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Abstract: Organic photovoltaics (OPVs) have attracted widespread attention and became an im-
portant member of clean energy. Recently, their power conversion efficiency (PCE) has surpassed
19%. As is well known, the morphology of the active layer in OPVs crucially influences the PCE. In
consideration of the intricate interactions between the donor molecules and acceptor molecules, the
precise control of the morphology of the active layer is extremely challenging. Hence, it is urgent to
develop effective methods to fabricate the hierarchical structure of the active layer. One significant
driving force for the morphological evolution of the active layer is crystallization. Therefore, regu-
lating the crystallization kinetics is an effective strategy for morphology control. In this review, we
present the kinetic strategies recently developed to highlight their significance and effectiveness in
morphology control. By applying these kinetic strategies, the hierarchical structure, including phase
separation, domain size, crystallinity, and molecular orientation of the active layer can be optimized
in different blend systems, leading to an improved PCE of OPVs. The outcomes set the stage for
future advancements in device performance.
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1. Introduction

Organic photovoltaics (OPVs), that convert solar energy into electric energy, offer a
wide range of potential applications because of their special benefits, including low cost,
flexibility, and simplicity in large-scale solution preparation [1-7]. With the help of molecu-
lar synthesis [8-10], and device engineering [11-13] and morphology control [14-19], OPVs’
power conversion efficiency (PCE) with bulk heterojunction (BH]) structures has surpassed
19% [20-23]. Nonetheless, OPVs’ PCE still lags behind that of silicon- or perovskite-based
solar cells [24,25]. Thus, it is imperative and significant to improve the PCE further for both
industry and academic research on OPVs [26,27].

The structure of an OPV is shown in Figure 1A,B [28]. Take the inverted device as
an example, an OPV normally includes five components, including a glass substrate with
an electrode, a hole transport layer (cathode interface layer), an active layer, an electron
layer (anode interface layer), and an electrode. As shown in Figure 1C, the photoelectric
conversion processes of OPVs mainly include five steps: photon absorption, the diffusion
and dissociation of excitons, carrier transport, and collection [2,29-31]. Numerous studies
have shown that the active layer’s morphology plays a major role in controlling how well
an OPV device performs [32-34]. According to recent research, proper mixing of the donor
and acceptor in the active layer is necessary to ensure that the photoelectric conversion
process proceeds without hiccups [35-37]. In particular, it is necessary to form a crystalline
interpenetrating network with domain size of 10-20 nm to ensure excitons diffuse to the
D/ A interface during the lifetime [38-40]. Additionally, to promote the vertical carrier
transport at the donor—acceptor interface, the donor and acceptor must adopt the same
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molecular orientation [41-44]. When the donor and acceptor molecules have the same
orientation, the interface between them will be more organized, which will help to form a
continuous charge separation interface at the interface, reduce charge recombination, and
improve the photoelectric conversion efficiency [45,46]. Furthermore, adequate crystallinity
and domain purity are crucial for carrier transport [47-49]. Excessive crystallinity leads
to an increase in crystal defects, which reduces the charge mobility and at the same time
decreases the light absorption capacity of the active layer; too low a crystallinity leads to
the presence of amorphous-oriented and unneeded structures in the active layer, which
affects the charge transport. High domain purity leads to serious phase separation in
the D/ A interface and low exciton diffusion efficiency, while low domain purity leads to
bimolecular recombination in the process of carrier transport. Meanwhile, film roughness
is directly related to the degree of molecular crystallinity. Suitable roughness increases
in the boundary area, which improves the separation efficiency of electrons and holes
and facilitates charge transport within the active layer [50,51]. In addition, an appropriate
vertical phase separation must be formed in accordance with the device structure [52,53].
When a phase-separated structure is formed in which the donor and acceptor materials
are enriched in the vicinity of the anode and cathode, respectively, the compounding of
electrons and holes in the transport process can be reduced, and carrier transport and
collection can be minimized. However, such ideal morphology is difficult to obtain due to
the intricate interaction between the donor and acceptor [54-56].
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Figure 1. The structure of single-junction OPVs and working mechanism illustration. OPV devices in
(A) conventional structure or (B) inverted structure. (C) The working mechanism of carrier generation
and transport in OPVs. Reproduced with permission from [28], WILEY-VCH, 2023.

