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The fabrication of a solution-processed multilayer (3D/quasi-2D/2D) heterostructure in tin perovskite is
complicated and requires an orthogonal solvent system for the sequential layer deposition. Herein, we
report the fabrication of multilayered heterojunction perovskite films by physically stacking 3D (E1) and
2D (N1) tin perovskite films with the aid of forceps-induced pressure or external light and heat
stimulation. When applying the pressure by forceps or under external stimuli conditions, it would initiate
a solid-phase transformation (SPT) to generate a stable new quasi-2D (N2) phase at the interface
between 3D and 2D films with the linear chain-type organic cations (butylammonium (BA),
hexylammonium (HA), and octyl ammonium (OA)). The mechanism behind the N2-phase formation can
be understood as the diffusion of the bulky organic cations across the ion migration barriers to cut the

3D layer with appropriate ion exchange. In contrast, for the bulky aromatic organic cations, such as
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Accepted 21st August 2023 phenethylammonium (PEA), no SPT occurred to form the N2 phase with the forceps-induced prolonged

storage, but the 0D phase can be produced under external stimuli light and heat exposure. Finally, using

DOI: 10.1039/d3ta03539e this approach, a prototypical solar cell device with an E1/N2/N1 configuration was fabricated, which gave
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1 Introduction

Perovskite solar cells (PSCs) are progressively marching towards
mass production owing to the pathbreaking power conversion
efficiencies (PCE) attained from the devices of both single
junction lead (Pb) PSC (25.8%) and silicon-Pb perovskite
tandem solar cells (33.7%)."> However, the toxicity of lead and
the long-term stability of PSC (when compared with the silicon
solar cells) are still challenging factors to overcome to meet the
goals of the development of sustainable energy sources.> Among
various alternatives to lead, tin (Sn)-PSC (TPSC) is emerging as
a promising candidate with impressive PCE approaching 15%,
despite the sensitive nature of Sn perovskites, which undergo
degradation due to rapid Sn*"/Sn"" oxidation when exposed to
air.*® The success of improving the device performance and
stability for TPSC can be attributed to the emerging lattice
structural engineering methodologies, such as additive
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a higher PCE (8.7%) than the pristine 3D device (PCE = 7.7%).
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engineering, solvent-assisted engineering, interfacial
engineering,'*'* surface passivation,’*” and formation of
heterostructures.'®?” Among these, three-dimensional (3D)/two-
dimensional (2D) heterostructure formation has a distinct
advantage of serving both as a protective barrier to prevent Sn>*/
Sn*" oxidation and a charge-extraction layer between the
perovskite and charge transporting layers to enhance the
photovoltaic properties of the devices for TPSC. As a result,
many efforts have been made to study such 3D/2D hetero-
structures for TPSC.>*>%%%

Conventional solution-processed 3D/2D heterostructures
formed via sequential deposition approaches using orthogonal
solvents often produce gradient heterostructures as they would
disturb the underlying layers during the fabrication of the top
layers.>* To overcome this problem, a simple physical pairing
method that does not use solvents is desired. The concept of
joining two perovskite solid films can be realized because of the
soft ionic nature of the lattice surface that facilitates the diffu-
sion of ions at the interface. The diffusion of halide ions across
the physical barriers has been demonstrated between two inter-
connected Pb perovskite thin films.”*** Based on this idea, we
coupled a 2D structure with a 3D structure using forceps so that
bulky organic cations in the 2D structure can efficiently interact
with the top surface of the 3D structure to form a 2D/3D het-
erostructure. A new quasi-2D phase was produced and stabi-
lized at the interface as a result of the synergistic effect of
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interfacial destruction and ion migration in both films, gener-
ating a multilayered perovskite system. The interactions of
bulky organic cations in the 2D structure with the Frenkel and
Schottky types of defects on the surface of the 3D lattice are
crucial in the formation of interfacial phases due to ion
migration. For example, for the 2D structure employing linear
alkyl ammonium cations, e.g., butylammonium (BA), hex-
ylammonium (HA), octylammonium (OA), and so on, may lead
to deep penetration of the cations into the 3D lattice structure,
effectively stitching the films through the interfacial layer
growth of the quasi-2D phase, whereas employing bulky
aromatic organic cations, e.g., phenethylammonium (PEA), may
develop localized contact and prevent the diffusion of ions due
to varied steric and electronic interactions. The mechanism of
halide ion diffusion is well known,*"** however, the mechanism
of bulky organic cation diffusion in the interface of a 3D/2D
heterostructure has not been reported.

