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Alayer-by-layer organic photovoltaic device with excellent performance is created
by tuning individual layers. Kumari et al. report 16.21% efficiency, surpassing the
bulk heterojunction equivalent device, and demonstrate improved photostability
and thermal stability for nine different non-fullerene acceptor systems.
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Rovshen Atajanov,’-? Eswaran Jayaraman,' Suraj Manikandan,® Barbara Paci,* Aldo Di Carlo,*>

Jens Wenzel Andreasen,? Vida Turkovic,"? and Morten Madsen'-2.6.*

SUMMARY

Tuning bulk heterojunctions is an important step for improving organic
photovoltaic device performance; however, challenges remain in ob-
taining sufficient device lifetimes using this concept. In this work, we
report on high-performance PM6/Y7 layer-by-layer organic photovol-
taic devices by carefully tuning the layer-by-layer structure and study-
ing the effects on device performance. We demonstrate that an opti-
mized layer-by-layer organic photovoltaic can effectively improve the
photophysical properties of the device, resulting in a conversion effi-
ciency of 16.21%, surpassing the bulk heterojunction counterpart.
Notably, the developed layer-by-layer device also outperforms the
traditional bulk heterojunction in terms of long-term photostability
and thermal stability under continuous illumination and temperature
stress (85°C) for approximately 1,000 h, with similar results obtained
for eight other non-fullerene acceptor systems. The improved long-
term photostability and thermal stability in these layer-by-layer sys-
tems is ascribed to a mitigation of the strong phase aggregation
seen in the bulk heterojunction films.

INTRODUCTION

Organic photovoltaics (OPVs) have been recognized as a potential large-scale
photovoltaic technology on the energy market due to their various advantages of
low-cost solution processing, light weight, flexibility, scalability, sustainability, and
direct compatibility with several applications.’™ Owing to the rapid developments
of non-fullerene acceptors (NFAs) in the past few years, continuous improvements
in power conversion efficiencies (PCEs) of OPVs over 16% have been widely
observed, yielding a current record PCE of 19.3%.°"'* The significant PCE improve-
ments have resulted in OPVs rapidly approaching large-scale commercialization;
however, in addition to competitive PCEs, long-term stability is a key factor for
the commercial success of any photovoltaic technology. For organic photovoltaics,
stability and operational lifetime still requires substantial improvement."">™"" In
OPV devices, non-ideal exciton generation, dissociation, and charge transport still
limits the overall device performance. Therefore, careful tuning of the electronic
structure of the electron donor and acceptor molecules, as well as of their nanoscale
bulk heterojunction morphology, is required to further push the performance of
OPVs."®2" This includes their device stability, as the balance between efficient
exciton dissociation and charge transport in the photoactive layer should be main-
tained over time in order to sustain long-term high OPV performance.”*” In the
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Figure 1. Architectural features, optical characteristics, and initial performance assessment
(A) Device architectures of bulk heterojunction and LBL OPVs.
(B) Absorption spectra of pristine PMé and Y7 films.
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(C and D) Investigation of device performance of PMé- and Y7-based LBL OPVs as a function of (C) acceptor and (D) donor layer thicknesses by varying
concentration and rpm. Error bars represent the standard deviation around the mean. Insets are thickness illustrations of regions | (More D), Il (Optimal),

and Il (More A).

past few decades, bulk heterojunction (BHJ) architecture based on organic electron
donor and acceptor molecules has gained great success in OPV technology. This
architecture gets around the short exciton diffusion length limitation of the donor
and acceptor materials by providing an interpenetrating donor/acceptor (D/A)
network.”?~?* Nevertheless, an optimized BHJ morphology with abundant D/A inter-
faces for effective exciton dissociation, and at the same time continuous donor and
acceptor domains for efficient charge transport, are necessary throughout the
operational period of a highly efficient OPV device.>”?/*® However, the BHJ
morphology is only kinetically frozen during solution processing, which is usually
far from its thermodynamic equilibrium. Therefore, during prolonged illumination
or thermal aging, intrinsic morphological instability is commonly observed in this
blend BHJ layer.?”*" In particular, an evolution of the blend morphology from the
kinetically trapped state to the thermodynamically stable state, such as phase aggre-
gation and/or nano D/A interface contraction, will result in severe degradation of
charge-transport dynamics and unsatisfactory lifetime of OPVs (Figure 1A).7¢*%37
In this regard, several effective strategies have been thoroughly investigated to
considerably lower this degradation effect in BHJ OPVs, using for example solid ad-
ditives that promote a specific morphology as well as introducing a third component
in ternary blending of OPV active layers.>*® However, as the BHJ's nanoscale do-
mains gradually approach equilibrium state, they typically demix D/A domains on
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a large scale, leading to phase-aggregated morphology.’” As a result, very few
state-of-the-art BHJ OPVs have been able to satisfactorily provide a long lifetime un-

der illumination or thermal aging so far.?'*%*?

One of the ways to eliminate the necessity to maintain the complex nanoscale D/A
network, which compromises the charge transport in these BHJ OPVs over time, is by
adopting a layer-by-layer (LBL) architecture fabricated through a sequential process-
ing approach (Figure 1A).*>243-47 Although this LBL, also called bilayer architec-
ture, has been investigated for a long time, the limited diffusion length (Lp) of fuller-
enes (~10 nm) has prevented the development of efficient LBL OPVs. Owing to the
recent development of NFAs with higher Lp values (30-45 nm), enabling efficient
exciton diffusion to the D/A interface, the LBL approach has now become a viable
and performance-competitive architecture.’®>° In this LBL processed architecture,
donor and acceptor layers are independently controlled without involving the
time-consuming optimization procedures to fine-tune the nanoscale morphology.
In the LBL architecture, each layer has only one type of organic semiconducting ma-
terial and, hence, more condensed packing and thermodynamically stable
morphology for each layer can be obtained, which contrasts with the intrinsically un-

