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Screening of the carbazole-based phosphonic acids in perovskite
solar cells: impact of the substitution pattern on device
performance

This work presents a comparative study of nine carbazole-based
phosphonic acids used as self-assembled monolayers (SAMs) in
p-i-n perovskite solar cells. By varying methyl, methoxy, and phenyl
substituents at different positions, the study reveals that molecules
substituted at the 3,6-positions achieve the highest fill factors

and improved charge extraction, supported by trSPV and PESA
analyses. A threshold ionization potential of ~-5.45 eV was identified,
beyond which device performance declines. This work provides
insightful knowledge that can contribute to further investigations
and design of phosphonic acid-based materials.
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Self-assembled monolayers (SAMs) have become the standard hole-selective layer in high-efficiency
p—i—n perovskite single-junction and multi-junction solar cells. Since there is limited information about
the structure—property correlation, it is important to determine how structural changes in the molecule
impact performance or enhance layer properties. In this work, nine different carbazole-based
phosphonic acids with methyl, methoxy, and phenyl functional groups were compared to investigate the
correlation between the chemical structure and device performance. The results reveal that phosphonic
acids with different functional groups share some structure—property correlations and that substituents
at 3,6 positions (3,6-Me-2PACz, 3,6-Ph-PACz, and 3,6-MeO-2PACz) of carbazole have higher perovskite
single-junction device fill factors, which is one of the factors determining the performance of the
device, than molecules with substituents in 2,7 or 4 positions. These findings were supported by
transient surface photovoltage (trSPV) measurements. In addition, correlation between ionisation
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potential and fill factor suggests the threshold value, after which the fill factor is reduced, possibly due
to the energy level misalignment. Additionally, the impact of different functional groups in the molecule

DOI: 10.1039/d5ma00703h was investigated with optical, thermal, and electrophysical methods by combining experimental and
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Introduction

The perovskite solar cell (PSC) technology is currently on the
way from lab to fab, demonstrating rapid progress in terms of
efficiency and up-scaling.' This process is closely related to the
advancements in the development of new materials. In parti-
cular, the introduction of so-called ‘“self-assembled mono-
layers” (SAMs) as hole-selective layers (HTLs) in the p-i-n (or
“inverted’’) PSCs was one of the major breakthroughs, shaping
the field.” Since their introduction in 2018*® 2PACz ([4-(9H-
carbazol-9-yl)butyl]phosphonic acid) and related materials with
various functional groups have been used in most of the record-
achieving perovskite/Si tandem solar cells*” as well as the most
efficient single-junction PSC.? The main factor that led to their
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This work provides
investigations and design of phosphonic acid-based materials.

insightful knowledge that can contribute to further

widespread use is a combination of (i) high efficiencies due to
the low non-radiative recombination and efficient charge
extraction at the SAM-perovskite interface,® (ii) compatibility
with various deposition methods (e.g. dip-coating, spin-coating,
blade coating, and vapor deposition),’ (iii) the broad processing
window which allows optimization within a wide range of
processing conditions, making it easy to use these compounds,
and (iv) broad availability of these materials from commercial
sources.

The basic design of the SAM molecules combines two
functionalities - the anchoring group and the semiconducting
fragment. As an anchoring group, phosphonic acid is the
common choice for functionalization of various oxides, such
as ITO (indium-tin oxide).’*™*?

Due to the presence of phosphonic acid, strong binding
occurs on the metal oxide surface, potentially leading to a layer
with the thickness of a single molecule. It can be expected that
such a simple molecular design, combined with the orientation
of the molecules, should enable the rational design of the target
compounds. However, there is a lack of a general picture of the
processes taking place at the microscopic level. In such a
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situation, when the underlying fundamental processes are not
fully understood and are difficult to access experimentally,
screening methods can be applied. This can provide a general
structure-property relationship, suggesting the path towards
further optimization of the chemical structure.

While the screening method has its advantages, so far, the
vast majority of studies have been limited to 2 or 3 materials,
because device fabrication and optoelectronic characterization
remain labor and time intensive, and researchers tend to
prioritize maximizing champion performance over systematic
benchmarking.'* Moreover, comparing materials that were
tested in PSCs can be challenging due to the variations in
electronic properties and preparation techniques of the
absorber layer.

Additionally, the device structure and equipment or meth-
ods used to make the device vary across different institutions.
This can further impact the performance of the final device and
limit comparability.

