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Abstract: Metal halide perovskites are currently making notable strides in the development of next-
generation optoelectronic and photovoltaic devices. Prototype lab-based devices have exhibited high
efficiencies for photovoltaic applications. However, the high performance cannot be maintained
for practically useful lengths of time due to degradation of the perovskite layer on exposure to
environmental factors such as moisture, oxygen, and heat. This limits the widespread use of these
materials in commercial devices. This review of hybrid perovskite-polymer nanocomposites begins
by highlighting the significant structural and optoelectrical properties of metal halide perovskites.
The discourse moves on to the elucidation of the deleterious effects of environmental stressors on the
movement of charge carriers in photovoltaic devices based on these materials. Various mitigatory
measures are then considered, with the narrative eventually narrowing down to perovskite-polymer
nanocomposites, where the synergistic combination of the two materials is critically analyzed. The
conclusion looks at the challenges and opportunities presented by polymer-metal halide perovskite
nanocomposites and the potential role they may play in the development of low-cost photovoltaic
and optoelectronic devices.

Keywords: metal halide perovskites; photovoltaics; perovskite solar cells; perovskite-polymer
nanocomposite

1. Introduction

Metal halide perovskites (MHPs) have emerged as excellent semiconductor mate-
rial candidates for applications in various technologies, including perovskite solar cells
(PSCs) [1-3], light-emitting diodes (LEDs) [4-6], and photodetectors (PDs) [7-9]. The
widespread interest in these materials is underpinned by several advantages, such as
their remarkable optoelectronic properties, low cost, and good solution processability. For
instance, MHPs are used as the active layer in PSCs and represent a class of materials
with a general structure ABX3, where A and B represent the monovalent cations (e.g.,
methylammonium, CH3NH3* or MA*; formamidinium, CH(NH;),* or FA*; or cesium,
Cs™) and divalent cations (lead, Pb%* or tin, Sn?*) of different radii, respectively, and X
is the halide anion (chloride, C1~; iodide, I~; or bromide, Br™). The coordination of the
X~ ions with the B?* ions results in a [BXg]*~ octahedra occupying each corner of a 3D
structural configuration, with the A-site cation filling the voids within the structure, as
illustrated in Figure 1a. Between 2009 and 2022, MHPs have shown remarkable strides in
the field of photovoltaics, wherein the power conversion efficiencies (PCEs) of solar cells
have improved from 3.8% [10] to 26.1% [11], as shown in Figure 1b. Thereby, PSCs have
emerged as potential alternatives to crystalline silicon (5i)-based single-junction solar cells
(SCs), which currently monopolize the photovoltaic (PV) industry with approximately 90%
of the market share.
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Figure 1. (a) The general crystalline structure of ABX3 metal halide perovskites [12]. (b) Evolution of
the PCEs of PSCs [10,11,13-19].

The structural and chemical configuration of some MHPs leads to impressive optoelec-
tronic properties such as direct tunable band gap energies, long charge-carrier lifetimes, a
large absorption coefficient, high ambipolar charge mobility, long carrier diffusion lengths,
small exciton binding energy, and high defect tolerance [20-23]. Recent developments
in nanostructured MHPs such as quantum dots (QDs) [24], nanosheets (NSs) [25], and
nanowires (NWs) [26,27] demonstrate that these structures exhibit strong quantum confine-
ment effects and improved optoelectronic properties compared to their bulk counterparts.
The development of perovskite opto- and nanoelectronic materials and devices enjoy much
attention in contemporary research in the field. Moreover, the rapid improvement in their
photo conversion efficiency has increased the call for the commercialization of MHP-based
PV devices.

Despite all these significant achievements in the development path of MHPs with
excellent properties, these materials still exhibit negative material attributes that limit
their widespread application in practical devices. Long-term stability issues caused by the
irreversible structural decomposition of the MHPs due to moisture, oxygen, and ultraviolet
(UV) radiation, low thermal stability, and lead toxicity have been major stumbling blocks
that limit their use, as summarized in Figure 2. The resultant functional limitations due
to these problems are elucidated further in Section 2.3 In the quest to overcome these
drawbacks and structural inadequacies associated with MHPs, several techniques have
been (and are being) developed to prepare highly stable MHP films with improved opto-
electrical performance. One approach, among others, has been to introduce suitable
polymers into the MHP matrix (or, conversely, embed MHP nanoparticles in a polymer
matrix) to form hybrid nanocomposites that combine the properties of either material in a
synergistic way.

In this review, a detailed summary of recent developments in perovskite-polymer
nanocomposites aimed at improving the stability and performance of PSCs, LEDs, and PDs
is presented. The review starts with a discussion of the chemical nature and properties
of pure MHPs of different stoichiometric configurations, followed by their environment-
induced functional inadequacies, which point to the need for alternative structures such
as hybrid perovskite-polymer nanocomposites. Fabrication techniques such as physical
and chemical anchoring of polymers onto the MHPs to form perovskite-polymer nanocom-
posites are next discussed. Several synergistic effects in perovskite-polymer systems are
then elucidated by examining the role of polymers in the improvement of the long-term
stability and performance of PSCs, LEDs, and PDs, with an emphasis on charge transport
characteristics.
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Figure 2. Schematic representation of several factors causing degradation of MHPs [28].

2. Structure, Properties, and Ambient Degradation of Perovskites
2.1. Crystal Structure

Hybrid MHPs generally have either a cubic, tetragonal, or orthorhombic crystal
structure, as illustrated in Figure 3. For instance, MAPbIj3 is known to exhibit the tetragonal
phase (a = b # c) at room temperature. At lower temperatures, the tetragonal symmetry
is broken down and the orthorhombic structure is observed (a # b # c). At temperatures
higher than room temperature, the symmetry of the structure increases, and the cubic
crystal structure (a = b = c) may result [29]. In the general ABX3 chemical formula typical of
perovskites, the A-site cation is a larger cation compared to the B-site cation. The A-site
cation occupies the cubo-octahedral site surrounded by twelve anions, while the B-site
cation occupies the octahedral site shared with six anions [30-32].

Cubic Tetragonal Orthorhombic

las
€t

a a

a=b=c a=b#c a#b#c
‘ CH4NH,* (MA Cation) ® Pb? (Lead Cation) @ ! (lodide Anion)
Figure 3. Three types of perovskite unit—cell phases of a typical organometal halide perovskite [29].

