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Self-assembled molecules (SAMs) are widely used as hole-selective contacts in perovskite solar cells (PSCs).
They are traditionally designed to facilitate charge injection by aligning their highest occupied molecular
orbital (HOMO) with the perovskite's valence band. However, interfacial energy barriers may not
necessarily hinder performance, and in some cases, can boost the devices' open-circuit voltage, thereby
improving efficiency. This raises an important question: is injection through the SAM, to promote charge
extraction, a necessary or even desirable criterion? To investigate this, we compare two Spiro-OMeTAD
derivatives: Spiro-A, which is directly attached to the indium-doped tin oxide (ITO) anode by a carboxylic
acid moiety, forcing the HOMO level to be in close proximity to the ITO, and Spiro-B, which
incorporates a spacer group to separate the HOMO from ITO spatially. Contrary to expectations, Spiro-B
achieves a higher open-circuit voltage (Voc) and power conversion efficiency (PCE) than Spiro-A despite
having a lower built-in potential (Vg). Stabilise and pulse (SaP) measurements confirm that Spiro-B
promotes charge accumulation by reducing interfacial recombination, thus increasing quasi-Fermi level
splitting (QFLS). Furthermore, the carbazole-based reference SAM (Me-4PACz) achieves the highest Vo,

Received 19th August 2025 demonstrating that direct charge injection is not always beneficial. These results challenge conventional

Accepted 1st October 2025

molecular design strategies, emphasising the importance of controlling interfacial recombination over
DOI 10.1039/d5ta06749a maximising charge injection. This work provides new insights for optimising SAMs in PSCs, offering

rsc.li/materials-a a pathway toward higher efficiency through tailored energy barriers and charge accumulation dynamics.

When designing SAMs, two key parameters need to be

Introduction : : : .
considered. The first is the strength of the dipole and its effect

Perovskite solar cells (PSCs) have emerged as a leading photo-
voltaic technology, boasting exceptional power conversion effi-
ciencies (PCE) and the potential for low-cost fabrication.*> A
critical aspect of PSC performance lies in designing and opti-
mising interfacial layers that mediate charge extraction and
transport.® Self-assembled molecules (SAMs) have attracted
significant attention as interfacial modifiers,* this is due to their
ability to tailor energy-level alignment,” reduce interfacial
defects,® and enhance device stability.”
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on the underlying charge extraction electrode.**° The second is
the alignment of the Highest Occupied Molecular Orbital
(HOMO) with the perovskite's valence band (VB) energy level.
This alignment is typically optimised to facilitate charge
extraction and minimise charge build-up.** However, the dipole
of the SAM can introduce energetic offsets at the interface
between the charge extraction contact and the perovskite.">** In
previous work, we have shown that for carbazole-based SAMs,
such as (4-(3,6-dimethyl-9H-carbazol-9-yl)butyl)phosphonic acid
(Me-4PACz), this can lead to an interfacial energy barrier.** This,
in turn, leads to the accumulation of photogenerated charge at
the interface, resulting in a wider quasi-Fermi level splitting
(QFLS) and thus boosting open-circuit voltage (Voc).** These
devices also show an improvement in PCE, as carbazole-based
SAMs are very effective at suppressing interfacial recombina-
tion."*>'® This finding highlights that, contrary to conventional
expectations, an interfacial energy barrier is not necessarily
detrimental to device performance.

The design criteria of SAMs for use in PSCs have drawn
heavily from the advancements made in dye design for dye-
sensitised solar cells (DSSCs)."” Here, the most effective dyes

This journal is © The Royal Society of Chemistry 2025
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incorporated both an energetically favourable transition and
a molecular orbital overlap with the charge extraction elec-
trode."® This promotes ultrafast charge extraction from the dyes,
as the rapid electron transfer outcompetes recombination
processes, enabling high photogenerated current densities and
maximising performance.'**

We have recently reported a SAM (Spiro-A) synthesised by the
mono-demethylation of commercially available Spiro-OMeTAD,
which features a carboxylic acid anchoring group.* This mate-
rial is a classic example of following traditional design para-
digms, where the HOMO overlaps with the charge extraction
electrode. The resulting device showed efficiency comparable to
that of a poly[bis(4-phenyl)(2,4,6-trimethylphenyl)amine]
(PTAA)-based device; however, it did not outperform
competing carbazole-based SAM layers. This raises an impor-
tant question: is injection through the SAM, to promote charge
extraction, a necessary or even desirable criterion?

