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ABSTRACT: According to the detailed balance limit for a single-junction solar cell,
perovskites with a 1.4 eV band gap can theoretically achieve power conversion efficiencies
(PCEs) above 33%, but their progress is limited by the hygroscopic nature of PEDOT:PSS
and incompatibility with self-assembled monolayers (SAMs) like MeO-2PACz. Using
boronic acid (BA)-based SAMs, especially 4-nitrophenyl boronic acid (4-NPBA), the PCE
was greatly improved (18.37%). This is attributed to the large molecular dipole moments
of the BA-based SAMs significantly increasing the work function (WF) of the FTO,
inducing stronger band bending in the perovskite layer. This band bending, whose
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magnitude is proportional to the difference in the WF between the SAM and the F @
perovskite, facilitated more efficient hole collection. In comparison, MeO-2PACz-based 5:" iy R "-..
devices yielded only 9.27% and showed an S-shaped current—voltage (I-V) curve, mainly P e Ry
due to the formation of an interfacial energy barrier. Furthermore, the superior 0 02 Vo‘l"t‘;ge [V]o'(‘ v

performance of the BA-based SAMs even after possessing an interfacial energy barrier can

be explained by enhanced hole collection via (i) tunneling aided by short molecular length of BA-based SAMs as calculated by
density functional theory (DFT), or (ii) direct hole transfer from perovskite to FTO through the uncovered FTO regions due
to lower surface coverage as evidenced by absorption density estimation in X-ray photoelectron spectroscopy (XPS). These
findings were further supported by transient absorption (TA) as well as transient photocurrent decay (TPC) analyses, which
revealed markedly higher hole extraction rate (3.73 X 107 ps™') and lower charge transport time (1.18 us) when 4-NPBA was
used as a SAM layer.

(PSCs) have made notable advances as their power

conversion efficiencies (PCEs) have increased from
3.8% to over 27.3% within a short span of 15 years."~* PSCs
have advanced rapidly as a result of their extraordinary
optoelectronic properties, including tunable direct band gaps,
long carrier diffusion lengths exceeding 1 pm, remarkable
defect tolerance, low exciton binding energies, and a high
optical absorption coefficient (~10° cm™).” The most
significant advantage of PSCs is their low cost and solution
processable fabrication technique.”” However, the solution-
based fabrication of perovskite films can generate surface and
grain boundary defects, which act as sites for nonradiative
recombination. These defects contribute to energy losses and
reduce both the open-circuit voltage (V,.) and fill factor
(FF).*® Moreover, the misalignment of energy levels at the

