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While employing bulky organic semiconductor cations in layered (2D) hybrid halide perovskites can mitigate
dielectric and quantum confinement limitations by enabling charge transfer between organic and inorganic
layers, applying this strategy to tin-based perovskites is more challenging due to their more compact
structure. Herein, we successfully integrate the strongly t-delocalized naphthalene diimide (NDI) cations
with diammonium-functionalized alkyl chain lengths of six carbons (NDI-dH) with tin(i) iodide, forming
a layered hybrid organic—inorganic perovskite with a type-Il nanoheterojunction electronic architecture.
Compared to typical Sn-based hybrid layered perovskite films (prepared with phenylethylamine), the
herein reported (NDI-dH)Snl, hybrid perovskite demonstrates significantly improved photogenerated
charge carrier lifetime and a notable out-of-plane electron mobility reaching 0.1 cm? s7* v~
Additionally, (NDI-dH)Snl, exhibits improved stability in ambient air and nitrogen environments,
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Introduction

To improve stability and tune the optoelectronic properties of
halide perovskites, bulky organic ligands are now often being
introduced into the traditional 3D halide perovskites to form
hybrid materials with alternating layers of 2D inorganic slabs
and organic cations.'” While layered perovskites can generally
be classified into two types—Ruddlesden-Popper (RP) and
Dion-Jacobson (D]) phases, they are typically distinguished by
their crystal packing' and, more recently, the nature of the
organic spacer cation."* RP structures commonly exhibit a shift
in the perovskite octahedral slabs and are formed using
monovalent organic spacer cations. In contrast, DJ perovskites
are formed when divalent spacer cations are employed,
enabling a single spacer molecule that bridges adjacent inor-
ganic layers without staggering,®” although shifts in the inor-
ganic slab can still occur.?

Employing bulky m-delocalized cations in Pb-based layered
hybrid perovskites has been established as a strategy to improve
the conductivity and stability, affording materials with potential
applications not only in solar energy conversion,>* but also in
transistors,™ light-emitting diodes™ and other optoelectronic
devices.”** Thiophene-">"* and pyrene-based™>' ammonium

cations were among the first m-conjugated organic
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semiconductor moieties reported to tune the electronic prop-
erties in Pb-based systems. More recently, naphthalene diimide-
based (NDI) organic semiconductors have received attention
from the perovskite community due to their molecular
tunability and strong m-electron delocalization, which impart
electron-accepting character beneficial for charge transport.
However, the strong 77 interactions of NDI offer a challenge
for forming the RP or DJ phases. Indeed, NDI functionalized
with diethylamide at the nitrogen site of the imide was found to
form a 1D metal halide polymorph with a combination of
corner-, edge-, and face-sharing modes within the Pb,lg
chains.”®?* In recent work, we successfully showed that
employing monovalent NDI-based chromophore cations allows
for their incorporation with lead iodide, resulting in the
formation of a RP phase layered perovskite.>*?¢ Additionally, we
have also recently documented the successful synthesis of a DJ
layered lead perovskite using divalent dihexylamide-function-
alized NDI (NDI-dH), where the hexyl linker length was identi-
fied as optimal for the incorporation of the layered perovskite.
This structure exhibits improved charge carrier separation
properties due to the formation of a type-II electronic nano-
heterostructure, which affords the separation of conducting
electrons and holes in the organic and inorganic layers,
respectively.””

Despite these promising reports using Pb-based perovskites,
the challenge with the toxicity of lead-based systems needs to be
addressed for a more practical implementation of these mate-
rials in optoelectronic devices. Tin (Sn>*) offers a less toxic
alternative to Pb?", due to its similar ionic radius and electronic
properties.”®** Moreover, studies have demonstrated that the
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inclusion of bulky organic ligands helps prevent tin oxidation
from Sn>" to Sn**,**** which represents a significant limitation
when replacing Pb®" with Sn>', contributing to improved
stability and thus rendering them more viable for practical use.
However, efforts toward the incorporation of semiconducting
organic ligands into layered Sn*"-based perovskites are far less
developed compared to their Pb>* counterparts. Integrating tin
with a quaterthiophene-based organic spacer into a type-I
nanoheterojunction layered perovskite has been previously re-
ported;**** however, to the best of our knowledge, there is
currently no evidence of a type-II nanoheterojunction formed
with a layered tin-based perovskite. This emphasizes the
potential advantages of incorporating cations with strong -
electron delocalization into tin perovskites, enhancing
conductivity while minimizing toxicity.

