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ABSTRACT: Efficient organic photovoltaics (OPVs) based on
slot-die-coated (SD) ternary blends were developed for low-
intensity indoor light harvesting. For active layers processed in air
and from eco-friendly solvents, our device performances (under 1
sun and low light intensity) are the highest reported values for
fluoro-dithiophenyl-benzothiadiazole donor polymer-based OPVs.
The N-annulated perylene diimide dimer acceptor was incorpo-
rated into a blend of donor polymer (FBT) and fullerene acceptor
(PCxBM) to give ternary bulk heterojunction blends. SD ternary-
based devices under 1 sun illumination showed enhanced power
conversion efficiency (PCE) from 6.8 to 7.7%. We observed
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enhancement in the short-circuit current density and open-circuit voltage of the devices. Under low light intensity light-emitting
device illumination (ca. 2000 lux), the ternary-based devices achieved a PCE of 14.0% and a maximum power density of 79 yW/cm*
compared to a PCE of 12.0% and a maximum power density of 68 4W/cm? for binary-based devices. Under the same illumination
conditions, the spin-coated (SC) devices showed a PCE of 15.5% and a maximum power density of 88 4W/cm” Collectively, these
results demonstrate the exceptional promise of a SD ternary blend system for indoor light harvesting and the need to optimize active
layers based on industry-relevant coating approaches toward mini modules.

KEYWORDS: indoor light harvesting, organic photovoltaics, slot-die coating, halogen-free processing, perylene diimide, PPDT2FBT

B INTRODUCTION

Indoor photovoltaics (iPVs) target the harvesting of artificial
light and are expected to play a vital role as a power supply
source for internet of things (IoT) systems. One immediate
market entry point for iPV is powering small electronic devices,
as tens of billions of these devices are expected to be installed
within the coming decade. Indoor light intensities in the range
of 500 lux (office spaces) and 1000 lux (factories) are sufficient
to provide > 100 yW power when using small iPV modules.
This power is enough to operate smart IoT devices such as
radio frequency identification tags (~10 yW), smart thermo-
stats (~18 W), and passive WiFi (~60 gW).'~* Hence, there
is a need for efficient and low-cost iPVs that can be effectively
integrated with those IoT-based devices. Critical to iPV
deployment are the following: (i) band gap engineering of the
active layer—employing photoactive materials with medium
band gaps (visible range light absorption) to match the
emission of light-emitting device (LED) lighting; (ii) high
open-circuit voltage (V,.) values to offset the voltage loss
under low light intensity;”” and (iii) vetting device perform-
ance at scale.

To the first point, various photoactive materials lend
feasibility toward iPVs, including dye-sensitized,” perovskite,””*
and organic’~"> semiconductors. Of these, organic photo-
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voltaics (OPVs) stand out as a promising candidate for indoor
light recycling applications for a few reasons. In terms of
feasibility, the power conversion efficiency (PCE) of OPV
devices has reached a very high value of 18% for a single
junction under 1 sun illumination (AM 1.5G, 100 mW/cm?)."?
OPVs have active layers constructed from organic chromo-
phores with high extinction coefficients in the visible region of
the electromagnetic spectrum (i.e, overlapping with the
emission spectra of artificial indoor lights). OPVs can be
easily solution processed from halogen-free solvents'*'® onto
lightwei%ht substrates'® and adapted to a variety of form
factors."” OPVs have a high compatibility with various coating
techniques such as blade coating and slot-die coating which is
favorable for large-scale manufacturing,'*™*° Compared to
inorganic photovoltaics, OPVs have lower PCEs under 1 sun
illumination. However, because of a highly tunable optical
absorption and small current leakage under low light
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intensities, OPVs have shown excellent performance in
harvesting indoor light energy, more so than inorganic-based
technologies.”' Small current leakage can enable thicker
active layers with a higher fill factor (FF) which is crucial for
large-scale production.”” Because of the low impact of series
resistance on the performance of OPVs under dim lights,
replacement of the common ITO electrode becomes feasible
enabling the use of lower cost and sustainable transparent
conducting electrodes.””’

Given these promising attributes, much progress toward
indoor OPVs (iOPVs) has been made and, as such, has
recently been highlighted.”* Briefly, under low light intensity
LED illumination, OPV devices have been reported with PCEs
over 15%.”" Hou and co-workers reported a OPV device with a
champion PCE of 26% under 1000 lux LEDs, achieved
through rational materials design meeting iOPV criteria.”*
Proof-of-concept iOPVs have been established for charging of
a super-capacitor and wireless sensor nodes.”® Despite this,
the performance of OPV devices under indoor light
illumination is still far from the theoretical maximum PCE
values (~51—57%),”” warranting further investigation and
optimization. What is needed is an increase in V. approaching
or exceeding 1 V and a more concerted focus on band gap
engineering to match the full indoor LED emission spectrum.
We emphasize that this should be done in parallel with to-
scale, air-compatible processing methods that utilize green
solvents to keep costs low and be human and environment
safe.

