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ABSTRACT

Bilayer organic solar cells (OSCs) have been actively investigated due to more ideal photoactive layer structures and possibly better
device stability compared to those of bulk-heterojunction OSCs. Here, we introduce a binary non-fullerene acceptor layer com-
posed of IDIC and IT-4F into bilayer OSCs and investigate its effects on device performance and thermal stability. We found that
IT-4F suppresses IDIC aggregation, which provides ideal interface morphologies between acceptor and electron transport layers,
resulting in improved power conversion efficiency. In addition, due to suppressed IDIC aggregation, PM6/IDIC:IT-4F films
showed robust thermal durability upon various pre-annealing test conditions. Moreover, PM6/IDIC:IT-4F bilayer OSCs exhibited
improved stability compared to that of PM6/IDIC devices under continuous thermal annealing conditions. Whereas all photo-
voltaic parameters deteriorated upon thermal annealing in PM6/IDIC devices, only open-circuit voltages were reduced in PM6/
IDIC:IT-4F devices, possibly due to a minor aggregation of IDIC. Nevertheless, binary acceptor layer reduced non-radiative volt-
age losses in bilayer OSCs, suggesting that there is more room to achieve better device stability by proper material selection. This
work demonstrates that introducing a binary acceptor layer into bilayer OSCs can be an effective strategy to achieve both high
efficiency and improved stability, especially when the given NFA tends to aggregate strongly.

1 | Introduction are typically employed to achieve high PCEs. Although BHJ sys-
tems can indeed deliver excellent efficiencies, they may not consti-
tute an ideal photoactive layer structure. In BHJs, the randomly
intermixed donor—acceptor morphology makes it difficult to repro-
duce identical film structures and device efficiencies when scaling
up the active area from lab-scale devices [6, 7]. In addition, BHJ

morphologies are easily altered under external stress, such as con-

Developing novel non-fullerene acceptors (NFAs) and conjugated
polymer donors has enabled organic solar cells (OSCs) to achieve
power conversion efficiency (PCE) over 20% [1-3]. Such excep-
tional progress has opened up the possibility of commercializing
OSCs, owing to their unique advantages such as mechanical flexi-
bility, light weight, and the facile fabrication of large-area devices

via roll-to-roll and solution processing [4, 5]. However, since org-
anic semiconductors generally exhibit short exciton diffusion len-
gths and relatively low charge carrier mobilities compared to their
inorganic counterparts, bulk-heterojunction (BHJ) architectures

tinuous illumination or high-temperature exposure, often resulting
in poor device stability [8-10]. Furthermore, the device optimiza-
tion process is inherently complicated, as BHJ performance is
strongly influenced by multiple parameters, including (1) the
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donor-to-acceptor weight ratio [11], (2) the choice of host solvent
and processing additives [12-15], and (3) post-treatments such as
thermal or solvent-vapor annealing [16, 17]. These complex and
time-consuming optimization steps pose significant challenges to
further development and large-scale commercialization of OSCs.

Bilayer (or pseudo-bilayer) OSCs can overcome such limitations of
BHIs, and recently they have achieved power conversion efficien-
cies (PCEs) comparable to those of BHJ devices, exceeding 20%
[18, 19]. Bilayer structures can be realized either by using orthogo-
nal solvents or by employing similar solvents for processing donor
and acceptor materials. The former approach typically produces
well-separated bilayers [20-22], whereas the latter results in an
intentionally intermixed region between donor and acceptor layers
within the active layer, often referred to as a pseudo-bilayer or
p-i-n structure [23-25]. Notably, several studies have reported
superior device stability in bilayer OSCs (including both well-
separated and pseudo-bilayer structures) compared to BHJ devi-
ces [19, 26], suggesting that further systematic investigations
into the stability of bilayer OSCs are highly needed.

