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Inverted perovskite solar cells have gained prominence in industrial advancement due to their easy fabrication, low
hysteresis effects, and high stability. Despite these advantages, their efficiency is currently limited by excessive defects
and poor carrier transport at the perovskite–electrode interface, particularly at the buried interface between the perovskite
and transparent conductive oxide (TCO). Recent efforts in the perovskite community have focused on designing novel
self-assembled molecules (SAMs) to improve the quality of the buried interface. However, a notable gap remains in
understanding the regulation of atomic-scale interfacial properties of SAMs between the perovskite and TCO interfaces.
This understanding is crucial, particularly in terms of identifying chemically active anchoring groups. In this study, we
used the star SAM ([2-(9H-carbazol-9-yl)ethyl] phosphonic acid) as the base structure to investigate the defect passivation
effects of eight common anchoring groups at the perovskite–TCO interface. Our findings indicate that the phosphonic and
boric acid groups exhibit notable advantages. These groups fulfill three key criteria: they provide the greatest potential
for defect passivation, exhibit stable adsorption with defects, and exert significant regulatory effects on interface dipoles.
Ionized anchoring groups exhibit enhanced passivation capabilities for defect energy levels due to their superior Lewis
base properties, which effectively neutralize local charges near defects. Among various defect types, iodine vacancies are
the easiest to passivate, whereas iodine-substituted lead defects are the most challenging to passivate. Our study provides
comprehensive theoretical insights and inspiration for the design of anchoring groups in SAMs, contributing to the ongoing
development of more efficient inverted perovskite solar cells.

Keywords: inverted perovskite solar cell, defect passivation, self-assembled molecule, interface engineering,
first-principles calculation

PACS: 73.20.Hb, 81.65.Rv, 68.43.Bc, 31.30.jp DOI: 10.1088/1674-1056/ad711f

1. Introduction

The emergence of perovskite solar cells (PSCs) with in-
verted (p–i–n) structures holds great promise for future com-
mercialization due to their easily scalable production, reliable
performance, and improved stability.[1] In recent studies, the
p–i–n PSCs and the regular (n–i–p) PSCs have achieved sim-
ilar power conversion efficiencies (PCE).[2] However, for a
long time, the PCE of p–i–n PSCs consistently lags behind
that of their n–i–p counterparts mainly due to the low open-
circuit voltage.[3] This limitation is attributed to poor inter-
face contact quality and imperfect energy level alignment.[4]

To overcome these bottlenecks, interface engineering has be-
come a crucial way, leading to rapid improvements in the PCE
of p–i–n PSCs.[5] Among all interfaces, the quality of the in-
terface between perovskite and transparent conductive oxide
(TCO), which includes materials such as fluorine tin oxide
(FTO) and indium tin oxide (ITO), formed during perovskite

deposition, remains the most challenging to optimize.[6] Cur-
rent research focuses on achieving optimized charge transfer
at the perovskite–TCO interface and controlling defects in p–
i–n PSCs. In this research process, improvements in the hole
transport layer materials and exploration of new materials have
become focal points.[7]

In n–i–p PSCs, the most widely used hole transport mate-
rials are 2,2′,7,7′-tetrakis[N,N-di(4-methoxyphenyl)amino]-
9,9′-spirobifluorene (spiro-OMeTAD) and polymer
poly[bis(4-phenyl)(2,4,6-trimethylphenyl)amine] (PTAA).
They offer excellent hole transport properties but are relatively
expensive, posing a significant challenge to the scalability and
commercial viability of PSCs.[8] Due to structural differences,
the hole transport materials used in p–i–n PSCs have under-
gone some changes. In addition to small molecules based
on triphenylamine like spiro-OMeTAD and polymers similar
to PTAA, transparent inorganic materials such as NiOx are
also employed in p–i–n PSCs. While inorganic NiOx exhibits
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good hole transport capabilities and higher stability compared
to many organic materials, its performance is still hindered
by defects at the interface with perovskites.[9] Recently, self-
assembled molecules (SAMs) have garnered significant at-
tention as alternative hole transport materials.[10–12] SAMs
offer distinct benefits, including minimal parasitic absorption,
reduced material usage, and streamlined manufacturing pro-
cesses for large-area PSCs.[13]

