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1. Executive Summary

We combined the synthesis of new polymers and organic-inorganic hybrid materials with new
experimental characterization tools to investigate bulk heterojunction (BHJ) polymer solar cells and
hybrid organic-inorganic solar cells during the 2007-2010 period (phase 1) of this project. We showed that
the bulk morphology of polymer/fullerene blend solar cells could be controlled by using either self-
assembled polymer semiconductor nanowires or diblock poly(3-alkylthiophenes) as the light-absorbing
and hole transport component. We developed new characterization tools in-house, including
photoinduced absorption (PIA) spectroscopy, time-resolved electrostatic force microscopy (TR-EFM) and
conductive and photoconductive atomic force microscopy (c-AFM and pc-AFM), and used them to
investigate charge transfer and recombination dynamics in polymer/fullerene BHJ solar cells, hybrid
polymer-nanocrystal (PbSe) devices, and dye-sensitized solar cells (DSSCs); we thus showed in detail
how the bulk photovoltaic properties are connected to the nanoscale structure of the BHJ polymer solar
cells. We created various oxide semiconductor (ZnO, TiO,) nanostructures by solution processing routes,
including hierarchical aggregates and nanorods/nanotubes, and showed that the nanostructured
photoanodes resulted in substantially enhanced light-harvesting and charge transport, leading to enhanced
power conversion efficiency of dye-sensitized solar cells.

Our research efforts during the 2011-2014 period (phase I1) focused on using tailored new organic
and inorganic materials in combination with device measurements and optical spectroscopy to understand
the fundamental factors, such as energy level offsets, relative dielectric constants, interfacial chemistry,
and morphology, that control relative branching ratios between geminate recombination and free carrier
generation at various model donor/acceptor interfaces. Among the new materials we synthesized were a
series of p-type (donor) thiazolothiazole-based conjugated polymers with different type (alkyl, alkoxy,
aryl), size , topology (linear, branched) and distribution (uniform, alternating, random) of side chains,
leading to the finding that such side chain engineering can have a huge impact on and thus provide a
means to control the morphology (crystallinity, n-stacking orientations), charge transport and photovoltaic
properties of BHJ polymer solar cells. Another series of new polymer semiconductors proved to be
excellent hosts that enabled observation of efficient charge transfer to small bandgap PbS quantum dots in
polymer/quantum dot blend devices. Using the same polymer/PbS blend system we also established the
relative contributions of forward electron transfer and back hole transfer to photocurrent generation in
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hybrid polymer/quantum dot solar cells. In the case of polymer/fullerene BHJ solar cells, we found that
photoinduced hole transfer becomes suppressed with diminishing driving force while electron transfer
remains active, resulting in diminished power conversion efficiency. To harvest more of the solar
spectrum and increase the open circuit voltage (Vo) of organic photovoltaic devices, we explored new
organic acceptors and discovered two new classes of non-fullerene acceptors — small molecules and
polymeric — that had enhanced V.. while other photovoltaic properties were either comparable or superior
to conventional fullerene-based acceptors.

2. Comparison of Accomplishments with Project Goals and Objectives During 2007-2014.

The main objectives of the integrated research project during the 2007-2010 period (phase 1)
were: (1) to develop new polymer or hybrid organic-inorganic materials, nanostructured
conductive/semiconductive oxides as charge-collecting electrodes, and explore them in device
architectures that will enable realization of high efficiency polymer and hybrid organic-inorganic
photovoltaic cells; (2) to develop test beds consisting of device structures, fabrication methods, and
standardized evaluation for the consistent and realistic appraisal of organic and hybrid organic-inorganic
photovoltaic cells; and (3) to use these new materials and methods to achieve both improved device
efficiency, and advance our fundamental understanding of the physical/chemical processes and dynamics
underlying the harvesting of photons and their efficient conversion into electrical power in organic and
organic-inorganic solar cells.

All of these objectives were substantially achieved by exploring various new concepts of
materials, device architectures, and experimental characterization tools for organic and hybrid organic-
inorganic photovoltaic cells at the molecular and nanoscales. Specific accomplishments are exemplified
in the brief Executive Summary (Section 1), in the following Section 3, and detailed in the 90 published
journal papers*® that acknowledged this grant and are listed below in Section 4. New polymers and
nanostructed materials developed in pursuit of objective 1 include high molecular weight regioregular
poly(3-alkylthiophenes) that controllably self-assembled into 10-30 nm crystalline nanowires as well as
the diblock copoly(3-alkylthiophenes) that microphase separate into light-absorbing and hole-conducting
nanostructured thin films.2*019203L% Accomplishments relative to objective 2 include the development
of in-house characterization tools such as photoinduced absorption (PIA) spectroscopy, time-resolved
electrostatic force microscopy (TR-EFM) and conductive and photoconductive atomic force microscopy
(c-AFM and pc-AFM), and their successful use to investigate longstanding challenges in charge transfer
and recombination dynamics in polymer/fullerene BHJ solar cells,™>*** hybrid polymer-nanocrystal
(PbSe) devices,***** and dye-sensitized solar cells (DSSCs). Finally, we advanced organic photovoltaic
(OPV) device efficiency and fundamental understanding envisioned in objective 3 in many ways,***
including observation of enhanced power conversion efficiency, light harvesting and charge transport in
dye-sensitized solar cells composed of our designed nanostructured ZnO and TiO, photoanodes.?>3034%

During the 2011-2014 project funding period (phase 1), we aimed to harvest more of the solar
spectrum while generating larger cell voltages by uncovering the fundamental factors such as energy level
offsets, relative dielectric constants, interfacial chemistry, and morphology that control relative branching
ratios between geminate recombination and free carrier generation at a range of model donor/acceptor
interfaces by coupling tailored materials design of both organic and inorganic materials closely with
device measurements and optical spectroscopy. Our studies sought to identify the design rules and
fundamental performance limits for new organic and hybrid organic/inorganic photovoltaic materials by
pursuing the following specific objectives: (4) develop new p-type polymers with tailored energy level
offsets and different morphologies (e.g. n—stacking orientation, crystallinity) to systematically explore the
effects of energetics and morphology on recombination loss in polymer/fullerene systems; (5) design and
study new hybrid inorganic quantum dot/polymer combinations for extending the response of solution-
processable solar cell materials into the near and mid-IR, while exploring the role of acceptor dielectric
constant and surface chemistry; (6) manipulate the surface chemistry and facets of ZnO nanostructures
towards studies of effects of dielectric constant and morphology on charge injection rate and surface
recombination rate in organic/inorganic hybrid systems; (7) explore new n-type polymers with a range of
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energy levels, optical bandgaps and carrier mobilities to enable investigation of effects of energetics and
morphology on device performance and recombination loss in polymer/polymer bulk heterojunction
(BHJ) solar cells for comparison with fullerene acceptors; and (8) use test beds of experimental tools to
probe and quantify the performance limits and loss mechanisms in BHJ solar cells based on various
model donor/acceptor pairs produced in this project.