In the last decade, numerous techniques have been explored for improving the active
layer’s morphology. Currently, thermal annealing (TA) [57-60], solvent vapor annealing
(SVA) [61-63], controlling the solution state [64,65], and adding additives [66—68] are the
primary worldwide approaches. Even though these techniques are successfully applied
in optimizing the active layer’s morphology, they invariably run into a number of diffi-
culties in fabricating a nanoscale crystalline interpenetrating network due to the rigidity
of conjugated molecules as well as the coupling of crystallization between the donor and
acceptor [69,70]. Specifically speaking, the working mechanism has not been investigated
thoroughly, especially from the viewpoint of the film evolution process and crystalliza-
tion kinetics [71-74]. The reasons for this include, but are not limited to, the following:
(1) in non-fullerene solar cells, the intricate interactions between the donor and acceptor
molecules are very complicated, including intermolecular stacking, twisting, and aggrega-
tion, thus leading to different crystallization kinetics and inaccurate correlation between
crystallization kinetics and molecular features in diversified systems [75]; (2) the multi-
phase mixing domain of donor-acceptor-additives during the solution-to-film process
gives rise to a variety of possibilities of interactions, crystallization, and phase-separation
behaviors, which makes it ambiguous to establish the relationship between different crys-
tallization kinetics and the morphology of the active layer [70]; (3) in the process of solution
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processing, the time of molecular transformation from the amorphous state in solution
to the aggregation state in the film is very short, even less than 1 s in CF solvent, so it is
difficult to monitor the crystallization behavior of molecules in the film formation process,
including nucleation, crystal growth, and crystallization rate [66]; and (4) in some systems,
the intrinsic properties of the donor and acceptor are similar, so it is difficult to distinguish
the difference of crystallization kinetics between the donor and acceptor [76].

In morphology optimization and device performance improvement, charge transport
layers also play a critical role. Due to the robust coulombic interactions between electrons
and holes in OPVs, both geminate and non-geminate recombination occur during the
processes of charge separation and transport [77]. These phenomena contribute significantly
to the decrease in PCE. An efficient charge transport layer can passivate interface defects
and increase OPVs’ PCE and stability [34,78]. The charge transport layers can influence
the film morphology, in that through the interface, the surface energy can be significantly
tuned to facilitate the formation of a bicontinuous network in the active layer and induce
proper crystallized domains [79]. In addition, the charge transport layer can influence the
preferred orientation of the active-layer materials, resulting in morphology control [80,81].

Aiming at solving the above problems, an effective strategy is developed via regulat-
ing the crystallization kinetics of blends [55,82]. The results show that the phase-separated
structure, domain size, crystallinity, and molecular orientation of the active layer can be op-
timized through regulating the diffusivity, the relative rate of nucleation and crystal growth,
and the sequence of crystallization of the donor and acceptor [83-85]. The optimized
morphology is beneficial to device performance, including suppressing exciton quenching,
recombination of the charge-transfer state (CT state), bimolecular recombination, and im-
proving charge mobility, which lays a solid foundation for OPVs with high performance.
The following sections will detail the methods of regulating the film-formation kinetics to
optimize the active layer morphology and enhance device performance.

2. Influence of Crystallization Kinetics on Morphology of Active Layer

Film-forming kinetics pertains to the scientific principles and dynamic mechanisms
governing the deposition and development of the film morphology of OPVs, in which
crystallization kinetics plays a pivotal role in influencing the phase separation process to
form the final morphology. In the initial stage of film forming, the molecular clusters begin
to nucleate, and then, grow and form aggregates. When the solution reaches the solubility
limit, the molecules begins to crystallize, accompanied by liquid-liquid separation and
solid-liquid separation [86].

It is proposed that the construction principle of a highly crystalline bicontinuous
network structure is as follows: if the polymer’s donor formation network has a weak
restriction on the small-molecule acceptor, the donor molecule should crystallize before
the acceptor molecule, and the molecules crystallized after precipitation should fill into
the donor molecule’s network, and ultimately the interpenetrating network structure will
be formed. If the polymer’s donor formation network is more restrictive to the small-
molecule acceptor, the small-molecule acceptor should be promoted to crystallize first
to reduce the restriction of the polymer’s donor crystallization network on the diffusion
and aggregation of small molecules, to improve the crystallinity of the small-molecule
acceptor, and ultimately to form a highly crystalline interpenetrating network structure. For
example, Chen et al. proposed accelerating the aggregation rate of the acceptor L8-BO in
the D18-Fu:L8-BO system using the solid additive 2-CN, which contributes to the formation
of the acceptor phase with a higher crystallinity, and thus, forms an ideal bicontinuous
network structure. The addition of 2-CN accelerated the time of the solution removal
and thin-film-thinning phases, stabilized the peak fluctuation of the donor during the
solution removal phase, and achieved a more controllable donor aggregation behavior [87].
Therefore, optimizing the morphology of the active layer by regulating the crystallization
kinetics behavior is very effective, and this technology is also compatible with large-area
solution processing of organic photovoltaic cells, and has great potential.
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Here, we list in Table 1 related regulation methods of crystallization kinetics that
are discussed in the following sections, in order to provide a comprehensive overview of
this review.