A promising materials system developed to achieve the
desired metrics has recently been introduced by the Woo
research team. A binary blend system composed of the
semicrystalline poly[(2,5-bis(2-hexyldecyloxy) phenylene)-alt-
(5,6-difluoro-4,7-di(thiophen-2-yl)benzo[c][1,2,5]-
thiadiazole)] (PPDT2FBT, herein referred to as FBT)
polymer and [6,6]-phenyl-C,;-butyric acid methyl ester
(PC;;BM) fullerene gave OPV device with a PCE of 9%,
with thick active layers (~300 nm), and exhibited a high
thermal stability.”® The active layer was readily processed via
slot-die coating—a roll-to-roll compatible technique—result-
ing in a device PCE of 7.5% under 1 sun.”” Evaluation under
LED illumination (1000 lux) showed a PCE increase to 16%.°
Because of the high thermal stability, thickness tolerance, and
strong visible light absorption, we envisioned that this
FBT:fullerene photoactive layer is a reliable candidate for
iOPV construction and further enhancement using the ternary
blend approach.”’ Specifically, ternary blends have been used
as a successful strategy for enhancing device photocurrent
generation through better spectral matching, increasing the
device V,. > 1 V via energy cascading to minimize loss
processes, and controlling active layer morphology for
enhanced transport over recombination.’””*° A ternary
approach has been investi%ated and proved to be promising
for indoor light harvesting.”*"** It was therefore suggested to
apply this strategy to the FBT:fullerene system to further
enhance device performance.

The Welch research group has extensively investigated the
use of the N-annulated perylene diimide dimer tPDI,N-EH
(PDI) as a non-fullerene acceptor (NFA) in both binary*~*
and ternary® OPVs. Devices based on FBT:PDI [active layers
slot-die coated (SD) from o-xylene] exhibited high V. values
of 1.02 and 0.84 V under 1 sun and 1000 lux illumination,
respectively, with PCEs of 4 and 9% in each case."* In contrast,
OPVs with FBT:PCy;BM active layers had PCEs of 8 and 14%

under 1 sun and 1000 lux illumination, respectively, but with
V,. values of 0.78 V or less.*" Inspired by the result that PDI
could significantly raise the V,. of PBDB-T:PC4BM-based
OPVs when used as a third component,"** we hypothesized
that ternary blends of FBT:PC¢BM:PDI could deliver OPVs
with both high V,. and PCE and have utility as indoor light
recycling devices.

Herein, we report on inverted-type ternary OPV devices
with FBT:PC4BM:PDI active layers processed from a
halogen-free solvent mixture [o-xylene and 1% (v/v) p-
anisaldehyde (AA)]*® in air via two different coating
techniques (spin coating and slot-die coating). All ternary
blends were fabricated with the same donor/acceptor ratio
(1:1.5 w/w) and 20 mg/mL total concentration. It was found
that increasing the weight percentage of PDI in the ternary
blend up to 20% (1:1.2:0.3) simultaneously enhances both
device short-circuit current (J) and V,, although a small
decrease in the FF is observed. A fraction of 20% was found to
be the optimum PDI content in the ternary blend. For spin-
coated (SC) active layers, improved PCEs of 7.9% for the
ternary blend from 7.0% for the binary were obtained. For
active layer processing carried out using slot-die coating (SD),
PCEs of 7.7% for ternary blend compared to 6.8% for binary
blend were achieved. Under low light intensity using LED
illumination (2000 lux), the SD ternary devices showed PCEs
of 14.0% compared to 12.0% for the binary. The SC ternary
devices fabricated from synthetically optimized FBT batches
showed PCEs of 15.5% compared to 13.1% for the binary
under the same illumination conditions. The stability of the SD
ternary devices has also been examined under ambient
conditions and thermal stress showing stable device perform-
ance. With a V_ increase due to PDI incorporation and V.
loss < 170 mV under low light intensity, the FBT:PC4 BM:PDI
ternary system proves to be a potential candidate for successful
SD iOPVs. This opens a promising avenue of research and
practical application for ternary blend OPVs.

B EXPERIMENTAL SECTION

Material and Solutions Preparation. The polymer FBT was
provided by Brilliant Matters (M, = 39 kg/mol and M,, = 82 kg/mol)
and our collaborator at Université Laval (M, = 40 kg/mol and M,, =
88 kg/ mol).*” PC,BM was purchased from Ossila. tPDI,N-EH
(PDI) was synthesized as previously report."® The FBT and PC4BM
blend (1:1.5 w/w and total concentration of 20 mg/ mL) were
dissolved in o-xylene with 1% (v/v) AA as solvent additive. PDI was
added as a third component to form the ternary system (FBT/
PC¢,BM/PDI) with weight ratios of (1:1.35:0.15), (1:1.2:0.3),
(1:1.05:0.45), (1:0.9:0.6), and (1:0.75:0.75). All solutions were
based on o-xylene containing 1% AA (v/v). All solutions were heated
at 60 °C with continuous stirring in air overnight prior to device
fabrication. ZnO precursor solutions were gprepared following the sol—
gel method proposed by Sun et al.* PEIE (polyethylenimine
ethoxylated) (35—40 wt % in water) was prepared with a final
concentration of 0.1 wt % in 2-methoxyethanol.

