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The recent advancements in power conversion efficiency (PCE) of bilayer organic solar cells (b-OSCs)
utilizing non-fullerene acceptors (NFAs) can be attributed to the synergistic effects of long-range
exciton diffusion and enhanced charge generation. However, a critical analysis is essential for optimizing
the NFA layer thickness and selecting the appropriate donor polymer to maximize performance metrics.
In this study, we demonstrate that the simultaneous optimization of NFA layer thickness relative to
exciton diffusion length and ionization energy (IE) offset is crucial for enhancing the performance of
bilayer OSCs. The NFA acceptor used, COI8DFIC, exhibits one of the longest exciton diffusion lengths
reported, 40 nm. Systematic device optimization using COI8DFIC as the NFA, along with a series of
polymer donors (PTB7-Th, PBDB-T, and PBDB-T-2F), reveals that the highest PCE is achieved with an
acceptor layer thickness of approximately 40 nm, which matches the exciton diffusion length in
COI8DFIC. In conjunction with the tailored acceptor layer thickness, the optimal IE offset leads to
maximum PCE in PTB7-Th/COi8DFIC devices. This dual optimization approach facilitates rapid charge
carrier extraction (~690 ns) in PTB7-Th/COi8DFIC devices, significantly enhancing both the short-
circuit current and the fill factor. Furthermore, the high charge carrier density and comparably low
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DOI: 10.1039/d4tc05190d bimolecular recombination loss both contribute to the overall device performance enhancement. This
study presents a rational framework for designing NFA-based bilayer OSCs that promote enhanced

rsc.li/materials-c charge generation and extraction.

Introduction

Organic photovoltaics (OPVs) are a promising green energy
technology, offering features such as low-cost solution-
processability, eco-friendliness, color (bandgap) tailoring, and
semitransparency, among others."” Organic solar cells (OSCs)
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have witnessed a resurgence in the recent past, with power
conversion efficiencies (PCEs) now surpassing 20%, rendering
them promising for commercialization.”> The efficiency
enhancement was mainly driven by the design and develop-
ment of novel non-fullerene acceptor (NFA) molecules and an
improved understanding of the photophysics of organic solar
cells.* Device optimization based on insights from fundamental
photophysical studies has been crucial in minimizing energy
losses and enhancing performance metrics.>® In OSCs, a thin
organic photoactive layer, which converts light into charges, is
sandwiched in a stack between charge transport layers, and
electrodes (anode and cathode). The commonly used bulk hetero-
junction approach involves co-processing donor (D) and acceptor
(A) materials from the same solvent, resulting in a bicontinuous
donor-acceptor nanomorphology via component demixing, fea-
turing a large interfacial area between donor and acceptor
phases.” The miscibility of donor and acceptor materials and
thin-film processing conditions significantly influence the mor-
phology of bulk heterojunction devices.® Critical factors for
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optimizing the nanomorphology and device performance include
component domain size,” domain purity,"® and component
separation.’*** Moreover, the rapid evolution of this thermody-
namically metastable nanomorphology, even under ambient con-
ditions, poses a significant challenge to achieving stable device
performance.” In contrast, NFA-based OSCs with bilayer archi-
tecture have demonstrated facile fabrication and scalability with-
out compromising charge generation and transport.'®™®

Donor-acceptor heterojunctions can be fabricated via layer-
by-layer processing using different methods.'®>' The pseudo-
bilayer or quasi-planar heterojunctions,'®** formed by semi-
orthogonal solvent processing, yield interpenetrated D-A inter-
faces with depth extension into each layer. Nevertheless, repro-
ducing these interfaces is cumbersome due to solvent-induced
layer disruption. Conversely, bilayer or planar heterojunctions,
achieved through orthogonal solvent processing, produce well-
defined bilayer structures.”® This approach ensures reproducible
D-A interfaces with precise control, facilitating scalable large-
area fabrication, provided orthogonal solvents are employed for
D and A materials.>'71%:2023:24

The recent PCE breakthroughs in bilayer organic solar cells
(b-OSCs) were facilitated by long exciton diffusion lengths of
NFAs (Lp ~ 20-48 nm) in contrast to that of fullerene deriva-
tives such as PC,,BM (Lp ~ 10 nm).>**” A high absorption
coefficient and long-range exciton diffusion in NFAs are advan-
tageous for achieving high PCE without the necessity of a bulk
heterojunction nanomorphology.'®***° However, optimizing
the individual layers is essential for achieving high PCE in
b-OSCs. To achieve efficient charge generation and transport,
the individual photoactive layers must maintain optimal thick-
ness, morphology, and crystallinity.>* Additionally, selecting a
compatible donor material for a given NFA is critical for
ensuring high efficiency of exciton dissociation and charge
generation without adding unwanted energy (voltage) loss.
Beyond complementary absorption and solubility, factors such
as Frontier orbital energy offsets and Forster resonance energy
transfer (FRET) must also be considered to further improve the
efficiency of bilayer devices.”® A comprehensive study aids the
identification of pathways to enhanced charge generation and
transport while providing a rationale for further optimization
of b-OSCs.

