#® ROYAL SOCIETY

Journal of
PPN OF CHEMISTRY

Materials Chemistry A

View Article Online

View Journal | View Issue,

Engineering stable p-type contacts towards
efficient fully vacuum deposited perovskite solar
cellst

i ") Check for updates ‘

Cite this: J. Mater. Chem. A, 2025, 13,
12428

Arghanoon Moeini, & Kassio P. S. Zanoni, Cristina Roldan-Carmona @ *
and Henk J. Bolink @ *

Perovskite photovoltaics have recently achieved significant breakthroughs in cell efficiency, while offering
simple and low-cost processability. Vacuum-based techniques are gaining increased attention due to their
scalability and material versatility. However, fully vacuum-deposited devices remain rare, partly due to the
limited availability of charge transport materials compatible with vacuum deposition. Additionally, sublimed
organic contact materials often require high work function interlayers, such as MoOs, or molecular oxidants,
which complicate device stability. In this study we explore the use of simpler non-extended conjugated
self-assembled monolayers (SAMs) as alternatives to these high work function interlayers, demonstrating
improved hole extraction, higher fill factors, and enhanced long-term stability compared to state-of-the
art vacuum-deposited architectures. As a proof of concept, devices incorporating SAMs/TaTm
(N4,N4,N4" N4" -tetra([1,1’ -biphenyl]-4-yl)-[1,1":4", 1" -terphenyl] - 4,4” -diamine)
methylammonium lead iodide perovskite (MAPbls) achieve power conversion efficiencies exceeding
19.5%, approaching the highest reported values for fully evaporated stacks, along with remarkable
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1 Introduction

Metal-halide perovskites have rapidly emerged as a leading
material class for photovoltaic and optoelectronic applications
due to their excellent optoelectronic properties, structural flex-
ibility, and low-cost manufacturing,"” enabling high power
conversion efficiency (PCE) with strong integrability. To date,
the record efficiency of perovskite solar cells (PSCs) has excee-
ded 25%° but the device's long-term stability and the develop-
ment of scalable and reliable fabrication methods are pending
challenges for their commercialization. Most of the investiga-
tions reported in the literature have focused on solution-based
fabrication methods, either using small- or large-scale tech-
niques like spin-coating, slot-die coating or inkjet printing.”**
However, many of these methods may be less pertinent for their
transfer to market as they employ toxic solvents that are detri-
mental to the environment." Physical vacuum deposition is
a mature solvent-free technology already established in the
semiconductor industry,* which has recently gained increasing
attention in the perovskite field. Among different advantages,
vacuum deposition provides superior control over the layer
thickness, intrinsic purity of the sublimed materials, and it
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allows the preparation of multilayer stacks with conformal
coating over different types of substrates. This is of special
interest to broaden the market towards alternative applications
like building integrated PVs, Internet of things (IoT) or multi-
junction tandem solar cells.’**® Since 2016, efficient devices
(>20% PCE) using vacuum-deposited (VD) perovskites have
been successfully demonstrated in both p-type/intrinsic/n-type
(n-i-p) and p-i-n configurations, combining either organic
polymers, small-molecular-weight semiconductors,” or inor-
ganic metal oxides (i.e. SnO,, TiO, or NiO,) as charge selective
layers.”*> Nevertheless, despite the promise of vacuum depo-
sition, finding stable charge-selective layers to fully realize
evaporated devices, particularly for hole transport (HTL),
remains a challenge.”**

In search for the ideal HTL, one should ensure high hole
mobility, high thermal and chemical stability, and adequate
electronic level alignment to provide ohmic charge transfer to
the electrode. In addition, the substrate plays a crucial role in
the growth of VD perovskites and may promote detrimental
chemical reactions taking place at the interface. This happens
when inorganic metal oxides such as CuO,,** NiO,,*” or MoO,,*®
are used. In these metal oxides the acid-base reactions result in
local degradation of the perovskite and the formation of an
electrical barrier for hole harvesting.”***=* As an alternative,
sublimable “small molecule” semiconductors such as aryl-
amine or polythiophene derivatives are good candidates,?**"3%%?
but their intrinsic nature provides a non-ohmic interface with

