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Abstract

Organic solar cells (OSCs) have received widespread attention due to light weight, low cost, semitransparency and ease of

solution processing. By continuously improving materials design, active layer morphology, and device fabrication techniques,

the power conversion efficiency (PCE) of OSCs have exceeded 20%. The morphology of the active layer, which includes the

phase separation structure, the degree of crystallinity of molecules, and the domain sizes, plays a critically important role

in the performance, which is significantly influenced by the crystallization dynamics of the donor and acceptor. Therefore,

it is crucial to comprehensively understand how the dynamics impact the film structure and how to effectively employ the

kinetic procedure to enhance the structure of the active layer in OSCs. In this review, the methods and principles of kinetics

characterization were introduced. Afterwards, the latest advancements in the control of film-forming and the post annealing

process are outlined, unveiling the underlying mechanism. In conclusion, the potential and future of OSCs were anticipated and

projected. Researchers may gain a comprehensive comprehension of how the dynamic process affects the morphology through

this review, potentially enhancing the performance of OSCs.

1 Introduction

Organic solar cells (OSCs) have developed rapidly due to low cost, light weight, semitransparency, solution
processability and so on, which have become one of the most dynamic research frontiers in the field of new
materials and new energy.[1-9] At present, the power conversion efficiency (PCE) of OSCs has exceeded
20%.[10] In order to improve the PCE, researchers have made numerous efforts in optimization of material
design, device structure and morphology of the active layer, etc.[1, 11-16]

The energy conversion process of OSCs mainly includes the following steps: photon absorption, diffusion
of excitons, charge transfer state (CT state) separation, transport of charge and collection.[17-23] Through
in-depth understanding of the working principle of OSCs, it is obvious that the film morphology of the ac-
tive layer formed by the mixed donor and acceptor materials plays a decisive role in the effective separation
of excitons and carrier transport.[24-26] To ensure the PCE of OSCs, the ideal morphology should have
the following characteristics: (1) The bicontinuous phase separation structure: both donor and acceptor
materials form a continuous pathway to ensure that carriers can be efficiently transmitted to the correspond-
ing electrode and collected.[27-29] Simultaneously, it is necessary to ensure that the excitons diffuse to the
donor/acceptor (D/A) interface within the lifetime by maintaining domain sizes of 10-20 nm.[30-34] (2) High
degree of crystallinity: a significant level of crystallinity in the active layer molecules is advantageous for
charge transfer as it allows carriers to move along the primary chain and interchain via the π-π stacking
of molecules.[35-42] (3) Simultaneous face-on orientation: the face-on orientation enhances the vertical car-
rier transport within the active layer.[43-45] Furthermore, the same molecular orientation at the interface
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between the donor/acceptor promotes the separation of charge transfer states.[46-53] Therefore, the mor-
phology of the active layer significantly influences the photophysical process and subsequently the PCE. The
morphology is seriously affected by crystallization dynamics in the fabrication process of active layer, which
mainly happens in the film-forming and post annealing process.[25]

Film-forming kinetics refer to the physical laws and dynamic processes that organic semiconductor materials
follow during the formation of a film. In the initial stage of film-forming, the molecular clusters begin to
nucleate, and then grow and form aggregates. Because of the influences of van der Waals interactions,
hydrogen bonds, and π-π stacking interactions, these aggregates constantly change their size, shape, and
orientation. As the concentration of the solution and the number of aggregates increase further, they are
separated from the solution, forming liquid-liquid (L-L) or solid-liquid (S-L) separation. In solid-liquid phase
separation, the clusters are deposited on the solid surface, forming a continuous film. In L-L separation,
the clusters form discrete droplets that self-assemble into continuous films, usually under surface tension.
Subsequently, the crystal continuously adsorbs organic molecules on the crystal surface, the volume increases
with the increase of time, and eventually tends to mature. Since Heeger A.J. et al. invented OSCs with
bulk heterostructure in 1995[54], researchers have carried out a lot of work to optimize the morphology of
the active layer, and developed strategies such as solution state and post-annealing treatment to control
the active layer morphology. During the solution treatment process, the morphology is affected by many
factors, including solvent selection, temperature, deposition method, and the use of additives.[55] Therefore,
understanding and optimizing these processes is critical in developing high-performance OSCs.

In addition, post-treatment processes, such as thermal annealing (TA) and solvent vapor annealing (SVA),
can also optimize the morphology of the active layer. TA is an effective means to adjust the morphology of
active layers in blends. Since Friend et al. first found that TA can improve the performance of P3HT:EP-PTC
blends, TA has officially entered the field of regulation of active layer in OSCs.[56] The main principle of TA is
that the polymer is heated above the glass transition temperature (T g) to promote the movement of polymer
chain segments, so as to achieve the ordered aggregates of polymer molecules. At the same time, the molecules
are diffused and crystallized during the annealing process, and finally form the interpenetrating network
structure.[57, 58] For SVA, the blend film is placed in solvent vapor. After the solvent molecules penetrate
into the active layer, the polymer chains are induced to reassemble into an ordered structure.[59, 60] For
example, Yang et al. made the P3HT:PCBM blend film dry slowly through dichlorobenzene solvent vapor,
so that the blend film self-assembled to form an ordered structure and good phase separation morphology,
which is conducive to the balance of electron and hole mobility.[61]

This review focuses on the effect of crystallization dynamics on the morphology of OSCs and reveals its
potential mechanisms of how it influencing the morphology. Firstly, the characterization methods and kinetic
principles of the thin films are briefly described. Subsequently, the common strategies for the morphology
optimization of OSCs active layers, including adjusting the film-forming process and the post-treatment
process are summarized, and the typical examples are cited to understand how these treatments affect
crystallization dynamics process to achieve the desired morphology. Finally, the future development of
OSCs was prospected, which may provide some guidance for achieving high PCE of OSCs.

2 Characterization of the crystallization kinetics

As we discussed above, intensively structure evolution occurs during film-forming process and post-treatment
process, which determines the final morphology of the active layer. Therefore, monitoring structure evolution
is conducive to analyze the crystallization kinetics. In situ characterizations are powerful tools to extract
real-time structural information, where the in situ optical spectrum and X-ray scattering are frequently
utilized with customized film-forming setup. In the following paragraph, we briefly summarize various
common measurements, such as ultraviolet visible absorption spectroscopy (UV-vis) absorption spectra,
photoluminescence (PL), grazing-incidence wide-angle X-ray scattering (GIWAXS), and grazing incidence
small-angle X-ray scattering (GISAXS). Then, we emphasize their significance and refer to classic examples
to elucidate the information derived from each in situ characterization technique.
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2.1 The in situ UV-vis absorption spectrum

In situ UV-vis is an analytical technique used to monitor and study chemical reactions, material transfor-
mations, and changes in optical properties, which can be used to characterize the absorption spectrum of
organic semiconductor. The change of peak shape of absorption spectrum often reflects the change of its
aggregation form.[62-64] For example, the extension of conjugation produces redshifts, and the increase in
aggregates homogeneity results in sharper peaks or shoulders.[65] In addition, the change of absorbance of a
certain wavelength can also be measured to study the film crystallization kinetics.[66] Figure 1a illustrates
the schematic diagram of the in situ UV-vis absorption.[67] Shen et al. used in situ UV-visible spectroscopy
to investigate the effect of different temperatures on the film-forming rate of the PM6:Qx-1 blend system.
In the first stage, the peak position of Qx-1 at 718 nm showed no significant change during the solvent
evaporation process. During the second phase, there was a rapid red-shift (830 nm) in the absorption peak
of Qx-1. As the temperature increased, the second stage duration decreased from 6.50 s at 40 °C, to 5.52 s
at 60 °C, 3.36 s at 80 °C, and finally 2.74 s at 100 °C. The position of the absorption peak for Qx-1 started
to redshift, suggesting gradual acceptor aggregation and crystallization. The absorption peak of PM6 did
not change significantly (600 nm). In the third stage, the Qx-1 absorption peak reached a constant position
with no significant changes. Yu et al. studied the relationship between PTB7 molecular chain length and its
aggregation state by using UV-vis absorption spectroscopy.[68] With a low number of monomer units (1.5),
the solution’s absorption peak is primarily focused around 500 nm, but as the number of monomer units
increases (3.5), the absorption peak gradually shifts towards 570 nm. As the number of monomer units incre-
ases, the level of conjugation within the molecular chain also increases, which reduces the energy difference
between energy levels and causing a spectral redshift.

