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Methods for Passivating Defects of Perovskite for Inverted

Perovskite Solar Cells and Modules

Jiarong Wang, Leyu Bi, Qiang Fu,* and Alex K.-Y. Jen*

Inverted perovskite solar cells (PSCs) have attracted considerable attention
due to their distinct advantages, including minimal hysteresis,
cost-effectiveness, and suitability for tandem applications. Nevertheless, the
solution processing and the low formation energy of perovskites inevitably
lead to numerous defects formed at both the bulk and interfaces of the
perovskite layer. These defects can act as non-radiative recombination centers,
significantly impeding carrier transport and posing a substantial obstacle to
stability and further enhancing power conversion efficiency (PCE). This review
delves into a detailed discussion of the nature and origin of defects and the
characterization techniques employed for defect identification. Furthermore, it
systematically summarizes methods for defect detection and approaches for
passivating interface and bulk defects within the perovskite film in inverted
PSCs. Finally, this review offers a perspective on employing upscaling defect
passivation engineering for perovskite modules. It is hoped this review
provides insights into defect passivation in inverted PSCs and solar modules.

interfaces.>*l These defects disrupt
the band alignment of the absorber
interfacing with the charge transport
layer.>® In contrast, the movement
of ion defects can induce hysteresis
during device operation and accelerate
material degradation.[”®] Consequently,
mitigating or passivating these defects
is paramount in realizing the high
efficiency and stability of PSCs.

In recent times, defect passivation en-
gineering has gained widespread adop-
tion as a means to diminish trap states
and bulk crystal defects.>!%) It is perti-
nent to note that perovskite solar cells
can be categorized into normal (n-i-
p) and inverted (p-i-n) structures based
on charge transfer direction. The for-

1. Introduction

The solution processability inherent in perovskite solar cells
(PSCs) streamlines the manufacturing process, rendering it
more cost-effective and straightforward.l'?) However, the low for-
mation energy associated with perovskite materials gives rise
to many defects within grains, grain boundaries (GBs), and

J. Wang, L. Bi, Q. Fu, A. K.-Y. Jen

Department of Materials Science and Engineering
City University of Hong Kong

Kowloon 999077, Hong Kong

E-mail: gfu222@cityu.edu.hk; alexjen@cityu.edu.hk
J. Wang, L. Bi, Q. Fu, A. K.-Y. Jen

Department of Chemistry

City University of Hong Kong

Kowloon 999077, Hong Kong

J. Wang, L. Bi, Q. Fu, A. K.-Y. Jen

Hong Kong Institute for Clean Energy

City University of Hong Kong

Kowloon 999077, Hong Kong

The ORCID identification number(s) for the author(s) of this article
can be found under https://doi.org/10.1002/aenm.2024014 14

© 2024 The Author(s). Advanced Energy Materials published by
Wiley-VCH GmbH. This is an open access article under the terms of the
Creative Commons Attribution-NonCommercial-NoDerivs License,
which permits use and distribution in any medium, provided the original
work is properly cited, the use is non-commercial and no modifications
or adaptations are made.

DOI: 10.1002/aenm.202401414

Adv. Energy Mater. 2024, 14, 2401414 2401414 (1 of 23)

mer, originating from dye-sensitized so-

lar cells (DSSCs), underwent extensive

examination in its nascent stages.!'!]
Consequently, the efficiency of inverted PSCs lagged behind that
of normal PSCs for an extended period.['>!3] However, with ad-
vancements in perovskite film preparation, the introduction of
efficient charge transport materials, and the implementation of
advanced optimization strategies, the efficiency of inverted PSCs
has gradually closed the gap with normal PSCs, achieving a no-
table efficiency level of 26.1%.['* This trend underscores the
significant potential of inverted device structures. Moreover, in-
verted PSCs are preferred for tandem applications due to their su-
perior compatibility with diverse high-performance bottom solar
cells in terms of device structure.['>1¢] This compatibility facili-
tates optimal light management, leading to enhanced efficiency
levels. Consequently, the development of high-performance in-
verted devices holds promise as a viable pathway toward the com-
mercialization of PSCs.

Due to the different device structures between inverted and
normal PSCs, many passivation strategies are not universal. In
inverted PSCs, C, and PCBM are currently the most commonly
used electron transport layer (ETL). With the deepening of re-
search, researchers have found that high surface defect density
and perovskite/ETL interface energy level mismatch are respon-
sible for the loss of open-circuit voltage (Vy).['*! Passivating
perovskite surface defects and improving interface energy level
alignment through interface engineering have significantly re-
duced V. loss.['7] Based on the above problems, we should opti-
mize the dipole of the modification materials, enhance the n-type
characteristics of the perovskite surface, build the n-N interface,
improve the perovskite/ETL interface energy level mismatch,

© 2024 The Author(s). Advanced Energy Materials published by Wiley-VCH GmbH
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Figure 1. a) Various types of perovskite defects. b) Defect passivation for inverted perovskite solar cells.

facilitate the extraction and transport of electrons, and introduce
heteroatoms to enhance passivation ability.

This review article will examine the nature and origins of
defects in halide perovskite films. Subsequently, it will outline
methodologies for detecting defects in perovskites. Additionally,
it will detail defect passivation strategies targeting the buried
interface, top surface, and perovskite bulk in inverted devices.
Ultimately, the article will proffer insights into the progression of
upscaling defect passivation engineering for inverted perovskite
modules.

2. Defects in Perovskite Film

2.1. Nature and Origin of Defects in Perovskite Films
2.1.1. Types of Perovskite Defects

Perovskites exhibit a periodic crystal lattice structure ABX;. How-
ever, due to their ionic character and generally low defect forma-
tion energies, halide perovskites exhibit various defects accom-
modated in the interfaces and GBs of the polycrystalline films.[*®]
Besides, ion migration within the perovskite film can lead to the
formation of non-radiative recombination centers.['?]

The primary defects in perovskite film are illustrated in
Figure 1a. There are two main categories of perovskite defects:

Adv. Energy Mater. 2024, 14, 2401414 2401414 (2 0f23)

intrinsic and extrinsic.?) Intrinsic defects, also named native
point defects, involve vacancy defects (V,, Vg, Vy)-an ion is
missing from a lattice site; interstitial defects (A;, B;, X;)-an ion
occupies an interstitial site; and substitutional defects (A, Ay,
B,, By, X,, Xp)-an ion is replaced by another ion at a lattice
site.?!l. Combining point defects, charge-neutral defect pairs
such as Frenkel defects (a vacancy and an interstitial pair) and
Schottky defects (two vacancies of opposite charges) can be
generated.[*”) Extrinsic point defects are caused by the dangling
bonds on the perovskite interfaces or the surrounding environ-
ment. They are typically classified as interface and GB defects.
The passivation methods and key points for defects at different
positions in inverted PSCs are summarized in Figure 1b, which
will be discussed in detail later.

2.1.2. Origin of Defects

1) Processing process: The significant advantage of perovskites
is their solution-processability due to their low formation en-
ergy. However, this low formation energy also leads to the for-
mation of many defects at the GBs between the crystals, and
the defect density of these films is significantly higher than
that of single-crystal perovskite films.[?}! Besides, prolonged
or high-temperature thermal annealing during processing
can cause the evaporation of organic cations and halides,
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resulting in undercoordinated Pb?* ions on the surface or the
formation of Pbl,.[24

2) Ion migration: Ion migration can occur under certain condi-
tions, such as heat, light, and electric fields.[*} During ther-
mal annealing, ion migration can induce vacancy, intersti-
tial, and substitutional defects.l??l Under an electric field,
the charged point defects could migrate and accumulate at
interfaces, resulting in unintentional doping effects.?>] The
movement or redistribution of these defects can result in local
band bending, J-V hysteresis, phase segregation, and degra-
dation of perovskites or metal electrodes, significantly deteri-
orating the device performance.!?¢]

3) Residual strain: Perovskite is mechanically soft and highly
susceptible to strain. Residual strain refers to the internal
stress in the materials after processing.!?’] It can be divided
into two types. One is tensile strain, which reduces the per-
ovskite defect formation energy and the activation energy of
ion migration. In other words, applying tensile strain to per-
ovskite makes it more prone to defect generation, thus low-
ering device efficiency. The other one is compressive strain,
which enhances the perovskite defect formation energy and
the activation energy of ion migration. This suggests that
compressive strain can be used to physically control the
defects.[?#]

2.2. Characterization Techniques for Identifying Defects:
Principle, Advantages and Limitations

Defects in the perfect crystal structure will break the periodic en-
ergy bands, producing a density of states (DOS) of defects in a
Brillouin zone. The electrons near these defect DOS will respond
to light, heat, and electric field. Therefore, the methods for study-
ing defects involve directly observing defects within the physical
structure and stimulating the defects using light, heat, and elec-
tric fields.

