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We demonstrate organic photovoltaic devices with extremely low
synthetic complexity by pairing poly(3-hexithiophene) (P3HT) with
a novel non-fullerene acceptor (NFA) bis(tri-n-propylsilyl oxide)
silicon phthalocyanine ((3PS),-SiPc). (3PS),-SiPc possesses a rela-
tively unique combination of high solubility and excellent thermal
stability, facilitating its ease of processing by both solution and
sublimation techniques. Binary P3HT/(3PS),-SiPc devices achieved
an average power conversion efficiency of 4.3%, a new record for
SiPc NFAs. AFM and synchrotron STXM measurements reveal a
unique morphology of P3HT/(3PS),-SiPc, with significant phase
separation due to the strong crystallization of (3PS),-SiPc.

Rapid progress in solution-processed organic photovoltaic (OPV)
devices over the last five years has come largely from the
development of novel non-fullerene acceptors (NFAs). In combi-
nation with low bandgap polymer donors, record power conver-
sion efficiencies (PCEs) above 18% have been achieved.'
However, in the pursuit of maximizing PCE, the scale-up feasi-
bility of many novel NFAs has not been considered in their
design leading to increasingly complex molecules. It has become
apparent that the synthetic complexity of NFAs and polymer
donors must be reduced for the realization of commercial OPV
devices.” This understanding has prompted increased research
interest in the design of less complex NFAs to pair with poly-
(3-hexithiophene) (P3HT), which continues to be the most scalable
and cost effective polymer donor. PCEs as high as 9% have been
achieved in P3HT/NFA devices, however the synthetic complexity
of the incorporated NFAs remains prohibitively high.**
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Derivatives of phthalocyanine are appealing materials for
synthetically simple active materials in OPV devices given their
established scale-up chemistry for use as dyes and pigments
and known efficacy in organic electronic devices.” Silicon
phthalocyanine (SiPc) derivatives prepared from straightfor-
ward synthetic routes have been established as effective ternary
additives in solution-processed OPV devices,®® and have shown
potential for use as NFAs.>'? In recent work, we demonstrated
that using alkylsiloxy-functionalized SiPc as an NFA with P3HT
can yield devices with a promising PCE of 3.6%, slightly higher
than a PCE of 3.4% achieved when combined with the state-of-
the-art polymer poly[(2,6-(4,8-bis(5-(2-ethylhexyl)thiophen-2-yl)-
benzo[1,2-b:4,5-b"|dithiophene))-alt-(5,5-(1',3'-di-2-thienyl-5',7’-
bis(2-ethylhexyl)benzo[1’,2'-c:4’,5'-c'|dithiophene-4,8-dione)]
(PBDB-T).'" The synthetic simplicity of SiPc derivatives compels
continuing investigations into its use as an NFA, specifically
paired with P3HT to minimize the overall synthetic complexity of
the active layer materials. In this work, we show that the SiPc
derivative Dbis(tri-n-propylsilyl oxide) silicon phthalocyanine
((3PS),-SiPc), which possesses a unique combination of excellent
solubility and thermal properties, can achieve an impressive PCE
of 4.3% as an NFA in a P3HT-based device.

The chemical synthesis of (3PS),-SiPc is outlined in the ESI}
(Scheme S1). The conjugated macrocycle of SiPc is formed in a
1-step reaction of diiminoisoindoline with silicon tetrachloride
to form silicon phthalocyanine dichloride. The substitution of
tripropylsiloxy ligands can then be performed in a 1-step reaction
with tripropylchlorosilane in the presence of sodium hydroxide
and a phase transfer catalyst.'” This straightforward synthetic
pathway is in contrast to many high-performance NFAs in the
literature, such as Y6 which requires 15 steps to synthesize from
commercial reagents.

The chemical structure, energy levels, and optical absorption
of (3PS),-SiPc in relation to P3HT and PCg¢BM are shown in
Fig. 1. A maximum absorption of 672 nm was measured in
toluene solution, with a corresponding molar extinction coefficient
of4.2 x 10° M~ " em™ . HOMO and LUMO energy levels of 5.3 eV

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1
toluene.

and 3.5 eV, respectively, were estimated from cyclic voltammetry
measurements (Fig. S2, ESIT) and the optical band gap. (3PS),-
SiPc also exhibited a strong tendency to crystalize from solution,
easily producing large crystals grown from chloroform solvent
evaporation. The observed optoelectrical properties and high
crystallinity are typical for SiPc derivatives with alkylsiloxy func-
tional groups.**