S ince their discovery in 2009, perovskite solar cells
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interface enhances carrier recombination losses, thus limiting
the overall performance. Therefore, it is crucial to maintain
proper interfacial energy level alignment for preventing these
energy losses and improving the photovoltaic performance of
PSCs.'”'" Interfacial engineering strategies using various
interfacial materials and passivation techniques has been
widely adopted to minimize the energy losses and enhance
the PCE of the devices. >'? Poly(3,4-
ethylenedixoythiophene:poly(styrenesulfonate) (PE-
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DOT:PSS)-based hole transport layers (HTLs), although
widely used, suffer from hygroscopic and acidic nature, thereby
leading to perovskite degradation, adversely impacting the
operational stability of PSCs.'*”'® In this context, self-
assembled monolayers (SAMs) are widely used for improving
the charge transport and mitigating interfacial recombina-
tion.'”'® Upon adsorption on the substrate, SAMs create
strong interfacial dipoles that can effectively modify the
substrates” work function (WF), resulting in interfacial band
bending. The resulting band alignment enhances charge
selectivity of the substrate, facilitating charge extraction and
suppressing recombination.'”*’ Phosphonic acid-based SAMs,
namely, [2-(3,6-dimethoxy-9H-carbazol-9-yl)ethyl]phosphonic
acid (MeO-2PACz) and [2-(9H-carbazol-9-yl)ethyl]-
phosphonic acid (2PACz), have achieved high PCEs by
minimizing charge recombination and providing good energy
level alignment in lead (Pb) halide perovskites as well as in
narrow band gap mixed tin—lead (Sn—Pb) perovskites.”' ~**
Further, the PCEs of single-junction PSCs were enhanced by
adopting a co-SAM strategy”* >® and self-assembled bilayer
strategy.”. However, the insulating property of the alkyl linker
between the phosphonic acid and the carbazole moiety as well
as their low stability under high-energy ultraviolet (UV)
photons limits the performance of these SAMs.”* Fur-
thermore, the PCE of PSCs incorporating SAMs varies
markedly with the perovskite composition and the specific
device architecture employed. For example, tin halide perov-
skites have reached a maximum PCE of 9.4% when employing
SAMs as HTL, whereas a significantly higher PCE of 17.13%
has been achieved when employing PEDOT:PSS, highlighting
the impact of interface engineering on device performance.””’
Another such composition exhibiting incompatibility with
traditional SAMs like MeO-2PACz and 2PACz is the ideal
band gap (1.4 eV) mixed Sn—Pb perovskite. This perovskite
composition has gained significant attention due to its ability
to achieve an optimal balance between voltage and current
generation, theoretically enabling the maximum PCE (~33%)
as predicted by the Shockley—Queisser (SQ) limit for sin§le-
junction solar cells under standard AM 1.5G illumination.””*’
However, their compatibility with MeO-2PACz has been
constrained by energy level misalignment that creates an
interfacial energy barrier unfavorable for hole collection. In
addition, poor film formation resulting from surface wettability
issues further limits device performance.’*~*® Although recent
research has effectively addressed the concerns of surface
wettability, the problem of suboptimal energy level matching
prevails across a wide range of perovskite compositions,
thereby resulting in substantial performance losses.””**
Current strategies to mitigate these issues include the
incorporation of organic molecules with optimal dipole
moments for efficient interfacial engineering.'”*”*’ These
organic molecules possess a dipole moment arising from the
spatial separation of positive and negative charges, which
modifies the substrate’s WF, thereby significantly influencing
the charge carrier transport at the interface.”' For instance,
incorporating donor—z—acceptor (D—z—A) dipoles at the
perovskite/electron transport layer (ETL) interface has been
shown to increase the built-in electric field and lower the
WE.* Similarly, the dual strategy of surface passivation and
construction of interfacial dipoles via an azaindole derivative
led to reduction in surface defects, excellent ener};y level
alignment, and reduced nonradiative recombination. > How-
ever, the orientation and magnitude of surface dipoles depend
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on the specific interactions between molecules and the surface,
enabling them to either raise or lower the WF. Therefore,
judiciously engineered dipoles are essential for optimizing
energy level alignment and facilitating efficient directional
charge extraction and transport.M"45 However, it is important
to note that the effective WF modulation also depends on
packing density, molecular as well as dipole orientation.**™**

This study reports the strategic implementation of boronic
acid (BA)-based SAMs with suitable para-substituted func-
tional groups, namely, 4-nitrophenyl boronic acid (4-NPBA),
4-cyanophenyl boronic acid (4-CPBA), 4-trifluoromethylphen-
yl boronic acid (4-TFPBA), and 4-fluorophenyl boronic acid
(4-FPBA), to tailor their net dipole moments and modulate
the WF of FTO. MeO-2PACz possessing the lowest net dipole
moment among the five SAMs was used as a reference. The
main purpose of using SAMs with varying dipole moments is
to modify the WF of FTO through their molecular orientation
induced by their permanent dipole moments. Furthermore, the
chemical interactions at the SAM/perovskite interface due to
the presence of different end functional groups influence the
crystallinity and morphology of perovskite films.*>*"°
Gaussian calculations show that the gas-phase dipole moments
of these SAMs reduce in the order of 4-NPBA (8.21 D) > 4-
CPBA (7.67 D) > 4-TEPBA (6.05 D) > 4-FPBA (4.57 D) >
MeO-2PACz (1.27 D). In the case of BA-based SAMs, this
dipole is oriented from the end functional group toward the
anchoring group (i.e., away from the perovskite). This
particular orientation of dipole moment where the negative
end of the dipole is toward the perovskite is expected to
increase the WF difference between the SAM-modified FTO
and the perovskite, resulting in a favorable band bending at the
SAM/perovskite interface, thereby improving hole extrac-
tion.”"”* The fabrication of PSCs using perovskite precursor
Cso.15FAgsRbg 05Sng,5Pbg 751, sBrg s (referred to as “perovskite”
hereafter) on 4-NPBA-modified FTO substrate led to an
achievement of a PCE of 18.37% with increased V. of 0.86 V,
short-circuit current density (J.) of 27.88 mA/cm? and FF of
0.76, owing to its large dipole moment and enhanced WF. For
the boronic acid (BA)-based SAMs, the magnitude of band
bending at the SAM/perovskite interface and their photo-
voltaic performance correlated well with their respective dipole
moments, with higher-dipole SAMs producing stronger band
bending and thus better PCE. Contrary to this trend, MeO-
2PACz, despite having a lower molecular dipole moment,
produced the largest WF and strongest band bending, mainly
due to better molecular orientation, higher packing density,
and stronger bonding with the substrate. However, despite
these advantages, its PCE was the lowest (to be discussed
later). Although, BA-based molecules have been used in
organic solar cells (OSCs)>* as SAMs and also in PEDOT:PSS
incorporated Pb-based PSCs (1.5 eV) to modulate the WF of
indium-doped tin oxide (ITO),”* in this work we employ BA-
based SAMs as an alternative to PEDOT:PSS to tune the WF
of FTO in ideal band gap Sn—Pb PSCs. The ideal band gap
PSCs (1.3—1.4 eV) incorporating metal organic framework
(MOF)-based hole-transporting materials (HTMs)* as well as
bulky organic HTMs"® have been reported in the literature. In
addition to this, PEDOT:PSS-free ideal band gap Sn—Pb PSCs
incorporating poly[bis(4-phenyl)(2,4,6-trimethylphenyl)amine
(PTAA)*” and nickel oxide (NiO,)*" have also been reported
in the literature. However, to the best of our knowledge, this is
the first report on ideal band gap Sn—Pb PSCs incorporating
ultrathin organic SAMs.
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Figure 1. (a) Gaussian optimized molecular structures of different SAMs; (b) electrostatic potential (ESP) maps of different SAMs; (c)