It is widely acknowledged that 3D nanostructures present a larger surface area for
photon-matter interactions when compared to lower-dimensional structures. In the design
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of new perovskite architectures for optoelectronic applications, there is a heightened focus
on 3D versions of different perovskite materials [33]. The dimensions of the perovskite
structure depend on the radial size of the A-site and B-site cations and X-site anions. A 3D
perovskite structure can be obtained when the different atomic and molecular species in
the unit structure satisfy the Goldschmidt tolerance factor (t) [34], defined as:

t=(ra+rx)/[v2 (g +1x)] 1)

in which ry4, rp, and rx refer to the ionic radius (r) of A, B, and X, respectively [34]. Gen-
erally, most MHP materials preserve the 3D architecture and are formed in the range
of 0.81 <t < 1.1. Specifically, ideal cubic structures are found within 0.9 < ¢t < 1.0, and
orthorhombic or rhombohedral structures can be found in the range 0.71 < t < 0.9 [30-37].
When t < 0.71 or t > 1, other crystal structures, such as hexagonal and A4;BX¢-type struc-
tures, may be formed. When ¢ < 0.7, the A-site monovalent cation is too small to form
the perovskite due to distortion of the structure. If t > 1, the A-site cation is too large,
leading to alternative structures [38,39]. The octahedral factor, defined as y = rg/rx, can
be employed to assess the suitability of the B-site divalent cation to form into the [BXg]*~
octahedron. This factor should vary between 0.44 and 0.90 in order to form a stable cubic
perovskite structure [36—40]. Therefore, the combination of Goldschmidt’s tolerance factor
and octahedpral factor allows for the screening of probable 3D perovskite structures from a
plethora of possibilities. Figure 4 shows the tolerance factors vs. octahedral factors graph
for 12 of the most common MHPs [40].
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Figure 4. The estimated t and y factors for 12 common metal halide perovskites [40].

2.2. Optical and Electrical Properties

Hybrid MHPs have exhibited excellent optical properties that have proven pivotal
in numerous light-related applications, including PDs, LEDs, and PV cells. They have
notable intrinsic properties such as: (1) high photon absorption coefficient (10*~10°> cm™1);
(2) tunable band gap (1.28-1.55 eV); (3) large diffusion length for charge carriers
(100 nm-100 pm); (4) ambipolar carrier transport ability; and (5) high charge carrier mo-
bility (100~1000 cm?V ~!s~1) [41]. These classes of perovskite also exhibit high photolumi-
nescence yield and lifetime. All these properties depend, in one way or another, on the
crystal structure and chemical composition of the material. For instance, Hong Noh and
colleagues [42] successfully demonstrated that lattice parameters and band gap energy
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have a linear relationship with the halide content in MAPb(I; _Bry)3, as shown in Figure 5.
Through band gap engineering, the optical absorption of MHPs can be tuned to specific
optoelectronic and PV applications [42,43]. The band gap can also be modulated by ad-
justing the morphology of the MHPs. The Lai et al. [27] study demonstrated that MHP
NWs exhibited a lowering of the band gap from 2.78 to 1.76 eV with a higher photolu-
minescence compared to their planar configuration [27]. According to density functional
theory (DFT) analysis, the perovskite band structure near the band edge is governed by
the [BX¢]*~ octahedra [44,45]. Substituting the B-site cation and X-site anion can shift the
band energy levels, which leads to a change in the bandgap energy. The valence band
(VB) maximum contains antibonding states derived from the hybridization of the B metal
s-orbitals and the halide p-orbitals, while the conduction band (CB) minimum is made up
of the interaction between the B metal s-orbitals and X s-orbitals. Therefore, the B—X bond
length is considered important in determining the optical band gap of MHPs [44,46-50]. It
is found that defect states within MHPs are formed in the CB and VB band energy levels,
but the bandgap of MHPs is defect- or trap-site-free. Interstitial and anti-site defects are
uncommon in MHPs and do not affect the radiative recombination processes, thus making
MHPs highly defect-tolerant materials [50].
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Figure 5. (a) Crystal lattice parameters and (b) band gap energy as a function of the halide (X) content
in the mixed halide MHPs [42].

MHPs have excellent electrical properties that have proven invaluable for electrochromic,
photo-sensing, and PV applications. The charge carrier mobility is found to be rela-
tively high in these compounds. For instance, the electron mobility is estimated to be
~66 cm?V~1s~! for MAPbI;3, ~103 cm?V~!s~! for FASnI3, ~270 cm?V~!s~! for MASn( 5Pbg 513,
~536 cm?V~1s~1 for CsSnl;, and ~2320 cm?V~!s~! for MAPbSnl3, while the hole mobility
is estimated to be ~322 cm?V~!s~! for MASnI; and ~520 cm?V~!s~! for CsSnl; [51,52].
The charge carrier mobility of MHPs is dependent on the different morphologies of the
MHP crystals [27,53]. Various large crystals of MAPbX; have exhibited higher charge
carrier mobilities than the original estimates of 25 cm?V~!s~! and 66 cm?V~'s~! for thin
films and pressed pellets, respectively [53]. MAPbXj crystals grown from hydrohalic acids
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have shown a mobility of ~164 cm?V~!s~! and a charge diffusion length of 175 pum [54].
This value far exceeds the diffusion length obtained in thin films prepared under the
“MAPDI3 «Cly” protocol (~1 um). Single-crystalline MAPbX3 grown from hydroiodic acid
(HI) has exhibited a record mobility of ~800 cm?V~!s~! within the first few femtoseconds
of photoexcitation [55]. According to Stoumpos et al., (2016) [53], Sn-containing MHPs have
exhibited high electron mobilities, with the highest reported values of ~585 cm?V~!s~!
and ~150 cm?V~1s~! for CsSnl; and MASnI3, respectively [52,53]. Similar to the optical
properties, the charge transport properties are linked to the composition and thickness
of the MHP thin films. Zhang et al. (2014) [56] demonstrated that the charge transport
properties of all-inorganic CsSnlj perovskite thin films increased proportionally with film
thickness. The study showed that the hole mobilities at room temperature increased from
~3 to0 20 cm?V~1s~1 as film thickness increased from 150 to 600 nm [56]. Additionally,
migration of the halide ion within the MHP led to unusual electrical behavior caused by
the presence of native point defects or lattice distortion [57-59]. This unusual electrical
behavior could be attributed to the photocurrent hysteresis, which impacts the stability
of the MHP solar cells. Hoke and co-workers (2014) [60] illustrated the occurrence of
serious phase segregation in mixed halide MAPbBr,I5_, films under illumination. The
study showed a splitting of X-ray diffraction (XRD) peaks, which is consistent with photo-
induced halide segregation. The red shift in the photoluminescence spectrum (PL) upon
illumination resulted in a reduced electronic band gap and split quasi-Fermi level, leading
to a lowered open-circuit voltage in solar cells [57,61]. This photo-induced instability is
expected to impact the operation and reliability of other optoelectronic devices made from
MHP materials [56].