In this work, we address this question by investigating the
relationship between SAM structure and device performance
metrics. We have developed a novel SAM, Spiro-B, which
includes a spacer group in the form of a hexyl alkyl chain,
ensuring there is a spatial gap between the HOMO and the
anode when incorporated in solar cells. Both Spiro moieties are
compared against a carbazole-based reference SAM (Me-4PACz).
We hypothesise that Spiro-A promotes efficient charge injection
with a direct HOMO-valence band overlap at the interface. In
contrast, Spiro-B, lacking this overlap, may cause charge accu-
mulation at the interface.

To disentangle these relationships, we employ a combina-
tion of spectroscopic and electronic characterisation tech-
niques, including X-ray photoelectron spectroscopy (XPS), time-
resolved photoluminescence (TRPL) and stabilise and pulse
(SaP) measurements. Standard current density-voltage (J-V)
scans reveal that Spiro-B achieves a higher V¢ and overall PCE
than Spiro-A, whilst Me-4PACz delivers the best performance
overall. Moreover, SaP measurements indicate that the Spiro-B
derivative leads to a reduction in the built-in potential (V)
compared to Spiro-A, yet it still demonstrates better perfor-
mance. We note that both are outperformed by the carbazole
derivative, highlighting that promoting charge extraction in
PSCs is not necessarily a driver of higher performance, thus
challenging conventional molecular design criteria.

Experimental methods
Solar cell fabrication

The patterned ITO substrates (1.5 cm x 1.5 cm, 15 Q sq~ ') were
sequentially cleaned with ethanol and IPA for 30 minutes. Then,
the ITO substrates were treated with UV-O; for 30 min before
being transferred to an N, glovebox. Spiro-A and Spiro-B SAMs
were dissolved in DMF at a concentration of 0.1 mM, respec-
tively. Me-4PACz was dissolved in ethanol with a concentration
of 0.1 mM. The SAM solutions were spin-coated on ITO
substrates at 3000 rpm for 60 s and then annealed at 100 °C for
10 min. After cooling to room temperature, the perovskite
solution was spin-coated onto the SAM at 2000 rpm for 10 s and
4500 rpm for 25 s. 200 pL of chlorobenzene was dropped on the
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spinning substrate with 12 s remaining. The samples were then
annealed at 100 °C for 30 min. The perovskite solution with
a concentration of 1.5 M was prepared by mixing FAI, Pbl,,
MABr and PbBr, in DMF : DMSO mixed solvent (4 : 1 v/v). CsI in
DMSO solution (1.5 M) was added to the perovskite precursor to
form the final perovskite solution with the chemical formula of
C80.05(FAp.0sMAg 05)0.05Pb(I9.05Bro.05)s (With 10 mol% MACI).
After that, an electron transport layer of PC¢;BM was deposited
from a chlorobenzene solution (20 mg mL ") at 1000 rpm for
60 s, and then a bathocuproine (BCP) solution (0.5 mg mL ™" in
isopropanol) was spin-coated on the PCq;BM layer at 4000 rpm
for 40 s. Finally, a 100 nm Ag layer was evaporated at low
pressure (<10~ ° bar), defining an area of 0.104 cm?.

Characterisation

UV-Vis absorption was measured in dichloromethane at
107% mol L. Fluorescence emission was measured in di-
chloromethane at 10~7 mol L' with an excitation wavelength of
391 nm. Cyclic voltammetry was recorded in dichloromethane
at a concentration of 10~* mol L™, scan rate of 0.1 V s~ ', with
1 mol L' tetrabutylammonium hexafluorophosphate as the
electrolyte, and referenced to a ferrocenium/ferrocene standard.

The J-V curves were recorded using a solar simulator (ABET
11000) and a source meter (Keithley 2400). The curves were
measured under 1 Sun conditions (100 mW cm™ >, AM 1.5G),
calibrated with a Si-reference cell.

XPS spectra were collected on a Kratos Analytical AXIS
Supra+, using an Al Ko (1486.6 eV) excitation source. No charge
neutraliser was used. Samples were grounded using copper tape
to ensure good electrical contact between the sample, the
mounting bar and the instrument. Samples were kept in
a nitrogen atmosphere during preparation and transferred into
the instrument using a purge box directly attached to the
instrument to minimise air exposure. The chamber pressure
was between 8.3 x 10" ° and 1.3 x 10”7 torr during measure-
ment. Samples were prepared following the same process as was
done for solar cell fabrication and, therefore, measured as
deposited, with no further treatment.

