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Effect of 1-Fluoro-2-iodobenzene Solvent Additive on the
Crystallization of Donors and Acceptors, and Ultrafast

Carrier Dynamics in Polymer Solar Cells

Zezhou Liang, Lihe Yan,* Ning Wang, Jinhai Si, Shujuan Liu, Yufei Wang, Junfeng Tong,

Jianfeng Li, Baofeng Zhao, Chao Gao, and Xun Hou

Controlled sequential crystallization of donors and acceptors is a critical factor
for achieving enhanced phase separation and efficient charge transfer
performance in polymer solar cells (PSCs). In this study, a comprehensive
investigation of a structurally simple solvent additive, 1-fluoro-2-iodobenzene
(OFIB) is conducted, which efficiently controls the morphology of the active
layer, resulting in fibrous assembly and significantly enhancing the power
conversion efficiency from 16.34% to 18.38% based on the PM6:L8-BO
system. Density functional theory, molecular dynamics simulations, and
grazing incidence small- and wide-angle X-ray scattering techniques reveal
that the addition of OFIB to the processed blend aligns the orientation of the
acceptor molecules, thereby enhancing the overall z—x stacking in the active
layer. OFIB establishes nearly equal-strength 7—x interactions with the
conjugated frameworks of both the donor and acceptor materials, benefiting
from the multiple electron conjugation between its iodine atom and the
conjugated framework in the active layer. Femtosecond-timescale
photophysical studies demonstrate that the OFIB-optimized active layer
shows reduced exciton losses at the donor—acceptor interface. This study
offers a new perspective on the mechanism underlying the function of solvent
additives and presents a comprehensive research methodology that will guide
the development of next-generation non-fullerene acceptors for efficient PSCs.

low-cost fabrication,’) and mechanical
flexibility.®! The rapid development of
high-performance donor and acceptor
materials,l’) additives,®®! and interfacial
buffer layers,''2l along with efficient
processing techniques such as the layer-by-
layer solution processing method,!"*1*] has
improved the maximum achievable power
conversion efficiencies (PCEs) of PSCs to
over 19% in single-junction devices.['>"]
The separation of photogenerated excitons
and extraction of carriers are highly depen-
dent on the size of the molecular packing
and microscale phase separation in the bulk
heterojunction (BHJ)."®2¢] The purity and
crystallinity of the donor- and acceptor-rich
domains substantially influence the nanos-
tructure of the BHJ, and consequently, the
device performance.[?’-1 Although these
morphological features could enable suffi-
cient donor/acceptor interfaces for exciton
dissociation, they also introduce overmixed
donor/acceptor phases into the active
layer, which could hamper charge trans-
port and collection during PSC operation,
resulting in undesired charge recombi-
nation and preventing a further increase

1. Introduction

Polymer solar cells (PSCs) have produced shockwaves in the field
of renewable energy technology owing to their lightweight,[12]

in PSCs performance.?'-3*] Morphology control strategies,]
such as thermal and vapor annealing,**] hot-substrate
casting,[*®! and additive modulation,['®3°2] have proven to be ef-
fective and essential methods for achieving high PCEs. However,
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it is difficult to precisely control the temperature during device
processing, which reduces the reproducibility and stability of the
device. Solvent additive engineering shows great promise for pre-
cisely adjusting nanomorphologies.[']

Previous studies have reported the use of halogenated sol-
vent additives in solution processing owing to their strong dipole
moments and high boiling points.[***! These properties enable
interactions with both donor and acceptor materials, leverag-
ing the delayed evaporation characteristics of high-boiling sol-
vents to extend the crystallization time and regulate the mor-
phology of the donor-acceptor blend.*-!I Solvent additives with
strong dipole moments and molecular asymmetry have demon-
strated favorable effects on PSCs.l>?! Hou et al. proposed that
volatilizable solid additives can enhance the intermolecular 7—x
stacking of non-fullerene acceptors, facilitating charge trans-
port properties in the active layers, and resulting in improved
efficiencies and stability of PSCs.’! In addition, many aro-
matic solid additives with asymmetrically halogen-substituted
benzene rings have been reported one after another, such as 1,3-
dibromo-5-chlorobenzene.[**52-58] In our recent research, we in-
vestigated the impact of three isomeric molecular additives on
device performance, and all three halogenated additives signif-
icantly enhanced device performance.’”] Interestingly, the addi-
tives molecule with a dipole moment of zero achieved the high-
est device efficiency, which suggesting that the electrostatic in-
duction effect of dipole moments may not be the sole explana-
tion for active layer regulation. Such additives containing highly
electronegative atoms or groups typically feature benzene rings
or conjugated structures. However, there have been limited anal-
yses on the specific interaction mechanisms between additives
and donor or acceptor materials as well as their impact on photo-
physical mechanisms, such as z—r interactions as well as other
potential dispersion forces. Non-fullerene acceptors (NFAs), in
contrast to polymer donors, comprise small molecules with short
conjugate lengths. Consequently, charge transport among NFAs
is primarily influenced by conjugation and aggregation.l>>%] The
ternary strategy, which involves the addition of a third compo-
nent, can induce molecular aggregation to control the phase sep-
aration size.[®l For instance, in the case of “alloying” of donors
or acceptors, the introduction of a third component can lead to
a tight molecular stacking with the z-backbone of the donor or
acceptor.l®!] Thus, if an additive can induce the self-assembly of
NFAs to achieve ordered head-to-tail stacking, the z7—z stacking of
NFAs will experience considerable enhancement.l®?! The discov-
ery of an additive that considers both the high boiling point of lig-
uid additives, extending the crystallization time, and the benefits
of solid additives, promoting 7—z stacking and enhancing stabil-
ity, will substantially advance the performance of PSCs, bringing
them closer to industrialization.

