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ed hole transfer mechanism in
perovskite solar cells with a self-assembled
monolayer and [1]benzothieno[3,2-b][1]
benzothiophene interlayer†

Adriana Pecoraro, a Francesca Fasulo, a Michele Pavone, b Aldo Di Carlo cd

and Ana B. Muñoz-Garćıa *a
With exceptional photoconversion efficiencies, Perovskite Solar Cells

(PSCs) are shaping the future of next-generation photovoltaics. Their

performance and stability critically depend on the interfaces between

the photoactive perovskite and charge transport layers. Incorporating

interlayer materials to fine-tune these interfacial properties has

significantly improved both efficiency and durability, yet the mecha-

nisms driving these effects remain poorly understood. In this work, we

use advanced computational methods based on density functional

theory to investigate the role of a C10-BTBT interlayer between

a triple-cation perovskite and the widely used MeO-2PACz. Our

results uncover, for the first time, a bridge-mediated charge transfer

mechanism, demonstrating how C10-BTBT not only strengthens

interfacial chemical interactions, but also plays a key role in acceler-

ating hole injection. These novel insights provide a molecular-level

understanding of interlayer contributions and establish a robust and

versatile framework, broadly applicable to the design and optimization

of PSC interfaces for enhanced efficiency and durability.
The increasing efficiencies achieved by perovskite solar cells
(PSCs) represent a remarkable breakthrough in the renewable
energy eld. The excellent optoelectronic properties of perov-
skite materials enable high power conversion efficiencies
comparable to traditional silicon-based solar cells, while
offering the added benets of lower manufacturing costs and
the potential for exible and lightweight designs.1,2 Research
continues to push the boundaries of PSCs efficiencies through
innovative materials, fabrication techniques, and novel device
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architectures.3–9 Interfacial engineering using interlayers
between the active material and the charge transport layer (CTL)
plays a crucial role, since interlayers control the energy level
alignment, improve the contact quality between adjacent layers,
reduce energy barriers for charge extraction and mitigate
interfacial defects, thereby improving device performance and
stability.4,10–12 A successful strategy for perovskite/CTL interface
engineering is with self-assembled monolayers (SAMs). These
ultrathin, molecular layers spontaneously organize on
substrates, offering precise control over surface properties.
SAMs have proven particularly effective as dual-function inter-
layers in PSCs, offering benets such as defect passivation,
energy-level tuning, and chemical stabilization of interfaces
while acting as CTLs themselves. For instance, N719 dye SAMs
effectively passivate defects on both metal-oxide and perovskite
surfaces while preventing harmful chemical interactions that
can lead to degradation.13 Similarly, the N749 dye has been
applied at the NiO/perovskite interface in p–i–n perovskite solar
cells (PSCs), where it enhances moisture stability and boosts
device performance.13 In turn, 2PACz is used to modify the work
function of ITO, forming a barrier-free contact with the perov-
skite layer for efficient hole extraction.13 ZnO and SnO2 can also
be optimized using SAMs or zwitterions to improve charge
extraction and reduce recombination, while materials like NiOx

benet from dipole molecules such as TPMA and 2PACz for
better energy alignment and hole extraction.4 While hole-
selective SAMs are effective in some PSCs, their limited
temperature stability poses severe challenges, particularly in
maintaining strong adhesion between SAMs and perovskites,
which can compromise the mechanical stability of PSCs under
temperature uctuations. To overcome this issue, self-
assembled bilayers (SABs), composed of two distinct SAMs,
have been explored. Compared to SAMs, SABs offer improved
stability, greater functional versatility and precise control over
lm termination.14 A functional interlayer made of 5-
(triuoromethyl)-1-benzothiophene-2-carboxylic acid
(TFMBTA), has recently been introduced between MeO-2PACz
hole transport layer (HTL) and the perovskite.15 TFMBTA has
J. Mater. Chem. A, 2026, 14, 313–319 | 313
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been found to enhance charge transfer, hole extraction, and
perovskite deposition by optimizing the HTL surface
morphology and energy level alignment, while its functional
groups passivate perovskite defects, reducing non-radiative
recombination.

