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Abstract

In this PhD thesis the interfacial behavior of perovskite and perovskite-inspired
photovoltaic materials has been investigated using Density Functional Theory (DFT).
We provide atomistic level insights on how chemical composition, crystallographic ori-
entation and dimensionality (2D/3D) in these materials can influence charge extraction,
defect formation and device stability.

Through density functional theory (DFT) simulations of the lead-free double per-
ovskite CsyAgBiBrg, we demonstrated that replacing the conventional Spiro-OMeTAD
hole transport layer (HTL) with the 2D perovskite (BA),CsAgBiBr7 to form a 3D /2D
heterostructure significantly increases hole extraction probability. Furthermore, the 2D
layer was also found to suppress defect accumulation near or at the interface. These
findings were supported with the experimental results, that indicated an improved over-
all device efficiency when incorporating the 3D /2D architecture. In a subsequent DFT
investigation, we examined the experimentally motivated lead-free BiOI/ZnO hetero-
junction. Our calculations revealed substantial atomic rearrangements at the interface,
a phenomenon that has not been previously reported. These structural distortions were
shown to generate deep defect levels within the bandgap, that can act as electron traps
at the interface. While we did not conduct experimental measurements, our findings
offer a theoretical explanation for reported device performances in the literature, where
BiOI-based photovoltaic cells typically exhibit power conversion efficiencies below 4%.

Next, we switched to investigating the interface between mixed-cation, mixed-
halide perovskites and two different hole transporting materials i.e. Spiro-OMeTAD
and T2, using DFT. Our results underscore the combined influence of the crystal-
lographic facet exposed at the perovskite surface and the choice of HTM, on hole
extraction across the LHP/HTM junction. Lastly, through experimental investiga-

tion, the impact of different passivants like 2-cyclohexylethylammonium iodide (CEAT),



2-(4-fluorophenylethyl) ammonium iodide (p-FPEAI), and hexyltrimethylammonium
bromide (HTAB), deposited on the perovskite under identical conditions, has been
demonstrated. The champion passivated film exhibits only a 1% loss in efficiency after
1000 hours. In addition, our results also indicate that passivated perovskite/carbon
architectures can enable stable hole transport layer (HTL) and gold (Au) free devices.

Overall, in this thesis, we reveal the rich diversity in interfacial behaviour of vari-
ous perovskite and perovskite-inspired materials with their respective charge transport
layers. These findings underscore the critical role of interfaces in governing the overall

performance of photovoltaic devices.
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1 Introduction

In the last decade, the global demand for sustainable energy solutions has ac-
celerated rapidly. This is driven by mounting concerns over climate change, rising
greenhouse gas emissions, and the finite nature of fossil fuels. Photovoltaics (PV) has
emerged as a cornerstone technology in this context being lightweight, scalable, and
capable of harnessing the sun’s and indoor light energy. While crystalline silicon (c-
Si) remains the dominant commercial PV technology on a global production scale, it
faces intrinsic limitations such as relatively slow and high energy consumption manu-
facturing, rigid module formats, and a theoretical efficiency limit of ~ 29% [I]. These
constraints have motivated the pursuit of next-generation thin-film technologies that
promise lower cost, greater flexibility, and novel device architectures.

Over the past decade, lead halide perovskites (LHP’s) have displayed phenome-
nal advancements (figure [1)) in power conversion efficiency (PCE) for both indoor and
outdoor applications [IH3]. In fact, the most efficient LHP devices now outperform
the industry standard multi-crystalline silicon solar cells under standard test condi-
tions [3]. Classical LHPs (see figure [2[ (a)) possess the stoichiometry ABX3, where the
A-site is occupied by an organic or inorganic monovalent cation such as methylam-
monium (MA), formamidinium (FA), or cesium (Cs); the B-site is occupied by lead
(Pb?T); and X is a halide (I7, Br~, or C17) [4]. The structure consists of three dimen-
sional network of corner sharing BXg octahedra with A cations in the center of these
octahedra. This unique arrangement not only stabilizes (figure 2| (c)) the structure but
also allows fine tuning of the optoelectronic properties [5] in these materials (figure
(d) shows some general properties).

More recently, LHPs with mixed cations and halide anions have attracted in-
creasing attention because their pure counterparts viz. MAPbI3, FAPbI;3, and CsPbls
exhibit several disadvantages [6]. For instance, a fundamental issue with MAPbI;

based perovskite solar cells (PSC’s) is their rapid degradation when exposed to light,



oxygen, and humidity [7]. This degradation has been attributed to a chemical reaction
between oxygen and the MA cation under the presence of excess electronic charge in
the perovskite [7, 8]. FA based perovskites exhibit a superior stability than their MA
based analogues [9] [10].
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Figure 1: Best Research-Cell Efficiency Chart [3]. Highest efficiency of PSC’s has been

encircled.

Moreover, compared to MAPDI3, the FAPbI3 cells also exhibit reduced band gap
(~ 1.48 eV) and lower defect density [I1, [12], factors which are resposible for its su-
perior efficiencies [13]. But one big obstacle is that FAPbI3 is not thermodynamically
stable in its black perovskite phase (a-phase) and exhibits a structural transition to
the yellow non-perovskite J-phase at room temperature [14-17]. However, when a part

of MA™ or FA™ are substituted with Cs™, the phase stability is dramatically improved
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[18] along with further reduction in trap-state density, thereby enhancing the perfor-
mance and reproducibility of PSC’s [0, 10]. Unfortunately, intrinsic factors alone are
not enough to produce the best devices, their architectures play a very important role
as well. In perovskite solar cells, two main device architectures have become standard,
as illustrated in figures [3|a-b): (i) the electron transport layer/perovskite/hole trans-
port layer stack (n-i-p), and (ii) the hole transport layer/perovskite/electron transport
layer stack (p-i-n) [19, 20]. In the n-i-p configuration, an electron transport layer
(ETL) is deposited first onto the transparent conductive oxide (TCO), which causes
the TCO to function as the negative electrode. Conversely, in the p-i-n configuration,
the hole transport layer (HTL) is deposited first, so the TCO serves as the positive
electrode. Although both architectures have achieved state of the art power conversion
efficiencies surpassing 25% for n-i-p and approaching the same benchmark for p-i-n
devices [21], 22], they each exhibit distinct advantages and limitations. The n-i-p struc-
ture often benefits from high temperature processing of compact or mesoporous ETLs,
yielding good interfacial contact and efficient charge extraction. However, it typically
relies on doped organic HTMs (e.g., Spiro-OMeTAD), which have been associated with
long-term instability. In contrast, p-i-n architectures commonly use low temperature,
solution processed ETLs (e.g., fullerene derived materials) that are more compatible
with flexible substrates and scalable fabrication, and they reduce reliance on dopants
[23, 24]. Nonetheless, p-i-n devices may suffer from increased non-radiative recom-
bination at the perovskite/ETL interface, difficulty achieving high-quality perovskite
crystallization on top of organic HTLs, and challenges in obtaining high fill factors and
stable long-term performance [23] 25, 26]. Therefore, even though both configurations
have displayed excellent efficiencies, substantial opportunities remain to optimize in-
terface quality, carrier selectivity, stability, and scalability. A deeper understanding of
interfacial energetics, passivation strategies, and transport layer design is essential to

further enhance the performance and long term durability of both architectures.
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Figure 2: (a) Perovskite in cubic phase [27, 28]; (b) AT site cations; (c)Tolerance
factor (t) of various perovskite absorbers (nearing 1-more stable and ideal cubic phase);

(d)Properties responsible for exponential growth of perovskite based solar cells.

Central to the performance and longevity of PSC’s, are the buried interfaces be-
tween the perovskite absorber layer and the adjacent charge transport layers [29] [30].
These buried interfaces play a decisive role in governing phenomenon like charge ex-
traction, carrier recombination, and energy level alignment, which consequently affect
operational parameters like the open-circuit voltage (V,.), short-circuit current density
(Jse), fill factor (FF), and the overall PCE of PSCs [19, 29, [31]. Moreover, these inter-
faces are often the initiation points for degradation processes that can compromise the
long-term stability of devices [32-35]. The strategic design and engineering of these

buried interfaces have therefore become a major focus of research [36-39].
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Figure 3: Commonly deployed architectures in perovskite solar cells [40]

Apart from this, there remains an ongoing debate concerning the toxicity of lead,
which pose serious challenges for (i) terawatt-scale deployment, (ii) environmental and
operational stability under ambient air, and (iii) indoor applications where human ex-
posure is likely [41H44]. Although significant efforts have been made to mitigate these
concerns through encapsulation strategies, over a 25 year utility timescale, perovskite
solar cells remain far from full scale practical realization [, 45H47]. Consequently, there
is a pressing need to explore alternative materials that preserve the desirable optoelec-
tronic properties [Il, 48] [49] of lead halide perovskites while eliminating toxicity con-
cerns. Lead free derivatives (see ﬁgure have emerged as promising candidates, though
their efficiencies remain considerably lower than their lead based counterparts [50]. Ex-
amples include tin based perovskites (ASnX3), bismuth and antimony based halides
(e.g., Cs3Shalg)[51],52], bismuth oxyiodide (BiOI)[42] 53], and double perovskites (DPs)
such as CspAgBiBrg [54] [55]. These materials expand the compositional landscape but
also introduce new challenges: perovskites cell based on tin suffer from Sn?* oxidation
and associated defect generation [56H58]; DPs often exhibit indirect bandgaps or high
trap densities that limit their efficiency[59, [60]; BiOI's layered morphology can hinder

intimate contact with charge transport layers [42]; and Cs3Shelg exhibit low carrier
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mobility and are often prone to defects that introduce deep level trap states along with
poor film morphology [42]. In the case of lead free materials, along with these intrinsic
drawbacks, interfacial challenges that were already central in LHP’s, play an equally
important role. Indeed, these inspired materials present greater interfacial complexity
than their lead-based counterparts, further underscoring the pivotal role of interface
engineering in realizing efficient and stable perovskite-inspired photovoltaic devices.
Although experimental probes such as UPS, XPS, PL, or Kelvin probe provide
valuable averaged or surface sensitive information, they cannot directly reveal the mi-
croscopic origins of interfacial barriers, trap states, dipoles, adsorption geometries, or
the impact of specific defects and terminations. Fortunately, with continued advances
in computational power, algorithms and simulation techniques, computational research
has become increasingly effective in understanding and complementing experiments.
Density functional theory (DFT) in particular, can provide atomic scale insights into
the structural, electronic, and chemical properties that are difficult to access experi-
mentally and therefore serve as a crucial bridge between experiment and theory. In
this thesis DFT was used to model interfaces and surfaces of perovskites and inspired

materials. The following sub-section presents an overview of the objectives reached.
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Figure 4: Perovskite Inspired Materials.

1.1 Thesis Overview

This thesis deals with various types of perovskite interfaces based on the kind of
atomic or molecular species constituting the perovskite structure and explains the com-
plex interplay between structure and properties in these materials. Starting with the
CsyAgBiBrg inspired material, in chapter 4, the effect of substituting Spiro-OMeTAD,
the most common hole transport layer (HTL), with a 2D (BA);CsAgBiBr; such that
one obtains a 2D/3D (D-dimensional) mixed interface, is explored in the context of
potential lead free and HTL-free photovoltaic applications. Using DFT, we showed
that the presence of the 2D perovskite phase enhances the hole extraction probability
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and prevents defects from accumulating at the interface. Next in chapter 5, we studied
the ZnO/BiOI interface, where BiOIl is another 2D material and ZnO is an electron
transport layer, examining its atomistic and electronic structure, and interfacial charge
transfer characteristics. We confirmed that, to transfer from bulk BiOI to bulk ZnO
and be extracted, the electrons need to overcome an additional energy barrier, be-
sides the one that has been reported in the literature [61], 62]. This barrier which has
never been reported before, is a consequence of major atomic re-arrangements at the
BiOI/ZnO interface. Switching to lead halide perovskites, in chapter 6, we present an
investigation of the structural and electronic properties of interface between mixed-
cation, mixed-anion lead halide perovskites with two different hole transporting layers
(HTLs), such as Spiro-OMeTAD and T2. The aim here was to understand how HTL’s
interact with different facets of the perovskite and eventually compare the performance
of these HTL’s based on the electronic structure. Lastly, we present the outcomes of
experimental studies regarding the role of different passivating agents between the HTL
and the perovskite surface. Anticipating the results, we find that the chosen passivant
deposited on top of the perovskite’s surface not only improves the efficiency of the solar
cell but also the stability, since after 1000 hours, we observed only 1% drop in efficiency.
In addition to identifying the best passivant among the chosen ones, we also fabricated
HTL and gold free cells with perovskite/passivant /carbon configuration, that exhibited
excellent long term stability.

Overall, in this thesis, DF'T simulations corroborated by experimental observa-
tions, reveal the rich diversity in interfacial behaviour among various perovskite and
perovskite-inspired materials with their respective charge transport layers. These find-
ings further underscore the critical role of interfaces in governing the overall perfor-

mance of photovoltaic devices.
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2 Theoretical Formalism and Methods

In quantum mechanics, all physically accessible information about a system is
encoded in its wave function, or equivalently in its eigenstates and associated eigenval-
ues. The knowledge of the quantum mechanical ground states enables us to evaluate
a wide range of structural, electronic, energetic, and mechanical properties for diverse
systems, including thin films, surfaces, and bulk materials [63, [64]. However, the main
challenge lies in determining the ground state, as one must solve a many-electron prob-
lem. More specifically, this involves solving the time-independent Schrodinger equation

for a system with n electrons and N nuclei:

~

H\I’i(%,@,~-,$n,7“1,7“2>---,7“1v) = Ei‘l’i(l‘l,@’~--,$n,7"1,7“27---77‘N), (1)

where x; is the position of the i*" electron, 7; is the position of the I*" nucleus,
H represents the Hamiltonian operator, and Ej is the corresponding energy eigenvalue
of the i*" state U,;. The total Hamiltonian accounting for various interactions in such
systems is given by:

i 1 1 212y
Htot:_mv§_§;v2 Z|x _xj\ Z Z|I2_T]|

I;éJ [rr =7

(2)

:_TN_Te‘i‘Vee"‘VNN_VeN

Here, M;, r;, and Z; are the mass, position, and charge of the I*® nucleus, respec-
tively, while z; denotes the position of the i*" electron. (All quantities are expressed
in atomic units unless stated otherwise.) Uppercase subscripts refer to nuclei, while
lowercase subscripts denote electrons. The first two terms represent the kinetic en-
ergy of the nuclei and electrons, respectively, while the remaining terms account for
electron-electron, nucleus-nucleus, and electron-nucleus interactions.

This Hamiltonian can be simplified if one takes advantage of significant differences
between the nuclei and electron masses. Nuclei being heavier move much slower than

electrons. Practically, atleast to a good approximation, one can consider electrons as
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moving in the field of fixed nuclei. This approximation is called the Born-Oppenheimer
approzimation (BOA) [65]. Since the nuclei are fixed, their kinetic energy is 0 and the
potential energy due to nucleus-nucleus repulsion is a constant. Thus, the first (nuclear
kinetic energy) and fourth (nuclear-nuclear interaction) terms can now be neglected.
The Hamiltonian reduces to that of electrons moving in the field of fixed nuclei (i.e.,

an external potential):

. 1 1 1 Zr
He:—— V,LZ - T
2; +2;\xi_$ﬂ'| ;|xi—r1|

~

:_Te_‘_f/ee_‘/eN

(3)

The condition ¢ # j under the second summation ensures that self-interaction
is avoided. Despite this simplification, solving the electronic Schrodinger equation
remains practically impossible for most systems, due to the complex electron-electron

interactions and the correlated motion of electrons:

H U (21, 29, ..., xy) = ESUS (21, 29, ..., 2y) (4)

In this context, the development of density functional theory (DFT), first pro-
posed by Hohenberg and Kohn [66] and later formulated in the Kohn-Sham scheme [67],
represents a breakthrough. DFT replaces the complex many-body wavefunction, which
depends on 3N spatial coordinates for a system of NV electrons, with the much simpler
electron density n(r), which depends only on three spatial variables. This reduction
in complexity enables DFT to achieve an excellent balance between computational
efficiency and accuracy [68]. In contrast to wavefunction based approaches such as
Hartree-Fock (HF) or post-HF methods (e.g., configuration interaction or coupled-
cluster theory), whose computational cost scales steeply with system size (typically
as order- O(N*)-O(NT)), modern implementations of DFT scale roughly as O(N?),

making it feasible for systems containing hundreds to thousands of atoms [69, [70].
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Furthermore, the introduction of the Kohn-Sham formalism allows for the treatment
of exchange-correlation effects through suitable approximations, such as the local den-
sity approximation (LDA), generalized gradient approximation (GGA), and hybrid
functionals, yielding results that are in remarkable agreement with experimental ob-
servations for a broad range of materials [67, [7I]. Consequently, DFT has become
popular for investigating the structural, electronic, optical, and vibrational properties.
In the following sections I will briefly discuss the origin of DF'T and the aforementioned

approximations within it.

2.1 Hohenberg and Kohn Theorems

Hohenberg and Kohn (H-K), in 1964 [66], published a seminal paper in which
they proposed and proved two theorems to formulate DFT as an exact theory for the

ground state of many-body fermionic systems.
Theorem 1

For any system of interacting particles in an external potential Vu(r), the po-
tential Vo is determined uniquely, except for a constant, by the ground-state particle
density no(r). Therefore, all properties of the system are completely determined if no(r)

18 known.
Theorem 2

A universal functional for the energy E[n] in terms of the density can be defined
for any external potential Vou(r). For any particular Vey(r), the exact ground-state
energy of the system is the global minimum value of this functional, and the density

n(r) that minimizes the functional is the ground-state density ny(r).

These two theorems reduce the number of variables of a function from 3N to 3

variables (in n(r)). This means that the calculation of the ground-state energy of an
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n-electron system is no longer a function of a 3/N-dimensional wavefunction but rather
the three-dimensional electronic density. Since the total energy is a functional of the
ground-state electron density, the theory is known as density functional theory. The

functional is given by:

Eux[n] = T|n| + Eeln] + /dr Vext (1) 1(1),

where T'[n] and E.[n] are the kinetic and potential energies of the interacting
electron system. These theorems by H-K made a significant contribution toward cal-
culating the ground-state energy by reducing the minimization problem from 3N to 3

dimensions[69, [70].

2.2 Kohn-Sham Ansatz

Although the H-K theorems greatly simplified the electronic Hamiltonian, they
do not provide a practical scheme for determining the ground state electron density
or the energy of an interacting electron system. In 1965, Kohn and Sham (KS)[67]
proposed an ansatz to determine the ground-state electron density ng(r), expressed as

follows:

Ne

no(r) = Y 61" (1) o5 (r) (5)

i=1

This equation expresses that the exact ground state electron density ng(r) can be
constructed as the sum of densities from single particle KS orbitals ¢5(r). These or-
bitals may be viewed as auxiliary variables, more specifically a mathematical construct
2

that allows the electron density to be represented as |¢X5(r)|? and are not meant to

represent the true many body wavefunction.
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Furthermore, the total energy can now be written as:

L [[n@)nl)
Exs[n] =Ti[n| + = ———— = drdr’ + [ Ve (r) n(r) dr + Eye[n]
i 2 // v — 1’| / (6)

= Ts [n] + EHartree [n] + Eext [n] + EXC [n]a

where Ti[n], Enarree[n], and Ey.[n] are the kinetic energy, Hartree (Coulomb) en-
ergy, and exchange correlation energy, respectively. By choosing to use non interacting
auxiliary single-particle wavefunctions, the kinetic term can be rewritten as a sum over
single particle orbitals rather than as a functional of the electron density.