With this work, we aim to provide the first comparison of
the larger set of nine phosphonic-acid-based molecules, com-
paring their performance in the same model PSC system,
including previously published (2PACz, MeO-2PACz (3,6-MeO-
2PACz), Ph-PACz (3,6-Ph-2PACz), Me-2PACz (3,6-Me-2PACz) and
DC-PA (2,7-MeO-2PACz)), and the new compounds (4-Ph-
2PACz, 2,7-Ph-2PACz, 4-MeO-2PACz, 2,7-and Me-2PACz) where
names provided in bold are used throughout the text for
consistency and clarity, and full chemical names are given in
the SL>**™

Results and discussion
Synthesis and choice of materials

The reference material that was used in this work was 2PACz.
Currently, 2PACz represents the SAM material with the most
simplistic chromophore, which is connected to the phosphonic
acid anchoring group through the ethylene linker. For the
investigated compounds we have chosen to keep the length of
the linker fragment the same as in 2PACz and 3,6-MeO-2PACz,
to have a direct comparison. In addition, previous studies
showed that shorter spacers can lead to higher values of
photovoltaic parameters, denser packing, and stronger inter-
molecular interactions."®"

To study the influence of the carbazole substitution pattern,
when functional groups are connected to the carbazole core at
the positions highlighted on the 2PACz molecule in Fig. 1, three
common functional groups (methyl, phenyl, and methoxy) were
selected. The first two, methyl and phenyl functional groups
were previously used in the devices with high fill factor (FF)
with over 82% in wide bandgap perovskites (1.67-1.68 eV),”"”
while methoxy is popular in highly efficient structures with
1.53-1.55 eV bandgap perovskite.**!

Simple and synthetically accessible materials were chosen as
a study object, aiming to empirically demonstrate the influence
of the chemical substitution patterns on the performance of the
final devices. Following the established procedures of previous
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reports, phosphonic acid and linker fragments were introduced
via alkylation, Arbuzov reaction, and nucleophilic cleavage set
of reactions as shown in Fig. 2.

Most of the chromophores were obtained from commercial
sources or synthesized (in the case of 4-methoxy-9H-carbazole).
A detailed description of the synthesis, and purification proto-
cols, as well as analysis data (NMR, combustion-based CHN
elemental analysis), is available in the SI (Fig. S1-526). Overall,
a set of nine materials was prepared for further tests, as shown
in Fig. 1, including four previously unpublished compounds.

Properties of the SAM materials and films

To study the properties of the investigated compounds, the
materials and their layers (bulk SAM materials and ITO/SAM
stack) were characterized by utilizing UV/vis, PL, TGA, DSC,
PESA and KPFM techniques. These measurements can act as a
support for the analysis of the performances of the devices, as
well as provide general information on the properties of these
compounds.

First, the optical properties of the synthesized compounds
were studied by UV/Vis and photoluminescence spectroscopy
(Fig. 3).

Due to the very thin nature of the SAM layer, usually there are
no problems associated with parasitic absorption; therefore, UV/
Vis is mostly used to reflect the changes in the chromophore
system. Materials with phenyl substituents showed broader
absorption than compounds with methoxy or methyl groups.
The broader absorption can be caused by the increased rotational
freedom of phenyl groups in the molecule, which increases
conformational flexibility and reduces molecular planarity.
Methyl-substituent compounds showed a slight bathochromic
shift, possibly due to the electron-donating properties of this
group, which lowers the energy required for the electronic transi-
tion. A redshift was observed for molecules with substituents in
the 3,6 and 2,7 positions, while compounds with functional
groups in the 4-position showed a slight blue shift.

Next, we performed thermal gravimetric analysis (TGA) to
determine the decomposition temperature (Tge.), defined as
the point at which the material experiences a 5% mass loss. All
thermal gravimetric data is provided in Fig. 3d and SI
(Table S1). While the devices are not expected to reach very
high temperatures (over 100 °C), for some perovskite composi-
tions, high annealing temperatures of above 100-170 °C might
be used.”” Therefore, TGA was used to investigate the material’s
stability. In addition, TGA can be used to estimate the possibi-
lity of processing materials by the physical vapor deposition
(PVD) method, if the drop in weight is fast. The obtained values
of the Ty, are in the range from 234 °C to 347 °C. Lower Tqec
might be caused by the removal of water during heating, which
can be trapped in the crystalline structure as hydration water,>*
which is expected to be removed during the SAM annealing step
in device fabrication. Compounds with methyl and phenyl
functional groups showed rapid weight loss in a narrow range
of temperatures, suggesting possible sublimation and compat-
ibility with the PVD technique. Methoxy-substituted com-
pounds demonstrated two-step mass reduction, which might

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Structures of investigated SAM molecules. (a) Carbazole-core positions are numbered on the 2PACz molecule and used in this paper as the
standard material. (b) Series of materials with Me-, MeO- and Ph-substituents in different positions. For the published compounds, references to previous

studies and alternative names are provided in italic.

indicate loss of crystallization water, as well as chemical
decomposition.

