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In Situ Study the Dynamics of Blade-Coated All-Polymer
Bulk Heterojunction Formation and Impact on

Photovoltaic Performance of Solar Cells

Nannan Yao,* Qunping Fan, Zewdneh Genene, Heng Liu, Yuxin Xia, Guanzhao Wen,
Yusheng Yuan, Ellen Moons, Jan van Stam, Wei Zhang,* Xinhui Lu,* Ergang Wang,*

and Fengling Zhang*

All-polymer solar cells (all-PSCs) have achieved impressive progress by employing
acceptors polymerized from well performing small-molecule non-fullerene
acceptors. Herein, the device performance and morphology evolution in blade-
coated all-PSCs based on PBDBT:PF5-Y5 blends prepared from two different
solvents, chlorobenzene (CB), and ortho-xylene (0-XY) are studied. The absorption
spectra in CB solution indicate more ordered conformation for PF5-Y5. The drying
process of PBDBT:PF5-Y5 blends is monitored by in situ multifunctional spec-
troscopy and the final film morphology is characterized with ex situ techniques.
Finer-mixed donor/acceptor nanostructures are obtained in CB-cast film than that
in 0-XY-cast ones, corresponding to more efficient charge generation in the solar
cells. More importantly, the conformation of polymers in solution determines the
overall film morphology and the device performance. The relatively more ordered
structure in CB-cast films is beneficial for charge transport and reduced non-
radiative energy loss. Therefore, to achieve high-performance all-PSCs with small
energy loss, it is crucial to gain favorable aggregation in the initial stage in solution.

The limiting factors for all-PSCs are mainly
incurred by the small electron mobility of
polymer acceptors and strong phase separa-
tion upon evaporation of the solvent.!>® It
is known that the emerging non-fullerene
acceptors (NFAs), such as ITIC and Y6,
have strong absorption in the near-infrared
region and excellent electron-transport
properties, which enables power conver-
sion efficiencies (PCEs) of organic solar
cells (OSCs) exceeding 19%.7%! Recently,
novel polymer acceptors have been
synthesized by polymerizing NFAs to syn-
ergize the merits of NFAs and conjugated
polymers."'™! The PCEs of all-PSCs
employing such polymerized NFAs were
promoted to above 16%.I"*'”! However,
high-efficient all-PSCs are commonly fabri-
cated via spin-coating in inert atmosphere,
which is not compatible with upscaling of
solar module production. To realize the

1. Introduction

All-polymer solar cells (all-PSCs) have attracted extensive atten-
tion due to the thermal and mechanical stability of polymers.l')

commercialization of OSCs in the future, continuous large-
area-coating techniques like blade-coating or slot-die-coating
are required. Nowadays, the performance of OSCs printed in
air still lags behind those of OSCs spin-coated in a glove box.
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As the nanoscale morphology of printed donor—acceptor bulk-
heterojunctions (BH]Js) is crucial for photovoltaic performance,
to enhance device performance, it is necessary to study the
dynamics of printed BHJs and figure out key processing param-
eters for the optimized morphology/phase separation.

The morphology of BH]J active layers is a consequence of the
solution-to-solid transition process. The processing conditions
such as solvents, additives, and thermal annealing are known
to significantly influence the film formation and modulate the
final morphology."*'® Studying dynamics of the film formation
with an in situ optical spectroscopy can deepen the understand-
ing on BHJs morphology. In situ photoluminescence (PL) spec-
troscopy could provide information on polymer aggregation/
phase evolution from liquids to films by recording the PL spectra
evolution of pristine materials. This technique also allows the
detection of the donor /acceptor interaction in blends, as the lumi-
nescence of the donor (acceptor) could be quenched by charge
transfer occurring at the interfaces with the acceptor (donor).
A substantial PL quenching typically implies fine-mixed morphol-
ogy and efficient charge transfer.">?”! In situ PL spectroscopy is
an unique/effective tool to monitor the morphology formation
during the film-drying process, and has been used to study the
influence of processing additives, deposition temperature, and
annealing treatment on the drying process of BHJs.*"*

