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Abstract: Perovskite solar cells (PSCs) suffer from a quick efficiency drop after fabrication, partly
due to surface defects, and efficiency can be further enhanced with the passivation of surface defects.
Herein, surface passivation is reviewed as a method to improve both the stability and efficiency
of PSCs, with an emphasis on the chemical mechanism of surface passivation. Various molecules
are utilized as surface passivants, such as halides, Lewis acids and bases, amines (some result in
low-dimensional perovskite), and polymers. Multifunctional molecules are a promising group of
passivants, as they are capable of passivating multiple defects with various functional groups. This
review categorizes these passivants, in addition to considering the potential and limitations of each
type of passivant. Additionally, surface passivants for Sn-based PSCs are discussed since this group
of PSCs has poor photovoltaic performance compared to their lead-based counterpart due to their
severe surface defects. Lastly, future perspectives on the usage of surface passivation as a method to
improve the photovoltaic performance of PSCs are addressed to provide a direction for upcoming
research and practical applications.

Keywords: perovskite solar cells; efficiency and stability; passivation mechanisms; surface defects;
Sn-based perovskite

1. Introduction

Organic-inorganic perovskite has the chemical formula of ABX3, where A is a large
cation (MA™ (methylammonium) or FA* (formamidinium)) or a small cation of Cs*, B is
the central metal ion (Pb?* or Sn?*), and X is a halogen ion (Br—, CI~, or I7). It consists of a
BX¢*~ octahedral cube with A cations between the cubes [1]. Organic-inorganic perovskite
is usually chosen due to its low-cost solution processing and the feasibility of tuning the
bandgap; however, it has the critical disadvantage of sensitivity to ambient environments
and degradation [2]. A perfect crystalline structure is not always achieved, and imperfect
lattices with defects such as vacancies, interstitials, antisites, interrupted lattices at the
surface, or grain boundaries with undercoordinated ions and dangling bonds exist, as
shown in Figure 1 [3]. Defects such as undercoordinated halogen ions, lead ions, Pb-I
antisites, iodine, methylammonium (MA™), and formamidinium (FA*) vacancies exist at
the grain boundaries. Due to these defects, the surface and grain boundaries are susceptible
to external factors such as light, heat, water, oxygen, etc. [4]. These defects trap charged
carriers, which reduces the charged carrier lifetime and diffusion length [5]. Consequently,
defects act as the primary sites for non-radiative recombination, which is the leading
cause of reduced fill factors (FFs) and an open-circuit voltage (Voc) [6]. In other words,
surface defects on perovskite film reduce the efficiency and stability of PSCs. Therefore,
many methods are utilized to combat the effects of an imperfect lattice, such as surface
passivation [7-9], an additive to the perovskite precursor solution or antisolvent [10,11],
and interface engineering [12,13]. Because defects on the film surface are the leading cause
of reduced stability and efficiency, surface passivation is one of many solutions available to
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increase the power conversion efficiency (PCE) and durability of PSCs. A vast variety of
materials are used for surface passivation, such as small molecules and polymers. Although
this review only focuses on perovskite-based solar cells, surface passivation strategies have
also been applied to other emerging thin-film solar cell technologies, such as organic solar
cells [14,15].
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Figure 1. Illustration of surface defects in PSCs [3]. Diagram (a) shows a lattice without any defects.
Diagrams (b,c) demonstrate Pb%* and I~ vacancies, respectively; diagrams (d,e) illustrate interstitial
Pb?* and I3~ ions, respectively. Diagram (f) illustrates the antisite substitution of Pb-1. Lastly,
diagrams (g,h) show the grain boundary of perovskite crystals and dangling bonds on the surface of
perovskite, respectively.

To thoroughly delve into the role of surface passivants of PSCs, this review will
investigate common categories of surface passivants: materials that form low-dimensional
perovskites, small molecules (halides, Lewis acids and bases, amines, and multifunctional
molecules), and polymers. Each of these materials utilizes a differing chemical mechanism
to passivate the surface defects of perovskite films, which will be explored in detail in their
respective sections. Examples of PSCs with these passivants are provided in each section,
along with the fundamentals and limitations of each type of passivant. In addition, this
review explores the surface passivants of Sn-based PSCs, as Sn-based perovskites contain
more surface defects as compared to their lead-based counterparts. However, they are
eco-friendly and widely used in tandem solar cells. By examining the surface passivants of
PSCs from a chemical standpoint, the extensive review seeks to inform readers about the
possibilities of surface passivation as a method of improving the photovoltaic performance
of PSCs.

2. Materials That Result in Low-Dimensional Perovskite

Low-dimensional (LD) perovskites are used due to their beneficial effects on the
stability and efficiency of PSCs. LD perovskites are divided into 0D, 1D, and 2D structures
according to their size and shape [16]. For applications in PSCs, 1D and 2D perovskites
are often utilized. One-dimensional structures are depicted by nanorods and nanowires,
while 2D structures are represented by nanoplatelets and flat layered structures [17,18].
Because of the differences in the size and dimension of these LD materials, as shown in
Figure 2, a quantum size effect is present [19]. In other words, LD perovskites have differing
electron energy levels and bandgaps compared to their 3D counterparts. Researchers use
these vastly different properties of LD perovskites as a method of surface passivation
for perovskite film. For instance, LD perovskites have fewer dangling bonds and more
exposed AX layers than 3D perovskite crystals [20]. This leads to the enhanced stability
of the resulting device. Furthermore, it is common for LD layers to act as a buffer layer to
prevent humidity-induced degradation of the 3D perovskite layer [21]. However, a common
problem in LD perovskite films is that the transportation of the charged carriers is inhibited
by molecules forming the LD perovskite due to their long alkyl chains. Additionally, LD
perovskite has a larger bandgap, and the mobility of its charged carriers has decreased
compared to that of its 3D counterpart [22]. Therefore, it is essential to choose a suitable
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LD perovskite-forming molecule to gain the benefits of the LD layer while avoiding the
negative effects.

Figure 2. The chart showcases the shapes and the chemical structures of the LD perovskites [19]. 1D
perovskites are represented as nanorods. Two-dimensional perovskites are displayed as a flat layer or
nanoplatelets. Lastly, 3D perovskites are shown as a solid material with their three dimensions in
length, width, and height.

2.1. One-Dimensional Perovskite

The 1D /3D heterostructure of the perovskite layer is utilized for the advantageous
effect of the 1D perovskite, acting as a barrier to prevent humidity and heat from degrading
the 3D perovskite layer [23]. Consequently, the stability of the perovskite film is enhanced
when 1D perovskite is formed on the 3D perovskite [24]. Moreover, the 1D perovskite layer
can passivate defects on the surface and grain boundaries of the 3D perovskite crystals,
which enhances the overall photovoltaic performance of the resulting PSC.
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To utilize the benefits of a 1D perovskite layer, Zhou et al. applied 2-amidinopyridine
hydrochloride (2AP) as a surface passivant to form a 1D /3D heterostructured perovskite
layer [25]. The nitrogen atom in pyridine allows the ring to have a strong Lewis acid-base
reaction with positively charged defects such as undercoordinated Pb?* ions. 2AP has a
relatively large moment of dipole, which results in a significant interaction between the
perovskite and 2AP. The addition of 2AP to the perovskite results in a homogenous layer
of 1D perovskite on the 3D perovskite. This 1D perovskite passivates grain boundary
defects, enhances the humidity stability of the resulting device by causing the film to be
more hydrophobic than before the 2AP treatment, and improves the interface with the hole
transport layer (HTL) due to the smooth surface morphology. The resulting device, with a
structure of glass/ITO/SnO,/Pbl,FAMA /2AP/Spiro-OMeTAD/ Au, demonstrated a PCE
of 24.55% with enhanced stability in high-humidity environments.

