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ABSTRACT

Organic photovoltaic semiconductors have made significant progress and have promising application prospects after decades of
development. When compared with traditional semiconductors, the solution method for preparing photovoltaic semiconductors
shows the advantages of low cost and convenient preparation. However, because of the extremely poor solubility of the polymers
used to prepare semiconductors, toxic solvents must be used when using the solution method, which has significant negative
effects on the environment and operators and severely limits its development prospects. Organic nanoparticles (NPs), on the
other hand, can avoid these issues. Because NPs are typically water or alcohol-based, no toxic solvents are used. Furthermore,
NPs have been used in organic solar cells, hydrogen catalysis, organic light-emitting diodes, and other fields after nearly two
decades of development, and their preparation methods have been developed. We describe the preparation, optimization, and

application of NPs in photovoltaic semiconductors in this review.
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1 Introduction

Organic semiconductors have caught the attention of scientists
since the 1940s. Most polycyclic aromatic compounds can
combine with halogens to form semiconducting charge-transfer
complex salts with conductivities ranging from 0.1 to 1 S-em™ [1].
With the efforts of Heeger, MacDiarmid, Shirakawa et al., the
conductivity increased to 10-10° S-cm™ in the 1970s [2].
Conductive organic semiconductor materials doped with
polyacetylene won the Nobel Prize in Chemistry in 2000. As a
result, the study of organic semiconductors has piqued the interest
of many academics since 2000. Organic semiconductors, unlike
traditional inorganic semiconductors, can be prepared by solution
methods and have unique advantages such as strong designability
[3], low fabrication cost [4], light weight [5], and flexibility [6, 7].
However, during the preparation process, solution treatment is
required [8], but the organic semiconductors are mostly non-polar
or weakly polar molecules, and their solubility in non-toxic and
harmless solvents is very poor. In the preparation of high-
performance organic semiconductor devices, although solvent-free
mechanochemical methods such as ball milling technology are
used to avoid the use of toxic and harmful solvents in the synthesis
process  [9-12], vacuum evaporation, physical  vapor
transportation, and other methods can be used to reduce the harm

of toxic and harmful solvents [13]. On the one hand, these
methods have certain limitations, such as ball milling technology
does not have advantages in the synthesis of asymmetric
molecules and macromolecules. The reaction conditions need to
be further optimized and the product yield of the reaction is low;
vacuum evaporation and physical vapor transmission methods
involve high temperature, and will form oxygen by-products that
affect semiconductor performance. On the other hand, the
operation method is complex and not conducive to large-scale
production. The solution treatment method is simpler to operate,
has a flexible preparation process, is suitable for large-area
production, and shows great advantages [14, 15]. But the organic
semiconductors are mostly non-polar or weakly polar molecules,
and their solubility in non-toxic and harmless solvents is very
poor. So when using the solution-processed method, good crystal
morphology and molecular arrangement are particularly
important. In order to obtain good results, the material must be
completely dissolved, which requires the use of a large number of
toxic solvents, which seriously limits the industrial production of
organic semiconductors. Figure 1 shows the toxicity and solubility
of common solvents [16-18]. The abscissa in the figure only
represents the quantitative standard of the harm of solvents to
human health, and the data is derived from the methods of
environmental, health, and safety (EHS) assessment and life cycle
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Figure1 Illumination of toxicity and solubility of common solvents used in
organic semiconducting. The solubility was obtained by Bright Walker et al.
according to the solubility of solvent to PC,BM [17]. The green, yellow, and red
colour codes represent preferred, problematic, and not recommended solvents,
reference from green solvent processed organic electronic devices [16].

assessment (LCA) (ISO, 1997). However, to judge whether the
solvent is recommended for use, it is not only necessary to
consider the harm to human health, but also the harm to the
environment, the difficulty of causing the harm, and other factors.
Therefore, EHS and other institutions put forward nine factors
that need to be considered comprehensively (including release
potential, fire/explosion, reaction decomposition (safety hazards),
irritation, chronic toxicity, acute toxicity (health hazards), air
hazards, water hazards, and environmental persistency
(environmental hazards)), each of which has its own quantitative
criteria, and finally make a comprehensive evaluation. According
to the quantity and degree of hazards involved in different
solvents, the quantitative rating is generally divided into three
levels, namely preferred, problematic, and not recommended
solvents [16, 19]. The ordinate reflects the solubility of solvent to
semiconductor materials. We take solvent of [6,6]-phenyl C,
butyric acid methyl ester (PC71BM), a classic semiconductor
material, as an example [17].

In view of this, researchers have tried different ways, such as the
use of halogen-free solvents [20], the design of polymer molecules
that can be treated with green solvents [21], the selection of
suitable green solvents [22], and the use of nanoparticles (NPs)
manufacturing processes [23]. The classic organic semiconductor
solution approach commonly uses solvents such as chloroform
(CF) and chlorobenzene (CB) [18]. These solvents cause
substantial harm to the human body after evaporation, and even
have carcinogenic effects. Due to the existence of halogenated
chemicals, the release in the atmosphere will destroy the ozone
layer and generate acid rain, and the loss to the ground will
continue to accumulate, harming soil and groundwater [24]. Non-
halogenated solvents such as tetrahydrofuran (THF) and 1,2-
dimethylbenzene (O-XY), although are less hazardous, however,
still have some hazards that cannot fundamentally solve the
problem. Thus, the molecular design aims to change the structure
of semiconductor materials to make these materials have good
solubility in green solvents (water, ethanol, etc.). For different
semiconductor material architectures, the solubility can be
successfully increased by adding terminal functional groups or
functional side chains to the alkyl chain of the polymer [25,26].
The inclusion of polar groups or polar side chains can also boost
solubility [27]. The primary chain of many polymers is relatively
strong, which limits their solubility, however, introducing an alkyl
chain or olefin linkage into the main chain can effectively boost
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the solubility [28]. Hydrophilic terminal groups are added to the
end of the small molecule alkyl chain to generate a small molecule
electrolyte, thereby enhancing the solubility [29]. Replacing the
terminal functional groups of the original molecules and replacing
the original symmetrical functional groups with asymmetric ones
can improve the solubility of molecules in non-polar organic
solvents [30,31]. Although the process of molecular design can
alleviate the solubility problem to a certain extent, it will raise the
difficulty of synthesizing materials and degrade the performance
of materials. Moreover, the performance of organic
semiconductors prepared by semiconductor molecules obtained
by molecular engineering is less competitive than that of
semiconductor molecules dissolved in toxic solvents. Some
scholars avoid the use of harmful solvents by looking for green
solvents with similar solubility to harmful solvents, or mixing
green solvents and harmful solvents to reduce the use of harmful
solvents [32,33]. Due to the limitations of semiconductor
materials, it is difficult to find a suitable solvent. The approach of
synthesizing organic semiconductor materials into NPs and
distributing them in alcohol or water in the form of colloids seems
to be more suitable for greening. The synthesis of polymers or
small compounds with poor solubility into NPs does not need to
consider the problem of low solubility [34].