schematics showing the device architecture used in this study.

The chemical structure of the SAMs, their density functional
theory (DFT) optimized molecular structures, as well as their
electrostatic potential (ESP) mapping estimated using
Gaussian are shown in Figures S1 and lab, respectively.
Figure S2a)b shows the third-quarter and side views of the
DFT-optimized molecular structure of MeO-2PACz along with
its ESP map. Figure lc shows the schematics of the device
architecture used in this study. The ESP mapping reveals that
the strongly electron-withdrawing nature of the —NO,
functional group significantly enhances the electron cloud
density at the SAM/perovskite interface. This leads to a
substantial net molecular dipole, which facilitates effective trap
passivation and favorable band energy alignment.’”** The
strength of this effect follows the order 4-NPBA > 4-CPBA >
4-TFPBA > 4-FPBA > MeO-2PACz, correlating with the
electron-withdrawing ability of each functional group. X-ray
photoelectron spectroscopy (XPS) analysis confirmed the
adsorption of SAMs on the FTO surface, as illustrated in
Figure S3. The binding energies in the XPS spectra were
calibrated by setting the C 1s peak (Figure S3a) to 284 eV for
accurate energy referencing. The presence of fluorine (F) in 4-
TFPBA and 4FPBA-modified FTO substrates was confirmed
by the appearance of an enhanced F 1s peak in the XPS
spectrum of SAM-coated FTO, indicating successful incorpo-
ration or surface enrichment of fluorine upon SAM deposition
(Figure S3b). The detection of N 1s signals in the XPS spectra
(Figure S3c) of FTO substrates modified with 4-NPBA, 4-
CPBA, and MeO-2PACz confirmed their successful adsorp-
tion. Further, the reduction in the intensity of the Sn 3d;,,
peak (due to FTO) in the SAM-modified FTO relative to bare
FTO as well as the change in its binding energy confirms the
adsorption of SAMs on FTO (Figure S 3d). In addition to this,
the adsorption of these SAMs on the FTO surface is proven by
the disappearance or significant reduction in the intensity of
peaks associated with Sn—O vibrational modes of FTO in the
infrared (IR) spectra (Figure S4).