stable nanoscale mixed domains in the BHJ architecture.?’3%:36:37:51.52

In this work, we present a detailed study unveiling the significance of adopting LBL
device architectures in the field of OPV technology. A thorough investigation of LBL
architecture as a function of donor and acceptor thickness on the performance of
PMé-based (also known as PBDB-T-2F) and Y7-based (also known as BTP-4Cl)
OPV?'9%% have been carried out. The optimized LBL OPV interestingly demon-
strated enhanced device performance with PCE of 16.2%, even surpassing that of
the BHJ architecture. Here, morphology, charge generation, and transport, as well
as recombination dynamics, are systematically studied using several electrical, opti-
cal, morphological, and spectroscopic measurements to shed light on these find-
ings. Following Summit on Organic Photovoltaic Stability (ISOS) protocols, the
developed LBL OPV is then compared with the conventional BHJ OPV in terms of
long-term photostability and thermal stability. Interestingly, the LBL devices show
superior long-term photostability and thermal stability as compared to the BHJ ar-
chitecture.®® In this study, detailed electrical, optical, and morphological character-
ization using UV-visible (UV-vis) spectroscopy, Fourier transform infrared (FTIR) spec-
troscopy, energy-resolved electrical impedance spectroscopy (ER-EIS), optical
microscopy, scanning electron microscopy (SEM), and atomic force microscopy
(AFM) is utilized to shed light on the degradation phenomena in both LBL and
BHJ architecture. Importantly, to demonstrate the robustness of LBL architecture
over BHJ, we analyzed eight more highly efficient non-fullerene systems, namely
PMé6 & Y6, PM6 & N3, PMé6 &Y7-12, PMé6 & IT-4F, TPD-3F & IT-4F, PBDB-T & ITIC,
PTB7-Th & EH-IDTBR, and PTB7-Th & O-IDTBR,*® '%1%21:2%:27:53.55°58 16 enable a
conclusion on the general validity of these findings. Indeed, higher long-term photo-
stability and thermal stability in these systems are generally observed for LBL archi-
tectures compared to BHJ architectures. Notably, all BHJ structures in these systems
show the presence of large aggregation upon degradation, as evidenced from AFM
analysis, which lowers the performance over time, supporting the resilience of LBL
architectures in future OPV technology.

RESULTS AND DISCUSSION

Layer-by-layer structure morphology
Although there have been recent reports on non-fullerene OPV LBL devices,
detailed studies on the effect of thickness and morphology of each layer, as well
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as the interface, for fully solution-processed LBL devices are still missing. We begin
this section with a detailed examination of the morphology of our D/A layers. First,
we demonstrate that sequential spin-coating of the acceptor layer over the donor
layer, to produce LBL devices, does not significantly change the molecular orienta-
tion of the donor underlayer. For this part, we employed thickness measurement us-
ing AFM, and molecular orientation characterization using grazing incidence wide-
angle scattering (GIWAXS) on the donor, donor-washed, and LBL films (Figure S1).
For the donor-washed film, pure acceptor solvent is spin-coated on top of the donor
layer, similarly as the acceptor layer would be spin-coated on top, but here without
the actual acceptor molecules. Importantly, these donor-washed films show a negli-
gible effect on molecular orientation when compared to the untreated donor layer.
This indicates that the acceptor layers can be deposited on top of the donor layer
without significantly altering the surface topography of the underlying donor
film.>?~¢" To determine the interface thickness, we measured the energy-dispersive
X-ray reflectometry (EDXR) pattern of the PM6/Y7 LBL (Figure S2). The details of the
measurement and analysis are provided in the supplemental information. The EDXR
profile Parratt fitting accounts for a single layer with a thickness of 945 (+0.5) A (the
PM6/Y7 interface could not be resolved), which in fact corresponds to adding the
nominal thicknesses of the PMé and Y7 layers in the LBL structure. Additionally,
the LBL combined surface (Y7) and buried interface (glass/PMé) roughness is only

3.0(£0.5) A.

Photovoltaic performance

Next, we thoroughly examined the LBL OPV as a function of donor (PMé) and
acceptor (Y7) thicknesses, as seen in Figures 1C and 1D (see Figures S3A and S3B
for detailed device parameters). To study the OPV performance, we fabricated
LBL devices in the configuration of ITO/PEDOT:PSS/PMé/Y7/PDINN/Ag, for which
the processing conditions are documented in experimental procedures. In Fig-
ure 1C, the donor thickness is first fixed by fixing the concentration and spin-coating
speed (rotations per minute [rpm]), and the acceptor concentrations and spin-
coating rpms are gradually tuned to increase the overall LBL thickness (Figure S4).
In Figure 1D, the donor concentrations and spin-coating rpms are gradually tuned
(Figure S5) while keeping the acceptor concentration and spin-coating rpm con-
stant. To simplify our study, we have divided this performance analysis into three re-
gions, as can be seen in the insets of Figures 1C and 1D. Region | (blue color) with
roughly 10-30 nm higher thickness of donor (labeled More D), region Il (green color)
with +5 nm thickness deviation of each donor or acceptor (labeled Optimal), and
region Il (light red) with roughly 10-30 nm higher thickness of acceptor (labeled
More A), have been studied in detail. However, it should be noted that due to the
use of a common solvent for depositing donor and acceptor layers, the interfaces
are not sharp and a thin BHJ-like interface is likely to be present between the two
layers. The UV-vis near-infrared absorption spectra of More D, Optimal, and More
A LBL films are shown in Figure Sé. It should be noted that the tuning of donor layer
and acceptor layer thicknesses is done in the same batch, and the device perfor-
mance in Figures 1C, 1D, and S4 (see supplemental information) is presented with
emphasis on the thickness-performance correlation of each layer rather than report-
ing the highest PCE. The More D LBL OPV devices with higher donor thickness
demonstrated the lowest performance in both cases (Figures 1C and 1D). The lower
exciton diffusion length of PMé (<15 nm), leading to insufficient dissociation of ex-
citons at the D/A interface, results in lowering of mainly the short-circuit current den-
sity (Jsc), and fill factor (FF) (Figure $3).*%%7 The devices with a nearly equal thickness
of donor and acceptor demonstrate superior performance, also larger than the More
An LBL devices having higher acceptor thickness. The improved device parameters
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Figure 2. Device performance, charge transport, and recombination dynamics of LBL OPVs

(A) Histograms of the PCE counts.

