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Progress towards practical organic solar cells amenable to large
scale production is reported. Fullerene-free organic solar cells with
a PCE of ~4.8% are achieved based upon an active layer composed
of the standard donor polymer PTB7-Th and a highly soluble twisted
PDI acceptor tPDI-Hex. All devices can be fabricated and tested in air
with ‘as-cast’ active layers being processed from the greener solvents
o-xylene (or trimethyl benzene) or the eco-friendly and bio-derived
solvent 2Me-THF without loss in efficiency.

Finding affordable and efficient methods to directly harness
the energy of the sun is a grand challenge for scientists and
engineers in today’s world. Chemists are making an impact in
this area by developing molecules, materials, and processes
that utilize the sun’s energy to catalyse reactions, create gaseous
and liquid fuels, and produce electricity. With respect to the latter,
solar photovoltaics based upon organic materials are a promising
clean energy technology. Such organic solar cells (OSCs) utilize
organic materials as active components to absorb light, generate
free charges, and transport electrons. The use of organic active
layers allows for low temperature solution deposition, enabling
fabrication onto lightweight and flexible substrates. In addition,
these OSCs can be colour tuned and made semi-transparent,
opening up opportunities for solar windows."”

Polymer based bulk-heterojunction (BHJ) OCSs are the most
widely studied and are considered state-of-the-art.> Power conversion
efficiencies (PCEs) of 10% have been reported for both fullerene®®
and fullerene-free”® based solar cell devices. While encouraging,
these performance metrics are often achieved without regard for the
cost, sustainability, and ‘greenness’ of the materials, processing, and
device fabrication. OCS are often championed as being an ultra-low
cost technology but best performing devices typically rely on organic
materials with complicated and expensive synthesis, chlorinated
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processing solvents, high temperature processing, and the need
to fabricate and test devices in an inert atmosphere.'**?

While the concept of green and/or sustainable OCSs has
been proposed in the past,'® in has only been very recently that
select research groups have begun to recognize the importance
of this concept. Leclerc has been developing atom-economical
synthetic pathways towards n-conjugated polymers'*™"® while
others have disclosed high PCE devices base upon simple active
layer materials,"””>° devices processed from non-halogenated
solvents,**** and even air processing and testing.>*** Our
research group has had a long interest in developing sustainable
materials and processes for organic electronics.”*>® Herein
we report on fullerene-free OSC devices that use a scalable and
low-cost electron acceptor, greener processing solvents, and are
processed and tested in air. Our results will help move the
community one step closer towards ultra-low cost and sustainable
organic photovoltaics (PV).

For this study we utilized an active layer based upon the
polymer PTB7-Th and the twisted perylene diimide (PDI) dimer
tPDI-Hex (Fig. 1). PTB7-Th* is a high performance narrow band
gap donor polymer that is emerging as a standard in the fabrication
of fullerene-free OSCs.**** tPDI-Hex has recently been reported by
our group and used as an acceptor in BHJ OCSs.*® An important

a) o 2 d H
~Anog | CF
Anode inaripral S -2.5 Ciss
P87, :PDT.NSW“ 3 -3.10 eV C|/ \CICI
Cathode gy
c:m;. 'nyow (2n0) s -3.5 -3.80 eV O\ 2Me-THF
©
< 4
b) B 0~ "CHs
o 4.5
& CHy
5 |-4.90ev o,
N-CHys 5.5
o-xylene
oy N 6.0 eV
tPDI-Hex 6.5