As discussed earlier, the PSC fabricated on FTO substrates
modified by BA-based SAMs exhibited a better PCE in
comparison to the PSCs fabricated on the MeO-2PACz-
modified FTO substrate. With a PCE of only 9.27%, MeO-
2PACz-based PSCs exhibited an S-shaped current—voltage (I—
V) curve. To rationalize this observation, the influence of
different SAMs on the perovskite crystal structure was
investigated by X-ray diffraction (XRD). The observed
diffraction peaks (Figure 2a) with characteristic reflections
from the (100), (110), (111), (200), (210), (211), (220),
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(300), and (222) planes indicate the formation of a three-
dimensional perovskite crystal lattice with pseudocubic or
tetragonal symmetry.’"*> The intensity of the (100) peak at
~14.58° (Figure 2b), often used as an indicator of preferential
crystal orientation,””** followed the trend 4-NPBA > 4-CPBA
> 4-TFPBA > 4-FPBA > MeO-2PACz, which also correlated
with their respective dipole strength. This suggests that the
interfacial dipole introduced by BA-based SAMs due to various
end functional groups provides favorable surface energy
conditions leading to highly oriented crystal growth along
the (100) plane. Further, as observed in Figure 2a, the
perovskite films also exhibited a preferential orientation along
the (110) plane. Furthermore, we analyzed the full width at
half maximum (FWHM) of the (100) peak (Figure 2c and
Table S1) after XRD peak fitting analysis for evaluating
perovskite crystallinity.”” The XRD peak fitting analysis
showed that the perovskite film deposited on the 4-NPBA-
modified FTO substrate exhibited a FWHM of 0.0975° and
crystal size of 858.16 A. These values exhibited by perovskite
film deposited on 4-NPBA-modified FTO were best among all
the SAMs used, therefore indicating enhanced film crystallinity.
The perovskite films deposited on other SAM-modified FTO
substrates showed similar FWHM values and crystal sizes,
suggesting a comparable crystallinity across those samples.
However, the improvement of FWHM and crystal size for the
perovskite film deposited on the 4-NPBA-modified FTO
substrate is not substantial enough to attribute the improve-
ment of photovoltaic performance solely to it. Furthermore,
the calculated d-spacing values were found to be nearly
identical, ranging from 6.0676 to 6.0704 A. This suggests that
the incorporation of different SAMs does not significantly
affect the lattice parameter of the perovskite structure,
indicating that the overall crystal phase remains consistent
across the various interface modifications. To further assess
film quality, scanning electron microscopy (SEM) was
employed to examine the surface morphology of perovskite
films deposited on various SAM-modified FTO substrates, as
shown in Figures 2d—h. Apart from the perovskite film
deposited on the 4-NPBA-modified FTO, which exhibited
enlarged grain domains and a more compact morphology
(consistent with its relatively narrower FWHM), the perovskite
films deposited on other SAM-modified FTO substrates
displayed similar surface morphologies with comparable grain
sizes. Figure SS shows the atomic force microscopy (AFM)
images where the surface roughness (root-mean-square, RMS)
of these perovskite films ranges between 21 nm (FTO/4-

https://doi.org/10.1021/acsenergylett.5c01900
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https://pubs.acs.org/doi/suppl/10.1021/acsenergylett.5c01900/suppl_file/nz5c01900_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsenergylett.5c01900/suppl_file/nz5c01900_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsenergylett.5c01900/suppl_file/nz5c01900_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsenergylett.5c01900/suppl_file/nz5c01900_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsenergylett.5c01900/suppl_file/nz5c01900_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsenergylett.5c01900/suppl_file/nz5c01900_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsenergylett.5c01900/suppl_file/nz5c01900_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsenergylett.5c01900/suppl_file/nz5c01900_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsenergylett.5c01900/suppl_file/nz5c01900_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsenergylett.5c01900/suppl_file/nz5c01900_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsenergylett.5c01900?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsenergylett.5c01900?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsenergylett.5c01900?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsenergylett.5c01900?fig=fig1&ref=pdf
http://pubs.acs.org/journal/aelccp?ref=pdf
https://doi.org/10.1021/acsenergylett.5c01900?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Energy Letters

http://pubs.acs.org/journal/aelccp

(a * 0 * FTO
Meo-sz(Cli')O) ay | (2;02* x (220 * (b)[—a-NpBA
‘ (l”)/ (200) I 200 \ ——4-CPBA
IER—— —JUJ (2”)' \( ) (2] s ——4-TFPBA
——4-FPBA
o A‘J ——— MeO-2PACz
==, 4-FPBA U —_
%‘ 4-TFPBA %‘
S g
E A =
4-CPBA
o | L
WKJA‘
T T T Tt e s e e 143 144 145 146 147 148
5 10 15 20 25 30 35 40 45 50 55 60 20 [degree]
0.13
2 [ (d) 4-NPBA
@ [ ]
Boazf . .
§ \./ .
'-E().II
=
EA

09 L " " " "
4-NPBA 4-CPBA 4-TFPBA 4-FPBA McO-2PACz

(f) 4-TFPBA

MeO-2PACz

4-FPBA

Intensity [a.u]

4-CPBA
4-NPBA

1 1 1 1 1 1 1 L

s N
s o
A N
S AN

[t
-

Intensity [a.u]

MeO-2PACz

4-FPBA
4-TFPBA

((W

s
e

497 495 493 491 489 487 485 483
Binding Energy [eV]

499

l42 140 138 l36 134

Binding Energy [eV]

Figure 2. (a) XRD spectra, (b) XRD spectra showing (100) peak intensity, and (c) variation of full width at half maximum (FWHM) for the
perovskite films deposited on various SAM-modified FTO substrates. Surface morphology of perovskite films deposited on (d) 4-NPBA; (e)
4-CPBA; (f) 4-TFPBA; (g) 4-FPBA; (h) MeO-2PACz — modified FTO substrates. X-ray photoelectron spectroscopy (XPS) showing (i) Sn
3d and (j) Pb 4f spectra of perovskite films deposited on various SAM-modified FTO substrates.