Typically, SAM consists of three main components: an
anchoring group, a linker group, and a terminal group.[13]

The special structure provides SAM with unique proper-
ties suitable for hole extraction. Taking [2-(9H-carbazol-9-
yl)ethyl]phosphonic acid (2PACz) as an example, it exhibits
π–π interaction between carbazoles. The π bond between car-
bazoles and the ability of phosphonic acid groups to anchor
on substrates make 2PACz capable of forming uniform and
dense monolayers. The formation of a nearly monomolecu-
lar thickness in this thin-layer form is the reason that SAMs
have lower fabrication costs and reduced parasitic absorp-
tion. Meanwhile, carbazole has good conductivity and hole-
extracting ability due to its conjugated nature and the donor
nature.[14] of its central N atom (Fig. S1 right panel). Cur-
rently, SAMs find applications in two main ways: modifying
the hole transport layer and serving directly as the hole trans-
port layer.[15] Their low fabrication complexity and flexible,
adjustable modular structure allow SAMs to effectively tune
the work function of the hole transport interface and control
defects. Recent research on high-efficiency p–i–n PSCs has
utilized 2PACz as the hole transport layer, resulting in impres-
sive PCEs of over 26%.[2,16,17]

In our earlier studies, we found that when SAMs are
employed as a hole transport layer, they have the potential
to undergo structural changes, such as flipping (Fig. 1(a))
or forming additional anisotropic layers (Fig. S1 left panel).
This structural reorganization allows the anchoring group, ini-
tially intended for substrate anchoring, to interact with the per-
ovskite, thereby achieving defect passivation.[6,18] The defect
passivation capabilities facilitated by the anchoring groups of
SAMs likely play a pivotal role in improving the quality of
contact at the hole transport interface. However, chemical
understanding of the interaction between the SAM anchoring
group and perovskite surface defects is still lacking in current
studies. To address this knowledge gap, we focus on modify-
ing the anchoring group based on 2PACz in this work. We sys-
tematically evaluated the defect passivation, interface bonding
stability, and interface dipole regulation of eight kinds of an-
choring groups. Among all the anchoring groups, phospho-
nic and boric acid groups exhibit the most comprehensive in-
terface optimization ability. This is attributed to their provi-
sion of the most diverse defect passivation configurations, the
highest adsorption energies, and the most beneficial changes

in interfacial dipoles. This is also confirmed by several pub-
lished experimental studies.[19–24] The ionization of anchoring
groups significantly enhances defect passivation ability and in-
terface adsorption capabilities. This can be attributed to the
improved Lewis base properties following ionization, which
makes iodine vacancy defects in perovskite the easiest type of
defect to passivate. The iodine-substituted lead defects, due
to their manifestation as a Lewis base, could not be passi-
vated in our study. Our study offers insight into the potential
mechanisms underlying the optimization of the interface be-
tween perovskite and TCO using SAMs, paving the way for
enhanced performance of p–i–n PSCs.

2. Computational method
We performed first-principles calculations within the

framework of density-functional theory[25] using the plane-
wave pseudopotential method as implemented in the Vienna
Ab initio Simulation Package.[26,27] The electron–ion interac-
tions were described by using the projected augmented wave
pseudopotentials.[28] The 6s26p2 (Pb), 5s25p5 (I), 2s22p2 (C),
2s22p3 (N), 3s23p3 (P), 2s22p1(B), 3s23p4 (S), 3s23p2 (Si), and
2s22p4 (O) were treated explicitly as valence electrons. We
adopted the generalized gradient approximation formulated by
Perdew, Burke, and Ernzerhof (PBE) as exchange–correlation
functional.[29] To simulate the defects on the FAPbI3 per-
ovskite surfaces, we constructed 2× 2× 3 supercells in the
slab structures with a vacuum layer thickness of 15 Å. It is
important to note that a supercell of this size may introduce
potential defect–defect interactions. To achieve a more accu-
rate quantitative analysis of defect charge-state transition lev-
els, larger supercells should be constructed, and appropriate
correction terms should be introduced to mitigate the errors
associated with the finite supercell size. To assess the dipole
regulation of SAMs on the perovskite-transparent electrode in-
terface, we constructed an interface of 1×1×2 perovskite su-
percell and

