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The microstructure of the active layer in organic photovoltaics (OPVs), such as the size of phase separa-
tion, purity of the phases, and molecular packing within each phase, plays a crucial role in influencing
the behavior of excitons and charge carriers within the active layer. It is also a key determinant of the
photovoltaic performance of the device. During the optimization of OPV devices, the use of additives
has been demonstrated to be an effective strategy in microstructure control, leading to enhanced per-
formance. Therefore, the quest for stable and efficient novel additives, along with an exploration and
summarization of the mechanisms underlying additive-induced microstructure control, is essential for a
better understanding of the developmental trends of high-performance additives. In this review, we cat-
egorize additives based on their chemical structures and discuss their effects on the microstructure of
the active layer from both thermodynamic and kinetic perspectives. Furthermore, we elaborate on the
working mechanisms and their impact on the photovoltaic performance of the devices. This review pro-
vides an overview of recent advances in additives for OPVs, offering potential guidance for the future

development of additives and further optimization of the active layer in photovoltaic devices.
© 2024 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

1. Introduction

Organic photovoltaics (OPVs), characterized by their light
weight, flexibility, low cost, and solution-processability, are con-
sidered as a promising renewable energy technology [1-9]. At
present, high-efficiency OPVs typically incorporate a bulk hetero-
junction (BH]J) as the photovoltaic active layer [10]. The BH] struc-
ture consists of a blend of electron donor (D) and electron accep-
tor (A) materials [11-13], forming an interpenetrating network of
donor-acceptor domains [14,15].

In the active layer of OPVs, solar energy undergoes five key
processes for conversion to electricity (Fig. 1). (1) Exciton genera-
tion: Sunlight prompts electrons to transition, forming excitons—an
electron-hole pair due to Coulombic interactions [16]. (2) Exciton
diffusion: Confined excitons move within donor or acceptor phases.
(3) Exciton dissociation (charge generation): At the D-A interface,
energy offset drives dissociation, yielding mobile charge carriers.
(4) Charge transport: Free carriers migrate within pure phases,
with electrons in the acceptor and holes in the donor [17]. (5)
Charge collection: Carriers are gathered at respective electrodes,
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creating an electric field and voltage. When the device connects to
an external circuit, the device generates photocurrent [18-20], and
the behavior of excitons and carriers depends on the microstruc-
ture of the active layer, which is crucial for OPV performance.
How does the microstructure of the active layer affect photo-
voltaic performance? In the BHJ active layer, due to a certain de-
gree of compatibility between donor and acceptor materials [21],
three phases are generally recognized: relatively pure donor and
acceptor phases [22], as well as a mixed donor-acceptor phase. The
mixed donor-acceptor phase enables exciton dissociation, resulting
in charge carriers moving to electrodes through their respective
phases. Incompatibility between donor and acceptor materials or
excessive self-aggregation leads to over-separation [23,24], limiting
the diffusion distance of excitons and causing monomolecular re-
combination [25]. While good miscibility enhances donor-acceptor
interfaces for dissociation, it may also increase severe bimolecu-
lar recombination. Inadequate connectivity traps carriers [26] hin-
der their migration to electrodes. Therefore, improving phase pu-
rity could reduce internal defects, and lowering the chance of re-
combination. The packing and intensity of active molecules signif-
icantly affect photovoltaic performances [27-29]. However, with-
out proper post-treatment, BH] films prepared from a single sol-
vent may lack the optimal microstructure, resulting in subpar pho-
tovoltaic performance. Optimizing the morphology of active layer
films is pivotal for advancing OPV devices. Various post-treatment
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Fig. 1. Operation mechanism diagram of conventional OPVs.

techniques, including thermal spin-coating (TSC) [30], thermal an-
nealing (TA) [31-33], solvent vapor annealing (SVA) [34-36], and
additive tuning [37-47], have been proven to be effective. TSC in-
volves controlled temperature film formation for optimal molecular
stacking and orientation, though it may lead to lower reproducibil-
ity for quality device due to high requirement for the cooling rates.
TA and SVA can also optimize morphology but may lead to limited
voltage and extreme stacking, impacting molecular orientation and
phase separation. Additive tuning (by adding a specific additive to
active layer) stands out as a convenient and efficient method, in
the advanced and highly efficiency OPVs, the optimal morphology
and the desired photovoltaic performance were always obtained
via additive combination with other post-treatment processes [48].

As the industrialization of OPVs approaches, there is an urgent
need for the development and exploration of various types of addi-
tives and their working principles. This paper provides a compre-
hensive review of the classification and mechanisms of action of
additives, starting from the fundamental approaches of morphol-
ogy optimization: thermodynamics and kinetics [49]. The structure
of the additives discussed in this review is shown in Fig. 2. Ther-
modynamic methods involve controlling intra- and intermolecular
interactions of donor and acceptor molecules, and utilizing differ-
ences in solubility to control phase separation size and final ac-
tive layer morphology. Kinetic methods involve various controls
by additives over solution aggregation, film formation, and post-
treatment, allowing for adjustments in crystallization and phase
separation to control the final membrane morphology. Further-
more, additives will be categorized base on their functionality,
including non-aromatic liquid additives and aromatic liquid ad-
ditives for thermodynamic optimization, modified small molecule
non-volatile solid additives, polymer non-volatile solid additives,
phenyl-derived volatile solid additives, and some other types of ad-
ditives for kinetic optimization. This review will provide a compre-
hensive overview of recent research progress on additive-induced
control of active layer morphology in the past five years, show-
casing current achievements in optimizing OPV active layer nano-
morphology, with the aim of offering potential guidance for future
optimization efforts in this field.