Although many of the effects of 1D /3D heterostructured perovskite are advantageous,
as seen above, some disadvantages are caused by the LD perovskite layer. For example, the
formation of 1D perovskites could interfere with charge carrier transport. As a result, some
groups have discovered ways to reduce the negative effects while utilizing the benefits of
the LD perovskite layer. For instance, Cha et al. utilized pyridinium bromide (PyBr) to
form a 1D/3D perovskite heterostructure [26]. The IPA-dissolved PyBr was spin-coated
on FAMA Pbl;_,Br, perovskite film, which formed pyridinium-based 1D perovskite, as
shown in Figure 3. This is due to the difference in the size of the ions of the perovskite (FA*
and MA™*) and the pyridinium ion. Because the pyridinium ion is larger in size compared
to FA* and MA* ions, 1D perovskite is formed. This newly formed LD perovskite layer
matches the lattice of the 3D perovskite, which leads to the enhanced alignment of the
energy band. Additionally, the pyridinium ion does not interfere with the extraction and
transportation of charged carriers because it is relatively small. The resulting device, with
a structure of glass/ITO/SnO, /Pbl;PbBrsFAMA /PyBr/Spiro-OMeTAD/Au, had a PCE
of 23.74% with enhanced humidity tolerance. In short, this group carefully chose their
surface passivant to form 1D perovskites and prevent the LD layer from interfering with
the movement of charge carriers.

Br

Nt
Ny Pyridinium
| _] bromide

Figure 3. The illustration showcases the process and the chemical structure of the 1D/3D heterostruc-
ture formed by pyridinium bromide [26]. PyBr is spin-coated on the 3D perovskite on top of the
SnO; electron transport layer (ETL) and ITO. This leads to the formation of 1D perovskite on the 3D
perovskite layer, which is shown above.

In a similar fashion, Gu et al. used benzamidine hydrochloride (BHCI) to form a
modified 1D perovskite layer on the FAMAPbI;_,Cl, perovskite film [27]. As mentioned
above, a common problem that LD perovskite films have is that the transportation of
charged carriers is inhibited by the fully covered LD perovskite on the 3D perovskite film.
Accordingly, BHCI was spin-coated on the FAMAPbI;_,Cl, perovskite film to form a 1D
perovskite layer with a similar structure to a net. The addition of the BHCI passivated
the surface defects of 3D perovskite without fully covering the film to enhance the charge
transport. Similarly, when growing an LD perovskite layer across all the film, the BHCI-
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induced, discontinuous 1D perovskite layer improved the hydrophobicity of the film.
The resulting device, with a structure of glass/FTO/SnO,/Pbl,PbCl,FAMA /BHCl/Spiro-
OMeTAD/Au, had a PCE of 24.6%. Instead of relying on the size of the ions from the
surface passivant to prevent interference with the charged carrier movement, this group
discovered a way to form a discontinued, net-like, structured LD layer to make the most of
the benefits of the LD layer while avoiding the negative side effects.

In short, the formation of 1D perovskites on the 3D perovskite absorber layer, intro-
ducing a surface passivant, is a promising technique to improve the efficiency and stability
of PSCs. However, the 1D/3D heterostructured perovskite layer has adverse effects, such
as the reduced extraction and transportation of charged carriers. If researchers can discover
a way to lessen these effects, such as forming a net-like structured 1D perovskite layer or
utilizing a surface passivant with ions that are relatively small to avoid interference with
the charged carrier transport, the benefits of the 1D perovskite layer can be employed to
their fullest potential.

2.2. Two-Dimensional Perovskite

The 2D /3D heterostructure of perovskite film is utilized due to its advantageous
effects of 2D perovskite acting as a layer to block the 3D perovskite from humidity and
oxygen, decrease the migration of ions, increase the hydrophobic qualities of the film, and
increase the formation energy [28]. The heterostructure introduces new energy levels to
increase the charge extraction and transport. As stated in the previous section, there are
many defects on the surface and grain boundary of the film [29]. As a result, any measure
to renovate the surface defects improves the quality of the perovskite film, which increases
the efficiency and stability of the overall PSCs.

Many groups have investigated the usage of octyl ammonium iodide (OAI) as a
passivant of PSCs. For example, Jeong et al. used OAl as a passivant and formed a 2D/3D
heterostructured perovskite in PSCs with a structure of glass/FTO/c-TiO;, /m-TiO, /Fo-
FAPbI; (FAHCOO added perovskite) /OAI/Spiro-OMeTAD/Au [30]. The ammonium
salt passivated the FA* vacancies and reduced the non-radiative recombination caused
by excess lead iodide. Furthermore, the FAPbI3 perovskite film was doped with pseudo-
halide anion formate (HCOO™) to reduce the vacancy of anions at the surface and grain
boundaries of the film. The resulting device had a certified PCE of 25.2% and more
normalized PCEs when exposed to 20% relative humidity and 65 °C for 1000 h than the
untreated device. Although OAI resulted in PSCs with high PCEs in the aforementioned
group, Wang et al. found a differing result. In contrast to the previous studies, this study
found a decrease in PCE when glass/FTO/SnO, /CsFAMAPbI;/OAl/Spiro-OMeTAD/Au-
structured PSCs were treated with OAI [31]. The authors theorize that although OAI
passivates undercoordinated vacancies at the surface of CSFAMAPbI; perovskite film, the
long alkyl chain of OAI causes an increase in carrier transport resistance. There was a
reduction in PCE from 18.63% in the control devices to 17.72% in the OAl-treated devices.
A significant decrease in the average open-circuit voltage (Voc) and fill factor (FF) of
OAl-treated devices was also observed, which is seen in Figure 4.

However, this does not rule out the possibility that OAI is an effective passivant of
PSCs, as Choi et al. discovered a way to utilize the benefits of OAI without the adverse ef-
fects of the long alkyl chain of OAI [32]. Choi et al. deposited aluminum oxide (AlO) on OAI-
treated PSCs with a structure of glass/FTO/c-TiO, /mp-TiO, /FAPbI; /OAl/ AlO/Spiro-
OMeTAD/ Au to exploit the benefits of OAI as a passivant without the negative side effects.
The aluminum ions from AlO diffused into the perovskite, which led to the consistent
transportation of charged carriers. Light-induced 2D perovskite was also formed, which
reduced the degradation of PSCs induced by light. The resulting device had a PCE of
23.75% and maintained a normalized PCE of 95% when exposed to 1 SUN continuous
illumination for 1000 h, as seen in Figure 5. In short, OAl is a beneficial surface passivant of
PSCs if the adverse effects of the long alkyl chain increasing the carrier transport resistance
can be hindered.



Energies 2024, 17, 5282 6 of 24

24

&

£ 20

<«

E 16-

%g Spiro-OMeTAD

2 12- | .

S - FAI(OAINA)

s —

% 8 1 Csy.05FA 60MA 35PbI;

= SnO,

= 4

O FTO/Glass
0 ¥ T ¥ T T T T T T T T
0.0 0.2 0.4 0.6 0.8 1.0

Voltage (V)

Figure 4. The figure above displays the decrease in short-circuit current density (Jsc) and open-circuit
voltage (Voc) when devices were treated with OAI [31]. The Jsc decreased from 22.84 mA-cm 2 of
the control sample to 22.68 mA-cm 2 of the sample with OAI treatment. The Vo also reduced from
1.05 V of the control sample to 1.03 V of the OAI sample. Additionally, the diagram within the J-V
curve shows the structure of the device: glass/FTO/SnO,/CsFAMAPbI;/OAl/Spiro-OMeTAD/Au.
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Figure 5. Graph D demonstrates how the normalized PCE of PSC treated with OAI and AlO
was higher than those of the control and PSC with only OAI when exposed to 1 SUN continuous
illumination for 1000 h in ambient conditions [32].
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Other molecules than OAI are used by many researchers to create a 2D /3D heterostruc-
tured perovskite layer. For example, Luo et al. utilized hexylammonium bromide (HABr)
dissolved in Cl,-dissolved chloroform to passivate the 3D perovskite absorber layer and
form a 2D/3D heterostructure on the 3D perovskite layer [33]. The dissolved Cl, interacted
with the 3D perovskite, which led to an ionic exchange of chlorine and iodine and addi-
tional bulk grain growth. The resulting chlorine ions passivated the defects at the grain
boundaries of the perovskite layer. Moreover, HABr formed a 2D /3D heterostructure on
the surface of the perovskite absorber, which led to a high-quality perovskite film with
reduced surface defects and an increase in the size of the grains. HABr-treated PSCs with a
structure of glass/ITO/SnO, /CsFAMAPbI;_,Bry/HABr with Cl,-CF/Spiro-OMeTAD/Ag
had a PCE of 24.21% with significantly higher stability than the control device.