In this review, we discussed the synthesis of green solvent-
dispersed organic semiconductor nanoparticles, as well as their
application in semiconductor devices and the key factors affecting
device performance. The focus is on the miniemulsion process
and nanoprecipitation method for NPs preparation, and the four
influencing factors are the use of surfactants, ultrasonic treatment,
solution concentration, and annealing treatment. Finally, we
update the current status of NPs development in organic
photovoltaics (OPVs), photocatalytic hydrogen evolution, organic
light emitting diodes (OLEDs), and organic field effect transistors
(OFETs).

2 Synthesis of nanoparticles

Nanoparticles are typically defined as solid colloidal particles with
diameters ranging from 10 to 1000 nm. NPs can be prepared in a
variety of ways which fall into two broad categories [35, 36]. The
first type requires pre-polymerization, such as solvent evaporation,
nanoprecipitation, salting out, and dialysis, whereas the second
type is prepared directly by polymerizing monomers using
classical polymerization or polymerization reactions, such as
emulsion polymerization, miniemulsion polymerization, and
microemulsion polymerization. However, because the polymers
used to synthesize NPs are extremely insoluble, they must be
dissolved in organic solvents, and the presence of surface active
agents and stabilisers during the synthesis process has a significant
impact on the performance of semiconductor devices. As a result,
the majority of NPs used in photovoltaic semiconductors today
are prepared by miniemulsion and nanoprecipitation. The specific
steps are detailed further below.

2.1 Miniemulsion method

Miniemulsions are very small stable emulsions developed by Chou
et al. [33]. It is proposed that resistance to Ostwald ripening and
collisional coalescence be overcome in order to stabilise the
microemulsion. Surfactants and mechanical stirring forces are
thus required to fabricate and maintain the stability of
microemulsions. Mechanical agitation causes droplet size
distribution in a heterogeneous fluid containing surfactants.
Surfactants provide some stability to the droplets, allowing them
to overcome the Laplace force between them. The magnitude of
the Laplace force is proportional to the size of the droplets. When
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mechanical stirring disperses the droplets to a certain extent and
the surfactant’s stability is insufficient to balance the Laplace force
between the droplets, the small droplets will eventually combine to
form large droplets, reaching an equilibrium state [37]. Indeed, the
size of the droplet has been reported to be proportional to the
stability scale, which is a good reflection of the aforementioned
formation process [38]. Some researchers believe that the osmotic
pressure of the trapped species and the droplet’s Laplace pressure
resolve the evolution of the emulsion, and that these surfactants
provide electrostatic or steric stability to the droplet. This does not
contradict the preceding theory. In 2002, Landfester et al. first
fabricated NPs solutions of semiconducting polymers in
chloroform and water by the miniemulsion method. During the
next 20 years of research, the application of miniemulsions in
organic semiconductors has risen dramatically [39].

The preparation of organic semiconductor NPs by
miniecroemulsion method can be divided into four main
processes. First of all, organic semiconductor is dissolved in good
solvents (such as CF and O-XY), and surfactants are dissolved in
water. Then the two solutions are mixed in a certain proportion to
form a coarse emulsion, as shown in step (a) in Fig. 2. After that,
the mixed solution is stirred or sonicated to apply strong
mechanical force to form a mini-emulsion, as shown in step (b) in
Fig.2. Then, the organic solvent is removed by stirring or
pumping in an inert gas to obtain an aqueous solution of the
miniemulsion, as shown in step (c) in Fig. 2. After that, in order to
obtain the miniemulsion solution we need, we usually use
centrifugal filtration, concentration, and other methods to remove
excess surfactant and increase the concentration of NPs.

The final step of surfactant removal is also extremely important.
Since the surfactant is an impurity in the NPs, and the surfactant is
not conductive, it will inevitably affect the performance of the NPs
to prepare the semiconductor. Details of the effects of surfactants
are provided later in Section 3.

2.2 Nanoprecipitation

Fessi initially suggested the solvent replacement approach,
commonly referred to the nanoprecipitation method, in 1989 [40].
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Three components make up the nanoprecipitation preparation:
polymer, polymer solution, and non-polymer solvent. The non-
polymer solvent and the solvent in the polymer solution should be
soluble in each other well. The technique is based on the interfacial
deposition of polymers following the displacement of an organic
solution by water or alcohol-miscible semi-polar solvent, such as
THE. Polar solvents are completely miscible in the non-solvent
phase, causing the polymer to reach a state of supersaturation in
the organic solution, resulting in phase separation as the polymer
becomes completely insoluble in the mixture to form NPs. This
happens when the good solvent phase is added to the majority of
the poor solvent phase. The miscibility and solubility criteria
between the two phases must be met during the nucleation
process [35]. Surfactants can be used to effectively regulate the size
of NPs [41]. The process of polymer precipitation under
spontaneous dispersion of polymer solutions is known as
nanoprecipitation. The method is made simpler and there is less
chance of contaminating the NPs when premade polymers are
used [42]. The process of encapsulating known as
nanoprecipitation is thought to be straightforward, repeatable,
affordable, low-toxic, and effective [41].

The nanoprecipitation approach eliminates the need for a harsh
miniemulsion preparation step by fabricating NPs from premade
polymers. According to Fig. 3, there are three basic steps in the
fabrication of NPs for organic semiconductors utilizing the
nanoprecipitation method. The nucleation procedure is shown in
Fig. 3(a). In order to form the NPs dispersion system, the organic
semiconductor solution is first mixed in a certain proportion in a
poor solvent (such as water and alcohol). As shown in Fig. 3(b),
when stirring, the organic solution is gradually dropped into the
poor solvent and kept for a period of time under the condition of
applying mechanical force to obtain smaller NPs. In order to
disperse NPs in water or ethanol, it is necessary to pump inert gas
to remove the excess organic solvent. Occasionally, surfactants are
used to generate NPs through nano precipitation, so a centrifugal
filtration step may be required to remove any additional
surfactants.

