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Hybrid metal halide perovskites have emerged as some of the leading
semiconductors in photovoltaics. Despite their remarkable power
conversion efficiencies, these materials remain unstable under device
operating conditions. One of the main instabilities relates to the inter-
face with the contact layers in photovoltaic devices, such as metal
oxides. We rely on halogen bonding (XB) using 1,4-diiodotetra-
fluorobenzene (TFDIB) to modulate the interface of the TiO,
electron-transport layer, demonstrating the improvement of perovs-
kite solar cell operational stability. Furthermore, we complement this
strategy with the use of iodo-functionalized Zn—phthalocyanine mod-
ulator of the hole-transporting material, which passivate the interface
while enhancing the power conversion efficiency, showcasing the
potential of XB in hybrid photovoltaics.

Halogen bonding (XB) has been recently applied to metal
halide perovskites' as a strategy to increase operational stabi-
lity, passivate trap sites, and suppress ion migration responsi-
ble for instabilities during device operation.>® The basic
principle of XB involves a highly polarised donor (D) based
on an electrophilic halogen atom (X = I, Br, Cl), which can
interact with the electron lone pair of a nucleophilic acceptor
(A; Fig. 1), through the electropositive region referred to as the
o-hole.>? The anisotropic distribution of the electron density
in halogen-bonded atoms allows for high directionality,>?
whereas the strength of XB depends on the type of halogen
atom, polarizability, and electron-attracting capability of the
donor.>* XB agents were found to affect hybrid perovskite
structures through interaction with the surface,” passivating
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defects such as terminal iodide groups in the perovskite frame-
work, and improving crystallinity, stability, and power conver-
sion efficiency.? Organic moieties used for XB are haloalkynes,
haloalkenes, and haloarenes, whereas bifunctional systems®®
can also be applied to the interface of the perovskite and
contact layer in a device. This could be beneficial since the
interaction between the halide perovskite absorber and charge-
transfer layer, such as metal oxides, can contribute to the
improvement of charge-transfer properties and mechanical
reliability.*” To this end, XB could enable tuning electrical,
chemical, and physical properties, as well as charge carrier
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Fig.1 Halogen bonding in hybrid halide perovskites. (a) Schematic of
perovskite solar cells and (b) halogen bonding (XB) at the interface with the
perovskite. FTO = fluorine-doped tin oxide; ¢ = compact; mp = meso-
porous; TFDIB = 1,4-tetrafluorodiiodobenzene; spiro-OMeTAD = 2,2',7,7'-
tetrakis[N,N-di(4-methoxyphenyllamino]-9,9’-spirobifluorene; Zn-Pc-t-I =
Zn-iodo-phthalocyanine.
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dynamics,® affecting overall optoelectronic characteristics and
the stability of the devices.”'® An effective approach to increas-
ing operational stability is through modulation at the interface
of selective charge transport layers."*™ To this end, haloace-
tates were used for XB between TiO, and the perovskite layers;
however, their XB interactions were not unambiguously
assessed.>® On the contrary, a bifunctional agent, 1,4-
diiodotetrafluorobenzene (TFDIB), was found to interact with
the hybrid perovskite surface through XB.>'> Despite the
potential of TFDIB to enhance the operational stability of
perovskite devices through the suppression of ion migration
and the increase of hydrophobicity, it remains underexploited
in this context.®

To improve charge injection and stability in perovskite solar
cells, it is essential to address the interface with charge-
selective transport layers, namely the hole transporting mate-
rial (HTM) and the electron transfer layer (ETL). The most
frequently used HTM, 2,2',7,7'-tetrakis[N,N-di(4-methoxyphenyl)-
aminol-9,9’-spirobifluorene (spiro-OMeTAD) has low hole mobility,
which limits efficient charge extraction.™ This requires doping that
compromises stability, stimulating the use of alternative systems,
such as those based on phthalocyanines™'® that exhibit increased
stability.'”2° Phthalocyanines (Pcs) are macrocyclic compounds
that have been used in both n-i-p and p-i-n perovskite solar cell
architectures. They have been employed in these systems as
additives, passivating agents, and interlayers. As HTMs, Pcs have
emerged as promising alternatives due to their enhanced stability,
particularly when applied without dopants. Their molecular assem-
blies have been used to improve the stability and charge transfer to
the active perovskite layers.'”*" The use of XB in conjunction with
such alternative HTMs could offer an unexplored opportunity to
advance perovskite photovoltaics.

