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Revealing the effect of substitutional cation
doping in the A-site of nanoscale APbls; perovskite
layers for enhanced retention and endurance in
optoelectronic resistive switching for non-volatile
bipolar memory devices¥
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The effect of substitutional cation doping in the A-site of the nanoscale APbls perovskite layer has been
systematically investigated to achieve improvements in the charge-carrier dynamics and endurance of
non-volatile bipolar (NVB) memory devices. We successfully adopted an energy-efficient, ultra-fast
microwave-assisted solvothermal (MW-ST) synthesis route to prepare a sequence of APbls (A = MA™, FA™,
MAFA*, CsMA* and CsMAFA*) perovskite powders with morphological transitions from cube-like poly-
hedrons to mixed polyhedrons and rods within 10 minutes at 120 °C without requiring any inert-gas atmo-
sphere under high-humid ambient conditions. As-prepared APbls powders were dissolved in DMSO:DMF,
followed by the fabrication of a thin film via spin-coating. Upon annealing at 120 °C, the nanoscale self-
assembled thin-film layer was formed. We observed that devices with the inorganic Cs* cation with
organic cations, (CsMAPI and CsMAFAPI) device showed improved endurance (3500 and 5000 cycles,
respectively) and outstanding retention (60 000 s) owing to effective charge-carrier dynamics, compared
to organic cation-based MAPI, FAPI and MAFAPI (1800, 1200 and 1300 cycles, respectively). Significantly,
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5-months under high-humid conditions. Thus, enhanced optoelectronic-memory performance studies
could provide an opportunity for next-generation nanoscale ORSNVB-memory devices for artificial intelli-
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Introduction

Nanoscale-memristors, identified as a fundamental active elec-
tronic component, can operate at low voltage and high storage
density with simple architecture for the development of next-
generation optoelectronic resistive switching non-volatile
bipolar (ORSNVB) memory devices, and have attracted signifi-
cant attention for their application in artificial intelligence
(AI), artificial vision (AV), and photonic memory (PM)
systems.'™ In this regard, semiconducting inorganic metal
oxides with perovskite structure, two-dimensional chalco-
genides, and inorganic and organic functional materials are
extensively studied as active materials for ultra-thin ORSNVB
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gence (Al) and Internet of Things (IoT) applications.

memory devices."” However, the fabrication of these oxide-
based devices requires extremely sophisticated physical proces-
sing techniques, complex synthesis routes, and high-tempera-
ture annealing, thereby hampering their practical appli-
cations.” Hence, it is necessary to develop multi-functional
optoelectronic materials that could be processed via facile low-
cost solution-process techniques and could offer superior
switching performance for a viable ORSNVB memory device.
Recently, metal halide perovskites (MHPs), such as
CH;NH;Pbl;, CH(NH,),PbI;, CsPbl;, CsPbBr;, and Cs,PbBrg,
have emerged as the most promising semiconductors for a
broad range of optoelectronic devices, including LEDs, photo-
voltaics, transistors, and memristors®® as they possess desir-
able features such as long diffusion path-lengths, high carrier
mobility, ambipolar charge-transport, high carrier lifetime,
low trap-density, efficient photoelectric-conversion, and low
processing feasibility in terms of cost and energy.®™
Additionally, they promote flexible thin-film devices, making
them compatible with the roll-to-roll (R2R) process for mass
production.'™? Among MHPs, nanolayered organic-inorganic

This journal is © The Royal Society of Chemistry 2023
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CH;NH;PbI; (MAPI) perovskite-structured material possesses
remarkable optoelectronic functionalities, which are suitable
for bipolar resistive switching memory devices. However, they
have drawbacks such as chemical and structural instability
with an adverse reaction to atmospheric moisture.’*** To over-
come these limitations, significant efforts have been made by
chemical compositional tuning via cation or anion exchange,
and doping of perovskite material by adopting suitable meth-
odologies. Indeed, altering the cations to find a substitute for
the ‘A’-site cation is particularly desirable, as the ionic size of
the ‘A’-site cation stabilizes the ABX; perovskite structure.
Moreover, the interaction of the ‘A’-site cation with the
inorganic lattice modifies the optoelectronic device
functionalities.'***

Doping of formamidinium [FA", CH(NH,),"], cesium (Cs"),
and mixed cations such as methyl ammonium/formamidi-
nium [(MA"/MAFA") (CH;NH;'/CH(NH,),")], CsMA', and
CSMAFA" into the A-site of APbI; lattice in the place of MA" is
feasible as they have ionic radii comparable to that of the MA"
cation. Additionally, the incorporation of FA*, Cs" ions, and
their mixed cations (MAFA', CsMA", and CsMAFA') in the
APDI; lattice leads to significant optoelectronic properties,
improved structural and chemical stability and can affect the
light/electric field-induced ionic migration for the improved
device performance.'®"” However, effective cation doping into
the APDbI; lattice is still a challenge, and systematic investi-
gations related to the effect of doping on the charge transport
properties, crystallinity, and morphology of APbI; perovskite
structure in correlation with ORSNVB performance are
inadequate. Several studies on the synthesis of cation doping
in APbI; perovskites have been conducted, which include the
solution process, coprecipitation, chemical vapour deposition,
and solvothermal (ST) method.'®'® Among them, ST is advan-
tageous for controlling the morphology, crystal size, shape,
and homogeneity. However, they require long duration and
complex synthesis procedures. In this regard, combining
microwave reaction chemistry under solvothermal condition
(MW-ST) is an advanced sustainable technology. Microwave
irradiation in the polar solvents can initiate dipole-dipole
interactions of the solvent-molecules, which can accelerate the
reaction rates and provide rapid and uniform heating, thus
generating autogenous pressure within the reaction vessel. It
also offers improved product yield with high-pure material and
the obtained products are chemically stable. In heterogeneous
solid-liquid reaction conditions, the speedy input of high-
frequency electromagnetic energy sources creates many ‘hot
spots’ in the reaction vessel consequently favouring rapid
nucleation and prompt crystallization.”® For more than a
decade, our research group has effectively adopted the micro-
wave-assisted hydrothermal/solvothermal (MW-HT/ST) tech-
nique to prepare various advanced functional materials within
a few minutes.”*>?

In the present study, we successfully demonstrate the
effective doping of various inorganic and organic cations in
the A-site of APbI; (A = MA', FA', MAFA", CsMA’, and
CSMAFA") perovskite structure to form methylammonium lead
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iodide (MAPI), formamidinium lead iodide (FAPI), methyl
ammonium formamidinium lead iodide (MAFAPI), cesium
methylammonium lead iodide (CsMAPI) and cesium methyl-
ammonium formamidinium lead iodide (CSMAFAPI) powders
using an energy-efficient and ultra-fast MW-ST method within
10 minutes at 120 °C without requiring any inert-gas atmo-
sphere. The as-synthesized MHP powders were dissolved in
aprotic solvents, DMF:DMSO (8:2) and subsequently, were
allowed to recrystallize via the solution-based nanoscale self-
assembled process into a thin film using the facile and cost-
effective spin-coating technique, upon annealing at 120 °C. A
series of ORSNVB devices were fabricated and the cation-
induced effects on structure, morphology, and optoelectronic
resistive switching memory performances are systematically
investigated. Correspondingly, the Ag/CsSMAFAPI/FTO config-
ured ORSNVB memory device exhibited remarkable photonic
memory application under high-humid ambient conditions
(Pondicherry, India, 65 + 5% RH, and ~28 °C).