2.2 The in situ PL spectrum

The PL spectrum can reflect the phase separation process of solvent volatilization through changes in fluore-
scence efficiency and luminescence peak position.[69] With the evaporation of solvent, the degree of aggrega-
tion and cluster formation will gradually increase, which will lead to the increase of fluorescence efficiency.[70]
Furthermore, the interaction between organic molecules will gradually strengthen due to the formation of
aggregates and clusters, which will lead to the redshift of fluorescence peak position.[71] When the phase
separation reaches a certain degree, the fluorescence efficiency will reach the maximum value, and the fluore-
scence peak position will also reach a stable state. While in situ photoluminescence (PL) measurements are
relatively straightforward to conduct, it is crucial to exercise caution when analyzing the data. The reason
for PL quenching during the drying of BHJ blends is the result of various molecular interactions, such as
photochemical oxidation, reactions in the excited state, rearrangement of molecules, transfer of energy, and
the creation of complexes in the ground state.[72] To fully utilize the in situ PL spectrum for BHJ drying,
it is necessary to elucidate the mechanism of PL quenching during the drying process.[73] The experimental
equipment is shown in Figure 1b. Engmann et al. studied the film-forming process of P3HT:PCBM blends
using in situ PL.[74] During the early phase, the PL intensity of P3HT diminishes as the mean separation
between evenly dispersed fluorophores and quencher molecules decreases. In the second stage, PL intensity
of P3HT drops sharply and then recovers. The abrupt decline in PL is ascribed to a prolonged exciton
diffusion distance, enabling reach to quenchers situated at greater distances, subsequently leading to domain
coarsening that ultimately leads to the restoration of PL. In the third stage, the PL decreases, and the emis-
sion ratio continues to increase. The emission intensity of ordered polymer domains primarily determines
the overall PL, while fluorescence from the disordered phase is greatly reduced. Huang et al. studied P3HT
spectra at different concentrations.[75] When the concentration is low, the PL peak position is 570 nm. When
the concentration increases, the peak strength increases, indicating that P3HT is a single-chain state. When
the concentration rose to 0.02%, PL intensity decreased sharply with the increase of concentration. This is
because the P3HT molecules come into contact, causing the fluorescence to be quenched and the intensity
to decrease. When the concentration was 1%, new peaks appeared at 640 nm and 670 nm. This is because
the molecules are π-π stacking, forming ordered aggregates, and the energy of the system is reduced.

2.3 The in situ GIWAXS and GISAXS

3
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GIWAXS, is based on scattering X-rays to study the molecular arrangement and crystal structure of a sample.
GIWAXS detector is close to the sample, the scattering angle range detected is large, and the corresponding
q value is large. According to d =2π/q , it can be seen that the detected crystal plane spacing is small.
Therefore, GIWAXS represents the crystallization and ordered arrangement of molecular scale.[76-78] For
example, the aggregation state of organic semiconductor molecules and the evolution of crystal structure in
solution can be monitored in real time by in situ GIWAXS. By monitoring the change of diffraction pattern,
the growth rate of crystal, molecular orientation and the optimization of crystal structure can be revealed.
Perez used in situ GIWAXS to study the effect of DIO on thep -DTS(FBTTh2)2:PCBM films.[79] If no
DIO is added,p -DTS(FBTTh2)2 crystallinity is low. When DIO is used,p -DTS(FBTTh2)2 first forms an
intermediate phase (liquid crystal phase) in the film, and then the liquid crystal phase gradually transforms
into a crystalline phase in the middle and late stages of film-forming, and the crystallity of the film is
improved. The scattering data for the sample treated with the additive reveals multiple distinct and intense
peaks. The peaks’ sharpness, combined with the emergence of higher-order reflections at q [?] 5.6 and 8.4
nm-1, show that the correlation length and quality of the crystals in the film treated with the additive are
significantly improved. GISAXS can characterize the long-period structure, quasi-periodic structure and
interfacial layer structure on a larger scale. GISAXS detector is far away from the sample, has a small range
of detected scattering angles, a small corresponding q value, and a large distance between detected crystal
faces. Therefore, GISAXS represents the ordered arrangement of phases and aggregates. Figure 1c shows
the schematic diagram of GIWAXS and GISAXS. Russell et al. used GIWAXS and GISAXS to study the
role of DCB in DPPBT:PC71BM film.[80] The change of intensity of peak (100) in GIWAXS of the DPPBT
can explain the change of crystallinity. In addition, the change of scattering peak location in GISAXS can
explain the degree of phase separation. The results show that when DCB content is 5%, the (100) peak
intensity of GIWAXS of the DPPBT changes synchronously with the scattering peak position of GISAXS.
When the DCB content is high (20% and 50%), the (100) peak intensity of GIWAXS increases earlier than
the shift of GISAXS scattering peak location, indicating the crystallization signal of GIWAXS changes before
the phase separation signal of GISAXS. This indicates that DCB promotes the crystallization of DPPBT.

Figure 1. (a) In situ UV-vis absorption measurement device schematic illustration. Reproduced from [67].
(b) Schematic diagram of in situ PL experimental facility. Reproduced from [74]. (c) Schematic illustration
of in situ GISAXS/GIWAXS measurements device. Reproduced from [81].

The above several in-situ characterization methods are more commonly used techniques, which can well
characterize the evolution of thin films, facilitate us to better understand the crystallization dynamics, and
then find regulatory means to optimize the morphology. The principles of film-forming dynamics and the
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regulation of film-forming and post-annealing processes will be introduced next.

3 Regulation principle of the film-forming kinetics

The kinetics can influence the morphology and properties. In the solution processing, the nucleation, crystal-
lization and crystal growth occurs with the solvent volatilization, which is coupled with the phase separation
process, making the process more complex.

In the solution processing, the initial state is the dissolved state. The process of dissolution is the dispersion of
molecules into solution by solvent. And dissolution rate is related to molecular diffusion, reaction activation
energy, surface energy and other factors. It can be calculated by Fick’s law, that is, the dissolution rate is
proportional to the concentration, which can be described by the following formula:[82]

∂C
∂t = D ∂2C

∂xt (1)

Where C is the concentration of the substance in the solution,t is the time, x is the spatial coordinate, and
D is the diffusion coefficient.

As the concentration starts to increase, the solution starts to nucleate. The nucleation rate can be expressed
by the following formula:[83, 84]

rate∝ D (T ) • exp(−W∗

kT )(2)

D(T) represents the diffusion coefficient while W* denotes the energy expended in the creation of a nucleus
with the minimum required size.Determining a molecule’s ability to participate in nucleation is heavily
influenced by the diffusion coefficient. Viscosity is inversely proportional to η , as stated by the Stokes-
Einstein relation. An equation of the Vogel-Fulcher-Tammann type effectively describes the exponential
increase in the diffusion coefficient when T -T g is less than 100 °C:[85]

D(T ) ∝ exp( −B
T−T0

) (3)

both B and T 0 are constants.

To form the critical size nucleus, energy input is necessary to balance the following two aspects: (1) the
volume free energy difference between the liquid and crystalline states, G1c = G1 − Gc, (2) the interfacial
energy γ1c is related to the surface of the nucleus.

As the degree of undercooling increases, the energy barrier for uniform nucleation indeed decreases, making
it easier for nucleation to occur in supercooled liquids. On the other hand, in the event of heterogeneous
nucleation, the formation of the nucleus occurs on an existing solid surface, there is a notable decrease in the
energy barrier for nucleation. This reduction in the energy barrier facilitates and accelerates the nucleation
process.