In this study, we introduce a novel small molecules 1-fluoro-2-
iodobenzene (OFIB), as shown in Figure 1a. The OFIB molecule
contains fluorine (F) and iodine (I) atoms at the ortho posi-
tion on the benzene ring. The F atom has the highest elec-
tronegativity, which significantly affects the electrostatic poten-
tial and dipole moment of the molecular surface. As the 53rd el-
ement in the fifth period of the periodic table, the I atom has an
electron arrangement outside the nucleus of [Kr] 5s? 4d1° 5p°.
The electrons in the outermost orbit of the I atom, known as
5p orbital electrons, may have a multi-electron conjugation or
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p—x conjugation effect, enhancing the interaction between the
OFIB and the donor/acceptor materials. The OFIB was selected
as the solvent additives (melting point = —41 °C and boiling
point = 189 °C), to achieve a well-defined fibril structure in the
high-performance system of PM6:L8-BO, resulting in notably en-
hanced device PCE of 18.38%. We combined density functional
theory (DFT) simulations with experimental results to analyze
the interactions between the OFIB, donor, and acceptor mate-
rials. Despite the strong electronegativity of the fluorine atoms
in OFIB, the resulting strong dipole moment is not a key fac-
tor contributing to the regulatory effect of OFIB on the active
layer of PSCs. We propose that the excellent z—z interactions be-
tween OFIB and the donor/acceptor materials allow OFIB to act
as a crystallization nucleus during the solvent evaporation pro-
cess in the active layer, thereby inducing crystallization. Addition-
ally, it is crucial to note that OFIB has other two isomers: (ortho-
fluoroiodobenzene), meta-fluoroiodobenzene (MFIB), and para-
fluoroiodobenzene (PFIB), we also examined the impact of iso-
merism effects on device performance.

2. Results and Discussion

Figure 1a shows the chemical structures of PM6, L8-BO, and the
solvent additive OFIB. We first investigated the optical proper-
ties of neat and blended films processed with an OFIB or its
counterpart. As shown in Figure 1b,c, the absorption profiles
of PM6 and L8-BO processed with OFIB were clearly changed
compared to their counterparts, with both maximum absorption
peaks redshifted. The donor and acceptor absorption peaks could
also be observed in the blend film with and without OFIB (as
given by Figure Sla, Supporting Information). To study the ori-
gin of absorption peak change after the addition of OFIB, tem-
perature dependent absorption experiments of neat L8BO, PM6,
and PM6:L8-BO+OFIB film were performed. As shown in Figure
S1b—d (Supporting Information), both the maximum absorption
peaks were red shifted and the acromial absorption peaks obvi-
ously changed with the temperature increased. When the temper-
ature increased, the crystallinity was enhanced and the molecules
were packed closer, inducing the enhancement of z—x stacking.
The decreased electrons transition energy from z to z* orbitals
caused the red shift of the maximum peak. The acromial ab-
sorption peak was attributed as “aggregation peak,” which was
also sensitive to the temperature.[*!) The absorption near 400 nm
changed slightly with the temperature, and this absorption was
related to the vibration of the molecular skeleton (as show in the
insert of Figure S1c,d, Supporting Information).

As shown in Figure 1d,e, we calculated the adsorption energy
of OFIB with PM6 and L8-BO using the DFT. The final region of
weak interaction between OFIB and PM6/L8-BO was obtained
through a full-space conformational search, with green regions
representing the area of interaction. The adsorption energy of
OFIB:PM6 and OFIB:L8-BO was 21.86 and 20.68 kcal mol~!, re-
spectively. OFIB exhibited comparable adsorption energies with
both PM6 and L8-BO. This similarity was due to the fact that in-
teraction between OFIB and the donor or acceptor was primarily
mediated through z—z stacking, so the difference in adsorption
energy was insignificant. Figure 1f shows the natural bond or-
bital overlap between OFIB and PM6, revealing that the 5p orbital
of the I atom was conjugated with the benzene ring on the side
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Figure 1. a) Molecular structures of the OFIB, PM6, and L8-BO; b,c) the UV spectrum of PM6 and L8-BO neat films processed with and without OFIB,
respectively; d,e) the PM6 and L8-BO combined with the OFIB; f) the NBO analysis results; g,h) the sign(4,)p and RDG functions for PM6+OFIB and