Results and discussion

APDbI; metal halide perovskites (MHPs) possess an ABX; struc-
ture, which allows predominant flexibility for compositional
design. Herein, the Pbls~ framework contributes extensively
towards the anionic framework while the A-site cation occupies
the cubical cavity formed by the anionic octahedral cage.**
Indeed, X~ halides contribute majorly towards the bandgap of
the perovskite material, while the A-site cation plays a signifi-
cant role in stabilizing the perovskite structure. The variation
in cationic radii can directly affect the tilting of the Pbl, cage
and distorts the I-Pb-1 bond lengths and bond angles influen-
cing the photophysical properties in addition to the perovskite
structure.>*>” Interestingly, the interaction of the A-site cation
with the Pbls octahedral cage can be determined by the
Goldschmidt tolerance factor (¢), which is estimated using the
ionic radii of the A-site cation. In this regard, a tolerance factor
of 0.8 < 1.1 is required to form a stable perovskite structure
that would enable improved optoelectronic properties. After
doping with various cations the ionic radii of the MA", FA",
and Cs* cations became 217, 253, and 167 pm, respectively,”’
and the ionic radii for the mixed cations substituted in the
A-site such as MAFA*, CsMA*, and CsMAFA" were estimated as
235, 192, 191.1 pm, respectively. The tolerance factor for the
various cations doped samples is found to be lying between
0.8 to 1.1, which clearly indicates the formation of stable per-
ovskite structure with improved optoelectronic properties. The
calculated tolerance factor (¢) was observed to be low for the
mixed cation-based CsMAFAPI and CsMAPI, followed by MAPI,
while the highest ¢ has been observed for MAFAPI and FAPL
The overall order of the tolerance factor for the series of APbI;
metal halide perovskites synthesized via the microwave-solvo-
thermal (MW-ST) method is FAPI > MAFAPI > MAPI > CsMAPI
> CSMAFAPI. Tables S1 and S2f show consolidated tolerance
factors (t) for the various cation-doped APbI; metal halide
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perovskites that were synthesized via the microwave-assisted
solvothermal (MW-ST) method.

X-ray diffraction studies

Fig. 1a shows the XRD pattern of the various cation-doped
MW-ST APbI; (A = MA", FA", MAFA", CsMA’, and CSMAFA")
perovskite powders synthesized via the MW-ST method. The
observed pattern can be indexed to the tetragonal phase (I4cm
space group, PDF no. 98-011-4280). The sharp diffraction
peaks, located at 26 = 14, 20, 24.5, 28.4, and 31.9° angles,
corresponding to the (001), (011), (111), (002), and (012),
respectively, diffraction planes indicate highly crystalline
nature of the obtained samples.® It is interesting to observe
that no peaks related to the monohydrate secondary phase of
lead iodide were identified in the obtained XRD pattern.
However, peaks belonging to the non-perovskite §-phase of
FAPI were obtained at 26 = 12.7, 25.95, and 34.3° angles when
the A-site was substituted with the FA" cation, corroborating
the large tolerance factor (¢).*° Additionally, the peaks were
slightly shifted towards lower angles indicating the intercala-
tion of the larger ionic radius of the FA" cations [r = 0.25 nm].
In contrast, the peaks shift towards higher angles in the case
of dopants with smaller ionic radii such as Cs" (r = 0.17 nm)
when compared to the MA" cation (r = 0.22 nm).*® Indeed, the
enhanced peak intensities clearly depict the formation of
high-crystalline MHP with the incorporation of cations such as
MA", MAFA®, CsMA", and CsMAFA" into the A-site of the APbI;
metal halide perovskite lattice. Fig. 1c shows the shift of 26 to
lower angles further confirming the variation of lattice con-
stants and the corresponding incorporation of cations into the
perovskite lattice.>* The enlarged peaks of the as-synthesized
APDI; perovskite at 260 = 14° is shown in Fig. S1.T Moreover, the
splitting of planes (004) and (220) observed at 28° and 32°,
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respectively, represents the formation of a tetragonal perovs-
kite structure, further confirming the cation doping into the
A-site of the APbI; perovskite structure. During the MW-ST syn-
thesis process, providing enough time (10 min holding) and
pressure to reach the supercritical state beyond the boiling
point of the precursor mixture at elevated temperature favours
this crystallinity of the various cation-doped APbI; perovskite
formation.** Table S3f summarizes the detailed XRD pattern
with lattice parameters for the APbI;, which was obtained via
the MW-ST method. The XRD results further confirm the role
of crystallinity and cationic radii of the cation in the A-site for
stabilizing the APbI; structure, which can contribute to
improving the device performance.

Resistive switching memory performance

The effect of the substitutional doping of cations possessing
different ionic radii in the A-site of APbl; metal halide perovs-
kites (MHP) on the resistive switching performance was
studied by fabricating the devices with the configuration Ag/
APDI;/FTO, where A = MA', FA", CsMA', and CsMAFA".
Gradual heating at 5 °C min~" was provided to allow 1 mM of
pre-synthesized APbI; perovskite powders to dissolve in DMF:
DMSO to recrystallize into a nanoscale thin film on the bottom
of the FTO substrates. The nanoscale thin films were allowed
to anneal at 120 °C for 10 minutes to complete the crystalliza-
tion. Further, the films were allowed to cool down to room
temperature gradually, to obtain, homogeneous and smooth
perovskite films.

To reveal the memory performance, characterisation of the
fabricated APbI; memory devices by semi-logarithmic current-
voltage (I-V) was studied under ambient conditions with a
steady DC supply of +5 V to enable the traps, that facilitated
the formation of conductive channels or conductive filaments
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Fig. 1 (a) XRD pattern of the MW-ST synthesized APblz (A = MA*, FA*, MAFA*, CsMA* and CsMAFA*) metal halide perovskite powders depicting the
(b) variation of Goldschmidt tolerance factor with the operation Vsgr voltage and (c) the shift of 20 = 14°, with respect to the atomic radii of the sub-

stitutional cations.
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(a) Schematic illustration of the Ag/APbls/Ag memory device with facile sandwich architecture. The semi-logarithmic resistive switching per-

formance for (b) Ag/MAPI/FTO (c) Ag/FAPI/FTO (d) Ag/MAFAPI/FTO, (e) Ag/CsMAPI/FTO and (f) Ag/CsMAFAPI/FTO memory devices.

