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Quasi-two-dimensional Ruddlesden—Popper tin perovskite solar cells
(g-2D SnPSCs) show low power conversion efficiency (PCE) due to the
formation of randomly oriented multiple lower-dimensional perovskite
phases. Ethylenediamine dihydroiodide tuned the crystal orientation
and modulated the formation of lower n members in RP tin perovskite
films, resulting in q-2D SnPSCs with a PCE of 8.29%.

Tin perovskite solar cells (SnPSCs) have recently gained extra-
ordinary attention from photovoltaic device researchers
because of the unique photophysical properties of tin perovs-
kite (SnP) materials. Apart from their reduced toxicity, SnP
materials show robust optoelectronic properties and stable
perovskite structures like their lead perovskite counterpart.’
Recently, He and co-researchers achieved a certified power
conversion efficiency (PCE) of 16.65%, which is the highest
PCE reported for a SnPSC;> however, this efficiency still lags
behind that of lead perovskite solar cells, which stand at a
certified value of ~27%.*> The low efficiency of SnPSCs is
attributed to the ease of oxidation of Sn>" ions in the perovskite
absorber layer. The oxidation of Sn>" ions leads to high
p-doping and Sn vacancies, which are detrimental to the charge
transfer in SnPSCs." Also, the crystallization of the SnP film is
fast and difficult to control because of the high Lewis acidity of
Sn**." Thus, depositing high-quality and stable SnP films for
the fabrication of high-PCE and durable devices is complex.
The stability and performance of SnPSCs have been greatly
improved in recent years with the introduction of bulky ammo-
nium spacers to fabricate pure two-dimensional (2D) and quasi-
two-dimensional (g-2D) Sn Ruddlesden-Popper (RP) perovskites
with the formula A2A271 Sn,, X3,41, where A is a bulky ammonium
cation such as butylammonium or phenethylammonium, A’ is a
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small monovalent cation such as formamidinium (FA) or
methylammonium (MA), and X is a halide anion of Cl, Br, or
I or a mixture of these halide anions.>”® The bulky ammonium
cations are intrinsically hydrophobic and also capable of
restricting ion migration in SnPSCs,’ thus increasing the
stability of SnPSCs.'® However, the organic bulky ammonium
cations are insulating and can restrict vertical charge move-
ment in PSCs if not properly oriented, thereby lowering the
PCE."" Thus, there is a need to exploit the spacer cations that
induce stability and to identify methods of improving charge
transport in g-2D and pure 2D PSCs to realize high-performing
and stable SnPSCs.

The highest reported PCE for an RP g-2D SnPSC still stands
at 10.36%,"* which is inferior to the 16.65% reported for 2D/3D
SnPSCs.” The reduced PCE is primarily due to poor crystal
orientation, the formation of numerous lower-dimensional
phases, and poor morphology due to the complex crystal-
lization process in g-2D SnPs."? Most perovskite films are
solution-processed, and solution-processed RP films exhibit
multiple quantum wells (MQWSs) due to phase segregation.'
MQWs are common for RP phases with high n numbers. The
MQWs result in impurity phases and substantial structural
defects, which act as charge recombination centers, leading
to devices with low stability and low PCEs.'”> The ability to
fabricate g-2D SnPSCs with reduced quantum confinement
(which can be achieved with high n numbers) and phase-pure
QWs is critical if both high performance and stability are to be
realized in RP SnPSCs.

In this work, we attempt to reduce the quantum confine-
ment in q-2D SnPSCs by introducing a perovskite absorber layer
with the formula AzAgSszz into the SnPSC architecture. The
SnP absorber material with such a high n value (n = 7) has not
previously been explored by researchers, likely because the
MQWs intensify with increasing n value. Soe et al. showed that
the formation of n = 7 lead (Pb) perovskite crystals is marred by
the formation of multiple 7 phases of n =2, n=3 and n = o0;*°
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this can lead to MQWSs. The numerous MQWs in high-n-value
SnP can lead to unbalanced and mixed band alignment, which
in turn can lead to charge transport barriers within the per-
ovskite layer and result in diminished PCE.