TRPL spectra were obtained on an Edinburgh Instruments
LifeSpec-II apparatus with a 470 nm laser excitation. Excitation
was done through the glass/ITO side of the sample. Discussion
on the analysis of the data can be found in SI Note 2.

SaP measurements were conducted on a home-built set-up.
Measurements were performed using an Ossila Source
Measure Unit. The light intensity of the high-power white Cree
LED was tuned to match the current output obtained from the
calibrated 1 Sun j-V measurements. The source delay was set to
10 ms, meaning that the current value acquisition time started
approximately 10 milliseconds (ms) after the arrival of the
voltage pulse, which is set to the shortest possible length of ~38
ms (set by the USB input). To obtain the current value, the pulse
was sampled 256 times, with a sampling time of 14.2 micro-
seconds (us). This data was averaged out at this rate for 3.62 ms.
A stabilisation time of 240-420 seconds was used until a stable
current output was obtained. Forward and reverse scans were
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done with a 50 mV step voltage. Devices were stabilised for 1
second between each pulse, giving a duty cycle of around 5%.

To extract the electrostatic potential drop across the perov-
skite for each device, 5 points were taken around the open-
circuit voltage, and a 3rd-order polynomial fit was used; the
gradient was analysed, giving dJ/dV. The second derivative (d’J/
dv?) is then used to obtain the steepest gradient. From this
obtained point, a range of points above and below this were
used to fit multiple linear fits through the steepest section of the
raw data to find where the linear fit crosses the midpoint of the
maxima and minima of the sigmoid. Multiple linear fits are
then made through the range of points to obtain a range of Vi,
values. A weighted average calculation, described in ref. 14, is
then used to provide the Vg, value. The error associated with
this measurement is described in ref. 31.

Results and discussion
Molecular design and electronic properties of spiro SAMs

To investigate how the spatial location of the HOMO level
affects charge injection and its subsequent effect on device
performance and device metrics, we compare two Spiro deriv-
atives, Spiro-A and Spiro-B. The previously synthesised Spiro-A
directly anchors to the indium-doped tin oxide (ITO) electrode
through its triphenylamine (TPA) unit via a carboxylic acid
functional group.® In contrast, Spiro-B is bonded to a benzoic
acid group through a hexyl alkyl chain separator, ensuring
a spatial gap between the HOMO of the SAM and the ITO. We
also include a reference carbazole-based SAM (Me-4PACz) for
comparison. The synthetic route for Spiro-B is shown in Scheme
S1, and full synthetic details are provided in SI Note 1.

The absorption, HOMO energy level, and dipole moment of
SAM molecules are all critical parameters to consider when
designing these materials. Therefore, we conducted ultraviolet-
visible absorption spectroscopy (UV-Vis), fluorescence spec-
troscopy and cyclic voltammetry (CV). The results from the UV-
Vis/fluorescence spectrometry and cyclic voltammetry of Spiro-B
matched closely with the properties of Spiro-A and Spiro-
OMeTAD (included as a reference), as shown in Fig. 1. Inter-
estingly, Density Functional Theory (DFT) calculations show
that there is a significant difference in the obtained dipole
moment: Spiro-A has a significant calculated dipole moment of
~8.1 debye (D), whereas Spiro-B has a much lower dipole
moment of ~2.9 D, as shown in Fig. S12.

Verification of SAM anchoring on ITO substrates

It is essential to demonstrate that these materials are anchored
on the ITO surface, as they will be used as the p-type layer in
inverted p-i-n perovskite solar cells. To achieve this, we per-
formed XPS measurements after depositing the SAMs. The C 1s
spectra of the three samples studied are shown in Fig. S13a-c.
Whilst Spiro-A shows no additional peaks when compared to
the bare ITO, the presence of Spiro-B is evident, with the
appearance of a distinct C-O peak at 286.3 eV and the aromatic
satellite peak at 291.6 eV. The assignments and positions of XPS
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peaks associated with Spiro-OMeTAD were determined by
measuring the XPS of a thin reference film (Fig. S14).