The nanoprecipitation approach is more straightforward than
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Figure2 Techniques for the preparation of miniemulsions: (a) sonication to form miniemulsions, (b) followed by a solvent evaporation step to form NPs, and (c)
concentrate the dispersion and remove excess surfactant by dialysis or centrifugal dialysis. Reproduced with permission from Ref. [43], © American Chemical Society
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Figure 3 Nano-precipitation preparation technology: (a) The organic semiconductor dissolved in the organic solvent is added dropwise to the water with stirring. (b)
Since solvent and non-solvent are miscible, a solvent displacement step occurs, resulting in NPs formation (through nucleation and growth). (c) Removal of the organic
solvent to obtain a dispersion in an aqueous medium. Reproduced with permission from Ref. [43], © American Chemical Society 2021.
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the miniemulsion method for the fabrication of organic
semiconductor NPs. The synthesis processes are analogous,
despite the fact that the nucleation principle is different, and as a
result, the precautions are also similar. The main difference is the
choice of good solvents. For the miniemulsion method, good and
poor solvents are completely incompatible, and NPs nucleation is
a two-step process. First, after mixing the solvents, small droplets
containing semiconductor materials are produced when external
forces are applied. After removal of good solvents, the
semiconductor materials in small droplets aggregate into NPs [44].
For nanoprecipitation, good and poor solvents can be miscible,
and nucleation of NPs takes only one step. Semiconductor
materials are directly displaced and precipitated to form NPs
during solution mixing. The size of NPs is affected by the addition
of mechanical external force. NPs nucleate before the removal of
good solvents [45]. However, as shown in Fig. 4, there is a big gap
between the NPs structures prepared by the two methods. The
NPs prepared by the miniemulsion method have a shell-core
structure [46], while the NPs prepared by nanoprecipitation are
more uniformly mixed particles without obvious shell-core
distribution [47].

3 Factors affecting the quality of nanoparticles

Although the synthesis process of organic NPs has been developed
and the applications have been explored for more than a decade,
in many cases, the quality of the synthesized NPs is too poor to
manufacture desired semiconductor devices and undesired
semiconductor devices due to improper handling during
application. In this section, some influencing factors and
suggestions for improving the process will be systematically
described.

Solvent
Sonication @ @ ellml:atlon [ ] L ]
L ]
Solvent Solvent
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3.1 The effect of surfactants

In the preparation of NPs by the miniemulsion method, after the
emulsion reaches a stable state by applying shear force, it needs to
be homogenized, and the surfactant molecules play an extremely
important role in the homogenization.

3.1.1 Choice of surfactant

When making NPs using miniemulsions, surfactants are
extremely important for producing NPs of the right size.
Surfactants can assist in achieving greater solids and more stable
dispersions when utilising nanoprecipitation [48]. The selection of
surfactants is crucial since the use of surfactants carelessly have the
opposite effect. In order to discover a surfactant suited for polymer
NPs, Cho et al. employed an intolerant naphthalene diimide
(PNDI)-2-(2-(thiophen-2-yl)vinyl)thiophene (TVT) as the solute
and fabricated a colloidal dispersion system using a range of
surfactant aqueous solutions. Figure 5 displays the surfactants that
are tested [49]. Ionic surfactants with large aromatic hydrophobic
groups and nonionic surfactants have produced very large
particles in preliminary experiments that are hundreds of microns
in size. Colloidal particles are steadily dispersed when surfactants
with linear chains and charged hydrophilic groups are used. Two
anionic surfactants, sodium dodecyl sulfate (SDS) and sodium
dodecyl benzene sulfonate (SDBS), and two cationic surfactants,
dodecyl trimethyl ammonium bromide (C,,TAB) and benzyl
dimethyl dodecyl ammonium bromide (BDAB), were tested.
According to the critical micelle concentration and hydrophile
lipophilic equilibrium (HLB) value of the surfactant, the reaction
time and solute concentration of the miniemulsion in each
surfactant were optimized. The hydrodynamic diameter and
polydispersity index of colloidal particles prepared by these four
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Figure4 Comparison of NPs prepared by microemulsion or nanoprecipitation. Reproduced with permission from Ref. [43], © American Chemical Society 2021.
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anionic surfactants were analyzed. The four surfactants are
effective. The colloidal films of C,,TAB and BDAB had smooth
and continuous film morphologies, while the colloidal films of
SDS showed discontinuous films made up of large local clusters
with a certain roughness. The discontinuous and rough
morphology of SDS-based colloidal membranes can be attributed
to excessive surfactant micelles. The equation of depletion contact
energy U, is provided for the fact that huge clusters are fabricated
through interparticle flocculation before the agglomeration
process

1
U =— (Z) nnKTo,0°

where # is the micelle concentration, K is the Boltzmann constant,
T is the temperature, o, is the micelle diameter, and o, is the
particle diameter. The smoother the film formation, the smaller
the U.. Here, a summary of four criteria for choosing a surfactant
is provided:

(1) The emulsifying effect of ionic surfactants with large
aromatic hydrophobic groups and nonionic surfactants is not
ideal.

(2) To minimize U, the concentration of surfactant cannot be
too high.

(3) The residual surfactant can be effectively removed.

(4) When the surfactant concentration is higher than the critical
micelle concentration (CMC), the aggregates formed have a high
degree of order, so the longer alkyl chain is more advantageous.

Surfactants also affect the ratio of donor to acceptor in NPs.
Because of the different affinity of surfactants to donor-acceptor
when good solvents are removed, they form a shell-core structure,
which affects the ratio of donor to acceptor. Jan Kosco et al. used
sodium 2-(3-thienyl) ethoxybutylsulfonate (TEBS) with a similar
affinity for PTB7-Th and EH-IDTBR to replace SDS with a large
affinity difference. The optimal ratio of PTB7-Th and EH-IDTBR
was increased from 10:90 to 30:70, which greatly improved the
donor-to-acceptor ratio and the efficiency of the device [50].

(a). (b). | .
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3.1.2  Surfactant removal

Although the use of surfactants in the fabrication of NPs cannot
be avoided, their non-conductivity will have an impact on the
functionality of the resulting semiconductor devices. Surfactants in
excess or remaining in NP films might change the morphology of
the film, as shown in Figs. 6(a)-6(c). The negative effects of
residual surfactants on devices cannot be ignored. The
conventional approach involves stabilizing the NPs and then
removing them using repeated centrifugal filtering, washing, or
dialysis. According to Cho et al., nonionic surfactants fabricate a
surfactant layer on top of the deposited film due to poor nonionic
interactions, which can be washed away to neutralise the effect
[51]. Cho et al. efficiently removed the surfactant SDS from the
film by annealing it at a high temperature of 270 °C after
employing poly[2,5-bis(3-tetradecylthiophen-2-yl)thieno([3,2-
b]thiophene] (PBTTT) colloid to fabricate organic thin-film
transistors [52]. Andrew Stapleton et al. found that high-
temperature annealing can get rid of surplus surfactant when they
studied how annealing temperature affects NPs films [53]. For the
nonionic surfactant F127, Xie et al. developed an effective
surfactant removal technology, as seen in Fig. 6(e), due to the
temperature-sensitive CMC of F127, it is converted to linear F127
in water of 0 °C. Therefore, the colloidal dispersion was rapidly
cooled to 0 °C and multiple centrifugal filtrations were conducted
after the acceptor material aggregated into stable NPs. It can be
seen that the residual amount of F127 cleaned at 0 °C is
significantly less than that of other surfactants by contrasting the
zeta potential of the NPs dispersions after cleaning with F127,
SDS, and dodecyl trimethyl ammonium bromide (DTAB) at
room temperature. With a 7.5% conversion efficiency, the PBQ-
QFITIC NPs fabricated using this approach were successful in
fabricating OPV devices.