By rewriting the kinetic contribution in this form, the single particle KS Hamil-

tonian, which can be solved self consistently (see figure [5)), is given by:

s 690) = [-39° + (o) 650) = 0000 M)

where VKS(I) is the Kohn-Sham potential accounting for all electronic interactions:

A ~

VKS (I‘) = VHartree(r) + ‘/ext(r) + ‘/xc<r) (8)

In this approach, the external potential includes contributions from electron-
nuclei interactions and other applied fields. The Hartree potential accounts for the
Coulomb interaction that each electron experiences. However, the exact form of the
exchange-correlation potential, which incorporates all remaining electron-electron in-
teractions including exchange effects arising from the Pauli exclusion principle and
dynamic electron correlation is unknown. Since the exact functional form of Vi.(r) is
unknown and expected to be highly complex and possibly non-analytical, approximate
exchange-correlation functionals must be employed for this method to be applicable.

In the following section, these approximations will be discussed in detail.
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Local Density Approximation (LDA ): In this approximation, the exchange-
correlation energy density at each point is the same as that of a homogeneous electron
gas of the same density. In this form the exchange-correlation energy functional simply
is given by:

ELPA = / drn(r) 297 (n(r)), (9)

homo

where €7

(n(r)) is the exchange-correlation energy per particle of a homoge-
neous electron gas of density n(r). The LDA neglects corrections to the exchange-
correlation energy that arise from spatial inhomogeneities in the electron density around
a given point r. As a result, it often provides reasonably accurate descriptions for
weakly correlated systems such as semiconductors and the homogeneous electron gas.
However, in complex systems, where the electron density changes rapidly, its accuracy
decreases leading to significant errors in properties such as bond energies and lengths
due to the inadequate treatment of density gradients and nonlocal effects [67, [70].

Generalized-Gradient Approximation (GGA): One of the approaches that was

introduced to improve LDA was the GGA, where the exchange-correlation potential is

a functional of the local electronic density and its gradient:

ESGA — /dr n(r) €z (n(r), Vn(r)) (10)

The GGA functional by Perdew, Burke and Ernzerhof (PBE) [71], [72] is the
most widely used functional to simulate periodic materials with DFT as it features
no empirical fitting parameters. A modification of PBE is the PBEsol [73] functional,
which is often used to calculate equilibrium properties of bulk solids and their surfaces.
The revised PBE (revPBE)[74] functional is an extension of the PBE functional with
some extra fitting parameters and is typically used to simulate liquids, i.e. water.
Although GGA functionals tend to agree for small gradient magnitudes, for the cases

where the gradient of the electronic density is large the level of agreement is far less. In
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Figure 5: Flowchart illustrating the self-consistency loop of the Kohn-Sham equations.
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such cases GGA may even perform worse than the LDA approach. However, most DFT

calculations reported in the present thesis were performed using the PBE functional.

Hybrid Functionals: Hybrid functionals generally offer more reliable results
than standard DF'T because they combine the strengths of two different approaches.
In these methods, a portion of the exact exchange from Hartree-Fock theory is mixed
with the exchange-correlation term from a conventional DFT functional. Hartree-Fock
itself represents the many-electron system using a single Slater determinant, which
captures exchange effects accurately but neglects electron correlation. As a result, pure
Hartree-Fock performs poorly for crystalline systems and greatly overestimates band
gaps. On the other hand, local and semilocal DFT functionals tend to underestimate
band gaps because of their approximate treatment of exchange and correlation. Hybrid
functionals balances between these two errors, leading to band gaps that more closely
match experiment. The HSE functional, in particular, improves accuracy by using a
screened Coulomb interaction, implemented through an error-function decomposition
to include exact exchange only at short range, making the approach more practical for

periodic systems.

EECSE — CLEEF’SR(W) + (1 . CL)EEBE’SR(W) + EQP:’BE,LR(W) + ECPBE (11>

where a is the mixing parameter, w is an adjustable parameter controlling the
extent of short-range interactions, E)}(IRSR(w) is the short-range Hartree-Fock exact
exchange functional, EXP%5%(w) and EXPPLR(w) are the short and long range com-
ponents of the PBE exchange functional, and EFPE(w) is the PBE correlation func-
tional. For w= 0 the HSE exchange-correlation functional reduces to the PBEO hybrid
functional. For most systems, a = 14 and w = 0.2 (referred to as HSE06)[75, [76], gives
accurate results. While HSE improves accuracy for many materials, its high computa-
tional cost limits its routine use to moderately sized systems. Since in this thesis all

the systems are large in size, I refrained from using hybrid functionals.
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2.3 DFT in Periodic and Non-Periodic Systems

The self-consistent Kohn-Sham procedure is often implemented using the plane-
wave pseudopotential method, which is well suited for periodic solids. In this approach,
Bloch’s theorem [77] is applied to periodic systems, allowing each Kohn-Sham orbital to
be expressed as a sum of plane waves. For the periodic system, the Bloch wave function
Y of an electron in the n® band can be described as Bloch’s electron, containing

periodic cell function u,;(r) and a plane wave e¥*".

V(1) = €T (1), (12)

where k is the wave vector confined to the first Brillouin zone. The periodic cell
function can further be expressed as the linear combination of plane waves in reciprocal

space:

Unk(T) = chk(G)eiG'r, (13)

where G is the reciprocal lattice vector and ¢, is the expansion coefficient. By
combining the above two equations, the K-S orbitals can be expressed as the infinite

sum of plane waves:

wnk (I‘) _ Z anei(k—i-G).r (14)

G

In practice, the infinite plane-wave expansion of the Kohn-Sham orbitals is trun-

cated by introducing an energy cutoff E ., such that only plane waves satisfying

1
§|k+ C1'|2 S Ecut

34



are included. This limits the number of reciprocal lattice vectors G in the basis and
makes the calculation computationally feasible. For periodic systems, additional effi-
ciency is gained by exploiting the point group symmetries of the lattice, which reduce
the required Brillouin zone sampling to the irreducible Brillouin zone (IBZ). Proper
choices of k-points in the IBZ and E., are crucial for efficient and accurate DFT cal-
culations. For instance, in metallic systems, where the Fermi surface introduces sharp
discontinuities, a dense k-point mesh is essential, whereas insulators and semiconduc-
tors generally require fewer k-points. The most widely used scheme for generating
k-point meshes is the Monkhorst-Pack method [78] [79], which defines a uniform grid

according to:

o 20— Ny —1 27 — Ny — 1 2k — N3 — 1
k k) = b b b 1
(27]7 ) 2N1 1+ 2N2 2 + 2N3 3 ( 5)

where by, by, and by are the reciprocal-lattice vectors and ¢« = 1,..., Ny, j =
1,...,Ny,and k£ = 1,..., N3. This method ensures systematic sampling of the Brillouin
zone and allows straightforward convergence testing. Convergence with respect to k-
points is typically assessed by gradually increasing the grid density until the total
energy changes by less than a pre-defined tolerance. For example, semiconductors may
converge well with a 6 x 6 x 6 mesh, while metals often require denser grids such as
12 x 12 x 12 or higher. Another important consideration is the size of the simulation
cell. When a super-cell containing N primitive cells is used, the reciprocal lattice
vectors shrink by a factor of 1/N, reducing the effective size of the Brillouin zone.
Consequently, fewer k-points are needed for convergence, and in very large supercells
a single ['-point calculation is often sufficient without significant loss of accuracy.

For slab and surface calculations, which are commonly used to model catalytic
activity, adsorption, or thin-film growth, the periodicity of the system is effectively
two-dimensional. The slab model consists of a finite number of atomic layers stacked
along one direction, separated by a large vacuum region to decouple periodic images.
In such cases, dense k-point sampling is required only in the two in-plane directions

( say ky, k.), while the out-of-plane direction (k,) corresponds to the vacuum and
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contains no periodic dispersion. Therefore, it is sufficient to sample this direction with
a single k-point:

This significantly reduces computational cost without sacrificing accuracy. For in-
stance, a surface calculation may employ a grid such as 1 x 6 x 6, where the “1”
explicitly accounts for the vacuum direction. This reduction is justified because addi-
tional k-points in the vacuum direction do not contribute to the description of electronic
states, as the wavefunctions decay exponentially into the vacuum and no band disper-
sion occurs along that axis. Thus, a careful selection of k-point meshes is essential for
reliable DFT simulations.

Furthermore, besides representing the K-S orbital as the finite sum of plane-
wave, the pseudopotential approximation (illustration in figure @ is implemented to
reduce the number of basis functions required, by dividing the electrons as core and va-
lence. In DFT calculations, core electrons are not treated explicitly (frozen core) since
they do not significantly participate in bonding or determine the low-energy physi-
cal properties of the system, whereas valence electrons are treated explicitly. There
are several schemes for constructing pseudopotentials viz. norm-conserving [80], ultra-
soft [81]and projector augmented wave (PAW)[77, [82] methods. The norm-conserving
pseudo-potential preserves the norm of the all-electron valence wave function within
the core region and accurately reproduce its behavior outside the core. In ultrasoft
pseudo-potential, there is no constraint of the norm conservation and uses lower cutoff
energy for the convergence.

The PAW method transforms the rapidly oscillating all-electron wavefunctions
into smooth pseudo-wavefunctions, while still allowing full reconstruction of the true

all-electron states when needed. This transformation is expressed as:
U) = 0) + Y (|63) — 6:) (Bl V)

where |U) is the all-electron wavefunction, |¥) is the smooth pseudo-wavefunction,

|¢:) and |¢;) are the all-electron and pseudo partial waves respectively, and (f;| are
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the projector functions linking them. Within the core region, the method restores
the full nodal structure using the partial waves, while outside this region, only the
smooth pseudo-wavefunction is used. Thus, PAW combines the accuracy of all-electron
methods with the efficiency of pseudo-potential approaches, making it one of the most

powerful techniques for electronic structure calculations.

Figure 6: Schematic representation of an all electron potential (dotted line) and pseu-

dopotential (solid line) along with corresponding wavefunctions[70]

While the use of pseudopotentials and the PAW method significantly reduces
the computational cost without sacrificing accuracy, standard DFT calculations still
suffer from well-known limitations arising from the approximate nature of exchange-
correlation (XC) functionals [83H85]. In particular, conventional local or semi-local XC
functionals such as LDA or GGA often fail to capture weak long-range dispersion (van
der Waals) interactions and tend to underestimate the localization of strongly corre-
lated d and f electrons. To overcome these shortcomings, various correction schemes
such as dispersion-corrected DET (DFT-D, vdW-DF [86], 87]) and on-site Coulomb in-
teraction corrections (DFT+U) [88], are employed to improve the description of both
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non-covalent interactions and localized electronic states, thereby extending the appli-

cability of DFT to a broader range of materials.

2.4 Dispersion Corrections

Dispersion forces, also referred to as van der Waals (vdW) forces, can be classically
seen as the instantaneous interactions between dipoles induced by charge fluctuations.
The vdW interactions between atoms and molecules decay rapidly with the distance
between interacting particles as R~¢ and play an important role in many chemical sys-
tems. These interactions are missing in the standard exchange-correlation functionals
used in DFT and are essential for accurately describing weakly bonded materials or
molecular adsorption on surfaces. Although several methods have been developed to
include these dispersive interactions in DFT calculations [86, [89-93]. In this thesis, I
have used the parameterized DFT-D3 scheme of Grimme [89] , where the dispersion
energy Egisp is simply added to the Kohn-Sham DFT energy Exg prr. The DFT-D3 is
preferred for perovskites and 2D /3D interfaces because it better balances long-range
van der Waals attraction and short-range repulsion, preventing overbinding and yield-
ing more accurate lattice parameters and interfacial binding energies [9477 ]. The total

energy with dispersion correction is given as:

Eprr-p3s = Exs.prr + Edisp (17)

where Egip is the dispersion correction, expressed as follows:

N N .. ..
1 , e Cii
=555 (i o £
L

=1 j=1 1]7 i3,L

where, N is the number of atoms, the C% is the n'" order dispersion coefficient

and unlike DFT-D2 [95], here they are calculated on the basis of the coordination
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number around atoms ¢ and j. Furthermore, f;, is the damping function expressed

as:
fan(rs) - (19)
dn\Tij) = —
7 14-6(ri5/ (s Roig)) o
where Ry;; = g’”f , the parameters «,,, s, are adjustable parameters whose
nij

values depend on the choice of the exchange-correlation functional [96].

2.5 DFT + U Correction

DFT with semi-local functionals is inadequate in systems with partly filled d or
f shells where on-site Coulomb interaction is very important, because of oversimplified
treatment of exchange and correlation in an averaged way. Such systems are called
strongly correlated systems and usually contain transition metal or rare-earth metal
elements. When the on-site Coulomb repulsion(characterized by the Hubbard U in
Hubbard Model)is large compare with the valence bandwidth(characterized by the
overlap integral in Hubbard Model), hopping of electrons between metal ions will not
happen, electrons will be localized and the system is an insulator. DFT with semi-local
functionals often cannot obtain the right ground state for such systems, either finding a
metallic state when the ground state is an insulator, or obtaining an insulator state with
much smaller band gap than the true ground state. DFT+U [97] is a correction to DET
that adds a Hubbard-like orbital dependent penalty term to the total energy expression
and can account for the strong on-site repulsion for the localized d or f electrons in
the system. The total energy expression for DFT+U in Dudarev’s formalism has the

following form:

U—-J o o, 0
a0 ¥ S 91 B
o J 75l
Here, U and J are the on-site Coulomb and exchange parameters, respectively.
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The indices 7 and [ denote the magnetic quantum numbers, while o represents the spin
index. The quantity nf is the on-site density matrix of the localized shell under con-
sideration. Similar to the simple one-dimensional Hubbard model, this Hubbard-like
penalty term enforces the on-site density matrix to possess eigenvalues of either 0 or 1,
which physically implies that fully occupied or fully unoccupied states are favored. In
this formulation, U and J do not appear separately but rather combine into a single
effective Hubbard parameter Usg = U — J[96]. This effective parameter can be ob-
tained either from ab initio calculations or estimated semi-empirically. In Chapter 5,
where I studied the BiOI/ZnO interface, the use of appropriate U parameters led to a
theoretical bandgap estimation close the experimentally reported ones. The detailed
values and outcomes have been discussed in the chapter. However, even with improved
functionals, DF'T results require further analysis tools to extract chemically and phys-

ically meaningful quantities. These are described in the next chapter.

2.6 Software and Implementation

Having established the theoretical foundations of DFT, it is now appropriate to
describe the computational framework used to implement these methods in practice.
All calculations presented in this thesis were carried out using the Vienna Ab-initio
Simulation Package (VASP), a widely used DFT code for electronic structure calcu-
lations. In VASP, the Kohn—Sham equations are solved using a plane-wave basis set
together with the projector augmented-wave (PAW) method. The software also sup-
ports a broad range of exchange-correlation functionals including LDA, GGA, hybrid
functionals, and van der Waals-corrected approaches, although, as noted earlier, the
GGA formalism was employed throughout the calculations in this thesis. VASP has
capabilities to peform geometry optimization, electronic structure analysis, phonon cal-

culations, molecular dynamics, and band-structure and density-of-states computations,
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making it a powerful and versatile tool for investigating the structural and electronic
properties of diverse material systems.

Structure optimization ensures that atomic positions correspond to a local mini-
mum of the potential energy surface. VASP provides several ionic relaxation schemes
[98], among which the quasi-Newton [99] 100] and conjugate gradient methods [101], T02]
are the most widely used. These algorithms determine how atomic coordinates are up-
dated during relaxation. Due to the rigorous implementation in this thesis, I will briefly

describe the theory behind only the conjugate gradient method.

Conjugate Gradient (CG) Method for Geometry Optimization: The CG
method constructs a series of search directions that are mutually conjugate with respect
to the Hessian of the total energy, thereby leading to significantly faster convergence.
The atomic positions {R;} are updated iteratively by moving along a sequence of

optimized search directions. The force on atom i is given by

OFE
Fi=——, 21
R, (21)
where F is the Kohn-Sham total energy. In a simple steepest-descent method
[T03, 104], the search direction at iteration k would be chosen as the negative gradient

gr = —Fj. However, CG improves this by defining search direction d; that combines

the steepest-descent direction with information from previous iterations:

di, = —gr + Bedi—1 (22)

The coefficient [, ensures that the new direction is conjugate to all previous
directions, which avoids revisiting already-optimized degrees of freedom. Different

choices of (j exist, but in VASP the Polak—Ribiere formulation [105] is used:

};’R — w (23)
k-1 8k—1

Once the direction is defined, an energy line minimization is performed along dy
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to determine an optimal step length aj. The updated atomic positions are then:

RV = R{Y + aydy (24)

This procedure is repeated until the specified convergence criteria on the maxi-
mum force, energy change, and atomic displacement is satisfied.

In practice, the CG algorithm is used to optimize atomic positions while the elec-
tronic ground state is typically obtained using a separate algorithm such as Davidson
[T06] or blocked-Davidson for solving the Kohn-Sham equations. VASP, for example,
can use CG to minimize the ionic forces while repeatedly recalculating the electronic
structure until self-consistency is achieved at each ionic step. Overall, the CG method
is quite robust for structural relaxation calculations, enabling us to determine the equi-

librium geometries for molecules, surfaces, solids, and complex interfaces.
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3 Post-Processing and Performance Evaluation de-

scriptors

This section provides a brief theoretical overview of the performance descriptors em-
ployed throughout this thesis. These include quantities like the density of states (DOS),
work function (WF), binding energy (BE), and electron localization function (ELF) etc,

that are fundamental for interpreting the electronic and interfacial behavior.

3.1 Electron Localization Function (ELF)

Introduced by Becke and Edgecombe [107], the electron localization function
(ELF) is a dimensionless quantity that represents the likelihood of finding an electron
in the vicinity of another electron of the same spin. This is unlike the electron density
p(r), which only reflects the overall distribution of electrons ie. it does not distinguish

between localized or delocalized electrons.

Defined as the ratio between the local Pauli kinetic energy density and that of a

REOIR

where D(r) is the excess kinetic energy density due to the Pauli exclusion principle,

homogeneous electron gas:

ELF(r) =

and Dy (r) is the kinetic energy density of the homogeneous electron gas with the same
electron density. The value of ELF between pairs of atoms provides insights into the
nature of chemical bonds between atoms. For light elements-like C, O, H etc. ELF
values in the domain between atoms in the range ~ 0.8 — 1 are a signature of cova-
lent bonding, moderate values ~ 0.6 — 0.8 are indicative of polar covalent interaction
and low to moderate values ~ 0 — 0.6 implicate empty spaces and predominantly no

bonding or ionic interaction. For example, in ionic crystals like NaCl, ELF highlights
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the localization of electrons around anions (see figure [7| (b)). In this thesis I utilized
ELF in chapter 5 to visualize bonding evolution going from bulk of the structure to

the interface.