2.3. Deleterious Effects of Environmental Factors

Despite the numerous advantages associated with MHPs, there are several drawbacks
hindering widespread commercial applications of MHP-based devices. Current research
efforts in PSCs are largely focused on enhancing their long-term environmental stability due
to the vulnerability of the active perovskite layer to environmental factors such as moisture,
heat, air/oxygen, and UV light [28,32,61]. Effective device design strategies to work around
functional inadequacies due to these environmental stressors require thorough elucidation
of the degradation mechanisms and structural defects that they cause. The following
sub-sections highlight some of the main problems caused by environmental factors in metal
halide perovskites.

2.3.1. Moisture

Moisture is one of the key factors that accelerates the decomposition of MHPs. Typ-
ically, organic cations MA* and FA™ are hygroscopic and hydrolyze in the presence of
moisture [61,62]. The acidic nature of MA leads to the formation of H3O" ions by breaking
the bond between the A-site and B-site components of the MHPs [28,61]. Studies suggest
that exposure to moisture leads to the formation of a hydrohalic acid (HX; X =1, Cl, or
Br), which is soluble in water [28,31,32,41,59,61-63]. Although small amounts of water
are required to deprotonate the organic A-site (MA™), excess water will be required to
completely dissolve HX and MA byproducts for the degradation reaction to continue. The
degradation process that occurs due to the presence of water is a series of self-sustaining
closed-loop reactions. Trace amounts of water will result in partial decomposition of the
MHP, and byproducts will reach equilibrium. Excess amounts of water will completely
degrade the MHP to form metal halide (MX3) [41,63]. The following reactions denote the
possible degradation mechanism in the presence of water [63]:

ABX; <+ AX + BX, @)

AX > A* + HX 3)
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4HX + Oy <3 2X, + 2H,0 @)

2HX <+ X, + Hy (5)

where A, B, and X represent the inorganic or organic A-site monovalent cation (FA*, MA™,
and Cs*), metal B-site divalent cation (Pb%* and Sn**), and halide monovalent anion
(Br~, Cl7, and I7), respectively. When a MHP is exposed to moisture, it will lead to the
decomposition of ABX3 into AX and BX; (as shown in Equation (2)). In an aqueous solution,
the AX can further decompose to form the A and HX solutions (see Equation (3)) [41]. The
acidic HX can further compose in two ways: (a) by reacting with the atmospheric O, to
form X, and HyO, which make the reaction self-sustaining; and (b) by decomposing with
UV light irradiation to form X, and H; gas [41].

2.3.2. Oxygen

Most MHPs have demonstrated good resistance to oxygen when left in the dark, clearly
indicating the relative stability of most MHPs in their ground state. However, the MHPs
can quickly decompose in the presence of both oxygen and light. For instance, Pearson
et al. [64] report that MAPbI3-containing devices exhibited a 20% absorber degradation
within the first few hours of sun exposure in the presence of oxygen. It is believed that
the photodecomposition reaction mechanism in the presence of oxygen is dictated by
defects such as iodide vacancies [61,65]. The diffusion of molecular oxygen into the bulk of
MAPbI; films happens immediately upon exposure and is complete within an hour. The
oxygen is usually absorbed and diffused through iodide vacancies at both the surface and
bulk of the MAPDI; crystallites. The iodide vacancy densities have been predicted to be
inherently high and can be generated quickly when photo-activated [61]. These vacancy
sites occupy a similar volume to oxygen, which allows for an easy pathway for oxygen
into the MHP lattice. At the vacancy site, molecular oxygen acts as an electron trap site in
the conduction band of an MHP. The trapped electrons are responsible for the formation
of highly reactive superoxide anions (O ™), which initiate an acid-base reaction with the
acidic A-site cation in MHPs. Furthermore, eO, ™ reacts with the A-site cation in MHPs
to give HyO, a deprotonated A-site gas, and BXj; as a product [61,66]. Sn-based MHPs
are less stable to oxygen than lead-based MHPs and can oxidize in the dark due to the
susceptibility of Sn(II) to easily oxidize to the Sn(IV) state. For instance, MASnI; PSCs have
demonstrated rapid degradation when exposed to air for even several seconds [67]. The
typical oxidation mechanism of MHPs is:

2ABX3+0y — 2AX + BXy + BO, (6)

The formation of BX, is the driving factor in the oxidation of Sn-based MHPs. The
reaction proceeds by minimizing the amount of broken B—X bonds, thus allowing for a
low-energy pathway to oxidation of the MHP layer in PSCs. The oxidation pathway can
only occur if there are multiple adjacent [BX4]*~ octahedra accessible to the migration of
iodine from one metal atom to another to form BO, and BX4. However, this oxidation
pathway can be slowed down by reducing the formation of BX, due to the fewer available
[BX¢]*~ octahedra. A common technique used to reduce the formation of BX, involves
introducing a second metal into the B-sites of MHPs. This reaction pathway will form X,
alongside BO, and MX>:

2AB1_XMX X3 + Oz — 2AX + BOZ + MXZ + X2 (7)

This reaction pathway requires breaking twice as many B-X bonds, leading to higher
activation energies. A strategy that involves mixed B-site compositions could result in
enhanced material stability.
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2.3.3. UV Light

Though many studies have previously reported that in the absence of both oxygen and
moisture, most MHPs can maintain their photocurrent for hundreds of hours upon light
exposure, there is evidence of significant changes in MHPs during light exposure, including
halide segregation, ion migration, and compositional degradation [32,61].In addition to
the MHP absorber layer, the charge transport layers used in PSCs are also susceptible to
photo-induced instability. Titanium dioxide (TiO,) electron transport layers (ETLs), for
instance, have exhibited extreme instability towards UV light even in inert operational
conditions [32,61,67]. Leijtens et al. [67] describe the rapid decay in open circuit voltage
and photocurrent of TiO;-containing PSC devices within hours of UV light exposure
in inert environments [67]. According to the degradation pathway, the induced rapid
recombination usually occurs across the MHP-HTL or TiO,—~MHP interface, where the
changes in the charge transport layer result in drastic losses in device performance. Upon
UV light exposure, the photo-generated holes react with the absorbed oxygen on surface
oxygen vacancies, thereby acting as deep trap sites that lead to charge recombination [67].

