system, usinga AM1.5G
solar simulator at 1Sun intensity (Oriel SollA, 94041A from
Newport), as calibrated with a KG5 filtered Si-photodiode
(Newport 91150V). All the samples were measured before and
after each annealing step (five minutes at 100°C, five minutes at
120°C, three minutes at 140°C) followed by a two-minute
cooling step by placing the samples on a cold (room
temperature) metallic surface.

Photo-CELIV

Photo-CELIV allows to simultaneously study the charge carrier
mobility and recombination®471 of solar cells with optimised
configurations for real-life working
conditions’2. Experiments were carried out by using the photo-
CELIV module of the Transient Measurement Unit by Automatic
Research. To limit any charge carrier density injection due to

thicknesses and

non-blocking contacts, the sample was kept at a constant pre-
bias voltage (close to V) before the application of the linear
increasing voltage. The fastest species mobility is determined by
the maximum of the current transient.”3 A correct estimation of
the mobility was obtained from long time delays (10 us),

This journal is © The Royal Society of Chemistry 20xx

following the approach published by Baumann et al.> to
minimise the superposition of the RC time with the extraction
peak (Figure S14).74 75 Charge carrier recombination was also
studied by varying the time delay between the 655 nm laser
pulse and the linearly increasing voltage.”?

Results and Discussion

4TICO and 4TIC have quite similar chemical structures, see Figure
1a, but we found they exhibit quite different physical properties.

NFAs Thermotropic Properties

Given the identical molecular backbones, 4TIC and 4TICO
possess very similar absorption features in the as-cast films
(Figure 1b). Nevertheless, the two materials showed different
thermotropic behaviours: the 4TICO main absorption peak (the
0-0 vibronic transition) is strongly affected by temperature
annealing (absorption maximum redshifts by ~—30 nm), while
for 4TIC no change is observed in the same temperature range
(100-140°C). This spectral change can be attributed to an
evolution of the populations characterized by differences in
intra-molecular (e.g., conformations) and intermolecular
interactions (e.g. packing), suggesting a variation in the 4TICO
molecular arrangement.26 No substantial change was observed
for the 4TIC absorption spectra before and after the thermal
treatment.

To get a deeper insight into the phase behaviour of 4TICO, we
performed differential scanning calorimetry (DSC), polarized
optical microscopy (POM) and powder X-Ray Diffraction (XRD).

J. Name., 2013, 00, 1-3 | 3
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Figure 2 Structural evolution of 4TICO film upon annealing treatment. 2D GIWAXS maps at (a) RT, (b) 120°C, (c) 140°C and (d) 180°C and corresponding (e) IP and (f) OOP
profiles. The relevant diffraction features are labelled in the maps.

DSC revealed three enantiotropic transitions within the scattering (GIWAXS) and atomic force microscopy (AFM) at
explored temperature window of 40 to 260 °C (Figure 1c). At different annealing temperatures.
room temperature, 4TICO exhibits a crystalline phase as

multiple sharp reflections are visible in the powder XRD pattern

(Figure S1a). The sharper peak observed at the first analysed

temperature (~81°C) during the heating process indicates the

formation of a second crystalline (k2) phase, as birefringence

with no fluidity was observed by POM upon shearing stress

(Figure S1b). The two high temperature transitions (observed at

158°C and 216°C) are characterised by lower enthalpies and

broader peaks, suggesting the formation of fluid phases (¢: and

¢2) as confirmed by POM images (Figure 1c) and

microstructure/morphology analysis presented throughout the

text. Cross-polarized POM images (Figure S1c) highlighted the

formation of alighed domains upon shearing stress at high

temperature. The latter feature is commonly observed in liquid

crystal (LC) phases where molecules exhibit orientational order

and lack positional order.76

NFA microstructure and morphology

For a more in depth understanding of the thin film solid-state
arrangement and morphology and to keep track of the
structural transformations induced by temperature, we
performed in situ 2D grazing incidence wide angle x-ray
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Figure 3 Structural evolution of 4TIC film upon annealing treatment. 2D GIWAXS maps at (a) RT, (b) 120°C, (c) 140°C and (d) 180°C and corresponding (e) IP and (f) OOP

profiles. The relevant diffraction features are labelled in the maps.