In the present study, we fabricated four 2D (N1) Sn perov-
skite thin films (n = 1, L,Snl;; L = BA, HA, OA or PEA) and
combined them with the 3D (E1) Sn perovskite thin film (FASnI;
+ 1% EDAI,;; EDA represents ethylenediammonium) using
forceps-induced pressure or external heat and light as a driving
force. We found that solid-phase transformation with the
former driving force occurred to grow the 2D-N2 phase (n = 2,
L,FASn,I,) only for the linear bulky organic cations (BA, HA, and
OA) in the interface between the N1 and E1 films at room
temperature. In contrast, under light-soaking and thermal-
stress conditions, complete formation of the N2 phase was
observed for BA, HA, and OA cations, but only partial formation
of the N2 phase occurred for the PEA cation. After storage for
four days, the forceps-pressed sample was split into two parts,
the E1IN1/E1 part was fabricated to a solar cell with a triple
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active layer (E1/N2/N1) to attain PCE 8.7%, which is superior to
the pristine E1 cell (PCE 7.7%) fabricated under the same
experimental conditions. This work not only provides a simple
physical stacking approach to fabricate a triple active layer tin
perovskite solar cell with decent performance but also gives an
in-depth mechanistic understanding of the solid-phase trans-
formation process in tin perovskite heterostructures.

2 Results and discussion
2.1 Forceps-assisted physical stacking procedure

The schematic demonstration of the stacking process is illus-
trated in Fig. 1. Briefly, 3D (E1) and 2D (N1) perovskite films
with different bulky organic cations were spin-coated on sepa-
rate glass substrates and annealed at 70 °C for 10 min. As soon
as the annealing was over, the corresponding 3D and 2D films
were stacked atop each other using forceps-induced pressure
for 10 min and encapsulated, then the forceps was removed. For
reference, pristine E1, N1, and N2 samples with different bulky
organic cations were also prepared similarly. The scanning
electron micrograph (SEM) and X-ray diffraction (XRD) patterns
of the pristine (reference) samples are shown in Fig. S1 and S2,
respectively. The structural changes in the stacked E1IN1 (L =
BA, HA, OA, or PEA for the N1 case) films were monitored using
various spectral techniques for a period of one month. The
absorption spectra (Fig. S31) of both pristine E1 and N1 films
displayed bands corresponding to free carrier absorption and
excitons. In contrast, E1IN1 samples showed temporal growth of
the N2 phase at the expense of the pristine N1 and E1 phases
(Fig. S4t) for BA, HA and OA samples; there was no spectral
change for the PEA sample after aging for 30 days.
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Fig. 1 Schematic demonstration of stacking process to form a 3D/2D Sn perovskite heterostructures. Two thin films (N1 and E1) were spin-
coated separately and stacked on top of each other using forceps for 10 minutes, then encapsulated, removed the forceps, and stored in the dark
at room temperature for periods of 1 to 30 days. Steady-state absorption and photoluminescence spectral measurements were performed at

varied periods of storage.
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2.2 PL spectral evolutions for excitation from the front (E1)
and back (N1) sides