Figure 7: Typical ELF contours; a) Covalent C-H bonding;b) Ionic Na-Cl bonding.
The images have been adapted from [108]

3.2 Rumpling and Rougness

At surfaces and interfaces, atoms may relax from their ideal bulk positions due
to broken symmetry and altered bonding environments. A common measure of such
structural relaxation is rumpling (see figure , which refers to the relative displacement

between cations and anions within a single atomic plane perpendicular to the surface.
Quantitatively, the rumpling Az (in A) is defined as
Az = Zcation — “anion (26)

where Zeation and Zanion denote the average positions of cations and anions along the
surface normal. A positive value implies that cations are displaced outward with respect

to anions, while a negative value indicates the opposite. This displacement modifies
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the surface dipole moment and can thereby alter surface properties such as the work
function, band alignment, and adsorption energies. In perovskite oxides and halide
perovskites this can also influence the growth of over layers, the anchoring of adsorbates,
and the energetics of interfaces with charge transport layers in devices. More broadly,
rumpling is a measure of how atomic-scale relaxations give rise to electronic effects

[87., (109, [110].

Roughness
.
Rumpling

Figure 8: Visual of roughness, rumpling and adsorption distance on the surface of

CseAgBiBrg induced by Spiro-OMetad [37].

Another concept closely related to rumpling is the surface roughness o, which
measures the overall height (in A) variation of atoms at the outermost layer of the slab

after structural relaxation.

o=\% > (2 —2)? (27)

i=1
Roughness captures the global deformation of the surface induced by adsorption
ie. how “uneven” the surface becomes as a whole. Larger o values correspond to

stronger structural perturbation and stronger interfacial coupling.
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In short, roughness describes how uneven the surface becomes overall and rum-
pling describes how much the cation and anion separate. Surface roughness has been
utilized in chapter 6, where we investigated how different halide perovskite facets in-

teract with hole transporting materials. An example showcasing this can be seen in

the figure 8]

3.3 Adsorption Distance

One of the simplest geometric descriptors of adsorption is the adsorption distance,
which characterizes how far the adsorbate sits above the substrate. This parameter
is often correlated with binding energies and electronic structure modifications [ITT-
113]. The adsorption distance d,gs is typically measured as the shortest vertical distance
between the adsorbate (or its centroid, or a key atom within the adsorbate) and the

average plane of the topmost atoms of the surface as illustrated in figure

dads = Zadsorbate — Zsurface; (28)

where Z.gsorbate 18 the vertical coordinate of the chosen adsorbate atom or molecu-
lar center, and zg.face 1S the average coordinate of the topmost substrate atoms. In
more complex geometries, adsorption distances may also be defined as the bond length
between the adsorbate and the nearest surface atom. Small distances are typically
associated with strong interactions, where significant charge transfer or hybridization
can occur between adsorbate and substrate orbitals. Larger distances suggest that
the interaction is dominated by van der Waals (vdW) forces. For halide perovskite
surfaces, adsorption distances help differentiate between strong and weak interaction
at the interfaces[ITI], 114]. In chapter 6 of this thesis, we have discussed in detail
adsorption distances of different hole transporting materials on top of numerous facets

in hybrid halide perovskites.
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3.4 Binding Energy

The binding energy (BE) provides a quantitative estimate of adsorption stability
and is essential for comparing different adsorbates or adsorption sites. The binding

energy (measured in eV) is defined as:

Ebind = Eadsorbate—i—surface - (Esurface + Eadsorbate) ) (29>

where F,gsorbatersurface 1S the total energy of the combined system in its relaxed ge-
ometry, Fguface 1S the energy of the clean relaxed surface, and Faqsorbate 18 the energy
of the isolated adsorbate computed in the same supercell. By this convention, nega-
tive binding energies correspond to stable and favoured adsorption. Furthermore,the
magnitude of the binding energy provides insight into the nature of adsorption. Large
negative values correspond to strong adsorption, where adsorbates might form covalent
or ionic bonds with the surface. Smaller negative values are characteristic of weak ad-
sorption dominated and 0 or positive binding energies indicate unstable adsorption. In
perovskite materials, binding energies are crucial for evaluating the stability of defect
passivators [115, [I16], interfacial layers [I17], and environmental species such as water
or oxygen on perovskite surfaces [I18]. By combining binding energy with adsorption

distance, an in depth understanding of surface-adsorbate interactions can be achieved.

3.5 Density of States and Its Decompositions

Intensively used for analyzing the electronic structure [I19 120], the density of
states (DOS) quantifies the number of available electronic states per unit energy (eV)
and provides insight into the distribution of occupied and unoccupied states across the
valence and conduction bands, thereby clarifying how electrons populate the material’s

electronic structure. It is defined as:

D(E) =Y §(E— €. (30)
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where €, are the Kohn-Sham eigenvalues corresponding to band index n and wavevec-
tor k [66], 67]. In practice, the Dirac delta function is replaced by a smearing function
to obtain a smooth DOS curve [1211, 122]. The total DOS( TDOS) reveals the overall
band structure features such as the bandgap, the position of the Fermi level, and the
relative density of states near the conduction and valence band edges. Beyond the
total DOS, it is often useful to resolve the contribution of specific atoms or orbitals to
the electronic structure. This resolution of DOS leads to what is called the projected
density of states (pDOS), in which the Kohn-Sham wave functions are projected onto

a chosen set of localized atomic orbitals ¢,. The pDOS is expressed as:
Do(E) = Z ’<¢a’wnk>’2 0(E — €nx) (31)
n,k

where 1, are the Kohn-Sham wave functions [67, 119, 121]. The pDOS reveals which
atoms contribute to different energy ranges of the electronic structure, thereby allowing
identification of the character of the valence and conduction band edges.

For a more detailed analysis, the pDOS can be further decomposed into the orbital
(s, p, d, f) decomposed DOS (0DOS). For instance, one can use this to distinguish the
relative weights of Pb 6p and I 5p orbitals at the conduction and valence band edges in
lead halide perovskites. This is crucial for understanding the role of chemical bonding
and hybridization in determining the electronic properties. In summary, the TDOS
provides an overall picture of the electronic structure, the pDOS resolves atom specific
contributions, and the oDOS highlights the orbital character of the bands. Together,
these form a comprehensive framework for interpreting DF'T results and connecting
them to physical phenomena such as bandgap formation, charge carrier localization,

and optical transitions etc.

3.6 Bader Charge analysis

In density functional theory (DFT), the total electronic density p(r) is readily

available, but assigning electron density to individual atoms requires a partitioning
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scheme. Bader charge analysis, a theory introduced by R. Bader [123], provides a
way to define atomic volumes directly from the topology of the electron density. In
this approach, real space is divided into regions bounded by zero flux surfaces of the

gradient of the charge density [58| [124], 125],
Vp(x) - n(r) = 0, (32)

where n(r) is the normal to the surface. Each of these regions, called a Bader volume,
is uniquely assigned to an atom. The total number of electrons associated with an

atom is then obtained by integrating the charge density within its Bader volume,

Qo = /Qa p(r) dr. (33)

By comparing (), with the neutral valence electron count of the atom, one obtains the
net charge transfer. For lead halide perovskites solar cells, Bader analysis is particularly
useful to quantify the charge transfer at interfaces, providing insights into interfacial

electronic coupling [58, [124].

3.7 Work Function Calculation

The work function (WF) essentially determines the ease with which electrons can
be emitted from a solid. It is defined as the energy required to move an electron from
the Fermi level Ey inside the material to the vacuum level Vi,cyum oOutside the material
[119, 126],

® = Vieuu — Er. (34)

Here, Viacuum corresponds to the electrostatic potential in the vacuum region [79]. In
slab calculations, the vacuum level is determined by calculating the planar-averaged

electrostatic potential along the surface normal direction:

1

Vi(z) = Z/A\/(x,y, z)dx dy, (35)
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where A is the in-plane area of the surface. The potential oscillates within the slab and
plateau’s outside. This plateau is what defines Vipeuum. In perovskite solar cells, for
example, the WF of electrodes must be tuned to align with the conduction or valence

band edges of the perovskite absorber [30} 127-129].

3.8 Charge Density Difference (CDD)

Charge density difference (CDD) analysis can be used for visualizing how elec-
trons redistribute during bonding, adsorption, or defect formation. It provides a pic-
ture of charge accumulation and depletion compared to a reference state. The CDD is

defined as:
Ap(r) = prot(r) — Z pi(1), (36)

where piot (1) is the self-consistent charge density of the combined system, and p;(r) are
the charge densities of the isolated subsystems (atoms, molecules, or slabs) calculated
in the same supercell [121), [123]. Positive values of Ap(r) indicate charge accumulation,
while negative values correspond to charge depletion. By plotting isosurfaces or planar
averages of Ap(r), one can directly identify the regions where electrons are localized,

transferred, or polarized [79].

Figure 9: Example of CDD isosurfaces showcasing depletion (in cyan) and accumulation

regions (in yellow) on I-O bond formation.

50



3.9 Electrostatic Potential

The electrostatic (Hartree)[I30] potential V(r) represents the Coulomb interac-
tion due to the electronic and ionic charge distributions [70]. Analysing the potential
one can obtain information complementary to the charge density, especially for surface
and interface systems. It is common to calculate the planar-averaged potential along
a chosen direction (e.g., the surface normal in slab geometries):

Vi(z) = %/AV(J:,y, z)dzxdy. (37)

The electrostatic potential helps in determining the vacuum level and conse-
quently the work function. Moreover, by aligning potential profiles of different sys-
tems, one can compute band offsets at interfaces and heterojunctions [131, 132].In
perovskite materials, analyzing the electrostatic potential is useful for understanding
surface dipoles, interface energetics, and the effect of structural distortions on band
alignment. Combined with CDD analysis, potential profiles can provide a complete
picture of electronic redistribution and energy level alignment in complex device archi-

tectures.

3.10 Experimental Parameters

Practically, the performance of a solar cell is fundamentally evaluated in terms of
its power conversion efficiency (PCE), which is defined as the ratio of the output electri-
cal power to the input optical power under standard illumination conditions [49] 133].
The PCE represents the overall ability of a device to convert incident photons into
usable electrical energy. However, this is not an intrinsic material property; rather, it
depends on several parameters that govern charge generation, transport, and collection
processes within the device. These parameters include the short-circuit current density
(Jsc), the open-circuit voltage (Voc), the fill factor (F'F'), the maximum power point
(MPPT), and the external quantum efficiency (EQE) [134] [135].
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The Js¢ is determined by the number of photo-generated charge carriers that are
successfully collected at the electrodes under short-circuit conditions, and it strongly
depends on the optical absorption and carrier transport properties of the absorber
layer [133]. The Ve, on the other hand, is a measure of the maximum voltage at-
tainable when no external current flows, and it reflects the balance between charge
generation and recombination processes in the device [29]. The fill factor (FF) quan-
tifies the squareness of the J-V curve and provides insight into resistive losses and
recombination dynamics within the cell [29]. The product Jgo x Voo X F'F yields the
maximum extractable electrical power, which, when normalized to the incident power

P, defines the PCE as:

_J30XVOCXFF
= P .

(38)

Finally, the quantum efficiency (QE) which can be either internal (IQE) or exter-
nal (EQE), provides wavelength resolved information on the device’s ability to convert
absorbed or incident photons into collected charge carriers. This provides insights into
the optical and interfacial losses [134) [136]. Collectively, these parameters determine
the operational efficiency of perovskite photovoltaic devices, making their optimization
essential for achieving high performance solar cells. Indeed, in the last chapter of this

thesis, we have evaluated J-V characteristics of several passivated cells.

52



4 Improved Hole Extraction and Band Alignment
via Interface Modification in Hole Transport
Material-Free Ag/Bi Double Perovskite Solar
Cells

When the divalent lead is substituted from the ABXj3 perovskite structure by
stoichiometric amounts[I37] of monovalent silver and trivalent bismuth, the elpasolite
(broadly named double perovskite (DP)) Cs;AgBiBrg is formed, a material that pos-
sesses high environmental stability[I38-140] and drastically reduced toxicity, in com-
parison to LHPs[141]. Like LHPs, this DP features long charge carrier lifetimes[142}-
144] and can easily be solution-processed [145-147]. Yet, the PCEs of solar cells that
are based on pristine Cs; AgBiBrg as sole light-harvesting material have not exceeded
2.81%[148] due to a large indirect bandgap,[138, 147, [149] strong electron-phonon
coupling, [T46], 150], 151 short electron diffusion length,[152) 153] and an unfavorable
polaron-hopping transport mechanism and low selectivity of transport layers [154], [155].

One common strategy to tackle the low selectivity and improve the band align-
ment between perovskite layers and HTM (and electron transport layers (ETLs) in
inverted solar cells) is creating a two-dimensional (2D) perovskite interlayer [156-158].
When the dimensionality of a perovskite crystal is reduced from three-dimensional (3D)
to 2D, it undergoes quantum confinement that increases its bandgap with decreasing
layer thickness [I59HI61]. In detail, the valence band maximum (VBM) is slightly
elevated and the conduction band minimum (CBM) is strongly elevated. When the
2D layer is utilized as an interlayer between the perovskite layer and the HTM, the
high CBM level serves as an energy barrier that suppresses the injection of excited
electrons from the perovskite layer into the HTM [162, [163]. However, the VBM and
CBM elevation of a 2D interlayer can not only improve the band alignment between

perovskite and HTM but also allow the removal of the HTM to fabricate HTM-free
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perovskite solar cells. In the latter case, the 2D interlayer adopts the HTM’s pur-
pose of blocking electron extraction into the back electrode and improving the valence
band (VB) alignment toward the back electrode. The schematic band diagrams of a
CsyAgBiBrg solar cell with HTM as well as of HTM-free solar cells with and without a
2D perovskite layer are depicted in Figure . While the removal of the HTM causes
increased recombination at the back electrode in a pure Csy;AgBiBrg solar cell (Figure
(b)), the presence of a 2D layer (Figure [10] (¢)) will improve the selectivity and the
band alignment toward the back electrode. Thereby, the 2D modification adopts the
function of the HTM.

Herein, we carried out a combined theoretical and experimental investigation of
the CseAgBiBrg (double perovskite (DP))-based solar cells, in which the DP’s surface
was modified via a n-butylammonium post treatment to create a mixed 2D /3D inter-
face. This modification allowed the replacement of the two expensive components in
the cell viz gold,a typical choice for electrode and Spiro-OMeTAD, a frequently used
hole transporting material (HTM), with carbon black electrode (CBE) obtained from
hazelnut shells. The objective here was not to obtain the most efficient Cs; AgBiBrg-
based PV devices, rather to take a step in the direction of developing less-toxic and
low-cost PV device for indoor applications.

In this combined effort, the experiments were carried out by partners at Politec-
nico di Tornio, while I performed DFT calculations to uncover the atomistic origins of

the performance we observed for the 2D/3D interface.
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Figure 10: Schematic band diagrams of CsyAgBiBrg solar cell architectures. a) Clas-
sical n-i-p architecture in which Cs;AgBiBrg is sandwiched between ETL and HTM,
e.g., TiOy and Spiro-OMeTAD, respectively. The HTM creates an energy barrier for
electrons and the band alignment favors the hole drift toward the back electrode. b)
HTM-free Cs; AgBiBrg solar cell. No energy barrier prevents the recombination of elec-
trons and holes at the back electrode. ¢) 2D/3D surface modified CsyAgBiBrg solar
cell. The 2D perovskite functions like an HTM, elevating the VBM slightly and the

CBM strongly as will be shown in this chapter.

4.1 Experimental outcomes

The 2D /3D mixed perovskites films were developed using BABr (as described
in the Film Preparation at the end) in three concentrations viz. 0.01, 0.05, and 0.1
M respectively. J-V measurements (see figure 11| ) under AM 1.5G demonstrate that
after 2D modification of Cs;AgBiBrg with 0.01 M BABr, the open circuit voltage (V)
and fill factor (FF) remain comparable to the reference case or unmodified DP, while
the short circuit current (Jg) increases, yielding a 7% higher average efficiency. At
0.05 M, Jg. , Ve, and FF all improve relative to both reference and 0.01 M, leading
to 38% and 58% (record) PCE increases and a record V. of 1.25 V. Such gains were
attributed to the reduced interfacial recombination due to improved band alignment
of the 2D /3D perovskite (see sketched alignments in figure |11] (¢)) film with the CBE.
However, beyond 0.05 M, though a thicker 2D layering further improves V., it also
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Figure 11: 2D /3D modified Cs;AgBiBrg solar cells characterization;(a) Statistics on rel-
evant figures of merits for HTM-free solar cells containing a CBE top-electrode;(b) Best
J-V curves for 0.05 M modified devices containing either a CBE top-electrode or Spiro-
OMeTAD HTM and gold electrode;(c) Sketched band alignment between Css AgBiBryg,
and 0.01 M, or 0.05 M, respectively.
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introduces insulating organic interlayers thus suppressing J,. and preventing further
PCE improvement.

To uncover the microscopic origins of the experimental results, we performed
DFT calculations consisting of 3D /2D heterostructures made of 8 symmetric layers of
3D CsyAgBiBrg cubic DP slab and a 2D (BA),CsAgBiBr; capping layer with growing
number of layers (Figure [12| - see Table [19| for detailed structural information). In
particular, we considered four hetero-structures containing 1, 2, 3, and 5 2D layers,

dubbed hsl, hs2, hs3, and hsb, respectively.

3D perovskite layer 2D perovskite layer
____________________________________ +.-------_______________________-________________________-___-_____________________________
organic 2D organic 2D

I 1 |

I 1 |

I 1 |

I 1 |

I 1 |

I 1 |

| | | .

R 1

“— handh s - E S ."~..
o -1 -2

d
hs1 ’l
hs2

______________________________________________________________________________ ’l hs3 C
________________________________________________________________________________________________ " hs5

Figure 12: Slab models considered for DFT calculations. Divisions of 3D perovskite
layer used to calculate npDOS for respective slabs. Periodic boundary conditions
(PBC) applied along the direction perpendicular to the surface result in the creation

of two equivalent 3D /2D interfaces.

4.2 Theoretical outcomes

Density of states analysis

Figure[L3|presents the density of states (DOS) projected (pDOS) on the 3D, and organic
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(a)

pDOS (a.u)

and inorganic sublattices of 2D domains of the hsl,hs2 and hs3 heterostructures. It is
evident that for all the three structures, the VBM and close-by energy states are related
to the 3D and the inorganic sublattice of the 2D DPs, which are in agreement with other
studies [138] [145] [164], [165]. To identify the microscopic origin of the enhanced charge
extraction with BABr concentration up to 0.05 M, we computed the contribution of the
various layers of Figure [12 of the 3D slab to the density of states (see Figure [I4)). This
contribution, expressed in percentage and denominated normalized pDOS (npDOS), is
obtained by dividing pDOS relative to one 3D layer by (total) DOS and multiplying
by 100. npDOS is set to zero in the region of the bandgap.

(b)

pDOS (a.u)

(c)

pDOS (a.u)

Figure 13: (a-c)pDOS calculated for 3D/2D hsl, hs2 and h3 heterostructures. The

inset shows the cartoon of the heterojunctions fro each of the respective cases.