These objectives of the 2011-2014 project period were also substantially achieved as exemplified
in the brief Executive Summary (Section 1), in the following Section 3, and detailed in the over 50
published journal papers®®® that acknowledged this grant and listed below in Section 4. In pursuit of
objective 4, we designed and synthesized a series of new p-type (donor) thiazolothiazole-based
semiconducting polymers with suitable side chains that enabled improved control of the morphology (e.g.
face-on versus edge-on molecular packing) and enhanced photovoltaic performance of polymer/fullerene-
PCBM blend solar cells.****"* One of these thiazolothiazole-dithienosilole copolymers, PSEHTT, first
reported by our group,** has proved to be a high performance OPV material, and is now also widely
studied by many other laboratories. Studies directed toward objective 5 resulted in a major success in
reporting the first examples of efficient BHJ solar cells utilizing IR absorbing PbS quantum dots and a
series of new conjugated polymers. In contrast to prior failures in the literature to observe efficient charge
transfer in many quantum dot/polymer BHJ devices, by using a new polymer host synthesized in this
project, poly(2,3-didecyl-quinoxaline-5,8-diyl-alt-N-octyldithieno[3,2-b:2',3'-d]pyrrole) (PDTPQx), we
successfully observed the then record efficient quantum dot (PbS)/polymer (PDTPQx) BHJ solar cells. In
pursuit of objective 8, we obtained direct spectroscopic evidence of photoinduced hole transfer from PbS
to a semiconducting polymer at the inorganic/organic interfaces in hybrid photovoltaics and also
established the relative contributions of forward electron transfer and back hole transfer to photocurrent
generation in hybrid polymer/quantum dot solar cells. >***988" we successfully exploited our team’s
expertise in metal oxide semiconductor chemistry to create nanostructured ZnO andTiO, films for
inverted polymer solar cells with enhanced performance and stability as envisioned in our project
objective 6.%°"#889 Our studies in pursuit of objective 7 explored new electron acceptor materials, which
are long sought to overcome the small photovoltage, high cost, poor photochemical stability, and other
limitations of fullerene-based organic photovoltaics. We discovered two new classes of non-fullerene
acceptors — small molecules®® and polymeric’*® — that had enhanced V, while other photovoltaic
properties were either comparable or superior to conventional fullerene-based acceptors such as the
benchmark [6,6]-phenyl-C71-butyric acid methyl ester (PC;1BM). We have reported a design strategy
that has produced the novel multi-chromophoric, large size, non-planar three-dimensional (3D) organic
molecule, DBFI-T, whose n-conjugated framework occupies space comparable to an aggregate of 9
[C60]-fullerene molecules. #

Further details of the research accomplishments and technical results achieved during the entire
2007-2014 funding period have been summarized in the 90 published journal articles** and some major
results are highlighted below in Section 3.



3. Summary of Activities and Results for the 2007-2014 Project Performance Period.

We combined the synthesis of new polymers and organic-inorganic hybrid materials with new
experimental characterization tools to investigate bulk heterojunction (BHJ) polymer solar cells and
hybrid organic-inorganic solar cells. Among the major accomplishments during the 2007-2010 period of
this collaborative project are the following. Thirty-five (35) journal papers were published."® We
highlight below several results; details are in the cited publications. We have discovered that self-
assembled conjugated polymer nanowires (NWSs) are excellent model systems for investigation of charge
and exciton transport while also of use for the construction of efficient BHJ solar cells.****** We have
demonstrated how photoconductive AFM (pcAFM) can be used to image vertical morphology in BHJ
solar cells, allowing understanding of the limits of photocurrent and photovoltaic efficiency in BHJ
devices based on fullerene and polymer NWs.?*?**! We have discovered that diblock copolymers as
donors in BHJ solar cells lead to factors of 2-9 times enhanced device efficiencies and enhanced charge
transport compared to the parent homopolymers.®* Our spectroscopic studies have led to an understanding
of why conventional bulk heterojunction devices with IR-absorbing quantum dots exhibit poor
performance.'* Coupled materials design and spectroscopic studies have led to discovery of new materials
enabling the first ever demonstration of viable bulk-heterojunction polymer/quantum dot devices
operating in the infrared.? Our research has also advanced the fabrication of nanostructured electrodes of
n-type oxide semiconductors including nanotube arrays of ZnO and TiO, on FTO and ITO substrates and
submicron-sized aggregates of ZnO and TiO, nanocrystallites or nanotubes for both dye-sensitized solar
cells (DSCs) and hybrid organic/inorganic solar cells.*%8%%034% \we have discovered the first high-
mobility ambipolar charge transport in a polymer semiconductor, suggesting novel approaches to organic
electronic devices and circuits.”* We have synthesized a new class of thiazolothiazole-based low bandgap
copolymer semiconductors*®** and found that they combine high carrier mobility with high bulk
heterojunction photovoltaic efficiency, one of only four polymers reported to have a power conversion
efficiency exceeding 5 % at the time. Major results achieved in the entire 2007-2014 project period are
briefly highlighted below in Sections 3.1-3.14.