(B) J-V characteristics under AM 1.5G irradiation at 100 mW cm 2 (inset: J-V characteristics in darkness).
(C) EQE curves.

(D) Jon versus Vesr characteristics.

(E) Charge-carrier lifetimes (7) using transient photovoltage curves.

(F) Dependence of open-circuit voltage (Voc) on light intensity.
G

) Electron (ue) and hole (u,,) mobilities for More D-, Optimal-, and More A-based LBL devices; error bars represent the standard deviation around the
mean. SCLC, space-charge-limited curve.

in the Optimal case indicates improved charge generation, dissociation, and trans-
port dynamics in these devices, which are studied in the following section. Further
fine-tuning of thicknesses in Optimal LBL OPV is also conducted, as seen in
Figure S7.

Figure 2A displays the PCE distribution histogram for 75 independently measured
devices of More D, Optimal, and More A, indicating good reproducibility of device
performance in the three cases. The current density-voltage (J-V) characteristics and
the corresponding external quantum efficiency (EQE) curves for the best-performing
devices under AM 1.5G irradiation (100 mW cm™2) are shown in Figures 2B and 2C,

Cell Reports Physical Science 5, 102027, June 19, 2024 5



Please cite this article in press as: Kumari et al., Bilayer layer-by-layer structures for enhanced efficiency and stability of organic photovoltaics
beyond bulk heterojunctions, Cell Reports Physical Science (2024), https://doi.org/10.1016/j.xcrp.2024.102027

Cell Reports

¢? CelPress Physical Science
OPEN ACCESS

Table 1. Performance analysis of LBL architecture

Voc (V) Jsc (mA/cm ™) Fill factor (%) PCE (%) (max) Jinteg. (mA/cm™3) Rs () Rsh ()
More D 0.843 + 0.003 25.08 £+ 0.62 67.3 £ 1.5 13.98 £ 0.65 (14.63) 24.30 20.84 + 8.63 (1.05 & 0.24) E+04
Optimal 0.846 + 0.003 26.15 + 0.66 716 + 14 15.67 £ 0.54 (16.21) 24.90 14.54 + 6.11 (1.22 4+ 0.25) E+04
More A 0.844 + 0.003 26.04 + 0.60 692+ 1.4 15.02 £ 0.61(15.62) 24.76 17.42 + 7.02 (1.12 £ 0.23) E+04

Device parameters of optimized More D-, Optimal-, and More A-based LBL devices under AM 1.5G irradiation at 100 mW cm 2 Average of 50 devices in each
case. Data in parentheses correspond to maximum value.

respectively. As seen in the photovoltaic parameters listed in Table 1, the devices
with higher donor thickness (More D) showed the lowest Voc, Jsc, and FF, resulting
in minimal PCE of 14.63% (13.98 + 0.65) compared to the other two cases. The
Optimal LBL devices with nearly equal thickness of donor and acceptor achieved
a maximum PCE of 16.21%, with Voc of 0.846 + 0.003 V, Jsc of 26.15 +
0.66 mA cm~2, and FF of 71.6 + 1.4, while devices with higher acceptor thicknesses
(More A) demonstrated maximum PCE of 15.62% with nearly similar device param-
eters as Optimal. The Io./Iof ratio (Table S1) obtained from dark J-V characteristics of
the inset in Figure 2B shows the highest rectification ratio for Optimal LBL devices,
indicating the occurrence of effective charge extraction, which is also responsible for
the observed higher FF of ~73%, compared to the other two cases.

Charge-transport and recombination dynamics

To understand exciton dissociation, charge transport, and recombination dynamics
in the LBL devices with different thicknesses of donor and acceptor layers, we carried
out a series of electrical characterizations of the devices.®>°° First, we measured the
photocurrent density (Jpp) of the devices as a function of the effective voltage (Ves),
as shown in Figure 2C (see electrical characterization in the experimental procedures
for additional details). Under this short-circuit condition, the LBL OPV devices with
higher donor thickness showed the lowest exciton dissociation probability (Pgiss =
Jph,sc/Joh,sat) compared to the other devices, as shown in Table S1. This confirms
that the limited diffusion length of PMé donor can limit the LBL OPV performance
at higher thicknesses. Charge-carrier lifetimes in LBL devices were determined using
transient photovoltage (TPV) as a function of illumination intensities ranging from 0.0
to 0.5 sun (Figures S8A-S8D). These lifetimes in the devices are typically associated
with the charge carrier’s steady-state recombination rate.®’? As shown in Fig-
ure 2D, it is observed that the average charge-carrier lifetimes, 7 (s), are lowest for
LBL devices with higher donor thicknesses, and interestingly the ,.4. (s) for Optimal
is larger than that for LBL OPV with higher acceptor thicknesses (More A). This indi-
cates that the balanced thickness of both donor and acceptor is necessary for effi-
cient charge transport. We then measured the light-intensity dependence of the
J-V characteristics to understand the recombination kinetics of the devices
(Figures 2D and S9). In general, the relationship between the Jsc values and the inci-
dent light intensity (Pjighy) values adhered to a power-law dependence, Jsc & P%jght,
whereas the Voc values showed a natural logarithm dependence of Pjgny, with a
slope of nkT/g, where k is Boltzmann's constant, T is temperature, g is elementary
charge, and nis the ideality factor. As shown in Figure 2D, n=1.15 + 0.02 suggests
that geminate or trap-assisted Shockley-Read-Hall recombination responsible for
the loss of free-charge carriers is lowest in the Optimal LBL devices.*?** The weakest
bimolecular recombination with a ~ 0.99 in the Optimal case, whereas the lower
o~ 0.95 and & ~ 0.99 in More D and More A LBLs, respectively, also confirms the
improved charge transport in the devices with equal thickness of donor and
acceptor. To obtain additional insight into the observed performance trend by tun-
ing the D/A thicknesses, the hole and electron mobilities of the blend films were