(CFs). In order, to prevent the premature breakdown of the
conduction filaments (CFs), a compliance current (CC) was set
at 1 mA.*? Fig. 2a illustrates the schematic depiction of the fab-
ricated optoelectronic resistive switching non-volatile bipolar
(ORSNVB) memory device with Ag/APbI;/FTO configuration.
We observed that when the applied voltage was swept between
5 Vand -5V, regardless of the cation substituted in the A-site
of the APbI;, the devices exhibited resistive switching in both
directions, which clearly indicated a bipolar resistive switching
behaviour of the device. During the sweep of positive voltage,
the current exponentially rises denoting the formation of con-
ductive filaments (CFs), which enables the low resistance state
(LRS). The voltage value at which the current overshoots can
be denoted as the state of being “ON” or with a digital equiva-
lence of “1”, known as the process of SET. On the other hand,
during the negative sweep, we observed a rather gradual leap
down of current denoting the RESET process due to the dis-
sociation of CFs creating a high resistance state (HRS).>*%°

Fig. 2b-f clearly isolates the effect of the A-site cation on
the device performance and shows the semi-logarithmic I-V
curves for the ORSNVB memory devices. Interestingly, we per-
ceived that the trends in operating voltage (Vsgr) of the semi-
logarithmic I-V characteristics are strongly influenced by the
estimated Goldschmidt tolerance factors (¢) with respect to the
ionic radii of the cation doped in the A-site of the fabricated
nanoscale Ag/APbI;/FTO configured ORSNVB memory devices
as shown in Fig. 1b.

When an external electric field is applied, the generated
halide ions migrate along the path of halide vacancy creating a

This journal is © The Royal Society of Chemistry 2023

conductive channel bridging the top and bottom electrodes.
Hence, a lower formation energy for halide vacancy is pre-
ferred to achieve prompt CF formation.?® In this regard, when
the A-site of the perovskite nanoscale layer is substituted with
organic cation MA", (MAPI) the tolerance factor was obtained
as t = 0.916 and the fabricated ORSNVB memory device
demonstrated the operating voltages of Vger = 0.6 V (Fig. 2b).
However, when the A-site cation is substituted by the large
organic cation FA" in APbI; to form FAPI, ¢ increased to 0.986,
and the operating voltage for the SET process was increased
from 0.6 to 0.7 V (Vsgr) as shown in Fig. 2c. It is noteworthy
that beyond stabilizing the perovskite structure, A-site cations
play a major role in affecting the defect density matrix depend-
ing on their cationic radii. Considering the rotational behav-
iour of the A-site cation, the nanoscale thin-film recrystallized
from the precursor solution could inherit local strain, which
was explored using the Williamson-Hall plot.>” Particularly,
FAPI with large cationic size for FA" causes octahedral distor-
tion, which results in local strain in the recrystallized FAPI
thin films, in addition to the lattice mismatch between the
nanoscale APbI; layer and the substrate.*® The sudden expan-
sion in the lattice can alter the VB and CB edges since the
corner sharing Pbls cage contributes towards the electronic
configuration. This induced strain can alter the electronic
band structure due to the overlap of lead and halide ions,
which reduces the migration of ions and varies the activation
of the energy barrier.*””*® The local compressive strain induced
in FAPI powders as well thin films (Fig. S2a, b and S3a, b¥),
can increase the formation energy of internal defects, which
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hinders the charge carrier mobility,>*® thereby requiring a
large voltage to facilitate the formation and dissolution of the
CFs.

Remarkably, when we mixed both MA" and FA" organic
cations to substitute MAFA" in the A-site (MAFAPI) the toler-
ance factor was further lowered to 0.949, and the ORSNVB
memory device obtained relatively lower operating voltages of
0.5 V (Vsgr) for MAFAPI (Fig. 2d). The reduction in operating
voltage could be attributed to the regulation of the local strain
formed due to the large FA" cation in the perovskite thin films
regulated using smaller cations such as MA" (Fig. S2df), thus
enabling quicker CF formation.*® Similarly, the drastic
improvement in RS behaviour was observed when the in-
organic cation Cs" was doped into MAPI and MAFAPI, with
relatively smaller ionic radii into the A-site. Fig. 2e, shows the
ORSNVB memory performance of CsMAPI with ¢ = 0.859
obtaining a low Vggr of 0.3 V. On the other hand, Fig. 2f, shows
the performance of CSMAFAPI with ¢ = 0.857, and the ORSNVB
memory device obtained the lowest Vsgr of 0.2 V. Herein, the
introduction of inorganic cation Cs* with smaller ionic radii
was observed to cause tensile stress (Fig. S2e and fY), thus
decreasing the defect formation energy of the halide vacancy
and promoting rather fast CF formation and rupture.
Therefore, in conclusion, the variation of the A-site cationic
radii can affect the charge carrier mobility as well as contribute
towards improving or decreasing the ion migration rate owing
to the strain-induced lattice distortions in APbI; perovskite
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Charge transport properties

We observed that the transport of charged ions, defects, trap
density, and diffusion length can influence the overall opto-
electronic properties and ultimately the device performance.
Fig. 3a and S4,1 shows the log vs. logV for the fabricated
Ag/APDI;/FTO (A = MA", FA", MAFA", CsMA", and CsMAFA")
conducted under dark conditions, to elucidate the effect of the
A-site cation on the charge transport dynamics. Regardless of
the cation substituted in the A-site of the APbI; perovskite
layer, the devices exhibited a similar trend of linear ohmic con-
duction in the lower voltages followed by trap-filled-limited
(TFL) transport at higher voltages.>>*® The trap density (Ny)
directly affects the value of the voltage of transition (Vrgy), as
in eqn (1.1)

VrrL = €Ntd2(2€80)71 (1.1)

here, e denotes the electric charge (1.6 x 10™*° C), d represents
the thickness of the nanoscale device, (~550 nm from SEM
cross-section images), ¢ is the relative dielectric constant of the
perovskite and &, is the permittivity of free space (8.854 x 10~
F m™"). The relative dielectric constants of MAPI, FAPI, MAFAPI,
CsMAPI, and CsMAFAPI were taken from ref. 27, as 32, 62, 80,
32, and 41 respectively for calculations.*' Based on our calcu-
lations using the trap-filled voltage of the transition formula, we
list the estimated trap densities for the series of APbI; perov-

structure.*>*® skite powders synthesized via the MW-ST route in Table 1.
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Fig. 3 (a) log!/ vs. log V graph for the fabricated Ag/CsMAFAPbIs/FTO bipolar resistive switching devices with the (b) variation of carrier mobility

with respect to the conductivity of the devices, (c) XRD pattern obtained for the APbls thin films recrystallized from aprotic solvents DMF : DMSO
(8 : 2) upon annealing at 120 °C and (d) shift of 20 = 32°, with respect to the free charge carrier concentration in the devices.

6964 | Nanoscale, 2023,15, 6960-6975

This journal is © The Royal Society of Chemistry 2023


https://doi.org/10.1039/d2nr07007c

Published on 20 mars 2023. Downloaded on 27.06.2024 00.38.54.

Nanoscale

Table 1 Experimentally estimated values of the charge transport
properties

Carrier N; tin (cm? o N D (x1077
dynamics  (cm™) s7'v) @'em™)  (em™? m®s™)
MAPI 7.1x10"  0.16 1.2x107%  1.2x10" 0.11
FAPI 21 x 10" 0.10 1.8x107° 11x10%® 2.4
MAFAPI 41 x10""  0.03 1.3x107°  21x10"® 85
CsMAPI 9.7x 10" 0.23 25x107°  6.7x102 5.6
CsMAFAPI 7.6 x 10" 0.69 3.4%x107%  3x10" 0.17

Accordingly, the inorganic-organic cation mixture pos-
sessed the lowest trap density (7.6 x 10'" em™) attributed to
the adequate tolerance factor (¢), stable perovskite structure,
and enhanced crystallinity, as observed from XRD. In contrast,
FAPI and mixed organic cation MAFAPI holds higher trap den-
sities of 21 x 10"" and 41 x 10" ¢cm™, respectively, owing to
the disorders and defects present in them, these results are
corroborating the thin film XRD. Further, the values obtained
are analogous with previous polycrystalline thin film trap
density values obtained for MAPL**™** At higher voltages, the
memory devices are observed to exist as in child’s region,
hence according to Mott-Gurney’s law,

_ 9egouV?