One sees that for the single 2D bilayer (hsl), the contribution of the interface 3D
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(a)

(c)

layer (0) to the DOS at VBM and closer energies is the lowest among all the layers of
the (BA)2CsAgBiBr; computational slab, with the largest contribution arising from the
bulk-like layers (—3). This implies that for the hsl sample, one has little probability
of finding holes at the 3D /2D interface and their extraction is inefficient. The picture
changes with the increase of the thickness of the 2D slab, with the contribution of the
interface layer to the VBM growing steadily from 3 to, 10, to 16, to 26% for hsl, hs2,
hs3, and hsb, respectively. A similar effect of a thicker 2D layer is observed up to 0.7
eV below the VBM. This increase in the contribution of the interface layer to VBM
means that thermalized holes are closer to the interface, which makes their extraction

easier as revealed in the experiments (refer [37] for detailed experimental outcomes).

(b)

(d)

Figure 14: (a—d) Contribution of npDOS of each sublayer to the VBM for hsl, hs2,
hs3 and hsb respectively.

However, in experiments, a maximum bandgap for the 0.05 M solar cells was
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(a)

(c)

observed (refer to [37] for details). This is attributed to two additional effects of
the thickness of the 2D capping layer. First, the resistance of the 2D capping layer
increases with its thickness, thus balancing the beneficial effect of the heterostructure
in attracting holes at the interface. Moreover, 2D capping layer also increases the
contribution of the interface 3D layer in the CBM (Figure , i.e., attracting electrons
in the CB toward a region with higher concentration of holes. Thus, a longer residence
time of holes at the interface due to the longer extraction time of the thicker 2D layer
favors their recombination with electrons also present in this region. This leads to a

reduction of the current density and, henceforth, PCE.

(b)

(d)

Figure 15: (a—d) Contribution of npDOS of each sublayer to the CBM for hsl, hs2,
hs3 and hsb respectively.

Next, we wanted to understand the effectiveness of the 2D layer in passivating de-
fects. To do this, we considered the three most likely defects in bulk Csy AgBiBrg [166-

"

168]: bismuth antisite and bismuth and bromide vacancies, denoted as Aggi, Vyg;, and
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V3, following the Kroger-Vink notation.
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Figure 16: Energy versus position of a) bromide vacancy (V§,), b) bismuth vacancy
(Vgi), and c) antisite (Agp;) of hsl, hs2, and hs3. Dashed circles around symbols
denote the state corresponding to the minimum energy defect position. Energies are
arbitrarily shifted so that the value in the bulk position is zero. In each panel is

reported a cartoon illustrating the portion of the computational sample illustrating

the position of the corresponding defect.

We computed the relative energy of these defects as a function of their position
along the slab (Figure for the 2D capping at various thicknesses. First and fore-

most, we notice that all defects (encircled in pink) are more stable when moved away
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from the interface layer. In other words, the effect of 2D capping is to prevent any
accumulation of defects at the CsyAgBiBrg surface, where, as shown before, we ob-
serve an accumulation of holes and electrons, and defects can promote recombination.
Our simulations suggest that the passivation effect of 2D capping is not passivation in
the conventional sense: rather, the presence of 2D layers prevents the accumulation of
defects at the 3D surface or interface. Regarding defect passivation, the thickness of
the slab does not play a major role, since we observe similar defect energies as a func-
tion of position within the 3D slab for all heterostructures, regardless of the thickness
of the 2D layer. Furthermore, we performed analogous calculations for a 3D/Spiro-
OMeTAD interface model. We also computed the relative energetics of Vi, and Agg;
defects as functions of position. In contrast to the 3D /2D system, we found that, with
Spiro-OMeTAD, both defects are attracted toward the interface layer (see Figure .
Even in the absence of any defect at the perovskite interface, a visual inspection of the
minimum energy configuration reveals a more pronounced and extended lattice distor-
tion in the perovskite region adjacent to the Spiro-OMeTAD interface compared to the
2D /3D sample (compare Figure [1§(c,d) and Figure [1§[(e)). It is well known that tilt-
ing of [AgBrs]®~ and [BiBrg]®>~ octahedra in double perovskites affects their electronic
structure and, consequently, their electronic properties [139]. Indeed, the projected
density of states (pDOS) of the interface layer in the defect-free 3D /Spiro-OMeTAD
system (Figure [18| (a)) shows orbitals extending deeper into the bandgap relative to
the 2D /3D case.
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(a)

(b)

Figure 17: a) Defects energy vs position of a) bromide vacancy (Vg,) ; b) Antisite
(Agp,)in the case of 3D/Spiro interface system. Dashed circles indicate the lowest-
energy defect configurations. Energies are referenced to the surface position (set to
zero). Each panel also includes a schematic of the 3D/2D model highlighting the

defect location.

These states can either result in trap-assisted recombination or simply slow down
carrier dynamics. This effect is enhanced when V§, and Agg; defects are accumulated
at the 3D/Spiro-OMeTAD interface, according to the driving force discussed above.
This is illustrated by comparing the pDOS of the interface layer of the pristine and
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defected 3D /Spiro-OMeTAD system (Figure (18| (b)), which shows additional states due
to the defects appearing at the bottom of the CB for both types of defects.

@ ©

pDOS (a.u)

(d)

Energy (eV)

(b)

(e)

pDOS (a.u)
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Energy (eV)

Figure 18: (a) pDOS of the 3D/Spiro-OMeTAD for the two binding modes;(b)
pDOS calculated for Spiro-OMeTAD/3D interface for pristine and defected systems
respectively.(c-d) 3D/Spiro-OMeTAD samples. The panel (c¢) and (d) show the bind-
ing modes 1 and 2, respectively;(e) 3D/2D interface.

4.3 Conclusion

This chapter presented the performance of a low-cost, HTM-free 2D /3D-modified
double perovskite (DP) solar cell via treatment of CsyAgBiBrg thin films with n-
butylammonium bromide (BABr) solution in isopropanol, followed by the deposition of

electrodes consisting of carbon black derived from up-cycled biowaste. The presence of
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the 2D /3D modification, improved valence band (VB) alignment between Csy AgBiBrg
while significantly raising the conduction band minimum (CBM). This led to enhanced
selectivity and improved the Jy., Vo, fill factor (FF), and power conversion efficiency
(PCE) for HTM-free 2D/3D CsyAgBiBrg solar cells treated with 0.05 M BABr so-
lution. Density functional theory (DFT) calculations, simulating various numbers of
(BA)2CsAgBiBr; bilayers capping 3D CsyAgBiBrg, revealed that the presence of the
2D perovskite increases the density of states (DOS) for holes at the 2D /3D interface,
thereby enhancing hole extraction probability. Moreover, we established that the 2D
layers prevent defects from accumulating at the interface, as opposed to Spiro-OMetad.
This work demonstrated that applying a 2D/3D modification enhances the PCE of
HTM-free CsyAgBiBrg solar cells. The absence of an HTM and the substitution of
the metal electrode not only significantly reduces device cost, but the use of a car-
bon electrode derived from up-cycled biowaste also represents a step toward ”green”
photovoltaics. Moreover, the drawbacks of low selectivity and weak band alignment
commonly associated with HTM-free PVs are mitigated by the formation of a 2D /3D
mixed perovskite phase. Although the solar cells presented here possess relatively low
PCEs, a well-known limitation of this material [164, I69HI72], there are promising
reports of highly improved Csy;AgBiBrg (e.g., via hydrogenation) that could further
benefit from the approach demonstrated in this work [I58] to boost such technology.

4.4 Film Preparation

The preparation of CsyAgBiBrg thin films as well as their 2D modification were
entirely performed in an argon-filled glovebox. First, CsyAgBiBrg powder, synthe-
sized as described in previous work [I37], was dissolved in dimethyl sulfoxide (DMSO,
99.7 + %, Thermo Scientific) to create a 0.5 mol L™ precursor solution. The solution
was stirred until the powder was fully dissolved. To deposit the (BA);CsAgBiBr; thin

film, a substrate was mounted onto a spin coater, the precursor solution (50 uL) was
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evenly spread across the substrate, and the substrate was rotated at 4000 rpm for 40 s
(3 s acceleration time). Immediately after the spin-coating process, the substrate was
transferred to a preheated hot plate at 285 °C and annealed for 5 min. To prepare the
2D modification, we adapted the synthesis route from [164]. The room-temperature
thin films were again mounted onto a spin coater, then an n-butylammonium bromide
(BABr, Aldrich) solution (100 pL; 0.01, 0.05, or 0.1 mol L ™! in isopropanol) was evenly
spread across the thin films, and they were rotated at 4000 rpm for 40 s. Afterward,
the thin films were left to dry in the glovebox overnight. Following film preparation,
the hole transport material (HTM) and respective electrodes were deposited according

to the protocol described in ([37]).

4.5 Computational setup and calculations

Three computational samples were considered; sample 1) an eight-layer thick slab
of CseAgBiBrg oriented along the (001) crystallographic direction was prepared, and
its geometry was optimized. On this, we deposited slabs of (BA),CsAgBiBr; with
various layers of the material. Simulations are performed within PBC and the 3D and
2D slabs are combined so that the two 3D/2D interfaces are symmetric and there is no
induced dipole moment (see Figure [18| ¢); slabs 2 and 3) the thickness and the orien-
tation of the CsyAgBiBrg slab along (001) direction were retained, however, the width
was doubled along the (100) and (010) directions and its geometry was optimized. On
this slab, we deposited the Spiro-OMeTAD molecule. While the Cs,AgBiBrg slab is of
the same dimensions for samples 2 and 3, the orientation of the HTM molecule differs.
This approach is considered as no experimental data are available on the binding char-
acteristics of Spiro-OMeTAD to DP surface. We refer to these different orientations
as the different binding modes (a-b)). Furthermore, one can have different sur-
face/interface terminations in a crystallite in experimental samples. On the contrary,

all our samples are symmetrically terminated. This is because computational samples
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are much smaller than experimental ones (few nanometers vs hundreds of nanometers
to micrometers) and systematic asymmetries associated with different terminations
likely, possibly introducing a dipole moment in the slab, may induce large electric
fields. This likely induces artifacts in the computational results. Density functional
calculations were performed within the Perdew-Burke-Ernzerhof generalized gradient
approximation [I73]. Simulations were performed with the VASP code. Kohn-Sham
orbitals were expanded on a plane wave basis set with an energy cutoff of 400 eV. The
interaction between valence electron and nuclei plus core electron was described within
the projector augmented-wave formalism.[I74] For the computational sample 1, the
Brillouin zone has been sampled with 4 x 4 x 1 K-points, [78] the latter figure refer-
ring to the (001) direction. For the other two computational samples, because of their
larger size in the surface plane necessary to accommodate Spiro-OMeTAD, we used I -
point sampling only (as discussed in the theoretical formalism section). The suitability
of this setup was validated by checking the convergence of total energy, bandgap, and

atomic forces with respect to the parameters listed above.

Figure 19: Geometry optimized lattice parameters.
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5 Photoelectron extraction in BiOl:an atomistic

perspective

In the previous investigation, we presented our outcomes regarding Cs,AgBiBry,
which is one of the many materials that showed potential as an absorber for indoor
applications. Recently, other Bi based alternative like bismuth oxyiodide (BiOI), has
also gained popularity due to its i) band gap of around 2 eV, which is ideal for indoor
lighting, and; ii) high visible-light absorption coefficient of 10*cm~![61]. Moreover, in
BiOI carriers also remain delocalized large polarons over their lifetimes displaying band
like transport [I75, [176]. This is at odds with respect to the hypothesized self-trapping
observed in other two-dimensional materials. Despite such characteristics [177, [178],
it has shown only a limited efficiency of around 4-4.5 % under white LED. Intrinsic
factors such as strong coupling between charge carriers and longitudinal optical (LO)
phonons, leading to elevated Urbach energies and promoting non-radiative recombina-
tion, have been hypothesized to limit the efficiency of BiOI based solar cells [42] [179].
Apart from the intrinsic ones, the extrincisc factors also play a huge role in affecting a
device’s performance.

For instance, different crystal facets in BiOI can expose varying atomic termina-
tions, leading to facet dependent electronic and transport (across the interface) prop-
erties. DFT calculations have predicted that among various BiOI (slab) facets, [001]
offered the lowest electron-hole recombination rate due to effective charge separation
[180]. This is attributed to an intrinsic field generated between the well separated
[BiyOy]™ and I~ layers. A direct consequence of this is the improvement in the open
circuit voltage V.. [I81], that eventually leads to an increase of efficiency in devices
based on [001] oriented BiOI films [I82]. Indeed, experiments demonstrated that [001]
oriented films with ZnO as ETL, exhibited a higher compared to the [110] counter-
parts. However, [001] oriented films posed a limitation on the J, since the electrodes

are not connected with high mobility planes like [110] or [102]. This is detrimental for
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solar cell applications [62], [I83], [184]. Therefore, it is evident that charge separation
and extraction are sensitive to the facet exposed to electron transporting layer (ETL).
Hence, optimizing the facets and their termination is key to enhance BiOI'’s efficiency
as a solar photovoltaic cells.

Lastly, the choice of charge transport layers (focusing on the ETL), is another cru-
cial parameter affecting efficiency, since extraction of the carrier depends on it. Typical
choice of ETL’s includes metal oxides, very often titanium oxide (TiO2). However, it
possesses low electron mobility (¢ = 0.5 — 8cm?V ~1s7!) and requires a high annealing
temperature (500°C) [I85]. This presents a strong drawback for BiOI, which begins
to degrade beyond (350°C). Compared to TiOq, materials such as zinc oxide ZnO
has a low annealing temperature (100 — 300°C) and higher electron mobility mobility
(v =5 —30cm?*V~1s7), making it a better choice for BiOT’s [186, [187].

Regardless of having identified an optimal ETL and facet, the transport of photo-
electrons across the BiOI/ZnO heterostructure is delicate. This essentially means that
transport is a strongly dependent on the detailed characteristics of the interface, the
chemical binding between atoms of the two structures, polarization [33] [188]. In-fact,
it has been hypothesized that control of BiOI surface chemical state when depositing
the electron transport layer and increasing charge carrier collection (by increasing work
function of the HTL) are key steps that can improve efficiency [62]. However, these
conclusions were drawn based solely on experimental empirical characterization and
provides no microscopic or detailed mechanism analysis that can suggest optimization
strategies.

Therefore, in this chapter we present for the first time, atomistic insights into
the electronic and the structural properties of the BiOI and ZnO interface. Our re-
sults suggest that the photoelectrons generated in the bulk BiOI are likely to become
trapped at the BiOI/ZnO interface, due to the presence of an interfacial energy min-
imum, that originates from the the disruption of I-Bi and the subsequent formation

of I-O (of ZnO) at the BiOI/ZnO interface. This can hinder electron extraction and
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promote non radiative recombination, ultimately limiting device performance [189].

5.1 Atomistic Structure of the BiOI/ZnO interface

In figure 20| (a) we show the “sandwich” structure of the ZnO/BiOI/ZnO inter-
face system. Here, we consider a (110) slab of BiOI and two (010) slabs of ZnO. The
two surfaces of the slab are symmetrically O-terminated, preventing the presence of a
dipole moment, which on the small scale affordable in DF'T calculations may introduce
artifacts. Slabs orientations were chosen because i) they are compatible with the flake-
like structure of BiOI crystallites observed in experiments [62] 190, 191] and ii) they
to maximize the atomistic matching between the subdomains, hence corresponding to
the most likely structure of the buried interface. The optimal matching is obtained
by a suitable rotation of ZnO around the [010] axis (see figure [20| (b)). In this con-
figuration, the system is affected by a limited ~ 1% “theoretical strain” (see equation
. Thanks to its layered structure, compressive or tensile stress has a limited effect
on the electronic structure of BiOI. In particular, the literature data shows that strain
values of ~ 1%, like the one present in our computational sample, results in a negligible
change in the band gap of the absorber [192]. Likely, this limited strain is at the basis
of the (relatively) good PV characteristics of this system observed in the experiments.

The structure of the BiOI/ZnO system presents some major changes in the local
coordination with respect to the bulk case due to the change of local chemical envi-
ronment at the interface. Each terminal iodine atom of the BiOI layer bonds with two
oxygen atoms from the adjacent ZnO layer, with a bond length of 1.9A (Figure )
This extra bonding of iodine, absent in bulk BiOI, results in a weakening of Bi-I bonds,
with a bond length increasing from ~ 3.3A in the bulk to ~ 3.6A at the interface. A
~ 3.6A Bi-I bond length is at the upper extreme of the length distribution of this bond
and it is typical of p-I bridging [193] or secondary bonding interactions/extended co-
ordination [I94]. In turn, the weakening of the Bi-I bond enables the bonding between

70



bismuth and oxygen of the ZnO layer, characterized by a bond length of ~ 2.46A,
slightly longer than the Bi-O distance in bulk Bi-O (~ 2.35A). At the same time, the
distance between these oxygen atoms and zinc interface atoms is ~ 2.03A, very close to
the corresponding bond length in the bulk (~ 1.98A). These Bi-O-Zn “bridge” bonds
are responsible for the binding between the light harvesting and the electron transport

layers.

To better understand the nature of these interactions, we analyzed 2D maps
of electron localization function (ELF). ELF is a dimensionless quantity that ranges
from 0 to 1. The value of ELF between pairs of atoms provides insights into the
nature of chemical bonds between atoms. For light elements - like C, O, H etc. ELF
values in the domain between atoms in the range ~ 0.8-1 are a signature of covalent
bonding, moderate values ~ 0.6-0.8 are indicative of polar covalent interaction and
low to moderate values ~ 0-0.6 implicate empty spaces and predominantly no bonding
or ionic interaction. For bonds involving heavier atoms - like Bi, I and Zn forming
our system- lower ELF maxima (~ 0.6 ) are often observed and are considered to
be representative of covalent character [195]. Figure (c-g) reports 2D maps of
ELF along relevant planes of the systems complementing our atomic level structural
analysis. Consistent with prior reports, bulk Bi-O bonds are characterized by high
(for bonds involving heavier atoms) ELF maxima, ~ 0.5, revealing covalent of slightly
polarized bonds. The Bi-I bond is possibly more ionic, with ELF maxima ~ 0.47 and
Zn-0 is even more ionic, with ELF values ~ 0.3 [I95HI99]. At the interface, Bi-I ELF
drops to near 0, signaling bond weakening, while the I-O bond exhibits an ELF of
~ 0.4 , consistent with formation of a strong, polarized covalent-like bond [200]. ELF
values for Zn-O and Bi-O at the interface of the heterostructure are ~ 0.25 and ~ 0.5

respectively, revealing a mixed ionic and covalent character.
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Figure 20: Heterostructure used for calculations; (a) Highlights the components and
length of the lattice of the (110) BiOI and (010) ZnO structures, (b) Displays the
interatomic distances, in the bulk and the interface,(c-d) ELF variation of the Bi-I
bond from bulk to interface,(e) Highlights ELF distribution(green colour) between the
Bi-O and the I-O bonds at the interface,(f-g) Top view (mirror images) of the Planes 1
(I-O-Zn binding) and 2(Bi-O-Zn binding) respectively. Notably, neither in the bulk nor
at the interface does the Zn-O bond shows electron localization. This is evidenced by
the colour contours dominant around atoms (orange/yellow are oxygen atoms) rather

than between them and is indicative of an ionic bonding character.