3. Regulating Film-Forming Process to Fabricate Highly Crystalline Interpenetrating Network

3.1. Fabricating Bicontinuous Structure via Film-Forming Kinetics

The charge transmission and collection in OPVs are mostly determined by the inter-
penetrating network. The ratio and miscibility between the donor molecules and acceptor
molecules must be carefully chosen to build bicontinuous networks. It is found that the
ratio which is close to the hypoeutectic point is of benefit for fabricating bicontinuous net-
works [49,88]. However, in some polymer/non-fullerene blends, the continuous pathway
cannot be formed even though the ratio is near the hypoeutectic point due to the large
difference in crystallization behavior between the donor and acceptor. Therefore, how to
regulate the crystallization behavior of the active layer to promote the formation of the
bicontinuous phase is particularly important.

The kinetics in the film-forming process has profound impacts on phase separation
in the active layer [89,90], including consequences on the crystallization of the donor and
acceptor and on the film-forming duration. Liang et al. finely regulated the film-forming
process of P3HT:O-IDTBR through adding 1,2,4-triclorobenzene (TCB) into chlorobenzene
(CB) solution, and revealed the effect of crystallization on phase separation [91].

P3HT and O-IDTBR stay well dissolved throughout stage I. During stage 1I, P3HT
and O-IDTBR reach their CB solubility limits nearly simultaneously as the solvent keeps
evaporating, and the crystallization process ensues. At this point, P3HT and O-IDTBR
precipitate concurrently, which seriously interferes with P3HT and O-IDTBR's crystalliza-
tion process. In stage III, no more P3HT or O-IDTBR crystallites form or grow because
the solvent has fully volatilized, greatly suppressing solute movements and ending the
crystallization process. The blend system with TCB likewise goes through three stages in
the film-forming process (Figure 2C,D). In stages I and III, the film-forming kinetics exhibits
a similar tendency to the blend system without TCB. At stage II, however, a great deal of
alteration is observed. P3HT initiates nucleation and growth during the early part of stage
II (approximately 40-50 s) as a result of CB evaporating. The residual TCB continues to
serve as a plasticizer for the PBHT phase during the late stage II (about 60-210 s), allow-
ing for a longer time frame for the organization of P3HT chains. O-IDTBR’s aggregating
behavior differs from P3HT’s in stage II. Only a minor fraction of O-IDTBR aggregates
and forms a crystal nucleus during the early part of stage II (35-50 s), with the majority
still dispersing in the solvent due to its high solubility in TCB (124 mg mL~!). As TCB
evaporates, O-IDTBR begins to crystallize as its concentration exceeds the corresponding
saturated solubility in TCB.

Phase separation is significantly impacted by the kinetics of film formation. It is well
known that liquid-solid (L-S) or liquid-liquid (L-L) phase separation usually takes place
prior to the solvent fully evaporating [92-95]. In the P3HT:O-IDTBR blend without TCB,
the donor and acceptor tend to precipitate simultaneously, causing continuous fluctuations
in composition. As a result, L-L phase separation occurs, and both P3HT and O-IDTBR
crystallize at the same time. In this situation, O-IDTBR molecules disperse in P3HT chains
as a result, disrupting the orderly aggregation of both P3HT chains and O-IDTRB. This
causes the blends to be quenched into a mixed state, with the coexistence of spherical and
fibrous structures, as shown in Figure 2E,F. After the addition of TCB, L-S phase separation
is caused by the aggregation of P3HT before O-IDTBR. During this process, P3BHT and
O-IDTBR crystallize at distinct times, which tends to produce relatively pure phases and
can lessen their mutual interference. Thus, crystalline networks of P3HT with nanoscale
are formed, which aids the construction of a bicontinous structure with excellent phase
purity, as shown in Figure 2G,H.
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Figure 2. The UV-vis absorption spectra and the evolution of absorption intensity at 550 and
700 nm during film-drying processing without TCB (A,B) and with TCB (C,D). The AFM and TEM
images for the films without TCB (E,F) and with TCB (G,H). Reproduced with permission from [91],
WILEY-VCH, 2019.

Charge transport benefits from the active layer’s improved phase-separation structure.
For the device without TCB, the charge carrier collection probability (P.y) is 83.4%, while
it increases to 90.5% for the device with TCB. Furthermore, TCB also contributes to an
increase in both hole mobility (y,) and electron mobility (y.), as well as a decrease in the
Un/ pe ratio. Consequently, the PCE of devices without and with TCB is improved from
4.45% to 7.18%, which was a record for OPVs based on P3BHT:O-IDTBR blends at that time.

