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Two major bottlenecks for organic photovoltaic module production are device
stability and the development of an architecture that allows using the newest high-
efficiency active layer materials in large-scale solution-based processing. A
concept for novel interface layers is presented that combines compatibility for
high-efficiency active layer materials in state-of-the-art solution processing with
exceptional operational stability. Doped nanoparticles enable tuning of electrical
properties as well as processing of organic polymers on top of the active layer.
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SUMMARY

All-solution-processed organic photovoltaic (OPV) cells allow cost-
and energy-effective fabrication methods for large-area devices.
Despite significant progress on laboratory-scale devices, there is
still a lack of interface materials that can be solution processed on
top of the active layer, are compatible with novel non-fullerene ac-
ceptors (NFAs), and also provide sufficient long-term stability. We
developed a novel interface layer concept, where alcohol-based
organic polymer nanoparticles can be processed on top of a poly-
mer-NFA active layer and doped to achieve a quasi-Ohmic hole
contact. Moreover, poly(3,4-ethylenedioxythiophene):poly(styre-
nesulfonate) (PEDOT:PSS) is processed as a second layer, forming
a bilayer solution-processed hole transporting layer (HTL),
providing an industrially relevant inverted architecture with a pro-
tective PEDOT:PSS layer on top. Most importantly, exceptional
stability is observed. PM6:Y6 devices with the bilayer HTL are
demonstrated to maintain 93% of their initial efficiency for
1,800 h under continuous solar cell operation at 60°C.

INTRODUCTION

Organic photovoltaic (OPV) cells have emerged as an exciting class of renewable en-
ergy devices. They can be used as a power source, allowing for seamless integration
into buildings or internet of things (loT) platforms, where weight, flexibility, and/or
semi-transparency are key requirements.' > Moreover, the solution processability
of OPVs enables cost-efficient, high-throughput printing production by roll-to-roll
(R2R) techniques, with some large-area examples reaching certified power conver-
sion efficiencies (PCE) of up to 12.6% (11.7%) on 26 cm? (204 cm?).” Over the past
decade, the development of non-fullerene acceptors (NFAs) has pushed PCE to a
level sufficient for widespread applications.”™”

To commercialize the OPV technology, excellent stability (including light and ther-
mal stability) is required to guarantee long-term operation in indoor as well as out-
door environments. Proper encapsulation can protect from extrinsic degradation
caused by oxygen, water, and mechanical stress. However, this still requires a suffi-
cientintrinsic OPV stability. Both burn-in (i.e., the initial period of steep degradation)
and long-term degradation phenomena were observed for encapsulated OPVs.'®
Kinetics- and thermodynamics-induced morphology change (aggregation, phase
separation) has been identified as one degradation pathway of organic solar cells."”
Morphological instability is typically accelerated under thermal stress.'” Several
strategies, mainly addressing the thermodynamic instability of non-equilibrium
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CONTEXT & SCALE

Organic photovoltaic (OPV)
devices achieve close to 20%
efficiency, and high intrinsic light
stability of a few active layer
materials has been reported
under concentrated conditions,
raising the expectations for long-
term stable products.
Nevertheless, currently no high-
efficiency (>10%) OPV module
with long-term stability is
commercially available. A major
bottleneck for OPV stability is the
interface layers. Most large-area
OPV modules rely on an inverted
architecture with a thick
PEDOT:PSS interface layer on top
to protect the active layer from
processing solvents in electrode
materials and encapsulation
glues. Although those
architectures work well for
fullerene-based systems, severe
stability limitations have arisen
with high-efficiency non-fullerene
acceptors (NFAs). We present a
novel hole-transport-layer
concept that provides exceptional
stability for devices with high-
efficiency NFA materials in an
industrially relevant inverted
architecture including a
PEDOT:PSS top layer.
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active layers, have been proposed to improve stability. For instance, burn-in free
devices have been demonstrated by replacing fullerene with NFAs,'*'* and the
photo-induced energetic disorder can be suppressed when using more ordered
materials.'>'® Morphological-related instability can be resolved by identifying
compatible donor and acceptor compounds within a molecular interaction-diffusion
framework."” Ternary and all polymer blend concepts are used to better control
molecular interactions and suppress phase separation.'™?' With a better
understanding of the degradation mechanism of NFA-based devices, some newly
developed composites have shown a lower tendency for diffusion, thus improving
the morphological stability.?*

Industrially solution-processed OPV modules rely on the inverted architecture with a
several 100 nm thick and robust poly(3,4-ethylenedioxythiophene):poly(styrenesul-
fonate) (PEDOT:PSS) interface layer to protect the semiconductor during top elec-
trode printing. This has been considered the baseline process for fullerene-based
composites,* 2
tivity with fullerenes. This has changed with the replacement of fullerenes by
NFAs. Only few NFAs were reported to provide a high PCE with PEDOT:PSS, while
most of the high performance NFAs required an evaporated molybdenum oxide (ev-

as PEDOT:PSS provides good selectivity to and negligible reac-

MoO,) electrode."® Obviously, the material’s strategy for solution-processed hole
transporting layers (HTLs) being generically compatible with NFAs devices is lag-
ging far behind. The commonly used aqueous solution-processed PEDOT:PSS has
difficulties to result in a uniform film on top of the hydrophobic active layer surface.
The wetting issue can be addressed by adding surfactants into the PEDOT:PSS; how-
ever, many of the surfactants show adverse side reactions with NFAs, leading to a
performance reduction as compared with ev-MoOj interface layers. Alcohol-based
metal-oxide nanoparticles suffer from poor long-term stability due to the high den-
sity of defects and photocatalytic effect.”” Metal-oxide nanoparticles are also prone
to pinhole formation during film coating, leading to device shunting. Thus, with an
ultimate goal of commercializing all-solution-processed OPVs, stable and robust
HTLs that can also be processed from solutions are urgently needed.