It is well known that in morphology evolution such as donor/
acceptor miscibility, domain purity significantly affects the charge
generation and transport, that can reflect the photocurrent of solar
cells. In addition, the degree of order configuration is also important
for device fill factor (FF) and open-circuit voltage (Voc). Regarding
all-polymer systems, the polymer chain torsion or weak crystallinity
brings disorder into the system, resulting in discrete energetic sites
and broad density of states (DOS) distribution, that limits charge-
hopping transport between adjacent sites."#2**) Such disorder
structure would induce unfavorable non-radiative recombination,
which has been demonstrated as the dominating energy loss in
0SCs.” Therefore, understanding the morphology formation
could also be helpful for further improving the device performance.

In this work, we investigate the correlation between morphol-
ogy evolution, charge-carrier dynamics, and photovoltaic perfor-
mance in a blade-coated all-polymer system, poly[(2,6-(4,8-bis
(5-(2-ethylhexyl)thiophen-2-yl)-benzo[1,2-b:4,5-b’|dithiophene))-alt-
(5,5-(17,3'-di-2-thienyl-5',7'-bis(2-ethylhexyl)benzo[1’,2'-c:4’,5'-¢’]
dithiophene-4,8-dione)] (PBDBT):PF5-Y5. Herein, the PBDBT:
PF5-Y5 blend films were processed from chlorobenzene (CB)
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and orthoxylene (0-XY), the polymer conformation in solutions
was studied by absorption spectra. And then in situ PL spectroscopy
was used to track the solution-to-solid transition process. Transient
absorption (TA) spectroscopy was conducted to explore the charge-
transfer process. The morphology of dried films was characterized by
atomic-force microscopy (AFM) and grazing-incidence wide-angle X-
ray scattering (GIWAXS). Moreover, their influence on device per-
formance was also discussed, especially for the energy loss.

2. Results and Discussion

2.1. Steady-State Absorption Spectroscopy

The absorption spectra of the neat PBDBT, PF5-Y5 (Figure S1,
Supporting Information) and PBDBT:PF5-Y5 (4:3 wt%) blend
solutions in CB and 0-XY, as well as the corresponding solid
films, are presented in Figure 1. The absorption spectra of
PBDBT in the two solvents largely overlap with each other with
absorption maximum at 620 nm and a shoulder at 578 nm. The
absorption spectrum of PF5-Y5 in CB shows an absorption max-
imum at 740 nm, slightly redshifted spectrum compared to that
in 0-XY at 725 nm, while the onset of absorption is the same in
both solvents. We interpret this redshift as an indication for CB
being a better solvent for PF5-Y5 than 0-XY. In a good solvent, the
polymer chains tend to extend. A reasonable explanation is that
PF5-Y5 in CB has open and extended polymer chain conforma-
tion and strong interactions with solvent, that might be favorable
to form order structure.””) When o-XY is used as solvent, in con-
trast, the polymer is expected to take a more coiled conformation
indicating a lower miscibility with 0-XY. From solution to a solid
film the absorption peak of PF5-Y5 displays a pronounced spec-
tral redshift (40 nm for CB or 55 nm for 0-XY) and the absorption
spectrum for the film is independent of the casting solvent. For
the absorption maximum of PBDBT, there is only a very small
shift (5nm) to lower energies upon transition from solution to
film and the shoulder peak gets more pronounced. These differ-
ences are also present in the blends, indicating that the presence
of both polymers in the blend does not influence the energy levels
of the polymers, as compared to when they are not blended.