Adjusting the temperature of the substrates can optimize the vertical phase separation
of the active layer as well. Li et al. reported that optimized vertical phase separation can be
obtained from hot spin processing [96]. The acceptor at the top surface of the blend films
appears to be higher when the substrate temperature is raised from 20 to 80 °C. Be aware
that the aggregation of polymer PM6 is temperature-dependent. Aggregates are formed
by quickly quenching polymers in o-xy solution (80 °C) onto the cool substrate, and the
solution’s entangled polymers containing acceptors precipitate out of it. However, because
of the decreased viscosity, the liquid residues on the film top evaporate quickly. Eventually,
the top surface has few acceptors and comparatively thin coatings. The precipitation and
aggregation processes of polymers are prolonged when utilizing a heated substrate (80 °C)
because of the comparable temperature between the substrate and solution. This provides
the delayed time needed for the formation of polymer gel networks to maintain their
high viscosity in the liquid state, resulting in a thick active layer with a top surface rich
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in acceptors. The active layer featuring an acceptor-rich top surface is perfect for exciton
dissociation, charge transfer, and extraction, resulting in an excellent PCE of 18.25%.

3.2. Enhancing Crystallinity via Film-Forming Kinetics

High carrier mobility facilitates carrier transfer and collection in the photoelectric
conversion processes of OPVs, which is conducive to device performance. The continuous
band conduction model and the discontinuous hopping transport model are the two
models used to describe charge transport in organic semiconductor materials [97]. Because
conjugated molecules have weak interactions with one another, the charge transport model
follows the hopping transport model. Marcus theorizes that high molecular crystallinity
facilitates charge transmission [98]. Consequently, it is important to carefully regulate the
active layer’s crystallinity [84,99,100].

The kinetics of film formation, encompassing both the film-forming duration and
crystallization consequence, significantly influence the crystallinity of films as well. Solvent
engineering is an effective method to regulate the duration of film-forming process [93].
Take P3HT:O-IDTBR blends as an example, three groups are chosen based on their boiling
points (bps) in relation to the primary solvent CB: chloroform (CF), with a lower bp;
o-dichlorobenzene (DCB) and TCB, with higher bps; and chloronaphthalene (CN) with
the highest pb. After adding cosolvents, the duration is shortened or lengthened, and
grazing-incident wide-angle X-ray scattering (GIWAXS) indicates that the crystallinity
of the PBHT:O-IDTBR film is regulated (Figure 3). The P3HT (100) signal remains for
the CB-processed film; however, it becomes less intense than for the P3HT film. The
addition of CF causes the P3HT diffraction signal to weaken, indicating a decrease in the
crystallinity of PBHT. Furthermore, O-IDTBR’s diffraction signal is too weak to be seen.
The greater diffraction signals observed after adding DCB and TCB are ascribed to P3HT’s
increased crystallinity, and O-IDTBR’s crystallinity is also improved. The diffraction of
P3HT in the CN-fabricated film is very strong, and additional diffraction signals occur at
7 =0.596 A=, which could be the result of O-IDTBR’s complex crystalline structure due to

its improved crystallinity.

000 3000

2500 S (B) 2500

2000 ‘:: 2000

1500 ‘ = 1500

1000 i 1000

00 ’ 500

? -5 0 5 10 15 20 ° -5 0 5 10 15 20

li“Jnm" ;nlnm‘

go/om?

3000

2500

-2000

3
2
g
g/um!

1500

g/nm?

1000

-5 0 35 10 15 20

1 G/nm*

=]
gyy/nm

15 20

gy/nm?

Figure 3. The GIWAXS patterns of P3HT (A), O-IDTBR films (B) and blend films fabricated by CB (C),
CB with CF (D), CB with DCB (E), CB with TCB (F), CB with CN (G). Reproduced with per-mission
from [93], ELSEVIER, 2020.
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Crystallization
of N2200

The duration of the film-forming can adjust the crystallinity. The entire film-forming
time is reduced when the solvent with a low bp is added. The rapid solvent evaporation
causes the diffusion of both the donor and acceptor molecules in the solution to be repressed,
which in turn leads to a decrease in crystallinity. Because of the longer duration of the film-
forming process when adding cosolvents with high bps, the donor and acceptor are able
to adjust their molecular conformations and diffuse to the crystallographic frontier with
sufficient time, resulting in the formation of relatively pure phases with a high crystallinity.

4. Optimizing Domain Size via Sequential Crystallization

The active layer’s appropriate domain size is crucial in effective exciton dissociation
and charge transport in OPVs [92]. Experiments and theoretical calculations show that the
optimal domain size is approximately 10-20 nm, which is similar to the diffusion of excitons
and advantageous for charge generation. However, achieving such a small domain size in
all-polymer photovoltaics is very challenging, because in the last stages of the film-forming
process both the donor and acceptor polymers can further crystallize due to their low glass
transition temperature, which leads to the formation of a large domain size [101,102].