3.2 Effects of annealing

Because the NPs differ from the substance that is completely
dissolved in the solvents, the surface morphology has significant
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(e) ~—~ PuwronicF127 @ Nanoparticle

Pluronic F127 micelles
in water

Nanoparticle addition

@,
2
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CMC switching at 0 °C Surfactant-stripping

Figure 6 Spin-coated active layer images of (a) high concentration, (b) low concentration, and (c) medium concentration SDS. Reproduced with permission from
Ref. [54], © American Chemical Society 2017. (d) Molecular formula of F127. (e) Flowchart for removal of F127. Reproduced with permission from Ref. [53], © Xie, C.

etal. 2018.
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Figure7 (a) Scanning electron microscopy (SEM) image of m-LPP film before annealing and (b) SEM image after annealing. Reproduced with permission from Ref.
[55], © Nature Publishing Group 2003. (c) UV-Vis spectra, (d) PL spectra, () composition of PBHT:PCBM STXM before annealing, and (f) composition of
P3HT:PCBM STXM after annealing picture. Reproduced with permission from Ref. [56], © Elsevier B.V. 2012.

flaws after the NPs are employed to produce a thin film. Thus, the
impact of the annealing phase assumes critical importance.

Although the surface of the film becomes smoother with
increasing temperature, the interfacial area between the two
components increases, as shown in Figs. 7(a) and 7(b). Thin films
spin-coated with one-component NPs of polymers m-LPP by
thomas et al. After annealing, the softer PF11112 had a certain
fluidity, which made its size and thickness smaller than m-LPP
after film formation [52, 57]. Syahrul Ulum et al. compared NPs-
OPV with bulk-heterojunction (BHJ) OPV devices before and
after annealing. The conversion efficiency of NP OPV before
annealing was higher than that of BHJ OPV [56]. However, after
annealing, the conversion efficiency of BHJ devices increased and
surpassed that of NP devices after annealing. The conversion
efficiency of the NP OPV device decreases instead. Poly(3-
hexylthiophene) (P3HT) exhibits an absorption peak at about
500 nm, which indicates the degree of polymer conjugation and
demonstrates that P3HT has a significant local ordering in the
NPs by the ultraviolet-visible (UV-Vis) spectra of the NP films as
shown in Fig. 7(c). Figure 7(d) displays the photoluminescence
(PL) spectra of P3HT and phenyl-[6,6]-Cg,-butyric acid methyl
ester (PCBM) films before and after annealing. The reduction of
impurities and defects and the increase in interchain contacts
during annealing, leading to fewer recombination sites, may be the
cause of the fall in PL yield after annealing. Figures 7(e) and 7(f)
show the P3HT and PCBM compositions in the NP films before
and after annealing by scanning transmission X-ray microscopy
(STXM). Clearly, NP had a shell-core structure prior to annealing,
A significant phase separation developed after annealing. While
the P3HT domain expanded, the PCBM domain’s makeup
remained mostly intact. NP films subjected to heat treatment may
form “over-annealed” structures.

It has been established that reasonable annealing can
successfully improve the film morphology and improve the device
efficiency, even though annealing may result in “over-annealing”
and thus affect device efficiency. The device efficiency for the
P3HT:ICBA (ICBA: indene-Cq bisadduct) NP-OPV device
fabricated by Syahrul Ulum et al. was increased to 2.5% after
drying at 110 °C for 3 min and annealing at 150 °C for 15 min

Tsinghua University Press

[58]. Through X-ray photoelectron spectroscopy (XPS) and other
measurements, it has been established that the increased device
efficiency is not the result of a change in the film’s vertical
composition. Instead, after annealing, the film retains its NP
structure but loses its shell-core structure, allowing the
donor-acceptor to mix more thoroughly. Figure 8 displays the
evolution diagram. The drying temperature and annealing
temperature were further varied by Natalie P. et al. The device
efficiency continued to improve during the drying temperature
from 90 to 140 °C. Among them, V,. and J,. have been greatly
improved, and the change in fill factor (FF) is not obvious. During
the process of increasing the annealing temperature from 140 to
260 °C, the best devices were obtained at 140 and 160 °C [59]. The
efficiency drastically declines as the temperature rises above
160 °C. The most likely cause of this is “over-annealing”. When
the drying and heat treatment temperatures are optimized to
produce the best equipment, the morphology of the NPs film
becomes smoother, from the initial stage when the NPs structure
can be clearly observed to the sintering between the NPs, to the
formation of a smooth plane, as shown in Figs. 8(b)-8(d).
Comparing the test images from the transmission electron
microscopy (TEM) and STXM, the device performance trends are
connected to the structural alterations in the NPs films at various
annealing and drying temperatures. In the film’s initial state,
particles with a PC;BM-rich core and a TQ,-rich shell
predominate. The PC,BM-rich core was mostly unaltered after
drying at 110 °C, with a few connections between the TQ,-rich
shells. The connections between the shells of TQ, tightened after
drying at 140 °C; this tendency continued after drying at 110 °C
and after annealing at 140 °C. When zooming in on the TEM
image after drying at 140 °C, one is able to see that the path of TQ,
has essentially developed close to the PC,BM core. Small
aggregates formed between the PC,;BM cores as a result of total
phase separation that happened with an increase in annealing
temperature. The PC;BM cores were already bigger and
aggregated at the annealing temperature of 260 °C, leading to
significant phase separation, as shown in Fig.8. Therefore, a
suitable annealing temperature can enhance the morphology and
phase distribution of the film, as well as the limitation of the
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Figure8 (a) Schematic illustration of NPs evolution during heat treatment. Reproduced with permission from Ref. [58], © Elsevier Ltd. 2013. SEM images of
TQ,:PC;;BM NPs films: (b) after annealing at 110 °C, (c) after annealing at 120 °C, (d) annealed at 140 °C, and (e) after annealing at 260 °C. Reproduced with
permission from Ref. [60], © Elsevier Ltd. 2015. (f) AFM images of PBDTTPD:PC;;BM NPs film after annealing at 180 °C for 4 min and (g) after annealing at 180 °C

for 20 min. Reproduced with permission from Ref. [61], © Elsevier B.V. 2016.

shell-core structure, to a certain extent. However, an excessively
high temperature will result in significant phase separation and
reduce the device’s efficiency. Lien et al. increased the device’s
efficiency by increasing the annealing time after determining the
ideal annealing temperature [61]. In PBDTTPD:PC,;BM system,
when the annealing temperature is changed between 150 and
200 °C, the optimal efficiency of 2% is obtained by annealing at
180 °C for 4 min. When the annealing time is extended to 20 min,
Vi is greatly increased and 3.8% efficiency is obtained. Even while
the particles are still visible as shown in Fig. 8, the atomic force
microscopy (AFM) image reveals that the NPs layer is smoother,
demonstrating that increasing the annealing time improves the
film morphology.