√
2×
√

2×5 SnO2 supercell (simulated FTO) with
[001] crystal orientation. The lattice mismatch of the interface
was kept below 5%. In this study, the cubic phase FAPbI3 was
employed to construct the supercell. It is worth mentioning
that the cubic phase, due to its dynamic instability, may in-
duce non-physical structural relaxations in the vicinity of de-
fects. For more precise defect analysis, it is recommended
to utilize the tetragonal or orthorhombic phases, and to care-
fully test various crystallographic orientations during surface
construction. Through partial charge density calculations, we
have verified that the structural relaxations in the cubic phase
do not compromise the correspondence between the Kohn–
Sham defect energy levels and the point defects, thereby en-
suring the validity of the qualitative analysis presented in this
work. Structure optimization was achieved using the conju-
gate gradient technique until energies converged to 10−5 eV
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and residual forces on atoms converged below 0.03 eV/Å. A
kinetic energy cutoff of 400 eV was used for wave-function
expansion, and a Monkhost k-mesh grid of 3×3×1 was used
for Brillouin zone integration. Dipole moments and electro-
static potentials of molecules after ionization were computed
using the Gaussian 16 package at the B3LYP/6-311+g∗ level.
The process of DFT-based calculations and analysis of the cal-
culated results were carried out using our in-house developed
code, the Jilin artificial intelligence-aided material design in-
tegrated package.[30,31]

3. Results and discussion
Based on the structure of 2PACz (Fig. 1(a) right

panel), we explored common SAM anchoring group modifi-
cation. In this work, we considered eight types of anchor-
ing groups (Fig. 1(b)), including the phosphonic acid group
(–PO3H2),[6] boronic acid group (–B(OH)2),[32] silanetriol
group (–Si(OH)3),[33,34] sulfonic acid group (–SO3H),[35] car-
boxyl group (–COOH),[36] amino group (–NH2),[37] thiol
group (–SH),[38] and hydroxyl group (–OH).[37] We focused
exclusively on neutral point defects in perovskites. The de-
fect energy levels were obtained by calculating the density of
states (DOS). We approximated the Kohn–Sham levels within
the bandgap as defect energy levels introduced by neutral de-
fects. It should be emphasized that for a precise analysis of
point defects, it is necessary to calculate the different charged
states of the defects and obtain the charge-state transition lev-
els and the corresponding defect formation energies. Consid-
ering the computational cost, we used the Kohn–Sham defect
energy levels as the subject of study in this work to qualita-
tively investigate the passivation behavior of SAMs. Due to
the high tolerance of perovskites to A-site defects,[39–41] we
considered defects related to the Pb–I framework, resulting in
six types: I substituted by Pb (PbI), Pb interstitial (Pbi), Pb
vacancy (VPb), Pb substituted by I (IPb), I interstitial (Ii), and I

vacancy (VI). Due to its relatively stable surface structure, we
selected the complete octahedral surface of FAPbI3 perovskite
along the [001] crystal orientation. Stability tests of defect
distribution in the first and second atom layers (Fig. S2) of the
perovskite surface identified six specific local geometries of
defects (Fig. S3). Among these defects, we found that four
types of defects, namely, PbI, IPb, Ii, and VI, can introduce
isolated defect energy levels within the bandgap (Fig. 1(c) and
S4). However, apart from the PbI, the other three types of
defect energy levels are relatively shallow, which may not be
entirely accurate since we used the semi-local PBE functional.
Alkauskas et al. have thoroughly investigated the distribution
of defect energy levels in materials such as Si, SiC, HfO2,
and SiO2 using different functionals. They found that defect
energy levels obtained with semi-local functionals tend to be
relatively shallow, while those obtained with hybrid function-
als are deeper.[42] Nevertheless, when using the average elec-
trostatic potential as a reference, the two types of functionals
show good agreement in describing the relative positions of
different defect energy levels, indicating that semi-local func-
tionals can accurately describe the relative positioning of de-
fect energy levels. A similar phenomenon was observed by
Ismer et al. in their study of point defects in AlH3, where they
found that using the PBE functional could not even yield de-
fect energy levels within the bandgap.[43] Additionally, a re-
view by Chen et al. mentioned that the accuracy of hybrid
functionals in describing defect energy levels is based on their
precise depiction of band edge positions and bandgaps.[44] Al-
though the PBE functional may introduce errors in describing
band edge positions, it accurately describes the bandgap of
FAPbI3. In summary, while the PBE functional may introduce
some errors in the positioning of defect energy levels, its de-
scription of defect energy level shifts and the formation of new
defect energy levels remains valuable and relevant to the core
content of this study.