Among the major accomplishments during the 2011-2014 project period are the following. Fifty-
five (55) journal papers have been published.**® Below we highlight several results; the scientific and
technical details are to be found in the appended list of publications. By combining our team’s expertise
in materials synthesis and optical spectroscopy, we advanced understanding of the driving force for
charge transfer at donor/acceptor interfaces in bulk heterojunction (BHJ) solar cells.”" We reported the
first examples of efficient BHJ solar cells utilizing IR absorbing PbS quantum dots and a series of new
conjugated polymers.?*®#” We have found that the type, size, topology, and distribution of side chains on
a conjugated polymer can have a large impact on charge photogeneration and power conversion
efficiency, providing new insights for the design of next generation materials.””**%% We have obtained
direct spectroscopic evidence of photoinduced hole transfer from PbS to a semiconducting polymer at the
inorganic/organic interfaces in hybrid photovoltaics.®® We have found that an electrospray method can be
used to synthesize TiO, nanoparticles and their aggregates as efficient photoelectrodes for dye-sensitized
solar cells (DSCs). We have synthesized a series of oligothiophene-functionalized naphthalene diimides
and found that they are very promising non-fullerene organic electron acceptors for BHJ solar cells.**%%
We discovered the first example of a small bandgap donor-acceptor copolymer that in BHJ blends with
indene-Cgo bisadduct (ICBA) results in 40-50% enhancement in V. (0.9 V) and photovoltaic efficiency
(5.4%) compared to PCBM-based devices.”” We have exploited our team’s expertise in metal oxide
synthesis to create nanostructured TiO, films for inverted polymer solar cells with enhanced stability.
65678889 New electron acceptor materials are long sought to overcome the small photovoltage, high cost,
poor photochemical stability, and other limitations of fullerene-based organic photovoltaics. However, all
known non-fullerene acceptors have so far shown inferior photovoltaic properties compared to fullerene
benchmark [6,6]-phenyl-C60-butyric acid methyl ester (PCsoBM). We have reported a design strategy
that has produced a novel multi-chromophoric, large size, non-planar three-dimensional (3D) organic
molecule, DBFI-T, whose n-conjugated framework occupies space comparable to an aggregate of 9



[C60]-fullerene molecules.?? Comparative studies of DBFI-T with its planar monomeric analogue (BFI-
P2) and PC60BM in bulk heterojunction (BHJ) solar cells, by wusing a common
thiazolothiazoledithienylsilole copolymer donor (PSEHTT), showed that DBFI-T has superior charge
photogeneration and photovoltaic properties; PSEHTT:DBFI-T solar cells combined a high short-circuit
current (10.14 mA/cm?) with a high open circuit voltage (0.86 V) to give a power conversion efficiency
of 5.0%.

Some of major results and accomplishments achieved during the entire 2007-2014 funding period
of the BES-supported project are briefly highlighted below in sections 3.1-3.14.

3.1. Controlling Morphology of Bulk Heterojunction
Solar Cells via Self-Assembled Polymer Nanowires.
We have discovered that self-assembled polymer
semiconductor nanowires (NWs), exemplified by poly(3-
butylthiophene) NWs (P3BT-nw), provide a promising
approach to efficient bulk heterojunction (BHJ) solar
cells.® In this approach, the polymer NWs function as
the donor component and primary absorber in the BHJ
devices, providing a means to rationally control the
nanoscale morphology.>* We have systematically studied
the film morphology, charge transport and photovoltaic
properties of P3BT-nw/fullerene nanocomposite films.*
The charge transport properties of the films were
characterized in both bulk field effect transistor and
space charge limited current and at the nanoscale. The
latter measurements, including conductive and photoconductive Atomic Force Microscopy (CAFM and
pcAFM) imaging (Fig. 1) were performed by the Ginger group. We found that annealing a dry film (long
drying time) caused diffusion and aggregation of the fullerene while the polymer NWs remained intact. In
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Fig. 1. Tapping mode phase AFM image;
photoconductive AFM image and J-V curves of
P3BT-nw:PC;1BM solar cells.

this case, high hole mobility along the nanowires
was observed, resulting in efficient exciton
generation, dissociation, and charge transport,
and thus high current density.”® A power
conversion efficiency of 3.5% was achieved from
P3BT-nw:PC,;BM devices annealed wet, after a
short drying time, with Jsc = 9.2 mA/cm?, Voc =
0.60, and FF = 0.61. The best photovoltaic
performance is realized in a device structure
which maintains the interpenetrating network of
nanowires (high current density), but avoids the
device bridging, and the recombination and shunt
losses associated with it (high open-circuit
voltage). *
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Fig. 2. Simultaneously acquired topography (right) and
photocurrent (left ) images of a P3BT:PCBM solar cell
acquired using pcAFM. The photocurrent image shows
enhanced photocurrents associated with the P3BT nanowires.

A major theme of our original proposed
work is the use of novel scanning probe
microscopy tools being developed in the Ginger
lab to study photocurrent distributions in

nanostructured solar cells prepared from materials synthesized in the Jenekhe and Cao labs. Over the
past two years we have systematically applied photoconductive AFM (pc-AFM) to study the photocurrent
distribution in the P3BT-nw:PCBM solar cells produced under this grant (Fig. 2).** The results show
direct correlations between the evolution of the nanowire network and the device performance. For
instance, although the nanowires enhance photocurrent collection, when we observe conductive
nanowires that penetrate the entire film thickness we also observe lower open circuit voltages due to wires



introducing a shunt resistance. In addition, the changing local Voc measured via pc-AFM provides
evidence of changes in vertical film composition upon annealing.®*

3.2 Nanostructured Oxide Electrodes for Dye-sensitized Solar Cells. Dye-sensitized solar cells (DSCs)
are a type of photoelectrochemical photovoltaic device with low cost and decent power conversion
efficiency (~10%). Traditional DSCs consist of a photoanode made of TiO, nanoparticles sensitized by
ruthenium-based dyes, such as commercially available N3, N719, and Black dye. Due to the limitation of
electron transport in a nanoparticle film, the photoanode film of a traditional DSC typically cannot be
thicker than 15 pum, which however leads to an insufficient optical absorption diminishing the solar cell
power conversion efficiency. The Cao group developed a nanocrystallite aggregate structure which
consists of nano-sized crystallites
of oxide forming a micro-sized
spherical aggregates (Fig. 3a).*’
On one hand, the feature of the
aggregates consisting of nano-
sized crystallites makes them
possess internal surface area as
large as that of nanoparticles, so
when being used for the N
photoanode of DSCs, the ] C votgelmv
aggregates can provide sufficient (a) (b)
surface area for dye adsorption.
On the other hand, in view of the Fig. 3. ZnO nanocrystallite aggregates for the enhancement of
micro size of aggregates, which dye-sensitized solar cell performance. (a) SEM images and a
are comparable  with the schematic drawing of ZnO nanocrystallite aggregates, and (b)
wavelengths of visible light, the Efficiency increase as the ZnO structure evolving from dispersed

aggregates can scatter the incident nanocrystallites to nanocrystallite aggregates.