Current computational literature tackles the perovskite/
charge transport layers' interfaces from different perspectives.
Some works mainly focus on the charge transport layers
assessing their optoelectronic features along with the proper
band alignment from calculations performed on isolated
materials.7,8,15–20 Other works focus on the interfaces with pho-
toactive materials accounting for mutual polarization effects
and assessing the efficiency of the charge transport at
interfaces.6,9,21–25 Some work specically focus on SAM, investi-
gating their role in tailoring the work function of electrodes.26–28

Only few works investigate the effect of interlayer materials to
improve the perovskite/charge transport layers interface.11,29,30

In a recent paper by Takhellambam et al.,31 a small organic
molecule (2-decyl-[1]benzothieno [3,2-b][1]benzothiophene,
a.k.a. C10-BTBT) monoalkylated with a carbon linear straight
chain is employed as interlayer between the MeO-2PACz SAM
HTL and the triple-cation lead halide perovskite (TriLHP)
Cs0.05MA0.15FA0.80PbI2.49Br0.51 in a p–i–n architecture. The
interlayer does not alter the morphology or crystal structure of
the perovskite but signicantly facilitates charge carrier
extraction at the perovskite/HTL interface. Preliminary theo-
retical simulations of an isolated MeO-2PACz/C10-BTBT dyad
show a co-facial arrangement that aligns their highest occupied
molecular orbitals (HOMOs) and provides a slight advantage
(0.1 eV) for hole collection byMeO-2PACz when paired with C10-
BTBT.31 Here, we take a signicant step further by exploiting
density functional theory (DFT) simulations to model the
Fig. 1 Lateral views of the relaxed TriLHP/molecule(s) interfaces with AX
BTBT/MeO-2PACz dyad. Only the two outermost layers of the perovsk
value= 0.005 a.u.) are shown; yellow and blue regions denote charge acc
Binding (Eb) and adhesion (Ea) energies calculated at the DFT-HSE06 leve
interface. Atomic color code: Cs, turquoise; Pb, dark gray; I, plum; Br, m

314 | J. Mater. Chem. A, 2026, 14, 313–319
complete TriLHP/MeO-2PACz interface, with and without the
C10-BTBT interlayer, and thus offering deeper insights into its
role in enhancing interfacial interactions and charge transfer.

Structural model and electronic structure features of TriLHP
bulk are depicted by Fig. S1 of the (ESI).† For the interfaces, we
consider the thermodynamically favored (010) perovskite
surface32 with two possible terminations: the AX (with A = Cs,
FA, MA) and the PbX2 (with X = I, Br). For each termination, we
consider either the MeO-2PACz SAM or the MeO-2PACz/C10-
BTBT dyad.

Fig. 1 displays the minimum-energy structures of these
interfaces, and the corresponding binding and adhesion ener-
gies, which are calculated as:

Eb = Eint − Esurf − Emol (1)

Ea ¼ Eint � E*
surf � E*

mol (2)

where the binding energy (Eb) is the difference between the total
energy of the relaxed interface (Eint) and those of the isolated
perovskite surface (Esurf) and molecule (Emol). The adhesion
energetic contribution (Ea) refers instead to the energies of the
surface ðE*

surfÞ and the molecules ðE*
molÞ at the interface

minimum-energy geometry. According to these denitions, the
interaction strength between the perovskite and the molecules
is quantied in terms of purely electronic contribution (Ea) or
encompasses also the unfavorable distortion energies of the
interface components (Eb). Electronic interaction at the inter-
face can be qualitatively analyzed by computing electron density
changes upon interface formation, see Fig. 1 (lateral view) and
Fig. S2 of the ESI (top view).† The interaction between both
surface terminations and MeO-2PACz primarily affects the
molecular p-electron systems. In the PbX2 termination,
and PbX2 terminations. Molecule(s) refer to MeO-2PACz or to the C10-
ite are shown for clarity. Electron density difference plots (iso-surface
umulation and depletion zones upon interface formation, respectively.
l of theory according to eqn (1) and (2), respectively, are shown for each
agenta; C, green; N, blue; H, light pink; P, lavender; O, red.