(b)

(c)

2PACz

PbI IiIPb VI

-B(OH)2 -COOH

-NH2 -OH-SH-Si(OH)3

-SO3H-PO3H2

PVK surface

(a)

Metal electrode

ETL

Perovskite

HTL (SAM)

TCO

Inverted PSCs Flipped-SAM/PVK 
interaction

Fig. 1. (a) Schematic diagram of the structure of inverted PSCs (left panel) and the interaction between the 2PACz anchoring group and defective
perovskite (PVK) surface (right panel). ETL and HTL represent electron transport layer and hole transport layer, respectively. (b) The eight
anchoring groups of SAMs: phosphonic acid group (–PO3H2), boronic acid group (–B(OH)2), silanetriol group (–Si(OH)3), sulfonic acid group
(–SO3H), carboxyl group (–COOH), amino group (–NH2), thiol group (–SH), hydroxyl group (–OH). (c) The optimized crystal structure of four
types of point defects: I substituted by Pb (PbI), Pb substituted by I (IPb), I interstitial (Ii), and I vacancy (VI).
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Fig. 2. (a) Statistical diagram of passivation effect of anchoring groups in different ionization states on defect energy levels in the band gap
of four kinds of point defects. Color from dark to light indicates three different defect energy level passivation effects, namely, complete
passivation, incomplete passivation, and no passivation effect. (b)–(d) Optimized crystal structures of three representative complete passivation
cases: VI passivated by –PO3H (b), PbI passivated by –SiO3 (c), and Ii passivated by –PO3 (d). (e)–(g) The calculated density of states for three
representative cases before (upper panel) and after passivation (lower panel).

The defect energy levels introduced within the band gap
by point defects on the perovskite surface are one of the pri-
mary factors leading to carrier recombination. The ability of
externally introduced passivators to effectively eliminate these
defect energy levels is a crucial criterion for assessing the pas-
sivation efficacy. Thiol and hydroxyl groups can undergo ion-
ization (e.g., from –PO3H2 to –PO3H−), thereby enhancing
the chemical reactivity of the anchoring group. Consequently,
anchoring groups ionized to varying degrees may yield dif-
ferent defect passivation effects. Meanwhile, for the amine
group, we only consider the protonation process (–NH+

3 ). We
introduced the anchoring groups into the A-site of the per-
ovskite in contact with point defects to obtain the final passi-
vation configuration through structural relaxation. Figure 2(a)
illustrates the passivation effects manifested by different an-
choring groups at varying degrees of ionization. The color
gradient from dark to light indicates three levels of passivation
effects: complete passivation, incomplete passivation, and no
passivation effect. The calculated DOS corresponding to all
passivation scenarios can be found in the supporting informa-
tion (Figs. S5–S12). By observing the quantities under com-
plete and incomplete passivation conditions, we determined
that VI is the most easily passivated defect, while IPb cannot
be passivated by any anchoring groups. PbI and Ii can only
be passivated in a few cases. The significant passivation effect

of anchoring groups is based on the need for the oxygen in
the anchoring group to bond with the undercoordinated atoms
around the point defect. The donor level near the conduction
band (Figs. 2(e) and 2(f)) can be removed by bonding with
lead (Figs. 2(b) and 2(c)), and the acceptor level near the va-
lence band (Fig. 2(g)) can be removed by bonding with io-
dine (Fig. 2(d)). Among all anchoring groups, we found that
–PO3H2, –B(OH)2 and –Si(OH)3 have the potential to offer
more than three passivation possibilities, as indicated by the
dark regions in Fig. 2. Therefore, we can infer that they pos-
sess a stronger capability to passivate defects on the perovskite
surface. Additionally, ionized anchoring groups demonstrate
enhanced passivating capabilities. This suggests that ionized
groups display high bonding activity, which increases the like-
lihood of inducing changes in the electronic structure of the
perovskite surface.

