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Preface

In the rapidly evolving field of materials science, polymers and their hybrid materials have

emerged as pivotal components for optoelectronic applications. This reprint, Polymers/Their Hybrid

Materials for Optoelectronic Applications, edited by Tengling Ye and Bixin Li, serves as a comprehensive

resource that highlights recent advancements in this dynamic area. The contributions within these

pages reflect cutting-edge research from leading experts across the globe, providing readers with

an in-depth understanding of how polymers/their hybrid materials are being tailored to meet the

demands of modern optoelectronics.

The chapters contained herein explore diverse aspects of polymer-based materials, ranging from

novel conjugated polymers designed for polymer solar cells/organic thin-film transistors to defect

passivation schemes aimed at enhancing perovskite solar cells/perovskite fluorescent probes. Each

contribution not only presents innovative solutions but also delves into the underlying principles that

govern material performance, offering valuable insights for both academic researchers and industry

professionals alike.

Moreover, this volume addresses practical applications such as blue polymer light-emitting

diodes, quantum dot-embedded polymer films for LCD backlight displays, e-skin sensors, and

environmentally friendly photoluminescent coatings for corrosion sensing. These examples

underscore the versatility and potential impact of polymer-based technologies in addressing

real-world challenges. Additionally, the inclusion of topics like near-infrared responsive composites

and two-terminal resistive switching memory showcases emerging trends that promise to shape

future developments in the field.

As we stand on the brink of exciting breakthroughs in materials science, we hope that

this compilation will inspire further exploration and innovation among its readers. By bridging

fundamental research with applied technology, Polymers/Their Hybrid Materials for Optoelectronic

Applications aims to serve as a catalyst for advancing knowledge and fostering collaboration within

the scientific community.

We extend our gratitude to all contributing authors whose dedication and expertise have made

this publication possible. Their collective efforts exemplify the spirit of inquiry and discovery that

drives progress in our discipline.

Tengling Ye and Bixin Li

Guest Editors
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A New Dibenzoquinoxalineimide-Based Wide-Bandgap
Polymer Donor for Polymer Solar Cells
Xin Wang 1,†, Zongtao Wang 2,3,†, Mingwei Li 1, Lijun Tu 1, Ke Wang 1, Dengping Xiao 1, Qiang Guo 2,*,
Ming Zhou 4, Xianwen Wei 1,* , Yongqiang Shi 1,4,* and Erjun Zhou 3,*

1 Key Laboratory of Functional Molecular Solids, Ministry of Education, and School of Chemistry and
Materials Science, Anhui Normal University, Wuhu 241002, China

2 School of Materials Science and Engineering, Henan Institute of Advanced Technology,
Zhengzhou University, Zhengzhou 450001, China

3 CAS Center for Excellence in Nanoscience, National Center for Nanoscience and Technology,
Beijing 100190, China

4 State Key Laboratory of Oil and Gas Reservoir Geology and Exploitation, School of New Energy and
Materials, Southwest Petroleum University, Chengdu 610500, China

* Correspondence: guoqiang@zzu.edu.cn (Q.G.); xwwei@mail.ahnu.edu.cn (X.W.); shiyq@ahnu.edu.cn (Y.S.);
zhouej@nanoctr.cn (E.Z.)

† These authors contributed equally to this work.

Abstract: The molecular design of a wide-bandgap polymer donor is critical to achieve high-
performance organic photovoltaic devices. Herein, a new dibenzo-fused quinoxalineimide (BPQI) is
successfully synthesized as an electron-deficient building block to construct donor–acceptor (D–A)-
type polymers, namely P(BPQI-BDT) and P(BPQI-BDTT), using benzodithiophene and its derivative,
which bears different side chains, as the copolymerization units. These two polymers are used as a
donor, and the narrow bandgap (2,20-((2Z,20Z)-((12,13-bis(2-ethylhexyl)-3,9-diundecyl-12,13-dihydro-
[1,2,5]thiadiazolo [3,4-e]thieno[2,”30′:4′,50]thieno[20,30:4,5]pyrrolo[3,2g]thieno[20,30:4,5]thieno[3,2-
b]indole-2,10 diyl)bis(methanylylidene))bis(5,6-difluoro-3-oxo-2,3-dihydro-1H-indene-2,1-diylidene))
dimalononitrile) Y6 is used as an acceptor to fabricate bulk heterojunction polymer solar cell devices.
Y6, as a non-fullerene receptor (NFA), has excellent electrochemical and optical properties, as well as
a high efficiency of over 18%. The device, based on P(BPQI-BDTT):Y6, showed power conversion
efficiencies (PCEs) of 6.31% with a JSC of 17.09 mA cm−2, an open-circuit voltage (VOC) of 0.82 V,
and an FF of 44.78%. This study demonstrates that dibenzo-fused quinoxalineimide is a promising
building block for developing wide-bandgap polymer donors.

Keywords: wide bandgap; donor–acceptor; imide; polymer solar cells

1. Introduction

Organic solar cells (OSCs) have attracted a lot of attention from both academia and
industry due to their versatile advantages, such as their light weight, stretchability, and
solution processability [1–6]. Following great efforts in recent years, power conversion
efficiencies (PCEs) were achieved in the range of 18–19% [7–9]. The remarkable progress in
organic photovoltaics (OPVs) mainly depends on the development of new polymer donors
and non-fullerene small molecule electron acceptors (NFSMEAs) [10–15]. Recently, various
narrow-bandgap NFSMEAs have been designed and have achieved excellent performances
in OPVs when paired with wide-bandgap polymer donors. Most NFSMEAs show intense
absorption in the visible and near-infrared (NIR) region (650–950 nm) for enhancing the
light-harvesting ability [16–18]. Compared to NFSMEAs, the development of wide-bandgap
(WBG) polymer donors is still limited; only a few donor–acceptor (D–A)-type WBG polymer
donors have been reported, such as PM6 and D18 [19–21]. Therefore, it is imperative to
design novel WBG polymer donors, which absorb the solar energy in the wavelength

Polymers 2022, 14, 3590. https://doi.org/10.3390/polym14173590 https://www.mdpi.com/journal/polymers1
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range of 300–650 nm to further improve the OPV’s performances [22–25]. Simultaneously,
polymers can also be a carrier transport layer in perovskite solar cells [26,27]. Specially,
the polymer donors of organic solar cells are often used as the hole transport layers in the
perovskite solar cells due to their extraordinary p-type characteristics.

The ideal WBG polymer donors can be synthesized following the donor–acceptor
strategy, where benzodithiophene (BDT) [28–30] and its derivatives are usually used as the
donor units, and some electron-deficient moieties, such as quinoxaline [31–33], benzothia-
diazole, benzotriazole, and imide, are used as the acceptor co-units [34–36]. In addition
to these acceptor units, quinoxaline-based polymers have some characteristics that are
useful for constructing WBG polymer donors: (1) quinoxaline derivatives possess strong
electron-withdrawing properties that can adjust the energy levels; (2) the quinoxaline
moiety can be easily modified by introducing sidechains and other functional groups to
modulate the physical, chemical, and electronic properties; and (3) quinoxaline has a rigid
and large planar structure that favors close π-π stacking. Li et al. [12], reported a low cost
quinoxaline-based D–A-type polymer donor, PTQ10, that contains an alkoxy-substituted di-
fluoro quinoxaline acceptor unit and thiophene donor unit on the backbone; when blended
with IDIC, a PCE value of 12.7% was achieved for PSCs. Recently, Hou and coworkers
reported a WBG polymer donor, PBQx-TCl, based on the thiophene-fused quinoxaline
acceptor unit DTQx; the device based on PBQx-TCl:BTP-eC9 exhibited a PCE of 16.0% [14].
Therefore, quinoxaline is a promising building block for constructing high-performance
WBG polymer donors in OPVs.

Herein, we design and synthesize a new dibenzo-fused quinoxalineimide (BPQI)
building block, which has a rigid and planar structure. By using BDT as the copolymer-
ization unit with BPQI, two new polymer donors, P(BPQI-BDT) and P(BPQI-BDTT), were
synthesized. Both polymer donors possess wide bandgaps and deep highest occupied
molecular orbital (HOMO) levels, due to the strong electron-withdrawing ability of the
BPQI moiety, and have a good compatibility with the Y6 acceptor. As a result, the optimized
P(BPQI-BDTT):Y6 device delivers a higher PCE of 6.31% with a JSC of 17.09 mA cm−2, a
VOC of 0.82 V, and an FF of 44.78%, compared with the P(BPQI-BDT):Y6 system (PCE of
1.48% with a JSC of 6.23 mA cm−2, a VOC of 0.68 V, and an FF of 34.61%).

2. Results and Discussion
2.1. Materials Synthesis and Characterization

The synthetic routes to the monomer BPQI and polymers are displayed in Scheme 1.
The detailed synthetic procedures are shown in the Supplementary Materials (Figures S1 and S2).
Both polymers P(BPQI-BDT) and P(BPQI-BDTT) are obtained by polymerization of BPQI
and the co-monomer BDT derivative. The resulting polymers were purified by Soxhlet
extraction with methanol, acetone, hexane, and dichloromethane to remove the catalyst
and low molecular weight fractions. The final chloroform fractions were collected and
used to test the device’s performance. The numerical average molecular weights (Mns)
and polydispersity indices (PDIs) of P(BPQI-BDT) and P(BPQI-BDTT) were determined by
using high-temperature gel permeation chromatography (HT-GPC) at 150 ◦C with 1,2,4-
trichlorobenzene as the eluent. The GPC results are summarized in Table 1: P(BPQI-BDT)
has an Mn of 24 kDa with a PDI of 2.2, and P(BPQI-BDTT) shows an Mn of 37 kDa with a
PDI of 2.0. The thermal properties of P(BPQI-BDT) and P(BPQI-BDTT) were characterized
using thermogravimetric analyses (TGA) and differential scanning calorimetry (DSC). Both
polymers exhibit excellent thermal stability (5% weight loss) over 300 ◦C, which indicates
good thermal stability for PSC fabrication. Based on the DSC thermograms, no obvious
exotherm or endotherm peaks were observed for both polymers P(BPQI-BDT) and P(BPQI-
BDTT) in the temperature range from 50 to 300 ◦C, which likely indicates a low degree of
crystallinity in both polymers.
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Scheme 1. Synthetic route to monomer BPQI (a,b) and corresponding polymers P(BPQI-BDT) and
P(BPQI-BDTT).

Table 1. Molecular Weights and Optical and Electrochemical Properties of Polymers.

Polymer Mn
(kDa) a PDI a λonset

film

(nm) b
Eg

opt

(eV) c
HOMO
(eV) d

LUMO
(eV) e

P(BPQI-BDT) 24 2.2 584 2.12 −5.41 −3.29
P(BPQI-BDTT) 37 2.0 588 2.10 −5.51 −3.41

a Measured from GPC versus polystyrene standard; trichlorobenzene as the eluent at 150 ◦C. b Absorption
spectra of the pristine film from chloroform solution. c Optical bandgap estimated from the absorption onset
of the as-cast polymer film using the equation: Eg

opt = 1240/λonset (eV). d EHOMO = −e(Eox
onset + 4.80) eV.

e ELUMO = EHOMO + Eg
opt.

2.2. Optical and Electrochemical Properties

The UV-vis absorption spectra of P(BPQI-BDT) and P(BPQI-BDTT) in a chloroform
solution and as thin films were shown in Figure 1a, and the corresponding data are
summarized in Table 1. In solution, both polymers show two absorption shoulder peaks in
the range of 350–500 nm, and the absorption maxima (λmax) of P(BPQI-BDT) and P(BPQI-
BDTT) in chloroform solution are located at 393 and 432 nm, respectively. In the thin
film state, the similar absorption with a slightly red-shifted absorption peak was observed
for both polymers, which should be due to close packing in the solid state. The optical
bandgaps of P(BPQI-BDT) and P(BPQI-BDTT) are 2.12 and 2.10 eV, respectively, according
to the absorption onsets of the polymer thin films.

3
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Figure 1. (a) Normalized UV-vis absorption spectra of polymers P(BPQI-BDT) and P(BPQI-BDTT)
in chloroform solution and as thin films. (b) Cyclic voltammogram curves of P(BPQI-BDT) and
P(BPQI-BDTT) thin films measured in 0.1 M (n-Bu)4NPF6 acetonitrile solution at a scan rate of
50 mV s−1.

The electrochemical properties of P(BPQI-BDT) and P(BPQI-BDTT) were charac-
terized by cyclic voltammetry. As shown in Figure 1b, the HOMO energy levels of
P(BPQI-BDT) and P(BPQI-BDTT) were calculated from the onset potential of the oxi-
dation peak, which are −5.41 and −5.51 eV (Table 1), respectively. By using the equation of
ELUMO = (EHOMO + Eg) eV, the LUMO energy levels of P(BPQI-BDT) and P(BPQI-BDTT)
were found to be −3.29 and −3.41 eV, respectively. The EHOMO/ELUMO of both polymers
match well with acceptor Y6, indicating that these two polymers can be used as polymer
donor in PSCs.

2.3. Theoretical Calculations

Theoretical computation on the backbone geometry of P(BPQI-BDT) and P(BPQI-
BDTT) were performed by density functional theory (DFT) using the B3LYP/6-31G level
method (Figure 2). The long side chains on the BPQI and BDT were replaced by a methyl
group for simplifying the computations, respectively. The DFT-calculated HOMO/LUMO
are −4.76/−2.50 and −5.13/−2.56 eV for P(BPQI-BDT) and P(BPQI-BDTT), respectively.
The trend of the HOMO/LUMO energy level from the theoretical energy levels are in good
agreement with the values obtained by CV measurements.
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2.4. Photovoltaic Properties

To investigate the photovoltaic properties of P(BPQI-BDT) and P(BPQI-BDTT) in PSCs,
the conventional device structure indium tin oxide (ITO)/poly(3,4-ethyl-enedioxythiophene):
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poly(styrene sulfonic acid) (PEDOT:PSS)/active layer/sliver(Ag)/gold(Au) was fabricated.
Y6 was chosen as the acceptor due to its excellent performance in the field of OSCs, and the
device architecture is shown in Figure 3a. The molecular energy levels of P(BPQI-BDT) and
P(BPQI-BDTT) are shown in Figure 3b. The active layer was deposited by spin-coating the
P(BPQI-BDT)/P(BPQI-BDTT):Y6 mixed solution in chloroform at a D/A weight ratio of
1/1, and the solution concentration is 10 mg mL−1. The current density–applied voltage
(J–V) curves are shown in Figure 3c, and the corresponding parameters are summarized
in Table 2. As shown in Figure 3c, the optimized P(BPQI-BDTT):Y6-based device deliv-
ers a PCE of 6.31% with a JSC of 17.09 mA cm−2, a VOC of 0.82 V, and an FF of 44.78%,
whereas the optimized P(BPQI-BDT):Y6-based device displays a low PCE of 1.48% with
a JSC of 6.23 mA cm−2, a VOC of 0.68 V, and an FF of 34.61%. The increased VOC for the
P(BPQI-BDTT)-based PSC is due to the deep-positioned HOMO energy level, since the VOC
is determined by the HOMO of a donor’s and the LUMO of an acceptor’s energy offset.
The external quantum efficiency (EQE) spectra are shown in Figure 3d: the larger JSC of the
P(BPQI-BDTT):Y6 devices is ascribed to the higher EQE response in the wavelength range
from 400 to 850 nm. In contrast, the EQE value of the P(BPQI-BDT):Y6 cells is lower than
25% in this range, resulting in a smaller JSC. The relationship between JSC and the light in-
tensity is revealed in Figure S3a: the α values of the P(BPQI-BDT):Y6 and P(BPQI-BDTT):Y6
devices are 0.92 and 0.974, respectively, which reflects that the P(BPQI-BDTT):Y6 based de-
vices have a smaller bimolecular recombination effect. Figure S3b shows the light-intensity
dependence of VOC. The n values of P(BPQI-BDT):Y6 and P(BPQI-BDTT):Y6 are 2.37 and
1.78, respectively. It is shown that the device structure of P(BPQI-BDTT):Y6 produces fewer
trap-assisted recombination centers, which are responsible for facilitating charge extraction
and improving the PV performance. In order to investigate the device properties of the
polymers in more depth, we constructed P(BPQI-BDTT):Y6 devices with a surface area of
1 cm2, shown in Figure 3e, and the corresponding parameters are shown in Table 3. The
PCE of large device is 5%, with a VOC of 0.8 V, a JSC of 13.92 mA cm−2, and an FF of 44.77%.
It demonstrated that polymers have the prospect of large-area applications in devices. The
commercially polymer PTB7-Th was selected to compare the new polymer P(BPQI-BDTT).
The photovoltaic performances of two devices are shown in Figure S4 and Table S1. In
Figure S5, we demonstrate the performance of the device in the dark; the variations in
the JSC and VOC are slight, thus showing the stability of the device’s performance in a
dark environment.
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Table 2. Photovoltaic parameters of OSCs based on P(BPQI-BDT):Y6’s and P(BPQI-BDTT):Y6’s active
layer. a Average data from 10 independent devices.

Active Layer VOC
(V)

JSC
(mA cm−2)

Jcal
(mA cm−2)

FF
(%)

PCEmax/PCEave
a

(%)

P(BPQI-BDT):Y6 0.68 6.23 6.71 34.61 1.48/1.35 ± 0.10
P(BPQI-BDTT):Y6 0.82 17.09 17.00 44.78 6.31/5.97 ± 0.29

Table 3. Photovoltaic parameters of OSCs based on P(BPQI-BDTT):Y6’s active layer with its surface
area of 1 cm2.

Active Layer VOC (V) JSC (mA cm−2) FF (%) PCE (%)

P(BPQI-BDTT):Y6 0.80 13.92 44.77 5.00

2.5. Polymer Film Morphology

Atomic force microscopy (AFM) measurements were taken to study the surface and
phase separation morphology of the blend films. As shown in Figure 4, both P(BPQI-
BDT):Y6 and P(BPQI-BDTT):Y6 have a relatively smooth surface. The root mean square
(RMS) values of roughness for both the P(BPQI-BDT):Y6 and P(BPQI-BDTT):Y6 blend films
were 1.28 and 0.9 nm, respectively. It is clear that the P(BPQI-BDT):Y6 blend film has a
higher roughness than the P(BPQI-BDTT):Y6 blend, indicating that the P(BPQI-BDT):Y6
blend film enhances the aggregation and phase separation. The P(BPQI-BDTT):Y6 blend has
minimal roughness, which is beneficial for charge carrier transportation, charge collection,
and less charge recombination, leading to the enhancement of the FF and PCE in OPVs. X-
ray diffraction (XRD) was applied to investigate the crystalline properties of these polymers.
As shown in Figure S6, the two polymers show wide diffraction and high peaks located
at 2θ = 37.32◦ and 2θ = 43.62◦, which should derive from the two polymers exhibiting
similar crystalline surfaces and analogous crystal structures. To further investigate the film
morphologies of the polymers, SEM was used to study the surface of the P(BPQI-BDT):Y6
and P(BPQI-BDTT):Y6 films. As shown in Figure S7, it can be seen that these two polymers
are irregularly flat films, while P(BPQI-BDTT):Y6 has a more uniform surface morphology,
which is favorable for its charge transfer and suppresses charge recombination, effectively
improving its device performance.
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3. Conclusions

In summary, a new dibenzo-fused quinoxalineimide (BPQI) is successfully synthesized
as an electron-deficient building block to construct donor–acceptor (D–A)-type polymers,
namely P(BPQI-BDT) and P(BPQI-BDTT). Both polymers possess deep HOMO energy
levels and wide bandgaps. These two polymers were used as donor materials for polymer
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solar cells. The PSC based on the P(BPQI-BDTT):Y6 blend showed a higher PCE (6.31%)
with a VOC of 0.82 V, a JSC of 17.09 mA cm−2, and an FF of 44.78% as compared to
P(BPQI-BDT):Y6 (1.48%) with a VOC of 0.68 V, a JSC of 6.23 mA cm−2, and an FF of 34.61%.
The higher PCE is mainly attributed to improvements in the JSC and FF. These results
demonstrate that BPQI is a promising building block for developing a wide-bandgap
polymer donor in OPVs. In addition, the acceptor BPQI can also be applied to other organic
opto-electronic devices, such as organic field effect transistors (OFET) and perovskite solar
cells (PSCs), due to its large conjugated backbone and electron-deficient characteristics. In
future work, a series of quinoxalineimide electron-deficient units will be synthesized, and
we believe that quinoxalineimides will become a promising building block for constructing
organic semiconductors.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/polym14173590/s1, Figure S1: 1H NMR spectrum of compound
5; Figure S2: 13C NMR spectrum of compound 5; Figure S3: (a) light intensity dependence of JSC,
(b) light intensity dependence of VOC; Figure S4: (a) The J−V curves and (b) EQE spectra; Figure S5:
The J−V curves in dark; Figure S6: X-ray diffraction pattern of P(BPQI-BDT) and P(BPQI-BDTT);
Figure S7: SEM of film state of P(BPQI-BDT):Y6 and P(BPQI-BDTT):Y6. Table S1: Photovoltaic
parameters of OSCs based on P(BPQI-BDTT):Y6 and PTB7-Th:Y6.
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Abstract: All-polymer solar cells (all-PSCs) are organic solar cells in which both the electron donor
and the acceptor are polymers and are considered more promising in large-scale production. Thanks
to the polymerizing small molecule acceptor strategy, the power conversion efficiency of all-PSCs
has ushered in a leap in recent years. However, due to the electrical properties of polymerized small-
molecule acceptors (PSMAs), the FF of the devices is generally not high. The typical electron transport
material widely used in these devices is PNDIT-F3N, and it is a common strategy to improve the
device fill factor (FF) through interface engineering. This work improves the efficiency of all-polymer
solar cells through interfacial layer engineering. Using PDINN as the electron transport layer, we
boost the FF of the devices from 69.21% to 72.05% and the power conversion efficiency (PCE) from
15.47% to 16.41%. This is the highest efficiency for a PY-IT-based binary all-polymer solar cell. This
improvement is demonstrated in different all-polymer material systems.

Keywords: organic photovoltaics; all-polymer solar cells; power conversion efficiency; electron
transport layer

1. Introduction

Organic solar cells (OSCs) are advantageous for distributed photovoltaic applications
due to their flexibility, semitransparency, high indoor light matching, high power generation
per unit weight, patternable design, etc. [1–7]. While the classical OSCs active layer
consists of a polymer donor and a fullerene derivative acceptor [8], with the development
of non-fullerene acceptor materials, the mainstream of research has now shifted to a
material system based on a polymer donor and a non-fullerene acceptor [9–17]. Compared
with fullerene acceptors, non-fullerene acceptors have flexible chemical structure designs
and thus easily tunable optoelectronic properties, endowing them with more compatible
absorbance spectra and electrical properties with the donor. Additionally, the resulting
devices usually exhibit lower voltage losses [18], which improve device efficiency [19]. In
terms of materials, non-fullerene acceptors are divided into two main categories: small-
molecule acceptors and polymer acceptors. In contrast to the small molecule acceptor, when
the acceptor is polymer, all-polymer solar cells (All-PSCs) can be prepared by combining
with a polymer donor. In addition to similar advantages to small-molecule acceptor-based
OSCs, All-PSCs possess better mechanical properties [20,21], such as higher tensile and
flexural toughness, and potentially higher thermal stability, which provide them with better
prospects for large-scale production [22]. The all-PSCs field has evolved over 20 years,
starting with the earliest polymer donor materials based on poly(p-phenylene vinylidene)
(PPV) units. The widespread use of aromatic imide repeating units, e.g., Naphthalimide
(NDI) and Perylenediimide (PDI), has led to significant advances in the power conversion
efficiency (PCE) of all-PSC devices. Nevertheless, the fill factor (FF) of all-polymer solar cell

Polymers 2022, 14, 3835. https://doi.org/10.3390/polym14183835 https://www.mdpi.com/journal/polymers10



Polymers 2022, 14, 3835

devices is relatively low (Figure 1) compared to their fullerene or small molecule acceptor
counterparts, mainly due to complicated morphology control. Even the highly efficient
devices developed in the past two years have difficulty in surpassing 70% FF.
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The current molecular design strategy, namely, polymerizing the high-performance
small molecular acceptor, led to a surge of polymer acceptors with excellent photovoltaic per-
formance, which significantly improved device efficiency in this field. However, despite the
fact that the state-of-the-art devices based on the polymerized small molecule acceptors (PS-
MAs) exhibit high open-circuit voltages (VOCs) and short circuit currents (JSCs), the FFs for a
large fraction of them are relatively low due to the difference in the morphological and elec-
trical properties between the polymer donor (high degree of polymerization) and the PSMA
(low degree of polymerization). One of the solutions to this issue is optimizing the morphol-
ogy and charge transport property, but for a given set of donor and acceptor materials, this
can be difficult. From the experience of device engineering for organic photovoltaics in recent
decades, another angle to tackle this problem, other than modifying the active layer directly,
is interface engineering. So far, most high-performance all-PSCs utilize N,N′-Bis(N,N-
dimethylpropan-1-amine oxide)perylene-3,4,9,10-tetracarboxylic diimide (PDINO), MoOx,
or poly [(9,9-bis(3′-(N,N-dimethylamino)propyl)2,7-fluorene)-alt-5,5′-bis(2,2′-thiophene)-2,6-
naphthalene1,4,5,8-tetracaboxylic-N,N′-di(2-ethylhexyl)imide] (PNDIT-F3N) as the electron
transport material (ETM). Among them, PNDIT-F3N and its bromide version PNDIT-
F3N-Br, are the workhorse ETMs in small molecule-based OSCs. However, the FFs of
PNDIT-F3N-based all-PSCs are generally not high (hardly more than 70%, see Figure 1),
which limits the further improvement of device efficiency [23–36]. For instance, Ref. [37]
studied PM6:PYF-T devices with an efficiency of 14.10% and an FF of 67.73%. Ref. [38]
researched PM6:PY-IT-based all-PSCs and reported an efficiency of 15.15% and an FF of
67.70% [39]. In 2020, Li’s group reported a new PDI-derived electron transport material,
aliphatic amine-functionalized perylene-diimide (PDINN), which showed better contact
with non-fullerenes active layers and better conductivity. The enhanced interfacial stability
and higher conductivity, as well as the ability to reduce the work function of the metal
cathode, make it more suitable for use as an electron transport material. In addition, PDINN
is simple to synthesize and could be synthesized in large quantities by a one-step reaction.
Therefore, PDINN is a low-cost alternative ETM for OSCs and has great promise for future
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large-scale production. Since its first report, PDINN has been most utilized in polymer:small
molecule acceptor OSCs and proved effective in different cases, but it has not been adopted
in all-PSCs with PCEs >16%.

In this work, we report all-PSCs with PM6 as the donor, PYF-T-o or PY-IT as the
acceptor, and PNDIT-F3N or PDINN as the electron transport material. We systematically
compare the performance of the all-PSC devices with PDINN and PNDIT-F3N, and we
show that the device performance for PDINN-based devices is higher than those of PNDIT-
F3N-based ones. Particularly, we show that the FF of the devices increases from 69.21%
(PNDIT-F3N) to 72.05% (PDINN) for the PY-IT-based all-PSCs, with a corresponding effi-
ciency increase from 15.47% to 16.41%, which is the highest power conversion efficiency
(PCE) for PY-IT based binary all-PSCs. Through different characterizations, e.g., transient
photocurrent and transient photovoltage, we find that the difference in their optical proper-
ties does not contribute much to the device performance variation. Instead, we attribute the
main increase, i.e., the FF, of the PDINN-based devices, to the faster charge extraction and
enhanced charge carrier lifetime, which are observed in both all-PSC systems we studied.

2. Experiments
2.1. Materials

Poly[(2,6-(4,8-bis(5-(2-ethylhexyl-3-fluoro)thiophen-2-yl)-benzo [1,2b:4,5-b′]dithio-
phene))-alt-(5,5-(1′,3′-di-2-thienyl-5′,7′-bis(2-ethylhexyl)benzo [1′,2′c:4′,5′c′] dithio-phene-
4,8-dione)] (PM6) was purchased from Dongguan Volt Ampere Photo-electric Technol-
ogy Co., Ltd. (Dongguan, China). Poly[(2,2′-((2Z,2′Z)-((12,13-bis(2-octyldodecyl)-3,9-
diundecyl-12,13-dihydro [1,2,5]thiadiazolo [3,4e]thieno [2”,3”:4′,5′]thieno [2′,3′:4,5] pyrrolo
[3,2-g]thieno [2′,3′:4,5]thieno [3,2-b]-in-dole-2,10-diyl)bis(methanylylidene))bis(5-methyl-3-
oxo-2,3-dihydro-1Hindene-2,1-diyl-idene)) dimalononitrile-co-2,5-thiophene (PY-IT) and
N,N’-Bis{3-[3-(Dimethylamino)propylamino]propyl}perylene-3,4,9,10-tetracarboxylic di-
imide (PDINN) were purchased from Solarmer Materials Inc. (Beijing, China). Poly[(9,9-
bis(3′-(N,N-dimethylamino)pro-pyl)2,7-fluorene)-alt-5,5′-bis(2,2′-thiophene)-2,6-naphthalene1,
4,5,8-tetracabox-ylic-N,N′-di(2-ethylhexyl)imide] (PNDIT-F3N) and PYF-T-o were pur-
chased from eFlexPV Limited. Poly(3,4-ethylenedioxythiophene) polystyrene sulfonate
(PEDOT:PSS) (Clevios P VP 4083) were purchased from Heraeus Inc. (Hanau, Germany).
All the other reagents and chemicals were purchased from Sigma Aldrich or Aladdin
(Burlington, MA, USA and Shanghai, China) and used as received. Purity of solvents:
chloroform (>99.8%), methanol (>99.5%), and acetic acid (>99.5%).

Solubility of PDINN and PNDIT-F3N:
PDINN: the solubility was 26.7 mg/mL in methanol without the assistance of any

acid [40].
PNDIT-F3N: the solubility was >30 mg/mL in common organic solvents [41].

2.2. Device Fabrication

Organic solar cells were fabricated in a conventional device configuration of ITO(50 nm)/
PEDOT:PSS(30 nm)/active layer(100~150 nm)/ETL(PNDIT-F3N or PDINN)(5~10 nm)/
Ag(100 nm), as shown in the SEM image in Figure S3. The patterned indium tin oxide(ITO)
glass was scrubbed with detergent and then sonicated with deionized water, acetone, and
isopropanol sequentially and baked overnight in an oven. The glass substrate was treated
whit UV-Ozone for 10 min before use. PEDOT:PSS solution was spin-casted onto them at
5200 rpm for 20 s, then dried at 150 ◦C for 10 min in air.

The different kinds of devices:

1. The PM6:PYF-T-o blend (1:1.2 weight ratio) was dissolved in chloroform (the concen-
tration of donor was 6 mg mL−1 for all blends) with 1-chloronaphthalene (1% vol) as
an additive and stirred overnight in a nitrogen-filled glove box. The blend solution
was spin-casted at 2500 rpm for 30 s onto the PEDOT:PSS films, followed by a thermal
annealing step at 95 ◦C for 5 min.
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2. The PM6:PY-IT blend (1:1.2 weight ratio) was dissolved in chloroform (the concentra-
tion of donor was 6 mg mL−1 for all blends) with 1-chloronaphthalene (1% vol) as
an additive and stirred overnight in a nitrogen-filled glove box. The blend solution
was spin-casted at 2700 rpm for 30 s onto the PEDOT:PSS films, followed by a thermal
annealing step at 95 ◦C for 5 min.

For both types of devices, either methanol with 0.5% vol acetic acid blend solution
of PNDIT-F3N at a concentration of 0.5 mg mL−1 or a pure methanol solution of PDINN
at a concentration of 1.0 mg mL−1 was spin-coated onto the active layer, respectively, at
2000 rpm for 30s and 3000 rpm for 30 s as the electron transport layer (ETL). Around 100 nm
of Ag were evaporated under 1 × 10−4 Pa through a shadow mask. Then, encapsulation
was carried out.

2.3. Characterization

The current density–voltage (J-V) curves of the PSCs were measured using a Keithley
2400 Source Meter under AM 1.5 G (100 mW cm−2) using an Enlitech solar simulator. The
light intensity was calibrated using a standard Si diode with a KG5 filter to bring spectral
mismatch to unity. An optical microscope (Olympus BX51) was used to define the device
area (7.2 mm2) in a glove box filled with nitrogen (oxygen and water contents are smaller
than 0.1 ppm). EQEs were measured using an Enlitech QE-S EQE system equipped with a
standard single-crystal Si photovoltaic cell. Monochromatic light was generated from an
Enlitech 300 W lamp source.

Transient photovoltage (TPV) and transient photocurrent (TPC) measurements: In
TPV measurements, the devices were placed under background light bias enabled by a
focused Quartz Tungsten-Halogen Lamp with an intensity of similar to working devices,
i.e., the device voltage is close to the VOC under solar illumination conditions. Photo-
excitations were generated with 8 ns pulses from a laser system (Oriental Spectra, NLD520,
Hyderabad, India). The wavelength for the excitation was tuned to 518 nm with a spectral
width of 3 nm. A digital oscilloscope was used to acquire the TPV signal at the open-circuit
condition. TPC signals were measured under short-circuit conditions under the same
excitation wavelength without background light bias.

3. Results and Discussion

The chemical structural formulas of the donor PM6 and the acceptors PYF-T-o and
PY-IT are shown in Figure 2a. The chemical structural formulas of the electron transport
materials (PDINN and PNDIT-F3N) are shown in Figure 2b. Figure 2c shows the highest
occupied molecular orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO)
energy levels of the active layer materials, as well as the energy level diagrams of the
electron transport materials of PDINN and PNDIT-F3N.

To study the optical property of the two different interfacial layers, we measured the
transmittance and absorption of PNDIT-F3N and PDINN. To mimic the thickness of PNDIT-
F3N and PDINN used in devices, we used identical spin-coating parameters to prepare the
PNDIT-F3N and PDINN films. From the absorption and transmittance curves (Figure 3a,b),
we found that PNDIT-F3N showed absorption in the UV and visible regions. For instance,
the absorption of the PNDIT-F3N film, despite being weak, peaked at ~390 nm. In addition,
PNDIT-F3N also showed absorption in the range of ~570–650 nm. These absorptions of
PNDIT-F3N can be reflected in the overall absorption spectra of active layer/PNDIT-F3N,
which is shown in Figure 3c,d.
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For the PYF-T-o-based devices, the difference between VOC and JSC of PNDIT-F3N
and PDINN devices was not significant. The main difference derived from the change in FF,
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where PDINN improved the filling factor of the device from 68.30% to 69.90% for PNDIT-
F3N. For the PY-IT-based devices, PNDIT-F3N and PDINN had little effect on the JSC of
the device, and the main difference continued to come from the significant increase in the
fill factor, for which PDINN increased from 69.21% of PNDIT-F3N to 72.05% of the device.
As a result, these improvements significantly increased the efficiency of the PDINN-based
devices by 16.41%. The corresponding specific device performance parameters are listed
in Table 1 and Tables S2 and S3. We then conducted EQE, as shown in Figure 4b. From
the EQE curves, we found that the current obtained from the EQE integration is consistent
with the JSC obtained from the J-V test (Figure 4a).

Table 1. Photovoltaic parameters of the solar cell devices based on PM6:PYF-T-o and PM6:PY-IT
under AM 1.5 G illumination at 100 mW cm−2.

Devices VOC
(V)

JSC
(mA/cm2)

FF
(%)

PCEs
(%) S nid,l nid,d

PM6:PYF-T-o/
PNDIT-F3N

0.913 a

(0.910 ± 0.002)
24.91

(24.9 ± 0.53)
68.30

(66.7 ± 0.96)
15.47

(15.1 ± 0.27) 0.925 1.21 1.82

PM6:PYF-T-o/
PDINN

0.908
(0.907 ± 0.003)

24.83
(24.8 ± 0.31)

69.90
(69.1 ± 0.78)

15.78
(15.5 ± 0.17) 0.930 1.21 1.71

PM6:PY-IT/
PNDIT-F3N

0.938
(0.938 ± 0.005)

23.85
(23.6 ± 0.47)

69.21
(67.8 ± 0.83)

15.47
(15.1 ± 0.29) 0.936 1.13 1.62

PM6:PY-IT/
PDINN

0.950
(0.951 ± 0.002)

23.95
(24.0 ± 0.17)

72.05
(70.5 ± 0.89)

16.41
(16.1 ± 0.17) 0.961 1.05 1.58

a Parameters for devices with the highest PCEs. Values in brackets are average values and standard deviations
based on 10 independent devices.
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Figure 4. (a) J-V curves and (b) the corresponding EQE spectra of all-PSCs based on PM6 and PYF-T-o
or PY-IT.

To investigate recombination, we first measured the J-V characteristics of the four
devices under different light intensities (I). Figure 5a plots the relationship between JSC
and light intensity. By linearly fitting the JSC versus light intensity data, we obtained the
slope (S) for the four devices. The S values for the PM6:PYF-T-o/PNDIT-F3N, PM6:PYF-T-
o/PDINN, PM6:PY-IT/PNDIT-F3N, and PM6:PY-IT/PDINN devices are 0.925, 0.930, 0.936,
and 0.961, respectively. It is known that the closer S is to unity, the weaker the bimolecular
recombination. Therefore, the smallest S for PM6:PY-IT/PDINN suggests the weakest
bimolecular recombination in it, and among the four different devices, the trend of S is
consistent with the trend of the FF of the devices.
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To access trap-assisted recombination, we plot the VOC versus light intensity result
in Figure 5b. By fitting the VOC versus ln(I) curves, we obtained the ideality factor, nid,l,
from the equation nid,l =

q
kT

∂Voc
∂ ln(I) . The nid.ls of the PM6:PYF-T-o/PNDIT-F3N, PM6:PYF-T-

o/PDINN, PM6:PY-IT/PNDIT-F3N, and PM6:PY-IT/PDINN devices are 1.21, 1.21, 1.13, and
1.05, respectively. From diode theory, higher nid,l means that trap-assisted recombination
is stronger. Therefore, PM6:PY-IT/PDINN has the weakest trap-assisted recombination
(nid,l = 1.05) among the four devices, which agrees with its highest FF.

Another method to obtain the ideality factor is to fit the exponential region of the
dark J-V curve. We measured the dark J-V curves for the devices, and the results are
shown in Figure 5c. From the fitting, the nid,d of the PM6:PYF-T-o/PNDIT-F3N, PM6:PYF-T-
o/PDINN, PM6:PY-IT/PNDIT-F3N, and PM6:PY-IT/PDINN devices are 1.823, 1.719, 1.642
and 1.582, respectively. The difference between the magnitude of nid,l and nid,d is detailed
elsewhere [43], but the trend of the nid,d is overall consistent with that of nid,l.

To further study the charge recombination and charge extraction, we performed TPV
and TPC measurements. The details of the experimental setup for these measurements
can be found in the experimental section. As shown in Figure 6a, we fitted the decay
using a monoexponential function, which revealed that the decay constants have the
following relationship, τPDINN > τPNDIT-F3N, indicating that the charge carrier lifetime is
longer in devices based on PDINN than in PNDIT-F3N-based devices. This indicates that
the recombination in the PDINN-based devices is weaker than that in the PNDIT-F3N-
based devices. One hypothesis is that the PDINN has better/higher surface coverage than
PNDIT-F3N so the contact between the active layer and cathode is reduced in PDINN-
based devices, which reduces surface recombination and improves FF. In addition, from
the TPC measurements (Figure 6b) for both PYF-T-o and PY-IT-based devices, the charge
extraction in the PDINN-based devices is significantly faster than in the PNDIT-F3N-
based devices. This indicates that the charge collection efficiency of PDINN is higher than
that of PNDIT-F3N, which could be one of the determining factors of the high FF of the
PNDIT-F3N devices.

By analyzing the results of AFM (Figure 7), the RMS of the PDINN film is 1.37 nm,
and that of PNDIT-F3N is 1.87 nm. Leaving energetics alone, just from a morphological
point of view, the smoother surface of PDINN is beneficial for obtaining better coverage
on the active layer, which could then reduce the direct contact between the active layer
material and the metal electrode. This could reduce surface recombination, protect the
active layer from hot metal penetration or reaction during evaporation, increase device
shunt resistance, and enhance the FF of the device.

16



Polymers 2022, 14, 3835Polymers 2022, 14, 3835 8 of 11 
 

 

 
Figure 6. TPV (a) and TPC (b) decays of the PM6:PYF-T-o and PM6:PY-IT-based devices. 

By analyzing the results of AFM (Figure 7), the RMS of the PDINN film is 1.37 nm, 
and that of PNDIT-F3N is 1.87 nm. Leaving energetics alone, just from a morphological 
point of view, the smoother surface of PDINN is beneficial for obtaining better coverage 
on the active layer, which could then reduce the direct contact between the active layer 
material and the metal electrode. This could reduce surface recombination, protect the 
active layer from hot metal penetration or reaction during evaporation, increase device 
shunt resistance, and enhance the FF of the device. 

 
Figure 7. AFM images of PDINN and PNDIT−F3N. 

4. Conclusions 
In conclusion, we addressed the relatively low FF in PY-IT and PYF-T-o-based all-

polymer solar cells through active layer-cathode interface engineering. Specifically, we 
used PDINN as an electron transport layer material in PM6:PYF-T-o and PM6:PY-IT-based 
devices, compared it with the widely employed, high-performance ETM, PNDIT-F3N, 
compared its photovoltaic performance, and investigated the charge extraction and re-
combination. It was found that the PDINN-based devices demonstrated faster charge ex-
traction and longer charge carrier lifetime compared to PNDIT-F3N devices. Conse-
quently, we demonstrated that PDINN could effectively promote the FF of the all-PSC 
devices studied in this work and thus improve the PCE of the devices. Particularly in the 
PM6:PY-IT-based device, the FF increased from 67.99% (PNDIT-F3N) to 72.05% (PDINN), 
and the PCEs increased from 15.47% to 16.41%, which is the highest efficiency reported to 
date for PY-IT-based binary all-polymer solar cells. 

Supplementary Materials: The following supporting information can be downloaded at: 
https://www.mdpi.com/article/10.3390/polym14183835/s1. 

Figure 6. TPV (a) and TPC (b) decays of the PM6:PYF-T-o and PM6:PY-IT-based devices.

Polymers 2022, 14, 3835 8 of 11 
 

 

 
Figure 6. TPV (a) and TPC (b) decays of the PM6:PYF-T-o and PM6:PY-IT-based devices. 

By analyzing the results of AFM (Figure 7), the RMS of the PDINN film is 1.37 nm, 
and that of PNDIT-F3N is 1.87 nm. Leaving energetics alone, just from a morphological 
point of view, the smoother surface of PDINN is beneficial for obtaining better coverage 
on the active layer, which could then reduce the direct contact between the active layer 
material and the metal electrode. This could reduce surface recombination, protect the 
active layer from hot metal penetration or reaction during evaporation, increase device 
shunt resistance, and enhance the FF of the device. 

 
Figure 7. AFM images of PDINN and PNDIT−F3N. 

4. Conclusions 
In conclusion, we addressed the relatively low FF in PY-IT and PYF-T-o-based all-

polymer solar cells through active layer-cathode interface engineering. Specifically, we 
used PDINN as an electron transport layer material in PM6:PYF-T-o and PM6:PY-IT-based 
devices, compared it with the widely employed, high-performance ETM, PNDIT-F3N, 
compared its photovoltaic performance, and investigated the charge extraction and re-
combination. It was found that the PDINN-based devices demonstrated faster charge ex-
traction and longer charge carrier lifetime compared to PNDIT-F3N devices. Conse-
quently, we demonstrated that PDINN could effectively promote the FF of the all-PSC 
devices studied in this work and thus improve the PCE of the devices. Particularly in the 
PM6:PY-IT-based device, the FF increased from 67.99% (PNDIT-F3N) to 72.05% (PDINN), 
and the PCEs increased from 15.47% to 16.41%, which is the highest efficiency reported to 
date for PY-IT-based binary all-polymer solar cells. 

Supplementary Materials: The following supporting information can be downloaded at: 
https://www.mdpi.com/article/10.3390/polym14183835/s1. 

Figure 7. AFM images of PDINN and PNDIT−F3N.

4. Conclusions

In conclusion, we addressed the relatively low FF in PY-IT and PYF-T-o-based all-
polymer solar cells through active layer-cathode interface engineering. Specifically, we
used PDINN as an electron transport layer material in PM6:PYF-T-o and PM6:PY-IT-based
devices, compared it with the widely employed, high-performance ETM, PNDIT-F3N,
compared its photovoltaic performance, and investigated the charge extraction and re-
combination. It was found that the PDINN-based devices demonstrated faster charge
extraction and longer charge carrier lifetime compared to PNDIT-F3N devices. Conse-
quently, we demonstrated that PDINN could effectively promote the FF of the all-PSC
devices studied in this work and thus improve the PCE of the devices. Particularly in the
PM6:PY-IT-based device, the FF increased from 67.99% (PNDIT-F3N) to 72.05% (PDINN),
and the PCEs increased from 15.47% to 16.41%, which is the highest efficiency reported to
date for PY-IT-based binary all-polymer solar cells.
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Abstract: Organic-inorganic halide perovskite solar cells (PSCs) have attracted much attention in
recent years due to their simple manufacturing process, low cost, and high efficiency. So far, all
efficient organic-inorganic halide PSCs are mainly made of polycrystalline perovskite films. There
are transmission barriers and high-density defects on the surface, interface, and grain boundary
of the films. Among them, the deep-level traps caused by specific charged defects are the main
non-radiative recombination centers, which is the most important factor in limiting the photoelectric
conversion efficiency of PSCs devices to the Shockley-Queisser (S-Q) theoretical efficiency limit.
Therefore, it is imperative to select appropriate passivation materials and passivation strategies
to effectively eliminate defects in perovskite films to improve their photovoltaic performance and
stability. There are various passivation strategies for different components of PSCs, including interface
engineering, additive engineering, antisolvent engineering, dopant engineering, etc. In this review,
we summarize a large number of defect passivation work to illustrate the latest progress of different
types of passivators in regulating the morphology, grain boundary, grain size, charge recombination,
and defect density of states of perovskite films. In addition, we discuss the inherent defects of
key materials in carrier transporting layers and the corresponding passivation strategies to further
optimize PSCs components. Finally, some perspectives on the opportunities and challenges of PSCs
in future development are highlighted.

Keywords: perovskite solar cell; defect passivation; interface engineering; surface treatment; dopant
passivation

1. Introduction

Traditional energy, which was mainly used for power generation in the past, is facing
the problems of resource shortage and ecological impact. Therefore, green and renewable
new energy has attracted much attention in recent years. Thereinto, the photovoltaic
(PV) technology that converts light energy into electrical energy is particularly impressive
due to the advantages of simple preparation of collection equipment (solar cells) and
easy mass production [1–3]. Solar cells have been developed for three generations since
the birth of Bell Labs in 1954. Although silicon-based solar cells (the first generation
of solar cells) and thin film compound solar cells (the second generation of solar cells)
have reached more than 23% power conversion efficiency (PCE), various factors limit
their further development, such as the need for high-temperature processing, high-purity
material requirements, and high manufacturing costs of photovoltaic module systems. In
particular, the highly toxic raw materials required for thin film compound solar cells are
not conducive to industrial mass production [4–7]. Recently developed quantum dots and
dye-sensitized solar cells (third-generation solar cells) also have the disadvantages of a
slow development process, a complex preparation process, and low PCE, which has led
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to the search for new photovoltaic materials to improve the most advanced photovoltaic
technology to further develop solar cells.

Perovskite solar cells (PSCs) are the latest third-generation solar cells. After just over
a decade of development, the highest PCE has soared to 25.8% [8]. The light-absorbing
layer material of high-efficiency and stable PSCs is mainly composed of perovskite with
ABX3 structure. The A-site is a monovalent organic or inorganic cation with a larger ra-
dius, including MA+ (methylamine ion, CH3NH3

+), FA+ (formamidine ion, HC (NH2)2
+),

Cs+, etc., the B-site is a divalent metal cation, usually Pb2+, Sn2+, etc., and the X-site is a
halogen/pseudohalogen anion, such as I−, Cl−, SCN− or their mixture [9]. The A-position
cation will be surrounded by BX6 octahedral with 12-fold coordination symmetry in the
ideal perovskite structure, which makes the perovskite possess an excellent absorbance
coefficient (~105 cm−1) and long carrier diffusion length (>1 µm), which greatly reduces the
processing cost and material cost of perovskite photovoltaic devices, making commercial-
ization possible [10,11]. At the same time, by adjusting the A-site cation composition in the
perovskite crystal, the perovskite has a band gap adjustability (1.2–3.0 eV) beyond the reach
of other photovoltaic devices, which also makes the Shockley-Queisser (S-Q) theoretical
efficiency limit of perovskite/silicon tandem solar cells and perovskite/perovskite tandem
solar cells exceed 30%, far more than that of single-junction solar cells [12,13]. In 2009, a
pioneering work by Miyasaka et al. reported a 3.8% PCE PSCs based on liquid electrolyte
using the halide perovskite material MAPbI3 [14]. In 2012, Park et al. first used a solid-
state semiconductor 2,2′,7,7′-tetrakis[N,N-di(4-methoxyphenyl)amine]-9,9′-spirobifluorene
(spiro-OMeTAD) as a hole transport layer material to successfully prepare the first all-
solid-state PSCs with a PCE of 9.7% and no encapsulation [15]. Since then, PSCs based on
organic-inorganic halide perovskite absorbing layers have been getting more and more
attention from researchers, and the certified PCE is increasing year by year [16–18]. In 2021,
Seok et al. obtained a PCE of 25.5% by interfacial modulation, which was a world record
that year [19]. In 2022, You et al. eventually obtained a 25.6% champion-certified PCE by
introducing the additive RbCl to stabilize the perovskite phase [20].

Planar PSCs devices typically consist of transparent conductive oxide (TCO) electrodes
(indium tin oxide (ITO) or fluorine-doped tin oxide (FTO)), electron transport layer (ETL),
perovskite light-absorbing layer, hole transport layer (HTL), and metal electrodes (Au, Ag,
Cu). Planar PSCs can be divided into n-i-p planar structures and p-i-n planar structures
according to the different locations of carrier transport layer distribution, where TCO
electrodes/ETL/perovskite absorbing layer/HTL/metal electrodes device structure is n-i-p
planar structures, TCO electrodes/HTL/perovskite absorbing layer/ETL/metal electrodes
device structure is p-i-n planar structures. Although these two PSCs have different struc-
tures, they both convert light energy into electrical energy by using the photovoltaic effect
of the semiconductor PN junction. In PSCs, the perovskite light-absorbing layer (intrinsic
semiconductor) forms a PN junction with adjacent ETL (n-type semiconductor) and HTL
(p-type semiconductor). The PN junction can absorb a large number of photons to generate
excitons under the irradiation of sunlight, and the perovskite with high light absorption
coefficient can absorb a large number of photons to generate excitons. The exciton binding
energy is low, and it is easy to dissociate into electrons and holes. These carriers (electrons
and holes) will move under the action of the PN junction and reach the two ends of the
electrode through different transport layers to form a photovoltage. Once the electrode is
connected, it will form a current loop to convert light energy into electrical energy [21].

The ideal crystal structure is in a state where each atom is in its corresponding position,
but the actual crystal structure will be more or less affected by the defects introduced during
crystal growth and the post-treatment process. The spin-coating preparation process and
post-annealing process of PSCs devices will form various defects on the surface or grain
boundaries of polycrystalline perovskite crystals, including (1) insufficiently coordinated
anions or cations; (2) inherent point defects caused by the preparation process, such as
halide vacancies, cation vacancies, and Pb-I antisites; (3) ion migration at grain boundaries;
and (4) exogenous impurities [22]. These defects with positive or negative charges will
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introduce transition energy levels in the band gap. When the transition energy level
is located in one-third of the band gap, deep-level defects will be formed, which is the
source of the notorious trap-assisted recombination (also known as Shockley–Reid–Hall
recombination; SRH). SRH recombination is not conducive to the extraction and migration
of carriers in perovskite films and affects the lifetime of carriers, which has been identified
as an important reason for limiting open circuit voltage (VOC), short circuit current density
(JSC), and fill factor (FF) in PSCs [23,24]. In addition, there are more defects in the carrier
transport interfaces, so it is necessary to passivate the defects of each component of the
PSCs to improve the efficiency and stability of the device (Figure 1).
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Figure 1. Planar PSCs device structures and passivation strategies based on different components of
PSCs to improve device efficiency and stability.

This review focuses on the progress and challenges of a series of passivation strategies
that can effectively eliminate the main defects in PSC devices. Based on the passivation
strategies for different components of PSCs, we highlight the latest research on inter-
face engineering, perovskite surface treatment, and dopant passivation, including ETL
(HTL)/perovskite interface passivation, the solvent component, precursor additive engi-
neering, anti-solvent engineering, and ETL (HTL) doping. We summarized the important
role of different functional groups in the defect passivation process. Finally, some perspec-
tives on the opportunities and challenges of PSCs in future development are put forward.

2. Interface Engineering

It can be seen from the working principle of PSCs that the generation, transmission, and
extraction of free carriers will go through multiple interfaces, including TCO electrode/ETL
interface, ETL/perovskite interface, perovskite/HTL interface, and HTL/metal electrode
interface. However, there will be a severe interface recombination process at the ETL
(HTL)/perovskite interface. On the one hand, the recombination is caused by the ineffective
matching of energy levels between interfaces. On the other hand, the interface defects from
the carrier transport layer and the perovskite layer itself are also the main recombination
centers [25,26]. The interface engineering can simply and effectively adjust the interface
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energy level mismatch to overcome the interface loss and also optimize the interface
morphology for carrier transport [19]. In view of this, the passivation strategy of improving
VOC and FF by using interface engineering to minimize interface recombination has been
widely studied in recent years.

2.1. ETL/Perovskite Interface Passivation

ETL in PSCs is generally an n-type semiconductor material, which is used to extract
the electrons formed by dissociation in the perovskite layer and transport them to the TCO
electrode (n-i-p planar structures) or the metal electrode (p-i-n planar structures) while
blocking the holes in the perovskite layer to avoid carrier recombination [27]. It has been
reported that the ETL/perovskite interface contains a large number of deep defects limiting
the efficiency and stability of PSCs devices, which is about 100 times greater than that
of the perovskite layer defects [28]. Meanwhile, the energy level matching between ETL
and perovskite layer is crucial to improve the carrier extraction and collection efficiency
and the VOC of the device. TiO2 is the earliest ETL material used in various n-i-p planar
structures PSCs. Loo et al. found that the β-CsPbI3 lattice near the TiO2/perovskite in-
terface will undergo polymorphic transformation under illumination, which is due to the
strain at the TiO2/CsPbI3 interface [29]. In order to suppress this lattice distortion, three
alkyltrimethoxysilane derivatives (C0 = methyltrimethoxysilane, C2 = propyltrimethoxysi-
lane, and C3 = butyltrimethoxysilane) with different alkyl chain lengths were inserted
between the TiO2/CsPbI3 interface as strain release layers (SRL). The results of depth-
resolved grazing-incidence wide-angle X-ray scattering (GIWAXS) show that the C3 with
the longest alkyl chain provides a more flexible interface, which can effectively reduce the
thermal expansion mismatch between the TiO2/CsPbI3 interface, reduce the interface stress
and improve the phase stability and device stability of the interface (Figure 2a,b). Com-
pared with the original TiO2/CsPbI3 device, the PCE of TiO2/C3/CsPbI3 device increased
from 15.7% to 20.1%. Wu et al. introduced cystamine dihydrochloride (CMDR) with double
amino groups between dense TiO2 and perovskite layer to modify the interface [30]. The
diamino group of CMDR can not only form Ti-N bond with TiO2 but also form hydrogen
bond with I− in perovskite, which effectively inhibits the generation of excessive metal
reduction of lead (Pb0) defects in PbI2. This bilateral synergistic passivation strategy effec-
tively reduces the contact resistance, trap state density and non-radiative recombination
of carriers between the interfaces of perovskite films and finally increases the PCE from
18.41% to 20.63%.
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of 0.24◦. Reproduced with permission [29]. Copyright 2022, American Chemical Society. (c) The
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and after adsorption of CO3
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of PSCs with and without lithium salt modification. Reproduced with permission [34]. Copyright
2022, American Chemical Society.

Compared with dense TiO2, SnO2 has higher electron mobility, wider band gap,
lower photocatalytic activity and preparation temperature, and, most importantly, better
matching with the energy level of perovskite. Therefore SnO2 is one of the most ideal ETL
materials for planar PSCs (Figure 2c) [31,35]. Nevertheless, the process of preparing the
device will inevitably lead to the film having obvious pinholes or traps, which will lead
to serious carrier recombination at the interface, resulting in a sharp decrease in device
performance, so the post-processing of the SnO2 layer is particularly important [36]. To
solve the problem that oxygen vacancies (VO) and hydroxyl defects on SnO2 ETL damage
perovskite films during the preparation of PSCs, Zhang et al. used multifunctional amino
acid L-aspartic acid (LAA) to “match” the SnO2/perovskite interface [32]. The -COOH in
LAA can coordinate the mismatched Sn4+ in SnO2, thereby reducing the VO defect of SnO2
and also neutralizing the alkalinity of the hydroxyl group on the side of SnO2. The amino
group of LAA itself connects the perovskite layer through hydrogen bonds to improve the
quality of the perovskite film. LAA forms a “channel” between SnO2/perovskite through
bilateral synergistic passivation, accelerates electron transfer at the interface, and reduces
the density of trap states at the interface (Figure 2d). When the VOC is 1.15 V, the PCE of
SnO2/LAA-based PSCs is up to 22.73%, which is much higher than 20.02% of SnO2-based
PSCs. Similarly, Tao et al. also attempted to use the designed multifunctional histidine (His)
as a cross-linking agent for the SnO2/perovskite interface [33]. This close cross-linking
of SnO2 with perovskite facilitates the extraction and transfer of electrons, improves the
quality of perovskite films, and reduces non-radiative recombination between interfaces
(Figure 2e). Crosslinking agents can also effectively adjust the interface level and accelerate
electron transfer. Finally, the PSC device based on His-modified SnO2 produced a champion
PCE of 22.91%, VOC of 1.17 V, JSC of 24.21 mA cm−2, and FF of 80.9%.

In addition to these monomolecular layers that act as interface crosslinking agents,
salt molecules containing both anions and cations show great potential in regulating the
ETL/perovskite interface energy level, and if necessary, the ETL/perovskite interface layer
is modified by customizing salt molecules of anions (cations) with specific passivation
functions. By studying the effects of a series of lithium salt anions (CO3

2−, C2O4
2−, and

HCOO−) on the SnO2 layer, FAPbI3 layer, and SnO2/FAPbI3 interface, Bi et al. developed a
strategy for Li salt molecules to passivate the SnO2/FAPbI3 interface [34]. They found that
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when the C-O group and C=O group of these anions are in optimal configurations, they
will coordinate with the uncoordinated Sn4+ and FA+ on both sides of the interface to form
stronger bonds. The results of density functional theory (DFT) calculations (Figure 2f) show
that compared with C2O4

2− and HCOO−, the binding energy between CO3
2− and FA+ is

the strongest, which increases the formation energy of VFA defects and releases the residual
stress of FAPbI3 lattice. The modification of Li2CO3 greatly promoted the charge transfer
between the SnO2/FAPbI3 interface, effectively reduced the carrier recombination between
the interfaces, optimized the crystallinity of the perovskite film, and finally obtained FAPbI3
PSCs with a PCE of 23.5% (Figure 2g). In addition to Li+, guanidine cations (GA+) are also
widely used in SnO2/FAPbI3 interface defect passivation to prepare high-quality perovskite
films. Zang et al. prepared different guanidinium salts (GASCN, GASO4, GAAc, and GACl)
by using a series of anions (SCN−, SO4

2−, Ac− and Cl−) that have a positive effect on
the surface defect passivation, interface energy level matching, and the crystallization of
PbI2 and perovskite layers [37]. The effects of different anions on the interfacial chemical
interaction strength, trap density, film crystallinity, and energy level on the device perfor-
mance were systematically studied. The results show that all interface passivators can
effectively passivate the defects on the surface of SnO2 and perovskite, adjust the interface
band alignment, and promote the crystallization of perovskite. The passivation effect of
anions from SCN−, SO4

2−, and Ac− to Cl− is getting better. Compared with 21.84% of the
control device, the device champion PCE modified by GASCN, GA2SO4, GAAc, and GACl
was 22.76%, 23.43%, 23.57%, and 23.74%, respectively. In addition, the thermal stability and
environmental stability of the modified equipment were also improved. Sun et al. used
biguanide hydrochloride (BGCl) as a multifunctional interfacial modifier to simultaneously
optimize charge extraction and transport at the SnO2/perovskite interface and promote
the growth of perovskite crystals, confirming the synergistic passivation effect of BGCl
(Figure 3a) [38]. Firstly, The N in BGCl is coordinated with the uncoordinated Sn4+ in
SnO2 by Lewis coupling in an alkaline environment. With the injection of electrons on
the surface of SnO2, the electron extraction and transport capacity at the SnO2/perovskite
interface is significantly enhanced. In addition, Cl− ions in BGCl occupy the oxygen
vacancy (VO) through electrostatic coupling, thereby reducing the VO density on SnO2.
Secondly, -NH2/-NH3

+ in BGCl can be anchored to I/I− in PbI2 by hydrogen bonding to
achieve uniform perovskite crystal growth. After BGCl modification, the interface defects of
SnO2/perovskite are effectively passivated, and the quality of perovskite film is improved.
Finally, 24.4% certified PCE is achieved. This work provides an effective method for the
selection and design of interface modification molecules.
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The interface recombination at the ETL/perovskite interface is also important in p-i-n
PSCs. Liu et al. introduced poly-4-vinylpyridine (P4VP) as an intermediate film between
the perovskite/[6,6]-phenyl-C61-butyric acid methyl ester (PCBM) interface to passivate
defects existing on the surface and grain boundaries [39]. The results show that P4VP
effectively adjusts the energy level matching of perovskite/PCBM, which is conducive to
efficient charge extraction between interfaces and inhibits hole transfer. At the same time,
the space-charge-limited current (SCLC) and electrochemical impedance spectroscopy (EIS)
characterization results further confirmed that P4VP could effectively passivate surface
defects (Figure 3b–d). Finally, the PCE of PSCs modified by P4VP increased from 17.46% to
20.02%. Based on the introduction of the ethanediamine dihydroiodide (EDAI2) interface
passivation layer, Ding et al. introduced the hexamethylene diisocyanate (HDI) interface
layer to further treat the perovskite/PCBM interface [41]. Their results show that the
interface recombination after EDAI2/HDI passivation is significantly inhibited, and a
very low non-radiative VOC loss of 0.10 V is obtained. They verified that the isocyanate
group in the HDI molecule could easily cross-link with the amine group in EDAI2 even
at room temperature, and the cross-linking molecule is formed on the surface of the
perovskite, which helps to hinder the diffusion of EDA2+ cations into the perovskite,
making EDAI2/HDI passivated PSCs have excellent thermal stability. Xu et al. introduced
an ultra-thin interface layer of phenylethylammonium acetate (PEAAc) at the wide band
gap perovskite/C60 interface, which effectively alleviated the surface defects of perovskite
coordination and greatly reduced the non-radiative recombination loss [40]. Through
ultraviolet photoelectron spectroscopy (UPS), they found that the Fermi level of perovskite
moved upward after PEAAc treatment, indicating that there were more n-type perovskite
crystal planes on the surface of perovskite, which was conducive to electron extraction and
hole blocking at the perovskite/C60 interface. More importantly, the higher Fermi level
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of the PEAAc-treated perovskite film can lead to a larger splitting between the electron
quasi-Fermi level and the hole quasi-Fermi level under illumination, which contributes to
VOC enhancement (Figure 3e,f). Therefore, the PEAAc-modified wide-bandgap (1.68 eV)
PSCs device achieved a champion PCE of 20.66% with a high VOC of 1.25 V, which is one of
the highest VOC values reported in wide-bandgap perovskite devices in recent years.