Summarizing, both the structural and ELF analysis support the formation of a
strong Bi-O and Zn-O bonding at the BiOI/ZnO interface, allowing a stable interface

between the two materials. At the same time, a strong I-O bond is also formed,
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accompanied by a sizable weakening of the Bi-I bond, which, as we shall discuss in
the following, leads to the formation of defect states at the interface determining the

electronic properties of the BiOI/ZnO heterostructure and its transport characteristics.

5.2 Projected Density of States (pDOS)

To gain insight into the microscopic origin of the charge transfer mechanism and
the electronic properties near and at the interface, we now turn to an analysis of the
DOS. We focus on the projected DOS (pDOS), measuring the contribution of specific
(sets of) atoms to the total counterpart. Figure compares pDOSes of the bulk
domains of the ZnO and BiOI slabs against the corresponding data at the interface
between the two materials. Firstly, bulk pDOSes of BiOI and ZnO slabs show a band
alignment in qualitative agreement with experimental results. In particular, the VBM
and CBM of BiOI lays ~ 0.45 eV and ~ 0.6 eV above and below the corresponding
levels of ZnO, respectively, to be compared with 1.2 and 0.4 eV experimental bands
offsets [62, [191]. Notice that, in our calculation as in the experiments, the CBM of ZnO
is higher in energy of the corresponding orbital of BiOI. This is at odds with the usual
energy alignment between light harvesting materials and ETM. In the literature, the
fact that ZnO is able to extract photoelectrons from BiOl is attributed to the presence
of high density of sub-band gap states, that electrons can use to tunnel across the
interface[I91]. Thus, though the quantitative mismatch, we consistently with experi-
ments predict a type I heterojunction between BiOI and ZnO. The structural changes
at the interface discussed above significantly affect the local electronic structure. In
particular, pDOSes reveal significant changes in the electronic structure of ZnO at the
interface with BiOI. While we observed only a minor shift in BiOI pDOS ~ 0.24 eV,
pDOS of ZnO ~ 0.67 eV shows a major shift to higher energies. This is likely due to
hybridization between BiOI and ZnO at the interface, as evidenced by their respective

orbital contribution near the VBM in Figure 2Ip. Furthermore, the interface also in-
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troduces states near the conduction band minimum (CBM), ~ 1 eV below the CBM;
in this case, one observes sizable contributions to the pDOS from both ZnO and BiOI.
This corresponds to significant hybridization between the ZnO and BiOI surface or-
bitals (see Figure ), with 21% and 79% , respectively. However, since these states
are located deep in the band gap, they may facilitate trapping of photoelectron at the
BiOI/ZnO interface, thus hindering charge extraction and promoting non-radiative re-
combination, which might ultimately undermine the efficiency of the device. We will

further discuss this effect in the following.
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Figure 21: (a) Projected density of states comparison between bulk and interface.

The inset shows the energy of the local frontier orbitals throughout the BiOI/ZnO

heterostructure, (b-c) Quantitative analysis (in %) of the orbital contribution to VB

and CB by interface and bulk atomic groups. Note that the CB is plotted starting at

band index 0 for visualization. The actual bandgap is not 0, this is a relative shift.

Start and end values of energies corresponding to the bands have also been indicated

for clarity.
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5.3 Orbital Projected Density of States(opDOS)

To better understand the origin of the surface states illustrated above, we com-
puted orbital decomposed project density of states (opDOS), which measure the con-
tribution to DOS arising from specific atomic orbitals (figure 22a).opDOSes reveal that
the interface state due to ZnO near the VBM is dominated by O 2p orbital which hy-
bridize with I 5p orbitals of BiOI to form the strong O-I bond at the interface. This
bonding is promoted by the under-coordination of O from the metal oxide at the inter-
face, which, in absence of binding to I, passed from 4, in the bulk, to 2 at BiOI/ZnO
interface. O 2p/I 5p hybridization at the BiOI/ZnO interface is also at the basis of the
gap states emerging from the CB. These indeed are mostly due to BiOI iodine (~ 75%)
and ZnO oxygen (~ 22%), with some minor contribution from the other species (figure
). Similarly, the interface state near the VBM of BiOl is primarily derived from O
2p orbitals, which hybridize with Zn 3d orbitals to form O-Zn bonds at the interface.
This is also facilitated by the change in oxygen coordination from 4 in the bulk BiOI to
2 at the interface, in absence of binding with Zn. To demonstrate the implications of
these mid gap states on charge transfer, we traced the energy of local frontier orbitals.
Focusing on photoelectron extraction, we follow the energy profile of an electron from
the conduction band of BiOI to the conduction band of ZnO passing by the interface
(inset of figure [21] ). The energy profile of photoelectrons presents a marked minimum
at the BiOI/ZnO interface. This feature may play a double role: on the one hand,
attract photoelectrons from the bulk, contributing to charge separation; on the other

hand, trap electrons hinder extraction.
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Figure 22: (a) Orbitals decomposed density of states projected on all atoms at the

interface, (b) Quantitative analysis (in %) of the orbital contribution to mid gap states.

Moreover, following the electrostatic potential energy profile in Figure 23] from
the bulk of BiOI to the bulk of ZnO, one notices a local minimum (AEf= 0.44, cor-
responding to eV = 17.6KgT confined to a limited region of space (~ 0.2 nm), in the
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Electrostatic Potential Energy (eV)

vicinity of the interface. This minimum, although confined to small regions of space,
may hinder or slow down photoelectron extraction, preventing free diffusion of charge
carriers across the interface between the absorbing material and the ETL layer. Slow
extraction may result in non-radiative recombination, significantly limiting the PCE of

the system.

ZnO Bulk

BiOl bulk AE'= 0.44 eV
= 17.6 kT

Length (A)

Figure 23: Electrostatic potential energy across the heterostructure.

5.4 Conclusion

In this work, we report for the first time, the atomic and the electronic structure
of stable [110]BiOI/[010]ZnO heterojunction as obtained from DFT calculations. We
show that BiOI and ZnO are bound by Bi-O-Zn bridge bonds of a mixed covalent
and ionic nature. Atomic level structural analysis reveals that the formation of the
interface leads to disruption of terminal Bi-I bond in BiOI, followed by a subsequent

formation of the new bond between I and O from the metal oxide. While these struc-
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tural modifications do not introduce deep gap states near the VBM, surface states with
dominant contributions from I in BiOI and O in ZnO, were identified at ~ 1 eV below
the CBM. Tracing the energy of the local frontier orbitals, we identified a minimum at
the interface, a feature that may play a dual role; on the one hand it can attract the
photo-generated electron from the bulk to BiOI, aiding charge separation, and on the
other, it can trap electrons hindering extraction. Furthermore, the potential energy
across the interface also highlights a spatially narrow barrier of 0.44 eV, that needs to
be prevailed by electrons to move across the interface. Our atomistic level analysis lays
the foundation for future rational interface engineering approaches aimed at optimizing
charge transfer and minimizing recombination losses, ultimately advancing the devel-
opment of high-performance BiOI/ZnO-based optoelectronic devices, including solar

cells and photocatalysts.

5.5 Computational Methodology

DFT calculations were performed within the Perdew-Burke-Ernzerhof generalized
gradient approximation (GGA)[I73]. To accurately reproduce the experimental band
gaps and the electronic properties of the interface system, Hubbard U corrections were
applied. For ZnO, an on-site Coulomb correction was applied to the Zn3d (Uq= 7 eV)
and O2p orbitals (U,= 6 eV), with J = 0 due to the closed-shell nature of the involved
atomic orbitals [201H203]. This choice yields band gaps in agreement with previous
experimental and theoretical values [204] Dispersion corrections were also considered
within the D3 Grimme scheme [205]. Calculations were performed using the Vienna ab
Initio Simulation package (VASP). The Kohn-Sham orbitals were expanded in a plane-
wave basis set with a cutoff energy of 400 eV, and interaction between valence electron

and nuclei was described within the projector augmented-wave formalism [206].

The computational sample consisted of a ~ 1.4 nm [110] BiOI slab sandwiched

between two ~ 1.5 nm [010] ZnO layers (ZnO/BiOI/Zn0O). The thick layers allow for
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recovering the bulk properties, e.g., the bulk density of states (DOSes) at their center.
While this sandwich structure with generous layers requires more computational effort
of a single BiOI/ZnO interface, it guarantees a zero electric dipole in the system, thus
preventing artefacts associated to periodic boundary conditions (PBCs).The orienta-
tion of the BiOI slab was selected on the basis of experimental evidence [190] and, after
a suitable plane rotations by 45° and 90°of the BiOI [001] and ZnO[100] respectively,
we obtained an optimal matching between lattice parameters of the subsystems of the

heterostructure, and a good chemical connectivity among the interface atoms (figure

, as discussed.

The Brillouin zone of our slab system was sampled with 4 x 1 x 4 K-points, where
the direction sampled with the single K-point is the one along to the BiOI/ZnO inter-
faces [78]. All atomic positions were fully relaxed using a conjugate-gradient energy
minimization algorithm. The ZnO/BiOI/ZnO composite system presents a “theoreti-
cal” strain arising from the lattice mismatch between the constituent materials. The
theoretical strain is quantified as the percentage difference between the lattice con-
stants of the isolated materials and those within the composite. This is given by the

formula:

Strain (%) — “enrette 0L 1 (39)
BiOI
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6 Interfacial behavior of Spiro-OMeTAD and T2
hole transport materials(HTMs) across crystal-

lographic facets in hybrid lead halide perovskites

6.1 Introduction

Lead halide perovskites (LHP’s) have emerged as leading candidates for cost-
effective photovoltaic technologies owing to their excellent optoelectronic properties.
However, the up-scaling of perovskite solar cells (PSCs) remains challenged by crys-
talline control, leading to a trade-off between device efficiency and active area. Solution-
processed films often suffer from uncontrolled nucleation and growth, displaying disor-
dered lattice orientation, non-ideal interfacial contact, severe defect accumulation and
residual strain [I75], 207-210]. This issue is particularly prominent in widely employed
formamidinium lead iodide (FAPbI;, FAPI) prepared with excess methylammonium
chloride (MACI) in precursor, where crystallization preferentially follows a singular
facet orientation, yielding uneven grain growth and microstrain in films. Consequently,
the efficiency of even the best-performing PSCs still fall short of the Shockley-Queisser
limit [211], 212].

Numerous approaches have been explored to improve device efficiencies. One of
them involves replacing the original methylammonium lead iodide (MAPbI;, MAPI)
or FAPI with mixed-cation and mixed-halide compositions. Among these, the triple-
cation/dual-halide perovskite Csg.o5(FAg.s3MAg.17)0.05Pb(lo.s3Bro.17)s (MA = CH3NHS
FA = HC(NH;)J) has become a benchmark owing to its excellent efficiency, improved
stability, and reproducibility [6] [7, 1T2]. Another strategy focuses on controlling crys-
talline orientation to enhance charge transport [29, 211, 213, 214]. In particular, the
(111) facet of FAPDbI; has demonstrated a superior intrinsic moisture stability relative

to (100), a higher carrier mobility than (110), and a lower work function compared to
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both (100) and (110) [215H217].

Beyond this, the choice of hole-transporting material (HTM) interfaced with
perovskite is also crucial, as it governs hole extraction. Among various HTMs,
2,2 7,7 — tetrakis(N, N — di — p — methoxyphenylamine) — 9,9" — spirobifluorene
(Spiro-OMetad), became the benchmark due to its efficient hole extraction, com-
patibility with dopants, and favorable valence band alignment with perovskites
[218]. However, it suffers from several intrinsic drawbacks. Its synthesis is com-
plex and costly, making it unsuitable for large-scale or industrial production[219].
Moreover, the dopants typically required to achieve high conductivity (e.g., lithium
bis(trifluoromethanesulfonyl)imide, Li-TFSI) as well as metal atoms from the back
electrode can migrate into the underlying perovskite layer, ultimately compromising
long term device stability[220-222]. These limitations have motivated the search for
low-cost HTMs that suppress ion migration, form stable coordination environments
with adjacent layers, and retain high photovoltaic performance.

A promising candidate emerging from recent work by Zhou [218] is the T2
molecule, designed around a thiomethyl-substituted fluorene arm integrated into a
spiro[fluorene — 9, 9" — xanthene| core. Experimental studies supported by theoreti-
cal analysis have demonstrated that T2 establishes stronger interactions at buried
interface. Perovskite solar cells fabricated with T2 have achieved power conversion
efficiencies of 26.21% (0.1 cm?) and 24.88% (1.0 cm?), underscoring its potential as a
next-generation HTM.

Nevertheless, despite experimental evidence, atomistic level understanding of how
these HTM’s interact with specific perovskite surfaces like (100),(111) and (102) re-
mains limited [I11]. In this chapter, we investigate HTM/LHP interfaces, revealing

how facet dependent surface chemistry affects or could affect charge extraction.
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Figure 24: Slab samples of FAg9MAg1Pbls 7Brg 3 perovskite and their respective lattice
constants, considered for interface investigation. Note that these lattice constants are

values excluding vacuum on either sides.

We begin by evaluating the work functions of the PbX terminated hybrid per-
ovskite slabs in (100), (102), and (111) orientations (see figure [24] ). The trend in
the values reported in table for hybrid perovskite slabs follow the trend (100) >
(102) > (111). This is in excellent agreement with experimental report ([217]), thereby

validating the reliability of our computational slab setup. However, before studying
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the interaction of these slabs with different HTM’s, it is useful to establish how the
intrinsic surface characteristics vary across these facets.

First, the coordination environment of surface Pb atoms, since in halide per-
ovskites, this is a determinant of their ability to bind with HTM donor atoms [223-225].
Under-coordinated Pb centers are generally electron deficient and this is commonly
associated with strong Lewis acidic character [225H229], especially because missing
halides expose partially empty Pb 6p orbitals and can promote stronger binding with
HTM [225] 230, 231]. Among the three surfaces, the (111) exposes predominantly
three fold coordinated Pb atoms, which is halved with respect to six in the bulk. In
contrast, the (102) surface contains a mixture of four and five fold, while the (100) sur-
face exposes only five fold coordinated Pb atoms. Thus one would expect Pb atoms on
(111) surface to be most electron deficient. To support this we performed Bader charge
analysis on the bare slabs i.e. prior to HTM interaction, as they reflect the intrinsic
electronic character of each facet without any induced perturbations. Although Bader
charges do not provide a rigorous measure of Lewis acidic character, the increased pos-
itive charge density on Pb across the three surfaces (see table in figure is at least
qualitatively consistent with this coordination trend.

Based on coordination alone one would expect the (111) facet to exhibit a greater
tendency to bind strongly with HTM donors like oxygen and sulfur, followed by (102)
and (100). However, the picture is more complex since both oxygen and sulfur can
each donate electron density, but sulfur is significantly more polarizable and possesses
a tendency to behave as a softer base compared to oxygen [232]. Thus generally speak-
ing, since surface Pb centers are borderline soft Lewis acids, Pb-S interactions are
predicted to be more favorable than Pb-O [233]. The surfaces ability to bind with the

two respective HTM’s has been examined and discussed in the following subsections.
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Slab Work Function (eV) for Pb charge
FA09MA0.1PbI2.7Bro.3 (e/Az)
100 6.13 0.035
102 5.63 0.047
111 5.41 0.055

Figure 25: Work function, surface and Pb charge density calculated for pure and hybrid

perovskite slabs.

Therefore, next we studied the interaction of HT'M’s with these reliable bare slab
samples. Note that, these are first of its kind results regarding the (102) and (111)
orientation. Although the (111) has gained significant attention from experimental
point of view due to the improved stability ([216], 217, 234]), both remain theoretically
unexplored, especially for T2.

6.2 Structural response of (100), (111) and (102) surfaces to
Spiro-OMeTAD

The various optimized Spiro/LHP interface structures can be seen in figure
(a-c). To rationalize the response of each surface on interface formation, we computed
the adsorption distances of Spiro on perovskites surface, relevant atomic separations
at the interface and the surface roughness (). The adsorption distances are defined as
the distance between the centroid of the group of Spiro atoms (below plane P2) and the
group of surface perovskite atoms (e.g., the highlighted region), as shown in figure
(a). The plane P2 is placed at a distance of ~ 4 A from plane P1 for each surface. The
position of P1 is set as the mean value of the surface Pb and halide atoms and is defined
independently for each perovskite surface. Next, the surface roughness o represents
the displacement of the perovskite surface atoms with respect to the reference plane

P1, as illustrated in figure 26 To calculate the roughness, we consider atoms within a
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window of £1.0 A from plane P1. Starting with the adsorption distance, among the
studied orientations, the (100) facet demonstrates the shortest distance of 1.912A com-
pared to the longer (102) 2.12A and longest (111) 2.8A respectively (see table in figure
26]). Because shorter adsorption distances generally reflect stronger molecule-surface
interactions, the observed distances support the interaction strength hierarchy (100) >
(102) > (111). A clear contradiction to the prior expectation, that was based solely on
coordination of Pb atoms. However, adsorption distance is an averaged metric, mean-
ing it cannot reliably capture the surface’s response to Spiro, particularly because the
binding can be asymmetric or it can anchor to multiple surface sites, thus missing out
on local geometric changes. Hence it could incorrectly suggest interaction strength. To
better understand how the surface accommodates Spiro, we subsequently evaluated the
surface roughness o because it reflects local structural reorganization rather than an
averaged height. While not a direct measure of interaction strength, surface roughness
offers complementary insight into how strongly the surface geometry is perturbed by
the HTM. Typically, o ~ 0.05 — 0.15A indicates lower roughness, o ~ 0.15 — 0.3A is
moderate and beyond ~ 0.3A considered to be quite rough [231], 235]. Indeed, one ob-
serves (table in figure[26]) that surface roughness follows the trend-(100)>(111)>(102).
However, the relevant quantity for assessing Spiro induced structural changes is the in-
crease in roughness, Ao, rather than the absolute value. When examining Ao directly
( values in table of figure [26]), the (111) facet shows only a negligible change upon
interaction with Spiro, whereas both (100) and (102) exhibit appreciable increases.
Consequently, the true trend of Spiro induced perturbation is (100) > (102) > (111).
To complement this sequence, we quantified the Az (in A) between the two oxygen
atoms (2 encircled in black and x5 in red) of Spiro, relative to P1, as shown in figure
(a). This provides a measure of molecular "tilt” i.e. how symmetric or asymmetric
is the binding of Spiro on different surfaces. For example, higher tilt would correspond
to xo being closer to P1 and z; being near to plane P2 as shown in figure 28 A

smaller Az reflects a flatter configuration i.e. when both z; and x5 being close to
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P2. Multiple reports often associate higher tilt or asymmetric binding of an organic
molecule on the perovskites surface to stronger bonding and enhanced electronic cou-
pling [111], 236, 237]. The calculated Az values follow the order (111) ~ 0.2 < (102)
~ 0.78 < (100) ~ 0.9. This notably low Az for the (111) facet clearly agrees with the
nearly flat (visually) geometry of Spiro on the surface and also complements the low
(Ao ~ 0.02) we observed. While the increased tilt as observed for (100) does comple-
ment the highest roughness and the suggested strongest interaction, the same cannot
be said for (102). The high tilt (0.7 A) in this case can be attributed to the intrinsic
geometry of the surface i.e. absence of binding site, also evidenced by low Ao ~ 0.08.
More direct measures of interfacial interaction is provided by the number of anchoring
sites and distances between relevant atoms at the interface. [111], 214].