We analyze the mechanisms of defect energy level for-
mation and passivation from the perspective of orbital con-
tributions. When isolated, unbonded Pb atoms appear in the
perovskite lattice, they generate isolated defect energy levels
within the band gap. The formation of Pb–Pb dimer results in
more defect energy levels due to further orbital hybridization,
lying deeper within the band gap (Fig. 3(a)). This mechanism
has been observed in some earlier theoretical studies.[45,46]

Disrupting the Pb–Pb dimer structure is fundamental for effec-

107303-4

https://cpb.iphy.ac.cn/EN/10.1088/1674-1056/ad711f


Chin. Phys. B 33, 107303 (2024)

tively passivating deep-level defects. The active oxygen in the
anchoring group bonds with Pb, which balances the charge ac-
cording to the Lewis acid-base neutralization mechanism and
completes the undercoordinated Pb atom. Finally, this bond-
ing process pushes the defect state to the conduction band, ef-
fectively completing the passivation process (Fig. 3(b)). Due
to the unique band edge anti-bonding electronic structure of
perovskites, defect energy levels formed by excess I-atoms
are generally tolerated. However, when I–I interaction occurs,
they produce shallow anti-bonding states at the valence band
edges (Fig. 3(c)). This defect energy level can be weakened
by the formation of the O–I bond, which lowers the defect en-
ergy levels into the valence band, thus passivating the defects
(Fig. 3(d)).

(a)

(c)

Pb-6p

Pb-6s
I-5p

CBM

VBM

Pb′-6pσ*(Pbp-Pbp)
σ*(Pbp-Pbp)

σ(Pbp-Pbp)
σ(Pbp-Pbp)

Pb-6p

Pb-6s

I-5p

CBM

VBM

σ*(Ip-Ip)

σ(Ip-Ip)
I′-5p

I′-5p

CBM

VBM

O-2p

σ*(Pb-O)

σ(Pb-O)

I-5p

CBM

σ*(Ip-Ip)

σ(Ip-Ip)

Weakening

O-2p

(b)

(d)

σ*(I-O)

σ(I-O)

Fig. 3. (a) Schematic showing the mechanism of Pb–Pb dimmers produc-
ing multiple defect energy levels in the band gap and (b) the mechanism
of eliminating defect energy levels through Pb–O bonding. (c) Diagram
showing the mechanism of I–I interaction forming acceptor defect energy
levels. (d) Schematic illustrating the mechanism of eliminating defect
energy levels through O–I bonds.

It is worth mentioning that Lewis acid-base neutraliza-
tion is the foundational process in the passivation methods dis-
cussed above. The ionized anchoring groups exhibit Lewis ba-
sicity similar to that of the original halogens (I), which enables
them to effectively neutralize the lead ions adjacent to the VI

(Fig. 2(b)). This explains why the ionized anchoring groups
exhibit the best passivation effects on VI (Fig. 2(a)). A sim-
ilar phenomenon of enhanced Lewis base properties leading
to improved passivation capabilities was observed by Furer et
al. in their experimental study on the modification of TCOs
using Naphthalene-imide SAMs.[47] The difficulty in passi-
vating substitution defects stems from their introduction of a
stronger localized charge imbalance. Substitution defects can
be approximated as complex defects comprising two types of
point defects. For example, a PbI defect can be considered a

combination of a Pb interstitial defect and an I vacancy defect.
Therefore, balancing localized charges and altering the posi-
tion of defect energy levels through orbital hybridization are
two crucial approaches for the successful passivation of the
defect energy levels.