Various factors, including the volatility of the solvent, spinning speed, and the temperature of the solution
and substrate, determine the rate of solvent removal from the upper layer.[82] The initially dilute solution
becomes enriched in both solutes as the solvent is depleted. This enrichment leads to increased interaction
between the solutes and leads to morphology evolutions. When the solvent is extracted, the mixture enters
the spinodal range, leading to phase separation. As the solvent is depleted, the solution begins to be rich
in these two solutes. The interaction between solutes will increase and the morphology will change. As the
solvent is removed, the mixture reaches the spinodal region (immiscible conditions), resulting in the phase
separation.[86] Under these conditions, the resolution becomes precarious, and even slight variations lead
to rapid separation of phases. In general, the solution is divided into two phases enriched with donor and
acceptor, respectively. Following these two initial formation stages, there is a subsequent slow coarsening
process. The rate at which the solvent is removed affects the kinetics of phase separation and coarsening.[82]

The crystal growth rate is given in the following format:[84]

rate∝ D′ (T ) • [1− exp(−Gk

kT )] (4)

5
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The crystal growth involves long range diffusion, while nucleation only requires particles to diffuse over a
short distance near the interface between the crystal and the melt.[87]

Typically, the maximum rates of nucleation and crystal growth occur nearT g and T m, respectively. To
achieve crystallization, it is necessary to have nucleation and the growth of crystals at a decent speed. Hence,
the extent of intersection between nucleation and crystal growth regime plays a crucial role in determining
if crystallization takes place in the molten state while undergoing cooling. The highest rate of crystallization
takes place within the temperature range of T g andT m. Alternatively, the process of crystallization can
be initiated by initially subjecting the material to annealing at a temperature in proximity to T g, and sub-
sequently conducting a second annealing phase at a temperature nearer toT m, which promotes accelerated
growth of crystals.[85]

Crystal growth is also affected by many factors, such as temperature, additives, molecular interactions, and
so on. With the complete evaporation of solvent, the crystal structure tends to be stable, and the film-
forming process is basically completed. Finally, through the interaction of these dynamic processes, the final
morphology of the organic solar cell film is formed if there is no post annealing process.

In summary, understanding the film-forming process in detail is crucial for investigating the thermodynamics
and kinetics of thin film drying and optimizing the morphology of the active layer to achieve high device
performance. Schmidt Hansberg et al. utilized in situ GIWAXS to reveal the kinetics and thermodynamics of
molecular ordering during the thin film drying process, which deepened the understanding of the film-forming
process.[31] In the initial stage, the DCB content was only 3 wt%, and as the solvent gradually evaporated,
the DCB content increased to 14 wt%. As DCB gradually evaporated, PCBM reached its maximum solubility
first, while P3HT transitioned from the solution state to the gel state. The stacking signal of the P3HT side
chains in the out-of-plane direction (100) increased, but the aggregation diffraction peak of PCBM appeared
only after the ordering of P3HT, indicating that the interaction between the polymer and the fullerene
inhibited the aggregation and clustering of the fullerene molecules, leading to the formation of clusters in the
final stage of thin film drying after complete stacking of P3HT molecules. As the solvent further evaporated,
P3HT crystallization became more complete, and PCBM entered the amorphous region of P3HT, aggregating
to form clusters.

The morphology of thin films significantly influences photoelectric properties like charge transfer and energy
transfer. It’s important to recognize that the actual dynamics of film-forming are highly intricate. Therefore,
further theoretical models and experimental investigations are required to delve deeper into these processes.

4 Regulation of film-forming process

As aforementioned, film forming is a complicated process involving multiple physical processes. Here we
introduce the method of optimizing the morphology, including the film-forming method, solvent, temperature
and additives.

4.1 Film deposition methods

The morphology can be significantly influenced by the deposition method used to film processing.[88] Diffe-
rent deposition methods, generally including spin-coating, blade-coating and slot-die (Figure 2), can lead to
different structures and packing arrangements of the molecules, which can affect the device performance. For
example, spin-coating spreads solution on the substrate then quickly shakes off the solution by the centrifugal
force, which can form a relatively smooth and uniform film with small crystalline domains.[89] Blade-coating
and slot-die use the shear force formed by bending liquid surface to coat the solution on the substrate, which
have a certain induction effect on the aggregation and arrangement of solute molecules.[90, 91] In addition,
there are some new film-forming methods, such as meniscus-assisted-coating (Figure 2d).
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Figure 2. (a) Schematic diagram of spin-coating process. Reproduced from [92]. (b) The blade-coating
process is illustrated in a schematic diagram. Reproduced from [65]. (c) Diagram illustrating the structure
of slot-die. Reproduced from [93]. (d) Schematic illustration of MAC. Reproduced from [88].

4.1.1 Spin-coating

Due to the ease of use and safety, spin-coating is often used in laboratory. Franeker et al. used a variety of
measurement methods to study film-forming process of spin-coating.[89] Figure 3b shows the PS:PC70BM:o-
xylene phase diagram calculated with Flory-Huggins theory. Figure 3a shows four stages of the film-forming
process, at initial stage, scattered GISAXS strength decreases with the decrease of film thickness. During
the commencement of laser scattering (t = tonset

LS), the solution undergoes an internal phase separation,
resulting in the formation of domains enriched with PC70BM and PS, which are extensively swollen (average
φ solv = 70%). Subsequently, the separation of the L-L phase takes place, and the signal strength increased.
The scattering intensity for GISAXS (t = tonset

GISAXS) significantly increases, primarily because o-xylene has
a strong attraction to PS, causing the PC70BM-rich domains to have a lower solvent content compared to the
PS-rich matrix. Therefore, the PC70BM-rich domains will dry earlier. The peak intensity rapidly increases.
Eventually, the solvent evaporates, forming a film. Reichenberger et al. studied the effect of spin-coating
on aggregates at a critical temperature T c.[94] Figure 3c compares the absorption of PCE11 aggregates
above and below Tc. When spin-coating at 22 °C, compared to the collective absorption spectrum observed
at 70 °C, the collective absorption spectrum exhibits an absorption peak at a slightly reduced energy and
has a larger peak ratio of 0-0/0-1. The observed behavior in P3HT is comparable and indicates a stronger
delocalization of electronic states throughout the polymer chain. This increased delocalization is accompanied
by a reduction in inter-chain coupling. They believe that once the deposited solution approaches T c in the
first few seconds, the molecules form aggregates. In the film, residual solvents persist, and they can assist
in generating planarized chromophores with robust intra-chain connection. These planarized chromophores
might serve as nuclei in the subsequent transformation process. As a result, for both P3HT and PCE11, spin-
coating onto a substrate belowT c doesn’t substantially affect the quantity of aggregates formed. However,
it does alter the nature or characteristics of these aggregates.
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4.1.2 Blade-coating