A breakthrough was recently reported for a PSS free PEDOT (PEDOT:F), where the
acidic PSS was replaced by a fluorinated dopant (perfluorinated sulfonic acid ion-
omers).”® PEDOT:F was demonstrated to give high performance as well as decent
stability with various NFA systems and was moreover demonstrated to be compat-
ible with solution-processed silver nanowires (AgNWs) top electrodes.?’

Here, we introduce a novel device architecture for highly efficient and stable NFA-based
OPV cells that is capable to operate with conventional acidic PEDOT:PSS in a solution-
processed polymer bilayer as HTL. The bilayer HTL is composed of doped poly[bis(4-
phenyl)(2,5,6-trimethylphenyl)amine (PTAA) nanoparticles (prepared according to our
recently published method®’) and PEDOT:PSS without any further surfactants. Doped
PTAA nanoparticles (D-PTAANp) serve as a buffer layer, provide proper alignment of
the hole transport levels, and enable efficient hole extraction, while PEDOT:PSS forms
a dense layer, protecting the active layer and furthermore enabling Ohmic contact to
the Ag electrode. As a result, we fabricated inverted OPV cells with PCE of 17.1%, which
is, to the best of our knowledge, among the highest reported efficiencies for inverted
OPV cells using PEDOT:PSS as HTL. Our devices also exhibit excellent operational sta-
bility and retain 95% of their initial performance after 1,600 h operating under metal-
halide lamp illumination at room temperature (RT) and 93% of their initial performance
after 1,800 h operating under metal-halide lamp illumination at 60°C. We extend this
bilayer architecture to the state-of-the-art NFA systems and demonstrate universality.
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Finally, all-solution-processed OPV cells with Ag nanowire electrodes have demon-
strated remarkable stability as well.

RESULTS AND DISCUSSION

Architecture and photovoltaic performance of bilayer HTL-based devices
Despite the potential advantages of PEDOT:PSS as a solution-processed HTL mate-
rial in organic solar cells, the inverted devices with PEDOT:PSS on top of the active
layer always show a low open-circuit voltage (Vo) due to the energy-level misalign-
ment at the active layer/PEDOT:PSS interface.?’ Surfactants, required to improve
the wettability of PEDOT:PSS, are also adverse to the device efficiency and stability.
To overcome these problems, we introduce a polymer bilayer architecture
composed of a D-PTAAnp layer below a PEDOT:PSS (see scheme in Figure 1G).
We briefly rationalize this very specific material design and refer to a recent publica-
tion providing all the details on the synthesis and functionality of doped organic
semiconducting nanoparticles.® First, to prevent dissolving the bulk-heterojunction
layer, we searched for concepts to process PTAA from alcohols. Following our pre-
vious work on organic semiconducting nanoparticles, we succeeded in developing a
ligand-free PTAA-based dispersion in isopropanol with a simple ligand-free rapid
precipitation process.”” Second, and to maintain an overall low contact resistance,
we decided to dope the nanoparticles with a Lewis acid dopant, tris(pentafluoro-
phenyl)-borane, to provide sufficient conductivity but maintain mild doping condi-
tions. The doping effect of PTAA is confirmed by UV-vis photometry measurements
revealing the emergence of an additional polaron absorption band.** Third, to over-
come the wetting and drying instabilities of aqueous PEDOT:PSS, we take advan-
tage of the nanoparticular nature of the PTAAnp film, where the single nanoparticles
are acting as anchoring points that effectively prevent de-wetting during the drying
process. As expected, D-PTAANp films show increased electrical conductivity as well
as a larger work function (see Figures S1 and S3). Furthermore, the D-PTAAnp layer
provided a large matrix of nanoparticular anchoring points, allowing for the coating
of a continuous PEDOT:PSS layer on top of PMé:Yé6 without any surfactant
(Figures S4 and S5). The chemical structures of the PMé and Yé materials are de-
picted in Figure Sé. Figures 1A and 1B show the scanning electron microscopy
(SEM) top-view images of the active layer gradually covered by the bilayer HTL.
The D-PTAA nanoparticles are perfectly sized (~50 nm, Figure S7) and dispersed
forming a homogeneous structure in the nanometer domain. The PEDOT:PSS layer,
sequentially coated from water on top of the D-PTAAnp layer, forms (without any ad-
ditives) a dense and homogeneous film, a prerequisite for good electrical transport,
stable operation, and reproducible manufacturing. The effect of the nanoparticles
on the deposition of PEDOT:PSS was further investigated by atomic force micro-
scopy (AFM). The pure nanoparticles layer exhibits a root mean square (RMS) surface
roughness of around 17.24 nm, while the bilayer sample displays a smoother surface
with a smaller RMS roughness of 5.20 nm (Figures 1E, 1F, and S8).