light very effectively, resulting in
an extension of the distance of light traveling within the photoanode film and thus an enhancement of
optical absorption due to the increased probability for photons to interact with the dye molecules adsorbed
on the nanocrystallites of oxide. In the case of ZnO, such a method has resulted in the solar cell power
conversion efficiency increasing more than doubly (Fig. 3b).*® Through the fabrication of aggregates
with different size, it was found that the aggregates with the size closest to the wavelengths of incident
light and with a broad size distribution gave rise to the highest power conversion efficiency, proving that
light scattering generated by the aggregates contributes to the optical absorption of the photoanode film
and thereby benefits the power conversion efficiency of the solar cell. Like the use of nanostructures for
anti-reflection, the use of nanocrystallite aggregates for light scattering we have developed is another
representative example demonstrating that solar cell performance can be improved through the use of
nanostructured materials that generate unique optical effects enhancing the light harvest of solar cells.
This work has opened up a new research direction in the fields of dye and quantum dot sensitized solar
cells, and has resulted in the publications of three highly cited papers in Adv. Mater.,*> Nano Today,*’ and
Physical Chemistry Chemical Physics.*
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3.3 Explaining the early failures seen in the literature when trying to make bulk heterojunction
solar cells using low-bandgap quantum dot/polymer

composites. Seeking to understand why so many A)
polymer/quantum dot blends were failing to live up to 100/

200F T

expectations, we decided to examine the basic charge transfer Zc_: .

processes at a range of polymer/quantum dot interfaces. Weused | & | o
photoluminescence (PL) quenching and photoinduced absorption | = -0 .
spectroscopy to study charge transfer in bulk heterojunction . °
blends of PbSe quantum dots with the model semiconducting | B) 10

polymers poly-3-hexylthiophene (P3HT) and poly[2-methoxy-5- | 50:0
(3',7'-dimethyloctyloxy)-para-phenylene  vinylene] (MDMO- |

PPV). We compared these photoinduced absorption spectra from | £ °f

the PbSe blends with spectra from similar blends of the same | % o

polymers with phenyl-Cg;-butyric acid methyl ester (PCBM) and i ]
blends with CdSe quantum dots — both electron acceptors that 58101214 16152022 24
were known to yield much higher efficiency photovoltaic devices. Energy (eV)

We found that the MDMO-PPV PL was quenched, and the PL
lifetime was shortened upon addition of PbSe quantum dots.
Unexpectedly, we found that the PL of the P3HT was relatively
unaffected upon blending. We also found that the PbSe quantum
dot blends with both polymers gave very little polaronic signal in
the photoinduced absorption spectra (Fig. 4), suggesting that few,
if any, long-lived charges are being produced by photoinduced ) o )

charge transfer. These results provided a clear explanation for 'I:F'{g;;')'s Er’iﬁ:]"g”q'Egntt':ﬁnezgi’lgg:;‘r;‘frOf
why PbSe/conjugated polymer blends were not working as others | pjends. X-Channel PIA spectra for (A)
had expected, and pointed a clear path towards resolving this | PPV and (B) P3HT blends with PCBM

problem.14 (red circles), CdSe QDs (blue squares),
and PbSe QDs (green diamonds).

3.4 Broadband Absorbing Bulk Heterojunction Photovoltaics
Using Low-Bandgap Solution-

Processed Quantum Dots. We reported the first ever examples of efficient (~50X higher quantum
efficiencies compared to previous examples) bulk heterojunction (BHJ) solar cells that use low bandgap
quantum dots as electron acceptors.”* We achieved this result through a basic science understanding by
combining our team’s expertise in polymer chemistry, quantum dot chemistry, and optical spectroscopy.

Building on our earlier results that demonstrated that oo
previous attempts to  produce  organic/lead jj‘ POTPOX @ - Quantum
chalcogenide bulk heterojunctions had failed due to a ;Q{ Dot
lack of photoinduced charge transfer, we used | wer]

photoinduced absorption (PIA) spectroscopy to screen wq@
for favorable charge transfer in energetically-

P
promising blends of PbS quantum dots (synthesized mo/PEDOT
in the Ginger group) with a variety of new

conjugated polymers (synthesized in the Jenekhe - e

Fia. 5). We found that blends of PbS t moderately efficient bulk heterojunction solar cells
grOUp) '(hlg.h )- |e Ound'd a | en_s 0 I quaré_urln comprising blends of a conjugated polymer with lead

ots with the po y(2,3-didecyl-quinoxaline-5,8-diyl- | chaicogenide quantum dots based on the polymer

alt-N-octyldithieno[3,2-b:2',3'-d]pyrrole) (PDTPQX), | poly(2,3-didecyl-quinoxaline-5,8-diyl-alt-N-
produced significantly more photogenerated charges | octyldithieno[3,2-b:2',3-d]pyrrole). This result was
than blends of PbS with the other donor-acceptor | enabled by understanding that the failure of previous
copolymers or with traditionally studied polymers materials combinations was due toalackof'long-llved
like poly[2-methoxy-5-(3',7’-dimethyloctyloxy)-para- charge transfer at the polymer/quantum dot interface.

. These blends gave photocurrent response across the
phenylene vinylene] (MDMO-PPV) and poly-3- visible and into the near infrared.
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Fig. 5. We reported the first ever examples of




hexylthiophene (P3HT). Photovoltaic devices made with PDTPQx/PbS blends exhibit power conversion
efficiencies ~50 times larger than previously reported BHJ blends made with IR-absorbing quantum dots.

3.5 Suppression of Hole Transfer with Diminished Driving Force in Polymer/Fullerene Blends. We
have demonstrated that the reduced photocurrent yield in a derivatized fullerene blend was partly due to
the suppression of hole transfer due to reduced driving

force.”* This work addressed a key fundamental question Hole Transfer Suppressed

of the driving force needed to support exciton e T T . G
dissociation and subsequent charge escape from the .|;Baaix;fln'iad.sso;::.zp;,; O
donor/acceptor interface in polymer fullerene blends, Oniy Fullersne

focusing on the less-studied topic of hole back transfer "R B o

from the fullerene (Fig. 6). We also showed that a state \—J o P 2

energy picture of the charge transfer driving force could | & .. W~ I EPVAN:

better predict photocurrent generation than a | ° o IS & L / N

HOMO/LUMO offset picture. To accomplish this we o By ok

studied photoinduced charge transfer and device
performance in blends of several fullerene acceptors .
. - polymer/ICBA blend was at least in part due to lack
(PC7;1BM, PCe:BM and the indene-Ceo bis-adduct of hole transfer from ICBA excitons to the
v . N polymer.
ICeBA) with a polymer donor with a large oxidation | syppressed hole transfer from fullerene excitons is

Fig. 6. We confirmed that the reduced EQE of a

potential, poly[(4,8-bis(2-hexyldecyl)oxy)benzo[1,2- | animportant consideration for materials design
b:4,5-b’]dithiophene)-2,6-diyl-alt-(2,5-bis(3- when relying heavily on fullerene absorption and in
dodecylthiophen-2-yl)benzo[1,2-d;4,5-d’|bisthiazole)] cases where energy transfer from the donor may
(PBTHDDT) (prepared in the Jenekhe lab). generate fullerene excitons.