Compared with spin-coating, blade-coating is more suitable for industrial applications because it is compa-
rable with large area film fabrication.[95] Peng et al. studied the effects of the blade-coating speed and the
third component on the film-forming process.[96] When the coating speed increases, the thickness of the film
also increases.[97] A relatively prolonged transition process from solution to film may promote an increase
in crystallinity. As a result, at a medium speed of 20 mm/s, polymers and small molecules demonstrated
appropriate pre-aggregation and underwent a comparatively extended process of crystallization and molecu-
lar arrangement. In addition, the introduction of components also changes the film-forming kinetics (Figure
3d). In the first stage, as the solvent evaporates, some polymers or small molecules begin to aggregate in an
ordered fashion. During the second phase, the incorporation of the third component hinders the formation of
crystal nuclei, leading to the simultaneous crystallization of both the polymer and small molecules. During
the third phase, the residual solvent allows for further rearrangement of the polymer chains or small mole-
cules, leading to the achievement of optimal crystallization. Stage four, the drying process is complete. As a
result, the ternary membrane exhibits a greater degree of molecular organization and a reduced size of phase
separation. In addition, appropriate sequential deposition process methods can also improve the crystalliza-
tion of donor/acceptor. Wang et al. deposited PBDB-T:FOIC onto PBDB-T:IT-M films by sequential-blade
cast (seq-blade cast), thereby improving donor and acceptor crystallization.[90] The seq-blade cast method
can induce varying levels of dissolution, blending, and phase separation between the upper and lower layers.
This phenomenon facilitates the efficient mixing of the donor and acceptor components to obtain more ideal
nanostructures and morphologies. The PBDB-T:FOIC in the seq-blade cast system creates a fresh structure,
and the PBDB-T:IT-M bottom layer supplies numerous crystal nuclei. The competitive process of growth
encouraged the formation of PBDB-T crystals and restricted the clustering of FOIC, resulting in minimal
phase separation in the film. The binary films take a relatively long time to crystallize, approximately 18
seconds, whereas the PBDB-T:IT-M layer and PBDB-T:FOIC layer of seq-blade cast films reach their peak
at 14 seconds and 8 seconds, respectively (Figure 3e). In the case of seq-blade cast film (Figure 3f), the
PBDB-T aggregation rate rose from 0.0428 to 0.0574. The results show that the seq-blade device demonstra-
tes the highest OSC performance, with a PCE of 11.91%. Yuan et al. studied the film-forming dynamics of
patterned blade coating.[98] The use of micro-structured pattern printing blades allows for the adjustment
of flow conditions to enhance the alignment of molecules and facilitate mass transfer in the crystallization
process. The fluid can be facilitated to have both extensional and shear flow simultaneously by these arrays of
micro-structured blades. Experimental evidence has demonstrated that extensional flow can align conjugated
polymer chains, while shear flow has the potential to induce elongation and modify the structure of these
polymers. During the subsequent evaporation process, the tight packing and arrangement of PM6 polymer
chains, influenced by both extensional and shear flow, leads to effective crystallization of Y6 molecules. As
shown in Figure 3g and h, among the four films, the film prepared with a low-speed patterning blade (PBC-
LS) has the highest CCL, indicating excellent crystallinity. Simultaneously, PBC-LS films exhibit a smaller
π-π stack distance of 0.36 nm and a lamellar stack distance of 2.1 nm, suggesting a molecular structure that
is densely packed. These films demonstrate superior crystallinity and well-defined phase separation, which
is attributed to the patterned blade’s ability to minimize disturbances of the solution. Finally, the PCE of
PM6: Y6 film prepared by PBC-LS was 15.93%, while the PCE of ordinary blade was 14.55%.
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Figure 3. (a) Diagram illustrates the formation of the PC70BM domain through spinodal demixing. Repro-
duced from [89]. (b) The Flory-Huggins theory was used to calculate the phase diagram of PS:PC70BM:o-
xylene. Reproduced from [89]. (c) Aggregate absorption spectra were recorded for a PCE11 film after spin-
coating at both 70°C and 22°C, with normalization at 1.94 eV. Reproduced from [94].(d) The morphology-
forming process for films made of polymer:nonfullerene small molecules and polymer:nonfullerene small mo-
lecule:polymer blends is schematically depicted. Reproduced from [96].(e) Absorption patterns of seq-blade
cast films in two dimensions. Reproduced from [90]. (f) Relative rate of aggregation for PBDB-T and FOIC.
Reproduced from [90]. (g) Corresponding 1D GIWAXS line profiles. Reproduced from [98]. (h) 2D GIWAXS
data of PM6:Y6 blend films. Reproduced from [98].

4.1.3 Slot-die coating

Slot-die coating involves delivering a solution onto a substrate through a narrow slot situated in close
proximity to the surface. Slot-die coating offers a greater advantage over spin-coating due to its superior
efficiency in material conservation. Zhao et al. studied the film-forming kinetics of slot-die by introducing
the third component.[91] Kinetic studies have unveiled that improved miscibility between BTR-Cl and D18
plays a pivotal role in the segregation of Y6 from the mixed phase with D18. Additionally, the presence of
highly crystalline BTR-Cl accelerates the L-L phase separation of the D18:Y6 mixture, leading to a greater
accumulation of Y6 molecules. The Y6 peak location redshift in the D18:BTR-Cl:Y6 blend shifts noticeably
earlier compared to the D18:Y6 blend, as depicted in Figure 4a. This observation suggests that Y6 tends
to aggregate more quickly. In 110 nm and 300 nm thick photoactive films, PCE reached 17.2% and 15.5%,
respectively. The use of slot-die coating in conjunction with a ternary design approach has demonstrated
its effectiveness in manufacturing thick, large-scale, and flexible OSCs with high efficiency. The utilization

9
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of industry-scale R2R fabrication techniques showcases the replicability of outcomes with this approach.
Zhao et al. developed a sequential slot-die (SSD) coating method for the preparation of OSCs at room
temperature using halogen-free solvents.[99] The device was prepared in ternary systems with PTB7-Th
andp -DTS-(FBTTH2)2 as donors and PC71BM as acceptors. In the SSD coating process, PTB7-Th is used
as the first coating. In fact, PTB7-Th molecules undergo two phases of aggregation (Figure 4b). The solvent
from the second layer has the ability to dissolve some of the PTB7-Th molecules. During PCBM fabrication,
these dissolved molecules move to the upper surface and reassemble into aggregates. Furthermore, when the
polymer is coated with the first layer, the size of the area gradually expands, resulting in an appropriate
phase separation. The power conversion efficiency (PCE) of devices produced using SSD coating is improved
from 6.09 to 7.32%, indicating a 20% increase in PCE.

4.1.4 Other film-forming methods

In addition to the deposition methods above mentioned, meniscus-assisted-coating (MAC) are also effective
strategies. The meniscus coating is done by pumping paint into the applicator roller. The paint flows through
the porous surface of the applicator roll, forming a film on the substrate that is transported by the coating
roller. The configuration and dimensions of the meniscus established within the gap between the rollers are
influenced by variables such as the gap distance, the speed, and the rotational direction of the rollers.[100-103]
Different flow regions will be formed inside the liquid, and coating speed and temperature have significant
effects on the formation of film thickness. Yue et al. used MAC strategy to prepare a PM6:PY-IT film with
high crystallinity and nano interpenetrating networks.[88] As shown in Figure 4c, the researchers investigated
the crystallization kinetics of the polymer blend film. The results revealed a straightforward linear correlation
between the rate of meniscus movement and the extent of crystallinity in the polymer. With the increase of V

a, the absorption peak intensity of PM6 and PY-IT decreased significantly, indicating that the crystallinity
of the blend film decreased with the increase ofV a. But when the speed is reduced to 1 mm/s, it leads
to excessive crystallization of the polymer. The results show that by using MAC strategy and precisely
controlling the propulsion rate, the active layer can obtain finer nanofiber networks. In the end, the PCE
exceeded 15%.

Figure 4. (a) The temporal progression of the peak location of Y6. Reproduced from [91]. (b) Schematic
diagram illustrating the pre-aggregation process in the SSD method. Reproduced from [99]. (c) In situ

10
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UV–vis absorption spectra during MAC preparation. Reproduced from [88].

4.2 Selecting the processing solvent

Different solvents have different effects on the interaction between polymer and small molecules, solvent
volatilization rate and molecular diffusion rate, which results in different morphologies. Generally, there are
many interaction forces between solvent and solute, including van der Waals force, electrostatic interaction,
hydrogen bond, etc., which can stretch and contract polymer chain, or stabilize polymer chain structure,
thus changing the structure and arrangement of crystal. Strong solvent-polymer interactions contribute to
the formation of interspersed nanonetwork structures, while weak interactions tend to lead to the formation
of condensed phases. In addition, the choice of solvents also needs to consider its environmental protection
and cost. Therefore, these factors should be considered comprehensively when optimizing the morphology
of active layer.