NPBA/perovskite) and 27.5 nm (FTO/MeO-2PACz/perov-
skite). These analyses revealed comparable film quality across
all SAMs, except for the 4-NPBA case, which showed slightly
reduced FWHM for the (100) XRD peak and enlarged grain
size partially explaining its superior performance. However, the
enhanced PCEs observed for other BA-based SAMs over
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MeO-2PACz remain unexplained. Figure 2ij shows the XPS
spectra of Sn 3d and Pb 4f core levels, respectively, for the
perovskite films deposited on various SAM-modified FTO
substrates. The binding energies were calibrated by setting the
C Is peak shown in Figure S6a to 284 eV for accurate energy
referencing. Figure S6b shows the I 3d spectra for the
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Figure 3. (a) Energy band diagram of PSCs fabricated on various SAM-modified FTO. (b) Energy levels of SAM-modified FTO and
perovskite prior to contact. (c) Band alignment after contact based on heterojunction theory. (d) Energy band diagram of FTO/with or

without SAM/perovskite interfaces.

perovskite films deposited on various SAM-modified FTO
substrates. XPS analysis reveals slight shifts in binding energies
depending on the SAM used. For Sn, Pb, and I core levels, the
binding energies of perovskite films coated on 4-NPBA-
modified FTO are lower compared to those coated on MeO-
2PACz-modified FTO. The lower binding energy suggests a
reduced electrostatic interaction at the interface, indicating
increased electron density around the core levels.”®

To explain the reason for this huge improvement in PCE, we
evaluated the energy level alignment of various components of
the PSC. For the construction of the energy band diagram, we
performed ultraviolet photoelectron spectroscopy (UPS)
measurements to determine the WF and the valence band
maxima (VBM) of the SAM-modified FTO substrates (Figure
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S7) and the perovskite film deposited on bare FTO (Figure
S8). To calculate the VBM of the perovskite, the intensity on
the x-axis was plotted on a logarithmic scale as proposed
previously.*”®” The WFs were determined from the secondary
electron cutoff (SECO) region of the UPS spectra (Figure S7a
and Figure S8a). In the case of BA-based SAMs these
measured WF trends are in good agreement with those
determined by Kelvin probe force microscopy (KPFM)
(Figure S9 and Table S2). The order of the WF among the
BA-based SAMs corresponds to the magnitude of the
permanent dipole moments of the isolated molecules. The
VBMs were determined from the UPS spectral onset. In the
present measurements, a clear spectral onset was observed for
MeO-2PACz, whereas the spectral features of the BA-based
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SAMs closely resemble those of the bare FTO (Figure S7b).
Therefore, the ionization energies of the BA-based SAMs were
determined by enlarging the spectral intensity, as shown in
Figure S7b. The VBM values determined here are consistent
with those obtained by photoemission yield spectroscopy
(PYS), as shown in Figure S10. The weak UPS signal from the
BA-based SAMs suggests the low adsorption density, which
will be discussed later.

The UV—visible spectra and the Tauc plot (Figure S11a,b)
for the perovskite films coated on various SAM-modified FTO
substrates showed no noticeable change in the absorption
onset, thereby maintaining more or less similar band gap
energy (Eg ~ 1.41 eV). The energy band diagram displayed in
Figure 3a was then constructed using the VBM and the WF
determined from UPS, E, determined from the Tauc plot, and
the conduction band minimum (CBM) calculated using the
formula CBM = VBM + E,. The UPS analysis and the energy
band diagram show that among the BA-based SAMs used, 4-
NPBA exhibited the largest WF, consistent with its large dipole
moment. However, the energy band diagram also indicates the
formation of an interfacial energy barrier unfavorable for hole
collection in the case of all these SAMs, including MeO-
2PACz. This can be explained by an energy level alignment
model for ITO/SAM/perovskite interfaces based on the
semiconductor heterojunction theory®® for carbazole-derived
SAMs proposed in our previous study® where both the
differences in WF and ionization energy are considered to
influence hole collection efficiency, as shown in Figure 3b,c. In
this model, the FTO/SAM interface is treated as a typical
metal/organic interface,”® where band bending within the
SAM layer is neglected due to its ultrathin nature
(approximately 1 nm), rendering such effects insignificant. As
discussed earlier, the SAM layer modifies the FTO WF via its
intrinsic molecular dipole. Next, we consider the junction
between the SAM-coated FTO (the WF, q¢say, and the
ionization energy, 1Egsy) and the perovskite layer (the WF,
9Pperovskite 20d the ionization energy, IEperovskite) as shown in
Figure 3b. After contact is established, the charge carriers are
allowed to flow between the layers to reach thermal
equilibrium (Figure 3c); the vacuum level alignment is
assumed at the interface, and the perovskite energy bands
bend to achieve Fermi level alignment across the FTO/SAM/
perovskite layers. This model leads to two key outcomes
governing the hole collection efficiency: (i) an energy barrier is
formed at the interface, corresponding to the difference in
ionization energies between the SAM and the perovskite, IEg,y
— IE crouskites 2nd (ii) band bending occurs in the perovskite
layer, the magnitude is the difference in WF between the SAM
and the perovskite, gsam — GPperovskite:

According to this model, we constructed the energy level
diagram for the FTO/SAM/perovskite interfaces, as shown in
Figure 3d. At the FTO/perovskite interface without a SAM,
downward band bending toward the interface occurs, which is
unfavorable for hole collection. For the FTO/MeO-2PACz/
perovskite, the energy barrier is formed which also impedes the
hole collection. These predictions agree well with the J
behaviors. Conversely, in the case of BA-based SAMs, an
interfacial energy barrier is unfavorable for hole collection.
Specifically, SAMs with —NO, and —CN substituents create
the highest barrier, while those with —F substituents generate
the lowest; however, this trend is opposite to the measured ]
and V,. Interestingly, the variation in ], as well as V.
correlates instead with the degree of band bending, suggesting
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that hole collection is primarily governed by band bending
rather than by the height of the interfacial energy barrier in the
BA-based SAM system. Therefore, only the band bending
appears to impact the solar cell performance, suggesting that
the BA-based SAMs primarily act as the WF modifier.

This behavior can be rationalized by two possible scenarios.
One is that the hole transport across the SAM layer occurs via
quantum tunnelling.”” To investigate this hypothesis, we
estimated the tunneling probability across the SAM-induced
barrier, which requires knowledge of the barrier height, barrier
width, and effective hole mass. The barrier height values were
obtained experimentally. For the effective mass of the hole, we
used a value of 0.25m,, which is consistent with reported values
for perovskite MAPbI, (m* = 0.25m,)°” and similar to the
electron effective mass in FTO (m* &~ 0.28m,).”" The barrier
width was estimated from the molecular length of each SAM
species, which was calculated via DFT at the B3LYP/6-31G(d)
level, as shown in Figure S12. Using these parameters, the
tunneling probabilities were calculated and are summarized in
Table S3. In our previous study on carbazole-based SAMs,
which had molecular lengths exceeding 1 nm, tunnelling
probabilities were limited to only a few percent. This means
both the energy barrier and the band bending affects the hole
collection efficiency. In contrast, the BA-based SAMs
considered here have lengths around 0.8 nm, resulting in
significantly higher tunnelling probabilities. Therefore, only the
band bending affects the hole collection efficiency. Although
the precise molecular orientation on the surface is not yet
known, tilting of the molecules would effectively reduce the
barrier width further, potentially increasing the tunnelling
probability to above 15%.

The other possible explanation is that the substrates are not
fully covered by BA-based SAMs, so charge carrier collection
occurs directly from the perovskite layer to FTO, rather than
through the BA-based SAM layer. In this case, the partially
covered BA-based SAMs act as a WF modifier. If the WF is not
uniform, the WF obtained from the SECO corresponds to an
average of the high and low WF regions.”””> This scenario is
supported by the relatively weak intensity of the UPS signal for
BA-based SAMs. For further confirmation, we performed the
XPS on the N 1s core levels (Figure S13). The peak area shows
that the adsorption density of 4-NPBA is approximately one-
fourth that of MeO-2PACz. These results indicate that 4-
NPBA acts only as a WF modifier, whereas MeO-2PACz acts
as a WF modifier and an HTL both. In any case, these SAMs
induce an interfacial electric field that results in upward band
bending in the adjacent perovskite layer, thus energetically
favoring hole collection, while simultaneously repelling
electrons and minimizing interfacial recombination.