The structural evolution with temperature of the two pure NFAs
was monitored by collecting 2D GIWAXS maps during in situ
experiment in the range from 25 to 180 C°. Figure 2a-d displays
the 2D GIWAXS maps of 4TICO for four selected annealing
temperatures (additional maps are provided in Figure S2
together with 1D integration profiles). The corresponding in-
plane (IP) and out-of-plane (OOP) profiles are also reported
(Figure 2e, f). The GIWAXS data indicate that the 4TICO
microstructure undergoes significant changes upon annealing,
with the competition of two polymorphs in the explored
temperature range. At room temperature (RT) one main feature
is identified at q, = 4.6 nm- along the OOP direction, which can
be generically attributed to the (100) reflection,”” resulting in a
lamellar stacking distance of about 14 A. Upon annealing, the
(100) peak increases in intensity reaching its maximum at 140°C,
indicating an enhanced crystallinity (see Figure 2f). Beyond this
temperature, a strong decrease of the intensity takes place with
a concomitant increase of the full width half maximum (FWHM)
of the peak (Figure S2), that according to the Scherrer analysis
(Section 2 of Supporting Information) indicates a reduced
crystalline order. A new diffraction feature emerges at q,= 3.2
nm-along the OOP, corresponding to a spacing of about 20 A,
being clearly visible after the annealing step at 180°C (Figure
2d). We ascribe the new peak to a larger lamellar stacking
associated to a high-temperature liquid-crystalline polymorph
(LC phase), labelled as (100)’. At 140 °C, multiple new features
rise in the g-region between 15 nm-1and 17 nm-1along the OOP
direction (Figure 2b). The associated spacing range (3.5-4 A) can

This journal is © The Royal Society of Chemistry 20xx

be attributed to a superposition of the -t stacking of aromatic
units 77. 78 and the liquid-like conformation of molten aliphatic
chains.”® We note that the development at higher temperature
of scattering rings with a relative large azimuthal dispersion
agrees with the formation of the 4TICO LC phase evidenced by
DSC and with the pronounced UV-Vis red-shift and the sample
fluidity (with slight differences in the transition temperature
due to the different annealing protocol, see Experimental
Section). Because of the fast cooling of the film to RT, the
structure remains unvaried and 4TICO is quenched into the LC
phase.

ATIC is generally more crystalline than 4TICO already at RT, with
a richer and more complex diffraction pattern. The GIWAXS 2D
maps of 4TIC with the corresponding IP and OOP profiles are
shown in Figure 3 (the maps completing the set and the 1D
integration profiles can be found in Figure S3). Two main Bragg
peaks dominate the diffraction intensity maps at all
temperatures, visible along the OOP direction at g = 5.0 nm-1
and g = 5.7 nm1. Referring to the structure reported for the
4TIC,%8 we label the two peaks as (100) and (1-10), respectively,
implying the coexistence of two preferential orientations.
Whereas annealing up to 140°C does not lead to significant

J. Name., 2013, 00,1-3 | 5
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changes in the GIWAXS diffraction features of the 2D map, the
diffraction pattern becomes clearly sharper upon annealing at
180°C, indicating an overall increased crystallization of 4TIC. It
is also observed that annealing at 180°C favours the ordering
along the (100) direction, with an increase of intensity and a
reduction of FWHM of the (100) peak (Figure S3). As for 4TICO,
also in the case of 4TIC the structure remains after cooling the
sample down to RT although with a slight decrease of the
diffraction signal intensity.

In summary, 4TICO undergoes a transition between two
polymorphs upon thermal annealing (140°C<T<180°C), where
the LC phase emerges with a larger orientation distribution and
lower mean domain size as compared to the crystalline phase
formed at lower temperatures. In contrast, 4TIC exhibits a
higher degree of crystallinity at RT, which is significantly
enhanced upon thermal annealing for T>140°C, indicating
crystallization of the NFA. It is evident that the longer and
bulkier sidechains in 4TICO act as a steric hindrance for the
molecular crystallization leading to a different phase behaviour.
The structural changes also manifest themselves in the
morphology of the films. Figure 4 shows representative
topographical images measured by AFM (contact mode) for the
two NFA films at different annealing steps (images at a different
scale are reported in Figure S4). The pristine non-annealed
ATICO film appears homogeneous with sharp-edged sheet-like
features. The topography changes upon annealing at T>120°C
at which short filamentary features start to be distinguished to
further dominate the morphology upon annealing beyond
140°C. The length and thickness of these needle-like elements
are estimated by profile analysis to be up to 500 nm and 150
nm, respectively. In spite of the morphological changes, the
surface roughness remains in the same range (Figure S4). The
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morphological evolution agrees with the polymorph transition
observed by GIWAXS, where the filamentary crystallites can be
associated to the formation of the LC phase.
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AFM analysis of 4TIC reveals no significant morphological
changes up to around 120°C whereas annealing at T>140°C
leads to the appearance of well-defined grains, in line with the
enhanced crystallization of 4TIC, evident from GIWAXS analysis.
In this case, roughness gradually increases with the annealing
temperature (Figure S4).