Similarly, Yoo et al. utilized n-hexylammonium bromide (n-HABr) as a passivant of
the perovskite (FAMAPbI; with a trace amount of MAPbBr3) film of PSCs with a structure
of glass/FTO/SnO, /KCl/FAMAPbI; with MAPbBr; /n-HABr/Spiro-OMeTAD/ Au [34].
The alkylammonium bromide formed a 2D perovskite layer on the 3D perovskite film,
which resulted in a longer carrier lifetime compared to the control. The trace amount of
MAPDbBr; added to the perovskite led to the diffusion of Br™ ions in the perovskite film,
with MACI being slowed, which resulted in a growth in the size of the grains and the
lifetime of the charge carriers. Additionally, this group tuned the deposition of SnO; to
create an optimized ETL and passivated the interface between the SnO, ETL and perovskite
film with KCl, which will be further explored in Section 3.1. The resulting device had a
certified PCE of 25.2%. It can be seen that the 2D perovskite layer enhances the size of the
perovskite crystals, which leads to an improvement in the lifetime of charged carriers. This
method has great potential to further improve the photovoltaic performance of PSCs, as
the results are promising, with a PCE of over 24%.

Additionally, 2D perovskite layers can also improve the alignment of energy bands
between the perovskite layer and the HTL. For example, Tan et al. investigated the usage
of long-chain dodecylammonium halides (DACI, DABr, and DAI) as surface passivants of
CsFAMAPbDI3-based PSCs [35]. All three of these halides can form 2D /3D heterostructures,
but the layer formed by DACI was the most effective at passivating surface defects, increas-
ing the extraction and transportation of charged carriers, and enhancing the alignment of
the energy band between the HTL and the perovskite layer. The result from X-ray photoelec-
tron spectroscopy confirmed that DACI interacted with undercoordinated Pb?* ions, and
the results from X-ray diffraction proved that the DA, PbCly 2D perovskite layer formed
once the perovskite layer was treated with DACL. As shown in Table 1, the DACI-treated
device with a structure of glass/ITO/SnO, /CsFAMAPbI3 /DA, PbCly /Spiro-OMeTAD/Ag
resulted in a PCE of 23.91% and a normalized PCE of 95% after 1000 h of humidity aging at
room temperature.

Table 1. Lists of different passivators used to passivate the CSFAMAPDI; perovskite layer and the
resulting Jsc, Voc, FF, and PCE [35]. The Js¢ increased from 24.69 mA-cm~2 of the control sample
to 24.80 mA-cm 2 of the sample with DACI treatment. The V¢ also improved from 1.132 V of the
control sample to 1.174 V of the DACI sample. Moreover, the fill factor increased from 81.01% of the
control to 82.11% of the DACI sample. Lastly, the PCE followed the same trend as the Jsc, Voc, and
FF, as the control PCE was 22.66% and the DACl-treated PCE was 23.91%.

PSCs Jsc [mA cm—2] Voc [V] FF [%] PCE [%]
Control 24.69 1.132 81.01 22.66
DACI 24.80 1.174 82.11 23.91
DABr 24.97 1.165 81.76 23.78
DAI 24.79 1.163 81.29 23.45

Similarly, Li et al. used 4,4-difluoropiperidine hydrochloride (2FPD) on 3D CsFAMAPbI;
perovskite to form a 2D perovskite layer [36]. The resulting (2FPD),Pbly or 2D perovskite
improved the energy-level alignment at the interface between the 3D perovskite layer
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and HTL, enhancing the transport of charged carriers. Furthermore, it passivated surface
defects on the perovskite layer by donating a lone pair of electrons to undercoordinated
Pb?* ions and forming hydrogen bonds with the iodine of the perovskite. The resulting
device, with a structure of glass/FTO/MeO-4PACz/CsFAMAPbI; /2FPD/PCBM/BCP/Cu,
had a certified PCE of 24.38% with improved humidity and thermal stability compared to
the control, as shown in Figure 6. In other words, not only does the 2D perovskite layer
improve the crystallinity of the resulting perovskite film, reducing the defects, but it also
improves the energy band alignment between the perovskite layer and the HTL to further
enhance charge transport, improving both the efficiency and stability of the PSC.
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Figure 6. The graphs above illustrate the improved normalized PCEs of 2FPD-modified PSCs [36].
Graph (a) demonstrates how PSC with 2FPD had a normalized PCE of 86.5% after being exposed
to 85 °C for 500 h in Nj in the dark compared to the control, which had a normalized PCE of 63.3%
under the same conditions. Graph (b) shows how 2FPD-modified PSC had a higher normalized PCE
of 90.7% compared to that of the control devices, at 77.6%, when exposed to 1 SUN illumination in
N, for 1000 h.

Some researchers opted to use a combination of different molecules to form 2D per-
ovskite crystals. The first molecule passivates the surface defects; then, the second molecule
passivates defects at the grain boundary. For instance, Gong et al. employed both 2-
thiazolamide hydrochloride (SFACI) and methylamine sulfate (MA;SOy) as passivants
for a Cs—Pb-mixed perovskite layer [37]. The addition of SFACI to the perovskite layer
formed a 2D/3D heterostructure: SFA,;Pbl; and CsPbl;. This is due to the significant
polar properties of SFACI and the interaction between the sulfur from SFACI and the
undercoordinated Pb?" ion from the perovskite layer, which increases the size of the per-
ovskite grains. As shown in Figure 7, MA,SO4 was added to the film after SFACI was
spin-coated on the perovskite layer, which induced the formation of PbSOy. This resulted
in the passivation of defects at the grain boundaries, which caused the charged carrier
lifetime to increase. The resulting device, with a structure of glass/ITO/PTAA/PEAI-
CsFAMAPDI;_,Bry/SFACI/MA,SO4/PCBM-Cqo/Zr(acac)s/Au, had a certified PCE of
23.02%. As described above, using two different molecules not only passivated the surface
defects on the 3D perovskite film but also passivated the dangling bonds at the grain
boundary of the 2D perovskite layer.

In short, a 2D /3D heterostructured perovskite layer is used by many researchers as
it improves the alignment of energy bands, enhances the crystallinity of the film, and
passivates defects at the surface and grain boundaries of the film. Although some materials
have been found to have adverse effects when used as a surface passivant to form the 2D
perovskite layer, if optimized accordingly, the materials that form 2D perovskite crystals
have promising uses in future endeavors.
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Figure 7. The diagram above illustrates the structure of the 2D /3D heterostructure of perovskite when
passivated with SFACI and MA;SO; [37]. SFACI causes growth in the grain sizes of the perovskite,
while the MA,SO; passivates defects on the grain boundary. The resulting PCEs of the device with
these passivants are listed in the graph on the right: 21.94% with CsFA, 23.19% with CsFAMA.

3. Small Molecules
3.1. Halides

Undercoordinated halide anions are one of the main defects on the surface of per-
ovskite films [38]. These defects can trap positively charged holes, resulting in non-radiative
recombination and a reduced photovoltaic performance [39]. Halogen bonds (XB) can pas-
sivate these defects and enhance the structural order of the perovskite, which results in an
increase in the efficiency and stability of PSCs.

It is common for halides, such as those with chloride and bromide ions, to take advan-
tage of their ability to passivate iodine vacancies and undercoordinated Pb?* ions as surface
passivants of perovskite films. For example, Shao et al. utilized bis(2-chloroethyl)ammonium
chloride (B(CE)ACI) as a surface passivant between the FAMA Pbl; perovskite film and
the Spiro-OMeTAD HTL [40]. The symmetric geometry of the B(CE)A™ cation assisted in
the passivation of undercoordinated Pb?* ions on the perovskite film, as the symmetrical
geometry results in a stronger dipole moment at the terminals of the halide compared to
asymmetric 2-chloroethylammonium cation (CEA*). The dipole moment was created by
the halogen anion, C1~, and the ammonium group, which is positively charged. Therefore,
there was a better alignment of the energy band between the perovskite film and the HTL,
an enhanced extraction of holes, and reduced t non-radiative recombinations. The resulting
device, with a structure of glass/FTO/SnO,/FAMAPbI3/B(CE)ACl/Spiro-OMeTAD/ Au,
had a PCE of 25.6% and enhanced stability compared to the control.