2. Liquid additives

Liquid additives typically exhibit high boiling points [50], char-
acterized by their slow evaporation, which can significantly in-
fluence the nanostructure of the active layer [51]. Additionally,
due to distinct interactions between the liquid molecules and the
donor or acceptor components, they possess a certain dissolu-
tion selectivity that can modulate the compatibility between donor
and acceptor (adjustment of intra- and intermolecular interac-
tions) [52,53]. This enables liquid additives to thermodynamically

optimize the morphology of the active layer. Consequently, this
leads to alterations in the aggregation and phase separation of the
donor-acceptor blend, ultimately influencing the crystallinity of the
active layer and the device performances. This section categorizes
liquid additives into non-aromatic and aromatic types to delineate
their respective progress in morphology manipulation.

2.1. Non-aromatic liquid additives

During the film formation process of the active layer, some sys-
tem exhibits suboptimal crystalline behavior [54]. Non-aromatic
liquid additives possess high boiling points, allowing for a gradual
evaporation process that facilitates the full induction of molecular
arrangement. The selective solubility can be adjusted to promote a
moderate phase separation between donor and acceptor materials,
thereby encouraging a more ordered molecular stacking within the
active layer.

In 2006, Bazan et al. introduced 1-octanethiol as a liquid
additive into the organic active layer [55]. An excess of 1-
octanethiol, combined with gold nanoparticles for plasmonic res-
onance enhancement, induced ordered P3HT crystallization, en-
hancing charge mobility in the BH] film and resulting in higher
photocurrent. Subsequently, Bazan and his colleagues discov-
ered that 1,8-octanedithiol (ODT) as a liquid additive increased
PCPDTBT:PC79BM phase separation, and augmented the blend film
root mean square roughness (RMS) and carrier lifetime, thereby
enhancing device efficiency [56]. In 2018, Miiller-Buschbaum et al.
used ODT as a post-treatment additive for P3HT:PC;;BM to probe
its mechanism [57]. AFM images (Fig. 3a) showed a film with 3
vol% ODT had a larger roughness (RMS=8nm) compared to the
ODT-free film (RMS=1nm). This was attributed to ODT inducing
greater phase separation between P3HT and PC;;BM due to their
differing solubilities. During the film formation, PC;;BM diffused
along the ODT evaporation path, leading to a larger donor-acceptor
phase separation. This resulted in a dominant PC;{BM accumula-
tion layer on the film surface (Fig. 3b), acting as an electron trans-
port layer and greatly enhancing short-circuit current density (Jsc).
Thus, ODT treatment effectively increased P3HT crystallinity, opti-
mized internal morphology, and improved molecular compatibility,
ultimately enhancing photovoltaic performance.

In 2008, Heeger et al. explored the impact of adding 1,8-
diiodooctane (DIO) to the PCPDTBT:PC7;BM system [58]. At a 2.5
vol% concentration, DIO promoted phase separation between the
polymer and fullerene, leading to improved photovoltaic perfor-
mance. This addition resulted in purer-phase regions within the
PCPDTBT polymer networks, facilitating hole transport. Utilizing
DIO as a liquid additive increased the system’s photoconversion
efficiency from 3.4% to 5.1%. In 2018, Chen et al. utilized DIO
as an additive for optimizing the PBTIBDT:PC;1BM system [52].
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Fig. 3. (a) AFM height images of the P3HT:PC7;BM blend film with and without ODT additive. Reproduced with permission [57]. Copyright 2018, John Wiley and Sons. (b)
Scheme diagram of molecular arrangement of the P3HT:PC;;BM blend film with and without DOT additive. (c) TEM images of the PBTIBDT:PC;;BM blend film with and
without DIO additive. Reproduced with permission [52]. Copyright 2013, The Royal Society of Chemistry.

TEM images (Fig. 3c) revealed that in the blend film without
DIO, the donor polymer formed large dark domains within a
lighter matrix, indicating higher concentrations of PC;;BM. Due
to strong aggregation tendencies of the materials, this system ex-
hibited a larger phase separation. With the addition of 2 vol%
DIO, a crystalline morphology emerged within the BHJ, with
PC71BM evenly dispersed throughout the film. Further investiga-
tion showed that DIO selectively dissolved PC71BM and aggre-
gated the PBTIBDT polymer, reducing the size of PC7;BM clusters
and polymer donors. This led to an appropriate crystalline be-
havior, resulting in significant enhancements in photovoltaic per-
formance. Finally, the system’s efficiency increased from 2.32% to
5.36% At the same time, DIO also has a good morphology con-
trol effect on non-fullerene OPV [59]. In 2018 Chen et al. add DIO
to 3-otcyl-2-(1,1-dicyanomethylene)rhodamine (A2):PTB7-Th non-
fullerene small molecule system to explore its working mechanism
[60]. It was observed that the addition of 1 vol% DIO made the
blend film morphology of the A2:PTB7-Th system show ideal phase
separation and uniform morphology. The smooth surface morphol-

ogy is beneficial to minimizing the electrical leakage. Due to the
improvement of FF and Jsc, a good PCE of 9.07% was finally ob-
tained in the system.