2.2. In Situ PL Spectroscopy

Would these different conformations in the two solutions be
maintained into their solid films? This transition process was
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Figure 1. Absorption spectra of a) PBDBT, b) PF5-Y5, and c¢) PBDBT:PF5-Y5 in chlorobenzene (CB), and ortho-xylene (0-XY) solutions (dash line), and in

solid state (solid line).
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monitored using in situ PL spectroscopy. During the drying pro-
cess, the solutes become compact along with the evaporation of
the solvent, leading to the quenching of PL. The PL spectral evo-
lution for neat PBDBT and PF5-YS5 is illustrated in Figure S2,
Supporting Information, where o0-XY with a bit higher boiling
point (144°C) prolongs the drying time compared to CB
(132°C). The emissions of neat PBDBT cast from CB and o-
XY have similar behaviors with a PL peak around 680 nm and
shoulder at 740nm, and the PL intensity exhibits a smooth
decrease. Also, there is no clear spectral shift, which indicates
the chain aggregation of PBDBT has already formed in CB
and 0-XY solutions. As for the neat PF5-Y5, the redshifted PL
peak at 830 nm is an indicator for the polymer aggregation dur-
ing film formation. Additionally, the PL intensity evolution
shows obvious differences between these two cases, where the
PL intensity of CB-cast PF5Y5 decreases continuously,
while the 0-XY one shows almost constant PL intensity at first
stage, indicating weak interaction between polymer chains.
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Afterward, a significant drop of PL intensity indicates a rapid
aggregation at the final stage in 0-XY.

Regarding the phase behavior for PBDBT:PF5-Y5 BH]Js dur-
ing film formation, Figure 2a,b shows insitu PL spectra of
PBDBT:PF5-Y5 blends cast from CB and 0-XY. The initial spec-
tra are dominated by the PF5-Y5 emission with PL maximum at
around 850 nm, accompanied by a weaker PL peak at 680 nm
originating from PBDBT. The integrated PL intensity of the
PBDBT (red dots) and PF5-Y5 (black dots) contributions to
the blend spectra are plotted as a function of drying time
(Figure 2c¢,d). The corresponding position of the PL maximum
of PF5-Y5 as a function of drying time is shown in
Figure 2ef.

In detail, the PL intensity of PBDBT decreases gradually with
drying time in both CB and 0-XY cast films, while different
behaviors of PF5-Y5 signal can be observed. In the case of
the CB-BH]J film as shown in Figure 2c¢, at the first stage, the
PL intensity of PF5-Y5 shows faster decrease than 0-XY one
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Figure 2. In situ photoluminescence (PL) spectra of PBDBT:PF5-Y5 blend cast from a) CB and b) o-XY during film formation process; c,d) the PL intensity
of PBDBT (red) and PF5-Y5 (black) were plotted as function of drying time; e,f) the PL peaks of PF5-Y5 during drying are plotted.
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(Figure 2d), which indicates stronger interaction between
PBDBT and PF5-Y5. Then PF5-Y5 tends to aggregate, leading
to the PL drop and peak position shift as shown in Figure 2e.
Regarding the 0-XY-BH] film, the reduced PL quenching rate
can be assigned to the stronger phase separation. As having dis-
cussed in absorption characteristics, PF5-Y5 in CB would tend to
be unfolded, while PF5-Y5 in 0-XY solution with coiled chains
tends to be self-aggregated. At the final stage, like the neat PF5—
Y5 in 0-XY, the rapid PL quenching (black dots) in Figure 2d is
due to the PF5-Y5 aggregation, meanwhile, the peak shift was
also observed. It therefore indicates the smaller miscibility
between PBDBT and PF5-Y5 for the 0-XY cast blend film, which
leads to larger phase separation.

2.3. TA Spectroscopy

The PL quenching of BHJ films compared to pristine layers is
considered as an indicator for charge transfer between donor
and acceptor. As shown in Figure S3, Supporting Information,
the almost completely PL-quenched CB-BH] films indicate more
efficient charge transfer than o-XY-BH]J. Additionally, TA spec-
troscopy provides information on excitonic and hole-transfer
dynamics. CB-cast neat PBDBT and PF5-Y5 exhibit longer exci-
ton lifetime and diffusion length (Figure S4 and Table S1,
Supporting Information). Regarding hole-transfer process, an
excitation of 800 nm pump laser can selectively excite acceptor
PF5-Y5. In Figure 3, the rising signal at 630 nm is induced from
PBDBT, which reflects the hole transfer from PF5-Y5 to PBDBT.
The hole-transfer dynamics consists of ultrafast charge-transfer
process and exciton diffusion process, that can be fitted by a
biexponential function