To additionally test the stability of the materials under
elevated temperatures and UV illumination, we have aged the
drop-casted samples at 85 °C, 390 nm LED light, N, atmo-
sphere. A more detailed description is provided in the SI. As can
be seen from Table S4, the variations in ionization potential (I,)
were not significant (<0.1 eV), suggesting good stability of the
investigated compounds under such conditions.

In case of 3,6-MeO-2PACz and 3,6-Ph-2PACz some increase
in the gradient was observed. Such change could be linked to
the change in the density of states and/or energetic disorder of
the materials.

It is well established that while SAM materials lead to good
performance of the devices, there are common problems with
surface wettability properties. Therefore, if materials result in
similar performances, it is preferred to use ones with better
wettability properties. The simplest way to evaluate the wett-
ability is the water droplet method. The samples for this
characterization were prepared by depositing a 1 mmol ml ™"

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

solution of each PACz material by spin-coating on glass/ITO
followed by annealing and washing the surface with ethanol. A
0.01 ml droplet of distilled water was deposited onto the
surface using a micro syringe. All measurements were per-
formed at room temperature under ambient conditions, and
each sample was measured at multiple points on the same
substrate. The contact angles given in Table S2 represent the
average values. The water droplet angle on the surface of the
different materials varied from 69° to 80°. All the layers showed
a higher contact angle than the ITO layer (54°), indicating
successful layer formation on top of the surface. As expected,
materials with a hydrophobic phenyl group showed an increase
in the contact angle value, in comparison with 2PACz. Materials
with the methoxy substituents resulted in lower contact angle
values. The highest values were observed in layers with materi-
als substituted at the 4-position of the carbazole core.

One of the important characteristics of the organic semi-
conductor is the position of its energy levels. For the determi-
nation of the energetic levels, several methods can be applied,
such as cyclic voltammetry (CV) ultraviolet photoelectron

Mater. Adv,, 2025, 6, 8921-8929 | 8923
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Fig. 2 Synthesis route of SAM molecules with substituents in various positions.

spectroscopy (UPS) or photoelectron spectroscopy in air
(PESA),** with the latter being used in this work. The I, of the
synthesized materials was determined through the measure-
ments on a material drop-casted on a glass substrate. More
detailed information can be found in the SI.

The I, values of the 2PACz derivatives with phenyl, methyl,
and methoxy functional groups range between 5.16 and 5.66 eV.
The values obtained for the 3,6-MeO-2PACz molecule are in
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materials valuable for further investigation.
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Fig. 3 UV-Vis absorption (solid line) and photoluminescence (dashed line) spectra of materials in tetrahydrofuran (THF) solution (10~4 M) of (a) Ph-series,
(b) MeO-series, (c) 2PACZ derivatives with methyl substituents (Me-series); (d) thermogravimetric analysis (TGA) data (heating rate of 10 °C min®, N, atmosphere).
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Table 1 lonization potential (/) values, determined via PESA, work func-
tions (WF) determined via KPFM, and DFT-calculated values for the lowest-
energy rotamer of the investigated compounds

Material Ip [eV] WF [eV] Dipole moment [D]
3,6-Ph-2PACz 5.41 4.98 2.41
2,7-Ph-2PACz 5.54 4.73 1.72
4-Ph-2PACz 5.66 4.93 1.85
3,6-MeO-2PACz 5.16 4.75 2.76
2,7-MeO-2PACz 5.37 4.61 4.204
4-MeO-2PACz 5.20 4.53 1.46
3,6-Me-2PACz 5.30 4.61 1.59
2,7-Me-2PACz 5.47 4.97 2.05
2PACz 5.65 5.28 1.92
ITO 4.40

“ For 3,6-MeO-2PACz and 2,7-MeO-2PACz, there are rotamers with close
energy values (see Table S3).