Evidence of SAM attachment to the ITO surface can be most
clearly observed in the O 1s spectra, shown in Fig. 2. Here, we
observe several peaks associated with the expected ITO species,
including bulk indium-oxygen bonds at 530.4 eV, oxygen
adjacent to oxygen deficiency sites at 531.2 eV, and surface
hydroxy-indium bonds at 532.1 eV.>® Once the SAM is depos-
ited, we observe the appearance of a peak at 533.1 eV, indicating
the presence of the C-O groups of the Spiro moieties. The N 1s
spectra, shown in Fig. 2, provides further evidence of SAM
deposition, with the ITO reference showing no signal, and the
SAM samples containing peaks associated with the Spiro
molecule at around 400.1 eV (C-N (a)) and residual di-
methylformamide (DMF) solvent at around 400.8 eV (C-N (b)).**
For complete XPS peak data, see SI Table S1.

To ensure that the SAMs coat the surface uniformly, we
performed contact-angle measurements and atomic force
microscopy (AFM). The results for a bare ITO sample and
a sample using Spiro-A and Spiro-B are shown in Fig. S15. Here,
it was observed that the Spiro SAMs significantly increased the
hydrophobicity of the ITO surface compared to bare ITO (from
~30° to ~74°). This indicates successful SAM formation and
similar surface wettability between the two Spiro materials.
Furthermore, the AFM analysis revealed that the root-mean-
square (RMS) roughness remained effectively unchanged
upon the SAM deposition, ranging from ~2.83-2.90 nm. These
measurements suggest that the Spiro SAMs develop a uniform
coat on the surface of the ITO. In combination, these
measurements give further evidence that any differences ob-
tained in device performance are due to the electronic proper-
ties of the SAMs, rather than differences in perovskite
crystallisation.

Device fabrication and photovoltaic performance

Having established from the chemical characterisation (i.e. UV-
Vis, fluorescence spectroscopy and CV) results that there is
a negligible difference energetically between both Spiro moie-
ties and that both can be successfully bound to the ITO surface,
we now focus on identifying the link between structure and
device metrics. To achieve this, we fabricated PSCs with a device
configuration starting with ITO treated with either Spiro-A,
Spiro-B or the reference SAM Me-4PACz as the hole-selective
layer. The perovskite utilised was an optimised triple cation
composition of caesium, formamidinium, and methyl-
ammonium (Csg,.05(FAo.90sMAg 05)0.05Pb(I5.05Br0.05)3), followed by
[6,6]-phenyl C61 butyric acid methyl ester (PCg;BM) and bath-
ocuproine as the electron transporting layer and finished with
a silver cathode. The whole device fabrication details can be
found in the Methods section.

The resulting current density-voltage (/-V) curves, measured
under 1 Sun illumination (AM 1.5G, 100 mW cm ), for the best-
performing devices incorporating Spiro-A, Spiro-B and Me-
4PACz are shown in Fig. 3a. The Spiro-A device achieved a power
conversion efficiency (PCE) of 19.7% with a short-circuit current
density (Jsc) of 23.8 mA cm ™2, Vo of 0.99 V and fill factor (FF) of

This journal is © The Royal Society of Chemistry 2025
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(a) Molecular structure of Spiro-A, Spiro-B and Spiro-OMeTAD. (b) Cyclic voltammetry of Spiro-A, Spiro-B and Spiro-OMeTAD. (c) UV-Vis

and fluorescence spectra of Spiro-A, Spiro-B and Spiro-OMeTAD. Absorbance = solid line, emission = dashed line.

83.9%. Interestingly, the device incorporating Spiro-B showed
a higher PCE, achieving 20.8% with a Jsc of 24.0 mA cm ™2, Voc
of 1.03 V and an impressive FF of 84.5%. Finally, the reference
device containing Me-4PACz, as expected, achieved the highest
device performance, obtaining a PCE of 23.2%, with 24.7 mA
em™? Jse, @ Vo of 1.13 V, and a FF of 82.9%.

The statistical distribution of the photovoltaic parameters of
all devices tested can be seen in Fig. S16. The improvements
observed in devices utilising Spiro-B, when compared to Spiro-
A, mainly arise from an increase in Voc and FF. Reference
devices containing Me-4PACz, however, outperform both Spiro-
A and Spiro-B across all parameters on average, as seen in
Fig. S16. Furthermore, we note that minimal to non-existent
hysteresis is present for all devices studied here.