Here, we rely on XB at the interface with electron and hole-
transport layers in perovskite solar cells by using TFDIB with
TiO, and Zn-iodo-ethynyl-phthalocyanine (Zn-Pc-t-I) with spiro-
OMeTAD charge-transport layers, respectively (Fig. 1). We
investigate the effects using a combination of structural and
optoelectronic techniques to assess the influence of XB on the
performance and stability of perovskite photovoltaics in a
model system applicable more broadly beyond this study.

We assessed the role of XB in conventional 3D triple cation
hybrid perovskite materials of Cs 05FAg.gsMAg 10Pb(Io.97B0.03)3
composition®* and the corresponding perovskite solar cell
devices (Fig. 1(a) and 2) based on the fluorine doped tin oxide
(FTO)/compact (c-) TiO,/mesoporous (mp-) TiO,/perovskite/
spiro-OMeTAD/Au architecture following the procedure
detailed in the Experimental section (SI). For this purpose, we
treated the interface of the mp-TiO, layer with TFDIB at
different concentrations (0.5 mg mL™', 1 mg mL ', and
2 mg mL™ ") and analysed the effect at the interface. The
untreated films were referred to as reference, whereas TFDIB-
treated films had TFDIB at the interface with TiO, to assess the
effect of XB on the ETL. In addition, Zn-Pc-t-I (Fig. S1 and S2)
was synthesised and characterised using nuclear magnetic
resonance (NMR) spectroscopy (Fig. S3) and matrix-assisted
laser desorption/ionization time-of-flight mass (MALDI-TOF)

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Morphology of the perovskite thin films and devices. Top: SEM
image of the morphology of the triple cation 3D perovskite reference (left)
and TFDIB-treated (right) perovskite films. Bottom: cross-section SEM of
the reference (left) and TFDIB-treated (right) solar cell device. The esti-
mated thicknesses of the layers were: FTO ~ 458 nm, TiO, ~ 176 nm,
perovskite ~ 657 nm, spiro-OMeTAD ~ 259 nm, Au ~ 80 nm.

spectrometry (Fig. S4), as well as via Fourier transform infra-
red (FTIR) spectroscopy (Fig. S5), differential pulse voltammetry
(DPV, Fig. S6), and steady-state UV-vis absorption and photo-
luminescence (PL) spectroscopy (Fig. S7). The Zn-Pc-t-1 was
thereafter applied as a molecular modulator at the interface
with the HTM (spiro-OMeTAD), as well as simultaneously with
TFIDB in representative solar cell devices to compare the effects
of XB on different charge-transport layers.

The difference in morphologies of the perovskite thin films
upon TFDIB and Zn-Pc-t-I treatment was not apparent from the
scanning electron microscopy (SEM) images (Fig. 2 and Fig. S8,
top). Both the reference and treated SEM images had bright
PbI, crystallites, whereas the estimated average grain size of the
Zn-Pc-t-I treated films was larger (Fig. S8), suggesting an exist-
ing interaction with the surface.” The SEM cross-section of the
devices (Fig. 2, bottom) also suggested minor differences in
morphologies with comparable thickness of the device layers.

The structural properties of the samples treated with TFDIB
were further analysed by X-ray diffraction (XRD; Fig. 3(a)). The
corresponding XRD patterns displayed additional peaks around
12.7°, which were likely from the excess Pbl, used in the
composition (Fig. 3(a)), with no significant difference in the
structure of the perovskite phase upon treatment, irrespective
of the concentration of TFDIB. This suggests that the structural
integrity of the perovskite phase was preserved in the presence
of TFDIB."” Complementary measurements, such as grazing
incidence wide-angle X-ray scattering (GIWAXS; Fig. S9) corro-
borated this,>® whereas the X-ray photoelectron spectroscopy
(XPS) of the films on mp-TiO, showed no apparent change in
the surface chemistry. This was evident through the absence of
change in the core level peaks of O 1s, C 1s, and Pb 4f for both
surface and deep profiles (Fig. S10 and S11), in accordance
with the weak noncovalent interactions that are expected for
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Fig. 3 Structural and optoelectronic characteristics of XB perovskite films.
(a) XRD patterns of perovskite films before (reference) and after treatment
with three concentrations of TFDIB. Additional structural data shown in
Fig. S9. Core level spectra (b) F 1s, (c) Pb 4f and (d) | 3d for condition 1 (TiO,,
black), condition 2 (TiO,/TFDIB, red), condition 3 (TiO,/TFDIB/perovskite,
blue) and condition 4 (TiO,/TFDIB/perovskite/Zn-Pc-t-I, purple) samples
on glass; core level spectra of O 1s and C 1s shown in Fig. S10. (e) Energy
level diagram for TiO,, TiO,/TFDIB, TiO,/TFDIB/perovskite and TiO,/
TFDIB/perovskite/Zn-Pc-t-| films. (f) Steady-state and (g) time-resolved
PL spectra of reference TFDIB and Zn-Pc-t-I XB-treated perovskite films
(combined treatment indicated as “both” in the legend of the graphs).