The SAMs are known for their tunable dipole moment
dependent on the functional group selection and their position
in the chromophore, which can impact the work function. To
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determine the dipole moments of the SAM material, density
functional theory (DFT) calculations were conducted on various
PACz derivative chromophores. Based on the assumption that
the dipole moment in this series is governed by the substituted
carbazole head group (the linker and anchoring fragment being
the same), and to avoid complications due to the rotamers of
the phosphonic acid group, simplified structures were used
with the -CH; fragment at 9H position.

The obtained values for the 2PACz and 3,6-MeO-2PACz
chromophores are in good agreement with previously pub-
lished results.>'*> For the Me-series, the calculated dipole
moment for the molecule with 3,6 methyl substituents is lower.
On the other hand, methyl groups in 2,7 positions result in a
dipole moment similar to the one of 2PACz. All relevant
information is provided in the SI (Table S3), and the dipole
moments of the lowest energy rotamers are listed in Table 1.

For materials with phenyl rings placed in the 3,6-positions
of the carbazole, the calculated dipole moment is higher.
Conversely, with substituents in the 2,7- and 4-positions, the
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(@) J-V characteristics of the devices with Ph-series materials; (b) with MeO-series; (c) with Me-series and 2PACz; (d) tr-SPV of solar cell partial

stacks (glass/ITO/SAM/perovskite). SAM powder for the SAM layer was dissolved in ethanol (concentration of the solution 1 mmol I7%). Rev — reverse scan;

for — forward scan. In the table values of the reverse scan are presented.
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dipole moment is slightly lower. This can be explained by the
conjugation within the molecule, which is greater in the case of
3,6-substitution compared to the other positions. To account
for the free rotation around the single bond, in the case of
methoxy substituents (3,6-MeO-2PACz and 2,7-MeO-2PACz) we
performed calculations of two possible rotamers (SI Table S4).
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given as a value for the rotamer with the lowest energy.
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(a) FF and (b) Voc and QFLS from PL measurements of solar cell partial stacks, (c) Jsc, (d) PCE of perovskite single-junction devices.

The obtained values for 3,6-MeO-2PACz rotamers are consistent
with the previous report," and are showing big differences in
dipole values. Keeping in mind that the exact distribution
between rotamers after assembly on the ITO surface is hard
to assess, we have excluded these values from analysis in
Fig. 6b.

In recent works, Kelvin probe force microscopy (KPFM)
method gained popularity for the characterization of SAM
materials, to demonstrate the impact on surface coverage and
measure the surface potential and the work function (WF).2>2¢
In this work, it was used to evaluate the properties of the
investigated materials deposited on ITO. The results are pre-
sented in Fig. 6 with the values summarized in Table 1 and
Table S3. The KPFM data table illustrates how different 2PACz
derivatives on ITO substrates influence surface potential and
work function. The results show a good correlation between the
WF and the calculated dipole moment, as can be seen in
Fig. 6b. For the molecules with methoxy substituents, the
dipole values vary significantly from 0.18 D to 4.20 D for the
two rotamers with the lowest energy, making it difficult to use
these values for further analysis. Therefore, these values were
not included in Fig. 6b.

Solar cell performance

For the screening of the materials, we have used a standard PSC
architecture (Glass/ITO/SAM/Perovskite/LiF/Cgo/SnO,/Ag),

© 2025 The Author(s). Published by the Royal Society of Chemistry
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providing a good baseline protocol. A triple-cation triple-halide
perovskite (Csg,FA¢78Pb(Bro15lo.85)3 + 5% MAPDCI;) with a
1.68 eV band gap, typically applied in perovskite/Si tandem
solar cells,>”%®

For the device fabrication, we deposited the SAM materials
via spin-coating on ITO substrates (1 mmol ml~" in ethanol)
followed by the deposition of the perovskite. Next, 1 nm of LiF
and 16 nm of Cg, were deposited by thermal evaporation,
followed by the deposition of 10 nm SnO, via atomic layer
deposition (ALD) and 100 nm thermally evaporated Ag. A
detailed description of the device fabrication is provided in
the SI.