Herein, we report the formation of a layered tin perovskite with
the divalent NDI-dH cation that forms a type-Il nano-
heterojunction architecture. We observe an enhancement of the
out-of-plane electron mobility in (NDI-dH)Snl,, which is one order
of magnitude higher than that of layered materials prepared with
phenylethylamine, (PEA),Snl,, along with improved ambient
material stability. This significant improvement in the overall
performance of tin-based layered perovskites opens opportunities
for this class of materials in various applications.

Results and discussion
Thin film formation

In this work, we adopt the classification of layered perovskites
based on the nature of the ligand, which has become a practical
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and widely accepted terminology in the field. As with previous
work on Pb-based DJ-type layered perovskites incorporating
NDI, optimizing the solution processing conditions including
the annealing temperature is critical for incorporating the NDI-
dH spacer cation (see the molecular structure in Fig. 1a) into
a (NDI-dH)Snl, layered perovskite (shown schematically in
Fig. 1b). Starting with typical processing conditions used to
prepare thin films of (PEA),Snl,, i.e. spin coating an anhydrous
mixture solution of precursors in DMF : DMSO (4 : 1), followed
by thermal annealing at 80 °C (see the Experimental section in
the SI for full details), X-ray diffraction (XRD) patterns show
relatively low intensity reflections of the layered perovskite
phase, and the UV-vis absorption spectrum of the thin film also
demonstrates only weak shoulder transitions over a scattering
baseline (Fig. S1). These data suggest a low crystallinity of the
film, with high inhomogeneity. Although a single-step anneal-
ing process without an anti-solvent is sufficient for incorpo-
rating NDI-dH into the Pb analog,* due to the lower formation
energy of Sn in comparison to Pb, the use of an anti-solvent
treatment and an additional low-temperature annealing step®
can enhance the crystallinity of the layered perovskite.

Hence, to facilitate optimal incorporation of NDI-dH into
a layered tin perovskite, we employed a 2-step spin-coating
process followed by a 2-step thermal treatment to fabricate
thin films of (NDI-dH)Snl,. After spin coating the DMF : DMSO
(4 : 1) precursor solution, chlorobenzene was added as an anti-
solvent in a second step. The film was first dried at 50 °C for 10
minutes, followed by a second annealing at 180 °C for the same
duration. The two-step thermal treatment is essential for
improving the crystallinity of the tin perovskite film, as shown
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Fig. 1

(a) The chemical structure of divalent dihexylamide-functionalized naphthalene diimide (NDI-dH) used for incorporation. (b) Hypothetical

illustration of layered (NDI-dH)Snl, perovskite showing the alternating layers of Snl, inorganic slabs and NDI-dH cations. (c) The XRD and
uncorrected GIWAXS (inset) patterns of (NDI-dH)Snl4, measured with a Cu Kal X-ray source. (d) The absorption (red) and emission spectra (blue)
of the (NDI-dH)Snly film (Aexc = 500 nm). (e) The flat energy level alignments of NDI-dH and the excitonic Snl, inorganic slab, as determined from

UPS measurements and absorption band edge analysis.

39M0 | J Mater. Chem. A, 2025, 13, 39109-39T114

This journal is © The Royal Society of Chemistry 2025


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5ta03603h

Open Access Article. Published on 20 October 2025. Downloaded on 3/3/2026 8:14:25 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