PTB7-Th

Fig. 1 (a) Solar cell device architecture. (b) Structures of the PTB7-Th donor
and tPDI-Hex acceptor. (c) Schematic energy level of PTB7-Th and tPDI-Hex.
(d) Chemical structures of the solvents chloroform (CF), 2-methyltetra-
hydrofuran (2Me-THF) and o-xylene in this work.
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feature of this compound is the N-annulation at the bay position of
the PDI chromophore which allows for incorporation of alkyl groups,
dramatically improving materials solubility.>**> In addition, we have
demonstrated that tPDI-Hex can be synthesized on multi-gram
scale in high yield without the need for column-chromatography
purification, starting from low-cost and readily availed starting
materials (Fig. S3 and Table S2, ESIT). These features make tPDI-
Hex and its derivatives attractive for upscaling. PTB7-Th and
tPDI-Hex have complimentary optical absorption profiles and
electronic energy levels making them an ideal donor/acceptor
BH]J pair (Fig. S1, ESIf). In our previous report,*> PCEs of 5%
were achieved using a derivative of tPDI-Hex and PTB7-Th as the
active layer components, although chlorobenzene was used as
the processing solvent and all devices were fabricated in an inert
atmosphere which are non-ideal for large scale manufacturing.
Moving towards more practical organic PVs we wanted to explore
the use of greener solvents for active layer processing in air.
Remarkably, PCEs of 4.8% can be achieved for BH] OSCs with an
inverted structure based on PTB7-Th:tPDI-Hex blend films
processed in air under ambient conditions from the halogen-free
solvents 2-methyltetrahydrofuran (2Me-THF) or o-xylene (Fig. 1)
without the use of additives or post-deposition treatments
(i.e. thermal or solvent annealing, or solvent treatments). These
PCE values are comparable to those of control devices with
active layers processed from chloroform (CF).

OSCs were fabricated with an inverted architecture (ITO/ZnO/
PTB7-Th: tPDI-Hex/MoO,/Ag) owing to the ease of manufacturing
and proven environmental stability (Fig. 1a).>® ZnO films were
prepared by spin-casting a solution of the mixture of 2-methoxy-
ethanol and ethanolamine on top of ITO and then sintering at
200 °C in air. The active layer was coated on top via spin-coating
solutions containing the mixed PTB7-Th : tPDI-Hex materials with a
weight ratio of 2:3 or 3:7 and total concentration 10 mg ml™* in
air. Film thickness was ~90 nm for all films as determined by
atomic force microscopy (AFM). A high acceptor loading is favoured
owing to the relatively simpler (i.e. lower cost) synthetic procedure
and higher solubility of tPDI-Hex compared to PTB7-Th. Finally, a
MoO,/Ag top electrode for the device was applied by thermal
deposition in vacuum. For complete fabrication details, see the
ESLT For the processing solvents we selected chloroform (CF) as a
control solvent owing to is wide spread use, high solubilizing
power, and ability to allow for uniform film formation. 2Me-THF
and o-xylene were selected as they are both non-halogenated and
thus relatively less toxic, o-xylene is high boiling and good for large
area processing®’*® while 2Me-THF has can readily dissolve our
materials and is an eco-friendly and biomass derived solvent.*
1,2,4-Trimethyl benzene (TMB) was also evaluated owing to its
recent use in the fabrication of record efficiency OCSs." Relevant
details on each solvent is provided in Table S1 (ESIt). All active
layers were processed in air and OSC devices tested in air to
simplify the overall procedure.

Current density-voltage (/-V) characteristics of OSCs measured
under simulated AM 1.5G irradiation with intensity of 100 mW cm ™2
are shown in Fig. 2. The device parameters of the open circuit
voltage (Vo.), the short circuit current (Js.), the fill factor (FF), and
the power conversion efficiency (PCE) are summarized in Table 1.
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Fig. 2 J-V characteristics (a and c) and EQE spectra (b and d) of OSCs
with an inverted structure based on PTB7-Th:tPDI-Hex blend films
obtained from chloroform (CF) or halogen-free solvent (2Me-THF and
o-xylene) at 2:3 (a and b) and 3:7 (c and d) donor : acceptor ratios.