Bulk heterojunction microstructure and morphology

The same detailed structural/morphological investigation is
carried out for the pure donor PBTZT-stat-BDTT-8 and for the
two donor:NFA blends. The GIWAXS study of the donor film
reveals the lamellar (100) peak at g = 2.7 nm1, appearing along
both the OOP and IP directions. The structure remains
substantially unchanged up to 140°C (Figure S5 and Table S2),
as further confirmed by Uv-Vis (Figure S6) and AFM surface
morphology and RMS (Figure S7-S8). Upon annealing at 180°C,
we observe a clear development of n-mt stacking along the OOP
direction (peak at g = 17.3 nm1) and a simultaneous increase of
the (100) intensity along the IP direction, both indicating a
dominant face-on configuration.

In the blend films, the crystalline ordering of the NFAs is not as
pronounced as for the pure films. Figure 6 summarizes the
GIWAXS and AFM results for the blends, highlighting the main
structural changes occurring with annealing. The complete sets
of GIWAXS maps and AFM images are reported in the
Supporting Information.

For the PBTZT-stat-BDTT-8:4TICO blend, the absence of X-Ray
scattering features in the 2D GIWAXS map at RT suggests a lack
of crystalline ordering of both, donor and acceptor. After
annealing at 140°C, two ring-like scattering features are clearly

This journal is © The Royal Society of Chemistry 20xx

visible at g = 2.9 nm* and q = 17.4 nm-1, the latest with fainter
intensity (see Figure 5a, Figure S9 and Table S4). As the lamellar
and short distances of PBTZT-stat-BDTT-8 and 4TICO LC phase
are very similar (Table S1 and S3), the structural features of each
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material cannot be fully disentangled. Nevertheless, as the UV-
Vis absorption features (red-shift) and the DSC thermogram of
the PBTZT-stat-BDTT-8:4TICO blend have shown very similar
trends compared to the pure 4TICO film (see Figure 7a,e), we
believe that the observed structural features correspond to the
ATICO LC phase. Moreover, as visible from Figure S9, such
structural features are already detected at 120°C, which means
that the LC phase is stabilized in the blend at a lower
temperature than for the pure film, which is possibly caused by
the interaction with PBTZT-stat-BDTT-8,80 as also reported by
recent findings on PBDB-T:ITIC blends.36 Concurrently, the AFM
images do not show significant changes, revealing a very
smooth nanomorphology (Figure 5b and S10). When 4TIC is
blended with PBTZT-stat-BDTT-8, the film exhibits very low
crystallinity, without evidence of 4TIC ordering (Figure 5c).
Annealing at 180°C promotes the crystallization of the NFA, as
for the pure film, but with a higher angular azimuthal
distribution (see profiles in Figure S11). The 4TIC crystallization
in the blend at high temperatures is accompanied by severe
morphological changes (Figure 5a, Figure S12 and Table S5).
Micrometric aggregates emerge on the surface, suggesting that
considerable phase separation is occurring upon annealing at
T>140°C.

Figure 6 summarizes two aspects that are representative of the
dissimilar structural/morphological evolution of the two blends
with annealing: the azimuthally integrated intensity of the
lamellar peak and the film roughness. As clearly visible in Figure
6a, the signal and thus crystallinity of 4TICO in the blend
increases up to 140°C and decreases upon further heating. In
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contrast, 4TIC exhibits an abrupt crystallization beyond 140°C as
occurred for the pure material. It is thus evident that the alkoxy-
phenyl sidechains of 4TICO suppress crystallization of the NFA
upon heating and lead to a more intermixed nanomorphology
in the PBTZT-stat-BDTT-8:4TICO blend, which remains stable in
the explored temperature range (up to 180°C). Such effect is
also visible from the roughness evolution of the two blends,
reported in Figure 6b. Whereas the roughness of PBTZT-stat-
BDTT-8:4TICO blends shows only a slight change with
temperature (remaining <2nm), a tenfold increase of the
roughness is observed in the case of 4TIC at annealing
temperatures higher than 140°C due to a dramatic phase
separation process.