Similarly, Chen et al. utilized 1-methyl-3-benzyl-imidazolium bromide (BzMIMBr) as
a surface passivant of FAPbIs perovskite film [41]. The Br~ ions and nitrogen atoms
from BzMIMBr passivated iodine vacancies and undercoordinated Pb2* ions, respec-
tively, on the surface of the perovskite film. An interesting finding from this study is
that not only did the BzZMIMBr passivate surface defects, but it also passivated defects
at the grain boundaries in the bulk perovskite. The resulting device, with a structure of
glass/FTO/5SnO, /FAPbl; /BzMIMBr / Spiro-OMeTAD/ Au, had a PCE of 25.3% with better
stability than the control device.

Additionally, Liu et al. utilized Cs3MnBrs:Ce>* nanocrystals and 1H,1H-perfluorooctylamine
iodide (PFOAI) as surface passivants of PSCs [42]. The nanocrystal was utilized to pas-
sivate the interface between the SnO, ETL and the perovskite layer, and the PFOAI was
used to passivate the interface between the perovskite layer and the Spiro-OMeTAD
HTL. The nanocrystal enhanced the surface morphology of the SnO, layer, which re-
duced the likelihood of FTO coming into contact with the perovskite layer. However,
PFOALI is hydrophobic due to the use of functional groups with fluorine, which en-
hances the humidity stability of the resulting device. Additionally, the incorporation
of the halide salt resulted in the passivation of iodine vacancies on the surface of the per-
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ovskite film and an enhancement in the alignment of the energy level for the improved
extraction and transportation of charged carriers. The resulting device, with a structure
of glass/FTO/SnO, / CssMnBrs:Ce?* /CsFAMAPDI;PbBr; /PFOAL/ Spiro-OMeTAD/Ag,
had a PCE of 24.24%. It can be seen from the previous examples that utilizing halides on
Pb-based perovskite films when Spiro-OMeTAD is used as the HTL is significantly effective
at improving the photovoltaic performance of the resulting PSCs. This can be attributed to
the ability of these halides to act as surface passivants to form halogen bonds and enhance
the structural integrity of the perovskite crystals.

On the other hand, some researchers utilized halides to passivate the interface between
the ETL and perovskite layer. For example, as stated in Section 2.2, Yoo et al. utilized KCl
as a surface passivant of the interface between the SnO, ETL and PbI,FAMA perovskite
film [34]. In addition to the n-HABr forming a 2D perovskite layer on the perovskite
film, KCl reacted with undercoordinated Sn** ions and passivated oxygen vacancies that
were prominent on the surface of the SnO; layer. This resulted in a much more stabilized
ETL with reduced defects at the ETL and perovskite layer interface, which led to the
increased extraction and transportation of electrons. The resulting PSCs, with a structure
of glass/FTO/SnO,/KCl/PbI,FAMA with MAPbBrs /n-HABr/Spiro-OMeTAD/ Au, had
a certified PCE of 25.2%. In other words, not only are halides a beneficial passivant of
the interface between the HTL and the perovskite layer, but they also have advantageous
effects as a surface passivant of the interface between the SnO, ETL and the Pb-based
perovskite layer. Because one of the main issues with SnO, ETL is the degradation resulting
from oxidation’s reaction with the perovskite layer, KCl, and other halide salts are materials
with great potential for improving the efficiency and stability of PSCs with metal oxide
charge transport layers.

3.2. Lewis Acids and Bases

Lewis acids and bases are used for their interaction with surface defects. For example,
Lewis acids can accept electron pairs and form acid-base complexes without transferring
electrons through covalent bonding. This suggests their potential to passivate negatively
charged defects, such as PbI3~ antisites and I~ excess [2]. On the other hand, Lewis bases
can donate electron pairs and passivate positively charged defects, such as undercoordi-
nated positively charged Pb?* ions and lead interstitials [43-45]. Likewise, zwitterions
possess the traits of both Lewis acids and Lewis bases, which can passivate both positively
charged and negatively charged surface defects [46].

Lewis bases are a common surface passivant at the interface between the Pb—Cs—
mixed perovskite layer and HTL, used to passivate undercoordinated Pb?* ions. For
example, Cheng et al. engineered tetraethyl [(2,7-dibromo-9H-fluorene-9,9-diyl)di(ethane-
2,1-diyl)]bis(phosphonate) (DPPO) as a surface passivant of CsSFAMA-based perovskite
film [47]. This molecule was specifically made for its two phosphonate groups, which inter-
acted with undercoordinated positively charged lead ions due to its significantly high polar
characteristics. In other words, DPPO acted as a Lewis base to passivate undercoordinated
Pb?* ions. Furthermore, DPPO improved the energy level alignment, which increased
the extraction of charged carriers and reduced non-radiative recombination. The result-
ing device, with a structure of glass/ITO/SnO,/CsFAMAPbI;PbBr; /DPPO/PEAI/Spiro-
OMeTAD/MoO/Ag, had a PCE of 24.42% with increased environmental stability.

Similar usage of Lewis base can be seen when 4-aminophenyl sulfone (APS) was
utilized as a surface passivant of CsFAMAPbDI; perovskite film [48]. This molecule is a
Lewis base, as the oxygen atom that double-bonds to the sulfur atom donates its lone pair
of electrons to undercoordinated Pb?* ions on the surface of the perovskite layer. This
resulted in a reduction in non-radiative recombination on the surface of the film, thereby
improving its stability. Furthermore, the addition of APS established a buffer layer between
the perovskite film and Spiro-OMeTAD HTL, which improved the hydrophobicity of the
film. The resulting device, with a structure of glass/ITO/SnO,/CsFAMAPbI;/APS/Spiro-
OMeTAD/Ag, had a PCE of 23.03% with enhanced thermal stability and humidity tolerance.
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As shown above, when used as a surface passivant of the interface between the Cs-Pb-
based perovskite layer and Spiro-OMeTAD HTL, engineered Lewis bases are materials
with significant potential to enhance the photovoltaic performance of PSCs as they can
passivate positively charged defects.

On the other hand, some groups utilized Lewis bases to passivate the interface be-
tween the HTL and perovskite layer in an inverted PSC structure. For example, Yuan
et al. utilized 4-pyrazolecarboxylic acid (4-PCA) as a surface passivant of the interface
between NiOx HTL and the perovskite layer [49]. When 4-PCA was introduced to the
interface, a Lewis acid-base interaction was formed between the nitrogen atom in 4-PCA
and the undercoordinated Pb?* ions, as shown in Figure 8. This led to the passivation
of surface defects on the perovskite film, as well as an enhancement of the extraction of
holes. Moreover, 4-PCA acted as a buffer layer at the interface to prevent the redox reac-
tion between the NiOx and perovskite that forms trap densities to promote non-radiative
recombination. In other words, 4-PCA enhanced the crystal quality of the perovskite
and reduced sites of non-radiative recombination. The resulting device, with a structure
of glass/ITO/NiOx/4-PCA /CsFAMAPbI;_,Br, /BzMIMBr/PCBM/BCP/Ag, had a PCE
of 23.77%, with enhanced humidity and thermal stability. Not only are Lewis bases an
effective surface passivant of the interface between the perovskite layer and the HTL in a
regular PSC structure, but they can also be utilized at the interface between metal oxide
HTL and the perovskite layer in an inverted PSC structure. The redox reaction between
metal oxide HTL and the perovskite layer is one of the main issues with using beneficial
metal oxides as the HTL. As a result, Lewis bases are a promising material in the future of
PSCs, allowing for the usage of metal oxide transport layers while avoiding adverse effects.
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Figure 8. The diagram above illustrates how BA, 3-TA, and 4-PCA, respectively, interact with the
perovskite and NiOx layers [49]. The pink structure on the left is the perovskite layer, and the green
structure on the right is the NiOx HTL. The molecule on the bottom, 4-PCA, forms a Lewis acid-base
interaction with the perovskite. The graph displays the J-V curve of the following devices: control,
4-PCA-treated, 3-TA-treated, and BA-treated. It can be observed that the device with 4-PCA treatment
had a higher Joc and V¢ than the control device.