We found that hole transfer from ICgBA

excitons to the host polymer is turned off, while electron transfer from the polymer excitons to the
IC¢BA remains active. On the other hand a relatively small driving force of ca. 70 meV (measured from
the state energies) appears to sustain photoinduced hole transfer from PCgBM. Power conversion
efficiency improves from 1.52% in 1CqBA-based solar cells to 3.75% in PC;;BM-based devices.
Photoinduced absorption (PIA) of PBTHDDT:fullerene blends performed in the Ginger lab demonstrated
that exciting the donor leads to long-lived positive polarons on the polymer and negative polarons on the
fullerene in all three blends. Selective excitation of PC;;BM or PC¢BM blends also generates long-lived
polarons. In contrast, no discernible PIA features were observed when selectively exciting the 1C¢BA
component of a blend, demonstrating that hole transfer from the 1Cg,BA excitons to the polymer was
inefficient. Suppressed hole transfer from fullerene excitons is a potentially important consideration for
materials design and device engineering of organic solar cells relying heavily on fullerene absorption and
in cases where energy transfer from the donor may generate fullerene excitons.
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Fig. 7. (a) Chemical structures of new donor-acceptor copolymers, PSOXTT, PSOTT, and PSEHTT. (b) The current density —
voltage characteristics of PSOTT:PC,;BM (1:2), PSEHTT:PC7,BM (1:2), and PSOXTT:PC7,BM (1:2) solar cells. (c) EQE
spectra of the solar cells, measured on devices with an active area of 9 mm?. (d) Optical absorption spectra of
PSOTT/PC#BM (1:2) and PSEHTT:PC7,BM (1:2) thin films; (d) X-ray diffraction (XRD) spectra of drop-cast films of
PSOXTT, PSOTT and PSEHTT on ITO/PEDOT substrate after annealing at 180 °C.

3.6 Effects of Side Chains on Charge Photogeneration and Efficiency of Polymer Solar Cells. We



have found that for the same conjugated polymer backbone the type (alkyl, alkoxy, aryl), size , topology
(linear, branched) and distribution (uniform, alternating, random) of side chains can have a large impact
on the morphology (crystallinity, « -Stacking orientations), charge transport and photovoltaic properties of
BHJ solar cells comprising the conjugated polymer semiconductors as donor and fullerene acceptor.*

These findings are exemplified by the series of thiazolothiazole-dithienosilole based donor-
acceptor copolymers with different side chains (Fig. 7a). The current density-voltage (J —V) curves and
the external quantum efficiency (EQE) spectra of the solar cells were showed in (Fig. 7b & 7c¢). Although
the copolymer semiconductors showed high hole mobility (0.01-0.12 cm?/Vs) and similar HOMO/LUMO
energy levels, changing the side chains from linear-octyloxy to linear octyl, to branched ethylhexyl
resulted in the average power conversion efficiency (PCE) improving from 2.1% in PSOXTT to 4.1% in
PSOTT to 5.0% in PSEHTT, respectively. The PSEHTT:PC;;BM device also showed the highest
photoconversion efficiency with a monochromatic EQE around 60% over the 450-650 wavelength range.
The charge photogeneration rate as measured by transient absorption spectroscopy was found to be in the
same proportion as the photovoltaic efficiency: PSETHH>PSOTT>PSOXTT. The observed dependence
of the charge photogeneration and power conversion efficiency on the side chains of these copolymers
was found to originate from the morphology and molecular orientation of the polymer backbone in the
blend films. X-ray diffraction studies (Fig. 7d) showed that PSOXTT and PSOTT chains were packed
edge-on to the substrate whereas PSEHTT chains were oriented face-on to the substrate.

3.7 Measurement of Back-Hole Transfer at Hybrid Organic/Inorganic Interfaces. Polymer/quantum
dot bulk heterojunctions have been known since the 1990s. However, the mechanism of photocurrent
generation remains an open question in many
systems. Whereas our previous work has shown that

Direct Observation of PbS-to-Polymer Back Hole Transfer

Polymerand PbS Only PbS Excited

photoexcitation of the polymer clearly results in . Excitedat2.73ev  at1:27eV
photoinduced charge transfer leaving a positive s 2}\ PiA Spectra_ |
polaron on the polymer, it has been difficult to T "“'"vl §1N /
ascertain if photoexcitation of the quantum dots leads ~ g 0 i

to a similar final state. We have now produced direct < =
spectroscopic evidence that photoinduced hole ¥ ?ﬁrﬂaﬁ’-

transfer takes place from PbS quantum dots to a el 16 12 14 16 13 20
semiconducting polymer host.®® Enerov (e

We obtained this result using our workhorse | Fig. 8. We have obtained direct spectroscopic
photoinduced  absorption  (PIA)  spectroscopy | confirmation of hole generation on the polymer host
experiment to study blends of the PDTPQx polymer following selective photoe)_(citatio_n of the inorganic PbS
(prepared by Jenekhe) with PbS quantum dots (made quantum dot acceptors. This confirms that hole back

. . . transfer from PbS to the polymer takes place, meaning
by Ginger). The resulting PIA spectra (Fig. 8) show that the IR photocurrent contains a strong contribution

a clear spectr_al fingerpr_int Of_an id?n_tical po_lymer from a bulk heterojunction-like photocurrent generation
polaron resulting from either direct visible excitation | mechanism in this blend.

of the polymer, or selective infrared excitation of the
PbS quantum dots.