Device Fabrication. An inverted-type device architecture of
glass/ITO/ZnO or (ZnO/PEIE)/active layer/MoO,/Ag was used.
Devices were fabricated using ITO-coated glass substrates cleaned by
sequentially ultrasonicating with detergent and deionized water,
acetone, and isopropanol followed by UV/ozone cleaning for 30 min.
The room-temperature solution containing the ZnO solution was SC
at 4500 rpm and then annealed at 200 °C in a purge box for 30 min. A
solution of 0.1 wt % PEIE in 2-methoxyethanol was SC over the ZnO
layer at 5000 rpm followed by substrate annealing at 110 °C for 10
min. For SC devices, the active layer solution was coated at room
temperature at different spin speeds for 60 s. For SD devices, the
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Figure 1. (a) Chemical structures of organic materials used in the study, (b) electronic energy levels determined by cyclic voltammetry, (c) optical
absorption spectra of the neat films SC from o-xylene (10 mg/mL), (d) emission spectra of a 2700 K (warm) and 6500 K (cold) at 2000 lux LED
illumination with the optical absorption spectrum of the SC ternary blend [FBT/PC4BM/PDI (1:1.2:0.3)] from a 20 mg/mL in o-xylene solution
[containing 1% (v/v) AA] superimposed to show the match between the emission spectra of the LEDs and the absorption spectrum of the ternary

blend.

active layer solution was coated on top of the ZnO/PEIE bilayer using
a compact sheet coater from FOM Technologies equipped with a 13
mm wide slot-die head using a solution dispense rate of 25 xL/min
and a substrate motion speed of 20 cm/min. The substrates with the
cast active layers [thicknesses ranging from 80 to 100 nm, determined
via atomic force microscopy (AFM)] were kept in a nitrogen-filled
glovebox overnight before evaporating 10 nm MoO, and 100 nm Ag
under 1 X 107> Torr. The active area of the devices was defined by a
shadow mask (0.14 cm?).

Device Characterization. Optical absorption spectra were
recorded using an Agilent Technologies Cary 60 UV-—vis
spectrometer at room temperature. AFM images were acquired
using a TT-2 AFM (AFM Workshop, USA) in the tapping mode and
WSxM software with a 0.01—0.025 Q/cm Sb (n)-doped Si probe with
a reflective back side aluminum coating. Photoluminescence (PL)
spectra were recorded using an Agilent Technologies Cary Eclipse
fluorescence spectrophotometer at room temperature. The current
density—voltage (J—V) curves were measured by a Keithley 2420
source measure unit. The photocurrent was measured under AM 1.5
illumination at 100 mW/cm? (Newport 92251A-1000 Solar
Simulator). The standard silicon solar cell (Newport 91150V) was
used to calibrate light intensity. External quantum efficiency (EQE)
was measured in a QEX7 Solar Cell Spectral Response/QE/IPCE
Measurement System (PV Measurement, model QEX7, USA) with an
optical lens to focus the light into an area about 0.04 cm?, smaller than
the cell. The silicon reference cell was used to calibrate the EQE
measurement system in the wavelength range from 300 to 1100 nm.
For indoor testing, a Coidak bulb was used as the illumination source.
The P,, was measured involving a Newport Si-photodiode (818-SL/
DB, 1 cm® area) connected to an Ossila XTralien X200 source
measure unit. The illuminance was measured using a commercial
digital luxmeter (Dr Meter). The values are reported in Table S3. The
illuminance at which the OPV devices were tested can also be
calculated using the Si-photodiode response. More details can be
found in the Supporting Information (Figures S6—S8 and Tables S3—
SS). For the light-soaking step, devices were kept for 30 s under AM
1.5 illumination at 100 mW/cm? (Newport 92251A-1000 Solar
Simulator), then directly measured under different indoor light
intensities (ca. 2000, 1000, and 400 lux). The power and light

intensities of both 1 sun and low light were calibrated using a standard
monosilicon solar cell (Oriel, model 91150V, Newport).

Grazing Incidence Wide-Angle X-ray Scattering. Grazing
incidence wide-angle X-ray scattering (GIWAXS) experiments were
carried out on beamline 11-3 at the Stanford Synchrotron Radiation
Lightsource (SSRL), equipped with a two-dimensional (2D) Rayonix
MX225 CCD area detector. The incident angle of measurement was
~0.11-0.12° and the beam energy was maintained at 12.7 keV. A
LaB6 standard sample was used to calibrate the wavelength and
sample-detector distance. The obtained 2D images were converted
from intensity versus pixel position to intensity versus reciprocal space
(g-space) using WAXS tools and Nika macros in Igor 6.37. 2D images
were reduced to one-dimensional (1D) intensity versus q,- and q,,-
space by integration of cake segments taken from chi of 0—15° and
73—88°, respectively.*’