6 Cell Reports Physical Science 5, 102027, June 19, 2024
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Figure 3. Electrical and morphological characteristics of LBL OPVs

(A) Nyquist plots (inset: equivalent circuit employed in fitting different impedance curves).

(B) Frequency-dependent imaginary parts of the impedance spectra.

(C-E) AFM topography height and phase images (scan size 2 X 2 pm) of (C) More D-, (D) Optimal-, and (E) More A-based LBL films.
(F) GIWAXS images of PMé, Y7, and Optimal LBL films.

determined by fitting the dark current to the model of a single-carrier space-
charge-limited curve (Figures 2G and S10), as described by the Mott-Gurney
equation.”®¢%71.72 More balanced hole (up)/electron (ue) mobilities of 4.41 x
10743.70 x 107" ecm? V™" 57" and 4.40 x 107%/3.66 x 10~* cm? V" s™" were ob-
tained for the Optimal and More A-based LBL OPVs as compared to the LBLs with
higher donor thickness (More D), 2.85 x 10743.47 x 107 ecm? V™' s7'. This
observed mobility trend suggests the lowest recombination loss in the Optimal
LBL OPV with enhanced Jsc and FF values in the devices, as also observed in the pre-
ceding section.

To quantify resistive and capacitive contributions to the overall electrical response of
the devices with different layer thicknesses, we undertook EIS of the LBL sys-
tems.”*”’® Figure 3A shows Nyquist plots of the LBL devices over the frequency
range of 10 Hz to 1 MHz. The fitted curves are shown in Figure 3A as lines together
with the experimental data (denoted as symbols), where a simplified circuit model
was used to fit these curves (inset of Figure 3A). All Nyquist plots showed a single
semicircle in the complex plot of the imaginary part versus the real part of the com-
pleximpedance. The corresponding parameters are listed in Table S1. In this circuit,
Rseries represents the ohmic series resistance including the electrode and bulk resis-
tance in the active layer. R.. is associated with the charge recombination resistance
according to the model employed. We observed that the Optimal LBL OPV showed
the highest non-radiative recombination resistance R... value (= 164.9 kQ), whereas
LBL with higher donor thickness showed the lowest R, value (= 67.4 kQ), indicating
that the LBL with higher donor thickness suffers from highest charge recombination,
even higher than devices with higher acceptor thickness R.o. value (=93.8 kQ). As
can be seen from the frequency-dependent imaginary parts in Figure 3B, the
maximum frequency (fnax) value in the impedance is located at a lower frequency
for the Optimal case compared with that of More A or More D. The f,, is related
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to the relaxation time (1) by f.« « 1/7; this implies that Optimal LBL devices had
higher electron lifetimes and diffusion rates, which is consistent with the charge-car-
rier lifetime obtained in aforementioned TPV measurement.

Using AFM and GIWAXS, the impact of the processing solvents on the morphology
and molecular orientation of the Optimal LBL films was further investi-
gated.?®73%72.7¢ |n Figures 3C-3E, the More D, Optimal, and More A films showed
similar features in AFM height and phase images, indicating that the layers show
similar morphological characteristics. As also seen in GIWAXS images in Figure 3F,
the molecular orientations of PM6 and Y7 were essentially preserved in the LBL films.
We did not observe any distinct changes upon tuning the thicknesses. From GIWAXS
images in Figures ST1A and S11B, both PMé and Y7 have strong, well-defined (010)
m-1 stacking in the out-of-plane (g,) direction centered at around 1.70 A", and
1.73 A7, respectively, indicating the thermodynamically preferred face-on orienta-
tion of donor and acceptor material. The Optimal LBL OPV has a similar face-on
orientation with a strong peak for (010) 7t-7 stacking at around 1.75 A~ " in the g, di-
rection (Figure S11C). The d-spacing and crystallite coherence length for (100)
lamellar and (010) m-1 stacking in the out-of-plane (g,) direction obtained from
line cut profiles of GIWAXS data for PM6, Y7, and LBL films are provided in
Table S2. Figures S12A and S12B display the circular cut profiles of the (010) w-7
diffraction peaks and (100) lamellar diffraction peaks. The azimuthal angle (x) inten-
sity of 45°-135° was attributed to the substrate’s parallel (||) 7v-7 stacking, while the x
intensity of 0°-45° and 135°-180° was attributed to the perpendicular (1) -7 stack-
ing, and vice versa for the lamellar stacking.”* The nearly identical circular cut profiles of
the (100) lamellar and (010) -7 stacking of LBL film compared to pristine PMé and
Y7 indicates that molecular orientation was essentially preserved in the LBL devices.

