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Dipole orientation-induced interfacial energy level
alignment difference in 2D perovskite passivated
3D perovskite by in situ investigationf

*

Interface passivation has been widely used in perovskite solar cell studies with multiple beneficial effects.

Among them, energy level alignment is frequently mentioned but is mostly studied by ex situ
measurement, which is unable to reveal subtle changes at the interface. In this study, we in situ
investigated the interfacial energy alignment of MAPbIs passivated by two ammonium salts with long

alkyl chains (butylammonium iodide and butane-1,4-diammonium iodide, BAl and BDAI). Both molecules

formed a 0.11 eV interface dipole, but in opposite directions. The BAI deposition created an additional
downward band bending on the BAI side, making it ideal for electron extraction. The BDAI deposition

Received 2nd April 2025
Accepted 25th May 2025

created an additional 0.12 eV valence band maximum (VBM) drop, imposing a barrier for hole transfer.

Such non-optimum alignment could partially explain the lower device performance with BDAI
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1 Introduction

Perovskite solar cells (PSCs) have attracted great attention in
next-generation photovoltaics due to the excellent optoelec-
tronic properties of metal halide perovskites, such as broad and
strong light absorption, long carrier lifetime, small exciton
binding energy,” benign defect physics,® and excellent solution
processability.* To date, the power conversion efficiency (PCE)
of single-junction PSCs has been improved to 27.0%,> which is
comparable to that of commercially available silicon cells. In
the development of PSCs, three strategies have been extensively
explored: composition adjustment, crystallization optimization,
and interfacial engineering.*”

Interfacial passivation aims to reduce interfacial defects and
protect the perovskite from decomposition by internal and
external stresses. The popularity of this strategy has been evi-
denced by more than 3000 papers published in the past decade.
It is not surprising that a tremendous amount of passivation
agents have been applied to the perovskite interfaces, such as
inorganic salts, organic molecules, and polymers.®*°* Among all
passivation agents, organic ammonium cations (2D cations) are
particularly attractive because they could form thin 2D perov-
skite layers on 3D perovskites epitaxially. The 2D perovskite also
has better compatibility with the 3D perovskite in terms of
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passivation. Our results highlight the importance of in situ studies and reveal unseen details in the
electronic structure at the passivation interface.

composition and crystallinity compared to heterogeneous
agents. Long organic ammonium salts could effectively
passivate surface cation/anion defects and repel water incur-
sion. Various organic ammonium salts are used for interfacial
passivation. These salts include monoammonium salts such as
ethylammonium iodide (EAI), butyalmmonium iodide (BAI),
octylammonium iodide (0AI), penta-
fluorophenylethylammonium iodide (FEAI), phenethylammo-
nium iodide (PEAI) etc. and diammonium salts such as ethane
diammonium iodide (EDAI), butane diammonium iodide
(BDAI), dimethylpropane diammonium iodide (DMPDAI)
etc."'™ As more and more ammonium salts appear effective in
passivation, it is scientifically important to find out which salt is
more effective than the others. The guidelines from such
studies can help to find better salts for passivation and explain
the passivation effect of different salts. A few guidelines are
frequently suggested in the literature, such as interfacial defect
passivation, Pb° suppression, better crystallinity, and improved
energy level alignment.'®"” However, these discussions heavily
rely on device performance. The fundamental investigation into
each guideline is still limited.

One such puzzle is to find which category of ammonium
salts is more effective: monoammonium salts or diammonium
salts. Monoammonium salts contain only one ammonium
group, which requires weaker dipole-dipole interactions
(hydrogen bonds, van der Waals interactions) to link different
domains, while diammonium salts with two ammonium groups
could link two perovskite domains directly. In principle, dia-
mmonium salts should show better performance in passivated
devices because they could bind different domains strongly.
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However, from the literature, we clearly see that mono-
ammonium salts are more widely used and generally show
better device performance than their diammonium counter-
parts. For example, butane ammonium iodide (BAI) and butane
diammonium iodide (BDAI) are two molecules that share the
same organic backbones, differing only in the number of
ammonium groups. The reported studies show that the BAI
passivated device can achieve performance of about 23% or
above, while the BDAI passivated device only shows perfor-
mance of about 20 to 22%. Another example is phenethy-
lammonium iodide (PEAI) and its counterparts: p-
xylylenediammonium  iodide  (XDAI) and  p-phenyl-
enediaminium iodide (PDAI). Both diammonium salts appear
less effective than PEAI in passivation.'* Such differences may
originate from various reasons: effectiveness of defect passiv-
ation, impact on crystallization orientation, film uniformity,
and energy level alignment. However, the first three causes are
usually carefully examined by various structural, optical, and
compositional methods, leaving the last cause rarely investi-
gated. Due to the presence of two ammonium groups in the
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diammonium molecules, the dipole moment inside these 2D
cations points toward each other, creating an energy barrier for
both electrons and holes. Also, more ammonium groups could
induce stronger charge transfer and cause more obvious band
bending. Therefore, a thorough investigation of this interface by
in situ methods should be carried out to reveal the different
energy level alignments of these two types of molecules at the
perovskite interface.