This journal is © The Royal Society of Chemistry 2025
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ITO, thus hindering charge injection/collection. Only when
these small molecular conjugated materials are used as very
thin layers (<3 nm) have good device performances been ob-
tained. However, this is highly prone to coating defects. Alter-
natively, co-deposition or the addition of an interlayer of an
oxidizing material can also improve the formation of ohmic
contacts.**® The latter usually consists of strong electron-
acceptor dopants,® such as cyano-quinodimethane derivatives
(F4-TCNQ and F6-TCNNQ) or metal oxides such as MoOj (ref. 37
and 38) or W,0;,* which induce free positive charges at the
interface with the organic semiconductor, enabling ohmic
charge transport.®>*® A typical example is the hole selective
interface MoO;/TaTm, with TaTm being an intrinsic semi-
conductor successfully utilized in multiple high-efficiency
devices. Unfortunately, these interlayers are unstable at elevated
temperatures,*® thus compromising device stability. Indeed,
little information can be obtained regarding the lifetime of
efficient (>18%) fully vacuum deposited PSCs using these
interlayers, with the exception of a few reports, the majority of
which show very short stability tests with timescales ranging
from seconds to ~200 h.'>**

For future high-throughput commercialization, it is crucial
to ensure stable high ¢ interfaces with minimal parasitic
absorption, ideally based on low-cost materials suitable for
a variety of substrates and areas. A recent trend in perovskite PV
is the use of phosphonic acids containing carbazole molecules
that can self-assemble on metal oxide surfaces (SAMs) as HTMs.
These materials have demonstrated minimal recombination
losses and improved device stability, in part due to the critical
chemical design that leads to reduced interfacial
recombination.**** However, simpler SAMs which lack the
extended m-conjugation and electron delocalization also
present an opportunity for creating stable, dopant-free inter-
layers that can be paired with sublimable intrinsic semi-
conductors, expanding the potential of fully evaporated devices.
Despite few studies using simpler SAMs as electrode modi-
fiers,*>*® or for interface defect passivation for metal oxides,
their use as interlayers in perovskite PVs remains largely
unexplored.

Here, we investigate non-extended conjugated phosphonic
acid SAMs to evaluate their properties as high ¢ interlayers at
the well-stablished ITO/TaTm interface, comparing them with
benchmark interlayers such as MoO; or F6-TCNNQ. We explore
a series of phosphonate systems featuring increasing amounts
of fluorine-terminated groups, in both alkyl and simple
aromatic structures, designed to introduce a permanent dipole
moment at the interface and modulate the work function (¢) of
ITO. These modified ITOs are then integrated into p-i-n fully
vapor-deposited perovskite solar cells (VD-PSCs), and their
performance and stability are compared to those of state-of-the-
art devices. Remarkably, devices using the archetypal methyl-
ammonium lead iodide perovskite (MAPbI;) and SAM inter-
layers achieve an impressive average power conversion
efficiency (PCE) of ~19.5%, closely matching record efficiencies
reported for fully evaporated stacks. The results reveal a strong
correlation between device efficiency and the induced high ¢,
leading to improved hole extraction, higher fill factor (FF), and
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overall enhanced performance. Even more significant is the
stability advantage: the absence of unstable oxides or dopants
results in superior thermal stability under prolonged stress at
85 °C, bringing the performance closer to the durability
observed in solution-processed analogues. Notably, this
approach holds great potential for broader applications,
offering the flexibility to adapt to various device architectures
and perovskite formulations, with promising potential for
compatibility with conformal coverage on large-area and
textured substrates—a key factor for scaling up to industrial
production.

2 Results and discussion

Fig. 1a shows the chemical structures of the SAM molecules and
TaTm, along with the device architecture used in this study. We
selected commercially available SAMs with phosphonic acid as
the anchoring group to ensure a strong, reproducible interac-
tion with the ITO surface, as this group can form multiple stable
bonds.** The SAMs investigated include phenylphosphonic acid
(SAM 1), 4-fluorobenzylphosphonic acid (SAM 2), ((3-tri-
fluoromethyl)phenyl)methyl-phosphonic acid (SAM 3), decyl-
phosphonic  acid (SAM 1), and 1H,1H,2H,2H-
perfluorooctanephosphonic (SAM 5). These molecules feature
increasing levels of fluorine-terminated groups, contributing to
variations in dipole moment, film coverage and packing.
Specifically, SAM 1 and SAM 4 contain a non-substituted phenyl
group and an aliphatic, non-conjugated structure, offering
neutral reference points that allow for a comparison of surface
energy effects. They are widely used, inexpensive, and thermally
stable, making them practical choices for large-scale applica-
tions. SAM 2, SAM 3 and SAM 5 incorporate fluorinated moie-
ties, which are strongly electron-withdrawing and expected to
increase the ITO work function while also enhancing hydro-
phobicity. After modifying the ITO electrodes with SAMs, they
were transferred directly to the vacuum deposition system
without any additional processing (further details can be found
in the Experimental section). Fig. S11 illustrates the changes in
wettability of the ITO surface, measured by using the water
contact angle (6). Increased hydrophobicity at the ITO surface is
noteworthy because ITO is a polar hydrophilic oxide, which is
often chemically incompatible with non-polar organic thin
films.”®> Therefore the enhanced surface hydrophobicity
improves direct electrical contact with organic semiconductors
such as TaTm, reducing the risk of delamination of the upper
organic layer. The value of ¢ for bare-ITO (UV-ozone treated)
increases significantly after surface treatment, from ~0° to 43°
for SAM 1, due to the presence of the hydrocarbon tail group.
The introduction of fluorine enhances this effect, with 6§
reaching 50.7° for SAM 2 (1 fluorine) and 71.2° for SAM 3 (3
fluorine moieties). The most dramatic increase occurs for the
aliphatic SAMs - 90° for SAM 4 and 97° for SAM 5 - indicating
strong hydrophobicity at these new interfaces. Additionally, Fig.
S1t presents the 3D scan images and root mean square (RMS)
roughness data for the same contacts, measured by atomic force
microscopy (AFM). The RMS roughness of the bare-ITO surface
remains relatively unchanged after SAM deposition (3.6 nm to
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(a) Chemical structures of SAMs, TaTm and device architecture of p—i—n VD-PSCs. (b) Schematic showing the energy level diagram of the