This journal is © The Royal Society of Chemistry 2026
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electrons accumulate on the methoxy groups, which interact
with the Pb atoms of the outermost perovskite layer. In contrast,
for the AX terminated slab, the p-electrons interact directly with
the organic moieties (MA and FA) on the surface. A similar
interaction is observed upon introduction of C10-BTBT, where
the planar p-system of the interlayer molecule interacts with the
Pb atoms of the PbX2 -terminated surface and, to a much lesser
extent, with the AX-terminated one. PbX2-terminated surfaces
exhibit stronger interactions with MeO-2PACz and C10-BTBT
Fig. 2 DFT-HSE06 projected density of states for the PbX2-terminted i
resolved for the different moieties (TriLHP, MeO-2PACz, and C10-BTBT).
0.09 a.u.). Corresponding data for AX termination are in Fig. S3 of ESI.†
donor/acceptor the couples MeO-2PACz/TriLHP (c and d), C10-BTBT/T
the HOMO and HOMO-1 donor states and a wide range of acceptor
calculated according to eqn (3). In each plot, MeO-2PACz and C10-BTB
The corresponding transition times for the less energetically favorable A

This journal is © The Royal Society of Chemistry 2026
molecules compared to AX-terminated counterparts. Notably,
the introduction of C10-BTBT improves the binding between
PbX2 termination and MeO-2PACz, achieving the most favor-
able binding energy (−1.21 eV). It is worth noticing that the
interlayer does not alter the energy loss due structural distor-
tions upon binding to the perovskite surface, being the differ-
ence between Ea and Eb constant with or without the C10-BTBT.
On the other side, adding the interlayer to the AX termination
has a minor impact on binding, as the chemical interactions
nterface with MeO-2PACz (a) and dyad (b). Density of states plots are
HOMO and HOMO-1 are depicted for each interface (isosurface value:
DFT-HSE06 computed coupling matrix elements (Vad), considering as
riLHP (e and f), and MeO-2PACz/C10-BTBT (g and h) systems, for both
states (Ea). The solid black line represents the spectral function G(E)
T states are represented by violet and green vertical lines, respectively.
X-terminated interface are listed in Table S1 of ESI.†

J. Mater. Chem. A, 2026, 14, 313–319 | 315
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between this termination and the C10-BTBT are less favorable.
In fact, the Ea for the dyad is slightly less negative that for MeO-
2PACz alone. We also analyze a different model of the AX
interface featuring a different population of the topmost layer.
The computational models of these interfaces are shown in the
ESI, Fig. S4,† together with the corresponding density of states
(DOS). Adhesion energies for this model still indicate weaker
interactions with the molecules. In addition, the computed DOS
shows a non-ideal band alignment, suggesting limited suit-
ability for charge transfer. Given the signicant thermodynamic
preference for PbX2-terminated surfaces, and the fact that such
terminations offer the most favorable conditions for efficient
charge transfer and interfacial stability,33,34 we focus our
subsequent analysis of the electronic properties on the PbX2

termination. Results for the AX-terminated surfaces are
included in the ESI† for completeness. A qualitative estimate of
the band alignment for the PbX2 interface model can be derived
from DOS, as shown in Fig. 2.