Typically, Pb-O distances of 2.8-3.0 A correspond to borderline strong interac-
tions, values between 3.0-3.2 A indicate weak to moderate interaction, and separations
beyond 3.2 A reflect non-bonded van der Waals contact [T11, 238, 239]. On (100),
the two Pb-O distances of 2.87A and 3.004A, suggests strong and direct coordination
(see figure 26| (d)). In addition to Pb-O bonds that are the primary anchors at the
interface, the hydrogen atoms on Spiro frequently engage in H-X(halide) interactions,
that can influence both the geometry and the energetics of the interface [214, 240].
In hybrid lead-iodide perovskite (e.g methylammonium/formamidinium lead iodide),
ab-initio molecular dynamic studies [241] define an H-acceptor distance cutoff for hy-
drogen bonding: d(H-I) < 0.3 nm (i.e., 3.0 A) for N-H donors. In the same work, for
C-H donors, they used a less strict cutoff of d(H-I) < 0.4 nm (4.0 A ), but C-H-T hy-
drogen bonds are inherently weaker. More concretely, structural studies (crystal data)
report H-I distances in the range ~ 3.02-3.38 A for C-H-I hydrogen bonds. Here, the
minimum H-X distance (see figure [26{ (g)) is ~ 2.9 A. Although this falls in the range
of weak H-bonding [242], together with stronger Pb-O anchors, these could not only
modestly enhance HTM’s interaction with the perovskites surface, but also stabilize

the interface. Moreover, it has been demonstrated to suppress halide motion near the
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surface, a process associated with degradation in LHP’s [242-244]. Nonetheless, (100)
exhibiting the shortest H-X and Pb-O separations compared to the other two facets
can be viewed as a further indication of the strong facet-spiro interaction.

In contrast, due to the intrinsic zig-zag geometry of (102) (see [26| (b)) facet sup-
ports only a single Pb-O bond, however of the same length 2.88A e) as observed on
(100) surface. But the shortest H-X distance (h)) increases substantially to 3.47A,
which diminishes the possibility of electrostatic stabilization of the interface. The (111)
facet (figure [26]c) presents two Pb-O separations are 3.63A and 3.74A, which are too
long to qualify as bonds and should be viewed as weak, non-covalent vdW contacts.

The geometric analysis reveals a distinct facet dependent interfacial behaviour
between Spiro-OMeTAD and the perovskite surfaces. The (100) facet is dominated
by five-fold coordinated Pb atoms, nevertheless forms two Pb-O contacts, one longer
than the other but still within moderate coupling regime. This anchoring results in
the largest surface roughness, which means that the (100) undergoes strongest pertur-
bations due to Spiro. The (102) facet, in contrast, exposes a mix of four and five fold
coordinated Pb sites but supports only a single Pb-O bond of ~ 2.8A. Consistently,
it displays the lower roughness w.r.t (100), marking it as less interactive facet. The
(111) surface presents two much longer Pb-O distances (3.63 and 3.74 A), despite the
facts that the surface is dominated by under-coordinated three fold Pb atoms, falling
into the weak interaction regime. This is also supported by the observed negligible
(Aco). Altogether, this point to the trend: (100) > (102) > (111), with (111) being

least responsive to HTM, despite exposing the most under-coordinated Pb atoms.
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Figure 26: Structural evolution post spiro’s adsorption;(a,d,g) 100 surface; (b,e,h) 102
surface and (c,f,i) 111 surface. The planes P1 and P2 are displayed as a guide to
understand how the adsorption distances, roughness and tilt were calculated (details

in computational methodology). The table conatins all the evaluated parameters.
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6.3 Structural response of (100), (111) and (102) surfaces to
T2

We carried out a structural analysis for T2 analogous to spiro on different LHP
surfaces. The Pb-coordination, adsorption distances, Pb-S separations, the shortest
H-X distances, the extent of lattice roughness within the perovskite slabs and tilt of
the HTM molecule, were evaluated (see interfaces in figure [28 (a-c)). As before, all
descriptors referring to surface electronic structure namely Pb coordinations and Bader
charges were obtained from the bare perovskite slabs, since these quantify the intrinsic
reactivity of each facet prior to HTM interaction. Therefore, the prior analysis re-
garding the coordination or surface Pb atoms holds ie. based purely on coordination
chemistry, one would anticipate the (111) facet with three fold under-coordinated Pb
atoms to exhibit the strongest interactions.

The adsorption distances follow the sequence (102)<(100)<(111), with values of
2.90 A, 3.10 A and 3.26 A, respectively. However, due to fact that adsorption height is
a global descriptor that does not capture local geometry, this trend could incorrectly
suggest interaction strength. Thus we computed surface roughness which interestingly
reveals that all the surfaces responded identically, as indicated by the Ac values in ta-
ble 28] to the presence of T2. This can be attributed to the single Pb-S coordination
or only one anchoring site that T2 uses to interact with the three respective surfaces.

The (100) surface shows the shortest Pb-S distance (3.03 A), followed by (111)
with 3.15 A and (102) at 3.25 A. Computational studies on perovskite oxysulfides show
that short Pb-S contacts of about 2.9 to 3.1 A behave as true covalent bonds, whereas
longer distances beyond 3.25A correspond to much weaker, non-bonding interactions.
Similar behavior is observed at thiol-passivated perovskite interfaces, where strong
chemisorption and significant stabilization of CsPbls appear only when Pb-S distances
fall within the 3A range. Thus, a clear trend emerges: Pb-S bond lengths around ~ 3A

- 3.1A indicate strong, stabilizing interactions, while longer distances signify weak or
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(a)

secondary bonding [245-247]. Thus, these results suggest that with all the three sur-
faces, T2 likely forms a direct coordination. Based on the Pb-S lengths, the previously
suggested trend of interaction strength now changes to (100)<(111)<(102). Next, we
also evaluated the Az or what we called "tilt” (refer discussion on Spiro/LHP surface)
values. While (100) and (111) showed equal and negligible tilt (Az ~ 0.03), the (102)
exhibited a significantly higher Ax ~ 0.3. This high tilt can be attributed again to
the zig-zag configuration as discussed in the case of Spiro. We further examined H-X
distances. The (100) facet exhibits the shortest H-X separation (3.07 A), followed by
(102) (3.445 A), whereas (111) shows the weakest H-X interaction at 3.9 A. Thus,
the (100) facet benefits from both a relatively short Pb-S bond and H-X seperation,
suggesting the strongest interaction with T2 as well. Notably, irrespective of the HTM
i.e. Spiro or T2, both the (111) and the (102) surface are unlikely to benefit from H-X
interactions, since both the surfaces exhibit separations beyond 3.4 A. This appears

to be an intrinsic limitation of these surfaces.

(b) (c)

(100) (102) (111)

Figure 27: (a-c) Visual of bonding environment of Pb on (100), (102) and (111) surfaces.
The slabs have been rotated for better view of the arrangement of surface Pb and I
atoms.

It is observed that unlike Spiro, T2 interacts with the (111) surface through a Pb-
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S interaction. We speculate that this is related to the local bonding environment of
Pb on the (111) surface, which is highly constrained (see Figure [27| (c)). On this facet,
Pb appears as an exposed “apex” above a compact triangular arrangement of three
I atoms, with short Pb-I bond lengths of ~ 3.03 A, in contrast to the longer ~ 3.10
A and ~ 3.09 A observed on the (100) and (102) surfaces. This tighter triangular
coordination likely reduces the ability of the Pb-I network to distort, and therefore the
Pb center may not readily adjust its bonding direction. Here, “adjustment in bonding
direction” refers to the capacity of Pb-I bonds and the associated hybridized Pb 6s*/6p
orbitals to reorient such that Pb can accommodate a donor like oxygen. This constraint
matters for Spiro because Pb-O interactions typically require a specific approach ori-
entation associated with coordination in Pb(II)-O complexes [248] 249]. In contrast,
the (100) and (102) surfaces expose a larger and more complete portion of the Pblg
octahedron (see Figure 27| (a-b)), offering greater flexibility for Pb-I distortions and
orbital polarization, thus enabling the directional Pb-O interaction required for Spiro
binding. Meanwhile, softer and more polarizable sulfur based ligands have demon-
strated stronger binding to Pb?* at perovskite surfaces, often forming more favorable
interactions than oxygen based donors [250, 251]. This supports the hypothesis that
T2’s Pb-S interactions can remain effective even on less favorable (111) surface. Fur-
thermore, according to Hard-Soft-Acid-Base (HSAB) principles [233], sulfur functions
as a soft donor capable of forming a more polarizable, partially covalent interaction
with Pb?*, which is classified as a borderline soft acid. This soft-soft affinity further
rationalizes the robustness of Pb-S anchoring with different surface terminations. In-
terestingly, this hypothesis appears to align with our surface roughness calculations,
where (111) shows negligible Ao for both HTM’s (yet T2 bonds with the surface).
The rigidity likely keeps Pb’s electron cloud locked in a symmetric shape, preventing it
from distorting to create the directional bonding region needed for Pb-O coordination,
whereas the greater roughness of (100)/(102) reflects a more flexible surface that can

accommodate the directional Pb-O coordination required for Spiro binding. We note
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that this remains a hypothesis that needs to be tested.

(a) (b) (c)

P2
: A st
— I __________________________________________________
~-1A
(d) (e) (f)
(8) (h) (i)
3.07A I I34sA 392 Af
(100)/T2 (102)/12 (111)/12
Lead (Pb)
lodine ()

Bromine (Br)

Carbon (C)

Oxygen (O)

Figure 28: Structural evolution post T2 adsorption;(a,d,g) 100 surface; (b,e,h) 102
surface and (c,f,i) 111 surface. The planes P1 and P2 are displayed as a guide to
understand how the adsorption distances, roughness and tilt were calculated (details

in computational methodology). The table contains all the evaluated parameters.
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Having established the facet-dependent structural response to Spiro and T2, we
next quantify the strength of these interfaces by evaluating the corresponding interac-

tion energies (Ei,) using the expression:

_ rrelaxed separated
Eing = interface ~ ELHP+HTM7 (40)

where Ei%?;‘/egTM is the total energy of the fully relaxed LHP/HTM interface, and

Eip.nmm denotes the single-point energy of the full LHP+HTM supercell with the
geometry preserved but with the two subsystems translated such that their minimum
separation is approximately 10 A, so that no interactions occur between them. Negative
values indicate an energetically favorable interface. For the (100) surface, strongly
stabilizing interactions were obtained for both HT'Ms, with Ey; = —1.97 eV for T2 and
—1.39 eV for Spiro, indicating that (100) forms the most favorable interface and that T2
anchors more strongly than Spiro. The (102) facet exhibited weaker but still stabilizing
interactions, yielding Fi; = —0.99 eV for T2 and —0.81 eV for Spiro. In contrast, the
(111) facet displayed unfavorability for both HTMs, with Ei,, = 40.45 eV for T2
and +1.80 eV for Spiro. These results show that, although T2 binds more favorably
than Spiro on every surface, the (111) facet remains intrinsically the least compatible
with either HTM. The overall energetic hierarchy is (100) > (102) > (111) for both
HTMs. This aligns with the trends observed in the geometric analysis, underscoring the
decisive influence of surface orientation and termination on HTM-perovskite interfacial

behavior.

6.4 Electronic Coupling

Although the geometric descriptors have provided strong indications regarding
the ability of each surface to accommodate the HT'M’s, charge transfer processes are
ultimately dictated by the extent to which these structural interactions perturb the
electronic environment. Therefore, to truly evaluate whether the observed geometric

trends translate into meaningful electronic interactions, we now examine the density
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of states projected on the perovskite surface, the bulk and the HTM (pDOS). An-
ticipating one detail, across all the studied facets, the bulk pDOS is nearly identical,
indicating that the slabs are sufficiently thick to recover bulk-like electronic structure
and that facet-dependent effects arise predominantly from the surface and interface re-
gions. Note that, all the pDOSes were rigidly shifted such that the LHPs valence-band
maximum (VBM) aligns with 0 eV.

Figure 29| (a and c¢) shows the projected density of staes (pDOS) for HTM/(100)
interfaces. First and foremost, it is evident that the general characteristics of the
pDOSes of the LHP is the same for both spiro and T2 ie. the surface layer dos shifts
toward higher values with respect to the bulk pDOSes. This provides the generalized
force driving holes form the bulk to the LHP/HTM interface. Moreover, the frontier
orbitals of both HTM’s lie higher in energy than LHP’s valence band edge (VBE).
Typically, a driving force of ~0.2 eV or higher is sufficient for efficient extraction [I11].
This is satisfied incase of both HTMs, nevertheless it can be clearly seen that the LHP’s
surface dos exhibits a larger shift with T2 as HTM. This indicates enhanced electronic
coupling at the interface, which can promote a faster hole transfer. To clarify this we
looked at the orbital contributions (in %) near the VBE of the perovskite slab (shown
in figure (b and d). In order to ensure a consistent comparison of the electronic
coupling, we analyzed the state located ~ 0.25 eV (highlighted region between bands
-5 and 0) below the interfacial VBM. The contributions show that when interfaced
with Spiro, the state is almost entirely composed of the Spiro orbitals (93%), with
only a small mixture from perovskites surface (5.8%) and bulk (1.2%). This implies
limited orbital overlap of Spiro with the surface. In contrast, it becomes significantly
hybridized when interfaced with T2(57% T2, 39% perovskite surface, 4% bulk). Ac-
cording to the Marcus/Hush theory [252H254], the charge transport rate depends on
the electronic coupling between initial (i) and final (f) states H;; = (¢ H|s). A
larger coupling requires appreciable spatial overlap between frontier orbitals on the

donor and acceptor, which in the present case corresponds to hybridization between
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the HTM states and surface perovskite states. Since, T2 exhibits a higher overlap, one
can expect it to be a better HTM than spiro. These results are qualitatively similar to
the ones reported by Zhou et al. [218], with a distinction that this time there is some

orbital mixing incase of spiro and perovskites surface near the valence band edge.
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Figure 29: (a,c) Projected density of states comparison between bulk, interface and
HTM’s for (100);(b,d) Quantitative analysis (in %) of the orbital contribution upto 40

bands below slab valence band.

Next, we looked at the (102) facet with the two HTM’s. In the figure 30| (a and
¢), the shift in surface pDOS with respect to the bulk ones is negligible irrespective of
the HTM. This indicates the absence of the force driving holes from the bulk to the
LHP/HTM interface. Nevertheless, again the frontier orbitals of both the HTM’s lie
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~ 0.2 eV above LHP. Looking at the highlighted state ~ 0.28 eV below VBE (from
bands -5 to 0) in figure 30| (b and d), it is evident that the Spiro orbitals dominate the
state (~ 96%), with negligible contributions from the surface (~ 3%) and bulk (~ 1%).
This indicates weak (even weaker than observed for (100)/Spiro) electronic coupling
between Spiro and perovksite. In contrast, for T2 the same state exhibits substantially
enhanced contributions from the perovskite, with 28% originating from T2, 41% from
the perovskite surface, and 31% from the bulk, indicating stronger interfacial orbital

overlap Following the argument presented previously, T2 again appears as a superior

and effective HTM than spiro.
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Figure 30: (a,c)Projected density of states comparison between bulk, interface and
HTM’s for (102);(b,d) Quantitative analysis (in %) of the orbital contribution upto 40
bands below valenece band of LHP.
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For the (111) surface as well, we observe that the overall features of the of the
pDOS remains consistent for both spiro and T2 interfaces. However, this time irre-
spective of the HTMs, the bulk pDOS is shifted to higher energies with respect to
the surface. Such an energetic alignment implicates the presence of a ”barrier” for
hole extraction. Nevertheless, it is evident that this unconvenient upward shift of bulk
frontier orbitals is significantly smaller ( ~ 0.08 eV) for T2 on the surface as opposed
to Spiro (~ 0.2 eV). An inspection of the orbital composition (31 (b-d)) roughly be-
tween the bands -3 to -7 (highlighted peak corresponding to the state 0.3 eV below
the LHPs VBE) reveals that, while bulk contributions for both interfaces are similar
(~ 22 %), the surface exhibits ~ 5 % (for Spiro) and ~ 2 % (for T2) respectively.
Moreover, the contributions of both the HTM’s are > 70 %. What separates the two
is that for Spiro, significant mixing with the perovskite is only observed upto —0.3 eV
below the perovskites valence band, whereas in the case of T2, hybridization persists
up to —0.2 eV (encircled), where we still see ~ 3 % contribution from the surface. This
proximity of hybridized states to the slabs band edge suggests a stronger electronic
coupling at the T2 interface, enabling more efficient hole transfer. Thus, T2 is likely to
extract holes more efficiently than spiro, provided the photo-generated charge carriers

somehow diffuse to the interface.
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Figure 31: (a,c)Projected density of states comparison between bulk, interface and
HTM’s for (111);(b,d) Quantitative analysis (in %) of the orbital contribution upto 40
bands below LHPs valence band.

Across all three facets, a consistent relationship emerges between structural in-
teraction strength and electronic hybridization at the valence band edge. T2 couples
more strongly to the perovskite lattice than Spiro, particularly through the softer and
more polarizable S donor that maintains bonded or borderline bonded Pb-S interac-
tions on every facet. This produces a correspondingly stronger electronic response in
the pDOS and orbital analysis, where we observe that T2 exhibits significantly greater
hybridization at the VBM on all facets compared to Spiro.

Considering every evaluated metric, a clear facet hierarchy emerges. The (100)
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surface is the most favorable for hole extraction as it shows: i) the largest pDOS
shifts for perovskite’s surface states exhibit a larger driving force to extract holes from
the bulk;ii) the strongest orbital hybridization near the valence band edge with both
HTM’s (larger for T2), iii) the most robust structural anchoring for both HTMs and iv)
largest energetic favorability. The (102) facet is consistently the weaker across struc-
tural and electronic descriptors with small pDOS shifts, reduced hybridization with
HTM'’s, making it the less favorable facet compared to (100) for hole extraction with
these HTM’s. The (111) surface exhibits a rather diverse behaviour: i) despite being
less favorable for Spiro due to the nature of Pb-O, it interacts appreciably with T2 via
Pb-S bonding; ii) photo generated hole will be obstructed by an energetic ”barrier” to
go from bulk to the surface irrespective of the HT'M’s, although the ”barrier” is halved
when the surface is interfaced with T2 as opposed to Spiro (~ 0.2 eV); iii) lastly it
yields a much better coupling with T2 as significant orbital overlap is observed near
the valence band edge. Nevertheless, (111) remains the most unfavorable surface for
hole extraction.

Overall, T2 is without doubt a superior HTM across all facets, and the (100)
facet is the most favorable for hole extraction, followed by (102), with (111) being the

least effective.