Series and shunt resistances are listed in Table S4 (ESIT). OSCs
with ‘as-cast’ active layers processed from CF exhibited high PCEs
approaching 5%. The optimal weight ratio of PTB7-Th: tPDI-Hex
was 2 : 3 in this case. This BHJ OSC showed a PCE of 4.8% with V.
of 0.97 V, J. of 11.3 mA cm ™2, and FF of 43.1%. The performance
of the OSCs decreased slightly with decreasing concentration of
the donor (ratio PTB7-Th : tPDI-Hex of 3:7). In comparison, BH]
OSC with ‘as-cast’ active layers processed from 2Me-THF or
oxylene with different weight ratios of 2:3 and 3:7 showed
PCE of 4.7 and 4.8%, respectively. Here the PCE is maintained
using the non-halogenated solvents and weight ratio had a
minimal effect on device performance indicating a very insensitive
BH]J active layer. The best BHJ OSC using 2Me-THF showed a PCE
of 4.8% with V,. of 0.94 V, J,. of 11.6 mA cm 2, and FF of 43.7%,
while the best BHJ OCS using o-xylene showed a PCE of 4.8% with
Voe Of 0.95 V, J. of 10.7 mA cm ™2, and FF of 47.6%. In both case a
3:7 weight ratio of donor/acceptor proved best. It is quite
remarkable that a PCE of 4.8% can be achieved using such simple
processing conditions with a high acceptor concentration. Use of
TMB as a processing solvent gave similar results with PCE = 4.6%,
full details can be found in the ESLT

Fig. 2b and d displays external quantum efficiency (EQE)
spectra of the OSCs obtained from various solvents at the
different donor/acceptor ratios. All EQE spectra have similar

Table1l Summary of device parameters of OSCs with an inverted structure
based on PTB7-Th:tPDI-Hex ‘as-cast’ blend films obtained from neat CF,
2Me-THF, o-xylene, or TMB solvents at different donor/acceptor ratios
under AM 1.5G illumination at 100 mW cm~2. Calculated series and shunt
resistance are found in Table S4 (ESI)

PTB7-Th:tPDI-Hex Voo  Jsc FF PCE
Solvent [wt/wt] V] [mAem™]  [%]  [%]
CF 2:3 0.97 113 43.1 4.8
CF 3:7 0.98  10.3 431 44
2Me-THF  2:3 0.92 123 412 47
2Me-THF ~ 3:7 094 116 437 4.8
oXylene  2:3 0.93 12 422 47
o0-Xylene 3:7 0.95 10.7 47.6 4.8
TMB 3:7 0.95 10.8 44.6 4.6
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Fig. 3 (a) Absorption spectra of OSCs with an inverted structure based on
PTB7-Th : tPDI-Hex blend films obtained from chloroform (CF) or halogen-free
solvent (2Me-THF and o-xylene) at (a) 2: 3 and (b) 3:7 donor : acceptor ratios.

profiles with photocurrent generation being observed out to
~750 nm and all spectra having a pronounced maximum in
the region from 450 to 500 nm. This maximum corresponds to
the absorption of the tPDI-Hex. The EQE spectra in the region
from 600 to 750, which corresponds to contributions from the
PTB7-Th, is lower in intensity owing to the lower concentration
of PTB7-Th in the films.

The absorption spectra of BHJ organic solar cells based on
PTB7-Th:tPDI-Hex blend films obtained from chloroform or
halogen-free solvent (2Me-THF and o-xylene) at 2:3 and 3:7
donor/acceptor ratios are shown in Fig. 3a and b, respectively.
The first maxima absorbance (4 = 700 nm) corresponding to the
PTB7-Th absorption (Fig. S1, ESIf) are identical indicating
similar polymer concentration in each film. There is a difference
between the spectra in region from 600 nm to 450 nm where the
tPDI-Hex absorption occurs (Fig. S1, ESIt). Neat films of tPDI-
Hex spin-cast from CF exhibit two equal intensity bands from
450-550 nm, attributed to the 0-0 and 0-1 transitions and a
shoulder at 600 nm. In contrast neat films of tPDI-Hex spin-cast
from either 2Me-THF or o-xylenes show two sharp bands of con-
siderable higher intensity from 450-550 nm but no low energy
shoulder, thus indicating a slightly different molecular arrangement
(see Fig. S4, ESIt for further details). This is likely a result of the
slower drying time afforded by the non-halogenated solvents. In the
blended films these slight differences are present where the CF
processed films show higher absorption at 600 nm but less from
450-550 nm. This is reflected in the EQE where a stronger contribu-
tion to photocurrent generation is observed from 450-550 for those
OSCs with active layers cast from 2Me-THF or o-xylene.