L8-BO+OFIB dimer, respectively.
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chain of BDT. OFIB and PM6 also exhibited z—z stacking effect.
Similarly, OFIB:L8-BO demonstrated p—r conjugation and z—x
stacking effect between each other. Furthermore, reduced den-
sity gradient (RDG) analysis was performed to qualitatively inves-
tigate the noncovalent interactions between OFIB and PM6/L8-
BO. Figure 1g,h shows the RDG scatter plot, where the green
and blue regions of the RDG analysis indicated the presence of
marked non-covalent attractive interactions between the OFIB
and PM6/L8-BO. RDG analysis in Figure 1gh revealed distinct
features within the range of x-axis —0.03 to —0.01. This suggested
that the contribution of van der Waals forces between OFIB and
PM6 was relatively higher than the weak van der Waals interac-
tion between OFIB and 1.8-BO.52] This also elucidated the slight
elevation in the adsorption energy of OFIB with PM6. This char-
acteristic of relatively balanced adsorption energies for the OFIB,
along with both the donor and acceptor, could be exploited to con-
trol the phase separation size and molecular packing. As shown
in Figure S2 (Supporting Information), according to the DFT cal-
culation and the IGM analysis, both the MFIB and PFIB dis-
played the interaction styles between the additives molecular and
the PM6/L8BO, which was similar to OFIB. The absorption en-
ergy of additives molecular between PM6 were: OFIB (21.86 kcal
mol™!) ~ MFIB (21.89 kcal mol™') > PFIB (21.38 kcal mol™);
and the absorption energy of additives molecular between L8-BO
were: OFIB (20.68 kcal mol~') ~ MFIB (18.93 kcal mol~!) > PFIB
(18.42 kcal mol ™). The OFIB had the strongest weak interaction
force between PM6 and L8-BO compared with MFIB and PFIB.
This may be related to the dipole moment size of the additive
molecules (Figure S3, Supporting Information), for OFIB, MFIB,
and PFIB with the dipole moment of 2.296 (Debye), 1.488 (De-
bye), and 0.084 (Debye), respectively. This characteristic of rela-
tively balanced adsorption energies for the OFIB, along with both
the donor and acceptor, could be exploited to control the phase
separation size and molecular packing.

The thermogravimetry analysis was employed here to examine
the OFIB processed PM6:L8-BO blend, and a distinct 5% weight
loss at about 66.5 °C and a low volatilized temperature of 100 °C
were observed. It exhibits the OFIB could be easily removed by
thermal or vacuum annealing (Figure S4, Supporting Informa-
tion). Moreover, after the thermal annealing treatment, no sig-
nal of I 3d was observed in the X-ray photoelectron spectrom-
eter spectra of the PM6:L8-BO films with the OFIB treatment,
confirming the high volatility (Figure S5a,b, Supporting Informa-
tion). The miscibility between PM6, L8-BO, and OFIB was inves-
tigated by calculating the surface free tension (y) via measuring
the contact angles based on water and diiodomethane drop-lets
on the substrates, as displayed in Figure S6 and Table S1 (Sup-
porting Information). PM6 demonstrated a lower y value (27.04
mN m™') that L8-BO (37.53 mN m~!) and OFIB (59.27 mN m™),
respectively. The Flory—Huggins interaction parameter (y) calcu-
lated from the surface energy (y) is a critical parameter for mea-
suring the miscibility between two materials, suggesting that a
small y value indicates that the two materials mix better, the cal-
culated details are summarized in the Supporting Information.
Additionally, the calculated y for PM6:OFIB is 6.24 K, which was
much higher than the values for the L8-BO:OFIB (2.47 K) and
PMG:L8-BO (0.85 K) blends.

To validate this hypothesis, we used grazing-incidence wide-
angle X-ray scattering (GIWAXS) measurements to examine the

Adv. Funct. Mater. 2023, 2310312

2310312 (4 of 13)

www.afm-journal.de

impact of OFIB on the molecular crystallinity and intermolecular
interactions in the PM6 and L8-BO films, and the results are sum-
marized in Table S2 (Supporting Information). Figure 2a,b shows
the 2D GIWAXS scattering patterns and the corresponding out-
of-plane (OOP) and in-plane (IP) line cuts of the neat films. The
PMG6 neat film exhibited clear (010) and (100) diffraction peaks in
both the OOP and IP directions, suggesting a mixture of edge-on
and face-on orientations. The (010) diffraction peak in the OOP
direction was located at g, = 1.667 A~! and corresponded to a
7—m stacking distance of 3.768 A. The crystal coherence lengths
(CCLs) of the (010) diffraction peaks in the OOP direction for
the neat PM6 films were estimated to be 20.204 A. The corre-
sponding data are presented in Table 1. After being processed
with OFIB, the (010) diffraction peak of the PM6 films shifts to g,
=1.683 A1, corresponding to a z—z stacking distance of 3.732 A,
with CCLs 0f 23.149 A. In addition, the intensities in the OOP di-
rection are enhanced. Additionally, similar substantial crystalliza-
tion changes were observed in films based on OFIB-processed
L8-BO. Compared with the control L8-BO film, the (010) diffrac-
tion peak shifted from 1.706 to 1.752 A~! and corresponded to
a smaller z—r stacking distance of 3.584 A. This shift indicated
closer molecular packing and stronger intermolecular z—r inter-
actions. Additionally, the CCL of the OFIB-processed L8-BO films
increased from 14.290 to 16.729 A.