Generally, defects are primarily observed through electron
diffraction. In this review, indirect methods were categorized
based on the type of stimulus and detected signals, as illustrated
in Figure 2. Various characterizations can be obtained by com-
bining different types of excitation and detection. From a sam-
ple perspective, it can be classified into film and device levels.
At the film level, the main stimulation methods include photon
excitation, leading to photoluminescence (PL) and time-resolved
photoluminescence (TRPL) through the detection of emitted
light, photothermal deflection spectroscopy (PDS) through the
detection of heat released from non-radiative recombination and
X-ray photoelectron spectroscopy (XPS) through the detection of
the electron velocity. At the device level, electrodes are incorpo-
rated on both film surfaces, facilitating the application and de-
tection of electric stimuli and signals. This setup allows us to
measure sub-bandgap external quantum efficiency (s-EQE) by de-
tecting the photogenerated carriers. Additionally, by altering the
device temperature under alternating current and measuring ca-
pacity, we can conduct thermal admittance spectroscopy (TAS).
Combining the alternating current (AC) and direct current (DC)
bias, drive-level capacitance profiling (DLCP) can monitor the de-
fect spatial distribution. Furthermore, by implementing a specific
device structure with a slight band mismatch between the per-
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ovskite film and electrodes, we can observe space charge limited
current (SCLC), as outlined in the schematic.

2.2.1. Direct Observation of Perovskite Defects by Electron
Microscopy

Scanning electron microscopy (SEM) can observe the surface
morphology of perovskite through the reflection and scattering
of electrons, thereby observing nanometer-scale 3D defects on
the surface. Therefore, SEM is often used to observe pin holes,
cracks on the surface of perovskite, poor contacts on the back of
the film, etc. However, it is powerless for smaller defects like 2D,
1D, and 0D defects.?!

To observe smaller-scale defects, high-resolution transmission
electron microscopy (HR-TEM) is used to study perovskite de-
fects. Neat, thin perovskite films ~30 nm were grown by ther-
mal evaporation. Under HR-TEM, a low dose of an electron beam
(with ~200 e A~?) was used to get atomic-resolution STEM im-
ages of FAPDI;. As shown in Figure 3a, grain boundary and
1D defects are captured in the HRTEM pictures.’?) However,
this method was relatively difficult for solution-processed per-
ovskite film. The main obstacle is making thin perovskite film
samples.

2.2.2. Photon-Photon: Photoluminescence (PL), Time-Resolved
Photoluminescence (TRPL), and PL Imaging

Steady PL uses monochromatic light of a fixed wavelength to
excite electrons in the sample from VBM to CBM and detect
the light emitted when the electrons transition back to VBM.
The recombination can be separated into radiative recombina-
tion and non-radiative. Radiative recombination releasing pho-
tons could be detected by the PL, while in non-radiative recombi-
nation, charge carriers recombine, releasing phonons instead of
photons, which cannot be detected by steady PL. Phonon detec-
tion will be discussed in the next section about PDS. Deep-level
traps can serve as non-radiative recombination centers, impact-
ing the luminescence properties of thin films. By studying the
PL of the thin film, it is possible to investigate trap properties.!*!
The TRPL measures the decay of the PL signal, which could sep-
arate the non-radiative and radiative recombination by fitting the
decay spectrum to a biexponential equation:

Y = A, exp (—t/1,) + Asexp (=t/7;) (1)

When applied to perovskite materials, a bi-exponential (n = 2)
fit is commonly performed, with the two components typically
attributed to trap-mediated recombination (shorter lifetime 1)
and radiative recombination (longer lifetime 72).3%] Yang et al.
introduced additional I~ into the perovskite precursor to decrease
deep-level defect concentration via an intramolecular exchang-
ing process.3!l As shown in Figure 3D, the target layer exhibited
an enhanced PL intensity compared to the control layer, indicat-
ing a decrease in the number of deep-level traps within the bulk
perovskite layers. The longer lifetime of the PL transition in the
target layer, as revealed by PL decay measurements, can be at-
tributed to the reduced defect concentration and increased crys-
tallinity.

© 2024 The Author(s). Advanced Energy Materials published by Wiley-VCH GmbH
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Figure 2. Schematic diagram of indirect defect characterization methods. Combinations of excitations and detections corresponding to different

characterization methods.

Besides PL and TRPL, PL imaging was applied to observe the
ion migration on a micrometer scale. As shown in Figure 3¢, the
ion migration results in the PL quenched region, causing the ad-
vancement of a dark edge in the perovskite observed under PL
imaging microscopy. The process can then be slowly restored by
reverse biasing the perovskite film or simply relaxing the system
under dark conditions.3?!

2.2.3. Photon-Phonon: Photothermal Deflection Spectroscopy (PDS)

PL measures the photon released from the radiative recombina-
tion. In contrast, the PDS test measures the phonon released
from the non-radiative recombination. During the PDS test,
a beam of monochromatic light with tunable intensity is ab-
sorbed by the sample, causing electrons to transition into ex-
cited states. The system then relaxes through non-radiative tran-

Adv. Energy Mater. 2024, 14, 2401414 2401414 (4 0f23)

sitions, leading to time-dependent temperature changes in the
studied material and the surrounding liquid. This change is also
accompanied by changes in the index of refraction (IOR) of the
material and surrounding liquid. In practice, we measure the
change in IOR by observing the deflection of a laser beam us-
ing a position-sensitive 4-quadrant detector. The deflection am-
plitude is directly proportional to the optical absorption of the
sample.

Wolf et al. applied the PDS to the perovskite film to see
a high absorption coefficient with a particularly sharp onset
(Figure 3d).I**] They also suggested that the sub-bandgap absorp-
tion sensitivity of the PDS measurements of the as-prepared per-
ovskite layer is fully limited by defects present in the glass sub-
strate.

Recently, VIk et al. presented this measurement on halide per-
ovskite single crystals.[”] By analyzing the frequency dependence
of the PDS spectrum and the phase difference of the signals, deep
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Figure 3. a) Atomic-resolution STEM images of FAPbl;, grain boundaries, intrinsic stacking fault (orange rectangle, left), and climb-dissociated dis-
location (green rectangle, right). Scale bars, 5 nm. Reproduced with permission.[3°! Copyright 2020, American Association for the Advancement of
Science. b) Steady PL peak of control and after passivation (target) and TRPL spectra of control and target. Reproduced with permission.[*"] Copyright

2017, American Association for the Advancement of Science. c) PL imaging showing the ion migration within 32 s. Reproduced with permission.

132]

Copyright 2018, Springer Nature. d) PDS, FTPS, of CH;NH;Pbl; perovskite thin films as well as the PDS spectra of the glass substrate. Reproduced
with permission.33] Copyright 2014, American Chemical Society. e,f) XPS spectra of Pb 4f in the control and PDADI passivated film. Reproduced with

permission.[34] Copyright 2023, Wiley.

defects located on the surface and within the bulk of the sample
can be effectively explicitly distinguished.

2.2.4. Photon-Electron: X-Ray Photoelectron Spectroscopy (XPS)

XPS uses a beam of X-rays to irradiate the top 1-10 nm of the
material and then record the kinetic energy of emitted electrons.
This characterization method reveals the changes in the binding
energy of different elements before and after passivation to study
the binding between passivation materials and surface defects
of perovskite. It is gaining popularity in characterizing the role
of passivation strategies.3®] Charging effect and calibration are
needed to get the correct XPS data. Good grounding, space charge
compensation, and peak position correction using adventitious
C 1s or noble metals all contribute to accurate data acquisition.

Adv. Energy Mater. 2024, 14, 2401414 2401414 (5 Of23)

Zhong et al. compared the difference in the XPS spec-
trum of perovskite film before and after the passivation of 1,3-
diaminopropane dihydroiodide (PDADI). They found that two
weak metallic Pb peaks (Pb%) at 136.8 and 141.9 eV are ob-
served (Figure 3e), suggesting the presence of uncoordinated Pb
atoms, which are defects commonly observed in perovskite film.
This could be due to the generation of iodide vacancy, accompa-
nied by undercoordinated Pb**, which will be further reduced to
PbO. For the perovskite film subjected to PDADI modification,
the ratio of metallic Pb peaks decreased from 3.24% to 1.95%
(Figure 3f). The fit of Pb 4f peaks of the PDADI-treated film
shows that three pairs of peaks exist at ~#138.5/143.3, 137.6/142.4,
and 136.8/141.9 eV. The appearance of the new energy peaks
(137.6/142.4 eV) suggests the interaction between some Pb**
and other components on the surface, which is most likely 1,3-
diaminopropane (PDA).3Y
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Figure 4. a) Absorption spectra at different temperatures with fitted Urbach region (straight lines). Reproduced with permission.3° Copyright 1981,
American Physical Society. b) Illustration of Urbach tail in an absorption model.[4?] Copyright 2011, European Geosciences Union. c) As-EQE spectra
(open circle) and Gaussian fitting results (lines) of Ag-contact and ITO-contact PSCs upon light soaking. Reproduced with permission.[*1l Copyright
2020, Wiley. d) Band bending under alternating current in the TAS testing, £, (T,w) move under different temperatures. Reproduced with permission.[42]
Copyright 2018, American Chemical Society. e) Defect distribution spectra from TAS testing. Reproduced with permission.[43] Copyright 2019 Springer
Nature. f,g) trap density distribution with the profiling distance by DLCP measurements of perovskite single crystal and thin film. Reproduced with
permission.l*4l Copyright 2020, American Association for the Advancement of Science. h) Schematic device structure of electron-only and hole-only
SCLC tests. Reproduced with permission.[**] Copyright 2020, Springer Nature.