The driving force for phase separation is crystallization, so the sequential crystal-
lization of polymer blends is proposed to reduce the domain size by inducing the donor
and acceptor molecules to crystallize at different stages. To clarify the basic relationships
between crystallization kinetics and domain size, the crystalline—crystalline blend system
PBDB-T:N2200 is chosen. By combining the solution states and post-annealing, N2200 crys-
tallizes during the film-forming process, while PBDB-T crystallizes in the post-annealing
process, which lowers the driving force for phase separation, thus produces fine phase
separation structures, as indicated in Scheme 1 [103].

Confined Crystallization
of PBDB-T

& Film-forming
‘ process

Post-annealing
process

=(Crystallized N2200 </~ Amorphous PNDI == Crystallized PBDB-T </-Amorphous PBDB-T

Scheme 1. Diagrammatic representation of sequential crystallization. Copyright 2022, the authors.

4.1. Combining Solution Temperature and Thermal Annealing

Both PBDB-T and N2200 have the tendency to produce pre-aggregates in solution
due to their coplanarity. Because of the “memory effect”, the pre-aggregates serve as the
nucleus and drive both PBDB-T and N2200 to crystallize throughout the film-forming
process, resulting in a significant phase separation [103,104]. according to solvent-polymer
affinities (xs_p), as in Equation (1) [105]:

Xo-p = V(803 +0.25A62 + 02548} ) /RT )

The solvent’s molar volume is represented by V, while the polymer’s and solvent’s
respective dispersion, polar, and hydrogen bonding solubility parameters are Ady, Adp,
and Ady,. T is the absolute temperature, while R is the gas constant.

It is well known that polymer chains prefer to interact with one another and form
pre-aggregates when xs_p is large. While when xs_p is small, polymers are more likely
to become molecularly distributed in the solvent. Therefore, by regulating the properties
of the solvent or the solution’s temperature, the pre-aggregation of polymer chains might
be controlled.
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Take regulating the solution temperature as an example, by adjusting the temperature,
the PBDB-T:N2200 solution’s pre-aggregation was controlled. The UV-vis spectra displayed
in Figure 4A indicate that at room temperature PBDB-T substantially aggregates in CB
solution. However, this aggregation may be successfully inhibited by raising the solution
temperature above 80 °C. In a similar vein, Figure 4B shows the transition temperature (T)
of N2200 in solution to be 95 °C. Hence, three distinct solution states can emerge in the
PBDB-T:N2200 solution when the solution temperature is changed based on the different
T.’s of N2200 and PBDB-T. Both PBDB-T and N2200 produce pre-aggregations in solution
when the solution temperature of PBDB-T:N2200 blend is lower than the T, of both PBDB-T
and N2200. Only N2200 produces pre-aggregations if the solution temperature is between
the T of PBDB-T and N2200. When the solution temperature is raised above the T, of both
PBDB-T and N2200, pre-aggregates cannot form for either PBDB-T or N2200.
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Figure 4. Absorption spectra of N2200 (B) and PBDB-T (A) in solution at various temperatures, both
simulated and experimental (different colors represents different peak fit according to the absorption
spectrum). Reproduced with permission from [103], ELSEVIER, 2022.
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Phase separation is somewhat induced by crystallization [83,106]. Pre-aggregation
occurs in solution for both PBDB-T and N2200 when the solution temperature is 20 °C.
As seen in Figure 5A,B (route 1), both PBDB-T and N2200, therefore, have a tendency to
crystallize during the film-forming process, which promotes large domains. On the other
hand, neither PBDB-T nor N2200 will aggregate in solution when the temperature is higher
than 95 °C. Because there is little driving force for phase separation, PBDB-T and N2200
have a tendency to develop an amorphous state during the film-forming process, which
results in small domains (route 3). When the temperature of the solution falls between 80 °C
and 95 °C, N2200 will aggregate and form pre-aggregates, PBDB-T chains tend to disperse
in the amorphous state. Therefore, only N2200 can crystallize during the film-forming
stage, creating a proper driving force for phase separation. As a result, route 2 is able to
secure an appropriate domain size.

(A) 104 (B)t
—s— solution 20 °C I Route 2 Route 3
—e— solution 80 °C =
—4— solution 95 °C r
—v— solution 80 °C & TA -
~ 14 HE=
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= Solidification Line for PBDB-T and N2200

Figure 5. (A) The GISAXS spectra of film processed from solutions at 20 °C, 80 °C, and 95 °C, re-
spectively; and the film exposed to TA treatment after being processed from solu-tion at 80 °C. (B) The
phase diagram showing the various temperatures at which the PBDB-T:N2200 solution solidifies.
Reproduced with permission from [103], ELSEVIER, 2022.