Although Lewis bases are effective surface passivants, their most significant limitation
is that they can only passivate positively charged defects. On the other hand, zwitterions
share traits with both Lewis acids and Lewis bases, which makes them desirable surface pas-
sivant, as they can passivate both positively and negatively charged defects on the surface
of the perovskite film. For example, Wang et al. utilized L-tryptophan (Trp), an amino acid,
to passivate the interface between the perovskite film and NiOx HTL [50]. Trp is a zwitte-
rion, a molecule with both cationic and anionic groups, which can passivate both positively
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charged and negatively charged surface defects. As shown in Figure 9, the anionic carboxyl
group, -COO-, passivated oxygen vacancies on the NiOx HTL, and the cationic ammonium
group, -NH3*, interacted with undercoordinated iodine and bromine ions on the surface of
the perovskite film and filled in the vacancies of FA*, MA*, and Pb?*. In addition to passi-
vating the surface defects, Trp also acted as a buffer layer to prevent defect-inducing redox
reactions from occurring, which enhanced the long-term stability of the PSC. The resulting
device, with a structure of glass/ITO/NiOx/Trp/CsFAMAPbI;_,Bry/Cgo/BCP/Ag, had a
PCE of 23.79%.
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Figure 9. The diagram above illustrates the structure of PSC with the Trp interface between NiOx
and the perovskite layer: ITO/NiO/Trp/Perovskite/Cgy/BCP/Ag [50]. The interaction between Trp
and NiO HTL and the perovskite layer is shown on the right, where Trp passivates both cationic and
anionic vacancies.

Similarly, Yu et al. investigated the usage of 1-amino pyridine iodine (AmPyl) as a sur-
face passivant of PSCs [51]. Instead of a traditional Lewis acid or base, AmPyl is a zwitterion,
which can passivate both positively charged and negatively charged defects concurrently.
AmPyl passivated defects at the surface and grain boundary of perovskite by forming hy-
drogen bonds. In addition, iodine ions from AmPyl passivated undercoordinated lead ions.
This led to improved grain growth and elongated the lifetime of the charged carriers. As a
result, the device with the structure of glass/ITO/SnO, /CsFAMAPbI;_,Bry/ AmPyl/Spiro-
OMeTAD/Ag had a PCE of 23.80%. As seen in these results, the ability of zwitterions
to passivate both cationic and anionic defects is significantly advantageous compared to
Lewis bases or acids, which are only able to passivate positively charged or negatively
charged defects, respectively.

3.3. Amines

Unlike some amines that are utilized to induce the formation of low-dimensional
perovskite layers, the amines categorized in this section are used to passivate surface
defects without forming low-dimensional and 3D perovskite heterostructures. Amines
have multiple advantages as a surface passivant of PSCs [52]. For example, linear amines
promote the enhanced growth of crystals to improve the quality of perovskite films [53].
Additionally, aromatic amines are used as passivants due to the hydrophobic quality of the
benzene ring [54,55].

Although certain amines have the possibility of forming a low-dimensional perovskite
layer, in some cases, forming a surface passivant layer is more effective at suppressing
defects and enhancing the photovoltaic performance of the resulting device than forming an
LD/3D heterostructured perovskite layer. For example, Jiang et al. investigated the usage of
phenyl ammonium iodide (PEAI) as a surface passivant on FAMAPDbI; perovskite film [56].
PEA* or the cations from PEAI could form a 2D layer on the surface of the perovskite lattice.
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However, here, the authors demonstrated that the PEAI serves as a surface passivant of the
FAMAPDI; perovskite layer instead of forming a 2D PEA;Pbly perovskite layer. The results
from monitoring photoluminescence intensities and X-ray crystallography have shown
that the use of a PEAI layer to suppress surface defects results in reduced non-radiative
recombination and increases the charged carrier lifetime without forming a 2D PEA;Pbly
layer. The PEAI layer passivated the iodine vacancy, as seen in the results from Pb 4f and
I 3d core-level energy spectra. Furthermore, the PEAI passivation led to the slowing of
perovskite film degeneration. The resulting glass/ITO/SnO, /PbI;FAMA /PEAI/Spiro-
OMeTAD/ Au-structured PSC had a certified PCE of 23.32%.

Similarly, a mixture of two different amines with differing dipole moments and ion
sizes can be utilized to prevent the formation of the LD layer. Although the presence of
the LD perovskite layer is beneficial in certain cases, it is not always advantageous to have
an LD/3D heterostructure for the perovskite layer. As a result, Ma et al. utilized both
phenylmethylammonium iodide (PMAI) and OAI as surface passivants of the FAMAPbDI;
perovskite layer [57]. The mixture of PMAI and OAI, interestingly, did not result in the
formation of a 2D/3D heterostructure but resulted in a thin layer of the ammonium halide
forming on the perovskite layer. Because OA™" is equipped with a stronger stable dipole
moment than PMA™*, OA* was more quickly absorbed into the perovskite film than PMA*.
This inhibited the PMA* from forming a 2D perovskite layer and prevented the reduction
in charged carrier extraction due to the presence of a 2D perovskite layer. Moreover, the
results from time-resolved photoluminescence (TRPL) showed that the average lifetime of
a charged carrier was significantly longer for devices with both PMAI and OAI treatment
compared to the use of only one of the passivants. The resulting device, with a structure of
glass/FTO/SnO, /PbI3FAMA /PMAI and OAI/Spiro-OMeTAD/ Au, had a certified PCE
of 25.0%.

Likewise, the same group utilized two amines with the high formation energy required
to form a 2D perovskite layer to take advantage of the ability of these amines to improve
the efficiency and stability of PSCs. Shi et al. investigated the usage of carbazole-9-
ethylammonium iodide (CzEAI) and 3,6-dimethyl-carbazole-9-ethylammonium iodide
(MeEALl) as surface passivants of PSCs [58]. Because CzEAI and MeEAI have molecular pi-
pi interactions and higher steric hindrance when attaching to the surface of the perovskite
layer, the formation energy required to form a 2D perovskite layer is higher than linear PEAL
This prevents the formation of a 2D /3D heterostructure of perovskite at room temperature
and at high temperatures of up to 85 °C. In addition to preventing the formation of 2D, the
density of surface defects was decreased, which led to the MeEAlI-treated device with the
structure of glass/ITO/SnO,/CsFAMAPbI, /MeEAI/Spiro-OMeTAD/MoO/Ag achieving
a PCE of 25.1% and maintaining a normalized PCE of 90% when operated with maximum
power point tracking for 400 h. In short, many ways of using amines as a surface passivant
of Pb-based perovskite layers while avoiding the formation of LD perovskite crystals have
been studied by researchers when it is not beneficial to have the heterostructure of LD on
3D perovskites.