6.5 Conclusion

With this work we clearly highlight an interplay between interfacial bonding and
electronic hybridization at the valence band edge of the perovskite slab. T2 consistently
appears superior HT'M than spiro as it couples more strongly to the lattice due to the
higher polarizability and softer donor character of sulfur, which enables Pb-S bonding.
This interaction translates directly into an enhanced hybridization of T2 states with
the perovskite valence edge. When comparing facets, the (100) surface proves to be

the most favorable for hole extraction, followed by (102), while (111).
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6.6 Computational Methodology

Three hybrid perovskite slabs with the composition FAggoMAg10Pb(I9.90Bro.10)3
were constructed along the (100), (102) and (111) crystallographic directions. The slabs
were generated by uniformly introducing MA (encircled in black) and Br ions through-
out an initial FAPDI; lattice, as illustrated in figure[24] Each slab contained 8-9 atomic
layers and included a vacuum spacing of ~ 15 A to avoid spurious interactions between
periodic cells. The thickness of each slab was enough to recover bulk like behaviour
for the central layer. All atomic positions were first fully relaxed. Subsequently, two
different HTM molecules viz. spiro and T2, were placed at an initial separation of
~ 3 A above each slab surface and optimized again to yield six relaxed LHP /HTM
interfaces. Due to the size of the molecules, the dimensions of each slab were adjusted
to balance numerical accuracy and computational cost. Figure [32] (a-f) represents the
six relaxed interfaces along with their dimensions. In this work, only PbX, terminated
surfaces were considered since the strong electronic coupling with HTM’s typically oc-
curs through Pb (Pb-O, Pb-S etc). Electronic structure calculations were performed
within the Perdew-Burke-Ernzerhof (PBE) generalized gradient approximation, using
VASP. Kohn-Sham states were expanded in a plane-wave basis with a kinetic energy
cutoff of 400 eV. Core-valence interactions were treated with the projector-augmented
wave method [77]. The Brillouin zone has been sampled with 1 x 4 x 4 K-points [7§].
The following procedure describes how the adsorption distance and surface roughness

have been calculated.

6.6.1 Adsorption Distance

The adsorption distance between HTM atoms (between plane P2 and above the
perovskites surface) and the perovskite surface atoms (within + 1 A of plane P1) is

evaluated from their centroids. For each group of N atoms with coordinates 7, the
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centroid is defined as:

R==Yr, (41)

where és and }?T denote the centroids of the perovskite surface atoms and the HT'M

atoms, respectively. The adsorption distance is then calculated as:

dads = |RT,:17 - RS,m

(42)

6.6.2 Surface Roughness

For each facet, we isolate the interfacial perovskite layer by selecting only the

inorganic atoms (Pb and halides, X=I,Br) whose coordinates fall inside a window of
Lmin S Z; S Lmax (43)

Within the window, we define a local reference position ..t as the mean of all Pb and

halide coordinates:

1
Tref = m (Z ZT; + Zl’]) s (44)

ic€Pb jex
where Np, and Nx are number of lead atoms and halide atoms respectively. The plane

P1 as illustrated in figures [20] and [2§] represents the x,.;. The displacement of each

atom k is then calculated relative to this reference as:
AZ), = T — Tyef- (45)

Finally, the geometric roughness (in A) is the root-mean-square spread of Ph4+X about

the reference:

kePbuX

Larger o implies a more corrugated interface.
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Figure 32: Interfaces considered for calculations. Note that these lattice constants are

values including vacuum on either sides. Highlighted region represents the bulk.
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7 Comparative Study of Passivants for Improved
Hole Transport in Hybrid Lead Halide Perovskite
Solar Cells

In the preceding chapter, the interaction mechanisms between Spiro and T2 hole
transport materials were explored from an atomistic perspective, providing crucial in-
sights into the interfacial atomic and electronic structures, with possible implications
for charge transfer properties. Building on these computational findings, this chapter
shifts focus to the experimental outcomes resulting from the introduction of various pas-
sivant materials at the interface between the absorber and the hole transport material
(HTM). Before discussing the results, I would like to mention that these experiments
were performed in collaboration with the University of Porto as part of a mandatory
research period (3 months in this case) during my doctoral studies. This investigation

is still ongoing; however, I will present the results that have been processed so far.

7.1 Introduction

Perovskite solar cells (PSCs) operate through a sequence of light absorption,
charge generation, separation, and transport processes, as summarized in Figure
B3l Upon absorption of photons with energies greater than the perovskite bandgap
(hv > E,), electrons transition from the valence band (VB) to the conduction band
(CB), leaving behind holes. The low exciton binding energy in perovskite materials
(~ 26 meV, comparable to room temperature kgT) enables rapid dissociation of exci-
tons into free charge carriers, which subsequently diffuse toward the electron transport
layer (ETL) and hole transport material (HTL) [255],[256]. Efficient carrier extraction

depends on these charge carriers successfully reaching the electrodes before recombina-
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tion, thus making extended carrier lifetime an essential aspect for maximizing efficiency.
Therefore, one can generalize that a PSC’s performance is determined by a combination
of efficient light absorption, effective charge separation, long carrier diffusion lengths,

and minimal recombination losses.

Figure 33: Schematic of operation sequence of charge carriers.

Typically, perovskite cells are fabricated with solution-based methods, which of-
ten introduce defects. Extensive literature has shown that bulk defects are shallow,
owed to the peculiar electronic structure of the light absorbing material. This led to
the introduction of the concept of defect tolerance. Defects at surfaces and interfaces,
on the contrary may be detrimental. Surface defects may act as carrier trap centers
and accelerate non-radiative recombination losses [175, 207-210]. Additionally, ther-
mal annealing, that is a crucial step in fabrication process, can also lead to the partial
loss of cations, producing non-stoichiometric surfaces enriched with ionic defects that
can act as highly active non-radiative recombination sites [257-259]. Beyond this,
the layered configuration of PSCs inherently generates numerous heterointerfaces that

also serve as non-radiative recombination centers for photogenerated charge carriers.
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Interfacial defects, predominantly located at the perovskite surface and at junctions
with charge transport layers, are thermodynamically favorable to form owing to their
low formation energies[260), 261]. These defect states perturb the interfacial electronic
structure, inducing deep trap levels that hamper interfacial charge transfer dynamics
and consequently limit carrier extraction efficiency [2, 262, 263]. Therefore, effective
defect passivation, particularly at surfaces and interfaces, is critical for suppressing
losses and improving device efficiency[256]. Passivation can also mitigate the intrinsic
instability of perovskite absorbers by neutralizing defects that would otherwise trigger
degradation. Thus, suitable passivation agents such as Lewis bases, halide or am-
monium salts, polymers, and low-dimensional perovskite layers can coordinate with
under-coordinated Pb?* sites or compensate halide vacancies, thereby suppressing de-
fect assisted ion migration and the associated instability [264] 265].

Incorporating alkylammonium organic cation has emerged as a highly effective
passivation strategy for 3D perovskite solar cells due to their hydrophobic nature and
the fact that its incorporation allows tuning of optoelectronic properties. Generally
speaking, integrating these organic moieties can either lead to the formation of a low-
dimensional perovskite phase (also referred to as the 2D phase), resulting in a 2D /3D
configuration (see illustration in , or can simply interact without froming a 2D
phase over the 3D absorber surface [30), 266]. Both approaches can passivate the sur-
face of the 3D perovskite absorber. However, when formed, the low-dimensional 2D
phase/layer offers numerous advantages [267-269]: (1) it enhances the stability against
humidity; (2) by optimizing the energy-level structure, it promotes carrier transport
from the perovskite layer to the transport layer, thereby reducing leakage current losses
and reverse electron transfer; (3) it reduces the defect-state density and inhibits ion
migration, which helps mitigate photocurrent hysteresis etc. In-fact, state of the art
devices employing 2D /3D configuration, have now achieved a power conversion efficien-
cies exceeding 24% [269, 270] while maintaining over 90% of their initial performance

after 1000 h under humid or thermal stress conditions. These advances establish low-
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dimensional perovskite passivation as a key pathway toward stable, high-performing

perovskite cells.

3D phase 2D phase HTM
| A A

\_Y_}

Passivant

1
[ [
F\C FPEAI NHy* I
NH, 1™ O CEAI HTAB

Figure 34: A cartoon illustration of passivation molecule introduced between the per-

ovskite absorber and Spiro-OMetad. In this study, we introduced molecules (details
are discussed later in the chapter) that are displayed in the chart below, in similar
fashion. Note that this is just an illustration and formation of 2D phase is subject to

a variety of control parameters.

Extensive works on 2D /3D interface engineering, such as the use of phenethy-
lammonium iodide (PEAI) to form stable Ruddlesden-Popper (RP) 2D phases for
enhanced surface protection [271]; guanidinium-based cations to improve interfacial
energetics and stability [272]; and fluorinated organic cations that impart hydropho-
bicity and suppress trap-mediated recombination [213], consistently report gains in
power conversion efficiency, open-circuit voltage, and stability. However, in the liter-

ature, reports typically emphasize only on the maximum performance achieved with
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a specific passivant and frequently present it as the most effective strategy. Since de-
vice architectures, fabrication methods, and testing protocols vary significantly across
reports, discrepancies remain as to whether performance improvements arise from the
intrinsic chemistry of the passivant or from process-dependent optimizations. Indeed,
direct comparisons between different passivants under identical processing conditions
are scarce, and comprehensive, systematic evaluations of films fabricated with diverse
passivants within the same environment are still lacking.

Inspired by this, in this chapter we investigate the impact of surface passivation
on the performance of perovskite solar cells (PSCs) with an n-i-p architecture by em-
ploying halide-based passivators, namely 2-cyclohexylethylammonium iodide (CEAT),
2-(4-fluorophenylethyl)ammonium iodide (p-FPEAI), and hexyltrimethylammonium
bromide (HTAB). Henceforth, the thin-film device without any passivant will be re-
ferred to as the reference. Correspondingly, the passivated films, samples, and devices
are denoted as CEAI-, FPEAI-, and HTAB-passivated, respectively, as shown in the
figure along with the chemical structures of the passivating molecules. The de-
vice configuration employed for measurements, consists of fluorine-doped tin oxide
(FTO)/compact-TiOy/Sn0O,/3D /2D /Spiro-OMeTAD (HTL)/gold(Au), where the 3D
absorber comprises of an optimized Csg05FAg 85 MAg10Pb(Ig.95Bro.05)s formulation fab-
ricated according to the procedure described in the thin-film fabrication subsection.
After perovskite deposition and annealing, the passivating solutions of CEAI, FPEAI,
and HTAB were dispensed onto the perovskite films (sequential deposition) under iden-
tical spin conditions, i.e., at 5000 rpm with an acceleration of 2000 rpm.s~! for 60 s.
Table |35 provides an overview of (i) the concentrations investigated; (ii) the annealing
temperatures and iii) annealing time, of the passivants studied. It is important to
note that, given the numerous parameters requiring optimization, the annealing time
for FPEAI (when annealed) and CEAI was set to 10 min (to maintain uniformity),
which falls within a typical range of 5-30 min based on previous literature reports

([266, 273, 274]). In the case of HTAB, we obtained an optimized time of 1 minute
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because increasing the time further destroyed the cells efficiency.

Figure 35: Details of the cases studied for the three passivants CEALLFPEAI and
HTAB. The cases highlighted in black belong to the first batch of fabricated cells,
while the cases in red were an addition to the second batch we fabricated (discussed
in detail in the main text). To maintain consistency, we did fabricate and test all the

cells again for the second batch as well.

7.2 Experimental Outcomes

As a first step, we wanted to optimize the concentration of each passivant. Thus,
we fabricated and evaluated the J-V characteristics (figure [36| (a-c) of the first batch
(inked in black in the table of our cells. The photovoltaic parameters including
open circuit voltage (V,.), short circuit current density (Js.), fill factor (FF), and power
conversion efficiency (PCE) were extracted for all the films and were monitored every-
day for the first three days after fabrication. Measurements were performed according

to the protocol explained in the characterization section of this chapter.
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(a)

(c)

(b)

(d)

Figure 36: J-V characteristics of all the studies configuration; (a-c) represent the char-
acteristics of CEAI-, HTAB- and FPEAI- passivated films from the first batch and
(d) from of the second batch of cells. Note that in (d) there are two additional cases

considered. This has been discussed in the latter text.

In Figures (a—), we report the performance of devices fabricated with the
same perovskite absorber but passivated using different molecules, all of which exhib-
ited notable enhancement compared to the reference device. The Ref (indicated in
figure showed an efficiency of approximately 14%, with J, V., and FF values
of ~21 mA.cm~2, ~0.94 V, and ~0.69, respectively. Comparing these Ref values to

passivated samples, it is evident that irrespective of the concentration considered here,
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the efficiency consistently improves upon passivation, although the magnitude of im-
provement varies across different passivants. The improvement in the passivated cells
primarily stems from a significant increase in the J,. and V,., which directly contributed
to the overall efficiency gains. Diving into the details, for CEAI and HTAB, the cham-
pion efficiencies of ~20% and ~18.5% are obtained for concentrations of 2 mg.mL~!
and 0.7 mg.mL™!, respectively. Although at higher concentration (2.5 mg.mL™!) of
CEALI the PCE shows an expected but not obvious minor drop by ~0.8%, the effects
for HTAB are far more drastic. Across the three HTAB concentrations (see figure
(b)), the 0.7 mg.mL~! and 2.5 mg.mL™!, consistently (over the days) exhibit the
highest and lowest values of the measured parameters, while intermediate values are
noted for 1.5 mg.mL~!. The V,. and J are only moderately affected; however, the
FF drops by nearly 20%. At the highest HTAB and CEAI concentrations, the sur-
face is likely over-passivated, resulting in a thick insulating alkylammonium layer that
hinders charge extraction. Such over-passivation can increase the series resistance of
the device, consistent with previous reports on excessive long-chain alkylammonium
treatments[37, 275H277]. As for FPEAI, we observed that for both concentrations, the
FF remains largely unchanged, while J;. decreases (similar to HTAB) and V,, increases
likely due to reduced recombination, for the higher concentration (4 mg.mL™!). De-
spite these variations, the PCE values remain relatively close, around ~19% for both
concentrations. It is interesting to note that with HTAB, at higher concentrations,
the V,. and J. both decrease as opposed to FPEAI (4 mg.mL™'), where only the J,.
decreases.

Next, the evolution of their photovoltaic parameters was monitored over an ex-
tended period of +1000 hours in the dark(see ﬁgure7 to gain insight into the tempo-
ral degradation behavior of the passivated devices. Tracking the variation in parameters
allowed us to identify the most effective passivant among the monitored ones. These
are CEATI (2 mg.mL '), HTAB (0.7 mg.mL ") and both 2.5 mg.mL " and 4 mg.mL™*

for FPEAI, as they displayed similar characteristics and require additional analysis.
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Figure 37: J-V characteristics tracked over 1000 hours for the passivated films with

optimal concentration.
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Across 1000 h, all passivated devices exhibit a better performance with respect to
the reference. On the left panel in Figure HTAB holds the highest V,. throughout
(~1.02-1.04 V) with minimal deviations; CEAI intially at ~1.02 V decreases over time
to ~0.99 V; the reference starts lowest (~0.93-0.97 V) and moves up initially but re-
mains well below the passivated films. J,. for HTAB shows only a mild downward trend
(initial- ~24 mA.cm~? and final- ~23.5 mA.cm ™2 over 1000 h’s), however for CEAT the
J. drops by almost 2 mA.cm™2 with respect to the starting point (~24.2 mA.cm™?).

The reference .J,. exhibits a noisy behaviour, as it abruptly and significantly increases

2 2

by ~3 mA.cm™* initially and then creeps down gradually to ~23.5 mA.cm™=. Inter-
estingly, this is equal to HTAB and higher than CEAI films. FF is consistently high
for CEAI and HTAB (~0.72-0.76) and essentially remains invariant in time; the ref-
erence begins lower (~0.68), drops initially and improves with time to ~0.7, which is
close to passivated film but never exceeds their levels. Consequently, PCE for CEAI
and HTAB starts around 20 and 18.7%, with CEAI being the champion among all the
passivated cases, and settles near 15.4% and 17%, respectively with ~80 and 92% re-
tention, whereas the reference rises from ~12-13% to ~14%, then moves up to ~15.2%,
still remains inferior to the passivated devices. It is interesting to note that after 1000
hours, CEAI’s downfall brings it almost to the Ref level. This drop can be primar-
ily attributed to the reduction in Js. over time. These conclusions regarding CEAI
are a direct contradiction to the findings presented in [266], where the authors have
demonstrated CEAI passivated films to be efficient and operationally stable over long
hours. In fact, here we see that HTAB passivated films significantly outperform CEAI
films, both in efficiency and operational stability. Other research works [278] related
to HTAB-passivated hybrid perovskite films with P3HT as HTM suggest that modifi-
cation by HTAB molecule is an effective way to passivate the perovskite defects and
facilitate the carrier transport at the perovskite/HTL interface. Although our results

do point us in the same direction, at this stage in our research, we cannot provide a

conclusive argument.
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On the right panel, both FPEAI concentrations are notably stable. The V. re-
mains ~1.00-1.03 V with tiny fluctuations. J, is higher for 2.5 mg.mL™! (initial- ~25
mA.cm™?; champion ~25.21 mA.cm™2 ) than for 4.0 mg.mL™" (~23-23.5 mA.cm™2),
clearly validating that higher passivant concentration increases resistance. It is note-
worthy that, to the best of our knowledge this is the highest ever J,. obtained for
FPEALI as passivant on Csg05FAgs5MAg10Pb(Ip.05Bro.o5)3 perovskite cell. FF for both
sits ~0.72-0.75 and is essentially time invariant. As a result, PCE is the most stable
and highest for FPEAT 2.5 mg.mL™! (~18-19% throughout the testing period), with
FPEAT 4.0 mg.mL™" tracking just under between the range of (~17-18%). Additional
experiments and tests are being conducted to justify the trends we are observing.

In summary, FPEAT at 2.5 mg.mL™! is the best passivant as it delivers the high-
est and most stable PCE over 1000 h. It preserves the V,. and FF while maintaining
the highest J,. among all the passivated devices. This is strong evidence of efficient
defect passivation without introduction of a significant extraction barrier. FPEAI at
4.0 mg.mL™! is close but shows a small J,, penalty, consistent with higher thickness.
HTAB achieves the highest V,. (for reasons still unknown to us, but based on [279)
can be attributed to the improved hole extraction due to the formation of the inter-
facial electric dipole layer) and very steady FF (similar to FPEAI), but its long alkyl
chain can hamper transport, limiting its PCE to below FPEAI. CEAI provides solid,
balanced stability (good V,. and FF retention) but does not match FPEAT’s (2.5) com-
bination of efficiency and stability. Thus, after 1000 hours, it is evident that films with
FPEAI (2.5) > FPEAI (4.0) > HTAB > CEAI > Reference, for developing efficient
and stable cells.

Having established the optimal concentrations for each passivant, we then fabricated a
fresh batch using only the optimized compositions. In addition, cases highlighted in red
in figure [35| were also included this time. For this batch, alongside the J-V characteri-
zation (recorded only on the day of fabrication), Scanning Electron Microscopy (SEM)

and X-ray Diffraction (XRD) measurements were performed to analyze the morphology
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and crystal structure of the prepared films. As shown in Figure (d), it is evident
that the overall efficiencies are lower compared to the last batch. This is primarily
due to low FF, because V,. still remains within ~0.98-1.01 V across the passivated
samples, while the J,. shows either no changes or it improves. However, the general
performance trend remains consistent with the previous batch, ie. the champion pas-
sivated films clearly outperform the Ref and follow the order (without FPEATI post
annealing): CEAI (2.0 mg.mL~!, 17.7%) > FPEAI (2.5 mg.mL~!, 17.67%) > HTAB
(0.7 mg.mL~!, 16.2%) > Ref (14.4%). Interestingly, upon annealing, the champion de-
vice with FPEAI 4 mg.mL~! (17.18%) surpassed the 2.5 mg-mL~! (16.33%), which is
opposite to the trend observed in the un-annealed films. This suggests that annealing
might have stronger impact at higher concentrations, enhancing the film quality and
compensating for potential carrier transport limitations. According to [273], anneal-
ing reduces the overall performance. However, they evaluated post-annealing effects for
only the best concentration. Thus with different concentrations, this behavior, remains
an open question and is being further investigated.