p-type ITO/TaTm contact containing typical MoOs or F6-TCNNQ high ¢ materials (left) and a SAM interlayer (right). (c) ¢ of the SAM-modified
ITO interfaces measured by the KP technique. The values for bare ITO and the HOMO of TaTm are indicated with inset lines as the reference. The
values of u,, taken from the literature,**=*° are also included with the exception of SAM 4.

4.7 nm), indicating a uniform and flat surface without signifi-
cant island formation. Yet, there is a complete transformation
in the energy landscape of the interfaces. Fig. 1b shows a sche-
matic of the energy level alignment diagrams of ITO/TaTm
contacts. The bare ITO surface has a large energy gap (~0.6 V)
between its Fermi level (Er ~ 4.8 eV)*** and the highest occu-
pied molecular orbital (HOMO) of TaTm (~5.4 eV).* Typically,
this gap is bridged using thin interlayers included as references
in the left panel of Fig. 1b such as MoO; or dopants like F6-
TCNNQ.?55

Instead, here we use SAM 1-5 to modulate the interface
properties via surface dipoles, aiming to closely match these
energy levels (right panel, Fig. 1b). Because the modulation of
the interface depends strongly on the SAM dipole orientation,
as well as molecular packing and density, we measured the shift
in ¢ for each sample using the Kelvin probe technique (KP)
(Fig. 1c). The dashed lines represent the ¢ value for bare-ITO,
and the HOMO level of TaTm, shown here as references. For
comparison, the molecular dipole projection onto the surface
normal axis (u,) for those SAMs that are available in the litera-
ture is also included.’®*® Consistent with previous studies, we
observe an increase in the ¢ that aligns with the trend of u,, for
the new interfaces. In the case of aryl-derivatives, a gradual
increase in ¢ is observed when adding fluorine units, from 0.14
eV (SAM 1) to a maximum change in ¢ of 0.73 eV (SAM 3). For
the aliphatic derivatives, the increase is more moderate, from
0.19 eV (SAM 4) to 0.4 eV (SAM 5). Such an increase in ¢ indi-
cates the formation of a surface dipole pointing outward (i.e.
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with its positive pole facing ITO), which can hence provide
better control of the energy band alignment with the HTM, and
promote the formation of an ohmic contact.

To gain insights into the chemical bonding and structural
modifications at the ITO-SAM surface, we conducted X-ray
photoelectron spectroscopy (XPS) analysis. The spectra were
measured using a monochromatized Al K-alpha with a photon
energy of 1486.6 eV, allowing for highly surface sensitive
measurements. Fig. 2 presents the relevant XPS core level regions,
showing the P 2p, O 1s, and In 3d signals from the ITO-SAM
interfaces. In the P 2p region, the primary component of the P-O
bond (~132.8 eV) appears as a doublet, corresponding to the spin-
orbit splitting of the P 2p level, with an expected separation of 0.9
eV.®* Compared to the powder samples (Fig. S21), we observe
a general change in the peak intensities and shift to lower binding
energy. These shifts suggest modifications in the chemical envi-
ronment of the phosphorus atoms, consistent with the formation
of metal-phosphonate bonds with ITO.