Computed DOS reveals a favorable band alignment between
the molecule HOMO and the valence band of the perovskite. At
the bare perovskite/HTL interface, both the HOMO and HOMO-
1 of MeO-2PACz are positioned well above the valence band
maximum (VBM) of the perovskite. Introducing the interlayer
preserves this alignment and amplies the energy difference,
thereby providing a higher driving force for hole injection. In
this conguration, the HOMO of the molecule remains local-
ized on the SAM, whereas the HOMO-1 and lower energy states
become delocalized across both the SAM and the interlayer.
This picture is corroborated by molecular orbitals presented in
Fig. 2(a and b) for the MeO-2PACz and the dyad interface,
respectively.

In addition to the thermodynamic evaluation, we assess the
effect of C10-BTBT on charge transport kinetics using the
projection operator diabatization (POD) approach developed by
Futera and co-workers.35 This method involves projecting the
Kohn–ShamHamiltonian onto an orthogonal basis localized on
both donor and acceptor atoms. In this new basis, donor–
acceptor coupling elements can be isolated and the probability
and characteristic time of the selected transitions can be
extracted. In particular, we have computed the coupling
elements at the HSE06 level of theory using the POD imple-
mentation available in CP2K.35,36

Fig. 2 displays the coupling elements Vnm between the donor
(n) and the acceptor states (m) for the charge transfer processes
at PbX2/MeO-2PACz interfaces, both with and without the
interlayer molecule. In the rst case, we examine electron
injection from the SAM to the VB states of the TriLHP. In the
Table 1 Charge transfer times for the TriLHP/MeO-2PACz and the full T
level from Gn(E) (eqn (3))

Interface TriLHP/MeO-2PACz

Donor/acceptor MeO-2PACz/TriLHP

HOMO-1 8.21 fs
HOMO 4.84 fs

316 | J. Mater. Chem. A, 2026, 14, 313–319
case with the dyad, the charge transfer process is analyzed in
two steps: electron injection from MeO-2PACz to the occupied
states of the interlayer, followed by injection from C10-BTBT to
the perovskite. Due to the presence of several molecular states
well above the VBM of the perovskite, we consider both the
HOMO and HOMO-1 orbitals as potential channels for charge
transfer. Characteristic times for each process are then evalu-
ated using the spectral function (Gn(E)), dened as:

Gn(E) = 2p SmjVnmj2 d(E − 3m) (3)

Starting from Gn(E) (eqn (3)), transitions times can be estimated
through the relation s = h/(2p$max(G)). Calculated injection
times are summarized in Table 1.

It is important to note that the calculated transition times
are intended as comparative tools for evaluating charge transfer
(CT) kinetics across different models, rather than as absolute
values for direct comparison with experimental data. This
limitation arises from the dependence of these times on the
mathematical model used to approximate the delta distribution
in the spectral function calculation. The fastest CT in the bare
TriLHP/MeO-2PACz interface originates from the HOMO level
of the molecule, with a characteristic time of 4.84 fs. In the
interface incorporating C10-BTBT, an even faster CT process
can occur via two distinct bridge-mediated pathways that occur
with a rst electron injection from the MeO-2PACz HOMO-1 to
BTBT, followed by a second electron transfer from C10-BTBT's
HOMO or HOMO-1 to the perovskite. The longer charge transfer
time associated with the MeO-HOMO can be attributed to the
reduced overlap of its electronic wavefunction with that of the
neighboring molecule. In contrast, the HOMO-1 state—evident
from the density of states (DOS) in Fig. 2b and its spatial
distribution—shows localization across both molecules, indi-
cating stronger orbital overlap. This enhanced delocalization
facilitates greater electronic coupling, thereby reducing the
charge transfer time. The total CT times for these pathways are
3.27 fs (1.12 fs + 2.15 fs) and 3.30 fs (1.12 fs + 2.18 fs), respec-
tively. These two bridge-mediated mechanisms are indeedmore
favorable than the direct CT process computed for the TriLHP/
MeO-2PACz interface. The computed faster injection, aligning
with the experimental ndings (time-resolved photo-
luminescence measurements) with the dyad by Takhellambam
et al.,31 supports the hypotheses that the two-step mechanism
drives the interfacial CT process. For this surface termination,
the fastest computed time corresponds to the electron injection
from the HOMO-1 of MeO-2PACz to the perovskite. Moreover,
the improved strength of the MeO-2PACz/TriLHP interface, led
riLHP/dyad interfaces with PbX2 termination, calculated at DFT-HSE06