2.2. Aromatic liquid additives

For non-fullerene acceptor systems, due to the striking similar-
ity in molecular structures between donor and acceptor materials,
they generally exhibit good compatibility [61]. Consequently, the
phase separation size between the donor and the acceptor tends
to be too small, to hinders efficient charge transport and collec-
tion. Aromatic liquid additives, by modulating intermolecular inter-
action, serve to adjust the miscibility between donor and acceptor
materials in the active layer. This optimization leads to the refine-
ment of the active layer film morphology.

In 2010, Bazan et al developed naphthalene (CN) as
a liquid additive to optimize the active layer morphology
of  [(4,4-didodecyldithieno[3,2-b:2’,3/-d]silole)-2,6-diyl-alt-(2,1,3-
benzoxadiazole)-4,7-diyl] (P1):PC7;BM system [62]. CN facilitated
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Fig. 4. (a) J-V characteristics of the BHJ and LBL type film with different contents of PN under the illumination of AM 1.5G, 100 mW/cm?2. Reproduced with permission [64].
Copyright 2020, Elsevier. (b) AFM height and TME images of the neat PNTB6-Cl film with or without DPE additive. (c) EQE spectra of BHJ and LbL type OPVs based on

PNTB6-Cl:BTP-4F-12 system. Reproduced with permission [51]. Copyright 2022, Elsevier.

P1 aggregation, enhancing the donor-acceptor phase separation
and improving the active layer film morphology. In 2018, Wang
et al. further enhanced the FTAZ:IDCIC system by adding CN as a
liquid additive [63]. Achieving an appropriate phase separation and
optimizing the donor-acceptor interface, while ensuring efficient
exciton dissociation, reduced charge bimolecular recombination,
resulting in the increased photocurrent and efficiency (from 9.64%
to 13.58%). The study noted that IDCIC exhibited good solubility
in CN, preventing excessive mixing within the donor during film
formation, enhancing phase purity, larger phase separation, and
improved crystallinity for both donor and acceptor.

While non-fullerene acceptors share some molecular simi-
larities with polymer donors, allowing for high compatibility
between them, it is essential to address the significant crys-
talline differences between small molecule acceptors and poly-
mer donors in non-fullerene systems. In 2020, Ade et al. intro-
duced 1-phenylnaphthalene (PN) as a liquid additive into the PTB7-
Th:IEICS-4F system [64]. The AFM image of the active layer mor-
phology, showed an increase in domain size in the blend film with
0.5 vol% PN additive compared to the film without additives. The
study revealed that PN additive played a crucial role in enhanc-
ing the ordered molecular stacking of IEICS-4F, augmenting the
secondary crystal order and promoting good phase purity within
the active layer film. This morphology proved more conducive to
charge transport, resulting in higher Jsc, as shown in Fig. 4a, 0.5
vol% PN can maximize the photovoltaic performance, and the effi-
ciency of this system increased from 9.7% to 13.3%. In 2022, Zhang
et al. employed diphenyl ether (DPE) as a liquid additive using a
layer-by-layer (LbL) deposition process to incorporate it into the
donor layer of the PNTB6-Cl:BTP-4F-12 system [51,65]. The AFM
images depicted changes in the donor layer morphology, as de-
picted in Fig. 4b, revealed that the RMS value of the pure film after
additive treatment (0.92 nm) was higher than that of the original
film (0.65nm). Additionally, TEM images of the DPE-treated donor
pure film displayed a denser, granular structure. The study indi-
cated that DPE acted on the donor, leading to the formation of
a more swellable matrix for exciton diffusion. This was conducive
to hole transport within the donor layer. As shown in Fig. 4c, the
external quantum efficiency (EQE) spectral edge of LbL-type OPV
treated with DPE additive can be significantly extended in the long
wavelength region.

Research has shown that all-polymer OPVs possess distinct ad-
vantages in operational stability and processability [66-68]. How-
ever, in all-polymer systems, where both the donor and accep-
tor materials are polymers, controlling the morphology of the ac-
tive layer is more challenging compared to systems involving small
molecules. This often leads to limitations in charge mobility and
severe charge recombination, resulting in subpar photovoltaic per-
formance of the devices. In 2019, Huang et al. introduced diben-

zyl ether (DBE) as a liquid additive to induce ordered nanostruc-
tures in the active layer (PBTA-Si:PTzBI-Si:N2200 system) [69], in-
herently suppressing charge recombination losses. The AFM study
of the morphological changes in the active layer induced by DBE,
demonstrated larger domain sizes in the blend film treated with
DBE. The study noted that the high-boiling-point DBE provided
more time for polymer chain rearrangement, leading to a denser
and longer polymer fiber morphology in the film, thereby enhanc-
ing exciton migration rates and the final photovoltaic efficiency.