The photoluminescence (PL) spectra of the EIN1 samples were
measured by excitation from both the front (E1) and back (N1)
faces of the stacked films under two conditions (Fig. 2): (1)
continuous storage in the dry box maintained at a relative
humidity (RH) of 50% for 30 days (referred as aging effect) and
(2) continuous illumination under one sun condition with the
samples heating at 50 °C for 48 hours (referred to as the external
effect). The prolonged storage sheds light on the cumulative
effects of the compressive and tensile strains on the electronic
structural changes of the E1IN1 samples whereas the external
effect helps us to track the rate of diffusion of ions and
robustness of the samples based on the molecular structure of
the spacer cation. Fig. 2a and b show the PL spectra of the E1IN1
samples aged for 1 and 30 days, whereas Fig. 2c and d show the
PL spectra at initial (0 h) and final (48 h except 10 h for PEA)
durations under the applied light-soaking and thermal-stress
conditions for the frontside and backside excitations, respec-
tively. The PL spectral changes during the intermediate stages
of aging and external effects are shown in Fig. S6 and S12,f
respectively. Excitation from the front side (E1) allows us to
monitor the electronic structural changes in the bulk (thicker)
3D phase while the backside excitation from the thinner 2D
sheet (N1) offers us the advantage to monitor the PL signals
from both 2D and 3D phases together with the newly formed
interfacial N2 phases.

Front Excitation
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Frontside excitation of E1N1 samples showed modest
changes in the spectral shapes and positions due to aging
between the spectra recorded for day 1 and day 30 as shown in
Fig. 2a, whereas external stimuli produced large shifts between
0 h and 48 h spectra due to the formation of new phases such as
N2 and quasi 2D phases, as shown in Fig. 2c. As mentioned
above, the backside excitation of EIN1 samples (Fig. 2b and d)
showed signals from N1, E1, and the newly formed interfacial
N2 phase due to the diffusion of the organic cations from both
2D and 3D sides. It can be seen that both aging (Fig. 2b) and
external (Fig. 2d) effects showed the N2 phase as one of the
prominent final phases of the reaction between the coupled 3D
and 2D samples, except for the case of bulky aromatic PEA
cation.

To confirm the presence of the N2 phase as well as evaluate
its carrier dynamics in the E1N1, the femtosecond transient
absorption spectral (fs-TAS) studies were performed for E1N1-
BA (day 4). The fs-TAS of the intact EIN1-BA films in compar-
ison with pristine E1, N1, and N2 samples using a 620 nm
actinic pump pulse as the excitation source and was probed in
the region between 550-990 nm, as shown in Fig. S7a.7 To
better visualize the presence of N2 phase, the 2 ps TAS profile of
all samples were compared, as shown in Fig. 3. The TAS profiles
of pristine N1 and N2 samples showed photo-bleach (PB)
signals of their respective excitonic states, whereas the pristine
E1 sample showed PB bands due to the depletion of band edge
states caused by carriers. The physical significance of PB and
the photo-induced absorption (PIA) bands in the pristine
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Fig. 2 Photoluminescence (PL) spectra of the stacked thin-film samples to demonstrate the evolution of the N2 phase. (a) and (b) show
normalized PL spectra for the stacked film (ELN1) with excitations from the front (E1) and the back (N1) sides, respectively, for the fresh and aged
samples as indicated. (c) and (d) show normalized PL spectra for the stacked film (EIN1) with excitations from the front (E1) and the back (N1)
sides, respectively, under external effect (illumination at one sun and heating at 50 °C). The initial and final states represent the PL spectra before
the initiation of external effect and after rapid phase conversion to the N2 phase, respectively.
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Fig. 3 Time-resolved spectral characterizations of EIN1-BA (day 4) obtained from fs-TAS measurements with the excitation at 620 nm. (a)
Femtosecond (fs)-TAS spectral trace at 2 ps delay times for N1, N2, EIN1, and E1. (b)—-(d) fs-TAS temporal profiles for pristine and EIN1 samples at
photo-bleach (PB) band positions. The fitted time coefficients are indicated as 71/ps, 7,/ps, t3/ns, 14/ps, and ts/ns.