2.2.5. Photon-Electron: Sub-Bandgap External Quantum Efficiency
(s-EQE)

S-EQE detects the photogenerated charge carrier to reflect the de-
fect information. Band-to-band transition is the only transition
in a defect-free, direct bandgap semiconductor. In this case, the
relationship between the absorption coefficient and photon en-
ergy satisfies the bandgap model:

[a(E, T)E)’ = C[E- E,(T)] 2)

In this model, the absorption coefficient increases with pho-
ton energy. This is because, in 3D semiconductors, the DOS in-
creases with distance from the bandgap, which causes the absorp-
tion coefficient to increase with photon energy, which exhibits
approximately a quadratic function. However, due to defects and
thermal effects of semiconductor materials, the actual absorp-
tion coefficient near the band edge is higher than the value of
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the bandgap model. The absorption coefficient is proportional to
the index of incident photon energy (Figure 4a).1*%! In response to
this situation, Franz Urbach gave the function between absorp-
tion coeflicient and energy:

_ E-E
a (E) = a, exp 3)

E,

where E is the photon energy, «, is the absorption coefficient
corresponding to the intersection point obtained by epitaxy of
the exponential segment at different temperatures, E; is the en-
ergy corresponding to the intersection point after epitaxial ex-
tension, and E, is defined as Urbach energy, which refers to
the difference in energy between the beginning and the end
of the exponential segment (Figure 4a). This exponential seg-
ment is called the Urbach tail, which begins at energy levels
higher than the bandgap and extends to energy levels lower
than the bandgap (Figure 4b).[*?! The actual bandgap typically
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lies within the middle of the Urbach tail. While there are some
unresolved details in the theory, it is widely accepted, espe-
cially for crystalline semiconductors, that the width of the ex-
ponential tail directly reflects temperature-induced disorder and
represents the thermal occupancy of phonon states within the
crystal.[*0]

In perovskite materials, the presence of defect states allows for
additional photocurrent to be measured even at photon energies
lower than those within the Urbach tail.[*] Assuming that the
defect states have a Gaussian distributed DOS and considering
only transitions between the band and the defect or vice versa,
their contribution to the external quantum efficiency (EQE) fol-
lows a specific equation.

G, E—E,
Defect EOE (E) = k=2 [ 1+ exf 4
efect EQE (E) 2<+er<6d\/§>> (4)

This equation takes into account the defect density (Gd), de-
fect energy (Ed), standard deviation of the Gaussian defect DOS,
and a proportionality constant (k). Valuable information regard-
ing the energy and density of defect states can be obtained by
fitting any s-EQE spectrum with a combination of an Urbach tail
and a specific number of defect contributions.

Cheng et al. have utilized highly sensitive s-EQE spectroscopy
to monitor the ion dissociation process in PSCs based on MAPbI,
during degradation.[*!! They performed s-EQE measurements
at different time intervals and analyzed the changes in spectral
characteristics using Gaussian fitting (Figure 4c). The results
were compared with the defect state energy obtained through
theoretical calculations. In another study, Janssen et al. com-
bined s-EQE with optical modeling to investigate devices with
the structure of PTAA/FA ;;MA, ;,Pbl, ¢ Br, ;s/PCBM.*’] Their
findings demonstrated that states near the perovskite/PCBM
interface primarily contribute to the lower energy range of
the photocurrent spectrum, indicating the presence of defects
near this interface. These findings highlight the importance
of considering optical interference effects when interpreting
sub-bandgap spectra, particularly for perovskite devices, due to
the localized effect caused by the abundance of defects at the
interfaces.

2.2.6. Phonon-Electron: Thermal Admittance Spectroscopy (TAS)

TAS is a technique that utilizes electrical characterization to mea-
sure the admittance or impedance of a material as a function
of both frequency and temperature. Unlike deep-level transient
spectroscopy (DLTS), TAS is a steady-state measurement.

As a diode, the solar cell exhibits capacitive characteristics in
alternating current. When there is a defect state in the bandgap,
the defect state may contribute to the capacitance. It takes some
time for electrons to enter and leave the defect states. When
the frequency of the AC is too fast, the defect state will not re-
spond to the electric field. It will only react when the frequency
is reduced. At a fixed temperature and frequency, a fixed deep-
est defect state responds to an AC. When the temperature in-
creases, this defect state will move deeper. That is, deeper defect
states will be excited at high temperatures. Therefore, temper-
ature and frequency affect the capacitance of solar cells by af-
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fecting the emission of defect states. By changing the temper-
ature and frequency, the DOS in different energy band depths
can be studied (Figure 4d).[*?! In TAS, trap states’ center energy
and energy distribution are determined by analyzing the capac-
itance (or admittance) spectrum obtained at different tempera-
tures. As shown in Figure 4e, Zhou et al. found that the control
device showed a relatively large density of defect states, especially
around the deep defect level at 0.282 eV.[**] According to the pre-
vious density functional theory (DFT) calculation, they anticipate
this defect-state level (0.282 eV) could potentially be ascribed to
iodine interstitials (I;). Meanwhile, the perovskite-FA (target) de-
vice exhibited a noticeable reduction of the deep-level defect state
at 0.282 eV for two orders of magnitude. In conclusion, intro-
ducing a weak alkaline additive could suppress the incident I,
in the precursor solution and significantly reduce the I, defect
states.

2.2.7. Electron-Electron: Drive-Level Capacitance Profiling (DLCP)

DLCP is a type of capacitance-voltage-profiling characterization
technique. DLCP can vyield, like admittance spectroscopy, both
the spatial and the energetic distribution of defects. The energetic
distribution is obtained by varying the frequency of the AC signal,
whereas the spatial distribution is sustained by modifications in
the applied DC-bias.[*?]

Huang et al. conducted the DLCP method to map the spatial
and energetic distributions of trap states in perovskite single crys-
tals and polycrystalline thin films based on the device structure
of ITO/PTAA/MAPDI, /C,/BCP/Cu. They found that the charge
trap densities of all depths of the interfaces of the polycrystalline
films were one to two orders of magnitude greater than that of
the film interior (Figure 4g). The trap density at the film interior
was still two to three orders of magnitude greater than that in
high-quality single crystals (Figure 4f).[*4]

In principle, DLCP can have a high resolution because the de-
pletion edge can be continuously tuned by the applied DC bias.
However, the profiling distance within the real devices was af-
fected by the non-flat depletion interfaces caused by either the
roughness or the heterogeneity of the materials, which could
compromise the resolution of the profiling distance.

2.2.8. Electron-Electron: Space Charge Limited Current (SCLC)

SCLC was used in a vacuum diode. The current in a thin insulator
is far over ohmic current behavior like the current in a vacuum
diode.[*) When the applied voltage is low enough, the current is
mainly driven by the mobile charge carriers being intrinsically
present in the material. Currently, the current and voltage rela-
tionship satisfies Ohm’s law. When the voltage increases, the in-
ternal carriers of the insulator and intrinsic semiconductor are
not enough to neutralize the injected charge, so a space charge is
generated. The transmission speed of the space charge depends
on the material's mobility. When there are no defects, the charge
drift follows the Mott-Gurney law. At this time, the current is pro-
portional to the quadratic of the voltage. When the voltage and
current follow this law, the device operates in the SCLC regime.
Since the main limiting factor of current density under this
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working condition is the mobility of the material, the slope of
I-V2 of SCLC reflects the mobility of the material.

9evV?
=% 0

where e is the absolute permittivity, d is the insulator’s thickness,
and v is the mobility of the electrons.

In the early stage of space charge generation, the injected elec-
tron density exceeds the characteristic carrier concentration, and
the excess injected electrons will activate and occupy the defect
state. At this time, the current density is composed of SCLC. The
currentis injected into the defect, so the current is proportional to
the voltage higher than the quadratic, which was the trap-filling
limited (TFL) region.>!

The trap density can be determined using the Vg value ac-
cording to the following equation:

_ 2ee4 Vg
' el?

(©)

where ¢ is the dielectric constant of perovskite, ¢, is the vacuum
dielectric constant, L is the thickness of perovskite film, and e is
the elementary charge.