Charge carrier dynamics via time-resolved
photoluminescence

To understand where the variation in device performance
originates, we employ time-resolved photoluminescence (TRPL)
spectroscopy. The decay transients obtained from perovskite on
ITO, which has been treated with Spiro-A and Spiro-B, are
shown in Fig. 3b. To analyse the TRPL data, we employ a rate
equation based on a bimolecular-trapping-Auger model that
accounts for the different possible competing processes.”® The

This journal is © The Royal Society of Chemistry 2025

extracted parameters obtained from the rate equation can be
found in SI Table S2, and further discussion on the rate equa-
tion is in SI Note 2.

It can be seen from the analysis that both Spiro derivatives
have a rapid initial decay. This is surprising, as Me-4PACz is
known to extend monomolecular lifetimes well beyond what
was obtained for the Spiro derivatives.”**” However, perfor-
mance remained high for both Spiro-A and Spiro-B. This raises
a question: Why does Me-4PACz outperform the Spiro deriva-
tives? One would expect a priori that faster decay may indicate
faster charge extraction.

As the Spiro moieties follow inspiration from the dye-
sensitised solar cell design principles, we postulate that, for
Spiro-A and Spiro-B, charge injection will occur through the
SAM layer.”® This explains why the photoluminescence decay
dynamics of these materials are much faster than those of the
reference carbazole, Me-4PACz. The initial rapid decay observed
in the Spiro moieties could suggest that a significant fraction of
photogenerated charge may undergo rapid interfacial recom-
bination rather than accumulate in the perovskite. As a result,
quasi-Fermi level splitting (QFLS) would be reduced, resulting
in a lower Vo when compared to Me-4PACz, as observed in the
device J-V performance.

However, it can be observed that the decay of Spiro-A is
longer than that of the Spiro-B sample, despite Spiro-B

J. Mater. Chem. A, 2025, 13, 38140-38148 | 38143


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5ta06749a

Open Access Article. Published on 10 October 2025. Downloaded on 1/11/2026 10:57:25 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

View Article Online

Journal of Materials Chemistry A Paper
O1s Spiro-B || N1s Spiro-B
O1s Spiro-A || N1s Spiro-A

o
o. 'Def-O-In
e
2 C-N (b) CH(9)
)
c
[T D S A | U N | P P .
+—
£
O1s ITO || N1s ITO
O-In
'Def-0O-In
| hhALd RARLI RAALILLALY RALILARLI RAALRLALY RARLIRAALI RLLLIRLALY LAALILLALY RLELY I RLLLI RLLLY RARLERLLLY RLLLY RAALI RAALI RLLLY RARLE RAALH RALLY RLALY RAALE RLLLY RALLY |
540 538 536 534 532 530 528 526 408 406 404 402 400 398 396 394
binding energy (eV) binding energy (eV)
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obtaining a higher V. This result is seemingly counterintui-
tive; to investigate this, we employ the differential lifetime
method to gain a deeper understanding of the interface
dynamics.” The resulting plot is shown in Fig. S17. From this,
we can see that the Spiro derivatives have similar extraction
capabilities as the dynamics are very similar at early lifetimes.
However, Spiro-B has a longer differential lifetime compared to
Spiro-A at later times. This indicates that despite the initial
rapid decay, Spiro-B may have reduced surface recombination
compared to Spiro-A. This would result in additional charge
accumulation and ultimately lead to a slightly higher Voc. This
is supported by the analysis carried out using the rate equation
(full details in Table S2), which shows that Spiro-A has a slightly
higher percentage of monomolecular recombination (k)
compared to Spiro-B.

38144 | J Mater. Chem. A, 2025, 13, 38140-38148

Stabilise and pulse (SaP) measurements: probing built-in
potential and recombination

We note here that the TRPL measurements are conducted on
half-cells. Therefore, we are not probing the dynamics that
would be present in a complete device.” This is in part due to
the lack of a complete circuit and the subsequent electric field
that would form, which critically impacts photogenerated
charge accumulation and extraction.’® To overcome this, we
utilise the stabilise and pulse (SaP) technique.’* This measure-
ment is performed on complete working devices and examines
the effect of ionic field screening on charge extraction,
providing clear insights into how different charge extraction
layers influence recombination and extraction.”* We have
previously used the SaP technique to probe how device