Architectural robustness with respect to photoannealing and thermal
annealing

Besides the requirement of a high PCE, improvement in long-term photostability
and thermal stability is of paramount importance to ensure a long lifetime under
continuous operation even in harsh conditions.'"8:30:37:42:54.55.77-79 T gain further
insights into the long-term architectural stability, the Optimal LBL OPV, showing su-
perior device and electrical performance, was compared in detail with the BHJ OPV
counterpart. PMé:Y7-based BHJ devices with similar 100-nm thickness were fabri-
cated according to the reported literature, as detailed in experimental procedures.
The J-V characteristic of best-performing PM6:Y7 BHJ OPV is provided in Figure S14.
The maximum PCE of 15.6%, with Voc of 0.845 V, Jsc of 25.88 mA cm ™2, and FF of
71.5%, is achieved for the BHJ OPV, which is interestingly below the maximum per-
formance of the Optimal LBL OPV. To compare the intrinsic stability of the optimized
LBL and BHJ devices, we performed a comparative study of the two architectures by
subjecting the OPVs to photostress and thermal stress over a relatively long time in-
side a nitrogen-filled glovebox. The stability test of state-of-the-art OPVs was carried
out by following ISOS protocols in inert atmosphere, which largely reveals the
inherent stability of the active layers.”® We used maximum power point (MPP)
tracking, and Figure S15A shows the PCE extracted from continuous MPP tracking
(black) versus periodic J-V scans (red) collected during the measurement. The
detailed ISOS protocols are summarized in Table 2. To emphasize structural stabil-
ity, we used a UV filter (Figure S15B) to prevent the rapid degradation of the active
layer in photostability measurement. Second, an important stress factor in maintain-
ing structural stability is temperature. Thermal degradation in the dark occurs in
OPVs at elevated temperatures due to chemical and, especially, structural and
morphological instabilities of the absorber materials. Three devices for both the
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Table 2. ISOS protocol

Stability Light source Intensity Atmosphere UV filter Temp. (°C) Encapsulation MPP tracking Interval
Photo (ISOS-Ly) solar simulator 1 sun No-filled chamber yes 35-50 no yes 15 min
Thermal (ISOS-Dy) solar simulator 1 Sun No-filled chamber no 85 no - -

Summary of ISOS parameters used for the photoannealing and thermal annealing of optimized LBL and BHJ OPVs.

LBL and BHJ OPV cases were studied in photostability and thermal stability tests,
and the corresponding PCE, V¢, Jsc, and FF are shown in Figures S16-519, respec-
tively. Figure 4A shows that the photostability (ISOS-Lx) of the LBL OPV demon-
strated that 74% of the initial PCE could be maintained after continuous light illumi-
nation for ~1,000 h, while the BHJ OPV retained only 67% within the same time
period. As shown in Figures S20 and S21, we also measured the photostability
without a UV filter, and the initial degradation profile for ~300 h appears very similar
to the one measured with a UV filter. While in the photostability measurements a
slow performance reduction over time was observed, the thermal annealing mea-
surements of OPV devices (Figure 4B) showed more continuous deterioration in per-
formance. When considering the thermal stability at 85°C (ISOS-Dy), the LBL OPV
retained 53% of the initial PCE after being under continuous thermal stress for
~1,000 h, while the BHJ OPV showed severe degradation with retained PCE of
just 39% over the same time period.

Molecular and morphological changes in long-term stability

To uncover the origin of the reduction in PCEs in photostability and thermal stability,
we carried out a series of optical, morphological, molecular, and electrochemical
characterizations.”*73741:°9.89-82 First we looked at photodegradation using UV-
vis absorption spectra of photodegraded LBL and BHJ films (Figure S22). As can
be seenin Figures S22A and S22B, the absorption profiles of both BHJ and LBL films
are reduced particularly in the PM6 region due to the photochemical instability of
the polymers compared to the Y7, and as a result the current decreased over
time, leading to the PCE decrease. Using FTIR spectroscopy, the vibrational modes
of the molecules were explored, providing valuable insight into the photodegrada-
tion of PM6 and Y7 in the bulk and LBL systems.®*** As shown in Figure 523, we as-
signed the vibrational normal mode at 1,648.20 cm™" to the vibrations of oxygen
and carbon atoms of the carbonyl (C=0) group of PMé and that at 2,216.24 cm™!
to the vibrations of nitrogen and carbon atoms of the side-chain cyanide (C=N)
group of Y7. A large shift of C=0O peak of the PMé from 1,648.20 cm™' to
1,646.27 cm~" and 1,645.30 cm™", and a small shift of C=N peak of the Y7 from
2,215.28 cm ' t0 2,214.32 cm ™" and 2,214.32 cm~", were observed for LBL and
BHJ films, respectively. This indicated that the PMé component tends to undergo
more photochemical degradation than Y7, which is consistent with the observed ab-
sorption spectra. It should be noted that we did not observe any significant change
in the peak intensities for architectures of LBL- and BHJ-based OPV, as the molecular
components (i.e., PMé and Y7) of both architectures are essentially the same. Next,
we used optical microscopy (OM) (Figure S24), AFM (Figure S25), and SEM (Fig-
ure S26) imaging to analyze the morphological stability. As seen in Figures 4C and
4E, the LBL films showed robustness in the photoannealed films when compared
with the fresh ones, whereas the appearance of a fine dotted structure in OM and
higher roughness in AFM images was observed for photodegraded BHJ films
(Figures 4D and 4F). This can partly explain the lower PCE stability in the correspond-
ing BHJ devices when compared to the LBL devices. Here we suggest that the
observed morphological instability in the BHJ devices is more due to the absorbed
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Figure 4. Long-term stability using ISOS protocols and morphological comparison of LBL and BHJ OPVs

(A) Photostability (ISOS-Ly).