Y-series NAFs, consisting of banana-shaped molecules, ex-
tended their conjugation through end-group stacking, forming
a zigzag polymer-like conjugated backbone. In the crystal lat-
tice, these 1D channels were formed by the (110) lattice plane
and extended along the cube-body diagonal. For the molecules
in the blends, slight variations in the intermolecular distances
and molecular conformations substantially affected the mobility
of electrons and holes (Figure S7, Supporting Information).!®?]
The physical picture of charge transfer in organic semiconduc-
tors is often influenced by positional disorder and polarization
effects, making it difficult to evaluate these contributions exper-
imentally. This issue could be addressed by combining simpli-
fied models with quantum chemical calculations. According to
the Marcus charge-transfer theory, the Marcus charge-hopping
rate was expressed in formula (1):(626]

271'2 1

k=2
h \[az Ak, T

exp( ) 1)

4k, T

where the A represents the reorganization energy, J represents
the transfer integral, and % reduces Planck’s constant. The reor-
ganization energy is the sum of internal reorganization energy
A, and external reorganization energy A4. Furthermore, the 4, ac-
counts for the reorganization of the molecular geometry upon ox-
idation or reduction, the A accounts for the polarization due to
the environment of the molecule, the A is much smaller than the
A; usually. A large transfer integral and small reorganization en-
ergy produce a maximized hopping rate. 4, is related to the intrin-
sic properties of molecules. Here, we calculated the charge trans-
fer integral by estimating the direct interaction between the or-
bitals of the molecules involved in charge transfer (y;; = HOMOs
or LUMOs) ;| H|y;, with this matrix element calculated in an
orthogonal {y,} basis set.?] As shown in Figure 2c—e, we calcu-
lated the electron and hole transfer integrals as a function of the
scan distance for the L8-BO:L8-BO, PM6:PM6, and PM6:L8-BO
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Figure 2. a) 2D Grazing incidence wide-angle X-ray scattering (GIWAXS) patterns and b) corresponding out-of-plane and in-plane line cuts of PM6 and
L8-BO neat films processed with and without OFIB. The schematic diagram of calculation of charge transfer integral and the relationship of charge
transfer integral between electron and hole: ¢,f) for L8-BO dimer, d,g) for PM6 dimer, and e,h) for PM6:L8-BO dimer, respectively.

dimers, respectively. The scan of the dimers was along the arrows
in the picture show the direction, with step sizes of 0.1 A, and
Figure S8 (Supporting Information) exhibits the top view of the
three dimers. The calculated results indicated that the transfer
integral was highly sensitive to the molecular stacking distance,
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as shown in Figure 2f-h. When the distance between the two
molecules moved to near the equilibrium position, the electronic
wave function could become more sensitive, and sudden changes
of the charge transfer integral at ~3.4 A were observed. Unlike the
other two dimers, the hole transfer integral of the L8-BO:L8-BO
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Table 1. Photovoltaic parameters of the as cast and 0.65% (Vol) OFIB processed PM6:L8-BO-based devices, and five devices were fabricated for each

condition.

Active layer Conditions Voc V] Jsc [mMAcm™ FF [%] PCE [%] PCE, .y [%]
PM6:L8-BO w/a 0.92 24.76 £ 0.2 72.14 +£ 0.5 16.15 + 0.1 16.34
0.65% OFIB 0.91 25.66 + 0.2 79.15+ 0.5 18.25 + 0.1 18.38

dimer appeared to be more sensitive than the electron transfer
integral at shorter distances. Both the PM6:PM6 and PM6:L8-BO
dimers were more sensitive to electron transfer integration. The
abrupt changes in the electron and hole charge transfer integrals
were due to changes in the molecular orbital overlap with dis-
tance, as shown in Figure 2f h. The larger spread of the hole trans-
fer integral as a function of distance was explained by a larger
positional disorder, which also reflected the larger width of the
Gaussian density of states of the HOMO orbit for the Gaussian
disorder model. Therefore, reducing the z—z stacking distance
between molecules effectively improves the charge transfer be-
tween molecules and further promotes carrier transport.