In previous sections, we analyzed the passivation capa-
bilities of different anchoring groups on perovskite surface de-
fects from the perspectives of electronic structure and bonding.
However, since the flipping of SAM is a rare behavior, it is
also imperative to analyze the binding energies of the anchor-
ing groups with various defects and substrate materials from a
thermodynamic perspective. The calculated binding energies
of anchoring groups in different ionization states with vari-
ous types of defects, as well as their binding energies with the
TCOs (using FTO as an example), are shown in Fig. 4. Given
that we consider the ionization of anchoring groups during the
adsorption process, the chemical potential of hydrogen must
be considered. The formula for calculating the binding energy
(Eb) of a SAM adsorbed on a specific defect on the perovskite
surface is

Eb = Eadsorb (PVK with defect)+n(µH +∆µH)

−Esurface (PVK with defect)−E (SAM) , (1)

in which Eadsorb (PVK with defect) represents the total energy
of the perovskite with defects after adsorption of the SAM,
n denotes the number of protons ionized from the SAM,
Esurface (PVK with defect) is the energy of the perovskite sur-
face with defects before the SAM is adsorbed. For the amine
group, since it undergoes protonation (–NH+

3 ), the value of
n would be negative in this context. E (SAM) represents the
energy of the SAM before ionization, µH is the energy of hy-
drogen in its elemental form (per atom), and ∆µH signifies the
chemical potential of hydrogen relative to its elemental form.
For SAM adsorbed on an FTO surface, Eadsorb and Esurface

should be replaced with the energy of the FTO surface after
SAM adsorption and the energy of the FTO surface before
SAM adsorption, respectively. Their binding energy can be
calculated by

Eb = Eadsorb (FTO)+n(µH +∆µH)

−Esurface (FTO)−E (SAM) . (2)

During the process of anchoring on an FTO surface, the amine
group does not undergo protonation, so the value of n does not
need to be negative. The range of the chemical potential of hy-
drogen can be determined by the thermodynamic conditions of
the stability of the FA molecule, which are as follows:

∆µH +∆µC +∆µN ≥ ∆Hf (FA) , (3)

∆µH ≤ 0, (4)

∆µC ≤ 0, (5)

∆µN ≤ 0. (6)
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The H-rich/H-poor limit is defined by ∆µH = 0 and ∆µH =

∆Hf(FA). We found that all the neutral anchoring groups can-
not stably adsorb on the four types of point defects, as their
binding energies are all positive. Some of the ionized anchor-
ing groups can stably adsorb defects, except Ii (Fig. 4(d)) un-
der H-poor conditions. PbI is most easily adsorbed (Fig. 4(b)),
followed by VI (Fig. 4(a)) and IPb (Fig. 4(c)). Fully ion-
ized phosphonic acid groups (–PO2−

3 ), boronic acid groups
(−BO2−

2 ), and silanetriol (–SiO3−
3 ) have the most stable ad-

sorption capacity, which has been validated by experimental
studies. Notably, the –PO3H2 group has frequently been em-
ployed as a SAM anchoring group in high-performance p–
i–n[19,20] and tandem PSCs.[21,22] Although –B(OH)2-based
SAMs are less common,[48] they have been successfully used
as cross-linker dopants to enhance the stability of PSCs.[23,24]

Additionally, –Si(OH)3 has been effectively used in n–i–p
PSCs to modify the interface between the electron transport
layer and the perovskite, improving perovskite films and en-
hancing mechanical stability.[49–51] When considering FTO,
the actual chemical process of SAM anchoring on the FTO
surface involves dehydration polycondensation reaction. This
reaction forms a bond between the active oxygen in anchoring
groups and FTO surface dangling bond. Therefore, the an-
choring binding energy calculated by our model is very low.
The three most stable anchoring groups for binding, –PO3H2,
–B(OH)2, and –Si(OH)3, are shown in Fig. 4(e).
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Fig. 4. Binding energies of different ionization degrees of anchoring
groups with four types of defects: VI (a), PbI (b), IPb (c), and Ii (d).
(e) The binding energy of anchoring groups on the surface of FTO.