(B) Thermal stability (85°C, ISOS-Dx) comparison of PMé- and Y7-based LBL and BHJ OPVs for 1,000 h under AM 1.5G irradiation at 100 mW cm~2.
(C-J) Corresponding OM and AFM images of fresh (C and G) LBL films and (D and H) BHJ films. Morphological comparison using photodegraded (E) LBL

and (F) BHJ films and thermally degraded (1) LBL and (J) BHJ films.

heat during the photostability experiment, which can be understood more clearly in
the following morphological characterization of thermally degraded films.??-#7:%°

Next, we compared the optical changes using UV-vis absorption spectra of LBL and
BHJ films (Figure S27) for the thermal stability case. In thermally degraded films, a negli-
gible reduction in absorption profile was observed for LBL and BHJ architectures
compared to the photostability case. This implied that the thermal stress causes struc-
tural instability rather than chemical instability, as expected and as also evident from the
OM (Figure S28), AFM (Figure S29), and SEM (Figure S30) images. As seen in
Figures 4E, 4F, 41, and 4J, the LBL films showed much better robustness under thermal
stress compared to the BHJ films. The severe PCE degradation of BHJ OPV during the
thermal stress is due to the induced micro-sized features (Figure 4J) rather than nano-
sized features (Figure 41) in the LBL devices arising from thermal stress. As a result, we
believe that the micro-sized phase aggregation, leading to large-scale demixing of D/A
domains, mainly contributed to the observed large PCE loss in BHJ OPVs and that this
to a large extent can be mitigated via the LBL architecture.

Energetics of LBL and BHJ structures under photochemical and thermal stress
Additionally, we investigated the defects arising from photochemical and thermal stress
in the LBL and BHJ OPVs using the ER-EIS technique, as detailed in experimental pro-
cedures.®®’2#587 The density of states (DOS) is inversely proportional to the charge-
transfer resistance (R.) at an applied voltage U according to the following equation:

9(Er = el) = 1/ eke|CJSR, (Equation 1)

where e is the elementary charge, Eg is Fermi energy, k. is the charge-transfer con-
stant, C is the concentration of supporting electrolyte in the interface region of the
solid/liquid contact interface, and S is the sample area.
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Figure 5. Insight into molecular and device architectural stability of LBL and BHJ OPVs

(A) ER-EIS spectra for fresh PM6, Y7, LBL, and BHJ films at 500 mHz.

(B) Comparison of ER-EIS profiles for photoannealed and thermally annealed PMé- and Y7-based LBL and BHJ films at 500 mHz.

(C) Rct’1—ver5us—energy plots obtained at fixed frequencies from 100 mHz to 2Hz for fresh, photoannealed (PA), and thermally annealed (TA) (C) LBL and
(D) BHJ films. Insets are zoomed images for defective densities of state near HOMO regions.

Re: '-versus-energy plots were created (Figure 5A) to obtain information about the
DOS profiles for PM6, Y7, LBL, and BHJ films, based on Equation 1. The DOS profiles
of fresh, photoannealed, and thermally annealed LBL and BHJ films are presented in
Figure 5B. The onset of peaks on the left side and right side, as shown in Figure 5A,
can be used to electrically determine the highest occupied molecular orbital
(HOMO) and lowest unoccupied molecular orbital energy levels, and thus to calcu-
late the electrical band gap of PMé, Y7, LBL, and BHJ films. Figures 5C and 5D show
the Ry~ '-versus-energy plots obtained at fixed frequencies from 100 mHz to 2 Hz for
fresh, photoannealed, and thermally annealed LBL and BHJ films, respectively. Inter-
estingly, on comparing the DOS profiles of LBL and BHJ films in the photoannealing
and thermal annealing conditions, the presence of very sharp peaks are observed
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Figure 6. Robustness of LBL architectures over BHJs in different high-performance non-fullerene systems
(A-F) Photostability and thermal stability (85°C) of (A) PM6 & Y6-, (B) PM6 & N3-, (C) PM6 & Y7-12-, (D) PMé & IT-4F-, (E) TPD-3F & IT-4F-, and (F) PBDB-T &

ITIC-based LBL and BHJ OPVs under AM 1.5G irradiation at 100 mW cm 2.

(G and H) Comparison of phase aggregation in (G) LBL and (H) BHJ architectures; based on morphological changes (Figures S31 and 532) after stability

measurement.

near the HOMO region (—5.0 to —5.18 eV) for the thermally annealed BHJ films (Fig-
ure 5D). This verifies that while the BHJ morphology is kinetically frozen solely during
solution processing, this morphology is far from its thermodynamic equilibrium and,
therefore, prolonged thermal aging causes the photoactive layer to move toward
the thermodynamically stable phase-aggregated state, ultimately modifying the en-
ergetics near the HOMO edge and resulting in the unsatisfactory stability perfor-
mance of the BHJ OPVs. Notably, we observed negligible changes in the DOS pro-
files of the photoannealed and thermally annealed LBLs compared to the fresh one
(Figure 5C), suggesting that the LBL architecture is thermodynamically more stable,
as also evident from the device lifetime results.