Solar cell devices were fabricated using an indium tin oxide
(ITO)/poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate)
(PEDOT:PSS)/PM6:L8-BO/PDINN/Ag structure. The current
density—voltage (J-V) curves are shown in Figure 3a, and the
detailed parameters are summarized in Table 1 and Figure S9
(Supporting Information). The control device using CF as the
solvent without any additives achieved a maximum PCE of
16.34% with an open-circuit voltage (Vo) of 0.92 V, a short-
circuit current (Jsc) of 24.76 mA cm™2, and a fill factor (FF)
of 72.14%. The devices processed with 0.65% OFIB achieved
a maximum PCE of 18.38% with a V. of 0.91 V, a Ji. of
25.66 mA cm~2, and an FF 0f 79.15%. Compared with 0.50% and
0.65% OFIB-processed devices, the 1% OFIB-processed devices
achieved a lower V. with a slightly changed Js.. This may be
attributed to excessive phase separation in the active layer due to
an increased ratio of additives, accelerating charge transfer and
recombination between the donor and acceptor, thereby causing
changes in the V.. Further investigation was conducted in the
subsequent section on molecular dynamics simulations. The
devices processed with 0.50% PFIB achieved a maximum PCE
of 17.22% with a Vo of 0.86 V, a J¢c of 26.14 mA cm ™2, and an
FF of 78.72% (Figure S10a, Supporting Information). And the
devices processed with 0.65% MFIB achieved a maximum PCE
of 14.91% with a Vo of 0.87 V, a Jgc of 24.71 mA cm™2, and an
FF of 69.30% (Figure S10b, Supporting Information). Therefore,
OFIB has better performance to optimize OSCs than MFIB and
PFIB (Table S4, Supporting Information). The external quantum
efficiency (EQE) spectra of the PM6:L8-BO-based devices are
shown in Figure 3b, which exhibit a broad and strong photo
response from 300-950 nm. The devices processed with OFIB
exhibit a higher EQE response than the control devices in the
400-800 nm range, and the calculated integral current densities
are 25.13 and 24.03 mA cm~2, respectively, which agree well with
the J-V measurements. The photocurrent density (J,;) versus
effective bias (V.q) characteristics were measured to evaluate
the exciton dissociation probability P(E,T) in the PSCs under
short-circuit conditions. As shown in Figure 3c, P(E,T) can be
determined by dividing the ], recorded under short-circuit
conditions by the saturated photocurrent (J,,) recorded with a
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high V_g. For the control devices, J, is 26.19 mA cm~ with
P(E,T) of 94.53%, and for the OFIB processed devices, ], is
26.51 mA cm~? with P(E,T) of 96.79%. The calculated maximum
exciton generation rates G, for the control and OFIB-processed
devices were 1.36 x 102 and 1.38 x 102 m~3 s7!, respectively.
This indicates that the OFIB-processed devices are beneficial for
obtaining higher photocurrents.

In this study, the optical transmission matrix method was em-
ployed to simulate exciton generation in the active layer, which
could be influenced by additives.*#®] We assumed that the
active-layer film of the solar cell was a homogeneous dielectric
film and that the interface was parallel and smooth. Light inci-
dent on the film was described as a plane wave. The photogen-
erated excitons dissociate at the interface and the range of exci-
ton diffusion does not depend on the excitation energy. The com-
plex refractive indices of the control and OFIB-processed films
are shown in Figure S11 (Supporting Information). In addition,
all excitons dissociate into charges. The simulated device struc-
ture consisted of ITO (180 nm)/PEDOT:PSS (30 nm)/active layer
(120 nm)/PDINN (30 nm)/Al (100 nm). For a multilayered sys-
tem, the energy distribution Q of each layer was explicitly a func-
tion of the wavelength A and position x, which was calculated by
the formula (2):(%°]

Q(x, 4) = %ceoan|E(x)|Z 2)

where cis the speed of light, ¢, is the permittivity of free space, a
is the absorption coefficient, n is the refractive index, and E(x) is
the optical electric field. Therefore, the calculated squared optical
electric field strength | E(x)|* distribution within the solar cells can
help investigate the reason for the enhancement of J.. Figure 3d
shows the squared electric field intensity (| E(x)|?) distribution rel-
ative to the position and absorption spectrum wavelength of the
active layer. By comparing the normalized |E(x)|? for the control
and OFIB-processed devices, we found that the electric field in-
tensity increased at wavelengths of 450, 620, 720, and 810 nm af-
ter using the OFIB (Figure S7a,b, Supporting Information). The
stronger | E(x)|? could be due to the OFIB-processed devices with
stronger interference from the multilayers, which suggested uni-
form molecular packing. Figure 3e and Figure S7c,d (Support-
ing Information) show the simulated photogeneration rate dis-
tributions relative to their positions and the absorption spectrum
wavelength of the active layer. The OFIB-processed blend exhib-
ited a specifically wider wavelength response and a greater ex-
citon production rate with position distribution. The maximum
photogeneration rate of the control and OFIB-processed blend
films were 1.32 X 10?2 and 1.58 x 10?2 s~! cm?, respectively, which
suggested that the excitons were more abundant in the active
layer using OFIB.
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Figure 3. a) J-V curves of PM6: L8-BO-based devices; b) EQE spectra of devices; c) Photocurrent density (J,;,) versus effective voltage bias (Ves)
characteristics; d) Squared electric field intensity (|E(x)|?) distribution at different wavelengths and position; e) Photogenerated excitons distribution at
different wavelengths and position; f) The current density under the dark condition; g) The efficiency normal distribution diagram of the device; h) The
spider diagram of photovoltaic parameters; i) Photo-CELIV curves of the solar cell devices used to calculate the carrier mobilities; and j,k) Normalized
transient photocurrent and transient photovoltage traces of the optimal devices, respectively.