The specific solvents can shorten film-forming times, which can prevent the larger phase separation structure
caused by high crystallinity. Zhu et al. replaced CB with 2-methyltetrahydrofuran (MTHF) to shorten the
film-forming time of PTzBI-Si: N2200 blend film from 11.7 s CB to 3.7 s.[104] Due to the low boiling point
of MTHF, the solution evaporates quickly, which can greatly shorten the film formation time. The shortened
film-forming time leads to a decrease in crystallinity, which inhibits the formation of large-scale structures.
And the diameter of PTzBI-Si crystal is reduced from 400 nm to 35 nm (Figure 5a). The smaller phase
separation structure enhances exciton dissociation, leading to increase the J sc from 2.76 mA cm-2 to 15.41
mA cm-2 and resulting in an increase in PCE from 1.01% to 9.01%. Rational use of mixed solvents can also
promote vertical phase separation. Sun et al. used chlorobenzene/tetralin to prepare P3HT:PCBM films
to regulate the film-forming process.[105] During film formation, chlorobenzene evaporates rapidly, leaving
tetralin with a high boiling point in the film. Since PCBM has a much better solubility than P3HT, most
PCBM dissolve in tetralin, while P3HT begins to precipitate. At the later stage of film formation, the slow
evaporation rate of tetrahydronaphthalene prolonged the film-forming time, PCBM molecules have more time
to move and can diffuse upward with tetralin evaporation. Based on the X-ray photoelectron spectroscopy
results (Figure 5b), the PCBM to P3HT quality ratio (mPCBM:mP3HT) experienced an increase from 0.1
to 0.72 in close proximity to the film surface, consequently leading to the formation of a vertical phase
separation structure. The PCE is 1.5 times better than that of devices without tetralin.
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Figure 5. (a) Analysis of in situ GIXD results. Peak fitting was employed for the (100) and (010) peaks
to determine various parameters. Reproduced from [104]. (b) Spectra of X-ray photoelectron spectroscopy
(XPS). Reproduced from [105].

The appropriate solvent can change the crystallization of molecules and the aggregation state of the solution.
Jiang et al. used CF instead of CB to balance the crystallization of molecules in PDTBT2T-FTBDT:BTP-4F
blends.[106] They observed that PDTBT2T-FTBDT exhibited a tendency to primarily form H-aggregates
in the solvent, while BTP-4F had a preference for forming J-aggregates. The subpar performance of devices
coated using slot-die printing with CB can be ascribed to the excessive J-aggregation of BTP-4F, which
leads to an imbalance in donor and acceptor crystals and a less ordered molecular alignment. After the
addition of CF, the aggregation of BTP-4F was inhibited, and the crystallization was more balanced. As
shown in Figure 6a-d, with the passage of time, the number of face-on oriented molecules in the blend film
added with CF gradually exceeds the number of isotropic molecules, which does not exist in CB. Compared
with CB blending films, the blending films using CF have better morphology, smoother surface and more
obvious crystal orientation. In the end, the PCE increased to 13.2%. Zhou et al. changed the solvent from
CN and o-DCB to CB, successfully changing the orientation of the P(NDI2OD-T2) molecules.[107] When
CB is used instead of CN, the molecular orientation of P(NDI2OD-T2) will change to face-on (Figure 6e, f).
This is because CB can induce the aggregation of P(NDI2OD-T2) molecules and prolong the film-forming
time, thus leading to the change of P(NDI2OD-T2) molecular orientation. And this phenomenon also occurs
in PTB7-th: P(NDI2OD-T2) blends. Due to the consistent orientation of donor and acceptor molecules,
resulting in a pronounced built–in electric field that enhances exciton dissociation. The reason for this is
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that CB has the ability to cause the clustering of P(NDI2OD-T2) compounds and extend the duration of
film-forming, ultimately resulting in the alteration of P(NDI2OD-T2) molecular orientation. Furthermore,
this occurrence is also observed in blends of PTB7-th and P(NDI2OD-T2). The optimization is credited to
the aligned positioning of donor and acceptor molecules, leading to a significant pronounced electric field
that boosts the dissociation of excitons.

The mixing solvent can change the crystallization sequence and optimize the phase separation structure of
the blends. Zhang et al. studied the effect on microstructure by changing the order of crystallization of
donor and acceptor in the P3HT:N2200 blend.[108] When N2200 had a molecular weight lower than 50.0
kDa, both polymers crystallized simultaneously in a solution of CB. However, when Ani/Tol was employed
as the co-solvent, P3HT exhibited a preference for crystallization over N2200. When the average molecular
weight is greater than 72.0 kDa, the crystallization of N2200 happens faster than P3HT, completing prefer-
entially within a similar time frame. As shown in Figure 6g, they discovered that when the two components
crystallize at the same time, they form larger size structures. When P3HT preferentially crystallizes, the
microstructure is dominated by P3HT fiber crystals can be formed, and the molecular orientation tends
to be edge-on orientation. The microstructure is mainly composed of fibrous crystals of N2200 when it
crystallizes preferentially, and the molecular orientation tends to be face-on orientation, increasing the like-
lihood of forming the interpenetrating network structure. The findings demonstrate that the order in which
crystallization occurs is a critical factor in shaping the microstructure of polymer blends.

Figure 6. The change in the area of crystallite orientation (100) for (a) PDTBT2T-FTBDT and (b) BTP-
4F with CB, (c) PDTBT2T-FTBDT and (d) BTP-4F with CF. Reproduced from [106]. (e) Out-of-plane
and (f) in-plane GIXD diffraction intensity for PTB7-th:P(NDI2OD-T2) film with CN, o -DCB and CB.
Reproduced from [107]. (g) AFM height images of P3HT:N2200 blend films. Reproduced from [108].

4.3 Adjusting the processing temperature

The effect of temperature on the morphology is mainly achieved by controlling the interaction between
polymer and small molecule and the molecular diffusion rate in the active layer. The ordered aggregation
or deaggregation of molecules in the solution can be promoted by adjusting the temperature of the solution.
[109-111] In general, appropriately raising the temperature helps to enhance interactions, increase the rate
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of molecular diffusion, and facilitate processes such as phase separation and self-assembly. All factors lead
to better morphology.

The temperature has effect on the molecular solubility. Liang et al. control the nucleation rate and grain
growth rate by adjusting the content of ordered aggregates in the PffBT4T-2OD:N2200 blending system.[112]
At low temperature (25-65 °C), PffBT4T-2OD reaches saturated concentration, the nucleation barrier is low,
and the solution contains many crystal nucleuses of PffBT4T-2OD. However, the high viscosity of the solution
obstructs the molecular chain movement, resulting in low crystal growth rate, and the rate of nucleation
does not match the rate of growth. The slope of the curve Ka=0.42 was calculated by the UV-vis absorption
spectrum in situ, which can reflect the crystallization rate. When the temperature rises (65-100 °C), the
molecular chain starts to move, resulting in an increase in the rate of crystallization (Ka = 1.86), and the
nucleation and growth rate become synchronized. With a subsequent rise in temperature (100-120 °C), the
elevated temperature of the solution leads to an escalation in the nucleation barrier, resulting in a rapid
crystallization rate (Ka = 19.21) that does not align with the rate of crystal nucleation and growth. After
the creation of a solution at 95 °C (Figure 7a-c), the film exhibited the highest level of crystallinity.

In addition, the temperature also affects the aggregation state of the solution. Zhou et al. studied the solution
aggregation behavior at different temperatures.[113] As shown in the Figure 7d, the areas between dashed
lines indicates the nano network structure can be formed at the current ratio of donor/acceptor, and the
squares and circles indicate the domain size. As the temperature rises, the domain size decreases significantly.
The insensitivity ofp -DTS(FBTTh2)2 to temperature causes a significant portion of P(NDI2OD-T2) aggre-
gates to transform into amorphous molecules as temperature increases. Before substantial aggregation of p
-DTS(FBTTh2)2occurring, The majority ofp -DTS(FBTTh2)2 molecules are enclosed by the P(NDI2OD-T2)
framework. Excitons are more likely to diffuse to the donor/acceptor interfaces. When the temperature is 80
°C, PL intensity of the film after solidification decreased by a quarter, indicating significant enhancement of
exciton dissociation (Figure 7e).

Figure 7. (a-c) The 2D GIXRD patterns for PffBT4T-2OD:N2200 blend film at 55, 95, 120 °C. Reprodu-
ced from[112]. (d) The region enclosed by dashed boundaries signifies the formation of an interpenetrating
network. The beginning of P(NDI2OD-T2) crystallization is indicated by the red line, and the domain size di-
minishes following the phase separation that occurs within the crystallization-constrained phase. Reproduced
from[113]. (e) PL profiles of blend films at different temperatures. Reproduced from[113].