Our group has recently reported the synthesis and characteri-
zation of a series of soluble alkylsiloxy-functionalized SiPcs
with a range of chain lengths.'® Naturally, ligands with shorter
alkyl chains provide lower solubility to the planar conjugated
phthalocyanine macrocycle. In this work, we have found that
tri-n-propylsiloxy ligands are the shortest chain length that
can be incorporated while still providing sufficient solubility
(>15 mg mL ") for effective processing as an NFA from chlorinated
solvents. SiPc derivatives functionalized with bulkier triisopropyl-
siloxy or shorter triethylsiloxy ligands yield maximum concentra-
tions below 10 mg mL ' in 1,2-dichlorobenzene, rendering them
impractical for use as NFAs.

Interestingly, in addition to strong solubility, (3PS),-SiPc
readily sublimes at 200 °C under 100 mTorr pressure, significantly
lower than its decomposition temperature at approximately 340 °C
measured by thermogravimetric analysis (Fig. S3, ESIT). Differen-
tial scanning calorimetry measurements also show that (3PS),-SiPc
has no phase transitions between 25 °C and 240 °C, allowing it to
directly sublime upon heating (Fig. S4, ESIt). This is in contrast
to previously reported SiPc derivatives with longer tributylsiloxy
or trihexylsiloxy ligands which have a melting transition below
their sublimation temperature and therefore undergo distillation

© 2021 The Author(s). Published by the Royal Society of Chemistry
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(A) Chemical structures, (B) energy levels, and (C) UV-Vis absorption of thin films of P3HT, PCg:BM and (3PS),-SiPc, as well as (3PS),-SiPc in

instead of sublimation.'® The ability for a soluble organic
compound to sublime is highly advantageous, given sublimation
purification is relatively simple to perform on larger kilogram
scales. This obviates the need to employ resource intensive
solution-based purification techniques such as column chroma-
tography, reducing time and materials costs during synthesis. To
highlight the processability of (3PS),-SiPc, we fabricated planar
heterojunction (PHJ) devices processed by physical vapor deposi-
tion (PVD) paired with alpha-sexithiophene (o-6T) as a small
molecule donor. The PHJ a-6T/(3PS),-SiPc devices show relatively
low performance with an average PCE of 0.73 £+ 0.06%, short
circuit current density (Jsc) of 2.2 + 0.1 mA cm ™2, open circuit
voltage (Voc) of 0.62 £ 0.01 V, and fill factor (FF) of 0.53 £ 0.03
(Fig. S5, ESIT). These device metrics are comparable to previously
reported PHJ devices utilizing fluorophenoxy-functionalized
SiPcs paired with o-6T."® The a-6T/(3PS),-SiPc devices were not
characterized further due to their relatively poor performance,
however they readily demonstrate the ability of (3PS),-SiPc to be
processed by sublimation (Fig. S5, ESIT).

The performance of (3PS),-SiPc as an NFA with P3HT was
evaluated in inverted bulk heterojunction (BHJ) OPV devices
(glass/ITO/ZnO/active layer/MoO,/Ag) with an active area of
0.325 cm”. Current density-voltage (J-V) characteristics for
optimized devices at 1 sun AM 1.5G are shown in Fig. 24,
and tabulated device metrics in Table 1. Baseline P3HT/PCg,BM
devices fabricated for comparison yielded an average PCE of
3.0 £ 0.1%, consistent with average performance reported in the
literature."”” P3HT/(3PS),-SiPc devices were optimized to a thickness
of approximately 100 nm, with performance found to be dependant
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Fig. 2 (A) Characteristic current density—voltage (J-V) curves measured under 1000 W m~2 AM1.5G irradiation and (B) their respective EQE spectra.

on the molecular weight of P3HT. Maximum PCE was achieved
using a moderately low P3HT molecular weight of 35 kDa, con-
sistent with results reported for other NFAs in the literature.'®
Interestingly, annealing did not increase the PCE for devices
prepared using this low molecular weight P3HT, with maximum
efficiency observed for as cast devices. Optimized devices achieved
an average PCE of 4.3 & 0.2%, with a Jsc of 8.9 & 0.5 mA cm ™2, Vo
0f 0.79 + 0.01 V, and FF of 0.61 £ 0.01. These values are the highest
reported for an OPV device employing a SiPc derivative. The device
metrics are similar to the PCs;BM baseline devices, except for a
greater Voc of approximately 0.8 V due to the more favorable
shallow LUMO level of (3PS),-SiPc (Fig. 1B). External quantum
efficiency (EQE) is shown in Fig. 2B. P3HT/(3PS),-SiPc devices show
a weaker contribution from P3HT absorption below 600 nm com-
pared to the baseline P3HT/PCg;BM devices, however the increased
spectral coverage from the strong phthalocyanine contribution
between 680 nm and 700 nm affords a comparable Jsc.