samples have been reported in detail elsewhere.***” Interest-
ingly, the probed E1N1 sample displayed signals associated
with those of the pristine samples: N1, N2, and E1. It is
important to note that the 680 nm PB band in the E1N1 film had
spectral overlaps from both of the PB bands of E1 and N2,
however, its strong intensity and narrow bandwidth resembled
those of N2. Therefore, a clear assignment of the 680 nm PB
band for the E1N1 film was sought by selective excitations using
680 and 780 nm excitation pulses, as shown in Fig. S8-S11.f
Resonant excitation (680 nm) produced a much sharper and
more intense PB band resembling that of pristine N2 (Fig. S9t)
whereas near band edge excitation (780 nm) of E1 produced PB
bands at 680 nm resembling that of E1 (Fig. S11%). Thus, the
observation of the 680 nm band under 620 nm excitation can be
used as evidence for the formation of N2 at the N1/E1 interface.

The TA kinetics of 2D (N1, N2) and 3D (E1) samples man-
ifested the relaxation dynamics of excitons and carriers,
respectively, as described elsewhere.*®*” Thus, a relative
comparison of decay features between pristine and E1N1
samples revealed the splitting of excitons and charge separation
at the interfaces between E1 and N1. The observed decay
profiles were simulated by fitting them with an appropriate
number of exponential decay functions, as indicated by time
coefficients in Fig. 3b-d. The PB band of N1 in the E1IN1 film
showed drastic quenching (t; = 0.4 vs. 7.3 ps in pristine N1) due
to the splitting of excitons at the interface between N1 and N2.
The band alignment between the N1, N2, and E1 (Fig. S7b and
S18ct) favoured hole migration from the 2D to 3D phase, thus

21092 | J Mater. Chem. A, 2023, 11, 21089-21098

the drastic quenching with a time constant of 0.4 ps observed
for the PB band of N1 in the E1N1 film could be due to rapid
hole injection from N1 to N2 at the interface. The ps-ns
decaying components of N1 in the E1N1 film also showed faster
recombination compared with the pristine N1 sample (7, = 49
vs. 93 ps, and 13 = 0.9 vs. 1.3 ns) due to the formation of
interfacial trap states. These findings suggest that there is
a significant amount of traps in N1 due to lattice strain caused
by stacking and trap formation as a result of interfacial layer
formation.

The PB band of N2 in E1N1 (Fig. 3c) showed only a slight
quenching effect compared with N1 (t; = 1.4 vs. 1.8 psand 1, =
131 vs. 163 ps), probably due to the contamination of N2 with
higher-order 2D structures so that the spectral overlap of the PB
band of N2 with that of E1 became significant. Finally, the PB
band of E1 in E1N1 (Fig. 3d) showed slow relaxation (t, and 15)
compared with that of pristine E1 due to hole migration from
N1 and surface passivation offered by the alkyl chains. A
relaxation scheme describing the key carrier relaxation path-
ways of EIN1 film is shown in Fig. S7b.T

The aging experiments suggest that the effects of strain are
nominal on the bulk 3D phases with the interfacial N2 phase
being localized to a few surface layers with a time-dependent
growth, as shown in Fig. S6.7 The red spectral shifts in the 3D
phases due to aging can be attributed to the modulation in the
electronic structures caused by the structural rearrangement of
ions due to the formation of the N2 phase at the interface. The
time-dependent growth of the N2 phase indicates the slow

This journal is © The Royal Society of Chemistry 2023
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diffusion of organic cations with time. Among the bulky organic
cations, PEA showed no N2 phase formation together with the
negligible effects of aging whereas OA showed complete
consumption of the N1 layer to form the N2 phase. The latter is
due to the thinner film formation because of the poorer solu-
bility of the OA precursor solution. The absence of the N2 phase
at the interface between 3D and 2D-PEA layers could be either
due to a large ion migration barrier hindering the diffusion of
PEA cations or the molecular size of PEA, which is too bulky to
penetrate into the 3D phase when compared with the linear
alkyl chain cations.