Ethylenediamine dihydroiodide (EDAI,) has previously been
used as a surface passivator in SnPSCs."” EDAI, can control the
rate of crystallization of 3D SnP films and thus improve
perovskite absorber material quality.’® For the first time, we
fabricated g-2D SnPSCs with the general formula AQA’GSn7X22,
PEA,FA¢Sn;1,54Brg6, and used EDAI, to control its crystal
orientation and formation of lower n members. The devices
based on PEA,FA¢Sn,l 5 4Bree (n = 7) with the EDAI, additive
achieved an efficiency as high as 8.29%, which is currently in
the range of that of the best-performing q-2D SnPSCs.

X-ray diffraction (XRD) patterns for the g-2D SnP films with
the chemical formula PEA,FA¢Sn,1;54Brs6, with and without
EDALI, at various concentrations, were investigated to elucidate
the effect of EDAI, on the crystal structure of gq-2D SnP. The
XRD patterns for all four prepared films showed diffraction
peaks at 14.02° and 28.30° (Fig. 1(a)), corresponding to the (111)
and (202) planes of a 2D RP.'® The XRD patterns of the films
also exhibited peaks at 3.9° and 5.3°, which are attributed to the
n=2 and n = 3 phases of the RP perovskite, respectively.'® After
EDAI, was added to the perovskite film, the peak at 3.9° shifted
toward a lower angle (SI, Fig. S1), showing that EDA** was
incorporated into the perovskite lattice."® Using the perovskite
precursor solution with a concentration of 2 mg mL™" EDAI,
resulted in films with a diminished n = 3 phase, indicating that
EDAI, could modulate the formation of multiple phases in the
RP SnP films. The changes observed in the n = 2 and n = 3
phases could be because EDAI, forms strong hydrogen bonding
with the perovskite components and also leads to the forma-
tion of “hollow” perovskite crystals with stabilized and
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Fig.1 (a) XRD patterns for PEA,FAgSN;/l154Brge films with different
amounts of EDAI, and (b) an extraction of the peak around 14.0° for
calculation of the full-width at half-maximum. GIWAXS images of (c) the
control film and (d) a film with 1 mg mL™ EDAI,, acquired at an incidence
angle of 0.5°.
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well-oriented crystal structures.”® The addition of EDAI,
improved the film crystallinity as evident from the enhanced
XRD-peak intensity. The full-width at half-maximum (FWHM)
was reduced as shown in Fig. 1(b), further confirming improved
crystallinity. The observed increase in crystallinity is critical for
the deposition of high-quality and stable g-2D RP films for use
in high-PCE photovoltaic devices.>">

Grazing-incidence wide-angle X-ray scattering (GIWAXS)
measurement was used to confirm the crystal plane orientation
of the films. GIWAXS images of the control film, and films
containing 1 mg mL ™" EDAI, are shown in Fig. 1(c) and (d),
respectively. The GIWAXS patterns of the films containing
2 and 3 mg mL~" EDAI, are provided in the SI, Fig. S2(a) and
(b), respectively. The control film did not show any orientation
of the lower n members of the perovskite film despite the XRD
pattern showing their existence, suggesting that the lower n
members are randomly oriented. The GIWAXS patterns of the
1 mg mL ™" EDAI,-based films showed improved crystal orien-
tation, as indicated by their brighter Bragg spots (Fig. 1(d)). The
GIWAXS patterns of the EDAI,-based films also clearly show
parallelly orientated lower-n phases, as indicated by the (0k0)
reflections in Fig. 1(d) and Fig. S1(a), (b). The observed crystal
orientation induced by EDAI, is attributable to the strong
interaction between EDA>" and Sn*' to retard the rate of
perovskite crystallization, leading to preferred crystal orienta-
tion.”® EDA*>" and Snl, interaction was confirmed using X-ray
photoelectron spectroscopy (XPS) (Fig. S3); the interaction was
predicted from the shift of the Sn 3d;,, peak to a lower binding
energy upon the addition of EDAI, to the perovskite film.