In this paper, we studied two ammonium salts, BAI and BDAI,
as the model system by in situ deposition and measurement to
reveal the difference in electronic structures at the interface. Our
study revealed different interfacial electronic structures for the
two salts. First, we observed that the interfacial dipole generated
by the two molecules pointed in the opposite direction. An
outward dipole of 0.11 eV is found with BAI molecule deposition,
while a dipole of the same magnitude points inward with BDAI
deposition. Second, both molecules induced band bending on
the molecular side with similar magnitudes (0.24 eV and 0.29 eV
for BAI and BDAI, respectively). However, BDAI shows stronger
charge transfer and induces an obvious band bending in the

(a) MAI and Pbl, Anti-solvent Perovskite:
mixed solution Last 5 seconds MAPDI,
100°C
= ‘
WSS Spin-coating Annealing
/ BAI/BDAI
- UV Source
! X-ay Source UHV : Transfer to
! system | vacuum system
[}
| 1
| 1
I 1
1 In-situ 1
| 1
| 1
| 1
[} ]
\ 4
N o - 4
©

Fig. 1

3832 | Sustainable Energy Fuels, 2025, 9, 3831-3837

(110)

(220)

10 20 30 40 50
2-Theta (deg)

(a) Schematic diagram of the experimental process; (b) SEM and (c) XRD images of substrate perovskite (MAPDbI3).
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perovskite, while this bending is negligible in contact with the
BAI molecule. Third, the BDAI passivated surface shows a band
offset of 0.12 eV at the interface, while the BAI passivated surface
shows no band offset. From our study, it can be seen that BDAI
could cause a more complex interfacial electronic structure,
which could either restrain electron transfer (via interfacial
dipole) or hole transfer (via band offset). Such complexity at the
interface could help us understand why diammonium salts are
less effective than monoammonium salts from an energetic point
of view. Our study also suggests that the diammonium salts with
better electron/hole transfer selectivity could reduce the interfa-
cial loss in perovskite passivation.

2 Results and discussion

Vacuum evaporation was calibrated on ITO substrates to
determine suitable growth temperatures and rates. The chem-
ical structures of the molecules are shown in Fig. S1.T After
evaporation of BAI, two C 1s peaks at 284.88 eV and 286.47 eV
were observed, corresponding to the C-C bond and the C-N
bond, respectively (Fig. S21). The area ratio of the two peaks was
2.95:1, which is consistent with the C/N ratio in BAI. At the
same time, an iodine peak was observed at 619.75 eV. From the
XPS measurement, BAI can be vapor-deposited on the ITO glass
without noticeable decomposition. The vacuum deposition of
BDAI was also measured by XPS, confirming the integrity of the
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molecules by elemental ratio (Fig. S3 and Table S2%). Never-
theless, both molecules exhibited slight iodine enrichment on
the surface, which may suggest partial iodine accumulation on
the surface.

To prepare a pristine perovskite surface for in situ
measurement, a MAPbI; film was prepared by a standard spin
coating and annealing procedure in a glovebox. The preparation
details can be found in the experimental section. The substrate
was transferred in an air-tight container to the XPS system
without exposure to air. The quality of the prepared perovskite
film was checked by scanning electron microscopy (SEM) and
XRD (Fig. 1). The SEM images showed an intact film with an
average grain size of about 300 nm without obvious surface
defects (Fig. 1a). The results of XRD are shown in Fig. 1b,
showing obvious (110) and (220) characteristic peaks at 14.1°
and 28.2°, confirming the good crystallinity without any impu-
rity phases such as PbI,.