It is important to note that while SiPc derivatives have conven-
tionally been used as an additive in ternary devices, the average PCE
of 4.3% herein reported for binary P3HT/SiPc devices surpasses
the PCE achieved in ternary P3HT/PCs;BM/SiPc devices. For
comparison, ternary P3HT/PCg;BM/(3PS),-SiPc devices show an
average PCE of 3.4 + 0.1%, Jsc of 10.4 + 0.2 mA cm 2, Vo of
0.55 + 0.02 V, and FF of 0.59 + 0.02 (Fig. S6, ESIt), consistent
with similar alkylsiloxy SiPc derivatives.'® The addition of (3PS),-
SiPc as a ternary additive effectively provides a Jsc increase of
12% compared to P3HT/PC¢;BM devices, while its use as an NFA
in place of PC4;BM results in a Voc increase of approximately
50% affording a significantly higher PCE. This demonstrates that
appropriately designed SiPc derivatives may be more suitable for
use as NFAs when paired with P3HT, eliminating the requirement

to include PC¢;BM to achieve a competitive PCE and dramatically
reducing the combined synthetic complexity active materials.

The morphology of P3HT/(3PS),-SiPc and P3HT/PCyBM
films were compared using atomic force microscopy (AFM)
shown in Fig. 3. The P3HT/PC4;BM film was relatively smooth
with an RMS roughness of 9.5 nm. The film surface consists of
fine-grained features on the nanoscale, indicating a well mixed
donor/acceptor network. The P3HT/(3PS),-SiPc film was signifi-
cantly rougher with a film surface dominated by larger crystal-
line features, yielding an RMS roughness of 15.7 nm. These
large domains are generally unfavorable for achieving efficient
exciton dissociation, with optimal P3HT/NFA systems charac-
terized by domain sizes on the order of 10-20 nm.>* The highly
crystalline nature of (3PS),-SiPc is likely the cause of the
relatively large domain sizes.

The blend film morphologies were further characterized by
scanning transmission X-ray microscopy (STXM), with the resulting
through-plane composition maps shown in Fig. 4. The composition
maps of P3BHT/PCs;BM and P3HT/(3PS),-SiPc blended films were
drawn from thickness values obtained from singular value decom-
position (SVD) of energy stacks at the carbon K-edge using absorp-
tion spectra of reference films for each of the active materials
(P3HT, PC¢;BM, and (3PS),-SiPc) (Fig. S7, ESIT).">*" Experimental
optical density (OD) spectra of reference films were scaled down to
an elemental thickness of 1 nm using simulated OD spectra. These
1 nm experimental OD spectra were used to fit energy stacks of the
different blends following the SVD linear regression using the
software aXis2000.>° For P3HT/acceptor blended films, the 1 nm
experimental spectra of the pure reference films were used for the
SVD fitting to yield thickness maps of both components of the
blend. The composition maps shown in Fig. 4 are obtained from

Table 1 Current density—voltage characteristics of BHJ OPV devices measured at AM1.5G 1000 W m—2

Active layer PCE“ [%] Jsc (J-V)* [mA cm™?] Jsc (EQE) (mA cm™?) Voc” [V] FF?
P3HT/PCy;BM 3.0 £0.1 9.3 +0.1 9.7 0.53 & 0.01 0.60 £ 0.01
P3HT/(3PS),-SiPc 43402 8.9 £ 0.5 9.6 0.79 + 0.01 0.61 £ 0.01

“ Average and standard deviation for at least 10 devices.
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Fig. 3 AFM (A) height and (B) inphase images for P3HT/PCg:BM films, as
well as (C) height and (D) inphase images for P3HT/(3PS),-SiPc.

the thickness maps as follows: % of P3HT = thickness of P3HT/
(thickness of P3HT + thickness of acceptor).