3.3 Mechanical force

According to the theory of NPs synthesis, the quick mixing of the
two phases leads to the nucleation of NPs, and the amount of
mechanical force used during mixing will also have an effect.
Prunet et al. used stirring rates ranging from 250 to 1000 rpm
while maintaining constant initial and final concentrations to
compare the synthesis of PC; BM and PCDTBT NPs [62]. The
smallest particle size was attained at a stirring speed of 750 rpm.
Larger particles are produced when the initial solution is mixed
poorly with the aqueous phase at a low stirring speed of 250 rpm
due to the insufficient mechanical force that is being provided.
Although pure stirring speed at 1000 rpm can result in a greater
mixing of the solution with the aqueous phase, the excessive

stirring force caused the solvent to form a vortex, which made the
dispersion system unstable and led to the development of bigger
particles. As a result, sonication, which generates finer mechanical
force, is frequently a wise choice. A reliable option for the
miniemulsion production of NPs has always been ultrasound.
Parrenin et al. fabricated composite NPs of PCDTBT:PC,BM
when synthesizing NPs for the fabrication of organic
semiconductors [63]. The NPs size was decreased from 140 to
45 nm by increasing the ultrasonic power from 150 to 225 W.
Particle size decreased as the sonication time was extended.
Parrenin et al. reduced the particle size from 140 to 52 nm and
extended the sonication time from 2 to 5 min at a power of
150 W. Ultrasonic power is typically between 30 and 400 W, and
ultrasonic time is typically between 1 and 5 min, with a maximum
of 2 min, for fabricating NPs for organic semiconductor devices.

3.4 Concentration and solvent ratio

The organic semiconductor solution and poor solvent must be
ready in advance of the NPs synthesis. Among these, the solution’s
concentration plays a significant role in influencing and
granulating. By altering the concentration of PDPP5T5T-
2:PC;BM, Xie et al. were able to produce NPs of various sizes
[64]. Particles of 107, 30, 5.2, and 5.0 nm were produced using the
starting concentrations of 40, 30, 15, and 10 mg-mL", respectively.
The size of the NPs will shrink as the fluid concentration drops.
Similar results were achieved by Laurie Parrenin et al. They used
PC,;BM:PCDTBT solutions of 5, 30, and 50 mg-mL", and under
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constant ultrasound time and the same surfactant concentration,
they obtained NPs of 30 + 20, 140 + 30, and 330 + 90 nm,
respectively. [63] Smaller-size NPs can be produced with a lower
initial solution concentration. The particle size of NPs is also
somewhat influenced by the ratio of solution to poor solvent.
Initial concentrations of 30 and 15 mg-mL™ were utilized by Xie et
al., and the proportions of solution to water were 1:3, 1:6, and 1:12.
When comparing NPs particle sizes, it is discovered that a higher
ratio facilitates the achievement of lower particle size. The
characteristics of NPs are also influenced by the organic solvent
used. For the preparation of PTNT:PC,,BM NPs, Xun et al
utilised chloroform and xylene, respectively. In the same case, the
high boiling point of xylene yielded a lower particle size [65].

4 Application of semiconductor

nanoparticles

organic

After more than ten years of unremitting efforts, the application of
NPs in organic semiconductors has made certain progress. It has
certain applications in organic solar cells, photocatalytic hydrogen
evolution, organic light-emitting diodes, field effect transistors, etc.
Among them, applications in OPV and photocatalytic hydrogen
evolution have been reported in well-known journals in the
industry. The application in OLED and OFETs also has great
potential for development. Among them, the water-based NPs
have reached a conversion efficiency of 7.5% in OPV.

4.1 In organic solar cells

At present, most applications of organic semiconductor NP are in
optical devices. After more than 20 years of development, from
fullerene system to non fullerene system, the photovoltaic
efficiency of OPV has increased from the earliest 0.004% to 7.5%
[53,55]. The preparation methods also include miniemulsion
method and nano precipitation method. At the same time, water-
based and alcohol-based NPs were also developed to prepare
OPV. Figure 9 reviews the evolution of OPV efficiency for water
and alcohol systems. Tables 1 and 2 show the efficiency of aqueous
and alcohol-based nanoparticles OPV devices, respectively.

4.1.1 Preparation of OPV devices from aqueous nanoparticles

The original active layer material used for the preparation of OPV
is not suitable for the preparation of aqueous-based NPs, and
many scholars have developed many new systems suitable for
preparing aqueous-based NPs. Figure 10 shows some of the donor
and acceptor materials used to manufacture aqueous-based NPs.

8

® Aqueous nanoparticles
r ® Alcohol-based nanoparticles

0 :
2002 2004 2006 2008 2010 2012 2014 2016 2018 2020 2022
Year

Figure9 The reported evolution diagram of OPV device efficiency prepared
by aqueous and alcohol nanoparticles.
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Thomas et al. first synthesized aqueous-based NPs by
miniemulsion method, and successfully prepared OPV devices
[55]. They synthesized one component NPs through polymer m-
LPPP, PF11112, and PMMA, and synthesized mutually enveloped
NPs through PFB:F8BT, finally PFB:F8BT NPs obtaining 0.004%
conversion efficiency. Following the pairing of the low-bandgap
donor materials P1, P2, and P3 with fullerene PCyBM, suitable-
sized NPs were made using SDS surfactant, and after dialysis, a
solid content of 60 mg-mL™ was achieved. After the active agent
was fluorinated, knife coating was used to successfully fabricate
active layers that were 126 + 19, 500 + 25, and 612 + 22 nm thick
[66]. In OPV devices made of PDPPTNT:PC71BM, devices made
of NPs films have better exciton diffusion length [67]. The
resulting confined form improves exciton collection, and the
photocurrent generation is increased compared with comparable
BHJ devices. Additionally, by properly annealing the PDPP-
TNT:PC,BM NPs active layer, charge transport in the films can
be increased. Besides, excessive annealing can result in overall
phase segregation within the NP films and hence degrade device
performance. The preparation of OPV devices by NPs provides a
method to control the initial intrinsic blend morphology, which is
independent of the evaporation time during spin coating. This
control is related to solvent-free properties of the aqueous
dispersions, which is very useful for large-scale manufacturing of
the OPV devices. By comparing the transport properties of P(TBT-
DPP):ICBA NPs devices with the fitted dark J-V curves, it is
demonstrated that the high density in the nanoparticle structure is
responsible for the enhanced charge transport of NPs with close
contact between the donor and the acceptor compared to the
conventional BHJ devices [s [68]. In the TQ,:PC,;BM NPs system,
after annealing at a higher temperature, paths between PC;BM
rich NPs cores were developed, which promoted the charge
extraction. Moreover, TQ, can still maintain its original structure
at a higher temperature (up to 85 °C), which effectively improves
the stability of OPV devices [60]. Due to PBDTTPD’s limited
solubility in low boiling point solvents, the NP production
technique in the PBDTTPD:PC, BM system was optimised, and
chlorobenzene was chosen as a suitable solvent. To get the best
power conversion efficiency (PCE) of 3.8%, the as-prepared NPs
OPV was annealed at 180 °C for 20 min [61]. The influence of
surfactants on the particle size was investigated on the basis of the
preparation of NP OPV devices utilising the PDPP5T:PC, BM
system [54]. Additionally, PCDTBT:PCDTBT in PC71BM system
also requires high boiling point solvent. After being dissolved in O-
DCB, NP devices were successfully prepared, and the effect of
annealing treatment on conversion efficiency was studied [62, 63,
69]. Additionally, NPs devices were made in the PDPP5T-
2:PC,;BM system [64]. For the first time, non-fullerene acceptor
materials were synthesized into NPs in the PCE10:0-IDTBR and
PBQ-QF:0-IDTBR systems, and conversion efficiencies of 5.19%
and 6.52% were attained. In comparison to fullerene acceptors, o-
IDTBR is the first non-fullerene acceptor to be employed in the
fabrication of NPs, and like the BH]J, the conversion efficiency of
OPV devices made from non-fullerene materials is higher. The
maximum efficiency record among OPV devices made using NPs
is 7.5%, which was achieved in the NP device fabricated by the
PBQ-QFEITIC system [53]. Of course, standard donor-acceptor
materials like P3HT:PC,BM, [56,70], P3HT:PC,,BM [71-73],
P3HT:ICBA, and other systems are also ideal for producing NPs
and OPV devices [58, 74].