2.3.4. Heat

Most MHP crystal structures are highly sensitive to heat due to a series of successive
phase transitions in the MHP crystal structure as the temperature increases. At low temper-
atures (T < —110.9 °C), MHPs exhibit a distorted orthorhombic crystal structure [68]. As the
temperature increases, they show a tetragonal phase at mid-range temperatures (T = —110.9
to 54.4 °C) and then an ideal cubic phase at higher temperatures (T > 54.4 °C) [69]. However,
further increases in temperature causes structural decomposition that produces volatile
A-site and HX compounds. The thermal stability of MHPs has serious implications for the
sustainability of continuous exposure to sunlight, which could affect the crystal structure
and phase of the MHPs. Therefore, the annealing temperature (60-150 °C) and time (10 min
to 2 h) have become important in attaining the desired phase for the long-term stability
of MHPs [41,69]. The hole transport layers (HTLs) in MHPs-containing PV devices are
also susceptible to thermal instability since the majority of these HTL materials are organic
materials such as poly(3,4-ethylenedioxythiophene) (PEDOT) and 2,2’,7,7'-Tetrakis[N,N-
di(4-methoxyphenyl)amino]-9,9’-spirobifluorene (Spiro-OMeTAD). Thermal instability of
these materials becomes more pronounced when a multi-functional additive such as 4-
tert-butylpyridine (tBP) and lithium bis-trifluoromethanesulfonimide (Li-TFSI) is used to
improve the conductivity [70-73]. Spiro-OMeTAD has been reported to degrade at high
temperatures via multiple mechanisms. The additive tBP used in Spiro-OMeTAD and
poly(triaryl amine) (PTAA) HTL materials can evaporate at temperatures as low as 85 °C,
and Spiro-OMeTAD can crystallize within a few hours at 100 °C, thereby degrading the
PV cell efficiency [73]. Researchers have reported the formation of voids in devices using
Spiro-OMeTAD with tBP and Li-TFSI additives at 80 °C for one hour, even in devices
without an MHP layer [73].

2.4. Perovskite-Polymer Nanocomposites for Improved Stability

Recently, polymer/MHP nanocomposites have been proposed by research groups
for application in several PV devices, including flexible PV cells, LEDs, and PDs. Poly-
mer/MHP nanocomposites have shown favorable properties that can help mitigate the
drawbacks found in MHP-containing devices that lead to energy loss in the cell. Since
the main energy losses within MHP-based devices can be attributed to non-radiative re-
combination, affecting the charge transport processes, the dominant sources responsible
for the non-radiative recombination losses in PSCs are defect capture and mismatched
energetic alignment at the interfaces [41]. Therefore, efficient control of the trap density and
modification of the interfacial properties will prove pivotal in alleviating the undesirable
effects originating from the interfacial recombination losses [74]. The trap site-induced
non-radiative losses could lead to an accumulation of charge carriers and impair the op-
toelectronic properties of PSCs, LEDs, and PDs [61,74-77]. In terms of long-term device
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stability, the non-radiative recombination centers potentially serve as the ion migration
pathways and adsorption sites for water and oxygen in air, thereby accelerating the degra-
dation of the MHP layers and metal contact corrosion [61]. Moreover, the defect sites can
trap the charge carriers and may promote the deprotonation of the organic A-site cation
by the electrical field [28]. The instability of the molecular components in MHP films
further hinders device durability and environmental resistance. To improve the practical
use of MHPs, some degree of protection against decomposition in the ambient environment
is required.

Over the last few years, the development of protective strategies has shown promising
results in improving the long-term stability of MHP devices. These strategies include:
(1) protective coatings; (2) cross-linking of ligands; and (3) polymer blends [78]. Polymeric
materials possess several advantages for both interfacial passivation and environmental
tolerance due to their low cost, low toxicity, high transparency, high polarity, and facile
film fabrication [71,78,79]. Reported work on polymeric passivation layers shows that
introducing a thin layer of polymer at the MHP-ETL interface greatly reduces the work
function of the metal oxide ETL due to the formation of an interfacial dipole without
affecting the morphology, transparency, or hydrophilicity of the ETL [77], thereby reducing
the degradation at the MHP-ETL interface. Further, since most MHPs are known to be
highly susceptible to environmental stressors, particularly water from the environment,
which leads to the degradation of the MHP layer to form metal halide and organic salts,
polymeric materials can offer steric resistance against external stressors due to their strong
hydrophobicity and low volatility [80].

It is worth noting that polymeric additives can be an effective method to mitigate the
above-mentioned drawbacks of MHPs. Some polymeric materials, such as polystyrene
(PS) [78], poly(methyl methacrylate) (PMMA) [74,78,80], poly(vinylpyrrolidone) (PVP) [81-83],
polyvinylidene fluoride (PVDF) [84], and polyaniline (PANI) [85,86], have been used as
protective polymer films in PSCs. These polymers have been used to not only passivate the
surface defects but also block atmospheric moisture, which improves the stability of PSCs
even in high-humidity environments. Figure 6 denotes the typical perovskite-polymer
nanocomposites for the design of PV cells.
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Figure 6. Perovskite/polymer nanocomposite-based PV cells: (a) polymer-perovskite composite
cross-linker [87]; (b) schematic architecture diagram of the PV devices fabricated from MAPDbI3
and PTB7-MAPbI3 composite, respectively [88]; (c) PVP-modified MAPDbI3-xClx nanocrystals for
semitransparent solar cells [89].
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3. Fabrication of Polymer-Perovskite Nanocomposites

Polymer/MHP nanocomposites exhibit simultaneous size and morphology control,
enhanced stability, and suppressed solid-state agglomeration [78,84,90,91]. In addition to
improved environmental stability, PV devices prepared using polymer/MHP nanocompos-
ites possess processing flexibility, stretchability, and self-healing properties inherited from
the polymers [81,92,93]. There are many strategies that have been proposed and adopted
by researchers for the preparation of polymer/MHP nanocomposites for PV applications,
including LEDs, PDs, PSCs, and lasers. Some of these fabrication techniques are discussed
in the section below.