4= (12)

where J; represents the current density, V is the applied
voltage and p is the charge carrier mobility. The estimated
mobilities for the inorganic-organic cation mixture at the
A-site showed enhanced values (0.23 and 0.69 cm?® s V™! for
CsMAPI and CsMAFAPI, respectively) compared to the pure
organic cations exhibiting (0.16, 0.10, and 0.03 cm® s™* V™" for
MAPI, FAPI, and MAFAPI) lower charge carrier mobility due to
the poor charge transport and prompt recombination due to
the defects.”* Further from the ohmic region the conductivity
(0) of the APbI; (A = MA", FA", MAFA", CsMA", and CsMAFA")
memory devices were determined, depicting improved values
for the Cs' incorporated memory devices, indebted to the
charge carrier mobility disparity. Fig. 3b shows the variation of
conductivity with respect to the charge carrier mobility. The
average value extracted from the statistical distribution of the
charge transport values from 5 different devices fabricated
under similar conditions are provided in Fig. S5,f denoting
the average mobility values and their standard deviation.

Fig. 3c shows the XRD pattern obtained for the various
cation-doped APbI; (A = MA', FA', MAFA', CsMA®', and
CSMAFA") nanoscale thin-film cast on the FTO-coated sub-
strates. The introduction of MA", CsMA", and CSMAFA" cations
into the A-site of the APbI; perovskite nanoscale thin-film is
observed to retain its high-pure crystallinity and no additional
peaks were observed for secondary phases. However, when FA"
was mixed with MA" and allowed to recrystallize into MAFA"
nanoscale thin film, impurity peaks began to show, probably
due to the co-existence of §-FAPI with the o-FAPI phase at
room temperature.*> Similarly, the FAPI nanoscale thin film
showed major peaks of the unfavourable Pbl, phase on recrys-

This journal is © The Royal Society of Chemistry 2023
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tallization owing to the phase change of FAPI from a-FAPI to
8-FAPI phase at room temperature.*®

The concentration of free charge carriers (N.) in the device
influences the electrical and optical response of the device and
can be estimated by the following relation,

Ne=2. (1.3)

ue

It can be observed that the N, values are larger in FAPI cor-
roborating with the larger cation size of FA" and the presence
of secondary phases in the nanoscale thin film. Fig. 3d depicts
the shift of 26 = 32° with respect to the charge carrier concen-
tration. The large cation FA" and mixed organic cation MAFA"
not only indicate a broader shift in the (012) plane but also
affect the device performance owing to the presence of more
free-charge carriers. The conductive filament (CF) formation
in MHP-based resistive switching memory devices majorly
depends on N.. Thus, the charge transport kinetics further
affirms the influence of A-site cation rotation on the opto-
electronic performance of the perovskite-based nanoscale

devices and their structure stability.*

Endurance properties and FTIR studies

The endurance test of the devices is another important resis-
tive switching parameter. Fig. 4a-e, displays the endurance
performance of the various cation-doped APbI; (A = MA", FA",
MAFA', CsMA", and CsMAFA') perovskite ORSNVB memory
devices. Fig. 4a demonstrates the endurance of MAPI showing
1500 cycles. However, when the A-site was substituted with the
large cation FA', the FAPI memory device hardly withstood
1200 cycles (Fig. 4b), demonstrating poor performance. The
presence of a secondary phase in FAPI may have led to the for-
mation of permanent CFs, or stochastic rupture of CFs due to
the prompt recombination of charge carriers, thereby disrupt-
ing the switching performance.*’ Fig. 4c depicts the endurance
performance of the ORSNVB device when both MA" and FA"
were homogeneously mixed to achieve a MAFAPI memory
device. The endurance is increased slightly to 1300 cycles prob-
ably attributed to the comparatively adequate tolerance factor
and crystallinity of the MAFAPI nanoscale thin film.
Interestingly, when the inorganic cation Cs" was introduced
along with the organic MA" cation in the A-site of the APbI;
nanoscale thin film to achieve the CsMAPI memory device, the
endurance cycles was drastically increased to 3500 cycles
(Fig. 4d). Similarly, the influence of the inorganic cation ‘Cs’
with rather small radii can be observed with the triple cation
perovskite CSMAFAPI with CSMAFA" in the A-site of the perovs-
kite, exhibiting 5000 cycles without any deterioration (Fig. 4e).
The improved endurance ability of the CsSMAFAPI bipolar resis-
tive switching memory device could be assigned to the
improved carrier mobility and decreased recombination effect
at the grain boundaries.*>*® The statistical distribution of vari-
ation in the switching performance of the Ag/CsMAFAPI/FTO
device with respect to device-to-device (D/D) performance and
cycle-to-cycle (C/C) performance exhibit the average (x) values
of Vsgr and Vggser to be 0.37, —0.4, 0.37, and —0.5 V respect-
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ively, with standard deviation (o) of 9.3, 10.6, 9.3 and 9.8%
respectively as shown in Fig. 4f. The statistical analysis for the
MAPI, FAPI, MAFAPI, and CsMAPI devices are provided in
Fig. S6.7

Fig. 5a shows the FTIR spectra obtained for the APbI;
samples synthesized via the MW-ST method recorded in the
range of 400 to 2500 cm™'. The predominant and relatively
high-intensity vibrations around 910 cm™" correspond to CHj-
NH; rocking, of the MA" cation, while the characteristic peak
of the organic-inorganic perovskite occurs at 1459 cm™*

belonging to the C-H bending vibrations.*” In the case of
incorporation of FA" cation, the predominant peak occurring
at 588 cm™" belongs to the vibrations around the N-H bond,
and the peak around 1700 cm ™" belongs to C=N vibrations.*®
The shift in the frequency range of the synthesized perov-
skites can be assigned to the modification of the electrostatic
and chemical association between the A-site cation and the
octahedral cage (Fig. 5c). Analogous to our report, shifts
related to Raman spectra have been reported -earlier.*’
Moreover, the peak shifts can be directly associated with the

26000
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Fig. 5 (a) FTIR spectra for the MW-ST synthesized APbl; (A = MA*, FA*, MAFA*, CsMA* and CsMAFA*) metal halide perovskites with (b) the endur-
ance cycles for the fabricated devices of configuration of Ag/APbls/Ag with (c) the shift of y(C—N) vibrations.
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enhancement in bond strength, and the observed reduction in
the distance between the A-site cation and the inorganic octa-
hedra Pblg~ could contribute towards better interaction and
thus, improvement in the device performance.>®

Additionally, the composition of the A-site cation affects
the N'-X~ interaction of the cation with the inorganic Pbl,
octahedral cage.”’ Considering the presence of MA" and FA*
cations in the various organic and inorganic cation-doped
APDbI; perovskite powders, the interaction of the A-site cation
on the bond length and force constant of the CH;-NH;" (MA")
and CH-(NH,)," (FA") molecules was estimated using the
relation between the vibrational frequency, d of different bond
stretching.*® Table 2 and Table S4,1 summarize the estimated
bond lengths and force constant values according to eqn (1.4)

and (1.5),
O

Table 2 Experimentally estimated values of force constant and bond
lengths of the MA* and FA* cation for the MW-ST synthesized APblsz
perovskites