The photoluminescence (PL) spectra of the tPDI-Hex, PTB7-
Th and BHJ films normalized at excitation wavelength of 530
and 630 nm is shown in Fig. S2 (ESIf). These wavelengths
are selected to effectively excite in the first case the tPDI-Hex
(dex = 530 nm, Fig. S1, ESIf) and in the second PTB7-Th
(%ex = 630 nm, Fig. S1, ESIY). The intensity of PL spectra of the
PTB7-Th:tPDI-Hex blend films dramatically decrease compared
with the individual components for both wavelengths. This
indicates efficient charge transfer occurs from both donor to
acceptor and acceptor to donor, confirming that both channel I
and channel II processes are occurring.***!

AFM was used to investigate the morphologies of PTB7-Th:
tPDI-Hex blend films (Fig. 4). The PTB7-Th: tPDI-Hex blend films
obtained from CF or halogen-free solvent (2Me-THF and o-xylene)
at 2:3 and 3:7 donor/acceptor ratios shows smooth and uniform
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Fig. 4 (a) Non-contact AFM surface scans (size: 5 x 5 pm) of the PTB7-Th:
tPDI-Hex films with 2:3 ratio obtained from (a) CF (RMS = 0.99 nm),
(b) 2Me-THF (RMS = 1.3 nm) and (c) o-xylene (RMS = 1.23 nm). Non-
contact AFM surface scans (size: 5 x 5 pm) of the PTB7-Th: tPDI-Hex films
with 3:7 ratio obtained from (d) CF (RMS = 1.18 nm), (e) 2Me-THF (RMS =
1.04 nm) and (f) o-xylene (RMS = 1.37 nm). Lower limit of scale is O nm.

surface morphology. The value of root mean square (RMS) rough-
ness of PTB7-Th: tPDI-Hex films spin-coated from CF at 2:3 and
3:7 ratios is ~0.99 and ~ 1.18 nm, respectively. When 2Me-THF
and o-xylene were used as the solvents, no significant difference
regarding the surface morphology was observed in comparison
with PTB7-Th:tPDI-Hex films obtained from CF. All PTB7-Th:
tPDI-Hex films shows smooth surface with RMS range from 0.9
to 1.4 nm and have favourable phase separation. This again
reinforces the notion that this BH]J pair is fairly insensitive to
processing conditions making it a great candidate for large area
device fabrication using non spin coating methods.**

In conclusion we have reported on the creation of fullerene-free
BH]J organic solar cells that can achieve PCE of 4.8% with ‘as-cast’
active layers processed from greener solvents in air at room
temperature. No solvent additives or post-deposition film treat-
ments were used simplifying the film forming process. 2Me-THF,
oxylene, and TMB were selected and utilized as ‘greener’
solvents as they lack halogen atoms rendering them less toxic
then halogenated solvents. All organic solar cells fabricated
showed remarkably consistent morphology and performance
metrics regardless of the solvent chosen indicating an insensitive
BH]J active layer. This should prove attractive for solar cell upscaling
and device reproducibility. Importantly this is the first report of
high PCE BH] organic solar cells processed from the eco-
friendly 2Me-THF solvent. We do note that a common theme
in the development of high PCE fullerene-free solar cells is the
use of complex and expensive donor polymers, and while PTB7-
Th has many advantages, it must eventually be replaced by a
simpler derivate to fully render the system presented suitable
for commercialization.

GCW acknowledges NSERC Discovery Grants Program
(435715-2013), CFI John Evans Leadership Fund (34102), Canada
Research Chairs Program, and the University of Calgary.
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