by comparing the XRD patterns of films only annealed at 180 °C
(Fig. S1). Likely, the two-step process is advantageous by initi-
ating the crystallization process of slow growth at first, and then
allowing rapid growth.*® The XRD pattern of the optimized
(NDI-dH)Snl, thin film (Fig. 1c) exhibits similar reflections to its
previously synthesized (NDI-dH)PbI, counterpart.”” A shift of
the 001 reflection to smaller 26 can be observed in the case of
(NDI-dH)Snl, compared to the equivalent reflection (002) of
(PEA),Snl, due to the larger cation size (Fig. S2). Besides, the
mismatch in the XRD pattern of (NDI-dH)SnI, compared to that
of precursor (NDI-dH)I, or the 1D analogue NDI-based perov-
skite suggests the formation of a layered perovskite (Fig. S3).
The grazing incidence wide-angle X-ray scattering (GIWAXS)
pattern (Fig. 1c, inset) of (NDI-dH)SnI, demonstrates similar
reflections to those of the 1D XRD, with stronger intensity along
the g, direction, suggesting a preferentially parallel alignment
of the perovskite layers with respect to the substrate. Although
a single-crystal structure could not be obtained despite several
attempts, the XRD and spectroscopic data are in strong agree-
ment with the assignment of (NDI-dH)SnI, as a layered
perovskite.

Basic optoelectronic properties

Turning to the steady state photophysical properties, the UV-vis
absorption and photoluminescence emission spectra of (NDI-
dH)Snl, (Fig. 1d) exhibit a lowest-energy absorption peak at ca.
580 nm and an emission peak at ca. 625 nm (500 nm excitation),
attributed to exciton recombination. The wide absorption band
from 400 nm to 550 nm is assigned to charge transfer transi-
tions between the organic NDI-dH and the inorganic [SnIg]*.**
Broadly, these spectra are similar to that of (PEA),Snl, (Fig. S4).
The morphology of the (NDI-dH)Snl, thin film observed with
scanning electron microscopy (SEM) shows a typical topology
that is commonly observed in layered perovskite materials®”
with homogeneous coverage and grains on the order of 100 nm
(Fig. S5). Ultraviolet photoelectron spectroscopy (UPS) of (NDI-
dH)Snl, reveals a valence band energy of —5.2 eV (Fig. S6). With
an excitonic absorption band edge of 2.02 eV (Fig. S7), a type-II
nanoheterojunction is likely formed between the Sn-perovskite
layers and NDI-dH, as shown schematically in Fig. 1e.*® In
addition, the photoluminescence monitored at the excitonic
recombination of (NDI-dH)Snl, is significantly quenched
compared to that of (PEA),Snl, (Fig. S8), further supporting the
formation of a type-II nanoheterojunction. This suggests that
charge separation can occur upon excitation, with electrons
being transferred to and transported within NDI-dH, while
holes remain localized in the inorganic slab.

Charge carrier properties

While we acknowledge that multiple factors can influence the
band alignment between the energy levels of the organic spacer
and the inorganic slabs, and thus the possibility of a type-I
architecture cannot be entirely ruled out, we next turn to flash
photolysis time-resolved microwave conductivity (fp-TRMC)
measurements to elucidate the charge carrier dynamics. The
peak sum mobility (¢ > u) of (NDI-dH)Snl, was measured to be

This journal is © The Royal Society of Chemistry 2025
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7.6 x 107" em® s7' v (at 2.3 x 10" em 2 absorbed photon
flux), comparable to its Pb-analog,* and also higher than that of
the NDIC2-based 1D Pb perovskite material.** However, the
¢@> u value is lower than that of (PEA),Snl,, which was
measured to be in the range of 10" cm® s~! V" under similar
testing conditions (Fig. S9) consistent with the Pb analog
(PEA),PbI,.* This reduction in ¢ ) u can be attributed to the
transfer of electrons to the NDI layer, where they likely have
a lower mobility than in the inorganic slabs, although the
impact of crystallinity variations cannot be discounted.
However, when examining the photogenerated charge carrier
lifetime by fp-TRMC, prolonged charge carrier separation is
clearly an important factor. Indeed, comparing the photocon-
ductivity transients for both (NDI-dH)Snl, and (PEA),Snl,
(Fig. 2), and fitting each to a bi-exponential decay, significant
differences can be observed. The initial time constant of the bi-
exponential decay, which is typically attributed to the fast
recombination of geminate charge carriers, has a similar value
around 30 ns in both materials. In contrast, the second lifetime
component is longer in (NDI-dH)Snl, (t = 974 + 2 ns) relative to
that of (PEA),Snl, (t = 489 + 1 ns), which is consistent with
a prolonged free charge carrier lifetime due to the effective
separation of electrons and holes in (NDI-dH)Snl,, supporting
the view that a type-II nanoheterojunction electronic structure
is formed in this material.