3. Solid additives

The slow evaporation and residual effects of high-boiling-point
liquid additives may lead to photo oxidation of the active layer,
ultimately reducing the operational stability of OPV devices [48].
In contrast to the optimizing role of liquid additives on the active
layer, which involves adjusting the solubility of active materials in
solvents and their intra/intermolecular interactions, solid additives
operate through dynamically optimizing interactions between ad-
ditive molecules and donor-acceptor molecules during the active
layer formation process, as well as crystallinity and molecular ori-
entation during post-treatment after film formation [46]. As a re-
sult, the pursuit of solid additives that confer excellent stability to
the active layer has emerged as a focal point in OPV additive re-
search. Based on the physical properties of solid additives, they can
be categorized as volatile solid additives and non-volatile solid ad-
ditives.

3.1. Non-volatile solid additives

Non-volatile solid additives, owing to their distinctive molecu-
lar structures or functional groups, engage in intermolecular inter-
actions with target molecules [70]. This interaction enables them
to modulate molecular arrangement and stacking, ultimately influ-
encing the nanostructure of the active layer. In this section, we will
discuss the impact of non-volatile solid additives on the formation
morphology of the active layer from a kinetic perspective, both be-
fore and after the film-forming process.

3.1.1. Small molecule modified solid additives

As mentioned before, both DIO and ODT have been established
as effective liquid additives. In 2021, Chen et al. introduced a
solid additive 1,10-decanediol (DDO) and incorporated it into the
PM6:Y6 system for optimization [71]. DDO was introduced into the
donor layer using a sequential deposition method, while CN was
added to the acceptor layer. The characteristics of the active layer
morphology were observed, AFM results revealed that DDO acted
on the polymer donor, enhancing the film density and crystallinity
of PM6. The study pointed out that with the addition of DDO, the



Z. Li, X. Kong, Y. Liu et al.

(a)

PMo6 )

C )

ol

PM6+DDO )
\ s

o

. _—
o
el

Chinese Chemical Letters 35 (2024) 109378

w/o additiye

8 2.2

 w/ ODBB & W/ MDB

=
-'f..-r
F=
.

s

Fig. 5. (a) Scheme diagram of molecular arrangement of the PM6:Y6 LBL type film with or without DDO additive. Reproduced with permission [71]. Copyright 2021, John
Wiley and Sons. (b) GIWAXS patterns and AFM height images of the PM6:L8-BO blend film with or without ODBB, MDBB, additive. Reproduced with permission [44].

Copyright 2023, John Wiley and Sons.

PM6 layer was only partially infiltrated by the Y6 solution. Con-
sequently, DDO doping effectively prevented excessive mixing of
PM6 and Y6 in the LbL process after film formation. This resulted
in an ideal vertical phase separation with enriched PM6 at the an-
ode and Y6 at the cathode, as shown in Fig. 5a, ultimately yielding
commendable fill factor (FF). With the optimization provided by
DDO, the system'’s efficiency increased from 15.67% to 16.93%.

Halogens, due to their ability to induce strong intermolecu-
lar interactions, have become commonly be used modifying sub-
stituents in molecular design. In 2022, Cheng et al. incorporated
the multi-fluorinated molecule BF7 into the PM6:Y6 system to
explore its impact on solid additive morphology regulation [72].
BF7’s action was linked to PM6 and Y6 phase separation and the
two-stage crystallization process. The timing of Y6's separation
from PM6’s weakly ordered network during active layer forma-
tion was influenced by the F-m non-covalent interaction between
BF7’s perfluorinated benzene and Y6's difluorinated benzene FIC
end group. This led to more ordered and oriented crystal nan-
odomains. Consequently, the system’s efficiency rose from 15.09%
to 16.86%. Notably, a similar effect was observed in the PM6:IT-
4F system, affirming BF7’s favorable optimization on difluorinated
benzene end groups of acceptors.

Halo-substituted additives effectively enhance the photovoltaic
performance of devices, and isomeric halogen molecules also have
distinct effects on optimizing the active layer. In 2023, building
upon the success of the classic liquid additive CN, Yan et al. em-
ployed its positional isomer, 2-CN, as a solid additive to optimize
the D18-Fu:L8-BO system [70]. The study elucidated those interac-
tions between 2-CN and L8-BO prior to active layer formation in-
duced an enhanced dipole moment perpendicular to the acceptor
molecule plane, prompting the aggregation of acceptor molecules
in the blend film, allowing for faster nucleation and crystallization
of the acceptor. This, in turn, elevated exciton mobility, resulting in
an efficiency boost from 17.4% to 18.4%. In 2023, Hou et al. intro-
duced positional isomers ODBB, MDBB, featuring dibromo-benzene
moieties, into the PM6:L8-BO system to observe the impact of
these isomeric additive molecules on the optimization of the active
layer morphology [44]. Notably, ODBB significantly enhanced the
system’s efficiency from 16.28% to 18.42%. The GIWAXs images of
the active layer, as illustrated in Fig. 5b, revealed stronger m -7 in-
teractions and shorter stacking distances in the blend films treated
with the additives. The robust non-covalent interactions between
the additives and L8-BO led to a reduction in the - stacking dis-
tance between L8-BO molecules. AFM results demonstrated a more
pronounced fibrous network structure on the film surface when all
three isomeric additives participated in the film formation process.