2.2. HTL/Perovskite Interface Passivation

HTL is usually a p-type semiconductor material. Except for blocking electrons and
improving hole mobility, the most important role of HTL is to improve the stability of
PSC devices. It has been reported that the presence of HTL in PSCs can increase stability
by 90% [42]. The HTL/perovskite interface passivation strategy is also as important as
ETL/perovskite interface passivation. For n-i-p planar structures PSCs, the first thing to
consider is that the interface passivation material is directly deposited on the perovskite
film, so the solvent for dissolving the interface passivation material must be an inert solvent
that cannot destroy the perovskite film. The appropriate interface passivator must have
the ability to passivate the surface defects of the perovskite film, increase the hole transfer
rate and match the energy level between the HTL and the perovskite layer [43–45]. Halide
anions or pseudohalide anions have been shown to react chemically with anion vacan-
cies or cation defects on the surface of perovskite films through ionic bonds or hydrogen
bonds, thereby increasing the crystallinity of perovskite films. Kong et al. introduced a
tetrabutylammonium chloride (TBAC) monolayer at the perovskite/spiro-OMeTAD in-
terface by a simple solution method [46]. When TBAC is deposited on the perovskite
film, the Cl− in TBAC will enter the perovskite lattice by occupying the I− vacancy in the
film or acting as a gap, which makes TBAC have a strong interface dipole to promote the
built-in electric field and reduces the contact barrier for hole extraction. They studied the
self-assembly behavior of the TBAC interface layer on the perovskite surface by Kelvin
probe force microscopy (KPFM) and capacitance-voltage (C-V) tests and found that the
built-in electric field induced by the TBAC dipole layer was significantly enhanced, which
was further confirmed by EIS results (Figure 4a–c). Finally, the n-i-p PSCs based on the
ITO/SnO2/perovskite/TBAC/spiro-OMeTAD/Au structure achieved a 23.5% champion
PCE. Song et al. used phenethylammonium fluoride (PEAF) deposited on perovskite films
by rapid thermal evaporation as an interfacial passivator for PSCs [47]. Fluoride anions in
PEAF have a small ionic radius and high Lewis basicity, which can form strong hydrogen
bonds with organic cations in perovskite N-H—F and uncoordinated Pb2+ to form strong
ionic bonds. The quality of the perovskite film modified by PEAF is significantly improved.
At the same time, the lifetime of the treated perovskite film is significantly longer (153 ns)
than that of the original perovskite film (20 ns), which indicates that PEAF effectively
passivates perovskite defects and reduces non-radiative recombination. Finally, the PSCs
treated with PEAF had a high PCE of 23.2%, and the stability was significantly enhanced.
Inspired by this work, Pan et al. innovatively synthesized hexadecyltrimethylammonium
hexafluorophosphate (HTAP) by using pseudo-halide anion PF6− and hexadecyltrimethy-
lammonium cation (HTA+) and coated it on the top of perovskite layer to achieve a terminal
sealing strategy [48]. This strategy can provide a good “channel” for hole extraction and
provide a defect passivation layer for enhancing VOC and FF. PF6

− can fill the halide
anion vacancies on the perovskite film and anchor the uncoordinated Pb2+, helping to
improve the crystallization and morphology of the perovskite film. In addition, HTA with
an ultra-long chain can prevent the erosion of water molecules and effectively enhance
the resistance of the device to environmental erosion. They showed the macroscopic color
changes of the devices after modification under light immersion. The results revealed
that the control devices were seriously discolored and decomposed while the modified
devices did not change significantly, indicating that HTAP sealing can effectively improve
the optical stability of PSCs. The optimal device modified by HTAP obtained 23.14% of
the champion PCE, and the lead leakage was effectively alleviated. Similar to PF6

−, Li
et al. studied the role of pseudohalide anion SCN− in the passivation of perovskite/HTL
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interface to obtain high-quality perovskite films. They synthesized a new bifunctional
material acetamidine thiocyanate (AASCN), which showed the synergistic passivation
effect of polar cations and pseudohalide anions [49]. After AASCN enters the perovskite
film, the polar AA+ containing four rotation-restricted C-N bonds can improve the stability
of the perovskite, and the N-H bond of AA+ can effectively passivate the film by forming
hydrogen bonds N-H—I with iodine vacancies in the perovskite. SCN−, with a small
size and high structural freedom, can interact with Pb-I octahedron, and then through the
Ostwald ripening process, the crystallization of perovskite films can be improved during
the secondary crystal growth process to obtain higher quality perovskite films. Therefore,
the PCE of FA0.25MA0.75PbI3 PSCs increased from 21.43% to 23.17%, and the VOC increased
from 1.095 V to 1.167 V.
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(d) The schematic diagram of CuSCN-based PSCs device, the chemical structure of PEG and the
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Wiley-VCH. (e) Contact angles of perovskite precursor solution droplets on original PTAA (left)
and EABr modified PTAA (right). (f) Energy level diagrams of PTAA and two perovskite films.
Reproduced with permission [51]. Copyright 2022, Wiley-VCH. (g) Dark C-V curves of pure hole
devices with and without TMSBr treatment, from left to right, are the low bias voltage region
(Ohmic region), trap filling state region, and SCLC state region. ToF-SIMS curves of FAMAPbI3

perovskite films on different substrates: (h) FTO/NiOx and (i) FTO/NiOx/TMSBr. (j) J-V curves of
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In addition to the most common spiro-OMeTAD, inorganic p-type semiconductor
cuprous thiocyanate (CuSCN) has attracted much attention as a new type of HTL. It has
good transparency in the entire visible and infrared regions, good chemical stability, and
higher hole mobility than spiro-OMeTAD [54]. However, devices based on CuSCN HTL
have suffered from serious interface recombination problems. In order to solve the problem
of interface instability, Long et al. added polyethylene glycol (PEG) as an intermediate film
at the perovskite/CuSCN interface, effectively avoiding direct contact between perovskite
and CuSCN to prevent SCN− from destroying the perovskite crystal structure [50]. PEG
can anchor MA+ and I− in perovskite to inhibit ion migration, improve the poor contact
between the perovskite and CuSCN interface, enhance the hole mobility of the perovskite
film, and passivate the uncoordinated Pb2+ in the perovskite film to inhibit the Pb0 defects
(Figure 4d). At the same time, the unique hygroscopicity of PEG molecules can form a
water barrier around the perovskite film, effectively enhancing the environmental stability
of PSCs. Through this new interface engineering, an excellent PCE of 19.20% was finally
achieved. This is one of the most efficient standards reported to date in CuSCN-based
PSCs. This work broadens the prospects for the commercialization of efficient and stable
CuSCN-based PSCs.

The HTL/perovskite interface passivation of p-i-n planar structures PSCs has been
rarely studied in the past. However, similar to the HTL/perovskite interface passivation in
the n-i-p structure, the HTL/perovskite interface passivation in the p-i-n structure will also
greatly affect the final device performance. Poly(bis{4-phenyl}{2,4,6-trimethylphenyl}amine)
(PTAA) is one of the most commonly used HTL semiconductors for p-i-n PSCs. However,
the large surface tension and incomplete surface coverage between PTAA and perovskite
films are severe challenges for the preparation of high-performance PSCs. In this regard,
Wu et al. introduced an inorganic potassium fluoride (KF) interfacial buffer layer onto
the PTAA substrate to adjust the surface energy level difference between PTAA and per-
ovskite [55]. KF can effectively reduce the valence band maximum (VBM) of PTAA, which
is beneficial to the extraction of holes. In addition, the introduction of the KF layer sig-
nificantly increases the composite resistance of the PTAA/perovskite interface, thereby
inhibiting the carrier recombination between the interfaces. Finally, the PSCs modified by
KF showed a PCE of 21.51%, JSC of 23.95 mA cm−2, VOC of 1.09 V, and FF of 82.4%. Xing
et al. introduced ethylammonium bromide (EABr) into the bottom interface of perovskite
films to study its passivation effect [51]. The water contacts angle of the EABr-modified
perovskite film decreased from the original 42◦ to 17◦, indicating that the wettability of
the EABr-modified PTAA substrate was improved, which was beneficial to the growth of
the perovskite film. In addition, the ammonium group in EABr can significantly reduce
the unreacted PbI2 crystals at the PTAA/perovskite interface. These crystals have been
reported to be the main defect sources and main degradation sites of perovskite films.
The introduction of EABr also moves the VBM at the bottom of the perovskite upward by
0.29 eV, which improves the energy level alignment between perovskite and PTAA and
promotes the extraction of holes (Figure 4e,f). Finally, the PSCs modified based on the EABr
interface layer achieved a VOC of 1.20 V, the champion PCE also increased from 20.41%
to 21.06%, and the stability was also improved. Another work of Xing et al. is the intro-
duction of donor-acceptor-donor organic molecule 4,4′,4′ ′-(1-hexyl-1H-dithieno [3′,2′:3,4;
2′ ′,3′ ′:5,6] benzo [1,2-d] imidazole-2,5,8-triyl) tris (N,N-bis(4-methoxyphenyl) aniline (M2)
to try to alleviate the inherent hydrophobicity of PTAA, which hinders the production
of high-quality perovskite films on PTAA substrates [56]. The wettability of PTAA after
M2 modification is greatly improved, and the crystallinity of the perovskite film formed
on this substrate is significantly enhanced. More importantly, due to the excellent hole
extraction and transport properties of M2, PTAA/M2 also exhibits higher hole mobility
and conductivity than the original PTAA. The introduction of the M2 layer can also reduce
the highest occupied molecular orbital (HOMO) energy level gap between PTAA and
perovskite, thereby reducing the Voc loss. Therefore, the champion PCE of p-i-n PSCs
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based on PTAA/M2 increased from 18.67% to 20.23%, and the operational stability and
light stability were enhanced.

Due to its high carrier mobility and high transmittance, nickel oxide (NiOx) has become
a common HTL in p-i-n PSCs in addition to PTAA. However, recent reports have pointed
out that the photo-induced degradation of NiOx-perovskite heterojunction is the main
factor limiting the life of NiOx-based PSCs devices [57]. For this reason, Qi et al. used
vapor deposition to introduce a trimethylsulfonium bromide (TMSBr) buffer layer between
the NiOx/perovskite interface to eliminate the multi-step photodegradation of the NiOx-
perovskite heterojunction accompanying the device preparation process [52]. Time-of-flight
secondary ion mass spectrometry (ToF-SIMS) results confirmed the penetration of TMS+

and Br into the perovskite layer. The TMSBr buffer layer can eliminate the deprotonation
and redox reaction between the organic iodide in the perovskite precursor and the Ni3+ in
the NiOx layer, which greatly improves device efficiency and stability. At the same time,
the TMSBr buffer layer also has lattice parameters matching with perovskite crystals and
strong trap passivation ability. TMS+ in TMSBr can also significantly delay the proton
transfer process at the NiOx/perovskite interface. Finally, the p-i-n PSCs with TMSBr buffer
layer achieved a champion PCE of 22.1%, and the time to reduce the efficiency to 80% of its
initial value under AM 1.5G illumination was 2310 h, which is one of the highest service
life reported by NiOx-based PSCs (Figure 4g–j). In addition, the mismatch of the thermal
expansion coefficient leads to the residual strain caused by the interface between NiOx and
perovskite, which accelerates the degradation of perovskite film and reduces the stability
of the device. In this regard, Yang et al. introduced a tetrapentylammonium iodide (TPAI)
buffer interface by sequential deposition method to prepare strain-free hybrid perovskite
film [53]. Due to the low interaction energy between its flexibility and perovskite, the TPAI
buffer layer can effectively release the in-plane tensile stress of PbI2, thereby expanding the
PbI2 layer spacing, which is beneficial to release the residual stress between NiOx and PbI2
films in the subsequent perovskite phase transformation and accelerate the transformation
of PbI2 to perovskite. The TPAI buffer layer can also passivate interface defects, increase
hole mobility, and improve device stability (Figure 4k). The champion PCE of IPAI-modified
MAPbI3 PSCs is 22.14%, with an FF of 84.6%. This work paves a new way to fabricate
strain-free hybrid PSCs.

3. Perovskite Surface Treatment

As the light-absorbing layer, perovskite thin films are the most important part of PSCs
devices. Perovskite thin films with high phase purity, low structural defects, excellent
morphology, and high crystallinity are the key factors in obtaining high-efficiency PSCs.
However, the perovskite crystal structure will be more or less affected by crystal growth
and the post-treatment process, resulting in defects in the crystal [58–60]. To achieve
high PCE and stability, it is very important to further improve the quality of perovskite
films. It is urgent to eliminate SRH recombination in perovskite films. Generally, the most
effective passivation methods are the solvent component, precursor additive engineering,
and anti-solvent engineering methods.

3.1. The Solvent Component

With the rapid development of PSCs, the spin-coating process has become the most
effective film manufacturing method, and various modified deposition based on the spin-
coating process has achieved good performance [61,62]. Perovskite precursor solution
plays an important role in the crystallinity, morphology, and stoichiometry of perovskite
films. The solvent in the precursor solution can control perovskite nucleation and crystal
growth to achieve uniform, pinhole-free high-quality perovskite films [63]. Precursor
solutions contain inorganic and organic precursors with different properties, allowing
only a limited selection of common solvents with sufficient solubility for the vast majority
of mixtures [64]. Since the advent of PSCs, finding solvents or solvent mixtures with
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the appropriate properties to significantly increase the performance and stability of PSCs
devices has been a major goal for many researchers.

In the early research stage of PSCs, the preparation of perovskite films mainly focused
on the use of a single solvent perovskite precursor solution. At this time, a unipolar
solvent such as N,N-dimethylformamid (DMF) or γ-butyrolactone (GBL) is typically used
to prepare a perovskite precursor solution. The solution is spin-coated onto the substrate
to form a wet perovskite precursor film, which is then converted into a perovskite film
by annealing to remove the solvent [65,66]. Since the solubility of PbI2 in DMF or GBL
is relatively poor, and the weak coordination between PbI2 and DMF or GBL makes it
very easy for PbI2 to crystallize preferentially from the precursor solution during the
spin coating process, the morphology of the prepared perovskite film is always poor.
To overcome this problem, Han et al. prepared an MAPbI3 precursor solution by using
dimethyl sulfoxide (DMSO) as an alternative precursor solvent [67]. The results show
that DMSO can effectively delay the rapid crystallization of PbI2, thus overcoming the
problem of incomplete conversion of PbI2. A high PCE planar PSC of 13.5% was prepared.
Nevertheless, DMSO without high viscosity cannot be used as a single precursor solvent in
one-step deposition methods. Further studies confirm that the use of a single solvent for
perovskite film deposition is not the best choice for precise control to achieve high-quality
films with the disadvantage of low nucleation rate and fast crystal growth, resulting in the
formation of needle-like crystals in the film. The incomplete coverage of the film in the
deposition area not only reduces the active area of the light-absorbing layer and induces
direct contact between the interfaces but also leads to the intensification of perovskite SRH
recombination. To overcome this shortcoming, Seok et al. first proposed the use of a mixed
solvent of GBL and DMSO to prepare a perovskite precursor solution [68]. Through the
PbI2/MAI@DMSO mesophase, a very uniform and dense perovskite film is formed, and
PSCs with a champion PCE of 16.2% can be fabricated. Subsequently, a series of mixed
solvents, including DMF, DMSO, N-methyl-2-pyrrolidone (NMP), and GBL, were used as
perovskite precursor solvents. So far, DMF/DMSO mixed solvent strategy has been widely
used in the precursor solution of high-efficiency PSCs [69,70].

With the advancement of PSCs commercialization and the increasing emphasis on
environmental protection and experimental safety issues, the toxicity of a series of polar
aprotic solvents (DMF, DMSO, NMP, etc.), which are most widely used as perovskite
precursor solvents, has been gradually discussed. More and more green, non-toxic solvents
with controlled lattice growth have been introduced into PSCs systems [71]. Chen et al. used
tin oxide nanorods (SnO2-NRs) as ETL substrates and used green solvent triethyl phosphate
(TEP) as the main solvent of the perovskite precursor to prepare perovskite films [72]. SnO2-
NRs can promote the nucleation process and delay the perovskite crystallization rate by
providing a large number of heterogeneous nucleation sites with reduced Gibbs free energy.
The strong interaction between the green solvent TEP and PbI2 can slow down the crystal
growth rate. A perovskite film with uniform morphology and large grain size was prepared,
and the perovskite defects were effectively passivated. Gao et al. first reported the use of a
green, non-toxic Lewis base solvent N-formylmorpholine (NFM) to replace toxic DMF [73].
The interaction between NFM and PbI2 is stronger than that of DMF, which is beneficial to
inhibiting the rapid crystallization of PbI2 and delaying crystal growth. Besides, NFM has
a higher viscosity than DMF, and the slow evaporation rate can lead to a wider anti-solvent
drop window for crystal growth, which provides favorable conditions for the formation
of dense and smooth high-quality perovskite films (Figure 5a). The trap state density of
PbI2@NFM-based PSCs was significantly reduced, and the trap recombination and non-
radiative recombination of perovskite were effectively suppressed. The final champion
PCE reached 22.78%, while the PCE based on PbI2@DMF solvent was 21.97%. In addition,
the humidity stability of PbI2@NFM-based PSCs is greatly enhanced, and it still maintains
more than 90% of their initial efficiency after aging for more than 30 days at a relative
humidity of ~35% in ambient air.
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In recent years, ionic liquids (ILs) have attracted much attention in the emerging
solvents of perovskite precursors. ILs are a kind of low melting point salt (Tm < 100 ◦C).
It has excellent physical and chemical properties and has good compatibility with PSCs.
ILs have an excellent liquid range and thermal working range, which can reach 300 ◦C
from −90 ◦C in some cases [80,81]. The treatment of perovskite precursor solutions usually
requires a wide temperature range, so ILs work well in the solvent engineering of PSCs. In
addition to the interactions that exist in conventional organic solvents (hydrogen bonding,
Van der Waals interactions, etc.), ILs also have specific ionic interactions (electrostatic
attraction or repulsion of charged particles), which allow ILs to be mixed with a wide range
of polar substances and dissolve both organic and inorganic substances. The cations in
ILs have alkyl chains of different lengths, which is beneficial to improve their solubility
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in less polar fluids [82,83]. The solubility of the solvent in the perovskite precursor has an
important influence on the crystallization process and quality of the prepared film, so ILs
can be used as a perovskite precursor solvent.

In the past, the preparation of high-quality perovskite films must be carried out in an
inert atmosphere, and the temperature and humidity must be strictly controlled. Huang
et al. first reported the use of ionic liquid methylamine acetate (MAAc) to replace the
traditional solvent DMF as the perovskite precursor to prepare high-quality MAPbI3 films
in ambient air [84]. Unlike DMF, MAAc dissolves perovskite precursors by forming Pb-
O strong chelates and N-H—I hydrogen bonds with PbI2, so it has a stronger ability to
induce directional crystallization and chemically passivate grain boundaries. The unique
molecular structure of MAAc ultimately improves the quality of perovskite films and the
performance and stability of devices. The PSCs based on MAAc solvent achieve a champion
efficiency of 21.18%. In another work, Huang et al. synthesized stable black α-FAPbI3 in
ambient air using methylamine formate (MAFa) as a precursor solvent (Figure 5b) [74].
During the formation of PbI2 thin films, the strong chelation between the C=O group and
Pb2+ leads to the regular arrangement of PbI2 crystals, forming a series of PbI2 crystal
structures with nanoscale “ion channels” and growing perpendicularly to the substrate.
These channels accelerate the entry of FAI into the interior of PbI2 thin films and react with
PbI2 to form stable black phase α-FAPbI3 perovskite thin films. Meanwhile, the formate ions
remaining at the crystallization site can anchor the defects in situ, reducing the possibility
of film defect formation, and the surface roughness of the perovskite film decreases from
20.5 nm to 10.1 nm. In addition, the trap state density of FAPbI3@MAFa perovskite film is
also significantly lower than that of FAPbI3@DMF/DMSO perovskite film, which is more
favorable to reduce the probability of carrier recombination (Figure 5c). Finally, the PSCs
device based on MAFa solvent has 24.1% PCE, which is much higher than 22.1% based on
DMF/DMSO solvent.

3.2. Precursor Additive Engineering

In addition to precursor solvent engineering, additive engineering that can increase
grain size, passivate defects, and improve carrier extraction and transport to suppress SRH
non-radiative recombination is also an important passivation strategy. The additives in the
perovskite precursor solution can regulate the crystallization of perovskite, stabilize the
phase state of perovskite, passivate the defects of perovskite, and optimize the interface
morphology as well as the energy level of perovskite [85–87]. At present, there are many
kinds of additives used in PSCs, such as ILs, polymers, and small organic molecules. The
diversity of available additives is mainly due to the good coordination ability of anions and
cations in halide perovskites, which is the basis for the solution processing of halide PSCs.

Taima et al. first used ILs as the precursor additive of MAPbI3 perovskite by adding
1 wt% 1-hexyl-3-methylimidazolium chloride (HMImCl) [88]. Compared with the original
MAPbI3 film, the film after ILs treatment is smooth and uniform, which provides a new idea
for the production of high-quality perovskite films. Inspired by this work, Snaith et al. pre-
sented an inverted mixed cation PSCs with 1-butyl-3-methylimidazolium tetrafluoroborate
(BMIMBF4) as an additive [75]. They were surprised to find that in the BMIMBF4-modified
perovskite film, BF4 is mainly located in the embedded interface, while BMIM exists in
the whole bulk film and accumulates in the embedded interface (Figure 5d,e). This result
indicates that [BMIM]+ and [BF4]− ions accumulate at the perovskite/NiOx interface. The
improvement of PSCs performance is mainly due to the presence of BMIM, and BF4 en-
sures that the introduction of ILs does not negatively affect film performance and device
performance. The final champion PCE reached 19.80%, and the environmental stability of
the device was greatly improved. The PCE was only reduced by 14% after 100 h of aging
under full-spectrum sunlight at 60–65 ◦C.

The protonated amine carboxylic acid ILs mentioned in the previous section have also
received extensive attention in additive engineering due to their unique molecular structure
and high solubility. Zhang et al. innovatively reported the crystallization kinetics control
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of MAPbI3 perovskite precursor additive MAAc in carbon-based mesoporous PSCs [89].
The crystallinity of MAPbI3 film modified by MAAc increases obviously, and the defect
density decreases. In addition, they further elucidated the effect of MAAc on crystal growth
kinetics by Fourier transform infrared (FTIR). The results show that MAAc has an effective
coordination effect on non-coordinated Pb2+ defects, which is beneficial to inhibit the non-
radiative recombination of carriers and promote charge transfer in the device. Similar to
MAAc, butylammonium acetate (BAAc) is also a protonated amine carboxylic acid ILs
containing acetate anions (Ac−). Recently, Yang et al. added BAAc as an additive in the
PbI2@DMF solution to adjust perovskite crystallization by strong bonding interaction with
the PbI2 precursor solution and obtained high-quality perovskite films with significantly
increased grain size [76]. The results of GIWAXS verify that the BAAc perovskite film has a
high diffraction intensity along the (110) ring at q = 10 nm−1 (Figure 5f,g). The diffraction
rings at 11 nm−1 and 16 nm−1 in the perovskite film doped with BAAc are significantly
suppressed. These phenomena indicate that the chemical bond between BAAc and [PbI6]4−

skeleton forms directional crystallization, which further indicates that BAAc has the effect
of regulating the crystallization kinetics of perovskite. In addition, they found that the
defects of perovskite films prepared by doping BAAc were significantly reduced and the
performance and stability of the devices were improved. Finally, the best device prepared
by BAAc has a PCE of 20.1%, VOC of 1.12 V, FF of 79%, and JSC of 22.7 mA cm−2.

Polymers have become one of the most effective passivation additives for PSCs due
to their special functional groups. Some atoms (S and N) in the polymer can react with
Pb2+ in the perovskite to stabilize the perovskite structure and improve the crystallinity
and morphology of the perovskite film. In addition, due to its excellent hydrophobicity,
thermoplasticity, electrical conductivity, and mechanical stability, the addition of polymers
can effectively reduce the sensitivity of perovskite materials to water, oxygen, temper-
ature, and ultraviolet radiation, which helps to improve the stability of the device [90].
Therefore, polymers as indispensable PSCs additives have been extensively explored in
regulating the nucleation and crystallization processes of perovskite films and improving
device performance.

Su et al. first used PEG as a perovskite precursor additive to prepare high-quality
perovskite films [91]. They found that the morphology of PEG-modified films was greatly
improved, the surface was smoother, no obvious holes and the roughness was significantly
reduced. This is mainly because PEG can slow down the growth and aggregation of per-
ovskite crystals during nucleation and reduce the gap between perovskite grain boundaries
during phase transformation. The optimized perovskite film has higher absorption to
promote charge transfer, which greatly improves VOC and JSC. Cheng et al. introduced
polyvinyl alcohol (PVA), poly (methyl acrylate) (PMA), and polyacrylic acid (PAA) as
additives into MAPbI3 PSCs to explain the role of different functional groups (-OH in PVA,
-C=O in PMA and -COOH in PAA) in the passivation process of additives [92]. The FTIR
spectra of MAPbI3 films doped with three different additives showed that the -OH peak of
PVA-MAPbI3 and the -C=H peak of PMA-MAPbI3 had a red shift. They explained that -OH
in PVA and MA+ in MAPbI3 formed hydrogen bonds, and -C=O in PMA complexed with
uncoordinated Pb2+ in MAPbI3. In addition, the shift of -OH and -C=H in PAA-MAPbI3 is
more obvious than that in PVA-MAPbI3 and PMA-MAPbI3. They believe that the -COOH
of PVA can not only selectively interact with MA+ and I− through hydrogen bonds but
also complex with uncoordinated Pb2+ to more effectively passivate defects. Finally, PAA-
modified MAPbI3 PSCs achieved a champion PCE of 20.29% and a VOC of 1.13 V in all
modified devices.

Most polymers contain one or two passivation functional groups. Due to the complex
synthesis process and harsh experimental conditions, polymers with three or more passiva-
tion functional groups are rarely reported. Polyamide derivatives (PAB) is a rare polymer
containing three functional groups (hydroxyl, secondary amine, and carboxyl), which is
synthesized by a novel multicomponent reaction between benzoxazine-isocyanide chem-
istry (BIC). Ling et al. first used phenolic hydroxyl substituted PAB as precursor solution
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additives to passivate the perovskite active layer [77]. They found that the hydroxyl and
carboxyl groups in PAB can act as Lewis bases to react strongly with Pb2+ in perovskite,
thereby passivating defects. At the same time, the N atom in the secondary amine can coor-
dinate with I− due to its power supply characteristics. The interaction of these functional
groups with the perovskite material effectively suppresses the non-radiative recombination
of the carriers (Figure 5h), ultimately increasing the champion efficiency of PSCs from
19.45% to 21.13%.

Unlike large-sized polymers, small organic molecules have attracted much attention
in PSCs additive engineering due to their small size and ability to enter perovskite lattices
for passivation. Fullerene was first discovered by Smalley et al. in 1985. Because of its
unique physical and chemical properties, it has attracted wide attention from the scientific
community, including the photovoltaics industry [93]. Fullerenes and its derivatives are
very suitable for PSCs due to their unique high electron mobility and surprisingly small
recombination energy [94]. Nowadays, fullerene-based materials have been widely used as
electron transfer layer materials and interface defect passivation materials for PSCs [95,96].
The role of fullerenes and their derivatives in PSCs additive engineering is also crucial.
After entering the perovskite lattice, these small molecules can completely cover the surface
of the perovskite grain boundary and act on ions attempting to move along the grain
boundary by physical blocking [97]. Wu et al. systematically compared and analyzed
a series of fullerene derivative additives, such as C60, PCBM, and C60-taurine (C60-Ta),
and added them to perovskite precursors to construct perovskite-fullerene heterojunction
PSCs [78]. Compared with PCBM, the energy levels of C60 and C60-Ta are more matched
with the energy levels of perovskite (Figure 5i), thereby enhancing the electron transfer
of perovskite, inhibiting the carrier recombination and prolonging the carrier lifetime of
perovskite. Finally, compared with the control device with a PCE of 14.87%, the efficiency
of all fullerene modification devices was improved. The PCE of PSCs with C60-Ta was
16.46%, which was slightly lower than 16.59% of C60 PSCs but higher than 15.94% of
PCBM-based PSCs. In addition, they also studied the effect of chemical composition in
fullerene derivatives on the performance of PSCs device parameters, trying to explain
the specific role of the C60 cage and grafted side chain in fullerene and its derivative
additives. C60 has higher carrier mobility than C60-Ta, but the grafted side chain of C60-Ta
can more effectively improve crystal quality and reduce defects, thereby further improving
device stability. It is worth noting that the grafting side chain of C60-Ta has a negative
effect on carrier migration, resulting in a lower final efficiency of C60-Ta-modified devices
than that of C60-modified devices. Therefore, it is very important to select a suitable C60
grafted side chain to simultaneously reduce the perovskite defect state and improve carrier
transport to balance the stability and PCE of PSCs. Jeon et al. innovatively proposed a new
method to introduce [6,6]-phenyl-C61-butyric acid 2-[2-(2-methoxyethoxy)ethoxy]ethyl
ester (PC61B-TEG) into perovskite devices and induce favorable vertical gradients [79].
Because the TEG on fullerene can significantly improve its solubility in the polar solvent
of perovskite precursor, the charge transfer ability and grain defect passivation ability of
the modified perovskite film is significantly enhanced. FTIR results show that when the
fullerene derivative is mixed with PbI2 (Figure 5j), the peaks of C=O and C-O in PC61B-
TEG move downward, indicating that the additive effectively passivates Pb2+, indicating
that the vertical gradient PC61B-TEG additive can effectively passivate the defect sites
of perovskite, and the coated PC61B-TEG interface also significantly enhances the carrier
transport capacity. Finally, it is found that devices based on different perovskites exhibit
higher performance parameters than conventional devices. For MAPbI3-based devices, the
PCE of devices with PC61B-TEG added increased from 17% to 19.5%. The device based on
FA0.65 MA0.35 PbI3-xClx has more significant performance improvement. Compared with
the traditional device with a VOC of 1.14 V, JSC of 24.97 mA cm−2, FF of 79%, and PCE of
21.88%, the improved device has a VOC of 1.13 V, JSC of 25.42 mA cm−2, FF of 81% and PCE
of 23.34%, which is also the highest certification efficiency for PSCs prepared by fullerene
derivative additives so far.
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3.3. Anti-Solvent Engineering

Anti-solvent engineering is another way to introduce additives into the perovskite
light-absorbing layer for component regulation. Anti-solvents, such as chlorobenzene
(CB), are a type of non-polar solvents that are miscible with the deposition solvent in the
perovskite precursor solution and insoluble with perovskite salts. It plays an important
role in the surface morphology and crystallization properties of perovskite films. After
the perovskite precursor solution is spin-coated on the substrate for a specific time, an
anti-solvent is added dropwise to the rotating precursor solution to prepare a perovskite
film. The film produced by this method is smoother and of higher quality than the film
prepared by spin-coating without adding a solvent dropwise [98]. Anti-solvent engineering
provides a practical way to passivate the carrier non-radiative recombination problem
and suppress its defects as much as possible. But dropping anti-solvent on the perovskite
layer results in a fast and uncontrollable crystallization process and produces a large
number of grain boundaries and surface defects. Wang et al. added polyvinyl butyral
(PVB) as an additive to the anti-solvent CB when preparing MAPbI3 films by one-step
spin-coating process, which was added to the film surface before the end of spin-coating
to help the perovskite crystal growth to improve film quality (Figure 6a) [99]. They found
that the grain size of the modified perovskite film increased significantly to 600–700 nm,
and the number of grain boundaries decreased significantly, which was beneficial to the
reduction of the defect density of the film. Gao et al. added poly{4,8-bis[(2-ethylhexyl)oxy]
benzo [1,2-b:4,5-b’]dithiophene-2,6-diyl-alt-3-fluoro-2-[(2-ethylhexyl)carbonyl]thieno[3,4-
b]thiophene-4,6-diyl} (PTB7) as an additive to the anti-solvent CB of perovskite film to fully
study the passivation mechanism of PTB7 [100]. They found that the introduction of PTB7
significantly reduced defects in perovskite films and increased crystallinity. The synchrotron
radiation grazing incidence X-ray diffraction (GIXRD) results of perovskite films before
and after adding PTB7 at different grazing incidence angles and different detection depths
also confirm this conclusion (Figure 6b). Gao et al. explained that this phenomenon is due
to the large size of the perovskite surface that does not enter the perovskite lattice and only
exists at the grain boundary or on the surface of the film. The PTB7 molecule interacts with
the Pb atom in the precursor to form a Lewis base coordination bond, thereby slowing
down the crystallization kinetics of the film nucleation and increasing the crystallinity.
Based on the starting point of green environmental protection, Wang et al. added non-toxic
polymer polyvinylpyrrolidone (PVP) as an additive to the green anti-solvent isopropanol
to passivate perovskite films [101]. Time-resolved photoluminescence (TRPL) spectra
show that the non-radiative linear recombination of carriers in the passivated device is
significantly reduced, mainly due to the lone pair electrons in PVP can share C=O bonds
with uncoordinated Pb2+ in perovskite to inhibit ion migration and stabilize perovskite
crystal structure (Figure 6c).
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In addition to polymers, small organic molecules are also used in anti-solvent engineer-
ing. Song et al. first synthesized an indacenodithieno[3,2-b]thiophene-based small molecule
(IDTT-ThCz) and introduced it as an additive anti-solvent into perovskite to assist crystal-
lization (Figure 6d) [102]. Finally, PSCs with high PCE and obvious thermal stability were
prepared. The FF of the modified device is as high as 80.4%, and the PCE is as high as 22.5%.
Simultaneously, 95% of the initial PCE can be retained after 500 h storage under thermal
conditions (85 ◦C). As they explained, the Lewis atoms in IDTT-ThCz can react with Pb2+

in the perovskite precursor, passivate the electronic defect state and effectively inhibit the
degradation of the perovskite layer. Due to the unique p-type semiconductor characteristics
of IDTT-ThCz, the charge extraction capability of PSCs has also been significantly improved.
Ma et al. first reported a natural small organic dye molecule Indigo as a passivator for
the design and preparation of high-quality hybrid perovskite films through anti-solvent
engineering [103]. They treated the Cs0.05FA0.85MA0.10Pb(I0.90Br0.10)3 perovskite film by
dissolving the Lewis base indigo molecule in CB at an optimal concentration and proved
that the presence of the C=O/-NH functional group has a significant effect on the passiva-
tion of the original perovskite film defects. The carbonyl group (electron-pair donor) in
the indigo molecule can interact with the uncoordinated Lewis acid Pb2+ on the perovskite
surface and the Pb-I antisite defect, and the amino group can interact with the I-site. In
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addition, the hydrogen bond between indigo molecules and the perovskite surface can
inhibit ion migration and further passivate perovskite film defects (Figure 6e). Therefore,
the champion PCE of PSCs passivated by indigo increased from 20.18% to 23.22%.

4. Dopant Passivation

Although introducing additives directly into a perovskite precursor solution can re-
duce the trap-state density of the film and suppress non-radiative recombination of carriers,
this passivation strategy carries the risk of introducing impurities into the perovskite
crystal that affects the long-range ordered structure of the perovskite crystal [104]. There-
fore, the researchers turned the passivation target to the carrier transport layer adjacent
to the perovskite layer. The elemental doping dopant passivation project on the carrier
transport layer can promote the carrier transport rate and adjust the energy level barrier
between the interfaces, which will further passivate the perovskite film defects, control the
crystallization process of the perovskite film and increase the crystallinity.

4.1. ETL Doping

The biggest disadvantage of TiO2 is the low electron mobility, which greatly limits
the performance parameters of the device. By doping alkali metals or transition metals to
passivate the dense TiO2 layer and/or mesoporous TiO2 layer, the electronic band structure
and the trap state of TiO2 will be changed. It is very helpful to improve the charge transport
performance of the device. Inspired by previous studies, Chu et al. used metal Li ions
doped into TiO2 (Li-TiO2) as a new ETL for carbon-based CsPbIBr2 PSCs [105]. They found
that the optical band gap of TiO2 did not change after Li doping, but the crystallinity
of TiO2 films could be effectively improved (Figure 7a). At the same time, the carrier
recombination at the Li-TiO2/CsPbIBr2 interface is suppressed, which greatly improves
the efficiency and stability of inorganic CsPbIBr2 PSCs. Liu et al. developed a fast one-step
laser-assisted doping process to incorporate the transition metal tantalum (Ta) into the TiO2
ETL (Ta-TiO2), inducing the crystallization of the TiO2 film from its amorphous precursor
to the anatase phase [106]. The conductivity and electron transport capacity of the TiO2
film treated by the best laser process is improved, and the high concentration of Ti3+ defects
on the surface of the film is effectively suppressed. The perovskite film with Ta-TiO2 ETL
as the substrate has good coverage and crystallinity while reducing the non-radiative
recombination of carriers. The MA0.1FA0.9PbI3 PSCs device based on Ta-TiO2 ETL finally
achieved a champion PCE of 18.34%, mainly due to a significant increase in FF from 73% to
76.5% (Figure 7b).
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As an emerging ETL, SnO2 has attracted much attention due to its low-temperature
solution treatment and high electron mobility (100–200 cm2 V−1 s−1). However, because of
the absence of high-temperature sintering, there are a large number of oxygen vacancies
on the SnO2 film. SnO2 nanoparticles easily form agglomerates in the solution state,
which often leads to a large number of intrinsic defects, resulting in poor film uniformity,
crystallinity, and then obvious leakage current. Meanwhile, the uncoordinated Sn will
hang on the surface of SnO2 and become a trap state of electrons in the conduction band,
forming a potential barrier to hinder electron transport [112]. It is necessary to use dopants
with different characteristics to modify SnO2 to passivate surface defects so that ETL
can form effective contact with perovskite and reduce interface carrier recombination.
Ammonium salt is a commonly used SnO2 dopant. Zhang et al. developed a molecular
bridge strategy to change the properties of the buried interface in n-i-p PSCs by introducing
a multifunctional dopant 2-Hydroxyethyl trimethylammonium chloride (ChCl) into SnO2
ETL (Figure 7c) [107]. The multifunctional molecular structure (NH4

+, Cl−, -OH) in the
dopant ChCl can be used as a molecular bridge to passivate defects in colloidal SnO2 and
simultaneously regulate perovskite crystallization. Therefore, the perovskite film has larger
grains, high uniformity and low defects, which is beneficial for suppressing non-radiative
recombination and reducing voltage loss. At the same time, the embedded ChCl-SnO2 ETL
also exhibits reduced defect state density, matched energy levels and high conductivity.
Therefore, at a significant VOC of up to 1.193 V, the device PCE increased significantly
from 20.0% to 23.07%. Similar to this work, Liu et al. proposed a modification of ETL
by incorporating organic ammonium salt propylammonium chloride (PACl) into SnO2
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colloidal solution to study the interaction mechanism between organic salts and alkaline
colloidal solution [113]. PACl can passivate perovskite layer defects and enhance the
crystallization of perovskite films. The main reason is that Cl− and PA+ will be introduced
after PACl is incorporated into SnO2 colloidal alkaline solution, and Cl− will diffuse to
the PbI2 layer to promote perovskite nucleation and increase perovskite grain size. PA+

can passivate grain boundaries and reduce perovskite film defects. Therefore, the overall
performance of the device based on SnO2-PACl ETL has been significantly improved.
Champion device PCE was 22.27%. The incorporation of PACl also significantly improved
the stability of PSCs, and the PCE remained 85% of the original value after 800 h in air.
Chang et al. introduced a method to effectively passivate the surface defects of SnO2 thin
films by doping ammonium fluoride (NH4F) into SnO2 precursor [108]. The F in NH4F can
repair the terminal hydroxyl defects on the surface of SnO2 and reduce the defects on the
surface of SnO2 and perovskite. The terminal hydroxyl groups on the surface of SnO2 have
been confirmed to act as defect sites to introduce deep level defects into the band gap, thus
causing carrier recombination between interfaces. The doping of NH4F makes the energy
level configuration of the device more conducive to electron extraction (Figure 7d). The
results show that the PSCs based on SnO2-NH4F ETL reaches 22.12% PCE, and the VOC is
70 mV higher than that of the control device.

In addition to chloride ammonium salt and fluoride ammonium salt, iodide ammo-
nium salt is also a kind of commonly used organic ammonium salt. Shi et al. reported a
strategy to passivate the SnO2 layer using an asymmetric diammonium salt N, N-dimethyl-
1,3-propanediamine dihydroiodide (DMAPAI2) (Figure 7e) [109]. The I− in DMAPAI2 can
passivate VO on the surface of SnO2 by electrostatic coupling, thereby enhancing the elec-
tron mobility of SnO2 and adjusting the energy level structure. The ammonium cations on
the surface of DMAPAI2-SnO2 can interact with iodides in perovskite precursors through
ionic bonds and/or hydrogen bonds to slow down the growth process of perovskite, which
is conducive to promoting uniform nucleation and growth. Based on this strategy, the PCE
of PSCs increased significantly from 20.78% to 23.20%.

Inorganic halide salts are also effective ETL dopants for preparing efficient PSCs.
Wu et al. incorporated rubidium chloride (RbCl) into the SnO2 precursor solution and
crystallized an island pattern on the surface of SnO2 based on the “rigid skeleton” structural
properties of Rb [110]. In the process of perovskite crystal growth, RbCl crystal can be used
as a nucleation center to act as a “scaffold” to anchor the uncoordinated atoms on the surface
of the perovskite film to reduce defects (Figure 7f,g). They found that the grain size and
crystallization strength of SnO2-RbCl-based perovskite films were greatly improved. The
simulation results also confirmed that the perovskite termination layer based on SnO2-RbCl
could significantly inhibit the formation of surface iodide vacancies, which contributes
to the crystallization and passivation of perovskite films. The enhancement of defects
leads to a slower carrier recombination rate in the perovskite film, which further reduces
the non-radiative recombination of the perovskite surface and improves device stability.
Finally, PSCs prepared by the RbCl dopant showed 25.14% champion PCE.

ZnO with high electron mobility (120 cm2 V−1 s−1) is also an excellent ETL material
for planar p-i-n structure PSCs, which has higher light transmittance and better conduction
band offset similar to TiO2 and SnO2 [114]. However, the high alkalinity of ZnO and the
higher isoelectric point (IEP) than other metal oxides make MA+ and FA+ in the perovskite
film rapidly deprotonated, thereby increasing more defect sites and result in higher charge
recombination at the interface. In this concern, Krishnamoorthy et al. first doped solution-
treated Mn into ZnO to adjust its IEP [111]. They found that the IEP (~8.2) of Mn: ZnO was
significantly lower than that of the original ZnO (~9.5). X-ray photoelectron spectroscopy
(XPS) analysis also shows that the formation of OH peaks and oxygen vacancies in modified
ZnO is relatively low. SCLC measurement shows that the trap state density of PSCs based
on Mn: ZnO is significantly reduced, which indicates that the doping of Mn reduces
the defects of ZnO and perovskite films, thus ensuring better electron transport between
perovskite and ZnO (Figure 7h,i). Finally, the PCE of Mn: ZnO-based PSCs increased from
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11.7% to 13.6%, which was about 15% higher than that of the original ZnO-based PSCs.
Akram et al. doped Al into ZnO to improve carrier mobility to suppress the generation of
deep-level defects [115]. When 1% or 2% Al is doped in ZnO, the lattice shrinkage leads
to an increase in grain size, the uniformity, and the smoothness of the film. The surface
defects are effectively passivated. Because Al3+ replaces Zn2+ in the lattice site, the carrier
concentration increases, indicating that the ETL/perovskite interface can achieve more
effective charge extraction.

4.2. HTL Doping

Spiro-OMeTAD doped with lithium bis(trifluoromethanesulfonyl)imide (Li-TFSI) and
4-tert-butylpyrimidine (tBP) is considered to be the most effective HTL material for pla-
nar n-i-p structure PSCs with many record PCE [116–119]. However, Li-TFSI/tBP doped
spiro-OMeTAD has poor environmental conductivity, which cannot effectively passivate
the perovskite/HTL interface and reduce perovskite crystal defects. The unstable HTL
compositions and iodide salts will cause serious degradation of the device, resulting in
unstable device performance. Overcoming these shortcomings of the spiro-OMeTAD layer
can effectively improve the performance and stability of PSCs. Chen et al. designed a
passivation strategy to incorporate multi-walled carbon nanotubes (MWCNT:NiOx) modi-
fied with multifunctional NiOx quantum dots (QD) into spiro-OMeTAD [120]. Due to the
strong interaction between O in MWCNT:NiOx and H in spiro-OMeTAD, the conductivity
of modified HTL is improved. The anchoring effect of the Li-O bond in MWCNT:NiOx
on Li-TFSI effectively limits the migration of Li+ ions. MWCNT:NiOx also passivates per-
ovskite crystal defects by forming Ni-I bonds with perovskite. The interface defects can be
reduced, and the extraction and transfer of holes are promoted. The PSCs device fabricated
by this passivation strategy has a PCE of up to 22.73%, which is 1.2 times greater than that
of the original spiro-OMeTAD-based PSCs. The environmental, thermal, and light stability
are improved significantly. To further enhance the stability of spiro-OMeTAD, Li et al.
designed N2, N2′, N7, N7′-tetrakis (4-((2-methoxyethoxy) methyl) phenyl) -tetra(yridine-4-
yl)-9,9′-spirobi[fluorene]-2,2′,7,7′-tetraamine (spiro-BD-2OEG) composed of a main chain
of spirobifluorene (spiro), a terminal group of phenylpyridine-4-amine (BD) and oligo
(ethyl-eneglycol) (OEG) side chain [121]. They found that spiro-BD-2OEG provides a
strong π-π interaction between the easily reduced benzene ring and the pyridine group of
tBP, thereby further inhibiting the volatilization of tBP compared with spiro-OMeTAD. The
lone pair electrons of the pyridine part of spiro-BD-2OEG combine with Li+ to accelerate
its dissolution, which is beneficial in inhibiting morphological defects and stabilizing the
composition. Spiro-BD-2OEG doped spiro-OMeTAD film has long-range ordered molecu-
lar order and low roughness, which helps to form strong electronic contact with perovskite
film and improve stability. The photoluminescence (PL) mapping strength of the perovskite
modified by spiro-BD-2OEG was significantly reduced, indicating that the surface defects
of the perovskite were effectively passivated and the non-radiative recombination at the
interface was inhibited (Figure 8a,b). Finally, the PSCs device based on piro-BD-2OEG
doped spiro-OMeTAD achieved an excellent PCE of 24.19%.
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Compared with the classic spiro-OMeTAD, poly (3-hexylthiophene) (P3HT) is a lower-
cost and more stable HTL material in planar n-i-p structure PSCs. However, the alkyl
side chain of P3HT will directly contact the perovskite film, resulting in poor electron
contact at the P3HT/perovskite interface, which exacerbates the non-radiative recombi-
nation of PSCs and makes the PCE of pure P3HT-based PSCs generally low [124]. To
solve this problem, Gao et al. used 2-((7-(4-(bis(4-methoxyphenyl)amino)phenyl)−10-(2-(2-
ethoxyethoxy)ethyl)−10H-phenoxazin-3-yl)methylene)-malononitrile (MDN) to modify
P3HT to improve the bad contact between perovskite and P3HT [122]. The N atom in the
malononitrile group in the MDN can be electrostatically coupled with the uncoordinated Pb
on the perovskite surface, effectively suppressing the generation of Pb0 defects. In addition,
the triphenylamine group in the MDN can form a π-π stacking with P3HT to establish
a charge transport path between the perovskite/HTL. They found that the PL intensity
of P3HT-modified perovskite decreased, indicating that the density of trap states at the
perovskite/HTL interface decreased, and the non-radiative recombination was alleviated
(Figure 8c,d). Finally, 22.87% PCE was achieved using MDN-doped P3HT as HTM, which
was much higher than 12.48% of the control device.
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The doping passivation engineering of HTL in planar p-i-n structure PSCs has also
attracted much attention in recent years. NiOx is considered to be one of the most promis-
ing HTMs for p-i-n inverted PSCs due to its high stability, high mobility, and low cost.
In addition, it has a wide band gap with high transmittance and proper VB alignment.
However, compared with organic HTL materials, the biggest problem faced by NiOx-based
PSCs is the lower VOC. In this regard, Park et al. reported the device parameters of PSCs
based on modified NiOx by incorporating ammonium salt into NiOx precursor solution
to study the inherent properties of modified NiOx [125]. They found that the morphology
of the NiOx film doped with ammonium salt was improved, the defects were reduced,
and the crystallinity was higher. The energy level and hole conductivity of NiOx are opti-
mized, which is beneficial to hole transport. In addition, the strong interaction between
ammonium salt and perovskite also optimizes the quality of perovskite films, enhances
the interfacial properties between NiOx and perovskite layers, and reduces trap-assisted
recombination. The MAPbI3 PSCs based on this new NiOx obtained a 19.91% champion
PCE and an extremely high VOC of 1.13 V. In addition to NiOx, CuSCN is also one of the
low-cost and highly stable HTL materials in p-i-n inverted PSCs, which have attracted
much attention recently [126]. The conductivity of the solution-treated CuSCN HTL is low,
which is not conducive to the extraction and transmission of holes in PSCs devices. To
improve the conductivity of CuSCN, Ye et al. doped n-butylammonium iodide (BAI) into
the CuSCN precursor to optimize its p-conductivity [123]. BAI can effectively complex with
Cu2+ in CuSCN to achieve complete coverage of the perovskite active layer. In addition,
the complexation helps to generate more Cu vacancies in the CuSCN HTL, resulting in a
significant increase in hole concentration and p conductivity of the CuSCN film. At the
same time, the high hole extraction rate of the modified CuSCN inhibits the non-radiative
recombination at the HTL/perovskite interface and achieves high device stability. Finally,
the modified PSCs achieved 19.24% PCE, showing better stability than the control device in
the air environment (Figure 8e–g).

5. Summary and Prospect

Among the third-generation solar cells, PSCs have attracted much attention due to
their simple manufacturing process, low cost, and fast development. The surface defect
degree of the perovskite film is one of the main factors affecting the PCE of the device, so
we can improve efficiency by passivating defects. Here, we provide an in-depth review of
the passivation strategies reported so far and list the detailed photovoltaic parameters of
the highly efficient PSCs achieved over the past year using different passivation strategies
in Table 1. Although single-junction PSCs have achieved a high PCE of 25.8%, there is
still large room for further improvement from the S-Q theoretical limit of 1.6 eV band gap
(30.5%). The JSC of most reported high-efficiency PSCs is close to the theoretical value,
while VOC and FF are still lower than the theoretical value, so strategies to improve VOC
and FF should be reasonably formulated to further enhance PCE.

Table 1. The passivators used in different PSC passivation strategies in the past year and the
performance comparison before and after passivation.

Strategy Passivator Processing VOC [V] JSC
[mA cm−2] FF [%] PCE [%] Ntrap [cm−3] Ref.

Interface Engineering TFPhFACl
Control 1.08 25.49 79.77 21.90 3.58 × 1015

[127]
Passivated 1.16 25.42 81.26 24.00 1.44 × 1014

Interface Engineering BTACl
Control 1.08 23.78 71.74 18.43 2.74 × 1016

[128]
Passivated 1.19 23.85 76.54 21.72 1.41 × 1016

Interface Engineering I-TFBA
Control 1.13 21.80 79.20 19.50 1.43 × 1016

[129]
Passivated 1.18 22.80 82.20 22.02 1.14 × 1016

Interface Engineering CsF
Control 1.15 25.28 75.32 21.93 9.67 × 1015

[130]
Passivated 1.18 25.47 77.31 23.13 4.83 × 1015

Interface Engineering LDA-Cl
Control 1.09 25.30 79.47 21.91 5.51 × 1016

[131]
Passivated 1.13 25.46 80.69 23.28 5.09 × 1016
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Table 1. Cont.

Strategy Passivator Processing VOC [V] JSC
[mA cm−2] FF [%] PCE [%] Ntrap [cm−3] Ref.

Interface Engineering BDDAB
Control 1.06 23.96 75.95 19.39 3.41 × 1015

[132]
Passivated 1.10 24.98 80.10 22.08 1.15 × 1015

Perovskite Surface Treatment Taurine
Control 1.07 23.94 77.00 19.73 1.13 × 1015

[133]
Passivated 1.13 24.72 80.20 22.54 4.70 × 1014

Perovskite Surface Treatment AHPD
Control 0.69 30.68 74.18 15.72 1.40 × 1013

[134]
Passivated 0.81 30.03 79.10 19.18 7.80 × 1012

Perovskite Surface Treatment L-arginine Control 1.13 22.98 78.56 20.37 9.98 × 1013
[135]

Passivated 1.18 23.57 82.36 22.96 3.58 × 1015

Perovskite Surface Treatment FID
Control 1.08 25.31 76.80 21.07 1.29 × 1016

[136]
Passivated 1.14 25.42 81.00 23.44 8.85 × 1015

Perovskite Surface Treatment ORO
Control 1.05 24.55 75.36 19.47 1.90 × 1016

[137]
Passivated 1.09 24.66 76.47 20.62 1.20 × 1016

Perovskite Surface Treatment L-Theanine
Control 1.15 25.10 76.99 22.29 1.73 × 1016

[138]
Passivated 1.19 25.13 81.87 24.58 0.73 × 1016

Perovskite Surface Treatment DA
Control 1.07 22.33 79.59 19.04 8.50 × 1015

[139]
Passivated 1.13 23.36 83.92 22.15 3.80 × 1015

Perovskite Surface Treatment PB
Control 0.98 18.68 74.00 13.55 4.04 × 1016

[140]
Passivated 1.09 21.02 79.00 18.01 2.04 × 1016

Perovskite Surface Treatment VC
Control 1.16 24.95 78.46 22.67 3.27 × 1016

[141]
Passivated 1.16 25.00 79.34 23.01 1.55 × 1016

Dopant Passivation F4-TCNQ Control 1.09 22.55 73.49 18.06 3.99 × 1015
[142]

Passivated 1.11 23.70 78.58 20.67 1.16 × 1015

Dopant Passivation GV
Control 1.06 22.28 68.28 16.25 9.76 × 1015

[143]
Passivated 1.09 23.33 75.73 19.20 7.17 × 1015

Dopant Passivation IMBF4
Control 1.09 24.66 75.07 20.18 1.96 × 1015

[144]
Passivated 1.15 24.90 80.50 23.05 1.59 × 1015

Dopant Passivation LiOH
Control 1.15 22.90 73.27 19.26 3.54 × 1015

[145]
Passivated 1.15 24.20 76.26 21.31 2.83 × 1015

Dopant Passivation g-C3N5
Control 1.16 22.51 73.84 19.28 2.04 × 1016

[146]
Passivated 1.18 23.97 78.98 22.34 6.82 × 1015

We convince that the passivation of deep defect-induced traps plays an irreplaceable
role in the latest progress of PSCs device performance and stability. However, the complete
understanding of the passivation mechanism has not been fully resolved, which may be
largely due to the versatility of some passivators, the overall complexity of the discussed
system, and limited experimental techniques. It is difficult to achieve efficient passivation in
perovskite film manufacturing processes if various types of defects and their concentrations
and trap depths cannot be accurately identified. This may be the biggest challenge limiting
defect passivation of PSCs. Looking ahead, a better understanding of the passivation
mechanism is needed to guide the selection, design, and combination of passivators to
produce synergistic passivation, which is crucial for further improving the efficiency and
stability of PSCs.

In addition, although lead-based PSCs show superior performance, the toxicity of
lead is a common concern for all developers and consumers because lead leakage that may
occur during manufacturing, installation, or disposal can seriously pollute the environment
and endanger humans. Since the lattice disorder and trap density of perovskite films are
proportional to the size of perovskite devices, there are still problems in the manufacture of
large-area devices for commercialization. Moreover, due to the structural disorder caused
by interface and grain boundary defects, PSCs are difficult to maintain good efficiency
and stability in large-scale production, so much effort should be spared to developing
large-scale manufacturing technologies for perovskite photovoltaics. Considering the
continuous efforts of researchers and the improvement of the performance and stability of
perovskite devices, the actual commercialization of PSCs seems to be fully achievable in
the near future.
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Abstract: Organic polymer semiconductor materials, due to their good chemical modifiability, can be
easily tuned by rational molecular structure design to modulate their material properties, which, in
turn, affects the device performance. Here, we designed and synthesized a series of materials based
on terpolymer structures and applied them to organic thin-film transistor (OTFT) device applications.
The four polymers, obtained by polymerization of three monomers relying on the Stille coupling
reaction, shared comparable molecular weights, with the main structural difference being the ratio of
the thiazole component to the fluorinated thiophene (Tz/FS). The conjugated polymers exhibited
similar energy levels and thermal stability; however, their photochemical and crystalline properties
were distinctly different, leading to significantly varied mobility behavior. Materials with a Tz/FS
ratio of 50:50 showed the highest electron mobility, up to 0.69 cm2 V−1 s−1. Our investigation reveals
the fundamental relationship between the structure and properties of materials and provides a basis
for the design of semiconductor materials with higher carrier mobility.

Keywords: polymer semiconductor materials; conjugated polymer; Stille coupling; OTFT device;
terpolymer structures

1. Introduction

Research on polymers with conjugated architectures with alternating single and double
bonds has attracted much attention because they are important candidate semiconductors
for organic thin-film transistors (OTFTs) [1,2]. Device performance can be significantly
enhanced by improving the molecular structure of organic semiconductors, and materials
with carrier mobility in the range of 0.1–1 cm2 V−1 s−1 have potential applications in
the fabrication of lightweight and flexible optoelectronic devices such as radio-frequency
electronic trademarks, smart cards, sensors, logic circuits, and e-paper [3–5]. Organic
semiconductor materials are generally classified into three categories: N-type, P-type,
and ambipolar materials, according to the carrier species. N-type materials are mainly
responsible for electron transport, and their research progress lags far behind that of P-
type materials, which are responsible for hole transport [6–8]. The research on N-type
materials is mainly constrained by the lack of diversity of acceptor species, and most
of the selective acceptor species are concentrated in the systems of lactam structures,
such as diketopyrrolopyrrole (DPP), isoindigo (IID), naphthalene diimide (NDI), perylene
diimide (PDI), and so on [9,10]. The acceptor units affect the lowest unoccupied molecular
orbital (LUMO) energy level of the materials, which determines their ability to attract
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electrons. Based on the failure to effectively develop new potential acceptor structural
units, it is extremely important to modify the existing structures. From the perspective of
structure-determined properties, the introduction of functional groups with strong electron-
withdrawing ability is the most direct way to lower the LUMO energy level of the material.
Some typical strong electron-withdrawing groups include fluorine atoms (F), chlorine
atoms, bromine atoms, carbonyl groups, cyano groups, dicyanomethylene groups, nitrogen
atoms, and so on [5,11,12]. On the other hand, increasing the proportion of acceptors in
the molecular structure is an effective way to increase the electron mobility. Chen et al.
summarized the two-acceptor strategy and three-acceptor strategy, which involve further
insertion of acceptor units within the polymer system based on the D-A structure in order to
form a D-A-A or D-A-A-A structure, respectively [13]. Recently, we reported the significant
effect of the all-acceptor strategy on the improvement of electron mobility, further enriching
the development and structural design strategies of N-type materials [14]. In addition to
this, the research on terpolymers is receiving increasing attention because they can achieve
flexible adjustment of energy levels by modulating the ratio of the components, and because
their synthesis does not require much effort [15–17].

Here, we chose to study a polymer based on DPP combined with thiophene, which was
first reported in 2015 [18]. The polymer shows a moderate hole mobility of 0.09 cm2 V−1 s−1

and is a P-type unipolar material that does not display electron transport properties
(Figure 1). In order to improve its electron mobility, we envisaged the introduction of
a strong electron-absorbing group F on thiophene, namely, fluorinated thiophene (FS). The
F atom features a small atomic radius and a strong electron-accepting ability, which is an
outstanding advantage for lowering the LUMO energy level of the material and not affect-
ing the planarity of the whole molecule [19,20]. At the same time, the hydrophobicity of the
F-containing polymer prevents moisture and oxygen from diffusing into the film, thereby
improving the stability of the device in air. Furthermore, a strong electron-withdrawing
unit, thiazole–thiazole (Tz), is introduced into the two-component polymers, and it is used
as the third component to form the new ternary polymers [21,22]. In order to fully investi-
gate the maximum electron mobility of this series of materials, four polymer materials with
FS/Tz ratios of 100:0, 75:25, 50:50, and 25:75 were designed and prepared sequentially.
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2. Materials and Methods

Materials: 3,6-di(thiophen-2-yl)-2,5-dihydropyrrolo[3,4-c]pyrrole-1,4-dione (DPP-S),
(3,4-difluorothiophene-2,5-diyl)bis(trimethylstannane) (FS-Sn), N-bromosuccinimide (NBS),
5,5′-bis(trimethylstannyl)-2,2′-bithiazole (Tz-Sn), potassium carbonate (K2CO3), Pd cata-
lysts, and organic solvents (e.g., methanol, chloroform (CHCl3), dimethylformamide (DMF),
petroleum ether (PE), dichloromethane (DCM), etc.) were purchased from Derton Opto-
electronic Materials Science Technology Co., Ltd. (Shenzhen, China) and Sigma-Aldrich
(St. Louis, MI, USA), and they were used as received. DPP-S was synthesized as described
in the previous literature [23]. Synthesis of DPP-S-C8C10 monomer: Argon was passed into
a solution of DPP-S (3.50 g, 11.67 mmol) in anhydrous DMF (50 mL), and K2CO3 (4.83 g,
35.00 mmol, 3.00 eq) was added in batches over ten minutes. The mixture was slowly
heated to 80 ◦C, and 9-(bromomethyl)nonane (9.25 g, 25.67 mmol, 2.20 eq) was added
dropwise to the flask using a syringe. The mixture was stirred at 100 ◦C for 12 h. The mix-
ture was then extracted with DCM, washed with water and brine, and dried with Na2SO4.
After removal of the solvent under reduced pressure, the residue was purified by silica gel
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chromatography by eluate (PE: DCM = 4:1) to afford an orange–red powder (6.13 g, 61.0%);
δ 1H NMR (400 MHz, chloroform-d) δ 8.88 (d, J = 3.9 Hz, 1H), 7.62 (d, J = 5.0 Hz, 1H), 7.27
(t, J = 5.7 Hz, 1H), 4.01 (d, J = 7.6 Hz, 2H), 1.95–1.86 (m, 1H), 1.35–1.12 (m, 32H), 0.92–0.83
(m, 6H); 13C NMR (100 MHz, chloroform-d) δ 161.78, 140.46, 135.25, 130.48, 129.88, 128.42,
107.98, 46.25, 37.77, 31.95, 31.91, 31.22, 31.21, 30.05, 30.04, 29.68, 29.66, 29.59, 29.53, 29.39,
29.33, 26.24, 22.72, 22.70, 14.16, 14.15 (Figures S1 and S2 in the Supplementary Materials).
Mass for C54H89N2O2S2

+: 861.6360; found: 861.6359 (Figure S5). Synthesis of DPP-S-Br
monomer: To a solution of DPP-S-C8C10 (2.50 g, 2.90 mmol) in chloroform (25 mL), we
passed argon and then added NBS (1.08 g, 6.09 mmol, 2.10 eq). The reaction was completed
by stirring the mixture at 60 ◦C for 0.5 h. The mixture was then extracted with DCM.
After removal of the solvent under reduced pressure, the residue was purified by silica gel
chromatography with the eluent (PE:DCM = 5:1) to give an orange–red powder (2.80 g,
95.2%); 1H NMR (400 MHz, CDCl3) δ 8.62 (d, J = 4.2 Hz, 1H), 7.21 (d, J = 4.2 Hz, 1H), 3.92
(d, J = 7.7 Hz, 2H), 1.94–1.81 (m, J = 7.2, 6.7 Hz, 1H), 1.38–1.13 (m, 32H), 0.91–0.85 (m, 6H);
13C NMR (75 MHz, CDCl3) δ 161.41, 139.41, 135.31, 131.43, 131.19, 118.95, 108.04, 46.36,
37.77, 31.93, 31.89, 31.19, 29.99, 29.65, 29.56, 29.50, 29.37, 29.29, 26.19, 22.70, 22.67, 14.12
(Figures S3 and S4). Mass for C54H86Br2N2O2S2: 1016.4497; found: 1016.4487 (Figure S6).
Synthesis of PDPP−S−FSn−Tzm polymer: Tz 50%: DPP-S-Br (200 mg, 196.23 µmol), FS-Sn
(43.7 mg, 98.11 µmol 0.5 eq), Tz-Sn (48.5 mg, 98.11 µmol 0.5 eq), and triethyl phosphite (P(o-
ty)3, 4.80 mg, 15.69 µmol) were dissolved in dry chlorobenzene (10 mL). The Schlenk tube
was vented with argon over ten minutes, after which tris(dibenzylideneacetone)dipalladium
([Pd2(dba)3] catalyst, 3.6 mg, 3.92 µmol) was quickly added. The polymerization reaction
was stirred at 130 ◦C for three days and gradually returned to room temperature. The
purification was carried out by Soxhlet extraction with hexane (12 h), methanol (12 h), ethyl
acetate (8 h), and acetone (10 h). Finally, the target polymer was obtained using chloro-
form phase. The fractions were evaporated and concentrated, precipitated into methanol
(200 mL), and filtered to give the polymeric material in the form of a dark powder, which
was dried under vacuum for 5 h (80 ◦C) to give Tz 50% (199.4 mg, 88.8%). The other three
polymerizations were synthesized under similar reaction conditions and showed similar
yields, except that the ratio of the two monomers varied.

Characterization: Nuclear magnetic resonance spectra of small molecules and polymers
were measured in deuterated chloroform (NMR, Bruker AVANCE 400, Mannheim, Germany).
Solid-state NMR: 13C cross-polarization magic angle spinning nuclear magnetic resonance
(13C CP/MAS NMR) spectra were recorded on a Bruker Avance III 400MHz spectrometer
(Germany). Samples were packed in 4 mm ZrO2 rotors, which were spun at 8 kHz in a
double-resonance MAS probe. Mass spectrometry analyses were performed in ESI mode on
a magnetic resonance mass spectrometer (solariX, Memmingen, Germany). The molecular
weight of the polymer was estimated by high-temperature gel permeation chromatography
(Agilent PL-GPC 220, Santa Clara, CA, USA). The solvent flow phase chosen here was
1,3,5-trichlorobenzene to fully ensure the solubility of the material. Thermal stability
measurements were performed on a thermal analysis system in a nitrogen atmosphere
with a heating rate of 10 ◦C min−1 (HITACHI STA200, Tokyo, Japan). Elemental analysis
was conducted using an organic elemental analyzer (UNICUBE-Elementar, Langenselbold,
Germany) in CHNS mode. The Fourier-transform infrared (FT-IR) spectra were collected
using an FT-IR spectrometer (VERTEX 70v, Bruker, Germany) in a vacuum. Photochemical
analyses were conducted using a UV–vis spectrometer (UV3600i, Shimadzu, Japan) using
the standard quartz cell and the quartz chip (15 mm× 15 mm× 1 mm). The concentration of
the solution was approximately 0.5 mg/mL, and the solvent was anhydrous chlorobenzene.
The polymer semiconductor solution was spin-coated onto pre-cleaned quartz plates,
followed by thermal annealing at 150 ◦C for ten minutes. Electrochemical measurements
were performed under an argon atmosphere using cyclic voltammetry in acetonitrile
solutions containing tetrabutylammonium hexafluorophosphate (TBAPF6) (CHI760E, CH
Instruments, Bee Cave, TX, USA) at a scan rate of 50 mV/s. An Ag/AgCl electrode,
platinum electrodes, and glassy carbon electrodes were used as reference, counter, and
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working electrodes, respectively. Then, 5 µL of a solution of the anhydrous chlorobenzene
of the polymer, in the concentration range of 0.5 mg/mL to 1 mg/mL, was weighed
sequentially with a pipette gun, dropped onto a glassy carbon electrode, and allowed to
evaporate naturally at room temperature (the diameter of the circular hole of the electrode
used was 4 mm).

OTFT device: Highly doped N-type silicon (Si) wafers with a silicon dioxide (SiO2)
content of 300 nm were used as substrates, which were ultrasonically cleaned in deionized
water, acetone, and isopropanol for 5 min, sequentially, and then processed in the UV zone
for 25 min. After that, the substrate was modified with octadecyltrichlorosilane (OTS).
Specifically, 1.3 µL of OTS and 1 mL of trichloroethylene were thoroughly mixed and
then spin-coated on the substrate at 3000 rpm for 30 s. The substrate was then placed in
a glass desiccator and dried under an atmosphere of NH3 for 8 h. For the preparation
of semiconductor films, the conjugated polymers were pre-dissolved in chlorobenzene
solvent (concentration 5 mg/mL) and heated overnight at 80 ◦C with stirring. Subsequently,
the polymer solution was spin-coated onto OTS-treated Si wafers at 2000 rpm for 1 min,
and then annealed at 200 ◦C for 30 min in a glove box (nitrogen atmosphere). Finally,
source/drain electrodes of Au were deposited by evaporation in a vacuum (W/L = 5,
W = 1000 µm, L = 200 µm) to finish the device preparation. The electrical performance of
the OTFT device was assessed using a B1500A semiconductor parameter analyzer (Keithley,
Cleveland, OH, USA) in a N2 glovebox.

GIWAXS: The grazing-incidence wide-angle X-ray scattering images were acquired
on beamline BL1W1A of the Beijing Synchrotron Radiation Facility. An Eiger detector
was employed, and the pixel was 0.075 mm. The beam center and the sample-to-detector
distance were calibrated with LaB6. The monochromatic wavelength of the light source
was 1.5406 Å, the photon energy was 8.05 keV, and the grazing-incidence angle was 0.2◦.
The exposure time of the samples was 30 s.