Not only is it essential to consider the combination of amines used to prevent the
LD perovskite layer, but the length and size of the amine used must also be considered.
Wang et al. investigated the usage of propane-1,3,-diamine dihydroiodide (PDAI,), methyl
enediamine dihydroiodide (MDALI,), and pentane-1,5-diamine dihydroiodide (PentDAI,)
as surface passivants of a CsFAMA-based perovskite film [59]. These three molecules were
selected to determine the optimum molecular size of the passivant, and it was found that
PDAI, had the most effective chain length for the passivation of perovskite film. The PDAI,
treatment led to a reduction in iodine vacancies, which led to the better extraction of elec-
trons compared to the control. The glass/ITO/MeO-2PACz/RbCsFAMAPDbI;_Bry/PDAI, /
Ce0/BCP/Ag-structured device had a PCE of 25.81% and improved operational stability. In
other words, it is significantly important to examine and optimize the size of the molecule
used as a surface passivant to maximize the enhancement of the photovoltaic performance
of resulting PSCs.
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If all of the conditions mentioned above are optimized, the effects of the use of amines
as a surface passivant of the interfaces above and below the perovskite layer, or the ETL
and HTL, are significant. For example, Wu et al. utilized PMI, or a mixture of PEAI and
methylammonium iodide (MAI), to passivate the interface between PTAA HTL and the
perovskite layer and the interface between the perovskite layer and Cgy ETL [53]. The
addition of PMI at the interface between HTL and the perovskite layer improved the
crystallinity of perovskite, as well as the wettability of the perovskite precursor solution
on the HTL. Additionally, the presence of PMI at the interface between perovskite and
ETL led to the passivation of FA*-, Pb%*-, and I~ affiliated defects, which reduces non-
radiative recombination. The resulting device, with a structure of glass/FTO/PTAA /PMI
FAMAPDI3 /PMI/Cgq/BCP/Ag, had a PCE of 24.20%, with enhanced thermal and humidity
stability compared to the control, which is shown in Figure 10.
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Figure 10. Graphs (a—c) illustrate the enhanced stabilities of PMI-modified PSCs when exposed to
various conditions for 1600 h: N; atmosphere for graph A, 55% to 60% relative humidity in ambient
air at room temperature for graph B, and 60 °C for graph C [53].

Additionally, Yang et al. utilized guanidinium phosphate (GP) as a bidirectional
passivant of FAMAPDI; perovskite film [60]. Instead of only passivating the surface of
the perovskite film, GP passivated both the surface defects of the perovskite film and
those of the neighboring SnO, ETL. This resulted in further improvements in the stability
and efficiency of the resulting PSCs as it enabled the alignment of energy levels between
these layers and prevented the migration of ions. The phosphate ion of GP bonded with
Sn** on the SnO;, ETL, which resulted in a high-quality film. In addition, the amino
group of GP formed hydrogen bonds with iodine ions of the perovskite absorber layer,
which passivated surface defects and improved the quality of the film. The resulting
device, with a structure of glass/ITO/GP-SnO,/FAMAPbI; /Spiro-OMeTAD/Ag, had a
PCE of 23.91% with improved humidity stability and an improved fill factor. In short, the
amino group of amines often forms hydrogen bonds with iodine ions of the perovskite
layer, which improves the surface quality of the film, in addition to other benefits that
are unique to each of the amines. Even when amines do not form an LD perovskite
layer, they are still molecules with promising properties as a surface passivant of PSCs if
optimized accordingly.

3.4. Multifunctional Molecules

On the other hand, molecules with multiple functional groups have stronger passivat-
ing effects compared to molecules with single functional groups. Multifunctional molecules
can passivate multiple defects on the surface of the perovskite film, which enhances the
stability and efficiency of perovskite solar cells [61-68]. Many multifunctional molecules
form hydrogen bonds with the perovskite surface, which reduces ion migration, leading to
an increase in the stability and efficiency of the PSC [69,70].

For example, Zhu et al. investigated the usage of 4-tert-butyl-benzylammonium
iodide (tBBAI) as a surface passivant for perovskite film [71]. The treatment increased
the extraction of charge carriers from the perovskite layer to the hole-transport layer
and decreased the non-radiative recombination. The resulting tBBAl-treated PSC, with a
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structure of glass/FTO/c-TiO, /m-TiO, /CsFAMAPDI3_4Bry /tBBAI/Spiro-OMeTAD/ Au,
reached a PCE of 23.5%, which is higher than the PCE of the control device, at 20%.
Furthermore, the tert-butyl group of tBBAI provided hydrophobic qualities to the surface
of the perovskite film, which increased its stability. Consequently, it retained over 90% of its
original PCE after exposure to ambient air with a relative humidity of 50-70%. When tBBAI-
treated PSC was exposed to 500 h of full sun illumination under maximum-powerpoint
tracking, it had a normalized PCE of over 95%.

Additionally, the amino group, carbonyl group, and chloride ion are beneficial func-
tional groups, as they passivate undercoordinated Pb** ions and form hydrogen bonds
with the perovskite layer. Wu et al. utilized 2-amino-5-chlorobenzophenone (ACB) as a
surface passivant of FAMA Pbls_,Bry perovskite film [72]. The carbonyl and nitrogen of
the amino groups of ACB passivated undercoordinated positively charged Pb?* ions on the
surface of the perovskite film. Both the amino and chloride groups formed hydrogen bonds
with the perovskite, which limited the deterioration of the film. The resulting device, with
a structure of glass/FTO/TiO, /FAMAPbI;_,Bry/ACB/Spiro-OMeTAD/Au, had a PCE of
24.32% with improved ambient stability when stored for 1440 h in ambient conditions. As
shown above, specific functional groups, in this case, amino, chloride, and carbonyl groups,
are utilized for their beneficial effects as surface passivants of FAMAPbI;_, Bry-based PSCs.

Other combinations of functional groups are used as well, such as aldehyde, hydroxyl,
and alkoxy groups, to passivate the interface between FAMA Pbl3_,Bry perovskite absorber
and Spiro-OMeTAD HTL. Lu et al. used 3-ethoxy-4-hydroxybenzadehyde (EVL) as a
surface passivant of FAMAPbI;_,Bry perovskite film [73]. Different functional groups
of EVL inhibited defects, which reduced non-radiative recombination and enhanced the
movement of holes from perovskite to the hole transport layer. For example, the aldehyde
of EVL passivated undercoordinated, positively charged Pb?* ions. Moreover, the hydroxyl
and alkoxy groups formed hydrogen bonds at the interface of the perovskite film to prevent
ion migration, especially the migration of formamidine ions and iodide ions. This repressed
ion migration led to a reduction in hysteresis as well. The resulting device, with a structure
of glass/FTO/TiO, /FAMAPDbI;_,Bry/EVL/Spiro-OMeTAD/Au, had a PCE of 24.1% with
improved stability.

Similarly, Zhang et al. utilized an organic potassium salt, KCFSO, as a multi-functional
surface passivant of FAPbI3 perovskite [74]. Unlike inorganic potassium salts that require
significant polar solvents, KCFSO is very soluble in isopropanol. Furthermore, KCFSO
has multiple functional groups, such as fluorine atoms that form hydrogen bonds with
undercoordinated FA™ ions, an -SO3;~ group that forms a Lewis acid-base interaction
with undercoordinated Pb?* ions, and a double bond between sulfur and oxygen atoms
that passivates positively charged defects such as undercoordinated Pb?* ions and iodine
vacancies. KCFSO treatment resulted in defect passivation, a reduction in trap densities
compared to the control, and the enhanced transportation of charged carriers. The result-
ing device, with a structure of glass/FTO/SnO,/FAPbl;/KCFSO/Spiro-OMeTAD/Au,
had a PCE of 25.11%. In this case, a potassium salt with fluorine atoms, a sulfur oxide
group, and a double bond passivated the surface of the FAPbI3 perovskite film by forming
hydrogen bonds with undercoordinated FA* ions, forming Lewis acid-base interactions
with undercoordinated Pb?* ions, and passivating undercoordinated Pb?* ions and iodine
vacancies. This combination of functional groups was clearly beneficial to the performance
of the resulting device, as the resulting PCE was over 25%.