I =Aexp (— %) + Azexp<— %) (1)

Charge transfer at donor/acceptor interface is ultrafast, usu-
ally within hundreds of fs (7;). Regarding the excitons generated
away from the interface usually exhibit relatively slower diffusion
process, the exciton diffusion lifetime 7, depends on the domain
size, where excitons spend long time to diffuse to interface in
large domain. As the fitting results shown in Table S2,
Supporting Information, these two blend films show comparable
ultrafast charge transfer, however, the CB-BH] film exhibits

www.solar-rrl.com

shorter exciton diffusion time of ~8.59 ps than the 0-XY one
(~15.3 ps), indicating more efficient hole-transfer and smaller
domain size in CB-BH]J films. Considering the exciton diffusion
coefficients of the acceptors, the sizes of acceptor phase in the o-
XY and CB-BH] films are determined as ~48.1 and ~39.3 nm,
respectively. In this case, larger photocurrent will be expected in
CB cast solar cells.

2.4. Morphology Characteristics

In addition to the spectroscopy, the ex situ morphology character-
istics were also employed. The surface energy of the film
components was employed to roughly estimate the miscibility
between donor and acceptor in blends. The surface energy
was obtained from contact angle measurements using two
different test liquids (Figure S5 and Table S3, Supporting
Information), where the corresponding values for PBDBT films
cast from CB and 0-XY are 14.8 and 15.5 mN m ™", respectively,
while the value for CB-processed PF5-Y5 is 14.1 mN m ™, and
0-XY-processed PF5-Y5 is 23.6 mN m™". According to the rela-
tion between the Flory-Huggins interaction parameter (y) and
the surface energy?®®>"

x o< (Vri =) 2)

where the y;; represents the surface energy for the two compo-
nents, the interaction parameter between the donor and acceptor
can be determined. Herein, the big difference in surface energy
for 0-XY cast PBDBT and PF5-Y5 films indicates relatively poor
miscibility. Instead, the similar surface energy for donor and
acceptor in CB cast films means better miscibility. In addition,
from AFM height and phase images of blend films (Figure 4), it
is found that (Figure 4a) the surface of the CB-cast blend film
(Rq = 1.00 nm) shows fiber-like structures, however, coarser sur-
face morphology (R, = 2.14 nm) and large-scale phase separation
can be observed in 0-XY-cast blend films (Figure 4c,d).
Additionally, GIWAXS data as shown in Figure 4e-h and S6,
Supporting Information, gives information about crystallinity
and ordered structure. These two blend samples show a lamellar
peak around 0.30 A™' in-plane, with the higher and narrower
peak in the CB-cast blend indicating a larger crystal coherence
length (CCL) of 57.7 A, while 0-XY BH]J has a smaller CCL of
30.6 A. In the out-of-plane, CB-BHJ still has a bit larger CCL
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Figure 3. The transient absorption (TA) spectra of PBDBT:PF5-Y5 blend films cast from a) CB and b) o0-XY; the excited wavelength is 800 nm with an
excitation fluency of 2.01 x 10" photon-pulse ™' cm ™2 ¢) The extracted dynamics of ~630 nm for PBDBT:PF5-Y5 blend films.
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Figure 4. Atomic-force microscopy (AFM) surface morphology and phase images of PBDBT:PF5-Y5 blend films cast from a,b) CB and c,d) o-XY. e,f)
Grazing-incidence wide-angle X-Ray scattering (GIWAXS) data of g) in-plane and h) out-of-plane of PBDBT:PF5-Y5 blend films cast from CB and o-XY.