AFM: Atomic force microscopy images were obtained using an SPA300HV from Seiko
Instruments Inc. (Chiba, Japan) in tapping mode (scanning range 5 × 5 µm). The scanning
probe was performed using the OLTESPA-R3 silicon cantilever (Bruker, Germany). The
elastic coefficient of the probe was 2 N/m.

3. Results
3.1. Synthesis and Structural Analysis

The synthesis route of the series of polymers PDPP−S−FSn−Tzm obtained based on
Stille coupling polymerization is shown in Figure 2. DPP-S was synthesized with good
yields using commercially available 2-cyanothiophene as a precursor. In order to improve
the solubility of DPP-S, its N position was chemically modified to introduce an alkyl
chain. Then, 9-(bromomethyl)nonadecane was introduced under base reaction conditions
relying on an alkylation reaction to produce DPP-S-C8-C10, which possessed excellent
solubility in common organic solvents such as n-hexane, chloroform, and ethyl acetate. Br
atoms can be easily introduced on thiophene using NBS as a reagent, and the resulting
DPP-S-Br can be used as a monomer for Stille coupling. The other two Sn-containing
monomers, Tz-Sn and FT-Sn, were polymerized with DPP-S-Br under palladium catalysis.
The Stille coupling reaction was carried out over a period of 72 h to ensure that the target
products were polymerized to a sufficient extent. Chlorobenzene was chosen as the solvent
due to its high boiling point and its excellent solubility for the polymers. The molecular
weight of the polymers increased as the polymerization process progressed, resulting in a
corresponding decrease in solubility in other common organic solvents. In order to ensure
that the molecular weights of the four polymers were within a certain range, we strictly
controlled the reaction time and the chemical equivalent ratios, including the amounts of
catalyst and ligand. The polymers were purified using the Soxhlet extraction technique,
and the successive use of hexane, acetone, methanol, and ethyl acetate effectively removed
oligomers and small molecules from the reaction system. Polymers or oligomers with
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shorter chain lengths dissolve in acetone or hexane and exhibit a blue–violet color. The
target polymers with longer chain lengths dissolve in chloroform and appear as dark green.
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50%, Tz 75%.

The weight-average molecular weight (Mw) and number-average molecular weight
(Mn) of the four polymers were in the region of 100.0 kDa and 25.0 kDa, respectively, as
measured by high-temperature gel permeation chromatography (Figure S7). The relatively
uniform distribution of Mn confirmed the effect of a suitable catalyst-to-ligand ratio and
reaction time on polymer purity. The polymer dispersion index (PDI) calculated from the
ratio of Mw to Mn is shown in Table 1 below. Based on the Mn values, it is roughly estimated
that 21–25 repeating units were polymerized for each main chain. Elemental analyses of
the four elements C, H, N, and O contained in the polymer Tz 0%, with theoretical values
of 71.20%, 9.10%, 2.65%, and 9.90%, respectively, show that the contents of all four elements
deviated from the theoretical values by less than 1% (Table 1). The relative increase in the
proportions of N and S with increasing Tz content further indicated that the materials were
sufficiently pure to be free of catalyst and ligand components. Liquid NMR analyses of the
four polymers were difficult due to the poor quality of their spectra. On the one hand, this
was due to their poor solubility, and on the other hand, it was due to the inability to clearly
observe microscopic variations in the proportions of the components (Figures S8–S11). The
series of polymers were further characterized by NMR spectroscopy with solid-state NMR
(Figures S12–S15). The 13C NMR spectra were divided into an aromatic part and an alkyl
chain part and corresponded well to the molecular composition of the polymers. The
carbonyl group appeared near 160 ppm and, together with the typical peak of the central
carbon peak of the thiazole, formed the leftmost broad single peak of low field in the
spectrum. In addition, the four polymers were characterized by FT-IR spectroscopy, the
results of which are shown in Figure S16. The typical carbonyl peaks of the polymers all
appear near 1668 cm−1.

Table 1. The results of molecular weight and elemental analyses of the four polymers.

Mn Mw PDI C 1 H 1 N 1 S 1

(%) (%) (%) (%)

Tz 0% 24,541 85,717 3.49 71.20 9.10 2.65 9.90
Tz 25% 21,933 96,864 4.41 70.85 9.01 3.41 10.69
Tz 50% 28,506 139,502 4.89 70.73 8.85 4.04 11.08
Tz 75% 24,390 107,112 4.39 70.19 8.82 4.57 11.83

1 Based on the average of two tests.
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To test the thermal stability of this series of polymers, thermogravimetric (TGA) tests
were performed under nitrogen, as shown below. All four polymers underwent significant
decomposition up to 383 ◦C, with a 10% weight loss at 409 ◦C (Figure S17). There were no
significant differences in overall thermal stability, except for a linear relationship at 70%
weight loss, where the higher the Tz component, the more difficult it was to decompose
completely. The polymers exhibited very poor solubility in non-chlorinated solvents such
as ethanol, hexane, and tetrahydrofuran. Good solubility was only found in chlorinated
solvents such as dichloromethane, chloroform, chlorobenzene, and trichlorobenzene at
room temperature, and the solubility was further improved by heating to 50 ◦C. The
dissolubility of the polymers in chloroform and chlorobenzene at room temperature was
approximately 8 mg/mL and 15 mg/mL, respectively, and chlorobenzene was chosen as
the solvent for subsequent characterization measurements and device preparation.

3.2. Photochemical Properties

The UV–vis absorption spectra of the polymer system in solution and film are shown
below in Figure 3, and the corresponding spectral data are summarized in Table 2. Two
absorption bands in the range of 350–500 nm and 600–900 nm can be observed for the
polymers in solution. The high-energy absorption band located in the short-wavelength
band can be attributed to the π–π* transition (band I), while the low-energy absorption
band belongs to the intramolecular charge-transfer transition (band II). With the increase
in Tz content, the main absorption peak (λmax) of absorption band I was significantly
redshifted, from 406 nm to 444 nm (Figure 3a). The main absorption peak of absorption
band II was blueshifted with increasing Tz content, and its corresponding λmax was 906 nm,
899 nm, 895 nm, and 765 nm, respectively. The two polymers Tz 0% and Tz 75% exhibited
distinct 0–0 and 0–1 peaks with shoulders at 767 nm and 701 nm, respectively. In contrast,
the Tz 25% and Tz 50% polymers presented relatively broad absorption bands, which may
be related to their reduced coplanarity due to better solubility. There was a redshift of
close to 10 nm in the main absorption peak in band II from solution to film (Figure 3b).
For example, the absorption of the Tz 75% polymer increased from 762 nm to 772 nm.
These changes are related to the coplanar structure and better solid-state stacking with π–π
stacking distances between the polymers. The optical bandgap of the polymer in solution
(Eg

soln) was nearly 1.38 eV, and in the thin-film state the bandgap (Eg
film) was reduced to

approximately 1.35 eV, as ascertained at the onset of the UV–visible absorption at 900 nm
and 920 nm, respectively. The UV measurement diagrams using chloroform as the solvent
also show dual absorption bands (Figure S18), and the data for the specific maximum
absorption peaks are presented in Table S1. The UV absorption spectra of the dimers of the
polymers calculated on the basis of the DFT again show two absorption bands, the results
of which are shown in Figure S19.
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Table 2. UV–vis absorption of the four polymers.

λmax
(nm) 1

λmax
(nm) 1

λonset
(nm) 1

λmax
(nm) 2

λmax
(nm) 2

λonset
(nm) 2

Eg
soln

(eV) 3
Eg

film

(eV) 4

Tz 0% 829 406 906 841 421 925 1.34 1.31
Tz 25% 775 427 899 782 433 921 1.35 1.32
Tz 50% 769 441 895 775 442 914 1.36 1.33
Tz 75% 762 444 878 772 446 900 1.38 1.36

1 In solution. 2 In film. 3 Calculations come from 1240/λonset in solution. 4 Calculations come from 1240/λonset
in film.

3.3. Electrochemical Properties

The redox potentials of the polymers of the PDPP−S−FSn−Tzm series were investi-
gated using cyclic voltammetry (CV). Their corresponding electrochemical data are sum-
marized in Table 3. The differences in the LUMO energy levels calculated from the onset
reduction potential for the four polymers were very small, in the vicinity of −3.68 eV
(Figure 4). The extremely low-lying LUMO energy levels of the polymers are related to
the presence of three strong electron-withdrawing components in the polymer backbone.
On the other hand, it can be seen that by changing the proportion of F atoms or thiazoles
in the molecular architecture, the effect on the LUMO energy level of the material is in-
significant. In addition, the difference between their reduction peaks is also small, and the
electrochemical reduction properties of the four polymers are similar. The polymers show
obvious reversible cyclic reduction characteristics, and their reduction peaks are much
more obvious than the oxidation peaks, indicating that their electron mobility is higher
than their hole mobility. It is worth mentioning that the HOMO energy level of the polymer
Tz 0% was significantly different from that of the other three polymers. Tz 0% possessed
the highest HOMO energy level of −3.66 eV, which at the same time led to a minimum
energy gap of merely 1.04 eV. The energy gap of the polymers was in the vicinity of 1.34 eV,
which is close to their optical bandgaps.

Table 3. Electrochemical characteristics of the four polymers.

Ered
(V)

Ered
onset

(V)
LUMO
(eV) 5

Eox
(V)

Eox
onset

(V)
HOMO
(eV) 6

Eg
cv

(eV) 7

Tz 0% −0.96 −0.75 −3.66 0.49 0.29 −4.70 1.04
Tz 25% −0.94 −0.72 −3.69 0.79 0.58 −4.99 1.30
Tz 50% −0.91 −0.71 −3.70 0.79 0.60 −5.01 1.31
Tz 75% −0.94 −0.76 −3.65 0.78 0.62 −5.03 1.38

5 ELUMO = −4.80 eV − [(Ered
onset) − E1/2(ferrocene)]. 6 EHOMO = −4.80 eV − [(Eox

onset) − E1/2(ferrocene)].
7 Eg

cv = EHOMO − ELUMO.

3.4. OTFT Performance

In order to characterize the charge transport behavior of these materials, we fabricated
bottom-gate top-contact (BGTC)-structured OTFT devices based on PDPP-S-FSn-Tzm, and
the corresponding device configurations are shown in Figure 5a. Considering that the
HOMO level of the polymer matched that of the gold electrode (Au, ~−5.00 eV), Au was
selected as the contact electrode. The field-effect mobility (µ) was calculated from the
following equation:

ID = (W/2L) µCi (VGS − VTH)2

where ID is the drain current, Ci is the capacitance of 300 nm silicon dioxide (Ci = 10 nF cm−2),
W and L are the width and length of the channel, respectively, and VGS and VTH are the
gate voltage and the threshold voltage, respectively. The average mobility values were
obtained based on measurements performed on eight devices.
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Table 4 summarizes the electron and hole mobility extracted from the transfer charac-
teristic curve. It is evident that the OTFT devices based on PDPP-S-FSn-Tzm have N-type
dominant ambipolar transport characteristics, with electron mobility one order of magni-
tude higher than hole mobility (Figure 5b,d,f,h). The maximum electron mobility value
in the Tz 0% polymer containing a thiazole-free system was only 0.38 cm2 V−1 s−1. The
electron mobility improved with the increase in the thiazole ratio. Carrier mobility as high
as 0.69 cm2 V−1 s−1 was shown at a thiazole–fluorothiophene ratio of 50:50. Continuing
to increase the proportion of thiazole to 75% did not cause a further increase in mobility,
which dropped to 0.57 cm2 V−1 s−1. On the other hand, the increase in electron mobility
was inversely proportional to its hole mobility. The polymer Tz 50% exhibited the highest
electron mobility while having the lowest hole mobility among the four materials. The Tz
0% showed the highest hole mobility of 0.07 cm2 V−1 s−1, and its average hole mobility
was in the vicinity of 0.05 cm2 V−1 s−1. The output behaviors of the polymer-based devices
are shown in Figure 5c,e,g,i, respectively.

Table 4. Electron and hole transport properties of PDPP−S−FSn−Tzm-based OTFT devices.

Coating
Speed
(mm/s)

Annealing
(◦C)

Max Electron
Mobilities
(cm2/(V s))

Electron
Mobilities 1

(cm2/(V s))

Max Hole
Mobilities 1

(cm2/(V s))

Hole
Mobilities 1

(cm2/(V s))

Tz 0% 2000 200 0.38 0.25 ± 0.11 0.070 0.053 ± 0.013
Tz 25% 2000 200 0.48 0.36 ± 0.08 0.064 0.050 ± 0.011
Tz 50% 2000 200 0.69 0.50 ± 0.08 0.036 0.022 ± 0.014
Tz 75% 2000 200 0.57 0.42 ± 0.10 0.051 0.035 ± 0.016

1 Based on eight OTFT devices for each condition.

3.5. Crystallinity Analysis of Polymer Films

We investigated the relationship between the crystallinity of polymer films and the
electrical performance of OTFT devices by grazing-incidence wide-angle X-ray scattering
(GIWAXS). Figure 6a–d show 2D-GIWAXS images of four polymer films prepared by
spin-coating, and Figure 6e shows the corresponding in-plane and out-of-plane 1D profiles
based on 2D-GIWAXS of the annealed films. The polymers all showed distinct out-of-plane
(100) and in-plane (010) peaks, indicating that their films were predominantly edge-on in
orientation. The polymer Tz 0% showed only (100) in the out-of-plane direction, while
the other three polymers showed enhanced (100) diffraction intensity in the out-of-plane
direction, accompanied by the appearance of secondary diffraction (200), which fully
explains their enhanced crystallinity. This also explains the fact that the electron mobility
of Tz 0% was the worst among the four. On the other hand, the presence of in-plane
(100) diffraction for Tz 0% and Tz 25% indicated the gradual appearance of a face-on
orientation. The stacking pattern of face-on crossed with edge-on is unfavorable for
electron transport. The layered side-chain distances of Tz 0% and Tz 25% were 22.43 Å
and 21.65 Å, respectively, which are loose compared to the stacking of Tz 50% and Tz 75%
(Table 5). Tz 50% showed the shortest π–π stacking distance, which was calculated based
on the in-plane (010) diffraction peaks to be only 3.95 Å. Tight stacking facilitates carrier
transport and helps to achieve high mobility in OTFT devices, which explains why Tz 50%
was the best performer of the four.

3.6. Morphological Analysis of Polymer Films

The morphology of the polymer semiconductor films was investigated by atomic force
microscopy (AFM), and Figure S20 shows the film height diagrams of the four polymer
materials after annealing at 200 ◦C. Overall, the surface morphology of the polymer films
shows a clear uniform distribution. The Tz 50% polymer film shows a dense fibrous
structure, and the ordered interchain stacking in the fibers facilitates the charge transport.
In contrast, the fibrillar shape of Tz 0% and Tz 25% gradually disappears into disordered
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aggregates. These results are consistent with the GIWAXS results, which are unfavorable
for the electrical properties of the polymeric materials as the crystallinity becomes weaker.
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4. Discussion

Compared to the hole mobility of the polymer PDPP-T based on DPP and thiophene, with
moderate hole mobility, which was first reported in 2015, this work significantly improved
the electron mobility of this type of material (Table 6). This was firstly related to the introduc-
tion of fluorinated thiophene, where the strongly electronegative F atom significantly reduced
the frontline orbital energy level of the material. Bura et al. reported that DPP-based poly-
mers prepared by introducing F atoms on the thiophene ring showed an electron mobility of
0.51 cm2 V−1 s−1 [24]. By replacing the electron donor thiophene with a benzene ring and further
introducing a fluorine atom, the polymer DPP-F1Ph showed moderate electron mobility and a
balanced bipolar character [25]. In addition to fluorine atoms, chlorine atoms are also promising
electron-withdrawing moieties. Geng’s group reported that the polymer DPPTh-4Cl, prepared
by introducing four Cl atoms to a thiophene ring, showed a high mobility of 0.81 cm2 V−1 s−1,
which was attributed by the authors to the structural coplanarity caused by a weak Cl...S inter-
action and very low LUMO energy levels [26]. Other strong electron-attracting groups, such as
cyano groups, can also be introduced on top of the F atom. Zhang et al. reported last year that
the polymer F2CNTVT-DPP, which introduces−F and−CN on (E)-1,2-di(thiophen-2-yl)ethene
(TVT), showed a maximum mobility of 2.03 cm2 V−1 s−1 [27]. On the other hand, this research
is also related to simple terpolymerization to improve mobility. Similar work was reported
by Chen et al. The polymer P2DPP-2FBTz, based on two DPPs and another receptor as a
three-component composition, showed an average electron mobility of 0.61 cm2 V−1 s−1 [28].
Yi et al. reported DPP-2T-DPP-TBT, a bipolar material with high electron mobility, which was
also obtained using three-component copolymerization [29]. In addition to the classical acceptor
units used to prepare N-type materials, more and more research is focusing on the creation of
new structures to improve the electron mobility of polymers. The polymer PFIDTO-T, with a
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ladder-like aromatic diketone structure, demonstrates highly promising electron mobility [30].
The polymer PBN-27, constructed with a bis-B-N-bridged bipyridine unit and a benzobithiazole
unit, was developed and showed moderate N-type electron mobility [31]. Recently, the polymer
PNFFN, constructed from IID-based isomers developed by Yu et al., showed the highest mobil-
ity of 1.82 cm2 V−1 s−1, which was further increased to 10.74 cm2 V−1 s−1 when poly-F atoms
were introduced to the system [32]. Guo et al. reported an amide-based macro-heterocyclic
polymer PDTzNTI, consisting of sulfur and nitrogen atoms, with unipolar N-type transport and
significant electron mobility [33].

Table 6. Typical examples of polymer-based organic thin-film transistors in the last five years.

Materials Electron Mobilities
(cm2/(V s)

Hole Mobilities
(cm2/(V s) Device Structure

Average Electron
Mobilities
(cm2/(V s)

DPP-T − 0.094 BGBC −
DPP-FDT 0.51 0.80 BGBC 0.50
DPP-F1Ph 0.26 0.20 BGTC 0.30

DPPTh-4ClBT 0.82 0.73 TGBC −
F2CNTVT-DPP 2.03 − TGBC 1.50
P2DPP-2FBTz 0.68 − TGBC 0.61

DPP-2T-DPP-TBT 3.84 3.01 TGBC 3.00
PFIDTO-T 0.27 − TGBC 0.03

PBN-27 0.34 − TGBC 0.32
PNFFN-DTE 1.82 − TGBC 1.30

PNFFN-FDTE 10.74 − TGBC 10.56
PDTzNTI 1.22 − TGBC 0.87

5. Conclusions

To summarize, we report in this work the changes in carrier mobility caused by the
continued introduction of new acceptor units into two-component acceptor materials. The
synthesis of these four polymers was achieved via Stille coupling polymerization, and
proper control of the reaction and purification conditions allowed for the preparation of a
series of polymers with high molecular weights and a relatively homogeneous molecular
weight distribution. The polymers showed N-dominant properties and the highest electron
mobility of 0.69 cm2 V−1 s−1 at a half–half ratio of thiazole to fluorothiophene, and the
increase in mobility was mainly related to the close intramolecular Π-distance and good
crystallinity, as shown by GIWAXS and film morphology analysis. Further increasing
the proportion of thiazole failed to improve the electron mobility of the material in OTFT
devices. Therefore, sophisticated molecular structure design strategies and component ratio
modulation are key factors in controlling the material properties and device performance.
Further development of N-type unipolar and ambipolar organic semiconductor polymer
materials and enhancement of electron mobility are still in progress.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/polym15183803/s1, Figure S1: The 1H NMR spectra of compound
DPP-S-C8C10. Figure S2: The 13C NMR spectra of compound DPP-S-C8C10. Figure S3: The 1H NMR
spectra of compound DPP-S-Br. Figure S4: The 13C NMR spectra of compound DPP-S-Br. Figure S5:
Mass spectra of compound DPP-S-C8C10. Figure S6: Mass spectra of compound DPP-S-Br. Figure S7:
GPC data (cumulative percent curves and molecular weight distribution) of the four polymers.
Figures S8–S11: The 1H NMR spectra of polymers Tz 0% to Tz 75%, respectively. Figures S12–S15:
The 13C NMR spectra of polymers Tz 0% to Tz 75%, respectively. Figure S16: FT-IR spectra of the four
polymers. Figure S17: TGA analysis of the four polymers. Figure S18: Normalized UV–vis spectrum
of the four polymers in chloroform solutions and in annealed thin films. Figure S19: Theoretical
simulations of (a) electrostatic potential surfaces and (b) non-covalent interaction scattering of the
dimer; (c,d) UV–vis spectrum of the dimer of the polymer calculated by DFT at B3LYP/6-31G (d).
Figure S20: AFM height images of polymers in annealed films of (a) Tz 0%, (b) Tz 25%, (c) Tz 50%,
and (d) Tz 75%. Table S1: UV–vis absorption of the four polymers.

62



Polymers 2023, 15, 3803

Author Contributions: Conceptualization, S.R. and Z.Y.; methodology, S.W.; software, S.W.; valida-
tion, S.R., Z.W. and W.Z.; formal analysis, S.W.; investigation, S.R.; resources, S.R.; data curation, Y.D.;
writing—original draft preparation, Y.D.; writing—review and editing, S.R., S.W. and Z.Y; visualiza-
tion, Z.Y.; supervision, Z.Y.; project administration, Z.Y.; funding acquisition, S.R. All authors have
read and agreed to the published version of the manuscript.

Funding: This research was funded by the China Postdoctoral Science Foundation (2022TQ0399).

Institutional Review Board Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: We thank the Hengqin Postdoctoral Administrative Centre for supporting this
project. We thank Mingling Zhu and Zhao Yang for photochemical measurements and mass testing
at the Institute of Chemistry, Chinese Academy of Sciences (ICCAS). The measurements of solid-state
NMR were performed at the Center for Physicochemical Analysis and Measurements in ICCAS. The
help from Aijiao Guan and Junfeng Xiang was acknowledged. Thanks to Mingchao Shao for the
discussion on solid-state NMR spectra.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Kim, M.; Ryu, S.U.; Park, S.A.; Choi, K.; Kim, T.; Chung, D.; Park, T. Donor–Acceptor-Conjugated Polymer for High-Performance

Organic Field-Effect Transistors: A Progress Report. Adv. Funct. Mater. 2019, 30, 1904545. [CrossRef]
2. Sirringhaus, H. 25th Anniversary Article: Organic Field-Effect Transistors: The Path Beyond Amorphous Silicon. Adv. Mater.

2014, 26, 1319–1335. [CrossRef]
3. Tang, Z.; Wei, X.; Zhang, W.; Zhou, Y.; Wei, C.; Huang, J.; Chen, Z.; Wang, L.; Yu, G. An A−D−A’−D’ strategy enables

perylenediimide-based polymer dyes exhibiting enhanced electron transport characteristics. Polymer 2019, 180, 121712. [CrossRef]
4. Wu, W.; Liu, Y.; Zhu, D. π-Conjugated molecules with fused rings for organic field-effect transistors: Design, synthesis and

applications. Chem. Soc. Rev. 2010, 39, 1489–1502. [CrossRef] [PubMed]
5. Yang, J.; Zhao, Z.; Wang, S.; Guo, Y.; Liu, Y. Insight into High-Performance Conjugated Polymers for Organic Field-Effect

Transistors. Chem 2018, 4, 2748–2785. [CrossRef]
6. Anthony, J.E.; Facchetti, A.; Heeney, M.; Marder, S.R.; Zhan, X. n-Type organic semiconductors in organic electronics. Adv. Mater.

2010, 22, 3876–3892. [CrossRef] [PubMed]
7. Zhang, Y.; Wang, Y.; Gao, C.; Ni, Z.; Zhang, X.; Hu, W.; Dong, H. Recent advances in n-type and ambipolar organic semiconductors

and their multi-functional applications. Chem. Soc. Rev. 2023, 52, 1331–1381. [CrossRef]
8. Zhao, Y.; Guo, Y.; Liu, Y. 25th Anniversary Article: Recent Advances in n-Type and Ambipolar Organic Field-Effect Transistors.

Adv. Mater. 2013, 25, 5372–5391. [CrossRef]
9. Griggs, S.; Marks, A.; Bristow, H.; McCulloch, I. n-Type organic semiconducting polymers: Stability limitations, design considera-

tions and applications. J. Mater. Chem. C Mater. 2021, 9, 8099–8128. [CrossRef]
10. Park, K.H.; Go, J.Y.; Lim, B.; Noh, Y.Y. Recent progress in lactam-based polymer semiconductors for organic electronic devices.

J. Polym. Sci. 2021, 60, 429–485. [CrossRef]
11. Cheon, H.J.; An, T.K.; Kim, Y.-H. Diketopyrrolopyrrole (DPP)-Based Polymers and Their Organic Field-Effect Transistor Applica-

tions: A Review. Macromol. Res. 2022, 30, 71–84. [CrossRef]
12. Ren, S.; Yassar, A. Recent Research Progress in Indophenine-Based-Functional Materials: Design, Synthesis, and Optoelectronic

Applications. Materials 2023, 16, 2474–2505. [CrossRef] [PubMed]
13. Chen, J.; Yang, J.; Guo, Y.; Liu, Y. Acceptor Modulation Strategies for Improving the Electron Transport in High-Performance

Organic Field-Effect Transistors. Adv. Mater. 2021, 34, 2104325–2104355. [CrossRef] [PubMed]
14. Ren, S.; Zhang, W.; Wang, Z.; Yassar, A.; Liao, Z.; Yi, Z. Synergistic Use of All-Acceptor Strategies for the Preparation of an

Organic Semiconductor and the Realization of High Electron Transport Properties in Organic Field-Effect Transistors. Polymers
2023, 15, 3392–3404. [CrossRef] [PubMed]

15. Kang, T.E.; Kim, K.-H.; Kim, B.J. Design of terpolymers as electron donors for highly efficient polymer solar cells. J. Mater. Chem.
A 2014, 2, 15252–15267. [CrossRef]

16. Dang, D.; Yu, D.; Wang, E. Conjugated Donor–Acceptor Terpolymers Toward High-Efficiency Polymer Solar Cells. Adv. Mater.
2019, 31, 1807019. [CrossRef] [PubMed]

17. Luo, H.; Liu, Z.; Zhang, D. Conjugated D–A terpolymers for organic field-effect transistors and solar cells. Polym. J. 2017, 50,
21–31. [CrossRef]

18. Mueller, C.J.; Singh, C.R.; Fried, M.; Huettner, S.; Thelakkat, M. High Bulk Electron Mobility Diketopyrrolopyrrole Copolymers
with Perfluorothiophene. Adv. Funct. Mater. 2015, 25, 2725–2736. [CrossRef]

19. Jiang, W.; Yu, X.; Li, C.; Zhang, X.; Zhang, G.; Liu, Z.; Zhang, D. Fluoro-substituted DPP-bisthiophene conjugated polymer with
azides in the side chains as ambipolar semiconductor and photoresist. Sci. China Chem. 2022, 65, 1791–1797. [CrossRef]

63



Polymers 2023, 15, 3803

20. Lee, M.; Kim, T.; Nguyen, H.V.T.; Cho, H.W.; Lee, K.-K.; Choi, J.-H.; Kim, B.; Kim, J.Y. Regio-regular alternating
diketopyrrolopyrrole-based D1–A–D2–A terpolymers for the enhanced performance of polymer solar cells. RSC Adv.
2019, 9, 42096–42109. [CrossRef]

21. Ly, J.T.; Burnett, E.K.; Thomas, S.; Aljarb, A.; Liu, Y.; Park, S.; Rosa, S.; Yi, Y.; Lee, H.; Emrick, T.; et al. Efficient Electron Mobility in
an All-Acceptor Napthalenediimide-Bithiazole Polymer Semiconductor with Large Backbone Torsion. ACS Appl. Mater. Interfaces
2018, 10, 40070–40077. [CrossRef] [PubMed]

22. Yuan, Z.; Buckley, C.; Thomas, S.; Zhang, G.; Bargigia, I.; Wang, G.; Fu, B.; Silva, C.; Brédas, J.-L.; Reichmanis, E. A Thiazole–
Naphthalene Diimide Based n-Channel Donor–Acceptor Conjugated Polymer. Macromolecules 2018, 51, 7320–7328. [CrossRef]

23. Yi, Z.; Yan, Y.; Wang, H.; Li, W.; Liu, K.; Zhao, Y.; Gu, G.; Liu, Y. Chain-Extending Polymerization for Significant Improvement in
Organic Thin-Film Transistor Performance. ACS Appl. Mater. Interfaces 2022, 14, 36918–36926. [CrossRef] [PubMed]

24. Bura, T.; Beaupré, S.; Ibraikulov, O.A.; Légaré, M.-A.; Quinn, J.; Lévêque, P.; Heiser, T.; Li, Y.; Leclerc, N.; Leclerc, M. New
Fluorinated Dithienyldiketopyrrolopyrrole Monomers and Polymers for Organic Electronics. Macromolecules 2017, 50, 7080–7090.
[CrossRef]

25. Park, J.H.; Jung, E.H.; Jung, J.W.; Jo, W.H. A fluorinated phenylene unit as a building block for high-performance n-type
semiconducting polymer. Adv. Mater. 2013, 25, 2583–2588. [CrossRef] [PubMed]

26. Sui, Y.; Shi, Y.; Deng, Y.; Li, R.; Bai, J.; Wang, Z.; Dang, Y.; Han, Y.; Kirby, N.; Ye, L.; et al. Direct Arylation Polycondensation of
Chlorinated Thiophene Derivatives to High-Mobility Conjugated Polymers. Macromolecules 2020, 53, 10147–10154. [CrossRef]

27. Zhang, C.; Tan, W.L.; Liu, Z.; He, Q.; Li, Y.; Ma, J.; Chesman, A.S.R.; Han, Y.; McNeill, C.R.; Heeney, M.; et al. High-Performance
Unipolar n-Type Conjugated Polymers Enabled by Highly Electron-Deficient Building Blocks Containing F and CN Groups.
Macromolecules 2022, 55, 4429–4440. [CrossRef]

28. Chen, J.; Jiang, Y.; Yang, J.; Sun, Y.; Shi, L.; Ran, Y.; Zhang, Q.; Yi, Y.; Wang, S.; Guo, Y.; et al. Copolymers of Bis-
Diketopyrrolopyrrole and Benzothiadiazole Derivatives for High-Performance Ambipolar Field-Effect Transistors on Flexible
Substrates. ACS Appl. Mater. Interfaces 2018, 10, 25858–25865. [CrossRef]

29. Yi, Z.; Jiang, Y.; Xu, L.; Zhong, C.; Yang, J.; Wang, Q.; Xiao, J.; Liao, X.; Wang, S.; Guo, Y.; et al. Triple Acceptors in a Polymeric
Architecture for Balanced Ambipolar Transistors and High-Gain Inverters. Adv. Mater. 2018, 30, 1801951–1801958. [CrossRef]

30. Tao, X.; Li, W.; Wu, Q.; Wei, H.; Yan, Y.; Zhao, L.; Hu, Y.; Zhao, Y.; Chen, H.; Liu, Y. Ladder-Like Difluoroindacenodithiophene-
4,9-dione Derivative: A New Acceptor System for High-Mobility n-Type Polymer Semiconductors. Adv. Funct. Mater. 2022, 33,
2210846–2210857. [CrossRef]

31. Cao, X.; Li, H.; Hu, J.; Tian, H.; Han, Y.; Meng, B.; Liu, J.; Wang, L. An Amorphous n-Type Conjugated Polymer with an Ultra-Rigid
Planar Backbone. Angew. Chem. Int. Ed. Engl. 2023, 62, e202212979–e202212986. [CrossRef] [PubMed]

32. Zhang, W.; Shi, K.; Lai, J.; Zhou, Y.; Wei, X.; Che, Q.; Wei, J.; Wang, L.; Yu, G. Record-High Electron Mobility Exceeding
16 cm2 V−1 s−1 in Bisisoindigo-Based Polymer Semiconductor with a Fully Locked Conjugated Backbone. Adv. Mater. 2023, 35,
e2300145–e2300155. [CrossRef] [PubMed]

33. Shi, Y.; Guo, H.; Qin, M.; Zhao, J.; Wang, Y.; Wang, H.; Wang, Y.; Facchetti, A.; Lu, X.; Guo, X. Thiazole Imide-Based All-Acceptor
Homopolymer: Achieving High-Performance Unipolar Electron Transport in Organic Thin-Film Transistors. Adv. Mater. 2018, 30,
1705745–1705753. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

64



Citation: Ren, S.; Zhang, W.; Wang,

Z.; Yassar, A.; Liao, Z.; Yi, Z.

Synergistic Use of All-Acceptor

Strategies for the Preparation of an

Organic Semiconductor and the

Realization of High Electron

Transport Properties in Organic

Field-Effect Transistors. Polymers

2023, 15, 3392. https://doi.org/

10.3390/polym15163392

Academic Editor: Tengling Ye

Received: 31 July 2023

Revised: 10 August 2023

Accepted: 11 August 2023

Published: 13 August 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

polymers

Article

Synergistic Use of All-Acceptor Strategies for the Preparation of
an Organic Semiconductor and the Realization of High Electron
Transport Properties in Organic Field-Effect Transistors
Shiwei Ren 1,2,* , Wenqing Zhang 3, Zhuoer Wang 4, Abderrahim Yassar 5 , Zhiting Liao 1 and Zhengran Yi 1,*

1 Zhuhai Fudan Innovation Institute, Guangdong-Macao Deep-Cooperation Zone of Hengqin,
Zhuhai 519001, China; zhitingliao@126.com

2 Department of Materials Science, Fudan University, Shanghai 200433, China
3 Key Laboratory of Organic Solids, Institute of Chemistry, Chinese Academy of Sciences, Beijing 100190, China;

zhangwq@iccas.ac.cn
4 Key Laboratory of Colloid and Interface Chemistry of Ministry of Education School of Chemistry and

Chemical Engineering, Shandong University, Jinan 250100, China; wangzhuoer94@163.com
5 Laboratory of Physics of Interfaces and Thin Films-CNRS, Ecole Polytechnique, Institut Polytechnique de

Paris, 91128 Palaiseau, France; abderrahim.yassar@polytechnique.edu
* Correspondence: shiwei_ren@fudan.edu.cn (S.R.); zhengranyi@fudan-zhuhai.org.cn (Z.Y.)

Abstract: The development of n-type organic semiconductor materials for transporting electrons as
part of logic circuits is equally important to the development of p-type materials for transporting
holes. Currently, progress in research on n-type materials is relatively backward, and the number of
polymers with high electron mobility is limited. As the core component of the organic field-effect
transistor (OFET), the rational design and judicious selection of the structure of organic semiconductor
materials are crucial to enhance the performance of devices. A novel conjugated copolymer with
an all-acceptor structure was synthesized based on an effective chemical structure modification and
design strategy. PDPPTT-2Tz was obtained by the Stille coupling of the DPPTT monomer with 2Tz-
SnMe3, which features high molecular weight and thermal stability. The low-lying lowest unoccupied
molecular orbital (LUMO) energy level of the copolymer was attributed to the introduction of
electron-deficient bithiazole. DFT calculations revealed that this material is highly planar. The effect
of modulation from a donor–acceptor to acceptor–acceptor structure on the improvement of electron
mobility was significant, which showed a maximum value of 1.29 cm2 V−1 s−1 and an average value
of 0.81 cm2 V−1 s−1 for electron mobility in BGBC-based OFET devices. Our results demonstrate
that DPP-based polymers can be used not only as excellent p-type materials but also as promising
n-type materials.

Keywords: n-type materials; organic semiconductor; conjugated copolymer; Stille coupling; OFET;
electron mobility

1. Introduction

Since the traditional concept that organic compounds can only be used as insulating
materials has been broken, the field of organic electronics has been extensively studied and
rapidly developed over the past few decades [1]. The most fundamental research object
in this field is organic semiconductor materials, which refer to organic small molecules
and oligomer and polymer materials with π-conjugated architecture [2–4]. Organic ma-
terials are available from a wide variety of sources, with tailorable chemical structures,
modifiable functional groups, and high flexibility. Through rational chemical design and
molecular structure strategy modulation, the organic materials prepared have been ap-
plied in a variety of functional devices, such as the organic field-effect transistor (OFET),
organic light-emitting diode (OLED), organic photovoltaic (OPV), organic light-emitting
transistor (OLET), organic electrochemical transistor (OECT), and organic thermoelectric
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(TE) and so on [5–10]. Among them, OFETs are also organic thin-film transistors (OTFTs),
which are regarded as the basic building blocks of organic electronic devices for carry-
ing the function of transporting electrons or holes [11]. Electron-transporting materials
are categorized as n-type materials, while p-type materials transport holes and materials
that satisfy the need to transport both electrons and holes are referred to as ambipolar
semiconductors. The current literature on organic semiconductors has focused on the
high performance of p-type materials, while the development of electron transport mate-
rials has lagged behind. A variety of systems have been developed with hole mobilities
above 10 cm2 V−1 s−1, while ambipolar or n-type polymer semiconductors with electron
mobilities above 10 cm2 V−1 s−1 are quite rare. The primary reason for such a problem is
the limited diversity of materials due to the low variety of acceptors. Common organic
semiconductors with high LUMO energy levels have large electron–injection barriers. The
diversity of available acceptor choices is limited, with most n-type materials being based
only on systems consisting of isoindgio (IID), naphthalene diimide (NDI), perylene diimide
(PDI), bithiophene imide (BTI), benzothiadiazo (BT) and diketopyrrolopyrrole (DPP) as
acceptor units [12–21]. Further, air sensitivity is a particular issue in the development of
n-type OSCs. The presence of electron traps significantly inhibits the performance of n-type
devices. The fact is that the advancement of n-type organic semiconductors can contribute
to a wide variety of smart applications. Notably, some unique areas, such as organic logic
circuits, new integrated display technologies, and organic thermoelectronics, require high
mobility and high-performance n-type organic semiconductors.

It is generally believed that a LUMO energy level near −4.0 eV favors the stability
of the material in the air. It is relatively easy and efficient to achieve this energy level
requirement using chemical strategies. It is beneficial to address the effect of molecular
structure design strategies on material properties exemplified by DPP. As a weak acceptor
structural unit, it can be polymerized with donor units such as thiophene, di-thiophene,
or tri-thiophene to obtain polymeric materials with alternating donor–acceptor (D–A) ar-
rangements, which correspond to hole mobilities in the range of 0.04–3.46 cm2 V−1 s−1 [13].
The chemical modification of the donor material to introduce strong electron-withdrawing
groups such as –F atoms, –Cl atoms, or cyano contributes to lowering the LUMO energy
level of the material, thereby increasing the electron mobility of the material. The copolymer
of DPP combined with 3,4-difluorothiophe shows a 0.22 cm2 V−1 s−1 hole mobility and
0.19 cm2 V−1 s−1 electron mobility [16,22]. Lowering the proportion of donor motifs in the
system, in other words increasing the proportion of acceptors in the polymer, means that the
obtained P2DPP-based polymers exhibit ambipolar performance with maximum electron
and hole mobilities of 3.01 cm2 V−1 s−1 and 4.16 cm2 V−1 s−1, respectively [23]. Further, the
three-acceptor strategy was validated, and the P2DPP-BT-based polymers exhibited hole
and electron mobilities of 3.52 cm2 V−1 s−1 and 2.83 cm2 V−1 s−1, respectively. Similarly,
other acceptor-based building blocks are mostly used in a combined donor–acceptor mode,
and the chemical structure of the donor unit is continuously modified to control LUMO
energy levels and the performance of the material. Di–receptor and tri–acceptor strategies
are currently effective strategies to enhance the device performance of n-type materials.
Here, we propose a strategy for the structural design of all-acceptor (A–A) copolymers.
We envision that the polymerization of electron-deficient bithiazole (2Tz) as the acceptor
unit with the DPPTT acceptor block could significantly improve the electron transport
properties of the material, prompting the conversion of the material from the p-type of
PDPPTT-2T to the n-type of PDPPTT-2Tz (Scheme 1). This design principle is in line with
previous reports that bithiazoles lead to considerably higher ionization potentials and
electron affinities compared to electron-rich bithiophene (2T) [24].
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2. Materials and Methods

Materials and synthesis: Chemical reagents, organic solvents, and catalysts were pur-
chased from Aldrich and used as received. Specific synthetic pathways for monomer-based
materials 1–3 are described in the Supplementary Information (SI). Compound 3 (200 mg,
0.18 mmol), 2Tz-SnMe3 (87.88 mg, 0.18 mmol 1.0 eq), tris(dibenzylideneacetone)dipalladium
([Pd2(dba)3], 3.24 mg, 3.54 µmol), tri(o-tolyl) phosphine (P(o-tol)3, 4.31 mg, 14.18 µmol),
and anhydrous chlorobenzene (CB, 9 mL) was added to a Schlenk tube. This tube was
charged with argon through a freeze-pump-thaw cycle three times. The reaction was
polymerized at 130 ◦C for three days. After the polymerization was complete, sodium
diethyldithiocarbamate trihydrate was added to remove [Pd2(dba)3], and the mixture was
stirred for 30 min at 60 ◦C before being precipitated into methanol (350 mL). The precipi-
tated product was filtered and purified via Soxhlet extraction with hexane (12 h), methanol
(12 h), and acetone (12 h) to give fractions of blue, light red, and blue-violet colors. Finally,
the target polymer was obtained using the chloroform phase, the fractions of which were
dissolved in chloroform showing a dark green color. This fraction was concentrated by
evaporation, precipitated into methanol (100 mL), and filtered to obtain the polymeric
material PDPPTT-2Tz (184.4 mg, 91.7%) in the form of a dark powder.

Instrumentation: Nuclear magnetic resonance spectra recorded on a Bruker AVAN-
CEIII (400 MHz, German) spectrometer with deuterated chloroform were used as the
solvent. 1HNMR chemical shifts were referenced relative to internal tetramethylsilane. The
splitting patterns were designated as s (singlet); d (doublet); t (triplet); and m (multiplet).
Molecular weight was determined by gel permeation chromatography (Agilent PL-GPC
50, United States of America), utilizing 1,2,4-trichlorobenzene as an eluent. Mass spec-
trometry was performed on an Autoflex III (Bruker Daltonics Inc, German) MALDI-TOF
spectrometer. The elemental analysis was measured by an organic elemental analyzer
(Thermo Scientific Flash 2000, USA). UV-Vis spectra were recorded on a Varian Cary model
500 UV-Vis-NIR spectrophotometer (Agilent, USA) using standard quartz cells of 1 cm
width and solvents of a spectroscopic grade. Electrochemical measurements were carried
out in an acetonitrile solution with tetra-n-butylammonium hexafluorophosphate using
a Metrohm Autolab PGSTAT12 Potentiostat. An Ag/AgCl electrode and platinum wire
were used as the reference electrode and counter electrode, respectively. Density Functional
Theory (DFT) calculations were performed using the B3LYP-D3/def2tzvp basis set of the
Gaussian 16 program to elucidate the highest occupied molecular orbital (HOMO) and
LUMO levels after optimizing low-energy conformation using the same method. Fourier
transform infrared measurements were performed on a Thermo Scientific iN10 spectrometer.
Thermogravimetric and Differential Scanning Calorimetry measurements were performed
on a Mettler TGA/DSC thermal analysis system with a heating rate of 10 ◦C min−1 in a
nitrogen atmosphere.

Device: The substrates for polymer-based OFETs were subjected to cleaning using
ultrasonication in deionized water, acetone, and isopropanol. The cleaned substrates were
dried under nitrogen gas and then treated with plasma for 10 min. Before the deposition
of polymer semiconductors, octadecyltrichlorosilane (OTS) treatment was performed on
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the SiO2 gate dielectrics in a vacuum to form an OTS self-assembled monolayer. The field-
effect characteristics of the devices were determined in the glove box by using a 4200 SCS
semiconductor parameter analyzer (Keithley, China). Different channel lengths (L) of the
FET devices (L = 5, 10, 20, 30, 40, and 50 µm) and the same channel widths (W) of 1400 µm
were used to optimize device performance.

3. Results
3.1. Synthesis

PDPPTT-2Tz was synthesized following the procedure summarized in Scheme 2.
The long side chain was introduced at the N-position of 1 through an alkylation reac-
tion to generate intermediate 2 and enhance its solubility in organic solvents. Bromi-
nation under heating conditions was utilized to minimize the reaction time, whereby
N-bromosuccinimide was employed to afford 3, which could serve as a precursor for the
Stille coupling reaction. Polymerization occurred via the dibromo-DPPTT monomer (3) and
5,5′-bis(trimethylstannyl)-2,2′-bithiazole (2Tz-SnMe3) with palladium (0) as the catalyst.
It is worth noting that polymerization can often be switched on within ten minutes using
stoichiometric equivalents of catalysts and ligands. An obvious experimental phenomenon
is that within ten minutes from room temperature to 130 ◦C, the color of the solution can
change from red to purple and blue to dark green. The dark green color is a sign that the
polymerization of DPP-type polymers has started. The purification of target polymers
relies mainly on the Soxhlet extraction technique. Hexane, methanol, and acetone were
sequentially used to remove oligomers and low molecular weight fractions from the poly-
mer system, and high molecular weight macromolecular fractions were collected by the
chloroform solvent, resulting in a 91.7% yield. As mentioned earlier, the choice of these two
monomers is favorable for device performance. Firstly, Br-containing and Sn-containing
monomers can easily undergo the Stille coupling polymerization reaction, which reduces
the difficulty of material generation. At the same time, its ability to draw electrons as an
electron acceptor can significantly reduce the LUMO energy level of the material. The
material energy level matches more closely with the Au electrode energy level, enabling
the easy injection of electrons. Finally, both acceptor units have a planar structure, which is
favorable for electron mobility.
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High-temperature GPC tests (150 ◦C) showed that the polymer has an extremely high
molecular weight with a narrow polymer dispersibility index (PDI). The Mn, Mw, and
PDI of PDPPTT-2Tz exhibited 171.2 kDa, 257.8 kDa, and 1.50, respectively (Figure S1 in
SI). For the mostly DPP-based polymers whose molecular weights (Mn) were generally
less than 100 kg mol−1, we attributed this to the minimal use of catalysts with reasonable
ligand ratios combined with long polymerization times [25–27]. In general, the molecular
weight of the polymer is related to device performance [28,29]. High molecular weight
components predominantly adopt a planar π-stacking conformation, which allows for
efficient interchain charge carrier transport [30]. Along with this, the narrow distribution
favors carrier transport compared to a high PDI [31]. On the other hand, the higher
molecular weight decreased the solubility of the polymer, which was almost insoluble
in non-chlorinated solvents such as tetrahydrofuran, ethyl acetate, ethanol, etc [32]. The
solubility of the polymer in chloroform and chlorobenzene was 3.5 mg/mL and 7.5 mg/mL,
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respectively, when heated to 50 ◦C. The reason for using chlorobenzene as a solvent at the
beginning of the reaction was designed to avoid the precipitation of high molecular weight
polymers with reduced solubility during the reaction. Thermogravimetric analysis (TGA)
indicated that the polymer had excellent thermal stability, with a thermal decomposition
temperature (5% weight loss) of 416.5 ◦C in the nitrogen atmosphere (Figure 1). Differential
scanning calorimetry analysis indicated that there was no significant phase transition in the
temperature range of 300–350 ◦C (Figure S2), which could be attributed to the rigid skeleton
and high molecular weight of PDPPTT-2Tz. Due to the poor solubility of polymers, the
NMR test could not be used to characterize the copolymer structure. We, therefore, used
infrared spectroscopy to compare the difference in absorption between the monomers
and polymers (Figure S3). The two materials presented completely different peaks in
the wavenumber range of 600–4000 cm−1, with the typical carbonyl characteristic peak
migrating finely from symmetry at 1672 cm−1 to 1665 cm−1 and showing asymmetry. The
new peaks at around 850 cm−1 as well as at around 3500 cm−1 were attributed to the
insertion of the thiazole unit. The elemental analysis of polymers is another means of
testing their composition and purity. The data and average values of the two measurements
for the C, H, N, and S content of these molecules are in good agreement with the theoretical
values calculated from the composition of repeating units (Table S1). These indicate that
the material is of high purity and that impurities, including catalysts and ligands, have
been purified out.
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3.2. Density Functional Theory Calculations

The optimized molecular geometries, highest occupied molecular orbital (HOMO)
distribution, lowest occupied molecular orbital (LUMO), and the energy gap (∆Ec) were
calculated using DFT at the B3LYP-D3/def2tzvp level [33,34] on the basis of the Gaussian
16 program [35,36]. The low-energy conformation of the methyl-substituted trimers was
applied instead of the long-conjugated system of the polymer [37]. Notably, the effect of
adding dispersion correction to the theoretical calculations was intended to further precise
the intramolecular forces and energy levels of the material with only a minor additional
computational overhead [38,39]. The smaller thiophene unit only had one α-hydrogen
atom, which allowed for favorable intramolecular sulfur–oxygen interactions with a calcu-
lated S. . .O distance of 2.98 Å, which was less than the sum of the van der Waals radii of
3.32 Å [40]. The central backbone is oriented in a nearly coplanar manner with its neighbor-
ing thiophene units at a dihedral angle of 10.17◦ to each other (Figure 2a). The introduction
of the 2Tz group did not significantly affect the planarity of the main chain structure. This
is due, on the one hand, to the fact that 2Tz itself consists of two thiazole units linked in a
trans conformation with a dihedral angle between the thiazole rings close to 180◦. On the
other hand, the dihedral angle between the thiophene unit and the neighboring thiazole
in DPP is only 4.95◦ (Figure 2b). The calculated LUMO energy level was −3.79 eV, and
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the lower energy level coincided with the all-acceptor molecular structure design strategy
(Table 1). Thereby, it allowed for the easier electron injection and operational stability of
the resulting polymer. The energy gap (∆Eg) obtained from theoretical calculations was
1.81 eV. Non-covalent interaction scattering and reduced density gradient analyses were
performed to observe and differentiate non-covalent interactions within the molecule, as
shown in Figure 2c [41]. Theoretical simulations of Electrostatic potential surfaces and the
molecular orbital maps of the trimers are shown in Figures S4 and S5 of the SI, respectively.
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Table 1. Theoretically calculated values of frontier orbital energy levels of methyl-substituted trimers.

HOMO
(eV)

LUMO
(eV)

∆Eg
(eV)

PDPPTT-2Tz −5.16 −3.79 1.81

3.3. Photophysical Properties and Electrochemical Properties

The UV-visible absorption spectra of PDPPTT-2Tz in the solution and in thin films
are illustrated in Figure 3 below, and the spectral characteristics are summarized in Table 2.
Two absorption peaks could be seen in the solution, including a high-energy absorp-
tion peak in the range of 350–500 nm and a low-energy absorption peak in the range of
600–900 nm, which were attributed to the π–π* transition and the intramolecular charge
transfer transition, respectively (Figure 3a). The maximum absorption peak (λmax) of
copolymer PDPPTT-2Tz in the chloroform solution was 765 nm. Compared to the solution
absorption, the λmax of the film exhibited a pronounced redshift of 10 nm. The changes
observed in the absorption spectra from the solution to the solid state were the result of en-
hanced intermolecular interactions and increased molecular ordering levels. J aggregation
could be determined by observing the difference in the intensity ratios of the first two vi-
brational peaks (often referred to as the 0–0 and 0–1 transitions) in the absorption spectrum.
The films show an optical band gap (Eg

opt) of approximately 1.31 eV, as determined from
the onset of UV-visible absorption at approximately 946 nm.
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Table 2. Optical and electrochemical characteristics of copolymer PDPPTT-2Tz.

λmax
solution

(nm)

λmax
film

(nm)
Eg

opt

(eV) 1
Ered
(eV)

HOMO
(eV) 2

LUMO
(eV) 3

Eg
cv

(eV) 4

PDPPTT-2Tz 765 775 1.31 −0.99 −5.08 −3.72 1.36
1 Eg

opt = 1240/λonset; 2 ELUMO = −4.80 eV − [(Ered
onset) − E1/2(ferrocene)]; 3 EHOMO = −4.80 eV − [(Eox

onset) −
E1/2(ferrocene)]; 4 Eg

cv = EHOMO − ELUMO.

The redox potential of the PDPPTT-2Tz film was investigated using cyclic voltam-
metry (CV) in a 0.1 M TBAPF6 solution in anhydrous acetonitrile. The polymer film was
prepared as follows. Firstly, 1 mg of the sample was dissolved in 1 mL of CB, and 0.5 mL
of the above solution was aspirated with a needle. In total, 1–2 drops were placed on the
electrode while waiting for the reagent to evaporate. The test conditions were measured
at room temperature in a nitrogen atmosphere. The reduction peaks were shown to be
quasi-reversible, which was attributed to the carbonyl group within the skeleton and was
progressively reduced. On the other hand, the oxidation process showed a significantly
lower and less reversible current, suggesting that PDPPTT-2Tz could favor electron trans-
port rather than hole conduction. The HOMO level was calculated using the onset of
the oxidation potential measured by CV, and the LUMO of the polymers was calculated
using the onset reduction potential with an offset of −4.80 eV for saturated Ag/AgCl
(Figure 4). The ferrocene reference was obtained under the same test conditions as 0.39 V.
We observed an onset oxidation potential of 0.67 V and an onset reduction potential of
−0.69 V, corresponding to −5.08 eV for HOMO and −3.72 eV for LUMO (Table 2). The
energy gap (Eg

cv) calculated from electrochemical measurements was 1.36 eV, which was
close to the optical bandgap (Eg

opt). These low-lying LUMO energy levels are consistent
with the DFT calculations, indicating that the all-acceptor strategy effectively decreased the
energy levels of the material.
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3.4. OFET Performance

In order to investigate the charge transfer characteristics of PDPPTT-2Tz, we fab-
ricated OFET devices with a bottom–gate bottom–contact (BGBC) structure, where the
corresponding BGBC device configuration is shown in Figure 5a. Polymer-based OFETs
were fabricated on a highly doped silicon wafer with a 300 nm SiO2 insulator, which was
used as the gate electrode. The source-drain gold electrodes were formed by photolithogra-
phy. Then, a layer of the polymer semiconductor film was deposited on the OTS-treated
substrates by spin-coating from the polymer solution in hot o-dichlorobenzene (5 mg/mL)
at a speed of 2000 rpm for 60 s. For annealing the semiconductor film, the samples were
further placed on a hotplate in a glove box at 220 ◦C for 20 min before cooling down to room
temperature. The carrier mobility, threshold voltage, and on/off current ratio extracted
from the transfer characteristics are summarized in Table 3. The field-effect mobility in
saturation (µ) was calculated from the following equation:

IDS = (W/2L) Ci µ (VGS–Vth)2 (1)

where W/L is the channel width/length, Ci is the gate dielectric layer capacitance per unit
area, and VGS and Vth are the gate voltage and threshold voltage, respectively.
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PDPPTT-2Tz measured under a vacuum at optimized annealing temperature (220 ◦C); (c,d) Output
characteristics of PDPPTT-2Tz based device.

Table 3. Electron transport properties of PDPPTT-2Tz on OTS-modified BGTC OFET devices.

Coating
Speed
(mm/s)

Annealing
(◦C)

Mobilities 1

(cm2/(V s))

Max
Mobilities
(cm2/(V s)

Threshold
Voltages (V) ION/OFF

PDPPTT-2Tz 2000 220 0.81 1.29 72 106

1 Based on four devices for each condition.

As shown in Figure 5b, it is clear to see that the PDPPTT-2Tz-based OFET device
showed N-type dominant carrier transfer characteristics with a maximum µe value of
1.29 cm2 V−1 s−1 with a channel length of 40 µm. The maximum possible difference be-
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tween the Ion and Ioff states was > 106, which was calculated between the maximum
gate bias (+80 V) and the minimum gate bias just below the switching voltage, show-
ing that the material had an excellent switching property [42,43]. The average µe value
of 0.81 cm2 V−1 s−1 relatively outperformed N-type devices based on DPP-based poly-
mers [44,45]. On the other hand, the hole mobility was extremely low in the range of
0.003–0.007 cm2 V−1 s−1, which could be related to the nature of the system as electron defi-
cient. The output characteristics of the PDPPTT-2Tz-based device are shown in Figure 5c,d.

4. Discussion

Here, we believe that the significant improvement in electron mobility was due to
multiple contributing factors. Firstly, the reduction in the LUMO energy level due to the
all-acceptor strategy is crucial, as this was favorable for tuning the energy bands of the
semiconductor as well as for matching with the working electrode (Au). Secondly, the
effect of molecular weight on mobility cannot be ignored, especially since the materials
polymerized in this paper had extremely high molecular weights and narrow dispersions.
The increase in the effective conjugation length was the key to improving carrier mobility.
At the same time, a reasonable choice of acceptors resulted in a more planar structure of the
overall molecule. It favored intermolecular stacking and π–π interactions, thus facilitating
electron transport. Although carriers in the range of 1.0 cm2 V−1 s−1 are already sufficient
for the functioning of most basic devices, such as e-paper, sensors, electronic labels, etc.,
there is still a gap with materials with electron mobility of more than 10 cm2 V−1 s−1, as
reported in the literature. This is related to the structure and molecular design strategy of
the material itself on the one hand and the preparation method of polymer semiconductor
films on the other. The enhancement of carrier transport in polymer semiconductors by
external forces conferred by rod coating, film scraping, spraying, and solution shearing
was decisive for the performance of the devices. In addition, doping and blending might
be other options for enhancing the device’s performance.

Research in this field for n-type organic semiconductor materials and their applications
in functional devices still has some limitations and is a major direction for future research.
Firstly, most polymers are based on Stille coupling polymerization, which requires the
use of toxic Sn-containing reagents. On the one hand, this increases the cost of synthesis,
and on the other hand, it can easily contaminate human beings and the environment. The
current alternative is to use C–H activation for polymerization, which reduces or even
eliminates the use of Sn reagents. However, this method also has the disadvantages of
low yield, low molecular weight polymerization, and poor generalizability. Second, the
reproducibility of the polymers is inferior, as the molecular weight or dispersion of the
polymers cannot be exactly the same from each batch, which is insufficient compared to
the purity of the small molecules. The optimization of coupling polymerization reaction
conditions, the development of efficient green polymerization methods, and the use of
mild and environmentally friendly solvents and catalysts are essential points to explore.
Finally, n-type semiconductor transistor materials are currently tested in glove boxes, and
it is difficult to prepare materials that are stable in the air for long periods of time with
long lifetimes.

Realizing the stretchable properties of the material while satisfying the mobility could
be the next major extension of this project. The intrinsic stretchability of materials is
important because many electronic devices need to be stretchable and bendable in order
to achieve a wide range of functionalities. Compared to small molecule semiconductors,
polymer semiconductors have an advantage in the field of stretchability due to their longer
and softer chain segments. In general, it is more difficult to balance the mechanical and
electrical properties of materials. Most of the materials reported exhibit good electron
mobility under unstressed conditions, but their electrical properties tended to degrade
rapidly under 50% or greater stress. The PDPPTT-2Tz-based material possesses good
electrical properties and can withstand the loss of some of its electron mobility while
accommodating stretchable performance.
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5. Conclusions

A novel organic semiconductor polymer, PDPPTT-2Tz, was designed based on an
all-acceptor (A–A) structural strategy and was prepared by the palladium-catalyzed Stille
polycondensation of electron-deficient 2Tz and DPPTT monomers. A polymer with high
molecular weight and narrow dispersion can be prepared by the design of suitable experi-
mental conditions. The enhancement of electron mobility by the A–A structure is significant
compared to D–A structure polymers. DFT calculated results show that PDPPTT-2Tz has a
lower LUMO energy level, which contributes to an improvement in its electron attraction.
The two selected monomers with planar surfaces can still maintain good planarity when
forming the polymer, given that the main chain has a tendency to have a large planar. The
high molecular weight and planarity further favor its electron transport properties, and the
polymer has been used in high-performance OFET devices showing good electron mobility
and on-off ratios. Subsequent work on the stability of the device and further enhancement
of the carrier mobility and its stretchable properties is still in progress.
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Abstract: Polymer light-emitting diodes (PLEDs) hold immense promise for energy-efficient lighting
and full-color display technologies. In particular, blue PLEDs play a pivotal role in achieving color
balance and reducing energy consumption. The optimization of layer thickness in these devices is
critical for enhancing their efficiency. PLED layer thickness control impacts exciton recombination
probability, charge transport efficiency, and optical resonance, influencing light emission properties.
However, experimental variations in layer thickness are complex and costly. This study employed
simulations to explore the impact of layer thickness variations on the optical and electrical properties
of blue light-emitting diodes. Comparing the simulation results with experimental data achieves
valuable insights for optimizing the device’s performance. Our findings revealed that controlling the
insertion of a layer that works as a hole-transporting and electron-blocking layer (EBL) could greatly
enhance the performance of PLEDs. In addition, changing the active layer thickness could optimize
device performance. The obtained results in this work contribute to the development of advanced
PLED technology and organic light-emitting diodes (OLEDs).

Keywords: blue light-emitting diode; BP105; TAPC

1. Introduction

PLEDs, or conjugated polymer light-emitting diodes, are quite popular because of their
simple solution procedure and possible high emission efficiency. As such, it is thought that
PLEDs will serve as the foundation for the upcoming generation of flat-panel displays [1].
These specialized light-emitting diodes are essential parts of bright, energy-saving lighting
and display systems. Blue PLEDs are a crucial invention in the future generation of lighting
and visual solutions because they are essential for achieving full-color displays, maintaining
color balance, and helping to minimize energy usage. Scientists and engineers have been
working hard over the years to increase the efficiency of blue PLEDs, which will further
qualify them for various uses. Controlling the layer thickness in PLEDs is an essential area
of research for improving LED performance. The thickness of the organic layers in a PLED
influences the probability of excitons (electron–hole pairs) recombining and the emission of
light [2]. An optimal layer thickness ensures that a higher percentage of excitons recombine
to produce light rather than being lost through nonradiative processes.

Consequently, controlling layer thickness could enhance light emission efficiency [3]. A
well-tuned thickness can reduce resistive losses and increase the device’s overall efficiency
by facilitating more efficient charge transport. It is possible to generate optical resonance by
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varying the thickness of some layers, such as the emissive layer [4,5]. More effective light
emission and a decrease in optical losses can be achieved by optimizing light confinement
and extraction through this resonance [6]. Light emission in full-color displays can be
controlled by varying the emissive layer thickness. Achieving a wide color spectrum and
accurate color representation requires this fine control. However, studying the impact
of different thicknesses presents challenges, as achieving such variations necessitates
complex and costly deposition methods. Therefore, conducting simulations emerges as the
preferable choice prior to experimental endeavors. Simulations offer a more cost-effective
and efficient means of exploring the effects of layer thickness variations.

Generally, light-emitting devices consist of organic structures mainly based on the
dual injection of holes and electrons from two electrodes with opposite charges. The
injected charges should finally enter the emissive layer to form an exciton followed by light
emission. Consequently, to enhance the device performance, multilayer structures should
be preferred, including a separate hole-transport layer (HTL), electron-transport layer, and
emissive layer (EML). The role of the HTL layer is to enhance the hole injection into the
active layer, block the electron from overflowing, and confine the formed exciton in the
active layer. Accordingly, the insertion of the HTL is a preferable choice for increasing the
OLED efficiency.

In polymer light-emitting diode (PLED) research, running simulations in addition to
conventional experimental work provides an economical, effective, and adaptable way
to investigate a broad range of layer thickness scenarios. Through the exploration of
unfeasible or extreme scenarios and the quick refinement of hypotheses, simulations
maximize resource use and reduce risk. They help identify suitable experimental candidates
by offering predictive insight into the behavior of layer thickness. Furthermore, simulations
facilitate parametric analysis and expedite the experimentation procedure. Simulations
supplement experimental research by addressing safety and environmental concerns,
eliminating material waste, and testing hypotheses. This helps to advance the development
of cutting-edge PLED technology and improves our understanding of PLED behavior.

Besides the importance of blue light-emitting devices (OLEDs) for application in flat
panel displays and solid-state lighting [7], blue light has important therapeutic applications,
including treating acne breakouts, psoriasis, seasonal affective disorders, and newborn
jaundice [8]. Also, blue LEDs have applications in food safety, such as tomato treatment;
blue light can delay ripening and, thereby, extend the storage life of tomatoes [9,10].

According to the abovementioned requirements, this paper introduces a simulation
and the optimization of a blue light-emitting diode based on BP105 as an emission layer. The
analysis of optical and electrical properties concerning changes in the active and electron-
blocking layers’ thickness was investigated. To conduct our simulations, we employed
the commercially available software, Setfos v5.4, developed by Fluxim [11]. Utilizing this
software, we successfully simulated experimental data for the blue multilayer polymer
light-emitting diode, consisting of ITO, PEDOT: PSS, BP105, and LiF/Ca/Al [12,13]. After
confirming the validity of the simulation method, we optimized the performance of the
device by varying the thickness of the active layer. In addition, another design with
the insertion of a layer that works simultaneously as HTL and electron blocking was
investigated and optimized.

The selection of the PLED architecture as ITO, PEDOT: PSS, BP105, and LiF/Ca/Al
arising from this arrangement has a good opportunity for further advancement and in-
novation in the optoelectronics industry. This arrangement combines the advantages of
solution-processable materials such as PEDOT:PSS and BP105, creating a promising plat-
form for cost-effective and scalable manufacturing. In this arrangement, the combination of
LiF/Ca/Al was selected as one of the two electrodes. The LiF/Ca/Al electrode has excel-
lent electrical performance and exhibits a low turn-on voltage. Furthermore, ITO, PEDOT:
PSS, BP105, and LiF/Ca/Al designs have low heat generation and power consumption,
thereby extending their lifespan. Moreover, the device produces high brightness through
effective charge injection and transport systems.
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2. Numerical Simulation of the Experimental Model

A drift-diffusion technique, which has been published in numerous other publica-
tions [14–16], serves as the foundation for the electrical simulations used in this study. The
measured curves from the electrical experiments can be replicated by solving the equations
in the steady-state, transient, and frequency domains. The computed exciton densities
are fed into the optical solver for electro-optical simulations based on the transfer matrix
and dipole emission models [17,18]. The required inputs for the simulation are the layer
sequence with respective thicknesses, refractive indices, and each layer’s electrical and
excitonic material parameters. The results obtained in references [12,13] were simulated
to confirm our computation’s validity. The structure and the layer thicknesses of the blue
light emitting device are as follows: ITO(100 nm), PEDOT: PSS(100 nm), BP105(80 nm),
LiF(1 nm), Ca(10 nm), and Al(200 nm) [12,13]. The schematic construction of the device
and band energy diagram are shown in Figure 1a,b. In this device, the active layer consists
of a blue-emitting polymer known as BP105, which was developed by The Dow Chemical
Company (Midland, MI, USA). The emission of BP105 is displayed in Figure 1c.
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BP105, along with the top and bottom electrodes, acts as the main emission layer.
ITO/PEDOT:PSS works as the top electrode (anode). ITO is a well-known transparent
electrode with a work function of −4.7 eV. However, the potential barrier is large between
the work function of ITO and the HOMO level of BP105, causing inefficient carrier injection.
A hybrid electrode of ITO/PEDOT:PSS was introduced to lower this barrier. Comparatively
to ITO alone (−4.7 eV), PEDOT’s intrinsic work function (−5.2 eV) is closer to the HOMO
level of BP105 (−5.8 eV). PEDOT:PSS molecules have intrinsic dipole moments due to
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their chemical structure. Variations in their work functions and Fermi levels may cause
electrons to migrate between ITO and PEDOT:PSS when PEDOT:PSS is deposited on ITO.
This electron movement builds both positive and negative charges at the contact, creating
an electric dipole layer. The vacuum level is normally shifted upward by the development
of this dipole layer at the ITO/PEDOT:PSS interface, raising the combined system’s work
function. This lowers the energy barrier for hole injection into the active layer by bringing
the anode’s effective work function closer to the HOMO level of BP105. PEDOT:PSS also
provides a smoother and more consistent surface than the rough bare surface of ITO.
Reducing the number of interface defects helps improve surface quality, thereby facilitating
better electrical and physical contact with BP105.