This journal is © The Royal Society of Chemistry 2025
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Fig. 3 (a) Current density—voltage (J-V) curves of champion devices incorporating Spiro-A, Spiro-B and Me-4PACz. Inset as a table are the

champion device parameters, including short-circuit current density (mA cm™2), open-circuit voltage (V), fill factor (%) and power conversion
efficiency (%). Reverse scans are shown as solid lines with markers, and the forward scans as dashed lines. (b) Normalised time-resolved pho-
toluminescence (TRPL) data for perovskite films deposited on ITO/SAM substrates.

energetics change when using different carbazole-based
SAMs."* A more in-depth discussion of the measurement
details is provided in previous works.'*3**

The full reconstructed j-V curves obtained under 1 Sun
conditions across a range of stabilisation voltages for repre-
sentative devices of Spiro-A, Spiro-B and Me-4PACz are shown in
Fig. 4. The individual analysis for each SaP measurement can be
found in Fig. S18. All associated stabilisation data obtained
during the measurement can be found in Fig. S19, demon-
strating that all devices had reached a steady current output
before initiating the pulsing sequence.

Interestingly, we observe significant differences in the J-V
curve depending on ionic motion, even though all studied
devices showed little to no hysteresis during the traditional j-V
sweep (see Fig. 3). This is an important point, as it is a common
belief that a lack of observable hysteresis implies suppressed

ionic motion. However, previous works have discussed in detail
why this is not the case.’*** Although for this measurement, we
note that for each stabilisation voltage, a forward and reverse
scan was conducted, and no hysteresis was present, as shown in
Fig. S20. As we are holding the ions in position, then in this
instance, no hysteresis acts as an additional indicator that ions
remain at quasi steady-state during the measurement.

By analysing the change in gradient around the open circuit
voltage (dj/dV|y—y, ) for each j-V curve obtained, we can extract
the flat band potential (Vg,), as shown in Fig. 5a. This value is
proportional to the built-in potential in PSCs.** For more
information on how this value is extracted, see the Methods
section and ref. 14. From this analysis, we can make two clear
observations: (i) there is a significant shift in the Vg, with
Spiro-B yielding a much lower value, and (ii) the slope of the
curve for Spiro-B is significantly shallower compared to both
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Fig.4 Full reconstructed stabilise and pulse J—Vs across a range of stabilisation voltages for devices containing Spiro-A, Spiro-B and Me-4PACz.
In all graphs, yellow indicates low stabilisation voltages and purple indicates high stabilisation voltages, as displayed in the corresponding colour

bars above each graph.
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Fig.5 (a) Normalised gradient analysis around open circuit voltage (dJ/dV/|,—y_) from the SaP data obtained for all samples. In this figure, all data
points are shown by markers and a Savitzky—Golay smoothing filter is included as a lighter shaded solid line behind as a guide to the eye. The
midpoint of the maxima and minima is shown as a grey horizontal dashed line, and finally, an example of one fit used to obtain the Vi, value is
shown as a dashed line, the same colour as the marker for clarity. The range of fits used to obtain the Vg, value is shown as a lighter shaded
region. The light blue Spiro-B (LL) refers to the low light measurement (~0.3 Suns), whereas the dark blue Spiro-B is the regular 1 Sun
measurement. (b) Cartoon schematic of the difference in quasi-Fermi level splitting (QFLS) in devices using Spiro-A and Spiro-B. Here, the
HOMO overlap of the Spiro-A reduces the QFLS in the perovskite compared to devices using Spiro-B.

Spiro-A and the Me-4PACz reference. Here, the latter point is
likely caused by the former. Where the lower Vg, likely indi-
cates greater overlap between electron and hole populations,*
which increases bulk recombination, as reflected in the data.

Charge accumulation vs. extraction: mechanistic insights

A change in Vp, directly reflects a shift in device energetics, as
this measurement probes the Fermi levels of the transport
layers adjacent to the perovskite. The extracted values of 0.42 +
0.10 V for Spiro-B, 0.73 £ 0.05 V for Spiro-A and 1.10 =+ 0.05 V for
Me-4PACz confirm that the SAM used strongly influences
energetics. This is despite the fact that the Spiro derivatives
exhibit similar HOMO levels as measured through CV. This
difference can be explained by the molecular dipole moments
obtained by DFT. Spiro-A was found to have a large dipole (~8.1
D), while Spiro-B is significantly lower (~2.9 D). A stronger
dipole will induce a greater shift in the ITO work function,
thereby increasing the Viy,.**