To further support our findings, we investigated LBL and BHJ OPVs in eight more
highly efficient non-fullerene systems, namely, PM6 & Y6, PM6 & N3, PM6 &Y7-12,
PM6 & IT-4F, TPD-3F & IT-4F, PBDB-T & ITIC, PTB7-Th & EH-IDTBR, and PTB7-
Th & O-IDTBR.%¢710/12:21,28,37,53,55-58,82,88-90 To |0 53 shows the device parameters
of optimized devices, and device fabrication conditions are reported in supple-
mental experimental procedures. The photostability and thermal stability of LBL
and BHJ devices in these systems are provided in Figures 6A-6F and S31. Interest-
ingly, we found that all the LBL OPV showed improved photostability and thermal
stability as compared to their BHJ counterparts, due to the better intrinsic stability
of the architecture under photochemical and thermal stress. In Figures S32 and
S33, we used the AFM technique to understand the morphological evolution in
the degraded LBL and BHJ systems upon comparing fresh and degraded films. As
shown in the AFM results, we observe that the LBL systems are more robust than
the BHJ systems, where the presence of large aggregation can be very clearly
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seen in the degraded films. As observed above in detailed characterizations of
PMé & Y7 systems, we also believe here that the presence of nanoscale domains
in the optimized morphology of BHJs has gradually and eventually evolved to the
thermodynamically stable state, which is quite different from the initial state,
showing large-scale phase-aggregated suboptimal morphology that results in the
pronounced reduction in PCE with time. Therefore, improved morphology retain-
ment of LBLs (Figure 5G), as compared to BHJs (Figure 5H) in different NFA systems
highlights the need in the future to move beyond the BHJ toward the robust LBL ar-
chitecture in the OPV field. To demonstrate the potential for upscaling using this LBL
approach for OPV technology, we have also fabricated LBL films using slot die (S2S)
coating to scale up the PMé/Y7 LBL OPV (Figure S34A). A well-defined LBL film can
be coated on a large substrate (7 X 7 cm?), as shown in Figures $34B and $34C. The
AFM images of PMé6, Y7, and LBL films shown in Figures S34D—-S34F are also reflec-
tive of the spin-coated results presented in this study, indicating the smooth transfer
of the fabrication process from lab scale to large scale.

In this work, OPV LBL architecture devices based on PMé/Y7 were thoroughly exam-
ined by varying the donor and acceptor thicknesses and studying in depth the effect
on electrical, optical, and morphological properties. It was found that LBL devices
with higher donor thicknesses showed the poorest device performance due to inade-
quate exciton separation and charge generation-extraction, as well as enhanced bimo-
lecular and trap-assisted recombination. The higher-acceptor-thickness LBL devices
showed improved electrical properties, but these were still lower than those of the
LBL OPV devices with equal donor and acceptor thicknesses, which showed superior
charge-transport dynamics with the lowest recombination rate and highest PCE of
16.21%. This even exceeded the PCE of its BHJ counterpart. To investigate the robust-
ness of the LBL architecture, we compared the long-term photostability and thermal
stability of the high-performance LBL OPV with conventional BHJ OPV devices by
following 1SOS degradation protocols. The LBL devices clearly outperformed the
BHJ architecture in terms of long-term photostability and thermal stability, with the
BHJ devices’ poorer performance being attributed to substantial phase aggregation
in the film morphology. Notably, ER-EIS showed a significant appearance of DOSs
near the HOMO edge region of thermally degraded BHJ films, indicating that the
BHJ blend has an intrinsically unstable blend morphology that eventually moves to a
thermodynamically stable state, causing severe phase aggregation and performance
degradation in the device. To further support our findings and demonstrate their gen-
eral validity, we also compared the photostability and thermal stability of eight other
non-fullerene systems, namely PMé & Y6, PM6 & N3, PM6 & Y7-12, PMé & IT-4F,
TPD-3F & IT-4F, PBDB-T & ITIC, PTB7-Th & EH-IDTBR, and PTB7-Th & O-IDTBR-
based LBL, with BHJ OPV. Compared to BHJ, where severe phase aggregation is
clearly seen in films, LBL-architecture-based OPV with nearly frozen film morphology
demonstrated enhanced long-term photostability and thermal stability in all cases.
Finally, the scaling up of an LBL film using S2S coating techniques was demonstrated
to highlight the feasibility of lab-to-fab OPV fabrication. This research thus sheds light
on how well performing and robust the optimized OPV LBL architecture is when
compared to the widely used BHJ architecture and paves the way for the development
of long-term stable LBL OPVs required for commercialization.

EXPERIMENTAL PROCEDURES

Resource availability

Lead contact

Requests for further information and resources should be directed to and will be ful-
filled by the lead contact, Prof. Morten Madsen (madsen@mci.sdu.dk).
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Materials availability
This study did not generate new unique reagents.

Data and code availability

The primary data supporting the findings of this investigation are included in the
article and its supplemental information. The additional datasets produced and/or
analyzed during the current investigation can be provided by the corresponding au-
thors upon reasonable request. Additional information is available from the lead
contact upon request.

Materials

The donor polymers PMé, TPD-3F, and PTB7-Th, the acceptor materials EH-IDTBR
and O-IDTBR, and the electron-transport layer material PDINN were purchased
from 1-Material. The donor polymer PBDB-T and the acceptor materials Y7, Y6,
Y7-12, N3, ITIC, and ITIC-4F were purchased from Brilliant Matters. To ensure a
fair comparison between the experimental and control devices, all active materials
employed in this investigation were acquired from the same batch. Poly(3,4-ethyle-
nedioxythiophene) polystyrene sulfonate, (PEDOT:PSS [P VP.Al 4083]) dispersion
was purchased from Heraeus. Anhydrous chlorobenzene, anhydrous chloroform,
anhydrous methanol, 1-chloronaphthalene (CN), and 1,8-diiodooctane (DIO) were
obtained from Sigma-Aldrich and used as received. The additional solvents were
provided by TCl and were all used without further purification.

OPV device fabrication and characterization

The pre-patterned indium tin oxide (ITO) glass substrates were cleaned by subsequent
15-min sonication in liquid detergent, deionized water, acetone, and isopropanol,
respectively, then dried under nitrogen flow. The substrates were ozone treated before
coating the PEDOT:PSS layer. After being spin-coated at 4,000 rpm for 40 s, the
PEDOT:PSS layer was annealed for 20 min at 140°C in air. The substrates were subse-
quently transferred to the glovebox, and the active layer was spin-coated for LBL and
BHJ-based OPV device fabrication. The LBL films of donor and acceptor were spin-
coated sequentially at different rpms to obtain the desired thicknesses (Figures S5
and S6). The films were then thermally annealed for 10 min at 100°C. Following cool-
ing, a thin PDINN film as an electron-transport layer was spin-coated at 3,000 rpm for
30 s, after which a 100-nm-thick coating of silver was evaporated at 1 x 1077 bar.