The SEM images of the pristine perovskite and perovskites
after the evaporation process are shown in Fig. S4.F The extra
clusters and increased roughness prove the successful deposi-
tion of the molecules. The in situ evaporation of BAI molecules
on perovskite (MAPbI;) was cross-checked by attenuation of XPS
peaks and quartz crystal microbalance (QCM) measurements in
Fig. 2. With continuous BAI deposition, the peaks of Pb 4f and I
3d decreased constantly. In the C 1s peak, the change is slightly
complicated. In pristine perovskite, two carbon peaks are
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(a and b) XPS images of BAl grown on perovskite substrates; (c and d) XPS images of BDAI grown on perovskite substrates; (e) comparison

of film thickness calculated by attenuation of Pb 4f peaks and thickness measured using a quartz crystal microbalance (QCM); (f and g) the shift of

binding energy with thickness.
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observed at 284.91 eV and 286.51 eV due to the adventitious
carbon and C-N bonds in MA cations. After deposition of BAI
molecules, a new C 1s peak appeared around 285.4 eV, from
C-C bonds in the BAI molecule. The adventitious C 1s peak
gradually attenuated, while the peak at 286.5 eV first decreased
and then increased. The attenuation of the first peak is due to
the coverage of BAI molecules on top of the MAPbI; surface. The
enhancement of the second peak is due to C-N bonds in BAI
itself. The intensity change of the C-N peak is consistent with
the change in N 1s spectra. There is no peak shift in the Pb 4f
peak and other elements, indicating no band bending on the
perovskite side. The carbon and nitrogen peak positions are
both shifted by 0.24 eV to the higher binding energy side, which
could be understood due to an upward band bending on the BAI
side. A similar peak intensity change is also observed with BDAI
deposition, confirming a similar growth mode. In BDAI depo-
sition, we observed an additional shift of the Pb 4f and I 3d
peaks to the higher binding energy side by 0.07 eV. This small
shift reveals that the interaction of BDAI with perovskite is
stronger, inducing additional band bending on the perovskite
side. As a result, the shift on the BDAI side is also slightly larger,
reaching 0.29 eV. Fig. 2e shows the comparison of the calculated
film thickness by XPS attenuation with the QCM value. The
fitting line follows closely along 45°, suggesting that the growth
of the two molecules follows the Frank-van der Merwe growth
model (commonly known as the layer-by-layer growth model).
The work function (WF) and valence band maximum (VBM)
of the film were measured by UPS (Ultraviolet Photoelectron
Spectroscopy) (Fig. 3). After deposition of the first 0.5 nm of BAI,
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the WF decreased by 0.11 eV with no obvious change in the
valence band. Such a change indicates that a surface dipole of
about 0.11 eV pointing toward BAI is formed. As the BAI film
thickness increases, the WF and the VBM change continuously.
The WF gradually reduces to 3.9 eV after deposition up to
32 nm. The VBM shows a constant decrease from 1.64 eV to
1.89 eV as the BAI thickness increases. The consistent shifts of
WF and VBM suggest a 0.25 eV upward band bending at the
interface. The deposition of BDAI shows a different change in
WF and VBM. For WF, the value first increased to 4.1 eV and
then decreased to 3.8 €V in subsequent deposition. The initial
VBM is 1.64 eV. After 1 nm of BDAI deposition, the VBM drops
with a magnitude of 0.12 eV. In subsequent growth, the VBM
further dropped to 2.05 eV. From these data, the BDAI deposi-
tion also generates an upward band bending but with a larger
magnitude of about 0.29 eV, while BAI only induces an upward
band bending of 0.25 eV. The large band bending is probably
related to the higher density of ammonium groups of BDAI
molecules, which induces stronger charge transfer at the
interface. In addition, the deposition of BDAI also induces an
opposite dipole at the interface, with a similar magnitude to
that of BAI (0.11 eV) but pointing toward the perovskite layer.
The opposite interfacial dipole directions of BAI and BDAI
suggest that the molecular dipole direction can modify the
interfacial electrical field direction. Last, the BDAI deposition
also causes a VBM shift of 0.12 eV, suggesting a band offset at
the interface. Such an offset could have a negative impact on the
hole extraction.
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The interfacial energy structure is constructed based on the
above data in Fig. 4. The band gap of BAI and BDAI is measured
by UV-vis measurement (Fig. S61). Both molecules are found to
have the same band gap at 4.03 eV, suggesting that the LUMO of
both molecules is the same. Furthermore, the VBM changes at
the interface can be inferred for the conduction band too. Since
in interfacial passivation, 2D perovskite layers should be very
thin, the band structure in the vicinity of the interface is of
particular interest. The direction of the interfacial dipole and
band bending of BAI suggest that it is more suitable for electron
transfer, though the magnitude of the dipole layer may only
impose a finite impact on device performance. For BDAI, the
dipole direction is reversed. Therefore, the hole transfer is
encouraged rather than deterred. Nevertheless, the VBM band
offset and band bending in perovskites still impose a small