3.8 Quantum Dot-Sensitized Solar Cells. Quantum dots can function as sensitizers for efficient light
harvesting in solar cells and have the potential to generate multiple excitons that suggest that the power
conversion efficiency of a solar cell could exceed 100%. However, unlike organic dye molecules that can
readily infiltrate into a porous oxide film to form a self-assembled monolayer with conformal coverage on
the surface of the inner pores, the infiltration of quantum dots presents a great challenge. Quantum dots
have dimensions on the scale of several nanometers, in the same range as the pore size in the
photoanodes, and have much smaller mobility or diffusivity. The homogeneous dispersion and uniform
coverage of quantum dots inside the pore surface of photoanodes remains one of the holy grails in
guantum dot-sensitized solar cells. The Cao group has developed a passivation strategy for ZnO
mesoporous photoelectrodes for CdS/CdSe quantum dot co-sensitized solar cells (QDSCs) (Fig. 9). The
resulting QDSCs exhibited a record power conversion efficiency (4.7%) for ZnO-based QDSCs, close to



(a)
[¢1] @ Blgs, a8

1 { 1

""?"d' morzHg | e 2
B T

I\Ign-,a_' wd2s wdls

o - g
Y aa §-

200 o 0

*~ Tio,

10

our similar results for TiO, QDSCs.**”® Advantages of this
passivation process for QDSCs include: (1) opens pores by
preferential dissolution of convex surface for homogeneous QDs
distribution in the photoeletrode, (2) increases the specific surface
area through deposition of TiO, nanoparticle layer to
accommodate more QDs, and (3) suppresses the charge
recombination by preventing electrons in the conduction band of
ZnO from transferring to the oxidized ions in the electrolyte,
which leads to a longer electron lifetime.

3.9 Charge Photogeneration in Hybric Polymer/PbS Blends.

Fig. 9. (a) Passivation process of ZnO We used photoinduced absorption (PIA) spectroscopy to study
mesoporous film, (b) variation of pores charge generation in films of low band gap PbS quantum dots
size, porosity and surface area of the blended with poly(3-hexylthiophene) (P3HT) as a function of

film during passivation process, and (c)
structure and surface charge
recombination pathways of QDSC.

excitation energy (Fig. 10). Building on our previous work, we
were able to selectively excite the quantum dots (or both quantum
dot and polymer components) and probe the resulting long-lived
excited states on the polymer by using the relatively narrow-gap P3HT host. We looked for evidence of
“hot” (nonthermalized) hole transfer from photoexcited quantum dots to the conjugated polymer by
measuring the yield of long-lived charge

carriers in polymer/quantum dot hybrid | 6x10~f fit pump
films  with  varying  excitation i - ‘::;:T)
wavelength. Figure 1 shows the 660 nm
fractional change in probe beam (188 eV)
transmission at the polaron peak plotted '-3| - 740 nm
against absorbed photon flux (incident ' (1.68 eV)
photon flux corrected by sample 850 nm
absorption). This gives the pump (146 ev)
intensity-dependence of the polaron 950 nm
feature for the five excitation | 6x10° . {L3teh)
wavelengths as a function of the number 2x10™ 2x10™

of photons absorbed by the sample each absorbed photon flux (photonsxcm2xs)

second. We observe that, per photon
absorbed, the yield of photogenerated Fig. 10. Intensity dependence of the PIA polaron signal at 1050 nm (1.18

holes present on the conjugated polymer eV) for different pump energies as a function of absorbed photon flux.
increases with pump energy, even at The straight lines are fits to the data, as explained in the text. The fit

tions are as follows: dT/T 7 = 5.30 x 107™4(®)%%°, dT/Tggo = 4.48 x
wavelengths where only the quantum | €942 441 » 01/ 660
dots abs?)rb 887 We attr?/bute thcgs result | 107 (@)%, dT/Trug = 2.94 x 1074(@)", dT/Tegy = 2.16 x 1074(®)",

. and dT/Tgso = 1.72 x 1074(®)**°. For clarity, we display only one data set
to the transfer of r)onthermallzed holes for each pump excitation wavelength; however, the fits are best fits to the
from the photoexcited quantum dots to

entire set of repeated measurements with each pump LED.
the polymer host. These results help

understand the mechanisms for charge generation in hybrid organic/inorganic photovoltaics.

3.10 Highly Efficient Polymer/Polymer Bulk Heterojunction Solar Cells. We have fabricated and
characterized polymer/polymer blend (all-polymer) bulk heterojunction (BHJ) solar cells with a 4.8 %
power conversion efficiency (PCE) by using a thiazolothiazole-based donor polymer (PSEHTT) and a
newly developed naphthalene diimide copolymer-based acceptor polymer (PNDIS-HD) (Fig. 11a).%
Very high short circuit current density of 10.47 mA/cm? and external quantum efficiency (EQE) of 61.3 %
were obtained, showing some of the best photovoltaic parameters reported to date for all-polymer solar
cells. Enhanced and balanced charge transport was observed in PSEHTT:PNDIS-HD blend films
processed from chlorobenzene(CB):1,2-dichlorobenzene(DCB) mixture solvent. We observed phase-
separated polymer domain sizes in the tens of nanometers by AFM imaging, which could account for the




efficient charge dissociation at the
polymer/polymer donor/acceptor interface. The
photovoltaic performance of similarly fabricated
reference PSEHTT:PC¢,BM solar cells (PCE =
3.3 %, Ji. = 8.46 mA/cm?, EQE = 53.7 %, Fig.
11c,d) was found to be inferior to our all-polymer
solar cells. Significant light harvesting by the
acceptor polymer indicates that both photoinduced
hole transfer and photoinduced electron transfer
are important pathways in the charge
photogeneration in these highly efficient all-
polymer solar cells. Our results suggest that with a
suitable choice of donor and acceptor
semiconducting polymers and optimized device
fabrication strategies, the performance of all-
polymer BHJ solar cells can exceed that of the
corresponding polymer/fullerene BHJ systems.

3.11 Effects of ZnO-SrTiO; and ZnO-Ta,05
Films as Cathodic Buffer Layers in Inverted
Polymer Solar Cells. The influences of chemical
composition and dielectric properties of cathodic
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Fig. 11. (a) Molecular structures of donor (PSEHTT) and
acceptor (PNDIS-HD) polymers. (b) Schematic of inverted
solar cells. (c) J-V curves; and (d) external quantum
efficiency (EQE) spectra of PSEHTT:PNDIS-HD and

buffer layers on power conversion efficiency in

PSEHTT:PCBM solar cells.

inverted polymer solar cells have been studied.