However, due to its mixed electronic-ionic nature, the funda-
mental current-voltage behavior for electrons and holes in per-
ovskite remains poorly understood. Alvar et al. demonstrated the
crucial role of the frequency and temperature dependence of the
apparent dielectric constant in understanding the magnitude,
scan-rate dependence, and temperature dependence of SCLCs
in perovskites. They developed a drift-diffusion model that in-
corporates experimentally validated ion dynamics, enabling con-
sistent reproduction of the scan-rate dependence and tempera-
ture dependence of the J-V curves in e”-only and h*-only devices
(Figure 4h).[*] Lim et al. observed conspicuous hysteresis in the
J-V curves of SCLCs, obtained by scanning in different direc-
tions. They postulated that mobile ions are responsible for the
hysteresis and developed a pulsed voltage SCLC method to effec-
tively eliminate it. Furthermore, they discovered that the density
of mobile ions can also be derived from the pulsed voltage SCLC
data, in addition to the trap density.’!]

2.3. How the Defects Influence Device Performance and Stability

During the operation of PSCs, sunlight is incident on the per-
ovskite active layer through a transparent electrode, and the per-
ovskite layer absorbs the incident photons to generate excitons.
In ideal conditions, the perovskite film absorbs all incident pho-
tons, generating electrons and holes with the same efficiency. Un-
der open-circuit conditions, the radiative recombination of free
electrons and holes in the same layer in which they are produced
is the only recombination channel.l®?) However, defects at the
interfaces and GBs of polycrystalline perovskite films will pro-
mote the non-radiative recombination of electrons and holes dur-
ing the operation.l>3] These will decrease the steady-state charge
density, thereby reducing the quasi-Fermi level splitting (QFLS),
which represents the energy difference between the quasi-Fermi
levels of electrons and holes.[?’] When the charge recombination
rate coincides with the charge generation rate, this process is con-
trolled by the charge density.

Adv. Energy Mater. 2024, 14, 2401414 2401414 (8 of 23)

www.advenergymat.de

In PSCs, there is a clear correlation between V- and QFLS.[*]
q Voc = QFLS + AE, +AE2_q)n_ch_6n_AVOC,NR (7)

- T _ pHT
where AE, = Egp — Efjl0r AE = EflLo — Ev AV o)

represents the non-radiative recombination loss (AVye g =
_I%T In(PLQY)), QFLS = Ep, — Eg), (Er, and E), represent the

quasi-Fermi level of electron and hole, respectively).

Furthermore, recombination at the interfaces and GBs affects
the efficiency of charge extraction.!>! It could also affect the short-
circuit current (Jsc) and fill factor (FF) of devices due to increased
series resistance.[*7] Studies have shown a direct correlation be-
tween trap density, mobile ionic defects density, and the J-V hys-
teresis degree.[>®! The presence of defect states or mobile ions
limits device performance and contributes to J-V hysteresis.[2%]
Passivation of defects can alter the contact resistance at the in-
terface between the perovskite and charge transport layers. Addi-
tionally, the addition of passivation agents in perovskite precur-
sors can change the film morphology, reducing the presence of
pinholes as shunt paths and thus affecting the FF in PSCs.[>"]

Notably, defects at the interfaces and GBs of perovskite films
significantly impact the performance of the devices. In addition,
defects can also deteriorate device stability.[®”) Eames et al. dis-
covered that vacancies and interstitials, in particular, create ion
migration pathways within perovskite films.[®!] Meggiolaro et al.
demonstrated that ion migration primarily occurs at interfaces
and GBs due to the formation of migrating defects facilitated by
the interfaces.[®?] Ton mobility accelerates the degradation pro-
cess by promoting the interface decomposition reaction.

Furthermore, defects at interfaces and GBs play a crucial
role in the degradation of perovskite films and the correspond-
ing devices caused by moisture, oxygen, light, and thermal
conditions.[®®! Ahn et al. found that trapped charges induced by
defects at GBs and interfaces of perovskite films under illumina-
tion provide charge accumulation sites and infiltration pathways,
which trigger irreversible degradation under moisture exposure
regardless of charge polarity.’] Haque et al. demonstrated that
V, defects are the preferred sites for the photo-induced forma-
tion of superoxide species (O%7) from oxygen through theoret-
ical calculation.[®*] Aristidou et al. demonstrated that the expo-
sure of MAPDI, films to oxygen under illumination results in
the formation of O?~ through electron transfer from photoex-
cited perovskite to O,. Subsequently, the deprotonation reaction
of 02~ with MA* initiates degradation, resulting in the formation
of products such as Pbl,, MA, 1,, and water.[%]

3. Strategies for Defects Passivation in Perovskite
Films

3.1. Defects Passivation at Perovskite Buried Interface

Due to the limitations of the layer-by-layer deposition process,
directional passivation of defects at perovskite-buried interfaces
remains challenging. The defects at the buried interface of per-
ovskite films harm charge extraction and affect the nucleation
and growth of the subsequently deposited perovskite layers.[66:67]
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Figure 5. Defects passivation at perovskite buried interface. a) The structures of common HTMs in inverted PSCs. b) The structure of SAM molecules.
c) Schematic diagram of interfacial interactions between ITO/SAM/perovskite. Reproduced with permission.[%8] Copyright 2024, Wiley. d) Schematic of
inverted device structure and the molecular design strategy of PPYs. Reproduced with permission.[®?] Copyright 2020, Wiley. e) Design principle and
molecular structures of synthesized HTMs: PTAA-P1 and PTAA-P2. Reproduced with permission.l”%] Copyright 2023, Wiley. f) Schematic illustration
of MeO-4PADBC anchoring on NiOx nanoparticle as the HSL in PSCs and the J-V curves of corresponding devices. Reproduced with permission.[”1]

Copyright 2023, American Association for the Advancement of Science.

3.1.1. Passivation by the Hole Transport Layer

For inverted structures, the HTL directly contacts the TCO
and perovskite. Thus, the properties of HTL and contact with
perovskite are crucial for the overall device performance.”?]
Figure 5a shows the common HTMs in inverted devices. Organic
polymers, such as poly (3,4-ethylenedioxythiophene): poly(4-
styrenesulfonate) (PEDOT:PSS), poly[N,N’-bis(4-butylphenyl)-N,

Adv. Energy Mater. 2024, 14, 2401414 2401414 (9 of 23)

N’-bis(phenyl) benzidine] (polyTPD), poly(bis(4-phenyl) (2,4,6-
trimethylphenyl) amine (PTAA), metal oxide, such as NiO,,
CuCr0,,I”*l CuSCN, Cu,O0, self-assembled monolayers (SAMs),
such as [2-(3,6-dimethoxy9H-carbazol-9-yl) ethyl] phosphonic
acid (MeO-2PACz), [2-(9Hcarbazol-9-yl)ethyl] phosphonic acid
(2PACz), are extensively utilized.[”]

Among them, SAMs stand out due to their crucial advantages
of low-cost, simple synthesis, dopant-free and scalable. Moreover,

© 2024 The Author(s). Advanced Energy Materials published by Wiley-VCH GmbH

85UB01 SUOWIWOD) SAIERID 3|01 [dde 3L Aq peuA0b 818 s3I YO ‘88N J0 S3|n1 104 A%eiq1 BUIIUO AB]IN UO (SUORIPUOD-PUE-SLUIBH 0D A8 1M AF.q 1 jou|uo//SdRL) SUORIPUOD L SWB L 83 88S *[S20Z/70/0T] uo Arigi auliuo A8|im ‘Buost BuoH JO AisieAn AO Aq ¥THT0rZ0Z WUSe/Z00T 0T/I0p/LI00" A8 | 1M Ae.q 1 jou |uo"peoueApe//SAIY WO} papeojumoq ‘SE ‘¥20¢ ‘0r8IrTIT


http://www.advancedsciencenews.com
http://www.advenergymat.de

ADVANCED
SCIENCE NEWS

ENERGY

www.advancedsciencenews.com

they can realize conformal deposition, making them attractive for
use in textured perovskite/silicon tandem solar cells. The struc-
ture of SAM molecules is shown in Figure 5b.”>7’1 SAMs can
simultaneously realize effective ITO work function adjustment
and buried interface passivation by rational molecular design.
Jen and co-workers reported two carbazole-based SAMs, CbzPh
and CbzNaph, through asymmetric and helical z-expansion of
carbazole, respectively.”®] Further, oxygen and sulfur atoms were
introduced to tune the dipole of the CbzPh, obtaining CbzBF
and CbzBT. The introduction can also effectively passivate de-
fects at the buried interface.l” Recently, they designed a novel
SAM molecule based on 7-methoxybenzo[b]benzo[4,5]thieno[2,3-
dJthiophene (MeO-BTBT).[®®] The tilt-packing mode of MeO-
BTBT enables interaction between the sulfur atom and the per-
ovskite layer, thereby simultaneously passivating defects at the
buried interface between the perovskite and the HSL (Figure 5c).
Hong and co-workers developed Br-2EPT using phosphonic
acid as the anchoring group, ethyl group as the linkage, and
bromine atom as the functional phenothiazine group.!®! This
design allows for efficient charge collection, electron blocking,
and surface passivation of the perovskite. Wu and co-workers de-
signed an amphiphilic hole transporter MPA-CPA, composed of
a triphenylamine-based head group and a cyanovinyl phospho-
nic acid anchoring group.®! This multifunctional transporter en-
ables the formation of high-quality perovskite films with mini-
mized interfacial defects by creating a super-wetting underlayer.