The external stimuli experiments showed that the samples
with linear alkyl chains (BA, HA, and OA) were completely
changed into the N2 phase (Fig. S12a-ct) while the PEA sample
displayed weaker N2 phase, as shown in Fig. S12d.} Further, the
E1 bands showed significant blueshifts in all samples due to the
formation of low-dimensional phases with a decrease in the
intensity of E1 band maxima, as shown in Fig. S13f (also in
Fig. S14a and bt for the PEA case). The externally applied heat
and light-illumination expedited the diffusion of organic
cations by surpassing the necessary ion migration barrier (lower
activation energy) as shown by the incremental growth of the N2
phases with time in Fig. S12.1 The ions' lower activation energy
might weaken the metal halide bond, resulting in lattice
strain.*®** This softens the perovskite lattice, which can aggra-
vate the ion migration. As a result, when exposed to external
stimuli, the physically stacked films soften and pair more effi-
ciently. The molecular interaction at the interface is also
improved, allowing ions from the film to migrate more easily
under external stimuli (light and heat).

The rates of diffusion of organic cations were attained by
monitoring PL intensity variations of both the E1 (860 nm) and
N2 (698 nm) bands. The decrease of E1 bands shows time
coefficients of 218, 203, 240, and 185 min for BA, HA, OA, and
PEA cations (Fig. S137). Similarly, the formation of N2 bands
shows slightly slower rising coefficients than their E1 bands,
with values of 456 and 329 min for BA and PEA cations,
respectively (Fig. S131). The N2 band intensities of the HA and
OA samples showed a scattered behaviour and thus were not
fitted to attain the formation time coefficients. The slower
formation of the N2 phases compared to the disappearance of
the E1 phase suggests that the N2 phase is formed via the
higher-order low-dimensional phases (N,, x > 2). Furthermore,
for the linear alkyl chain cations (BA, HA, and OA), the N1 and
E1 phases were converted completely into the N2 phase (Fig. 2c,
d and S121). In contrast, the bulky aromatic cation PEA showed
only partial conversion to the N2 phase at an irradiation time of
10 h. Beyond this irradiation period (e.g., 700 min), the sample
might turn to a zero-dimensional (0D) phase, as shown by its
absorption and PL spectra in Fig. S14c.} It should be noted that
our observation is consistent with the UV-Vis absorption spectra
of the 0D tin bromide perovskites reported elsewhere.**** The
formation of a 0D phase for the PEA cation indicates that
diffusion of bulky organic cations disrupts the inorganic lattice
leading to the formation of hollow structures with larger voids
initially, and then producing the 0D phases as observed herein.

This journal is © The Royal Society of Chemistry 2023
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The observed PL spectra (ageing) showing the formation of
the interfacial N2 phase should be due to the diffusion of the
linear bulky organic cations (BA, HA, and OA) from either the
microcracks developed during the initial contact between N1
and E1 samples or the cumulative effects of compressive and
tensile strains caused by the application of forceps-induced
pressure. Either of these processes can distort the lattices at
the interface between N1 and E1 phases to release the organic
cations and iodide anions. Hence, a large number of voids will
be generated to provide a channel for the rearrangement of
these ions from both sides of the stacked film. Once N2
formation is initiated, it grows further by consuming E1 and N1
lattice structures due to the reoccurrence of microcracks caused
by the sustained forceps-induced pressure. The effects of heat
and light can further aggravate the diffusion process by
supplying additional energy to attain a stable low-dimension
phase. However, PEA could not form the N2 phase without
the aid of external energy such as heat and light, and this
suggests that bulky PEA molecules are robust and do not induce
any additional low-dimensional phases as they need external
stimuli to overcome the ion migration barrier for diffusion, but
once diffused it will lead to 0D phase.