B RESULTS AND DISCUSSION

Materials Selection. The ternary blend system consists of
FBT as the electron donor polymer, PC4BM as the fullerene
electron acceptor, and the PDI as the NFA third component.
Figure la shows the chemical structures of these materials.
Figure 1b shows the energy levels, determined from the E,
values of the solution-based cyclic voltammetry, and the
relative energetic alignment between FBT, PDI, and
PCy;BM.** The neat material energetics predict suitable
energy cascades for ternary blends, with approximately 200
mV offsets in lowest-unoccupied molecular orbitals to drive
electron transfer. The optical absorption spectra of the neat
films of these three compounds are shown in Figure lc. The
materials were chosen in part to cover a broad region of the
indoor LED emission spectrum. PDI has strong optical
absorption from 400 to 650 nm which complements that of
FBT (450—750 nm). The optical absorption spectra of both
FBT and PDI overlap with the emission spectrum of the
artificial white LEDs (400—650 nm) indicating that the ternary
blend is expected to effectively absorb the photons in this

https://dx.doi.org/10.1021/acsami.0c11809
ACS Appl. Mater. Interfaces XXXX, XXX, XXX=XXX


http://pubs.acs.org/doi/suppl/10.1021/acsami.0c11809/suppl_file/am0c11809_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.0c11809/suppl_file/am0c11809_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsami.0c11809?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.0c11809?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.0c11809?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.0c11809?fig=fig1&ref=pdf
www.acsami.org?ref=pdf
https://dx.doi.org/10.1021/acsami.0c11809?ref=pdf

ACS Applied Materials & Interfaces

www.acsami.org

Research Article

range, as shown in Figure 1d. Control OPV devices based on
the binary blends (FBT:PDI and FBT:PC4 BM, Table S1 and
Figure S1) were fabricated and gave values similar to our
previous finding.**

Ternary Blend Optimization. The first processing
strategy was to optimize the blend formulation, independent
of the contacts, which will be described below. Figure 2a shows
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Figure 2. (a) J—V curves of OPV devices with SC active layers
containing different PDI % in the ternary system under 1 sun
illumination, (b,c) are the corresponding EQE and UV—vis optical
absorption spectra, respectively. The control device corresponds to
the binary FBT:PC¢BM system.

J—V curves of the SC devices with different PDI % in the
ternary blend (FBT:PCyBM:PDI) compared to the binary
blend (FBT:PC(BM, referred to as the control device).
Inverted architecture (glass/ITO/ZnO/active layer/MoO,/
Ag) was used for the device fabrication with all active layers
air-processed from the halogen-free solvent mixture [o-xylene
+ 1% (v/v) AA). After careful optimization of the additives
based on the device performance of the binary systems (Figure
S1 and Table S1), we decided to replace diphenyl ether, which
was reported in our previous study, with AA, because this
additive is not only considered green but has shown to
improve the morphology of PCy; BM-based active layers.”' The
control devices based on the binary blend (FBT:PCyBM)
achieved a maximum PCE of 7.0% with the following
photovoltaic parameters (J,. = 12.5 mA/cm?, V, = 0.76 V,

and FF = 73%), as shown in Table 1. PDI was added in
different percentages (10—50%) to FBT:PCy4BM maintaining

Table 1. Photovoltaic Metrics of OPV Devices with SC
Active Layers Containing Different PDI % in the Ternary
Blend System under 1 sun Illumination

FBT:PC,BM:PDI** V. (V) (mA%ccmz)f FE (%)° ?(;:)E

control (1:1.5:0) 0.76 (0.76)  12.5 (124) 73 (73) 7.0 (7.0)
10% PDI (1:1.35:0.15)  0.82 (0.82) 133 (13.2) 71 (70) 7.7 (7.6)
20% PDI (1:1.20:0.30)  0.86 (0.86)  13.4 (13.2) 68 (68) 7.9 (7.8)
30% PDI (1:1.05:0.45) 0.88 (0.88)  13.1 (12.5) 63 (63) 7.3 (7.0)
40% PDI (1:0.90:0.60) 0.90 (0.90) 114 (11.0) 54 (54) 5.6 (54)
50% PDI (1:0.75:0.75)  0.93 (0.93)  10.2 (9.8) 49 (48) 4.7 (44)

“Device architecture: glass/ITO/ZnO/active layer/MoO,/Ag. bDe-
vices processed from o-xylene containing 1% AA additive, 20 mg/mL
total concentration, and (1:1.5) D:A:A, ratio [D: FBT (supplied by
Brilliant Matters), A;: PC¢,BM, and A,: PDI]. “The values of the best
device are reported, while the values in the parentheses stand for the
average PCEs from over 15 devices with 0.14 cm? active area.
Standard deviation of the PCE values are presented in Figure S2a.

a total donor/acceptor ratio of 1:1.5 (w/w) and a 20 mg/mL
total concentration for all blend solutions. Increasing the
percentage of PDI in the ternary blend up to 20% (1:1.2:0.3)
simultaneously enhanced both J,. and V,, (Table 1 and Figure
2a). The optimum PDI % was found to be 20% (1:1.2:0.3)
which delivered a maximum PCE of 7.9% with the following
photovoltaic parameters (J,. = 13.4 mA/cm?, V,. = 0.86 V, and
FF = 68%), showing a 100 mV increase in V. compared to the
binary system.