The optimized active film with ODBB exhibited well-organized do-
main structures, facilitating efficient exciton dissociation and ultra-
fast charge transfer.

3.1.2. Polymer solid additive

The all-polymer system exhibits excellent long-term operational
stability [73]. However, the limited charge carrier mobility within
the active layer has constrained the development of all-polymer
devices. The introduction of polymer additives into small molecule-
based system has emerged as a hotspot in recent years for mor-
phology optimization in OPVs [74].

In 2020, Yang et al. introduced the organic ferroelectric polymer
PVDF-g-PBA (P2) as a solid additive in the PM6:IT-4F system to
modify its morphology [75]. TEM images (Fig. 6a) showed that the
blend film with P2 had a smooth and uniform morphology, con-
trasting with the initial film rich in PC;{BM. GIXD images revealed
no impact on molecular stacking and orientation. Further studies
found that NMP solvent facilitated ferroelectric polarization, cre-
ating an intrinsic electric field that enhanced charge transfer effi-
ciency, and resulting in increased photocurrent. Ultimately, P2 im-
proved the system’s efficiency from 10.6% to 11.83%. In 2020, Li et
al. employed the chlorinated graphyne (GCl) conjugated polymer
as a solid additive to optimize the PM6:Y6 system [76]. The study
elucidated that GCl could alter the crystallization habits of materi-
als during the film formation process. In the active layer formation
process, GCI acted as a nucleation center to induce the crystalliza-
tion of either the conjugated polymer or non-fullerene acceptor.
This crystallization behavior could be classified as heterogeneous
nucleation, which was conducive to exciton dissociation and charge
transport, resulting in increased Jsc and FF for the system.

In 2022, Gao et al. utilized methoxy-substituted graphene
(GOMe) as a solid additive to optimize the ZnP-TSEH:6TIC sys-
tem, enhancing the system’s efficiency from 15.15% to 17.18% [77].
The addition of GOMe to the acceptor layer increased its aggre-
gation, significantly promoted acceptor diffusion and resulted in a
favorable vertical composition distribution, tightly packed molecu-
lar stacking for morphology optimization of the active layer. In the
same year, Foster et al. introduced another organic metallopoly-
mer (MONs) as a solid additive into the PffBT4T20D:PCBM sys-
tem [78]. The GIWAXS images revealed a well-defined in-plane 7 -
7 stacking in the active layer blend film containing MONSs, indi-
cating strong molecular ordering. AFM images (Fig. 6b) illustrated
that the addition of MONs led to reduce nano-structural domain
size and increase phase separation in the active layer film, enhanc-
ing crystallinity. The study noted that due to the parallel alignment
of MONs on the surface, they acted as templates during the spin-
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coating process, and elevated the crystallinity and orientation of
surrounding active molecules, consequently improving charge mo-
bility and achieving higher Jsc. This enhancement resulted in an
efficiency boost of the system from 10.6% to 12.3%. These two re-
ports provide valuable guidance for the application of organic met-
allopolymer as solid additives.

The multi-component strategy has been demonstrated as an
effective approach for morphology control [65,79-81]. By design-
ing molecular frameworks with similar characteristics and regu-
lating intermolecular interactions, morphology optimization can be
achieved. Building on this concept, researchers propose the appli-
cation of this strategy in designing and developing novel solid ad-
ditives. In 2020, Yan et al.’s study provided valuable insights into
utilizing polymers as additives for active layer photovoltaic ma-
terials [82]. They employed a thiophene-fused end-capped poly-
mer (PIDTC-T) as a solid additive to optimize the PM6:Y6 system.
PIDTC-T improved system compatibility, thereby reducing the ini-
tial oversized phase separation in the film. This augmentation led
to enhance exciton diffusion and charge transfer efficiency, result-
ing in a remarkable efficiency improvement, elevating the system'’s
performance.

In addition to drawing inspiration from small molecule acceptor
frameworks for designing solid additives, high-performance poly-
mer donor molecules also serve as excellent building blocks for
solid additive design units. In 2023, Peng et al. introduced a poly-
mer solid additive (P-Cl) with electron-donating properties into the
PM6:BTP-eC9 system for optimizing the active layer morphology
[83], significantly boosting the system’s efficiency from 17.36% to
19.10%. The combination of LbL with the polymer additive pre-
served PM6’s weak self-assembly, facilitating BTP-eC9 penetration
and forming an intertwined donor/acceptor dual-continuous net-
work. This structure enabled efficient charge transport and extrac-
tion.