For both blended films, the composition maps show similar
characteristics to the surface topographies obtained from AFM.
The P3HT/PC4;BM film shows a relatively small variance in
composition with no distinct features, indicative of a homogeneous
morphology. The measured compositions are consistent witha 1:1
weight ratio PBHT/PC¢;BM blended film having a molar ratio of
approximately 0.84:0.16 (P3HT:PCy;BM). The P3HT/(3PS),-SiPc
composition maps indicate large domains rich with (3PS),-SiPc
on the same scale as the topographic features observed in AFM
images. This further suggests that the large topographic features
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Table 2 Synthetic complexity (SC) for (3PS),-SiPc in relation to PCgBM
and commonly used high performance NFAs

Acceptor NSS RY NUO NCC NHC SC* Ref.
(3PS),-SiPc 2 3.9 1 0 4 12 This work
PCsBM 5 23.2 6 2 6 32 26
O-IDTBR 11 231 24 6 16 55 26

Al 7 3.5 16 5 29 37 26
ITIC-2F 13 44.5 22 8 30 66 27

ITIC 10 142 19 8 28 67 27

Y6 15 8.9 28 6 25 59 28

¢ To maintain consistency with the literature, the values used for normali-
zation are: NSSmax = 22, R pmax = 86.9, NUOmax = 39, NCCpax = 13, NHC = 44.

are comprised of mainly (3PS),-SiPc arising from crystallization
during film formation. It is possible through suppression of SiPc
crystallization and reduced domain sizes that the exciton dissocia-
tion efficiency could be improved to afford increased Jsc and FF
values, further justifying the continued interest into these pro-
mising NFAs. The long term thermal and morphological stability
of binary P3HT/SiPc devices also remains to be investigated.
To highlight the chemical simplicity and scale-up potential
of (3PS),-SiPc we evaluated its relative synthetic complexity
index (SC) in relation to PCs;BM and several NFAs commonly
employed for achieving high PCE devices in the literature,
shown in Table 2. The SC was defined using the model
introduced by Po et al. (eqn (1)), which has become a standard
for comparing the relative scalability and cost of active materials
in OPV devices.>* The model uses five weighted parameters to
define the SC: the number of synthetic steps (NSS), the reciprocal
of the cumulative synthetic yield (RY), the number of unit opera-
tions (NUO), the number of column chromatography purification
steps (NCC), and the number of highly hazardous chemicals
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Fig. 4 Percentage composition maps of (A) PCg;BM in P3HT/PCgBM blend and (B) (3PS),-SiPc in P3HT/(3PS),-SiPc blend obtained from singular value
decomposition of STXM energy stacks. Profile lines Y = 7 and X = 7 are plotted for each blend.
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involved in the synthesis (NHC). Each parameter is normalized to
the maximum value within the group of materials being compared.

NSS log(RY) NUO
SC =35 25 !
NSSmx | log(RY,) | NUOpar
NCC NHC
15 10 1
T NCCL T UNHC (1)

A relative SC index of 12 was calculated for (3PS),-SiPc, lower
than any of the other NFAs surveyed by a factor of three. The
extremely low SC index of (3PS),-SiPc results from a combined
effect of a two-step synthesis from commercially available
starting materials, circumvention of the use of highly hazardous
chemicals such as n-butyllithium or organotin compounds, and
the ability to be purified exclusively by sublimation thus eliminating
column chromatography steps. Notably, the SC for (3PS),-SiPc is
approximately 4.5 times lower than that of O-IDTBR, which is
currently the leading candidate NFA for the upscaling of
P3HT-based devices.”>> The SC is also approximately three
times lower than A1, a recently shown simplified analogue of
O-IDTBR.>® The extremely low SC of (3PS),-SiPc, combined with a
competitive PCE above 4% in P3HT-based devices, demonstrates
excellent promise for phthalocyanines as low cost NFAs.

In summary, we have shown a novel silicon phthalocyanine
derivative (3PS),-SiPc with the rare ability to be processed by
both PVD and solution techniques. Solution processed P3HT/
(3PS),-SiPc BHJ OPV devices achieved a high average PCE of
4.3%, the highest reported value for binary or ternary blends of
P3HT with SiPcs. AFM and STXM measurements reveal the
(3PS),-SiPc forms relatively large domains due to its highly
crystalline nature. Future work suppressing the crystallization
of (3PS),-SiPc may yield a more optimal morphology to increase
Jsc and FF. These promising results pave the way for inexpen-
sive solar energy generation using a polymer donor and NFA
that are synthetically facile to synthesize on a commercial scale.
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