Wavenumber Force constant
APbI, (em™ k(Nem™) Bond length (A)
perovskite
material  p(CHz) v,(N-C-N) p(CH;) v,(N-C-N) p(CH;) v,(N-C-N)
MAPI 908.4 — 1.175 — 2.436 —
FAPI — 1702.21 — 6.700 — 1.646
MAFAPI 902.6 1704.56 1.172 6.713 2.438 1.645
CsMAPI 905.4 — 1.173 — 2.437 —
CsMAFAPI  899.6 1705.07 1.169 6.714 2.440 1.363
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here, k, denotes the bending or stretching force constant and y
determines the reduced mass of the molecule.*® The force con-
stant is further correlated with the bond length r as,

17

k= = (1.5)

The stretching vibrations occurring at 940 and 1700 cm ™"

denote the interaction between I” and the organic cation (MA"
and FA"). Herein, the contraction of the cationic bond length
leads to increased Pb-I bending thus, enhancing the inter-
action between the A-site cation and the inorganic Pbls octa-
hedral framework.*® The lowest bond length obtained from
the IR vibration for MAPI [2.436 for p(CH3)] and CsMAFAPI
[1.363 for v,(N-C-N)], denotes an ordered and stable structure,
further corroborating the device performance and structural
stability seen from the XRD study.”’*° Indeed, the variation in
bond lengths, the tolerance factor, and structure stability sub-
stantially influence the optoelectronic properties and device
performances.

The enhancement of the endurance cycles of the devices
with respect to the incorporation of the cation with varied
ionic radii is provided in Fig. 5b. Further, we also investigated
the structural stability of APbI; (A = MA", FA", MAFA", CsMA",
and CsMAFA") perovskites under high humid conditions (~65
+ 5%, Pondicherry, India) by keeping all samples in ambient
condition for 5 months, FTIR spectra of the samples of APbI;
metal halide perovskite powders showed no degradation, as
shown in Fig. S7.}

Retention properties and conduction mechanism

Fig. 6a-e compares the effect of the various organic and in-
organic cations doping in the APbI; memory devices on the
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Fig. 6 Retention properties of (a) Ag/MAPI/FTO (b) Ag/FAPI/FTO (c) Ag/MAFAPI/FTO, (d) Ag/CsMAPI/sFTO and (e) Ag/CsMAFAPI/FTO memory
devices with the (f) conduction mechanism for the ORSNVB memory device.
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retention properties. In accordance with the endurance prop-
erty, the organic ‘FA" cation-based ORSNVB memory devices
with A = FA* displayed poor retention properties of 2.7 x 10* s
with a low LRS/HRS resistance ratio of 20 (Fig. 6b and c).
However, when MA" is substituted in the A-site of APbIj, it
retained the memory for 3 x 10* s (Fig. 6a), further confirming
the need for phase purity as well as minimum tolerance factor
to achieve excellent resistive switching performance in accord-
ance with the FTIR and XRD studies. Similarly, when MA" is
alloyed with FA" to form MAFAPI, the switching property was
retained for a slightly higher period of 3.2 x 10* s. Remarkably,
on the addition of the inorganic cation Cs' along with the
organic cations MA" and MAFA" to obtain CsMAPI and
CsMAFAPI-based ORSNVB memory devices, the devices exhibi-
ted an enhanced retention of 6 x 10* s (Fig. 6d and e) compar-
able with that of pure inorganic oxide memory devices, further
confirming the necessity of A-site cation modulation for
efficient device performance. The fluctuations in the retention
data may be related to the degree of insulating characteristics
of the APbI; material corresponding to its composition with
respect to the varied cation dopants. Further, poor coverage
and the presence of pinholes in FAPI and the MAFAPI-based
memory devices make them prone to high-humid atmospheric
conditions. Thus, the uneven variation of the electric field
within the APbI; nanoscale layer can be attributed to the sto-
chastic formation and rupture of conductive filaments.*’ In
addition, the trapping/de-trapping of electrons in the defect
states cannot be ignored, provided secondary phase presence
in FAPI and MAFAPI-based ORSNVB memory devices, as
observed from the XRD studies. Further, the discharge of inevi-
table parasitic capacitance elements during the prompt resis-
tance transitions can induce transient overshoots through the
CFs, especially from grain boundaries.**™**

Avacancy-mediated conduction mechanism is proposed for
the Ag/APbI;/FTO devices, where, V; with a low activation
energy of migration forms a conductive pathway.’® The
diffusion coefficient (D) is determined from the earlier esti-
mated charge carrier mobility (u) at room temperature (T)
using the relation,”

kB/lT
e

= . (1.6)

The carrier diffusion coefficients were calculated as 0.11 x
1077, 2.4 x 1077, 85 x 1077, 5.6 x 10~ and 0.17 x 10~ m?* s™*
for MAPI, FAPI, MAFAPI, CsMAPI, and CsMAFAPI resistive
switching memory devices, respectively.

Interestingly the values lie in the range of the reported
diffusion coefficient values (107'® to 1077 m* s™") for iodine
vacancy Vi, thus promoting a vacancy-filled conduction fila-
ment (CF) formation.’>** Additionally, based on the logI vs.
log V graph, the prompt conversion of conductive filament
from ohmic to SCLC confirms the trap-assisted CF formation
in APbI;-based ORSNVB memory devices. However, the negli-
gible presence of the metallic Ag-based CFs can never be com-
pletely neglected (Fig. 6f). Further, the diffusion coefficient
D, is directly proportional to the diffusion length, L « \/D,
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thereby directing a large diffusion length for MAPI and
CsMAFAPI memory devices. Thus, the improved charge trans-
port properties of the triple cation could be ascribed to the
enhanced optoelectronic device performance of the memory
devices.

MW-ST reaction kinetics and thermodynamics

Furthermore, the properties of metal halide perovskite
materials such as crystallinity, grain boundary and grain size,
stoichiometry, and structural stability have to be optimised to
achieve efficient optoelectronic performance.’® In this regard,
powder processing of metal halide perovskites, prior to thin
film processing is considered an effective approach to obtain
phase-pure, and chemically and structurally highly stable per-
ovskites with longer shelf-life.*® Fig. 7a illustrates the micro-
wave-assisted solvothermal (MW-ST) synthesis of APbI; metal
halide perovskites under high-humid ambient conditions
without any inert gas atmosphere. Low-cost and non-toxic pre-
cursors such as lead acetate and isopropyl alcohol were used
for the reaction in an isolated quartz vessel of the Anton Paar
microwave reactor. An optimum power of 400 W was fixed with
ramp time maintained for 5 min followed by 10 min of hold
time (~120 °C). An average autogenous pressure of ~12 bar
was generated inside the vessel, as measured by the reactor
system. Upon microwave (MW) irradiation, the nucleation
process was promptly initiated and the particle size gradually
increased from its seed size. Subsequently, the velocity of the
dipoles in the precursor mixture was also increased as they
tried to align with the oscillating electromagnetic field pro-
vided by the reactor system.>® Thus, adequate thermal energy
was created that facilitated the creation of “hot spots” that
favoured burst nucleation as in the case of La Mer crystalliza-
tion.>® Accordingly, the electromagnetic radiation, directly

(b) AS* = AH* = AG* = '

Product

Fig. 7 (a) Microwave-assisted solvothermal (MW-ST) synthesis of the
APblz metal halide perovskite powders with a comparison of (b) acti-
vation-free entropy AS*, activation free enthalpy AH* and activation free
energy AG* of the MW-ST synthesis of CSMAFAPI.
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interacts with the reactants, thereby creating an energetic
coupling at the molecular level, thus further enhancing the
growth of the APbI; metal halide perovskite powders.>*>* For a
typical APbI; metal halide perovskite synthesis, the conversion
of reactants into their final products occurs as shown in eqn
(1.7).