3.1.3. Other types of non-volatile solid additives

Effective exciton diffusion and charge transport play a vital
role in improving the performances of OPVs. Organoboron as a
functional solid additive, has been proved to be positive for ex-
citon diffusion and charge transport. In 2022, Zhan et al. added
organoboron BBS to PM6:Y6 system and found that BBS could op-
timize the stacking of Y6 molecules, resulting an excellent PCE of
17.6% [84]. As presented in the GIWAXs results (Fig. 7a), compared
to the control active layer, BBS helps to improve the -7 stacking
of Y6 molecules. With the additive of BBS, the aggregation model
of the active molecular convert from a lower H-type aggregate to a
higher J-type aggregate, increasing exciton diffusion, and enhanc-
ing the order of the main chain caused by the m-m stacking of
the terminal groups, which contributes to intermolecular electron
transport. This study greatly improves the performance of PM6:Y6
system by applying a simple morphology optimization strategy.

In the pursuit of eco-friendly OPVs, it is crucial to consider not
only performance but also aspects like toxicity, environmental im-
pact, and biocompatibility in usage and recycling [85-87]. In 2023,
Chen et al. incorporated fatty acid-based solid additives (FA-C12)

into the PM6:Y6 system [88], observing their morphological im-
pact (Fig. 7b). The RMS of pristine PM6 film decreased slightly
from 1.23nm to 1.19nm with 10 wt% FA-C12. FA-C12, acting as an
impurity, hindered PM6 fiber stacking, enhancing film swelling. Its
favorable compatibility with chloroform solvent facilitated Y6 dif-
fusion into PM6 during film formation, promoting mutual donor-
acceptor diffusion. This induced a more favorable vertical phase
separation, resulting in higher exciton dissociation, charge trans-
port, and collection efficiencies, ultimately elevating system effi-
ciency.

In 2023, Lu et al. incorporated a chlorophyll-derived biomate-
rial (H,Chl) as a solid additive into the PM6:Y6 blend [89]. The
BH] film induced by H,Chl demonstrated reduced intermolecu-
lar distances and tighter stacking. AFM results showed a slightly
higher roughness (RMS=1.00nm) compared to the control film
(RMS =0.98 nm). H,Chl introduction modulated self-assembly and
crystalline stacking, enhancing crystallinity and charge transfer ef-
ficiency. Acting as a solid additive, H,Chl elevated system efficiency
from 15.97% to 17.30%. Its successful application offers insights for
environmentally-friendly additives.

3.2. Volatile solid additives

Volatile solid additives exhibit volatility during post-processing
steps like TA, leaving behind appropriate voids in the active layer
film. This allows molecules in the photovoltaic layer to have room
for movement and reorganization in situ, offering the potential for
dynamic optimization of the film’s morphology. It serves to regu-
late the active layer’s morphology and establishes a foundation for
long-term operational stability [90].

3.2.1. Phenyl derivatives

Non-fullerene acceptors are currently the most efficient ma-
terials for the active layer in OPVs. Molecules with electron-
deficient end-groups, structurally similar to non-fullerene accep-
tors, uniquely regulate the acceptor in OPV. In 2019, Ma et al. intro-
duced solid additives SA-4 and SA-7 into the PBDB-TF:IT-4F system
[91], investigating changes in the active layer morphology. Both
SA-4 and SA-7 blended films exhibited uniform surface morpholo-
gies and enhanced acceptor aggregation behavior (RMS =2.75nm,
RMS =2.75nm), owing to high compatibility with IT-4F. After TA,
the SA-7 blended film showed larger crystals and increased rough-
ness (RMS = 3.02 nm, RMS =9.27 nm), attributed to SA-7’s aggrega-
tion during heating and its lower volatility. This hindered complete
departure from the active layer. SA-4 and SA-7 promote accep-
tor molecular packaging through intermolecular interactions with
acceptor terminal groups during film formation, leading to more
condensed IT-4F stacking after TA. Conversely, less volatile SA-7
either remains or aggregates on the surface, resulting in subop-
timal device performance. Similarly, in 2021, Sun et al. employed
IC-FI as a solid additive incorporated into the BTR-CI:N3 system
[92]. AFM results demonstrated that after IC-FI treatment, the film
surface became smoother (RMS =1.16 nm), enhancing phase sepa-
ration within the active layer and forming a more interconnected
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Fig. 7. (a) GIWAXS patterns of the neat Y6 film with or without BBS additive. Reproduced with permission [84]. Copyright 2022, John Wiley and Sons. (b) AFM images of
the neat PM6 film with or without FA-12 additive, and scheme diagram of molecular stacking of the PM6:Y6 blend film with FA-12 additive. Reproduced with permission
[88]. Copyright 2023, Springer Nature.
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Fig. 8. (a) AFM height images of the PM6:PY-DT blend film with or without 2-MN additive. (b) Molecular arrangement diagram of the PM6:PY-DT blend film adding 2-MN

before and after annealing. Reproduced with permission [93]. Copyright 2022, Elsevier.

network structure. GIWAXs results revealed compact stacking of
molecules within the blend film with the addition of IC-FI as a
solid additive. The study found that due to the structural similarity
of IC-FI to the terminal of the N3 acceptor molecule, IC-FI could
serve as a bridge to strengthen w-m interactions between adjacent
N3 molecules and enhance compatibility between N3 and BTR-CI.
During annealing, the volatility of IC-FI effectively induced molecu-
lar aggregation, thereby regulating the microstructure of the active
layer. This led to an efficiency enhancement from 13.36% to 14.43%.
Recent researches indicate that IC-based volatile solid additives of-
fer a simple and effective approach for modulating the morphology
of organic active layers, achieving optimization through molecular
stacking and nano-phase blending.