The first step is to understand the morphology of the passivated and bare film.
Figure (a-f) presents the SEM top view images of the analyzed samples, allowing
a direct comparison between the passivated films and the reference. The reference ex-
hibits smaller grains with visible voids, pin-holes and low compactness, consistent with
other reports [280H284]. In contrast, the FPEAI (both concentrations, annealed) and
CEAl-passivated films display a more smoother and uniform surface with reduced in-
tergrain voids, as evident in figure |38 (b,e and f). This improvement reflects the ability
of the passivation molecules to modify the surface morphology by filling surface defects
and improving intergrain connectivity, rather than altering the underlying perovskite
bulk growth. This is also supported by the XRD patterns in Figure [3§| (h, j-1). While
the overall bulk diffraction features remain unchanged, enhanced diffraction peak in-
tensities suggest improved crystallinity at or near the surface. Furthermore, additional

low-angle reflections (shaded regions) are visible only in the annealed FPEAI films,
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suggesting the formation of 2D phases [273]. Despite annealing, CEAI-passivated films
do not exhibit such peaks, which may or may not be due to the limited resolution of
the XRD setup. This is because in another study, the fabrication of CEAI based films
with the same constraint on annealing time and temperature yielded a 2D phase [278].

A closer examination of the FPEAI- annealed samples (Figure [38| (d-f)) reveals
subtle differences in grain uniformity, with the 4 mg.mL~! film appearing more homoge-
neous than the 2.5 mg.mL~! counterpart. This structural uniformity likely contributes
to the slightly higher champion efficiency observed for the FPEAI (4-annealed) device.
Furthermore, based on literature reports of strong interaction between the FPEAI
cation and the perovskite surface, that enhances structural ordering and improves sur-
face energy matching [285], the superior performance of FPEAI passivated films (both
concentrations) can be attributed to the uniform coverage and possibly suppression of
defects at the grain boundaries. For the unannealed FPEAI sample, a surface coat-
ing that possibly bridges grain boundaries appears to have been formed, creating a
smoother and more continuous surface. By reducing the exposure of boundary defects,
this coating is likely to suppress surface recombination, which is consistent with the
higher efficiency and enhanced long-term stability observed in the first batch.

Although CEAI-passivated films show improved compactness compared to the Ref
sample, small number of pinholes and voids remain visible. In contrast, the HTAB-
treated films exhibit a rather distinct morphology, characterized by heterogeneity in
grain size and surface coverage. Closer inspection reveals part elongated, needle [280]
or flake [287]-like domains and part fused grains. The flake like domains indicate for-
mation of low-dimensional phases, however, the XRD pattern in Figure [38| (i) shows no
discernible low-angle peaks. We are investigating this further. Despite a heterogeneous
morphology, HTAB passivated films exhibit a good performance overall.

In summary, all passivated films exhibit noticeable improvements in surface cov-
erage and compactness compared to the reference sample. Additionally, small bright

particulates are more prominent on the reference surface, which are likely associated
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(a)

(c)

(e)

with Pbly segregations, a common feature reported in perovskite films with incom-
plete surface conversion [30, 272]. In contrast, FPEAI-, CEAI-, and HTAB-passivated
films show a significant reduction of such features. The remaining bright contrast re-
gions may correspond to localized crystallization or aggregation of passivant molecules.
Given the semiconducting and partially insulating nature of these surface layers, local
charging effects under the electron beam may further enhance contrast in SEM images

[288).

(b) (8)

(h)

()

(k)

(f)

(V)

Figure 38: SEM images along with their XRD of PVK samples with different passi-

I

HTAB 0.7 mg.mL™%; (d,1) FPEAT 2.5 mmg.mL™'; (e,k) FPEAI 2.5 mg.mL~! annealed

vation layers on glass/ITO/SnO2 substrates;(a,g) Ref; (b,h) CEAI 2 mg.mL™!; (c,i)

and (f,j) FPEAT 4 mg.mL~! annealed. Scale bar in all images is equal to 300 nm.
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In chapter 4, we presented our results regarding the modification of Cs,AgBiBrg
with n-butylammonium (BA) to form a 2D capping layer and its application in HTM-
free perovskite solar cells with carbon electrodes. Inspired by this, using FPEAI (2.5
mg.mL~1) as passivant on the hybrid perovskite film, instead of using spiro and gold
we directly applied a carbon paste. This yielded a perovskite/passivant/Carbon config-
uration as opposed to perovskite/passivant /Spiro/gold. In this case also, we evaluated
and tracked the performance of our carbon based cells as can be seen in figure (39))

below.

Figure 39: J-V characteristics of carbon electrode based HTM-Free cells.

It is evident that both cells exhibit remarkable operational stability over the
1500 h monitoring period, with all parameters maintaining near steady values and

showing only minor fluctuations. The open-circuit voltage (V,.) remains essentially
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constant at approximately 0.90-0.92 V throughout the test duration. The short-circuit
current density (Js.) displays a moderate downward trend of less than 10%. The fill
factor (FF) values remain relatively low (around 0.40-0.45) suggesting high series and
low shunt resistance, but are highly stable. Overall, throughout +1000 h, V,. and
FF remain essentially unchanged, indicating stable interfacial energetics and charge-
extraction pathways in the FPEAI-passivated carbon devices. In contrast, a gradual
reduction in Jy. is observed, which points to onset long-term degradation pathways like
ion accumulation at the interface, trap-state growth, and contact-related losses. All of
these can lead to weaker light absorption and quenching of photogenerated carriers. As
a result, of the generated carrier, fewer would be subsequently collected, contributing
to the long-term loss in photocurrent. These aspects are being further investigated.
Consequently, the overall power conversion efficiency (PCE) remains nearly constant in
the range of 7-9 % over 1500 h, confirming robustness of the devices. The slight offset
between Cell 1 and Cell 2 can be attributed to minor variations in active layer thickness
or interfacial uniformity during fabrication, yet both follow nearly identical stability
trends, underscoring the intrinsic stability under ambient measurement conditions.

In light of these performances, for our next steps we will dig deeper into HTM and
gold free cells, not only for FPEAI but also for other passivants. Moreover all the results
discussed so far are being validated by the colleagues in Porto, along with additional
measurements like PL, UV-Vis, XPS etc. to better understand the interactions at
the the interface. Furthermore, once these results are validated, I will perform DFT

calcualtions to understand the electronic structure various interfaces.

7.3 Conclusion

This investigation clearly highlights the effectiveness of various passivants on
governing the device performance in n-i-p structured perovskite solar cells. Among

the halide based passivants explored, each of the CEAI, HTAB, and FPEAI based
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films demonstrated distinct advantages and limitations. CEAI provided moderate per-
formance enhancement and smooth morphology but exhibited long term instability.
HTAB, on the other hand, induced high open-circuit voltages and effective defect
suppression; however, its long alkyl chain led to reduced carrier extraction efficiency
at higher concentrations, resulting in a trade-off between passivation and transport.
FPEAI emerged as the most effective passivant overall, producing compact, highly
crystalline films with minimal defect density and probably robust energetics, which
translated into superior efficiency and operational stability. The results suggest that,
it enables efficient charge transfer while suppressing recombination and by extension
maybe even moisture induced degradation. The excellent performance retention of
FPEAI passivated devices in the perovskite/FPEAI/carbon configuration where the
conventional Spiro-OMeTAD and gold electrode were eliminated-demonstrates its po-
tential as a multifunctional passivant for realizing HTM-free and Au-free perovskite
solar cells. These findings not only highlight the critical role of interfacial passivation
in achieving balanced optoelectronic and stability characteristics but also open new
avenues toward scalable, cost-effective, and durable perovskite photovoltaics suited for

real-world applications.

7.4 Thin Film Fabrication

FTO substrates (2.2 mm thick) were first brushed using a detergent aqueous
solution. Subsequently, the substrates were subjected to an ultrasonic cleaning process
for 15 minutes each in detergent, distilled water, acetone, and isopropanol. After
drying the surface, the substrates were exposed to a UV/Oj3 treatment for 20 minutes.
First, the 35 x 45 mm? FTO substrates were preheated at 450 °C, and the TiO,
blocking layer was deposited by spray pyrolysis of a precursor solution consisting of
0.4 mL of acetylacetone and 0.6 mL of titanium diisopropoxide bis(acetylacetonate)

in 7 mL of anhydrous isopropanol, which was sufficient to coat an FTO surface of
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about 18 x 18 cm?. This layer was sintered for 45 minutes at 450 °C. A commercial
SnO, dispersion in water (15 wt.%) from Solaveni was diluted with deionized water in
a 1:5 ratio to achieve a 2.5 wt.% SnO, dispersion. After UV-ozone treatment of the
substrates for 15 minutes, 200 L. of SnO, were deposited via spin coating at 4000 rpm
for 40 s, followed by annealing at 150 °C for 30 minutes under ambient atmosphere.
Next, the triple-cation perovskite precursor solution of Csg o5FAggsMAg10Pb(I29Bro1)s
was prepared by mixing Pbly, MABr, FAI, and Csl in a solvent mixture of DMF:DMSO
in a 4:1 volume ratio. The perovskite layer was fabricated using 80 uL of the precursor
solution and a two-step spin-coating procedure at 2000 rpm for 10 s and 6000 rpm for
14 s. During the second step, 200 pL of the antisolvent chlorobenzene were dropped
onto the substrates, and spinning continued at 6000 rpm for an additional 6 s. The
substrates were then annealed at 100 °C for 30 minutes.

Subsequently, 80 ul of the passivating agents were spin-coated at 5000 rpm for
60 s, followed by post-annealing at 100 °C in a glovebox. Next, 80 uL of a commercial
Spiro-OMeTAD solution were spin-coated at 3000 rpm for 30 s in the glovebox under
a nitrogen atmosphere. After cooling to room temperature, a 102 mgmL~' PTAA
solution in chlorobenzene, doped with 10 pL FK-209 (40 mgmL~! in acetonitrile),
23 uL Li-TFSI (520 mgmL ™! in acetonitrile), and 40 uL of t-BP, was spin-coated onto
the perovskite layer at 4000 rpm for 20 s with a ramp rate of 2000 rpms~!. Finally,
the substrates were completed by thermally evaporating a 60 nm Au electrode. Incase
of carbon based cells, instead of spiro and gold the paste was directly applied on the
passivated film. Figure 40| shows a sample of the fabricated films.

7.5 Film Characterization

The J-V characteristic curves of the PSCs were obtained by applying an external
potential load and measuring the generated photocurrent using a Zennium worksta-

tion (Zahner Elektrik, Germany) controlled by the Thales software package (Thales
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(a) (b) (c)

Figure 40: (a)Front side of fabricated perovskite cells with FPEAI (2.5);(b) Au elec-
trode deposited on FPEAI (2.5) passivated cells;(c) Carbon paste applied on FPEAT
(2.5) passivated cells.

XT 5.1.4). The measurements were performed under AM 1.5 G irradiation at (100) mW
cm ™2 (1 sun), supplied by a solar simulator (Oriel class ABA LED simulator-MiniSol
LSH 732 from Newport). The simulator was calibrated using a single-crystal Si pho-
todiode (Newport, USA). The scan speed and voltage step used were 10 mV s~ and
20 mV, respectively. The devices were characterized immediately after their prepara-
tion, at room temperature and in ambient air. The active area of the solar cells was
defined by a shadowing black mask with an aperture area of 0.126 cm?. All the devices

were measured with a reverse scan rate (from V. to Jy.).

7.6 XRD and SEM analysis

Scanning electron microscopy (SEM) was performed on a SU-70 microscope (Hi-
tachi, Japan) operated at 20 kV. Energy Dispersive X-ray Spectroscopy (EDS) using
a Quantax 400 detector (Bruker, USA) coupled to the microscope was employed for
chemical characterization and element mapping. X-ray diffraction (XRD) was con-
ducted using CuKa radiation on an Empyrean diffractometer (Malvern Panalytical,
UK). The crystalline phases were determined by performing a 26 scan in the range of

3°-90°, with a step size of 0.04° (20) and a scan time of 195 s per step.
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These measurements were performed within the scope of the project CICECO-
Aveiro Institute of Materials, financed by national funds through the FCT/MCTES
(PIDDAC).
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8 Conclusions and Future

This thesis has examined how perovskite and perovskite-inspired materials be-
have at their interfaces with different charge transport layers, using a combination of
density functional theory (DFT) and experiments. Although the systems studied vary
in composition and structure, the results clearly highlight the important role of atomic
scale properties of interfaces in governing charge extraction, recombination, and long
term stability etc. and therefore play a decisive role in the overall performance of per-
ovskite photovoltaic devices.

In Chapter 4, we investigated CsyAgBiBrg double perovskites modified by n-
butylammonium bromide (BABr), forming a 2D/3D heterostructure. Experimental
outcomes of this modification yielded improved Jy., V., fill factor, and efficiency for
BABr concentrations up to 0.05 M, due to more favorable valence-band alignment with
the perovskite. Our DFT calculations clarified why an optimal concentration exists.
We understood that a very thin 2D layer does not contribute enough to the VBM
to facilitate hole extraction, whereas thicker layers attract both holes and electrons
to the same region, promoting recombination and lowering Ji.. Furthermore, defect
calculations showed that the 2D capping layer acts less like a traditional passivant i.e.
it prevents defects from accumulating at the interface rather than neutralizing them.
In contrast, the conventional Spiro-OMeTAD drew these defects toward the interface.
Together, these results underlined the importance of controlling 2D layer thickness in
double-perovskite devices and demonstrate the viability of low-cost, HTM-free, carbon
based architectures.

Building on this foundation, we extended our investigation to another promising
lead-free material: bismuth oxyiodide (BiOI), in chapter 5. Our atomistic level analy-
sis of the stable [110]BiOI/[010]ZnO heterojunction revealed that interface formation
leads to: i)the breaking of terminal Bi-I bonds that aids ii) Bi-O-Zn bonding and iii)

the formation of I-O bond. Such atomic rearrangements introduced trap like states
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dominated by I and O, roughly 1 eV below the CBM. With focus on photo-electron
in the CB, tracking of the local frontier-orbital energies showed an energy minimum
at the interface that can both assist electron transfer from bulk of the absorber to the
interface and trap electrons. Moreover, the potential energy profile also revealed that
there exists a 0.44 eV barrier, although it is spatially limited to only ~ 0.2 nm. This
adds another level of difficulty for electron extraction, to the pre-existing type 1 band
alignment where BiOI’s band gap is fully contained within ZnOs’ band gap. These
insights likely explain the persistent efficiency bottlenecks in BiOI/ZnO devices and
identify the atomistic origins of their limited charge extraction behaviour.

In chapter 6, we examined how different surface orientations of hybrid perovskites
interact with the widely used hole transport material (HTM), Spiro-OMeTAD and a
recently developed T2. The results established a clear connection between structural
bonding and electronic coupling: T2 consistently formed stronger Pb-S interactions and
showed greater hybridization near the VBM than Spiro for all the surfaces. Among the
studied cases, the (100) facet supported the most favourable hole-extraction character-
istics, followed by (102), while the (111) surface exhibited intrinsically weak interactions
with both HTMs. These results emphasised that facet orientation plays a central role
in determining charge transfer efficiency in mixed-halide perovskites.

Finally, chapter 7 compared three halide-based passivants i.e. CEAI, HTAB,
and FPEAI in hybrid perovskite solar cells. Each passivant offered different strengths:
CEALI exhibited high effciency but lacked stability, HTAB delivered high V,. but limited
charge extraction at high concentration, and FPEAI showed the best overall balance
of surface coverage, possible alignment and defect passivation, highest long term ef-
ficiency and stability. Notably, perovskite/FPEAI/carbon devices maintained high
performance even without Spiro-OMeTAD or gold electrodes, highlighting FPEAT’s
potential as a versatile passivant for low-cost, HIM-free and Au-free devices.

Overall, the work presented in this thesis demonstrates how interfacial structure,

defect behaviour, facet orientation, and passivation chemistry collectively determine
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the performance of perovskite based photovoltaic systems. The insights gained here
provide practical guidelines and conceptual tools for designing more efficient, stable,

and sustainable perovskite solar cells.

8.1 Future Outlook

Looking ahead, the outcomes of this thesis highlight several promising pathways
for advancing perovskite and perovskite-inspired photovoltaics through targeted inter-
facial engineering. In the case of CsyAgBiBrg double perovskite, our results show that
3D/2D architectures can substantially improve hole selectivity and suppress defect ac-
cumulation; however, these advantages must be balanced against the slower charge
extraction that emerges once the 2D capping layer exceeds a critical thickness. This
suggests that future efforts should focus on designing 2D layers that provide strong
defect suppression while preserving fast carrier transport. Moreover, in contrast to
traditional lead-halide perovskites, where facet engineering is well established as a
strategy for enhancing stability and efficiency, such approaches remain largely unex-
plored for CssAgBiBrg and offer an important direction for further study.

For BiOI based photovoltaic systems, the discovery of interfacial bond rearrange-
ments and deep electron trap states at the BiOI/ZnO heterojunction underscores the
need for more controlled facet engineering and interlayer chemistry. Experimental ef-
forts could therefore prioritize facet selective crystallization and explore alternative
ETLs that can form intimate contact with the flake like morphology of BiOI while
supporting higher photoconversion efficiencies.

For lead-halide perovskites, the strong dependence of hole extraction on both the
exposed surface and the identity of the HTM indicates that future HTMs should be
co-designed with the perovskite’s surface in mind. Especially, since the experiments

suggest that (111) oriented perovskite films can exhibit superior stability compared
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to conventional (100) surfaces, while our DFT results show that (111) is intrinsically
unfavorable for rapid and efficient hole extraction, regardless of the HTM involved.
This highlights the opportunity for developing facet aware HTMs tailored to specific
surface terminations.

Finally, the strong performance of FPEAI passivated perovskite devices employ-
ing carbon paste, as demonstrated in this thesis, indicates a broader opportunity for
sustainable and low cost device architectures. Given that only a single passivant-
carbon combination was explored here, future studies should investigate a wider range
of passivants (including those evaluated earlier) alongside systematic improvements in
carbon based electrodes, particularly their contact with passivation layers. Progress in
both interfacial passivation and carbon electrode engineering could pave the way for
stable, efficient, and truly low-cost perovskite photovoltaics. In addition to chemical
passivation, controlling the crystallographic orientation of the perovskite film, can fur-
ther influence interfacial energetics, defect exposure, and charge-transport pathways,
offering an additional lever for optimizing HTM-free and Au-free device performance.

Together, these research directions reflect a growing shift toward an interface
aware approach to photovoltaic design, in which performance, stability, and sustain-
ability are governed not only by bulk materials but by the precise control of atomic
scale interactions at buried junctions. Advancing this vision will accelerate the deploy-
ment of perovskite technologies in cost sensitive and emerging markets, especially for

indoor and low illumination energy harvesting applications.
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