For better performance, LED requires an electrode for the cathode that has a lower
work function and is in good alignment with the LUMO level of BP105. For that, a combined
electrode of LiF/Ca/Al was introduced to the structure. LiF has a very wide bandgap
(~14 eV), which makes it an excellent insulator. Despite being an insulator, a very thin
layer of LiF (1 nm) was used as a buffer layer to reduce any interface recombination and
improve carrier confinement. However, the work function of LiF (−3.0 eV) and the LUMO
level of BP105 still create a potential barrier. Ca was included to lower this barrier. The
LUMO level of BP105 is well-aligned with the comparatively low work function of calcium,
which is approximately −2.9 eV. The work function of the integrated system decreases
when calcium deposits on LiF. This work function modification is crucial for aligning the
energy levels between the cathode and the active layer, reducing the barrier for electron
injection. However, calcium is a highly reactive metal that can trigger device degradation
very quickly. A layer of aluminum on top of calcium can improve both the device’s stability
and carrier injections. Aluminum was chosen for its excellent electrical conductivity and its
stability. Aluminum has a work function of about −4.3 eV. Although this is higher than
that of calcium, the combination of LiF and Ca layers ensures that the overall injection
barrier is minimized.

The optical and electrical parameters, including refractive index, HOMO-LUMO en-
ergy levels, charge mobility, and radiative and nonradiative decay rates of the materials,
were applied from the built-in material database integrated into Setfos. The carrier mobility
of BP105 was determined using the Extended Gaussian Disorder Model (EGDM). This
model is widely employed to describe charge transport in organic materials, providing
valuable insights into the mobility of charge carriers within the BP105 active layer of the
device [19]. An Exponential Density of States (DOS) model was utilized to analyze the
trap state. Within this model, the trapping density of electrons was set to 2 × 1024 m−3 [19].
This model allowed for a comprehensive investigation of electron trapping phenomena,
providing a better understanding of the device’s behavior. Recombination processes in the
device were modeled using the Langevin model, where the recombination efficiency was
specifically set to 1. The Langevin model is commonly used to describe the recombination
of charge carriers within semiconductor materials and organic devices. In this case, the effi-
ciency value of 1 suggests that all potential recombination events were considered without
any reduction or losses, resulting in a comprehensive analysis of recombination processes.
The simulations were conducted at a temperature of 293 Kelvin (293 K). Furthermore, in
the simulations, the device was surrounded by glass, a substrate, and air, as illustrated
in Figure 1a. These surrounding materials and conditions were integrated into the simu-
lation setup to closely replicate the real-world environment in which the optoelectronic
device operates.

The simulation of current efficiency and luminance of the device consisting of ITO(100 nm),
PEDOT: PSS(100 nm), BP105(80 nm), LiF(1 nm), Ca(10 nm), Al(200 nm) are shown in
Figure 2. In addition, the experimental data of similar construction published in refer-
ences [12,13] are displayed to confirm the validity of our method. Clearly, the simulation
closely matched the experimental results, affirming its accuracy and suitability in scien-
tific contexts.
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3. Device Optimization
3.1. Varying Thickness of Active Layer

In the previous section, we demonstrated the ability of our simulations to accurately
reproduce the experimental characterizations of the BP105 blue light-emitting polymer.
Our modeling approach enables the simultaneous variation of parameters within the PLED
stack and the scattering layer. Therefore, in this section, we present how the device can be
further optimized.

The performance of the light-emitting diode was first optimized by varying the thick-
ness of the emission layer. The effect of varying active layer thickness was investigated
while keeping the other layer thicknesses constant. Figure 3a,b show the effect of changing
BP105 thickness on the current efficiency and luminous efficacy with an applied voltage
of 5 V. Increasing the thickness from 10 nm to 80 nm continuously causes an increase in
current efficiency, and then the current efficiency has the first maximum value in the range
of the thickness from 80 to 120 nm. Further, increasing thickness beyond 120 nm causes
an increase in current efficiency, reaching the highest maximum at 180 nm thickness. The
behavior for luminous efficacy with varying the thickness of the active layer showed two
maximums, one at the thickness of the active layer of 60 nm and the second at the thickness
of the active layer of 200 nm.
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Figure 3. The effect of varying the active layer of BP105 thickness on (a) current efficiency; and
(b) luminous efficacy.
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According to the investigation of the device with various thicknesses of BP105, we
found that the thicknesses of 60 nm, 80 nm, 180 nm, and 200 nm are important thicknesses
of the active layer to study. Consequently, we investigated the current efficiency and
luminous efficacy against voltage variation for the devices of BP105 with thicknesses of
60 nm, 80 nm, 180 nm, and 200 nm. Figure 4 shows the effect of variation of applied voltage
on the current efficiency for different thicknesses of the emission layer.

Polymers 2024, 16, x FOR PEER REVIEW 6 of 16 
 

 

  
(a) (b) 

Figure 3. The effect of varying the active layer of BP105 thickness on (a) current efficiency; and (b) 
luminous efficacy. 

According to the investigation of the device with various thicknesses of BP105, we 
found that the thicknesses of 60 nm, 80 nm, 180 nm, and 200 nm are important thicknesses 
of the active layer to study. Consequently, we investigated the current efficiency and lu-
minous efficacy against voltage variation for the devices of BP105 with thicknesses of 60 
nm, 80 nm, 180 nm, and 200 nm. Figure 4 shows the effect of variation of applied voltage 
on the current efficiency for different thicknesses of the emission layer. 

 
Figure 4. Current efficiency for different thicknesses of the emission layer of the device consists of 
ITO(100 nm), PEDOT: PSS(100 nm), BP105(60, 80, 180, and 200 nm), LiF(1 nm), Ca(10 nm), and 
Al(200 nm). 

The increase in applied voltage leads to an increase in current efficiency continuously 
up to 5 V; beyond 5 V, the efficiency tends to saturate. As the voltage is increased with low 
values, the electric field becomes stronger, which facilitates the injection of more charge 
carriers into the device and, in consequence, causes an increase in current efficiency. While 
the saturation of current at higher voltage values can be ascribed to one of the following 
reasons: (1) there can be a mismatch between the densities of electrons and holes injected 
into the active layer. This charge imbalance can result in inefficient recombination pro-
cesses, where excess carriers remain unpaired and contribute to nonradiative recombina-
tion channels. Consequently, the current efficiency may be saturate at higher voltage [20]. 
(2) At higher voltages, the density of charge carriers (electrons and holes) within the OLED 
increases. This elevated carrier density can lead to increased exciton-quenching effects, 

0 50 100 150 200 250

0.0

0.2

0.4

0.6

0.8

1.0

N
or

m
al

iz
ed

 C
ur

re
nt

 e
ffi

ci
en

cy

BP105 Thickness (nm)
0 50 100 150 200 250

0.0

0.2

0.4

0.6

0.8

1.0

N
or

m
al

iz
ed

 L
um

in
ou

s 
ef

fic
ac

y

BP105 Thickness (nm)

Figure 4. Current efficiency for different thicknesses of the emission layer of the device consists
of ITO(100 nm), PEDOT: PSS(100 nm), BP105(60, 80, 180, and 200 nm), LiF(1 nm), Ca(10 nm), and
Al(200 nm).

The increase in applied voltage leads to an increase in current efficiency continuously
up to 5 V; beyond 5 V, the efficiency tends to saturate. As the voltage is increased with low
values, the electric field becomes stronger, which facilitates the injection of more charge
carriers into the device and, in consequence, causes an increase in current efficiency. While
the saturation of current at higher voltage values can be ascribed to one of the following
reasons: (1) there can be a mismatch between the densities of electrons and holes injected
into the active layer. This charge imbalance can result in inefficient recombination processes,
where excess carriers remain unpaired and contribute to nonradiative recombination chan-
nels. Consequently, the current efficiency may be saturate at higher voltage [20]. (2) At
higher voltages, the density of charge carriers (electrons and holes) within the OLED
increases. This elevated carrier density can lead to increased exciton-quenching effects,
where excitons (electron-hole pairs) are more likely to undergo nonradiative decay pro-
cesses, such as collisional quenching or exciton–exciton annihilation, rather than radiative
recombination to emit light leads to current saturation [21]. To decide which mechanism
is responsible for current saturation at higher voltage, we investigated the effect of ap-
plied voltage on the luminous efficacy. Figure 5 shows luminous efficacy against voltage
variation for various devices that possess different thicknesses of active layer. Clearly, the
luminous efficacy started to decrease at higher voltage, which indicates that the second
mechanism is responsible for the saturation of current efficiency. At higher voltages, the
process of collisional quenching or exciton–exciton annihilation and nonradiative recom-
bination causes a decrease in the efficiency of converting injected charges into emitted
photons and consequently, luminous efficacy decreases.

Increasing the thickness of active layers from 60 nm to 180 nm and 200 nm causes
an enhancement of the current efficiency and luminous efficacy; these results can be
attributed to the increasing thickness of Bp105 facilitating a higher density of polymer
chains and a greater volume for exciton formation. This can increase the probability of
exciton generation per unit area, leading to more efficient light emission and improved
luminous efficacy. Furthermore, large thicknesses can help optimize the distribution and
density of charge carriers within the device, leading to improved charge balance [22]. This
can minimize nonradiative recombination processes and enhance light emission efficiency,
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thereby increasing luminous efficacy. Conversely, with the increasing thickness from 60 nm
to 80 nm, the current efficiency increases, but luminous efficacy decreases. These results can
be explained as follows. The thickness of 80 nm may exacerbate optical losses within the
device due to weak microcavity effects (i.e., non-resonance optical length) [23]. This loss
can reduce the amount of light extracted from the device and diminish luminous efficacy,
even if the current efficiency improves.
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3.2. Effect of Insertion of HTL Layer on the Performance of the OLED

Another strategy applied to improve the performance of the device is the introduction
of TAPC (1,1-bis[(di-4-tolylamino)phenyl]cyclohexane) as an intermediary layer between
PEDOT: PSS and the active layer. Due to the high triplet energy (2.9 eV) and LUMO
levels (−2.0 eV) of TAPC, it works as a hole-transporting and electron-blocking layer. The
schematic construction of the device with the insertion of the TAPC layer along with the
band energy diagram is shown in Figure 6.
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Figure 6. Layer structure and band energy diagram after adding TAPC. (a) Layer structure; (b) band
energy diagram.

The changes in current efficiency and luminous efficacy with varying thicknesses of
TAPC from 1 nm to 350 nm for the thicknesses of 60, 80, 180, and 200 nm of the BP105 layer
are shown in Figure 7a,b. Obviously, three maximums appeared that achieve optimum
current efficiency, which varied for different thicknesses of the active layer. Similar behavior
was obtained for luminous efficacy. According to the appeared maximums with varying
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TAPC thicknesses, we investigated the performance of various devices with thicknesses of
60 nm, 80 nm, 180 nm, and 200 nm for the BP105 layer.
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Figure 7. Varying the thicknesses of TAPC from 1 nm to 350 nm for the thicknesses of 60, 80, 180, and
200 nm of the BP105 layer. (a) Current efficiency; (b) luminous efficacy.

The effects of varying the thicknesses of TAPC on current efficiency and luminous
efficacy at different applied voltages for the four devices with BP105 of thicknesses of
60 nm, 80 nm, 180 nm, and 200 nm were investigated. Figure 8 shows the current efficiency
against the applied voltage for the device consisting of ITO(100 nm), PEDOT: PSS(100 nm),
TAPC (x), BP105(60 nm), LiF(1 nm), Ca(10 nm), and Al(200 nm), with various thicknesses
of TAPC hole-transporting layer thicknesses (6 nm, 125 nm, and 277 nm). At low voltage,
the current efficiency was very small due to inefficient charge injection. As the voltage
increased beyond the threshold (~3.5 V) up to nearly 6 V, the current efficiency rose as more
charge carriers were injected and contributed to radiative recombination, and consequently,
the current efficiency continuously increased. At higher voltages, the current efficiency
was saturated, i.e., limiting the efficiency of converting injected charge carriers into emitted
photons, leading to diminished current efficiency despite increasing voltage. The effect of
variation of thickness at low voltages below 5 V on the current efficiency was insignificant,
but for higher voltages and in the saturation region, applying the thickness of 125 nm,
which is compatible with the second maximum, caused an increase in the current efficiency.
Conversely, applying the thickness compatible with the third maximum of 277 nm, the
current efficiency increased relative to the thickness of 6 nm and decreased relative to the
thickness of 125 nm.
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The behavior for the device with ITO(100 nm), PEDOT: PSS(100 nm), TAPC (x),
BP105(80 nm), LiF(1 nm), Ca(10 nm), and Al(200 nm) and various TAPC hole-transporting
layer thicknesses was similar to the device with BP105 of 60 nm but with an increase in
current efficiency, as shown in Figure 9. We should keep in mind that the thickness that
was given the highest values of luminous efficacy does not equal the thickness that has
given higher current efficiency.
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Figure 9. Current efficiency against the applied voltage for the device with 80 nm of BP105, with
various thicknesses of TAPC hole-transporting layer thicknesses (6 nm, 105 nm, and 258 nm).

The behavior for devices with higher thicknesses of 180 nm and 200 nm of the active
layer with the variation of TAPC thicknesses are different, as shown in Figure 10a,b. The
current efficiency continuously increased and did not reach complete saturation. In addi-
tion, the current efficiency maximum values were less than those obtained for the devices
with thinner active layers. These could be explained by the fact that the thinner layers
lead to more efficient charge transport and reduced exciton quenching at the interfaces,
resulting in higher current efficiency.
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Figure 10. Current efficiency against the applied voltage for the device with (a) 180 nm and (b) 200 nm
of BP105, with various thicknesses of TAPC hole-transporting layer thicknesses.

The effect of variation of TAPC thicknesses on the luminous efficacy of the devices
with different thicknesses of active layer BP105 was investigated. The luminous efficacy for
the devices with thicknesses of the active layer of 60 and 80 nm and various thicknesses of
TAPC are shown in Figure 11a,b. The variation of TAPC layer thickness for the two devices
showed similar behaviors but with the enhancement of efficacy for 80 nm of BP105. For the
devices with a large active layer thickness of 180 nm and 200 nm, the trend of evolution of
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luminous efficacy in comparison with thinner devices was different. At low voltage, the
luminous efficacy increased to a maximum, followed by a pronounced decrease at higher
voltages, as shown in Figure 11c,d. These results could be attributed to the fact that there is
an exciton quenching or non-radiative recombination process for the thicker active layer
due to an imbalance in charge transportation within the device, leading to non-uniform
current distribution and localized regions of high current density [24].
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Figure 11. Luminous efficacy against the applied voltage for the device with (a) 60 nm,
(b) 80 nm, (c) 180 nm, and (d) 200 nm of BP105, with various thicknesses of TAPC hole-transporting
layer thicknesses.

The luminance of four devices with a thickness of the active layer of 60 nm, 80 nm,
180 nm, and 200 nm with varying thicknesses of the TAPC hole-transporting layer was
investigated, as shown in Figure 12a–d. The luminance slowly increased at a lower voltage,
reaching the built-in voltage value followed by an abrupt increase. Herein, we have a two-
dimensional investigation. The first is the effect of changing hole-transporting thickness,
and the second is the variation of the thickness of the active layer. For the diodes with
thicknesses of active layers 60, 180, and 200 nm, the increase in hole-transporting layer
thickness showed a pronounced decrease in luminance. However, the behavior of the
device with an active layer thickness of 80 nm was different, and the maximum luminance
obtained for the device with the thickness of TAPC was 100 nm. It is worth mentioning
that the devices with the sum of the thicknesses of the hole-transporting layer and the
active layer were close to 60, or multiple of them (i.e., the sum of HTL + EML = 180 nm)
yielded the optimum luminance values. In addition, the luminance of devices with the sum
of the small thicknesses of HTL + EML achieved higher luminance in comparison with
the devices of large values of the sum of the thicknesses of HTL + EML. The decrease in
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luminance with thicker HTL can be produced due to the following factors: (1) hindered
injection efficiency of holes into the emissive layer, leading to an imbalance in charge
carriers; (2) exciton quenching at the interface between the HTL and the emissive layer;
(3) the weak microcavity effect; and (4) thicker HTL layers resulting in more absorption
of emitted light within the device, reducing the amount of light that escapes the device.
The fourth reason can be excluded due to the absorption of TAPC located at higher energy
relative to the emission wavelength of the device. As the devices with multiple thicknesses
of HTL + EML achieve the optimum luminance, we can conclude that the main reasons
that lead to a decrease in the luminance are the combination of the non-resonance thickness
of microcavity and imbalance in charge carriers.
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Figure 12. Luminance versus voltage for devices with different TAPC thicknesses for devices with a
thickness of BP105 of (a) 60 nm, (b) 80 nm, (c) 180 nm, and (d) 200 nm.

3.3. Comparison of the Performance of the PLED with and without TAPC

In the previous sections, we detected the effective thickness of the active layer and the
hole-transporting layer and their influence on the performance of the solar cell (Table 1). In
this section, we will compare their performance. Figure 13 shows the current efficiency of
devices with different combinations of TAPC and BP105. Comparing the current efficiency
for the devices with and without the TAPC hole-transporting layer showed that the devices
with the sum of the thickness HTL + EML or single EML close to 180 nm achieved the
optimum current efficiency. The devices with the TAPC layer achieved the highest current
efficiency relative to the devices without HTL. These results show that the improvement of
hole injection, blocking electrons, and balance of carriers are the main factors that affect the
current efficiency.
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Table 1. Overview of every peak after thickness variation of BP105 from 1 nm to 225 nm and TAPC
from 1 nm to 350 nm.

BP105 Thickness (Peaks)

TAPC Thickness (Peaks)

Current
Efficiency

Luminous
Efficacy Luminance

Current efficiency

80 nm
6 nm 2 nm 4 nm

105 nm * 125 nm * 100 nm *
258 nm 274 nm 256 nm

180 nm *
6 nm * 23 nm * 4 nm *
156 nm 171 nm 153 nm
308 nm 318 nm 303 nm

Luminous efficacy

60 nm
6 nm 2 nm 4 nm *

125 nm * 145 nm * 122 nm
277 nm 293 nm 273 nm

200 nm *
3 nm * 1 nm * 3 nm *
135 nm 151 nm 132 nm
288 nm 289 nm 283 nm

Here, * represents the highest peak.
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Figure 13. Comparison of the current efficiency of devices with different combinations of TAPC
and BP105.

Figure 14 shows the comparison of the luminous efficacy of the devices with and
without TAPC. Unlike current efficiency, the device with the sum of the thicknesses of
BP105 and TAPC close to any specific thickness does not achieve the optimum luminous
efficacy. Instead, the active layer thickness of 80 nm achieved the highest luminous efficacy,
exceeding the similar device without TAPC at 4.5 V by about 21.66%. Although the active
layer thickness less than or equal to 80 nm showed an increasing trend, the devices that
have a thickness greater than or equal to 180 nm showed different behavior at a higher
voltage. The luminous efficacy decreased at higher voltages for thicker devices.

A comparison of the luminance of the devices that included HTL showed a pronounced
improvement relative to the devices without HTL (Figure 15). The luminance increased
nearly two-fold for the PLED included TAPC relative to that one without HTL.

Astonishing results for the devices with higher thicknesses of TAPC of 273 nm and
BP105 (60 nm) show that the change in luminance is negligible. These results mean that the
factors that lead to the enhancement of luminance are comparable with factors that lead to
decreasing the luminance at this thickness of TAPC.
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4. Conclusions

In this study, we conducted a comprehensive simulation of a blue light-emitting
polymer device, focusing on the impact of an electron-blocking layer (EBL), the thickness
variation in both the EBL and active layer (Bp105), on the device’s optical and electrical
performance. Our findings provide valuable insights into the enhancement of the device’s
efficiency and demonstrate the critical role of EBL thickness in optimizing the performance
of blue light-emitting polymers.

Our investigation revealed that the incorporation of hole transporting and an electron-
blocking layer significantly improved the overall performance of the device. This improve-
ment can be attributed to the EBL’s ability to confine electrons within the active layer,
preventing them from escaping the device and reducing recombination losses.

Furthermore, we explored the impact of varying the active layer thickness (Bp105)
combined with hole-transporting layer thickness and found that an active layer thickness
of approximately 80 nanometers (nm) and a TAPC of 125 nm led to the best performance
of luminance efficacy. This thickness optimization likely arises from the balance between
efficient charge carrier transport and recombination probability within the active layer.

In summary, our study underscores the importance of the electron-blocking layer in
enhancing the optical and electrical performance of blue light-emitting polymer devices. By
fine-tuning the thickness of the EBL and active layer, we can achieve the best possible device
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performance. These findings have significant implications for the design and development
of next-generation optoelectronic devices and hold promise for the advancement of organic
light-emitting diodes (OLEDs) and other related technologies. Future research could further
investigate the underlying mechanisms behind these enhancements and explore additional
strategies to improve device efficiency and stability.
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List of Abbreviations
OLED Organic Light-Emitting Diode
HTL Hole-transport Layer
ETL Electron Transport Layer
EML Emission Layer
EGDM Extended Gaussian Disorder Model
DOS Density of States
ITO Indium Tin Oxide
PEDOT:PSS Poly(3,4-ethylenedioxythiophene) polystyrene sulfonate
TAPC 1,1-bis[(di-4-tolylamino)phenyl]cyclohexane (a common HTL material)
BP105 A specific blue-emitting polymer
LiF Lithium Fluoride
Ca Calcium
Al Aluminum
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Abstract: Tetraphenylethene (TPE) is known as a molecule that exhibits aggregation-induced emis-
sion (AIE). In this study, pendant hydroxyl groups were introduced onto polyfluorene with a TPE
moiety. Sol-gel reactions of polydiethoxysiloxane (PDEOS) were carried out in the presence of
hydroxyl-functionalized AIE polyfluorene (TPE-PF-OH) and polydimethylsiloxane carrying pen-
dant hydroxyl groups (PDMS-OH) to immobilize AIE polyfluorene into a PDMS/SiO2 hybrid in an
isolated dispersion state. The luminescence intensity from this three-component hybrid increased
with the increase in silica content. The luminescence intensity decreased with increasing external
temperature. For the control experiment, sol-gel reactions of PDEOS were carried out in the presence
of hydroxyl group-free polyfluorene (TPE-PF) and PDMS to obtain ternary composites. We found
that the luminescence from this composite was not significantly affected by the silica content or
external temperature. We synthesized temperature-responsive AIE materials without changing the
concentration or aggregation state of the AIE molecules.

Keywords: aggregation-induced emission; polyfluorene; organic/inorganic hybrid; sol-gel method

1. Introduction

It is well known that conjugated polymers exhibit interesting electronic and optical
properties [1]. Conjugated polymers such as polythiophenes and polyfluorenes have at-
tracted much attention as luminescent polymers mainly for organic light-emitting diodes
(OLEDs) and biomarkers [2]. Many conjugated luminescent polymers show strong lumi-
nescence in a solution but are partially or completely quenched in an aggregated state. This
effect is known as aggregation-caused quenching (ACQ) [3]. Such concentration quenching
leads to a decrease in the luminous efficiency of the light-emitting device. In the case of
biomarkers, aggregation with biomolecules and analytical agents reduces sensitivity. On
the other hand, some molecules such as tetraphenylethene (TPE) emit light in a solid state
but not in a solution. This phenomenon is called aggregation-induced emission (AIE) [4–7].
The widely accepted reason for the AIE effect is the restriction of intramolecular motion
(RIM), which is composed of both the restriction of intramolecular rotation (RIR) and the re-
striction of intramolecular vibration (RIV). In a solution state, exited energy is consumed by
molecular motion, and the release of energy from the excited state to the ground state is non-
radiative deactivation. In an aggregated state, on the other hand, spatial constraints and
interactions with surrounding molecules significantly suppress these molecular motions,
inhibiting the non-radiative deactivation pathway and resulting in luminescence [8].

AIE polymers may be superior to lower-molecular-weight AIE molecules in terms of
prosessability, further functionalization, and thermal stability. Polymeric AIE molecules
have many useful applications as new optical materials and have been widely investi-
gated [9–11]. A typical AIE polymer is one in which a segment with an AIE functional
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group is introduced into the main chain or side chain moiety of the polymer. In most cases,
an AIE–functional group has a propeller-shaped structure with rotatable periphery phenyl
rings such as TPE and hexaphenylsilole. And such a polymer can be prepared by ether the
polymerization of the AIE–functional monomer or post-polymerization modification. The
main chain of the polymer may be a conjugated structure or an unconjugated structure.
Compared to unconjugated AIE polymers, conjugated AIE polymers are expected to have
higher luminescence efficiency. For example, Wu et al. synthesized a new series of TPE-
containing conjugated polyfluorene copolymers through a palladium-catalyzed Suzuki
polycondensation reaction and found that all polymers exhibited AIE properties thanks to
the TPE moieties [12].

We have reported the incorporation of emitting polymers into silica as new emitting
materials [13–15]. For example, we introduced pendant hydroxyl groups into polyfluorene
and carried out a sol-gel reaction of tetraethoxysilane (TEOS) in the presence of hydroxyl-
functionalized polyfluorene to obtain an organic/inorganic hybrid retaining the optical
properties of the embedded polyfluorene [16]. Since we observed polymer aggregation
in the resulting silica when we carried out the sol-gel reaction of TEOS in the presence
of a conjugated polymer without hydroxyl functionalities, hydrogen bonding between
pendant hydroxyl groups and silanol groups in silica played an important role for homo-
geneous hybrid formation. Further, we successfully immobilized emitting polyfluorenes
into silicone resin by the sol-gel reaction of TEOS in the presence of polyfluorene with
pendant ethoxysilyl groups and silanol-terminated polydimethylsiloxane. Homogeneous
hybridization proceeded because of the covalent bond formation between ethoxysilyl and
silanol groups [17]. By immobilizing the luminescent polymer in a transparent solid matrix,
energy transfer did not occur because, unlike in the solution state, the molecules lose their
mobility and no intermolecular contact occurs. In other words, it corresponds to an isolated
dispersion of molecules in a frozen state. On the other hand, if the solid matrix is soft like
silicone, molecular motion is possible to some extent.

So far, the external environment affecting the aggregation-induced effect of polymers
has been exclusively investigated in terms of solution concentration and solvent com-
position. We were interested in immobilizing AIE polyfluorene carrying TPE moieties
into a solid matrix in an isolated dispersion. Our idea was to control the degree of the
rotation of phenyl rings by changing the softness of the solid matrix. We hypothesized that
by changing the softness of the external environment in which the aggregation-inducing
molecules reside, the ease of intramolecular rotation can be changed and, as a result, the
aggregation-inducing effect can be controlled. The solid matrix we focused on was a hybrid
composed of PDMS and silica. Recently, hybrid materials composed of PDMS and SiO2
have attracted much attention as biomaterials [18–20], photonic materials [21], and coating
materials [22–24]. This diversity of applications is related to the flexibility of the materials
ranging from a hard solid to a rubber-like substance.

The chemical structures of the compounds used in this study are shown in Figure 1.
We synthesized AIE polyfluorene (TPE-PF-OH) which carries both TPE as an AIE active
moiety and pendant hydroxyl groups which are capable of interacting with silica. Our
preliminary experiment showed that the sol-gel reaction of polydiethoxysiloxane (PDEOS)
in the presence of TPE-PF-OH and PDMS gave a translucent solid, indicating that the
aggregation of TPE-PF-OH molecules took place in the solid matrix. Therefore, we prepared
PDMS containing pendant hydroxyl groups (PDMS-OH), which can interact with TPE-
PF-OH through hydrogen bonding. The sol-gel reactions of PDEOS were carried out
in the presence of TPE-PF-OH and PDMS-OH to obtain TPE-PF-OH/PDMS-OH/SiO2
hybrids with different amounts of silica. We measured the emission spectra of the resulting
ternary TPE-PF-OH/PDMS-OH/SiO2 hybrids to examine the effect of silica content and
temperature on the luminescence intensity from the hybrid. For comparison, the sol-gel
reactions of PDEOS were carried out in the presence of hydroxyl-free polyfluorene and
PDMS to obtain ternary composites, in which AIE polyfluorene molecules were embedded
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in the solid matrix in the aggregated state. The optical properties of TPE-PF-OH/PDMS-
OH/SiO2 hybrids were compared with those of TPE-PF/PDMS/SiO2 composites.
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1,2-Bis(4-bromophenyl)-1,2-diphenylethene [25], 2,7-dibromo-9,9-bis(6-(2-tetrahydropyranyloxy)
hexyl)fluorene [16], and 2,7-dibromo-9,9-dihexylfluorene [26] were prepared according to
the reported procedures. The platinum–divinyltetramethyldisiloxane complex (3.0% Pt
in vinyl-terminated PDMS) (SIP 6830), trimethylsilyl-terminated poly(dimethylsiloxane-
co-methylhydrosiloxane) (PDMS-H) (molecular weight, 20,000–25,000; methylhydrosilox-
ane, 4–6 mol%), and trimethylsilyl-terminated polydimethylsiloxane (PDMS) (molecu-
lar weight, 26,000) were purchased from Gelest, Inc. (Morrisville, PA, USA) Tris(tris
[3,5-bis(trifluoromethyl)phenyl]phosphine)palladium (0) was purchased from Wako Pure
Chemical Industries, Ltd. (Osaka, Japan) Aliquat 336 was purchased from Aldrich (St. Louis,
MO, USA). All other reagents were obtained from commercial sources and used
as received.

2.2. Compounds
2.2.1. 1,2-Diphenyl-1,2-bis(4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)phenyl)ethene (1)

To a mixture of 1,2-bis(4-bromophenyl)-1,2-diphenylethene (2.8 g, 5.7 mmol), bis
(pinacolato)diboron (3.8 g, 15 mmol) and KOAc (4.4 g, 45 mmol), degassed dioxane (50 mL)
and [1,1′-bis(diphenylphosphino)ferrocene]palladium(II) dichloride (Pd(dppf)Cl2, 60 mg)
were added and the reaction mixture was stirred at 80 ◦C for 24 h. After cooling to room
temperature, the reaction mixture was diluted with chloroform and washed with water.
The organic layer was dried over anhydrous magnesium sulfate and placed under reduced
pressure to remove the solvent. The residue was purified by column chromatography
using a mixture of dichloromethane and hexane (2:1 v/v) as an eluent to give 2.2 g (67%) of
compound 1 as a white solid; 1H NMR (500 MHz, CDCl3, δ): 7.53 (d, J = 7.2 Hz, 4H), 7.1–7.0
(m, 14H), 1.32 (s, 24H); 13C NMR (125 MHz, CDCl3, δ):146.9, 143.5, 141.4, 134.1, 131.4, 130.8,
127.8, 127.7, 126.6, 83.7, 24.9; IR (KBr, cm−1): 2977, 1607; Anal. calcd. for C38H42B2O4: C
78.10, H 7.24; found: C 78.19, H 7.16.
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2.2.2. TPE-PF-OTHP

A mixture of 1 (584 mg, 1.00 mmol), 2,7-dibromo-9,9-bis(6-(2-tetrahydropyranyloxy)
hexyl)fluorene (2) (139 mg, 0.20 mmol), 2,7-dibromo-9,9-dihexylfluorene (3) (394 mg,
0.80 mmol), toluene (20 mL), 2 mol/L aqueous Na2CO3 (5 mL), and tris(tris [3,5-bis
(trifluoromethyl)phenyl]phosphine)palladium (0) (10 mg) was deaerated by bubbling
argon at least 10 min. The reaction mixture was heated at 90 ºC for 72 h under argon and
then poured into methanol. The precipitated polymer was purified by washing for 2 days
in a Soxhlet apparatus with acetone to remove oligomers and catalyst residues to obtain
570 mg (81%) of TPE-PF-OTHP as a yellow powder; UV-vis (in THF): λmax = 356 nm; IR
(KBr, cm−1): 2923, 2836, 1455, 693; GPC: Mw = 42,000, Mw/Mn = 2.5.

2.2.3. TPE-PF-OH

A mixture of TPE-PF-OTHP (0.29 g), 30 mL of THF, and 5 mL of 10% hydrochloric
acid was stirred at 40 ◦C for 20 h. The reaction mixture was diluted with chloroform and
washed with water. The organic layer was dried over anhydrous magnesium sulfate and
placed under reduced pressure to remove the solvents. The residue was dissolved in a
small amount of chloroform and then re-precipitated into methanol to obtain 0.18 g (63%)
of TPE-PF-OH as a yellow powder; UV-vis (in THF): λmax = 359 nm; IR (KBr, cm−1): 2929,
2845, 1460, 722; GPC: Mw = 60,300, Mw/Mn = 1.9.

2.2.4. PDMS-OH

To a mixture of PDMS-SiH (5.0 g, SiH = 3.5 mmol) and allyl alcohol (0.81 g, 14 mmol)
in 20 mL of toluene was added platinum catalyst (SIP 6830, 10 mg), and the reaction
mixture was heated at 70 ◦C for 24 h. The rection mixture was pored into methanol to
precipitate 3.8 g (71%) of PDMS-OH as colorless viscous oil; IR (NaCl, cm−1): 2967, 1266,
1100, 1031, 797.

2.2.5. TPE-PF

A mixture of 1 (0.45 g, 0.77 mmol), 3 (0.38 g, 0.77 mmol), THF (20 mL), 2 mol/L
aqueous Na2CO3 (4 mL), and tris(tris [3,5-bis(trifluoromethyl)phenyl]phosphine)palladium
(0) (10 mg) was deaerated by bubbling argon at least 10 min. The reaction mixture was
heated at 90 ºC for 72 h under argon and then precipitated into methanol. The polymer was
filtered and purified by washing for 2 days in a Soxhlet apparatus with acetone to remove
oligomers and catalyst residues to obtain 0.40 g (78%) of TPE-PF as a yellow powder;
UV-vis (in THF): λmax = 369 nm; IR (KBr, cm−1): 2922, 2864, 1465, 703; GPC: Mw = 13,200,
Mw/Mn = 2.8.

2.2.6. TPE-PF-OH/PDMS-OH/SiO2 Hybrid

In a typical example, to a mixture of PDMS-OH (0.60 g) and PDEOS (0.37 g), a solution
of TPE-PF-OH (0.1 mg) in 10 mL of THF and 5 µL of dibutyltin dilaurate was added. The
reaction mixture was stirred for 1 h and then allowed to stand at room temperature for one
week to obtain 0.75 g of a pale-yellow transparent solid; IR (KBr, cm−1): 2966, 1252, 1068,
1025, 708.

2.2.7. TPE-PF/PDMS/SiO2 Composite

In a typical example, to a mixture of PDMS (0.60 g) and PDEOS (0.37 g), a solution of
TPE-PF (0.1 mg) in 10 mL of THF and 5 µL of dibutyltin dilaurate was added. The reaction
mixture was stirred for 1 h and then allowed to stand at room temperature for one week to
obtain 0.75 g of a pale-yellow translucent solid; IR (KBr, cm−1): 2967, 1251, 1068, 1021, 711.

2.3. Measurements

Nuclear magnetic resonance spectra (NMR) were recorded on 500 MHz for 1H spectra
and 125 MHz for 13C spectra (ECZ500R, JEOL, Tokyo, Japan). The analysis was conducted
at room temperature. The samples were dissolved in CDCl3, with tetramethylsilane (TMS)
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serving as the internal standard. Photoluminescence spectra were recorded on a HAMA-
MATSU Multi Channel Analyzer PMA-11 (Hamamatsu, Japan). The measurement was
conducted at the exciting wavelength of 365 nm. Fourier transform infrared (FTIR) spectra
and UV-vis spectra were recorded on JASCO FT/IR-4100 (Tokyo, Japan) and SHIMADZU
UV-2550 (Kyoto, Japan), respectively. Elemental analysis was carried out using YANACO
CHN-corder MT-5 (Kyoto, Japan). Gel permeation chromatography (GPC) was carried
out on a Tosoh HLC-8020 chromatograph equipped with polystyrene gel columns (Tosoh
Multipore HXL-M, Tokyo, Japan; exclusion limit = 2 × 106, 300 × 7.8 mm) and refrac-
tive/ultraviolet dual mode detectors. Tetrahydrofuran (THF) was used as the eluent at
a flow rate of 1.0 mL/min. The calibration curves for GPC analysis were obtained using
polystyrene standards.

3. Results and Discussion
3.1. Preparation of TPE-PF-OH

The synthetic pathway for PTE-PF-OH is shown in Figure 2. The key compound
is a fluorene derivative 2 in which hydroxyl groups are protected by tetrahydropyranyl
(THP) groups because the THP group, like other acetals and ketals, is inert under basic
conditions during the Suzuki coupling reaction. The ternary copolymerization of 1, 2 and 3
was carried out in the presence of a palladium catalyst. Since we already found that the
introduction of 20 mol% hydroxyl group-containing monomer allowed for homogeneous
mixing with silica [16], we added 20 mol% of monomer 2. The 1H NMR spectrum of the
resulting TPE-PF-OTHP is shown in Figure 3. The peak at 0.6–0.8 ppm is due to the CH3
protons of the hexyl group. The peaks at 4.5 and 3.8–3.2 ppm are assigned as CH and
OCH2 protons, respectively. The polymer composition of TPE-PF-OTHP was determined
by 1H NMR through the peak area ratio between the signals coming from CH3 protons
and those belonging to OCH2 protons to be m:n = 19:81 which corresponded well with the
expected value on the basis of the monomer feed ratio (m:n = 1:4). The THP group was then
removed by conventional acid treatment in THF. Figure 4 shows 1H NMR of TPE-PF-OH.
The peaks due to THP groups disappeared completely, indicating the complete conversion
of TPE-PF-OTHP to TPE-PF-OH.

Polymers 2024, 16, 3331 5 of 11 
 

 

2.3. Measurements 
Nuclear magnetic resonance spectra (NMR) were recorded on 500 MHz for 1H spec-

tra and 125 MHz for 13C spectra (ECZ500R, JEOL, Tokyo, Japan). The analysis was con-
ducted at room temperature. The samples were dissolved in CDCl3, with tetrame-
thylsilane (TMS) serving as the internal standard. Photoluminescence spectra were rec-
orded on a HAMAMATSU Multi Channel Analyzer PMA-11 (Hamamatsu, Japan). The 
measurement was conducted at the exciting wavelength of 365 nm. Fourier transform in-
frared (FTIR) spectra and UV-vis spectra were recorded on JASCO FT/IR-4100 (Tokyo, 
Japan) and SHIMADZU UV-2550 (Kyoto, Japan), respectively. Elemental analysis was car-
ried out using YANACO CHN-corder MT-5 (Kyoto, Japan). Gel permeation chromatog-
raphy (GPC) was carried out on a Tosoh HLC-8020 chromatograph equipped with poly-
styrene gel columns (Tosoh Multipore HXL-M, Tokyo, Japan; exclusion limit = 2 × 106, 300 
× 7.8 mm) and refractive/ultraviolet dual mode detectors. Tetrahydrofuran (THF) was 
used as the eluent at a flow rate of 1.0 mL/min. The calibration curves for GPC analysis 

were obtained using polystyrene standards. 

3. Results and Discussion 
3.1. Preparation of TPE-PF-OH 

The synthetic pathway for PTE-PF-OH is shown in Figure 2. The key compound is a 
fluorene derivative 2 in which hydroxyl groups are protected by tetrahydropyranyl (THP) 
groups because the THP group, like other acetals and ketals, is inert under basic condi-
tions during the Suzuki coupling reaction. The ternary copolymerization of 1, 2 and 3 was 
carried out in the presence of a palladium catalyst. Since we already found that the intro-
duction of 20 mol% hydroxyl group-containing monomer allowed for homogeneous mix-
ing with silica [16], we added 20 mol% of monomer 2. The 1H NMR spectrum of the re-
sulting TPE-PF-OTHP is shown in Figure 3. The peak at 0.6–0.8 ppm is due to the CH3 
protons of the hexyl group. The peaks at 4.5 and 3.8–3.2 ppm are assigned as CH and 
OCH2 protons, respectively. The polymer composition of TPE-PF-OTHP was determined 
by 1H NMR through the peak area ratio between the signals coming from CH3 protons 
and those belonging to OCH2 protons to be m:n = 19:81 which corresponded well with the 
expected value on the basis of the monomer feed ratio (m:n = 1:4). The THP group was 
then removed by conventional acid treatment in THF. Figure 4 shows 1H NMR of TPE-
PF-OH. The peaks due to THP groups disappeared completely, indicating the complete 
conversion of TPE-PF-OTHP to TPE-PF-OH. 

m
n

THPO OTHP

TPE-PF-OTHP

B
B

O

O
O

O
+

Br

THPO OTHP

Br

+

BrBr

Pd cat.

TPE-PF-OH

1 2 3

H+
 

Figure 2. Synthetic pathway for TPE-PF-OH. Figure 2. Synthetic pathway for TPE-PF-OH.

96



Polymers 2024, 16, 3331Polymers 2024, 16, 3331 6 of 11 

Figure 3. 1H NMR spectrum of TPE-PF-OTHP. 

Figure 4. 1H NMR spectrum of TPE-PF-OH. 

Figure 5 shows the emission spectra of TPE-PF-OH in a diluted THF solution (0.1 
mg/mL) and from thin film. Weak emission was observed in the THF solution (Figure 5a). 
This is probably because the intramolecular rotation process of the four phenyl rings in 
the TPE moieties in conjugated polymer may be limited in some degree, and weak emis-
sion still present in the solution state. On the other hand, much stronger emission was 
observed from the thin film of TPE-PF-OH (Figure 5b), indicating that TPE-PF-OH exhib-
its a typical AIE property [3]. 

Figure 5. Emission spectra of TPE-PF-OH (a) in a THF solution (0.1 mg/mL) and (b) from thin film. 

9 8 7 6
δ (ppm)

5 4 3 2 1 0

OCHO OCH2

9 8 7 6
δ (ppm)

5 4 3 2 1 0

(a)

(b)

400

Wavelength (nm)

500 600 700 800

In
te

ns
ity

(a
.u

.)

9000

6000

3000

0

Figure 3. 1H NMR spectrum of TPE-PF-OTHP.
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Figure 4. 1H NMR spectrum of TPE-PF-OH.

Figure 5 shows the emission spectra of TPE-PF-OH in a diluted THF solution
(0.1 mg/mL) and from thin film. Weak emission was observed in the THF solution
(Figure 5a). This is probably because the intramolecular rotation process of the four phenyl
rings in the TPE moieties in conjugated polymer may be limited in some degree, and weak
emission still present in the solution state. On the other hand, much stronger emission was
observed from the thin film of TPE-PF-OH (Figure 5b), indicating that TPE-PF-OH exhibits
a typical AIE property [3].
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3.2. Preparation of PDMS-OH

In order to immobilize TPE-PF-OH in a PDMS/SiO2 matrix in an isolated and dis-
persed state, we introduced pendant hydroxyl groups onto PDMS. The introduced hydroxyl
groups on PDMS should help homogeneous mixing with emissive polymer with hydroxyl
functionalities. We synthesized poly[dimethylsiloxane-co-methyl(3-hydroxypropyl)siloxane]
(PDMS-OH) via the hydrosilylation reaction of trimethylsilyl-terminated poly
(dimethylsiloxane-co-methylhydrosiloxane)] (PDMS-H) with an allyl alcohol in the presence
of a platinum catalyst. Figure 6 shows the 1H NMR spectra of PDMS-OH with that of the
starting PDMS-H. PDMS-H shows an absorption peak at 4.6 ppm due to Si-H groups. After
the hydrosilylation reaction, the peak at 4.6 ppm disappeared completely, while new peaks
emerged at 3.3, 1.6, and 0.3 ppm coming from SiCH2CH2CH2OH groups, indicating that
Si-H groups were successfully converted to Si-CH2CH2CH2OH groups. Figure 7 shows
the IR spectra of PDMS before and after the hydrosilylation reaction. After hydrosilylation,
the peak at 2155 cm−1 due to Si-H groups disappeared completely.
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3.3. Preparation of TPE-PF-OH/PDMS-OH/SiO2 and TPE/PDMS/SiO2

We synthesized three TPE-PF-OH/PDMS-OH/SiO2 hybrids with different silica con-
tents. Although the preparation of hybrid elastomers composed of PDMS and SiO2 was
reported by the sol-gel reaction of tetraethoxysilane (TEOS) in the presence of hydroxy-
terminated poly(dimethylsiloxane) [27], our preliminary experiments revealed that it was
difficult to control the silica content in the hybrid due to volatilization of TEOS during the
sol-gel reaction. We utilized poly(diethoxysilane) (PDEOS) as a silica precursor for a non-
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aqueous sol-gel reaction [28]. PDEOS is known as a non-volatile oligomeric form of TEOS.
The sol-gel reaction conditions are summarized in Table 1. Since 1 g of PDEOS changes to
about 0.41 g of silica after elimination of ethanol, silica content (wt%) in the hybrid can be
easily calculated. The ternary hybrids obtained were transparent solid without polymer
aggregation. The hybrid with 60 wt% silica was a hard solid, while the hybrid with 20 wt%
silica was a rather rubbery solid.

Table 1. So-gel reaction conditions 1 for PTE-PF-OH/PDMS-OH/SiO2 hybrids.

Entry PDMS-OH, g PDEOS, g SiO2 Content, wt%

1 0.60 0.37 20
2 0.45 0.73 40
3 0.30 1.1 60

1 TPE-PF-OH = 0.1 mg, (C4H9)2Sn(OCOC11H23)2 = 5 µL, THF = 10 mL, temp., = rt, time = 1 week.

For the control experiment, we synthesized AIE polyfluorene without hydroxyl func-
tionalities by the Suzuki polycondesation reaction between 1 and 3 to obtain TPE-PF which
is an alternating copolymer of TPE and 9,9-dihexylfluorene. The 1H NMR of TPE-PF is
shown in Figure 8. Then, we carried out the sol-gel reaction of PDEOS in the presence of
TPE-PF and PDMS to obtain TPE-PF/PDMS/SiO2 composites with different SiO2 content.
Table 2 summarizes the sol-gel reaction conditions. Since there is no interaction such as
hydrogen bonding, electrostatic interaction, or π–π interaction among TPE-PF, PDMS, and
silica, the resulting solid was an opaque solid, indicating that TPE-PF molecules aggregate
in the solid matrix. This indicates that phenyl rings at a TPE moiety cannot rotate any more.
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Table 2. So-gel reaction conditions 1 for PTE-PF/PDMS/SiO2 composites.

Entry PDMS, g PDEOS, g SiO2 Content, wt%

1 0.60 0.37 20
2 0.45 0.73 40
3 0.30 1.1 60

1 TPE-PF = 0.1 mg, (C4H9)2Sn(OCOC11H23)2 = 5 µL, THF = 10 mL, temp., = rt, time = 1 week.

3.4. Effect of Silica Content on Emission

Figure 9a shows the emission spectra of TPE-PF-OF/PDMS-OH/SiO2 hybrids with
different silica contents at room temperature. It was obvious that emission intensity
increased with the increase in silica content. This is reasonably explained by considering
the restriction of intramolecular rotation of phenyl rings of TPE groups. It becomes difficult
for phenyl rings to rotate when the solid matrix becomes harder [27].
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Figure 9. Emission spectra from (a) the TPE-PF-OH/PDMS-OH/silica hybrid and (b) TPE-
PF/PDMS/silica composite at various silica contents.

Figure 9b shows the emission spectra of TPE-PF/PDMS/SiO2 composites with differ-
ent silica contents at room temperature. Although the emission intensity decreased with
the decrease in silica content, the effect was less remarkable when compared with that for
the TPE-PF-OH/PDMS-OH/SiO2 system. This is because phenyl rings cannot rotate even
if the matrix becomes soft.

3.5. Effect of Temperature on Emission

Next, we examined the effect of temperature on emission property. Figure 10a shows
the emission spectra of the TPE-PF-OH/PDMS-OH/SiO2 hybrid with 40 wt% silica at vari-
ous temperatures. The fluorescence intensity decreased with the increase in temperature.
The observed decrease in emission intensity can be explained by considering an easier
rotation of pheny rings at a higher temperature.
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Figure 10. Emission spectra from (a) the TPE-PF-OH/PDMS-OH/SiO2 hybrid and (b) TPE-
PF/PDMS/SiO2 composite at various temperatures.

Figure 10b shows the emission spectra of TPE-PF/PDMS/SiO2 composites at various
temperatures. Similar to the TPE-PF-OH/PDMS-OH/SiO2 system, a decrease in emission
intensity was observed as the external temperature increased. However, the decrease

100



Polymers 2024, 16, 3331

in emission intensity with increasing temperature is less pronounced than the TPE-PF-
OH/PDMS-OH/SiO2 system.

These experimental results show that the fluorescence intensity of TPE-PF/PDMS/SiO2
composites is not significantly affected by the silica content or temperature. This is because
TPE-PF molecules exist in an aggregated state due to the lack of interaction with the solid
matrix, making it difficult for phenyl rings to rotate, supporting that the rotation of phenyl
rings plays an important role in bringing about the AIE effect. There are not many reported
papers of thermo-responsive AIE molecules. Liu et al. synthesized polyurethanes with
soft and hard segments using AIE-active tetra-aniline derivative as the hard segment,
and they found that these polyurethanes exhibited temperature-dependent fluorescent
characteristics [29]. Ma et al. synthesized poly(N-isopropylacrylamide) (PNIPAAm) with
an AIE moiety to observe thermo-induced emission due to the aggregation of PNIPAAm
chains [30]. Our ternary hybrid containing AIE polyfluorene is another example of a thermo-
responsive AIE material. The mechanism of the thermo-responsibility is coming from the
change of softness of the transparent solid matrix in which AIE molecules are imbedded.

4. Conclusions

We synthesized two AIE polyfluorenes with a TPE moiety. One (TPE-PF-OH) had
pendant hydroxyl groups while the other (TPE-PF) did not. And we converted PDMS-
H to PDMS-OH with hydroxypropyl groups. We carried out the sol-gel reactions of
PDEOS in the presence of TPE-PF-OH/PDMS-OH or TPE-PF/PDMS. The former gave
transparent solids while the latter gave translucent solids. We examined emission properties
by changing the silica content and temperature for these ternary systems. The effects of
the silica content and temperature on fluorescence intensity differed significantly between
the TPE-PF-OH/PDMS-OH/SiO2 and TPE-PF/PDMS/SiO2 systems. The luminescence
intensity from TPE-PF-OH/PDMS-OH/SiO2 was greatly affected by the silica content and
temperature. On the other hand, the luminescence from TPE-PF/PDMS/SiO2 was not
significantly affected by the silica content or temperature. These results can be reasonably
explained by considering the intramolecular motion of phenyl rings at a TPE moiety.
We demonstrated that the luminescence properties of an AIE polymer can be altered by
isolating and dispersing it in a transparent solid matrix of which the flexibility can be
changed by external stimuli. Such materials are expected to be new temperature-responsive
optical materials based on AIE phenomena.
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Abstract: Abstract: Quantum dot–polymer composites have the advantages of high lumi-
nescent quantum yield (PLQY), narrow emission half-peak full width (FWHM), and tunable
emission spectra, and have broad application prospects in display and lighting fields. Re-
search on quantum dots embedded in polymer films and plates has made great progress
in both synthesis technology and optical properties. However, due to the shortcomings
of quantum dots, such as cadmium selenide (CdSe), indium phosphide (InP), lead halide
perovskite (LHP), poor water, oxygen, and light stability, and incapacity for large-scale
synthesis, their practical application is still restricted. Various polymers, such as methyl
methacrylate (PMMA), polyethylene terephthalate (PET), polystyrene (PS), polyvinylidene
fluoride (PVDF), polypropylene (PP), etc., are widely used in packaging quantum dot
materials because of their high plasticity, simple curing, high chemical stability, and good
compatibility with quantum dot materials. This paper focuses on the application and
development of quantum dot–polymer materials in the field of backlight displays, summa-
rizes and expounds the synthesis strategies, advantages, and disadvantages of different
quantum dot–polymer materials, provides inspiration for the optimization of quantum
dot–polymer materials, and promotes their application in the field of wide-color-gamut
backlight display.

Keywords: quantum dot; polymers; backlight display; display technology

1. Introduction
With the continuous progress of semiconductor technology, display technology has

witnessed remarkable enhancements over the last several decades, particularly in aspects
such as color gamut width, luminance, and lifespan. The backlight display technology
currently employed in the market is mainly the photoluminescence (PL) type (Figure 1a).
Photoluminescence technology is commonly seen in liquid crystal displays (LCD), where
blue light LEDs and down-converting luminescent materials (such as phosphor or quan-
tum dots) are utilized as the backlight source [1]. Among the multiple components of the
display device, the luminescent material is the core factor determining the display perfor-
mance. To offer superior display quality, the luminescent material must possess several key
characteristics: high luminous efficiency—the material is capable of effectively converting
input energy into light, thereby enhancing display luminance; high color purity—the light
emitted by the material needs to have a distinct color to ensure clear and accurate displayed
colors; and good stability—the material should maintain stable performance during long-
term usage or under high-temperature conditions, preventing color distortion or luminance
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attenuation. These characteristics jointly determine the visual performance and service life
of the display device [2,3]. Hence, the selection and optimization of luminescent materials
are crucial for improving the quality of display technology.
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Figure 1. (a) Photoluminescent liquid crystal display structure schematic diagram. Reprinted with
permission from ref. [1]. Copyright 2020 Springer Nature. (b) Gamut in CIE chromaticity diagram.
Reprinted with permission from ref. [4]. Copyright 2023 Wiley. (c) Current problems and challenges
faced by quantum dot materials.

Currently, most of the LCD backlight display materials available in the market employ
blue light LED chips combined with a coating of yellow fluorescent materials (such as
YAG:Ce3+) to generate white light. Nevertheless, this approach confronts significant issues.
Since the spectrum produced by blue light LED and yellow phosphor does not fully
encompass the entire visible spectrum, particularly in the red and green regions, it leads to
inaccurate color reproduction and low saturation [5]. The color gamut of this backlighting
scheme is typically narrow, merely approximately ~72% of the National Television System
Committee (NTSC) standard (Figure 1b), making it challenging to achieve higher standards
of color performance. The light generated by the strategy of blue light LED and yellow
fluorescent materials usually leans towards a cool hue (high color temperature), and thus
the overall display effect might appear cold. To compensate for this, it is often necessary
to adjust the color temperature of the backlight, but excessive adjustment might result
in the distortion of other colors. The LCD panel itself has a certain degree of viewing
angle dependence. When using a blue light LED backlight, the performance of color
and luminance may vary at different viewing angles, especially when viewed at larger
angles, and the problem of uneven color and luminance might be more pronounced. The
spectrum of blue light LED contains a relatively larger proportion of short-wavelength blue
light. Prolonged viewing might cause certain levels of eye fatigue, and some studies have
even raised concerns about potential adverse effects on sleep quality, especially following
excessive exposure to a strong blue light environment [6–11].
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Quantum dots, as luminescent materials, can significantly enhance the color gamut
and luminance of LED-backlit LCD displays with their outstanding color performance
and high efficiency, thereby delivering more vivid and precise visual experiences. The ap-
plication of this technology enables liquid crystal display televisions to present richer
and more brilliant colors, particularly in the display of high dynamic range (HDR)
content [12–16].

In 2013, Sony pioneered the launch of the world’s first liquid crystal television (QD-
LCD) equipped with quantum dot backlight technology, signifying the official advent of
the quantum dot television era. In 2014, TCL showcased quantum dot LCD televisions
at the International Consumer Electronics Show (CES) and the IFA exhibition in Berlin.
This innovative technology promptly aroused extensive attention within the industry.
Subsequently, renowned domestic and international television brands such as Samsung
followed suit, and quantum dot televisions rapidly emerged as a significant new category
in the television industry, highly favored by consumers [17].

However, the application of quantum dot materials in high-performance display
devices still presents numerous issues that urgently require resolution (Figure 1c). Firstly,
the problem of water and oxygen stability of quantum dots must be addressed [18–21].
Therefore, this article focuses on the research progress on quantum dot polymers in the
field of backlight display, analyzes the important indicators of backlight display, contrasts
the pros and cons of different types of quantum dots, conducts a detailed discussion on
various encapsulation methods of quantum dots and polymers, and finally puts forward
some challenges and opportunities in this domain, facilitating the development of the
quantum dot backlight display field.

2. Important Indicators for Backlight Display and Related Parameters of
Quantum Dots
2.1. Color Gamut of Backlight Display and FWHM

Color gamut refers to the range of colors that display devices (such as televisions,
computer monitors, printers, etc.) are capable of displaying or reproducing. Different
devices have varying color gamut sizes, and thus the types and saturation of colors they can
display also differ. The CIE color space is a set of standardized color representation methods
developed by the International Commission on Illumination for accurately describing and
comparing colors [22,23]. The CIE color space is a model based on human visual perception,
providing a unified and device-independent way to describe colors. The color gamut is a
specific manifestation of the color range that can be reproduced by a device or the human
eye within the color space [24]. On a color gamut chart, the triangular area enclosed by
the three primary colors of red, green, and blue represents the color gamut of the display.
The higher the color purity of the three primary colors, the closer their coordinates in the
color gamut chart are to the spectral color curve (the boundary of the visible spectrum).
This implies that the color range that the display can present is closer to the pure colors in
the natural spectrum. When the coordinates of the three primary colors of the display are
closer to the spectral color curve, the colors it can display will be more saturated and vivid.
Furthermore, the larger the area of the color gamut triangle, the wider the color gamut
covered by the display, indicating that the display is capable of presenting more colors.
Therefore, the larger the color gamut, the richer the color performance of the display, and
the more details and color gradations it can reproduce. The size of the color gamut of a
display directly affects the accuracy and richness of its colors. Wide-color-gamut displays
are typically more significant in applications such as image processing, professional design,
and high-definition television because they can restore various colors more accurately and
richly [23,25–28].
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FWHM represents the width of the emission spectral line. Specifically, it is the distance
between the two points on the emission intensity curve at half the peak intensity (half-peak).
In the spectrum, the difference between the wavelength values corresponding to these two
points is the FWHM, which can be used to quantify the spectral width or color purity of
the luminescent material [29].

In display technology, multiple light sources with narrow FWHM (such as red light,
green light, and blue light) are typically used to cover the entire color gamut. The FWHM of
each light source is narrow, so the representation of each color is more precise and saturated.
When combining these narrow FWHM light sources, their color gamuts will cover different
areas in the color gamut chart, and these areas are often close and non-overlapping, thereby
covering a wider color range. On the color gamut chart, the boundaries of the color gamut
are usually defined by the most extreme colors that the display can accurately reproduce.
Light sources with narrow FWHM can position the boundaries of the color gamut more
precisely. For example, for red, green, and blue, the narrower the FWHM of each light
source, the more accurately the boundaries of the color gamut can be restored, thereby
expanding the color range that the display can display. A narrow FWHM enables the
display to better restore the details of the spectrum and highly saturated colors without
causing color blurring due to a broad color spectrum [30].

The FWHM of quantum dot materials is influenced by several key factors, including
material composition and type, size distribution, synthesis methods, surface defects, and
ligand modification. Specifically, different materials, such as CdSe, CdTe, InP, PbS, etc.,
exhibit distinct electronic structures and bandgap characteristics, leading to variations in
emission spectral widths among various types of quantum dots. For example, perovskite
quantum dots inherently possess a relatively narrow FWHM (<30 nm) [31–45], whereas
CuInS2 exhibits a broader FWHM (>100 nm) [46]. Moreover, a wide size distribution of
quantum dots results in significant variations in emission wavelengths, thereby broadening
the spectrum and increasing the FWHM. Reducing the size distribution, particularly mini-
mizing its standard deviation, is critical for enhancing spectral quality and narrowing the
FWHM. Surface defects and vacancies can also alter the electronic energy levels of quantum
dots, causing spectral shifts or broadening. Surface modifications using organic ligands
or inorganic shells can improve surface quality, reduce defects, and consequently narrow
the emission spectrum [47,48]. Precise control over synthesis conditions, surface modi-
fication, and optimization of the reaction environment can effectively minimize the size
distribution of quantum dots, resulting in narrower spectra and smaller FWHM, thereby
enhancing the performance of quantum dot materials in display, optoelectronic, and other
applications [41,45].

2.2. Backlight Display Brightness and Quantum Dot Photoluminescence Quantum Yield

The brightness of a backlight display is of paramount significance for display perfor-
mance, particularly in aspects such as presentation of high dynamic range (HDR) content,
contrast, and color manifestation in strong light environments. High brightness not only
conspicuously enhances visibility, making the screen content more legible in bright settings,
but also boosts the layering and detail presentation of images. It assists the display in pre-
senting more elaborate details, especially in the dark and highlight sections, guaranteeing
a fine and realistic picture [49]. Simultaneously, a higher brightness facilitates more precise
color reproduction, elevating color saturation and vividness, thereby offering a more vivid
and natural visual experience [50].

Photoluminescence quantum yield (PLQY) is a crucial parameter that describes the
photoluminescence efficiency of materials. It is defined as the ratio of the number of
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photons re-emitted through radiative transitions (luminescence) to the number of photons
absorbed by the material.

In backlight displays, fluorescent materials are typically employed to convert the
light generated by blue or ultraviolet light sources into other colors (such as red and
green), thereby achieving a complete color gamut and rich color performance. The higher
the PLQY of the fluorescent material, the greater the portion of absorbed light energy
that is converted into visible light, consequently enhancing the brightness of the display.
Additionally, fluorescent materials with high PLQY typically imply fewer non-radiative
losses (such as heat losses) [51]. High losses associated with low PLQY materials might
lead to an increase in the temperature of the backlight system, thereby influencing the
thermal management and efficiency of the system. With the enhancement of PLQY, not
only is the brightness elevated, but the thermal effect is also mitigated, thereby improving
the overall energy efficiency and stability of the display system [52–54].

2.3. Backlight Display Life and Quantum Dot Stability

The lifetime of a backlight display refers to the period during which the backlight
source and fluorescent materials can operate normally while maintaining a specific bright-
ness and performance. The lifetime of a backlight display is a critical factor influencing
the overall service life, image quality, and user experience of the display. The lifetime
of a backlight display is affected by multiple factors, including the quality of the light
source and fluorescent materials, the driving current, the operating temperature, the heat
dissipation design, the environmental conditions, the brightness setting, the power supply
stability, and material aging. Reasonable design and utilization can prolong the lifetime of
backlight displays, reduce the phenomenon of light attenuation, and maintain the display
effect [55,56].

The stability of quantum dots pertains to the capacity of quantum dots to sustain
their physical and chemical properties (such as optical properties, luminescence efficiency,
color stability, etc.) over an extended period or under specific conditions. Quantum dots
have significant applications in fields such as display technology, optoelectronics, and
biological imaging, particularly being widely utilized in quantum dot displays (QLED)
and quantum dot backlight displays. Nevertheless, the stability of quantum dots still
constitutes a challenge in their commercial applications. High-stability quantum dots are of
paramount importance for the persistence of display quality. They are required to maintain
long-term brightness and color stability to avoid any impact on display quality due to light
attenuation or color variations [57,58].

3. Development of Quantum Dot Backlight Display Materials
3.1. Group II–VI Quantum Dot Materials

Group II–VI quantum dot materials are semiconductor quantum dots formed by ele-
ments of Group II and Group VI in the periodic table. Group II–VI elements encompass
elements such as zinc (Zn), cadmium (Cd), mercury (Hg), etc., while Group VI includes
elements such as sulfur (S), selenium (Se), and tellurium (Te), etc. Table 1 presents the key
parameters of II–VI quantum dot materials reported in recent years. The development of
II–VI quantum dot materials in the field of backlight display has undergone a transforma-
tion from traditional cadmium-based quantum dots to cadmium-free alternative materials.
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Table 1. Group II–VI quantum dot materials.

Materials Emission Peak
(nm)

FWHM
(nm)

PLQY
(%) Ref.

CdSe 550 150 90 [59]
CdSe/CdS 470–570 30 60–80 [60]

CdSe/CdS/ZnS 620 / 75 [61]
ZnSe:Mn 580 50 90 [62]
ZnSe:Cu 508 18 / [63]

ZnSe:Mn-Cu 490/585 / 13–17 [64]
(Zn,Se)Te/ZnSe/ZnS 463 63 95 [65]

CuInS2/ZnS 920 217 65 [46]
(Cd,Zn)Se/ZnS 455–512 <20 81 [66]
CdTe/CdS/ZnS 561 47 73 [67]

CdTe:In 635 / 90 [68]
CdTe:Mn 496–542 <50 / [69]

CdSe is the earliest II–VI quantum dot material that has been extensively studied and
applied, primarily utilized in quantum dot backlight sources. It possesses a high quantum
yield and a broad absorption spectral range (Figure 2a,b), and the emission wavelength
can be precisely modulated [59,60]. CdS quantum dots are frequently employed as shell
materials to form core–shell structures (such as CdSe/CdS) in conjunction with CdSe cores
to enhance light stability and quantum efficiency [60,61]; As illustrated in Figure 2c, due to
its relatively smaller bandgap, CdTe is more prevalently utilized in research on red light
quantum dots [67–69]. These quantum dots are capable of providing high-color-gamut and
high-brightness display effects. Nevertheless, the toxicity of cadmium and environmental
pollution concerns have elicited apprehensions regarding CdTe usage [70–73]. The ROHS
environmental protection standard of the European Union stipulates that the cadmium
content (mass fraction) of quantum dot components should be less than 1 × 10−4. From
the perspective of the development trend of future quantum dot material technology, low-
cadmium and cadmium-free materials will become the options for all end products. To
address the environmental and health issues of cadmium-based quantum dots, researchers
have actively developed low-cadmium and cadmium-free quantum dot materials [74–77].