Pb(Ac), + 3HI 4+ CH;NH, /A(Ac), — APbI; + CH;COOH (1.7)

The effect of MW-ST substitutional doping of cations in the
A-site of the APbI; perovskite structure was studied using
thermodynamic parameters derived from the Eyring equation
shown in eqn (1.8)

k= TTkB ¢80+ /RT (1.8)

herein, the reaction temperature is denoted by T (K), kg is the
Boltzmann constant (1.38 x 107>* ] K™) and k is the rate con-
stant (s~'), while, & denotes the Planck constant (6.63 x 10~>*
m?® kg s7), and R, is the universal gas constant (8.314 J mol
K'). AG* represents the activation free energy of the reaction,
which represents the energy difference between the reactant
state and a transition state. The activation enthalpy AH* and
activation entropy AS* were calculated using the Eyring
equation,

k= Ths e’ASjrr /R e’AHi /RT (1.9)
h
The AH* and AS* values were estimated from the slope and
intercept respectively for the reaction rates plotted between 1/T
and In(k/T).
In a closed, isolated system, the activation-free energy AG*
is obtained from eqn (1.10)

AGY = AHY — STAT. (1.10)

Finally, the activation energy E, for a solution process is
given by eqn (1.11)

E, = AH* 4+ RT. (1.11)

The activation-free energy AG* is observed to be the lowest
for the inorganic-organic mixed cation-based perovskite,
CsMAFAPI, which is 7 kJ lower than that for the homogenous
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organic cations-based MAPI and FAPL>° The reduction in the
activation-free energy could be further attributed to the
reduced activation entropy AS*. The activation enthalpy AH*
contribute substantially towards improved reaction kinetics
and energy saving. It could also be noted that, lesser AG* indi-
cates the requirement of less energy for initiating the reaction
and the negative value of AS* indicates the coherently directed
energy that is utilized for the reaction without dissipation or
scattering.’® The lowest AS* obtained for CSMAFAPI denotes
the formation of a stable structure of the product, hindering
the molecular movement and thereby reducing randomness.””
Table 3, tabulates the estimated thermodynamic parameters
obtained for the MW-ST synthesized APbI; perovskites. The
comparison of activation-free energy, activation-free enthalpy,
and entropy for the formation of CSMAFAPI under MW-ST con-
ditions are represented in Fig. 7b.

Fig. S81 shows the reliability of the multilevel storage
capacity of the APbI; memory devices tested with 30 cycles for
compliance current (CC) set at 1, 10, and 100 mA. Regardless
of the cation introduced, the ORSNVB memory devices dis-
played the multilevel property owing to the difference in the
thickness of the CF formed by varying the CC. Further, the
stability of the ORSNVB devices was tested after 50 days of
storage under ambient conditions. Fig. S91 shows the semi-
logarithmic curve with stable RESET but deteriorating SET,
which could be due to the modification of the electric field in
the presence of high humidity under ambient conditions. The
change in SET with respect to surface defects further confirms
the crucial role of defect vacancy-mediated CF formation in
the APbI; memory devices.> Fig. S101 shows the photographs
of the as-fabricated APbI; thin films immediately after anneal-
ing and after 5 months of storage in ambient conditions under
dark conditions.

Opto-electronic properties and photonic memory application

In order to explore the excellent photoelectric properties of the
various cation-doped APbI; (A = MA", FA', MAFA', CsMA", and
CsMAFA"), memory devices, optical signals in addition to the
electrical signals were explored for modulation, which adds
another dimension to control the resistance of the memory
device. The photoelectric performance of the ORSNVB

Table 3 Details of the thermodynamic parameters obtained for the MW-ST synthesized APbls (A = MA*, FA*, MAFA*, CsMA* and CsMAFA*) metal

halide perovskite powders

Reaction parameter MAPI FAPI MAFAPI CsMAPI CsMAFAPI
Temperature (°C) T; 30 31 31 32 30

Tr 67 65 66 61 69

Ty 112.7 111 111 109 101
Reaction time (min) 15 15 15 15 15
Reaction rate (s7') 1x107° 1x107° 1x107° 1x107° 1x107°
AG (k] mol_l) 355.4 354.9 354.7 356.2 348.6
AH (] mol™) 341.7 341.3 341.1 342.6 335.0
AS (J mol™ K™) -13.64 —-13.64 -13.64 -13.64 —-13.62
E, (J mol™) 3196.6 3185.8 3175.8 3178.9 3160.2

T; = initial temperature at the start of reaction, Ty = temperature at the end of ramp time and Ty; = temperature at the end of hold time.

This journal is © The Royal Society of Chemistry 2023
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Fig. 8 The semi-logarithmic resistive switching performance for (a) Ag/MAPI/FTO (b) Ag/FAPI/FTO (c) Ag/MAFAPI/FTO, (d) Ag/CsMAPI/FTO (e)
Ag/CsMAFAPI/FTO memory devices under illumination and (f) variation of Vsgr for the Ag/APbls/FTO devices under electric and optical stimuli.

memory devices upon cation doping was studied using a
100 mW cm ™2 xenon lamp, with a compliance current (CC) of
1 mA. Prior to the switching characterization, the ORSNVB
memory devices were stored in dark conditions, to achieve
equilibrium. Fig. 8a—e shows the photoelectric performance of
the ORSNVB memory devices examined using a xenon lamp.
Despite the various-doped cations, the APbI; memory devices
showed ORSNVB memory behaviour under illumination with
reduced Vggr and increased Vyzggger. It could be observed that
the HRS current was increased, which could be attributed to
the spontaneous production of the electron-hole pairs within
the APbI; nanoscale absorber layer upon illumination.’®
Additionally, the slightly reduced Vsgr voltage values can prob-
ably be due to the prompt extraction of photocarriers, which
readily contribute towards reducing the operating voltage.
However, upon illumination, V; vacancies move randomly,
thus creating a high built-in electric field thus requiring an
increased Vggser to dissociate the CFs.?® Thus, the variation in
the operating voltage upon illumination attributed to the ran-
domness of the halide vacancies migration, further confirms

the presence of the Vi-based CF formation for the resistive
switching performance.*>*® Fig. S111 shows the endurance
performance tested to explore the reliability of the devices
under illumination. Fig. S12f gives the variation of electrical
and optical endurance, showing lowered cycles with the
addition of illumination, further confirming the dominating
presence of the halide-vacancy-mediated CFs. Fig. S131 shows
the cumulative plot for the distribution of operational voltages
obtained under illumination for various ORSNVB memory
devices fabricated. Corroborating with electrical switching per-
formance and other physicochemical characterizations, the
endurance performance remained weak for the APbI; devices
with A = FA" and MAFA" exhibiting fewer cycles and quicker
rupture of CFs compared to MAPI and the inorganic cation
included CsMAPI and CsMAFAPI-based ORSNVB memory
devices. The results further imply the crucial role of the A-site
cation in the APbI; structure of perovskite materials towards
the improvement of the device performance. Fig. 8f depicts the
variation of Vggr voltage obtained under electrical signals and
when illuminated under ambient conditions. Table 4 summar-