In this study, we fabricated b-OSCs using the NFA material
coded COIi8DFIC, paired with different donor polymers,
namely, PTB7-Th, PBDB-T, and PBDB-T-2F. The acceptor mole-
cule COi8DFIC, utilized here, exhibits excellent optical proper-
ties, including a high molar decadic attenuation (or extinction)
coefficient compared to fullerene derivatives and superior thin-
film crystallinity, which are all desirable for b-OSCs.?"**> Recent
studies on b-OSCs demonstrate that improved crystallinity of
the acceptor layer further enhances charge generation and
accelerates charge carrier extraction.?® The rationale for select-
ing donor polymers is to establish an energy cascade-like
highest occupied molecular orbital (HOMO) offset, more pre-
cisely ionization energy difference AIE, with the acceptor mole-
cule, here 0.50 €V, 0.55 eV, and 0.64 eV, respectively.*® This
study systematically correlates the influence of acceptor layer
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thickness and energy offset with photogenerated exciton har-
vesting efficiency and overall device performance in b-OSCs.**

Results and discussion

The molecular structure and frontier orbital energy levels,
along with the thin film UV-visible (UV-Vis) absorption spectra
of the donor polymers and the acceptor molecule, are shown in
Fig. 1. The normalized UV-Vis absorption spectra (Fig. 1b)
illustrate the complementary absorption of the donor polymers
and COi8DFIC, with PTB7-Th showing a larger spectral overlap
with the COi8DFIC absorption. The device architecture used in
this study is depicted in Fig. 1d; it incorporates PEDOT:PSS and
PDIN as the hole transport and electron transport layers,
respectively. Primary device optimization was conducted by
varying the thickness of the COi8DFIC acceptor layer to max-
imize performance metrics. The different polymer donors
(PTB7-Th, PBDB-T, and PBDB-T-2F) combined with the NFA
molecule COi8DFIC form the active layers of the various
b-OSCs. The donor polymer layer was processed using chloro-
form (CF), while the COi8DFIC layer was deposited on top using
dichloromethane (DCM) as the solvent. The orthogonality of
these solvents ensures the formation of a well-defined bilayer
structure. Device optimization was carried out by varying the
thickness of the COi8DFIC acceptor layer between 30 nm and
80 nm for all three donor polymer combinations. The atomic
force microscopy (AFM) images show increasing surface rough-
ness with COi8DFIC thickness, but no significant morphologi-
cal changes indicating that the deposition parameters did not
affect the acceptor layer morphology in the planar heterojunc-
tion (Fig. S1, ESI{).

Device optimization and photovoltaic characteristics

The current-voltage characteristic (J-V) of a typical polymer
donor/COi8DFIC acceptor bilayer device with different acceptor
layer thicknesses is shown in Fig. 2. Optimizing the acceptor
layer thickness to approximately 40 nm distinctly improves
device performance, as observed in the J-V characteristics of
the b-OSCs. Table 1 summarizes the performance parameters
of PTB7-Th/COi8DFIC (40 nm), PBDB-T/COi8DFIC (40 nm), and
PBDB-T-2F/COi8DFIC (50 nm) b-OSCs with optimal acceptor
layer thicknesses. The PTB7-Th/COi8DFIC b-OSCs exhibit the
highest power conversion efficiency (PCE) of 11.42% for an
acceptor layer thickness of about 40 nm, accompanied by a
short-circuit current density (Jsc) of 25.5 mA cm™> and a fill
factor (FF) of 66%. As the thickness of the COiSDFIC layer
decreases to nearly 30 nm, the Jsc drops significantly. Con-
versely, at a higher acceptor layer thickness of around 80 nm,
both Jsc and FF decrease from their optimum performance
values. This response is consistent with insufficient acceptor
layer thickness causing incomplete photon absorption, while a
too-thick acceptor layer (double the optimal value) introduces
significant charge carrier generation and transport losses due
to incomplete exciton dissociation and non-geminate charge
recombination.