The Scherrer formula, D, = KA/(ff cos 0), where Dy, is the
crystallite size or grain diameter, K is the Scherrer constant
(K=0.94), /. is the X-ray wavelength, f§ is the FWHM, and 0 is the
angle of diffraction, was used to determine the crystallite sizes
in the deposited perovskite films. From the calculations, the
crystallite sizes were found to be 34.26 nm, 35.05 nm, 40.62 nm,
and 35.88 nm for the reference film and the samples with
1mgmL ', 2 mg mL " and 3 mg mL " EDAL, respectively. The
large crystallite size of the samples containing EDAI, indicates
that these films have larger grain sizes.>*

The Williamson-Hall formula, fcos0 = 4esinf + KA/Dgj,e,
where ¢ is the microstrain, was used to determine the micro-
strain in the films.*® The Williamson-Hall formula was simpli-
fied to ¢ = (FWHM)/4 tan 0 before it was used to determine
the bulk microstrain values. The microstrain values were
8.6 x 1072, 8.4 x 107°, 7.2 x 10>, and 8.2 x 10 for the
control film and the films with 1 mg mL™", 2 mg mL™" and
3 mg mL ™' EDAL, respectively, using peaks located at ~14°.
The films containing EDAI, showed a reduced lattice strain,
which can help improve film stability and quality.>®

The surface morphology of the films was investigated via
scanning electron microscopy (SEM) (Fig. 2). The film without
EDAI, (Fig. 2(a)) exhibited numerous pinholes, which is unfa-
vorable to the PCE and stability of the SnPSCs.'® The number of
pinholes was substantially reduced when 1 mg mL™' EDAI,
was added to the film (Fig. 2(b)), indicating that EDAI,
could passivate the g-2D SnP films. EDAI, induces uniform
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Fig. 2 SEM images of (a) a control film and films containing (b) 1 mg mL™?,
() 2 mg mL™% and (d) 3 mg mL~* of EDAI,.

nucleation and slows down crystal growth due to the inter-
action of its amino groups and the perovskite components,
hence passivating the perovskite film surface."*° At 2 mg mL "
(Fig. 2(c)), EDAI, fully passivated the pinholes and resulted in a
dense film, which, upon closer inspection, appeared like a
double-layered film. The double layer may not necessarily be
appropriate for devices because it can be a sign of a thicker
insulating layer at the surface of the perovskite. The film
showed intensified “potholes” when excess (3 mg mL™") EDAI,
was used (Fig. 2(d)).

UV-Vis absorption measurements were conducted to deter-
mine the effect of EDAI, on the optical properties of the q-2D
RP SnP films (Fig. 3). The absorption onset of the control film
was ~800 nm (band gap of 1.55 eV) and that of the film
containing EDAI, was ~826 nm (band gap of 1.50 eV)
(Fig. 3(a) and SI Fig. S4), showing a slight reduction in film
bandgap due to a reduction in the quantum confinement
because of the elimination or modulation of wide-bandgap
multiple lower-dimensional phases in the perovskite film.>”

Photoluminescence (PL) measurements were conducted
from the front side of the films (the perovskite facing the Xe
lamp direction) (Fig. 3(b)). The PL spectrum of the control film
shows a broad diminished peak; in addition, the peak exhibits
a shoulder on the lower-wavelength side, which is speculatively
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Fig. 3 (a) The UV-Vis absorption spectra of quasi-2D SnP films. (b) The

photoluminescence spectra of the deposited SnP films, acquired at an
excitation wavelength of 525 nm.
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Fig. 4 (a) Forward-scan current density—voltage (J-V) curves of the
devices without and with various amounts of EDAL,. (b) EQE curves. (c)
J-V curves of the control and 1 mg mL™* EDAIl,-based solar cells
measured in the forward and reverse scan directions. (d) Normalized
PCE stability of the devices measured outside an inert environment.

attributed to lower n-phases.”® The PL intensity of samples
containing EDAI, increased substantially, and the shoulder
disappeared, which can be attributed to the elimination of
charge trap sites created by the existence of randomly oriented
MQWs and pinholes in the perovskite layer.”® The PL intensity
reduced when excess EDAI, was added to the perovskite; this
observation could be associated with the disruption of the
lattice structure of the perovskite induced by excess EDAL,.
According to the GIWAXS data, the 1 mg mL ™' EDAI, showed
brighter and smaller Bragg spots, signifying enhanced crystal-
linity, better crystal orientation and reduced defect density
when compared to the other films containing excess EDAI,.