For route 2, PBDB-T chains in the active layer are nearly amorphous, despite the fact
that the domain size is appropriate, which causes bimolecular recombination. To raise the
crystallinity of PBDB-T on the premise of keeping the domain size unchanged, confined
crystallization via thermal annealing (TA) is used. During the TA process, N2200 maintains
its crystalline framework, and PBDB-T crystallizes under the confinement of N2200.

In order to carry out this procedure, an intricate selection of the annealing temperature
is necessary. The findings demonstrate that the conformation of chain segments may adapt
in N2200 crystallizing process when the temperature of TA ranges from 100 °C to 180 °C,
leading to the confined crystallization of PBDB-T. In this instance, 140 °C is chosen as the
temperature of TA. Following the TA process, PBDB-T’s crystallinity considerably increases.
As expect, grazing incidence small-angle X-ray scattering (GISAXS) (Figure 5) attests that
the domain size remains virtually unaltered. Thus, by integrating the solution state with
post-annealing, it is possible to modulate the kinetics of crystallization, and thus, fabricate
crystalline active layers with an appropriate domain size.

This nano-structure of the active layer facilitates the exciton dissociation and promotes
balanced charge transport, which results in a higher fill factor (FF) and short-circuit current
density (Jsc) of 0.67 and 13.48 mA/cm?, yielding a PCE of 7.59%. While the device based
on the film processed from 20 °C only exhibits an FF and Js of 0.65 and 10.86 mA /cm?,
resulting in a lower PCE of 6.07%.
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4.2. Combining Solution Temperature and Solvent Vapor Annealing

Combining solvent engineering and solvent vapor annealing (SVA) treatment can also
regulate the crystallization consequences of the donor and acceptor in the blend. Take the
PBDB-T:N2200 blend, for instance, the pre-aggregation extent of PBDB-T is suppressed
via solvent engineering [104]. According to Flory—Huggins theory, xs_p can be adjusted
by mixing solvents with different solubility parameters (J). According to Equation (1),
XcB-pBDB-T and XCB-N2200 are 3.47 x 1071 and 3.52 x 107!, respectively. As we mentioned
in Section 3.1, reducing Xpolymer-solvent COUld suppress pre-aggregation of the polymer
in solution.

To decrease Xsolvent-pBDB-T I this case, diphenyl ether (DPE), with a greater 6 in
comparison to PBDB-T, is added into the solution as an additive. Equation (2) is used to
calculate the blended solvent’s § [107]:

1/2
OMixed = (51%/Iixedfd + 51%/Iixed7p + él%/lixedfh>
OMixed—d = @1 0d1 + ¢2 - Oa2 )
5Mixed7p =¢1- 5pl t¢2- §p2
OMixed—h = @1 Oh1 + ¢2 - On2

where dpfixed —pr OMixed —h, @Nd Snixed —d are the polar, hydrogen bonding, and dispersion
solubility parameters for the mixed solvent, é;,, 6y, and d4 are the polar, hydrogen bonding,
and dispersion solubility parameters, respectively, and ¢ is the volume fraction. According
to the outcome, DPE might be added to selectively inhibit PBDB-T pre-aggregation. After
adding DPE, suppression of PBDB-T crystallization throughout the film-forming process
results in a decrease in the driving force for phase separation and smaller domains.

SVA is a useful technique for increasing polymer films’ crystallinity. Upon SVA, the
polymer films are swollen, providing extra time for amorphous polymers to continue to
self-organize. Here, CF is selected as solvent vapor, because PBDB-T films’ can be enhanced
in CF’s SVA process, while N2200 is insensitive to CF’s SVA process. Hence, after adding
DPE and N2200 prior to crystallization in the film-forming process, the crystallization of
PBDB-T occurs in the SVA process (Scheme 1).

As aresult, as seen in Figure 6, a highly crystalline morphology with the appropriate
domain size is produced by the SVA process with DPE. AFM and TEM are used to inves-
tigate the surface roughness and the phase separation structure. Figure 6A,a show that
the film processed from a CB solution without DPE presents fibrous domains with a large
scale and high crystallinity due to the interaction between donors and acceptors. For film
processed from a CB solution with the high-boiling-point additive DPE, the PBDB-T’s crys-
tallization is inhibited by addition of the solvent, resulting in lots of N2200 fibers wrapped
around by amorphous PBDB-T (Figure 6B,b), forming a crystalline framework with a small
domain size. As seen in Figure 6C,c, after N2200 crystallizes, PBDB-T crystallizes during the
followed SVA process while being confined by the N2200 framework, yielding a crystalline
nano-structure with a modest domain size. Exciton diffusion, CT state dissociation, and
charge transport all benefit from the improved morphology, which raises the PCE from
6.55% to 7.78%—the greatest PCE for OPVs that are based on the PBDB-T:N2200 blend
at the moment. These two studies shed light on the connection between phase separa-
tion structures and crystallization kinetics, which could serve as a roadmap for precisely
regulating the active layer’s domain size in OPVs.
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Figure 6. AFM and TEM images of PBDB-T:N2200 active layers: (A,a) processed from solutions
without DPE, (B,b) processed from solutions with DPE, (C,c) cast from the solution with DPE and then
treated by SVA [104]. Reproduced with permission from [104], American Chemical Society., 2020.