Table 4 Device performance of the fabricated Ag/APbls/FTO memory devices

Dark Iumination
APDI; perovskite material Vser/Vreser (V) Endurance (cycles) Retention (s) Vser/Vreser (V) Endurance (cycles)
MAPI 0.6/-1.3 1500 3 x10* 0.6/—2.0 1100
FAPI 0.7/-2.4 1200 2.7 x10* 0.5/-1.7 800
MAFAPI 0.5/-1.7 1300 3.2 x10* 0.3/-0.7 1200
CsMAPI 0.3/-0.8 3500 6 x10* 0.2/-2.1 1300
CSMAFAPI 0.2/-0.7 5000 6 x 10* 0.2/-2.1 1800
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izes the complete device performance of the fabricated
Ag/APDI;/FTO (A = MA', FA", MAFA®, CsMA", and CsMAFA")
non-volatile bipolar resistive switching memory devices.

The UV-vis absorption spectra of the as-synthesized APbI;
(A=MA", FA", MAFA", CsMA", and CsMAFA") metal halide per-
ovskite powders showed excellent absorption across the visible
region as shown in Fig. S15a.f The band gap from the Tauc
plot exhibited values according to the cationic radii 1.53, 2.3,
1.6, 1.59, and 1.53 eV for MAPI, FAPI, MAFAPI, CsMAPI, and
CsMAFAPI, respectively (Fig. S15bf). The statistical distri-
bution of operational voltages obtained for the fabricated
ORSNVB memory devices under illumination with the stan-
dard mean and deviation is provided in Fig. S14.7 The UV-vis
absorption and PL-steady state for the nanoscale thin films
recrystallized from the precursor solution of the as-synthesized
APDbI; powders also showed a similar trend (Fig. S16a and bf).
Similarly, the steady-state PL and TRPL were also investigated
for the as-synthesized powders (Fig. S15¢ and d+).

The application of the ORSNVB memory device was further
carried out for image recognition function and photonic
memory application, by making use of a 5 x 5 planar array of
CsMAFAPDbI; based ORSNVB memory device (Fig. 9). The
image-recognizing ability of the fabricated ORSNVB device was
studied under ambient conditions.”” Initially, the resistance of
the individual memory element on the 5 X 5 planar Ag/
CsMAFAPDI;/FTO memory device was measured at room temp-
erature and that data are shown in Fig. 9(i). Subsequently, +5 V
was given, to make the ORSNVB memory device attain the SET
process at a low resistance state the resistance of each memory
cell at this point was measured to confirm the uniformity of
the planar array, Fig. 9(ii). The measured resistance was low
(<250 Q). Immediately, the ORSNVB memory device was
exposed to the xenon lamp (4 = 450 nm), with customized
masks of the alphabet to be remembered blocking the light to
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Fig. 9 Image recognizing and memorizing performance of the Ag/
CsMAFAPI/FTO memory devices (5 x 5 array) under illumination. (i) HRS
state of the device at initial condition (ii) resistance state after SET
process is attained (iii) resistance state after 300 s of illumination and (iv)
resistance state after 600 s of rest time.
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the memory cell. The light exposure was given for 300 s, fol-
lowed by a prompt resistance measurement Fig. 9(iii). The
specific areas masked from light achieved the RESET process,
while the exposed area continued to be in the SET process.
The resistance of the cells with blocked illumination continues
to have increased resistance owing to the diffusion effect of
Vr-conductive filaments. The resistance of the individual cells
was measured immediately after the exposure to give a promis-
ing recognition ability under highly humid ambient con-
ditions. Further, the resistances were measured after 600 s of
the interval to achieve a reliable result (Fig. 9(iv)), which guar-
antees the potential utilization of metal halide perovskites-
based ORSNVB memory devices for reliable photonic memory
that could be beneficial for innovative optoelectronic systems
in security, artificial vision, and other integrated systems.

A-site cation-induced SEM morphology studies

The influence of various organic and inorganic cations doped
in the A-site of the APDbI; lattice under MW-ST conditions was
investigated using SEM analysis. Here, the MW-ST synthesis
process was conducted inside a quartz vessel and the reaction
was initiated immediately after the reactor generated micro-
wave radiation. Parameters such as temperature, pressure,
solvent, thermodynamic parameters, and Kkinetics generally
influence the growth mechanism of the crystals.® In our
MW-ST method, autogenous pressure is generated inside the
vessels, favouring quick nucleation.®® Fig. 10a shows the sche-
matic illustration of the variation in morphology with respect
to various cations substituted in the A-site of the metal halide
perovskite Fig. 10b—f depicts the SEM images of the APbI;
metal halide perovskite samples with respect to the cations
introduced into the A-site of APbI; perovskites. Fig. 10b,
reveals cube-like polyhedron morphology of the SEM images of
APbI; with A = MA" (MAPI). The flat facets of MAPI can be
attributed to the preferred growth along the (220) plane
observed from the intense peak of (220) at 20 = 28° peak split-
ting. Similar cube-like polyhedron morphology owing to the
influence of the MA" cation in the A-site is seen in the SEM
images of CsMAPI, denoting the predominant role of MA"
cation promoting the cube-like polyhedron morphology.
Fig. 10c on the other hand, shows a rod-like morphology when
FA' cation is introduced in APbI;, (FAPI). The rod-like mor-
phology can be owed to the enhanced growth along the (004)
and slow growth along the (220) plane at 260 = 28° peak split-
ting. Further, the influence of FA" can be observed in the
mixed cation MAFA" perovskite MAFAPI (Fig. 10d), the mixed
organic cation-based MAFAPI perovskite shows, agglomerated
truncated cubes with facets etched at the centre. The presence
of voids in the facets can be addressed by the faster growth of
the outer crystal planes.’® The separation of peak splitting at
26 = 28°, is negligible and the growth rate is almost the same
along the (220) and (004) planes, thus obtaining an agglomer-
ated as well etched morphology. Although the equimolar con-
centration of the precursors was utilized for the synthesis, the
dominance of MA" cation in the morphology of mixed MAFA"
perovskite can be ascribed to the infiltration of MA" cation
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Fig. 10 (a) Schematic illustration of influence of cation-induced morphology change in APbls (A = MA*, FA*, MAFA*, CsMA* and CsMAFA*) metal
halide perovskites. (b—f) SEM images of various cations doped in the A-site of APbl; metal halide perovskites induced morphology changes (b)
cube-like polyhedrons when A = MA™ (c) rods observed with A = FA*, (d) truncated cube-like polyhedrons when A = MAFA™ (e) mixed morphology
of cubes with rods when A = CsMA™* and (f) mixed morphology of rods and truncated cube-like polyhedrons when A = CsMAFA" in the A-site of