3.1. Blending Polymers with MHP Nanocrystals

Physical blending of MHP nanocrystals (NCs) with a plethora of polymer solu-
tions, such as PMMA, PS, poly(styrene-ethylene-butylene-styrene) (SEBS), and poly(lauryl
methacrylate) (PLMA), has been explored to form nanocomposite materials with enhanced
stability and processability for PV devices [92,94]. Many MHP-polymer nanocomposites
are prepared through modified spin-coating approaches to produce films with uniform
size, thickness, and morphology [74,85,94,95]. Physical blending has been viewed as a
simple, effective, and scalable technique for the large-scale commercialization of MHP-
polymer nanocomposites. For example, Kafetzi et al. [94] demonstrated physically blended
MAPDbBr3 /poly(methyl methacrylate-co-(dimethylamino) ethyl methacrylate) or P(MMA-
co-DMAEMA) hybrid nanocomposite with improved optoelectronic properties. The copoly-
mer was prepared separately via conventional free radical polymerization and dissolved in
toluene. The MAPbBrj colloids were prepared by dissolving in N,N-dimethylformamide
(DMEF), and then the colloids were added to the copolymer solution to form the MHP-
polymer colloidal system, as shown in Figure 7. The study found that the self-organization
of PIMMA-co-DMAEMA) random copolymer in toluene results in the formation of nanoag-
gregates, where the DMAEMA parts make up the nanoparticle core and the MMA units
are the corona. Adding MHP-DMEF solution to the colloid copolymer solution results in
the encapsulation of the MHP nanocrystals into the DMAEMA matrix, while the MMA
functions as a colloid stabilizer. The MAPbBr;/P(MMA-co-DMAEMA) solution exhibited
improved stability lasting for more than a month in some instances [94].

PbBr, P(MMA-co-DMAEMA)
+ Random copolymer

S A7 Yo
A-4 -4

Figure 7. Preparation of perovskite/polymer nanocomposites by physical blending [94].

CH3NH3BI3
Solutlon in
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Hybrid
Perovskite/copolymer
solution

Another physical blending strategy for the fabrication of MHP/polymer nanocompos-
ites is the “swelling-shrinking” technique [92,93]. Polymer chains will swell and expand
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when they encounter good solvents, thereby letting the solvents and solutes into the poly-
meric matrix [92]. Generally, the expansion is often reversible through the deswelling
or shrinking process when the solvent is evaporated. The swelling-shrinking technique
involves exploiting the differences in the solubility of polymers in certain solvents. The
technique can achieve well-dispersed, passivated MHP NCs embedded in the polymer ma-
trices. As a result, the MHP /polymer nanocomposite films possess high photoluminescence
efficiency, color purity, and enhanced stability against heat and water exposure [94].

Electrospinning is another physical blending technique that is widely used to fabricate
one-dimensional fibrous nanomaterials. Electrospinning can be used to convert nanofibers
into light-emitting devices for flexible or wearable electronic products. This technique can
be used to prepare fibrous MHP/polymer nanocomposites for PV applications due to their
light weight, flexibility, controllable properties, and low cost [81,82,95].

3.2. In-Situ Formation of Perovskite in Polymers

Premade MHP nanocrystals can be exposed to solvents and environments during pro-
cessing, leading to progressive deterioration of the crystal structure prior to incorporation
into the polymer matrix. Sometimes, the surface ligands on MHPs and the polymer matrix
can be incompatible, which may inhibit high-quality and uniform nanocomposite film
formation without phase separation. Therefore, it is sometimes advisable to synthesize the
MHP nanocrystals within the polymer matrix by controlling solvent evaporation. Typically,
MHP-polymer nanocomposites are prepared by dissolving a mixture of perovskite precur-
sor and polymer in a suitable solvent and then drop-casting or spin-coating onto a glass
or plastic substrate. The coated substrate then undergoes a two-stage controlled solvent
evaporation process [92]. In the first stage, the solvent is rapidly and partially removed
by vacuum drying, leading to polymer crystallization and the formation of multi-colored
or transparent thin films. The residual solvent within the polymer matrix has been found
to inhibit the simultaneous crystallization of MHP nanocrystals, leading to a uniform
distribution of the MHP precursors [92]. The second stage then involves the slow drying of
the residual solvent in ambient conditions, which gradually leads to the encapsulation of
the MHP nanocrystals in the polymer matrix. In Masi and co-workers’ study [90], in-situ
synthesized MHP /polymer nanocomposites exhibited films with uniform size and distri-
bution of MHP nanocrystals in the polymer matrix, due to a strong interaction between
A-site cations in the precursor and functional groups of the polymer. Particularly, the
hydrogen bonds were found to be responsible for the interaction between the A-site cation
and the polymer. Furthermore, the basic nature of the ester moieties, steric hinderance, and
hydrogen binds of donor or acceptor groups in polymers govern this polymer interaction
with the A-site cation. Further, the MHP /polymer nanocomposites exhibited improved
moisture stability when compared to pristine MHPs [90].

Hu and co-workers [96] successfully prepared MAPbBrs /poly(2-methoxyethylacrylate-
co-N-isopropylacrylamide) nanocomposites with luminescence and self-healing properties
using an in-situ synthesis engineering technique. As shown in Figure 8a, the copolymer
was prepared by a modified bulk copolymerization method, where the co-monomers were
mixed in a glass bottle while stirring in ice water. The copolymerization process was
initialized by tetramethyl ethylenediamine (TEMED) and potassium disulfate (K;S;Og)
and allowed to proceed for a further 24 h at 25 °C. Thereafter, the copolymer was dispersed
into a mixture precursor solution comprising MABr,, PbBr,, oleic acid (OA), and oleyl
amine (OAm) in the solvent N,N-dimethylformamide (DMF). The resultant solution was
cast or spin-coated onto a glass substrate and dried in a vacuum oven at 25 °C. Data from
XRD, HRTEM, FTIR, and XAFS demonstrated that the copolymers act as a unique matrix
to control the growth process of MAPbBr3 nanocrystals, resulting in smaller MAPbBr3.
Furthermore, the luminescence and self-healing properties of the nanocomposites were
attributed to the surface interaction between MAPbBr; nanocrystals and the functional
groups of the copolymer [96]. The study proposed that the copolymer chain could anchor
on the MAPbBr; NCs surface through a coordination bond between its carboxyl group
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and the Pb?* of MAPbBr; NCs, as well as the hydrogen bond between the protonated
acylamino in the polymer and the Br~ of MAPbBr3 NCs, which improves the crosslinking
density in the nanocomposites [96].
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Figure 8. In-situ preparation of perovskite/polymer nanocomposites by (a) solution processing [96];
(b) polymer melt encapsulation [80]; and (c) “swelling-shrinking” encapsulation technique [97].