While the photogenerated charge carrier sum mobility in the
direction parallel to the layers was lower in (NDI-dH)Snl,
compared to (PEA),Snl,, the charge carrier mobility lifetime was
longer. Hence, we hypothesized that this aspect, together with
the relatively close values of energy of the LUMO of NDI-dH and
the conduction band of the inorganic slabs, could help in
facilitating the movement of charge carriers perpendicular to
the layers. To demonstrate this, we fabricated electron-only
space charge-limited current (SCLC) thin film devices using
a configuration in which the spun-coat perovskite layers were
sandwiched between two electron transport layers, c¢-TiO,
(compact-titanium dioxide) and PCBM ([6,6]-phenyl-C¢;-butyric
acid methyl ester), as depicted in Fig. 3a. A typical current
density-voltage (J-V) curve of the SCLC device prepared with
(NDI-dH)Snl, is displayed in Fig. 3b. A linear dependency of the
curve can be found in the low-voltage zone consistent with an
ohmic behavior. It is worth noting that no region with J o V",
where m > 3, was observed. Based on the minimal trap density

S

= (NDI-dH)Snl, Fit
1,=33+4ns 1,=974+2ns
= (PEA),Snl, Fit

1,=30+2ns 1,=489+1ns

Norm. Photoconductivity (a.u.)

2 4
Time (us)

o

Fig. 2 The fp-TRMC transient decay of (NDI-dH)Snl4 and (PEA),Snl,
at an absorbed photon flux of 102 cm™2 (Aexe = 500 nm).
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Fig. 3

(a) The device architecture of electron-only SCLC measurement and (b) the resulting SCLC J-V curve obtained for (NDI-dH)Snl,. (c) The

comparison of the electron mobility obtained for (NDI-dH)Snl4 and (PEA),Snl,.

equation (see the Characterization section of the SI),***
this phenomenon indicates that the trap density in the
(NDI-dH)SnI, film is below the minimal value, 7.y, of
3.31 x 10" em >,

Based on the SCLC region of the J-V curve (m = 2 region), the
electron mobility of (NDI-dH)Snl, was found to be in the range
of 107" to 107> em® s™' V7', as calculated using the Mott-
Gurney law, and is reproducible over many measurements
(Fig. 3c). In contrast, the electron mobility of (PEA),Snl, was
consistently estimated to be order of magnitude lower in the
range of 10 cm® s~ ' V', as shown in Fig. 3c (see Fig. S10 for
the J-V curve), which is typical for layered perovskites with small
insulating organic spacers.”” Since the estimated electron
mobility derived from SCLC measurements is highly dependent
on the thickness of the active semiconducting layer, we verified
our mobility estimation by altering the film thickness (via the
deposition solution concentration, see cross-sectional SEM
images in Fig. S11).** We achieved electron mobility values in
a comparable range for different thicknesses (Fig. $S12), further
substantiating our results.

Overall, we note that our observation of a higher electron
mobility in (NDI-dH)Snl, compared to that of (PEA),Snl,, as
measured using SCLC, and the opposite trend when comparing
the TRMC measurements, is not surprising given the
high-intensity reflections along the g, direction observed in the
GIWAXS patterns of (PEA),Snl, films, which suggest a strongly
preferred parallel orientation of the layers to the substrate
(Fig. $13). Since our TRMC setup measures the carrier mobility
locally and parallel to the substrate,**** the highly oriented and
larger grain size of the (PEA),Snl, film compared to that of
(NDI-dH)SnI, (see Table S1 for a quantitative comparison)
contributes to higher sum mobility, as fewer grain boundaries
hinder charge transport when moving parallel to the
substrate.”® In contrast, from a macroscopic perspective in
SCLC, where mobilities are assessed perpendicular to the film
(out-of-plane electron mobility),” (NDI-dH)Snl, exhibits
enhanced electron transport across the layers due to the type-II
nanoheterojunction and alignment of the conduction energy
levels. Besides electron mobility, this can be further evidenced
by the higher SCLC hole mobilities (Fig. S14), which, similar to
the electron mobilities, are also one order of magnitude higher
than those of the control (PEA),Snl,.