Zinc-based quantum dots are non-toxic and comply with environmental protection
requirements, serving as significant candidates for substituting cadmium-based quantum
dots. ZnSe and ZnS are the principal alternative materials for cadmium-based quantum
dots, and they have emerged as research hotspots for eco-friendly quantum dots due to
their non-toxicity and favorable chemical stability: by doping manganese (Mn) or copper
(Cu), the luminescent properties of zinc-based quantum dots can be regulated (as shown
in Figure 2d), further enhancing their color purity and brightness [62,65]. However, the
relatively lower quantum efficiency and brightness of zinc-based quantum dot materials
have restricted their further development in the field of backlight display.

Copper indium sulfide (CuInS2) quantum dots are a non-toxic and environmentally
friendly type of quantum dot that have garnered attention in backlight displays in recent
years [46]. They feature a wide optical bandgap and a large absorption coefficient, and the
emission color can be adjusted by varying the composition ratio or the size of the quantum
dots. Nevertheless, compared with cadmium-based quantum dots, CuInS2 quantum dots
have a broader spectral bandwidth (FWHM > 60 nm), and can only be applied in display
applications with lower requirements for color purity. Moreover, the facile degradation
of CuInS2 quantum dots under conditions of high humidity and high temperature also
constrains their application in the field of backlight display [78].
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ican Chemical Society. (d) Cu:Mn-ZnSe-doped QD samples with different amounts of Cu precursors. 
Reprinted with permission from ref. [64]. Copyright 2011 Wiley. (e) Solutions of CQWs after differ-
ent CE reaction times (10 to 60 min) under 365 nm UV light. (f) Normalized absorption and PL 
spectra of CdZnSe CQWs with respect to the CE reaction time. Reprinted with permission from ref. 
[66]. Copyright 2024 Wiley. 
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Figure 2. Group II–VI quantum dots. (a) PL spectra for CdSe/CdS core–shell nanocrystals with
different core size and different shell thickness. (b) Photograph of solutions of CdSe/CdS core–shell
nanocrystals with different core size and different shell thickness under normal indoor light without
UV irradiation. Reprinted with permission from ref. [60]. Copyright 2005 Wiley. (c) Photographs
under ambient room light (top) and UV light (bottom) showing effect of CdCl2 treatment at increasing
CdCl2 concentrations on QD PL. Reprinted with permission from ref. [68]. Copyright 2018 American
Chemical Society. (d) Cu:Mn-ZnSe-doped QD samples with different amounts of Cu precursors.
Reprinted with permission from ref. [64]. Copyright 2011 Wiley. (e) Solutions of CQWs after different
CE reaction times (10 to 60 min) under 365 nm UV light. (f) Normalized absorption and PL spectra
of CdZnSe CQWs with respect to the CE reaction time. Reprinted with permission from ref. [66].
Copyright 2024 Wiley.

Cd1−xZnxSe alloy quantum dots strike a balance between the high efficiency of
cadmium-based quantum dots and the environmentally friendly nature of zinc-based
quantum dots by adjusting the proportion of different elements (Figure 2e,f). However, the
homogeneity and composition control of alloy quantum dots pose higher requirements for
synthesis techniques, and the relatively high preparation cost of alloy quantum dots limits
their application in large-scale production [66].

3.2. III–V Quantum Dot Materials

The development of III–V quantum dot materials in the field of backlight display has
also made significant advancements, particularly as they typically exhibit non-toxicity and
outstanding optical properties, serving as a crucial complement and alternative to II–VI
quantum dots (refer to Table 2).
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Table 2. Group III–V quantum dot materials.

Materials Emission Peak
(nm)

FWHM
(nm)

PLQY
(%) Ref.

InP/Zn(Se,S)/ZnS 510 45 95 [79]
InP/Zn(Se,S)/ZnS 480–530 45 >90 [80]

InP/ZnSe/ZnS 535 35 90 [81]
InP/ZnS/ZnS 468 47 45 [82]

InP 650 / 24 [83]
InAs 700 / 11 [83]
GaP 400–520 75 35–40 [84]

In1−xGaxP/ZnS 490–640 50 46 [85]
In1−xGaxAs/ZnS 860 / 9.8 [85]
In1−xGaxP/ZnS 486 46 65 [86]
In1−xGaxP/ZnS 550–630 60 80 [87]

InP quantum dots are among the most focused upon types of III–V quantum dots.
Due to their non-toxicity and high performance, they have gradually become an important
candidate material for replacing cadmium-based quantum dots. InP quantum dots comply
with the RoHS environmental protection requirements, making them highly suitable for
consumer-grade backlight displays (Figure 3a,b). In recent years, the quantum efficiency
and stability of InP quantum dots have been significantly enhanced through surface passi-
vation and core–shell structure design. Nevertheless, as InP quantum dots tend to generate
surface defects, which affect their optical properties and stability, more efficient surface
passivation methods are required to suppress the occurrence of surface defects [79–82].
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of the composition of the inner shell. (b) Absorbance and emission spectra of InP/ZnSe/ZnS QDs.
Reprinted with permission from ref. [80]. Copyright 2022 American Chemical Society. (c) Absorption
spectra of alloyed In1−xGaxP cores and the large range of emission colors produced by core−shell
In1−xGaxP/ZnS samples with varying gallium. (d) In1−xGaxP/ZnS emission spectra. Reprinted
with permission from ref. [87]. Copyright 2023 American Chemical Society.

110



Polymers 2025, 17, 233

InAs quantum dots are also a type of direct bandgap semiconductor material, and
their emission wavelengths can be achieved by adjusting the size of the quantum dots,
covering the full range from the visible-light to the infrared region. In backlight displays,
InAs quantum dots are more frequently used in high-end display devices for extending
the spectrum (particularly in the deep-red and near-infrared regions). Compared with
other quantum dot materials, the preparation process of InAs quantum dots has strict
requirements for growth conditions, presenting technical challenges in terms of uniformity
and size control [83].

In1−xGaxP alloy quantum dots, as environmentally friendly red light materials, have
received increasing attention in recent years. Alloyed III–V quantum dots can achieve
flexible regulation of the emission wavelength by adjusting the material components (such
as the ratios of In, Ga, and P) [85,86]. The emission wavelength range of In1−xGaxP
quantum dots covers the red band of visible light (as shown in Figure 3c,d), making them
extremely suitable for red light compensation in displays: the optimized In1-xGaxP quantum
dots have high luminous efficiency and have been employed in high-end quantum dot
backlight modules. However, compared to common III–V quantum dot materials, the
preparation of alloy quantum dots is more complex, and the component control and
uniformity of different elements pose higher demands on the synthesis process [87].

3.3. Perovskite Quantum Dot Materials

Perovskite quantum dots (PQDs) typically possess an ABX3 crystal structure composed
of corner-sharing [BX6]4− octahedra. The A-site cation is confined within the cubic cage
formed by the octahedra, and this distinctive crystal structure enables it to exhibit significant
potential in the field of optoelectronics [1].

Common A-site cations include: inorganic cations, such as Cs+ and Rb+, and organic
cations, such as methylammonium (CH3NH3

+, abbreviated as MA+) and formamidinium
cations (CH(NH2)2)+, abbreviated as FA+). The selection of the A-site cation has a direct
influence on the size matching, tolerance factor, and overall stability of the crystal structure.
The B-site ion is located at the center of the octahedron and is typically a divalent metal
cation. Pb2+ is the most frequently utilized B-site ion, conferring high photoluminescence
efficiency and outstanding optoelectronic properties to perovskite [88–93]. However, due
to the high biotoxicity of Pb2+, researchers have been seeking alternative metal ions, such
as Sn2+, Zn2+, and Mn2+, etc. These alternative metals can modify the lattice structure or
regulate the optical properties, but many metal ions have difficulties in forming an ideal
three-dimensional perovskite structure or may lead to bandgap characteristics that are not
suitable for specific applications [94]; As depicted in Figure 4a,b, the X-site anion forms
[BX6]4− octahedra together with the B-site ion and constitutes the core component of the
luminescence performance of perovskite materials. Regulation of the emission wavelength
can be achieved by varying the halogen type, thereby covering the spectral range from
ultraviolet to near-infrared [93].

Table 3 presents the key parameters of perovskite quantum dot materials reported in
recent years. PQDs encompass almost all the advantages of luminescent materials, such as
high brightness (their photoluminescence quantum yield (PLQY) approaches the theoretical
limit), tunable emission (precise wavelength control (from ultraviolet to near-infrared) can be
realized by altering the halogen type or doping), high color purity (the emission spectrum is
narrow (typical FWHM is 20–40 nm) and the color saturation is extremely high), high light
absorption coefficient (the light absorption capacity within the visible light range is extremely
strong), high defect tolerance (even if there are defects in the crystal, its optical performance
still exhibits excellence), and facile fabrication (mass production can be achieved through
low-cost processes such as solution methods, spraying, spin coating, etc. [88,95]).

111



Polymers 2025, 17, 233

Polymers 2025, 17, x FOR PEER REVIEW 11 of 25 
 

 

outstanding optoelectronic properties of perovskite quantum dots have drawn significant 
attention in the fields of LED and backlight display technologies. With further improve-
ments in stability and environmental performance, their potential in the future commer-
cialization domain will be broader. 

  

Figure 4. Perovskite quantum dots (a) FAPbX3 nanocrystals dispersed in toluene under UV irradia-
tion (λpeak = 365 nm) and PL emission spectra of FAPbX3 nanocrystals. (b) Corresponding color 
gamut of FAPbX3 nanocrystals displayed on the CIE diagram. Reprinted with permission from ref. 
[93]. Copyright 2017 American Chemical Society. (c) Scheme of synthesized aqueous-based CsP-
bBr3/CsPb2Br5 PQDs using vacancy inhibitors of PEG, forming a defect-free surface in water (OA 
refers to oleic acid, and OAm represents oleylamine). Reprinted with permission from ref. [91]. Cop-
yright 2023 Wiley. 

4. Synthesis of Quantum Dot–Polymer Materials and Their Application 
in Backlight Display Field 

The application of quantum dot–polymer materials in the field of backlight displays 
is rapidly emerging as a highly focused research hotspot. This type of material ingeniously 
combines the outstanding optical characteristics of QDs with the processing convenience 

Figure 4. Perovskite quantum dots (a) FAPbX3 nanocrystals dispersed in toluene under UV irradi-
ation (λpeak = 365 nm) and PL emission spectra of FAPbX3 nanocrystals. (b) Corresponding color
gamut of FAPbX3 nanocrystals displayed on the CIE diagram. Reprinted with permission from
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Although perovskite (LHP) quantum dots have demonstrated tremendous potential
and are widely regarded as a star material in the field of backlight applications, their
stability issues, especially sensitivity to moisture, oxygen, light, and temperature, still
constitute the main impediment restricting their wide application. As shown in Figure 4c,
to solve this problem, researchers are enhancing the environmental stability of perovskite
quantum dots through methods such as surface modification, optimization of the synthesis
process, and encapsulation techniques [89–92]. The structural flexibility and outstanding
optoelectronic properties of perovskite quantum dots have drawn significant attention
in the fields of LED and backlight display technologies. With further improvements in
stability and environmental performance, their potential in the future commercialization
domain will be broader.
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Table 3. Perovskite quantum dot materials.

Materials Emission Peak
(nm)

FWHM
(nm)

PLQY
(%) Ref.

CsPbCl3:Y 404 / 60 [96]
CsPbCl3:Cd 381–410 / 60.5 [97]

CsPbCl3 405 10.6 71 [98]
CsPbCl3:Ni 408 / 96.5 [99]
CsPbCl3:Mn 585 / 27 [100]
CsPbCl3:Mn 579 80 54 [101]

CsPbBr3 522 18 71.3 [102]
CsPbBr3 517 18 94.6 [88]

CsPbBr3@PbSO4 522 16 99.8 [89]
CsPbBr3@Cs4PbBr6 515 20 92 [90]
CsPbBr3@CsPb2Br5 518 16 96 [91]
MAPbBr3@PbBr(OH) 514 28 71.5 [92]

FAPbBr3 530 22 85 [93]
CsPbI3 640 / 88.2 [88]
CsPbI3 660 / 88.1 [91]

CsPb(Br0.4, I0.6)3 641 32 32.4 [103]
CsPbI3 690 31 100 [104]

FA0.1Cs0.9PbI3 690 45 >70 [105]
FAPbI3: Sr 735 / 100 [106]

4. Synthesis of Quantum Dot–Polymer Materials and Their Application
in Backlight Display Field

The application of quantum dot–polymer materials in the field of backlight displays is
rapidly emerging as a highly focused research hotspot. This type of material ingeniously
combines the outstanding optical characteristics of QDs with the processing convenience
of polymers, demonstrating immense potential, particularly in enhancing display perfor-
mance, reducing production costs, and realizing flexible displays [107].

Table 4 presents advancements in research on quantum dot–polymer materials in
the field of backlight displays in recent years. When quantum dots are combined with
polymers, the advantages of both can be fully exploited. Quantum dots offer excellent
optical properties, while polymers enhance the processing flexibility, mechanical strength,
and environmental adaptability of the materials. As depicted in Figure 5a, the polymer
substrate can effectively enwrap the quantum dots, protecting them from environmental
factors such as moisture and oxygen, thereby significantly enhancing the stability and
durability of the quantum dots [108–110]. Additionally, polymers can optimize the dis-
persion of quantum dots within the material, ensuring their homogeneous distribution,
thereby avoiding aggregation and agglomeration phenomena and maintaining the efficient
luminescence performance of the quantum dots [111].

As depicted in Figure 5a, through the combination of the properties of quantum dots
and polymers, quantum dot–polymer materials can not only enhance the color gamut,
brightness, and stability of backlight displays but also reduce production costs, facilitating
large-scale manufacturing. With the in-depth progress of related research, quantum dot–
polymer materials are anticipated to play a significant role in future display technologies
and become an essential material foundation for next-generation displays, lighting equip-
ment, and optoelectronic devices [112,113]. Currently, the common preparation methods
of quantum dot polymers include pre-synthesis of quantum dots followed by encapsula-
tion, in situ synthesis of quantum dots in polymers, and encapsulation of quantum dot
composite materials in polymers. The pros and cons of the three methods are illustrated in
Figure 5b. Hereinafter, we will conduct a detailed discussion on each synthesis method.
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Table 4. Quantum dot–polymer materials for backlight displays.

QDs Polymer NTSC1953 PLQY Light Stability Ref.

CsPbX3 PVDF 107% / >80 h [31]
MAPbBr3 PVDF 121% 94.6% >400 h [32]
CsPbX3 PVDF 128% 70% 50 Day [33]
FAPbBr3 PVDF 118% 99% >7 Day [34]

CsPbBrI2/Glass PS 125% 36.9% 40 Day [35]
(Zn,Cd)(Se,S)/ZnS PP 120% >75% / [36]

CsPbX3/Glass PP 110% >90% >1000 h [37]
Cs1−xFAxPbBr3 PMMA / 99% >90 Day [38]
CsPbBr3/SDDA PMMA 102% 63% / [39]

CsPb(Br/I)3/Glass PMMA 120% 53% >100 h [40]
Cs4PbBr6/CsPbBr3 PMMA 131% 85% / [41]

CdSe/CdS & (Cd,Zn)(Se,S)/ZnS PDMS 133% 98%/97% 800 h [42]
CdSe/ZnS/CdSZnS &

CdSe/CdS/ZnS/(Cd,Zn)S
Silicone

Encapsulant 100% 100% >2200 h [43]

CdSe/ZnxCd1−xS/ZnS &
CdSe/CdS/ZnS Silicone glue 118% 81% >150 h [44]

CsPbBr3/Glass Silicone glue 126% 86% / [45]
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Figure 5. (a) Schematic diagram of functions by encapsulation illustrated by CsPbX3 QDs. Reprinted
with permission from ref. [20]. Copyright 2019 Wiley. (b) Radar map of the advantages and disadvan-
tages of three methods of combining QDs with polymers.

4.1. Quantum Dots First Synthesized and Then Packaged

Synthesis followed by purification and then encapsulation of quantum dots is cur-
rently the most common synthesis approach for quantum dot–polymer materials. The
advantage of this method lies in the relatively independent processes of quantum dot
synthesis, purification, and polymer encapsulation, which can guarantee the high quality
and stability of quantum dots, thereby enhancing the overall performance of the polymer
composite materials. Nevertheless, although this process can achieve high purity and
good luminescent performance of quantum dots, it still confronts several challenges. For
instance, the synthesis, purification, and encapsulation processes are complex, requiring
multiple steps. There exist interface issues between the polymer and quantum dots with
poor compatibility. Quantum dots are prone to aggregation during the encapsulation pro-
cess. Moreover, during the encapsulation, the polymer matrix material may not completely
cover the quantum dots or the encapsulation may be incomplete, resulting in the exposure
of quantum dots to the external environment and subsequently reducing their stability.

114



Polymers 2025, 17, 233

As depicted in Figure 6a–e, Lu et al. synthesized high-quality Cs1−xFAxPbBr3 quantum
dots using a dual-solvent-assisted reprecipitation method [38]. Subsequently, the purified
quantum dots were mixed with MMA to fabricate quantum dot–polymer films. The
Cs0.2FA0.8PbBr3 quantum dot–polymer film maintained 98% of its initial strength under
normal temperature and humidity conditions. After being exposed to 60 ◦C/90% relative
humidity for 300 h, it retained 75% of its initial strength, demonstrating outstanding
environmental stability. The white light-emitting device fabricated using the synthesized
PQD, K2SiF6:Mn4+ phosphor, and blue LED chip achieved a Rec. 2020 color gamut coverage
rate of 96.7%. The quantum dot–polymer material synthesized by this method possesses
high efficiency, environmental reliability, and a wide NTSC 2020 coverage range, and is
regarded as a promising candidate in display devices.
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4.2. Quantum Dots Synthesized In Situ in Polymers

In situ synthesis enables the direct generation of quantum dots within the polymer
matrix, ensuring their homogeneous distribution within the polymer material. This cir-
cumvents the issues of quantum dot agglomeration or uneven dispersion that might arise
in conventional approaches, guaranteeing the consistency and stability of the material’s
optical and mechanical properties.

Unlike the pre-synthesis of quantum dots using solution or solid-state methods followed
by polymer encapsulation, in situ synthesis permits precise control over the growth process of
quantum dots during the polymer synthesis, achieving more accurate size control and a more
uniform distribution, while maximizing the retention of their outstanding optical characteristics.
Compared to physical mixing methods, in situ synthesis enhances the interaction between
quantum dots and the polymer through a chemical synthesis process, reducing interfacial
defects or stress concentration, thereby enhancing the stability of the composite material [114].

During in situ synthesis, the interface between the quantum dots and the polymer is
formed naturally through chemical reactions and intermolecular interactions, rendering
the compatibility between the quantum dots and the polymer matrix more intimate. This
direct binding contributes to improving the interface contact between the two, thereby
enhancing the photoelectric performance of the quantum dots and strengthening the me-
chanical properties of the polymer material. Moreover, in situ synthesis enables the direct
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embedding of quantum dots during the synthesis of the polymer matrix, eliminating the
need for additional post-treatment steps, reducing the complexity and cost of the manufac-
turing process. This is particularly significant for large-scale production, enabling low-cost
and straightforward production procedures. Additionally, in situ synthesis obviates the
requirement for additional dispersants or surface modifiers, avoiding potential chemical
contamination or instability and enhancing the simplicity and controllability of the process.

As illustrated in Figure 7a–d, Zhang et al. dissolved MAX, PbX2 (x = Cl, Br, I), and
PVDF simultaneously in DMF to prepare a precursor solution. Subsequently, they utilized
a reduced-pressure environment to rapidly remove the solvent and in situ-synthesized
MAPbX3–PVDF polymer films [32]. The interaction between the -CF2- groups in PVDF
and the organic A-site MA+ led to uniform size and spatial distribution of the fabricated
quantum dots in the composite films. These quantum dot–polymer films exhibited superior
PL performance, with a PLQY as high as 94.6 ± 1%. The combination of green-emitting
quantum dot–polymer films with red-emitting K2SiF6:Mn4+ resulted in a backlight display
device with high luminous efficiency (up to 109 Im W−1 at 20 mA) and a wide color
gamut (121% of the NTSC standard), providing possibilities for quantum dot–polymer
LCD backlight displays.
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4.3. Quantum Dots Encapsulated In Polymers

Quantum dot composite materials refer to composites formed by combining quantum
dots with other materials (such as glass, metals, inorganic materials, etc.). By integrating
the excellent optical properties of quantum dots with the characteristics of the matrix
materials, quantum dot composite materials can exhibit distinctive advantages in multiple
fields. Currently, common quantum dot composite materials include quantum dot–glass
composites and quantum dot core–shell composites.

Quantum dot–glass composites are formed by growing quantum dots in situ at high
temperatures in glass, confining the quantum dots within the dense glass network structure
to restrict their size. Additionally, the excellent waterproof performance of glass can
significantly enhance the thermal and water stability of quantum dots. As depicted in
Figure 8, Lin et al. first mixed quantum dot raw materials and borosilicate glass components,
and synthesized quantum dot–glass composites using the melt-quenching method followed
by annealing treatment. Subsequently, the quantum dot–glass composites were ground
into powder and fabricated into a large-area yellow single-layer quantum dot–polymer
film encapsulated with PP through industrial melting extrusion and rolling methods [37].
The photoluminescence quantum yield (PLQY) of the quantum dot–polymer film was as
high as 92%, with a narrow FWHM of 19 nm (green) and 33 nm (red). Significantly, the
quantum dot plate could pass the stringent aging test at 85 ◦C/85% RH and achieve a
working T90 lifetime of over 1000 h. Finally, by coupling the yellow single-layer quantum
dot–polymer film with a blue light guide plate, a white backlight unit was designed.
The constructed prototype display possesses superior color rendering performance, with
narrow green/red emissions and a color gamut reaching 110% of the National Television
System Committee (NTSC).
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Figure 8. (a) Schematic diagrams of the preparation procedure for yellow PQDF via melt extruding-
rolling method. Photographs of the as-prepared PP-encapsulated CsPbX3@glass composite particles
and the corresponding green and yellow PQDFs. (b) Photograph of yellow monolithic PQDF-based
backlit unit and luminescent image of the backlit unit at an operating voltage of 12 V. (c) Schematic
structure of an LCD prototype using yellow PQDF as a light converter. (d) Comparison of the display
performance of a YAG-based LCD and PQDF-based LCD. (e) Color gamut of PQDF-based LCD (blue
solid triangle), NSTC 1953 standard (black dashed triangle), and YAG-based commercial LCD (black
solid triangle). Reprinted with permission from ref. [37]. Copyright 2024 Wiley.

117



Polymers 2025, 17, 233

Early researchers discovered that defects on the surface of quantum dots, particularly
surface vacancies and unsaturated bonds, frequently led to the occurrence of non-radiative
recombination processes, which significantly reduced the luminescence efficiency and
optical stability of quantum dots [114–118]. These defects not only result in the energy loss
of light but also may cause the photodegradation of quantum dots, severely influencing
their luminescence performance during long-term usage, especially in environmental
conditions such as variations in humidity and temperature. Hence, how to effectively
suppress the surface defects of quantum dots and enhance their luminescence efficiency
and stability has emerged as a significant challenge for researchers [47,48].

To address this issue, quantum dot core–shell composite materials have emerged. By
coating the surface of quantum dots with a shell layer possessing excellent properties (typi-
cally semiconductor or metal materials), researchers can effectively seal or repair the surface
defects and reduce the occurrence of non-radiative recombination, thereby significantly
enhancing the fluorescence quantum efficiency, optical stability, and environmental adapt-
ability of quantum dots. The core–shell structure not only protects the core of quantum
dots from the external environment but also further improves their optical characteristics,
such as tunable emission wavelengths, high brightness, and longer photodegradation time,
through the rational design of the combination of core and shell materials [117,118]. There-
fore, quantum dot core–shell composite materials exhibit extensive application prospects
in fields such as display technology, optoelectronic devices, sensors, biomedicine, etc., and
have become one of the effective approaches to address the issue of optical performance
degradation of quantum dots.

As depicted in Figure 9, Jang et al. synthesized green-emitting CdSe/ZnS/CdSZnS
and red-emitting CdSe/CdS/ZnS/CdSZnS multilayer core–shell quantum dot composite
materials using the thermal injection method and subsequently mixed them with organosil-
icon to prepare quantum dot–polymer films [43]. Due to the passivation of the quantum
dot surface by the multi-core–shell structure, the luminescence efficiency of these quantum
dots reached 100%. The quantum dots were encapsulated in blue LEDs and used as green
and red color converters to fabricate white LEDs for backlight display. The equivalent
quantum effects of green and red QD-LEDs reached 72% and 34%, respectively, and the
QD-LEDs maintained their initial efficiency for over 2200 h in a normal working environ-
ment. The white QD-LED, adjusted to (0.24, 0.21) in CIE 1931 for backlight applications,
had a luminous efficiency of 41 lm/W, and the color reproducibility was 100% compared to
the NTSC color space. Moreover, the white QD-LED backlight was successfully integrated
onto a 46-inch liquid crystal television panel, demonstrating excellent color gamut.

As shown in Figure 9, Kang et al. synthesized rod-shaped CdSe/ZnxCd1−xS/ZnS
and CdSe/CdS/ZnS multi-core–shell structure quantum dot materials with a 1D structure
using the thermal injection method, addressing the PLQY quenching and stability issues of
rod-shaped quantum dot materials [44]. The introduction of the outer gradient ZnxCd1−xS
shell layer and ZnS shell layer in the CdSe/ZnxCd1−xS/ZnS gradient alloy quantum rods
provided a smoother confinement potential, reduced non-radiative energy transfer, and
achieved a solid-state PLQY of 81%. The white light quantum rod polymer prepared by
mixing with silica gel achieved an astonishing luminous efficiency of 149 lmW-1, with a
color gamut of 118% NTSC and 90% BT2020, possessing high thermal stability and optical
stability and being highly suitable for LCD backlight applications. Additionally, it showed
higher energy efficiency compared to the most advanced LED backlighting devices, with
a maximum efficiency of an astonishing 200 lm/W. Although the efficiency decreased to
120 lm/W at higher currents (50 mA), this is still much higher than that of phosphor-based
LEDs (50 lm/W).
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5. Conclusions and Prospects
Quantum dot–polymer materials (QDPs) have exhibited tremendous application

potential in the field of backlight display, especially in enhancing color performance,
brightness, efficiency of displays, and reducing costs. Quantum dot materials, with their
outstanding optical properties such as high luminance, tunable emission wavelengths, and
high color purity, have offered a novel impetus for the innovation of backlight display
technology. Polymer materials in turn, due to their favorable processability, tunability,
flexibility, and advantages in large-scale production, have addressed the stability and pro-
cessing difficulties that quantum dot materials might encounter in practical applications. By
combining quantum dots and polymers, it is possible to maintain high optical performance
while endowing the materials with better processability and durability.

At present, significant advancements have been achieved in the application of quan-
tum dot–polymer materials in backlight display, particularly in quantum dot-enhanced
liquid crystal displays (QLED) and quantum dot backlight units (QBLUs), which can offer
a broader color gamut, higher luminance, and longer service life [119–122]. Through op-
timizing the size, composition, and surface modification of quantum dots, as well as the
structure and performance of polymer substrates, researchers have continuously enhanced
the performance of these materials, making their application in high-end display devices
more mature and widespread [123,124].

In the future, research on quantum dot–polymer materials in the field of backlight
display will evolve towards more efficient, stable, and economical directions. Specifically,
the following areas will be the key points of future research.
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(1) Material stability and environmental adaptability: Despite the fact that quantum
dot–polymer composite materials have achieved favorable results in laboratories,
in practical applications, environmental factors such as temperature, humidity, and
ultraviolet radiation remain critical in influencing their long-term stability. Hence, in
the future, more materials with high environmental stability need to be developed,
and their durability can be further enhanced through innovative surface modification
or encapsulation techniques.

(2) High-efficiency light conversion technology: Although quantum dots themselves
possess excellent optical properties, how to enhance the photoelectric conversion
efficiency of quantum dots and reduce energy loss remains a crucial aspect for future
development. Exploring new quantum dot materials, such as perovskite quantum
dots and two-dimensional quantum dots, might provide new breakthroughs for
high-efficiency display materials.

(3) Flexible display technology: With the rise of flexible display technology, the applica-
tion of quantum dot–polymer materials in bendable and stretchable display devices
holds broad prospects. The combination of the flexibility of polymers and the optical
characteristics of quantum dots can bring about a brand-new display experience.
Therefore, future research needs to explore more quantum dot–polymer composite
materials suitable for flexible substrates while ensuring that their performance is not
compromised during the flexibilization process.

(4) Low-cost, large-scale production: Currently, the production cost of quantum dot–
polymer materials is relatively high, restricting their large-scale application in the
consumer electronics field. Future research will focus on developing low-cost and
straightforward preparation methods, such as solution methods and large-area coating
techniques, to meet the requirements of large-scale production and commercialization.

In conclusion, quantum dot–polymer materials have broad application prospects
and significant market potential in the field of backlight display. With the continuous
optimization of material performance and the advancement of production technologies,
they will play a vital role in a wider range of display technologies in the future, contributing
to the realization of more efficient, higher-quality, and more innovative display devices.
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Abstract: Halide perovskite nanocrystals (PNCs) are a new kind of luminescent material for fluores-
cent probes. Compared with traditional nanosized luminescent materials, PNCs have better optical
properties, such as high fluorescence quantum yield, tunable band gap, low size dependence, narrow
emission bandwidth, and so on. Therefore, they have broad application prospects as fluorescent
probes in the detection of agriculture- and food-related hazardous substances. In this paper, the
structure and basic properties of PNCs are briefly described. The water stabilization methods, such as
polymer surface coating, ion doping, surface passivation, etc.; are summarized. The recent advances
of PNCs such as fluorescent probes for detecting hazardous substances in the field of agricultural
and food are reviewed, and the detection effect and mechanism are discussed and analyzed. Finally,
the problems and solutions faced by PNCs as fluorescent probes in agriculture and food were sum-
marized and prospected. It is expected to provide a reference for further application of PNCs as
fluorescent probes in agriculture and food.

Keywords: perovskite; nanocrystal; fluorescent probe; agriculture; food

1. Introduction

With the rapid development of Chinese agriculture and food in recent decades, the
excessive and indiscriminate use of some hazardous substances (such as pesticides, antibi-
otics, industrial pollutants, harmful ion pollutants, etc.) is also increasing. As a result, these
hazardous substances may cause harm to human beings through agricultural products
and food. In order to ensure that the residues of these related hazardous substances do
not exceed the standard, fluorescent probes are used as indicators under the excitation
of a certain wavelength of light. Through the detection of the generated fluorescence,
qualitative or quantitative analysis of the detected substances can be realized. Fluorescent
probes play an important role in agriculture and food because of their advantages of simple
operation, high sensitivity, and non-destructive visualization [1–3].

In the past few decades, fluorescent probes based on semiconductor quantum dots
(QDs) have gained wide attention due to their convenience, speed, low cost, and low limit of
detection (LOD). To date, a large number of QD-based fluorescent probes have been devel-
oped to detect a variety of agricultural- and food-related contaminants, such as pesticides,
harmful ion contaminants, chemical dyes, etc. Currently, QDs are generally composed of
IV, II-VI, IV-VI, or II-V elements, such as CdTe, ZnO, and ZnS QDs [4]. However, due to the
low quantum yield of these QDs, the sensitivity of fluorescent probes prepared by surface
modification is low. Therefore, it is necessary to develop new semiconductor fluorescent
probes with excellent photoluminescence (PL) performance and high fluorescence quantum
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yield. Halide PNCs have become a new promising fluorescent probe material in recent
years due to their excellent properties, such as high fluorescence quantum yield, tunable
band gap, low size dependence, narrow emission bandwidth, and so on [5,6].

In this paper, as shown in Figure 1, the structure and basic properties of halide PNC
luminescent materials and the methods to improve the water stability of PNCs are briefly
introduced. On this basis, the research progress of PNCs as fluorescent probes for detecting
hazardous substances in the field of agricultural and food is reviewed, and the detection
effect and mechanism are discussed and analyzed. Finally, the problems and solutions faced
by PNCs as fluorescent probes in agriculture and food were summarized and prospected.
It is expected to provide a reference for further application of PNCs as fluorescent probes
in agricultural and food.

Figure 1. Schematic illustration of the outline.

1.1. Structure and Basic Properties of PNCs

Halide perovskite is a new type of semiconductor material with the molecular formula
ABX3, where A mainly represents alkali metal cation cesium (Cs+), methylamine ion (MA,
CH3NH3

+), or formamidine ion (FA, CH(NH2)2+); B represents metal cations such as Pb2+,
Sn2+, etc.; and X stands for the halide anion (Cl, Br, I, or their combination). As shown in
Figure 2, the lattice structure of perovskite, such as CaTiO3, has a three-dimensional (3D)
angular shared [BX6] octahedron, which is formed by the coordination of the B site in the
center and six X site anions. Each octahedron is connected through the shared angle to
form an extended 3D network structure, while A is embedded in the gap of the network
structure [7]. Halide perovskite can have three different crystalline structures: rhombic,
tetragonal, and cubic phases. The cubic phase can exist stably at high temperatures [8].
When A is an organic group such as MA or FA, it is called an organic–inorganic hybrid
perovskite, whereas when A is Cs+, it is called an all-inorganic perovskite.

Figure 2. Typical ABX3 perovskite crystal structure. Reproduced from ref. [7] Copyright (2019), with
permission from Royal Society of Chemistry.
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However, the low exciton binding energy of bulk phase perovskite materials makes
carriers easy to be trapped by defects in the lattice, leading to slow radiation recombination
of carriers in bulk phase perovskite. To address this problem, efforts have been made to
reduce the size of perovskite crystals or reduce its structural dimension to enhance carrier
restriction within the perovskite lattice [9,10]. Nano-structured perovskites, such as PNCs,
perovskite nanowires, and perovskite nanosheets, can improve the photoluminescent
quantum yield (PLQY) of materials due to the quantum domain effect. Among them, PNCs
have three dimensions below 100 nm, and perovskite quantum dots (PQDs) have three
dimensions below 20 nm, exhibiting a clear quantum limiting effect and high PLQY, which
is the most widely studied. The band gap and color of halide perovskite can be continuously
adjusted from near-infrared to the violet region by modifying the halide elements and
their respective composition, covering the entire visible spectral region. Moreover, the
narrow spectral distribution of PNCs is crucial for easy detection in fluorescent probes.
Numerous simple and effective synthetic methods are available for obtaining PNCs, such
as hot injection [11], room-temperature reprecipitation [12], solvothermal synthesis [13],
microwave method [14], and ultrasonication [15], among others.

1.2. Methods to Improve the Stability of PNCs

Although PNCs possess excellent properties, as ionic crystals they have a large surface
energy and are susceptible to external influences, leading to instability and degradation of
their structures. For instance, water, light radiation, and temperature changes can all cause
fluorescence quenching and structural degradation [16]. In applications such as agriculture
and food, where hazardous substance detection requires a water environment, stability in
water is crucial for PNCs to function effectively as fluorescent probes. Fortunately, recent
studies have developed a range of strategies to address the limitations of PNCs, including
surface coating, metal ion doping, and surface passivation.

1.2.1. Surface Coating by Polymer, Inorganic Oxide, and Porous Materials

The surface of the PNCs is coated and isolated from the environment, which greatly
improves the stability of the PNCs, especially the water resistance. At present, PNCs
are coated with polymer, inorganic oxide, and porous materials. The polymer forms a
dense network on the NC surface, which can effectively prevent environmental erosion.
Researchers usually dissolve or expand the polymer in toluene, N, N-dimethylformamide,
and other solvents, realize the encapsulation protection of PNCs through in situ growth or
adsorption, and then remove the solvent under vacuum and high temperature to obtain
polymer–PNCs composite materials [17,18]. As shown in Figure 3, Xuan et al. used
divinylbenzene, ethyl acetate, and azodiisobutyronitrile (AIBN) as reaction raw materials
to prepare superhydrophobic organic polymers through solvothermal methods. High-
quality PQDs were prepared by hot injection, and the cyclohexane solution of PQDs was
mixed with the organic polymer to fully absorb the QDs into the pores on the surface of
the polymer, forming a complex (CPB@SHFW). Fluorescence quantum efficiency remained
at 91% after immersion in water for one month, and the contact angle of the complex was
maintained at 150◦. The pores of the polymer provided a superhydrophobic environment
to improve the water stability of the QDs, while also acting as a framework to maintain the
excellent luminous performance of PQDs. This study successfully achieved the preparation
of “water-resistant” perovskite QDs [19].
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Figure 3. Schematic illustration for preparation of CPB@SHFW composites. Reproduced from ref. [19]
Copyright (2019), with permission from American Chemical Society.

Although the hydrophobic strategy used to coat PNCs has improved their stability,
the application of fluorescent probes often requires PNCs to be dispersed in a water envi-
ronment. To address this challenge, the introduction of amphiphilic polymers that are both
hydrophilic and hydrophobic has been shown to be an effective solution. Avugadda et al.
reported the creation of CsPbBr3 NCs in capsules that maintain a PLQY of approximately
60% for over two years in water, using a few scalable fabrication steps that involve an
automated routine. For this purpose, an encapsulating amphiphilic polymer, Polystyrene-
block-poly(acrylic acid) (PS-b-PAA), with low molecular weight (34 kDa) was selected.
As illustrated in Figure 4, this polymer, in the presence of NCs in toluene and with the
addition of methanol (MeOH) in a single-phase system, facilitates the formation of polymer
capsules containing the NCs. This method does not require prior surface modification of
the as-synthesized NCs and is insensitive to their surface coating. CsPbBr3@PS-b-PAA is
soluble in water, and its emission remains stable in a saline solution [20].

Figure 4. (a) Schematic illustration of the capsules embedding the CsPbBr3 NCs. (b,c) Photographs
of aged samples of (b) Cs-oleate and (c) DDAB-coated CsPbBr3 NCs dispersed in water under
normal and UV light. Reproduced from ref. [20] Copyright (2022), with permission from American
Chemical Society.
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Compared to polymers, inorganic nano oxide coatings can also play a role in stabi-
lizing PNCs, with the advantage of better water dispersion. Nano SiO2 has become a
typical representative of inorganic materials used for coating PNCs due to its high heat
resistance, stability, and transparency. Li et al. have developed a simple method for pro-
ducing water-resistant PQDs@SiO2 nanodots (wr-PNDs) that can be easily dispersed in
water and maintain their emission for up to six weeks, demonstrating an unprecedented
water-resistance capability. The synthetic process for creating wr-PNDs is illustrated
in Figure 5. Initially, pristine PQDs are dispersed in a mixed solvent of toluene and
(3-mercaptopropyl)trimethoxysilane (C6H15O3Si-SH, MPTMS), followed by the addition of
de-ionized water to initiate the hydrolysis of MPTMS. MPTMS molecules can be tightly
adsorbed onto the PQDs due to the formation of Pb-S bonding. These bound molecules
reduce the interfacial energy between the PQDs and silica by providing additional steric
stabilization, thereby preventing phase separation between the PQDs and silica. Silica-
encapsulated PQDs-Pb-S-SiO2-SH nanodots are produced as hydrolysis and condensation
of MPTMS are triggered by the added water [21].

Figure 5. Synthesis of wr-PNDs by encapsulating into SiO2. Reproduced from ref. [21] Copyright
(2020), with permission from Springer Nature.

Porous materials provide a high degree of porosity that can be used to prevent self-
aggregation of PNCs and reduce environmental erosion, making it another viable method
for enhancing the stability of PNCs coated with inorganic materials. A universal synthesis
method of PNCs with pore domain limiting-shell isolation dual protection was developed
by You et al.; as depicted in Figure 6. In this approach, perovskite precursor was injected into
mesoporous silicon, and PNCs were grown in situ in the mesoporous silicon pores through
heating and annealing. Next, dense Al2O3 shells were deposited on the mesoporous silicon
surface through atomic deposition technology, which effectively isolates the impact of the
environment on PNCs, owing to the abundant -OH on the mesoporous silicon surface. The
resulting mSiO2-CsPbBr3@AlOxNCs can remain stably dispersed in water for more than
90 days and can effectively shield the ion exchange effect, thereby significantly enhancing
the stability of PNCs and expanding their practical application range [22]. Likewise,
Zhang et al. synthesized ceramic-like stable and highly luminescent CsPbBr3 NCs by
embedding CsPbBr3 in silica derived from molecular sieve templates at high temperature
(600–900 ◦C). The resulting CsPbBr3-SiO2 powder exhibits high PLQY (~71%) and excellent
stability, which can be compared with the ceramic Sr2SiO4:Eu2+ green phosphor [23].

Figure 6. Synthetic procedure of the mSiO2-ABX3@AlOx (A = MA, FA, Cs, B = Pb, Mn, X = Cl, Br, I)
NCs. Reproduced from ref. [22] Copyright (2020), with permission from Elsevier.
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Metal–organic framework compounds (MOFs) are a novel class of porous materials
that are assembled by inorganic metals and organic ligands. Due to their high porosity and
large specific surface area, MOFs are often utilized as carriers for nanoparticles, drugs, and
other materials. Incorporating PNCs into the pores of MOFs can significantly enhance their
stability. However, in order to function as a carrier for PNCs, the MOF design must address
several challenges. Firstly, the MOF matrix must remain stable during PNCs incorporation
and fluorescence detection. As many bivalent metal-based MOFs are sensitive to water
or ambient moisture, high-valent metal-based MOFs are ideal hosts that provide stable
pore structures for encapsulation. Secondly, the aperture of MOFs must be sufficiently
large to accommodate PNCs. While micropore MOFs with apertures smaller than 2 nm
are frequently used as encapsulation materials for perovskite nanoparticles, the limited
space can hinder QD growth and damage the micropore structure. Therefore, mesoporous
MOFs with pore sizes greater than 4 nm are more suitable for PNC fixation. In the case
of CsPbBr3 nanocrystals, QDs with complete crystal structures are more suitable for flu-
orescence detection applications to ensure efficient light absorption and prevent dense
surface recombination. Simultaneously, the mesoporous cage can effectively separate the
QDs and realize the quantum limited domain of perovskite. As illustrated in Figure 7,
Qiao et al. encapsulated CsPbBr3 nanocrystals into a stable ferric organic skeleton (MOF)
with mesoporous cages (5.5 and 4.2 nm) via a sequential deposition pathway to obtain a
perovskite–MOF composite CSPbBr3@PN-333 (Fe). The CsPbBr3 nanocrystals are stabi-
lized by the restriction of the MOF cage without aggregation or leaching [24]. Wu et al.
employed a sequential deposition method to encapsulate MAPbI3 in cheap iron-based
MOFs (PSN-221) to obtain the composite MAPbI3@PCN-221(Fex) (x = 0–1), which they
used for photocatalytic CO2 reduction. Due to the protection offered by PSN-221 (Fex), this
composite catalytic system exhibits ultra-high stability and can operate continuously in
water for more than 80 h. Additionally, the maximum efficiency of photocatalytic CO2 is
38 times higher than that of pure PCN-221(Fex) [25].

Figure 7. Schematic illustration of the preparation of CsPbBr3@PCN-333(Fe). Reproduced from
ref. [24] Copyright (2021), with permission from American Chemical Society.

1.2.2. Ion Doping

Ion doping is a widely used and effective method for introducing heteroatoms into
the lattice, making it one of the most important approaches for modifying semiconductors.
This method is valuable because it can maintain the structure and properties of the original
main crystal to a large extent. Perovskite structures have a high tolerance for impurity
doping, enabling various impurity atoms to be doped into the lattice of PQDs. This doping
strategy can significantly improve the stability of perovskite and regulate its photoelectric
characteristics [26]. The typical perovskite structure (ABX3) consists of corner-sharing
[BX6]4− octahedra, with A-site cations confined within the cuboctahedra cages. In the
ABX3 structure, the ionic radii of A-site, B-site, and X-site ions must correspond to the
Goldschmidt tolerance factor t [27]:

t =
rA + rX√
2(rB + rX)
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The Goldschmidt tolerance factor is defined by the formula t = (rA + rX)/
√

2(rB + rX),
where rA, rB, and rX are the ionic radii of the A-site, B-site, and X-site elements, respec-
tively [26]. To maintain a stable perovskite structure, t should fall between 0.813 and 1.107,
with a range of 0.9≤ t≤ 1 generally considered optimal for the cubic phase [7]. The [BX6]4−

framework confines the A-site cations, and those that are either too large or too small can
cause the cubic-like crystal structure to distort, warp, and eventually break down. MA
(2.70 Å) is generally the most suitable size for the cubic perovskite structure, whereas FA
(2.79 Å) and Cs (1.88 Å) are slightly too large or small to serve as ideal A-sites [28], leading
to deviations from the equilibrium interplanar distances. A mixed A-site cation system
that combines larger and smaller ions can help to stabilize the 3D perovskite framework
and overcome these issues. For instance, Protesescu et al. replaced some Cs+ ions with
FA+ ions to improve the structural stability of CsPbI3 PQDs, resulting in a higher t value
relative to pure CsPbI3 PQDs. The resulting FA0.1Cs0.9PbI3 PQDs display a 3D orthogonal
structure, stable red-light emission (685 nm), a PLQY over 70%, and can maintain their
PLQY in solution (with less than 5% relative decrease) after several months of storage
at ambient conditions, owing to the restricted transformation from 3D cubic perovskite
structure to 1D polycrystals [29]. Triple cations such as (Cs, FA)PbI3 or (Cs, MA, FA)PbI3
have also demonstrated improved stability by promoting phase structure stability, and
multi-cationic doping of A sites has emerged as a key method for obtaining high-quality
perovskite films [30]. However, it is rarely reported in the field of PNCs [31]. In addition,
Wang et al. synthesized ultra-stable quasi-2D PQDs by introducing butadiamine cation
(BA+) into methylamine lead bromide perovskite (MAPbBr3), as shown in Figure 8. The
quasi-2D perovskite (BA)2(MA)x−1PbxBr3x+1, which has reduced dimensionality, exhibits
higher luminous efficiency and better environmental stability than traditional 3D perovskite
due to the higher exciton binding energy and formation energy of the reduced dimension
perovskite [32].

Figure 8. Schematic representation of metal halide perovskites with 3D and quasi-2D structures.
Reproduced from ref. [32] Copyright (2021), with permission from Royal Society of Chemistry.

The incorporation of dopants to replace B-site Pb2+ in perovskite structures has been
shown to significantly enhance their stability or modify their optical properties, examples
of which include Zn2+, Ni2+, and RE ions [33,34]. The smaller ionic radius of Zn2+ (0.74 Å)
compared to Pb2+ (1.19 Å) causes the perovskite lattice to contract, leading to an increase in
exciton binding energy and promoting radiative recombination within CsPbI3 PQDs [35].
In addition, Mn2+ doping also increases the Goldschmidt tolerance factor (t), enhancing
structural stability [36]. Similarly, the introduction of Ni2+ ions into CsPbI3 PQDs results
in lattice contraction due to the smaller ionic radius of Ni2+ (≈0.69 Å) relative to Pb2+

(≈1.19 Å), resulting in a blue shift in the PL and a higher quantum efficiency, as shown in
Figure 9a,b. Moreover, Ni2+ doping improves the stability of PNCs by increasing t relative
to CsPbI3 PQDs, leading to a more stable perovskite structure. The stability of Ni:CsPbBr3
PNCs with distinct Ni/Pb ratios against moisture and UV light was tested and shown in
Figure 9c,d, providing compelling evidence for the beneficial effects of Ni2+ dopants on
emission performance [37].
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1.2.3. Surface Passivation

The large specific surface area of PNCs results in a high concentration of surface
atoms, which in turn leads to an abundance of dangling bonds and defects. These defects
can trap electrons in the conduction band and cause non-radiative energy loss, thereby
reducing the stability of nanocrystals. Surface passivation using appropriate ligands is an
effective strategy to improve the stability of PNCs. However, commonly used ligands like
oleic acid and oleylamine are dynamic and can easily desorb in the purification process,
leading to PNC aggregation and loss of optical properties. Thus, ligands that bind more
firmly to the surface of PNCs are required for better passivation, reducing the impact
of water and oxygen and improving stability. Polydentate ligands, containing multiple
functional groups, are shown to bind more strongly to nanocrystals and provide improved
stability. For instance, Figure 10 illustrates a strategy for introducing polydentate ligand of
AHDA to synthesis stable PNCs. The polyamine chelating ligand N′-(2-aminoethyl)-N′-
hexadecylethane-1, 2-diamine (AHDA) can anchor the PNC surface lattice with a higher
binding energy (2.36 eV) than that of the commonly used oleylammonium ligands (1.47 eV).
The strong chelation effect achieves ultra-stable CsPbI3 PNCs with a high binding energy,
exhibiting excellent stability even under harsh conditions such as repeated purification,
polar solvents, heat, and light [38]. The use of mercaptan materials such as 2-amino-
ethylmercaptan (AET) can also lead to tightly bound ligand layers on the surface of PNCs,
resulting in high stability, even in water. The AET-CsPbI3 QDs (in both solutions and
films) retained more than 95% of the initial PL intensity in water after 1 h [39]. These
strong chelating ligand strategies offer promising avenues for achieving stable and high-
performance PNCs for a range of applications.
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Figure 10. Multi-amine AHDA ligands stabilize the CsPbI3 surface. Reproduced from ref. [38]
Copyright (2022), with permission from American Chemical Society.

In recent years, zwitterionic organic ligands have emerged as a promising approach
for surface engineering of PNCs and defect elimination, owing to their multifunctional
zwitterionic structure. As shown in Figure 11, Krieg et al. proposed a surface passivation
strategy for PQDs using long-chain zwitterionic ligands such as sulfobetaine and phospho-
choline, which comprise both cationic and anionic groups. These zwitterionic ligands can
coordinate with both surface cations and anions and are firmly attached to the surface of
PQDs through the chelation effect, thereby obtaining PQDs with high stability. For exam-
ple, 3-(N,Ndimethyloctadecylammonio) propanesulfonate can result in much improved
chemical durability. The sulfobetaine-capped CsPbBr3 NCs retained PLQYs in the range of
70–90% for 28–50 days under ambient conditions [40]. Moreover, they demonstrated that
the strong binding between the amphoteric lecithin and PQDs provides CsPbBr3 PQDs
solutions with superior colloidal stability over a wide range of concentrations [41]. In
another study, Wang et al. used polymers containing multiple sulfobetaine amphoteric
groups to achieve desirable surface coatings and CsPbBr3 PQDs that maintain bright PL
emission even after 1.5 years of storage in polar solvents such as acetone and ethanol [42].

Figure 11. Surface engineering of PNCs with zwitterionic organic ligands, including 3-(N,N-
dimethyloctadecylammonio) propanesulfonate (n = 1), N-hexadecylphosphocholine, and N,N-
dimethyldodecylammoniumbutyrate. Reproduced from ref. [39] Copyright (2019), with permission
from Wiley-VCH.

In addition, the presence of long alkyl chain organic ligands in PQD films severely
impedes charge transport and interlayer coupling, calling for the development of more
conductive organic semiconductor ligands to prepare PNCs with favorable optoelectri-
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cal properties. Pan et al. demonstrated that the incorporation of organic semiconductor
molecules (rhodamine B derivative, COM) into CsPbBr3 NCs resulted in COM-CsPbBr3
NCs with a high PLQY of 82% and exceptional stability under harsh commercial acceler-
ated operating stability tests such as high temperature (85 ◦C) and high humidity (85%).
The product exhibits remarkable endurance against high temperature and high humidity,
retaining 84% of the initial PL intensity value for 300 h. The stability of CsPbBr3 NCs can be
significantly improved by the strong interaction between organic semiconductor molecules
and the quasi-type II heterostructure formed by CsPbBr3 and moderate photocarrier trans-
fer. Furthermore, the diversity and versatility of organic semiconductors present a broad
prospect for their combined application in the field of luminescence and display [43].

Table 1 summarizes methods to improve the stability of PNCs and their stability
performance. Surface coating is a way from outside to inside, playing the main role of
encapsulation. Metal ion doping and surface passivation are ways to improve the intrinsic
structural stability from inside to outside. They are not absolute by classification and may
work together to improve the stability of PNCs sometimes.

Table 1. Summary of methods to improve the stability of PNCs and their stability performance.

Methods Modification Material Water-Stabilized PNCs Stability of PNCs Ref.

Surface coating

Polymer

Divinylbenzene, ethyl
acetate, and AIBN CPB@SHFW PLQY remained at 91%, 1 month in water [19]

PS-b-PAA CsPbBr3@PS-b-PAA PLQY remained at 60%, 2 years in water [20]

Inorganic oxide C6H15O3Si-SH PQDs-Pb-S-SiO2-SH PLQY remained at 80%, 13 h in water [21]

Porous materials

Mesoporous silicon mSiO2-CsPbBr3@AlOx
Over 20% PL emission intensity, 90 days

in water [22]

Ferric organic
skeleton MOFs

CsPbBr3@PN-333 (Fe)
The Li–O2 battery can be cycled stably
for more than 200 h at 0.01 mA cm−2

under illumination
[24]

MAPbI3@PCN-221(Fex) The catalytic system can operate
continuously in water for more than 80 h [25]

Metal ion doping

A site Cs+ ions with FA+ FA0.1Cs0.9PbI3 PQDs PLQY remained at 95%, several months
in solution [29]

B site Ni2+ Ni:CsPbBr3 PNCs The stability of Ni:CsPbBr3 PNCs are
higher than CsPbBr3 PNCs [37]

Surface passivation

Strong chelating ligands

The polyamine
chelating ligand:

AHDA
AHDA-CsPbI3 PNCs PLQY remained at 60%, after 15

purification cycles [38]

SH ligands: 2-amino-
ethylmercaptan

(AET)
AET-CsPbI3-QDs PLQY remained at 95%, 1 h in water [39]

Zwitterionic
organic ligands

Sulfobetaine or
phosphocholine

Sulfobetaine-capped
CsPbBr3 NCs

PLQY remained at 70–90% for 28–50 days
under ambient conditions [40]

Organic semiconductor
ligands

Rhodamine B
derivative (COM) COM-CsPbBr3 NCs 84% of the initial PL intensity, 300 h under

HT 85 ◦C and HH 85% [43]

2. Application of PNCs as Fluorescent Probes in the Detection of Agriculture- and
Food-Related Hazardous Substances
2.1. The Detection of Agriculture-Related Hazardous Substances
2.1.1. Pesticide Residue Detection

Pesticides are crucial in minimizing crop losses, ensuring food security, preventing the
emergence and spread of plant diseases and insect pests, and improving health conditions.
However, their use also leads to environmental pollution, pesticide residues, and other
issues. Pesticide residues refer to the presence of trace amounts of pesticide precursor,
toxic metabolites, degradants, and impurities that remain in grains, vegetables, fruits,
livestock products, aquatic products, soil, and water bodies even after the application
of pesticides in agricultural production. Currently, the annual production of chemical
pesticides worldwide is nearly 4.1 million tons, and these synthetic compounds were
utilized as pesticides, fungicides, algaecides, deworming agents, defoliants, and other
pesticides [44]. The substantial use of pesticides, particularly organic pesticides, has
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resulted in severe pesticide pollution. Ingesting food containing high levels of highly toxic
pesticide residues can lead to acute poisoning in both humans and animals. While long-
term consumption of agricultural products with excessive pesticide residues may not cause
acute poisoning, it can result in chronic poisoning in humans, leading to the development
of diseases, inducing cancer, and even affecting future generations [45]. Therefore, the
real-time and rapid detection of pesticide residues in agricultural products is of great
significance for global food safety and environmental safety. Researchers have conducted
significant research on rapid detection technologies for pesticide residues, especially for
organophosphorus, organochlorine, triazine herbicides, and other pesticides, yielding some
remarkable achievements.

Organophosphorus Pesticide

Organophosphorus pesticides are a type of pesticide that contains organic compounds
with phosphorus. They are widely used in agricultural production to control plant diseases
and insect pests but can leave residues in crops. Ensuring food safety requires rapid and
accurate detection of organophosphorus pesticides.

Dimethoate oxide (OMT) is an organophosphorus insecticide with a strong imbibition
insecticidal effect. It can be absorbed into the plant stem and leaves and transmitted to
other parts of the plant to kill harmful pests. Huang et al. successfully synthesized a new
MIPs@CsPbBr3 QDs composite using imprinting technology with a sol–gel reaction, as
shown in Figure 12. APTES-capped CsPbBr3 QDs were used as a fluorescent carrier, and
TMOS was used as the cross-linker to gradually form a silica matrix, improving the stability
of perovskites, and synthesized water-soluble PQDs. OMT was selected as the template
molecule due to its hydrogen bonding interaction with APTES. Loading the MIPs with OMT
significantly quenched the fluorescence of MIPs@CsPbBr3 QDs, with a linear range of OMT
from 50 to 400 ng/mL and a LOD of 18.8 ng/mL. After removing the OMT template via
solvent extraction, the resulting MIP@CsPbBr3 QD composites showed selective recognition
ability towards specific template-shaped molecules such as dimethoate, with an imprinting
factor of 3.2, indicating excellent specificity of the MIPs for inorganic metal halide (IMH)
perovskites [4].

Figure 12. Schematic illustration of the preparation of the MIPs@CsPbBr3 QD sensor. Reproduced
from ref. [4] Copyright (2018), with permission from American Chemical Society.

2,2-dichlorovinyl dimethyl phosphate (DDVP) is a highly effective and wide-spectrum
organophosphorus insecticide commonly used to control various pests on crops such
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as cotton, fruit trees, vegetables, sugarcane, tobacco, tea, and mulberry. However, on
27 October 2017, the World Health Organization’s International Agency for Research on
Cancer classified DDVP as a group 2B carcinogen. In a study by Huang et al.; molecularly
imprinted mesoporous silica (MIMS) with in situ perovskite CsPbBr3 quantum dots (QDs)
was prepared and applied for the fluorescence detection of DDVP, as shown in Figure 13.
The QDs stability was greatly improved by encapsulating them in mesoporous silica, result-
ing in higher analytical performance. The design of PQDs-encapsulated MIMS is based on
PQDs being encapsulated into mesoporous silica and acting as a transducer for recognition
signal fluorescent readout, while molecular imprinting on the surface of mesoporous silica
provides selectivity. CsPbBr3 QDs with uniform size and high fluorescence intensity were
first grown directly in the channels of mesoporous silica SBA-15. Then, molecular im-
printing was applied to the surface of QDs-encapsulated mesoporous silica using a sol–gel
method. The mesoporous silica provided a solid support for molecular imprinting and
acted as a medium for the in situ synthesis of QDs. The QDs’ fluorescent properties were
expected to be affected once the template molecules were captured in the binding sites,
reducing the distance between the template and the QDs. Under optimized conditions, the
QDs-encapsulated MIMS showed a linear relationship between DDVP concentration of
5–25 µg/L, and the LOD was 1.27 µg/L. The recovery of DDVP increased from 87.4% to
101% [46].

Figure 13. Schematic illustration of the preparation of QDs-encapsulated MIMS. Reproduced from
ref. [46] Copyright (2020), with permission from Elsevier.

Phoxim is a highly effective broad-spectrum organophosphorus insecticide, exhibit-
ing properties of stomach toxicity, contact pesticide, and long-lasting effect under dark
conditions. To detect phoxim specifically and sensitively in samples, Tan et al. synthe-
sized perovskite CsPbBr3 QDs embedded in molecularly imprinted polymers (MIP) by
thermal injection. As depicted in Figure 14, CsPbBr3 QDs with high-brightness cores were
encapsulated by MIPs using a sol–gel approach initiated by trace moisture in the air. To
overcome the disadvantage of using siloxane monomers with simple organic groups, a
multifunctional monomer, BUPTEOS, was synthesized with phenyl and hydrogen bond
donors. During pre-polymerization, BUPTEOS and phoxim formed a complex through
hydrogen bond interactions and π-π accumulation, leading to the formation of specific
imprinted cavities in the MIP/QDs composites upon slow sol-gel molecular imprinting
process and removal of templates. The resulting MIP/QDs complex demonstrated excel-
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lent selectivity to phoxim, with a blotting factor of 3.27. Compared to previous studies
on detection of organophosphorus pesticides, the MIP/QDs fluorescent probe exhibited
high sensitivity and specificity. Under optimized conditions, the fluorescence quenching of
MIP/QDs showed a good linear correlation with the concentration range of 5–100 ng/mL,
and the LOD was 1.45 ng/mL. By encapsulating the QDs of the novel MIP/perovskite
CsPbBr3 QDs fluorescent probe in the imprinted silica matrix, the stability of the QDs in
phoxim detection was significantly improved. In this study, siloxane functional monomers
with two functional groups were synthesized by in situ slow hydrolysis of organosilicon
monomers [47].

Figure 14. Schematic illustration of the preparation of MIP/CsPbBr3 QDs composites. Reproduced
from ref. [47] Copyright (2019), with permission from Elsevier.

Triazine Herbicides

Triazine herbicides can be classified into symmetrical triazines (1,3,5-triazine) and
asymmetric triazines (1,2,4-triazine). The main commercial herbicide is symmetrical tri-
azine, which can be further divided into thiomethyl-s-triazine (e.g., prometryn, ametryn,
and terbutryn), simazine, terbuthylazine, fluoroalkyl-s-triazine (e.g., indaziflam and triazi-
flam), and methoxytriazine (e.g., prometon and terbumeton) [48].

Prometryn is commonly used for pre- and post-bud weeding in cotton and bean
fields as well as for algae removal in aquatic products. Zhang et al. developed a novel
molecularly imprinted electrochemical luminescence (MIECL) sensor by using perovskite
quantum dots (PQDs) coated with a molecularly imprinted silica layer (MIP/CsPbBr3-QDs)
as recognition and response elements. As shown in Figure 15, the MIP/CsPbBr3-QDs
layer was immobilized onto the surface of a glassy carbon electrode (GCE) via one-pot
electropolymerization to enhance water resistance, improve the stability of CsPbBr3-QDs,
and reduce film shedding. The highly selective and ultrasensitive MIECL sensor was
successfully constructed for prometryn analysis in fish and seawater samples. The LODs for
fish and seawater samples were 0.010 µg/kg and 0.050 µg/L, respectively. The recoveries of
fish and seawater samples were 88.0% to 106.0%, with a relative standard deviation lower
than 4.2%. The MIECL sensor based on MIP/CsPbBr3-QDs shows good stability, accuracy,
and precision and can sensitively detect prometryn in aquatic products and environmental
samples [49].

139



Polymers 2023, 15, 2873
Polymers 2023, 15, x FOR PEER REVIEW 15 of 43 
 

 

 
Figure 15. Schematic illustration for the fabrication process and prometryn determination principle 
of ultrasensitive MIECL sensor. Reproduced from ref. [49] Copyright (2022), with permission from 
Elsevier. 

Simazine is a highly effective selective herbicide that has been listed as a category 3 
carcinogen by the International Agency for Research on Cancer (IARC) on 27 October 
2017. To detect simazine in aquatic products, Pan et al. developed a novel MIECL sensor 
based on the molecular-imprinted polymer perovskite (MIP-CsPbBr3) and Ru(bpy)32+ lu-
minescent molecules. Under optimal experimental conditions, MIP-CsPbBr3-GCEs were 
exposed to different concentrations of simazine solution (0.1–500 µg/L) and analyzed us-
ing the MIECL sensor. The ECL strength showed a linear relationship with the logarithm 
of simazine concentration within the range of 0.1–500.0 µg/L, and the limit of detection 
(LOD) was 0.06 µg/L. The MIECL sensor method was validated by analyzing fish and 
shrimp samples with recovery rates of 86.5–103.9% and relative standard deviations lower 
than 1.6%. The developed MIECL sensor demonstrated excellent selectivity, sensitivity, 
reproducibility, accuracy, and precision for the determination of simazine in actual 
aquatic samples [50]. 

Organochlorine Pesticides 
Organochlorine pesticides are a group of organic compounds containing organochlo-

rine elements, commonly used to prevent and control plant diseases and insect pests. They 
can be categorized into two main types: benzene-based and cyclopentadiene-based. Yang 

Figure 15. Schematic illustration for the fabrication process and prometryn determination princi-
ple of ultrasensitive MIECL sensor. Reproduced from ref. [49] Copyright (2022), with permission
from Elsevier.

Simazine is a highly effective selective herbicide that has been listed as a category
3 carcinogen by the International Agency for Research on Cancer (IARC) on 27 October 2017.
To detect simazine in aquatic products, Pan et al. developed a novel MIECL sensor based on
the molecular-imprinted polymer perovskite (MIP-CsPbBr3) and Ru(bpy)3

2+ luminescent
molecules. Under optimal experimental conditions, MIP-CsPbBr3-GCEs were exposed to
different concentrations of simazine solution (0.1–500 µg/L) and analyzed using the MIECL
sensor. The ECL strength showed a linear relationship with the logarithm of simazine
concentration within the range of 0.1–500.0 µg/L, and the limit of detection (LOD) was
0.06 µg/L. The MIECL sensor method was validated by analyzing fish and shrimp samples
with recovery rates of 86.5–103.9% and relative standard deviations lower than 1.6%. The
developed MIECL sensor demonstrated excellent selectivity, sensitivity, reproducibility,
accuracy, and precision for the determination of simazine in actual aquatic samples [50].

Organochlorine Pesticides

Organochlorine pesticides are a group of organic compounds containing organochlo-
rine elements, commonly used to prevent and control plant diseases and insect pests.
They can be categorized into two main types: benzene-based and cyclopentadiene-based.
Yang et al. demonstrated that CH3NH3PbBr3 quantum dots (MAPB-QDs) undergo a blue
shift in fluorescence spectra upon exposure to polar organochlorine pesticides (OCPs), pro-
viding a method for the detection of these compounds. The presence of polar OCPs alters
the structure and emission properties of MAPB-QDs by desorbing the capping ligands OA
and OAm from their surface, resulting in defect sites that can be occupied by polar OCPs.
This allows the chlorine element in OCPs to fully dope into the QDs, increasing the band
gap of the MAPB-QDs and causing a blue shift in their wavelength. To address the insuffi-
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cient stability of MAPB-QDs in the presence of moisture, the researchers mixed MAPB-QDs
with PDMS to create a colorimetric card that can be used for the rapid detection of OCPs in
actual samples. This study represents the first use of MAPB-QDs for the detection of polar
OCPs (Figure 16) [51].

Figure 16. Schematic illustration of the reaction mechanism for MAPB-QDs and polar OCPs. Repro-
duced from ref. [51] Copyright (2020), with permission from Royal Society of Chemistry.