This journal is © The Royal Society of Chemistry 2025
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(@) The chemical structures of COI8DFIC, PTB7-Th, PBDB-T, and PBDB-T-2F, (b) normalized absorption spectra of pristine films of donor

polymers and acceptor molecule, (c) orbital energy levels of the polymer donors (PTB7-Th, PBDB-T, and PBDB-T-2F) and non-fullerene acceptor
(COI8DFIC) molecules (orbital energy level reference values were obtained from photoelectron spectroscopy data adapted from ref. 33), and (d) scheme

of the device architecture of bilayer organic solar cells used for the study.

Similarly, in the case of PBDB-T/COi8DFIC, the highest PCE of
~10% is obtained for an acceptor layer thickness of around 40 nm,
with the PCE decreasing when the acceptor thickness deviates from
this optimal value (Fig. S2, ESIt). A drop in FF is observed at a lower
acceptor layer thickness of approximately 30 nm, accompanied by a
marginal improvement in Jso. For the thick acceptor layer (about
80 nm), a reduction in both Jsc and FF is observed, along with a
notable loss in device open-circuit voltage (Voc). In addition to the
free carrier recombination losses associated with a thick acceptor
layer, the dissociation probability of excitons generated near the
interface with the electron transport layer (PDIN) is relatively low,
indicating an overall reduction in the j-V parameters.

A similar trend is observed in the PBDB-T-2F/COi8DFIC
devices, with the highest PCE of 6.8% obtained for an inter-
mediate acceptor layer thickness of around 50 nm. Changing
the acceptor layer thickness to either 30 nm or 80 nm results
in a notable reduction in Jsc and FF, respectively. This set
of observations indicates that an acceptor layer thickness of
approximately 40 nm to 50 nm is necessary to extract the
best performance parameters from a b-OSC using COi8DFIC
as an acceptor. This optimal thickness is critical for enhancing
photon harvesting and minimizing charge transport
barriers, as variations in thickness primarily reflect a reduction
in Jy¢c or FF.

(a)25 (b)25 | (0)25 o000
-0-0-0-0- -
20 20 MW 20 {OOOOPO00000oG

-
3]
-
(3]

3]
a

Jsc(mA/cm?)
>
Jsc(mAlcm?)
>

-
(3}

3]

Jsc(mA/cm?)
>

|—o— PTB7-Th/ (30nm) COIi8DFIC

0]—— PBDBT-2F/ (50nm) COi8DFIC 0-]—— PBDB-T/ (40nm) COIBDFIC 0—— PTB7-Th/ (40nm) COiDFIC
o PBDBT-2F/ (80nm) COi8DFIC —o— PBDB-T/ (80nm) COISDFIC —c— PTB7-Th/ (80nm) COIBDFIC

5 -5 -5

02 00 02 04 06 038 0.2 00 02 04 06 0.3 0.2 00 02 04 06 0.8

Voltage (V)

Voltage (V)

Voltage (V)

Fig. 2 Typical J-V characteristics of bilayer organic solar cells under simulated AM1.5G (100 mW cm~?) illumination conditions with different acceptor
layer thicknesses (a) PBDB-T-2F/CQOi8DFIC, (b) PBDB-T/CQIi8DFIC, and (c) PTB7-Th/COi8DFIC respectively.

This journal is © The Royal Society of Chemistry 2025
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Table 1 J-V parameters of optimized bilayer organic solar cells measured under simulated AM1.5G 1 Sun (100 mW cm™2) illumination. The optimal
values of COI8DFIC layer thicknesses are 40 nm (for PTB7-Th and PBDB-T devices) and 50 nm (for PBDB-T-2F devices) for the b-OSCs. The values of

J-V parameters show an average of at least 10 independent devices

Active layer AIE (eV) Voo(V) Jsc (mA em™?) FF (%) PCE (%)

PBDB-T-2F/COi8DFIC 0.50 0.835 £ 0.005 17.82 £+ 0.33 44.11 £ 0.64 6.57 £ 0.15
PTB7-Th/COi8DFIC 0.55 0.679 £ 0.003 25.53 + 0.74 65.91 + 1.54 11.42 £ 0.45
PBDB-T/COi8DFIC 0.64 0.730 £+ 0.005 2217 £ 1.12 60.52 + 4.59 9.78 £ 0.36