We now consider EIN1-BA as an example. When E1 is
pressed against N1, the surface of E1 can undergo lattice
distortions. Due to this effect, a series of surface Snlg*~ octa-
hedral units can stretch outwards, causing it to tilt slightly so
that FA, BA cations, and iodine anions can move outward. This
makes the surface more amorphous, which can be better visu-
alized by measuring the X-ray diffraction (XRD) patterns of the
half-split EIN1-BA stacked film over varied storage periods
(Fig. 4a). The schematic demonstration of the film stacking and
splitting processes are shown in Fig. S15.7 When the stacked
E1N1-BA film was apart, it formed two films, named as EIN1/E1
(E1 side) and E1IN1/N1 (N1 side). The XRD patterns of the E1IN1/
E1 and E1N1/N1 films are compared with those of the pristine
E1, N1, and N2 films, as shown in the bottom of Fig. 4a. The
(h,k,0) index values are assigned based on those reported
elsewhere.**

2.3 Mechanisms for the formation of the N2 phase with the
BA cation and the formation of the 0D phase with the PEA
cation

The XRD patterns of the EIN1/E1(BA) film on day 4 clearly
showed prominent peaks of the N1 (6.4°) and E1 (14.0°) phases
together with a weak N2 peak located at 4.4°. The peaks shifted
toward smaller angles in XRD, confirming the electronic
structural changes caused by the formation of the quasi-2D
phases, whereas band broadening and shoulders in XRD
confirmed the loss of crystallinity (amorphization, tensile
strain) at the interface due to microcrack formation. In contrast,
the XRD patterns of the EIN1/N1(BA) film showed only the
strong N1 peak at 6.4° together with a weak N2 peak at 4.6°.
Furthermore, the N1 peaks of the E1IN1/E1(BA) sample observed
on day 4 disappeared on day 15 and day 30, indicating that the
interfacial N1 phase was completely transformed to the N2
phase on the split EIN1/E1(BA) film. This was validated by the
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Fig. 4 Structural characterization of pristine and split opened EIN1-BA heterostructures. (a) XRD patterns are shown for split opened EIN1/E1
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the figure. The dotted lines indicate the major peaks positions for the E1, N1, and N2 films as indicated. (b) SEM images of pristine E1, N1, and split
opened EIN1/E1 and EIN1/N1 samples under varied storage periods (day 4, 15, and 30).

scanning electron micrograph (SEM) studies, which revealed
the presence of N1 and N2 on E1. Fig. 4b shows the SEM images
for the split opened sample on days 4 to 30 from both E1 and N1
sides. In comparison to the pristine E1, the surface morphology
on the day 4 sample had a N1-like nanosheet structure along
with the surface grain distribution of the 3D structure under-
neath. The day 15 split opened sample, on the other hand, had
complete coverage of grain boundaries with a N2 sheet-like
structure above the E1 3D structure. The day 30 split opened
samples had similar morphology with no significant difference
with the day 15 sample.

To gain more insight into the development of the N2 phase,
we can describe the interaction between N1 and E1 stoichio-
metrically using eqn (1):

L,Snl, (N1) + FASnl; (E1) — L,FASn,I, (N2) (1)

Here, L is either one of the BA, HA, and OA cations; for the PEA

cation, no N2 phase was observed under the aging condition.
A mechanistic demonstration of the formation of the N2

phase via the interaction of N1 with E1 for the linear cation

21094 | J Mater. Chem. A, 2023, 11, 21089-21098

samples is shown in Fig. 5a. Initially, the lattice distortion and
micro cracking in the N1/E1 interface occurred via the forceps-
induced pressure to release L, FA cations, and iodide anions.
Then, two L cations moved to the FA position in the distorted E1
lattice to cut one layer of E1 and create an iodine vacancy to be
occupied by the iodine anion released from the N1 layer;
simultaneously, one interfacial FA cation could move to the L
vacancy and this ion exchange process repeated to form one,
two, three, and more layers of the N2 phase, as shown in Fig. 5a.
Note that the aforementioned mechanism is for an ideal case,
and some higher-order 2D phases should also be produced via
a similar ion exchange mechanism, however, eventually, N2
would remain the dominant phase to stay.

Alternatively, the N2 phase can also be produced by
consuming two N1 units with FAI from the E1 phase and
releasing two LI from the N1 phase according to eqn (2):

2L,Snl, (N1) + FAI (from E1) — 2LI (from N1) —
LZFASn217 (N2) (2)

This journal is © The Royal Society of Chemistry 2023
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2 x N2 formation

Fig.5 Mechanistic demonstration showing (a) the formation of N2 phase at the E1/N1interface for BA, HA and OA cations under aging condition
and (b) the formation of OD phase tin perovskite for the PEA cation under external stimuli condition. N, denotes higher order 2D phases.