(58.9 A) than 0-XY one (53.8 A). Regarding the n—r stacking in
out-of-plane, the peak of 1.70A™' and CCL of 10.8A for
0-XY—BH], the peak of 1.75 A~ and CCL of 13.3 A for CB-BH]J,
the higher intensity and peak shift indicate a smaller n—r stacking
distance and relatively more ordered structure in CB-blend film.

2.5. Photovoltaic Performance and Energy Loss of All-PSCs

The results provided previously have demonstrated different film
formation processes and morphology for blend films caused by
processing solvents. Such difference could influence charge-carrier
dynamics, thereby affecting output performance of devices. To
study how these different morphology evolution influence device
performance, the all-PSCs were fabricated with structure of ITO/
PEDOT:PSS/PBDBT:PF5-Y5/2,9-bis[3-(dimethyloxidoamino)pro-
pyllanthra[2,1,9-def:6,5,10-d’e’f"|diisoquinoline-1,3,8,10(2H,9H)-
tetrone (PDINO)/Al, where the active layers were prepared by
blade-coating methods in air. Current density—voltage (J-V) char-
acteristics and external quantum efficiency (EQE) spectra for CB-
and o-XY-processing solar cells were measured in air and shown in
Figure S7, Supporting Information. This all-PSC with CB as sol-
vent exhibits higher efficiency of 8.66% than o0-XY device (Table 1).
The higher short-circuit current density (Jsc) of 15.7 mAcm ™ ? in
CB device is attributed to the better mixed donor/acceptor and
smaller-scale phase separation, while the less donor/acceptor mis-
cibility and large-scale phase separation could suppress charge
generation, lowering photocurrent in 0-XY device. The PL and
TA characteristics also consist with the photocurrent of solar cells.

The device FFs (0.60 vs 0.50) also indicate different charge-
transport profiles. To compare the charge-transport properties
between these two BHJs, hole and electron mobilities were
extracted from dark J-V curve of signal-layer solar cells
(Figure S8, Supporting Information). In Table 1, both electron
and hole mobilities of 0-XY-processed device are lower than that

Sol. RRL 2023, 2201134 2201134 (5 of 8)

Table 1. Photovoltaic parameters of CB- or 0-XY-processed PBDBT:PF5-Y5
BH)-based solar cells, and the hole and electron mobilities.

Solvent Jse FF Voc PCE Yn e Hn/He
[mAcm™? ™ [%] [em?V s [em? Vs
CB 15.7  0.60 0.92 8.66 (8.39) 1.36x10* 838x10° 1.62

o-XY 127 0.50 0.87 5.52(5.38)” 5.80x10° 525x10°° 11.0

IThe data in brackets are average values with standard deviation from ten devices.

of CB device. Especially the electron mobility for o-XY-processed
devices is one order of magnitude smaller than that of CB-
processed ones, the slope change in dark J-V curve of electron-
only device (Figure S8b, Supporting Information) indicates
electron trapping in 0-XY device. The poor charge-transport
accounts for the smaller FF in o-XY-processed devices.

Regarding the difference in Vo for these two solar cells, the
energetic disorder was analyzed, as the presence of disorder would
bring severe non-radiative recombination and then lead to more
energy loss for solar cells. The energetic disorder was obtained from
Gaussian disorder model by temperature-dependent space charge-
limited current (SCLC) measurement. As the results shown in
Figure 5 and S8, Supporting Information, CB-cast hole-only device
shows comparable disorder (66 meV) to o-XY-processed one
(67 meV), while in terms of electron-only devices, a larger disorder
of 81 meV was observed in 0-XY device and CB device has a much
smaller one of 71 meV. This is consistent with the GIWAXS data,
where CB-cast blend film exhibits more ordered structure and lon-
ger CCL than the 0-XY-processed blend. The larger disorder in 0-XY
device means broad DOS, which can also be confirmed by broader
electroluminescence (EL) spectra (Figure S9, Supporting Information).