Zhu and co-workers also reported a new pyridine-based
polymer hole-transporting material (HTM) with suitable en-
ergy levels, high hole mobility, and efficient passivation effects
(Figure 5d).[%) They also introduced pyridine units into the pol-
yarylamine backbone to modulate the wettability and promote
anchoring.”% As shown in Figure 5e and 3,5-linked PTAA-P1 can
form strong interaction with atop perovskite layer through the
Pb—N bond, regulating the molecular conformation, leading to
highly crystalline perovskite films with uniform back contact and
reduced defect density.

3.1.2. Passivation by the Modlification Interlayer

Modification molecules are also introduced to enhance the inter-
action between the HTL and perovskite layer and passivate the
buried interface through the formation of a chemical bridge,®?
the construction of a 2D or heterogeneous intermediate layer
and the induction of interface dipole.®*! For example, Zhang and
co-workers introduced 3-(1-pyridinio)—1-propanesulfonate (PPS)
molecules into the PTAA/perovskite interface.®*] The molecules
have pyridine and sulfonate groups. The former can chemically
bond with the phenyl group of PTAA via z—z stacking, and the
latter can coordinate with the perovskite through S = O---Pb. The
chemical bridge structure significantly suppresses interface re-
combination. Zang and co-workers incorporated 2-aminoindan
hydrochloride into the perovskite precursor to form a bottom-
up 2D/3D heterojunction, which can modulate carrier recombi-
nation and extraction dynamics at the buried interface.!®*! Chen
and co-workers introduced different 2D spacers to the bottom in-
terface in inverted devices. The modification of the 2D spacers
induced the formation of 2D/3D heterojunction at the bottom
interface, which can facilitate hole transfer and suppress inter-
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facial charge recombination.®®) Glyciniu-based additive was in-
troduced to the perovskite precursor. GlyH cations can sponta-
neously accumulate in the bottom of the perovskite layer, thus
inducing interface dipoles to enhance hole transport.[*’]

In addition, SAMs can also be utilized to enhance the ad-
hesion between the HTL and perovskite layers as well as the
passivate burred interface, facilitating charge transfer. Zhu
and co-workers reported a new SAM, (4-(3,11-dimethoxy-
7H-dibenzo[c,g|carbazol-7-yl)butyl)phosphonic  acid  (MeO-
4PADBC), which is anchored to the NiO, film to improve and
stabilize the interface (Figure 5f). Based on the modification,
corresponding devices achieved a certified efficiency of 25.6%.1"!]
Yan and co-workers utilized a co-SAM layer to modify the buried
interface of NiO,-based PSCs by simultaneously doping Me-
4PACz with phosphorylcholine chloride (PC).[%] The phosphate
group and Cl~ in PC can inhibit NiO, surface defects. In the
meantime, the quaternary ammonium ions and Cl~ in PC can
fill organic cations and halogen vacancy defects at the bottom
of the perovskite film. This strategy can promote the growth of
perovskite crystals, collaboratively solve the problem of buried
defects, suppress nonradiative recombination and accelerate car-
rier transmission. Tang and coworkers introduced an interfacial
layer (KF) between HTL (NiOy/2PACz) and perovskite layers.
Considering both the high electronegativity of F~ and passivation
interaction with halide vacancies via K*, the introduction of the
KF interlayer not only enhances the SAM dipole moment but
also passivates the bottom interface.!®’]

3.2. Defects Passivation at Perovskite Bulk

In addition to the buried interface, there are still various defects
within the bulk of perovskite. The ionic nature of perovskite de-
livers an effective and straightforward approach to passivating
defects through coordinated or ionic bonding.[**°!l Additive en-
gineering can provide significant value for defect passivation in
the fabrication process of perovskite film.°2] In this section, we
will specifically concentrate on the passivation of defects within
the bulk of perovskite.

3.2.1. Excess Precursor Materials for Perovskite

Typically, perovskite precursor solution preparation is based on
the stoichiometry of precursors,

However, the introduction of non-stoichiometric conditions,
such as incorporating excess lead idoide (Pbl,) or alkylammo-
nium halogen salts into the precursor solution, has been found
to effectively passivate defects. Chen et al. proposed a plausi-
ble passivation mechanism based on the I-type band alignment
principle.[! As shown in Figure 6a, the bandgap of Pbl, is 2.3 eV,
which is larger than that of perovskite (1.5 eV). Its conduction
band is located above the perovskite, and its valence band is lo-
cated below the perovskite, causing carrier transport to be im-
peded at the GBs enriched with Pbl,. Additionally, PbI, alters
the bending direction of the grain-to-grain boundary, reducing
carrier recombination at the interface. However, an excessive
amount of Pbl, can hinder the extraction of carriers due to its
wide bandgap.'®”! Besides, Son et al. showed that a small quan-
tity of excess methylammonium iodide (MAI) can accumulate at
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Figure 6. Defects passivation at perovskite bulk. a) Self-induced passivation of Pbl,. Reproduced with permission.[**] Copyright 2014, American Chemical
Society. b) J-V curves of (FAPbIs)g g75 (CsPbBrs)g 1,5-based devices doped with different metal cations. Reproduced with permission.[°] Copyright 2018,
American Chemical Society. c) The formation of quasi-3D FA,PEA,_ Pbl; crystal after introducing PEAI. Reproduced with permission.[?”! Copyright 2017,
Wiley. d) Schematic diagram of the interaction between the PPP polymer and perovskite. Reproduced with permission.[®®] Copyright 2021, American
Association for the Advancement of Science. e) The molecule structure of PTCoPFg and its passivation effect for various perovskite defects calculated
by DTF. Reproduced with permission.[®° Copyright 2024, Wiley.

GBs, forming a thin layer that passivates defects and suppresses  ditive engineering has introduced metal cations such as Cs and
non-radiative recombination.[1%!] Rb into the perovskite lattice, occupying the A-site, per the Gold-
schmidt tolerance factors.['2] Other alkali metals like Na, K, and
Li have also been well studied.['1%] Son and co-workers sys-
3.2.2. Metal Cations Doping tematically investigated the passivation effects of various alkali
metal iodides (Figure 6b). They found that KI exhibited the most
During the annealing process, organic amine cations can exhibit  effective and universal passivation effect.”! They demonstrated
high volatility, forming vacancy defects. To address this issue, ad-  that K effectively decreased the formation of Frenkel defects by
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occupying interstitial sites. Moreover, other metal cations have
also been explored for defect passivation.l'® Snaith and co-
workers demonstrated that introducing a small amount of A3*
into the precursor enhanced crystallization, resulting in more ori-
entated crystalline domains.!*”]

3.2.3. Large-Size Ammonium Salts

Large-size ammonium salts have also been explored due to
their ability to form 2D or 1D structures, which can improve
device stability by protecting fragile 3D perovskite.['%119 Jen
and co-workers revealed that after introducing phenethylam-
monium iodide (PEAI) into FAPDI, perovskite. As shown in
Figure 6c¢, the larger PEA cation can assemble on both the lat-
tice surface and GBs to form quasi-3D perovskite structures,
acting as molecular locks to enhance the stability of FAPbI,
by tightening the domains and passivating surface defects.?’]
Other short linear alkane amine functionalities, such as ethy-
lammonium (EA), n-butylammonium (BA), and guanidinium
(Gua), have also been well studied.''!] Wang et al. found that
2D layered perovskite formed by BA on the 3D perovskite
has a wide bandgap. The 2D-3D heterojunction in the GBs
can block the carriers, and they continue propagating in the
grain without generating recombination.''?l In addition, 2D
perovskites are also directly introduced in perovskite. Li et al.
added the pre-prepared 2D C,H4N,0,PbI, (EDBEPDI,) micro-
crystals into the precursor solution, wherein the 2D perovskite
microcrystals could assemble at the GBs to passivate the defects
and enhance the stability without sacrificing the charge-carrier
extraction.['?]