Blend properties and solar cells characteristics

To determine whether the different behaviour of 4TICO and
ATIC with thermal annealing has an effect on the solar cells’
performance, we fabricate inverted architecture devices by
doctor blading, using the two NFAs in combination with PBTZT-
stat-BDTT-8 with a 1.3:1 ratio. The whole stack (with the only
exception being the silver was
processed in air environment by using non-halogenated
solvents, with the aim of meeting some of the essential
requirements for the scalability and mass production of
solution-processed solar panels. 81-83

Solar cells were tested after each annealing step and the best
performing devices were obtained after the final annealing
performed at 140°C (Figure S13). Consequently, we limit the

evaporated electrodes)
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following discussion to the comparison of the devices fabricated
at RT and the optimized devices annealed at 140°C.

As revealed from our initial investigation on the pure materials’
properties at room temperature, the two NFAs blended with
PBTZT-stat-BDTT-8 have shown very similar absorption profiles
(Figure 7a) and JV curves (Figure 7b) prior to annealing. As
mentioned, thermal annealing has a stronger impact on the
4ATICO-based solar cell when compared to the 4TIC-based one.
The PBTZT-stat-BDTT-8:4TICO 0-0 vibronic peak associated to

the acceptor molecule is redshifted by —45 nm (Figure 7a) after
annealing at 140°C. Such shift further confirms the formation of
the 4TICO LC phase in the blends, in agreement with GIWAXS
(Figure 5a) and DSC (Figure 7e). As expected from the results on
the bare 4TIC film, thermal annealing has minimal impact on the
PBTZT-stat-BDTT-8:4TIC blend (Figure 7a) both in terms of
absorption profile and device performance.

Table 1 Photovoltaic parameters (average and standard deviation over a minimum of 6 devices) of 4TICO and 4TIC blended with PBTZT-stat-BDTT-8 before and after thermal annealing

at 140°C. Pixel area is 16 mmz2. Device mobility and bimolecular recombination coefficient derived from photo-CELIV are also shown.

Active Layer Processing | PCE (%) FF (%) Jsc (mA/cm?) Voc (mV) M (cm?/V-s) Bexp (M3/s)
Condition

PBTZT-stat- As-Cast 56 + 0.3 |57.0+1.7(59.4) | 14.0+0.7(14.8) | 695+7(710) | (7+3.5) - 10° | (1+0.5) - 107

BDTT-8:4TICO (5.8)

PBTZT-stat- Annealed | 7.6 + 0.3 | 68.5+1.1(70.9) | 15.4+0.8(16.9) | 718+5(725) | (6+3) - 10° (3+1.5) - 1018

BDTT-8:4TICO (8.1)

PBTZT-stat- As-Cast 56 + 0.1 | 58.6+0.3(59.0) | 13.8+0.3(14.1) | 695+3(700) | (6+3) - 10° (9+4.5) - 1018

BDTT-8:4TIC (5.7)

PBTZT-stat- Annealed | 6.4 + 0.2 | 65.9+1.4(67.8) | 14.2+0.3(14.7) | 688+6(695) | (7+3.5) - 10° | (8+4) - 1018

BDTT-8:4TIC (6.6)

Regarding the solar cell performance, both systems improve
upon annealing but to a different extent: the PCE of the PBTZT-
stat-BDTT-8:4TICO is enhanced by about 40%, while the PBTZT-
stat-BDTT-8:4TIC PCE improves by about 15% (Figure 7b and
Table 1).

While the Jsc improvements of PBTZT-stat-BDTT-8:4TICO could
in part be explained by absorption spectra broadening during
the annealing (Figure 7a), the FF increase suggests possible
underlying change in charge transport properties (assuming
similar extraction dynamics). For this reason, we have
performed a comparative study of the charge carrier mobility
and recombination dynamics on both as-cast and annealed
(140°C) blends by charge extraction experiments (photo-CELIV)
on the same devices. The obtained mobility values are listed in
Table 1. The values are comparable to those reported for other
donor:NFA blends studied with a similar approach.t> As mobility
values are comparable for the two blends (both as-cast and
annealed), a more in-depth analysis on charge recombination
has been carried out. Non-geminate recombination is
recognised to be one of the main loss mechanisms in organic
solar cells.84 As carriers of opposite charges are photogenerated
pairwise, the bimolecular recombination rate can be derived
experimentally using the following expression:64

dn

dt ,Bexp -n?
where n is the charge «carrier density and fex the
experimentally derived bimolecular recombination coefficient.
As shown in Figure 7d and Table 1, the bimolecular
recombination coefficient (Bexp) is significantly reduced for the
PBTZT-stat-BDTT-8:4TICO blend. This may lead to the increase
of the extracted photogenerated charges, which contributes to