Both SrTiO3-ZnO and ZnO-Ta,0s films with varied composition ratios were fabricated by sol-gel
processing and used as the cathodic buffer layer (CBL) in inverted polymer solar cells, showing enhanced
power conversion efficiency. The device performance was found to be strongly dependent on the amount
of SrTiOzin the ZnO CBL. With a small amount of quasiamorphous SrTiO; added in the ZnO film, some
local ordered structure with aligned TiOs octohedra would likely form spontaneous polarization, and
induce a self-built electric field on the interface between the BHJ active layer and the CBL, which would
prevent hole transport through the CBL and reduce charge recombination and result in enhanced power
conversion efficiency. However, a continued increase in the amount of quasiamorphous SrTiO3 in the
ZnO film led to lower electron mobility. In the present study, we found that SrTiO3:ZnO composition at

10:90 offered the best performance of P3HT/PC¢BM
devices and the power conversion efficiency increased
from 358% (pure ZnO) to 4.1%, a 15%
enhancement.®

Similar to SrTiO3-ZnO films, we found that
the power conversion efficiency was strongly
dependent on the amount of Ta,Os in the ZnO
CBLs. X-ray photoelectron spectroscopy data
suggested that with the presence of Ta in ZnO
CBL resulted in Ta-O-Zn bonding. Moreover,
some surface grain boundaries might be covered
by Ta,Os and resulted in less oxygen adsorbing
sites, and also Ta,Os with ahigh dielectric constant,
might provide a self-built electric field on the
interface between the BHJ active layer and the
CBL to reduce charge recombination. A continued
increase in the amount of Ta,Osin ZnO film led to
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Fig. 12. The long term stability of inverted OPVs
with ZnO or Ta,05-ZnO films as the cathodic
buffer layer; the devices were stored in ambient
environment.

lower electron mobility and low crystallinity of the ZnO CBLs. The power conversion efficiency
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with P3HT/PCs;BM system increases from 3.7% to 4.12%, an11% enhancement; in the case of
PSEHTT/PC7:BM system, from 5.29% to 5.61%. The long-term stability of unencapsulated
inverted OPVs was periodically measured for 42 days, and all devices retain around 100% of their
original power conversion efficiencies® as shown in Figure 12.

3.12 Nanostructure / Mesostructure and Performance: Scanning Probes Used to Understand Local
Function. While the questions of energetics concern the ultimate theoretical limits of organic and
guantum dot-based photovoltaic devices, controlling film and electrode structure on the nano- and
mesoscale remains a critical practical bottleneck for these
technologies. We have sought to address this problem by

i
o

applying both conventional (TEM, X-ray, etc.) structural <30
probes, as well as electrical scanning probe methods under E'-zo
photoexcitation that combine structural information with g

-
=

functional information about local carrier collection,
photocurrent generation, and recombination processes. 0
These techniques not only offer us a chance to study the 4°°wave|e?,%°th (nm;400
effects of morphology and processing on device
performance, but also to probe the fundamental operating
mechanisms of hybrid bulk heterojunctions. For
instance, we have used our ability to map local photocurrent
collection paths using photoconductive AFM and time-
resolved EFM to better understand the operating mechanism
of polymer quantum dot photovoltaic blends. Previously,
we believed that these blends operated primarily as bulk
heterojunction devices. However, in the last funding period,
we made the surprising observation that some
polymer/quantum dot blends can yield high photocurrents | Fig. 13. (top) EQE curve for a polymer/PbS
without a concomitant long-lived photoinduced polaron | guantum dotblend that exhibits no long-lived
. 70 polaron signals in PIA. We hypothesize that this
5|gn_al_. _Ngvertheless, these polymer/quantum dot blends | ong may be operating primarily as a Schottky
exhibit distinct phOtOCUI‘rent contributions (Flg 13 (tOp)) diode Wi’[hinapo|ymer energytransfer host.
from both the polymer and quantum dot phases suggesting | (Middle) AFM topography, and (bottom)
that both materials are active in light harvesting. preliminary fast trEFM charging time data

To explain this result, we have speculated™ that | (Yellow is faster=better) indicating that the

. o raised PbS domains are generating significantly
percolating pathways of quantum dots within the polymer | pnotocurrent than the background, consistent
film may be acting as Schottky diodes that are sensitized in | with this hypothesis. (unpublished)

(wu) 3yBioy

(srl) owny
BuiBseyn

the visible by energy transfer from the polymer. We propose
to use high-resolution imaging of photocurrent collection to provide a direct test of this hypothesis — if we
are correct then almost all of the photocurrent will be observed in the quantum dot domains, regardless of
the wavelength of the excitation light. Fig. 13 (middle and bottom) show preliminary proof-of-concept
data that this experiment should be feasible. The regions of raised topography are primarily quantum dot
phases and the trEFM image shows the fastest photocharging over these regions. In the future, we plan to
conduct more careful experiments with higher resolution, better signal-to-noise, and varying excitation
wavelength to evaluate this hypothesis fully.

3.13 New p-Type Polymers for Excitonic Solar Cells. New materials are essential to progress in organic
photovoltaics. As outlined above, some of the goals of this project were to control morphology and
understand the role energetics play in recombination losses by comparing and contrasting organic and
inorganic acceptors. Towards this end, we have synthesized new p-type polymers with varying
HOMO/LUMO energy levels, optical bandgaps (E,) and carrier mobilities (Fig. 14).* We have
investigated the new polymers in bulk heterojunction devices with fullerene and non-fullerene inorganic
and organic acceptors, characterized their morphology with conventional and scanning probe tools, and
spectroscopically probed charge photogeneration in the blends. A key objective in our design of new
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polymers for BHJ solar cells is achievement of mutual solubility of the materials in organic solvents along
with various fullerenes or n-type o

polymers. In addition, we aimed to . . o:(
achieve large electron delocalization, E oo onee || 3 [j’\ SN s

efficient  m—stacking and  good i L ] S \NISW{;
crystallinity, tunable surface energy | ©
and wetting properties, high carrier
mobility (u > 10° cm?V s), optical
band gaps in the 1.2-2.4 eV range,
tunable HOMO/LUMO energy levels
(eg. -35 to -46 eV), and
photochemical stability in air, which
were achieved by some members of the
series of p-type semiconducting
polymers.®
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Fig. 14. J-V curves of BHJ devices containing PDEHTT and PSDTTT.