3.2.4. Anions Doping

Anions doping is effective for Pb interstitial and halide vacancy
defects."'*] Tt is commonly believed that an excess of iodide ions
in the precursor solution or the addition of iodine separately can
inhibit the formation of halogen vacancies. Besides, other small-
radius halogen ions (Br~,[1**] CI~,[116:117] F-)[118] are also studied.
Among them, F- has the smallest radius and highest electroneg-
ativity, allowing it to form strong chemical bonds with Pb. Li
et al., through device modifications and DFT calculations, com-
pared the effects of adding 0.1% NaX (X = I, Br, or Cl) and
argued that F~ exhibited a strong passivation effect by form-
ing robust ionic bonds with Pb and hydrogen bonds (N-H--F)
with MA/FA cations.['' Other anions, apart from halogen an-
ions, can also be passivators. It has been reported that halogen-
like ions like SCN™~ can reduce recombination at GBs through
reaction intermediates.'”) Yin et al. found that O?~ signifi-
cantly impacted defect passivation at GBs and enhanced charge
transfer.[12%)

3.2.5. Lewis Acid and Lewis Base

Lewis acids are molecules or ions that accept external elec-
tron pairs. In contrast, Lewis bases are molecules or ions
that donate electron pairs. Such molecules could form acid-
base complexes via covalent coordinate bonds without electron
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transfer.12!l Therefore, defects with lone pairs of electrons, such
as free I~ and Pb-I antisite defects, can be effectively passivated
by Lewis acids.!'?!! In contrast, electron-deficient defects, such as
Pb?* interstitials, can be firmly bonded by Lewis bases. Fullerene
(Cgp) and its derivatives are the most representative Lewis acid
passivators.['22] Liu and co-workers fabricated a heterojunction
by introducing Cy, into the precursor, resulting in reduced trap
density and improved stability.'?}! Wang and co-workers synthe-
sized water/alcohol soluble A,,C,, by attaching a carboxylic acid
group to the head of Cg,. An excellent FF of 86.7% was achieved
based on the A,,C,-modified devices.[**]

Lewis bases are characterized by atoms that possess lone pairs
of electrons, particularly N, S, O, and P atoms.['?*! Liu and co-
workers demonstrated that doping pyridine (typically N-doner)
into a precursor could increase grain size and achieve high
performance.['?] This is because the introduction of pyridine can
slow down the crystallization process of perovskite and passivate
the defects by interacting with uncoordinated Pb?*. The effects
of the amine group (-NH,) have also been explored. For example,
the introduction of aminovaleric acid greatly improves device ef-
ficiency and stability by accumulating at GBs or forming a 2D per-
ovskite layer.'”] As for O-donor, commonly used solvents such
as N,N-dimethylformamide, N,N-dimethylsulfoxide, N-methyl-2-
pyrrolidone, etc., all contain O-donors, which can strongly be co-
ordinated with Pb?*, thus retarding the crystallization process of
perovskite and resulting in high-quality film.['?8! However, these
solvents usually escape from the perovskite film under thermal
annealing and do not participate in defect passivation. Huang
and coworkers incorporated a series of carbamide molecules
(urea, biuret, or triuret) consisting of both Lewis base (-NH,) and
Lewis acid (—C=0) groups into the perovskite precursor to simul-
taneously eliminate the bulk and interface defects.!'*”! Thiourea,
arepresentative S-donor, has also been demonstrated to suppress
the defects and improve the film quality.['**] Moreover, combin-
ing N- and S-donor can significantly improve the passivation
effect.[131]

3.2.6. Others

Ionic liquids (ILs), which consist entirely of ions, have been ex-
tensively investigated.['3?] For example, Zhu et al. reported that
the utilization of methylamine formate resulted in a more uni-
form and stronger compressive strain to suppress the transi-
tion of shared-corner Pbl; octahedron into shared-face §-FAPDI,.
This, in turn, influenced the dynamic behavior of carriers and
defects, leading to a remarkable efficiency of 24.08% for in-
verted FAPbI;-based PSCs.'3] Xia and co-workers employed
1,3-bis(4-vinylbenzyl)imidazolium chloride ([bvbim]Cl), which
can undergo self-polymerization during the perovskite fabri-
cation process and assemble at GBs to prevent the volatiliza-
tion of MA and passivate defects. The resulting devices fabri-
cated in humid environments exhibited an impressive efficiency
0f 19.929.11341

Polymers with exceptional properties have also garnered
significant attention.['*>13%]  Zuo and co-workers incorpo-
rated poly(4-vinyl pyridine) (PVP) into perovskite precursor,
which can self-assemble at GBs, effectively passivating defects
and protecting perovskite from moisture, thus significantly
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improving device stability.’¥! Gritzel and co-workers de-

signed a 3D star-shaped polymer that has multiple functional
groups on each branch (polyhedral oligomeric silsesquioxane-
poly(trifluoroethyl methacrylate)-b-poly(methyl methacrylate
(PPP)). As shown in Figure 6d, PPP can strongly interact with
perovskite via multiple chemical anchor sites to control the
crystallization of perovskite film.[%¥!]

Besides, Li and co-workers introduced 1-propanol-2-(1,2,3-
triazol-4-yl) cobaltocenium hexafluorophosphate (PTCoPF6), an
organometallic cobaltocenium salt additive, into the perovskite
precursor solution to passivate holistic defects. As shown in
Figure 6e, PTCoPF, can act by passivating both the deep and
shallow-level defects via coordination passivation and vacancy
healing, which is also beneficial for stabilizing the components
in perovskite.l*!

3.3. Defects Passivation at Perovskite Upper Interface

In the previous sections, we have summarized the passivation
method for the buried interface and the perovskite bulk. How-
ever, it is essential to note that the surface defects of perovskite
films can be more pronounced due to the easy volatilization
of organic molecules during the thermal annealing process.['*®]
Huang et al. have demonstrated that the charge trap densities of
all depths of the interfaces of the polycrystalline perovskite films
were one to two orders of magnitude greater than that of the film
interior via DLCP.[*Y Therefore, post-treatment of the perovskite
films should effectively reduce the surface dangling bonds and
enhance device performance. In this part, we will delve into the
advancements made in passivating the surface defects of per-
ovskite in inverted devices.

3.3.1. Passivation by the Electron Transport Layer

C,, and its derivatives are also suitable electron transport materi-
als benefiting from their inherent electron attraction in fullerene
spherical structures.! Huang and co-workers have demon-
strated that the spun PC,BM layer can conformably cover per-
ovskite with intimate contact and permeate along the perovskite
GBs as the thermal annealing proceeds. They also demonstrated
that the deposition of PC¢;BM/C,, double fullerene layers on
perovskites can reduce trap state density and suppress the pho-
tocurrent hysteresis compared with the C, single layer.'*] Jen
and co-workers also demonstrated effective interfacial interac-
tion between perovskite and fullerene exists under bias.!146147]
Peng and co-workers designed a novel n-self-doping conducive
Cg-PDI-I dimer ETL with high mobility by incorporating Cg,
and perylene diimide (PDI).['*8] At the same time, the presence
of abundant carbonyl groups with lone pair electrons affords
coordination interactions with the under-coordinated Pb atoms
at the perovskite interface, which boosts the device’s efficiency
and stability. Wu and co-workers introduce electron-transporting
carborane as an interlayer between perovskite and Cg,. Further
introduction of functionalized aniline groups can adjust its en-
ergy level. As shown in Figure 7a, the HOMO of carborane
is deeper than that of C,, which means better hole-blocking
ability. Meanwhile, functionalized aniline groups can effec-
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tively passivate defects and suppress perovskite/C60 interfacial
recombination.!!3]

3.3.2. Passivation by the Reactive Dipole Interlayer

Perovskite surface defects differ significantly from those in the
bulk, arising from various surface terminations and undercoordi-
nated sites. Vacant terminations, which are more stable than Pbl,
flat and MAI/FALI terminations, can induce vacancy defects (such
as V; and Vy;, /Vg,) on the surface due to differences in surface
energy.['*! In FAPDI, perovskite, FA-related intrinsic defects are
more easily formed with lower formation energies, attributed to
the weaker interaction between FA* and [PbI]>~ octahedral.l'>"]

Numerous molecules have been developed to tailor the sur-
face chemical environments and surface defects.['>*152] Huang
and colleagues demonstrated the effective passivation of ionic
defects in various types of hybrid perovskite using quaternary
ammonium halides with their negatively and positively charged
components.!®3] Li and co-workers designed a fullerene elec-
trolyte (PCBB-3N-3I) dipole interlayer to simultaneously passi-
vate charged surface defects and reconfigure the energy band
structure at the interface between the perovskite layer and
ETL."**] The iodide in PCBB-3N-31 can anchor the positive sur-
face defects through electrostatic interaction, achieving effective
passivation and the preferred orientation of PCBB-3N-3I assem-
bly. Jen and co-workers reported a bifunctional molecule, piper-
azinium iodide (PI), with both R,NH and R,NH,* groups on the
same six-membered ring, which means it can act as an electron
donor and an electron acceptor simultaneously to react with dif-
ferent surface terminations on perovskite films.['*"] The tuning
of surface termination with PI treatment also helps to achieve a
more n-type characteristic film to facilitate charge transfer. As a
result, an efficiency of 23.37% is obtained from PI-treated devices
(Figure 7b).