Other Pesticides

Clodinafop is a herbicide belonging to the aryloxy phenoxy propionate class, solu-
ble in various organic solvents but decomposes under strong acidic or basic conditions.
Vajubhai et al. synthesized CsPbI3 PQDs using a microwave radiation method and utilized
them for detecting clodinafop in samples via fluorescence spectrometry. Figure 17 illus-
trates the simple synthesis method of CsPbI3 PQDs utilizing PbI2, Cs2CO3, OAm, OA, and
ODE as reagents. The resulting PQDs showed a strong red emission at 686 nm and were
well-dispersed in hexane. They were utilized as a probe for fluorescence detection of clodi-
nafop in an organic phase (hexane), where the strong red emission at 686 nm was quenched
by clodinafop. The study found a good linear relationship between the quenching intensity
and the concentration of clodinafop in the range of 0.1–100 µM, with a LOD of 34.70 nM.
Furthermore, the fluorescent probes were integrated into liquid–liquid microextraction
for the fluorescence analysis of clodinafop in fruits, vegetables, and grains. The devel-
oped probes showed a good linearity to the concentration of clodinafop in the range of
0.1−5.0 µM, with a LOD of 34.70 nM, and exhibited a good recovery rate (97−100%) and
low relative standard deviation. The results indicate that CsPbI3 PQDs can be used as a
sensor for the quantitative detection of clodinafop in samples [1].

Figure 17. Schematic illustration of microwave synthesis of CsPbI3 PQDs for sensing of clodinafop.
Reproduced from ref. [1] Copyright (2022), with permission from American Chemical Society.
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Propanil is a highly selective contact herbicide that contains amides, primarily used
in rice fields or seedling fields to control barnyard grass and other gramineous and di-
cotyledonous weeds. The MIP-QDs, under optimized parameters, showed good linearity
in the concentration range of paspalum from 1.0 µg/L to 2.0 × 104 µg/L. The developed
MIP-QD-based fluorescent probe exhibited a good recovery rate ranging from 87.2% to
112.2%, with relative standard deviations of less than 6.0% for fish and seawater samples.
The LOD of paspalum in fish and seawater was 0.42 µg/kg and 0.38 µg/L, respectively.
Fluorescence test strips based on MIP-QD also showed satisfactory recovery rate ranging
from 90.1% to 111.1%, and the LOD of paspalum in seawater samples was 0.6 µg/L. The
developed fluorescent probe and test strip were successfully used for the detection of
paspalum in environmental and aquatic products [52].

As shown in Table 2, PNCs demonstrate good stability, high sensitivity, low LOD, and
high recovery rate for conventional pesticides. Furthermore, they can be developed into
test strips for rapid detection with broad and convenient application prospects.

Table 2. Summary of PNC-based fluorescent probes for pesticide residue detection.

Pesticide Type Target Analyte Molecular Structure Fluorescent
Probe

Linearity
Range LOD Recovery Rate Ref.

Organophosphorus

OMT MIPs@CsPbBr3 50–400 ng/mL 18.8 ng/mL [4]

DDVP CsPbBr3 QDs 5–25 µg/L 1.27 µg/L 87.4–101% [46]

Phoxim CsPbBr3 QDs 5–100 ng/mL 1.45 ng/mL [47]

Triazine herbicides

Prometryn MIP/CsPbBr3-
QDs

0.010 µg/kg,
0.050 µg/L 88.0–106.0% [49]

Simazine MIP-CsPbBr3 0.1–500.0 µg/L 0.06 µg/L 86.5–103.9% [50]

Organochlorine OCPs MAPB-QDs [51]

Other pesticides

Clodinafop CsPbI3 PQDs 0.1–5.0 µM 34.70 nM 97–100% [1]

Propanil MIP-QDs 1.0 µg/L–
2 × 104 µg/L

0.42 µg/kg,
0.38 µg/L 87.2–112.2% [52]

2.1.2. Environmental Pollutant Detection

Uranium is a radioactive element found in various chemical forms in the environ-
ment, with uranyl ion (UO2

2+) being the most common valence state under normal condi-
tions. Inhalation or ingestion of U can lead to irreversible kidney damage, destruction of
biomolecules, and DNA damage. According to World Health Organization guidelines, the
concentration of UO2

2+ in drinking water should be less than 30 ppb. As most uranium
complexes are highly soluble in water and mobile in aquatic environments, detecting its
presence is essential for monitoring agroecological systems.

Halali et al. synthesized all-inorganic CsPbBr3 PQDs with bright PL through thermal
injection and used them for UO2

2+ sensing. As shown in Figure 18, the first step involved
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the adsorption of UO2
2+ on CsPbBr3 PQDs, and zeta potential measurements confirmed

the process of electrostatic attraction and adsorption, facilitating quenching. Dynamic
light scattering (DLS) revealed that CsPbBr3 PQDs treated with uranyl ions had signifi-
cantly larger hydrodynamic radii (1244 nm) than the untreated probe (47.9 nm), indicating
adsorption of UO2

2+ on CsPbBr3 PQDs. Fluorescence quenching resulted from the ad-
sorbed UO2

2+ ions on the surface of CsPbBr3 PQDs. The ultra-low LOD of the probe was
83.33 nM (19.83 ppb), and it demonstrated rapid detection of UO2

2+ even in non-polar
solvents such as toluene. This study suggests new avenues for designing probes (such as
PQDs) and analytes (such as metal ions) for trace level sensing of metal ions [53].

Figure 18. Adsorption mechanism UO2
2+ ions on CsPbBr3 PQDs due to the zeta potential process.

Reproduced from ref. [53] Copyright (2020), with permission from Elsevier.

O-nitrophenol (ONP) is a member of the phenolic compound family and is widely
used as an intermediate in organic synthesis, dyes, medicines, and other products. ONP
is also employed as a photographic developer, pH indicator, and photosensitive material,
and as a rubber antioxidant. However, ONP is highly toxic and is considered a priority
pollutant for environmental analysis and monitoring. Inhaling ONP can cause adverse
effects such as headache, dizziness, and nausea, and serious exposure can lead to damage
to the central nervous system or the liver/kidney function. Deng et al. developed a
molecularly imprinted fluorescent probe using a combination of highly luminescent PQDs
and molecular imprinting technology to rapidly detect ONP (see Figure 19). To enhance
the hydrophobic properties of the PQDs, a superhydrophobic porous organic polymer
framework (SHFW) was created by combining a superhydrophobic material with a pore-
forming agent. This SHFW protected the PQDs from contact with water vapor in the air and
increased their stability. The CsPbBr3@SHFW fluorescent probe was designed using SHFW-
modified CsPbBr3 QDs to detect ONP in river silt. The probe exhibited high selectivity for
ONP, and under optimal detection conditions, the linear range of CsPbBr3@SHFW for ONP
detection was 0–280 µM, with a limit of detection of 7.69 × 10−3 µM [54].

Figure 19. The schematic diagram of the synthetic CsPbBr3@SHFW for fluorescence detection of
ONP. Reproduced from ref. [54] Copyright (2021), with permission from Royal Society of Chemistry.

Table 3 summarizes the PNC-based fluorescent probes for environmental pollutant
detection. High fluorescence performance of CsPbBr3 PQDs proved them to be efficient
fluorescent probes for the detection of pollutants U and ONP.
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Table 3. Summary of PNC-based fluorescent probes for environmental pollutant detection.

Target Analyte Molecular Structure Fluorescent Probe Linearity
Range LOD Ref.

U U CsPbBr3 PQD 0–3300 nM (3.3 µM) 0–3300 nM (3.3 µM) [53]

O-nitrophenol (ONP) CsPbBr3@SHFW 0–280 µM 7.69 × 10−3 µM [54]

2.1.3. Ion Detection
Cation

As industrialization and urbanization continue to progress, harmful ion pollutants
have become a major source of land and water pollution, with highly toxic ions posing a
global concern. Conventional detection methods are beset with issues such as high cost,
long detection cycle, low accuracy, and low efficiency. Thus, the development of simple
and selective sensors is crucial for detecting harmful ion pollutants. Compared to other
methods, the fluorescence-based method has advantages such as low cost, high sensitivity,
fast detection, and ease of use. Using PNCs to develop trace detection methods represents
a breakthrough in new methods.

Liu et al. synthesized all-inorganic CsPbBr3 PQDs via the thermal injection method as
a fluorescent probe for the detection of Cu2+ in organic phase. The cubic-phase CsPbBr3-NC
exhibits a quantum yield as high as 90%. The PL intensity of CsPbBr3 PQD was quenched
significantly within seconds of adding Cu2+ owing to effective electron transfer from PQD
to Cu2+, as revealed by absorption spectra and transient PL lifetime experiments. The
sensor detected Cu2+ in the range of 0 to 100 nM, with a low LOD of 0.1 nM, demonstrating
excellent sensitivity and selectivity for Cu2+ in hexane [55].

Li et al. established a method for detecting Cu2+ in aqueous solution based on CsPbBr3
(CPB) QDs. A strong organic ligand (oleylamine, OAm) was added, and due to the strong
interaction between the amine ligand and metal ions, OAm in cyclohexane captured Cu2+

from water, forming an OAm-Cu2+ complex at the cyclohexane/water interface (Figure 20).
These Cu2+ complexes rapidly diffused into cyclohexane, ultimately quenching the PL
of CPB QDs. The fluorescence probe based on CPB QDs exhibited a wide linear range
(106 M–102 M), a short response time (1 min), and good selectivity for Cu2+. The metal ion phase
transfer strategy avoided direct application of unstable PQDs in a water environment [56].

Figure 20. Schematic diagram for phase transfer of Cu2+ from water to cyclohexane induced PL
quenching ( 1©) and decomposition ( 2©) of CPB QDs. Reproduced from ref. [56] Copyright (2021),
with permission from Elsevier.
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Mercury ion pollution is a significant issue that impacts human health and environ-
mental safety. To address this problem, Lu et al. developed a novel fluorescence nanosensor
based on the surface ion exchange mechanism for rapid, highly sensitive, and selective
visual detection of mercury ions (Hg2+), using CH3NH3PbBr3 PQDs. CH3NH3PbBr3 PQDs
were synthesized using ligand-assisted reprecipitation (LARP) technology, without adding
any modifier. These PQDs exhibit strong green fluorescence with a high quantum yield
of 50.28%. The main principle of the sensor is based on the fact that the strong green
fluorescence of CH3NH3PbBr3 QDs at 520 nm is significantly quenched by Hg2+, and
the blue shift occurs with the increase of Hg2+ fluorescence due to surface ion exchange,
which differs from most other detection mechanisms shown in Figure 21. The LOD of
the sensor is 0.124 nM (24.87 ppt) within the range of 0 nM to 100 nM. The fluorescence
intensity of PQDs remains unaffected by interfering ions such as Cd2+, Pb2+, Cu2+, etc.;
indicating high selectivity of the fluorescent probe towards Hg2+. The detection of Hg2+

using CH3NH3PbBr3 PQDs has several advantages, including simple operation, small
sample size, high efficiency, and visual detection [57].

Figure 21. An illustration of the ion exchange process on the surface of CH3NH3PbBr3 QDs. Repro-
duced from ref. [57] Copyright (2017), with permission from Elsevier.

Chen et al. developed a novel method for detecting Fe(III) by encapsulating CsPbBr3
PQDs into poly(styrene/acrylamide) nanospheres using an improved expansion and con-
traction strategy, as illustrated in Figure 22. The CPB PQDs were dissolved in toluene,
which also served as a swelling agent for PSAA polymers, while isopropanol was used
as a dispersant for PSAA spheres. After ultrasonic swelling treatment, the compos-
ites were rapidly extracted from n-hexane. The resulting CPB@PSAA composites were
well-dispersed in an aqueous solution and maintained their bright fluorescence for over
12 months. The fluorescence of the solution could be selectively quenched by the presence
of iron ions, enabling the selective sensing of Fe(III). The results demonstrated a good linear
relationship between 5 and 150 µM under optimal conditions, with an LOD of approxi-
mately 2.2 µM. Moreover, Fe(III) sensing was successfully applied to Yangtze River water,
human serum, and tea with satisfactory results [58].

Figure 22. Synthetic diagram of the preparation of CPB@PSAA composites for the detection of iron
ion. Reproduced from ref. [58] Copyright (2020), with permission from Elsevier.
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In 2019, Wang et al. developed a novel composite material, carbon quantum dots
(CQDs) doped MAPbBr3 PQDs encapsulated with ultra-stable SiO2, for potential applica-
tions in fluorescence analysis. The composite material was prepared by using carboxy-rich
CQDs and MAPbBr3 to form hydrogen-bond interactions, as depicted in Figure 23, which
significantly improved the thermal stability of CQDs-MAPbBr3. Furthermore, the compos-
ite material was encapsulated with highly dense SiO2 via in situ growth, which greatly
enhanced its water resistance and stability. The composite material exhibited excellent
water and thermal stability for over 9 months in aqueous solution and maintained strong
fluorescence emission even after annealing at 150 ◦C. The composite material was then
employed for fluorescence analysis to detect Zn2+ and Ag+ [59].

Figure 23. Schematic illustration of the synthesis process of (A) CQDs-MAPbBr3, (B) CQDs-
MAPbBr3@SiO2, and (C) Comparison of CQDs-MAPbBr3 and CQDs-MAPbBr3@SiO2 under air
and moisture conditions. Reproduced from ref. [59] Copyright (2019), with permission from Ameri-
can Chemical Society.

Yan et al. developed a novel fluorescence detection platform for selective detection
of Pb2+ ions based on the excellent luminescence properties of lead halide perovskite
CH3NH3PbBr3 (MAPbBr3) and CsPbBr3. As shown in Figure 24, a high concentration of
CH3NH3Br (MABr) solution was employed as a fluorescent probe. Upon adding PbBr2, a
rapid chemical reaction occurred to form MAPbBr3, which exhibited a significant luminous
response under ultraviolet light. The fluorescence probe mechanism for Pb2+ is attributed
to the excellent PL properties of MAPbBr3 in MAPbBr3@MABr solution. Hence, the non-
fluorescent MABr demonstrated a sensitive and selective luminescence response to Pb2+

under UV irradiation. Moreover, the reaction of MABr and PbBr2 facilitated the conversion
of Pb2+ to MAPbBr3, enabling the extraction of Pb2+ from waste products. Figure 24 shows
the detailed experimental process and results of this study [60].

Figure 24. Schematic illustration for the luminescent response of the MABr solution to Pb2+. Repro-
duced from ref. [60] Copyright (2019), with permission from Springer Nature.
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When MABr encounters Pb (II) bound to sulfhydryl groups, it leads to the growth of
high-fluorescence (MAPbBr3) perovskite in situ in sulfhydryl-functionalized mesoporous
alumina films. This sulfhydryl modification significantly enhances the extraction ability of
mesoporous alumina membranes for Pb (II), as reported by Wang et al. Figure 25 illustrates
the selection of a commercial meso-Al2O3 film with a pore size of 20 nm as a prototype for
3-mercaptopropyltriethoxysilane (MPTS) modification, due to the strong Pb-S bonding. The
hydroxyl groups on the surface of the meso-Al2O3 film facilitate the sulfydryl modification
through silane hydrolysis, as shown in Figure 25c. The meso-Al2O3-SH film efficiently
enriches Pb(II) in aqueous solutions, which is subsequently dried in an oven. Excess MABr
solution is added to the film, and the solvent is evaporated in an oven at 60 ◦C. Upon
drying, MAPbBr3 nanocrystals form on the skeleton or in the holes of the meso-Al2O3-SH
film, exhibiting green fluorescence emission under the excitation of 365 nm ultraviolet light
(Figure 25a). The PL intensity of the MAPbBr3 nanocrystals increases linearly with the
increase of Pb(II) concentration in the sample solution, enabling the visual determination
of Pb(II) (Figure 25b). Under optimal conditions, the adsorption capacity of Pb (II) by
sulfhydryl-functionalized membranes reaches 94.9 µg/g. Due to the strong extraction
ability of Pb (II), the fluorescence opening determination of Pb (II) is realized by forming
MAPbBr3 perovskite at the site of sulfhydryl-functional alumina film. The LOD is as low
as 5 × 10−3 µg/mL. This method integrates the extraction and determination of Pb (II)
without background, effectively addressing the problem of low concentration detection
and promoting the entire analysis process [61].

Figure 25. (a) Schematic of Pb(II) extraction and MAPbBr3 perovskite formation. (b) Schematic of
fluorescence turn-on and Pb(II) determination. (c) Schematic of sulfydryl functionalization, Pb(II)
enrichment, and on-site conversion to MAPbBr3 perovskite. Reproduced from ref. [61] Copyright
(2021), with permission from Elsevier.

Anion

Chlorine and iodine residual trace elements during tap water disinfection can pose
significant potential harm to human health. Park et al. synthesized CsPbBr3 perovskite
quantum dots (PQDs) cellulose composites using a thermal injection method, as depicted
in Figure 26. The composites showed excellent stability, durability, and photoluminescence
(PL) properties under various humidity conditions. Initially, cellulose fibers were stabilized
with PbBr2 precursors to adsorb ions between fibers (Figure 26a). Subsequently, Cs-oleate
was added to the PbBr2/cellulose composite at a higher temperature of 200 ◦C, leading to
the nucleation of CsPbBr3 PQDs and their immediate physical aggregation with cellulose
fibers. The successful synthesis of CsPbBr3 PQDs and their integration with cellulose
nanofibers were confirmed through green PL under UV field (Figure 26c). A portable
sensor for early diagnosis was developed based on this composite, which used the rapid
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anion exchange strategy between halide anions in cellulose fiber PQDs with a high porous
structure to detect iodide and chloride ions in real water samples, with detection values of
2.56 mM and 4.11 mM, respectively. CsPbBr3 PQDs/cellulose composites have the ad-
vantages of using low-cost materials for one-pot continuous synthesis, high sensitivity,
reasonable detection time, simple and portable visual detection, flexibility of practical appli-
cation, and a hydrophilic sensing platform. The response detection time can be shortened
to change the color, indicating the possibility of real-time and on-site detection [62].

Figure 26. (a) Scheme showing the stepwise process for generating CsPbBr3 PQDs/cellulose compos-
ites. (b) Color change under visible light and (c) photoluminescence under UV light. Reproduced
from ref. [62] Copyright (2020), with permission from American Chemical Society.

Table 4 summarizes the PNC-based fluorescent probes developed for ion detection.
The probes have demonstrated high sensitivity, rapid response times, and ease of use
in detecting Cu2+, Hg2+, Fe3+, Zn2+, Ag+, Pb2+, I−, and Cl− anions in environmental
samples. These features make PNC-based fluorescent probes promising candidates for
visual detection of harmful ions with great potential for practical applications.

Table 4. Summary of PNC-based fluorescent probes for ion detection.

Ion Type Target Analyte Fluorescent Probe Linearity
Range LOD Ref.

Cation

Cu2+ CsPbBr3 (PQD) 0–100 nM 0.1 nM [55]

Cu2+ CsPbBr3 (CPB) 106 M–102 M [56]

Hg2+ CH3NH3PbBr3 (QDs) 0–100 nM 0.124 nM (24.87
ppt) [57]

Fe(III) CPB@PSAA 5–150 µM 2.2 µM [58]

Zn2+, Ag+ CQD-MAPbBr3@SiO2 [59]

Pb2+ CH3NH3PbBr3
(MAPbBr3) [60]

Pb2+ MAPbBr3 5 × 10−3 µg/mL [61]

Anion I−, Cl− CsPbBr3 PQDs 2.56 mM, 4.11 mM [62]
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2.2. The Detection of Food-Related Hazardous Substances
2.2.1. Antibiotic Detection

The overuse of antibiotics can lead to the proliferation of resistant bacteria, which
can have harmful effects on human health and cause allergic reactions. Furthermore, the
presence of antibiotic residues in food, due to their usage in livestock, is a significant
concern. Hence, a simple and highly sensitive technique is required for detecting antibiotics
in food samples. Roxithromycin (ROX) is a new generation of macrolide antibiotics that
mainly targets Gram-positive bacteria, anaerobic bacteria, chlamydia, and mycoplasma.
Han et al. have developed a novel CsPbBr3-loaded PHEMA MIP nanogel with high
stability against water and oxidation, using multifunctional MIP nanogel synthesized from
four 2-(hydroxyethyl)methacrylate (HEMA) derivatives with different functions. First,
MIP antioxidant-nanogels were prepared with ROX as a template, and then perovskite
nanoparticles were loaded into nanogels via in situ synthesis through the hot-injection
method. The developed CsPbBr3-loaded MIP antioxidant-nanogels exhibited excellent
stability to air/water and enhanced stability to water-based solvents. Finally, these nanogels
were successfully applied for the selective and sensitive detection of ROX antibiotics in
animal-derived food products, as shown in Figure 27. The limit of selectivity and sensitivity
to ROX was 1.7 × 10−5 µg/mL (20.6 pM), and the detection results demonstrated good
recovery, indicating the excellent performance of the developed MIP antioxidant-nanogel
loaded with CsPbBr3 [63].
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Springer Nature.

Tetracycline (TC) is a class of broad-spectrum antibiotics with phenanthrene nuclei
discovered in the 1940s. This class of antibiotics is widely used to treat infections caused by
Gram-positive and negative bacteria, intracellular mycoplasma, chlamydia, and Rickettsia.
In addition, tetracycline is often used as a growth promoter for animals in some countries,
including the United States.
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In Figure 28, Jia et al. developed a perovskite-composited ratiometric fluorescent
nanosensor with good water stability for detecting tetracycline. The sensor was inspired
by the respective advantages of perovskite and rare earth elements. The team prepared
rod-like MAPbBr3@PbBr(OH) perovskite using the hydration method, with the PbBr(OH)
surface layer providing dual advantages of preventing water from entering PNCs and
dispersing PNCs in the matrix, resulting in high stability of MAPbBr3@PbBr(OH) in water.
Under UV irradiation, the perovskite nanorods emitted stable green fluorescence, which
served as the fluorescence internal standard for ratiometric fluorescent nanosensors. The
silica shell was used to cover the surface of PQDs, which facilitated the subsequent surface
modification of europium compounds. Upon the addition of TC, the green fluorescence
intensity of MAPbBr3@PbBr(OH)@SiO2-Cit-Eu decreased slowly, while the energy transfer
from TC to Eu3+ led to the gradual enhancement of red fluorescence. The detection system
exhibited a multi-color visual transformation from green to red fluorescence, which could
be applied to the visual rapid detection of TC in actual liquid foods and have great potential
application value. The sensor has a good linear response in the range of 0–25 µM, and the
detection limit is 11.15 nM. Qualitative and semi-quantitative visual sensing of tetracycline
on the surface of a variety of foods (e.g., eggs, apples, bananas, pears, and oranges) can be
achieved with the help of color analysis software on a smartphone [64].

Figure 28. Preparation strategy of MAPbBr3@PbBr(OH)@SiO2-Cit-Eu ratio fluorescent probe and
visual sensing schematic of TC. Reproduced from ref. [64] Copyright (2022), with permission
from Elsevier.

Thuy et al. developed a new fluorescent probe for detecting trace amounts of tetra-
cycline (TC) in food samples by preparing highly stable Cs4PbBr6/CsPbBr3 perovskite
nanocrystals (PNCs) protected by perfluorooctane triethoxy-silane fluorocarbons on their
surface. The high hydrophobic groups formed a waterproof layer, which rendered the
PNCs highly stable in water. The fluorescent probes demonstrated high sensitivity and
selectivity for TC detection in food samples under optimized conditions, with a limit of
detection (LOD) of 76 nM and a linear range of 0.4–10 µM [65].

In Figure 29, Wang et al. developed a novel CsPbBr3@BN fluorescent probe for the
highly sensitive detection of TC with an LOD as low as 6.5 µg/L. The green-emitting
CsPbBr3 quantum dots (QDs) were successfully adhered to BN nanosheets, and upon the
addition of TC, the CsPbBr3@BN fluorescence was sensitively quenched due to electron
transfer between them. The fluorescent probe was successfully applied in the determination
of TC in honey and milk samples [66]. Furthermore, Wang et al. synthesized a novel
fluorescent probe for TC in highly polar ethanol at room temperature. The silicon layer
was easily modified by in situ hydrolysis of 3-amino-propyl triethoxysilane (APTES) on
the surface of IPQDs at room temperature, producing a new fluorescent probe without
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water and initiator that could be stably stored in ethanol. The method had high selectivity
and sensitivity to TC in ethanol, and the LOD could even reach 76 nM. The fluorescence
quenching mechanism was mainly due to electron transfer between TC and IPQDs. The
sensor was successfully applied to the detection of trace TC in practical samples. These
studies laid a foundation for improving the stability of PNCs and their development in the
field of TC detection [67].
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Figure 29. Schematic illustration of the synthesis of CsPbBr3@BN for sensitive detection of TC.
Reproduced from ref. [66] Copyright (2021), with permission from Elsevier.

Salari et al. developed a chemiluminescent (CL) probe for the highly selective and
sensitive determination of cefazolin (CFZ) antibiotic in food, water, and biological samples.
The CL probe consists of CsPbBr3 quantum dots (QDs) in an organic phase and Fe(II) and
K2S2O8 in an aqueous medium. The synthesis of CsPbBr3 QDs from CsBr and PbBr2 by a
solution-based method at room temperature is illustrated in Figure 30. The designed probe
exhibited a linear range of 25–300 nM with a low LOD of 9.6 nM and a recovery rate of 94%
to 106% for CFZ, enhancing the CL signal of the probe. This research has the potential to
advance the development of CL probes for the detection of antibiotics in various fields [68].

Figure 30. Synthesis process of CsPbBr3 QDs via LARP. Reproduced from ref. [68] Copyright (2023),
with permission from Elsevier.
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By analyzing the chemical formula of ciprofloxacin hydrochloride (C17H18FN3O3·
HCl·H2O), the concentration of its solution can be determined by measuring the Cl− ionic
concentration. CsPbBr3 NCs have superior optical properties and high anion exchange
capacity, enabling precise and sensitive detection of Cl− ionic concentrations. Shi et al.
developed colorimetric test strips based on CsPbBr(3−x)Clx NCs for rapid and convenient
detection of ciprofloxacin hydrochloride in food. As depicted in Figure 31, at room tempera-
ture, CsPbBr3 NCs and C17H18FN3O3·HCl·H2O undergo an anion exchange reaction where
some of the Br− ions are replaced by Cl− ions. Upon exposure to different concentrations
of ciprofloxacin hydrochloride, the emitted light of CsPbBr3NC changes from 513 nm to
442 nm, and the color of the test strip changes immediately after exposure to different
ciprofloxacin solutions [69].

Figure 31. Schematic diagram of the anion exchange reaction of CsPbBr3 to CsPbBr(3−x)Clx. Repro-
duced from ref. [69] Copyright (2022), with permission from IoP Publishing.

Table 5 summarizes the PNC-based fluorescent probes developed for detecting an-
tibiotics in food samples. Fluorescent probes using CsPbBr3 and MAPbBr3 NCs were
successfully applied to detect antibiotics such as ROX, TC, CFZ, and ciprofloxacin hy-
drochloride. The results show excellent stability, high selectivity and sensitivity, low LOD,
and good recovery rate. Furthermore, the use of color analysis software in smartphones
enables qualitative and semi-quantitative visual sensing of antibiotics on various food
surfaces, which provides a basis for improving the stability of PQDs and their potential for
use in detection applications.

Table 5. Summary of PNC-based fluorescent probes for antibiotic detection in food.

Target Analyte Molecular Structure
of the Target Analyte Fluorescent Probe Linearity

Range LOD Recovery Rate Ref.

Roxithromycin MIP-CsPbBr3
1.7 × 105µg/mL

(20.6 pM)
[63]

Tetracycline

MAPbBr3 @PbBr(OH)
@SiO2-Cit-Eu 0–25 µM 11.15 nM [64]

Cs4PbBr6/CsPbBr3 0.4–10 µM 76 nM [65]

CsPbBr3@BN 0–0.44 mg/L 6.5 µg/L [66]

APTES@IPQDs [67]

Cefazolin CsPbBr3 QDs 25–300 nM 9.6 nM 94–106% [68]

Ciprofloxacin
hydrochloride CsPbBr(3−x)Clx NCs [69]
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2.2.2. Detection of Microbial Toxins, Pathogens, and Carcinogens

Aflatoxin B1 (AFB1) contamination is one of the most serious problems in food safety.
Su et al. have developed a photoelectrochemical (PEC) immunosensing platform for
sensitive detection of AFB1 in peanut and corn samples using CsPbBr3 NCs and amor-
phous TiO2 [CsPbBr3/a-TiO2]. AFB1-BSA conjugates labeled with alkaline phosphatases
(ALP) were used as competitors in the competitive immunoreaction triggered on anti-AFB1
antibody-coated microplates. In Figure 32, photoelectrochemically active CsPbBr3/a-TiO2
nanocomposites were dropwise added onto a fluorine-doped tin oxide (FTO) electrode. The
ALP collected on the microplate hydrolyzed ascorbic acid-2-phosphate (AAP) to produce
ascorbic acid (AA), which enhanced the photocurrent of CsPbBr3/a-TiO2 nanocomposites.
The concentration of AFB1 in food can be monitored by detecting the photocurrent of
the CsPbBr3/a-TiO2-modified electrode. The PEC platform exhibited a working range of
0.01~15 ng/mL and a low detection limit of 2.8 pg/mL. The accuracy of this method was
found to be acceptable compared with the reference aflatoxin enzyme-linked immunosor-
bent assay (ELISA). The developed PEC immunosensing platform shows promise in the
sensitive and accurate detection of AFB1 in foodstuffs [70]. In addition, Li et al. synthesized
CH3NH3PbBr3 (MAPB) QDs@SiO2 nanospheres via the encapsulation of MAPB QDs with
a network structure of APTES hydrolyzed and condensed with SiO2. They constructed an
electrochemical luminescence (ECL) platform using MAPB QDs@SiO2 for the highly selec-
tive and ultra-sensitive detection of AFB1, with a LOD of 8.5 fg/mL. The sensor exhibited
good recovery rates for AFB1 in real corn oil samples [71].

Figure 32. Schematic illustration of the PEC immunosensing platform for detecting AFB1 using
CsPbBr3/a-TiO2 nanocomposites and enzyme immunoassay. Reproduced from ref. [70] Copyright
(2019), with permission from Royal Society of Chemistry.

Staphylococcus aureus contamination of food at 20–37 ◦C can result in the production
of enterotoxin, causing acute gastroenteritis symptoms such as nausea, vomiting, and
diarrhea within 1–5 h of consumption. Food poisoning is mainly caused by enterotox-
ins rather than bacteria. Staphylococcal enterotoxin (SEs) consists mainly of S. aureus
enterotoxins A, B, C, D, and E (SEA, SEB, SEC, SED, and SEE), and the minimum dose of en-
terotoxin required to cause food poisoning is 1–7.2 g/kg body weight. Xu et al. developed
CsPbBr3@mesoporous silica nanomaterials (MSN) and converted it into CsPb2Br5@MSN in
an aqueous phase for immunoassay of Staphylococcal enterotoxin (SEs). This additive-free
surface-enhanced Raman scattering (SERS) immunoassay can be used for the simple, sensi-
tive, and reproducible detection of SEC. The research can be extended to the development of
various perovskite composites, providing the possibility of exploring more SERS detection
probes for food safety monitoring [72].

In food processing, waxing can maintain the fresh flavor of fruit. However, artificial
wax applied to the surface of fruit often contains morpholine, which is easily converted into
nitroso-morpholine in the human body and can cause liver or kidney cancer. In addition,
artificial wax also contains protein substances that can cause allergic reactions. Ye et al. [73]
prepared a lead-free Cs2PdBr6 perovskite humidity sensor, which was used for the first
time to detect artificial wax on fruit. The manufactured humidity sensor has a response
time of 0.7 s and a recovery time of 1.7 s. The impedance varies by 105 Ω when the relative
humidity increases from 11% to 95%. The oleic acid-modified Cs2PdBr6 sensor has the
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advantages of high sensitivity and fast response/recovery. It can be used to distinguish the
waxy/wax-free apples and oranges from the surface moisture.

Table 6 summarizes PNC-based fluorescent probes for the detection of microbial
toxins, pathogens, and carcinogens in food. PNCs of sPbBr3, CH3NH3PbBr3, and lead-free
Cs2PdBr6 were used to detect B1 (AFB1), SEs, nitrite, and artificial wax on fruit and showed
high sensitivity and selectivity and has a wide range of application potential.

Table 6. Summary of PNC-based fluorescent probes for the detection of microbial toxins, pathogens,
and carcinogens in food.

Target Analyte Molecular
Structure Fluorescent Probe Linearity Range LOD Ref.

B1 (AFB1)

CsPbBr3/a-TiO2 0.01~15 ng/mL 2.8 pg/mL [70]

MAPB QDs@SiO2
and MAPB 8.5 fg/mL [71]

SEs Staphylococcal
enterotoxin CsPb2Br5 @MSN [72]

Artificial wax on
fruit Cs2PdBr6 [73]

2.2.3. Detection of Food Spoilage Gas

The odor of ammonia is a result of protein breakdown by microorganisms in spoiled
food. To detect ammonia, Huang et al. developed a highly sensitive and selective CsPbBr3
QDs film sensor that is fully reversible. Real-time dynamic passivation of PQDs was
studied by monitoring changes in PL intensity, as shown in Figure 33. The sensing device
consists of a silicon detector and a PQDs film, excited at 365 nm under the flow of am-
monia gas. Exposure to ammonia gas led to a remarkable increase in fluorescence of the
QDs film, which could even be observed by the naked eye, and returned to its original
state upon removal of the gas. The response–recovery cycles of this process are shown in
the schematic diagram in Figure 33. The sensor can detect ammonia in a wide range of
25–350 ppm, with an LOD as low as 8.85 ppm, and a fast response time of ≈10 s and a re-
covery time of≈30 s are achieved, respectively. This novel sensor has potential applications
in food safety and environmental monitoring [74].
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Hydrogen sulfide (H2S) is a toxic gas that emits a rotten egg smell, and exposure to
high levels of H2S in food can be detrimental to human health. Li et al. developed water-
soluble inorganic PQDs (CsPbBr3@PEG-PCL nanoparticles) by encapsulating CsPbBr3 QDs
with a block copolymer of polyethylene glycol polycaprolactone (PEG-PCL), as illustrated
in Figure 34a. The fluorescence of CsPbBr3@PEG-PCL nanoparticles remains stable in
aqueous solution for at least 15 days under light and room temperature conditions, making
it ideal for H2S detection. The fluorescence intensity of CsPbBr3@PEG-PCL nanoparticles is
quenched by H2S, and thus, a highly sensitive H2S fluorescent probe can be constructed
based on fluorescence intensity quenching. The fluorescence signal has a linear relationship
with H2S concentration in the range of 0–32.00 µM, with a limit of detection (LOD) of
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37.65 nM. CsPbBr3-based sensors are also capable of accurately detecting H2S in wine sam-
ples, cells, and zebrafish [75]. Another type of water-soluble inorganic PQDs (CsPbBr3@SBE-
β-CD nanoparticles) was obtained by passivating the surface ligands with sulfobutyl
ether-β-cyclodextrin (SBE-β-CD). This nanoparticle can be used as a photothermal probe to
react with H2S and produce a substance with high photothermal effect. Under
808 nm laser irradiation, the temperature change of the system was measured using a ther-
mometer as a signal reading device to quantitatively analyze H2S, as shown in Figure 34b.
There is a linear relationship between temperature and H2S concentration in the range of
0.5–6000.0 µM, with a LOD of 0.19 µM. This sensor can achieve the quantitative detection
of H2S in water medium [76].

Figure 34. (a) Preparation process of CsPbBr3@PEG-PCL nanoparticle and the detection of H2S.
(b) Preparation process of CsPbBr3@SBE-β-CD nanoparticles and their H2S photothermal sensor.
Reproduced from ref. [75] Copyright (2021), with permission from Royal Society of Chemistry.
Reproduced from ref. [76] Copyright (2022), with permission from Elsevier.

Zu et al. proposed a synthesis method for all-inorganic CsPbBr3 QDs that can be
directly stored in aqueous solution, maintaining excellent fluorescence stability and dis-
persion, as illustrated in Figure 35. By adding CTAB aqueous solution, CsPbBr3 QDs and
mineral oil can be rapidly processed by ultrasonic to form CsPbBr3@CO complex. In aque-
ous solution, when the concentration of CTAB as a surfactant exceeds the critical micellar
concentration (CMC), spherical or rodlike micelles may be formed, with hydrophobic nuclei
surrounded by hydration shells. These micelles can encapsulate hydrophobic substances,
enhancing their solubility and dispersion in water. As fluorescent probes, these micelles
exhibit good selectivity for the detection of hydrogen sulfide (H2S) in food and have a short
detection time. The fluorescent probe demonstrates a linear relationship between the H2S
concentration and the fluorescence intensity in the range of 0.15–105.0 µM, with an LOD of
53.0 nM, satisfying the H2S detection requirements for most food or biological samples [77].

Figure 35. The encapsulation process of the CsPbBr3@CO complex.
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Table 7 summarizes fluorescent probes based on PNCs for detecting food spoilage.
Modified CsPbBr3 QDs exhibit high sensitivity and selectivity in detecting gases such as
ammonia and H2S in wine, beer, and biological samples (zebrafish), with rapid response
and recovery times.

Table 7. Summary of PNC-based fluorescent probes for the detection of food spoilage gas in food.

Target Analyte Fluorescent Probe Linearity Range LOD Ref.

NH3 CsPbBr3 QDs 25–350 ppm 8.85 ppm [74]

H2S CsPbBr3@PEG-PCL [75]

H2S CsPbBr3@SBE-β-CD 0.5–6000.0 µM 0.19 µM [76]

H2S CsPbBr3@CO 0.15–105.0 µM 53.0 nM [77]

2.2.4. Detection of Harmful Additives in Food

Sudan dyes, classified as carcinogens, are commonly used as phenylazo derivatives
in industry but are strictly prohibited from use in food. He et al. utilized CsPbX3 PQDs
of varying colors within molecularly imprinted polymers as fluorescent probes for the
sensitive and selective detection of Sudan Red I in food. The fluorescence intensity of
MIPs-CsPbX3 microspheres was significantly quenched after loading Sudan Red I. The
linear response was good within the range of 0.5–150 µg/L, with an LOD of 0.3 µg/L
and recoveries between 95.27–105.96% [2]. Wu et al. developed a simple and effec-
tive fluorescence detection platform for Sudan I-IV utilizing CsPbBr3 PQDs, as shown in
Figure 36. Under UV excitation, the CsPbBr3 QDs exhibited bright green fluorescence,
which was efficiently quenched by Sudan I-IV due to significant overlap between the
absorption band of Sudan I-IV and the fluorescence spectrum of CsPbBr3 QDs. After
optimization, the quantification of fluorescence quenching efficiency of CsPbBr3 QDs
was found to be correlated with the logarithmic concentrations of Sudan I-IV (100–10000,
0.1–1000, 0.1–2000, and 0.4–1000 ng). The LODs were 3.33, 0.03, 0.03, and 0.04 ng/mL,
respectively [78].

Figure 36. Schematic illustration of the Sudan dye detection mechanism using the CsPbBr3 QDs.
Reproduced from ref. [78] Copyright (2018), with permission from Springer Nature.

Rhodamine 6G (Rh6G) is an anthraquinone dye that has found wide application in
the textile and food industries. However, due to its teratogenic, carcinogenic, and other
biological toxicities to both humans and animals, it is crucial to detect it effectively in low
concentration ranges. Chan et al. synthesized monodispersed PEGylated CsPbBr3/SiO2
QDs using the LARP synthesis method at an ambient temperature of 23 ◦C. In Figure 37, the
CsPbBr3/SiO2 QDs were encapsulated in mPEG-DSPE phospholipid micelles to provide
excellent aqueous solubility and stability. This nanosensor exhibits good sensitivity and
selectivity for Rh6G and can also detect it in biological samples containing complex interfer-
ence backgrounds. The operation range is 0–10 mg/mL, and the LOD is 0.01 mg/mL [79].
Similarly, Wang et al. prepared a CsPbBr3 PQDs/polystyrene fiber film (CPB QDs/PS FM)
using a one-step electrospinning method. Due to the excellent optical properties of CPB
QDs, the ultra-low LOD for Rh6G detection is 0.01 ppm, and FRET efficiency is 18.80% in
1 ppm Rh6G aqueous solution [80].
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Figure 37. Synthesis and encapsulation of PEGylated CsPbBr3/SiO2 QDs, and FRET-based sensing
mechanism of R6G using the proposed nanosensor. Reproduced from ref. [79] Copyright (2022), with
permission from Elsevier.

Furthermore, RhoB is a harmful substance that often appears in printing and dye
wastewater or as an additive in food. Traditional detection systems are not sensitive enough
and often require a large number of sample solutions (>1 mL) to concentrate to a higher
concentration. Ni et al. fabricated a reusable perovskite nanocomposite fiber paper using
microwave and electrospinning methods, which consisted of CsPbBr3 QDs grown in situ
in a high concentration solid polymer fiber. This perovskite fiber paper can be easily
recycled and has the advantages of ultra-sensitive detection (0.01 ppm), rapid detection
(<3 min), and minimal dose (<25 µL), which are obviously superior to traditional detection
systems [81].

Shi et al. synthesized oil-soluble all-inorganic CsPbBrI2 QDs using the thermal in-
jection method for the detection of basic yellow dyes that are illegally added to food and
beverages. Their results showed a linear range of 1–500 µg/mL, a LOD of 0.78 µg/mL, and
recoveries of 95.27–98.84% at levels of 8, 40, 80, and 400 µg/mL, with relative standard
deviations of less than 3.52% [82].

Li et al. developed an ultra-sensitive fluorescent nanosensor for the detection of
melamine using PNCs (CsPbBr3NCs@BaSO4). Figure 38 illustrates the nanosensor’s princi-
ple. The negatively charged citrate-stabilized AuNPs were mixed with positively charged
CsPbBr3 NCs@BaSO4, causing them to assemble together through electrostatic interaction.
This aggregation led to strong fluorescence quenching of the CsPbBr3 NCs@BaSO4 due to
the inner filter effect of the AuNPs. However, upon the addition of melamine, the color
of the solution changed from wine red to blue–grey, indicating the agglomeration of the
AuNPs. This aggregation decreased the inner filter effect of the AuNPs, resulting in a
recovery of the fluorescence of the CsPbBr3 NCs@BaSO4. The nanosensor was used for
the determination of trace melamine in dairy products, achieving a LOD of 0.42 nmol/L
and a relative standard deviation of 4.0% by repeated determination of 500.0 nmol/L
(n = 11) [83].

157



Polymers 2023, 15, 2873

Figure 38. Schematic illustration of turn-on fluorescent melamine nanosensor based on the inner
filter effect of the AuNPs on CsPbBr3 NCs@BaSO4. Reproduced from ref. [80] Copyright (2016), with
permission from American Chemical Society.

To achieve efficient electrochemical luminescence (ECL) in PQDs, Sun et al. proposed
the synthesis of Cs4PbBr6@CsPbBr3 PQD nanoacanthospheres (PNAs) with optimized
conditions resulting in ECL activity four times higher than 3D (CsPbBr3) PQDs, which was
then applied to Bisphenol A (BPA) ECL sensing [84].

Table 8 summarizes the use of modified CsPbBr3 and CsPbBrI2 QDs as PNC-based
fluorescent probes for detecting harmful additives in food. These probes showed good
selectivity and sensitivity in detecting Sudan I–IV, Rh6G, RhoB, basic yellow dye, melamine,
and bisphenol A, with the advantages of rapid determination and minimal dose. This
demonstrates their potential practical applications and superiority over traditional detec-
tion systems.

Table 8. Summary of PNC-based fluorescent probes for the detection of harmful additives in food.

Target Analyte Molecular
Structure

Fluorescent
Probe

Linearity
Range LOD Recovery Rate Ref.

Sudan red I CsPbX3 0.5–150 µg/L 0.3 µg/L 95.27–105.96% [2]

Sudan red I–IV CsPbBr3
3.33, 0.03, 0.03,

0.04 ng/mL [78]

Rhodamine 6G

CsPbBr3/SiO2
QDs 0–10 mg/mL 0.01 mg/mL [79]

CPBQDs/PSFM 0.01 ppm [80]

RhoB CsPbBr3-PVDF 0.01 ppm [81]

Basic yellow dye CsPbBrI2 QDs 1–500 µg/mL 0.78 µg/mL 95.27–98.84% [82]

Melamine CsPbBr3NCs@BaSO4 0.42 nmol/L [83]

Bisphenol A Cs4PbBr6@CsPbBr3
PQD [84]
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2.2.5. Edible oil Quality Inspection

Edible oil undergoes complex changes during storage, with the most important being
the decomposition of oil into free fatty acids and other products under the influence of light,
heat, air, and other factors, commonly referred to as rancidity. Peroxide is an intermediate
product formed during the process of oil oxidation and rancidity, which is unstable and
can decompose into aldehydes, ketones, and other oxides. This not only affects the flavor
and nutritional value of food but also poses risks to human health. China’s National
Testing Standard GB/T 2716-2018 specifies that the peroxide value of edible oil should be
<0.25 g/100 g. Currently, the peroxide value of cooking oil is usually determined by
titration or potential methods, which are not reproducible, sensitive, and environmentally
friendly, and the methods applied are cumbersome to operate. Although spectrophotometry
and high-performance liquid chromatography have been developed to overcome these
shortcomings, there is still a need for real-time and visual detection methods that are simple
and rapid.

The peroxide number of edible oil is related to its quality, and classical determination
methods for the peroxide number are unsatisfactory due to their complexity and poor
reproducibility in the analytical process and their incapability of field rapid detection. To
overcome this, a colorimetric sensing method based on the wavelength shift of CsPbBr3 NCs
with the addition of oleylammonium iodide (OLAM-I) was developed for the determination
of peroxide number in edible oil. As shown in Figure 39, by performing halide exchange
with OLAM-I, the fluorescence emission wavelength of CsPbBr3 NCs gradually red-shifts,
with the degree of red-shift proportional to the amount of OLAM-I added. This results in
a color change from green to yellow and finally to red, reflecting the halogen-exchange
characteristics of CsPbBr3 NCs and the redox reaction between OLAM-I and peroxides in
edible oil. This method enables the visual detection of the peroxidation value of edible oil
samples, with a detection process that only takes about 15 min and has been proven to be
convenient and accurate [85].

Figure 39. Mechanism for determination of peroxide in edible oils by using CsPbBr3 NCs. Repro-
duced from ref. [85] Copyright (2019), with permission from American Chemical Society.

The quality of edible oil has a significant impact on human health, with excessive acid
number (AN), 3-chloro-1,2-propylene glycol (3-MCPD), and moisture content (MC) being
the key factors to monitor. To address this issue, Zhao et al. developed orange luminescent
oil-soluble CsPbBr1.5I1.5 QDs and applied them to detect AN, 3-MCPD, and MC in edible
oil by employing fluorescence quenching and wavelength shift. The mechanism diagram
of the detection method for hazardous substances in edible oil is shown in Figure 40. By
adding varying concentrations of benzoic acid into the oil, the orange-emitting fluorescence
of oil-soluble CsPbBr1.5I1.5 QDs was quenched by edible oil with different ANs, and a good
linear relationship was observed between the fluorescence intensity of CsPbBr1.5I1.5 QDs
and AN concentration, enabling quantitative detection of AN in edible oil. Additionally,
the unique halogen exchange reaction between CsPbBr1.5I1.5 QDs and 3-MCPD allowed
for the sensitive and specific detection of 3-MCPD, as the emission peak of CsPbBr1.5I1.5
QDs blue-shifted with increasing 3-MCPD concentration. To monitor the MC of edible
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oil, water-sensitive PQDs were prepared to establish ratiometric fluorescent probes. The
orange-emitting CsPbBr1.5I1.5@MSNs were used as detection probes, which were gener-
ally quenched when exposed to water, while green-emitting quasi-two-dimensional (2D)
CsPbBr3 NSs served as reference probes due to their stable fluorescence properties in
aqueous solution. The ratiometric fluorescent probes based on these two materials were es-
tablished for MC detection in edible oil, with limits of detection (LODs) of 0.71 mg KOH/g,
39.8 µg/mL 3-MCPD, and 0.45% MC. By leveraging this detection principle, the researchers
achieved quantitative detection of AN, 3-MCPD, and MC in edible oil, demonstrating great
potential for monitoring the quality of edible oil [86].

Figure 40. Schematic illustration of CsPbBr1.5I1.5 QDs -engineered multiplex-mode fluorescence
sensing of AN, 3-MCPD, and MC in edible oil. Reproduced from ref. [86] Copyright (2021), with
permission from American Chemical Society.

Accurately detecting trace moisture in edible oil is crucial to ensure its quality and
safety. Although all inorganic PQDs are potential candidates for optoelectronic applications,
their stability is often restricted by environmental factors, especially high polarity materials.
In contrast, perovskite-structured QDs are highly suitable as polarity sensors due to their
instability to polar materials. To address this, CsPbBr3 PQDs were synthesized at low
temperature, which were modified with a functional ligand dimethyl aminoterephthalate
(CsPbBr3@DMT-NH2 QDs). The resulting dual-emission QD displayed highly sensitive
fluorescence turn-on/off dual response and a distinct fluorescence color change from
green to blue in the presence of water. This enabled the establishment of ratiometric
fluorescence sensing and visual ratiometric chromaticity detection methods for water assay,
with ultralow LODs of 0.006% (v/v) and 0.01% (v/v), respectively. These methods accurately
detected trace water in edible oils (with a recovery rate of 93.0% to 108.0%, and a relative
error of ≤5.33%). The study also revealed that the high polarity levels of protic solvents
can disintegrate the QDs, while the relatively low polarity levels promote their aggregation,
ultimately leading to green fluorescence quenching. Furthermore, the deprotonation and
polarity of water enhance the blue fluorescence of DMT-NH2 by promoting excited-state
intramolecular proton transfer and intramolecular charge transfer, as shown in Figure 41.
This is the first report on dual-response ratiometric fluorescence PQDs for ultrasensitive
water detection in edible oils [87].

160



Polymers 2023, 15, 2873

Figure 41. Response mechanism of CsPbBr3@DMT-NH2 QDs to water and polar protic solvents.
Reproduced from ref. [87] Copyright (2022), with permission from Elsevier.

To ensure the quality and safety of edible oil, the analysis of total polar substance
(TPM) is crucial. However, the development of appropriate TPM analysis methods has been
challenging in the food safety field. A paper-based fluorescent probe using CsPbBr3 QDs
was synthesized and utilized for rapid detection of TPM in different types of edible oils.
The results showed a linear relationship for olive oil (17–31.5%), soybean oil (25–31.5%),
and sunflower oil (21.5–33%). Real-time monitoring of TPM content was achieved using the
probe, and the potential for a more rapid detection method was explored. These findings
indicate that CsPbBr3 QDs can serve as a new fluorescent probe for the rapid detection of
TPM in edible oil, with practical application value. Furthermore, Table 9 summarizes the
use of PNC-based fluorescent probes for edible oil quality inspection, including modified
CsPbBr3 NCs and CsPbBr1.5I1.5 QDs, which demonstrate the convenience and accuracy of
detecting peroxide value, AN, 3-MCPD, MC, and TPM. These perovskite nanomaterials
not only expand the application of bioanalysis but also provide a new material and method
for monitoring the safety of oil-phase foods in multiple ways [88].

Table 9. Summary of PNC-based fluorescent probes for edible oil quality inspection.

Target Analyte Molecular Structure Fluorescent Probe Linearity
Range LOD Recovery Rate Ref.

Peroxide value CH3(CH2)7CH=CH(CH2)7CH2NH3I CsPbBr3 NCs [85]

AN,
3-MCPD,

MC

Excessive acid number

, H2O

CsPbBr1.5I1.5@MSNs
0.71 mg KOH/g,

39.8 µg/mL
3-MCPD, 0.45% MC

[86]

H2O H2O
CsPbBr3@DMT-

NH2
QDs

0.006% (v/v), 0.01%
(v/v) 93.0~108.0% [87]

TPM CsPbBr3 QD 17–31.5%, 25–31.5%,
21.5–33% [88]

3. Summary and Prospects

In summary, the fluorescent probe based on PNCs is expected to replace the traditional
inorganic QDs because of its high fluorescence quantum yield and sensitivity based on
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PNCs to detect hazardous substances in agriculture and food. Nowadays, PNCs have been
used in agro-ecological environment to detect pesticide residue, environmental pollutant,
and harmful ions. At the same time, PNCs have also been applied in food to detect antibi-
otics, microorganisms, food spoilage gases, additives, and edible oil quality. Compared
with the fluorescence analysis method constructed by traditional QDs, PNCs as fluorescent
probes are just in their infancy. Therefore, there are still many problems in the practical
application of PNCs, and more research is needed.

(1) The external environment (light, humidity, temperature, etc.) is easy to affect photo-
electric properties of PNCs. Although, many modification methods have been proved
to be effective to achieve PNCs in aqueous solutions, some of these methods are
complex or cannot be used as fluorescent probes in the field of agriculture and food.
Simple and novel water-stabilized method that is suitable for detection in agriculture
and food should be further developed in the future. For example, the exploration of
organic semiconductor ligands to prepare PNCs materials with good optoelectrical
properties and heterostructures.

(2) Lead is an important component of PNCs structure, and it is a huge obstacle, which
hinders PNCs in practice in agriculture and food. Non-contact detection (gas or
separated liquid samples) may be more suitable for the lead-based PNCs fluorescent
probe. The development of novel and efficient lead-free PNCs fluorescent probe is
more preferred and should be the future trend in this area.

(3) The specificity of the fluorescent probe based on PNCs can be further developed to
selectively detect specific analyte. Combined with molecular imprinting techniques, it
has been proved to be an effective way to improve its selectivity. Especially, the novel
characterizing methods should be paid more attention, such as MIECL platform, PEC
immunosensing platform, etc.

(4) The integration of fluorescent probe based on PNCs, excitation light source, and
fluorescence detector into a portable instrument is still a big challenge. The future
practice of fluorescent probe based on PNCs in the field of agriculture and food
should tend to portable, real-time, and visualized detection. Fluorescent probe based
on PNCs prefer to be developed into the form of test strip. Ratio fluorescence is a
good method to get visual sensing with high accuracy. In addition, with the help of
the color analysis software in smart phones, qualitative and semi-quantitative visual
sensing can be easily realized, which has a good application prospect.

In short, with the deepening of research, fluorescent probe based on PNCs should be
constantly improved and innovated. The development of highly sensitive, highly selective,
portable, and smart fluorescent probe based on PNCs in the field of agriculture and food
is expected.
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Abstract: With the continuous development of electronic skin (e-skin), multifunctional e-skin is
approaching, and in some cases even surpassing, the capabilities of real human skin, which has
garnered increasing attention. Especially, if e-skin processes eye’s function, it will endow e-skins
more powerful advantages, such as the vision reparation, enhanced security, improved adaptability
and enhanced interactivity. Here, we first study the photodetector based on CsPbBr3 quantum dots
film and the pressure sensor based on PEDOT: PSS-coated cellulose paper, respectively. On the
base of these two kinds of sensors, a light/pressure bifunctional sensor was successfully fabricated.
Finally, flexible bifunctional sensors were obtained by using a flexible interdigital electrode. They
can simultaneously detect light and pressure stimulation. As e-skin, a high photosensitivity with
a switching ratio of 168 under 405 nm light at a power of 40 mW/cm2 was obtained and they can
also monitor human motions in the meantime. Our work showed that the strategy to introduce
perovskite photodetectors into e-skins is feasible and may open a new way for the development of
flexible multi-functional e-skin.

Keywords: e-skin photodetector; pressure sensor; CsPbBr3; PEDOT: PSS; e-skin

1. Introduction

Electronic skin (e-skin) is an electronic system to simulate the function of human skin.
It is a kind of important flexible wearable electronic device that has a promising prospect in
the field of health monitoring, human-machine interaction, software robots, and the Internet
of Things [1–4]. Recently, multifunctional e-skins have become a hot direction to fulfill
the requirements of specific wearable and portable applications. In the many exploration
processes to realize multifunctional e-skins, it is the main work to simulate the function
of human skin, such as the sensory abilities to stress, strain, temperature, humidity and
chemicals, etc. [5–8]. However, in addition to the function of human skin, there are many
ways for human beings to obtain external information. The eyes, ears, nose, and mouth
are indispensable channels for obtaining external information. Especially, for realizing
the eye’s function, the retina is a key film-shaped tissue, which directly detects light and
outputting/transmitting a bioelectricity signal to the nervous system [9]. If e-skins have the
function of the retina, they may be endowed with some very interesting advantages [10]. For
example, e-skins with visual perception can perceive light and images such as eyes, thus the
user’s safety in dangerous environments can be improved, avoiding potential dangers, such
as high-energy radiation damage, and improving environmental adaptability [11]. Through
the visual perception ability of e-skins, the robot with these e-skins can better interact with
humans and enhance the ability of human–machine interactions. In addition, it may be
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more powerful in future medical care and may play an important role in vision reparation
for people who are blind [10]. Anyway, it will bring broader application prospects and
more functional advantages.

Perovskite photodetectors have recently become popular due to their exceptional
photoelectric properties and easy fabrication process. [12]. Inorganic halide CsPbBr3 per-
ovskite quantum dots (PQDs) are considered as a new generation of photoelectric material
for the photodetector due to their merits including a high light absorption coefficient, a
long charge carrier life, a tunable bandgap, relatively high stability, inexpensiveness, and
flexible compositional control [13,14]. With the deepening of research, more and more
multifunctional photodetectors have been developed [15,16]. What is more, the absorption
of CsPbBr3 QDs is in the high energy region from UV to blue-green, and it is suitable for
the high-energy radiation detection. On the other hand, piezoresistive flexible pressure
sensors (PFPSs) can transduce pressure into corresponding resistance signals and have
been extensively investigated as e-skin owing to their low cost, simple assembly process
and excellent sensing performances [17,18]. Generally, PFPSs usually consist of an elastic,
porous, conductive interlayer sandwiched between two flexible electrodes. Porous cellulose
paper is considered as a good candidate for the interlayer framework materials owing to its
low cost, light weight, high surface area, outstanding deformability, excellent flexibility, and
air permeability. When combining the porous cellulose paper with common conductive
materials, such as carbon nanomaterials, metal nanomaterials or conductive polymers,
highly sensitive FPSs with a low cost can be easily obtained. However, the conductive
materials in these FPSs are usually opaque, which cannot meet the requirement of light
sensing e-skins [19,20].

In this paper, we propose to combine a perovskite photodetector with a piezoresistive
pressure sensor to design a bifunctional sensor with both light and pressure response. The
light/pressure bifunctional e-skins were prepared based on PEDOT: PSS-coated cellulose
paper/CsPbBr3 QDs film. Firstly, we studied the photodetectors based on CsPbBr3 PQDs
and optimized the fabrication process on the rigid conductive glass. Then, the transpar-
ent conductive polymer PEDOT: PSS and cellulose papers were selected to fabricate the
piezoresistive pressure sensor. After that the two sensors are integrated together to prepare
the light/pressure bifunctional sensors. Finally, the flexible bifunctional sensors are success-
fully obtained by replacing the rigid conductive glass with a flexible interdigital electrode.
In addition, flexible bifunctional sensors are successfully applied to human physiological
signal monitoring.

2. Materials, Methods, and Characterization
2.1. Materials

PbBr2 (99%) were supplied by Shanghai Energy Chemical Co., Ltd., Shanghai, China.
and Cs2CO3 (99.9%) were purchased from ZhongNuo Advanced Material (Beijing) Tech-
nology Co., Ltd., Beijing, China; Oleamine (OLA with 90%) and Octadecylene (90%) were
purchased from Shanghai Macklin Biochemical Technology Co., Ltd., Shanghai, China;
Oleic acid (OA, analytical reagent) was supplied by DaMao Chemical Reagent Factory,
Tianjin, China; n-Hexane, Isopropyl alcohol and acetone (analytical pure) were purchased
from Tianjin Fuyu Chemical Reagent Co., Ltd., Tianjin, China; PEDOT:PSS, 4083, was pur-
chased from Xi’an Bao Laite Optoelectronics Technology Co., Ltd., Xi’an, China; Cellulose
paper (plain weave, 60 g, 27.5 cm × 57.5 cm) was supplied from Sichuan Sanheng Yishu
Technology Co., Ltd., Chengdu, China.

2.2. Methods
2.2.1. Synthesis of CsPbBr3 PQDs

The synthesis follows the modified method reported by Wang et al. [21]. 0.65 g Cs2CO3,
2.5 mL of OA, and 18 mL of ODE were mixed and kept in an N2 atmosphere. The mixture
was heated up to 130 ◦C for 1 h. After that, the mixture was further heated up to 150 ◦C
for reaction and lasted for 0.5 h. Then, the solution was cooled down to room temperature.

168



Polymers 2023, 15, 2136

On the other side, 2 mL ODE, 0.3 mL OA, 0.3 mL OLA and 0.2 mmol of PbBr2, were put
together and kept in an N2 atmosphere for 1 h at temperature of 120 ◦C. Then, the solution
was further heated up to 160 ◦C for reaction for 10 min. Finally, the Cs precursor (0.2 mL)
was quickly added into the solution and cooled down with an ice bath. After centrifugation,
the resulting pellet was dispersed with n-hexane.

2.2.2. Preparation of Photodetectors Based on CsPbBr3 QDs Film

ITO glass with a slit was firstly washed with alkaline dish soap to remove dust from the
surface. After that, three alternating ultrasounds were used with acetone and isopropanol
for 30 min each time. Next, a certain amount of washing solvent (isopropanol or acetone)
is added into the obtained QDs solution in n-hexane according to the n-hexane/solvent
volume ratio of 1:3. Then, we repeat the process of centrifugation and dispersion, and
the washed CsPbBr3 was redispersed in n-hexane. Finally, the indium tin oxide glass
(ITO) is soaked in the washed CsPbBr3 solution, and a CsPbBr3 film was obtained by the
centrifugation method (5000 r/min, 20 mg/mL). The CsPbBr3 film on ITO was placed on a
hot plate at 120 ◦C for 10 min to evaporate the excess solvent. ITO is 1.5 cm × 1.0 cm in
size, and there is an etched area with a width of 105 µm.

2.2.3. Preparation of Pressure Sensors Based on PEDOT: PSS-Coated Cellulose Paper

The spunlace and needled non-woven paper are made of polyethylene terephthalate
(PET) and cellulose paper was made of cellulose. All of them were cut into the size of
0.6 cm × 1 cm. Next, different volumes of PEDOT: PSS solution were dropwise added to
the paper, and then they were dried in an oven at 80 ◦C for 20 min. The PEDOT: PSS-coated
cellulose paper was placed on top of the ITO glass. Finally, a polydimethylsiloxane (PDMS)
film is used to package and fix the pressure sensor with the structure of PEDOT: PSS-coated
cellulose paper/ITO.

2.2.4. Preparation of Light/Pressure Bifunctional Sensors

Firstly, the CsPbBr3 QDs film on ITO was fabricated using the centrifugation method as
described in 2.2.2. After that, 20 µL of PEDOT: PSS aqueous solution was added dropwise
to the cellulose paper (0.6 cm × 1 cm) which was dried in an oven at 80 ◦C for 20 min. Next,
the conductive paper was placed on top of the ITO glass. Finally, the PDMS film was used
to package and fix the bifunctional sensor. For the flexible bifunctional sensors, we just
simply replaced the ITO glass with a flexible interdigital electrode (Au/polyimide, 10 mm
× 20 mm × 13 µm, Au width: 100 µm, Au distance: 100 µm, 20 pairs of electrodes and the
electrode length is 6.3 mm).

2.3. Characterization

The morphology of CsPbBr3 QDs were performed on a transmission electron micro-
scope (TEM, JEM 1400 plus, 100 kV). The Fourier transform infrared (FTIR) spectrum
of CsPbBr3 QDs was recorded by a Fourier infrared spectrometer (FTIR-7600, Lambda).
X-ray diffraction (XRD) patterns in the range of 5–85◦ were recorded on an PANalyt-
ical X’Pert Powder diffractometer using Cu-Kα radiation (λ = 1.5406 Å) (PANalytical,
Almelo, The Netherlands). Optical microscope photographs were obtained by using a
TXS06-02H Fluorescence Microscope (Srate Optical Instrument Manufactory, Nanyang,
China). The absorption spectrum of CsPbBr3 QDs were measured by a Ultraviolet-visible
spectrophotometer (Cary 100, Agilent Technologies Inc., Santa Clara, CA, USA) and the
fluorescence spectrums were measured using an optic fiber associated with a spectrometer
(Ocean Optics USB 4000). The samples were dissolved in n-hexane with a concentration of
1 × 10−4 mol/L. Furthermore, the pressure sensing performances of the pressure sensor
were implemented on a homemade test system. A 50 g weight was connected to a dip
coater to apply reciprocating pressure on pressure sensors and a KEITHLEY 2400 source
meter connected to a computer was used for the in-situ electrical signal collection during
the expansive and compressive process. The current–voltage curves of the photodetector
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and the pressure sensors were also recorded using the KEITHLEY 2400 source meter; the
applied bias is 1 V or 10 V. For photoelectric measurement, the excitation light source was
an ultra-violet source with a 365 filter (EXECURE 4000, HOYA, Tokyo, Japan) and a LED
light source (405 nm, 532 nm, 660 nm), Guangzhou Jingyi Optoelectronic Technology Co.,
Ltd.). When the LED light source of JY18102301 is used, the distance between the source
and photodetector was determined by the power densities which were estimated using
a power meter (Newport, Model 2936-C). The switching ratio of the photo detector was
calculated using the switching ratio = (Ip/Id) = ((Ion − Id)/(Id)).

3. Results and Discussion
3.1. Preparation and Properties of PQDs Photodetector

CsPbBr3 QDs were successfully synthesized by the typical hot injection method [22,23]
and the morphology and structure can be confirmed by the TEM and XRD. The TEM image
of CsPbBr3 QDs is shown in Figure 1a and the average size of CsPbBr3 QDs is 10~15 nm.
The XRD pattern of CsPbBr3 QDs in Figure 1b shows that its structure belongs to cubic
phase (JC//PDS No. 54-0752). As described in the introduction, the CsPbBr3 QDs may be
well applicable for high energy photodetectors because of their range of light absorptivity
and high stability. As shown in Figure 1c and Figure S1, The UV–vis absorption spectrum
indicates that the CsPbBr3 QDs have a direct bandgap of about 2.49 eV and the fluorescence
spectrum in Figure 1d shows an emission peak at 521 nm. Compared to the bulk crystal,
the decrease in size of the CsPbBr3 QDs results in a blue-shift of the absorption onset due to
quantum size effects [24,25]. In addition, the absorbance range indicates that the CsPbBr3
QDs can be used as the active layer for UV-blue-green photodetectors.

Figure 1. CsPbBr3 QDs: (a) TEM; (b) XRD pattern; (c) Optical bandgap, red lines indicate optical
bandgaps determined from Tauc plots; (d) Fluorescence spectrum.