For fabrication of PMé & Y7 LBL devices, 14 mg mL™" each of the PMé and acceptor
Y7 materials were dissolved in anhydrous chlorobenzene separately and stirred for at
least 4 h at 80°C. Prior to spin-coating, 0.5 vol % of CN was added to the solutions.
The same recipe was followed for PMé & Y7-12-based LBL device fabrication. For
PMé6 & IT-4F, TPD-3F & IT-4F, and PBDB-T & ITIC, the same concentration of donor
and acceptor was used, but in the case of PMé & IT-4F, TPD-3F & IT-4F, and PBDB-
T & ITIC 1.0 vol %, 0.5 vol %, and 0.5 vol % of DIO were used, respectively. PMé &
IT-4F solutions were stirred at 40°C, while TPD-3F & IT-4F and PBDB-T & ITIC solu-
tions were stirred at 60°C, for at least 4 h. For PTB7-Th & EH-IDTBR-based and PTB7-
Th & O-IDTBR-based LBL device fabrication, 12 mg mL™" each of the PTB7-Th and
acceptor materials were dissolved in anhydrous chlorobenzene with 0.5 vol % CN
separately, and the solutions were stirred at 60°C for at least 4 h. For PMé & Yé
and PMé & N3, 10 mg mL™" each of the PM6 and acceptor materials were dissolved
in anhydrous chloroform separately with 0.5 vol % of CN, and the solutions were
stirred at 40°C for at least 3 h. The electron-transport layer solution was prepared
by stirring 1.0 mg mL~"of PDINN in anhydrous methanol at 40°C for 1 h. For BHJ
OPV device fabrication, the recipes were followed according to the reported
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literature, and approximately similar thicknesses as LBL counterparts (~100 nm)
were used. 10:12:36,53,55,56,82,88-90

After device fabrication, the J-V measurements for the photovoltaic devices were
carried out using a Keithley 2365 A source measurement unit under Enlitech solar
simulator’s simulated sunlight (AM 1.5G) at an intensity of 100 mW em 2. J-Vcurves
were measured in the forward direction from —0.5 to 1.2 V, with a dwell time of 5 ms
and a scan step of 20 mV. Irradiance was calibrated using a typical silicon photo-
diode before the device was measured. Four devices were fabricated on one square
substrate (1.5 x 1.5 cm?), and the effective area of each device was 0.066 cm?, deter-
mined by a non-refractive shadow mask. For the photo and thermal stability of LBL
and BHJ architectures, the devices were fabricated on smaller substrates (1.0 x
1.5 cm?, three devices with an active area of 0.028 cm?) so that the two cases (LBL
and BHJ) could be tested simultaneously with the designed setup, allowing for a
fair comparison under the same measurement conditions. EQE measurements
were carried out utilizing QEX7 quantum efficiency measurement equipment (PV
Measurements) in an ambient environment without encapsulating the OPV devices.

Electrical characterizations

For electrical characterizations, OPV devices or active-layer films coated on ITO
substrates were used. In exciton dissociation probability, the photocurrent density
(Jpn) of the devices as a function of the effective voltage (V) was measured. Jgp is
defined as J_ — Jp, where J, and Jp are the current densities under 100 mW cm ™2
illumination and in dark conditions, respectively. Ve is obtained from the formula
Vet = Vo — Voias, Where Vyis the voltage when Jy, = 0 and Vi, is the applied voltage.
In the Joh — Vess plot, Jon becomes saturated at a high applied voltage (Veg > 2.0V)
and this is denoted as Jyp sat, Which represents the complete dissociation of the pho-
togenerated charges at a high applied voltage. The photocurrent density obtained
under the short-circuit condition is referred to as Jyp sc. See supplemental informa-
tion for additional electrical characterization details.

Morphological characterizations

For morphological characterization, the optimized device fabrication processing
conditions were used to prepare thin films. Glass substrates were used to fabricate
samples for the absorption, OM, SEM, AFM, and thickness measurement, while for
all other characterizations, samples were fabricated on silicon substrates. UV-vis
spectra were obtained using a UV-1800 spectrophotometer (Shimadzu). OM images
were taken with an inverted optical microscope (Olympus, IX71). SEM characteriza-
tion of the samples was made with a Hitachi Model S-4800 field-emission scanning
electron microscope. The images were obtained at an accelerating voltage of 1 kV at
10 pA at working distance of 8 mm. Magnification between 400 nm and 30 um was
used in mixed backscatter and backscattered-electron mode for imaging. The AFM
topology measurements of the samples were made with Dimension 3100 AFM
equipment and NanoScope Version 5 software. Analysis of the image files was
made using Gwyddion software. The scan size of the images is 5 X 5 um, scan
rate 0.40 Hz, and resolution 512 samples per line. Measurements were made in tap-
ping mode. GIWAXS characterization was carried out at the Denmark Technical Uni-
versity using a laboratory setup (Xeuss 3.0, from Xenocs). Here, Cu-Ka radiation
(wavelength [A] = 1.5418 A) that was supplied by a microfocus copper source was
focused and monochromatized with a 2D single-reflection multilayer optic and colli-
mated with scatterless slits. The substrate surface was oriented at a grazing inci-
dence angle of 0.18° with respect to the incident X-ray beam. The scattered radia-
tion was detected with an Eiger 4M single-photon counting detector (DECTRIS),
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90.0 mm away from the sample. The raw data were processed and analyzed using
MATLAB software.

SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/10.1016/j.xcrp.
2024.102027.
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