4.4 Using additives

Additive treatment is an effective means to optimize the morphology. This method is to add a small amount
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of additives which are quite different from the properties of the main solvent into the solution, and to control
the morphology of the active layer by changing the state of the solution and film-forming kinetics.[24, 114]
The introduction of additives can generally reduce solvent volatilization rate, prolong film-forming time and
enhance crystallinity. At the same time, additives generally have selective solubility, which can adjust the
precipitation sequence of molecules and effectively adjust the phase separation structure.[115] In addition,
adding solid additives can inhibit the further phase separation and improve the stability.[116]

4.4.1 Change the film-forming time

Because the boiling point of some additives is higher than the boiling point of the solvent, the additive
often remains after the solvent evaporates, continuing to induce molecular crystallization, and extending the
film-forming time. Liu et al. studied how additives with different boiling points affected the film-forming
process.[41] They divided the additives into two categories, high boiling point (CF) and low boiling point
(DCB, TCB, CN). The crystallization behavior without and with additives is shown in Figure 8a-f. The
low boiling point additive (CF) reduces film-forming time, the domain size and crystallinity. The high
boiling point additives (DCB, TCB) extended the film-forming time, and the crystallization process of
P3HT and O-IDTBR was separated. However, too high a boiling point, such as CN, will lead to longer
film-forming time and excessive phase separation. When using cosolvents with similar properties, those with
higher boiling points require a smaller optimal content to achieve the desired morphology. Therefore, the
reasonable selection of additives is very important. Zhan et al. investigated the crystallization kinetics of
PM6: IT-4F film following the introduction of DIO.[117] The addition of DIO significantly prolonged the
film-forming time, resulting in crystallization kinetics different from that of the film without DIO (Figure
8g, h). The solubility-driven first-step crystallization has a higher nucleation rate, resulting in an increased
number of sites for polymer chains to grow. The trace solvent and DIO additive are key to starting the
secondary crystallization process, providing ordered and stable fluidity for the PM6 chain. Therefore, a
tightly fiber network with enhanced crystallinity is formed. Simultaneously, IT-4F molecules are being placed
into this fiber network. This morphology optimization improves the mobility of holes and electrons, balances
the transport, and thus PCE increased from 10.11% to 12.67%. Hernandez et al. investigated the effect of
additives on P(T3-TPD):PC71BM mixtures.[118] According to Figure 8i and j, films made without DIO
undergo a simple procedure where CF rapidly evaporates, and the film usually dries approximately 3.5
seconds after the blade passes. In contrast, films made with DIO undergo a drying process that consists of
two steps, which considerably prolongs the time required for drying. The reflection spectra show two separate
changes. The first change indicates the end of fast CF evaporation around 2.5 seconds after the blade passes,
while the second change happens when DIO evaporation finishes, which usually takes a much longer time and
is often not finished until 5500 seconds. After the evaporation of CF, a film swollen with DIO is left, in which
the polymer is insoluble but the fullerene can dissolve. Throughout the following 90 minutes, despite the clear
indication of DIO evaporation through changes in the reflection data, there is minimal observable change in
the absorbance spectra. The results indicate that DIO has a part in increasing the density of nucleation in the
early phases of film-forming, leading to a decrease in the domain size.Simultaneously, the prolonged period
in which DIO forms a film encourages uninterrupted expansion of crystals, thereby enhancing the domain
size. The reduced domain size led to an expansion of the surface area of the polymer fullerene, leading to a
rise in FF from 44% to 61%. Consequently, the performance of OSCs was enhanced.
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Figure 8. (a-f) The film-forming process of different cosolvents. Reproduced from [41]. (g, h) Analysis
of in situ GIWAXS results of 0% DIO and 0.3% DIO systems. Reproduced from [117]. In situ reflection
and absorbance UV-vis of P(T3-TPD):PC71BM films cast with (i) w/o and DIO (j) DIO. Reproduced from
[118].

4.4.2 Change molecules interactions

Appropriate additives can change the interactions between molecules to optimize the morphology. Manley
et al. investigated the impact of three distinct additives (DIO, CN, and DPE) on the process of film-
forming.[119] For pure solvents, the formation of crystallites occurs quickly, usually happening within 3 s
after the thinning transition of the film. This timing is primarily influenced by the boiling point of the
solvent. Nevertheless, the length of this transitional period demonstrates minimal connection with the
boiling point of the solvent and might even indicate a slight opposite association. The introduction of an
additive requires significantly longer periods for the formation of crystallites, which can range from minutes
to almost 1.5 h. These extended formation times, when additives are present, highlight the substantial
influence of particular interactions between the additive and the polymer. These interactions are dictated
by the molecular properties of the additive and their affinity for different regions of the polymer structure.
DIO has a smaller boiling point than CN and DPE, but it results in a longer film formation time (Figure
9a). In the solution phase, it was inferred that DIO molecules establish robust connections with the PTB7
side chains, which gradually detach as the drying period progresses. CN and DPE have similar boiling
points. In the case of 1% and 3% additives, the two additives have similar membrane morphology evolution
rates. It is possible that self-folding properties and the saturated side chains of PTB7 prevent the CN and
DPE molecules from contacting the conjugate polymeric backbone chains. By utilizing this information,
people can effectively adjust the fabrication conditions to attain customized film morphologies that are ideal
for particular applications. By adding DIO, the active layer morphology can be precisely controlled, which
is conducive to the formation of fine fiber structure. Xu et al. precisely manipulated the active layer of
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PM6:ITIC blend by adding DIO to it.[93] Following the introduction of DIO, a decrease in the PM6 (001)
CCL from 12.5 to 2.5 nm is detected through in situ GIWAXS analysis. Additionally, there is an increase
in the PM6 (100) CCL, indicating a length scale reduction in the backbone and a rearrangement of the
alkyl side chains. In addition to this, in the third stage, the residual DIO continues to induce crystalline
formations, filling in the fiber network. The presence of a small amount of solvent and DIO additive during
the continuous crystallization process leads to the formation of lamellae-ordering length scales and a reduction
in the coherence length of the polymer backbone. This causes the fragmentation of the polymer backbone
into smaller fragments. The fragmentation occurs as a means to adapt to internal stress arising caused by
chain ordering in other directions and the neighboring ITIC crystallites. The findings suggest that DIO has
the effect of weakening the planarization of the polymer backbone while strengthening the interaction of the
side chains of PM6. This causes local crystal fragmentation and the formation of fiber structures through
connecting chains. At the same time, ITIC is distributed evenly across the tightly interpenetrated fiber
network (Figure 9b). In the end, device PCE increased from 8.77% to 9.59%.

4.4.3 Change crystallization sequence

Some additives have different solubility for donors and acceptors, allowing them to crystallize at different
stages. Liu et al. reduced the domain size to 11.2 nm by changing the crystallization sequence of the PBDB-
T: PNDI blends.[120] As shown in the Figure 9c, if the donor and acceptor crystallize at the same time, it is
easy to form a larger domain size due to the strong phase separation driving force (Process I). The presence
of diphenyl ether (DPE) hindered the preaggregation of PBDB-T, and only the crystallization process of
PNDI was observed. PBDB-T is enclosed within the PNDI structure during the SVA procedure (Process II).
As a result, an ideal molecular orientation and an optimal domain size give rise to the formation of a highly
crystalline interpenetrating network.The optimized structure is suitable for a range of processes, including the
separation of excitons, effective movement of charges, and the prevention of charge recombination between
two molecules. In the end, PCE increased from 6.55% to 7.78%. Liang et al. added TCB to P3HT:O-IDTBR
to change the molecular crystallization order.[121] As shown in the Figure 9d, due to the selective dissolution
and the high boiling point of TCB, P3HT crystallizes in advance and the film-forming time is prolonged. To
avoid mutual interference, the crystallization procedures of P3HT and O-IDTBR are conducted separately.
Furthermore, by incorporating TCB, the aggregation of P3HT takes place prior to the L-L phase separation,
resulting in the formation of an interpenetrating network.By prolonging the film-forming procedure, there
is sufficient time for O-IDTBR to move downwards and for P3HT to ascend, consequently improving the
vertical arrangement of the film. The better morphology significantly improves charge transfer, resulting in
a 7.18% increase in PCE from 4.45%. Combined with the additive and SVA, the crystallization sequence
can be changed to reduce the domain size.
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Figure 9. (a) A summary of the crystalline evolution of PTB7 is provided for the specified solvent and ad-
ditive combinations. Various stages of development are marked, with the presence of gray regions indicating
the absence of further progression. Reproduced from [119]. (b) The film-forming process with 0% or 0.3%
DIO. Reproduced from [93]. (c) The schematic diagram of crystallization kinetics. Reproduced from[120].
(d) The abridged graph of film-forming process with and without TCB. Reproduced from [121].