XB. Moreover, the I 3d core level spectra featured a minor shift
to lower energies upon TFDIB treatment, suggesting an XB
interaction. The XPS data (Fig. 3(b)-(d)) did not indicate other
changes in surface chemistry of perovskite thin films (Fig. S12).
We have thereby assessed the differences in surface energetics
upon treatment. For this purpose, the band alignment was
acquired using ultraviolet photoemission spectroscopy (UPS,
Fig. 3(e)). The work function (Fig. S13) for treated and reference
samples had a difference of 0.02 eV, whereas the valence band
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(VB) for the treated samples decreased by 0.06 eV. Based on the
values for the VB and the work function acquired by Kelvin
probe force (KPFM) microscopy for TiO, and TiO,/TFDIB films
(Fig. S14), TFDIB offered a suitable energy level alignment for
charge extraction.*® The corresponding changes in interfacial
energetics are expected to affect optoelectronics.

The effect of TFDIB on optoelectronic properties was ana-
lysed by steady-state (Fig. 3(f)) and time-resolved photolumi-
nescence (PL) spectroscopy (Fig. 3(g)). The PL spectra of the
TFDIB-treated perovskite films revealed an energy bandgap of
around 1.5 eV with an emission peak at around ~800 nm and
an approximately 13 nm Stokes shift (Fig. S15), characteristic of
mixed-cation mixed-halide perovskite compositions.?> The
intensity of the PL spectra decreased with the treatment of
TFDIB, Zn-Pc-t-I, and the combination of both (Fig. 3(f)), indi-
cating a difference in interfacial charge extraction. The impact
on the charge carrier dynamics was further analysed by time-
resolved photoluminescence (TRPL) spectroscopy (Fig. 3(g)).
The films treated with TFDIB or Zn-Pc-t-I had shorter charge
carrier lifetimes as compared to the reference, suggesting
contributions to charge extraction. The films with both TFDIB
and Zn-Pc-t-I featured an even shorter charge carrier lifetime,
suggesting a combined effect on charge transport, which was
expected to affect their use in photovoltaics.

The photovoltaic (PV) characteristics of the devices were
assessed by monitoring the current-voltage (J-V) characteristics
and estimating the PV metrics (Fig. 4(a) and (b)), namely power
conversion efficiency (PCE), fill factor (FF), short circuit current
(Jsc), and open circuit voltage (Vo). The champion reference
devices had PCE values up to 20.27% with FF of 0.755, Js. of
24.9 mA ecm 2, and V,. of 1.077 V, displaying a noticeable
hysteresis loop between the reverse and forward bias (Fig. 4(a)).
These PV characteristics were comparable to those of previously
reported systems of the same halide perovskite composition.>>
The integrated short-circuit currents were also comparable to
those estimated by incidence photon to current efficiency
(IPCE) spectra (Fig. S16), excluding any significant spectral
mismatch. On the contrary, the performances of TFDIB-
treated devices were either similar to or lower than the refer-
ence, decreasing with the concentration of TFDIB. The cham-
pion devices featured PCE of 19.7% with an FF of 0.746, J,. of
25.35 mA cm ™2, and V. of 1.043 V. The Zn-Pc-t-I-treated devices
showed the highest PV parameters with a PCE value of 21.1%,
an FF of 0.77, Js. of 25.72 mA cm 2, and V,. of 1.063 V,
indicating the effect of XB on photovoltaic metrics (Fig. 4(b)).
In contrast, TFDIB and simultaneous treatments were not
found to improve the photovoltaic performance of the devices,
suggesting a level of incompatibility with the TFDIB-based
treatment of the ETL, which can be associated with its orienta-
tion and hydrophobicity. In contrast, Zn-Pc-t-I-treated devices
exhibited consistent improvements in PV performance, indicat-
ing a higher efficiency of XB at the interface with the HTM that
is relevant beyond this study. Although the champion perfor-
mance compares closely with similar compositions and film
preparation conditions,”® the overall performance can be
further optimized. The XB was still envisaged to affect stability.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Photovoltaic characteristics of perovskite solar cells. (a) Device architecture (top) and J-V curves (bottom) under forward and reverse bias for
champion reference (black), TFDIB (blue), and Zn-Pc-t-I-treated (red) perovskite solar cell devices, as well as those containing both XB agents (purple).
(b) Photovoltaic metrics for PCE, Js., V., and FF for reference (black) devices and those with TFDIB (blue), Zn-Pc-t-1 (red), and simultaneous TFDIB and
Zn-Pc-t-1 treatment (indicated as “both” in purple). (c) Operational stability measurements for TFDIB-treated (0.5 mg mL™%, red) samples without (left)
and with (right) Zn-Pc-t-1 (0.5 mg mL™ Zn-Pc-t-1) compared to reference devices (black) by maximum power point (MPP) tracking under illumination