EQE (Figure 2b) combined with the optical absorption
spectra (Figure 2c) confirms the contribution of PDI to the
photocurrent generation within the ternary devices over the
400—650 nm absorption range, which is consistent with the
enhanced J,.. Further increasing the PDI to 40% (1:0.9:0.6)
adversely affected J,. (11.4 mA/cm?*) and FF (54%) while still
increasing the V. (0.90 V) yielding an overall lower PCE of
5.6%. This deterioration in device performance is expected
with increasing PDI % in the ternary blend owing to the lower
electron mobility of PDI (ranges from X107 to X10~7 cm? V™!
s71)*°? compared to PC4;BM (x10™* cm?® V™! s71),°* and no
major changes to the surface morphology or PL quenching
were observed, implying a similar morphology (AFM height
images in Figure S3 and PL in Figure S4). On the other hand,
the hole mobility of FBT 4»polymer donor was reported to be
14 X 107" cm® V7! s71.>" The large mismatch between the
electron and hole mobilities of PDI dimer and FBT polymer
donor might explain the reason behind the drop in the FFs.
Overall, these data confirm that the PDI can boost device V__
while maintaining a high device PCE value.

Slot-Die Coated Active Layers. As a further optimization
step, a ZnO/PEIE bilayer was tested as an electron transport
layer (ETL) in order to enhance the device performance,
reproducibility, and stability.”> The SC active layers of the
optimized ternary blend were used to determine the effect of
PEIE on the device performance. The ZnO/PEIE bilayer
exhibited better device performance and consistency compared
to the ZnO only layer (a detailed comparison between ZnO
and ZnO/PEIE-based devices is provided in Table S2 and
Figure SS). The optimized ternary conditions (20 wt % PDI)
and the FBT:PC4,BM binary blends were fabricated using slot-
die coating and the optimized ZnO/PEIE bilayer as the ETL.
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Under 1 sun illumination, the SD ternary devices yielded a
PCE of 7.7% with the following photovoltaic parameters (J,. =
13.0 mA/cm?, V,. = 0.86 V, and FF = 69%) compared to 6.8%
with the following photovoltaic parameters (J,. = 12.3 mA/
cm? V. = 0.78 V, and FF = 71%) for the binary counterparts.
Optimized SC ternary and binary devices are shown in Figure
3a and Table 2 for comparison. One of the strong points found
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Figure 3. (a) J—V curves of OPV devices SC vs SD with binary and
ternary active layers under 1 sun illumination, (b) J—V curves of OPV
devices SD with binary and ternary (20 wt % PDI) active layers under
different indoor light illuminations, and (c) J—V curves of OPV
devices with SC binary and ternary (20 wt % PDI) active layers under
different warm indoor light illuminations. ZnO/PEIE was used as the
ETL.

in the ternary blend system is that transitioning from spin
coating to slot-die coating showed no loss in device
performances (PCE of 7.9% for SC devices vs PCE of 7.7%
for SD devices). While for the binary devices, there is a PCE
loss from 7.4% for SC devices to 6.8% for SD devices,
suggesting that the ternary blend is also a more viable system
for upscaling. For active layers SD in air and processed from
halogen-free solvents, this device performance is the highest for
FBT-based OPVs under these conditions so far.

LED lllumination. Next, we examined the OPV devices
with SD active layers (binary and ternary) under LED
illuminations [ca. 1000 and 2000 lux (288 and 568 yW/cm?,

Table 2. Photovoltaic Metrics of OPV Devices with SC and
SD Binary and Ternary Active Layers under 1 sun
Illumination

condition™” V,. (V)° Jo. (mA/cm?)©  FF (%)°  PCE (%)°
SC-binary 0.79 (0.78) 12.7 (12.6) 74 (72) 74 (7.1)
SD-binary 0.78 (0.77) 12.3 (12.3) 71 (70) 6.8 (6.7)
SC-ternary 0.86 (0.86) 13.2 (12.9) 69 (69) 7.9 (7.6)
SD-ternary 0.86 (0.86) 12.9 (13.0) 69 (65) 7.7 (7.4)

“Device architecture: glass/ITO/ZnO/PEIE/active layer/MoO,/Ag.
YDevices processed from o-xylene containing 1% AA additive, 20 mg/
mL total concentration, and (1:1.5) D:A;:A, ratio [D: FBT (Supplied
by Brilliant Matters), A;: PC¢;BM, and A,: PDI]. “The values of the
best device are reported, while the values in the parentheses stand for
the average PCEs from over 15 devices with 0.14 cm? active area.
Standard deviation of the PCE values are presented in Figure S2b.

respectively) ] with J—V curves shown in Figure 3b and device
parameters listed in Table 3. Under low light intensity, the
devices with SD ternary active layers exhibited a PCE of 14%
with J. of 153 uA/cm* and a maximum power density of 79
UW/cm? (Table S6 and Figure S10 provide photovoltaic
parameters of the SC devices under different low light
intensities).