A study by Wang et al. [80] also demonstrated that CsPbBr3-PQDs/PMMA nanocom-
posites could be prepared via the in-situ polymeric melt encapsulation method, as shown
in Figure 8b. The PQDs/polymer nanocomposites were prepared by mixing Cs-, Pb-, and
Br-containing precursors into a pastel and mortar. The PMMA was added to the solid-state
solution, and the solid mixture was ground into a fine powder. The precursor powder was
then melted at 180-220 °C for 30 min and rotated at 200-800 rpm under ambient conditions.
Afterward, the melt was cooled and injected into plates using a flat nozzle. The prepared
CsPbBr3-PQDs/PMMA nanocomposite showed excellent photoluminescence performance
of ~82.7% PLQY with a ~18.6 nm full width at half-maximum (FWHM) of PL peak, and the
charge carrier decay was calculated to be 32.5 ns, indicating an improved charge lifetime
compared to pristine PQDs. After 90 h of UV irradiation or 35 days of heating at 60 °C, the
luminous intensity remained almost unchanged. Additionally, after soaking in water for
15 days, the composite retained up to ~53% of the initial luminous intensity, demonstrating
long-term stability against UV irradiation, heat, and water [80].

Other techniques that combine “swelling-shrinking” encapsulation and electrospin-
ning techniques can be utilized for the in-situ synthesis of MHP nanocrystals within a
polymer matrix, as shown in Figure 8c. By blending the perovskite precursors instead of the
MHP itself, MHP crystal decomposition can be prevented. Typically, perovskite precursors
and selected polymers are mixed in a solvent to form a homogeneous solution. Following
that, the solution is dropped onto specific substrates to give thin-film nanocomposites
without the addition of poor solvents such as toluene and hexane. The evaporation of
the solvent induces the fast crystallization of MHP and nanocrystals within the shrunken
polymer matrices [97]. The electrospinning method can be used through the incorporation
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of perovskite precursors in polymers to form fibrous MHP-polymer nanocomposites. Usu-
ally, the perovskite precursors are simultaneously and coaxially electrospun in solvents,
which facilitates the in-situ crystallization of MHP nanocrystals within the polymer after
evaporating the solvents [93]. The morphological and photophysical properties of the
MHP nanocrystals inside the fibers are effectively modified by controlling the composi-
tion and stoichiometry of perovskite precursors, polymer loading, solvent composition,
and concentrations.

3.3. Simultaneous Synthesis of Perovskite and Polymer Polymerization

The agglomeration of MHP nanocrystals is usually caused by the high surface-to-
volume ratio, which results in high surface energies. Therefore, polymers have been widely
used in the colloidal fabrication of MHP /polymer nanocomposites to stabilize the MHPs’
surface. Chemically anchoring polymers onto MHP nanocrystals can eliminate phase sepa-
ration between polymers and the MHPs due to their strong chemical interactions, which
gives a different product from physical blending [78,90]. This can be achieved through
in-situ synthesis of the MHPs in a pure monomer solution, followed by polymerization of
the monomer via thermal- or UV-light-induced photopolymerization [78]. This chemical
anchoring of the polymer onto the MHPs has been seen to lead to improvements in the
structural integrity and stability of MHP /polymer nanocomposites when compared to
pure MHPs. Moreover, these nanocomposites have been found to be highly soluble in
organic solvents, which makes them relatively highly solution-processable.

4. Charge Transport Properties of Polymer-Perovskite Nanocomposites

The preceding section cites a few examples of the improved stability of perovskite-
polymer nanocomposites against environmental stressors such as moisture and oxygen.
The polymer matrix serves to passivate surface defects that act as charge trap centers that
degrade device efficiency in PSCs. Wang et al. reported that amine-functionalized cycloben-
zene molecules favor charge carrier transport and surface or interfacial passivation [98].
These molecules combine a hydrophobic benzene ring and a 7 conjugate structure with an
amino group that can implant the molecule into the B—X structure through coordination
with the B-site ions or hydrogen bonds [76,99]. Particularly, conjugated polymers can
assist in band energy level alignment, which allows effective charge separation at the
MHP /polymer interface and increases charge carrier lifetime. The n-conjugated system,
which involves double and single bonds in these polymers, is crucial in enhancing the
charge transfer process and tuning the bandgap of the polymer via the substitution of
various functional groups [86,92,99].

Conducting polymers can provide uniform coverage or encapsulation of MHP nanopar-
ticles due to their good solubility in polar solvents through a reduced contact angle. Con-
jugated, moisture-resistant polymers like polyaniline can double up as protective layers
and as charge-transport layers [86,92] when doped with organic acids. Protection through
surface passivation and energy band alignment have been shown to be key to the improve-
ment of the optoelectronic properties of MHP /polymer nanocomposites by promoting
charge carrier transport. For instance, Yu and co-workers [100] demonstrated highly ef-
ficient MHP nanocrystal LEDs (PeNLEDs) with improved long-term stability prepared
by the drop-casting method. Their study revealed that the CsPbBr3:PMMA composite
film exhibited a maximum luminance of 637 cdm~2 (at 6.4 V) and an EQE of 0.25% (at
5.0 V) with a low turn-on voltage. The prepared composite film showed the formation of a
monolayer of CsPbBr; nanocrystals without particle agglomeration. Further analysis of the
PMMA matrix with the imbedded CsPbBrz nanocrystals revealed a uniform morphology,
longer charge carrier lifetimes, and improved resistance to air exposure [100].