Figure 3f shows the dark J-V curves of the devices, reveal-
ing that the OFIB-processed devices exhibited substantially lower
current densities at reverse biases than the control device. This
result suggested larger rectification ratios and improved diode
quality of the devices after the OFIB processing, which was ex-
pected to effectively suppress charge recombination. The hole
and electron mobilities were calculated using the space-charge-
limited current method (Figure S13, Supporting Information).
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The hole (u,) and electron (u.) mobility were increased from
7.22 X 107 and 5.70 x 107> to 1.10 X 10~% and 7.67 x 10~* cm?
V=1 571, respectively, both the hole and electron mobilities were
increased. Furthermore, the charge recombination mechanism
of the two devices was evaluated to investigate the relationship
between light intensity (Pjg,) and Jsc, which follows a power—
law equation of Jsc o« Pyg,*. As shown in Figure S14 (Support-
ing Information), the control and OFIB-processed devices had
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a values of the control and OFIB-processed devices were 0.928
and 0.963, respectively. Values closer to 1 indicated lower bi-
molecular recombination.'"!?] Figure 3g shows the statistics of
solar cell devices, and significant differences could be seen from
control and OFIB-processed devices. Device performance pre-
sented a normal distribution, and a PCE ~18.3% of the opti-
mized OFIB-processed device. Figure 3h shows the association
of OSCs performance with the OFIB content, as well as the de-
vice parameters of PCE, V,, Js, and FF. We then conducted
photon-induced charge-carrier extraction in linearly increasing
voltage measurements to evaluate the device mobility. Based on
the plots presented in Figure 3i, the device with OFIB processing
exhibits a calculated mobility of 1.54 x 10~* cm? V~! 571, which
slightly exceeded that of the control device (1.07 X 10~ cm? V!
s71). To investigate the charge-recombination behavior of the de-
vices, measurements were conducted under open-circuit condi-
tions. Figure 3j shows the results of transient photocurrent (TPC)
measurements unveiling the lifetimes of the charge carriers. The
TPC decay values of the control devices (0.40 ps) were slightly
longer than that of the OFIB-processed device (0.34 us). These
results indicated a faster turn-off dynamic in OFIB-processed de-
vices, implying a lower trap-state density. In addition, to study
the charge-recombination behavior of the devices, transient pho-
tovoltage (TPV) measurements were conducted. The TPV decay
values of the control and OFIB-processed devices are 2.18 and
3.30 ps, respectively (as shown in Figure 3k). These results indi-
cated that the utilization of the OFIB aided in suppressing charge
recombination, which was advantageous for enhancing the PCE.
The recombination time of the photogenerated carriers was de-
termined by fitting the transient photovoltage decay curves using
a monoexponential decay function. Furthermore, the OFIB also
showed a good universality in other Y-series NAFs systems, such
as PM6:Y6 and PM6:BTP-eC9 (Figures S15 and S16, and Tables
S5 and S6, Supporting Information) were optimized with OFIB
exhibited PCE of 17.01% and 17.69%, respectively.

To understand the origin of the device performance enhance-
ment by adding the OFIB, the microstructures of the blend films
were further investigated. Figure 4a—d shows the atomic force
microscopy (AFM) and transmission electron microscopy (TEM)
results for the control and OFIB-processed blend films. After
adding OFIB, the root mean square surface roughness of the
blend films decreased from 1.24 to 1.06 nm, and a fibril net-
work structure was observed in the OFIB-processed blend film.
According to the previous reports, the fiber-like structures were
mainly contributed by the donor phase.[®®! The formation of the
fibril network structure revealed the better phase-separation of
the donor and acceptor in the blend film, which was beneficial
to the exciton dissociation and charge transport in OSCs. In the
early stage of film formation, the solvent evaporated gradually,
and PM6 and L8BO crystallized separately under the induction
of OFIB forming better phase separation. The OFIB acted as a
nucleating agent to induce crystallization during the film crystal-
lization process, thereby controlling the morphology of the film
at a microscopic scale. The AFM was employed to further in-
vestigate the 0.5% PFIB and 0.65% MFIB processed PM6:L8-BO
morphology, and the root mean square surface roughness were
2.32 and 3.93 nm, respectively, and no fibril network structure
were observed (as shown in Figure S17, Supporting Informa-
tion). Moreover, due to MFIB’s significantly lower boiling point
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(77-78 °C) than OFIB (188-189 °C) and PFIB (182.8 °C), the fast
evaporation during the film formation could lead to the short-
est time frame for controlling the active layer’s morphology. The
poor morphology of MFIB processed PM6:L8-BO blend could
cause the lower device performance. GIWAXS was used to in-
vestigate the crystallinity of the blended films. Based on the (010)
diffraction peaks in the OOP direction and the (100) diffraction
peaks in the IP direction, both the control and OFIB-processed
films exhibited predominantly face-on orientations (Figure 4e—g).
The OFIB-processed blend film exhibits a slightly enhanced (010)
- stacking peak intensity in the OOP direction, along with a
larger CCLof 17.98 A, compared to the control blend film, which
had a CCL of 16.94 A (Table S7, Supporting Information). Addi-
tionally, the (010) z— stacking peak of the OFIB-processed film
experienced a slight shift from 1.688 to 1.709 A in comparison
to the control film, indicating enhanced z—x interactions in the
OFIB-processed blend. The blend films, both control and OFIB-
processed, exhibited lamellar stacking peaks at 0.302 A~" (20.733
A)and 0.309 A" (20.308 A) in the IP direction, indicating that the
effect of OFIB on lateral molecular backbone-to-backbone sepa-
ration was minimal. In Figure 4h, we compared the CCL of the
controlled and OFIB-processed blend in IP and OOP direction.
The CCL of the OFIB-processed blend increased from 16.94 to
17.98 A in IP direction, but decreased from 78.02 to 72.63 A in
OOP direction when compared to the control blend. The opti-
mized blend morphology obtained through OFIB could make the
carriers easier to be extracted by the electrode. Figure 4i—k shows
the GISAXS intensity profiles. The scattering contributions from
the pure phase size (2R,) and the intermixing domain size (&)
were fitted using the fractal-like network model and the Debye—
Anderson-Brumberger model, respectively. The 2R, values of the
control and OFIB-processed blends were 9.3 and 11.1 nm, respec-
tively (Table S8, Supporting Information). The increased order-
ing of the respective domains could be attributed to the introduc-
tion of additives during crystallization. Additionally, the & of the
OFIB-processed blend (31.3 nm) was larger than that of the con-
trol blend (28.8 nm), which supported the improved FF and J..