A combination of polymer donors and NFAs is commonly used
in both efficient BHJ and bilayer OSCs. Bilayer OSCs are typi-
cally fabricated using a conventional device structure (i.e.,
Glass/ITO/HTL/donor/acceptor/ETL/Al or Ag), where the dif-
ferent solubility properties of donor and acceptor materials in
orthogonal solvents are strategically used to form a bilayer sys-
tem [21, 22]. In this device configuration, the acceptor layer is
located adjacent to the ETL and is directly involved in electron
extraction. Therefore, forming a suitable surface condition and
interface morphology is crucial for achieving efficient device
performance, avoiding undesirable energetic mismatch or cha-
rge trapping in bilayer OSCs [20, 27]. In addition, since NFAs
generally have a lower bandgap than polymer donors, the
absorption range can be further tuned by introducing a third
component into the acceptor layer [28]. These donor/binary
acceptor systems are termed ternary bilayer OSCs, where the
binary acceptor is a mixture of two acceptors. Indeed, several
recent studies have introduced binary NFA systems into bilayer
OSCs, demonstrating improvements in device performance
and stability [19, 29-31]. However, a systematic understanding
of how binary NFA systems influence bilayer OSC character-
istics is still lacking. Therefore, it is important to investigate
whether employing a binary NFA system is an effective strat-
egy for enhancing the performance and stability of bilayer
OSCs [32].

Herein, we investigate the effects of introducing a binary NFA sys-
tem into bilayer OSCs—referred to as ternary bilayer OSCs to
reflect the three-component architecture of the donor/binary
acceptor—on both PCE and thermal stability. PM6 was used as
the polymer donor, while IDIC and IT-4F used as the non-fullerene
acceptors. We found that bilayer OSCs employing a binary IDIC:
IT-4F (0.7:0.3 w/w) acceptor layer exhibit improved PCE with
markedly prolonged thermal endurance, highlighting the potential
of this work as a comprehensive materials engineering solution for
high performance bilayer architectures. Interestingly, IDIC tends to
aggregate strongly which leads to rough surface morphologies in
neat films as well as bilayer films. However, this aggregation is
effectively suppressed by the incorporation of IT-4F, which exhibits
weaker crystallinity and forms smoother film morphologies than
IDIC. The suppression of IDIC aggregation results in a more favor-
able interface between the acceptor and electron-transport layers,

thereby improving device robustness under thermal stress with
maintaining efficient charge extraction in PM6/IDIC:IT-4F bilayer
OSCs. In particular, pronounced IDIC aggregation is observed in
PM6/IDIC devices after thermal annealing, whereas this aggrega-
tion is dramatically suppressed in PM6/IDIC:IT-4F devices, indicat-
ing that IT-4F effectively inhibits IDIC aggregation. Furthermore,
the non-radiative voltage loss is reduced in PM6/IDIC:IT-4F devi-
ces after annealing compared to PM6/IDIC devices. These results
demonstrate that employing a binary NFA system is an effective
strategy for simultaneously enhancing efficiency and thermal sta-
bility in bilayer OSCs, especially when the NFA exhibits a strong
tendency to aggregate. While this investigation focuses on the spe-
cific IDIC:IT-4F system, this strategy suggests its potential versatil-
ity across other NFA systems susceptible to excessive aggregation
[33, 34].

2 | Results and Discussion

21 | Characterization of Bilayer Organic
Solar Cells

PM6 and IDIC were selected as donor and acceptor materials,
since bilayer OSCs with these materials showed comparably high
device performance with that of BHJ devices as previously
reported [21, 22]. IT-4F was selected as a third component mate-
rial, as we expected ITIC derivatives could show good per-
formance in bilayer OSCs based on our previously reported
study [35]. IT-4F has lower band gap energy compared to that
of IDIC, which is beneficial to obtain higher photocurrents
(Figure S1). Bilayer OSCs were fabricated with a conventional
structure (Figure 1a). Bilayer films of D/A layers were formed
using orthogonal solvents, and details can be found in the
Experimental Section. The overall device structures and material
combinations are energetically suitable, suggesting energy level
mismatching cannot affect device performance (Figure 1b). It is
noteworthy that IT-4F has the smallest band gap energy of about
1.56 eV, which is beneficial to obtain high photocurrents, and
IDIC has slightly larger band gap energy, but shallower LUMO
level is likely to obtain high open-circuit voltages.