39M2 | J Mater. Chem. A, 2025, 13, 39109-39114

Material stability

While the enhanced optoelectronic properties establish the
potential of (NDI-dH)SnI, towards possible device applications,
the stability of the material under ambient conditions is criti-
cally important for practical implementation. Therefore, we
investigated the influence of NDI-dH incorporation on the
stability of the tin perovskite. Upon extended exposure to
ambient air conditions, films of (NDI-dH)Snl, appeared more
stable compared to the control (PEA),Snl,. As demonstrated in
Fig. 4a, the absorption spectra of (NDI-dH)SnI, change mini-
mally when exposed for over 60 min, while the absorption of
(PEA),Snl, drastically decreased over the same time. The
difference in stability can also be seen by naked eye observation,
which shows the bleaching of (PEA),Snl, after a few hours,
while the color of (NDI-dH)Snl, remains relatively more stable
over two days (Fig. S15). This visual observation is further
supported by XRD measurements over time, which confirm that
(NDI-dH)Snl, retains its layered perovskite structure, whereas
(PEA),Snl, shows clear signs of degradation (Fig. S16). More-
over, while degradation of (PEA),Snl, also occurs when stored
under a nitrogen atmosphere,*' the intensity of the absorption
of (NDI-dH)Snl, remains fairly unchanged even after two weeks
being stored in a N, glove box (Fig. $17). The content of Sn*" in
the fresh (NDI-dH)SnI, and (PEA),Snl, films, exposed to air only
briefly for sample transfer, was compared using X-ray photo-
electron spectroscopy (XPS). The two deconvoluted peaks can be
assigned as Sn** and Sn**, with Sn** at a higher energy level

a b

1 (NDI-dH)Snl, | (NDI-dH)snl,
3] 3
s s
g | -y
[ [7]
81 PEA)Snl, | &
g | (PEA)SNl, | 2 (PEA),Snl,
Qo |
<

,/ /’
400 500 600 700 495 490 485
Wavelength (nm) Binding energy (eV)
Fig. 4 (a) Time-dependent absorption spectra of (NDI-dH)Snl, and

(PEA),Snl4 recorded over 60 minutes under ambient conditions, with
measurements taken at 10-minute intervals. (b) The XPS spectra
measured at the Sn energy level, with the deconvolution of the peak
into Sn®* and Sn** for (PEA),Snl, and (NDI-dH)Snl,.
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(Fig. 4b). While we acknowledge that some oxidation may have
occurred during sample transfer, both samples were treated
identically. The relative concentration of Sn** in (NDI-dH)Snl, is
much lower compared to that in (PEA),Snl, (see relative values in
Table S2), indicating that the oxidation of Sn*" is less prevalent in
the former. The enhanced stability of (NDI-dH)SnlI, may be due to
a difference in oxygen molecule diffusion, which could likely be
more sterically hindered by the bulky NDI-dH surface layer, pre-
venting the decomposition of the perovskite. Furthermore, unlike
the monovalent spacer in (PEA),Snl,, the layered (NDI-dH)SnI,
with divalent coordination of the spacer lacks van der Waals gaps
between organic spacers. This structural difference likely also
contributes to its enhanced stability, consistent with previous
reports demonstrating superior stability with divalent coordi-
nated perovskites compared to their monovalent analogues.***

Conclusion

In conclusion, we have demonstrated the successful incorpo-
ration of a divalent spacer including a semiconducting naph-
thalene diimide with tin iodide to form a lead-free layered tin
perovskite (NDI-dH)Snl,. In comparison to the commonly used
(PEA),Snl,, the longer charge carrier mobility lifetime observed
through TRMC suggests that layered perovskite forms a type-II
energy level architecture that facilitates charge separation. This,
together with the close alignment of the conduction energy
levels of the inorganic and organic slabs, allows electron
transport perpendicular to the layers. The measured out-of-
plane electron mobility for (NDI-dH)Snl, is at least one order
greater than that of the (PEA),Snl, based on SCLC measure-
ments. Alongside the electron transport properties, (NDI-dH)
Snl, exhibits superior stability compared to (PEA),Snl, under
both inert and ambient air conditions. The improved electronic
properties and stability of this layered hybrid organic-inorganic
lead-free perovskite highlight its promise for use in air-stable
Sn-based optoelectronic devices.
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