This journal is © The Royal Society of Chemistry 20xx

the higher FF and Jscof the PBTZT-stat-BDTT-8:4TICO blend after
annealing. Moreover, a slight rise in Vo is also observed after
annealing as a result of the reduced bimolecular recombination.
85 \We attribute the significant reduction of Sex to the formation
of a liquid crystalline phase upon annealing. Liquid crystals can
improve the grain interconnectivity and act as a healing factor
with respect to structural impurities at the interfaces,8 which
are responsible for charge accumulation and recombination
centres.22 Moreover, the liquid crystal nature of 4TICO offers a
larger temperature window for devices optimisation since it
allows a intermixed morphology after thermal annealing at 140
°C.

Discussion (in context with literature)

In other reports focused on indacenodithienothiophene-based
NFAs, the formation of a high-temperature polymorph was
shown to be detrimental for the device performance as a
consequence of a reduced optical absorption ¢ and excessive
phase separation,3® while a similar study has proven how
annealing-induced polymorphism can aid to the formation of a
more functional interface between donor and acceptor,8?
leading to higher Jic and FF. In our experiments, we have
observed how the formation of a liquid crystalline phase can be
beneficial to the solar cells’ performance. As illustrated in
previous studies, the use of liquid crystalline compounds can
improve the charge transport properties in solar cells.54 3586 |n
particular, the incorporation of liquid crystalline compounds in
the active layer, such as BTR and TP derivatives, has led to
improvements in charge transport properties, characterised by
higher  fill factors®* 8 and reduced bimolecular
recombination.>? 35 89 |t has also been observed how the self-
organisation properties of liquid crystals tend to reduce

J. Name., 2013, 00, 1-3 | 9



structural and electronic defects, which may act as
recombination sites, thanks to their self-healing capability. This
allowed to control the active layer morphology to increase the
performance.50 89,90

Our the
donor:acceptor nanomorphology, with the suppression of a
detrimental (micrometre-size) NFA crystallization and drastic
reduction of the bimolecular recombination upon thermal
annealing, when a NFA with liquid crystalline properties is used.
We believe that NFAs, being aromatic small molecules with
many sidechains, have opportunities to draw design cues from
the large design space that liquid crystal research has developed
over the past 40 years.

We therefore encourage the OPV community to explore
different routes in the chemical design to impart liquid
crystalline properties in OPV materials. This can generally be
obtained with different approaches: 1) by introducing
additional sidechains on the molecular backbones,>1 54 55 (2)
increasing the side-chain flexibility by introducing oxygen atoms
as in 4TICO (e.g. alkoxy and ethylene glycol groups),86 91, 92
which promotes an efficient space-filling of the free volume
around the molecular backbone, or (3) by targeting molecular

chirality to induce a supramolecular periodicity.?3

results show formation of an intermixed

Conclusions

We have here presented the thermotropic behaviour of a novel
NFA, 4TICO, in comparison with the related 4TIC. The peculiarity
of the 4TICO versus the 4TIC is the replacement of the common
phenyl-alkyl sidechains with a phenyl-alkoxy counterpart, which
confers more structural flexibility due to the higher degree of
freedom offered by the additional sp2 hybridisation of oxygen
atoms. As a result, the 4TICO flexibility allows a structural
polymorphism which can be used as a handle to fine tune the
BHJ morphology resulting in an improved microstructure and
performance. In particular, the formation of a liquid crystal
phase at high temperature favours the formation of a smooth
surface morphology with reduced structural defects. As a
consequence, non-geminate recombination was reduced by a
factor of 4 when the LC phase and new morphology are formed,
and the PCE is consequently increased by 40% from room
temperature to 140 °C annealed solar cells.

The presented work demonstrates how important the
thermotropic characteristics of NFA-based materials and films
can be to optimizing device performance. Based on these
results we would encourage more researchers to systematically
characterize the thermotropic behaviour of newly developed
OPV materials in order to better optimize their performance in
the BHJ. We also hope that material chemists can also use the
design cue of adding more structural flexibility to the sidechains
of NFAs to enable the integration of complex liquid crystalline
behaviour in these classes of compounds.
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