Figure TH shows the J-V curves of control and bilayer devices under simulated AM
1.5 G solar irradiation (100 mW/cm?). The key PV parameters are summarized in
Table 1. The device based on PEDOT:PSS (with surfactant) gives a PCE of 7.19%
with a short-circuit current density (Js.) = 24.10 mA/cm?, open-circuit voltage
(Vo) = 0.53 V, and fill factor (FF) = 56.5%. The bilayer device shows a PCE of
14.63% with Joo = 24.44 mA/cm?, V. = 0.83V, and FF = 72.1%, which is comparable
to the device with ev-MoO, as HTL (Figure S9). Moreover, we find that the bilayer
device has a lower series resistance than the PEDOT:PSS device (Figure S11). The
lower series resistance in the bilayer device suggests enhanced charge transport
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Figure 1. Architecture and properties of bilayer HTL-based OPV cells
(A and B) Top-view SEM images of intentionally partially covered (A) D-PTAAnp on PM6:Y6 active layer and (B) PEDOT:PSS on the PMé6:Y6/D-PTAANp

layer.
(C and D) High-resolution SEM images of the area boxed in (A) and (B).
(E and F) AFM topographical images of the (E) PM6:Y6/D-PTAANp layer and (F) PM6:Y6/D-PTAAnp/PEDOT:PSS layer.

(G) The structure of OPV cells based on the bilayer HTL.
(H) Experimental (solid lines) and simulated (dashed lines) J-V characteristics of OPV cells that feature either PEDOT:PSS only or D-PTAAnp/PEDOT:PSS

bilayer HTL according to the structure described in (G). Simulations were performed by using a drift-diffusion model, and the parameters are presented

in Table S2.

through the nanoparticle and PEDOT:PSS bilayer HTL, which accounts for the
improved FF. We investigated different combinations of electron transporting layer
(ETL) and PTAAnp modifications. It is notable that a PCE of 13.87% is achieved by
undoped PTAANp as a buffer layer (Table S1). We account that to the mesoscopic
nature of the PTAAnp layer, where the electrical transport requirements are less
demanding than for a thick and fully covering PTAA layer. Considering the practical
side of production, we also replaced the ZnO sol-gel layer with a commercial ZnO NP
dispersion. A very comparable performance and a PCE of 13.70% were found for this
combination (Table 1). We further tested the photovoltaic performance of devices
using solution-processed metal-oxide nanoparticles but always found clearly
reduced PCE values of below 11% (Table S1). Therefore, our strategy of constructing
a bilayer polymer HTL is considered to be effective in improving the interfacial con-

tact between the active layer and PEDOT:PSS.
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Table 1. Photovoltaic performance of OPV cells

Device Jsc cal. (mA/cm?) Jsc (MA/cm?) Ve (V) FF (%) PCE (%)

Bilayer® 24.13 24.44 (24.28 + 0.16) 0.830 (0.827 + 0.002) 72.1(71.2 + 0.8) 14.63 (14.30 + 0.31)
Bilayer® 23.15 23.27 (23.12 + 0.14) 0.831(0.830 + 0.001) 70.9 (70.6 + 0.2) 13.70 (13.54 + 0.15)
PEDOT:PSS® 24.04 24.10 (24.01 + 0.08) 0.530 (0.520 + 0.009) 56.3 (55.3 + 0.9) 7.19 (6.90 + 0.29)

°The device based on ZnO sol-gel.
®The device based on commercial ZnO nanoparticles.

“The device based on PEDOT:PSS mixed with surfactant. Note: average values with standard derivation were from over é devices.

Hole-injection enhancement in the bilayer HTL

The nature of the bilayer HTL is further investigated with J-V characteristics of hole-only
devices. The energy-level alignment between PMé:Y6 and PEDOT:PSS, D-PTAANnp/
PEDOT:PSS bilayer, and ev-MoO, top HTLs was derived from the simulation of the
hole-only device dark J-V curves. As can be seenin Figure 2B, the PEDOT:PSS-based de-
vice shows a stronger asymmetry and an overall reduced current density with the current
injected from the top PEDOT:PSS being lower than the current injected from the bottom
PEDOT:PSS. This is a clear sign of an asymmetric device structure with the PEDOT:PSS
hole-only device having a significant built-in voltage (Vg).>* The current injected from
the top electrode is improved by two orders of magnitude when inserting a D-PTAAnp
in between the active layer and the PEDOT:PSS layer (i.e., when using the polymer bilayer
HTL). The result is comparable to the cell with an ev-MoOj top contact, which is the stan-
dard HTLin inverted OPV cells. The symmetric shape of the J-V curve further implies that
we have a low Vg and the formation of a quasi-Ohmic contact when using a D-PTAAnp/
PEDOT:PSS bilayer HTL.