Herein, to quantify and understand the difference in Vo, the
detailed energy loss was investigated. The total energy loss can be
given by

© 2023 The Authors. Solar RRL published by Wiley-VCH GmbH
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Figure 5. Dark current density-voltage (J-V) curves for electron-only devices based on a) CB and b) 0-XY cast PBDBT:PF5-Y5 BH|s under different
temperature. c) Fourier-transform photocurrent spectroscopy external quantum efficiency (FTPS-EQE) and d) EQEg, curves of CB- and o-XY-processed

PBDBT:PF5-Y5 bulk-heterojunctions (BHJ)-based all-PSCs.

AEjss = Eg — qVioc
= (Eg — qVod) + (qVod — qVi) + (qVi — qVio)
= (Eg — qVod) + qAVESPIVEP | g ymon-rad
= AE, + AE, + AE,

—_
w
-

where the photovoltaic bandgap E, was obtained from EQE
(Figure 5c), AE; and AE, represent radiative loss above and
below bandgap, respectively, AEj; is the non-radiative loss, which
can be calculated from electroluminescence EQE (EQEg; ) of devi-
ces (Figure 5d)
AEy = gAVE T — _kTIn(EQEg) )
As the detailed voltage losses shown in Table 2, the different
AE) between CB (0.54 eV) and 0-XY (0.59 eV) processed-solar
cells is dominated by non-radiative recombination AEj;, where
CB device has AE; of 0.25eV and o-XY-device has AE; of
0.29eV. The smaller non-radiative voltage loss in CB device
contributes to the relatively larger Voc (0.92V). In terms of
0-XY-device with larger AE;, we have known this system suffers
from large energetic disorder, and the trapped charges in the tail
states will limit charge transport and cause more non-radiative
recombination. Additionally, regarding the system with broad
DOS, the charges would first occupy the tail states, that limits the
splitting of quasi-Fermi levels for electrons and holes. As a result,
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Table 2. Detailed energy loss of CB- and 0-XY-processed PBDBT:PF5-Y5
BH)-based all-PSCs.

Solvent  Eg [eV] V3R M ved v AE V] AE; V] AE; V] AEes [eV]
CB 1.47 1.21 1.18 0.26 0.03 0.25 0.54
o-XY 1.48 1.21 1.18 0.27 0.03 0.29 0.59

the V¢ will be reduced. Therefore, less disorder is crucial to
further improve the device performance with small voltage loss.

3. Conclusion

A comparative study based on blade-coated PBDBT:PF5-Y5 all-
PSCs was performed using CB and 0-XY as processing solvents.
The film-drying process was monitored by in situ optical spectra,
which demonstrates better donor/acceptor miscibility in CB-cast
film, thereby facilitating charge generation and higher photocur-
rent. Additionally, the relatively ordered structure is beneficial for
charge transport and reduced non-radiative loss, which results in
higher FF and Vo in CB-processed devices than the 0-XY ones.
These results indicate that polymer chain conformations and
aggregation in solution will persist in the solid state. It is crucial
to achieve ordered structure and aggregation in the initial stage
in solution for improving photovoltaic performance of all-PSCs.
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4. Experimental Section

Materials: PBDBT and PDINO were purchased from Solarmer, Inc.
(Beijing). Poly(3,4-ethylenedioxythiophene):polystyrene sulfonate (PEDOT:
PSS, Al 4083) was purchased from Heraeus. ZnO (N-10, 2.5 wt% in isopro-
panol) was purchased from Avantama. PF5-Y5 was synthesized according
to the previous work. All materials were used as received without additional
purification.

Device Fabrication: All-PSCs were prepared with conventional structure
of ITO/PEDOT:PSS/PBDBT:PF5-Y5/PDINO/A. All the functional layers
except active layer were prepared according to our previous article.??
PBDBT:PF5-Y5 with weight ratio of 1:0.75 were dissolved in CB or o-XY
with a total concentration of 16 mg mL™". The blend solutions were stirred
at 80 °C for 6 h before blade-coating. The active layers were blade-coated
on ITO/PEDOT:PSS in air, during blade-coating process, the ITO sub-
strates were placed on hot plate with temperature of 60°C. The active
layers (120 nm) were subsequently thermal annealed at 100°C for
10 min in glove box. After that PDINO was spin-coated on the active layers.
Finally, 100 nm of Al was thermally evaporated through shadow mask in a
vacuum 1 x 10~® mbar. The effective device area of devices is 0.047 cm?.