The enhanced Jsc at an optimal COi8DFIC acceptor layer
thickness (x40-50 nm) is further confirmed by the external
quantum efficiency (EQE) spectra measured under similar con-
ditions (Fig. 3a and Fig. S3, ESIT). Notably, charge generation in
the wavelength range associated with the acceptor molecule (4 ~
730-930 nm) is more pronounced in PTB7-Th/COi8DFIC-based
OSCs compared to the other two combinations. This highlights
efficient photon-to-charge conversion and reduced charge trans-
port losses in PTB7-Th/COi8DFIC devices.*® These results sug-
gest that an optimal IE offset of ~0.55 eV ensures hole transfer
from the COi8DFIC layer, provided minimal exciton loss occurs
within the acceptor layer. However, PBDB-T/COi8DFIC devices
also show improved charge generation due to an even higher IE
offset (~0.64 eV) as compared to PBDB-T-2F/COi8DFIC system,
although carrier extraction barriers (obtained from transient
photocurrent analysis, discussed later) significantly reduce the
EQE within this wavelength range. These findings indicate that
the simultaneous optimization of acceptor layer thickness and
Frontier orbital energy offsets is critical for enhancing perfor-
mance parameters.'>>¢

Estimation of exciton diffusion length

The significance of optimizing the acceptor layer thickness is studied
through picosecond-nanosecond transient absorption spectroscopy
(psns TAS) and time-resolved photoluminescence spectroscopy
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(TRPL) measurements conducted on neat COi8DFIC films. The
distance over which excitons can diffuse in organic materials is a
critical factor influencing the performance of b-OSCs. A large exciton
diffusion length in the acceptor and (or) donor material is a critical
requirement for enhanced charge generation in b-0SCs.*”*®

We measured the exciton diffusion length Ly in COi8DFIC
film using the singlet-singlet annihilation (SSA) method.>*=%°
Details of exciton diffusion length calculation are provided in the
ESL7 Section S5. In this approach, we analyzed fluence-dependent
exciton decay in neat COi8DFIC films by fitting the decay to a global
exciton annihilation model.”® The photo-induced absorption (PIA)
decay kinetics of COi8DFIC films in the NIR region (~1.1-1.2 eV)
are presented in Fig. 3b. The ps—ns TA spectra are given in the ESI}
(Fig. S4). The PIA decay kinetics show that the exciton decay
accelerates substantially with increasing pump fluence (here from
1.1 W em™? to 16 W ecm™?), indicating SSA. The singlet exciton
lifetime 7 is estimated as 250 ps by mono-exponential fit from TRPL
measurements (Fig. 3b, grey symbols) with low excitation fluence
(~3 nJ em?) to ensure negligible exciton—exciton annihilation. The
diffusion coefficient D was calculated using the expression,

D= 3R’ where o is the singlet-singlet bimolecular exciton anni-
s

hilation rate constant (1.55 x 10”7 em® s~ '), and R is the molecular
radius (~ 1 nm), resulting in a diffusion coefficient of 0.061 cm”> s~ .
According to the diffusion length equation Lp = v/Dr, the exciton
diffusion length Ly, is estimated to be 39.4 nm."”*"**
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(a) Typical external quantum efficiency (EQE) spectra of optimized PTB7-Th/COi8DFIC, PBDB-T/COIi8DFIC, and PBDB-T-2F/CQOi8DFIC

respectively, and (b) decay transient of picosecond-nanosecond transient absorption spectroscopy (ps-ns TAS) measurement on neat COi8DFIC film
under dynamic vacuum (10~> mbar). The fluence-dependent (1.1 uJ cm—2-16 pJ cm™) singlet exciton decay (open symbols) fitted to the exciton—
exciton annihilation model (solid lines) to estimate the diffusion length (x~39.4 nm) in COI8DFIC film. The exciton lifetime (z) of the COI8DFIC was
estimated using the TRPL spectroscopy decay at a low-excitation level (&3 nJ cm™2), also superimposed in this figure (closed grey symbols).