To validate this hypothesis, it should be verified that the injected currents are space
charge limited by the semiconductor and not limited by the residual barrier at the
interface. This is analyzed by means of the double-logarithmic J-V curves plotted
in Figure 2C. For both the bilayer and ev-MoO,-based devices, the experimental
current yields a straight line with a slope of 2, indicating the injected current is
indeed space charge limited by the semiconductor. These results underline the for-
mation of a quasi-Ohmic hole contact in case D-PTAAnp is located between PMé:Y6
and PEDOT:PSS. The drift-diffusion simulations reveal further insight into the trap
density of the bilayer structure. The trap density in the PEDOT:PSS device is
3.04 x 10" cm™3, while the trap density in the bilayer HTL device is lower than
the simulation threshold (Table S3).>> Furthermore, the simulations suggest that
the highest occupied molecular orbital (HOMO) offset between the active layer
and the HTL decreases from 0.41 eV for PEDOT:PSS to 0.23 eV for the D-PTAANnp/
PEDOT:PSS bilayer. The large energy offset in the case of using a PEDOT:PSS HTL
may indicate the presence of a significant injection barrier.

We explore this further by drift-diffusion simulations of light J-V curves of full solar
cells. The shape of the experimental curves is well simulated as seen in Figure 1H.
Simulation details are presented in Table S2. Notably, the solar cell with only
PEDOT:PSS again shows a high density of traps, as also observed in the fitting of
hole-only devices, while in both cases no traps are observed with the addition of a
nanoparticle layer. The drift-diffusion simulations indicate that besides an injection
barrier, also surface traps limit the PEDOT:PSS solar cell, while those traps are absent
when using a D-PTAANp layer.

To further explore the mechanism behind the improved device performance resulting

from the incorporation of the D-PTAAnp layer between the PM6:Y6 active layer
and PEDOT:PSS heterointerface, ultraviolet photoelectron spectroscopy (UPS)

2574 Joule 8, 2570-2584, September 18, 2024



Joule

>
w

PEDOT.PSS-top
3 2 2

PM6:Y6

PEDOT:PSS-bottom

iy
=
s}
_.
(=]
2
h

Current density (mA/cm?)
S

o
N
=
-
S
=

518 5.18

5.41

-
=
3
'
)
'
BN
o
-
N}

Applied Voltage (V)

Figure 2. Hole-only devices

¢? CellPress

OPEN ACCESS

C o
o Exp.

« J Sim.
5
S, 5
£ 10
=
2 3
(5]
o
£ 1004
]
E
3
o

102

0.01

Applied Voltage (V)

(A) Schematic energy-level position diagram of each layer in different hole-only devices with structures of indium tin oxide (ITO)/PEDOT:PSS/PMé6:Y6/
PEDOT:PSS/Ag (pink curve), ITO/PEDOT:PSS/PMé:Yé/bilayer/Ag (blue curve), and ITO/PEDOT:PSS/PMé6:Y6/ev-MoO,/Ag (gray curve). The energy
levels are obtained from the simulation of experimentally derived dark J-V data using a drift-diffusion model.

(B) Experimental (circles) and simulated (solid lines) dark J-V characteristics of hole-only devices with different HTLs.

(C) Double-logarithmic presentation of the J-V characteristics of hole-only devices shown in (B). The symbols and lines of the devices represent the

measured and simulated hole current under reverse and forward bias, respectively.

measurements were performed on PMé6:Y6, PM6:Y6/PEDOT:PSS, and PMé6:Yé6/D-
PTAANnp/PEDOT:PSS bilayer HTL samples. The secondary electron cutoff (SECO) region
and the HOMO regions are presented in Figure S16. Summarily, work function (@) values
of ~4.7 (£ 0.1) eV were determined for the three samples (see Figure S16A). The HOMO
position of the PMé:Y6 was found to be (—0.4 + 0.1) eV away from the Fermi (Ef) level,
while the UPS spectra of the two samples with PEDOT:PSS top layers (i.e., with and
without a D-PTAAnp layer) show band tails extending all the way to the Ef level (see
Figures S16B and $16C), a well-known characteristic of PEDOT:PSS.3¢

Hence, while the absolute numbers of energy-level positions derived from simula-
tions (see Figure 2A) and UPS measurements (see Figure S16D) differ, the UPS
data corroborates the presence of a significant HOMO offset between the active
layer and PEDOT:PSS and thus further validates the results of the drift-diffusion
model used to simulate the J-V curves. However, the D-PTAAnp-induced decrease
of this barrier, which had been revealed as another result of the J-V curve simula-
tions, cannot be observed in the UPS data. However, this seeming contradiction
can be explained by the inherent specifics of the two characterization approaches.
Whereas the J-V characteristic will be affected by electronic structure changes
throughout the device stack, which is simulated taking the energy-level offsets at
the interfaces of the involved layers into account, the UPS measurements only probe
the top surface (i.e., a few nanometers) of the studied layer stack samples (see exper-
imental procedures section). Hence, the PM6:Y6/PEDOT:PSS interface that is sup-
posed to be improved by the addition of the D-PTAAnp layer is buried too deeply
to be probed by UPS, and thus deriving the same HOMO/SECO position for the
PM6:Y6/PEDOT:PSS and the PM6:Y6/D-PTAANnp/PEDOT:PSS bilayer HTL samples
is actually not surprising. The fact that UPS derives a similar HOMO offset between
PMé6:Y6 and PEDOT:PSS as is derived based on J-V curve simulations, however, sug-
gests a homogeneous electronic structure profile throughout the PEDOT:PSS, pre-
sumably resulting in similar HOMO positions close to the PM6:Y6 active layer and at
its surface. In light of the J-V curve simulation, which revealed a reduced injection
barrier upon D-PTAAnp addition, finding a similar HOMO position for the surface
of the PM6:Y6/D-PTAAnp/PEDOT:PSS bilayer HTL sample suggests the presence
of a significant electronic structure profile throughout this layer stack.
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To conclude, the addition of nanoparticles reduces the injection barrier at the buried
PM6:Y6/PEDOT:PSS interface, resulting in improved energy-level alignment and
improved device performance. The addition of D-PTAAnp thus results in a solu-
tion-processed HTL with a similar performance as the ev-MoO, HTL that can be
used in an inverted structure.