3.3.3. Passivation by the Organic Spacer Cations

2D perovskite spacer cations (such as PEA, BA, and QA) can ef-
fectively passivate uncoordinated Pb** or Pb clusters on the sur-
face of perovskite films.['>1%¢] Among them, the lone pair of elec-
trons of the N atom in the terminal group of spacer cation inter-
acts with the metal Pb?* to form a quasi-2D perovskite capping
layer."*!] Huang and co-workers revealed the chemical reaction
mechanism between BA and 3D perovskite surface to construct
2D/3D heterostructure.['”] They explained the functionality of
2D layers in enhancing the thermal stability of the surface by pre-
venting MA and I evaporation. Besides, they demonstrated the
slow-down ion migration due to increased defect generation en-
ergy in the 2D perovskite layer.'>®! Liu and colleagues designed
morpholine hydroiodide (MORI) and thiomorpholine hydroio-
dide (SMORI) by introducing a Lewis base (O or S) to replace
N in the PI molecule and applying them to passivate the per-
ovskite surface. As shown in Figure 7c, the modified molecules
can form a 2D perovskite capping layer on the perovskite sur-
face instead of the 1D perovskite capping layer formed by PI
treatment. After dimensional regulation, the SMORI treatment
can realize robust surface passivation and stronger 2D/3D het-
erojunctions. Moreover, a power conversion efficiency (PCE) of
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Figure 7. Defects passivation at perovskite upper interface. a) Device structure and molecule structures of CB and CB-NH,, as well as the correspond-
ing energy levels. Reproduced with permission.l'3°l Copyright 2022, Springer Nature. b) The corresponding J-V curves of devices based on regulating
surface termination by Pl. Reproduced with permission.!'4°] Copyright 2020, American Chemical Society. ¢) Schematic illustration of the post-treatment
for perovskite film using MORI or SMORI and the corresponding J-V curves of perovskite solar modules. Reproduced with permission.[" Copy-
right 2024, American Chemical Society. d) Device performance of 2D/3D perovskite heterojunction formed by OLAI post-treatment. Reproduced with
permission.!#2] Copyright 2022, American Association for the Advancement of Science. e) lllustration of the device structure with EDA** and 4F-PEA

post-treatment. Reproduced with permission.['43] Copyright 2024, Wiley.

22.28% can be achieved based on SMORI-treated devices at an
active-area of 14.4 cm?.1*!] Besides, the dimension n of the 2D
perovskite can also be customized by adjusting the annealing
conditions. Wolf and co-workers post-treated the perovskite film
with oleylammonium iodide molecules at room temperature to
obtain 2D perovskite with n > 2. The device structure is shown
in Figure 7d. Based on 2D layers prepared at room temperature,
an efficiency of 24.3% was achieved.['*?]

Interestingly, Mahmud and co-workers demonstrated a
2D perovskite passivation scheme based on octylammonium
chloride (OAC]) and showed that it provides both bulk and
surface passivation.’”] The Cl- diffuses into the perovskite
bulk, passivating defects, while the OA ligands provide effective,
localized surface passivation. Besides halide diffusing from the
surface to passivate the perovskite bulk, the partial diffusion of
organic bulky cations into the bulk is also possible if their ionic
radii are comparable to the organic cations in the perovskite
bulk.['] Mahmud and co-workers adopted the cation-diffusion-
passivation scheme and chose CH¢N**, which has an ionic
radius comparable to FA*. This concurrent bulk-passivation

Adv. Energy Mater. 2024, 14, 2401414 2401414 (14 Of23)

and surface-passivation scheme is based on the partial diffusion
of bulky organic cations from the surface layer into the bulk-
passivating defects. In contrast, the surface-remaining cations
passivate the perovskite surface.[16!]

3.3.4. Multi-Molecule Synergistic Passivation

Inverted devices non-radiative recombination at the
perovskite/C, interface, including defects-induced surface
recombination and contact-induced interface recombination,
significantly affects device performance.'*! Sargent and co-
workers adopt sulfur-modified methylthio and diammonium
molecules for passivation of surface defect-induced and contact-
induced interfacial recombination, respectively.'®?] The former
can interact with defects to form chemical bonds and reduce
surface recombination. The latter can repel minority carriers
(holes) to reduce interface recombination. The complex car-
rier recombination problem at the perovskite/C60 interface
is alleviated by combination. Similarly, Tan and co-workers
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developed a sequential post-treatment involving ethylenedi-
amine diiodide and 4-Fluoro-Phenethylammonium chloride
deposition (Figure 7e). The former works as a modifying layer
to narrow the conduction band offset between the perovskite
and Cq, layers, while the latter acts as a positive dipole layer to
further reduce recombination losses.['**]

Capping 2D perovskite layers atop 3D perovskites, although
they help achieve environmental stability, could hinder elec-
tron extraction and deteriorate device performances of inverted
PSCs.'"1] Liu and co-workers also reported a bi-molecular
competitive adsorption strategy.'**! By introducing phenyl-
methylammonium iodide (PMAI) and octylammonium iodide
(OAI) simultaneously, due to the greater molecular polarity
and steric hindrance effect of OA, it preferentially adsorbs on
the perovskite surface, thereby inhibiting PMA-induced surface
layer transformation into a low-dimensional structural phase.
Li and co-workers proposed constructing limited 2D/3D per-
ovskite structures through interfacial ligand confinement to ob-
tain efficient and stable inverted PSCs and modules."® As a
masking reagent atop 3D perovskites, EDA interacts with am-
monium via H-bonding interaction, regulating the cation ex-
change and distribution to form a finite and dense 2D pas-
sivation layer. Besides, a depth-dependent manipulation strat-
egy was also developed to realize bulk and interfacial de-
fects passivation.'®® Tan and co-workers adopt the mixture
of methylammonium thiocyanate (MASCN) and PEAI to post-
treat the perovskite.'®®) The MASCN induces the regrowth
of perovskite grains and simultaneously facilitates the pen-
etration of PEAI into the HTL/perovskite bottom interface.
PCEs of 21.9% and 19.9% for the 1.65-eV bandgap opaque
and semitransparent perovskite solar cells, respectively, are ob-
tained.

3.4. Synergistic Passivation of Bulk and Interfaces of Perovskite

Recently, more and more researchers have tried to combine
the passivation of bulk and interfaces of perovskite to further
enhance device performance.'"1%’] Liu and co-workers real-
ized a total defect passivation by stereoscopically introducing
the cysteamine hydrochloride (CSA-Cl) in bulk and surface of
perovskites.[1%] The DFT calculations reveal that the organic
cation of CAS and its functional group (-SH, -NH,*) and the
Cl~ can occupy the organic vacancy and have apparent charge
interaction with the undercoordinated Pb?* and Pb-I antisite de-
fects. Vaynzof and co-workers presented a dual interfacial mod-
ification approach by integrating large organic cations at elec-
tron and HTL interfaces (Figure 8a). They find that modification
of the bottom interface leads to improved wettability, eliminat-
ing nanovoids forming at the HTL interface. Modifying the top
perovskite surface leads to its efficient passivation and reduced
non-radiative recombination losses. These two different mech-
anisms can be combined to simultaneously improve all photo-
voltaic parameters. Moreover, further incorporating ILs into the
active perovskite layer leads to efficient and stable devices.[*”]
Xu and colleagues added functional nanographene (C78-AHM)
into the PTAA HTL, resulting in an HTL with enhanced conduc-
tivity, reduced roughness, and frontier energy levels that match
the perovskite absorber’s work function.!'”’ Thiosemicarbazide
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(TSC) was added to the perovskite precursor solution to mod-
ify the perovskite grain and interface, thus improving the crys-
talline morphology of the perovskite film. This co-doping strat-
egy can simultaneously reduce interfaces, bulk defects, and the
interface energy barrier in the perovskite film. Similarly, Chen
and co-workers simultaneously introduced additives and surface
passivators to realize dual-interface modification.l'’!] As shown
in Figure 8b, this strategy can effectively reduce the surface po-
tential of the perovskite film, facilitating electron transfer and re-
ducing interface recombination.

3.5. Passivation of Large-Area Perovskite

Upscaling defects passivation engineering for perovskite mod-
ules is a critical step toward commercializing and widespread
adoption of perovskite-based photovoltaics. Notably, upscal-
ing defects passivation engineering for perovskite solar
cells and modules involve similar principles but differ in
scale, complexity, and considerations due to their respective
applications.

In the past few years, a variety of scalable preparation pro-
cesses, such as slot-die coating,'7?l blade coating,!'”®! inkjet
printing,['7#] etc., have been reported. By combining various pro-
cessing strategies such as anti-solvent casting,['?®] hot casting,[!”]
air knife assistance,'7°! and vacuum assistance,l'”’! etc., the
preparation of dense perovskite layers has been successfully
achieved.