5914 | J Mater. Chem. C, 2025, 13, 5911-5919 This journal is © The Royal Society of Chemistry 2025


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4tc05190d

Open Access Article. Published on 03 February 2025. Downloaded on 12/8/2025 2:21:52 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Journal of Materials Chemistry C

—
o
2
e
o
—_
i
g
)
o

View Article Online

Paper

—_
(2)
~
-
(3]

—— PTB7-Th/(40nm) COIBDFIC
—— PBDB-T(40nm) COISDFIC
—— PBDB-T-2F/(50nm) COISDFIC

—— PTB7-Th/(40nm)

I
0
S
2

e
»
e
F

o©
N
=
[

Trpc = 0.69 ps

o
-
(=4
-

tpc = 111 s

Trpc = 0.64 pus

Transient photocurrent (mA)
(=)
w

Transient photocurrent (mA)
o
w

-

o
o

—— PBDB-T/(40nm) COIi8DFIC
—— PBDB-T-2F/(50nm) COi8DFIC

S

"

COi8DFIC —o—PTB7-Th/COi8DFIC

—o— PBDB-T/COIi8DFIC
—o— PBDB-T-2F/COi8DFIC

—
»

©

il

Trpc = 0.66 ps

Charge carrier lifetime (us)

Trpe = 1.09 pus
Trpe = 0.59 ps

@

10 15 20 25 30 0 5 10

Time (us)

0 5

(d)

Time (ps)

02 04 06 08
Offset light intensity (100 mW/cm?)

15 20 25 30 0.0

4.6

PBDB-T-2F/COI8DFIC
@ Charge Density

N

@ Charge Density

@ Recombination rate

W = @ Recombination

PBDB-T/COISDFIC =

. |PTB7-Th/COi8DFIC
%0250, @ Charge Density

rate Recombination rate

”0.01 01 1 0.01

Delay Time (us)

Fig. 4 (a)-(c) Transient photocurrent profile of the PBDB-T-2F/COi8DFI

0.1
Delay Time (ps)

1 001 0.1 i

Delay Time (us)
C, PBDB-T/COQIi8DFIC, and PTB7-Th/COIi8DFIC bilayer OSCs with optimal

COI8DFIC thickness (a) background light intensity of ~10 mW cm™2, (b) background light intensity of ~79 mW cm™2, and (c) charge carrier lifetime
obtained from transient photovoltage decay as a function of background light intensity (unit of 100 mWcm™2) for three combinations of optimized bilayer
OSCs. (d)-(f) Bimolecular recombination coefficient and charge carrier density as a function of delay time (from 10 ns to 1 us) obtained from Photo-CELIV

traces to quantify charge extraction and recombination in optimized b-OS

Cs (d) PBDB-T-2F/CQOIi8DFIC, (e) PBDB-T/COI8DFIC, (f) PTB7-Th/COi8DFIC

(the solid lines are fit to the dispersive bimolecular recombination model and the dashed lines are guide for the eye).

This implies that an acceptor layer thickness in the range of
~40 nm is ideal for efficient photogeneration of charge carriers
in b-OSCs based on COi8DFIC. Notably, the COi8DFIC acceptor
exhibits one of the longest reported exciton diffusion lengths,
thereby validating the rationale for its selection as a model NFA
in this b-OSC optimization study.”>?>**?

Charge carrier dynamics and the role of ionization energy offset

Even with the optimal COi8DFIC layer thickness ensuring maximal
quenching of photogenerated excitons, the performance of each
set of b-OSCs varies. An optimal IE offset for enhanced charge
generation and minimal interfacial recombination in NFA-based
0SCs is a critical requirement.**” In this study, the three distinct
b-OSC systems employ different donor polymers (PBDB-T-2F,
PTB7-Th, and PBDB-T), and they exhibit different IE offsets of
0.5 eV, 0.55 eV, and 0.64 eV, respectively, when combined with the
NFA Coi8DFIC. The relationship between IE offset and charge
generation in different NFA-based OSCs has been extensively
investigated and was found to be a determining factor for efficient
exciton dissociation in NFA-based systems.®*>%*"*® Notably, main-
taining a moderate IE offset (~0.5 to 0.6 eV), contrary to the
requirement for a large electron affinity offset in fullerene-based
OSCs, enhances charge generation efficiency, emphasizing
the crucial role of donor polymer selection for a given NFA

This journal is © The Royal Society of Chemistry 2025

material.’ Furthermore, additional optimizations are necessary
to facilitate efficient charge extraction, thereby achieving high Jsc
and FF from the device. We argue that the combination of optimal
COIi8DFIC layer thickness corresponding to its exciton diffusion
length and an intermediate IE offset of about 0.55 €V is a crucial
requirement for efficient charge generation and for suppressing
charge carrier losses in COi8DFIC-based bilayer OSCs. A significant
loss in Jsc and FF is the main reason for the reduced PCE in
devices employing the donors PBDB-T-2F and PBDB-T.