MHPs inherently possess a highly brittle crystal structure and exceedingly low cohe-
sion energy and inevitably suffer from decreased fracture resistance and high mechanical
instability. Research shows that the MHPs’ structural deficiencies cannot be overcome
by reducing surface and bulk defects, so external reinforcements of MHPs using poly-
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mers could offer advantageous mechanical properties [79,82]. Incorporating MHPs within
low-elastic moduli polymers has been found to allow for sufficient plastic deformation to
dissipate strain or external mechanical energy under varied temperatures, which increases
fracture energy [79,82]. Further, hydrophobic functional groups of some polymers prevent
moisture and oxygen from accessing adsorption sites in MHPs to trigger structural and
charge transport degradation, which may negatively affect the performance of devices
like perovskite-based solar cells [79]. In MHP/polymer nanocomposites, specific spatial
organization of MHP nanocrystals within the polymer matrix has been found to affect
polymer-MHP nanocrystal interactions and significantly enhance not only the structural
and mechanical properties but also the optical properties [79]. For instance, Xin and co-
workers [78] successfully prepared CsPbBr3-PMMA, CsPbBrz-PBMA, and CsPbBr3-PS
composites with high and stable luminescence. Their study revealed that the prepared
composites were highly luminescent, with excellent performance in the photoluminescence
spectra and high PLQYs (>60%) for bulk materials.

Carrizo et al. (2021) [93] demonstrated lead halide perovskite-polymer nanocompos-
ites prepared by casting or spin coating to produce a high fluorescence yield and a fully
water-resistant material. The group successfully produced MAPbBr;-HDA@PPGly/PSU
films containing well-dispersed ~10 nm MAPbBr3; nanocrystals that retained a bright green
fluorescence emission even after eighteen months under air conditions or water immersion
up to 45 °C. From water contact angle measurements, profilometry, and X-ray photoelec-
tron spectroscopy data, it could be assumed that the slightly hydrophobic PSU polymer
was responsible for the high water stability of the fluorescent films, which prevented
MAPDbBr;-HDA nanocrystal degradation. Their work showed that the dispersion of the
MAPDbBr3-HDA in dissolved commodity polymers holds great promise for the long-term
stability of these composites for the future development of wearable electronic devices and
other waterproof applications [93].

In PSCs, polymer additives have shown promising results in improving not only
the PV cell efficiency but also the enhanced protection against environmental stressors.
For instance, Jiang and colleagues [101] successfully demonstrated a high-performance
polymer-doped MAPbI; perovskite in a PV device, as shown in Figure 9. The authors found
that the long-chain polymer helps to form a network among the perovskite crystalline
grains, leading to improved film morphology and device stability. The dewetting process
was greatly suppressed by the cross-linking effect of the polymer chains, thereby resulting
in uniform perovskite films with large grain sizes. Moreover, it was found that the polymer-
doped perovskite shows a reduced trap-state density, likely due to the polymer effectively
passivating the perovskite grain surface. Meanwhile, the doped polymer formed a bridge
between grains for efficient charge transport. Using this approach, the PV cell efficiency
was improved from 17.43% to as high as 19.19%, with significantly improved stability [101].

Besides the improved PV cell efficiency, incorporating MHPs into polymer matrices
could result in enhanced protection against environmental stressors such as moisture
and oxygen/air, thereby enhancing long-term PV device stability. Wang and co-workers
(2016) [88] prepared a polymer-perovskite composite-based PV cell with increased perfor-
mance stability. According to the study, the poly[[4,8-bis[(2-ethylhexyl)oxy]benzo[1,2-b:4,5-
b’]dithiophene-2,6-diyl][3-fluoro-2-[(2-ethylhexyl)carbonyl]thieno[3,4-b]thiophenediyl]]
(PTB-7)-modified MAPbI; composite-based PV cell maintained its original open circuit
voltage (Voc) value after 920 h of storage, while the V¢ value for pristine perovskite PV
cell started dipping after 360 h to ~90% of its original V¢ value after 528 h of storage, as
see in Figure 10a. The short circuit density (Js¢) of the PTB7-MAPbI; composite PV cells
exhibited no change prior to the 528th hour and maintained ~93% of its original value after
the 920th hour, while undoped PV cells showed a noticeable decline after 360 h and ~31%
of their original value was observed after 528 h of storage (Figure 10b). Simultaneously,
the PCEs of the PTB7-MAPbI; composite and undoped PV cell are recorded in Figure 10c.
The PBT7-MAPbI3 composite PV cell maintained ~92% and ~85% of the PCE values after
528 and 920 h of storage, respectively, while the undoped PV cell exhibited a decrease in



Photonics 2023, 10, 1242

15 of 22

the PCE value to ~79% and ~21% after 168 and 528 h of storage. The fill factor (FF) of the
PBT7-MAPbI; composite PV cell retained more than 90% of the original FF value, while
the undoped PV cell FF value reduced to ~47% of its original value after 528 h of storage
(Figure 10d). Therefore, one of the main factors in the degradation of the PV solar cells can
be attributed to the decrease in Jsc that could be caused by the alternation or decompo-
sition of perovskite material in the photoactive layer. The degradation of PBT7-MAPbI;
composite and undoped PV cells was studied at ambient air and ~35% moisture content.
The results show no significant changes in the Vo value after 172 h of exposure. The Jsc,
PCE, and FF values for both PV cells exhibited a gradual reduction with exposure. After
172 h of exposure, the PBT7-MAPbI; composite PV cell maintained ~68%, 64%, and 75%
of the original Jsc, PCE, and FF values, respectively. While ~37%, 18%, and 43% of the
Jsc, PCE, and FF, respectively, were preserved for the undoped PV device after the same
period [88].
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Figure 9. Polymer /perovskite nanocomposites as photoactive layers in PV cells: (a) cross-sectional
scanning electron microscopy (SEM) micrograph of the polymer-perovskite nanocomposite-derived
PV cell; (b) effect of different polymer additives on the PV cell performance; (c) effect of polymer
loading on the PV cell performance; and (d) comparison between the undoped and optimized
polymer-doped PV cells for both forward and reverse bias [101].