We compared device performance measured under 1 Sun of
PM6/acceptor bilayers, where acceptors are IDIC vs. IDIC:IT-
4F (0.7:0.3 w/w) vs. IT-4F. Current density-voltage (J-V') charac-
teristics and external quantum efficiency (EQE) spectra are
shown in Figure 1c and 1d, respectively, and corresponding pho-
tovoltaic parameters are summarized in Table 1. As expected
from absorption properties, PM6/IT-4F devices showed the high-
est short-circuit current density (Jsc), and PM6/IDIC devices
showed the highest open-circuit voltages (Voc). Interestingly,
PM6/IDIC:IT-4F devices showed similarly high Jsc with that
of PM6:IT-4F devices, and similarly high V¢ with that of PM6/
IDIC devices, leading to the highest PCE compared to the others.
We further tested bilayer OSCs with varying blend ratio of IDIC:
IT-4F systematically from 1:0 to 0:1 (Figure S2 and Table SI).
With increase in IT-4F ratio, Jsc increases and Vo decreases
gradually, close to those of PM6/IT-4F devices. The gradual evo-
lution of Vo can suggest an alloy-type mixed NFA phase [36-38],
consistent with the intermediate n—=n stacking peak position in
the IDIC:IT-4F films, which will be discussed in the following
section; however, detailed ternary charge generation mecha-
nisms are beyond the scope of this work. With specific ratio
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(a) Device structure of bilayer OSCs with PM6 as donor and IDIC, IDIC:IT-4F blend and IT-4F as acceptor layer. (b) Energy band

diagram of the devices. (c) J-V curves and (d) EQE spectra of optimum devices.

TABLE1 |
in parenthesis.).

Summarized photovoltaic parameters of bilayer OSCs. (Average and standard deviation values were calculated from 10 devices as stated

JSC

Active layer (mA cm™2)

VOC
W)

PCE

FF (%)

PM6/IDIC 14.2 (14.2 +0.30)
PM6/IDIC:IT-4F 15.6 (15.5 +0.20)
PM6/IT-4F 15.8 (15.9 +0.43)

0.970 (0.958 +0.012)
0.950 (0.935 +0.011)
0.904 (0.884 + 0.020)

0.687 (0.655 =+ 0.029)
0.697 (0.657 + 0.022)
0.648 (0.616 + 0.018)

9.34 (9.05 £0.21)
10.3 (9.71 +0.26)
9.26 (8.78 £0.27)

of IDIC:IT-4F =0.7:0.3, the devices showed similar Jsc and
enhanced V¢, compared to PM6/IT-4F, leading to enhanced
PCEs.

We investigate light intensity-dependent photovoltaic parame-
ters, namely Jsc and Voc, to check whether the effect of bimo-
lecular or trap-assistant recombination [39], respectively, is
relevant to device performance or not. In terms of bimolecular
recombination rate, all devices, including PM6/IDIC, PM6/
IDIC:IT-4F, and PM6/1T-4F, showed similar trends of Jsc vs. light
intensity characteristics (Figure S3a), indicating bimolecular
recombination is not the main origin of enhanced PCEs in the
binary NFA system. For V¢ vs. light intensity characteristics,
which normally reflect trap-assisted recombination information,
PM6/IDIC devices showed slightly lower trap-assisted recombi-
nation losses compared to the other devices of PM6/IDIC:IT-4F
and PM6/IT-4F system (Figure S3b). Nevertheless, V¢ vs. light
intensity characteristics is not dramatically different among all
the devices. Therefore, it can be concluded that the enhanced
PCEs in the binary NFA system could originate from 1) similarly
high Jgc (close to that of PM6/IT-4F) without any influence on
bimolecular recombination, and 2) middle value of V¢ between
PM6/IDIC and PM6/IT-4F devices, with 3) maintaining fill

factor. Detailed morphological characteristics and Vo analysis
will be discussed in following sections:

2.2 | Crystalline Structure of Neat Acceptor Films

To further identify the origin of enhanced device performance
rather than deteriorated with binary NFA system, morphological
properties are characterized via grazing incident wide-angle
X-ray scattering (GIWAXS) and atomic force microscopy (AFM)
measurements of neat NFA films. Line-cut profiles and 2D pattern
images of GIWAXS measurement are shown in Figure 2a, b,
respectively. To quantitatively evaluate the crystallization and
stacking properties, d-spacing, and crystalline coherence length
(CCL) were extracted and are summarized in Table S2. Neat
IDIC film exhibited clear and strong n-m stacking peak along
out-of-plane direction as well as lamellar stacking features along
in-plane direction, indicative of favorable crystalline structure for
efficient charge transport in OSC device architecture. For lamellar
stacking along the in-plane direction (qxy), neat IDIC film shows
the largest CCL of 77.3 A, reflecting a large lamellar coherent
domain size, whereas neat IT-4F film showed significantly smaller
CCL of 36.3 A. Interestingly, IDIC:IT-4F binary film has almost
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FIGURE 2 | (a) Line-cut profiles along in-plane (dashed) and out-of-plane (solid) directions and (b) pattern images of GIWAXS measurement for
neat acceptor samples of IDIC, IDIC:IT-4F, and IT-4F. (c) AFM topographical images of the neat acceptor samples (image scale: 2 X 2 pm).

same n-n stacking peak (namely, clear and strong peak intensity)
along out-of-plane direction with that of IDIC film, despite of
blended with relatively less crystalline molecule of IT-4F.
Notably, lamellar stacking peak along in-plane direction of
IDIC:IT-4F binary film is located in the middle of that of IDIC
and IT-4F, indicating an intermediate lamellar spacing in the
intermixed acceptor phase. To identify the effect of IT-4F, we
investigated the mn-n stacking peak along in-plane direction of
IDICAT-4F binary film. The CCL of IDIC:IT-4F decreases to
66.9 A compared to neat IDIC, suggesting that IT-4F effectively
suppress excessive IDIC aggregation.

Surface topological images for neat NFA films are well consistent
with the GIWAXS data (Figure 2c). IDIC film showed strong
aggregation morphologies with high RMS roughness of 5.63 nm.
On the contrary, IT-4F film exhibited no aggregation properties
with very smooth RMS roughness of 0.407 nm. IDIC:IT-4F binary
film still showed aggregation features but its surface roughness
was dramatically reduced to 1.01 nm (RMS roughness), compared
to that of IDIC film [40, 41].

As our devices were fabricated in conventional structure, accep-
tor layer is contacted to electron transport layer (ETL) and top
electrode. To obtain efficient bilayer OSCs, it is important to
make smooth surface roughness of acceptor layer in order to
minimize any losses in terms of charge extraction from photoac-
tive layer to ETL and top electrode. At this regard, our IDIC:IT-4F
binary system provide smooth surface roughness with maintain-
ing strong n-x stacking tendency, resulting in ideal charge extrac-
tion pathways during device operation.

2.3 | Thermal Stability of Bilayer Organic
Solar Cells

Due to strong aggregation of IDIC molecules, we expected that
devices may not be stable under any stressed conditions such as
under 1 Sun illumination or high-temperature circumstances.
We investigate device stability of PM6/IDIC vs. PM6/IDIC:IT-
4F vs. PM6/IT-4F bilayer OSCs to confirm whether reduced
aggregation of IDIC by introducing IT-4F can help to improve
device stability. Note that here we only focus on investigation
of thermal stability, rather than photostability or operational
ISOS test, to obtain a clear conclusion with simple stress condi-
tions. First, bilayer OSCs were characterized with various pre-
annealing condition before coating ETL and Al top electrodes:
without and with pre-annealing at 120°C, 150°C, and 180°C
(Figure 3a). As expected, PCEs of PM6/IDIC bilayer devices sig-
nificantly decreased with above 150°C of pre-annealing condi-
tion. On the other hand, PCEs of PM6/IDIC:IT-4F and PM6/
IT-4F bilayer devices were maintained regardless of pre-anneal-
ing condition compared to without pre-annealing. Note that
PM6/IDIC:IT-4F devices showed slightly reduced PCEs at
180°C of pre-annealing condition, indicating IDIC aggregation
still exists but IT-4F molecules seem to inhibit this aggregation.
As shown in Figure S5, the distinct haze observed in PM6/IDIC
films at high annealing temperatures is effectively suppressed in
the binary IDIC:IT-4F system, which exhibits stable morphology
regardless of thermal annealing conditions. Absorption proper-
ties also support that IDIC aggregation is effectively suppressed
in the binary system. While the IDIC film shows a red-shift in its
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FIGURE3 |
of thermal annealing time of bilayer OSCs. (Devices were continuously

absorption peak upon pre-annealing at 150°C, this shift is signif-
icantly decreased in the IDIC:IT-4F film (Figure S6).