First, we compare the variation in the fill factor (FF) (Fig. 4a
and 5). It can be observed that for all the materials the FF (of
the best pixel) is higher for the 3,6-substitution case, with the
most pronounced effect being for the molecules with the
phenyl substituents (Ph-series: 3,6-Ph-2PACz, 2,7-Ph-2PACz, 4-
Ph-2PACz). The low FF, as well as reduced Jgc for the devices
made utilizing 4-Ph-2PACz and 2,7-Ph-2PACz molecules could
be related to an extraction barrier for holes at the perovskite/
hole transporting layer (HTL) interface as further supported by
trSPV (transient surface photovoltage) measurements and PESA
measurements. As can be seen from Fig. 6a, after a certain
threshold (I, > ~5.45 eV), the FF starts to drop, suggesting the
suboptimal band alignment. In comparison with the Ph-series,
FF changes of the compounds with methoxy substituents
(MeO-series) are minor. However, we see distinct changes in
the open-circuit voltage (Voc) when changing the position of
the MeO-groups on the carbazole body with the lowest Vo for
3,6-MeO-2PACz and the highest Voc with 4-MeO-2PACz
(Fig. 4b). A lower Voc could be related to increased non-
radiative recombination at the interface.

Although not as pronounced as for the Ph-series, also in the
Me-series, we observed a higher FF when the functional groups
were located at the 3,6-position compared to the 2,7-positions.
Moreover, all devices with SAM materials which have functional
groups in 3,6 positions and the case of the Me-series and MeO-
series, also the 2,7-positions, show a higher FF than the widely
applied 2PACz. The presented comparison confirms the super-
iority of several compounds, in comparison to the basic com-
pound 2PACz. In particular, already known materials with
substituents in 3,6 positions have shown higher performance,
mainly due to the higher FF. In addition, the new materials 2,7-
Me-2PACz and 4-MeO-2PACz also result in an improved perfor-
mance in comparison to standard 2PACz.

The observed trends are further supported by photolumi-
nescence (PL) and trSPV measurements.

As depicted in Fig. 4b the quasi-Fermi level splitting (QFLS)
values from steady-state absolute PL measurements of the half
stack (Glass/ITO/SAM/Perovskite) largely match the Vo trends
of the complete devices.

The trSPV data of solar cell partial stacks (Glass/ITO/SAM/
Perovskite) shown in Fig. 4d reveal a relatively small slope for
the initial SPV transient with the SAM molecules 4-Ph-2PACz,
2,7-Ph-2PACz and 2PACz, which matches the lower FF that was
observed in the complete devices. Such behavior in trSPV was

was used.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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previously correlated with a reduced hole transfer rate.>® The
small SPV amplitude with 4-Ph-2PACz further points to a small
number of extracted holes and, thus, matches the assumption
of a barrier for holes at the perovskite/HTL interface. Moreover,
3,6-Me-2PACz, 3,6-Ph-2PACz, and 2PACz show the largest
amplitude which is indicative of efficient charge separation
and reduced electron trapping.

In addition, we have looked for the correlation between Ip
results and the FF of the devices (Fig. 6a). While it is difficult to
account for the minor changes, it can be assumed that after a
certain threshold I, value of ~5.45 eV the FF starts to drop
below 81%.

Conclusions

In conclusion, we made a direct comparison of a set of nine
different molecules of hole-selective self-assembled mono-
layers, which were tested in p-i-n perovskite solar cells using
a 1.68 eV bandgap absorber. In this set, five of the molecules
were previously published and four were newly synthesized,
with phenyl (3,6-Ph-2PACz, 2,7-Ph-2PACz, 4-Ph-2PACz), meth-
oxy (3,6-MeO-2PACz, 2,7-Me-2PACz, 4-MeO-2PACz), methyl
functional groups (3,6-Me-2PACz, 2,7-Me-2PACz) and 2PACz.
A comparison of the various substitution patterns revealed that
the highest fill factor of the device was achieved for the
materials with substituents in 3,6 positions, independent of
the substituent which also correlates with trSPV results. In
addition, the PESA measurements suggest a threshold Ip value
of ~5.45 eV, after which the FF starts to drop. The devices with
4-Ph-2PACz exhibit the lowest efficiency, due to poor charge
extraction as confirmed by trSPV. Additionally, devices with
methyl substituents, 4-MeO-2PACz, 2,7-MeO-2PACz, 3,6-Ph-
2PACz, and 2,7-Ph-2PACz, showed higher efficiency results than
2PACz, demonstrating the impact of the small changes in the
molecular structures. While the final performance of the device
depends on a combination of the materials, we believe that this
study will contribute to the further development of phosphonic
acid-based materials and highlight the importance of under-
standing SAM’s working mechanisms at a deeper level.
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