Similarly, the O 1s signal (530-532 eV) shows changes in
both the peak position and relative peak intensities, due to
variations in P=0 and P-OH bonds after surface functionali-
zation. Fig. 2b presents a schematic of possible bonding
configurations for phosphonic acids to ITO. Each oxygen atom's
chemical environment corresponds to a distinct binding
energy, meaning that various bonding configurations will
display multiple O 1s components with different intensity ratios
(see the theoretical ratios of the O 1s components in brackets,
arranged from high- to low-binding energy). According to the

This journal is © The Royal Society of Chemistry 2025
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Fig.2 (a) High resolution P 2p, O 1s, and In 3d XPS spectra of SAMs 1-5 deposited on ITO (1 x 1) cm?. The intensity of the In 3d signals for SAMs

1-3 has been multiplied by a factor of 10°. (b) Schematic sketch of the

bonding configurations of phosphonic acids to oxide surfaces. The label

shows each type of oxygen chemical environment in a different color, with the theoretical intensity ratio of the O 1s components in brackets.

schematic, when the molecule is in the powder state (left side of
Fig. 2b), the O 1s spectrum mainly consists of two peaks cor-
responding to P-OH (~533.5 eV, orange) and P=0 (~532.5 eV,
blue) groups, with a 2:1 intensity ratio. Occasionally, a minor
peak (~534 eV) is observed, generally associated with adsorbed
species such as water or oxygen (see Fig. S21 for powder XPS O
1s spectra). However, after SAM deposition, two new peaks
emerge corresponding to the substrate oxygen atoms (~530.5
eV, green) and the covalent P-O-M bonds (~531.5 €V, pink),
providing different intensity profiles for each monodentate,

This journal is © The Royal Society of Chemistry 2025

bidentate, or tridentate configuration. The O 1s peaks in Fig. 2a
are color-coded for clarity. For the aryl-based SAMs (SAM 1, SAM
2 and SAM 3), the signal deconvolutes into three components,
with the main peak at ~532.5 eV (P=0), and minor peaks at
~533.5 eV (P-OH) and ~531.5 eV (P-O-M). The prevalence of
P=0 alongside P-OH and P-O-M could indicate the formation
of weakly bounded monodentate configurations.®*** However,
the absence of a substrate oxygen signal (~530 eV) and the
intensity profile of O 1s for SAMs 1-3 suggest the accumulation
of non-binding molecules possibly forming multilayer
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structures. This is further supported by the minimal In 3d
signal (444-445 eV), which is characteristic of the ITO substrate.
Such significant reduction indicates that the atoms of In at the
surface are no longer exposed to the XPS probing depth,
consistent with thick molecular layer coverage. In contrast, the
O 1s signals of aliphatic SAMs (SAM 4 and SAM 5) are domi-
nated by the substrate oxide peak (~530 eV), and the P-O-M
bond (~531.6 eV), with a small shoulder at ~532.5-533.07 eV.
As depicted in Fig. 2b, the dominance of the P-O-M signal
(pink) suggests strong bonding configurations, like tridentate
or bidentate deprotonated bonds. In this case, the O 1s intensity
ratios for SAM 4 and 5 (0:1:3 and 1:0:5 respectively) align
with the formation of a monolayer featuring mixed tridentate
and bidentate deprotonated configurations. This is corrobo-
rated by the much higher In 3d signal, comparable to that of the
bare ITO substrate.

Finally, the F 1s signal changes notably after surface func-
tionalization (Fig. S27), shifting from a single peak (~688 eV) to
multiple deconvoluted peaks. In the 688-686.5 eV range, these
peaks suggest distinct chemical environments, likely due to van
der Waals interactions within the fluorinated structure, which
indicates less homogeneous molecular packing compared to
the powder. However, the peak at ~684.5 eV likely corresponds
to the formation of metal-fluorine bonds with ITO®* and is
particularly significant for SAM 2 and SAM 3, where multilayers
are observed. Table 1 summarizes the peak positions and their
relative contributions to the O 1s signal for each SAM interlayer.

We additionally evaluated the ITO-SAM/TaTm hole extrac-
tion interfaces by fabricating fully VD-PSCs. The device archi-
tecture includes modified ITO-SAM, followed by a previously
reported architecture containing TaTm (7 nm)/MAPDI; (800
nm)/Ceo (25 nm)/BCP (8 nm)/Ag (100 nm) in which Cg is
fullerene and BCP is bathocuproine, as shown in Fig. 1a. To
ensure reliable statistics, we fabricated more than 30 cells for
each device configuration, and over 40 cells in the case of the
best performing devices. Fig. 3a shows the X-ray diffraction
(XRD) pattern of the as-deposited MAPDI; film, along with top
and cross-sectional scanning electron microscopy (SEM)
images. The films consist of a polycrystalline material with
small grains (<200 nm in diameter), typical of vacuum co-
deposited PSCs, and a minor presence of a residual PbI,
phase.®® The UV-vis absorption and photoluminescence (PL)
spectra, shown in Fig. 3b, confirm the high absorption coeffi-
cient and a bandgap of ~1.6 eV, which are typical for MAPbI;.