To investigate the influence of SAMs on charge extraction,
we performed transient absorption (TA) measurements on
perovskite films deposited on glass and FTO substrates
modified with various BA-based SAMs, including_ 4-NPBA, 4-
CPBA, 4-TFPBA, 4-FPBA, and MeO-2PACz.”*" Figure S14
shows the TA spectra for various perovskite films coated on a
glass substrate and various SAM-modified FTO substrates. It is
evident that the perovskite films deposited on SAM-modified
FTO substrates exhibit a faster decay of the Ground State
Bleach (GSB) signal compared those deposited on glass
substrates, indicating more efficient charge extraction by
improved interfacial energy alignment. The kinetic traces
extracted from the GSB were normalized and then fitted by
using a biexponential decay function: y = A; e ™%, + A, e ™7, +
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Figure 4. (a) Biexponential kinetic decay traces for perovskite films deposited on various SAM-modified FTO. (b) Transient photocurrent
decay (TPC) spectra, and (c) current—voltage (I-V) spectra under reverse scan — for the PSCs fabricated on various SAM-modified FTO
substrates. (d) EQE for the PSCs measured under monochromatic light illumination. Box chart showing (e) J,. and (f) V,. of 18 independent
PSCs. (g) Maximum power point tracking (MPPT) of the PSCs fabricated on various SAM-modified FTO. (h) The PCEs of state-of-the-art
Sn—Pb PSCs with band gap ranging from 1.3—1.4 eV reported in the literature. 1.3 eV: 14.6%,”” 15.8%; ° 1.31 eV: 18.05%;°° 1.33 eV:
14.65%,”° 22.01%,%° 22.51%;°7 1.34 eV: 19.3%,*° 20.45%;°° 1.35 eV: 17.63%,%" 20.63%,%> 21.49%;”° 1.36 eV: 17.25%;"> 1.38 eV: 13.37%,**

17.04%.”°

Vo, as shown in Figure 4a. The kinetic parameters obtained
after fitting the kinetic traces as well as decay rates (kgec,y) and
hole extraction rate (k,) calculated therefrom is summarized
in Table S4. The glass/perovskite sample, devoid of the SAM
layer, served as the reference to evaluate the intrinsic
recombination lifetime of the perovskite layer. The decay for
this sample arises primarily from bulk and surface recombina-
tion processes, as there is no interface to facilitate charge
extraction. The amplitude-weighted average lifetime (7) of the
glass/perovskite sample calculated using the formula 7
A1T12+A2T22
An + Ayt
films coated on FTO substrate modified by 4-NPBA, 4-CPBA,
4-TFPBA, 4-FPBA, and MeO-2PACz exhibited (7) values of
209.26, 298.93, 362.86, 377.53, and 499.78 ps, respectively.
Further, decay rates (kdecay) were determined using the formula
Kdecay = 1/(), where the perovskite films coated on glass, FTO-
modified by 4-NPBA, 4-CPBA, 4-TFPBA, 4-FPBA, and MeO-
2PACz, exhibited kg, values of 1.05 X 1073, 4.78 X 1073, 3.35

was found to be 949.14 ps. Similarly, the perovskite
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X 1073, 2.5 x 1073, 2.65 X 107 and 2.00 X 107 ps7!,
respectively. The perovskite films deposited on various SAM-
modified FTO substrates showed shorter average lifetimes and
significantly faster decay rates (kdecaY’SAM) compared to those
deposited on glass (kjecayperovsiice)s indicating the presence of
efficient interfacial hole extraction pathways. Assuming the
perovskite remains the same for both glass and SAM-modified
samples and the only difference is the presence of the SAM, the
additional decay can be attributed to hole transfer. The hole
extraction rate (k.), calculated using the formula k., =
Kdecaysam — Kaecayperovsiiteor follows the order 3.73 X 1073 ps~*
(FTO/4-NPBA/Perovskite), 2.29 x 107 ps™' (FTO/4-
CPBA/Perovskite), 1.70 X 107 ps™' (FTO/4-TFPBA/Perov-
skite), 1.60 X 107° ps™' (FTO/4-FPBA/Perovskite), 0.95 X
1073 ps™' (FTO/MeO-2PACz/Perovskite). Further validation
of these results was conducted by transient photocurrent decay
(TPC) analyses (Figure 4b and Table SS5). In order to isolate
the contribution of SAM on the charge transport time (f1pc,,),
the device architecture, namely, FTO, perovskite, ETL, and
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silver (Ag) electrode, were kept identical while only the SAM
was varied. The fabricated solar cells were operated under
short-circuit conditions. trpcy, defined as the time interval
during which transport time decayed to 1/e of the initial
values, was calculated after fitting of the TPC curves. The
trpcy, followed the order 1.18 us (FTO/4-NPBA/Perovskite),
2.01 us (FTO/4-CPBA/Perovskite), 3.85 us (FTO/4-
TFPBA/Perovskite), 4.71 us (FTO/4-FPBA/Perovskite), and
10.58 us (FTO/MeO-2PACz/Perovskite). Therefore, the
results from TA and TPC validate our previous findings that
the BA-based SAMs facilitate smooth transport of holes when
compared with their MeO-2PACz counterparts.