4.1.2 Preparation of OPV devices from alcohol-based

nanoparticles

The donor-acceptor materials utilized in alcohol-based NPs are
more straightforward than those employed in water-based NPs.
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Figure 10 Molecular structures of commonly used acceptors and donors.

There are just two systems available right now, P3HT:PCBM and
P3HT:ICBA. Additionally, since alcohol-based NPs are produced
without the use of surfactants during the preparation process and
are all produced using the nano-precipitation method. Comparing
their NPs structures with those of water-based NPs produced
using the miniemulsion method, the NPs produced using the
nanoprecipitation method have a more uniform distribution. The
alcohol-based NPs from the literatures performed better under the
same circumstances [75, 76].

P3HT:PCBM NPs were fabricated by Darmawati et al. both
with and without surfactants. The conversion efficiency is slightly
decreased after annealing because the NPs fabricated by the
miniemulsion process undergo total phase separation of the
shell-core structure, resulting in distinct P3HT micro-scale
domains and PCBM micro-scale domains. The donor-acceptor of
NPs is not a shell-core structure in the absence of surfactants,
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leading to a more homogeneous mixed structure for the acceptor,
which might result in more mixed and less ordered NPs [75]. By
examining the distribution of PZHT:ICBA NPs in semiconductors
in alcoholic dispersions of various sizes, Stefan Girtner et al.
likewise reached comparable conclusions. Small angle neutron
scattering (SANS) was used to evaluate NPs with various mixing
ratios, and it was shown through the use of contrast change that
P3HT and ICBA were distributed uniformly throughout the NPs.
The semiconductor exhibits some phase separation into tiny
domains at shorter length scales, according to transient absorption
spectroscopy  (TAS) experiments on dispersions. TAS
measurements revealed that the nanostructure and phase
separation of the NPs were well retained after deposition from the
dispersion and layer formation. In addition, annealing will not
significantly change the nanoscale structure of the blend particles,
but only integrate the NPs together to eliminate the gaps between
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the nanoparticle layers, thereby enhancing the long-distance
charge carrier penetration path [76]. Together, these findings
explain why solar cells made from surfactant-free and precipitated
NPs dispersions perform better than solar cells made using the
miniemulsion technique.

Alcohol-based NPs have excellent adaptability to different
coating processes. In order to fabricate an active layer,
Sivaramakrishnan Sankaran et al. employed alcohol-based NPs in
the spin coating, blade coating, inkjet printing, etc [77]. Then, they
compared the NPs devices prepared by the above method with
those prepared by dissolving in O-DCB. Among them, spin
coating and blade coating were carried out in N, atmosphere, and
devices were inverted, while ink-jet printing was carried out in air.
WoO; NPs were added during ink-jet printing to help NPs better
deposit on the hole transport layer. After annealing at 150 °C, the
spin-coated active layer showed a conversion efficiency of 4.3%,
which is comparable to the 5.1% of the devices made by spin-
coating the O-DCB dissolved solution. The same device structure
as spin coating was utilised in the blade coating process, and a
cylindrical coating rod with superior control of the blade was
employed to get a thickness similar to that of the spin coating, and
the area was ten times larger than that of the spin coating. Finally,
a conversion efficiency of 1.6% was averaged, showing that
printing polymer solar cells with organic NPs dispersions is
feasible. Chen et al. demonstrated a unique high-throughput
robotic system that can automatically synthesize NPs of various
sizes on the basis of setting up a vast area. By varying the
concentration of the precursor solution and the density of the
material, the particles can be manipulated precisely [78].

The device structure of OPV devices prepared with alcohol-
based nanoparticles is more suitable for inverted device structure.
Darmawati et al. used normal device structure at the earliest time,
and then others chose the inverted device structure [79]. Stefan
Gkalrtner et al. obtained 4.1% conversion efficiency of
P3HT:ICBA inverted device structure prepared, which is close to
4%-6% of BHJ devices. As shown in Fig. 11, the structure diagram
of the inverted device is ITO/electron transfer layer (ETL)/active
layer (NPs)/hole transfer layer (HTL)/Ag (Al) from bottom to top,

Nano Res. 2023, 16(12): 13419-13433

Figure 11 Schematic diagram of the inverteddevice structure. Reproduced
with permission from Ref. [75], © WILEY-VCH Verlag GmbH & Co. KGaA,
Weinheim 2014.

and the formal device structure is ITO/HTL/NPs/ETL/Ag (Al).
The main difference lies in the spin-coating sequence of HTL and
ETL. The inverted device spin-coated ELT first and then HLT,
while the formal device spin-coated the reverse. Besides, alcohol
solvents are also widely selected, such as methanol, ethanol, and
isopropanol.

4.2 In photocatalytic hydrogen evolution

Growing interest has been shown in fabricating organic
semiconductors that can power photocatalytic water splitting in
recent years [80-82]. Good progress has been made in single-
atom photocatalysis and Pt-based oxygen reduction reaction
(ORR) nano-catalyst these years [83,84]. The preparation of
photocatalytic hydrogen evolution by organic NPs has drawn
increased attention due to its low cost, excellent water stability,
environmental protection, and other features, and significant
progress has been accomplished [85, 86].