Due to the larger size of polymer molecules, their diffu-
sion rates during active layer formation are slower compared to
small molecules, often leading to unfavorable phase separation.
In 2022, Sun et al. introduced 2-methoxynaphthalene (2-MN) into
the PM6:PY-DT system for optimization [93]. AFM imaging (Fig.
8a) revealed that the 2-MN-treated blend exhibited a rougher sur-
face (1.97 nm) compared to the control (RMS=0.79nm), indicat-
ing multi-scale phase separation domains. 2-MN effectively regu-
lated PM6 and PY-DT aggregation at different film-forming stages.
As demonstrated in Fig. 8b, during film formation, 2-MN induced
strong PM6 aggregation improving molecular order to form an ex-
cellent fiber framework, and inhibiting PY-DT aggregation. With 2-
MN gradually removal during thermal annealing, more space was
created. This allowed PY-DT to aggregate, resulting in a more or-
dered stacking. This achieved a well-defined fibrous morphology,
enhancing exciton dissociation and charge transport, and reducing
trap-assisted recombination. 2-MN’s use elevated efficiency from
14.47% to 17.32%.

In 2021, Cui et al. incorporated anthracene (An) as a solid ad-
ditive into the PM6:Y6 system, elevating the system efficiency
from 15.30% to 17.02% [94]. AFM analysis showed that both
pristine PM6 and Y6 films exhibited uniformly smooth surfaces
(RMS =1.02nm, and RMS=2.12 nm, respectively) before and after
thermal annealing. The introduction of anthracene, with its large

crystals, led to notably rougher surfaces in the blend films PM6:An
(RMS=91.2nm) and Y6:An (RMS =32.3 nm). This effect stems from
the high miscibility between anthracene and Y6, which restrains
excessive aggregation of Y6 molecules during film formation. Fur-
thermore, during thermal annealing, anthracene volatilizes, creat-
ing spaces where Y6 infiltrates the PM6 matrix, forming a dual-
continuous interpenetrating network. Thus, this process signifi-
cantly enhances charge separation and transport in the optimized
system.

In 2023, Hou et al. introduced PDBB into the PM6:L8-BO system
and observed that the addition of PDBB could make the morphol-
ogy of the system smoother [44]. That same year, Kan et al. utilized
the LbL process to introduce 1,3,5-tribromobenzene (TBB) into the
acceptor section of the PM6:Y6 system [95], probing the additive’s
mechanism. The active layer’s morphology presented a uniform,
ordered molecular stacking in the TBB+TA-treated film. This sup-
pressed bimolecular charge recombination and facilitated efficient
charge transport. GIWAXs indicated shorter stacking distances in
the blend film with the addition of TBB and TA. The pre-spin-
coating process in D18-Cl:L8-BO system, face-to-face stacking in
the donor layer was observed. Solvent permeation enabled mutual
diffusion of donor and acceptor molecules, forming small mixed
BH] regions. Post-annealing, TBB completely volatilized, refining
crystalline uniformity, enhancing phase purity, and displaying dis-
tinct vertical phase segregation. TBB addition raised system effi-
ciency from 17.2% to 18.5%. In 2023, Hou et al. incorporated 1,3,5-
trimethoxybenzene (TMB) into the PBDB-TF:eC9 system to study
its impact on nanostructure and crystallinity [38]. GIWAXs results
revealed that compared to DIO the TMB-treated blend film shows
few diffraction peaks with broad distribution. As shown in Fig. 9a,
TMB facilitated eC9 aggregation through electrostatic interactions
during spin-coating’s crystal growth stage, promoting phase sepa-
ration with larger but loosely stacked -7 distances. Subsequently,
TMB volatilized, leaving loosely packed eC9 aggregates. The mild
thermally-induced aggregation allowed precise adjustment of ac-
ceptor’s - stacking by varying annealing time, which results in
enhanced exciton delocalization, efficient charge transfer, and in-
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Fig. 9. (a) Molecular state scheme diagram of the PBDB-TF:eC9 blend film with TMB addition before and after TA. (b) EQE spectra of the device based on PBDB-TF:eC9 blend
film with DIO or TMB additive. Reproduced with permission [38]. Copyright 2023, The Royal Society of Chemistry.
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Fig. 10. (a) AFM height images of the PM6:Y6 blend film with or without Fc additive. Reproduced with permission [96]. Copyright 2023, The Royal Society of Chemistry. (b)
Molecular state scheme diagram of the PM6:Y6 blend film with or without 2-HM additive before and after TA. Reproduced with permission [99]. Copyright 2023, John Wiley

and Sons.

hibited non-radiative recombination loss. As shown in Fig. 9b, EQE
reaches a high value beyond 86%, resulting in outstanding photo-
voltaic performance of 18.61%.