Table 1 Binding energy photoemission of the O 1s signal for ITO and
SAM interlayers. The relative contribution of each peak to the total
signal is indicated in brackets

P-OH P=0 M-OH/P-O-M Metal oxide (bulk)

SAM 1 533.5 (17%) 532.6 (68%) 531.3 (15%) —
SAM 2 533.6 (10%) 532.6 (75%) 531.1 (15%) —
SAM 3 533.3 (26%) 532.3 (62%) — 530.7 (12%)
SAM 4 — 532.7 (13%) 531.6 (35%)  530.3 (52%)
SAM 5 533.1 (6%) — 531.6 (29%)  530.3 (65%)
ITO 531.0 (9%) 529.8 (91%)

12432 | J. Mater. Chem. A, 2025, 13, 12428-12438
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We characterized a series of devices by measuring the current
density vs. voltage (/-V) curves under AM 1.5 G sun illumination,
from which the relevant PV performance parameters were
extracted. Initially, we analysed devices containing the intrinsic
semiconductor, TaTm, alongside those incorporating state-of-
the-art interlayers like MoO; and F6-TCNNQ. The representative
J-V curves, and external quantum efficiency (EQE) of reference
devices are summarized in Fig. 3c and d, with the specific PV
values listed in Table S1.f A statistical comparison of the
photovoltaic parameters is shown in Fig. S3,t and the champion
cells for each underlayer are shown in Fig. S4 and Table S2.}
Regardless of the cell configuration, similar average Js. (~20.6
mA cm %), and V,. (~1.1 V) are observed, but notable differ-
ences appear in the average FF. Devices with only a 7 nm TaTm
layer exhibit low FF values (~55.5 £ 1.4%), and a reduced slope
near the V,. (Fig. 3c), indicating significant series resistance.
This is expected due to the low conductivity of TaTm and the
large energy mismatch with ITO, resulting in an average power
conversion efficiency PCE of 12.3 + 1.7%. While reducing the
TaTm thickness to 3 nm leads to an improvement in the FF (70
+ 1.2%) (Fig. S37),** such thin layers are prone to inhomoge-
neities, leading to inconsistent device performance. By contrast,
the introduction of MoO; and F6-TCNNQ interlayers signifi-
cantly enhances device efficiency. While V,. (~1.10 V) and J.
(>20 mA cm %) show only slight improvement, the FF increases
markedly to ~80%, resulting in average PCE values exceeding
19%. The increased Js. is consistent with the higher current
integrated from EQE (Fig. 3d). This behaviour, well documented
in the literature, is attributed to interfacial positive charges
induced by high ¢ interlayers, promoting ohmic contact
behaviour and boosting device performance. However, these
interfaces are prone to deactivation, which results in unstable
solar cells, and makes the strategy less appealing for the market.
Interestingly, we achieve comparable efficiency by introducing
ITO-SAM (1-5)/TaTm interfaces. The photovoltaic performance,
as shown in Fig. 3e, strongly depends on the SAM chemical
structure, and is particularly promising for the fluorinated
SAMs. For the non-fluorinated interlayers, SAM 1 and SAM 4,
the J,. is slightly below 21 mA cm™? and the FF remains low,
barely surpassing 60%. These values are well below those of the
MoO; or F6-TCNNQ interlayers, and are similar to those of
pristine TaTm devices. For the aryl derivative SAM 1, the V.
remains at ~1.1 £ 0.004 V, while in the case of the aliphatic
SAM 4, it slightly drops to 1.05 £ 0.009 V, resulting in a PCE of
~12% for both. This aligns with the lower ¢ values observed for
SAM 1 and SAM 4 (Fig. 1c), reflecting hindered charge extraction
at the interface. In contrast, using fluorinated derivatives, SAM
2, SAM 3 and SAM 5, significantly improves the FF to around
80% (76 £ 2; 75 £ 1; 74 + 2% respectively), with PV parameters
closely matching those of the reference devices. Notably, SAM 2
and SAM 5 deliver high V. (~1.13 V) and J. (~22 mA cm™?),
outperforming the reference cells. This results in an average
efficiency of ~19% (18.7 £ 0.5; 18.8 + 0.7 respectively), with
negligible -V hysteresis. Even in the case of SAM 3, where
alignment with the TaTm HOMO level may not be optimal, the
device still exhibits improved Js. and FF compared to the 7-3 nm
TaTm-only devices, reaching an average PCE of 17.5 + 0.4%.