Although some SAMs undergo flipping and play a role

in passivating point defects on the perovskite surface, their
primary role remains anchored to the TCO, regulating the
perovskite–TCO interface. By analyzing changes in the in-
terfacial dipole, we can determine the specific impact of var-
ious anchoring groups on the interface hole transport. To
simulate the influence of SAM on the dipole moment at the
perovskite–FTO interface, we constructed a triple-layer struc-
ture of perovskite–SAM–FTO (Fig. 5). Although the molec-
ular dipoles all point towards the carbazole group (Fig. 5(b)
right panel), the dipole changes at the perovskite–FTO in-
terface after SAMs anchored to FTO are different. Specifi-
cally, the anchoring groups –PO3H2, –B(OH)2, and –SO3H
(Fig. 5(b) left panel) can introduce negative dipoles (defined
as pointing from FTO to perovskite, green arrows in Fig. 5(a)).
These negative dipoles facilitate the extraction of holes from
the perovskite to the FTO. The –PO3H2 and –B(OH)2 have
the most significant impact on the interfacial dipole, aligning
well with the calculated molecular dipoles. The sulfonic group
(–SO3H), despite having a smaller molecular dipole, can still
induce a negative dipole due to its relatively high electroneg-
ativity. On the other hand, groups with lower electronegativ-
ity, such as carboxyl, thiol, hydroxyl, and amino, may lead to
a positive change in the interfacial dipole (defined as point-
ing from perovskite to FTO, blue arrows in Fig. 5(a)). The
enhancement of hole extraction capabilities by –PO3H2 and
–B(OH)2 explains the recent experimental focus on these an-
choring groups for designing high-performance hole transport
SAMs.
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Fig. 5. (a) Schematic diagram of SAMs anchored at FTO–perovskite in-
terface. Blue and green arrows indicate the direction in which SAMs alter
the interface dipole. (b) The calculated changes in the interfacial dipole
moment resulting from SAM anchoring (left panel) and the molecular
dipole moment after ionization in atomic units (right panel).

4. Conclusion and outlook
Using 2PACz as the base molecule, we investigated the

passivation effect of eight different anchoring groups on de-
fects at the perovskite–TCO interface. Additionally, we stud-
ied the effects of different anchoring groups on the dipole at
the perovskite–TCO interface. Passivation of defect energy
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levels within the band gap is achieved by the bonding be-
tween the active oxygen in the anchoring groups and the de-
fect atoms. Among the studied groups, –PO3H2 and –B(OH)2

exhibit notable advantages in defect passivation, adsorption
stability, and dipole regulation ability. They offer more pas-
sivation methods, lower adsorption energy on perovskite de-
fects or TCOs (under H-poor conditions), and a higher de-
gree of dipole modulation to assist in hole transport at the
perovskite–TCO interface. We found that the passivation abil-
ity of anchoring groups increases significantly upon ioniza-
tion. This enhancement is due to the stronger Lewis base prop-
erties of the ionized groups, which effectively neutralize the
local charge environment near defects. Our results indicate
that VI defects are relatively the easiest to passivate, while de-
fects such as PbI and IPb, which introduce significant charge
imbalances, are more challenging to passivate. These findings
are consistent with some recent studies on the design of high-
performance hole transport SAMs in PSCs.

In our earlier theoretical and experimental work, we dis-
cussed the application of –PO3H2-based SAMs for modify-
ing the flexible tandem PSCs’ NiOx layer, with a focus on the
passivation of deep-level defects on the perovskite surface.[18]

The concept led to the design of new SAM molecular struc-
tures, resulting in the proposal of a novel SAM and am-
phiphilic layered architecture, as well as the fabrication of
high-efficiency p–i–n PSCs.[6] These efforts highlight the ad-
vantages of using –PO3H2 as anchoring groups in SAMs.
Similarly, Kırbıyık et al. found that applying –B(OH)2-based
SAMs to modify the TiO2 layer significantly enhances the
PCE of p–i–n PSCs.[52] This demonstrates the potential ap-
plications of –B(OH)2 in enhancing the efficiency and pas-
sivation of defects. Our work predicts the passivation abil-
ities of SAM anchoring groups for perovskite surface point
defects and provides valuable references for controlling the
dipole at the perovskite–TCO interface. More importantly, the
defect passivation approach we proposed can also be applied
to the terminal group design of SAMs, enabling the creation
of dual-functional SAMs that do not rely on flipping to passi-
vate perovskite defects. In addition, we have identified favor-
able anchoring groups for practical applications; this demon-
strates the strength of first-principles calculations in the de-
sign of SAMs. Combined with the latest machine learning
technologies,[53] it is possible to accelerate the overall struc-
ture optimization of SAMs in the future, which will enhance
the overall performance and efficiency of PSCs.
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