Device stability

Having established a reasonably performing baseline for D-PTAAnp/PEDOT:PSS
bilayer HTL-based PMé:Yé devices, we next turn the attention to the operational sta-
bility. In detail, we monitored the operational long-term stability of unencapsulated
devices underillumination and in a N, atmosphere for the various HTLs combinations
introduced above. We decided to use the commercial ZnO NP dispersion (see device
datain Table 1) for the stability investigations to operate devices as close as possible
to the commercial state of the art. The bilayer device maintained nearly 95% of its
initial efficiency after 1,600 h of operation at RT (ISOS-L-1 protocol). The J-V curves
before and after that operation period remained almost unchanged. By contrast,
the device based on PEDOT:PSS started at lower absolute efficiencies, which further
dropped to 70% of their initial values within 1,600 h due to a rapid decrease in FF
(Figures 3A, 3B, and S17). Even the device based on ev-MoO, underwent some
degradation but maintained a decent stability of over 85% after degradation (see Fig-
ure S18). We want to highlight that these stability values were achieved for binary
PM6:Y6 composites. Recent stable PM6:Y6 devices were reported for ternary com-

e 18,29
posites,

where a third component was required to stabilize the microstructure.
We also tested the operational stability of bilayer devices with metal-oxide nanopar-
ticles (MoOy, Ta-WO,, and Sb-SnO,) as a buffer layer, which has been reported to
give an impressive efficiency.?” All the metal-oxide nanoparticle-based devices ex-
hibited short lifetimes (<100 h) because of a significant drop in V,. and FF
(Figures S20 and S21). Finally, we wanted to explore the stability limits of binary
PM6:Y6 devices with the D-PTAAnp/PEDOT:PSS interlayer. In order to challenge
the thermal stability of a binary microstructure, we applied the ISOS-L-2 protocol,
where devices are tested at 60°C under illumination. To our surprise, the devices
with the bilayer electrode did not show a significant accelerated degradation at
60°C. We find more or less identical stability values at RT and at 60°C. More than
94% of the initial PCE is maintained after operating our devices at 60°C after
1,800 h (Figures 3C and 3D). Statistical analysis of the device stability data reveals
that the performance of the bilayer device is reproducible (Figures S22 and S23).

Universality of this approach

To demonstrate the universality of this interlayer, we selected four further organic
semiconductor composites with various HOMO energy levels, including PM7:Y6,
PTQ11:Y6, PM6:DT-Y6, and PM6:BTP-eC9:L8-BO. The molecular structures of the
corresponding materials are shown in Figure 4A. The detailed photovoltaic param-
eters of the investigated devices are summarized in Table S4. All the systems based
on a pristine PEDOT:PSS HTL showed poor photovoltaic performance with low V.
and FF. By contrast, all the D-PTAAnp/PEDOT:PSS bilayer devices exhibited perfor-
mance values comparable to the devices based on ev-MoO, (Figure 4B). For
instance, the PM6:BTP-eC9:L8-BO device based on the bilayer HTL achieved a
PCE of 17.1%. To the best of our knowledge, this is among the highest efficiencies
reported thus far for inverted OPV cells with solution-processed HTL, as depicted in
Figure 4E. The integrated Jy. values from the measured external quantum efficiency
(EQE) of all the devices are shown in Figure S25 and are well consistent to those ob-
tained from the J-V curves. Interestingly, the EQE values of the bilayer devices are
slightly higher compared with the ones with ev-MoO,. Although the origin of this
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Figure 3. Operational stability of bilayer HTL-based OPV cells

Time (h)

(A and C) J-V curves of unencapsulated bilayer devices aged at RT (A) and 60°C (C) in a N,-filled chamber under metal-halide lamps with UV filters.
(B and D) Normalized photovoltaic parameters extracted from (A) and (C), respectively. For comparison, the evolution of the PV parameters for a device

with a PEDOT:PSS only HTL is depicted in gray in (B).

phenomenon is not further investigated in the present work, we want to note that
Torres-Herrera has suggested the limited conductivity of ev-MoO, as a possible
cause for such small losses.*® Additionally, we studied the long-term stability of
these devices based on different active layers and HTLs. As expected, the normal-
ized PCE of the bilayer devices is more stable than for any other HTL combination.
The D-PTAAnp/PEDOT:PSS bilayer devices maintained approximately 94%, 82%,
90%, and 93% of their initial values for PM7:Y6, PTQ11:Y6, PM6:DT-Y6, and
PM6:BTP-eC9:L8-BO after 600 h operation, respectively. The corresponding sys-
tems based on ev-MoO, preserved 85%, 72%, 81%, and 85%, respectively. By
contrast, the control devices based on PEDOT:PSS declined rapidly within the first
200 h. The relatively stable PCE of bilayer devices reveals that better interfacial con-
tact between the active layer and the electrode is crucial for achieving long-term
stability.