Herein, we consider the ion exchange to occur with the L cation
in the second layer of N1 so that it produces the E1/N1/N2/N1
configuration and eventually it would produce more N2 layers
when the ion exchange proceeds. On the other hand, the N1
phase with PEA as a bulky aromatic ligand cannot convert into
the N2 phase under the aging condition due to the steric
hindrance effect of the bulky PEA cation with greater ion
migration barrier than the linear bulky organic cations.
However, under the light-soaking and heat-stress conditions,
PEA gained sufficient energy to overcome the ion migration
barrier and moved out to the E1 crystal to make it a hollow
structure, and eventually a 0D phase would be produced as
shown in Fig. 5b. The mechanism would be similar under
external stimuli, except that the rate of the solid-state reaction
would increase.

2.4 Why did the N2 phase became dominant according to
eqn (1) and (2)?

To answer this question, we performed Density Functional
Theory (DFT) calculations using VASP software to estimate the
formation energies of the 2D perovskites with barrier lengths

This journal is © The Royal Society of Chemistry 2023

(BA) ranging from n =1 to 6 (N1-N6). The optimized geometries
for 3D, N1, 3D/N1, and 3D/N2/N1 are shown in Fig. S16,f and
the corresponding lattice parameters are listed in Table S1.1 As
shown in Fig. S17a and b, N1-N6 structures were optimized
without and with the BA chains. For the slabs without BA
chains, the formation energies decrease exponentially from N1
to N6 (Fig. S17ct). It was reported that the formation of N1 is
energy intensive and the formation of higher-order phases is
more likely in the presence of larger amounts of cations.**® Our
calculations on slabs in the absence of BA chains well agreed
with the results reported elsewhere,***® indicating that the
formation of N1 is indeed an energy-intensive process to
produce, and the N2 slab is more stable than the N1 slab by
~1.5 eV. In other words, in an extreme case when all the BA
chains are removed, N1 is very unstable compared to N2 and
other higher order 2D phases (Fig. S17ct). However, the esti-
mated formation energies increase as the barrier length
increases from N1 to N5 (product phases) in the presence of BA
chains (Fig. S17d+1).

Our results show that N2 is the dominant low-dimensional
phase in the heterostructure. Both E1 and N1 are reactant

J. Mater. Chem. A, 2023, 11, 21089-21098 | 21095
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states, as shown in eqn (1) and (2). Our product states include
all states from N2 to the higher order N, phase. Dangling bonds
established on one or both sides of N1 and E1 cause ion
movement. As a result, new phases emerge, with N2 being the
most stable product phase according to our calculations,
neglecting the stability of the reactant N1. It is nearly impos-
sible to convert the majority of the E1 to the N1 phase because
we cannot entirely move the FA cations out of the system. They
have to be accommodated inside the lattice. In such a scenario,
the complete transformation of the bulk to the N2 phase is
a more plausible reaction path than turning it back to the N1
phase. Based on our experimental observations, the phase
transformation from N2 to N1 should involve a high energy
barrier that prevents the back reaction from occurring.