Similar observations were noted by the Han research group [87] in 2019. The group
prepared polymeric Lewis-base-containing perovskite films with higher environmental
stability. According to the data, the bare MAPbI; films exhibited severe decomposition
under harsh environmental conditions (relative humidity, or RH, of 70 & 5% for 150 h; light:
AM 1.5 G for 2 h; and T: 100 °C in Nj for 66 h), as Figure 11a—c. However, poly(propylene
carbonate) (PPC, [C4HgO3]n)-modified MAPbI; films maintained relatively high amounts
of the perovskite compared to that of bare MAPbI; films. A further increase in the polymer
loading resulted in a significant decrease in the perovskite film degradation. Residue
polymeric Lewis bases in the perovskite films could also be effective in passivating the
defect sites at grain boundaries with high-binding energies. The improved environmental
stability can be attributed to the addition of the PPC and its inter-granular cross-linking
phenomenon, which minimizes the inter-granular electrical decoupling. Moreover, the PV
cell performances of the cross-linked PPC-modified PSCs exhibited significantly superior
resistance against similar harsh environmental conditions. As a result, all the PV cell
parameters of the devices, including Jsc, Voc, and FF, were enhanced, and the highest PCE
of 20.06% (stabilized efficiency of 19.48%) was achieved alongside significantly improved
ambient and operational stability, as denoted in Figure 11d—f [87].
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Figure 11. Environmental stability and photovoltaic performances. XRD spectra of bare MAPbI; and
PPC-MAPDI; films against: (a) moisture (RH: 70 + 5%); (b) light (AM 1.5 G); and (c) heat (100 °C);
(d) photovoltaic parameters of PSCs with the addition of different polymeric Lewis bases: Jsc, Voc,
FF, and PCE. Each box chart includes the minimum, lower quartile (lower horizontal line), median
(middle horizontal line), mean (hollow square), upper quartile (upper horizontal line), maximum,
and discrete data; (e) current density—voltage (J-V) characteristics; and (f) PCE evolution in ambient
conditions as a function of time of MAPbI3-based solar cells without and with PPC [87].
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Polymer-modified perovskite nanocomposites have also shown remarkable long-term
performance stability, making these materials very important in not only PV cells but
also in the development of LEDs due to their high color purity, tunable band gap, low
nonradiative recombination rates, and high electron-hole mobility [80,102]. For instance,
Cai and colleagues [102] demonstrated an efficient LED with pure-red emission based
on polymer-assisted in-situ growth of high-quality all-inorganic CsPbBry¢l, 4 perovskite
nanocrystal films with a homogenous distribution of nanocrystals with sizes 20-30 nm, as
shown in Figure 12a—c. With this method, we can dramatically reduce the formation temper-
ature of CsPbBr( ¢l 4 and stabilize its perovskite phase. Eventually, the team successfully
demonstrated a pure-red-emission perovskite light-emitting diode (PeLED) with a high
external quantum efficiency (EQE) of 6.55% and luminance of 338 cd/ m?. Furthermore, the
device obtains an ultralow turn-on voltage of 1.5 V and a half-lifetime of over 0.5 h at a
high initial luminance of 300 cd/m?.
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Figure 12. (a) Schematic diagram of polymer-induced in situ perovskite nanocrystal formation
process; (b) photos of CsPbBrg¢l, 4 thin films with various concentrations of PEOXA under day-
light (upper one) and UV light (below one): (¢) LED performance of the PEOXA-CsPbBrg¢l; 4 thin
films. [102].

Polymer-perovskite nanocomposites improve long-term photoluminescence stability
against environmental stressors. For instance, Su and colleagues [80] prepared a CsPbBrs;
PNC/polymer composite by PNC dispersion and UV-induced chemical crosslinking, as
shown in Figure 13. The optimal poly, /CsPbBrs PNCs composite film showed a high PLQY
of 82% comparable to CsPbBrz PNCs suspension, along with a high surface superhydropho-
bicity. This film exhibited a high PL intensity (90% of the original value) after air-aging for
60 days. Its surface superhydrophobicity was attributed to the use of VI-PDMS monomers
for achieving high micro-nano surface roughness and low thin-film surface energy. A
white-LED device was well built using this optimal poly, /CsPbBr; composite film, and
its color coordinates (0.343, 0.334) can be close to standard white light. The promising
backlight display application of the optimal film was verified. The innovation of the cur-
rent study is the simultaneously-achieved high PL and surface hydrophobic properties of
composites. This study will provide a simple approach for improving the PL stability of
PNCs by preparing polymer-based composite films with high surface hydrophobicity for
modern LED devices [80].
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Figure 13. Schematic diagram of a polymer/CsPbBr3 PNCs nanocomposite-based white LED device,
including PL performance over a period of time, wet contact angle vs. PDMS content, and CIE
coordinates [80].

5. Conclusions and Future Perspectives

In conclusion, this review highlights the distinctive characteristics of halide perovskite
materials that have made them topical materials in the fields of photovoltaics and opto-
electronics. The major stumbling blocks to the realization of commercial devices from
these materials are briefly described, leading to the discussion of environmentally resistant
device materials and/or architectures. More specifically, this discussion zooms in on recent
progress in the preparation of MHP /polymer nanocomposites to minimize the perovskite’s
susceptibility to environmental factors such as moisture, air/oxygen, UV radiation, and
heat. Passivation of the perovskite component by the polymer and the hydrophobic nature
of most polymers are some of the desirable properties that the nanocomposite inherits from
the synergistic combination of the two materials. It has been demonstrated that the charge
transport properties (e.g., carrier lifetime) of the nanocomposite materials improve through,
for example, the annihilation of defect trap centers through surface passivation. Band
alignment when using conjugate polymers is another way in which the lifetime of charge
carriers is enhanced. Other notable changes that the review makes mention of include
enhanced luminescence stability and improved moisture resistance.

Despite the rapid growth in this field, several issues still need to be elucidated. For in-
stance, most polymers are non-conducting by nature and may have a negative effect on the
overall optoelectronic properties of MHPs. Hence, the composition and molecular weight
of the polymer become important parameters for the manipulation of the interactions and
self-assembly of MHP-NCs. Where non-conducting polymers are used, it may be advisable
to use the polymer purely as an encapsulating matrix. One way of doing this could be to
grow nanowires of the perovskite active layer inside ion-track-etched membranes of the
polymer material. Continued progress in the synthesis and fundamental understanding
of the composition-structure-property relationships of different device architectures may
open new avenues for widespread applications of MHP-NC/polymer nanocomposites in
PSCs, LEDs, and PDs. It is hoped that this review adds to the contemporary discourse
aimed at the development of efficient, low-cost photovoltaic devices and systems based on
MHP-NC/polymer nanocomposites.
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