4.4.4 Solid additive

Solid additives can reduce the surface energy between donor and acceptor, inhibit the increase of the active
layer phase separation structure at high temperature, and achieve high stability.[116, 122-124] Fan et al. used
a photoinitiator, bifunctional benzopenone, added to PBDB-T:ITIC films as a non-volatile solid additive.[125]
AFM measurements show that solid additives have little effect on the surface morphology of the blend film.
Nevertheless, they are effective in enhancing the π-π stacking of the polymer donor, promoting a more
favorable face-on orientation (Figure 10a-i). With the addition of BP-BP, the efficiency of the PBDB-
T:ITIC device increased from 10.61% to 11.89%.Yan et al. introduced volatile solid additives into J51:N2200
blend system.[126] The additive 4,40 bipyridine was dissolved in chloroform together with the active layer
and was removed after hot annealing at 130 ° C for 10 minutes. Bipy can enhance the π-π packing of
N2200 and increase the connectivity between the crystal layers. In the process of volatilization, the authors
demonstrate that bipy interacts with N2200, resulting in the buildup of N2200 on the surface of the film.
The blend experiences a more advantageous vertical phase separation as a consequence of this interaction
(Figure 10j). A decrease in the number of donor/acceptor interfaces led to a small decline in J sc, but a
notable rise in V oc and FF, indicating a distinct mechanism of action compared to other volatile solid
additives.
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Figure 10. (a) 2D GIWAXS patterns based on (a–c) PBDB-T, (d–f) ITIC, and (g–i) PBDB-T:ITIC
processed with and without BP-BP doping. Reproduced from [125]. (j) Schematic diagram of working
mechanism of bipy additive before and after hot annealing in J51:N2200 blending system. Reproduced from
[126].

5 Regulation of post-processing process

Post annealing treatment is a commonly used method to optimize the morphology of the active layer, which
is mainly divided into TA and SVA. Their essence is to improve the movement ability of molecules, and
promote its transition from metastable to stable state, so as to optimizing the device performance.

5.1 Thermal annealing

TA plays a crucial role in optimizing the morphology, and it has been demonstrated to have a positive impact
on charge transport, structure development, and device performance.[127] The film is heated and evaporated
for several minutes, allowing it to reshape and self-aggregate in the process.[128-130] This can enhance
the crystallinity of molecules, and enhance phase purity, which leads to improved molecular orderliness
and phase separation in the material.[131, 132] Since temperature can promote molecular movement, an
appropriate increase in temperature during the annealing process can promote molecular movement, improve
crystallization and phase separation, but too high a temperature will lead to too much phase separation.[112]
In addition, the annealing time is also very important, a shorter annealing time will lead to insufficient
movement of the molecules, the degree of phase separation is small, and a longer annealing time will lead to
a larger phase separation.[133]
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Different TA methods lead to different film-forming kinetics. Two-step TA is beneficial to improve crys-
tallinity and phase separation. Cheng et al. used a two-step TA method to achieve DRTT-T:N3 blend films
with highly ordered molecular stacking.[134] The materials are annealed at T c,onset of DRTT-T to induce
nucleation and crystallization of the donor material. Subsequently, they undergo annealing at 130 °C for a
very brief duration. This second annealing step promotes the formation of more ordered packing for both
the acceptor and donor molecules simultaneously but does not lead to coarsening due to the donor nucleus
being limited by diffusion. The donor nucleate in specific areas when annealing atT c,onset, as depicted in
Figure 11a. Simultaneously, the acceptor aggregate around these crystal nuclei. Following this, the process
of heating above theT c,onset promotes the acceptor and donor molecules to adopt a more organized arran-
gement and attain a suitable phase segregation. Hence, the TA method with two steps can enhance device
efficiency, enhance molecular arrangement, and achieve suitable phase segregation. The PCE of devices with
a two-step TA process achieves 13%, surpassing the efficiency of devices annealed with a one-step process.
The upside-down thermal annealing (DTA) is also an effective method to adjust the morphology. Zhang et
al. propose a novel upside-down thermal annealing (DTA) method for conditioning PffBT4T-2OD:PC71BM
thick films.[135] After undergoing the DTA treatment, there was a noteworthy 15% enhancement in PCE,
when compared to the traditional method of thermal annealing. The enhanced performance can be credited
to the better organized π-π stacking of the PffffBT4T-2OD structure and the rearrangement of PC71BM
compounds. The AFM findings indicate that applying DTA treatment can restrict the excessive clustering
of PffffBT4T-2OD on the surface, leading to an enhanced interface between the donor and acceptor (D/A)
that promotes charge transportation (Figure 11b). It can also be seen from the SEM image that PffBT4T-
2OD:PC71BM blend film has more obvious fiber structure. This is because PffBT4T-2OD molecular packing
increase after the DTA process, resulting in PC71BM molecular redistribution. This phenomenon plays a role
in establishing continuous pathways for carrier transport within the mixed region, leading to the enhance-
ment of phase separation in thick films. The likelihood of excitons reaching the D/A interface is enhanced
by these findings, which aids in charge transport and electron collection, ultimately resulting in higherJ sc

and FF.

Figure 11. (a) This diagram illustrates the changes in the structure of DRTT-T:N3 blend films when
subjected to one-step and two-step TA. Reproduced from [134]. (b) AFM and TEM pictures with pristine,
TA, and DTA. Reproduced from [135].

In the TA process, the control of parameters is also very important. Levitsky et al. studied the effect of
different annealing temperatures on the film-forming process.[136] PCE11:PCBM blend films were annealed
at different times at 80, 110, 125 and 140. Subsequently, these films were regularly examined using optical
microscopy (Figure 12a). Higher temperatures facilitate the dispersion of PCBM molecules, leading to
accelerated aggregate growth, ultimately leading to decreased density and increased aggregate size. The
temperature of 150 is in closer proximity to the metastable monotectic temperature, consequently resulting
in a reduced driving force for PCBM nucleation in comparison to 130 . Due to the inverse relationship
between the nucleation barrier and the square of the driving force, the barrier at 150 is significantly greater
compared to 130 . As a result, the rate of nucleation at a temperature of 150 is significantly less than that
at 130 . The findings indicate that following annealing at a temperature of 150, the film exhibits a reduced

20



P
os

te
d

on
12

M
ar

20
24

—
T

h
e

co
p
y
ri

gh
t

h
ol

d
er

is
th

e
au

th
or

/f
u
n
d
er

.
A

ll
ri

gh
ts

re
se

rv
ed

.
N

o
re

u
se

w
it

h
ou

t
p

er
m

is
si

on
.

—
h
tt

p
s:

//
d
oi

.o
rg

/1
0.

22
54

1/
au

.1
71

02
44

95
.5

30
27

88
0/

v
1

—
T

h
is

is
a

p
re

p
ri

n
t

a
n
d

h
as

n
o
t

b
ee

n
p

ee
r-

re
v
ie

w
ed

.
D

a
ta

m
ay

b
e

p
re

li
m

in
a
ry

.