To better understand the charge carrier extraction and recom-
bination processes, transient photocurrent (TPC) and transient
photovoltage (TPV) techniques were employed. In this technique,
typically a sub-ns to microsecond wide light pulse excites the
device photoactive layer, and the carrier generation is considered
instantaneous.””*®* The resulting transient photocurrent decay
profile in response to the light pulse provides information about
the charge carrier extraction and recombination dynamics over
various timescales.**° During the TPC measurement, the device is
held at short-circuit condition, and the obtained TPC decay profile
provides information on the distribution of carrier extraction times
and charge carrier density. In TPV measurements, the device is kept
at open-circuit condition to determine the carrier lifetimes.>">

The transient photocurrent decay profile (Fig. 4a and b)
reveals an effective carrier extraction time of tppc = 690 ns in the

J. Mater. Chem. C, 2025, 13, 5911-5919 | 5915
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PTB7-Th/COi8DFIC devices, along with an effective carrier
lifetime of trpy = 10.85 pus obtained from TPV measurements
(Fig. 4c and Fig. S5, ESIt). In the case of PBDB-T-2F/COi8DFIC
devices, even though there is a fast carrier extraction compar-
able to that of PTB7-Th-based devices, a short carrier lifetime
indicates higher recombination losses.>® A similar trend of
effective carrier extraction time vs. carrier lifetime is observed
for the PBDB-T/COi8DFIC devices. Further, we examined the
charge carrier dynamics in devices with varying COi8DFIC layer
thicknesses (Fig. S6, ESIt). The TPC decay profiles demonstrate
that carrier extraction becomes slower as the thickness of the
acceptor film increases from 30 nm to 80 nm. In the optimal
COIi8DFIC thickness region, the carrier extraction becomes faster,
indicating balanced carrier mobility and reduced charge transport
resistance.’ This corroborates that the COi8DFIC thickness opti-
mization close to its exciton diffusion length distinctly improves
the device performance as observed in the J-V characteristics.
However, we note that for the PBDB-T-2F/COi8DFIC system,
the carrier extraction time observed for the thin acceptor layer
(&30 nm) is shorter than the optimal thickness. In the case of the
best-performing PTB7-Th/COi8DFIC system, the carrier extraction
times are Trpc = 0.81 S, Trpc = 0.69 us, and Trpc = 1.07 us for
COi8DFIC layer thickness of 30 nm, 50 nm, and 80 nm, respec-
tively, indicating that an acceptor layer thickness equivalent to the
exciton diffusion length is also advantageous for improved charge
extraction. While at a higher active layer thickness, in addition to
more transport resistance, an increased photon absorption in the
acceptor region could lead to increased loss of excitons and free
carrier to recombination.”>® Additionally, the photogenerated
excitons could not reach the D-A interface and can interact with
separated charge carriers at the D-A interface, which further
reduces the charge carrier extraction. This illustrates that when
the acceptor film thickness exceeds the acceptor exciton diffusion
length, more charge recombination occurs, resulting in less
charge extraction and thus reduced device performance. This is
evident from the TPC decay profiles of the PBDB-T/COi8DFIC
system at different acceptor layer thicknesses.

The extraction and recombination of free charge carriers
were further examined by the time-delayed photo-charge extrac-
tion by linearly increasing voltage (photo-CELIV) technique.**>"8
In this technique, the device is kept at open circuit condition for a
delay time (¢4¢1) after photoexcitation prior to charge extraction by
a linearly increasing voltage. We carried out the photo-CELIV
measurements on b-OSCs by varying the delay time from 10 ns
to 1 ps after photoexcitation. In this way, we can gain insight

Table 2 Dispersive bimolecular recombination fitting parameters of delay
time photo-CELIV measurements in optimized b-OSCs. ng is the initial
charge density, y is the dispersion parameter, t, is the recombination
lifetime, and f is the bimolecular recombination coefficient obtained at
10 ns delay time

AIE no Tb _ B
Active layer (eV) (10 em™) 3  (107°s) (1072 em 3 s7Y)
PTB7-Th/COi8DFIC  0.55 8.38 0.75 4.07 1.75
PBDB-T/COi8DFIC 0.64 6.96 0.82 3.80 1.38
PBDB-T-2F/COi8DFIC 0.50 4.59 0.69 16.80 1.79
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into the bimolecular recombination processes in b-OSCs during
the charge carrier transport and extraction processes.”® The
photo-CELIV response of PTB7-Th/COi8DFIC, PBDB-T/COi8DFIC,
and PBDB-T-2F/COi8DFIC devices follow a dispersive bimolecular
recombination model as proposed in the literature.”” In this
model, the bimolecular recombination is time-dependent due to
the carrier relaxation towards tail states in the density of
states.>”** This results in a time-dependent charge carrier mobi-
lity and bimolecular recombination coefficient (()).