To verify the obtained results from various characterizations,
photovoltaic performance of various PSCs fabricated on
different SAM-modified FTO substrates was investigated.
Figure 4c shows the I-V spectra for various SAM-based
PSCs measured under a reverse scan after illumination with a
simulated solar irradiation of 100 mW/cm?® The I-V spectra
for the same PSCs under both forward and reverse scans are
shown in Figure S1S. Similarly, Figure 4d shows the external
quantum efficiency (EQE) spectra that were obtained after the
PSCs were illuminated with monochromatic light. The PSC
fabricated on 4-NPBA-modified FTO exhibited the best PCE
of 18.37% along with a J,. of 27.88 mA/cm?, a V,_ of 0.864 V,
and an FF of 0.76. In contrast, devices fabricated on MeO-
2PACz exhibited a much lower PCE of 9.27%, along with a ]
of 25.85 mA/cm?, V, of 0.79 V, and an FF of 0.45. The PSCs
fabricated using BA-based SAMs achieved excellent J. values
in the range of 26.7—27.9 mA/ cm?, which are consistent with
the J,. values reported for Sn—Pb PSCs with similar band
gaps.”’° The superior photovoltaic performance of 4-NPBA-
based PSCs can be ascribed to the improved film quality and
better hole transport aided by pronounced band bending at the
SAM/perovskite interface. The poor photovoltaic performance
of MeO-2PACz-based PSCs even after substantial band
bending at the SAM/perovskite interface can be attributed to
the interfacial energy barrier formed at the interface, thus
leading to substantial recombination and less efficient charge
transport. Further, the minimal possibility of both tunneling
through the MeO-2PACz SAM and direct hole transport from
the perovskite to the FTO, owing to its longer molecular
length and uniform surface coverage, makes hole transport
more difficult. As a result, the PSCs fabricated on other BA-
based SAM-modified FTO substrates also demonstrated better
photovoltaic performance compared to the MeO-2PACz-based
device, despite exhibiting negligible differences in perovskite
film quality. The external quantum efficiency (EQE) spectra
for BA-based SAMs shows that the EQE notably increased in
the 350—500 nm range, signifying increased hole carrier
transport and collection. The photovoltaic parameters of the
best-performing PSCs fabricated on various SAM-modified
FTO substrates are tabulated in Table S6. Additionally, the
solar cell parameters of 18 independent PSCs fabricated on
various SAM-modified FTO substrates are summarized in the
box plots in Figure 4ef and Figure S16a—d. The box plots
show that 4-NPBA-modified FTO-based PSCs demonstrated
the best performance, with the highest average ], FF, and V_
thus resulting in a highest PCE. This superior performance
correlates with its large WF and pronounced band bending at
the SAM/perovskite interface, facilitating efficient hole
extraction. In contrast, MeO-2PACz-based devices exhibit
the lowest performance across all parameters, highlighting the
advantage of BA-based SAMs in improving interfacial
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energetics and charge extraction. Figure 4g presents the
normalized short-term (30 min) maximum power point
tracking (MPPT) of various SAM-based PSCs measured
inside a glovebox under nitrogen atmosphere. The PSCs based
on 4-NPBA-modified FTO exhibited better photostability,
indicating superior interfacial stability between the perovskite
and the SAM-modified FTO. In contrast, PSCs incorporating
MeO-2PACz showed comparatively poorer photostability,
likely due to reduced interfacial stability. Figure 4h summarizes
the PCEs of state-of-the-art ideal band gap PSCs (1.3—1.4 eV)
reported in recent years and the PCE obtained in this work.

This study highlights the role of BA-based SAMs in
enhancing the photovoltaic performance of ideal band gap
Sn—Pb PSCs by modulating interfacial energetics. Although
these SAMs exhibit an unfavorable energy-level offset for hole
collection at the SAM/perovskite interface, they achieved
better photovoltaic performance compared to MeO-2PACz,
with PSCs fabricated on 4-NPBA-modified FTO achieving the
best PCE. This improvement is attributed to interfacial band
bending-assisted tunneling of holes through the BA-based
SAM layer, facilitated by their short molecular lengths and high
tunneling probabilities, as supported by DFT calculations. In
addition, the relatively lower surface coverage of BA-based
SAMs on FTO substrates (as indicated by XPS analysis) allows
partial direct hole transport from the perovskite layer to the
FTO. In such case, BA-based SAMs primarily functions as a
WEF modifier. In contrast, although MeO-2PACz induces
favorable band bending at the FTO/MeO-2PACz/perovskite
interface, the combination of an interfacial energy barrier for
hole collection and lower tunneling probability results in
poorer device performance. The better PCE of PSCs fabricated
on 4-NPBA-modified FTO substrates compared to their MeO-
2PACz counterparts was further validated by TA and TPC
measurements where PSCs fabricated on 4-NPBA exhibited
the highest hole-extraction rate (k. = 3.73 X 107 ps™') and
the shortest charge-transport time (trpc, = 1.18 us).
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