As expected at lower light intensities (2000 lux: input power
is 568 uW/cm?), V.. dropped in devices based on both binary
(from 0.78 to 0.63 V) and ternary (from 0.86 to 0.72 V)
blends compared to the values under 1 sun illumination (Table
2). However, the V__ drop in devices based on ternary blends
was compensated by the higher initial V. values from the PDI
contribution which enhanced the overall PCE from 12.0% in
the binary to 14.0% in the ternary devices. While all device
parameters were enhanced, V. improvements had the greatest
impact on the PCE enabled by the ternary approach.

Utilizing a synthetically optimized batch of the FBT
polymer*” in the ternary devices (performance under 1 sun
illumination is provided in Table S2 and Figure SS), a PCE of
15.5% under 2000 lux illumination (ca. 568 uW/cm?) is
achieved for devices using the SC ternary system compared to
13.1% for the devices based on the binary counterparts, as
shown in Figure 3c and Table 3 (Tables S7, S8 and Figures
S11, S12 provide photovoltaic parameters of the SC films
under different low light intensities). The devices based on SD
ternary blends at the optimum conditions achieved output
powers of 79.0 and 37.5 ¢W/cm” at input powers of 568 and
288 pW/cm® (ca. 2000 and 1000 lux warm LED light,
respectively; Table 3), resulting in PCEs of 14 and 13%,
respectively. The devices based on SC ternary blends using the
optimized FBT achieved output powers as high as 88 and 42
UW/cm? at input powers of 568 and 288 yW/cm?* (ca. 2000
and 1000 lux warm LED light, respectively; Table 3). The
integrated current density (J.,;) was calculated (more details in
the Supporting Information, Figure S9) based on the EQE
curve of the SC ternary devices and the incident photon flux
spectrum (Figure S9a,b, respectively). The integrated current
densities (166 pA/cm?) under warm white LED (2000 lux:
input power is 568 uW/cm?) illumination conditions were
found to be consistent with the values from J—V measurements
(167 pA/cm?) which confirmed the reliability of our indoor
measurement setup.

In comparison to the literature, the Welch group recently
reported a FBT:PC4BM binary system using slot-die coating
with a PCE of ~14% (output power of 41 yW/cm? at input
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Table 3. Photovoltaic Metrics of OPV Devices with SC and SD Binary and Ternary Active Layers under Different Warm LED

(2700 K) Indoor Light Illumination Intensities™

Py, (WW/cm?) Voe (V) Jic (uA/cm®) FF (%) PCE (%) Py (WW/em?)

SD Binary”

288 0.60 (0.60) 80 (79) 68 (67) 11.4 (11.1) 32.7 (31.8)

568 0.63 (0.63) 154 (147) 70 (68) 12.0 (11.1) 67.9 (63.0)
SD Ternary”

288 0.69 (0.69) 78 (78) 70 (67) 13.0 (12.5) 37.5 (36.0)

568 0.72 (0.72) 153 (150) 72 (70) 14.0 (13.3) 79.3 (75.6)
SC Binary*

288 0.61 (0.60) 86 (81) 70 (69) 12.8 (11.6) 36.8 (33.5)

568 0.63 (0.63) 162 (154) 73 (73) 13.1 (12.5) 74.7 (70.8)
SC Ternary”

288 0.69 (0.68) 87 (84) 70 (69) 14.6 (13.6) 42.1 (39.2)

568 0.72 (0.72) 167 (159) 73 (71) 15.5 (14.3) 88.0 (81.3)

“Device architecture: glass/ITO/ZnO/PEIE/active layer/MoO,/Ag. Devices processed from o-xylene containing 1% AA additive, 20 mg/mL total
concentration, and (1:1.5) D:A;:A, ratio (D: FBT, A;: PC¢,BM, and A,: PDI). The values of the best device are reported, while the values in the
parentheses stand for the average PCEs from over 15 devices with 0.14 cm” active area. PEBT supplied by Brilliant Matters. “FBT prepared, as
described in ref 47. “Standard deviation of the PCE values are presented in Figure S2¢,d.
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Figure 4. GIWAXS (a) 2D intensity vs g-space images for the SD blend films and (b) 1D intensity vs q,-space (left) and quySpace (right).

power of 310 yW/cm?; 1000 lux).** A related FBT:PC,,BM
binary system, processed via spin coating using halogenated
solvents (chlorobenzene), a device PCE of 16% and output
power of 45 yW/cm” at input powers of 280 £W/cm” (1000
lux) has been achieved.”® A related ternary strategy, where a
monomeric PDI acceptor (EP-PDI) was added as a third
component to PTB7:PC, BM blends, achieved a device PCE
of 15.7% under 500 lux (ca. 170 #W/cm?) for SC active layers
processed from halogenated solvents (chlorobenzene + 3% 1,8-
diiodooctane).*® For this study, we have presented a clear
advancement in that not only do PCEs reach 14% using both
slot-die coating in air and non-halogenated solvents but also
demonstrate higher V,_ values of 0.72 V with low V. losses
(<0.17 V) under low light intensities compared to the V.
values of 0.62, 0.59, and 0.65 V reported in the aforementioned
studies.