Fig. 4d-f shows the charge carrier density and bimolecular
recombination coefficient as a function of delay time in differ-
ent optimized b-OSCs. The charge carrier density was obtained
by integrating the current transients over the voltage ramp
time. The key parameters from fitting to the dispersive bimo-
lecular recombination model are summarized in Table 2.
For the PTB7-Th/COi8DFIC device, a high initial charge carrier
density (no) of 8.38 x 10'® em™> and a bimolecular recombina-
tion coefficient f (at tge; = 10 ns) of 1.75 x 10> em ° s~ ' was
obtained. Compared to the other two combinations, a high
initial charge carrier density and, an intermediate bimolecular
recombination coefficient suggest reduced bimolecular recom-
bination and improved carrier extraction in PTB7-Th/COi8DFIC
devices.* It must be noted that PBDB-T/COi8DFIC b-OSCs also
exhibit enhanced Jsc and FF, but a slower carrier extraction
(trpc = 1.1 ps) compared to PTB7-Th/COi8DFIC (trpc = 0.69 ps),
suggesting an increased charge transport resistance.’*”* In the
case of the PBDB-T-2F/COi8DFIC system, increased bimolecu-
lar recombination and trap-assisted recombination (y = 0.69),
along with low carrier density, introduce significant charge
transport and extraction losses.

However, we anticipate that large ionization energy (IE) offset
in the PBDB-T-2F/COi8DFIC system could lead to interfacial
recombination, manifested as a reduced initial charge carrier
density, which aligns with observations from external quantum
efficiency (EQE) measurements. Nonetheless, systems with a high
IE offset, such as PTB7-Th/COiSDFIC and PBDB-T/COi8DFIC,
exhibit relatively higher initial charge carrier densities compared
to systems with non-optimal IE offset (PBDB-T-2F/COi8DFIC).
This highlights the critical role of efficient charge generation,
which is equally important as charge extraction efficiency, as
reflected in the EQE results. Additionally, we performed photo-
CELIV measurements on various b-OSCs with different COi8DFIC
layer thicknesses, as shown in Fig. S7-S10 (ESIt). They confirmed
a significant bimolecular recombination loss in the PBDB-T-2F/
COi8DFIC system, even when using a thin acceptor layer, indicat-
ing that additional carrier losses at the D-A interface and due to
trap states occur.”” In contrast, an optimal IE offset (~0.55 V) in
combination with fast carrier extraction and reduced bimolecular
recombination enhances the device Jsc and FF, resulting in the
highest PCE for PTB7-Th/COi8DFIC b-OSCs.

Conclusion

In summary, we demonstrate the importance of simultaneous
optimization of NFA layer thickness and the IE offset for

This journal is © The Royal Society of Chemistry 2025
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efficient bilayer OSCs. The device optimization of bilayer OSCs
using the highly crystalline NFA molecule COi8DFIC and the
polymer donors PBDB-T-2F, PTB7-Th, and PBDB-T with increas-
ing IE offsets (0.5 eV, 0.55 eV, and 0.64 eV) reveals a trend. The
highest PCE is obtained in each donor-acceptor combination
with an acceptor layer thickness of ~40 nm, equivalent to the
exciton diffusion length of the NFA COi8DFIC as estimated by
transient absorption spectroscopy measurements. The critical
requirement of optimal IE offset, in combination with the accep-
tor layer thickness tailored to match the exciton diffusion length,
provides the highest PCE in the PTB7-Th/COi8DFIC devices
possessing an IE offset of ~0.55 eV. The optimal acceptor layer
thickness and IE offset enabled enhanced charge generation by
mitigating the exciton losses. Importantly, this optimization
provides fast charge carrier extraction (~690 ns) and moderate
carrier lifetime (~10.85 pus) in PTB7-Th/COi8DFIC devices, sub-
stantially improving the device short-circuit current and fill factor.
High charge carrier density and comparably low bimolecular
recombination losses determined from time-delayed photo-
CELIV measurements corroborate these findings. This study
highlights the importance of simultaneous optimization of NFA
layer thickness, and IE offset as a design motif for reducing charge
generation and recombination losses in bilayer OSCs.