However, in addition to film defects, the uniformity of the
perovskite film will also directly affect its interface contact with
the charge transport layer as the device area increases. Poor in-
terface contact and inadequate charge transport capability can
lead to severe interface recombination, thereby reducing FF
and V.

To eliminate the severe interface recombination, researchers
have done lots of work. Jen and co-workers have chosen SAM
to replace PTAA with poor surface wettability.'”®! As shown in
Figure 9a, the SAM surface facilitates the nucleation and growth
of perovskite film after the blade-coating process, forming a
dense perovskite layer with strong adhesion to the substrate, thus
passivating the interfacial defects. Moreover, the mini-module
(an aperture area of 18.0 cm?.) based on SAM realized a PCE
of 14.13%. Qiu and co-workers introduced Al,O, nanoparticles
into the HTL/perovskite interface to hamper the direct contact
between perovskite and substrate. Besides, PEABr was employed
to modify the buried and upper interfaces of perovskite film.!1%!
Due to the reduced interface recombination, the V. of corre-
sponding devices is extensively improved from 1.02 to 1.14 V.
The 1 cm? device efficiency reaches 22.4%. Li and co-workers in-
troduced self-assembled dyad molecules to suppress the redox
reaction between high-valence Ni** of NiO, and ammonium io-
dide of perovskites via chemical passivation, which suppresses
the interfacial degradation and enhances device efficiency and
stability.[82]

Wu and co-workers proposed that ultra-thin inorganic alkali
metal fluorides interlayer passivate the interface defects at the
perovskite/ETL interface.['®] Pang and co-workers introduced n-
type polymer N2200 into the PCBM, the commonly used ETM
in inverted structures, to enhance the electrical properties of
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Figure 8. Synergistic passivation of bulk and surface interfaces of perovskite. a) Device structures with the different combinations of passivated in-
terfaces. Reproduced with permission.l'6°l Copyright 2021, American Association for the Advancement of Science. b) AFM images and KPFM surface
potential images of Control, AMP-modified and AMP-mF/P-modified perovskite films. Reproduced with permission.['”'l Copyright 2024, Wiley.

PCBM and passivate the defects distributed on the perovskite
surface. An efficiency of 20.30% in an area of 11.19 cm? is
obtained (Figure 9b)."”! Lu and co-workers designed a bulky
fluorinated phenmethylammonium salt (2CF;-PMABr), which
can passivate defects at the film’s buried and upper surface
without forming 2D perovskite.'8 This treatment reduces per-
ovskite defects, suppresses the recombination reaction at the in-
terfaces, and enhances the charge extraction by charge trans-
porting layers. Zhang and co-workers also reported a dual in-
terface engineering strategy using ammonium salt, namely
2-thiopheneethylammonium chloride (TEACI) (Figure 9c).[*8]
These dual interface modifications passivate the deleterious de-
fects, optimize the band alignment, and improve the interfacial
contact. A PCE of 22.6% with a high FF of 82.4% was obtained
on an active area of 3.63 cm?.

Besides, the defects passivation strategies should be compat-
ible with the fabrication processes involved in module produc-
tion. For example, Song and co-workers proposed a CS, vapor-
assisted passivation strategy for perovskite solar modules to pas-
sivate the V; defects and uncoordinated Pb** caused by ion
migration (Figure 9d). Significantly, this method can avoid the
disadvantages of inhomogeneity film caused by spin-coating-

Adv. Energy Mater. 2024, 14, 2401414 2401414 (16 Of23)

assisted passivation and reconstruction of perovskite surface
from solvent.!181]

Moreover, the passivators easily show spatial inhomogene-
ity, greatly hindering the passivation effectivity, especially in
upscaling perovskite modules. For surface passivation, espe-
cially for solvent-based passivators, the solubility of the pas-
sivator and the effect of the solvent on the underlying per-
ovskite need to be considered. The additives that passivate per-
ovskite films often co-precipitate during perovskite crystalliza-
tion and aggregate at interfaces, contributing to defects and spa-
tial inhomogeneity.!1*18] Therefore, not only the function but
the properties of the passivator need to be considered. Sargent
and co-workers demonstrated that thermotropic liquid crystals
such as 3,4,5-trifluoro-4'-(trans-4-propylcyclohexyl)biphenyl en-
able large-area perovskite films that are uniform, low in defects
and stable against environmental stress factors.[8]

4. Summary and Outlook

In recent years, significant progress has been made in develop-
ing inverted PSCs, with a record PCE exceeding 26%. The con-
tinuous breakthroughs in tandem devices have highlighted the
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Figure 9. Passivation of large-area perovskite. a) The proposed perovskite nucleation and growth mechanisms after blade-coating and during thermal
annealing on PTAA-based and SAM-based substrates. Reproduced with permission.['78] Copyright 2022, Elsevier. b) J-V curves of devices based on
N-doped PCBM. Reproduced with permission.['7°l Copyright 2023, Wiley. c) Dual interface passivation based on TEACI. Reproduced with permission.!13]
Copyright 2023, American Chemical Society. d) Schematic illustration of CS, vapor passivated perovskite film and the vapor passivation functions of
CS, with the corresponding defects in perovskite. Reproduced with permission.l'811 Copyright 2023, Wiley.

substantial commercial potential of inverted PSCs. This review  verted devices at the perovskite buried interface, perovskite bulk,
article delves into the nature and origin of defects in organic  and perovskite top surface, including typical examples of syner-
halide perovskite films, exploring their impact on solar cell per-  gistic passivation of both bulk and surface defects. Nonetheless,
formance and stability. We provide an overview of characteriza-  there are still unresolved issues that warrant further considera-
tion techniques for identifying defects at both film and devicelev-  tion. The summary and outlook for defect passivation in inverted
els. Furthermore, we discuss defect passivation strategies in in- ~ PSCs and modules are shown in Figure 10.
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Figure 10. Summary and outlook for defect passivation in inverted perovskite solar cells and modules.

4.1. Develop Streamlined Characterization Methods for Defect
Detection and Quantification

The development of streamlined testing and characterization
methods is essential for detecting and quantifying perovskite de-
fects. These methods guide in optimizing passivation techniques
and further enhancing device performance. Advanced character-
ization techniques such as scanning probe microscopy, XPS, and
Raman spectroscopy can be employed to detect and analyze de-
fects accurately. Furthermore, future testing and characterization
methods for perovskite defects should prioritize convenience and
efficiency, incorporating automated testing equipment, real-time
monitoring technology, and fast analysis algorithms to enable
swift defect detection and quantitative analysis. Integration of
data analysis and machine learning techniques can establish a
correlation model between defects and performance, thereby re-
fining passivation strategies.

4.2. Enhance the Universality of Passivation Materials and
Methods

With the progression of PSC industrialization, the evolution of
passivation materials and methods should embrace enhanced
versatility and broad universality. Many passivation materials and
methods may undergo validation in large-scale production and

Adv. Energy Mater. 2024, 14, 2401414 2401414 (18 of 23)

gradually gain traction in industrial applications. While numer-
ous passivation systems have been developed, further research
and refinement are warranted. Large-area experimental screen-
ing and material simulation calculations can facilitate univer-
sality by identifying the most suitable passivation materials and
methods for industrial implementation. Additionally, exploring
the synergistic application of diverse passivation materials and
methods holds the potential for achieving improved passivation
effects.

4.3. Develop Highly Stable Passivation Strategies

Investigating highly stable passivation strategies or materials
is poised to assume a central focus. The stability of compat-
ibility with crystalline silicon is the key to the successful in-
dustrialization of perovskite photovoltaics. Thus, it is impera-
tive to undertake extensive long-term stability testing and ma-
terial durability research, along with the exploration of novel
passivation materials such as organic passivation agents, inor-
ganic protective layers, and passivation films, while assessing
their impact on the stability of perovskite materials. Furthermore,
established passivation strategies can be bolstered by optimiz-
ing material composition and structural design to ensure the
enduring reliability of industrial-grade perovskite photovoltaic
products.
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4.4. Ensure Uniformity in Large-Area Passivation

In the realm of large-area passivation, the careful selection of pas-
sivation materials and methods holds paramount significance for
ensuring the uniformity of passivation layers. Regrettably, aca-
demic research in this domain remains scarce. Hence, future
endeavors necessitate more comprehensive and systematic in-
vestigations into selecting passivation materials and methods tai-
lored for large-scale passivation processes. Through comparative
assessments of various materials and methods on the thickness
and uniformity of passivation layers, the passivation process can
be fine-tuned, and appropriate control strategies can be devised
to tackle the complexities associated with large-area passivation.

In conclusion, the advancement and application of perovskite
photovoltaic technology necessitate comprehensive exploration
and implementation in crystal growth, defect detection, and pas-
sivation technology to enhance the performance and stability of
PSCs incessantly. These deliberations and recommendations are
intended to foster the progress and utilization of perovskite pho-
tovoltaic technology and contribute to the realization of clean en-
ergy and sustainable development.
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