By using the nanoprecipitation approach to synthesize FS8BT
NPs, Jan Kosco et al. effectively fabricated an organic

10 180 35,000
(a) e 1170 ppm Pd (b) . (C) PTB7-Th:EH-IDTBR TEBS
© 250 ppm Pd * 160 4
g]® 195ppmPd ”.'- P 30,000 l
© 100 ppm Pd . 1404 o = {
gt T $ o ' 25,000
= {° 60ppmPd Pt 88,0 T 120 k; ! J
26- + 36ppmPd e o8 0 ® = T {
2%]e <1ppmPd e® *.8800 =i 0] T 2000
* 50,000 ppm Pt_ * .-Qgsoo s % H
. 2g80° 00® £ s0 £ 15000 1
] o _s§3e" 00?® 2 s .
o _335%0 °?® & ul
= o 5} :: = - g ® & 10000
24 ssliy® Lan?® S 40 1 p
L sesnsse £ & 5,000 . \
':‘ S LI T sk 20 1
o4 8 Ol'ooco-ooo.ooooooo-no 0 0 . . ' . v
- - - - v + - - - v -
0 4 8 12 16 20 24 0 200 400 600 800 1000 1200 o 20 40 60 80 100
Time (h) [Pd] (ppm) EH-IDTBR (%)
d 2200 ) .
( ) 3500 PTB7-Th:EH-IDTBR SDS (e) { PTB7-Th.EH-IDTBR (D 1800 ‘—'—PMSPC(N)BMZ’O‘!..H
: 2,000 + —u— TiO, —@— PME.Y6 7:3 + 10% Pt G
] . —8— PTB7-ThEH-IDTBR 3.7 + 10% Pt a
=~ 3000 . 18001 —a— gCN, 1,000 { —e— 710, + 1.5% Pt &
] 1,600 { —@— F8BT B e ¥
T 2500 - 1 ‘e p
= 1,400 004 /./
g_ 2,000 § 1200 g > o
(=4 . 3 1 { 7
2 1500 ] i 02 B e il
© . 800 - v _e il
& 1000 . . 00 400 - A iy
= 1 ./' A"
500 400 4 45-] P ."/' _—
200 - —a—n—®
0-n =l { A g e
[ 20 40 60 80 100 o4 Erettagerees oL o LIE=4= s v—v—v—v—v—v—v—v—v—v—v

EH-IDTBR (%) ¢

Time (h)

8 10 12 14 16 0 2 4 6 8

Time (h)

10 12 14 16

Figure 12 (a) The effect of different contents of Pt on the catalytic rate of H,. (b) Mean H, release rate over 24 h as a function of Pd concentration from colloidal
F8BT NPs. Reproduced with permission from Ref. [87], © WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim 2018. (c) Average H, release rate over 16 h as a
function of blend composition for PTB7-Th/EH-IDTBR NPs formed using surfactant SDS. (d) Average H, release rate over 16 h as a function of blend composition

for PTB7-Th/EH-IDTBR NPs formed using surfactant TEBS. (e) H, evolution versus

time for different benchmark materials. Reproduced with permission from Ref.

[50], © Kosco, J. et al. 2020. (f) Average HER rate and Pt switching frequency over 16 h for optimized PM6:Y6 7:3 and PM6:PCBM 2:8 NPs compared to a series of

benchmark photocatalysts. Reproduced with permission from Ref. [88], © Kosco, J. et al.

EZEA

Tsinghua University Press

¢l
ey

@ Springer | www.editorialmanager.com/nare/default

2022.

.asp



Nano Res. 2023, 16(12): 13419-13433

semiconductor photocatalytic hydrogen evolution system with a
very minimal amount of Pd and achieved a catalytic efficiency of
8.47 mol H, in under 24 h, as shown in Figs. 12(a) and 12(b) [87].
After additional purification, the structure of F8BT remained
unchanged while the Pd concentration in the complexes was
steadily lowered to 1 ppm. Pd-NPs are evenly dispersed
throughout the F8BT material. The remaining Pd is present in the
NPs fabricated by processing bulk polymers, typically on the
surface of the particles. The catalytic efficiency is also significantly
influenced by the Pd concentration. When Pd is present in a
specific concentration, the catalytic efficiency can be increased;
however, when Pd is completely absent, there is no catalytic
activity. Nevertheless, this technique shows that organic
semiconductor nanoparticles are possible for use in photocatalytic
hydrogen evolution systems. With the synthesized PTB7-Th:EH-
IDTBR nanoparticles, the authors effectively constructed a
hydrogen evolution system with better photocatalytic activity, as
shown in Figs. 12(c) and 12(d) [50]. The size of PTB7-Th:EH-
IDTBR nanoparticles and the ratio of the donor-acceptor in the
particles can be changed by altering the surfactant. Under 350 to
800 nm light, the catalytic rate is more than 60,000 mol-h™.g™, the
external quantum efficiency is more than 6%, and the catalytic
effectiveness significantly increased. By enhancing the NPs in the
PM6:Y6 and PM6:PCBM systems, Jan Kosco et al. fabricated a
photocatalytic hydrogen evolution system in 2022 and achieved
catalytic efficiencies of 43.9 and 73.7 mmol-h™'-g", respectively, as
shown in Fig. 12(f) [88]. It was discovered that the exciton
dissociates at the heterojunction of the NPs, giving charge
extraction without a cocatalyst, by the characterization of transient
absorption spectroscopy and photoabsorption spectroscopy. In
contrast to the OPV device, the PM6:PCBM NPs of the fullerene
system demonstrated better catalytic effectiveness than the non-
fullerene PM6:Y6 system.

4.3 Inlight-emitting diodes

OLED is critical for display and has an increasingly important
impact on the industry. The pollution of the solvent of OLED will
greatly affect its industrial production [73, 89, 90].

Thomas Piok et al. successfully constructed OLEDs in 2003
utilising organic semiconductor polymer nanospheres after
preparing m-LPPP into nanospheres with a scale of 50-500 nm by
the miniemulsion process. The device, which is made of a
homogeneous monolayer of nanoscale m-LPPP nanospheres,
exhibits shorter onset time and somewhat greater efficiencies than
conventionally produced OLEDs [57]. This phenomenon is
explained by the in-situ production of nanostructured cathodes

(a) Cathode: Ba/Al (b) HC
Vv (o]
ole transport layer: PEDOT:P
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that resemble stalactites during the evaporation of aluminum,
which improves electron injection. In 2020, Anielen H. et al
synthesized MEH-PPV:polystyrene (PS) and SY-PPV:PS NPs (the
molecular structure is shown in Figs. 13(b) and 13(c)) by using the
miniemulsion technology to fabricate OLEDs [91]. After multiple
dialysis, the excess surfactant SDS is continuously removed, and
the surface tension of the NPs dispersion system increases linearly
from 38 to 60 mN-m”, then tends to be stable, while the
dispersion system maintains a certain stability. Finally, MEH-
PPV:PS NPs with particle size of 65 + 30 nm and SY-PPV:PS NPs
with particle size of 125 + 40 nm were obtained. OLEDs are finally
obtained by  spin  coating NPs on  poly(34-
ethylenedioxythiophene):polystyrene sulfonate (PEDOT:PSS) for
many times.