On the other hand, instead of passivating the interface between the perovskite layer and
HTL, some groups focused on the interface between the ETL and perovskite layer. For example,
Bian et al. utilized 5-[4-[1,2,2-tri[4-(3,5-dicarboxyphenyl)phenyl]ethylene]phenyl]benzene-1,3-
dicarboxylic acid (HgETTB) as an interface passivant between SnO, ETL and the perovskite
layer [75]. HgETTB has multiple functional groups, such as a carboxyl group, aromatic ether,
benzene rings, biphenyl groups, and conjugated double bonds, that are valuable for the
interface. For example, the carboxyl group of HsETTB interacted with undercoordinated
Sn?* and oxygen vacancies, resulting in an improvement in the adjustment of energy



Energies 2024, 17, 5282

16 of 24

levels. This led to the significantly better transportation of charged carriers compared to
the control. In addition, HsETTB passivated undercoordinated Pb?* ions on the surface
of the perovskite film, which improved the crystallinity of perovskite. Most importantly,
HgETTB enhanced the stability of the resulting device by converting degradation-inducing
UV light into perovskite-absorbable light. As a result, the HgETTB-modified device with
the structure of glass/FTO/SnO, /HgETTB/CsFAMAPbI;_,Bry /Spiro-OMeTAD/Ag had a
PCE of 23.32%. In short, multifunctional molecules are versatile, as it is feasible to optimize
their usage as a surface passivant of interfaces other than the one between the perovskite
layer and the HTL.

As shown above, the possibilities of multifunctional molecules are endless due to their
ability to passivate different types of surface defects with multiple functional groups. This
opens the door to the engineering of specific molecules with functional groups to combat
certain surface defects.

4. Polymers

In addition to small molecules, polymers are utilized by many researchers to passivate
the surface defects of PSCs. Polymers often have multiple functional groups, which allows
them to passivate multiple defects of perovskite film [76]. Moreover, polymers provide
structural integrity, which further enhances the stability of the resulting PSCs compared to
small molecules [77,78].

It is common for polymers to have multiple functional groups due to their size. For
example, Ma et al. investigated the usage of bis(trifluoromethyl)benzo amide (BTFZA) as
a surface passivant of FAMAPbI;_,Bry perovskite film [79]. Multiple functional groups
of BTFZA, such as the amine group, benzene ring, carbonyl group, and trifluoromethyl
group, reacted with undercoordinated, positively charged lead ions and passivated the film,
which led to an increase in the transport of charged carriers. In addition, BTFZA formed
hydrogen bonds with methylammonium and formamidinium groups, which increased
the charged carrier extraction and transport. The resulting device, with a structure of
glass/ITO/SnO, /FAMAPbI;_,Bry/BTFZA /Spiro-OMeTAD/Au, had a PCE of 19.85%
with an improved fill factor, open-circuit voltage, humidity tolerance, and thermal stability.

One of the main advantages of using polymers as a surface passivant is that, due to
their large structure, some polymers have a hydrophobic polytetrafluoroethylene back-
bone. This enhances the hydrophobicity of the resulting perovskite film, which increases
the humidity stability of the PSC. For instance, Shi et al. utilized PEDOT:F, poly(3,4-
ethylene dioxythiophene):perfluorinated sulfonic acid ionomers, as a surface passivant
of perovskite film [80]. As seen in Figure 11, the PEDOTF layer between the perovskite
layer and HTL not only passivated the undercoordinated Pb?* ions on the perovskite
surface with the lone electron pairs on the oxygen atoms of PEDOT but also enhanced the
extraction and transport of charged carriers. Furthermore, the perfluorinated sulfonic acid
ionomers are hydrophobic due to their polytetrafluoroethylene backbone, which enhances the
moisture stability of the PSCs. The resulting device, with a structure of glass/FTO/SnO,/Cs
FAMAPDI;_Br, /PEDOT:F/Spiro-OMeTAD/ Au, had a PCE of 24.81% with enhanced stability.

In some cases, instead of a polytetrafluoroethylene backbone being the cause of
the hydrophobicity of the polymer, an extended alkyl chain contributed to the moisture
stability of the resulting PSCs. Li et al. utilized butyl-2-(2,3-dimethylpentanamido)-3-
methylpentanamide (DPA,), 2-(2,3-dimethylpentanamido)-N-hexyl-3-methyl pentanamide
(DPAy), 2-(2,3-dimethylpentanamido)-3-methyl-N-octylpentanamide (DPAg), and N-decyl-
2-(2,3-dimethylpentanamido)-3-methylpentanamide (DPA1) as surface passivants of the
MAPDI; perovskite film [81]. These dipeptide molecules were chosen for their carbonyl,
ether, and amino groups. The carbonyl and ether groups passivated undercoordinated
positively charged lead ions, and the amino group formed hydrogen bonds with iodine
ions. Moreover, these dipeptide molecules have extended alkyl chains, which introduces hy-
drophobic qualities to the perovskite film. The resulting device (glass/ITO/PTAA/MAPbI3/
DPA9/PCs1BM/BCP/Ag) that was treated with DPA( had a PCE of 20.31% and improved
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stability. As seen above, polymers cannot only enhance the moisture stability of the result-
ing devices by creating a hydrophobic surface but also passivate multiple defects due to
their arsenal of multiple functional groups.

T —0—0—0—0—0—0O—0—O—
., Electrostatic interactionol 1 | - -
-

QPb

Figure 11. The diagram above illustrates the passivation effect of PEDOT:F on the perovskite surface,
as the lone pair of electrons from oxygen atoms are bonding with undercoordinated Pb?* ions [80].

Instead of merely using an existing polymer, some groups resorted to engineering a
specific polymer for their needs. For example, Na et al. designed a polymer with a cyano
group, PBDT,CNBT, to passivate surface defects and increase the extraction of charge
carriers of FAMAPbI3_,Bry-based PSCs [82]. The cyano group can strongly interact with
the surface of the perovskite film and passivate surface defects of the perovskite film,
in addition to the defects at the grain boundary. The results from X-ray photoelectron
spectroscopy demonstrate that the polymer formed a passivation layer on the perovskite
film and protected the film from oxidizing when exposed to ambient air. The PBDT,CNBT-
treated PSC with a structure of glass/ITO/SnO,/FAMAPbI;_,Bry/PBDT,CNBT/Spiro-
OMeTAD/Au had a PCE of 22.9% and improved light, humidity, and thermal stability.

Similarly, Pu et al. engineered a polymer, a 3D star-shaped polyhedral oligomeric
silsesquioxane-poly(trifluoroethylmethacrylate)-b-poly(4-nitro-4’-methacrylate azobenzene)
(PTHM), as a surface passivant of CSFAMAPDI; perovskite film [83]. PTHM is a 3D
star-shaped polymer with carboxyl, cyano, and trifluoromethyl groups. When the per-
ovskite film was treated with PTHM, the polymer passivated undercoordinated, positively
charged lead ions and prevented ion migrations at the surface and grain boundaries of
the perovskite film. The 3D star-shaped structural polymer network enabled this passi-
vant to react better with the 3D perovskite material than the control and enhanced the
thermal stability of the resulting device. Additionally, the trifluoromethyl group formed
hydrogen bonds with FA* and MA*, which decreased non-radiative recombination and
increased the transport of charged carriers. The resulting inverted device with a structure of
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glass/NiOx/PTAA /CsFAMAPbI; /PTHM/Cgy-PCBM/BCP/Cr-Au had a PCE of 24.03%
with improved operational stability. As shown in the two examples above, engineered
polymers are a promising material for surface passivation, as specific structures and func-
tional groups can be chosen specifically for the device. A polymer can be engineered to
form a buffer layer on top of the perovskite film and passivate surface defects with the
cyano group, while it can also be modified as a 3D star-shaped structural polymer network.
The possibility of using an engineered polymer as a surface passivant should be explored
in more detail in the future.

In short, polymers have great potential as a surface passivant of PSCs, especially
when engineered for specific functional groups and structures to enhance the thermal and
environmental stabilities of the resulting PSCs. However, the difference between using
a small molecule and a polymer as a surface passivant of PSCs is a field that needs to be
further explored in the future.