GIWAXS Film Analysis. The intermolecular spacings of
semicrystalline regions of the neat donor and acceptor
materials as well as the SD blended films were investigated
using GIWAXS. Figure 4a shows the 2D detector images for
SD binary and ternary blends; complementary 2D detector
images for FBT, PC4BM, and the PDI are shown in Figures
S13—S15. Figure 4b shows the complementary 1D GIWAXS

plots with cake slices in the g, (out-of-plane, left of Figure 4b)
and q,, (in-plane, right of Figure 4b) directions. Table 4 gives

Table 4. Intermolecular Spacings in angstroms of the
Semicrystalline Regions in Neat and SD Blend Films from
the Peaks of g,-space in Figure 4b

d-spacing (A)

FBT PC,,BM PDI
sample (100) (200) (300) (010) (n=1) (n=2)
FBT 20.27 9.97 6.68 3.61
PC4BM 8.73 4.52
PDI 14.96
binary SD 19.04 9.52 6.54 3.61 8.61 4.49
ternary SD  19.04  9.67  6.54  3.61 4.49

the relative d-spacings calculated from Figure 4b (left and
right), including peak assignments discussed below. Figure S16
and Table S9 in the Supporting Information show the 2D
detector images for SC binary and ternary blends and the
complementary 1D GIWAXS plots with cake slices in the g,
(out-of-plane).
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As shown in Figure 4b, the neat FBT polymer (blue curve)
exhibits a lamellar intermolecular spacing in the out-of-plane ¢,
(100) corresponding to a d-spacing of 20.27 A, with two
higher-order diffraction peaks associated with the (200) and
(300) planes. We also observed a peak in the out-of-plane
direction that has been attributed to the (010) plane associated
with the z—r stacking direction (d-spacing of 3.61A) by
Nguyen et al”® All peaks were observed in the in-plane
direction as well, although at lower intensity, similar to prior
reports. PCs;BM showed the characteristic isotropic peaks
corresponding to d-spacings of 8.73 A (n=1) and 4.52 A (n =
2) which is consistent with previous reports.”” PDI primarily
showed a strong intermolecular spacing of 14.96 A that was
dominant in the out-of-plane direction but also showed
isotropic behavior.

The binary blend of FBT:PC4;BM, both SD (Figure 4b) and
SC (Figure S16b), exhibits the (100), (200), (300), and (010)
peaks associated with FBT and the two (n = 1,2) isotropic
peaks of PCyBM. As listed in Tables 4 and S9, the
intermolecular spacings associated with the lamellar stacking
direction in FBT are reduced slightly from the neat FBT to the
binary blends. This suggests the crystalline presence of both
materials but with a closer packed lamellar FBT.

The SD ternary blend (Figure 4) also exhibits the same
peaks associated with FBT and PC4BM but there is no
evidence of the isotropic 15.31 A spacing of PDL The
implications of these ternary results are that (i) slot die coating
allows enough relaxation time for the materials to crystallize,
(i) PDI intercalates into the FBT and PCBM and prevents
crystallization when SC, and (iii) in slot-die coating leads to
FBT and PC4BM segregation from the PDI with enough time
for reorganization and forms domains but the PDI remains
amorphous. While the GIWAXS data reveal slightly different
active layer morphologies owing to the different compositions
and processing methods, all PCEs remain similar implying
somewhat insensitive bulk heterojunction active layers, which
is favorable for upscaling. This is consistent with previous
reports of the FBT polymer having thickness-independent
performance (PCE of 15.1% achieved under 1000 lux for 500
nm thickness SC active layers).”® The SC ternary blend
GIWAXS was inconclusive (Figure S16) as it does not appear
to have any notable intermolecular spacing besides a weak FBT
(200). Efforts to understand this discrepancy are ongoing, but
it does not appear to be due to a surface wetting issue of the
substrates used for GIWAXS (Table S10).

Light-Soaking Effect. The light-soaking effect is com-
monly observed in inverted OPVs with metal oxides as the
ETL such as ZnO and TiO,. Devices with these ETLs have to
be “activated” for some time by a UV light with photon
energies larger than their band gaps (hv > E,) to work
properly. In the absence of UV light, poor device performance
(particularly FF) with S-shaped J—V curves was obtained.””
The OPV device performance enhances gradually upon
continuous light illumination (under 1 sun illumination or
ultraviolet light) until it reaches a saturation maximum point.
The origin of this effect is not yet clear; however, it is generally
attributed to the presence of trap sites in the metal-oxide
surface that lead to potential barrier between ITO/metal-oxide
interface and energy level mismatch at the metal-oxide/active
layer interface which seriously limits the device performance.
This effect has been shown to be reversible if devices are kept
in dark for some time. Several previous reports imply that this
effect is quite general”® > Although we did not observe this