44 In organic field transistor

In recent years, new OFETs have made great achievements, and
devices with higher charge carrier mobility have been fabricated
[92]. The optimization of organic semiconductor materials for the
preparation of OFETs requires the use of harmful organic
solvents, which affect their industrial production [93].

Numerous academics have long focused on the fabrication of
novel organic field effect transistors that are produced using
environmentally acceptable solvents [39,94]. P3HT NPs were
fabricated in 2010 using the nanoprecipitation process by Jill E. et
al. The size of the NPs was modified, and the design parameters of
the semiconducting polymer NPs were initially obtained, by
varying the starting P3HT concentration and the kind of poor
solvent. It has been established that the initial concentration choice
and the quality of the solvent have a significant impact on the size
and crystallinity of NPs. Additionally, an OFET device was
fabricated, having a hole mobility of around 10 cm™V™"s™ [94]. In
2015, Cho et al. fabricated an OFET device with mobility of
around 27 cm*>V's' using a colloidal dispersion of
diketopyrrolopyrrole-thienothiophene (DPP-TT) in butyl acetate
and ethyl acetate [95]. In 2016, Cho fabricated DPP-TT water-
based NPs dispersion system using miniemulsion technology.
When annealed at 200 °C, due to the influence of surfactant SDS,
the mobility of the constructed OFET device is only about
0.0005 cm*V™s™. With the increase of annealing temperature,
when the temperature reaches 270 °C, the active layer undergoes a
second phase transition, effectively removing SDS and obtaining a
mobility of about 0.3 cm*V™"s”, almost the same as that of the
chlorobenzene-based device [96]. Figures 14(d) and 14(e) show
the AFM images of PBTTT NPs films after thermal annealing at
200 and 270 °C, respectively.

4 (nm)

Figure 13 (a) Schematic illustration of the OLED device structure. Molecular structures of (b) MEH-PPV and (c) Super Yellow PPV. SEM images of (d) MEH-
PPV:PS and (e) SY-PPV:PS NPs films. (f) Electroluminescence emission spectra of a MEH-PPV:PS nanoparticle-based PLED (red) and a reference device based on a
solution-based MEH-PPVPS hybrid. Reproduced with permission from Ref. [91], © The Royal Society of Chemistry 2020.
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Figure 14 (a) Schematic diagram of the OFET structure. Reproduced with permission from Ref. [97], © Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 2008.
(b) SEM image of OFET fabricated by P3HT NPs. (c) SEM image of OFET prepared by P3HT dissolved in chloroform. Reproduced with permission from Ref. [94], ©
American Chemical Society 2010. AFM images of PBTTT NPs films after thermal annealing at (d) 200 °C and (e) 270 °C. (f) Transfer characteristics of nanoparticle-
based PFETSs annealed at 200 and 270 °C. Reproduced with permission from Ref. [96], © Elsevier B.V. 2015.

Table1 Reported evolution of the efficiency of OPV devices fabricated from aqueous nanoparticles

Year Materials Joc (mA-cm™) Vo (V) FF (%) PCE (%) Ref.
2003 FSBT:PFB — — — 0.004 [55]
2011 PSBTBT:PCBM 3.99 0.47 29.3 0.55 [66]
2012 F8BT:PFB 1.81 0.77 28.0 0.39 [52]
2013 P3HT:ICBA 5.57 0.79 57.0 2.50 [58]
2014 P3HT:PCBM 6.38 0.51 66.2 2.15 [71]
2015 P(TBT-DPP):ICBA 12.73 0.44 47.0 2.63 [68]
2016 TQ1:PC71BM 10.06 0.70 36.0 2.54 [60]
2017 PBDTTPD:PC71BM 9.99 0.86 44.0 3.80 [61]
2018 PBQ-QFE.ITIC 15.17 0.87 55.6 7.50 [53]
2019 P3HT:ICXA 4.40 0.58 59.1 1.20 [74]
2021 PCBM:BCP 10.61 0.64 36.7 2.54 [98]
Table2 Reported evolution table of OPV device efficiencies prepared from alcohol-based nanoparticles
Year Materials Jc (mA-cm™) Vo (V) FF (%) PCE (%) Ref.
2014 P3HT:PCBM 4.84 0.63 36.0 1.09 [79]
2015 P3HT:ICBA 9.00 0.78 58.0 4.10 [75]
2016 P3HT:ICBA 9.40 0.83 55.0 4.30 [77]
2017 P3HT:ICBA 9.20 0.80 53.0 3.90 [76]
2018 P3HT:ICBA 9.74 0.81 56.5 4.52 [78]

5 Conclusions

In this review, we summarize the application of organic
nanoparticles in semiconductor devices over the last 20 years from
preparation techniques to active layer formation in colloidal
dispersions. Obviously, after many years of development, it has
been used in some applications, especially in OPV, where NP
devices with an efficiency of 7.5% have been successfully obtained.
Some progress has also been made in photocatalysis and organic
light-emitting diodes.

Tsinghua University Press

Miniemulsion and nanoprecipitation are the two main
techniques used to prepare nanoparticle dispersions. Both are
discussed in depth, especially the experimental parameters that
affect the size of nanoparticles. The morphology inside the NPs is
also interesting because the distribution of donor and acceptor
domains drives charge generation and charge transport efficiency.
The morphology inside the NPs varies depending on the
technique used, and NPs prepared by miniemulsion have been
reported to exhibit shell-core morphology, while NPs prepared by
nanoprecipitation have no obvious shell-core distribution.
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Organic NPs will undoubtedly play a larger role in
semiconductors in the future. At the same time, it faces some
difficulties. For example, OPV efficiency is insufficient, and the
performance of hydrogen catalysis and traditional light-emitting
diodes falls short of that of traditional semiconductor devices.
Here are some possibilities:

(1) Currently, most efficient polymeric semiconductors have
complicated molecular structures, making it difficult to prepare
nanoparticles suitable for organic semiconductor preparation.
Simple small molecule materials to prepare nanoparticles will be a
possible strategy for future development.

(2) Surfactant is inseparable from the preparation process, but it
has an effect on semiconductor performance. It is a good strategy
to look for a surface activity that has little impact on
semiconductor performance and to improve surfactant removal.

(3) The distribution of donor and acceptor in NPs is not as
uniform as that in solution, so the morphology, donor, and
acceptor distribution of the prepared active layer film are not
optimal. It is a good direction to find ways to improve the film
morphology.

There is still a long way to go for the widespread application of
NPs in semiconductors, but there is bound to be a bright future.
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