3.14 Beyond Fullerenes: Design of Non-Fullerene Acceptors for Efficient Organic Photovoltaics.
Fullerene-based electron acceptors have provided the foundation for advances in fundamental
understanding of charge photogeneration and practical developments in organic photovoltaics (OPVSs) in
the last 20 years. The power conversion efficiency (PCE) of single-junction OPV cells has steadily
increased from 2.5% to current 7-9% as the donor polymer paired with a fullerene derivative has changed
from poly(phenylene vinylene) derivatives to poly(3-hexylthiophene) to numerous narrow band gap
copolymers. Fullerene derivatives, such as [6,6]-phenyl-Cgo-butyric acid methyl ester (PC¢BM), have
remained the most investigated electron acceptor materials in OPVs because of their overall outstanding
charge photogeneration and transport properties. The prospects of enabling new pathways to OPVs while
overcoming the small photovoltage, high cost, and other limitations of fullerene-based OPVs have
motivated efforts to discover alternative electron acceptor materials. However, all non-fullerene acceptors
reported so far have shown substantially inferior electron-accepting and photovoltaic properties in bulk
heterojunction (BHJ) solar cells. Unlike the development of donor (p-type) conjugated polymers, there
are as yet no general guiding principles for the design of electron acceptor (n-type) materials for OPVs.

Towards this end, recent studies have highlighted some special attributes that make fullerene
derivatives such as PCsBM so successful as electron acceptors in OPVs: (i) the existence of low lying
excited states in their monoanions, which leads to substantial enhancement in charge separation rates
without affecting the charge recombination rate; (ii) their large n-conjugated molecular structure which
supports efficient electronic delocalization and polaron formation; (iii) their rigid molecular architecture
and high molecular diffusion that facilitate facile formation of a phase-separated nanoscale morphology
for efficient charge separation and transport; and (iv) their three-dimensional (3D) spherical structure,
which results in a large decrease in Coulomb barrier for charge separation due to enhanced entropic
effects and enable isotropic charge transport. To date, however, non-fullerene acceptor materials are yet
to be realized with a 3D molecular architecture that facilitates efficient charge photogeneration, isotropic
charge transport, and photovoltaic properties comparable to the PCBMs.*

We have now proposed and tested a strategy for the molecular design of non-fullerene electron
acceptor materials for highly efficient OPVs by adapting some of the above insights from studies of
fullerene —PCBMs. The approach includes the following four main design criteria. (1) The molecule
should have an overall large, rigid, z~conjugated electron-deficient framework that is comparable or
larger than Cgo: this is to ensure facile exciton and charge delocalization and nanometer-sized molecular
objects that can mix with a donor polymer while facilitating good electron transport. (2) The molecule
should have a large density of states at the lowest unoccupied molecular orbital (LUMO) and existence of
low lying excited states of the monoanions: this is to ensure a large charge separation rate. (3) The
molecule should have a 3D non-planar architecture: this criterion aims to avoid the efficient formation of
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intermolecular exciplexes at donor/acceptor interfaces while facilitating good isotropic electron transport
even in an amorphous thin film; enhanced charge separation due to entropic effects may also result. (4)
The molecule should have a multi-chromophoric architecture such as a dimer or higher oligomer: this
provides a means to enhance the density of states at the LUMO, achieve 3D non-planar conformation, and
enlarge the n-conjugated framework. We have used these criteria to design and synthesize two related
new m-conjugated acceptor molecules for comparison with the PCgBM benchmark: 8,17-diphenyl-
7,9,16,18-tetraazabenzodifluoranthene-3,4,12,13-tetracarboxylic acid diimide (BFI-P2, Fig. 15a), which
meets only criteria 1 and 2, and 2,5-bis(8-(17-phenyl)-7,9,16,18-tetraazabenzodifluoranthene-3,4,12,13-
tetracarboxylic acid diimide)thiophene (DBFI-T, Fig. 15b-c), which meets all four criteria.

We have found that the
rationally designed and
experimentally realized novel, multi-
chromophoric, 3D non-planar organic
electron acceptor molecule, DBFI-T,
outperforms  PCgBM  in both
conventional and inverted OPV cells.
Comparative studies of DBFI-T with -
its planar monomeric analogue (BFI- ) R
P2) and PCqBM in bulk
heterojunction (BHJ) solar cells, by . .
using a common thiazolothiazole- 3 . = ' o
dithienosilole  copolymer  donor ’ ' '
(PSEHTT), showed that DBFI-T has
superior charge photogeneration and
photovoltaic properties; | Fig. 15. The molecular structures, optical absorption spectra and energy
PSEHTT:DBFI-T solar cells levels of the acceptor molecules, BFI-P2 and DBFI-T. a, The molecular
combined 2 high shortciruitcurrent. | S e e
(%0'1_4 mA/cmz) with a high 9pe”' gteucturZof DBFI-T after geometry optimization. c, Side vitleow of the sgpace
circuit voltage (0.86 V) to give a | filling structure of DBFI-T after geometry optimization. d, Thin film optical
power conversion efficiency of 5.0%. | absorption spectra of new acceptors (BFI-P2 and DBFI-T) and donor
The external quantum efficiency | polymer PSEHTT. e, Energy levels of donor polymer (PSEHTT), new non-
spectrum of PSEHTT:DBFI-T fullerene acceptors (BFI-P2 and DBFI-T) and PCgBM.
devices had peaks of 60-65% in the
380-620 nm range, demonstrating that both hole transfer from photoexcited DBFI-T to PSEHTT and
electron transfer from photoexcited PSEHTT to DBFI-T contribute substantially to charge
photogeneration. The superior charge photogeneration and electron-accepting properties of DBFI-T
compared to PC¢.BM were confirmed by independent Xe-flash time-resolved microwave conductivity
measurements. The m-conjugated framework of each DBFI-T molecule has a large projected planar
surface area (~2x2 nm?) for interaction with a donor polymer, which is equivalent to that of an aggregate
of 9 [Ceo]-fullerene molecules. The observed record 5% PCE along with high photocurrent, fill factor,
EQE, and time-resolved microwave conductivity imply highly efficient charge photogeneration in DBFI-
T/PSEHTT blends. However, the large size (surface area and volume) and largely amorphous nature of
DBFI-T suggest that the detailed mechanism of charge photogeneration in DBFI-T/polymer blends may
be very different from that of fullerene-PCBM/polymer systems. The multi-chromophoric 3D approach to
new electron acceptors demonstrated here could be useful as a general approach in the design of more
efficient OPV materials. The detailed results have been published as a full journal article.®
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