All-solution-processed OPV cells

To achieve all-solution-processed OPV cells, the evaporated silver electrode was
replaced by AgNWs. The device architecture for which the AgNWs were doctor-
bladed in ambient atmosphere is shown in Figure 5A. Because of the high transmit-
tance of the bilayer HTL and the AgNW electrode, the total transmittance of the
whole device stack is relatively high. An average transmission value of 30% is
measured for the spectral regime between 400 and 800 nm, as shown in Figure S26.
Such values are already interesting for window applications.*” The devices provide a
PCE of 8.23%, with a Js of 14.72 mA/cm?, a V. of 0.81V, and a FF of 68.7% when
illuminating from the front of the device. In order to reflect the transmitted photons
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Figure 4. Universality of the bilayer HTL in OPV cells
(A) Chemical structures of polymer donors and acceptors for universality test.

(B) PCE of OPV cells based on various active layer systems using different HTLs. Average values were obtained from over 6 devices. Error bars represent

standard deviations.
(C) J-V characteristics of PM6:BTP-eC9:L8-BO-based devices.
(D) Long-term stability (at RT in a N filled chamber under metal-halide lamps with UV filters) of the different OPV cells.

(E) PCE evolution of inverted OPV cells with solution-processed HTL. The photovoltaic data and corresponding references are included in Table S5.

back into the device and make the device more comparable to devices with evapo-
rated silver, a mirror was placed behind the back electrode. The Jsc was increased to
17.37 mA/cm?, resulting in a PCE of 9.46% (Figure 5C). EQE measurements
confirmed the enhanced Ji values (Figure 5D). This indicates that besides absorp-
tion losses in the semitransparent device, there are some small additional losses
related to the AgQNW processing. In addition, we checked the operation stability
of unencapsulated AgNWs devices at RT in Ny, following the ISOS-L-1 protocol.
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Figure 5. Performance of all-solution-processed OPV cells based on bilayer HTL

(A) Scheme of all-solution-processed OPV cells based on bilayer HTL with AgNWs as top electrode.
Each layer was doctor-bladed in ambient atmosphere.

(B) Photograph of all-solution-processed OPV cells on an ITO substrate.

(C and D) (C) J-V characteristics and (D) EQE spectra of OPV cells, illuminating from the front of the
device with (dashed lines) or without (solid lines) reflecting mirror in the back.

(E) J-V curves of all-solution-processed OPV cells aged at RT in a N, filled chamber under metal-
halide lamps with UV filters.

(F) Normalized photovoltaic parameters extracted from (E).

The AgNW-based devices maintain 92% of their initial efficiency after 1,100 h of
operation, whereas the PCE of the control device (with only PEDOT:PSS on top of
the active layer) decreased by 40% in the first 200 h (Figure S27).

A printed electrode can be fabricated using techniques such as screen printing or inkjet
printing in large-scale production. Motivated that printed electrodes require crosslinked
PEDOT:PSS, we further performed crosslinking treatment on PEDOT:PSS, and its effect
on device photovoltaic performance and stability was investigated in detail. The cross-
linked device achieved a performance of 13.47%, along with a slight decrease in FF
compared with the one of the uncrosslinked device (Figure S28). This is probably due
to the relatively lower electrical conductivity of PEDOT:PSS layer after crosslink treat-
ment. The concentration of the crosslinking agent is 0.15 vol %, which was optimized
in our previous study.”? Further modifications on PEDOT:PSS thickness and crosslinking
agent concentrations would overcome the large series resistance in the device and
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improve the performance to some extent. As can be seen in Figure 529, the AgNWs de-
vice based on crosslinked PEDOT:PSS shows a respectable stability, maintaining 85% of
the initial PCE for 1,100 h. However, we also observe that the crosslinking agents do
cause an instant efficiency drop during operation when the concentration goes higher
and operational temperature increases (60°C, Figure S30). This would limit the applica-
bility of the device at elevated temperature operating conditions, even if good photo-
voltaic performance and stability are attained at RT. The residual crosslinking agent
probably induces further reaction at elevated temperatures, which causes the charge
carriers transport problem and adversely affects device stability. Nevertheless, we
believe that our architecture offers all the versatility required to overcome that. For
instance, preliminary trials with a triple interface layer showed that crosslinked
PEDOT:PSS can be processed on Al 4083 PEDOT:PSS, with no significant losses in FF
(Figure S31). Further studies with screen-printed Ag electrodes would be interesting
to undertake.

Conclusions

We introduce a novel device architecture for highly efficient and stable NFA-based OPV
cells that is capable to operate with conventional acidic PEDOT:PSS in a solution-pro-
cessed bilayer polymer as an HTL. Through a rational interface design, sandwiching
D-PTAANp layer between the active layer and PEDOT:PSS, a robust interlayer is estab-
lished, enabling proper alignment of the hole transport levels, overall low contact resis-
tance, and a continuous coating of aqueous PEDOT:PSS without any surfactant. We have
explored HTL with various active layers and with various ETLs, compared it with multiple
other HTL systems, and consistently always found equal or better efficiency and signifi-
cantly improved stability. Particularly, the inverted OPV cells based on PM6:BTP-
eC9:L8-BO achieve an outstanding PCE of 17.1%. The devices also exhibit excellent
operational stability and retain 95% of their initial performance after 1,600 h operating
under metal-halide lamp illumination at RT and 93% of their initial performance after
1,800 h operating under metal-halide lamp illumination at 60°C. We further demonstrate
all-solution-processed devices based on AgNWs electrode with impressive efficiency
and stability. Overall, the performance and stability values achieved while including a so-
lution-processed top PEDOT:PSS layer present a key enabling tool toward industrially
scalable PMé6:Y6 modules.