presence of sizable PCBM particles, with the presence of unaltered spinodal microstructure interspersed
throughout. As a result, after annealing at 150 °C, substantial crystalline PCBM aggregates have already
formed, while a bicontinuous spinodal-like phase separation persists due to the slow nucleation rate of
crystalline PCBM. The rate of molecular diffusion can be influenced by temperature. Liang et al. changed
the TA temperature to investigate the effect of the molecular diffusion rate onp -DTS(FBTTh2)2:EP-PDI
blend films.[112] As shown in Figure 12b, when the annealing temperature is lower than 90 °C, EP-PDI andp
-DTS(FBTTh2)2 are almost uniformly mixed, and there is no obvious phase separation structure. When the
temperature is between 90 °C and 130 °C, the film forms a nanoscale interpenetrating network structure,
which not only facilitates exciton separation, but also ensures efficient carrier transport. When the annealing
temperature was higher than 130 °C, the crystallinity of EP-PDI increased significantly, which dominated
the film morphology and formed large phase separation. Figure 12c shows the fluorescence spectra. The
molecular diffusion rate of the blend system can be divided into the following three stages, as shown in
Figure 12d, When the temperature is lower than 90 °C (blue area), the molecular diffusion rate of both
films is relatively slow, and the films have no obvious phase separation structure. When the temperature
is between 90 °C and 130 °C (purple region), the diffusion rate of EP-PDI molecules is faster than that
of p -DTS(FBTTh2)2molecules, and p -DTS(FBTTh2)2crystals form a network skeleton structure, which
restricts the diffusion of EP-PDI molecules. During the cooling process, EP-PDI formed microcrystals and
filled in thep -DTS(FBTTh2)2 crystal frame, forming nanoscale interpenetrating network structure. When
the temperature exceeds 130 °C (yellow region), the molecular diffusion rate of both films is faster, and EP-
PDI breaks through the restriction, and the film phase separation size further increases. Therefore, reasonable
control of molecular diffusion rate is an effective way to construct the interpenetrating network structure of
active layer.
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Figure 12. (a) Optical micrographs of PCE11:PCBM films captured during various isothermal annealing
steps at temperatures of 140, 125, 110, and 80 °C. Reproduced from [136]. TEM images (b) and fluorescence
spectra (c) of the blend film were processed at different temperatures. Reproduced from [112]. (d) Changes
in the fluorescence intensity of blend films at 620 and 725 nm when subjected to various temperatures.
Reproduced from [112].

5.2 Solvent vapor annealing

Another approach to control the morphology is SVA. Following the casting process, the film is promptly
transferred to a chamber containing a greater concentration of solvent in SVA. Throughout this procedure,
the solvent vapor infiltrates the film, influencing its structure. The vapor of the solvent has the ability to
enhance the movement of molecules, providing them with additional time to rearrange and enhancing the
quality of the film’s structure.[137] One benefit of SVA is its ability to be carried out at lower temperatures.
Research has shown that it is effective even without an inert atmosphere, thereby verifying the possibility
of its execution and enhancement.[138] The impact of a specific solvent on the active substance relies on
various elements, encompassing its ability to dissolve, polarity, and experimental factors. The aggregation
of PCBM and the crystallization of the polymer can be influenced by the use of highly volatile annealing
solvents in polymer-fullerene systems.[69, 139]

The choice of solvent is the most important part of solvent annealing. Different solvents will affect the
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optimum annealing time. Christina et al. found that the optimal annealing time was inversely related to the
donor solubility.[140] They used four solvents (CHCl3, THF, CS2, and C3H6O2), each showing a different
solubility to the donor. By analyzing Figure 13a, the entire SVA process can be divided into three stages.
During the initial stage, the solvent infiltrates the film and causes additional phase separation in the finely
grained structures present in the as-cast state. During the second stage, these structures begin to grow.
Because this growth is facilitated by diffusion mechanisms, diverse nanomorphologies develop under different
solvent vapor atmospheres. Therefore, the rate of the diffusion is directly proportional to the solubility of the
solvent being used. Following this linear growth regime, the DRCN5T fibers enter the subsequent sublinear
growth phase characterized by the maturation and saturation of the structures in the final phase. In summary,
if the solubility of the donor is low, the growth of the fiber will be slower and the annealing time will be longer.
Appropriate solvents help to reduce domain size. Engmann et al. improved the phase size by adding THF to
BTR:PC71BM blends.[32] During the initial phases of the SVA, when the film is exposed to CF, it leads to
the dissolution of small imperfect crystals. The enhancement in film crystallization and phase purity is not
apparent until the CF concentration in the vapor of the annealing chamber is decreased. The dissolution at
the beginning leads to a decrease in nucleation density, resulting in the growth of a small number of crystals to
a larger size, approximately 60 nm in domain size. When using a moderate solvent such as THF, the ability
to dissolve tiny crystals decreases, leading to a comparatively higher density of nucleation. Nevertheless,
the size of the crystals in general stays small, and the occurrence of excessive film coarsening is avoided.
In all instances, an elevation in scattering intensity is noted during the annealing process, which signifies
an enhancement in phase purity. This increase is accompanied by a noticeable expansion of characteristic
length scales, indicating the coarsening of domains (Figure 13b). After the addition of THF, the phase
region size is the smallest, about 30 nm. Han et al. induced phase separation of PC71BM and PCDTBT
side chains by mixing solvents.[141] THF can effectively promote the crystallization of fullerene molecules,
while CS2 can effectively increase the molecular motivity and promote the aggregation of polymer molecules.
As shown in Figure 13c, On the basis of increasing molecular migration and diffusion ability, mixed steam
treatment can promote the aggregation of fullerene molecules and induce phase separation between polymer
side chain and fullerene. Fullerene aggregates react with polymers, reducing the degree of entanglement
between polymers. Finally, the self-organizing ability of the polymer is improved, the crystal size is increased,
and the interpenetrating network structure is formed.

Selecting the appropriate annealing method is also an effective strategy to optimize the morphology. The
combination of TA and SVA can change the molecular crystallization sequence. Liang et al. prepared a highly
crystalline network by adjusting the sequence of TA and SVA.[142] Films I and II showed more pronounced
absorption near 635 nm compared to the original films, indicating increased crystallinity of PBDB-T. Howe-
ver, only Film I exhibits a noticeable rise in absorption at 700 nm, suggesting that the crystallinity of ITIC
may have been improved during the TSA-I process (Figure 13d). The results of crystallization kinetics show
that the crystallization of ITIC is significantly enhanced when the crystallization of ITIC occurs before the
establishment of the PBDB-T crystal network. This is primarily because the diffusion of ITIC molecules is
less constrained under these conditions. However, if PBDB-T crystallize preferentially, the fusion of ITIC
is limited by the PBDB-T crystal network, leading to a lower crystallinity of ITIC. The results show that
the performance of the device is improved from 8.02% to 10.95%. Xie et al. also used the combined method
of SVA and TA to treat P3HT:PCBM films.[143] They treated the film with DCB as solvent vapor. The
absorption spectra show that the absorption spectra of P3HT have a redshift, an increase in intensity, and
a new peak in long wave strength (Figure 13e). This shows that the length of the P3HT conjugated chains
increases and that an ordered structure is formed between the chains. PCBM aggregates appeared in large
quantities and formed phase separation structure after annealing at 150 °C.
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Figure 13. (a) Change of the growth rate of DRCN5T fibers with annealing time (CHCl3, THF, CS2, and
C3H6O2). Reproduced from [140]. (b) Evolution of the q 2-weighted background corrected GISAXS intensity
near the sample horizon (q z [?] 0). And the background corrected scattering intensity. Reproduced from
[32]. (c) Schematic illustration of the morphology transition. Reproduced from [141]. (d) Crystallization
of PBDB-T in different TA and SVA processing sequences. Reproduced from[142]. (e) UV-vis absorption
spectra, including pristine (No. 1), DCB vapor treated (No. 2), annealed (No. 3), and DCB vapor treated
and annealed (No. 4). Reproduced from [143].

6 Conclusion

In conclusion, we elaborated the characterization method and regulation strategy for regulating the crystal-
lization kinetics and revealed the underlying mechanism. First, we introduce the characterization methods,
including UV-vis absorption spectroscopy, PL, GIWAXS and GISAXS. Subsequently, we introduced the
regulation method of film-forming process and post-annealing process and the mechanism of influence on
morphology, including film-forming method, solvent, temperature, additive, TA and SVA. Through this re-
view, we hope to deepen our understanding of the effects of crystallization dynamics on the morphology,
which may guide to achieve higher device performance.
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Since the appearance of OSCs, they have attracted extensive attention. In order to promote the indus-
trialization of OSCs, efforts can be made from the following aspects: (1) Better materials, including elec-
trode materials, active layer materials and interface layer materials, especially environmentally friendly
materials should be designed; (2) A deeper understanding of the relationship between fabricating conditions-
morphology-device performance; (3) development of the characterization methods; (4) Meet the requirements
of practical applications such as stability and large-area solution fabrication of devices.
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