2.5 A tin-based perovskite solar cell fabricated with E1/N2/
N1 triple active layers

As the XRD patterns shown in Fig. 4, EIN1/E1 films of day 4 and
day 15 conditions were used to fabricate a tin perovskite solar
cell with the device configuration of ITO/PEDOT:PSS/E1/N2/N1/
Ceo/BCP/Ag, as shown in Fig. 6a; the corresponding energy-level
diagram is shown in Fig. 6b (the valence and the conduction
band (VB and CB) levels were estimated using UPS data shown
in Fig. S18af and bandgap values obtained from PL peak
maxima shown in Fig. S18b¥). Note that the active perovskite
layer contains three components (E1/N2/N1) on day 4, whereas,
it contains only two components (E1/N2) on day 15. The char-
acteristic /-V curves and the corresponding IPCE spectra are
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shown in Fig. 6¢c and d, respectively; the corresponding photo-
voltaic (PV) parameters are given in Table S2.7 As a result, the
day 4 device attained Jsc/mA cm ™ = 23.7, V,/V = 0.50, FF =
0.73, giving a total PCE of 8.7%, which outperforms that of the
reference device made of the pristine E1 layer (PCE 7.7%). For
the 15-day device, it gave a poorer PCE (6.1%) than the others,
because the E1/N2 layer was unfavourable for electron transfer
due to the higher barrier of the thicker N2 layer. Note that there
was no effect of hysteresis for all the devices studied herein.
Furthermore, the greater V,,. observed on day 4 might be due to
the large bandgap of N1 nanosheets and the weak N2 phase
formation. The device made on day 15, on the other hand,
features a thicker N2 phase, which could have band-bending
interaction with E1, causing electronic band structural
changes in E1 that results in trap states and significant charge
recombination. Both of these factors contribute to the
decreased V,. and poorer PV performance for the E1/N2 device
than for the E1/N2/N1 device.

Although the device performance is moderate, this is the first
report on the TPSCs with triple active layers containing 3D, N2,
and N1 phases in an energy cascade configuration, as shown in
Fig. 6b. Even though the CB levels of the N2 and N1 layers are
slightly higher than that of E1 layer, band alignment should
occur for the electrons in the CB of E1 to successfully transfer to
the CB of Cg to attain decent Jsc values for both, day 4 and day
15 devices. We summarize in Table S37 all the device perfor-
mances of TPSC with 3D/2D architectures reported in the
literature for comparison.
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Fig. 6 Device structure and performance for the tin perovskite solar cells using the EIN1/E1 substrate. (a) Device architecture, (b) energy-level
diagram of the corresponding layers, (c) J-V characteristic curves for the devices as indicated, and (d) corresponding IPCE spectra for pristine E1

and triple active layer (E1/N2/N1) devices.
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3 Conclusions

We constructed a 3D/2D heterostructure by physically stacking
the 3D (E1) and 2D (N1) Sn perovskite samples (E1N1) using
forceps. When the E1 and N1 films are contacted with each
other at room temperature, structural distortions, and ion
migrations occur, causing the formation of a new N2 phase
between the E1 and N1 phases. The formation of the N2 phase
at the interface was further confirmed by fs-TAS and carrier
relaxation dynamics for each phase. Bulky linear organic
cations such as BA, HA, and OA can effectively create the
interfacial N2 phase, whereas bulky aromatic cations such as
PEA cannot form the interfacial N2 phase under aging condi-
tions, however, PEA can lead to the formation of the zero-
dimensional phase under external light-soaking and thermal-
stress condition. Long-term stacking of films allows linear
cations to penetrate deeply into the lattice structure, causing
structural deformation. As a result, the recurrence of structural
distortions, as well as ion migrations at newly formed inter-
faces, ensures the growth of the new N2 phase as the storage
duration increases. The process of such interfacial development
is due to disrupted crystallinity in the interface, which allows
one FA and two L (BA, HA, and OA) cations to exchange with
proper migration of the iodine anions to occupy the iodine
vacancies created by the L cations to cut the E1 layers.
Furthermore, this interfacial ion migration process is contin-
uous until the entire stacked sample is completely converted to
the N2 phase with formation energy lower than the others
predicted by density functional theory and supported by both
PL and XRD characterizations. Finally, after four days of
stacking, a triple-layer tin perovskite (E1/N2/N1) was produced
on the E1 side of the split E1IN1 substrate. This triple-layer tin
perovskite was fabricated into a solar cell to attain a PCE of
8.7%, which is greater than the pristine E1 device (PCE 7.7%)
fabricated under the same experimental conditions.

4 Experimental

Details of thin film fabrication, mechanical stacking method-
ology, solar cell device fabrication, computational (DFT) calcu-
lations, and supporting photophysical and structural
characterizations are included in ESL}
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