EXPERIMENTAL PROCEDURES

Resource availability

Lead contact

Further information and requests for resources should be directed to and will be ful-
filled by the lead contact, Thomas Heumdiller (thomas.heumueller@fau.de).

Materials availability
This study did not generate new, unique materials.

Data and code availability

All the data supporting the findings of this study are presented in the paper and in
the supplemental information. This study did not generate or analyze datasets
or code.

Materials

Poly[(2,6-(4,8-bis(5-(2-ethylhexyl-3-fluoro)thiophen-2-yl)-benzo[1,2-b:4,5 b’]dithio-
phene))-alt-(5,5-(1',3'-di-2-thienyl-5',7-bis(2-ethylhexyl)benzo[1’,2'-c:4',5'-c'dithio-
phene-4,8-dione)], PM6, polyl(2,6-(4,8-bis(5-(2-ethylhexyl-3-chloro)thiophen-2-yl)-
benzo[1,2-b:4,5-b'ldithiophene))-alt-(5,5-(1',3'-di-2-thienyl-5',7'-bis(2-ethylhexyl)
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benzo[1',2'-c:4’,5'-c'ldithiophene-4,8-dione)], PM7 and 2,2'-((2Z,2'2)-((12,13-bis(2-
ethylhexyl)-3,9-diundecyl-12,13-dihydro-[1,2,5]thiadiazolo[3,4-e]thieno[2”,3":4",5']
thieno[2’,3":4,5]pyrrolo[3,2-glthieno[2’,3":4,5]thieno[3,2-blindole-2,10-diyl)bis(me-
thanylylidene))bis(5,6-difluoro-3-oxo-2,3-dihydro-1H-indene-2,1-diylidene))dimalo-
nonitrile, Y6, 2,2'-[[12,13-bis(2-butyloctyl)-12,13-dihydro-3,9-dinonylbisthieno[2”,
3":4',5']thieno[2’,3":4,5]pyrrolo[3,2-e:2',3'-g][2,1,3]benzothiadiazole-2,10-diyl]bis
[methylidyne(5,6-chloro-3-oxo-1H-indene-2,1(3H)-diylidene)]lbis[propanedinitrile],
BTP-eC9, 2,2'-((2Z,2'2)-((12,13-bis(2-ethylhexyl)-3,9-(2-butyloctyl)-12,13-dihydro-
[1,2,5]thiadiazolo[3,4-elthieno[2”,3":4',5lthieno[2’,3':4,5]pyrrolo[3,2-g]thieno[2/,3":
4,5]thieno[3,2-bjindole-2,10-diyl)bis(methanylylidene))bis(5,6-difluoro-3-oxo-2,3-di-
hydro-1H-indene-2,1-diylidene))dimalononitrile, L8-BO were purchased from
Solarmer Materials. Poly[(thiophene)-alt-(6,7-difluoro-2-(2-hexyldecyloxy)-3-methyl-
quinoxaline], and PTQ11 was purchased from 1-Material. 2,2'-((2Z,2'2)-((12,13-bis(2-
decylteradecyl)-3,9-diundecyl-12,13-dihydro-[1,2,5]thiadiazolo[3,4-e]thieno[2”,3":
4',5'[thieno[2’,3":4,5]pyrrolo[3,2-glthieno[2’,3":4,5]thieno[3,2-blindole-2,10-diyl)bis
(methanylylidene))bis(5,6-difluoro-3-oxo-2,3-dihydro-1H-indene-2,1-diylidene))di-
malononitrile, DT-Y6 was offered by Prof. Fei Huang group. All the materials were
used as received without further purification. Lewis acid dopant tris(pentafluoro-
phenyl)-borane is from TCIl. ZnO, Ta-WO,, and Sb-SnO, nanoparticle dispersions
were purchased from Avantama. MoO, nanoparticle dispersion was received from
Nanograde. (3-Glycidyloxypropyl)trimethoxysilane (GOPS) was purchased from
Aldrich. AgNWs ink (dispersed in alcohol) was received from Cambrios Technology
Corporation.