Experimental section

The architecture of b-OSCs is ITO/Donor polymer/COi8DFIC/
PDIN/Ag. A thin layer (ca. 30 nm) of PEDOT:PSS (Clevios
AL4083) was first spin-coated on the pre-cleaned ITO-coated
glass substrates at 4000 rpm and baked at 150 °C for 15 min
under ambient conditions. Subsequently, the donor and accep-
tor layers were prepared separately. The PTB7-Th (PBDB-T,
PBDB-T-2F) solutions were prepared in CF at 8 mg mL ™" whereas
COIi8DFIC solutions were prepared in DCM at 10 mg mL ™. PDIN
in carbinol with 0.3% acetic acid at 2 mg mL ™" was then spin-
coated on the active layer at 4000 rpm. At the final stage, the
substrates were pumped down in a high vacuum, and Ag
(100 nm) was thermally evaporated onto the active layer.

The current density-voltage (J-V) characteristics of b-OSCs
were measured using a Keithley 2400 source meter in the glove
box under AM 1.5G (100 mW cm %) illumination conditions
using a Enlitech solar simulator. The external quantum effi-
ciency (EQE) spectra were measured using a Solar Cell Spectral
Response Measurement System QE-R3011 (Enlitech Co., Ltd).
The light intensity at each wavelength was calibrated using a
standard monocrystalline Si photovoltaic cell. The transient
photocurrent (TPC), transient photovoltage (TPV), and the
Photo-CELIV measurements were conducted using the PAIOS
electro-optical characterization module (Fluxim Co., Switzer-
land), integrated with the Setfos-Paios numerical simulation
module. A global fitting approach was utilized to extract the
device parameters.

TRPL measurements were performed on films spin-coated
onto quartz substrates using the output of a Mode-locked Ti:Sa
(Chameleon Ultra I from Coherent) fs laser operating at 80 MHz
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repetition rate, at 725 nm. An optical telescope (consisting of
two plano-convex lenses) collected the PL of the samples,
focused on the slit of a spectrograph (Princeton Instrument
Spectra Pro SP2300), and detected with a Streak Camera
(Hamamatsu C10910) system; a long pass filter (750 nm) was
used. The excitation fluences used were between 0.3 to 3 nJ cm >
where no fluence dependence was observed for these materials.
The data were acquired in time-correlated single photon count-
ing mode using the Streak Camera software (HPDTA) and
exported to Origin 2021 for further analysis.

Transient absorption (TA) spectroscopy was carried out
using a custom pump-probe setup. The output of a titanium:-
sapphire amplifier (Coherent LEGEND DUO, 4.5mJ, 3 kHz,
100fs) was split into three beams (2, 1, and 1.5 m]). One of
them was used to produce a white-light supercontinuum from
550 to 1700 nm by sending the 800 nm pulses through a
sapphire (3 mm thick) crystal. The other two beams were used
to pump two optical parametric amplifiers (OPA) separately
(Light Conversion TOPAS Prime). TOPAS 1 generates tunable
pump pulses, while TOPAS 2 generates signal (1300 nm) and idler
(2000 nm) only. The pump-probe delay was adjusted by reducing
the pump beam pathway between 5.12 and 2.6 m while the probe
pathway length to the sample was kept constant at ~5 m between
the output of TOPAS 1 and the sample. The pump-probe path
length was varied with a broadband retroreflector mounted on an
automated mechanical delay stage (newport linear stage
IMS600CCHA controlled by a Newport XPS motion controller),
thereby generating delays between pump and probe from —400 ps
to 8 ns. The samples (films on quartz substrates) were kept under
vacuum (10 ®mbar) during the measurements. The excitation
wavelength used was 750nm. The transmitted fraction of the
white light was guided to a custom-made prism spectrograph
(Entwicklungsbiiro Stresing), where it was dispersed by a prism
onto a 512-pixel complementary metal-oxide-semiconductor
(CMOS) linear image sensor (Hamamatsu G11608-512DA). The
probe pulse repetition rate was 3 kHz, while the excitation pulses
were directly generated at 1.5 kHz frequency, and the detector array
was read out at 3 kHz. Adjacent diode readings corresponding to
the transmission of the sample after excitation and in the absence
of an excitation pulse were used to calculate AT/T. Measurements
were averaged over several thousand shots to obtain a good signal-
to-noise ratio. The chirp induced by the transmissive optics was
corrected with a custom MATLAB script. The delay at which the
pump and probe arrive simultaneously on the sample (i.e., zero
time) was determined from the point of the maximum positive
slope of the TA signal rise for each wavelength.
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