This journal is © The Royal Society of Chemistry 2025
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-sublimed perovskite films. (c) J-V and (d) EQE curves obtained for the

reference VD p—i—n PSCs, under AM 1.5 G (100 mW cm™2) illumination. The integrated Js. was obtained by integrating the EQE spectrum
obtained with the AM 1.5 G photon flux spectrum. The EQE measurement was performed on unencapsulated devices in an inert atmosphere with
the corresponding setup mentioned in Section 4.4. (e) Statistical analysis of photovoltaic parameters obtained for cells containing SAM-modified
ITO interfaces using the optimal TaTm thickness (5 nm for aromatic SAMs and 7 nm for aliphatic SAMs). The top bar shows the maximum value,

the bottom bar shows the minimum value, and the rectangle shows the

region containing 25-75% of the data, obtained for each condition. The

total device area is 0.0825 cm?, with an illuminated area of 0.05 cm?. The cells, measured in air, are encapsulated with 30 nm of Al,Os.

A summary of the device optimization for SAM 2, SAM 3 and
SAM 5, with varying TaTm thicknesses from 5 to 13 nm, can be
found in the ESI (Fig. S5-S7).T In all three cases, the device
performance is significantly impacted by TaTm thickness, with
thicker layers (10-13 nm) leading to a significant drop in effi-
ciency due to increased resistance from the intrinsic semi-
conductor. As the TaTm thickness is reduced, the behaviour
differs depending on the SAM interlayer. For the aryl-deriva-
tives, SAMs 2 and 3, a consistent improvement in the photo-
voltaic parameters Js, Voc and FF is observed, with optimal
performance achieved at a TaTm thickness of 5 nm. SAM 5
follows a similar trend, but it experiences a noticeable drop in
efficiency when the TaTm layer is reduced below 7 nm, driven by

This journal is © The Royal Society of Chemistry 2025

a decline in all key photovoltaic parameters. This behaviour
may be linked to the thinner nature of SAM 5, as suggested by
the XPS analysis, making it more susceptible to coverage defects
and enhanced charge recombination at thinner TaTm layers. As
a result, while the optimal TaTm thickness for SAMs 2 and 3 is 5
nm, SAM 5 performs best with a thickness ranging between 5
and 10 nm. The best performing cells for each configuration,
including the J-V curves and EQE, are summarized in Fig. 4, and
listed in Table S3.7 High photon-to-current conversion effi-
ciencies of over 80% are observed across most of the ultraviolet-
visible spectrum, resulting in integrated current densities of
20.7, 21.13 and 21.6 mA cm ™2 for SAM 3, SAM 2 and SAM 5
respectively, in line with the -V curves. Notably, the monolayer
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measurement was performed on encapsulated devices with the corresponding setup mentioned in Section 4.4. (c) Device stability under
continuous thermal stress at 85 °C, measured in a N, atmosphere. The cells contain the optimal TaTm thickness (5 nm for SAM 2 and SAM 3, and
7 nm for SAM 5). The total device area is 0.0825 cm?, with an illuminated area of 0.05 cm?. The cells, measured in air, are encapsulated with 30

nm of ALOx.

SAM 5 outperforms the others, with /., V,. and FF values of 22.6
mA cm™?%; 1.12 V; 77.3% respectively, leading to an overall effi-
ciency of 19.65% (see J-V hysteresis measurements in Fig. S87).
These results suggest that similar device performances to those
of state-of-the-art fully VD-PSCs can be achieved by omitting
critical interlayers such as MoO; or F6-TCNNQ, and instead
using simpler SAM interlayers, provided the interface induces
a sufficient change in the ITO ¢.