Device fabrication

The OPV cells were fabricated in an inverted structure of ITO/ETL/active layer/HTL/
Ag. The ITO-coated glass substrates were cleaned with acetone and isopropanol in
an ultrasonic bath for 10 min each. After drying, ZnO sol-gel solution was spin-coated
on the ITO substrates, and baked at 200°C for 20 min under ambient condition. ZnO
sol-gel solution was prepared according to the literature.*’ The same procedure was
applied to the commercial ZnO nanoparticle dispersion. The substrates were then
transferred into a nitrogen-filled glove box. Subsequently, a mixed solution of
PM6:Y6 (1:1.2, wt %) with 16 mg/mL in chloroform was spin-coated onto the ZnO
layer. The other three active layers, PM7:Y6 (16 mg/mL in chloroform), PTQ11:Y6
(16 mg/mL in chloroform), PM6:DT-Y6 (20 mg/mL in xylene), and PM6:BTP-eC9:L8-
BO (16 mg/mL in chloroform) with various weight ratios were spin-coated on top of
the ZnO layer. The additives were 0.5% chloronaphthalene (CN) for PMé:Y6 and
PM7:Y6 and 0.5% diiodomethane (DIM) for PM6:BTP-eC9:L8-BO. The D-PTAAnp
dispersion was synthesized according to our previously published procedure.
PTAA (8 mg) with 10 wt % LAD dopant was dissolved in chloroform (1 mL) and injected
into isopropanol (4 mL) under vigorous stirring. N, gas was used to remove chloro-
form, resulting in a final dispersion concentration of 4 mg/ml doped polymer NP.
For the development of bilayer architecture, D-PTAAnp dispersion was doctor-
bladed on the active layer. Subsequently, PEDOT:PSS (Clevios, Al 4083, diluted
with isopropanol) was doctor-bladed with the substrate temperature kept at 65°C.
Then, the substrate was annealed at 110°C for 5 min in the glovebox. The crosslinked
PEDOT:PSS was mixed with GOPS (a hydrolyzed silane crosslinker) at a concentration
of 0.15 vol %. For the control device, PEDOT:PSS was diluted in isopropanol (1:5 vol
%, 0.13 wt % Dynol in isopropanol to improve wettability on top of the active layer).
Finally, Ag electrode (100 nm) was thermally evaporated through a mask (10.4 mm?
active area opening) under a vacuum of approximately 1 x 10 mbar. For the all-so-
lution-processed device, ZnO and bilayer HTL were prepared following the same
procedure on an ITO patterned substrate. PM6:Y6 (16 mg/mL in chloroform) was
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doctor-bladed on top of ZnO layer with a 150 pm gap between substrate and blade at
30°C. The AgNWs layer was doctor-bladed on top of the active layer and annealed at
130°C for 3 min in the glovebox.

Device characterization

The devices were measured under one-sun illumination using a solar cell simulator (AM
1.5 global spectrum with 100 mW/cm? intensity calibrated using a silicon reference
diode). The J-V characteristics were recorded using a source measure unit Keysight
B2901A between —0.3 and +1 V at scanning increments of 50 mV. The EQE data were
acquired with monochromatic light using an integrated system from Enlitech. All the
measurements were tested in ambient air. The particle size and distribution spectrum
were recorded by dynamic light scattering (DLS) on a Microtrac NANO-flex at RT. UV-
vis absorption measurements were performed on a PerkinElmer Lambda 950 spectrom-
eter. Kelvin probe measurements were carried out on a KP technology single point
system. Conductivity measurement of nanoparticle films was performed on ITO interdig-
itated substrates. The contact angles of the films were measured using Dataphysics OCA
20. SEM images were obtained using FEI Sirion SEM at 1 kV accelerating voltage. AFM
measurements were performed with a Nanosurf Easy Scan 2 in tapping mode. The
average visible transmission (AVT) value of the full-solution-processed device can be
calculated according to the following equation:

[TRPWSHAR)
AT =T pm)s(hd(h)

Where % is the wavelength, T(}) is the transmission of the device, P(}) is the photopic
response of the human eyes, S()) is the solar photon flux in AM1.5G

Device stability measurement

All the devices were kept in a home-built chamber in an N, atmosphere with a UV
filter (cutoff 380 nm, the light spectrum is shown in Figure S32). The photovoltaic
characteristics of the devices under metal-halide lamps were recorded by using a
source measurement unit Keysight B2901A, and the efficiency monitoring system
was periodically operated by a program designed in our lab. For stability measure-
ments at RT (following ISOS-L-1 protocol, 1 Sun illumination at RT), the chamber was
equipped with a cooling system that maintained the temperature at around 35°C as
monitored by a thermocouple. For stability measurements at 60°C (following ISOS-
L-2 protocol, 1 Sun illumination at 65°C), a hot plate beneath the chamber controlled
the temperature. However, the recorded temperature is around 60°C probably due
to the location of the thermocouple in the chamber.

UPS

UPS measurements of the SECO and the HOMO regions of PMé:Y6, PM6:Y6/
PEDOT:PSS, and PMé:Y6/D-PTAAnp/PEDOT:PSS bilayer HTL samples were con-
ducted with a ScientaOmicron Argus CU electron analyzer and He | (21.1 eV) excita-
tion, using a Prevac UVS 40A2 gas discharge lamp. For these measurements, a pass
energy of 5 eV was used. Work function (®) and HOMO values were determined by
linear extrapolation of the SECO and leading edge of the HOMO spectrum, respec-
tively. The kinetic energy (KE) of photoelectrons derived from these energy regions
is ~20 eV. Based on the "“universal curve” of electron inelastic mean free path (IMFP)
as a function of KE,*? the exponentially decreasing information depth (ID, taken as
3 x IMFP) of these measurements is estimated to be ~2-3 nm. The energy scale
of the UPS spectra is referenced to the Fermi edge (Eg) of a sputter-cleaned Au foil.
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