(1 sun) at ambient temperature in a N, atmosphere over time.

Operational stabilities were analysed by monitoring the
photovoltaic performance at maximum power point (MPP) over
time under continuous illumination (1 sun) and an inert (N,)
atmosphere at ambient temperature (Fig. 4(c)). The reference
devices stabilised over time, which was indicated by the lower
hysteresis shown by their hysteresis index (HI) (0.22 for refer-
ence; 0.25 for 0.5 mg mL™"; 0.34 for 1 mg mL~"' TFDIB) and
after stabilisation (0.05 for reference, 0.19 for 0.5 mg mL™"; 0.21
for 1 mg mL~" TFDIB) upon forward and reverse bias (Fig. $17).
TFDIB-treated device hysteresis was not significantly affected,
likely due to the effect of XB on interfacial ion migration.**¢

This was envisaged to affect operational stability and
resulted in an increase in the stability for the TFDIB-treated
device compared to the reference (Fig. 4(c)). This could also be
seen for the higher concentration of TFDIB (1 mg mL %),
although the layer could act as a barrier for charge extraction.
However, the high-concentration-based and reference devices
exhibited a typical “burn-in” effect, involving a sudden drop in
performance within the first few hours, likely associated
with ion migration upon light illumination and electrical

© 2025 The Author(s). Published by the Royal Society of Chemistry

stress.”’° In contrast, the TFDIB-treated system at lower
concentrations (0.5 mg mL™') displayed an initial rise in
performance, followed by a decrease, suggesting possible
charge accumulation.’® The initial rise in efficiency during
operation was also associated with the HTM-treated devices
during the first 200 h. As a result, XB-treated devices at the
interface of both charge-extraction layers showed enhanced
stabilities. While the overall performance can be further opti-
mised, this showcases the potential of the XB strategy in the
interfacial stabilisation of perovskite solar cells.

Conclusions

In summary, we analysed the effect of halogen bonding (XB) at
the interface between perovskite and the charge-transfer layers
in perovskite solar cells by using a TFDIB modulator at the TiO,
and Zn-Pc-t-I at the spiro-OMeTAD interface in n-i-p perovskite
solar cells. We investigated the effects at the interface, includ-
ing morphological and structural changes, as well as

Energy Adv,, 2025, 4,1432-1437 | 1435
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optoelectronic  properties. The structural characteristics
revealed no difference in the orientation of the perovskite films
after treatment; however, films treated with a lower concen-
tration (0.5 mg mL ") exhibited improved charge extraction.
This was corroborated by the time-resolved PL spectroscopy
and reflected in the photovoltaic characteristics and opera-
tional stability of perovskite solar cells. In addition, Zn-Pc-t-I-
treated devices showed increased photovoltaic characteristics.
However, devices simultaneously treated with Zn-Pc-t-I and
TFDIB did not show photovoltaic improvements. The devices
exhibited a reduced hysteresis upon treatment, indicating the
effects on ion migration. While this resulted in inferior perfor-
mances of the TFDIB-treated devices, it provided enhance-
ments in operational stability. In contrast, the use of Zn-
iodide-phthalocyanine at the interface with the hole-transport
material improved both the operational stability and photo-
voltaic performance. Further optimisation can improve the
overall device performance across conditions. This approach
holds promise in advancing perovskite solar cells as well as
other optoelectronic devices relying on interfacial XB.
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