It is surprising here that the conventional approach of
maximising the HOMO level overlap with the charge extraction
contact, both energetically and spatially, actually delivers the
worst results of the set. Based on our previous work, one would
expect a priori that a larger Vg, would yield a higher Vo, as was
observed for a set of SAM layers with different substituents,
which systematically increased the dipole from 0.2 to 2 D,
yielding an improvement in open circuit voltage from 1.07 to
1.09 V.* Yet, this does not seem to be the case here. Spiro-B,
despite exhibiting a much lower Vg, actually obtained a higher

VOC .
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It is worth restating here that the V¢ of a perovskite solar
cell is directly proportional to the QFLS***¢ within the perovskite
film for a given illumination intensity, where higher charge
density leads to a higher QFLS.">*7?® Effectively, there are two
competing effects impacting the open circuit voltage for Spiro-
A. Its HOMO level configuration funnels charge efficiently out of
the device, which reduces the charge density in the perovskite
(as intended); however, this reduces the QFLS and therefore the
Voc. Secondly, raising the dipole strength leads to a higher Vgjyy,
which reduces the electron and hole overlap, resulting in
decreased recombination (i.e., less charge is lost).** This would
normally lead to an increase in the QFLS. However, it is clear for
Spiro-A that the charge extraction funnel is the dominating
factor, explaining the observed V¢ loss for these devices.
Conversely, in a device where this extraction channel is blocked
or hindered, as is expected for Spiro-B with its spatially sepa-
rated HOMO level, this will lead to additional charge accumu-
lation in the device, thus increasing the QFLS. This is shown in
the cartoon diagram Fig. 5b, where it can be seen that Spiro-B
can accumulate more charge, increasing the relative QFLS.

We have established previously that Me-4PACz induces
a slight energetic barrier at the interface, leading to significant
charge accumulation and a correspondingly increased Voc.**
This is consistent with the results obtained here, where, again,
Me-4PACz leads to the highest open-circuit voltage. Interest-
ingly, this work conclusively demonstrates that the HOMO level
of the SAM molecule, as estimated by CV, plays only a minor
role in the built-in potential of the device. In this device archi-
tecture, this parameter is primarily determined by the dipole

This journal is © The Royal Society of Chemistry 2025
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strength of the anchored molecule, where a stronger dipole
results in an increased built-in potential.™

This finding shows that focusing only on energy level
alignment may lead to performance loss. However, if injection
is prevented by synthetically modifying the molecule to include
a physical spacer between the HOMO and the charge extraction
contact, performance can be partly recovered even in a device
with a low built-in potential. This result significantly influences
researchers working on designing new transport layers, shifting
the focus to how a material affects device energetics when
attached to a surface rather than solely optimising energy
alignment based on conduction/valence band positions.

Conclusion

This study provides compelling evidence that efficient charge
injection through self-assembled molecules is not necessarily
the optimal approach for enhancing perovskite solar cell
performance. To demonstrate this, we have synthesised two
spiro-derivatives: Spiro-A and Spiro-B. Spiro-A is directly
attached to the ITO anode by a carboxylic acid moiety, forcing
the HOMO level to be in close proximity to the ITO. In contrast,
Spiro-B incorporates a spacer group to separate the HOMO from
the ITO spatially. When incorporated in PSCs, Spiro-B achieves
a higher V¢ and PCE than Spiro-A, even though both molecules
exhibit nearly identical energy level alignment as estimated via
cyclic voltammetry and light absorption measurements. To
explain these differences, we performed stabilise and pulse
measurements. Our results show that Spiro-A exhibits a greater
built-in potential than Spiro-B, consistent with its stronger
dipole moment, which one would expect to lead to a higher Vqc.

Here, we propose that Spiro-A's HOMO overlap with the ITO
will promote efficient charge extraction, thus reducing
photogenerated charge carrier density across the whole device.
In contrast, Spiro-B, which lacks the HOMO overlap due to the
alkyl spacer, results in increased QFLS, leading to an improved
Voc and consequently a PCE increase. Nevertheless, it is
essential to note here that the reference SAM, Me-4PACz,
outperforms both Spiro derivatives in all metrics, emphasising
the significance of controlled interfacial recombination and
charge accumulation in improving quasi-Fermi level splitting.
These findings challenge the conventional focus on maximising
charge injection efficiency and highlight the importance of
balancing interfacial energy barriers, dipole strength, and
recombination dynamics in SAM design to optimise device
performance.
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