The planar photodetector device based on CsPbBr3 QDs is illustrated in Figure 2a.
Here, we fabricated CsPbBr3 QDs films on rigid conductive ITO substrates for conveniently
optimizing the detector performance. The CsPbBr3 QDs films formed via centrifugal
casting served as the photoactive layer and the ITO glass with a slit was used as the two
electrodes. In the process of the synthesis of CsPbBr3 QDs, oleic acid (OA), Octadecene and

170



Polymers 2023, 15, 2136

oleyamine (OAM) were used as capping ligands. Figure 2b shows the FTIR spectrum of
CsPbBr3 QDs. There are rotational or vibration absorption peaks at 2920 cm−1, 2850 cm−1,
1730 cm−1 and 1460 cm−1, among which 2920 cm−1 and 2850 cm−1 can be regarded as
vibration absorption peaks of C-H single bond. While 1730 cm−1 can be regarded as the
stretching vibration absorption peak of C=O, 1460 cm−1 can be inferred as the deformation
vibration absorption peak of NH2. The existence of organic ligands can effectively stabilize
QDs and improve film-forming property. On the other hand, the excessive capping ligand
also makes an insulating layer outside perovskite QDs, which inevitably restricts the charge
carrier transfer efficiency for perovskite QDs film. Ligand engineering is needed to balance
surface passivation and carrier transport of CsPbBr3 QDs [21,26].

Figure 2. (a) Schematic diagram of the PQDs photodetector; (b) Infrared spectrum of CsPbBr3 QDs;
(c) I-t curves of photodetectors washed by different solvents under UV lamp (10 v); (d) Schematic
diagram of CsPbBr3 QDs washed by different solvents; (e) Micromorphology of devices with dif-
ferent washing times (isopropanol + n-hexane); (f) Micromorphology of the device with different
washing times.

Here, we demonstrated a solvent-washed method to control the surface ligand density
of CsPbBr3 QDs and a balance surface passivation, and carrier transport is obtained via
solvent treatment. Washing solvents with different polarities and washing times were
optimized. Different solvents with different polarities will result in different elutive power
to the ligand on CsPbBr3 QDs which affects the morphology and carrier transport of
CsPbBr3 QDs. Firstly, ethyl acetate, isopropanol and acetone were used as solvents to wash
CsPbBr3 QDs, and the photoelectric performance of the corresponding detectors was tested
as shown in Figure 2c. The switching ratio of the photodetector washed by isopropanol was
as high as 384, which was much higher than that of detectors washed by ethyl acetate and
acetone (78 and 1.35, respectively). To illustrate the effect of different solvent treatments, the
photographs of CsPbBr3 QDs dispersed in n-hexane solution under daylight and 365 nm
UV light are shown in Figure S2, respectively. The order of Figure S2a–d are the cases
without treatment and washed with ethyl acetate, isopropanol, and acetone, respectively. It
can be seen that CsPbBr3 QDs solutions change from green (clarification) to yellow (turbid).
When excited under the UV lamp, we can observe the fluorescent to gradually get dark and
the solution washed by acetone is very weak. These phenomena can be explained by the
polarity order of the washing solvents (ethyl acetate < isopropanol < acetone). The surface
ligand density of CsPbBr3 QDs can be controlled by the polarity of solvents. As shown
in Figure 2d, acetone with the largest polarity washed away most of the ligands on the
surface of QDs. As the organic ligand was washed away, the stability of the QDs gradually
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weakened, and the aggregation of QDs occurred. Therefore, the solution treated by acetone
was turbid and dark; ethyl acetate is the mild one and isopropanol is in the middle. The
microscopic morphology of photodetectors treated by different solvents further confirms
this conclusion. Figure S3 showed the film morphology of the device washed by ethyl
acetate and isopropanol is continuous, while the film morphology of the device washed
by acetone is poor and crackle. In addition, the washing times of isopropanol were also
optimized as shown in Figure 2e,f, and one time provides the best switching ratio. With
the increasing number of washes, the solution gradually became turbid from clarification,
and the fluorescence intensity gradually disappeared, the film forming morphology of the
device also gradually deteriorates. Therefore, detectors washed by isopropanol for one
time gets the balance between good morphology and carrier transport of CsPbBr3 QDs film.
It can also be seen from Figure S4 that the optimal switching ratio can be obtained with the
device washed once with isopropyl alcohol.

To evaluate the detectivity of CsPbBr3 QDs to different incident wavelengths, the I-t
and I-V curves of the corresponding photodetectors under different irradiation wavelengths
at 40 mW/cm2 were recorded in Figure S4 (Supplementary Materials) and Figure 3a. As
expected, the CsPbBr3 photodetector is the most sensitive to the light at 405 nm owing to
the strong absorption shown in Figure S5, followed by 532 nm, and there is no photoelectric
response to light at 660 nm. These results fully demonstrated that the CsPbBr3 photode-
tector is well sensitive to high energy wavelengths. What is more, we also measured I-t
and I-V curves at 405 nm as a function of incident light intensity. As shown in Figure S6,
the current linearly increased with the incident light intensity. It is because the number of
photogenerated carriers is proportional to the absorbed photon flux, which is related to
the high light absorptivity of the perovskites. Similarly, it can be found in Figure 3b that
the photocurrent gradually increases with the incident light intensity. Figure S7 shows that
with the increase in voltage, the corresponding photocurrent also increases linearly, which
reflects the good contact between CsPbBr3 QDs film and ITO glass. In addition, CsPbBr3
photodetectors show good stability as shown in Figure 3c. It shows that the switching ratio
nearly remained unchanged when CsPbBr3 photodetectors were measured for 180 cycles at
40 mW/cm2, 10 V. The primary cycle and response time of the photodetector are shown in
Figure S8, the rise time is 0.176 s after triggering and the decay time is 0.09 s after termina-
tion of irradiation. These response times are as good as other CsPbBr3 photodetectors with
a similar structure.

Figure 3. (a) Current-voltage curves of photodetectors under different wavelengths (40 mW/cm2);
(b) Current-voltage curves of photodetectors under different optical power density (405 nm); (c) Cycle
diagram of a photodetector (405 nm, 10 v).

3.2. Study on the Performance of Paper Based Pressure Sensor

The device structure of the pressure sensor based on PEDOT: PSS-coated cellulose
paper is shown in Figure 4a. The porous conductive structure of the PEDOT: PSS-coated
cellulose paper is on the top of ITO glass with a slit, and a transparent PDMS film is used
to pack the whole device. Generally, when the bias is applied on the two ITO electrodes,
the total resistance (Rtotal) of the pressure sensor is composed of the bulk resistance of the
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conductive paper (Rbulk) and the contact resistance (Rcontact) between the conductive paper
and the electrodes. When pressure is applied to the sensor, the bulk is compressed and the
contact area increases, and then all these lead to a significant decrease in Rbulk and Rcontact.
As the deformed part of the pressure sensor, the quality of porous materials greatly affects
the device performance. There are several reported ways to conformally grow PEDOT onto
porous substrate, such as the oxidative chemical vapor deposition (oCVD), spin-coating
and drop coating [27,28]. Here, we select drop coating because it is free oxidant, the
preparing process is simple and the content of PEDOT: PSS in the cellulose paper is well
controllable. Therefore, we first studied the influence of different papers on the sensing
performance of the pressure sensor. The test results are shown in Figure 4b. Compared with
spunlace and needled non-woven paper, the sensitivity of the pressure based on PEDOT:
PSS-coated cellulose paper is the highest. It is possible that the hydrophobic nature of the
spunlace and needled non-woven PET paper may hinder the infiltration of the PEDOT:PSS
aqueous solution during the wetting-drying process. In contrast, PEDOT:PSS can readily
infiltrate cellulose paper and adhere to the fiber surface. The continuous and uniform
conductive network of the cellulose paper exhibits a relative improvement in the sensitivity
of pressure sensors.

Figure 4. (a) Schematic diagram of the pressure sensor and its sensing mechanism; (b) The sensing
performance of the pressure sensor based on different conductive papers; (c) ∆I/I0 vs. t curves of the
pressure sensor at different PEDOT:PSS concentrations; (d) The resistance of the conductive paper
with different PEDOT:PSS concentrations; SEM images of (e) Cellulose paper; (f) PEDOT: PSS-coated
50 uL cellulose paper (g) PEDOT: PSS-coated 150 uL cellulose paper.

To further improve the sensitivity of pressure sensors, we optimize the content of
PEDOT: PSS in the cellulose paper. Figure 4c shows the influence of different PEDOT:
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PSS content on the performance of pressure sensors. With the increase in the PEDOT: PSS
volume, the optimum volume is obtained at 50 uL. The corresponding device sensitivity
reaches 2.64 kPa−1 and the response time is 0.406 s (Figure S9). Above 50 uL, the sensitivity
of the paper-based pressure sensor began to gradually decrease. From Figure 4d, we can
see that the resistance of the conductive paper greatly decreased from 20 uL to 50 uL.
After that, the resistance of the conductive paper changes a little. 50 uL is the percolation
threshold for the conductive network. Excess PEDOT: PSS may lead to a hard paper and
the deformation of the conductive paper will be limited and the detector performance
decrease. This result can be further proved by the SEM measurement. Figure 4e–g show
the SEM images for cellulose paper, PEDOT: PSS-coated 50 uL cellulose paper, and PEDOT:
PSS-coated 150 uL cellulose paper, respectively. It can be seen in Figure 4f that PEDOT:PSS
is obviously absorbed on cellulose paper and there is some holes for deformation. However,
the cellulose paper is almost fulfilled by 150 uL PEDOT: PSS and the deformation ability of
the conductive paper have been greatly limited. Therefore, the optimal PEDOT: PSS content
is 50 uL. In addition, the stability of the optimal pressure sensor was measured and shown
in Figure S10. During the initial cycles, the value of ∆I/I0 gradually decreases, which is due
to irreversible deformation of the conductive paper and the loose contact at the interface
between conductive paper and ITO glass. After about 300 cycles, the deformation of the
conductive paper and the contact at the interface become stable, and then the value of
∆I/I0 of the pressure sensor remains stable even after 1000 cycles, indicating that this press
sensor based on PEDOT: PSS-coated cellulose paper can provide a continuous and stable
sensitivity after the initial transition.

3.3. Study on the Performance of Perovskite QDs Dual-Function Sensor

The light/pressure bifunctional sensor is fabricated by a simple superposition combi-
nation of the above two kinds of sensors. Its structure diagram is shown in Figure 5a, the
photodetector based on CsPbBr3 QDs film is at the bottom, and then the PEDOT: PSS-coated
cellulose paper was simply stacked up on top of the photodetector. Finally, a transparent
PDMS film is used to pack the whole device. In order to evaluate the light/pressure bi-
functional sensor, we conduct both optical sensing and pressure sensing tests, respectively.
Figure 5b shows the I-t curves when light is from the paper side or the ITO glass side.
It shows that the photocurrent from the paper side is lower than that from the ITO side,
which is due to the light absorption of PDMS film and conductive paper. The photocurrent
from the ITO side is similar with that from the pure photodetector, which indicates that the
introduction of conductive paper into the bifunctional sensor nearly has no effect on the
performance of the photodetector from the ITO side. At the same time, the pressure sensing
performance of the bifunctional sensor was compared with that of the pure pressure sensor.
As shown in Figure 5c, the former can also detect the pressure easily. However, the sensitiv-
ity has dropped to almost 25% of the pure pressure sensor. We can attribute decrement to
the large resistance introduced by the CsPbBr3 QDs film, resulting in a smaller current on
the pressure sensor and then a smaller ∆I/I0 value. Although the pressure sensitivity has
declined after compounding, the combined sensor can achieve separate responses to both
light and pressure. Therefore, simultaneous responses to both light and pressure are well
expected. Figure 5d shows the sensing situation when pressure is applied during a certain
illumination. When a UV light was on the bifunctional sensor, the value of ∆I/I0 was stabi-
lized at once, and then a periodic pressure was applied. The periodic ∆I/I0 responses were
observed on the base of the stable photocurrent. It demonstrates that bifunctional sensor
can respond to pressure when illuminated and realizes the light/pressure bifunctional
sensors were successfully obtained.

174



Polymers 2023, 15, 2136

Figure 5. (a) Schematic diagram of the bifunctional sensors; (b) I-t curves of pure photodetector and
the photodetectors lighted at 405 nm from the paper side or the ITO glass side; (c) ∆I/I0 vs. t curves of
the pure pressure sensor and bifunctional sensor; (d) I-t curves of light/pressure bifunctional sensor
(365 nm); all applied bias is 10 v.

3.4. Application Research of Flexible Dual-Function Sensor

To explore these bifunctional sensors in the application of e-skin, flexible bifunctional
sensors were fabricated. The rigid ITO glass was replaced by the flexible Au interdigital
electrodes. The flexible photodetector device based on our CsPbBr3 QDs film is illustrated
in Figure 6(ai). The continuous and uniform CsPbBr3 QDs films can also be formed on
flexible Au interdigital electrodes by centrifugal casting. A photograph of the curved
CsPbBr3 photodetector is shown in Figure 6(aii), demonstrating its high flexibility. We
measured the I-V curves using a laser diode at 405 nm, as a function of incident light
intensity. It can be seen in Figure 6b that the flexible photoconductive detector based on
all-inorganic perovskite CsPbBr3 QDs exhibited a high performance. Upon illumination
with a 405 nm laser, the typical linear and symmetrical photocurrent versus voltage (I–V)
plots indicate that the CsPbBr3 QDs were well dispersed on the Au interdigital electrode
with good ohmic contact. The demonstrated ohmic contact is due to the energy alignment
between the CsPbBr3 QDs and the Au interdigital electrode. The current under dark
and light conditions for the CsPbBr3 QDs photodetector device were 3.32 × 10−9 A and
5.6 × 10−7 A, respectively, under an applied voltage of 10 V. Therefore, the switching ratio
was 168, which indicated that the flexible device showed better light-switching behavior
than the rigid device. The main reason is the interdigital electrode structure, which provides
more electrode fingers to extract electrons and holes separately.

Similarly, bifunctional sensors based on Au interdigital electrodes are well flexible
and shown in Figure 6(aiii,aiv). Benefiting from their bifunctional and flexible properties,
our bifunctional sensors as e-skin exhibit promising potential to monitor human motions
(Figure 6c). By monitoring the ∆I/I0 as shown in Figure 6d, it was observed that the bilayer
sensor could accurately detect the flexion of the finger knuckle at different angles (30◦, 60◦

and 90◦) and the shape of peaks in curves is almost the same while consecutive bending at
the same angles, indicating the excellent repeatability of this e-skin sensor.
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Figure 6. (a) Flexible optical sensor (i,ii) and flexible bifunctional sensor (iii,iv); (b) Current-voltage
curves of photodetector under different optical power densities (405 nm); (c) Photos and (d)∆I/I0 vs.
t curves of finger bending at different angles based on flexible bifunctional sensor; ∆I/I0 vs. t curves
of the flexible bifunctional sensor: (e) the force is applied when the light (532 nm) is on and (f) the
light (532 nm) is on when is the force applied; all applied bias is 1 v.

To illustrate the light/pressure bifunctional property, we further studied the effects of
simultaneous pressure and light stimulation on flexible bifunctional sensors. Figure 6e,f
show the ∆I/I0 vs. time curves of the bifunctional sensor. Figure 6e shows the sensing
situation when pressure is applied during a certain illumination. When a 532 nm laser was
lit on the bifunctional sensor, the value of ∆I/I0 was stabilized at once. Then, different
levels of pressure were applied. The value of ∆I/I0 increased on the base of the stable
photocurrent. On the other hand, Figure 6f shows the sensing situation when illumination
is applied during a certain of pressure. When a certain pressure was applied on the
bifunctional sensor, the value of ∆I/I0 can also stabilized, and then the light was on, and the
value of ∆I/I0 increased on the base of the stable photocurrent. These results demonstrate
that our flexible bifunctional sensor can respond to both light and pressure and further
illustrate the great application potential of flexible bifunctional sensors in the flexible
multifunctional e-skin for next-generation wearable electronics.

4. Conclusions

In conclusion, a UV-blue-green photodetector based on CsPbBr3 QDs films was pre-
pared via a simple centrifugal casting method. The n-hexane/isopropanol mixed solvent
treatment was conducted to adjust the surface ligand density of CsPbBr3 PQDs, which
got the balance between good morphology and carrier transport of CsPbBr3 QDs film and
consequently results in an optimal switching ratio for the photodetector. A novel pressure
sensor is prepared by using PEDOT: PSS-coated cellulose paper. It was found that the
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optimal pressure sensitivity was 2.64 kPa−1 when the PEDOT: PSS content was 50 µL.
Based on the photodetector and the pressure sensor, we successfully realize light/pressure
bifunctional sensors, which can simultaneously respond to light and pressure stimulation.
Furthermore, flexible bifunctional sensors were successfully applied as e-skin to monitor
light and human motions. They exhibited a high photosensitivity with a switching ratio
of 168 under 405 nm light at a power of 40 mW/cm2. At the same time, the flexion of the
finger knuckle at different angles (30◦, 60◦ and 90◦) could be accurately detected. Our work
showed that the strategy to introduce perovskite photodetectors into e-skins is feasible and
may open a new way for the development of flexible multi-functional e-skin.
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under fluorescent lamps (upper photos) and under 365 nm UV lamps (lower photos); Figure S3.
Microscopic morphologies of photodetectors washed by different solvents; Figure S4. I-t curves of
photodetectors under different washing times (405 nm, 10v); Figure S5. I-t curves of photodetectors
under different wavelengths (40 mW/cm2,10v); Figure S6. I-t curves of photodetectors under different
optical power density (405 nm, 40 mW/cm2); Figure S7. I-t curves of photodetectors at different
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Abstract: Although an increasing number of studies are being devoted to the field of
corrosion, with topics from protection to sensing strategies, there is still a lack of research
based on environmentally eco-friendly materials, which is essential in the transition to
sustainable technologies. Herein, environmentally friendly composites, based on photo-
luminescent salts dispersed in vegetable oil-based resins, are prepared and investigated
as corrosion sensing coatings. Two salts NaA, where A- is a lanthanide complex anion
(with Ln = Nd3+, and Yb3+), are incorporated into the resins as active functional fillers
and different coatings are prepared on carbon steel substrates to assess their functional
properties. The influence exerted by a corrosive saline solution on the morphology, struc-
tural, and photoluminescent properties of the coatings is evaluated, and their suitability for
the practical detection of the early corrosion of coated carbon steel is demonstrated. The
photoluminescence of the composite coatings depends on the corrosion time, with the effect
being more important for the coatings doped with Nd3+. The present work shows that
the composites obtained are suitable candidates for corrosion sensing coating applications,
offering improved sustainability.

Keywords: corrosion; photoluminescence salts; lanthanide complexes; sensing

1. Introduction
Undesired corrosion is a relevant problem in several sectors and industries, including

the energy, transport, and automotive sectors. In addition, it is relevant to infrastructure,
such as bridges, pipelines, and highways, among other areas [1]. Consequently, in the past
decades, extensive research has been performed on the development of efficient strate-
gies to improve the protection, continuous monitoring, and early detection of corrosion
processes. The great majority of studies related to corrosion protection have focused on
organic/inorganic coatings, the removal of corrosive constituents, the use of inhibitors,
and anodic/cathodic protection [2–4]. In parallel, during the past decade, extensive self-
repairing strategies have been introduced in protective coatings [5,6].

In addition to the well-established approaches, the implementation of sensing ca-
pabilities is recognized as one of the most effective ways to early detect, monitor, and
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control corrosion processes. The implementation of sensing technologies essentially re-
lies on the use of optical fibers [7,8], electrochemical noise detection [9,10], pH-indicating
agents [11,12], and smart materials which can provide qualities of self-healing, damage
sensing, and stimulus responsiveness [13,14]. In particular, fluorescence-based sensors
have been proposed as a suitable sensing solution due to their high sensitivity and real-time
detection [15]. Their working principle is based on the use of fluorescent indicators, which
can be sensitive to pH or metal ion variations and can be added to solutions or coatings.
Several reports have demonstrated that these fluorescent indicators can act as sensors, with
promising results in the corrosion field [13,16]. However, one of the most critical issues is
the design and synthesis of composites with environmentally friendly materials.

In this context, many luminescent salts are environmentally friendly compounds
which properties can be tailored through the judicious choice of the nature of the cations
and anions. This advantage, plus the fact those materials may be incorporated into specific
polymer matrices, has boosted their use in a wide range of applications [17]. Concerning
luminescence characteristics, the introduction of lanthanide metal ions, such as lanthanide
(Ln3+) ions, can yield highly luminescent compounds with narrow emission bands, photo-
stability, long decay times, and high quantum efficiency [17,18]. The potential of lumines-
cent salts has been exploited in various applications, such as anticounterfeiting [19,20] and
biomedical imaging [21,22], among others [23–25]. Yet, in the field of corrosion sensing,
such luminescent compounds have scarcely been explored. Therefore, taking into con-
sideration the current pressing need for more sustainable approaches and materials, it is
suitable to evaluate the use of luminescent materials as active fillers to develop practical
sensors in the area of corrosion. Another important aspect is the selection of the host
polymeric matrix, which should also be environmentally sustainable to reduce the use
of synthetic materials and address the requirement of eco-friendly formulations towards
sustainable materials, processes, and technologies. In this regard, vegetable oil-based
resins have emerged as promising candidates on account of being abundantly availabl, and
environmentally friendly. At present, vegetable resins are being increasingly employed in
the coating industry, demonstrating potential applicability in corrosive environments [26].

In this work, we propose a novel approach to develop sensing materials for corrosive
environments. This implies the use of a soybean-based vegetable UV-curable resin doped
with Na[Ln(tta)4], where Ln = Nd or Yb and tta– is tetrakis(thenoyltrifluoroacetonate. The
latter sodium salts are the precursor compounds of luminescent salts, the applicability of
which has been already demonstrated in anticounterfeiting [19,20]. Herein, we demonstrate
the applicability of such composite materials in corrosion sensing through the evaluation
of the sensing performance in coated carbon steel substrates in saline environments. Ac-
cordingly, immersion experiments are performed in 5 wt. % NaCl solution for several days.
In the present work, the coating is directly placed on top of the corroding surface, whereas
in specific applications, such as very harsh environments, the sensing layer can be placed
on top of another more protective layer. This work represents a basis for a new sensing
approach in the area of steel corrosion, with improved performance and sustainability.

2. Materials and Methods
2.1. Materials

A transparent soybean-based and biodegradable photopolymer resin (ECO UV resin,
Anycubic, Shenzhen, China) was used as received.

2-thenoyltrifluoroacetone (Htta) (99%, Sigma-Aldrich, St. Louis, MO, USA), ethanol
(EtOH) (99.8%, Fisher Chemical, Loughborough, UK), neodymium(III)chloride hexahy-
drate NdCl3·6H2O, 99.9%, Sigma-Aldrich, USA), ytterbium (III)chloride hexahydrate
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(YbCl3·6H2O, 99.9%, Sigma-Aldrich), and sodium hydroxide (NaOH, Merck, Rahway,
NJ, USA) were used as received.

2.2. Preparation of Ln-Based Salts

Two Ln ternary complexes were prepared according to the procedure reported
in [19,20]. Briefly, the synthesis involved the dissolution of Htta in EtOH under magnetic
stirring, followed by deprotonation with NaOH at 50–60 ◦C for 2 h. Then, NdCl3·6H2O,
was dissolved in EtOH and was added dropwise into the previous solution. The mixture
was kept at 50–60 ◦C for 1 h, and then the EtOH was evaporated. Afterwards, the resultant
salt was dried at 50 ◦C for 3 days. Similarly, Na[Yb(tta)4] synthesis was achieved using
YbCl3·6H2O as a lanthanide metal precursor. Figure 1 shows the chemical structure of
Na[Ln(tta)4], where Ln = Nd or Yb, and tta– is tetrakis(thenoyltrifluoroacetonate.
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Figure 1. Chemical structure of Na[Ln(tta)4].

2.3. Sample Preparation and Corrosion Experiments

The coating solutions were based on the vegetable UV-curable resin mixed with the
sodium salts in a planetary mixer (Thinky ARE-250, Tokyo, Japan) at 2000 rpm for 4 min
several times. The salt loading was controlled at 5 and 10 wt. %. Carbon steel substrates
(DC01, Laser Norte S.A., Biscay, Spain) with dimensions of 5 mm × 2 mm × 0.5 mm were
coated with the Ln-doped solutions using the doctor blade technique and the as-coated
films were cured in a UV curing chamber (UVACUBE 400, Hönle AG, Gilching, Germany)
for 3 min at 400 W.

The influence of saline solutions on the coated steel substrates was evaluated by
immersing the samples in a 5 wt. % NaCl solution. This study was carried out for 4 days,
and the results were evaluated on days 1 and 4. The nomenclature adopted to represent
the prepared samples was resin-xLn (with x%wt.).

2.4. Characterization of the Samples

The Fourier Transform Infrared (FTIR) spectra were recorded on a Jasco FT/IR-6100
equipped with an Attenuated Total Reflection (ATR) accessory (Easton, MD, USA). The
samples were scanned in the 600–4000 cm−1 spectral range with a 4 cm−1 resolution.

The morphology and elemental compositions of the samples were observed by a
scanning electron microscope (SEM, Carl Zeiss EVO-40, Berlin, Germany) equipped with
an energy-dispersive mode (EDX, Oxford Instruments, Abingdon, UK). Before the analysis,
the samples were sputtered with a 10 nm thin gold layer.

Energy-dispersive X-ray fluorescence (ED-XRF) analysis was performed using the
Spectro Midex SD system (Ametek, Inc., Leicester, UK).
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Photoluminescence (PL) spectra were recorded using a fluorescence spectrometer
(FLS980, Edinburgh Instruments Ltd., Livingston, UK) with a Xenon lamp 450 W. The
excitation wavelength was 300 nm.

3. Results
3.1. Active Coating Characterization

FTIR analysis was carried out to evaluate the nature of the interactions between the
UV-curable resin matrix and the Na[Ln(tta)4] salts. The FTIR spectra of the neat resin and
resin-10Ln (Ln = Nd and Yb) samples in the 3000–600 cm−1 wavenumber range are shown
in Figure 2.
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Figure 2. FTIR spectra of the neat resin and resin-10Ln samples.

The FTIR signature of the doped samples was markedly different from that of the
neat resin. The FTIR spectrum of the pristine resin showed the typical bands of soybean
oil [27–29]. In particular, the characteristic bands of the C-O bond were observed at
1179 cm−1, as were the bands at 2924 and 2853 cm−1. This was related to the presence of
the weak asymmetric stretching of the -C-H bond. In addition, the bands of higher intensity
at 870 and 762 cm−1 allowed us to identify the =C-H bond bending mode. On the other
hand, with the presence of the Ln-based salts, new peaks were identified in the composites.
These were related to the presence of the filler. In particular, bands that were specific to the
β-diketonate ligand were identified at 1542 cm−1 due to the presence of the C=C bond, at
1691 and 1632 cm−1, which was ascribed to the carbonyl (C=O) group, and at 1236 cm−1,
which was associated with the C-CF3 group [30]. No new bands or energy shifts of the
resin and Ln-based salts bands were observed in the composites, indicating a lack of strong
interactions between the different composite components.

To study the morphology and microstructure of the samples, SEM and EDX measure-
ments were performed (Figure 3). Figure 3a shows a representative SEM image taken from
the cross-sectional area of the neat resin, and the corresponding EDX mapping of the C
and O elements. The SEM image reveals that the as-prepared sample is characterized by
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a smooth and compact morphology, where C and O are homogeneously distributed all
along the polymer. The relative distribution of these elements was in agreement with the
composition of the vegetable resin made from soybean oil. Furthermore, as observed in
Figure 3b,c, the dense morphology was maintained after salt addition and the correspond-
ing EDS map demonstrates the uniform distribution of C, O, Nd, and Yb within the resin
matrix, i.e., the excellent distribution of the filler within the polymer matrix, with no large
aggregates or voids.
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3.2. Corrosion Tests

Figure 4 shows the SEM images of the samples doped with 10 wt. % of Na[Ln(tta)4]
before and after immersion in 5 wt. % NaCl solution. A roughened morphology with
defects was visible for the samples treated for 1 and 4 days, indicating that the saline
solution caused significant corrosive attack on the samples. Additionally, the EDX results
represented in Table 1 evidence the high content of C and O elements in all the samples. As
expected, the samples contained elements of Na[Ln(tta)4] before and after immersion in
the saline solution. Importantly, we noticed that small quantities of Fe were found in the
samples exposed to the saline solution for 4 days. This was associated with the corrosion
process of the carbon steel substrate. The findings are presented in Figure 5, with the EDX
mapping images showing the homogeneous distribution of Fe elements.
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Table 1. Elemental compositions of the resin-xLn as a function of immersion time (ti) in the NaCl
solution as calculated by EDX.

Ln x ti (day)
Elemental Composition (wt. %)

C O Cl Ln F Na K Ca Fe

Nd

5
0 70.02 26.19 0.99 0.49 0.84 0.46 0.74 0.25 0
1 67.27 29.49 0.45 0.69 1.76 0.34 0 0 0
4 65.85 31.04 0.51 0.38 1.09 0.5 0 0 0.62

10
0 63.36 30.24 1.07 1.02 3.03 0.73 0.37 0.19 0
1 60.17 34.1 0.74 0.99 3.04 0.45 0.41 0.1 0
4 64.95 29.82 0.37 1.12 2.8 0.32 0 0 0.62

Yb

5
0 62.48 34.25 0.17 0.53 1.82 0.19 0.07 0.08 0
1 67.32 29.2 0.23 0.65 1.4 0 0 0 0
4 60.15 28.19 4.13 0.57 0.88 4.53 0.08 0 0.96

10
0 66.04 27.62 0.2 1.58 2.67 0.22 0 0 0
1 57.45 34.54 1.49 1.43 2.87 0.98 0.59 0.65 0
4 60.67 32.39 0.37 1.39 2.71 0.35 0.27 0.7 0.18
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Figure 5. SEM images and corresponding EDS elemental mapping for the distribution of Fe elements
in the resin-xLn after immersion in 5 wt. % NaCl for 4 days: (a) resin-5Nd (up) and resin-10Nd
(down), and (b) resin-5Yb (up) and resin-10Yb (down). Scale bar: 10 µm.

The results obtained from the EDX analysis were complemented with an XRF test.
Figure 6a and Table 1 depict the Fe contents found in the coatings after 1 and 4 days of
immersion in the saline solution, showing that the Fe contents increased with the increasing
immersion time, revealing the effect of the Cl− ions on the carbon steel substrate. Thus,
substrate corrosion leads to Fe diffusion within the coating, as illustrated in Figure 6b.
In addition, it is important to draw attention to the differences found with respect to the
above EDX analysis. Both XRF and EDX are analytical tools for semi-quantitative elemental
analysis, and they have different detection limits. While EDX tends to be more effective for
lighter elements, XRF shows the opposite trend.
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Figure 6. (a) A comparison of the Fe content values of the resin-xLn samples after 1 and 4 immersion
days in 5 wt. % NaCl solution, as determined by XRF testing. (b) A schematic illustration of the
system in the initial stage and after immersion in 5 wt. % NaCl solution.

Finally, the functional performance of the systems was evaluated. The PL spectra
were measured to determine the sensing efficiency of the coatings against steel corrosion
within the saline solution. Figure 7 show the PL changes of the resin with 10 wt. % of
Na[Ln(tta)4] for Ln = Nd3+ and Yb3+, respectively, as a function of exposure time to a
saline medium. In the case of the sample doped with Nd3+ (Figure 7a), one emission
band, peaking at 1058 nm, is observed. In contrast, in the case of the resin incorporating
Yb3+ (Figure 7b), two distinct peaks are identified at 976 nm (sharp) and around 1000 nm
(broad). These results are in agreement with the characteristic emission wavelengths of
these lanthanide ions, with the 1058 and 976 nm peaks corresponding to the characteristic

185



Polymers 2025, 17, 389

Nd3+ (4F3/2→4I11/2) and Yb3+ (2F5/2→2F7/2) intra-4f transitions in the near-infrared (NIR)
spectral range, respectively [31].
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Figure 7. Emission spectra of the resin-10Ln samples, excited at 300 nm, before and after 1 and
4 immersion days in 5 wt. % NaCl solution: (a) Ln = Nd and (b) Ln = Yb.

With respect to the effect of the immersion time on the PL spectra, the first observation
is that the intensity of the PL emission gradually increases in the case of the sample
containing Nd3+ ions (Figure 7a), whereas a decrease in intensity is observed for the sample
doped with Yb3+ (Figure 7b), showing the significant differences of both ions upon exposure
to a corrosive medium. Those differences are related to the specific characteristics of the ions,
including the luminescence lifetime, cross-sectional energy gap, and quantum efficiency,
among others, as well as their different interactions with the host matrix. For example,
Nd3+ has a large energy gap between the most dominantly emissive 4F3/2 spin orbit level
and the lower 4I5/2 level, while Yb3+ possesses a large absorption cross section of around
980 nm. In fact, this effect is also reported in related studies, regarding emission variations
in lanthanide compounds, for sensing applications [32–34]. The values of the variation in
the PL intensity as a function of time have also been determined. The PL intensity of Nd3+

increases up to around 27% after 1 day and 52% after 4 days. Meanwhile, for the 976 nm
emission transition of Yb3+, this percentage difference is reduced in 50.3% after 1 day and
61.13% after 4 days. This result is in accordance with the observed reduction in the 1000 nm
band, with variations of up to 50.13% and 60.95% found after 1 and 4 days, respectively.

The obtained PL emission intensity results suggest that resins containing a functional
luminescent lanthanide complex salt can potentially interact with the Fe compound and
change the PL properties. They absorb energy and transfer it to the lanthanide metal to
enhance the luminescence intensity or quench the luminescent signal. Several works have
attempted to develop luminescent Ln-based sensors for Fe detection. For example, Orcutt
et al. [35] developed a lanthanide-based chemosensor for bioavailable Fe3+. The studies
showed that the displacement of the lanthanide-associated bands with Fe (III) is achieved
in organic solvents. Yu et al. [36] demonstrated that several lanthanide metal–organic
framework (MOF) compounds present an ultra-sensitive luminescent sensing response
towards Fe (III). In addition, Fan et al. [37] studied the application of lanthanide compounds
as fluorescent sensors for Fe (III). The results showed that samples are highly selective
and sensitive luminescence probes for Fe (III) ions. Focusing on the luminescent sensing
mechanism in these previous studies, it is related to variations in the charge transfer and
energy transfer transitions. Despite these advances in designing sensors for iron detection,
there are still challenges to overcome, such as improving the understanding the energy
level modifications and electron–photon coupling parameters, which can provide deeper
insights about luminescence sensing mechanisms. Therefore, it is necessary to support
experimental analysis with theoretical methods, such as frontier molecular orbital analysis
or quantum chemical approaches.
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Thus, the variation in the PL emission spectra of the coatings in the presence of Fe ions
allows us to monitor the evolution of corrosion over time. Therefore, they work as corrosion
sensing coatings. Further, the sensing layer can be placed directly on the corroding surface
of on top of another protective layer in a multilayer protective sensing system.

4. Conclusions
This study focused on the development of sustainable coatings with the ability of

sensing corrosion. Specifically, the composite coatings fabricated by the combination of
luminescent salts and the soybean vegetable matrix were applied to carbon steel substrates,
and the system was stored in a saline medium. The morphological and structural features
of samples were studied and the results were confirmed by the effective corrosion of carbon
steel in the saline solution. Importantly, the functional sensing capability was evaluated
though the variation in the PL of the coatings. The PL results show that the type of
filler plays a profound role in the sensing response, the Nd-based salt showing a better
performance than the Yb-based salt. Our results demonstrate that composites based on
eco-friendly and sustainable materials show great potential to be used in sensing-based
devices for corrosive environments.
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Abstract: Electrochemical polymerization of 3,4-ethylenedioxythiophene in the presence of
water-soluble fullerene derivatives was investigated. The electronic structure, morphol-
ogy, spectroelectrochemical, electrochemical properties and near-IR photoconductivity of
composite films of poly(3,4-ethylenedioxythiophene) with fullerenes were studied for the
first time. It was shown that fullerene with hydroxyl groups creates favorable conditions
for the formation of PEDOT chains and more effectively compensates for the positive
charges on the PEDOT chains. The near-IR photoconductivity results from the generation
of charge carriers due to electron transfer from the photoexcited PEDOT molecule to the
fullerene acceptor.

Keywords: PEDOT; fullerene; electrochemical polymerization; spectroelectrochemistry;
photoconductivity

1. Introduction
Electrochemical synthesis of conductive polymers combines the polymerization and

deposition of polymer films of the desired thickness onin a single step. The thickness
of the polymer films can be easily adjusted by controlling the total amount of charge
spent on the electropolymerization. The electrochemically deposited layers usually are
more uniform and the electrical contact between the electrode and layer is stronger
than that of the layer cast from a solution. By comparison, the very popular poly(3,4-
ethylenedioxythiophene):polystyrenesulfonate (PEDOT:PSS) layers of typical thickness
20 to 50 nm obtained by spin-coating tend to form relatively large grains and have a high
defect density [1], which results in unfavorable reverse recombination of charge carriers
and, consequently, high noise in the current, which is detrimental to the performance of
organic photodiodes [2].

Composite layers of conductive polymers can be obtained by introducing various car-
bon nanomaterials into the polymerization solution. PEDOT has a narrow band gap, which
ensures reversible electrochemical p- and n-doping, excellent thermal and electrochemical
stability, and the possibility of using environmentally friendly aqueous electrolytes without
polymer degradation. The formation of PEDOT composites with fullerenes can lead to
products with combined properties inherent in both components. PEDOT can act as an
electron donor that absorbs light in a wide range of the spectrum, while fullerene is a well-
known electron acceptor that can facilitate the separation of photogenerated electron–hole
pairs. The combination of both compounds in one thin film allows for obtaining a material
with unique properties. Electrically conductive PEDOT in semi-oxidized and oxidized
states has electron levels of polarons and bipolarons that are located inside the band gap
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and provide absorption of the polymer in the near-IR range. Thus, the introduction of
fullerene derivatives into PEDOT can promote photoconductivity in the near-IR range of
the spectrum.

There are a small number of works in the literature describing the electrochemical
synthesis of composite layers of PEDOT with fullerenes. Thus, to obtain functional layers
in organic solar cells (OSC), the electrocodeposition of thiophene and C60 [3] or thiophene
derivative and C60 [4] were carried out in a wide range of potential cycling in organic
solvents. In another case, monomers of 3,4-ethylenedioxythiophene (EDOT) containing
pendant fragments C60 were synthesized and then were electropolymerized on an elec-
trode [5,6]. To obtain electrochromic layers, C60 was used as a doping anion to compensate
for the positive charge of the oxidized polymer [7,8]. As a result, C60 was deposited
on the film simultaneously with electropolymerized EDOT or its derivatives and was
evenly distributed within the layer. In [9], photoactive hybrid PEDOT films with C60
and C60 with a grafted thiophene anchor group were electrochemically synthesized and
their photocurrent generation properties in the presence of methyl viologen in the range of
400–700 nm were investigated. In all described cases, electropolymerization was carried
out in organic solvents with background electrolytes. In [10] only, PEDOT films were
electrochemically deposited on electrodes using aqueous solutions containing EDOT and
fullerene sulfonated calixarenes.

In cases of using PEDOT–fullerene as a photogeneration layer in a diode structure,
it should be isolated from the anode by a hole-transport (electron-blocking) layer. A
commercial PEDOT–PSS composition is most often used as such a layer. In order to create an
OSC, the authors of [3,4] performed a copolymerization of thiophene and C60 on the layer of
electrodeposited PEDOT. To improve film formation and interfacial charge transfer between
the polymer film and the ITO electrode, the authors of [11] used an electrodeposited PEDOT–
polystyrene sulfonic acid (PSSA) sublayer. Our previous studies [12,13] demonstrated the
efficiency of electrodeposition of composites of PEDOT with Zn and Cu phthalocyaninates
and polypyrrole with Zn phthalocyaninate on a thin sublayer of electrode deposited
PEDOT complex with poly(2-acrylamido-2-methyl-1-propanesulfonic acid) (PAMPSA).
This sublayer was chosen based on our studies of the effect of the hole-transport layer
composition on the performance of inverted perovskite solar cells (PSCs) [14]. A PSC with
a PEDOT–PAMPSA layer demonstrated the maximum short-circuit current and efficiency.
Earlier [15], we prepared electrodeposited PEDOT–fullerenol photosensitive layers and
demonstrated their applicability for the development of organic photodiodes. In this case
PEDOT-fullerenol layers were electrodeposited without sublayer. When studying the
influence of the structure of fullerene derivatives on the electrodeposition of PEDOT, it
was found that in the presence of fullerene with 5 carboxyl groups PEDOT can only be
electrodeposited onto thin PEDOT sublayer.

In the presented work, we have carried out a comparative investigation of the elec-
trochemical synthesis of PEDOT composite films with water-soluble fullerenes of various
structures on the thin sublayer of electrodeposited PEDOT–PAMPSA. The electronic struc-
ture and morphology, and the spectroelectrochemical and electrochemical properties of
PEDOT composite films with fullerene derivatives were studied. Finally, the performance
of the obtained layers in near-IR organic photodiodes was compared.

2. Materials and Methods
2.1. Materials

Na+-containing fullerene with hydroxyl groups (Na4[C60(OH)x], where x~30) (NaFl) [16],
synthesized according to the method described in [17] and K+-containing fullerene with 5
carboxyl groups (KPCF) [16], synthesized according to the method described in [18], were
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used. Figure 1 shows the structural formulas (a, b) and spectra of aqueous solutions (c) of
the fullerenes used. It is evident that they absorb in the UV–visible regions up to 600 nm.
By drawing tangents to the decay of the absorption bands of fullerenes, we determined the
widths of their optical band gaps (Table 2). The shoulder near 260–280 nm, observed for KPCF,
corresponds to absorption of phenyl groups.
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Figure 1. Structure (a,b) [16] and electronic absorption spectra (c) of 0.0001 M aqueous solution of
NaFl (1) and KPCF (2).

In NaFl, the most probable localization of the negative charge is on the oxygen atoms
with partial localization on the carbon framework [16,19]. Amphiphilic water-soluble
fullerene derivative KPCF tends to form various supramolecular structures including
vesicles and their clusters in aqueous media. According to dynamic light scattering data,
the hydrodynamic radii of the vesicles are 20, 70 nm and more than 10 µm [20].

To reveal the influence of these aggregates on the ability of the substituted fullerenes
to act as charge-compensating counter ions during EDOT electropolymerization, we have
measured the zeta-potentials in 0.002 M solutions of NaFl or KPCF with the addition of
0.001 M NaCl. The results are given in the Supplementary Materials (SM). From Figure S1a,
it is clear that NaFl exhibits one sharp peak, corresponding to the potential values near
−24 mV. On the contrary, KPCF (Figure S1b) exhibits one sharp and one wide peak, the
first corresponding to the potential values near −12–15 mV and the second one to those
near −39–42 mV. The sharp peaks most possibly correspond to non-associated fullerene
derivatives. The fact that zeta-potential of single NaFl is higher than that of single KPCF
may be explained by higher content of charged moieties on the surface of the former
fullerene. The wide peak for KPCF most possibly corresponds to the abovementioned
aggregates. By comparing potentials of sharp and wide peaks, one may suppose that the
aggregates include approximately three molecules of KPCF on the average. However, the
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long tail of the wide peak extending to the area with more negative potentials testifies to the
existence of aggregates of a higher degree association. Taking into account that the KPCF
molecule is asymmetric and has hydrophilic (-COOK groups) and hydrophobic (fullerene
body) parts, the most probable structure of the aggregates in aqueous medium is fullerene
bodies in the inner sphere surrounded by -COOK groups in the outer sphere.

2.2. PEDOT Synthesis in the Presence of Fullerenes

EDOT (Sigma–Aldrich (St. Louis, MO, USA)) was distilled under argon. The freshly
distilled product was used. Fullerenes were dissolved in water to the desired concentration,
then EDOT was added and the solution was intensively stirred for 2 h with heating to
~60 ◦C.

The PEDOT–PAMPSA sublayer was electrodeposited onto glass–FTO electrodes
(7 Ohm/sq., Solaronix SA, Aubonne, Switzerland) with an area of ~1.3 CM2 in galvanostatic
mode at a current density of 0.05 mA/cm2 in an aqueous solution containing 0.01 M EDOT
and 0.02 M PAMPSA (Sigma–Aldrich, 15% aqueous solution, Mw ≈ 2·106). Electrodeposi-
tion of the sublayer was carried out until the electropolymerization charge of 7 mC/cm2

was reached, which corresponded to a thickness of ~30 nm.The thickness was measured
with a stylus profiler Alfa-Step D-100 (KLA Corp., Milpitas, CA, USA).

For the polymerization of EDOT, the following aqueous solutions were prepared:
0.01 M EDOT and 0.0014 M NaFl; 0.01 M EDOT and 0.004 M KPCF. These optimal con-
centrations were chosen on the base of preliminary experiments. Electrodeposition of
PEDOT composite films was carried out in potentiodynamic (PD) in the potential range of
−0.6–1.0 V at a scan rate of 50 mV/s, galvanostatic (GS) at a current density of 0.05 mA/cm2

and potentiostatic (PS) at a potential of 0.9 V on FTO electrodes covered with the PEDOT–
PAMPSA sublayer. Composite PEDOT layers were electrodeposited until a charge of
43 mC/cm2 was reached. The total charge (including sublayer) was 50 mC/cm2, and the to-
tal layer thickness was 200–300 nm. The polymerization was carried out in a three-electrode
cell based on a 2 cm spectrophotometric cuvette with a special lid for fixing the electrodes
and the salt bridge to a separate volume with a reference electrode. Platinum foil was used
as a counter electrode, and a saturated silver–silver chloride electrode (Ag/AgCl) was used
as a reference electrode. All potentials in this work are presented relative to this electrode.

To determine the lowest unoccupied molecular orbital (LUMO) and highest occupied
molecular orbital (HOMO) energy levels, the composite layers of PEDOT were deposited in
the GS mode on a Pt electrode with an area of ~0.5 cm2 with a PEDOT–PAMPSA sublayer
until a charge of 100 mC/cm2 was reached.

To study the photoelectric properties of the composite films, electrochemical polymer-
ization of EDOT was carried out on optically transparent glass–ITO (indium-tin oxide)
electrodes (15 Ohm/sq., Kintec, Hong Kong, China) with an area of 1.12 cm2 with PEDOT–
PAMPSA as a sublayer in the presence of NaFl and KPCF in the GS mode until a charge of
50 mC/cm2 was reached.

2.3. Preparation and Characterization Techniques

During the EDOT electropolymerization, electrochemical data and, simultaneously,
in situ optical absorption spectra in the UV–visible region (350–950 nm) were recorded.
Control and recording of the electrochemical parameters during the synthesis and electro-
chemical studies of the obtained films were carried out using an Autolab PGSTAT302N
potentiostat (Metrohm, Utrecht, The Netherlands). Optical absorption spectra during the
PEDOT synthesis with a repetition frequency of 2 s, as well as spectroelectrochemical
studies of the obtained films at fixed potentials in an aqueous solution of 0.5 M NaClO4,
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were carried out using a high-speed scanning single-beam spectrophotometer Avantes 2048
(Avantes BV, Apeldoorn, The Netherlands).

The LUMO and HOMO energy levels were determined by cyclic voltammetry (CV) in
non-aqueous medium. The detailed procedure is described in the Supplementary Materials.
The Fermi level and valence band energy states of the solid films were measured by
ultraviolet photoelectron spectroscopy (UPS) using a Thermo Fisher Scientific ESCAlab
250Xi spectrometer (Waltham, MA, USA), with a base pressure of 1·10−10 mbar. For the
UPS measurements, an ultraviolet (He I, 21.22 eV) light source was employed and a sample
bias of −5 V was applied to obtain the secondary electron cutoff.

The electron absorption spectra of the obtained films in air in the range of 300–1300 nm
were recorded using a Shimadzu UV-3101PC spectrophotometer (Shimadzu Deutschland
GmbH, Duisburg, Germany).

The ζ-potential of the fullerenes solutions was measured by means of a Zetasizer Nano
ZS (Malvern, England) analyzer.

The surface morphology of the composite films obtained in the galvanostatic mode
was investigated using an Enviroscope atomic force microscope (AFM) with a Nanoscope
V controller (Bruker, Billerica, MA, USA) in the semi-contact mode. Scanning electron mi-
croscopy (SEM) of the obtained films was performed using a Tescan Amber GMH scanning
microscope (Tescan Orsay Holding, a.s., Brno–Kohoutovice, Czech Republic). The images
were obtained using an Everhart–Thornley SE detector at ×10,000–300,000 magnifications
and an accelerating voltage of 0.5 kV.

The photoelectric characteristics of the composite layers were investigated in samples
of the ITO/sublayer/composite/C60/BCP/Al diode structure, where C60 (MST, St. Peters-
burg, Russia) is a 40 nm fullerene layer as an electron acceptor and transport layer, BCP (Kin-
tec, Hong Kong, China) is an 8 nm layer of 2,9-dimethyl-4,7-diphenyl-1,10-phenanthroline
blocking holes, and Al is an electrode (80 nm) All layers, except the composite and sublayer,
were deposited by vacuum evaporation.

A standard Keithley 2400 source-meter unit (Solon, OH, USA) was used to perform
photoelectric measurements. The samples were illuminated with a xenon UV-IR light
source, a model 66477 (Newport Corp., Irvine, CA, USA) through a combination of SZS-26
and KS19 filters (LOMO, St. Petersburg, Russia), which transmit radiation within the 700 nm
and 900 nm bandwidth. The radiation power of the light flux incident on the samples was
measured using a PE25-SH Ophir energy sensor (Ophir, Jerusalem, Israel). All photoelectric
measurements were performed in a sealed glove box in a dry argon atmosphere.

3. Results and Discussion
3.1. Electropolymerization of EDOT in the Presence of Fullerenes

Figure 2 shows the cyclic voltammograms (CVA) obtained during the synthesis of
PEDOT in the PD mode in the potential range from −0.6 to 1.0 V. It is evident that the shape
of the curve is characteristic of PEDOT films obtained in aqueous solutions [17] (Figure S2).
The onset potentials of EDOT oxidation in aqueous solutions of NaFl and KPCF are 0.76
and 0.57 V, respectively. It is evident that in the presence of NaFl, the synthesis of PEDOT
proceeds faster with higher currents. The fullerenes used do not exhibit electroactivity in
this region of potential cycling (Figure 2c,d).
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presence of NaFl, (curve 1) as PAMPSA (curve 3) the synthesis proceeds at a lower poten-
tial than that in the presence of KPCF. In the PS mode, the synthesis charge grows signif-
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Figure 2. Cyclic voltammograms in aqueous solutions: (a) FTO electrode with a PEDOT–PAMPSA
sublayer in 0.01 M EDOT and 0.0014 M NaFl; (b) FTO electrode with the sublayer in 0.01 M EDOT
and 0.004 M KPCF; (c) bare FTO electrode in 0.0014 M NaFl and (d) bare FTO electrode in 0.004 M
KPCF. The potential scan rate was 50 mV/s.

The changes in potential over time obtained during the polymerization of EDOT in
the presence of fullerenes in the GS mode are shown in Figure 3a. It is evident that in the
presence of NaFl, (curve 1) as PAMPSA (curve 3) the synthesis proceeds at a lower potential
than that in the presence of KPCF. In the PS mode, the synthesis charge grows significantly
faster in the presence of NaFl (Figure 3b, curve 1) similar in PAMPSA (Figure 3b, curve 3).
It can be assumed that NaFl creates favorable conditions for the formation of PEDOT chains
and more effectively compensates for the positive charges on the PEDOT chains.

Simultaneously with the electrochemical parameters, electronic absorption spectra
were recorded during the synthesis, the evolution of which is shown in Figure 4. It should
be noted that the nature and dynamics of the spectral changes in the case of NaFl are
characteristic of the synthesis of PEDOT in aqueous solutions [21] including in PAMPSA
(Figure S3). A monotonic increase in the optical absorption is observed, most noticeable in
the wavelength region above 600 nm and extending into the near-IR region. This indicates
the formation of a PEDOT layer in the conducting form. In the presence of KPCF, an increase
in the absorption in the 700 nm region is clearly visible, which corresponds to the polaronic
form of PEDOT. Strong noise in the 350–550 nm region is associated with the subtraction
of the intense absorption of fullerene solutions (Figure 1c), used as a background when
recording the spectra.
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Figure 3. Time dependency of the potential during GS (a) and the charge during PS (b) electropoly-
merization of 0.01 M EDOT in the aqueous solutions of 0.0014 M NaFl (1) and 0.004 M KPCF (2) and
0.02 M PAMPSA (3).
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Figure 4. Electron absorption spectra of the PEDOT film formed on the working electrode during the
polymerization of EDOT in the PS mode at the potential of 0.9 V in aqueous solutions of 0.0014 M
NaFl (a) and 0.004 M KPCF (b). The optical path in the solution is 1.6 cm.

Figure 5 shows the dynamics of changes in the absorption of growing PEDOT films at
characteristic wavelengths. It is evident that the polymerization of EDOT occurs at a higher
rate in the presence of NaFl similar PAMPSA. Also, the absorption at 900 nm, characteristic
of the bipolaron form of PEDOT, grows more actively in the case of NaFl (PAMPSA). In the
presence of KPCF, the growth of the polaron form is more pronounced, and the growth of
the bipolaron form begins to slow down toward the end of the synthesis. Such differences in
kinetics of the syntheses may be associated with the tendency of KPCF to form aggregates
of a large size in aqueous media, which may block the electrode surface and hinder the
formation of PEDOT–KPCF films. This is also probably a result of steric hinderances caused
by the asymmetric structure (a small part of the hydrophobic fullerene cage is covered with
hydrophilic addends with negatively charged carboxyl groups) of KPCF and, accordingly,
a worse ability to compensate for charges on the growing PEDOT chains.
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Figure 5. Time dependency of the optical absorption at 900 and 700 (*) nm during PS electrodeposition
of PEDOT composite films in the presence of NaFl (1, 1*) and KPCF (2, 2*) and PAMPSA (3, 3*).

3.2. Electron Absorption Spectroscopy of Composite Films in the UV-Visible and Near-IR Regions

Figure 6 shows the electron absorption spectra in the UV–visible and near-IR re-
gions for PEDOT composite films with fullerenes. More intense absorption in the short-
wavelength region is clearly visible compared to the PEDOT film obtained in the PAMPSA
solution (curve 4), which corresponds to the absorption of both fullerenes (Figure 1c). More-
over, more intense absorption is observed in the case of NaFl, which indicates its higher
content in the film. In contrast to the PEDOT–PAMPSA film (curve 3), the spectrum of
which indicates that the polymer is in a highly conductive bipolaron state [22], for the com-
posite films a pronounced absorption maximum is observed in the region of 700–800 nm,
characteristic of PEDOT in the polaronic state [23]. Lower absorption in the near-IR region
in the latter case is associated with a lower content of the bipolaron form. This trend is
more pronounced for the PEDOT–KPCF composite (curve 2). In addition, in the spectrum
of the PEDOT–KPCF composite, the absorption maximum of the polaron form is shifted to
the short-wavelength region, which indicates shorter conjugation length [24].
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Figure 6. Electron absorption spectra in air of the PEDOT composite films electrodeposited in aqueous
solutions of NaFl (1), KPCF (2), PAMPSA (3) at the charge density of 50 mC/cm2. The spectra were
recorded in air.
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3.3. Spectroelectrochemical Studies

The evolution of spectra depending on the fixed potentials are similar for both of
the composite films. At low potentials (from −0.8 to −0.2 V), the band around 575 nm is
observed, caused by π–π* transitions in the reduced form of PEDOT (Figure 7). As the
potential increases (oxidation), the intensity of this band decreases, while within the poten-
tial range from −0.1 to 0.4 V, the absorption band around 800 nm is formed (the polaron
form of oxidized PEDOT). Simultaneously, the absorption in the near IR region of the
spectrum increases (bipolaron form) [25], which is most clearly expressed at the potentials
from 0.5 to 0.8 V. The observed changes in the spectra during oxidation of the PEDOT
composite film are characteristic of the PEDOT films studied in an aqueous medium [22,26].
However, the absorption maxima of the reduced and polaron forms of the composites are
slightly shifted to the short-wavelength region compared to the PEDOT–PAMPSA film
(Figure S4) (which has conventional spectroelectrochemical behavior) (Table 1), this shift
being more pronounced for PEDOT–KPCF. This may be due to the formation of shorter
PEDOT chains [24]. The steric hindrances for orientation of KPCF molecules with asym-
metrically arranged carboxyl groups during the polymer formation lead to a worse ability
to compensate positive charges on growing PEDOT chains. The same influence of steric
hindrance on the conjugation length of PEDOT layers were observed in [26,27]. PEDOT
layers were prepared in the presence of rigid-chain amid-containing polysulfonic acid and
sulfonated poly(β-hydroxyethers) polyester with different content of sulfonic groups. The
structure (rigidity of polyacid backbone and distribution of sulfonic groups) of the dopants
creates a more strained structure for PEDOT chains and worse compensation of charges
which results in the formation of chains with shorter conjugation.
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Figure 7. Electron absorption spectra of the composite films PEDOT–NaFl (a) and PEDOT–KPCF
(b) measured at fixed potentials in 0.5 M NaClO4 aqueous solution.

Table 1. Spectral characteristics and doping degrees of PEDOT with different counter ions.

Counterion
Maximum

of the Reduced
Form, nm

Maximum
of the Polaronic

Form, nm
DDCVA DDEDX

NaFl 575 840 0.15 0.11
KPCF 573 776 0.08 0.06

PAMPSA 615 878 0.25 0.84
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By drawing tangents to the decay of the bands corresponding to the π-π* transition
of the reduced form of PEDOT in composites of PEDOT with fullerenes (Figure 7), we
determined the widths of the optical band gap for composites (Table 2).

Table 2. Energy characteristics of the substances determined by different methods: Eg—bandgap;
Ef—Fermi energy level; EHOMO—energy level of highest occupied molecular orbital; ELUMO—energy
level of lowest unoccupied molecular orbital.

Eg(opt),
eV

From UPS Data From CV Data

EHOMO,
eV

Ef,
eV

ELUMO
PEDOT, eV

ELUMO
Fullerene,

eV

EHOMO,
eV

Eg,
eV

NaFl 2.78 −6.6 −4.8
KPCF 2.63 −6.5 −4.9

PEDOT–PAMPSA 1.57 −4.8 −4.8
PEDOT–NaFl 1.55 −2.97 −4.05 −4.50 1.53
PEDOT–KPCF 1.49 −2.95 −4.05 −4.33 1.38

3.4. Electrochemical Studies

Figure 8 shows the CVA of the composite films measured in 0.5 M NaClO4 solution in
the range of potentials from −0.6 to 0.6 V (50 mV/s). Using them, the doping degree DDCVA

(Table 1) was calculated according to the relationship DDCVA = 2Qox/(Qpoly–Qox) [28,29],
where Qox is the oxidation charge calculated by integrating the anodic waves of CVA
measured in the same potential cycling range, and Qpoly is the polymerization charge spent
on the electrosynthesis. In parallel with recording of SEM images we have performed
energy dispersive X-ray (EDX) analysis of the samples (Figure S5). We calculated DDEDX

of composite films from these data. One can see that these values are in good correspon-
dence with that determined from CVA (Table 1). The doping degree of the PEDOT–KPCF
composite is two times lower, which correlates with the lower absorption in the near-IR
region of the spectrum. Apparently, in the presence of KPCF with unevenly distributed
grafted benzene rings with carboxylate groups, some of these molecules are associated in
low-mobile aggregates and there are steric hindrances for efficient electrostatic interactions
of these groups with positively charged PEDOT chains. Moreover, the aggregates of KPCF
may block some of the active growth sites on the electrode surface and thus hinder film for-
mation. In the case of NaFl, the charge is uniformly distributed over the fullerene molecule.
So, NaFl more efficiently compensates for the positive charges on the PEDOT chain, and
a more optimal composite structure is formed. While comparing these values with those
obtained for PEDOT-PAMPSA composite, one can notice that DDCVA is much higher in the
latter case and DDEDX >> DDCVA. This situation is quite essential for PEDOT doped with
polymeric acids [29] because growing PEDOT film may occlude excessive quantity of long
macromolecules and not all sulfonic groups belonging to these macromolecules participate
in the charge compensation (doping).

Figure S6 shows the CVA curves recorded in the non-aqueous medium. In the potential
range of −0.6–0.2 V (Figure S6a) for the PEDOT–NaFl composite, a front of increasing
anodic current of PEDOT oxidation is observed, from which it is possible to determine the
HOMO level of PEDOT equal to −4.50 eV. A front of increasing cathodic current is also
visible in the potential range of −1.2–1.0 V, which most likely characterizes the LUMO
level of fullerene NaFl (ELUMO = −4.05 eV) [30]. In the range of more negative potentials,
a front of increasing cathodic current of PEDOT reduction is observed corresponding to
ELUMO(EC) = −2.97 eV. From the presented data, it is possible to calculate the width of the
bandgap of the PEDOT–NaFl composite: Eg = 4.50 − 2.97 = 1.53 eV. Of note, this value is in
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good correspondence with that determined from the electron absorption spectra (Figure 7a)
Eg(opt) = 1.55 eV.
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Figure 8. Cyclic voltammograms of PEDOT–NaFl (1), PEDOT–KPCF (2) and PEDOT-PAMPSA (3)
films measured in 0.5 M NaClO4 aqueous solution at a scan rate of 100 mV/s. The films have equal
electropolymerization charges.

For the PEDOT–KPCF composite, the front of the increasing anodic current of PEDOT
oxidation is observed in the potential range of −0.7–0.5 V (Figure S6b), which is more
cathodically than for PEDOT–NaFl and corresponds to EHOMO = −4.33 eV. Taking into
account approximately the same value of ELUMO = −2.95 eV, the width of bandgap of the
PEDOT–KPCF is Eg = 4.33 − 2.95 = 1.38 eV. This value is close to that determined from the
electron absorption spectra (Figure 7b), Eg(opt) = 1.49 eV. Importantly, Eg for PEDOT–KPCF
is lower than that for PEDOT–NaFl, demonstrating the same tendency as Eg(opt). Inside the
bandgap in the range of potentials −1.4–1.0 V, one can see a front of increasing cathodic
current, which characterizes the LUMO level of fullerene KPCF (ELUMO = −4.05 eV). The
energy characteristics of the substances are summarized in Table 2.

Relative positions of energy levels listed in Table 2 are graphically depicted in
Figure S8.

Remark: for CV data and UPS data see in the Supplementary Materials in Figure S6
and Figure S7, respectively.

The bandgap reduction for the composite films with shorter chain length may seem a
paradox. We can propose the only explanation - loose morphology of KPCF film (Figure 9f).
From Table 1 it is clear that maxima of the absorption bands of the reduced forms of
PEDOT-fullerene composites are blue-shifted compared to PEDOT-PAMPSA. This is normal
situation for shorter chain length. At the same time loose, imperfect structure of the film
contributes to increased dispersion of the energy levels, which manifests itself in broadening
of absorption band. Since we determine the bandgap value from the intersection of a
tangent to the red slope of absorption band with the axis of wavelengths, for broadened
absorption band we obtain underestimated bandgap value. Similar situation is for CVA
determination: loose structure of the film may facilitate appearing of the current onset at
lower values of potential.
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Figure 9. AFM images with profiles along white lines (a,b) and SEM (c–f) images of the surfaces of
PEDOT composite films deposited onto FTO–electrodes with a PEDOT–PAMPSA sublayer in the
presence of NaFl (a,c,d) and KPCF (b,e,f).

3.5. Morphology

The surface morphology of the PEDOT–NaFl and PEDOT–KPCF composite films
was studied by AFM and SEM. From the AFM images one can see that PEDOT–NaFl
(Figure 9a) has a filament-like structure that forms agglomerates with a lateral size
200–500 nm and height 30–50 nm and roughness 15 nm. PEDOT-PAMPSA film has similar
structure with higher roughness 31.5 nm (Figure S9a,b). It should be noted that the rough-
ness of PEDOT-NaFl film deposited on PEDOT-PAMPSA sublayer is lower than without
sublayer (40–50 nm) [15]. It is known that the most defective morphology is formed on
the stage of nucleation of a polymer phase on naked electrode. In our case the sublayer
serves as nucleation centers resulting in formation of more homogeneous PEDOT-NaFl
film. The surface of the PEDOT–KPCF film (Figure 9b) has a more globular structure
with dense globules of a lateral size 250–350 nm, height 50–80 nm and a depression of
depth about 50 nm. The roughness of PEDOT-KPCF film is 20 nm. The SEM overview
images (Figure 9c,e) of the composites demonstrated uniform coatings on the electrodes
without holes and cracks. The surface of the PEDOT–NaFl composite is more uniform
and denser. At a higher magnification of the SEM image (Figure 9d), a granular surface
of PEDOT–NaFl formed by compact and intergrown agglomerates was observed. The
surface of PEDOT–KPCF is rougher with some hollows and hills (Figure 9f). One can see
that their sizes (lateral and height/depth) are similar and correspond to the dimensions of
aggregates 20 and 70 nm [20]. Some of them may be covered by PEDOT, which is forming
the hills. The hollows may be formed as a result of washing out the substance from the
surface during rinsing the films with water after the electropolymerization.

3.6. Near-IR Photoinduced Current

The photoconductivity was measured in devices of an ITO/sublayer/composite/C60/
BCP/Al structure. The studied composites absorb radiation in the near-IR range due
to PEDOT (Figure 6). The devices exhibited diode behavior. Typical current voltage
characteristics are shown in Figure 10. Table 3 lists the near-IR photoinduced current
and photosensitivity (photocurrent/incident power) in the PEDOT composites under
irradiation in the 700 nm–900 nm bandwidth. In the fullerene-free PEDOT–PAMPSA
layer, prepared for comparison, the change in conductivity under the near-IR irradiation
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was much smaller than that in the composites. In [31,32], the increase in current upon
IR irradiation of a PEDOT:PSS film deposited by casting from a solution is explained
to be caused by slight heating of the polymer film followed by increasing the charge
carrier mobility. In the studied PEDOT–fullerene composites, we attribute the current
induced by near-IR photoexcitation to an increase in the concentration of photogenerated
charge carriers since fullerene can provide rapid exciton separation [33] by the transfer of
photoexcited electrons from PEDOT to fullerene molecules. The transfer is energetically
favorable according to the LUMO levels of the PEDOT donor and fullerene acceptor
(Table 2). The higher response of PEDOT–NaFl compared to PEDOT–KPCF shows that
the photoconductivity is associated with the influence of the fullerene structure on the
degree of PEDOT doping and the morphology of the resulting layers. NaFl creates more
favorable conditions for the formation of PEDOT chains and, as a consequence, a more
uniform and denser layer of the composite with NaFl than with KPCF. The low current
induced by near-IR radiation in the fullerene-free PEDOT–PAMPSA film indicates that the
increase in current (charge carrier mobility) in the composites due to possible heating of
the films makes a negligible contribution.
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Figure 10. I–V characteristics of the PEDOT–NaFl based device in the dark (blue curve) and under
near-IR illumination (brown curve) in the 700 nm–900 nm bandwidth at a power of 15 mW/cm2.