To gain further insight into the effect of OFIB on molecular
packing, MD simulations were performed. The molecular pack-
ing of the control and OFIB-processed blend films was simu-
lated, and snapshots are shown in Figure 5a—c. The center-of-
mass radial distribution functions (RDFs) of the BDT core of
PM6 relative to those of L8-BO are shown in Figure 5d. The
first peak of g(r) in PM6:L8-BO+OFIB blend indicated a signif-
icant increase in the probability or proportion of L8-BO distri-
bution around BDT at ~0.28 nm, compared with the first g(r)
in the PM6:L8-BO system which appearing at around 0.38 nm.
This implied that in the OFIB-processed blend, the molecular
orientation of L8-BO around BDT at 0.28 nm was likely to be
more uniform, leading to a denser distribution between acceptor
molecules, which might contribute to the enhancement of z7—z
stacking. Although the interaction between the donor and accep-
tor enhanced the coupling for electron transfer, it simultaneously
resulted in unfavorable energetic states and recombination, espe-
cially when the BDT unit was in close proximity to the receptor.
These factors contributed to the decrease in the V. and Jg. of the
devices.[%¢%7] Consequently, the simulated results also accounted
for the slight decrease in the device voltage. Figure 5e shows
the center-of-mass RDFs of L8-BO:L8-BO for the two blended
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Figure 4. a—d) Atomic force microscopy (AFM; 5 X 5 um; a,b) and transmission electron microscopy (TEM; ¢,d) images; e-g) Grazing incidence wide-
angle X-ray scattering (GIWAXS) profiles of control and OFIB-processed blend film; h) IP and OOP intensity of the PM6:L8-BO and PM6:L8-BO+OFIB
from the GIWAXS profiles; i—k) Grazing incidence wide-angle X-ray scattering (GISAXS) profiles of the corresponding films along the g,, axis. All the

blend films were prepared under the optimal conditions, and volume ratio of OFIB to PM6:L8-BO chloroform solution was 0.65%.

films. The first peak of g(r) exhibited a significant increase in
the probability or proportion of L8-BO distribution around L8-
BO at ~0.37 nm in the OFIB-processed blend. However, for the
controlled system, although the first peak appeared at 0.34 nm,
its g(r) value was smaller than the first g(r) distribution in the
OFIB-processed blend system, the second small g(r) peak appear-
ing at #0.68 nm and with many different small peaks appearing
at larger r values. That indicated a disorderly molecular orien-
tation in the controlled system. These results indicated that the
molecular packing became more ordered, which was consistent
with the GIWAXS and GISAXS results.[®®7!] Meanwhile, from
the MD simulation results of 0.5% PFIB and 0.65% MFIB pro-
cessed PM6:1L8-BO processed blend films, both PFIB and MFIB
exhibited relatively poor molecular packing compared with OFIB,
as shown in Figure S18, Supporting Information. Raman map-
ping experiments revealed that the presence of OFIB promoted
the attainment of an equilibrium state in the blend system. This
state was characterized by a more homogeneous distribution in
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the vertical orientation and a suitable phase separation morphol-
ogy, as displayed in Figure 5f~h.

To better understand how the OFIB influences the intrinsic
photophysical processes of the devices, we used femtosecond
transient absorption (fs-TA) spectroscopy to investigate the pho-
tophysical processes of the blend films.[”>7°] In the experiments,
we chose 800 nm pump light to excite the blend films and pure
L8-BO, and 400 nm pump light to excite pure PM6 film. When
the blend films were excited by 800 nm light, only L8-BO in the
blend was excited. The measured fs-TA spectra, shown in Figure
6a,d, exhibit ground-state bleaching (GSB) signals at 550-640 and
680-850 nm for both blend films, respectively. The GSB signals at
550-640 nm correspond to PM6, whereas those at 680-850 nm
correspond to L8-BO compared with the neat PM6 and L8-BO
film (Figure S19, Supporting Information). The observed signal
resulted from the complex overlap of multiple processes because
the fs-TA spectrum signals originated from both the donor and
acceptor materials after excitation. To be different with the neat
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Figure 5. a—c) Shows the final snapshots of the control blend, blend film without the OFIB, and blend film with the OFIB removed, respectively; the
red, blue, and yellow regions represent the L8-BO, PM6, and OFIB molecules, respectively. d,e) Center-of-mass radial distribution functions (RDF) of
the acceptor L8-BO and BDT unit of the PM6, and L8-BO and L8-BO for the simulated films, respectively; f,g) The mapping image of control and OFIB-
processed blend film based on confocal Raman spectroscopy (6 um X 6 um, step size is 0.1 pm, blue and red color regions PM6 and L8-BO, respectively);
(h) is the Raman signals of neat PM6 and L8-BO film. i) Shows the molecular packing sketch maps of the control and OFIB-processed films.
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Figure 6. a,d) Shows the femtosecond transient absorption (fs-TAS) of the PM6:L8-BO and PM6:L8-BO+OFIB films; b,e) Shows the differences in the
species-associated (SAD) spectra; and c,f) Shows the population versus time curves. All the blend films were prepared under the optimal conditions,

and volume ratio of OFIB to PM6:L8-BO chloroform solution was 0.65%.