The stability of the devices was also evaluated under high
temperature conditions. Fig. 4c shows the stability curves for
unsealed solar cells using SAM 2, 3 and 5, measured under
continuous thermal stress (500 h) at 85 °C in a nitrogen atmo-
sphere. For comparison, the stability of devices with MoO; or F6-
TCNNQ under the same conditions is provided in Fig. S9.f A
significant improvement in device stability is observed when
substituting MoO; or F6-TCNNQ with SAM 2, SAM 3 or SAM 5. As
shown in Fig. S9,7 the MoO; or F6-TCNNQ interlayers degrade
rapidly, losing over 20% of their initial efficiency within just 100 h.
After this point, their performance sharply declines, with effi-
ciency dropping below 50% once the test reaches 500 h. A closer
examination of the device parameters reveals that V,. (and to
a lesser extent J,.) did not degrade significantly, particularly for the
MoO; interlayer. Instead, the FF, mainly responsible for the drop
in performance, reduces to 75% of its initial value after just 100

12434 | J Mater. Chem. A, 2025, 13, 12428-12438

hours of the test. In contrast, the SAM interlayers exhibit no
significant signs of FF degradation, and both V,, and Js. only show
a gradual but minor decrease. As a result, cells with SAM inter-
layers retain over 78% of their initial efficiency after 500 h, with
SAM 2 and 5 maintaining 85% and 92% efficiency respectively.
Therefore, not only are the charges more efficiently extracted to
the external contacts, but they also result in enhanced thermal
stability for the devices. Importantly, SAM 5 demonstrates
remarkable long-term stability, retaining 90% of its initial effi-
ciency after 1000 hours of testing (Fig. S107). These findings
indicate that the degradation dynamics of the interface might be
influenced by the type of molecule and its molecular packing.
Controlling these interactions may widen the exploration of SAMs,
providing a new plethora of novel p-type contacts in fully evapo-
rated devices.

3 Conclusions

In summary, we evaluated several simple-structure SAMs as
novel high ¢ interlayers to use as p-type contacts in combina-
tion with intrinsic sublimable semiconductors. By incorpo-
rating modified ITO-SAM electrodes to overcome the energy
barrier at the TaTm interface, we observed improvements in
both efficiency and stability of fully VD-PSCs, primarily due to

This journal is © The Royal Society of Chemistry 2025
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the preservation of FF stability over time. Our findings indicate
that aryl-derivative SAMs tend to form multilayers, unlike their
aliphatic analogues, leading to small differences in the optimal
TaTm thickness. Overall, the primary factor influencing device
performance and stability is the work function modulation,
which improves the ohmic contact at the ITO/HTM interface,
and facilitates more efficient charge extraction for the fluori-
nated SAMs. Additionally, by preserving these properties under
thermal stress, charge accumulation and interfacial recombi-
nation are reduced over time, ultimately enhancing the opera-
tional stability of the device, unlike the reference interlayers.
Exploiting this simple concept allows the fabrication of fully
evaporated MAPDI; solar cells with PCE exceeding 19%, while
also enhancing thermal stability. These results highlight the
versatility of SAMs as stable, efficient interlayers for fully VD-
PSCs, and open the door to further exploration of p-/n-type
contacts in the quest for even higher efficiencies and greater
stabilities.

4 Experimental section

4.1. Materials

Photolithographically patterned ITO-coated glass substrates
were purchased from Naranjo Substrates. N4,N4,N4' ,N4'-tet-
ra([1,1’-biphenyl]-4-yl)-[1,1":4’,1"-terphenyl]-4,4’-diamine (TaTm)
was provided by TCI America. Phenylphosphonic acid (SAM 1),
4-fluorobenzylphosphonic acid (SAM 2), ((3-trifluoromethyl)
phenyl)methyl-phosphonic acid (SAM 3), decylphosphonic acid
(SAM 4), 1H,1H,2H,2H-perfluorooctanephosphonic (SAM 5),
fullerene (Ceo) and PbI, were purchased from Sigma-Aldrich.
CH;3NH;I (MAI), MoOs, bathocuproine (BCP), and 1,3,4,5,7,8-
hexafluorotetracyanonaphthoquinodimethane (F6-TCNNQ)
were purchased from Luminescence Technology Corp.

4.2. Cell fabrication

The patterned ITO glass substrates were cleaned with soap,
deionized water, and isopropanol in an ultrasonic bath, fol-
lowed by a UV-Oj; treatment for 20 minutes. The last step of
substrate preparation consisted of immersing the ITO
substrates in 1 mmol per | concentration of phosphonic acid
solution (SAMs 1-5) prepared in ethanol overnight. After this
step, the substrates were annealed at 100 °C for 10 minutes and
washed with pure ethanol to remove the excess molecules. The
modified ITO substrates were directly transferred to the subli-
mation vacuum chambers, integrated into an inert nitrogen
atmosphere (pressure of 10~° mbar, H,O and O, < 0.1 ppm).
TaTm, Cg, and BCP were sublimed in the same vacuum
chamber at temperatures ranging from 130 °C to >300 °C,
depending on the material, following the same deposition
recipe with a rate of 0.2 A s™*. The perovskite films were fabri-
cated by co-subliming the PbI, and MAI precursors from sepa-
rate crucibles. Each material was heated to its respective
sublimation point using Creaphys crucibles, and the deposition
rates were measured using two separate Quartz Crystal Micro-
balance (QCM) sensors. One sensor was positioned at the height
of the substrate holder for close, precise monitoring of the rate,