5. Regulating the Diffusivity to Adjust Molecular Orientation

Conjugated molecules are known to be anisotropic and to have edge-on, face-on, and
flat-on molecular orientations. The charge transport and dissociation efficiency of the
CT state are significantly influenced by the molecule orientation [108,109]. It is possible
that conjugated molecules’ electrical coupling can reduce the charge transport barrier [45].
Because of this, molecules oriented face-on may provide 7t-7t electrical coupling along the
direction perpendicular to the substrate, which is advantageous for charge transfer in OPVs.
Furthermore, the intermolecular electric fields at the donor/acceptor interfaces will peak
when the donor and acceptor adopt the same orientation, providing a powerful driving
force to dissociate CT states [110-112]. Thus, in order to achieve good performance, it is
highly desired for both donor and acceptor molecules to adopt face-on orientation in OPVs.

Epitaxial crystallization is a useful strategy for regulation the orientation through fine-
tuning the interactions among different molecules. In the p-DTS(FBTTh;), /PC71BM blend,
p-DTS(FBTTh;), molecules are more inclined to adopt an edge-on orientation. In order
to induce the transition of the orientation from edge-on to face-on, Zhao et al. employed
PTB7-Th, the polymer prefers the face-on orientation, to serve as a nucleus for the epitaxial
crystallization of p-DTS(FBTThy),. PTB7-Th and p-DTS(FBTTh;), have a high degree of
lattice matching, which caused p-DTS(FBTThy); to tend to epitaxially grow on PTB7-Th'’s
surface in the film-forming process. As a result, p-DTS(FBTTh;), exhibited a face-on
orientation, which enhanced hole mobility and inhibited bimolecular recombination. This
work only reveals the premise of thermodynamics for the transition of orientation, while
the dynamic parameter is still unclear [113].

In order to figure out the kinetics parameters, the blended system DRCN5T:ITIC-Th
was used as model system. DRCN5T favors the edge-on orientation in the DRCNS5T:ITIC-
Th blend, whereas ITIC-Th displays the face-on orientation [114,115]. To adjust DRCN5T’s
orientation, the authors chose N2200 as the third component for the following reasons from
the thermodynamic aspect: firstly, the crystallinity of N2200 is high and its orientation
is face-on; secondly, the lattice matching degree between N2200 and DRCN5T should be
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greater than 90%; in addition, the miscibility between DRCN5T and N2200 is suitable. Thus,
N2200 is a suitable candidate for inducing the orientation transition of DRCN5T.

Table 1. Table of regulation methods and corresponding results.

Regulation Methods and Corresponding Results

Ref. Material System Jsc mA cm=2) Vg (V) FF PCE
Section 3.1 Regulation of bicontinuous structure
P3HT: Without TCB — isolated spherical structures 8.81 0.77 0.64  4.45%
[91] O-IDTBR . . .
(CB) With TCB — bicontinuous networks 13.49 0.76 0.70  7.18%
Section 3.2 Regulation of crystallinity
P3HT: Without additive — low crystallinity 9.34 0.77 0.64 4.60%
[931] O-IDTBR With TCB — medium crystallinity 13.53 076 070 7.20%
(CB) With CN — high crystallinity 10.01 0.76 0.70  5.32%
Section 4 Regulation of domain size
[104] PBDB-T: Simultaneous crystallization — small domain size 11.46 0.84 0.65  6.55%
N2200 Sequential crystallization — modest domain size 13.42 0.82 0.67 7.78%
Section 5 Regulation of molecular orientation
[114] DRCNS5T: Medium diffusion rate — face-on 7.94 0.94 041  3.06%
ITIC-Th Fast diffusion rate — edge-on 9.18 0.99 052 4.73%

In order to illuminate the key parameters in the kinetics, DRCN5T:ITIC-Th:N2200
films are subjected to TA. Only N2200 presents crystalline behavior and the majority of the
DRCNS5T is amorphous in the DRCNST:ITIC-Th:N2200 film without and with TA under
70 °C, which is confirmed by the sole diffraction signals of N2200 in Figure 7. The strength
of DRCN5T’s (010) diffraction signals dramatically increases when the TA temperature is
raised to 100 °C and 130 °C. This indicates that the TA treatment encourages DRCN5T to
crystallize face-on, and its crystallinity increases when elevating the TA temperature. As
the temperature of TA is raised further to 160 °C, lamellar stacking signals centered at 4.9°
and 6.5° occur in addition to an increase in the intensity of the (010) diffraction peak. This
indicates that some DRCN5T crystallized in an edge-on orientation at high temperatures
rather than in a face-on orientation.