films, the charge separation state could be produced in the blend
film because of the potential difference of the donor/acceptor
interface. Before recombination back to the ground state, parts
of excited excitons could exist in the form of charge transfer
state and charge separation state in the blend film. For this rea-
son, we utilized singular value decomposition and a global fit-
ting algorithm to extract the dominant photophysical processes.
Through this analysis, we successfully identified the populations
and kinetic processes of three distinct species: exciton genera-
tion (EX), charge transfer state (CTS), and charge-separated (CS)
states (Figure 6b,e). As shown by Figure S20 (Supporting Infor-
mation), the characteristic spectrum of EX showed the similar
shape with the GSB signals in neat PM6 and L8-BO films, verify-
ing the reliability of the assignments of the species. The popula-
tion of the species exhibited a substantial difference between the
photophysical processes of the control and OFIB-processed blend
films. For the control blend film, the lifetime of CTS (0.598 ps)
was much shorter than that of the OFIB-processed blend film
with CTS (6.57 ps). In addition, the EX lifetimes of the con-
trol and OFIB-processed blend films were 6.31 and 0.488 ps, re-
spectively. After excitation, the blended films generated excitons,
which typically underwent a transition from the CT state to the
CS state. In the control-blend film, the population of EX exci-
tons was much higher than that of CTS excitons in the initial
state of excitation, and the lifetime of CT'S was very short. In con-
trast, the OFIB-processed blend films have a lower population of
EX excitons than that of CTS excitons, and their lifetimes were
longer. However, the CS state populations in both blended films
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showed similar results, with the OFIB-processed blend exhibit-
ing a longer CS state lifetime.

Based on our previous research work,”* excitons had the
probability of transitioning directly to the CS without passing
through the CTS. Therefore, based on the current results, we
propose an exciton competition mechanism for this system. The
reaction rate, concentration of reactants and products, and re-
action equilibrium principle collectively influence the equilib-
rium dynamics. EX excitons could pass through the CTS state
and transition into the CS state. Additionally, both EX and CTS
excitons could be directly transformed into the CS state. If the
EX — CTS pathway was obstructed, the population of EX ex-
citons accumulated, and promotion of the EX — CS pathway
occurred, as depicted in Figure 6¢c. This could be attributed
to the poor phase separation between the donor and acceptor,
which was not conducive to the formation of CT excitons. In ad-
dition, trap-assisted recombination exacerbated the recombina-
tion of the CTS excitons. For OFIB-processed blend films, the
phase separation size and molecular packing were optimized
through additive control, facilitating the rapid generation of CT
excitons. Consequently, the EX — CTS — CS pathway domi-
nated at a higher percentage than the recombination of exci-
tons. Figure 6f shows that the EX and CTS excitons occupied
distinct populations in the initial state after excitation. Subse-
quently, the EX excitons rapidly converted almost entirely to the
CTS state and then transitioned to the CS state. This implied
that the additive effectively reduced the probability of exciton
recombination.

© 2023 Wiley-VCH GmbH
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3. Conclusion

In conclusion, our study elucidates the vital role of solvent ad-
ditives in inducing better phase-separation of the donor and ac-
ceptor in the active layer. This serves as the fundamental basis
for achieving enhanced phase separation and charge-transfer per-
formance in PSCs, thereby determining their PCE. Specifically,
our investigation focused on a structurally simple solvent addi-
tive, OFIB. We revealed its effective regulation of the active layer
morphology, resulting in the formation of fibrous assemblies
and a substantial increase in PCE from 16.34% to 18.38% based
on the PM6:L8-BO system. Unlike other halogen-containing sol-
vent additives that operate through dipole-induced mechanisms,
OFIBs exhibit distinct behavior because of multiple electron con-
jugations between their I atoms and the conjugated framework
in the active layer. This allows OFIB to establish nearly equal-
strength 7—7 interactions with the conjugated frameworks of
both the donor and acceptor materials. OFIB functions as a crys-
tallization nucleus in the solvent evaporating process and in-
duces the crystallization of the donor and acceptor. Complemen-
tary molecular dynamics simulations and characterization tech-
niques such as GIWAXS and GISAXS provide valuable insights
into OFIB-processed blends. These studies revealed a significant
alignment of acceptor molecules, leading to enhanced overall z—
# stacking within the active layer. Furthermore, femtosecond-
timescale photophysical investigations demonstrated that the
OFIB-optimized active layer exhibited reduced exciton losses at
the donor—acceptor interface, further contributing to improved
device performance. Overall, our findings not only offer a novel
understanding of the underlying mechanisms governing solvent
additives, but also present a comprehensive research methodol-
ogy that can guide the development of next-generation NFAs for
efficient PSCs. This study contributes to the advancement of PSC
technology and paves the way for designing and optimizing high-
performance solar cell materials in the future.
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