TriLHP/C10-BTBT/MeO-2PACz

MeO-2PACz/C10-BTBT C10-BTBT/TriLHP

1.12 fs 2.18 fs
3.04 fs 2.15 fs

This journal is © The Royal Society of Chemistry 2026
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by the presence of the C10-BTBT interlayer can be the reason for
the high ll factor found experimentally.

Further analysis of thermal uctuations and of the effects of
the diverse chemical environment (SAM, additives, surface
defects) will be the next step for improving our understanding
of the subtle physical-chemical features of such complex func-
tional interface. We will pursue these investigations with theo-
retical modeling approaches exploiting molecular dynamics,
which can be very effective for revealing the relationships
between chemical composition, defect states, and charge
transport properties.37

In conclusion, our theoretical modeling of the TriLHP/C10-
BTBT/MeO-2PACz interface provides new atomistic insights
into the role of C10-BTBT in enhancing charge transfer. Our
DFT results highlight the inuence of the specic termination
of the (010)-surface of the perovskite on the interface stability,
as reected in both binding and adhesion energies. In partic-
ular, the PbX2 termination is the most favorable for MeO-2PACz
binding, with C10-BTBT further stabilizing the perovskite/HTL
interface. This stabilization arises from the interaction of the
delocalized p-electrons of C10-BTBT with surface lead atoms.

Beyond stability, the C10-BTBT interlayer signicantly
impacts electronic properties by inducing a shi in the mole-
cule's frontier orbitals relative to the perovskite valence band,
thereby increasing the driving force for hole transfer. Moreover,
the interlayer enhances charge transfer kinetics, as evidenced
by faster injection times. A comparison of charge transfer times
at the bare MeO-2PACz/perovskite interface and the two-step
mechanism mediated by C10-BTBT reveals that this bridge-
mediated transfer mechanism is the most plausible explana-
tion for the observed improvement in hole transfer rates.

Overall, the proposed computational protocol offers an
effective and practical theoretical framework to evaluate SABs
and investigate the role of interlayers in strengthening SAM
binding to perovskite layers and improving charge extraction. It
provides a feasible and systematic approach to assess various
bilayer congurations, offering a valuable tool for the rational
design of optimized interfaces to enhance the performance and
stability of PSCs.

Methods and computational details

All-electron DFT38 calculations with periodic boundary condi-
tions (PBC) are performed using basis set of numerical atom-
centered orbitals (NAO),39 as implemented in the Fritz Haber
Institute ab initio molecular simulations (FHI-aims) code.40

Within the FHI-aims framework, electrons have been described
by the zero-order regular approximation (atomic ZORA). A
threshold of 1× 10−6 eV has been employed for self-consistency
convergence of the total energy. The Perdew–Burke–Ernzerhof,
PBE41 exchange correlation functional has been employed for all
geometry optimizations including the Tkatchenko–Scheffler
(TS) correction42 accounting for van der Waals dispersion
forces. Structures have been fully relaxed until maximum forces
acting on each atom were below 0.02 eV Å−1. All calculations
have been performed in the G point of the Brillouin zone. The
light-tier1 basis of NAO was used for structural relaxations.
This journal is © The Royal Society of Chemistry 2026
Electronic calculations have been rened by means of the
HSE06 (REF) hybrid functional to calculate the projected
density of states (pDOS). This electronic analysis together with
calculation of electronic couplings has been performed through
the CP2k soware.35

Data availability

The data supporting this article have been included as part of
the ESI.†
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