Thermal stability was tested with continuous post-annealing of
devices on a hot plate at 120°C, and corresponding normalized
PCE vs. annealing time characteristics are shown in Figure 3b.
Although PM6/IDIC devices showed maintained PCEs with
pre-annealing at 120°C aforementioned, the devices were not
thermally stable with post-annealing condition, showing consid-
erably reduced PCEs. PM6/IDIC:IT-4F devices showed also
slightly but less reduced PCEs compared to those of PM6/
IDIC devices, whereas PM6/IT-4F devices exhibited thermally
stable characteristics. PCE reduction upon thermal annealing
of PM6/IDIC devices could be attributed mainly from reduction
of all photovoltaic parameters, namely Jsc, Voc and fill factor
(Figure 3c,d and Figure S7, respectively). In case of PM6/
IDIC:IT-4F devices, reduced PCEs upon thermal annealing could
originate from mainly Vo, rather than Jsc and fill factor which
were relatively well maintained as its original values measured
without thermal annealing. Maintained Jsc and fill factor of
PM6/IDIC:IT-4F devices indicate charge generation and extrac-
tion properties seem to be rarely affected by thermal annealing,
indicative of less changes in surface morphology of IDIC:IT-4F
binary system upon thermal annealing which will be discussed
subsequently.

(a) Normalized PCEs of bilayer OSCs as a function of pre-

Time (h)

annealing temperature. Normalized (b) PCE, (c) Jsc and (d) V¢ as a function
thermally annealed at 120°C in N,-glove box).

2.4 | Surface Morphology and Non-Radiative
Open-Circuit Voltage Loss Analyses

To identify the effect of thermal annealing to bilayer films and devi-
ces, we firstly investigate surface morphology analysis of PM6/IDIC,
PM6/IDIC:IT-4F and PM6/IT-4F bilayer films using AFM measure-
ment (Figure 4). In case of PM6/IDIC bilayer, surface morphology
was significantly changed by thermal annealing; strong aggregation
features appeared after thermal annealing with significant increase
of RMS roughness from 1.43 to 14.8 nm, possibly due to IDIC aggre-
gation (Figure 4d). In case of PM6/IDIC:IT-4F bilayer, surface mor-
phology was also changed by thermal annealing with increased
RMS roughness from 1.56 to 3.82nm with partially aggregated
sites, also possibly came from IDIC aggregation (Figure 4e). Less
aggregation properties of PM6/IDIC:IT-4F bilayer after thermal
annealing indicate IT-4F molecules inhibit IDIC aggregation well.
This less change of film morphologies can provide less change in
charge generation characteristics at donor/acceptor interfaces as
well as charge extraction properties at acceptor/ETL, consistent
with maintained Jgc and fill factor as discussed previously. Surface
morphology of PM6/IT-4F bilayer was not affected by thermal
annealing, consistent with the thermal stability result (Figure 4f).

To investigate Vo reduction upon thermal annealing, we com-
pared non-radiative Voc loss (AVoc™™) of PM6/IDIC, PM6/
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120°C for 5.5h.

IDIC:IT-4F and PM6/IT-4F bilayer OSCs without vs. with thermal
annealing at 120°C for 5.5 h, as summarized in Figure 5. Fourier-
transform photocurrent spectroscopy external quantum efficiency
(FTPS-EQE) and electroluminescence (EL) spectra measurements
were used for this analysis, and corresponding plot details can be
found in Figure S8 and Table S4. The largest AVoc " increase
by 102 meV and a minor increase of AV by 27 meV were
observed after thermal annealing for PM6/IDIC and PM6/IDIC:
IT-4F bilayer OSCs, respectively. PM6/IT-4F bilayer devices did
not show any change of AVoc™™, Therefore, IT-4F molecules
inhibit not only IDIC aggregation but also non-radiative V¢ losses
in IDIC:IT-4F binary system, resulting in less deterioration of
device performance upon thermal stress. Decrease of Vi for PM6/
IDIC:IT-4F bilayer devices upon thermal annealing (Figure 3d)
was the main origin of decrease of PCE, and it is not just from
increase of AVoc™™™, Non-ideal surface morphology between
PM6/IDIC:IT-4F bilayer and ETL after thermal annealing also
can affect V¢ reduction possibly due to increase of charge trap-
ping occurred in IDIC aggregation, etc. In addition, molecular
aggregation and interfacial morphology changes can increase
energetic disorder and trap density [42], and structural degrada-
tion can also promote trap-assisted non-radiative recombination