barrier for hole transfer. Since the magnitude of the barrier is
limited (0.12 eV), the BDAI passivation could still allow efficient
hole transfer. As evidence, we observed that most of the highly
efficient BDAI passivation studies use an inverted cell archi-
tecture. The non-optimum energetics of the BDAI/perovskite
interface could be one reason for their inferior device perfor-
mance (Fig. 5). The detailed information of the devices in Fig. 5
is shown in Table S7.f The V,. and the fill factor of BDAI
passivated devices are statistically lower than those of their BAI
counterparts. However, when the 2D passivation layer is much
thicker, the band bending at the passivation layer cannot be
omitted, and the strong band bending may appear as a stronger
obstacle to the hole transfer. Therefore, the 2D perovskite
passivation should be kept thin from an energetic point of view.
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3 Conclusion

We used an in situ vacuum evaporation method to study the
energy level structure of the interface between BAI and BDAI
molecules and the perovskite layer. The two molecules induce
very different interfacial energy structures. The BAI deposition
only creates a simpler case with a 0.11 eV outward interfacial
dipole with 0.25 eV band bending at the BAI layer only. The
BDAI deposition causes multiple changes at the interface. Due
to stronger interaction with perovskite, the perovskite layer also
possesses a downward band bending of about 0.07 eV. The
interfacial dipole created by BDAI deposition has the same
magnitude as that of BAI (0.11 eV) but in the inward direction.
BDAI also creates a VBM offset of about 0.05 eV, followed by
0.29 eV band bending. From our measurement, we find that
when the passivation layer is thin, BAI is more suitable for
electron transfer, while the interfacial structure of BDAI
passivation prefers hole transfer due to its interfacial dipole,
though the band offset of VBM may weaken this effect. In
comparison, BDAI is more suitable for hole extraction. Our
results partially explain the performance difference between
BAI and BDAI passivation. We believe that more studies on
interfacial energy level alignment through 2D passivation could
help to identify better passivation agents for PSCs.

4 Experimental
4.1 Materials

All chemicals were purchased and used directly without further
purification. Pbl, (purity > 99.99%) and methylammonium
iodide (MAI, purity = 99.5%) were purchased from Xi'an Poly-
mer Light Technology (China). Anhydrous dimethyl sulfoxide
(DMSO, 99.9%), n-butylammonium iodide (BAI, purity = 98%),
and butane-1,4-diammonium iodide (BDAI, purity = 98%) were
obtained from Sigma-Aldrich (USA). Indium tin oxide glasses
were bought from Yingkou Youxuan Commercial & Trading Co.,
Ltd (Yingkou, Liaoning, China).

4.2 Perovskite fabrication

4.2.1 Preparation of perovskite. 127.2 mg MAI and
368.8 mg PbI, were dissolved in 700 pL GBL and 300 pL DMSO,
and the solution was stirred overnight. The mixed solution was
spin-coated on the ITO substrate at 1500 rpm for 15 s and at
4000 rpm for 40 s, and the anti-solvent toluene was added
dropwise in the last 15 s. Finally, it was annealed at 100 °C for 20
minutes to obtain MAPbI;.

4.2.2 Evaporation of the perovskite surface modification
layer. The BAI powder was placed in an evaporation source,
heated to 50 °C for degassing for several hours, and then started
to vaporize it onto the MAPDI; substrate at a temperature of 60 ©
C. The growth rate was determined using a film thickness meter
during the evaporation process. Finally, a high-purity BAI
modified layer was obtained. The evaporation method of BDAI
was the same as that of BAL
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4.3 Characterization

The SEM images were captured using a Sigma field emission
scanning electron microscope (Zeiss, Germany) at an acceler-
ating voltage of 3 kV. The XRD patterns were measured using
a Rigaku (RINT-2500) X-ray diffractometer with Cu Ka (A =
1.5418 A) radiation. X-ray photoelectron spectroscopy (XPS) and
ultraviolet photoelectron spectroscopy (UPS) were performed on
a Thermo Scientific ESCALAB Xi' to characterize the elemental
composition and energy levels of the film.
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