This journal is © The Royal Society of Chemistry 2025
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while the other one was placed close to the PbI, source to
facilitate the rate maintenance throughout the process;
however, the first sensor was the reference for the ratio calcu-
lations. To achieve a MAPI film with a slight PbI, excess, Pbl,
was evaporated at a rate of 0.50 A s~* as measured by a substrate
sensor. Subsequently, MAI was added, which led to an increase
in the substrate sensor reading to 0.65 A s™*. During the evap-
oration of the organic precursor, a temporary increase in the
chamber pressure was observed due to the degassing of the
material, which then stabilized.*® The total perovskite thickness
used in this work has been measured to be 720 nm. The silver
electrodes were deposited in a separate vacuum chamber using
tungsten boat sources, at rates ranging from 1.0 to 2.5 A s~
Finally, a thin layer of Al,O; was deposited via atomic layer
deposition as an encapsulant on photolithographically
patterned ITO-coated glass substrates.

4.3. Film characterization

The surface topography of the thin film was analysed using an
Atomic Force Microscopy (AFM) measurement, which was per-
formed with a Bruker Multimode AFM equipped with a Nano
Scope V. This was done in tapping mode using silicon tips with
a natural resonance frequency of 300 kHz and an equivalent
constant force of 40 N m™". The resulting data were then pro-
cessed using Gwyddion scanning probe microscopy data analysis
software. Scanning electron microscopy (SEM) images were ob-
tained on a Hitachi S-4800 microscope operated at an accelerating
voltage of 1 kV. X-ray diffraction was measured using a surface
diffractometer Empyrean from Panalytical equipped with a Cu Ka
anode. The UV-vis absorption measurements were performed
using a tungsten-halogen lamp, connected to a spectrometer.
Steady-state photoluminescence measurements were conducted
using an excitation laser with a wavelength of 520 nm. Both PL
and absorbance measurements were conducted using an Avantes
Avaspec-2048L optical detector (Avantes BV). The contact angle
was measured using a ramé-hart model 200, U4 series instrument
together with drop image pro software. The relative work function
of the materials has been measured using a scanning Kelvin
probe microscopy 5050 system from KP technology with software
APS 7.5-8.8.

4.4. Device characterization

The completed device stacks underwent characterization
through external quantum efficiency and current-voltage
measurements. The EQE was evaluated using two distinct
setups. The cells were tested under inert conditions prior to
encapsulation, employing a MiniSun simulator provided by
ECN in the Netherlands. The EQE was estimated based on the
cell's response at different wavelengths. An approximation of
the short-circuit current density under standard test conditions
was calculated by convolving the EQE spectrum with the AM 1.5
G reference spectrum, assuming a linear dependence of Js. on
light intensity. The reference cell EQE measurements shown in
Fig. 3c correspond to this device. The current-voltage curves
were measured using a Keithley 2400 source measure unit. For
the encapsulated devices in Fig. 4b, the EQE was measured
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using a system developed by QE-R from Enli Technology Co.,
Ltd., and the current-voltage characteristics were obtained
using a Wavelabs Sinus 70 AAA LED light source providing AM
1.5 G irradiation. Prior to the measurements, the light intensity
was calibrated using a silicon reference diode with an infrared
cutoff filter, simulating AM 1.5 conditions. The J-V curve was
recorded using a Keithley 2612A source meter, employing
a custom LabVIEW program. During the current-voltage
measurements, the devices were illuminated from the top, and
a mask was placed on the cell to ensure targeted illumination of
the active area. The J-V curves were recorded between —0.2 and
1.2 Vwith 0.01 V steps, integrating the signal for 20 ms after a 10
ms delay. This corresponds to a speed of about 0.3 V s~ *. For
measuring the external quantum efficiency (EQE), a quartz-
tungsten-halogen lamp (Newport Apex 2-QTH) source, a mono-
chromator (Newport CS130-USB-3-MC), a chopper (at 279 Hz)
and a focusing lens have been used. The device current was
measured as a function of energy using a lock-in amplifier
(Stanford Research Systems SR830) and recorded using
a custom LabVIEW program. The system was calibrated, and
the solar spectrum mismatch was corrected using a calibrated
Si reference cell. The device stability test was performed by
applying a constant temperature of 85 °C in a N, atmosphere,
under open circuit conditions.
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