Characterizations: Absorption spectra were measured by a Perkin Elmer
Lambda 900 UV-Vis—NIR spectrometer. In situ optical spectroscopy setup
was reported in previous work. A 532 nm laser was used as excitation
source, and the PL spectra and laser signals were recorded by QE-Pro
spectrometer. The J-V curves were characterized by a Keithley 2400 source
meter with AM 1.5 G solar simulator at an intensity of 100 mW cm ™2 AFM
images were measured with a Dimension 3100. GIWAXS was measured
with a Xeuss 2.0 WAXS laboratory beamline at The Chinese University of
Hong Kong. Contact angles were measured with CAM 200 optical contact
angle meter.

Femtosecond TA measurements were carried out by home-built TA
system. The light source of the TA system was a femtosecond laser
out from a regenerative amplifier (Legend Elite F 1 K HE + Il, Coherent),
operating at 800 nm with a repletion rate of 1 kHz. The fundamental light
was divided into two parts. One part of the light was frequency doubled
(400 nm) or used directly as the pump light. The other part was used to
excite a sapphire plate for the generation of supercontinuum white light,
which was further used as the probing light for differential absorption
measurement. The probing light was guided into a monochromator
(Omni-A200i, Zolix) and detected by a charge-coupled device detector
(Pascher Instrument). The pump “on” and “off” for a pair of sequential
actinic pulse was regulated by a mechanical chopper (500 Hz, MC2000B-
EC, Thorlabs) in the pump beam. With the help of a mechanical delay line,
the probe was time delayed relative to the pump. TA spectroscopy was
used to study the properties of pristine donor, acceptor, and blends.
We fitted the exciton lifetime 7 (r = 1/k), annihilation rate constant y
according to the decay signals under various excitation fluence

dz(:) = —kn(t) — %yﬂ(t)z K
B n(0)exp(—kt)
n(t) = 1+ Zn(0)[1 — exp(—ke)] ;

In addition, the exciton diffusion coefficient D, exciton diffusion length
Ly, and phase size Ly were obtained according to the equations

__r
8zR

—Dr (®)
L, = 2./6Dr, )

where R is the annihilation radius of singlet excitons, 7, is exciton—
diffusion-mediated lifetime.

Energy loss analysis: Electroluminescence spectra were recorded with
an Andor spectrometer. The FTPS-EQE was measured by a Vertex 70
(Bruker Optics). The EQEg. was measured by an in-house-built system

Sol. RRL 2023, 2201134 2201134 (7 of 8)

www.solar-rrl.com

with a silicon photodiode. Herein, the photovoltaic bandgap energy E,
was obtained from EQE of solar cells, £, as the mean peak energy at
the absorption edge of the distribution P(E) is given by

f”EP dE

E
E e P(E)dE

where the integration intervals a and b are chosen when the energy is equal
to half of maximum P(E), P(a) = P(b) = P(E) /2
The Vo based on Shockley—Queisser theory V2 can be calculated as

Q= LU SQ+1 LU 4J EQER( +1 an
q 0 q quQEPv

When all recombination is radiative, V129 is given by
+ 1) (12)

.Isc +-|> | ( IEQEPV
Jgd q [ EQEp (E

where k is the Boltzmann constant, T is the ambient temperature, q is the

elementary charge.

(10)

(I)AM1 Sg(E)dE
(I)BB( )d

)@ sg(E)dE

rad __
Vee = Y®gg (E)dE

0

AEy = E, — Vol (13)
AE, = gVl —qVid (14)
AE; = —kTIn(EQEg,) (15)
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