effect in our devices under 1 sun illumination, we did observe it
under low light LED illumination (Table S11 and Figure S17).
The optimized devices based on the ternary blend active layer
without light soaking showed a dramatic loss in the FF (40%)
under low light intensity (2000 lux) compared to devices with
light soaking (FF = 70%). We attributed this effect to the lack
of UV portion in the LED source which is needed for devices
to work properly. To confirm the hypothesis, we used a 400
nm UV filter (ThorLabs—FGL400S 2" Square GG400
Colored Glass Filter, 400 nm Longpass) during the light-
soaking step to cut the UV portion from 1 sun light. Light
soaking with an UV filter resulted in a low FF (44%), similar to
the device FF with no light soaking. This effect was observed in
all devices with the ZnO ETL (Table S12 and Figure S18).
Although PEIE as the ETL (ITO/PEIE/binary active layer/
MoO,/Ag) did not require the light-soaking step, it showed
much lower performance (PCE = 10.3%) compared to ZnO
and ZnO/PEIE interlayers (PCE = 12%) (Table S11 and
Figure S17). Efforts to find efficient and light-soaking-free
alternatives for the ETL under low light intensities are
promising. Tin oxide (SnO,) has previously been reported as
efficient replacement for light-soaking-free ETL under 1 sun
illumination.>® A recent study showed that the SnO, ETL can
efficiently replace ZnO ETL to avoid an additional light-
soaking step for indoor applications.”” Under LED illumina-
tion (1000 lux), the authors reported 9.7% with ZnO
compared to 12.7% with SnO, for small size devices and
10.7% with ZnO compared to 13% with SnO, for module size
devices based on a flexible device architecture: PET/ITO/
SnO,/PV2001:PCBM/PEDOT:PSS/silver grid. These results
along with our results confirm the need to find alternatives for
ZnO ETL for efficient OPV devices under low light intensities.

Device Stability. Stability of OPVs is a key issue toward
the transition from lab to fab. In this study, we investigated the
stability of the devices with SD ternary blend active layers
under different conditions. Three similar sets of devices have
been prepared and examined under three different conditions
(more details are provided in the Supporting Information, page
$24): (1) an inert atmosphere in a nitrogen-filled glovebox, (2)
ambient conditions at room temperature and 30% relative
humidity, and (3) thermal stress in a nitrogen-filled glovebox
under continuous heating at 80 °C. All devices were
unencapsulated and kept under dark conditions. OPV device
lifetime is usually given by the Ts80 factor which is defined by
the point at which the PCEs drop to 80% of its stabilized value
after the burn-in deterioration.**® Figure Sa shows the
normalized device parameters. We conducted this stability
test over the course of 500 h at regular intervals. The
performance reached 80% of its initial value after 500 h for
devices kept in a nitrogen-filled glovebox. However, the devices
under ambient conditions reach the same value after 300 h, as
shown in Figure 5b. Devices exposed to thermal stress
exhibited a quite different degradation trend. After the first
30 min heating, the PCEs drop to 78% of its initial value. After
that burn-in period, devices showed a stable trend. PCEs after
300 h thermal cycles drop to 71% of the initial value (93% of
its value after the burn-in) which shows the high thermal
stability of the devices with the ternary approach. The ternary
blend in this study showed higher stability compared to
previous studies that reported about FBT:PC,BM stability
under thermal stress.””” The ternary approach in OPVs has
previously been shown to have a positive impact on the
morphological stability of the active layers under thermal stress
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Figure 5. Normalized parameters of the unencapsulated inverted
OPV devices based on SD optimized ternary active layers (FBT/
PC4,BM/PDI; 1:1.2:0.3) representing the stability tests under (a)
inert conditions in a nitrogen-filled glovebox, (b) ambient conditions
at room temperature and 30% relative humidity (R.-H.), and (c)
thermal stress with continuous heating at 80 °C in a nitrogen-filled
glovebox. All devices are unencapsulated and tested in air under 1 sun
illumination. ZnO/PEIE was used as the ETL.

enhancing the overall device stability which is consistent with
our findings.*"*>¢

B CONCLUSIONS

Efficient ternary-based OPVs have been successfully SD in air
from halogen-free solvents and tested for indoor light
harvesting. Optimized ternary systems composed of FBT
(polymer donor), PC4BM (fullerene acceptor), and PDI
(NFA) resulted in a device PCE of 14.0% and a maximum
power density of 79 yW/cm* under low light intensities. The
binary (FBT:PCyBM) SD counterparts achieved PCE of
12.0% and a maximum power density of 68 gW/cm? under the
same illumination conditions. SC devices from an optimized
FBT batch showed a PCE of 15.5% and a maximum power
density of 88 yW/cm® Using slot-die coating and environ-
mentally friendly solvents to fabricate efficient devices is an
important step toward scalable iOPVs. This work paves the
way toward large-area efficient OPVs for indoor light recycling
applications.
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