Summarized voltage loss of (a) PM6/IDIC, (b) PM6/IDIC:IT-4F and (c) PM6/IT-4F bilayer OSCs without vs. with thermal annealing at

and increases recombination energy losses [43, 44]. This interpre-
tation is consistent with our experimental observation of the
increased AV upon thermal annealing, further highlight-
ing the critical role of interfacial disorder management in bilayer
architectures [45]. Therefore, this work demonstrated a materials
strategy to improve the thermal stability of bilayer architectures,
showing that a binary-acceptor formulation can effectively stabi-
lize the acceptor morphology and interface between the acceptor
and ETL.

3 | Conclusion

In conclusion, we investigated the effect of introducing a binary
NFA system into bilayer OSCs on device performance and thermal
stability, particularly focusing on stabilizing the acceptor morphol-
ogy and interfacial contact with the ETL under thermal stress. The
PM6/IDIC:IT-4F bilayer OSCs exhibited the highest PCE of 10.3%,
outperforming both PM6/IDIC and PM6/IT-4F devices. The strong
face-on n-= stacking orientation and the smooth surface morphol-
ogy of the IDIC:IT-4F layer, enabled by suppressed IDIC aggrega-
tion, provided an ideal interface between the acceptor layer and the
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ETL, leading to enhanced device performance. Thermal stability
studies further revealed that the PM6/IDIC:IT-4F devices exhibited
superior durability to thermal stress compared to PM6/IDIC devi-
ces, mainly due to reduced IDIC aggregation and suppressed
non-radiative voltage loss. Overall, these results demonstrate that
introducing a binary NFA system is an effective strategy to simul-
taneously improve both efficiency and thermal stability in bilayer
OSCs, highlighting the importance of suppressing aggregation in
the top acceptor layer to realize highly efficient and stable photo-
voltaic devices.

4 | Experimental Section
4.1 | General

UV-vis spectrometry was performed using a Varian Carry 5000
spectrophotometer. AFM images were obtained using a Veeco
AFM microscope in tapping mode. Grazing incidence wide-angle
X-ray scattering (GI-WAXS) measurements were carried out at
the PLS-II 9A U-SAXS beam line of Pohang Accelerator
Laboratory, Republic of Korea. PM6, IDIC, and IT-4F were pur-
chased from 1-Material. Chlorobenzene and dichloromethane
were purchased from Sigma Aldrich.

4.2 | Device Fabrication Procedures and
Characterization

Pre-patterned ITO on glass substrates were sequentially cleaned by
ultrasonication with distilled water, acetone, and isopropanol.
PEDOT:PSS (AI4083) was spin-coated onto the ITO substrate
and annealed at 150 °C for 10 min. For bilayer devices, PM6 was
dissolved in chlorobenzene (CB):1,8-octanedithol (ODT) (100:1 vol
ratio) with a concentration of 10 mg mL ™" at 100 °C. IDIC, IDIC:IT-
4F (0.7:0.3, w/w), IT-4F were dissolved in dichloromethane (DCM)
with a concentration of 6.5 mg mL™" at the room temperature. PM6
solutions were spin-cast on top of the PEDOT:PSS layer and ther-
mal annealed at 100 °C for 5min in an N,-filled glove box. Then,
the acceptor layer was spin-coated on top of PM6 layer, and the
ZnO layer was spin-coated, sequentially. To deposit Al (100 nm)
electrodes by thermal evaporation, a vacuum chamber was pumped
down under ~1077 Torr. The area of the Al electrode defined an
active area of 13 mm? J-V characteristics were collected with a
Keithley 2635 A source measurement unit inside the N,-filled glove
box using a high quality optical fiber to guide the light from a solar
simulator to the device. For thermal stability, the devices were aged
at 120°C inside the Ny-filled glove box. J-V characteristics were
measured at specified intervals using the solar simulator, rather
than through simultaneous measurement during thermal stress.
Light intensities were modulated with neutral density filters to
measure the light intensity dependent photovoltaic parameters.
External quantum efficiency (EQE) measurements were performed
using a PV measurement QE system using monochromatic light
from a xenon lamp under ambient conditions. The monochromatic
light was chopped at 100 Hz and the device was measured relative
to a standard Si photodiode using a lock-in-amplifier.