Table 3. Conductivity of composites under irradiation with the 700 nm–900 nm near-IR bandwidth.
The incident power was 15 mW/cm2 and the reverse bias voltage was 0.04 V.

PEDOT–NaFl PEDOT–KPCF PEDOT–PAMPSA

Photocurrent current,
µA/cm2 2.5 0.54 0.02

Photosensitivity,
µA/W 160 36 1.4

4. Conclusions
A comparative study of EDOT electropolymerization in aqueous solutions contain-

ing water-soluble fullerene derivatives with different ionogenic groups without adding
supporting electrolytes was carried out for the first time. In this case, fullerenes were
incorporated into the PEDOT films and acted as doping anions, compensating for the
positive charges on the growing PEDOT chains.

It appeared that one of the composite layers (PEDOT–KPCF) can only be electrode-
posited onto a thin PEDOT sublayer. Moreover, such sublayers usually served as hole-
transporting and electron-blocking layers in various organic electronic devices.

It was demonstrated for the first time that the fullerene structure influences the rate and
characteristics of PEDOT electrodeposition, degree of PEDOT doping and the morphology
of the composite layers. The PEDOT–KPCF composite has a shorter conjugation length,
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a lower doping degree, and its surface is rougher with some hollows and hills. On the
contrary, NaFl creates more favorable conditions for the formation of PEDOT chains and a
more uniform and dense layer.

Photoconductivity of the composites of PEDOT with fullerene derivatives in the near
IR spectral range has been demonstrated. The main result of the action of near-IR radiation
on the composite films is the photogeneration of charge carriers due to the transfer of a
photoexcited electron from PEDOT to an acceptor fullerene molecule.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/polym17010014/s1. Figure S1: Results of Zeta-potential mea-
surements in 0.0005 M of NaFl (a) and KPCF (b). Electrolyte added: 10−3 M NaCl; Figure S2: Cyclic
voltammogram measured during the PEDOT film deposition from an aqueous solution of 0.01 M
EDOT and 0.02 M PAMPSA; Figure S3: Electron absorption spectra of the PEDOT film formed on the
working electrode during the polymerization of EDOT in the PS mode at the potential of 0.9 V in aque-
ous solutions of 0.02 M PAMPSA; Figure S4: Eelectron absorption spectra of the PEDOT-PAMPSA
film measured at fixed potentials in 0.5 M NaClO4 aqueous solution; Figure S5: Frame-averaged
EDX spectra of PEDOT-KPCF (a) and PEDOT-NaFl (b) films electrodeposited on ITO transparent
electrodes; Figure S6: Cyclic voltammetry of PEDOT-NaFl (a) and PEDOT-KPCF (b) electrodeposited
into Pt-electrodes with PEDOT-PAMPSA sublayer. Electrolyte: 0.2 M Bu4NBF4 in AN. Scan rate:
20 mV/s; Figure S7: UPS spectra: secondary electron cutoff and valence band region of (a) NaFl,
(b) KPCF and (c) PEDOT-PAMPSA films. The inset shows an enlarged view of spectrum on the
semi-log plot to observe the shift of HOMO w. r. t. EF. Each energy value was determined with
an experimental error of ±0.2 eV; Figure S8: HOMO and LUMO energy levels of NaFl, KPCF and
PEDOT-PAMPSA obtained basing on UPS data and optical bandgap listed in Table 2; Figure S9: AFM
image (a) and SEM (b) image of the surface of PEDOT-PAMPSA film deposited onto FTO-electrodes.
Table S1. Frame-averaged content of the representative chemical elements in PEDOT-KPCF and
PEDOT-NaFl films electrodeposited on ITO transparent electrodes.
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Abstract: Facing the era of information explosion and the advent of artificial intelligence, there is a
growing demand for information technologies with huge storage capacity and efficient computer
processing. However, traditional silicon-based storage and computing technology will reach their
limits and cannot meet the post-Moore information storage requirements of ultrasmall size, ultrahigh
density, flexibility, biocompatibility, and recyclability. As a response to these concerns, polymer-based
resistive memory materials have emerged as promising candidates for next-generation information
storage and neuromorphic computing applications, with the advantages of easy molecular design,
volatile and non-volatile storage, flexibility, and facile fabrication. Herein, we first summarize
the memory device structures, memory effects, and memory mechanisms of polymers. Then, the
recent advances in polymer resistive switching materials, including single-component polymers,
polymer mixtures, 2D covalent polymers, and biomacromolecules for resistive memory devices,
are highlighted. Finally, the challenges and future prospects of polymer memory materials and
devices are discussed. Advances in polymer-based memristors will open new avenues in the design
and integration of high-performance switching devices and facilitate their application in future
information technology.

Keywords: polymer; biomaterials; resistive switching memory; data storage; memristors

1. Introduction

In the current big data era, there is a growing demand for exploring data-storage
technologies [1,2]. Therefore, various innovative data storage devices have been devel-
oped, such as dynamic random-access memory (DRAM), static random-access memory
(SRAM), and flash memory. These memory devices are mainly based on conventional
Si-based technologies, which suffer from physical miniaturizing limitations due to technical
complexity and high cost [3–5]. They cannot fulfill the ever-increasing demands of high
data density and fast switching speed. Therefore, striving for next-generation information
storage solutions with faster speed, higher density, and lower power is imperative.

Recently, phase change memory (PCM), spin-transfer torque magnetoresistive random-
access memory (STT-MRAM), and resistive random-access memory (RRAM) have been de-
veloped as next-generation non-volatile memory technologies [6–13]. PCM and STT-MRAM
suffer from long write latency and low reliability, respectively. In contrast, RRAM devices
with the advantages of low power consumption, high scalability, simple structure, easy fab-
rication, and low cost are considered promising candidates for future memory technology.
The International Semiconductor Technology Roadmap identifies RRAM as one of the new
memory technologies with the greatest potential for commercialization. Generally, RRAMs
are fabricated as a sandwiched structure with a functional active layer sandwiched between
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two electrodes. The resistance states can be switched between high-resistance state (HRS,
OFF state) and low-resistance state (LRS, ON state) in response to an external electrical
stimulus, which is equivalent to “0” to “1” binary conversion. When more than two resis-
tance states show in one material (e.g., “0”, “1”, “2”), multilevel storage can be expected,
and it will increase the storage capacity within one memory cell exponentially [14–16].

To date, various functional materials have been explored for RRAMs, including organic
materials, inorganic oxide, and organic–inorganic hybrid materials. The inorganic oxide-
based RRAMs exhibit remarkable and stable memory characteristics, while they are limited
by non-flexibility, non-recyclability, and environmental unfriendliness in the application of
future wearable electronics. Organic polymer materials with the advantage of designable
molecular structures, low costs, intrinsic flexibility, solution processability, 3D-stacking
capability, and good biocompatibility, have been developed as favorable devices in next-
generation memory technology [17]. Numerous efforts have been made to seek high-
performance memory devices with a large ON–OFF ratio, low operation voltage, long
retention time, as well as high endurance. In particular, the intrinsic flexibility and softness
of polymers, especially biomacromolecules, make them ideal for stretchable and wearable
electronics in the artificially intelligent lifestyle of the future [18–20]. These devices are
mainly based on polymer composites and single-polymer materials. Compared with
polymer composites, single-polymer materials can remove the phase separation problem.
In order to explain the memory mechanisms, space charge limited current (SCLC), charge
transfer, charge trapping/detrapping, filament conduction, and conformational change
have been proposed [6,21,22].

In this review, we focus on the recent advances in polymer materials for resistive
switching (RS) memory applications and aim to provide comprehensive concepts to develop
highly efficient devices for next-generation information technology. First, this review gives
a brief introduction on the structure of memory devices and the RS effect. Then, the
recent progress of RS devices based on polymer materials, including single-component
polymer materials, polymer composites, 2D covalent polymers, and biomacromolecules is
summarized. Finally, we outline the challenges and outlook for the further development of
polymer-based RS devices.

2. Overview of Polymer-Based RS Memory Devices
2.1. Device Structure

Generally, there are two types of device structures, namely, the vertical metal–insulator–
metal (MIM) structure and the lateral field-effect transistor (FET) structure in the polymer-
based RS memory devices. These two structures are also called two-terminal and three-
terminal devices, respectively (Figure 1). The electrodes are most widely made of Al, Au,
Ag, Pt, p- or n-doped Si, indium tin oxide (ITO), or fluorine-doped tin oxide (FTO) [17].
Highly conductive reduced graphene oxide (rGO) has also been developed as an electrode
material in addition to traditional metal electrodes. In a typical vertical MIM structure,
the RS active layer is sandwiched between the bottom and top electrodes, which can be
classified by crossbar and cross-array structures. These structures can provide massive
device cell arrays, leading to high-density data storage. In particular, the cross-array
geometry possesses more potential to scale down each device cell and realizes a highly
integrated RRAM architecture. As a typical structure, Song et al. demonstrated a 3D-stacked
crossbar arrayed RS device with a multilayer structure of Al/polyimide(PI):6-phenyl-C61
butyric acid methyl ester (PCBM)/Al/PI:PCBM/Al/PI:PCBM/Al. This structure presented
a high storage density [23].
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RS devices, e.g., charge trap FET, floating-gate FET, and ferroelectric FET memory [26–31]. 
However, the operating voltage is relatively high in the FET RS device and this is a major 
issue that remains to be overcome. In this contribution, we mainly focused on the simple 
two-terminal MIM RS devices. 

2.2. RS Memory Effect 
In the RS device, the writing operation is generated by applying a voltage bias or 
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retained for a short period after turning off the applied voltage, while in SRAM, the device 
could sustain the ON state for a longer time than that observed in the DRAM device after 
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Figure 1. Schematic illustration of three typical RS memory device configurations. (a) Crossbar
structure. Reproduced with permission [24]. Copyright 2021, Wiley-VCH GmbH. (b) Cross-array
structure. Reproduced with permission [23]. Copyright 2010, Wiley-VCH GmbH. (c) Three-terminal
FET RS device structure. Reproduced with permission [25]. Copyright 2019, The Royal Society
of Chemistry.

The three-terminal FET RS device is a transverse device structure with two laterally dis-
tributed electrodes and a semiconductor channel, as well as a gate electrode. The transverse
configuration shows the advantage of being compatible with commercial complementary
metal-oxide-semiconductor (CMOS) circuits. There are three types of FET RS devices, e.g.,
charge trap FET, floating-gate FET, and ferroelectric FET memory [26–31]. However, the op-
erating voltage is relatively high in the FET RS device and this is a major issue that remains
to be overcome. In this contribution, we mainly focused on the simple two-terminal MIM
RS devices.

2.2. RS Memory Effect

In the RS device, the writing operation is generated by applying a voltage bias or
pulse to the device, leading to the conductance switching between the ON and OFF state.
Depending on whether external electric power is required to maintain the ON state or not,
the RS effect can be classified into volatile and non-volatile memory effects (Figure 2). The
representative volatile memory types are the dynamic random-access memory (DRAM)
and static random-access memory (SRAM) [32–35]. In DRAM, the ON state could be
retained for a short period after turning off the applied voltage, while in SRAM, the device
could sustain the ON state for a longer time than that observed in the DRAM device after
the removal of the external power supply. Generally, in volatile memory, the ON state can
be relaxed to the OFF state without an erasing process. This effect has potential for secure
semiconductors and integrated electronic circuits.
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Figure 2. Schematic illustration of the RS memory types.

In contrast to volatile memory, non-volatile memory can hold the stored information
for quite a long time after the removal of the electric power. It can be divided into write-
once-read-many-times (WORM) memory and rewritable flash memory [36–38]. In the
former, the conductance switches from HRS to LRS under a certain voltage, and the LRS
cannot be erased even if the external electric field is withdrawn. It is capable of maintaining
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the ON state permanently and shows extensive applications in rapid archival storage
equipment, secure databases, as well as electronic labels. For the latter, the conductance
switches between HRS and LRS. Flash memory is a promising candidate in data storage
devices such as USB drives, hard disks, and other relevant rewritable digital storage.

2.3. Memory Mechanisms

Tremendous research has been devoted to elucidating the RS phenomena associated
with polymer materials. However, the underlying mechanisms of the RS characteristics
are still controversial. Based on the theoretical calculations and experimental analysis,
some well-established memory mechanisms have been proposed, such as charge transfer,
conformational change, charge trapping/de-trapping, filamentary conduction, and redox
reaction, as shown in Figure 3.

Polymers 2023, 15, x FOR PEER REVIEW 4 of 28 
 

 

maintaining the ON state permanently and shows extensive applications in rapid archival 
storage equipment, secure databases, as well as electronic labels. For the latter, the 
conductance switches between HRS and LRS. Flash memory is a promising candidate in 
data storage devices such as USB drives, hard disks, and other relevant rewritable digital 
storage. 

2.3. Memory Mechanisms 
Tremendous research has been devoted to elucidating the RS phenomena associated 

with polymer materials. However, the underlying mechanisms of the RS characteristics 
are still controversial. Based on the theoretical calculations and experimental analysis, 
some well-established memory mechanisms have been proposed, such as charge transfer, 
conformational change, charge trapping/de-trapping, filamentary conduction, and redox 
reaction, as shown in Figure 3. 

 
Figure 3. Schematic illustration of various switching mechanisms. (a) Charge transfer. Reproduced 
with permission [39]. Copyright 2007, American Chemical Society. (b) Conformational change. 
Reproduced with permission [40]. Copyright 2008, American Chemical Society. (c) Charge 
trapping/de-trapping. Reproduced with permission [41]. Copyright 2018, The Royal Society of 
Chemistry. (d) Filamentary conduction. Reproduced with permission [42]. Copyright 2018, 
American Institute of Physics. (e) Redox reaction. Reproduced with permission [43]. Copyright 
2019, American Chemical Society. 

2.3.1. Charge Transfer 
In a polymer with donor–acceptor (D–A) moieties, the charge transfer process usually 

occurs under an external electric field. The electronic charge will transfer from the donor 
to the acceptor moiety, leaving positively charged holes residing on the donors and the 
molecular orbitals partially filled. Hence, this process leads to the increase of the 
concentration of free charge carriers with high mobility, resulting in a high-conductive 
state (LRS). When an opposite electric field returns charges back to the donor group, the 
free charge carrier concentration will decrease and the D–A system will return back to 

Figure 3. Schematic illustration of various switching mechanisms. (a) Charge transfer. Repro-
duced with permission [39]. Copyright 2007, American Chemical Society. (b) Conformational
change. Reproduced with permission [40]. Copyright 2008, American Chemical Society. (c) Charge
trapping/de-trapping. Reproduced with permission [41]. Copyright 2018, The Royal Society of
Chemistry. (d) Filamentary conduction. Reproduced with permission [42]. Copyright 2018, American
Institute of Physics. (e) Redox reaction. Reproduced with permission [43]. Copyright 2019, American
Chemical Society.

2.3.1. Charge Transfer

In a polymer with donor–acceptor (D–A) moieties, the charge transfer process usually
occurs under an external electric field. The electronic charge will transfer from the donor
to the acceptor moiety, leaving positively charged holes residing on the donors and the
molecular orbitals partially filled. Hence, this process leads to the increase of the con-
centration of free charge carriers with high mobility, resulting in a high-conductive state
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(LRS). When an opposite electric field returns charges back to the donor group, the free
charge carrier concentration will decrease and the D–A system will return back to HRS,
showing the convertible charge transfer interaction. In order to obtain direct evidence of
the charge transfer process, some theoretical calculations and experimental investigations
have been conducted to show this process, e.g., density functional theory (DFT) calcula-
tions, UV–Visible absorption spectra, in situ fluorescence spectra and transmission electron
microscope (TEM) images [39,44–46].

Interestingly, by tuning the dipole moment caused in the charge transfer process in D–
A systems, volatile and non-volatile memory can be achieved. The strong dipole moment
in polymers helps to sustain the high-conductive state, usually leading to non-volatile
behavior. In contrast, a weak dipole moment leads to the unstable conductive state, and
the volatile memory device will be realized [21].

2.3.2. Conformational Change

The conformational change mechanism is mostly seen in polymers containing car-
bazole groups in the side chain such as poly(N-vinylcarbazole) (PVK) and its deriva-
tives [40,47]. Initially, the random orientation of carbazole groups hinders the ordered π–π
stacking and the charge transport is insufficient, indicating the HRS. With the external
electric field, the carbazole groups are able to be rearranged into a nearly face-to-face
π–π stacking, the ordered conformation can switch the polymers to LRS. In this process,
excellent RS performances can be easily realized by the modification of polymer structures
and conformational changes. The HRS to LRS transition is reversible by changing the
electric field polarity, possibly due to thermal injecting at the electrode/polymer interface.

There are various characterization techniques to prove the conformational change
of polymers, including DFT theoretical calculations, UV–Visible absorption spectra, in
situ fluorescence spectra, X-ray diffraction (XRD), cyclic voltammetry (CV), TEM, and
Raman spectra.

2.3.3. Charge Trapping/De-Trapping

When metal nanoparticles, quantum dots, fullerenes, or organic semiconducting
molecules are doped into polymer matrices, these dopants can act as trapping centers
for charge carrier transport [41,48–52]. With increasing external voltage, charge carriers
would be gradually injected into the trapping centers and local percolation networks will
be formed. A continuous carrier hopping pathway will then switch the device from HRS
to LRS.

By continually increasing the external electric field in the same polarity, the trapped
charge carriers will exceed the capacity of the conductive channel and induce coulomb
repulsion between the trapped charges to rupture the charge transport channel. Then,
the device will switch back to HRS, behaving as unipolar RS memory. In contrast, when
applying the reverse electric field to the device, the trapped charge carriers release from the
trapping centers to rupture the conductive channel, leading to bipolar RS memory.

2.3.4. Filamentary Conduction

Electrochemical metallization memory (ECM) and valence change memory (VCM) are
the two representative types of filamentary conduction modes observed in some polymers
for RS behavior [42,53–55]. By applying an electric voltage to the top electrode of active
metals (e.g., Ag and Cu), the top electrode metal can be oxidated, and metal cations will be
released from the top electrode to migrate through the active layer, which hence forms metal
filament between top electrode and bottom electrode. The reverse voltage can deteriorate
the conductive filament. Generally, VCM forms in donor-type defects such as mobile
oxygen vacancies. Under an electric voltage, oxygen vacancies will be gathered at the
cathode and diffused into the active layer to create a continuous conductive channel, which
leads to a HRS to LRS transition. Under an opposite electric field, the conductive path is
ruptured, which is known as a reset process [56].
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The experimental methods to verify ECM and VCM mechanisms are relatively mature,
e.g., the high-resolution TEM, scanning electron microscopy (SEM), and in situ scanning
probe microscopy (SPM).

2.3.5. Redox Reaction

In polymers with transition metal atoms, such as Fe, Co, or Mn in the backbone, the
redox reactions of active materials are prone to occur between molecular reduction and
oxidation states to alter the conductivity [43,57]. Unpaired or lone pair electrons can be
removed, introducing impurity energy levels into the bandgap of active materials. These
transition metal atoms usually possess various valences and can be switched between with
the external voltage, resulting in binary or multilevel RS behavior. The positive charges
can be balanced by reduction of environmental oxygen in the atmosphere or additional
counter electrode materials, which may contribute to the stability of the redox system to
enhance the endurance characteristics [58]. This electrochemical redox reaction phenomena
are often certified by the CV technique to provide experimental evidence.

3. Polymer-Based RS Memory Devices

Polymer materials with the advantages of easy solution processability and intrinsic
flexibility, are proving to be attractive for RS memory applications. Various facile low-cost
solution methods, such as spin-coating, spray-coating, dip-coating, drop-casting, blade
casting, and ink-jet printing are used to deposit polymer films. These materials used in RS
memory devices can be classified into single-component polymers and polymer mixtures.

3.1. Single-Component Polymers
3.1.1. Conjugated Polymers

Single-component polymers with donor–acceptor structures have potential charge
transfer features, which are effective for realizing RS memories. The donor and acceptor
moieties may be incorporated in the polymer backbone, linked as a side functional group,
or dangling at the end of the macromolecular chain. By adjusting the strength and loading
ratio, as well as spatial arrangement of the donor/acceptor moieties, volatile to non-volatile
memory performance can be realized. To date, various conjugated and non-conjugated
polymers have been reported to present RS properties.

The majority of RS memory polymers are based on π-conjugated nitrogen atoms, hy-
drocarbons, and their combinations. Polyazomethine (PAM) materials with imine groups
(C=N) in the backbone are a typical type of conjugated polymers in RS memories. Li et al.
synthesized two PAM derivatives, PA-1 and PA-2, as shown in Figure 4a [59]. In PA-1, the
triphenylamine and oxadiazole moieties act as donor and acceptor, respectively. However,
in PA-2, the oxadiazole acts as donor and the acceptor is 3,3′-dinitro-diphenylsulfone. With
the device structure of Pt/active layer/Pt, PA-1 shows a rewritable RRAM memory effect
with poor endurance, while PA-2 performs a WORM behavior (Figure 4b,c). Interestingly,
by changing the bottom electrode to Al, both active layers exhibit the rewritable memory
effect. For PA-1, the charge transfer interaction between the triphenylamine and the mod-
erate electron withdrawing ability of oxadiazole is reversible, which results in rewritable
memory behavior, whereas the charge transfer interaction between oxadiazole and 3,3′-
dinitro-diphenylsulfone is rather strong, causing WORM switching behavior in PA-2. When
the Al electrodes are introduced, the Schottky barrier at the Al–polymer interfaces become
smaller with the presence of an ultrathin layer of Al2O3, which gives a lower reset voltage.
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Figure 4. (a) Molecule structures of PA-1 and PA-2. I–V characteristics of the (b) Pt/PA-1/Pt and
(c) Pt/PA-2/Pt devices. The arrows show the scanning direction of the applied voltage. Reproduced
with permission [59]. Copyright 2013, The Royal Society of Chemistry. (d) Molecule structures of four
donor−acceptor conjugated copolymers. (e) I–V characteristics of the memory devices based on the
conjugated copolymers depicted. Reproduced with permission [60]. Copyright 2021, American Chem-
ical Society. (f) Molecule structures of PFTPA–Fc. (g) I–V curves of the ITO/PFTPA–Fc/Pt device.
The number 1-6 mean the six consecutive scanning of the voltage. (h) Demonstration of arithmetic
commutative addition with the PFTPA–Fc memristor. (i) Demonstration of arithmetic multiplication
with the PFTPA–Fc memristor. (j) Realization of the OR logic gate function with PFTPA–Fc memris-
tor. The dotted line shows the initial device current of 10.36 µA. Reproduced with permission [61].
Copyright 2019, Springer Nature. (k) Schematic representations of molecular-chain conformation
and packing structure in nanoscale poly(dtDPP) films. Reproduced with permission [62]. Copyright
2021, American Chemical Society.

213



Polymers 2023, 15, 4374

The majority of polymer-based memory devices present binary storage. In order
to improve the capacity, Liu et al. synthesized the first single-polymer-based ternary
memory device of iamP6 in 2012, combining the charge transfer and conformational change
mechanisms [47]. Afterwards, interest in multilevel storage in a single polymer has been
excited. The above research are the pioneering works on single-component polymer-based
RS devices.

Recently, Zhang et al. connected naphthalene benzimidazole acceptor units to fluo-
rene/carbazole donor, and four donor−acceptor conjugated copolymers were synthesized
by the Suzuki reaction (Figure 4d) [60]. All of these polymers exhibit ternary electronic
memory compared with pure fluorene/carbazole counterparts, as depicted in Figure 4e.
After introducing monomers, two charge traps occur in the polymers. With increasing
voltage to Vth1, the injected charge carriers can transfer from the donor to the acceptor to
fill the trap. Because the charge depth is associated with the acceptor group, resulting in
different charge trap size, these traps cannot be filled simultaneously. The weak electron
absorption ability of benzimidazole contributes to a small charge trap, which will be filled
up at first, leading to the ON1 state. In contrast, the naphthalene structure has a stronger
electron absorption ability with a large charge trap, which needs more energy to fill all
charge traps to reach the ON2 state.

It is beneficial to incorporate redox active moieties onto the pendants of the polymers,
to obtain astounding memory behavior. Zhang et al. introduced triphenylamine (TPA)
and ferrocene (Fc) onto the sidechains of fluorene skeletons through the Suzuki reaction
and “Click” chemistry, respectively, to achieve the final conjugated polymer PFTPA–Fc
(Figure 4f) [61]. The ITO/PFTPA–Fc/Pt device exhibits four consecutive levels of RS
characteristics by the electric-field-induced electrochemical reactions through three redox
active moieties (Figure 4g). Moreover, four basic decimal arithmetic operations of addition,
subtraction, multiplication, and division can be realized in the device (Figure 4h–j). This
finding proves the feasibility of integrating multilevel memory and computing capability
into a single memristive device by ingenious molecular design. Anchoring Fc in fluorene
derivatives with porphyrin- and benzene-based diethynyl ligand, Roy et al. synthesized
two metallopolymers (P1 and P2) [63]. Both polymers demonstrate WORM memory
characteristics. Fc is effective in memristive polymer molecular design.

To achieve information storage and processing multifunctional memristors, Ren et al.
introduced Ir complexes as electron-withdrawing groups on the polyfluorene backbone and
synthesized a poly(9,9-dioctyl-9H-fluorene-alt-1,3-bis(2-ethylhexyl)-5,7-di(thiophen-2-yl)-
4H,8H-benzo[1,2-c:4,5-c’]dithiophene-4,8-dione)-alt-(2,4-Pentanedionato)bis(2-(thiophen-2-
yl)-pyridine)iridium) (PFTBDD-IrTPy) copolymer [64]. The synergetic electrochemical
metallization and charge transfer effect between donors and acceptors are responsible
for the memory behavior. The as-fabricated device can behave as an artificial synaptic
emulation, simple Boolean logic, and decimal arithmetic calculation, which means it has so-
called multibit data storage and processing capabilities in one memristor, like the findings
reported in PFTPA–Fc.

Jung et al. designed several dithienyl-diketopyrrolopyrrole-based (dtDPP-based) nar-
row bandgap polymers, i.e., poly(2,5-bis(2-ethylhexyl)-3,6-di(thiophen-2-yl)-2,5-dihydropyr
rolo[3,4-c]pyrrole-1,4-dione)) (poly(dtDPP)), poly(3-(5-(9,9-dioctyl-9H-fluoren-2-yl)thiophe
n-2-yl)-2,5-bis(2-ethylhexyl)-6-(thiophen-2-yl)-2,5-dihydropyrrolo[3,4-c]pyrrole-1,4-dione)
(poly(dtDPP-FL)), and poly(3-(5-(4-(diphenylamino)phenyl)-thiophen-2-yl)-2,5-bis(2-ethylh
exyl)-6-(thiophen-2-yl)-2,5-dihydropyrrolo[3,4-c]pyrrole-1,4-dione) (poly-(dtDPP-TPA)) [62].
Due to the self-assembled capability, poly(dtDPP) forms an edge-on layer structure, as
can be seen from Figure 4k, whereas the others are preferentially oriented within the
film. By adjusting the donor−acceptor powers in the backbone, poly(dtDPP) and poly-
(dtDPP-TPA) show non-volatile WORM behavior, in comparison with poly(dtDPP-FL)
exhibiting a DRAM behavior. Balancing of electron donor and acceptor powers is, in effect,
adjusting memory type. Moreover, a redox active entity with thiophene-DPP donor and
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anthraquinone acceptor can also be used to obtain electrical bistability in the design of
polymer memristive materials [65].

3.1.2. Non-Conjugated Polymers

In addition to conjugated polymers, usually with a rigid backbone, non-conjugated
polymers have the merits of environmental stability and flexibility and also enable RS behav-
iors. Beyond traditional hydrocarbons and nitrogen-based polymers, oxygen-containing
electroactive polymers are superior for novel RS memory. In 2020, Ree et al. synthe-
sized a series of poly(ethylene-alt-maleate)s derivatives with oxygen constituents and
their derivatives as side groups through the postmodification reactions: poly(ethylenealt-
di(3-methoxylbenzyl) maleate) (PEM-BzOMe), poly-(ethylene-alt-di(3,5-dimethoxylbenzyl)
maleate) (PEM-BzOMe2), poly(ethylene-alt-dipiperonyl maleate) (PEM-BzO2C), and poly(et
hylene-alt-di(3,4,5-trimethoxybenzyl) maleate) (PEM-BzOMe3), as depicted in Figure 5a [66].
The oxygen-containing polymers show superior thermal stability up to 180 ◦C, and exhibit
reliable p-type unipolar volatile or non-volatile RS characteristics with high ON–OFF ratios
ranging from 1.0 × 103 to 1.0 × 108. PEM-BzOMe and PEM-BzOMe2 exhibit excellent
unipolar DRAM behavior in a limited thickness range. However, for PEM-BzO2C, WORM
memory behavior can be observed in 17.7 nm devices and changes to DRAM memory
mode with a film thickness less than <136 nm. A similar phenomenon also shows in PEM-
BzOMe3. Figure 5b,c demonstrate the combination of Schottky emission and trap-limited
SCLC conductions in the OFF-state and hopping conduction in the ON-state between
charge trap sites are responsible for the memory behavior. This contribution proves that the
RS behavior is controllable by tailoring the number of oxyphenyl units and/or oxy atomic
components in the phenyl unit.

Ryu et al. first demonstrated 2-pyrrolidone and succinimide as electroactive elements in
memory application [67]. Four polymers with and without 2-pyrrolidone and succinimide
moieties were synthesized: poly(ethylene-alt-di(2-pyrrolidone-5-ethyl) maleate) (PEM-EP),
poly(ethylene-alt-di(acetamidoethyl) maleate) (PEM-EA), poly(ethylene-alt-di(succinimido-N-
ethyl) maleate) (PEM-ES), and poly(ethylene-alt-di(3-oxo-1-butyl) maleate) (PEM-EB). The
chemical structures are presented in Figure 5d. It can be clearly seen from Figure 5e that
PEM-EP and PEM-ES show non-volatile WORM memory over the film thickness range
of 10–30 nm and 10–80 nm, respectively, whereas volatile digital memory can be seen
in these two polymers over a rather narrower range of film thickness (Figure 5f). The
succinimide moiety has relatively higher affinity and stabilization power, resulting in better
memory performance.

By introducing iridium(III) complex as pendant groups in non-conjugated polymers,
the model polymer is shown in Figure 5g. Yang et al. also realized volatile and non-volatile
memory [68]. The concentrations of iridium(III) complex in the polymers affect the memory
behavior. The polymers without iridium(III) complex shows SRAM behavior. The 4%, 8%,
12%, and 16% concentrations of iridium(III) complex in the polymers exhibit flash memory.

As a kind of polyanionic nano-cluster, polyoxometalate (POM) exhibits several dis-
crete redox states in a narrow potential range, which can be used in multilevel memories.
Hu et al. prepared a ternary redox POM-based inorganic–organic hybrid polymer, poly-
methyl methacrylate (PMMA)-MAPOM, by the copolymerization of MMA and MAPOM
with 1,1′-Azobis(cyclohexanecarbonitrile) (ABCN) as the initiator [69]. The ITO/PMMA-
MAPOM/Pt device presents rewriteable switching properties among three redox states
under different reset voltages, showing multilevel properties and endurance over 50 cycles.
The multi-redox states of manganese centers in polyoxoanion altering the effective carrier
density in the switching layer is responsible for the switching behavior.
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Figure 5. (a) Molecule structures of PEM-BzOMe, PEM-BzOMe2, PEM-BzO2C, and PEM-BzOMe3.
(b) OFF-state of the measured I–V curves where the symbols are the measured data, and the solid
lines represent the fit results using Schottky emission. Schematic diagrams of charge injection, trap,
and trap-saturation are shown below. (c) ON-state of the measured I–V curves where the symbols are
the measured data, and the solid lines represent the fit results using a hopping conduction model.
Schematic diagrams of the hopping process are shown below. Reproduced with permission [66].
Copyright 2020, American Chemical Society. (d) Molecule structures of PEM-EP, PEM-EA, PEM-ES,
and PEM-EB. (e) I–V characteristics of the memory devices based on PEM-EP and PEM-ES. (f) I–V
curves of polymers of various thicknesses in sandwiched devices with a d-Si top electrode and
an Al top electrode: PEM-EP (10–60 nm thick), and PEM-ES (10–110 nm thick). Reproduced with
permission [67]. Copyright 2021, Wiley-VCH GmbH. (g) The chemical structures of iridium(III)
complex as pendant groups. Reproduced with permission [68]. Copyright 2020, The Royal Society
of Chemistry.

3.2. Polymer Mixtures

Polymers mixed with small molecules, nanoparticles, quantum dots, and hybrid
perovskites to form polymer mixtures are widely reported in RS memory devices. They
can integrate the merits of these materials to obtain high-performance memory devices.

Polymers mixed with small molecular semiconductors can achieve the donor–acceptor
structure, which is beneficial for memristive application. PVK and poly(3-hexylthiophene)
(P3HT) are typical donors. The composite films of PVK mixed with carbon nanotubes
(CNTs), and C60 have been reported [39,70]. The donor–acceptor system plays a vital
role in binary RS devices. In particular, it is important to note that the donor–acceptor–
acceptor system might be promising in ternary RS memristors. Pan et al. incorporated
small molecular acceptors of 1,3-bis[2-(4-tert-butylphenyl)-1,3,4-oxadiazo-5-yl]benzene
(OXD-7) into PVK to study the memory behavior, as illustrated in Figure 6a [71]. In
Figure 6b, under 25 wt% of OXD-7, the composite films show stable memory curves
with set and reset voltages of −3.1 and 2.3 V, respectively. Similar memristive behavior
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can also be seen with 30 wt% of OXD-7. When the concentration of OXD-7 increases to
40 wt%, no RS characteristic appears. They further introduced 2-(4-tert-butylphenyl)-5-
(4-biphenylyl)-1,3,4-oxadiazole (PBD) to construct the donor–acceptor–acceptor system.
The composite film of PVK (24 wt% OXD-7:6 wt% PBD) exhibits remarkable ternary RS
behavior with a switching ratio of 1:10:104 in Figure 6c. The ON–OFF ratios in the donor–
acceptor–acceptor systems are generally higher than those in donor–acceptor systems. The
electric-field-induced charge transfer between PVK donor and oxadiazole moiety-formed
OXD-7 and PBD is responsible for the RS effect. Li et al. reported memristive behavior
based on P3HT mixed with 2,4,5,6-tetrakis(carbazol-9-yl)-1,3-dicyanobenzene (4CzIPN) or
4,5-bis(carbazol-9-yl)-1,2-dicyanobenzene (2CzPN) composites (Figure 6d) [72]. The two
carbazolyl dicyanobenzenes with low intrinsic mobility and high steric hindrance might
inhibit the leakage current of the HRS. Dramatically, these composite films show switching
ratios higher than 105, retention times of more than 5 × 104 s, and endurance cycles of
150 times. The charge trapping and detrapping process leads to the charge transport
channels, which are responsible for the memory behavior. The memory mechanism is
comprehensively illustrated in Figure 6e. This finding reveals the effect of intermolecular
interaction on RS behavior. Sun et al. implanted 2-Amino-5-methyl-1,3,4-thiadiazole
into poly(4-vinylphenol) (PVP) to construct a Al/PVP:thiadiazole/Al device [73]. Both
non-volatile WORM and flash memory behaviors are present in a single device. From
Figure 6f, in the forward voltage sweep, the device first shows WORM behavior. Then, in
the reverse voltage sweep, the device shows a second “write” operation and the “erasing”
operation appears in the following forward scanning direction. Therefore, the device could
realize “0”–“1”–“2”–“1”–“2” tri-stable resistance states and the device-to-device variations
and tri-state variations in 109 cycles are presented in Figure 6g. The “0” state is not the
electroforming state, resulting in an electroforming-free device. This work provides a new
strategy for designing ternary data storage utilities.

Polymers could also act as matrixes for nanoparticles or quantum dots for memory
operations. Nanoparticles usually act as a trap center in the switching layer. Kim et al.
reported a flexible and stable memristive devices consisting of hexagonal boron nitride
nanosheets (h-BN NSs):PMMA nanocomposites [74]. H-BN has a smooth atomic surface,
no dangling bonds and excellent thermal stability. The strong electron binding force of
h-BN makes it suitable for use as a carrier trapping center in the memory. The device shows
a WORM character with an ON–OFF ratio of 103. The flexible device on polyethylene naph-
thalate (PEN) substrate can maintain the memory properties over 2 × 103 bending cycles.
The discrete energy level state causes a strong quantum confinement effect in the h-BN NSs,
as shown in Figure 7a–c, which is responsible for the WORM effect. Zhou et al. investigated
WS2 nanoparticles, which have a large specific surface area and good conductivity, to be
doped in poly[2,7-9-(9-heptadecanyl)-9H-carbazole-co-benzo[4,5] imidazole[2,1-α] isoindol-
11-one] (PIIO) matrix [75]. The incorporation of 6 wt% WS2 nanoparticles showed the best
non-volatile ternary storage features with the switching ratios of 1:1.11 × 101:2.03 × 104 for
three resistance states (Figure 7d). The WS2 nanoparticles lower the charge injection barrier
and induce conductive pathways and conductive filaments.

217



Polymers 2023, 15, 4374
Polymers 2023, 15, x FOR PEER REVIEW 12 of 28 
 

 

 
Figure 6. (a) Chemical structures of PVK, PBD, and OXD-7. (b) I–V characteristics of the ITO/PVK: 
25 wt% OXD-7/Al devices. (c) I–V characteristics of the devices incorporated with PVK: 24 wt% 
OXD-7: 6 wt% PBD. Reproduced with permission [71]. Copyright 2021, The Royal Society of 
Chemistry. (d) Chemical structures of P3HT, 4CzIPN, and 2CzPN. (e) Schematic illustration of the 
switching mechanism. Charge transfer processes of (i) trap filling, (ii) fully filling trap, (iii) trap 
pumping, (iv) vacant trap, and (v) current leakage. (vi) Schematic illustration of the trap, de-trap, 
and charge barrier. Reproduced with permission [72]. Copyright 2022, American Chemical Society. 
(f) I–V curves of the fabricated multifunctional Al/PVP:thiadiazole/Al device with an initial positive 
voltage sweep. (g) Device-to-device “0”, “1”, and “2” tri-states variations in 109 cycles of four 
devices with initially applied positive voltage. Reproduced with permission [73]. Copyright 2019, 
Elsevier. 

Polymers could also act as matrixes for nanoparticles or quantum dots for memory 
operations. Nanoparticles usually act as a trap center in the switching layer. Kim et al. 
reported a flexible and stable memristive devices consisting of hexagonal boron nitride 
nanosheets (h-BN NSs):PMMA nanocomposites [74]. H-BN has a smooth atomic surface, 
no dangling bonds and excellent thermal stability. The strong electron binding force of h-
BN makes it suitable for use as a carrier trapping center in the memory. The device shows 
a WORM character with an ON–OFF ratio of 103. The flexible device on polyethylene 
naphthalate (PEN) substrate can maintain the memory properties over 2 × 103 bending 

Figure 6. (a) Chemical structures of PVK, PBD, and OXD-7. (b) I–V characteristics of the ITO/PVK:
25 wt% OXD-7/Al devices. (c) I–V characteristics of the devices incorporated with PVK: 24 wt% OXD-
7: 6 wt% PBD. Reproduced with permission [71]. Copyright 2021, The Royal Society of Chemistry.
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Carbon quantum dots with small size, high electron transfer efficiency, and attractive
optical properties are promising in optoelectronic applications. Lin et al. investigated
a memory device based on PVP and N-doped carbon quantum dot nanocomposites to
observe photo-tunable memory behavior [76]. The set voltages and the switching ratios
decrease with the increasing time of UV light irradiation (Figure 7e). UV light induces local
conductive amorphous carbon region, which can enhance the internal electrical field and
shorten the charge tunneling channel. As shown in Figure 7f–h, with a 9 × 9 RRAM array,
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this device can realize encrypted image storage. The inputted images of letters “L”, “I”,
and “H” were irradiated by UV light for 15, 10, and 5 min, respectively. Herein, they can be
readout through electric voltage pulses with different amplitudes on the encrypted RRAM
array. Jiang et al. reported a carbon dot:PVP nanocomposite-based RS device with silver
nanowires as top and bottom electrodes on the flexible gelatin film substrate [79]. The
memory behavior shows negligible fluctuations over 100 bending cycles. The trap-related
SCLC is attributed to the RS mechanism. The all-biocompatible materials exhibit excellent
degradability. The device can dissolve completely within 90 s after being submerged in
deionized water at 55 ◦C and degrade naturally in soil within 6 days. This work paves the
way for carbon dots in flexible and wearable green electronics.

Wearable electronic devices may be damaged under repetitious mechanical stress.
Kim’s group presented a self-healable RS device based on a composite layer composed of a
PVA matrix and imidazole-modified graphene quantum dots (IMGQD) [77]. The device
exhibits WORM behavior with a set voltage of 1.7 V. Figure 7i,j depict that the PVA–IMGQD
films can be completely self-healed after 1 h at 50 ◦C. Meanwhile, the PVA film doped with
pure GQDs does not show self-healing. The imidazole groups in the IMGQDs are the key
factor to obtain self-healing. At the crack interface of the films, the PVA–IMGQD chains
on both sides are gradually recombined due to hydrogen bonding, leading to self-healing.
When the device is completely cut off, including the ITO bottom electrode, the current will
gradually recover with the progress of self-healing. At the same time, the retention and
durability of the device are nearly unchanged. This excellent result is of great importance
for the development of portable electronic systems.

To enhance the thermal stability of the memristive device, molybdenumdisulfide
(MoS2) quantum dots with high temperature resistance and strong quantum confinement
effect were incorporated into the polyimide (PI) matrix [78]. The ITO/PEDOT:PSS/PI-MoS2
quantum dot/Al structure exhibits WORM characteristics in the voltage range from −6
to 3 V. However, the PI–MoS2 nanosheet (NS)-based devices show bipolar flash memory.
The WORM behavior is attributed to the strong binding force of the quantum confinement
effect in the doped MoS2 quantum dots. The electrons are trapped in three dimensional
directions in the quantum dots, while for the nanosheets, the electrons are only limited
in the z direction and they can be released under a certain reverse voltage (Figure 7k,l).
No significant degradation of the memory characteristics can be observed under high
annealing temperatures of 50, 100, and 200 ◦C, showing the high thermal stability of MoS2
quantum dot.

Chalcogenide-based colloidal CdSe quantum dots were embedded in PVP matrix to
enhance the switching ratio, which was reported by Sahu et al [80]. They found a nanoscale
heterostructure formed with colloidal monodispersed CdSe quantum dots and PVP, which
helps to achieve the high ON–OFF ratio of 105. The memory mechanism is analyzed from
fitting the I–V curves. The charge conduction in the HRS state is due to hot-charge-injection
and space-charge-injection conduction. This switches to Ohmic conduction in the LRS state.

Nowadays, organic–inorganic hybrid perovskites (OIHPs) have attracted increasing
attention in optoelectronic devices due to their high linear absorption coefficient, tunable
bandgap, long exciton diffusion length, high electron mobility, high crystallinity, and
solution processability [81–83]. Great efforts have been devoted to OIHP-based RS memory
devices [84–86]. Pristine perovskite or perovskite quantum dots can also be utilized in a
polymer matrix to improve the memristive behavior. In 2016, Chen et al. pioneered the use
of CH3NH3PbI3:PVK for blending active layers to construct a bulk heterojunction (BHJ)
concept as popularly used in solar cells [87]. This BHJ-based device exhibits a non-volatile
WORM memory with a large ON–OFF ratio of more than 103. PVK and CH3NH3PbI3 act as
a donor and acceptor, respectively. The intermolecular charge transfer between the donor
and the acceptor induced by the electric field has been attributed to the WORM properties.
Polymer matrix may influence the polymer–perovskite composite-based memory behaviors.
Zhang et al. compared the PMMA and polyethylene oxide (PEO) matrixes with respect
to the RS performance of Cs2AgBiBr6 double-perovskite nanofillers [88]. The PEO-based
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device does not depict significant changes in RS performance upon Cs2AgBiBr6 doping.
However, an obvious impact of 2 wt% Cs2AgBiBr6 in PMMA-based devices could be
achieved with low set and reset voltages, and a high ON–OFF ratio of 104 (Figure 8a,b).
The pristine PEO has higher ionic conductivity than that of PMMA, which is nearly an
insulator. Herein, a higher HRS current caused by ionic conductivity could be observed
in a PEO-based device. The conductivity of the polymer matrix has a crucial effect on
RS performance.
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CsPbBr3 quantum dots are easy to decompose with environmental water and oxygen.
Very recently, Jiang et al. used an amphiphilic diblock copolymer polystyrene-poly2-vinyl
pyridine (PS-b-P2VP, S2VP) to protect the CsPbBr3 quantum dots and realized a core–shell
nanosphere composite (Figure 8c), leading to a robust and light-tunable memristor [89].
The device demonstrates ultra-stable RS behavior over 5000 cycles and over 5 million
seconds, rendering it favorable for light tunability. Light and external electric fields can ef-
fectively change the resistance state of the device to realize the logical operation (Figure 8d).
This light-tunable behavior can be used in biologically visually inspired neuromorphic
computing. Simple machine learning was illustrated by simulating optoelectronic neural
network learning. They used a single-layer perceptron model to categorize 28× 28 pixels of
handwritten digital images from a National Institute of Standards and Technology (MNIST)
dataset using a backpropagation algorithm to perform supervised learning, as shown in
Figure 8e,f. After 900 training epochs, the device demonstrates a maximum recognition
accuracy of 97%, higher than the previous reports.

4. 2D Covalent Polymer-Based RS Memory Devices

Different from traditional organic polymers, 2D covalent polymers are synthesized
through covalent bonding of pre-designed molecular building blocks to form covalently
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linked networks of monomers with periodic structures in two orthogonal directions [90].
They have been successfully prepared by the Langmuir–Blodgett (LB) method, chemical
vapor deposition (CVD), and surface confined synthesis [91–93]. Covalent bonds are
very stable, rendering these polymers with high stability in many solvents and harsh
environments. Additionally, 2D polymers (2DPs) are stable in monolayers with sub-
nanometer thickness, which is similar to graphene. Hence, the monolayer 2DPs are expected
to reduce the filament length and minimize the energy to form and rupture the conductive
filaments. These unique properties of 2DPs make them promising candidates for the
advanced RS memories [94].

In 2019, Liu et al. first investigated an innovative 2DP-based non-volatile memristive
device [95]. A wafer-scale ultrathin 2D imine polymer film was synthesized through
a Schiff base polycondensation reaction from benzene-1,3,5-tricarbaldehyde (BTA) and
p-phenylenediamine (PDA) building blocks (Figure 9a). Notably, the construction of a
memory device based on 2DPBTA+PDA films presents superior RS behaviors with an ON–
OFF ratio from 102 to 105, an impressive retention time of 8× 104 s and a stable endurance of
200 cycles (Figure 9b). The superior thermal stability allows the 2DPBTA+PDA-based device
to show an increasing ON–OFF ratio with increasing annealing temperature at 300 ◦C, and
this non-volatile memory behavior is also stable in polar and non-polar solvents. A flexible
device with graphene/2DPBTA+PDA/Ag structure on a polyimide (PI) substrate exhibits
excellent memory behavior and mechanical durability over 500 bending cycles. Good
flexibility and thermal stability give 2DPBTA+PDA great potential in wearable electronics.
The Ag conductive filament resistances are responsible for the switching mechanism of this
device, which is certified by annular dark-field scanning transmission electron microscopy
(ADF STEM) and electron energy loss spectrum (EELS), as shown in Figure 9c. These
findings indicate the promising potential of 2DP thin films in next-generation memory
devices and lead to the development of reliable memory devices.

Later, to demonstrate the effect of chemical structures of microporous polymers (MP)
on the performance of memristor, they continued to synthesize two microporous covalent
polymers (MPTPA+TAPB, MPOTPA+TAPB) with tris(4-aminophenyl)-benzene (TAPB) to react
with terephthalaldehyde (TPA) and 2,5-dioctyloxyterephthalaldehyde (OTPA), as schemed
in Figure 9d [96]. The incorporation of octyloxy groups within the dialdehyde monomer
reduces the band gap and changes the pore environment. Thereafter, the HRS resistance
is reduced, resulting in an increase in the ON–OFF ratio by an order of magnitude. The
switching mechanism is attributed to the electrochemical metallized Ag conductive fila-
ments that connect the top and bottom electrodes. Their findings provide a design criterion
between molecular structures and memory properties.

Hu’s group further explored the ternary electronic memory of 2DP with 2,5-bis(3-
(9H-carbazol-9-yl)propoxy)terephthalaldehyde (TPAZ) and TAPB as monomers in 2021
(Figure 9e) [97]. The intrinsic subnanometer channel of pillar [5] arene and nanome-
ter channel of 2DP construct multilevel channels for ternary memory devices based on
2DPTPAZ+TAPB (Figure 9f). The device exhibits a high ON–OFF ratio of 1:10:103, and a
high ternary yield of 75%, as shown in Figure 9g. The 2DPTPAZ+TAPB also presents stable
flexible ternary memory after bending for 500 cycles, as well as thermal stability to a high
temperature of 300 ◦C.

The memory mechanisms of the above research are mainly based on conductive
filaments. Hu’s group integrated the conformational change mechanism in a 2DP reaction
between 2,5-bis(3-(9H-carbazol-9-yl)propoxy)terephthalaldehyde (TPAK) and TAPB [98].
By controlling the compliance current (ICC), three RS memory behaviors, including non-
volatile WORM, non-volatile FLASH memory, and volatile dynamic DRAM behavior, were
achieved with the configuration of ITO/2DPTPAK+TAPB/Au. Specifically, the devices display
volatile DRAM at ICC = 10−4 A, while they show non-volatile FLASH and WORM memory
behaviors at ICC = 10−3 and ICC = 10−1 A, respectively. Figure 9h shows the conformation
change in the carbazole groups through their rotation, leading to more regular π–π stacking,
which is confirmed by UV–Visible spectra.
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reaction of the monomers. (b) I–V curves for the ITO/2DPBTA+PDA/Ag configuration. (c) From left
to right: ADF STEM image and chemical maps of ITO/2DPBTA+PDA/Ag device in the initial and
on state. Reproduced with permission [95]. Copyright 2019, WILEY-VCH. (d) The preparation dia-
gram of MPTPA+TAPB, MPOTPA+TAPB on the solution/air interface. Reproduced with permission [96].
Copyright 2020, The Royal Society of Chemistry. (e) The preparation diagram of 2DPTPAZ+TAPB at
the solution/air interface. (f) Simulated structure of the 2DPTPAZ+TAPB material part unit. (g) I–V
characteristics of the ITO/2DPTPAZ+TAPB/Ag device. Reproduced with permission [97]. Copyright
2021, WILEY-VCH. (h) The conformation change memory mechanism. Reproduced with permis-
sion [98]. Copyright 2022, The Royal Society of Chemistry. (i) Schematic diagram of the PI–NT COF
film stacking and the ITO/PI-NT COF film/LiF/Al configuration. Reproduced with permission [99].
Copyright 2020, American Chemical Society.

In 2023, Hu’s group demonstrated highly crystalline single-layer 2D polymers (SL-
2DPs) via the condensation of TAPB and terephthalaldehyde decorated with different
lengths of alkoxy chains (TPOCx, x = 0, 2, 4, 8, 12, 16, 22) using a LB method [100]. The long
alkoxy chains were incorporated to enhance the crystalline structure of 2DP. The devices
based on SL-2DPs show an ultralow working voltage (0.6 V), good endurance (324 cycles),
and long retention times (105 s). Additionally, the device exhibits excellent mechanical
flexibility and electrical reliability. The memory behavior is still maintained under the
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strains of 2.6%. The research by Hu’s group suggests the potential for 2DP in emerging
applications such as dense data storage and ultra-thin, highly stable, flexible electronics.

The 2DPs mentioned above typically exhibit a π-conjugated structure. However,
incorporating a donor–acceptor moiety into 2DPs has been shown to result in more ef-
fective and durable RS memory behaviors. In 2020, Sun et al. demonstrated the first
donor–acceptor two-dimensional polyimide covalent organic framework (2D PI–NT COF)
films with 4,4′,4′′-triaminotriphenylamine (TAPA) and naphthalene-1,4,5,8-tetracarboxylic
dianhydride (NTCDA) as donor and acceptor, respectively (Figure 9i) [99]. The high-quality
film exhibits high crystallinity, good orientation, and tunable thickness. The memory device
shows superior WORM performance, with an ON–OFF ratio exceeding 106, a retention time
of 104 s, and high stability. Due to the donor–acceptor moieties, an electric-field-induced
intramolecular charge transfer is attributed to the memory behavior.

Li and coworkers further introduced an electron acceptor, [2,2′-bithiophene]-5,5′-
dicarbaldehyde (BTDD) or (E)-5,5′-(ethene-1,2-diyl)bis(thiophene-2-carbaldehyde) (TVTDD),
and an electron donor, 4,4′,4′′-(1,3,5-triazine-2,4,6-triyl)trianiline (TAPT), into 2D imine
frameworks to achieve COF–TT–BT and COF–TT–TVT [101]. The 100 nm thick COF–TT–BT
and COFTT–TVT films show rewritable memories with high ON–OFF ratios (105 and 104)
and low driving voltages (1.30 and 1.60 V), which are different from the WORM of 2D
PI–NT COF. The energy level alignment between the COF and the electrodes may impact
the mechanism of RS. Chen’s group developed COF-based redox activity memory materials,
namely COF–Azu, which is made by combining TAPB, azulene 1,3-dicarbaldehyde (Azu),
and TFPB–PDAN by the co-condensation of 1,3,5-tris(4-formylphenyl)-benzene (TFPB) and
p-phenylenediacetonitrile (PDAN) [102,103]. The electric-field-induced charge transfer in
the donor–acceptor structure is responsible for the memory. These results further fulfill the
application of 2D COF materials in high-performance RS memory devices.

The 2D structural homogeneity may promote effective charge transport and improve
the performance of the polymer-based memory device. To overcome the low production
yield and reliability of the device, Zhang et al. designed a 2D conjugated polymer, PBDTT–
BQTPA, composed of redox active triphenylamine moieties anchored on the coplanar
bis(thiophene)-4,8-dihydrobenzo[1,2-b:4,5-b]dithiophene (BDTT) donor and quinoxaline
acceptor [104]. The coplanar structure and ordered π–π stacking of the macromolecule
backbone render the polymer with enhanced crystalline uniformity; therefore, the produc-
tion yield rises to 90%, with switching parameter variation decreasing to 3.16–8.29% and
potential scalability changing into a 100 nm scale.

5. Biomacromolecules-Based RS Memory Devices

Biomacromolecules can be easily obtained by extraction from living organisms, with-
out needing a complex chemical synthesis route. With the advantages of biocompatibility,
environmental friendliness, and flexibility, the electronic devices based on biomaterials are
generally cost-effective, ecofriendly, and sustainable. Biomaterials show interesting appli-
cations in implantable biomedical devices. In addition, their self-decomposition behaviors
make them valuable for applications related to security circumstances. Various studies
have been devoted to biomaterial-based RS memory devices, including chitosan, starch,
lignin, protein, glucose, enzyme, and DNA [105,106].

As a common biomaterial in our daily life, egg albumen exhibits promising memristive
behavior in transparent and flexible memristor devices. A flexible polyethylene terephtha-
late (PET)/ITO/egg albumen/tungsten device (Figure 10a), shows outstanding memristive
operation under mechanical bending without significant performance degradation and
possesses a transparency of more than 90% with visible light in a wavelength range of
230−850 nm (Figure 10b,c) [107]. This device can mimic certain neural bionic behaviors
to present typical synapse performance, i.e., short-term plasticity (STP), long-term plas-
ticity (LTP), and transitions between STP and LTP. Additionally, it can be dissolved in
deionized water within 1 day. These results show that albumen-based devices are attrac-
tive as biocompatible and biodegradable electronics. As shown in Figure 10d,e, Zhou
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et al. fabricated albumen-based large-area paper substrates exhibiting both robust physical
flexibility and excellent electric properties [108]. The crossbar arrays show an ON–OFF
ratio of 104, and a retention time of 104 s even after bending 104 times. This device can
realize complete memory logic blocks containing NOT, OR, and AND gates (Figure 10f).
Wang et al. further explored egg albumen’s application in a logic circuit [109]. With the
configuration of Al/PMMA/egg albumen:Au nanoparticles/PMMA/Al, the ON–OFF
ratio is enhanced dramatically, to 2.86 × 105, compared with the device without PMMA
as insulating layer. The oxygen-vacancy-dominated conductive filaments are responsible
for the RS mechanism. The device also presents full basic logic functions, including AND,
OR, NOT, NAND, and NOR, based on auxiliary logic. By introducing multiwalled carbon
nanotubes (MWCNTs) into egg albumen, the switching ON–OFF ratio of ITO/egg albu-
men:MWCNTs/Al device increases as the concentration of MWCNTs decreases [110]. By
controlling the compliance current, the multilevel RS memory realizes 2-bit data storage to
increase the storage density. These egg-albumen-based functional materials meet most of
the required standards of electrical characteristics for an RRAM including a high ON–OFF
ratio, high electrical endurance, long retention time, fast switching speed, and low power
consumption. Therefore, it plays a pivotal role in the non-volatile memory device.

Silk fibroin is derived from natural silk. In order to improve the stability and power
consumption of silk-fibroin-based memristors, Zhang et al. doped the silk fibroin with
Ag and an ethanol-based post-treatment to form microcrystal regions in the bulk of the
silk fibroin, as can be seen in Figure 10g [111]. The microcrystal regions make the charge
carriers transport through the fixed and short paths, resulting in a high stability and low
power consumption (0.7 µW) memristor. The switching mechanism is attributed to the
SCLC mechanism. The non-linear transmission function of synapses shows the great
potential of silk fibroin in artificial synapses. Wang et al. synthesized a novel protein-based
polymer by the polymerization of silk fibroin and 2-isocyanatoethyl methacrylate [112].
The polymer acquired an analogue-type computing behavior characterized by more than
32 programmable conductance states. The analogue property does not show any depression
in ambient air for 4 months (Figure 10h–j). A physical model consisting of the trapping and
de-trapping of the injected electrons may be responsible for the analogue-type behavior. The
electrodes play a vital role in memory behavior. With a GO/silk fibroin/GO structure, Liu
et al. reported multilevel storage with binary and ternary switching behaviors in a single
device [113]. For Icc ≤ 0.01 A, the device exhibits binary switching because of the SCLC
mechanism, while Icc exceeds 0.01 A, the device changes to ternary switching behavior, due
to the SCLC and Poole–Frenkel emission mechanisms. By analyzing handwritten numbers
obtained from the Modified National Institute of Standards and Technology database, this
memristor-based ternary weight network exhibits a recognition accuracy of 92.3%, which
is better than that based on a binary neural network. This study shows the application of
silk fibroin in neural morphological computing.
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Copyright 2021, American Chemical Society. (h–j) The endurance and retention test for the analogue
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2021, The Royal Society of Chemistry. (k) The chemical structure of DNA–CTMA. (l) I–V curve of the
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(m) Schematic diagrams of keratin from human hair, the chemical bonds and structures in keratin,
and the fabrication process of FTO/keratin/Ag memory devices. Reproduced with permission [115].
Copyright 2019, The Royal Society of Chemistry. (n) Schematic diagram of a device with a crossbar
array and a cell being bent. Reproduced with permission [116]. Copyright 2023, Wiley-VCH.
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DNA molecules are complete in nature and can be easily extracted from biological
species. Since Hung et al. pioneered the investigation into the DNA-based transparent
WORM device, the DNA in RS memory have been comprehensively explored [117]. Jeng
et al. fabricated a DNA-based RRAM device with DNA–cetyltrimethylammonium (CTMA)
macromolecules (Figure 10k) [114]. The ITO/DNA–CTMA/Ag device shows low set and
reset voltages of 0.65 V and −1.25 V, respectively. Figure 10l shows that it has an ON–OFF
ratio of 102, an electrical endurance of 200 cycles, and a long retention time of 104 s. Notably,
the device exhibits a pronounced negative differential resistance (NDR) region. Multilevel
resistances can be observed by adjusting the magnitude of negative biases. The conduction
mechanism was due to the formation of a conductive Ag filament, which was ascertained
from completely studying the electrical properties at different temperatures, active layer
thicknesses, and electrode materials. This finding paves the way toward future integration
of natural DNA-based biomaterials. Abbass et al. fabricated a transparent memory device
by sandwiching a Cu2+-doped salmon DNA molecule between FTO and Pt [118]. The
device shows the set and reset voltages of −3.5 and 2.5 V, respectively. Unlike the majority
of RRAM devices, the Cu2+-doped device shows LRS initially with an ON–OFF ratio of
103, a retention time of 104 s, and an endurance of 105 pulses. The migration of Cu2+ under
externally electric power induces the RS memory. In addition, this device has good thermal
stability in the temperature range of 25 to 85 ◦C.

The human hair keratin with the configuration of FTO/keratin/Ag exhibits good RS
performance, high transmittance, as well as physically transient properties (Figure 10m) [115].
The non-volatile memory performance exhibits a resistance window larger than 103, switch-
ing ratio, and retention time of more than 104 s. The keratin-based RRAM device can
be dissolved within 30 min in deionized water. Cellulose can act as the functional layer
material in the RS layer and it can be also used as a substrate to construct a flexible
self-supporting memristor, which was studied by Xia et al. [119]. The cellulose mem-
brane/Cr/Au/cellulose/Ag/Au device presents volatile and non-volatile RS behaviors
by controlling the compliance current in the set process. Under a compliance current of
1.1 × 10−7 A, the device shows volatile threshold switching behavior with a set voltage
in the range 0.2–0.6 V. The non-volatile bipolar switching behavior can be seen with the
compliance current of 1.0 × 10−4 A, causing it to exhibit an ON–OFF ratio of 106 and
retention time of more than 1000 s. The device can work stably in the bending mode
and in the temperature range from 20 to 100 ◦C. This study provides a facile strategy for
constructing a natural polymer-based RS device.

Recently, Sun et al. studied the corn-starch-based biomaterial flexible RS device [116].
The corn starch was extracted directly from corn plants and mixed with PVDF to prepare
a flexible ITO/corn-starch:PVDF/Ag sandwich structure. The device shows a capacitive
effect at different values of Vmax. Notably, at the memory window of –12 V, the largest
switching ratio is 3.5 × 102, and almost symmetrical capacitive-coupled memristive I–V
characteristics are achieved. By applying the appropriate pulse amplitude, width, and
frequency, the device also presents synaptic behavior due to the presence of a large number
of conducting ions in the active layer. The memristive device array may be used to map
shape changes caused by subtle pressure changes through measuring the current changes,
as schemed in Figure 10n. A word, “WATERLOO”, can be sensed by writing it with a stylus
pen to record the current changes of the device cells. This work elucidates the role of corn
starch in realizing eco-friendly green wearable electronics and its potential application in
artificial intelligence.

6. Summary and Outlook

In conclusion, this review demonstrates a summary of recent progresses of polymer-
based RS memory devices, including single-component polymers, polymer mixtures, 2D
covalent polymers, and biomacromolecules. The advantages and disadvantages of these
devices are listed in Table 1. The device structures, switching types, and mechanisms are
thoroughly introduced. Based on these enlightening investigations, we have faith that the
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polymer-based RS materials and devices will open novel opportunities in the information
storage and information processing fields to realize multifunctional memristors in future
RS technology.

Table 1. Summary of the advantages and disadvantages of different polymer-based RS memory
devices.

Advantages Disadvantages

Single-component polymers
1. Easy molecule design.
2. Avoids the probability

of phase separation.

1. Switching performance
is restricted.

2. Complex synthesis
route.

Polymer mixtures

1. Electronic properties,
processability, and
mechanical flexibility
can be easily adjusted.

2. Facile thin film
preparation.

1. Phase separation.

2D covalent polymers
1. High thermal and

chemical stabilities.
2. Excellent scalability.

1. The quality of the thin
film is limited.

2. Slower write speeds.

Biomacromolecules

1. Self-decomposition,
biodegradability.

2. Environmentally
friendly.

3. Flexible.

1. A short life span.
2. Complex purification of

biofilms.
3. Poor thermal stability.

Generally, designing redox-active entities with donors and acceptors in polymer
molecules is a popular strategy for achieving switching behavior. In order to obtain high
–storage-capacity devices, a multilevel or ternary memory device is urgently needed. In
addition to the traditional compliance current control in the device testing, designing
a donor–acceptor–acceptor structure provides an innovative insight to realize ternary
memory. Moreover, the unique properties of recently developed 2D covalent polymers with
high chemical and thermal stabilities, large surface areas, and tunable electronic properties,
renders it easy to obtain high ON–OFF ratios, low power consumption, and high stability
memristors. Biomacromolecule-based RRAMs show interesting applications in mimicking
the human brain, implantable devices, memory storage, and wearable electronics. They
open a new window for the development of wearable and implantable memory devices.

Although tremendous advances have been witnessed in the investigation of switching
polymer materials, there are still some fundamental issues that need to be conquered
for further development of polymer switching. Firstly, to date, although the switching
parameters (e.g., ON–OFF ratio, operational voltage, cycling endurance, and retention
time) have been greatly improved by various methods, they are not very competitive
with inorganic counterparts. The large cycle-to-cycle and device-to-device variations in
the switching parameters result in low production yields of devices on crossbar arrays.
This is far from valuable integration into large-scale integrated circuits. The fabrication
technology of polymer memory devices is not mature enough to compete with the existing
silicon-based memory devices for high reproducibility and low-cost production. Especially
in 2D covalent polymers, achieving high-quality thin films with good reproducibility
and crystallinity remains a challenge. Secondly, the stability of polymer memory devices
is readily influenced by ambient moisture and temperature. For example, 2D covalent
polymers and biomaterials are sensitive to moisture, light, and heat. There is still a long way
for polymer materials to go with regards to commercial application, which requires more
research efforts to optimize. Thirdly, some switching mechanisms have been proposed to
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account for the polymer materials. However, a definite mechanism with both theoretical
and experimental evidence is not yet completely accepted. A deeper understanding of the
different types of mechanisms is essential for molecular structure design and modification.
For example, the charge transfer is a well-known switching mechanism in donor–acceptor
structure. However, direct physical evidence is lacking to confirm the existence of a
charge transfer state. Its long lifetime in a memory device is in conflict with the transient
spectroscopy measurements performed on solar cells. Only with a clear understanding of
the memory mechanism to guide the rational molecular structure–property relationship
can the polymer memory device make rapid progress in the future.

Emerging RS memory devices based on polymer materials have advanced rapidly
over the past years, through addressing the aforementioned scientific and technical issues.
This research needs physicists’, chemists’, material scientists’, and electrical engineers’
infinite efforts in the field of polymer materials and devices in the upcoming era of artifi-
cial intelligence.
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