5. Passivants for Sn-Based PSCs

Sn-based PSCs are utilized for their eco-friendliness and potential usage in tandem
solar cells. For example, Sun et al. achieved a certified PCE of 14.3%, establishing one of the
highest-performing Sn-based PSCs in the world [84]. However, this device’s performance is
not comparable to that of its lead-based counterpart, which is due to the differences in the
properties of electrons between Sn?* ions and Pb?* ions: Sn?* ions have 5s electrons while
Pb?* ions have 65 electrons [85]. The 5s electrons of Sn?* ions are more reactive compared
to the 6s electrons of Pb?* ions. Consequently, Sn-based perovskite, with more defects
on the crystal, is susceptible to oxidation reaction, imperfect coverage on the film, and
swift crystallization. [86]. The surface of Sn-based perovskite layers is especially weak to
oxidation, which causes the weak bond between Sn’** and I~ ions to break, resulting in non-
radiative recombination and the degradation of the bulk film [87]. It is worth noting that
the Sn-based perovskite layer is more soluble in common solvents, and solvent engineering
is required for the passivating layer of perovskite to ensure that the passivation does not
negatively affect the perovskite layer. Through solvent engineering, researchers utilize
many molecules and polymers to enhance the device performance of Sn-based PSCs.

In order to reduce the negative effects of Sn-based perovskite, which has a more
defective crystalline structure than its Pb-based counterpart, Chan et al. utilized iso-
butylammonium iodide (iso-BAI) to passivate Sn-based PSCs [88]. This group performed
solvent engineering to ensure that the solvent used for iso-BAI does not dissolve the bulk
film. They mixed 2-methyl-2-butanol and chlorobenzene at a ratio of 1:19, respectively,
for the iso-BAI solution and dynamically spin-coated this solution on the perovskite film,
as shown in Figure 12. Although iso-BAl is capable of forming a 2D /3D heterostructured
perovskite layer, it did not in this case. Instead, the iso-BA™ cations assisted in the recrystal-
lization of the FASnI; perovskite film by behaving as anchoring sites. These cations acted
as a buffer layer to block the perovskite film from making immediate contact with moisture
and oxygen, preventing the oxidation reaction and further degradation of the film. This
treatment resulted in a better crystallization of the surface than the control, reduced the
defects on the surface of the perovskite layer, and enhanced the charge transport. The result-
ing device with the structure of glass/ITO/PEDOT:PSS/PEAI-FASnl; /iso-BAl/BCP/Ag
had a PCE of 14.2%, which is higher than the control, at 11.8%.

The usage of a surface passivant for the all-inorganic Cs—Sn-mixed perovskite without
lead is explored as well. Zhang et al. utilized 3-thiophenemethylamoonium iodide (3-
ThMALI) as a passivant between the CsSnlz perovskite layer and the ETL [89]. This specific
molecule is chosen due to its polarity and electron-rich sulfur atom. Because 3-ThMAI
is polar, it induced the formation of a dipole electric field at the interface, which reduced
the potential barrier of electron extraction. Furthermore, the sulfur atom interacted with
undercoordinated Sn?* ions on the surface of the CsSnl3 perovskite film, which reduced
surface defects. The resulting device, with a structure of glass/ITO/PEDOT:PSS/CsSnl3/3-
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ThMAI/ICBA/BCP/Ag, had a PCE of 12.05%. This is one of the highest PCEs of CsSnl;-
perovskite devices that has been published.

Perovskite .
precursor iso-BAl
O/(MB:CB = 5:95)
y— Ay A

\,-l’ [(((((( \un’ CCCCC

Perovskite spin-coatin 'Ahﬁéafin’g iso-BAl spin-coatin Annealing
P 9 (80C 30min) P g (80C 10min)
Figure 12. The illustration demonstrates the process of perovskite film and iso-BAI treatment [88].
The perovskite precursor solution is spin-coated and annealed at 80 °C for 30 min. Afterward, iso-BAI
dissolved in 2-methyl-2-butanol and chlorobenzene at a ratio of 5: 95, respectively, is spin-coated on
the perovskite film. Lastly, it is annealed at 80 °C for 10 min.

Similarly, Zhang et al. utilized poly-methyl-phenyl-silane (PMPS) as a bifunctional
surface passivant of Cs-Sn—-mixed PSCs [90]. These specific polysilanes are capable of
enhancing both the short-circuit current and the open-circuit voltage by improving the
surface morphology of the perovskite film and passivating the undercoordinated Sn**
ions. First, the addition of a PMPS layer to the perovskite film induced an additional
growth in the perovskite grains, which resulted in a significant growth in grain size.
This PMPS passivation also led to a much smoother surface of the perovskite film and
enhanced its crystallinity. Additionally, this molecule is called a bifunctional surface
passivant due to its ability to also act as a reducing agent to passivate Sn** ions on the
perovskite film to prevent the oxidation of the perovskite layer. This resulted in reduced
trap densities, less non-radiative recombination than before PMPS treatment, enhanced
transport of charged carriers, and the improved alignment of energy levels between the
perovskite film and the electron transport layer. The resulting device, with a structure of
glaSS/FTO/PEDOT:PSS/(CS0.02(FAO.9DEAO.1)0.98EDA0.0] 81’113 /PMPS/C(,O /BCP/Ag, had a
PCE of 14.18%.

Some groups focused on the use of Sn—-Pb—-mixed perovskites as a way to transition
into the Sn-based PSCs. For instance, Song et al. utilized phenyl-Cg;-butyric acid methyl es-
ter (PCBM) as a passivant between SnO, and the perovskite layer of Sn-Pb-mixed PSCs [91].
This group specifically annealed the PCBM layer at a high temperature of 150 °C to form a
thick, hydrophobic PCBM (HT-PCBM) layer on the SnO; layer, which resulted in an increase
in grain size and reduced the extent to which the SnO, layer dissolved when the perovskite
precursor or antisolvent were spin-coated. This HT-PCBM treatment facilitated molecular
alignment, which enhanced the conductivity of SnO, ETL and the charge transport. The
reduced trap densities at the SnO; /perovskite interface from PCBM passivation dimin-
ished non-radiative recombination. Furthermore, the hydrophobicity of the HT-PCBM
layer prevented the oxidation of SnO, and degradation of the perovskite film due to the
oxidation of metal oxides. The resulting device, with a structure of glass/ITO/SnO, /HT-
PCBM/FAMASNPbI3/Cgy/BCP/Al, had a PCE of 15.50% compared to the 6.03% PCE
of the control without PCBM passivation. This is one of the highest efficiencies among
Sn-Pb-mixed, n-i-p-structured PSCs that has been published.

In short, Sn-based PSCs are an emerging field. A variety of combinations of Sn-
based perovskites are being explored by researchers, as shown above: FASnl;, CsSnlj,
(Csp.02(FAp9DEAg 1)0.9sEDA( 015nl3, and FAMASNPbI;. It is expected that more effective
passivation schemes for Sn-based perovskites will be developed in further research to take
advantage of the eco-friendliness of tin and its applications in tandem solar cells.
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6. Conclusions and Outlook

Organic-inorganic perovskite solar cells have achieved significant increases in effi-
ciency and stability in recent years. Because defects on the surface of the perovskite film
are the main causes of reduced stability and efficiency, surface passivation is an essential
method to further enhance the efficiency and stability of PSCs. Researchers have investi-
gated many different molecules for surface passivation, including molecules that result in
an LD/3D perovskite heterostructure, small molecules, and polymers. This review revealed
that different passivants have various benefits and hindering effects, and passivants need
to be carefully chosen for each perovskite and device structure

According to this review, surface passivation is a promising and cost-effective tech-
nique for improving the overall photovoltaic performance of PSCs. Understanding fun-
damental chemical mechanisms is crucial for effective defect passivation. As a result,
researchers can engineer the materials of small molecules or polymers passivating the
specific interface of devices made of different perovskite materials and charge transporting
layers to optimize the performance of PSCs. The ideal passivants may possess multiple
functional groups and be capable of passivating most defects at the perovskite surface and
grain boundaries in bulk, creating a buffer layer with a hydrophobic surface to improve
environmental stability and inducing favorable energy level alignment for charge transport
and collection, improving both efficiency and stability, while such passivants would not
induce negative effects, such as increasing resistance and limiting charge transport, or being
easily breaking and degrading under increased thermal, moisture and light conditions.
Nevertheless, due to the similar mechanisms of operation for PSCs with different types of
perovskite than Pb- or Sn-based ones, the findings from this review can be applied to other
types of PSCs. Additionally, the observations from this review can be applied to various
other perovskite-based optoelectronic devices, such as light-emitting diodes, laser diodes,
optical modulators, and optical sensors.
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