In summary, the simple structure addition based on the basic
benzene ring makes such small molecules usually have a lower
boiling point, which makes it easy to remove in the TA process,
leaving a lot of space to provide the possibility of molecular re-
arrangement in the active layer, so it has excellent kinetic per-
formance in OPV morphology optimization. However, these small
molecules have different groups, so that they have different in-
termolecular interaction forces on the OPV system molecules be-
fore volatilization in the active layer, showing different results. This
kind of small molecule solid additives has shown unique advan-
tages in OPV morphology optimization.

3.2.2. Other types of volatile solid additives

In 2020, Sun et al. introduced ferrocene (Fc) as a solid additive
into the PM6:Y6 system to enhance the active layer morphology
[96]. Treated films displayed larger fiber width and higher phase
separation (Fig. 10a, RMS = 1.31 nm). GIWAXs showed maintained
face-face orientation with denser molecule stacking after Fc treat-
ment, aiding vertical charge transport. During thermal annealing,
Fc volatilized, expanding aggregation space for PM6 and Y6 to re-
sult in a more ordered structure. Ferrocene promoted improved
phase separation and compact arrangement, boosting charge trans-
port and suppressing recombination to achieve a notable efficiency
enhancement. In 2021, Cui et al. introduced highly crystalline DDT
as a solid additive to control the excessive self-assembly of non-
fullerene acceptors during film formation [97], addressing limita-
tions associated with CN solvents. AFM analysis revealed a uni-
formly smooth surface morphology after treatment with the CN
and DTT mixture additive (RMS=0.84 nm). This dual additive ap-
proach outperformed CN treatment alone in regulating phase sep-
aration. GIWAXSs results indicated improved face-face stacking and
m-m stacking distances. DTT, in conjunction with CN, effectively
restricted Y6 molecule over-assembly during film formation. Af-
ter TA and DTT removal, Y6 infiltrated the PM6 matrix, forming a
nano-scale phase-separated dual-continuous interpenetrating net-
work with fibrous features, and enhancing charge transport and

extraction while suppressing recombination. Ultimately, DDT addi-
tion raised system efficiency from 15.74% to 16.97%. In 2022, Peng
et al. further explored DDT’s application in OPVs [98].

In 2023, Yuan et al. incorporated the novel solid small molecule,
2-hydroxy-4-methoxydibenzoylmethane (2-HM), into the PM6:Y6
system [99]. The films containing 2-HM exhibited slightly higher
surface roughness than the original blend film (RMS=0.91nm).
The addition of 2-HM induced a nano-scale network, leading to
reduced phase separation dimensions. Subsequent annealing and
volatilization of 2-HM brought about significant morphological
changes, resulting in an enhanced interpenetrating D-A network
structure and improved phase separation scale (RMS=0.88 nm).
The study highlighted that when processing PM6:Y6 films with
pure chloroform solvent, rapid evaporation led to simultaneous
formation of PM6 and Y6 crystalline molecules, causing extensive
stacking and phase separation (Fig. 10b). The introduction of 2-HM
had a more pronounced effect on the Y-series molecules. After an-
nealing and the subsequent volatilization of 2-HM, PM6 and Y6
continued to assemble, forming a more densely ordered stacking
structure. This proved advantageous for enhancing charge transport
and extraction efficiency, while suppressing recombination.

4. Conclusions

Achieving the optimal morphology of the active layer is crucial
for attaining effective performance in OPV devices, and the addi-
tive strategy has been proven as a viable and straightforward ap-
proach (through feasible ratio adjustments and BH] process). This
article elucidates the significance of the microstructure of the ac-
tive layer in OPVs for exciton and charge carrier behavior, as well
as its critical impact on device photovoltaic performance. Additives’
roles are classified from both thermodynamic and kinetic perspec-
tives, providing a detailed discourse on the regulatory effects and
working mechanisms of different types of additives on the active
layer morphology and their influence on device photovoltaic per-
formance. From a thermodynamic standpoint, the role of liquid ad-
ditives is expounded upon. This involves manipulating intra- and
intermolecular interactions by exploiting the solubility disparities
of active layer materials in solvents, thereby achieving optimiza-
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tion of the blend film morphology. However, it is evident that tra-
ditional liquid additives pose potential risks to the long-term sta-
bility of the devices. In terms of kinetics, the function of solid addi-
tives is addressed. This encompasses regulation of the stacking and
orientation of molecules after film formation through interactions
between non-volatile solid additives and active layer molecules.
Volatile solid additives, in combination with other post-processing
techniques, facilitate the rearrangement of active layer molecules,
leading to the optimization of thin film crystallinity and phase pu-
rity. While, currently developed solid additives exhibit system se-
lectivity and lack high universality. In summary, the pivotal role
of additives in the optimization of organic photovoltaic devices is
underscored. Exploring and developing additives for organic pho-
tovoltaic active layers is of paramount importance for the industri-
alization of OPVs. Therefore, the quest for stable and efficient novel
additives remains a critical task.
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