The p-i-n structured g-2D SnPSCs with a PEA,FAsSn;l;s 4
Brg ¢ absorber layer were fabricated, and their photovoltaic
performances were determined to elucidate the effect of EDAI,
on the PCE parameters of the g-2D SnPSCs (Fig. 4a). The
champion control device demonstrated a PCE of 5.83% with a
fill factor (FF) of 65.36%, an open-circuit voltage (Voc) of 0.59 V,
and a short-circuit current density (Jsc) of 14.99 mA cm™ 2, The
1 mg mL ™" EDAI, showed the best performance, with a PCE as
high as 8.29%, an FF of 69.03%, a Voc of 0.67 V, and a Jsc of
18.05 mA cm 2. The improved Voc and FF of the 1 mg mL ™!
EDAI, can be associated with reduced non-radiative recombi-
nation in the solar cells, as shown in the PL data.*° In contrast,
the 2 and 3 mg mL ™" EDAI,-based devices showed reduced
PCEs, 7.02% (a Voc of 0.62, an FF of 64.61%, and a Jsc of
17.52 mA cm ™ %) and 4.17% (a V¢ of 0.64, an FF of 63.61%, and
a Jsc of 10.18 mA cm™?), respectively, because excess EDAI,
reduces the micro-crystallinity of g-2D SnP, which in turn
increases nonradiative recombination centers in the q-2D SnP
films as shown in the GIWAXS and PL data, respectively.

The Jsc values of the solar cells were confirmed using
external quantum efficiency (EQE) measurement (Fig. 4b).

This journal is © The Royal Society of Chemistry 2025
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The integrated Jsc values of the control and 1 mg mL™~" EDAI,-
based solar cells were 14.57 mA cm 2 and 17.66 mA cm 2,
respectively, comparable to the jsc values from the J-V
curve measurements. The statistical data of the control and
1 mg mL ™" EDAI,-based solar cells are presented in SI Fig. S5
and Table S1 to confirm the reproducibility.

Hysteresis observed in PSCs usually originates from defects
within the solar cells. In the case of 2D SnPSCs, the dominant
defects are related to random orientation of the spacer layers,
which lead to MQWSs. We investigated the hysteresis in the best-
performing control and EDAI,-based SnPSCs by measuring the
photovoltaic performance of the devices in both the forward
and reverse directions (Fig. 4c and SI Table S2). Hysteresis
levels were estimated using the hysteresis index (HI) formula.**
The best-performing EDAI,-based solar cell showed a reduced
hysteresis index of 1.09%, whereas the reference solar cell
showed a magnified hysteresis index of 5.32%; the reduced
hysteresis levels of the EDAI,-based devices are a result of
improved SnP film crystal orientation induced by EDAI,. Sta-
bility tests were conducted for unencapsulated devices (Fig. 4d);
the devices were stored outside an inert environment during
the measurements. The humidity range during the tests was
30-40%, and the temperature range was 21-24 °C. The devices
based on 1 mg mL ™' EDAI, showed better stability, retaining
70% of their original efficiency after 7200 min. The reduced
stability of the reference device is due to magnified nonradia-
tive charge recombination because of random crystal orienta-
tion in the perovskite layer.

The addition of EDAI, to the perovskite precursor solution
helped in controlling the film crystallization process, resulting
in improved crystallinity, morphology, and optical properties.
EDAI, addition also helped in tuning the orientation of lower-
dimensional multiple phases resulting from 2D RP SnP with
high n values such as 7. The phase tuning was due to the
interaction between PEAY, EDA" and Snl,. As a result, the
EDAI,-based devices achieved an efficiency of 8.29% and an
efficiency retention as high as 70% for 7200 min outside an
inert environment.
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