4.3 | Voltage Loss Analysis

FTPS was recorded using an in-house built FTPS setup, which
consisted of an INVENIO-R Fourier-transform infrared (FTIR)

spectrometer from Bruker, equipped with a tungsten-halogen
lamp and quartz beam splitter. The SR570 low-noise preamplifier
from Stanford Research Systems was used to amplify the photo-
current signal from solar cells and it was fed back into the exter-
nal detector port of the FTIR system. EL spectrum was measured
using the QEPRO-VIS-NIR spectrophotometer with an integral
sphere from Ocean Optics. The integral sphere and spectropho-
tometer were calibrated to measure absolute irradiance by using
an HL-3-plus-INT-CAL light source from Ocean Optics, and
EQEEL was calculated with the injected current versus EL spec-
trum unit of absolute irradiance. The injected current was
recorded using KEITHLEY 2401 source meter.
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Supporting Information

Additional supporting information can be found on online in the support-
ing information section. Supporting Fig. S1: Normalized absorbance of
IDIC, IDIC:IT-4F (7:3) and IT-4F neat films. Supporting Fig. S2: (a) J-V
curves and (b) EQE spectra of PM6/Acceptor bilayer OSCs with various
IDIC : IT-4F blend ratio from 1 : 0 to 0 : 1. Supporting Fig. S3: Light
intensity dependent on (a) Jsc and (b) Voc characteristics of bilayer
OSCs. Supporting Fig. S4: (a) Ultraviolet photoelectron spectroscopy
(UPS) spectra of neat acceptor films. (b) Magnified spectra of low binding
energy (Fermi edge) region. Supporting Fig. S5: Photographs of bilayer
devices with different pre-annealing temperatures. Active layer was
annealed for 10 min for 120, 150 and 180°C, then ZnO and Al layers were
deposited subsequently. Supporting Fig. S6: Normalized absorption
spectra of pristine acceptor films (dashed), bilayer films before (solid)
and after (short dashed) thermal annealing at 150°C for 10 min of
(a) IDIC, (b) IDIC:IT-4F and (c) IT-4F samples. Supporting Fig. S7:
Normalized fill factor measured during thermal stability test at 120°C
in N,-glove box. Supporting Fig. S8: Semi-logarithmic plots of measured
EQE (blue solid line), FTPS-EQE (red open circle), normalized EL emis-
sion (orange solid line) and @gy /@y fitting (black solid line) as function of
energy for PM6/Acceptor bilayers (a-c) without and (d-f) with thermal
annealing at 120°C for 5.5 hr. Supporting Fig. S9: Estimated bandgap
(E) of bilayer OSCs (a-c) with and (d-f) without thermal annealing at
120°C for 5.5h with the method of (E*EQE)”. Supporting Fig. S10:
(a) J-V curves and (b) EQE spectra of bilayer OSCs without (solid)
and with (dashed) thermal annealing. (The substrates were thermally
annealed at 120°C for 5.5 h before coating ZnO ETL.) These device results
were used for energy loss analysis (Table S3). Supporting Table S1:
Summary of photovoltaic parameters with various IDIC : IT-4F ratio.
Supporting Table S2: Summary of molecular packing parameters
obtained from GIWAXS analysis on different acceptors. Supporting
Table S3: Summary of energy levels measured by UPS spectra of accept-
ors. LUMO levels were calculated from HOMO + Eg o, Where Eg o is
optical bandgap calculated from the absorption spectra. Supporting
Table S4: Summary of voltage loss parameters. E; and Vo values from
Figure S9 and S10, respectively. Supporting Table S5: Summary of pho-
tovoltaic parameters of bilayer OSCs with comparing thermal annealing
effect (corresponding to Figure S10).
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