5
R With N2200 —=— With N2200 5k
—s— With N2200 @ 70°C —e— With N2200 @ 70°C [ =
1.2k 4 —— With N2200 @ 100°C —a— With N2200 @ 100°C
—— With N2200 @ 130°C —v— With N2200 @ 130°C - 4k
;; 900,04 —*— With N2200 @ 160°C —+— With N2200 @ 160°C Z
w
£ =
et 5}
= 600.0 -
=
e Ll
300.0
0.0 B I Sy Wt

40 45 50 55 60 65 70 75 80 20 22 24 26 28 30
2 Theta (degree) 2 Theta (degree)

Figure 7. Out-of-plane grazing incidence X-ray diffraction (GIXD) patterns of DRCN5T:ITIC-
Th:N2200 films under TA with different temperatures. Reproduced with permission from [113],
WILEY-VCH, 2022.
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The variable diffusivity of DRCNS5T at different temperatures may account for the ori-
entation variance. According to the Arrhenius equation (Equation (3)) [116], the diffusivity
of molecules depends on temperature:

D =D, exp(—E,/RT) 3)

where D is the diffusion coefficient, D, is the temperature-independent frequency factor,
R is the universal gas constant, T is the absolute temperature (in kelvin), and E, is the
activation energy. Since the diffusion coefficient is positively correlated with temperature,
we can, thus, hypothesize that DRCN5T molecules diffuse easily at high temperatures.
The diffusivity of DRCN5T is low at low TA temperatures (70 °C), which prevents it from
passing the nucleation barrier. Consequently, DRCN5T would not crystallize, leaving
its crystallinity and molecular orientation mostly unaltered. When the TA temperature
rises to 100 °C or 130 °C, DRCN5T’s diffusivity is increased, allowing DRCNS5T to surpass
the barrier for heterogeneous nucleation. Thus, DRCN5T shows epitaxial crystallization
behavior on an N2200 surface, which promotes the orientation transition from edge-on to
face-on. While DRCNGST exhibits edge-on orientation upon temperature rises to 160 °C, a
phenomenon that can be attributed to homogeneous nucleation. It is well known that het-
erogeneous nucleation has a lower energy barrier than homogeneous nucleation. Because
of this, at 160 °C the diffusivity of DRCNS5T is so great that it can pass through both the
heterogeneous and homogeneous nucleation energy barriers. As a result, by heterogeneous
nucleation, DRCN5T near N2200 chains would attach to the surface of N2200 chains and
undergo epitaxial crystallization, thus take on a face-on orientation. On the other hand,
homogeneous nucleation would cause the DRCN5T far from N2200 to crystallize and take
on an edge-on orientation, as shown in Scheme 2.

S TA @ 160 °C
< '..
T’ 0.
[<b] ‘0'
o0 ofse
2 TA @ 100 °C*.,

~ ’0
S Sse0
S V& *Radius ()
<5] \ ‘t‘
) .
g AN
=~ \\

.

«=a--.. Homogeneous nucleation
-=== Heterogeneous nucleation

Scheme 2. Diagram illustrating the energetics of DRCNS5T crystallization, where the y-axis represents
the system’s Gibbs free energy change (AG) and the x-axis represents the crystal radius (r) [113].

Consequently, DRCN5T’s orientation changed from edge-on to face-on. A greater
Voc is the result of the optimized orientation suppressing the Ejgs from 0.79 eV to 0.74 eV.
Furthermore, the face-on orientation enhances carrier mobility and inhibits bimolecular
recombination. As a result, the FF and [, are enhanced, and the PCE increases from 3.06%
to 4.73%. These findings suggest that regulating the nucleation and diffusivity of molecules
to maximize the content of face-on molecules could be a successful strategy for enhancing
OPVs’ performance.

6. Conclusions

In summary, this manuscript illustrates the influence of kinetics on the morphology of
the active layer in OPVs. Moreover, strategies for optimizing the morphology of the active
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layer via kinetic pathways are also introduced, including film-forming kinetics, sequential
crystallization, and the molecular diffusion rate during the crystallization process. Integrat-
ing the above kinetics with thermodynamic factors, such as thermodynamic stability, L-L
phase separation, the barriers of homogeneous and heterogeneous nucleation, the phase
separation structure, crystallinity, domain size, and molecular orientation of the active layer
are optimized in systems with different blends. On the base of fine morphology control, the
relationship between the structure of the active layer and device performance is established,
which lays the foundation for OPVs with high PCE.
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