APblz metal halide perovskites.

with smaller radii into the octahedral cage easily than the
large FA" cation during crystallization, corroborating with the
XPS results (Fig. S17a-f). The dominance of the MA" cation is
clearly visible by the relative intensity and areas of the decon-
voluted peak intensities of MA" and FA" cation in the N 1s
core-shell spectra (Fig. S17f{). Interestingly, the size-mis-
matched structure of CsMAPI and CsMAFAPI on the addition
of Cs" (smaller ionic radii) with large ionic radii possessing
organic cation (MA" and MAFA") into the A-site of APbI;,
showing mixed morphology of rods and cubes (Fig. 10e). The
coexistence of rods and cubes can be ascribed to the influence
of the inorganic and organic cations Cs' and MA" separately,
wherein, initially, MA'-influenced cubes are formed and later
self-assembled to form rods. Similarly, in the case of the triple
cation CSMAFAPI, truncated cubes of MAFAPI are observed
with neatly arranged rods (Fig. 10f). Again, the inorganic
cation Cs' and organic cations MAFA" influence the self-
assembled rod-like morphology of the metal halide perovskite.
These morphologies demonstrate the advantages of both cube-
like and rod-like structures enabling high surface area and
better particle-particle interconnection, which in turn offers
prompt electron transport, favouring the electrochemical
switching performance.’®®" Therefore, we can conclude that
various organic and inorganic cations doped into the A-site of
APDI; perovskite lattice influence the morphology of metal
halide perovskites under MW-ST conditions, owing to the dis-
parity in their ionic radii. The variation in morphology with
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respect to various cations is schematically illustrated in
Fig. 10a. Additional SEM images for the MHP powders are pro-
vided in Fig. S18.1 The influence of the cation substitution in
the A-site of the APbI; (A = MA', FA', MAFA', CsMA', and
CsMAFA") perovskite on the thermal stability was analysed
using the TGA analysis and is provided in Fig. S19,1 wherein,
in the case of the incorporation of the inorganic cation Cs"
into MAPI and MAFAPI, both CsMAPI and CsMAFAPI showed
continuous mass loss after 350 °C, depicting the strong coordi-
nation and stability of the material.

On the other hand, the surface morphology of the various
organic and inorganic cation-doped APbI; (A = MA', FA",
MAFA', CsMA", and CsMAFA") self-assembled nanoscale thin
film upon annealing the spin-coated precursor solution of
MHP powder dissolved in aprotic solvents DMF : DMSO (8:2)
was investigated using SEM studies. The images indicate vari-
ation in morphology corresponding to the introduction of
different organic and inorganic cations. On a similar note,
dense polycrystalline films, with larger grain sizes were formed
upon the addition of the inorganic cation Cs" with the organic
cations in CsMAPI and CsMAFAPI. Fig. S20a-ct shows, poor
film coverage and inhomogeneous morphology in thin films
of MAPI, FAPI, and MAFAPI, which could be attributed to the
uncontrolled nucleation and recrystallization of the precursor
solution on FTO upon annealing at 120 °C. The non-uniform-
ity causes roughness and consequent current loss leading to
poor device performance as observed in Fig. 2b-f. Platelet-like
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morphology was observed for MAPI nanoscale thin film with
irregularities and pinholes (Fig. S20at). However, FAPI shows
large pinholes and uneven coverage compared to other thin
films, thereby corroborating its poorer device performance
(Fig. S20bt). In the case of the mixed organic cation-based
MAFAPI, polygonal grains emerge with tiny pinholes
(Fig. S20ct). When the inorganic Cs” was introduced with the
organic cation CsMAPI, the pinholes are negligible owing to
the presence of mixed morphology of rods above and poly-
gonal grains beneath (Fig. S20dt). It is noteworthy to observe
that when Cs' was introduced with mixed organic cation
CsMAFAPI, a typical polycrystalline perovskite thin film with a
large polygonal grain size was observed (Fig. S20et). The
decreased grain boundaries and improved coverage may have
contributed to the enhanced endurance and retention pro-
perties of the Ag/CsMAFAPI/FTO memory device. Since device
performance is largely dependent on thin film morphology,
further optimization of the device architecture by improving
the surface quality via interlayers and base layers could drasti-
cally enhance the performance of the MW-ST-synthesized per-
ovskite materials for non-volatile resistive switching memory
devices. Fig. S21a-ef provides the cross-sectional images of
the Ag/APbI;/FTO devices determining the thickness. The
importance of microwave-assisted solvothermal (MW-ST)
preparation of APbI; metal halide perovskites for memory
devices is compared with other reported memory devices in
Table S5.F

Conclusions

In summary, we have successfully demonstrated a rapid and
sustainable microwave-assisted solvothermal (MW-ST) method
to synthesize various organic and inorganic cation-doped
APbI; (A = MA", FA', MAFA", CsMA', and CsMAFA") metal
halide perovskite powders in 10 minutes without requiring any
inert gas atmosphere under high-humid ambient conditions.
In correlation with structure, morphology, and optoelectronic
properties, the charge transport properties were also estimated
to elucidate the influence of various organic and inorganic
cation doping in the A-site of the APbI; perovskite structure.
Dopant-induced morphology change from cube-like poly-
hedrons to intermixed cubes and rods was observed, owing to
the disparity in the cationic radii of the dopants.
Subsequently, the as-synthesized APbl; powders were dissolved
in aprotic solvents (DMSO: DMF, 8:2) and were allowed to
recrystallize into a nanoscale self-assembled thin film via
facile spin coating for constructing an optoelectronic resistive
switching non-volatile bipolar (ORSNVB) memory device. A
facile two-terminal Ag/APbI;/FTO configured ORSNVB memory
devices were systematically investigated. Indeed, the introduc-
tion of inorganic cation Cs" with the organic cation-MA" in the
A-site, to form CsMAFAPI and CsMAPI-based ORSNVB memory
devices showed remarkable endurance (3500, and 5000 cycles,
respectively) and enhanced retention properties (60 000 s). The
results concluded that the ionic radii of the various cations
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doped in the A-site of APbI; influence the tolerance factor and
promote enhancement in the overall electronic properties of
the device performance, owing to the strain induced in the
nanoscale thin films. Intriguingly, the MW-ST method enabled
crystalline APbI; metal halide perovskite powders to remain
stable for ~5 months without encapsulation and protection.
Photonic image recognition and memory application were
demonstrated using the Ag/CsMAFAPI/FTO-based ORSNVB
memory device with a retention of 600 s. Thus, the present
work sheds light on integrating the strategies of innovative
MW-ST synthesis and incorporation of inorganic cations for
improved ORSNVB performance towards obtaining various
structurally and operationally stable perovskites for their
potential optoelectronic applications in artificial intelligence
(AI), neuromorphic computing, artificial vision (AV) and photo-
nic memory (PM).

Experimental section

Microwave-assisted solvothermal synthesis of APbI; (A = MA”,
FA", MAFA®, CsMA" and CsSMAFA") metal halide perovskite
powders

The various cation-doped APbI; (A = MA", FA", FAMA", CsMA",
and CsFAMA") perovskite powders were prepared according to
our previous report.>®> The precursor solution contained lead
acetate and hydroiodic acid in the radio 1:3. Subsequently,
30 mL of isopropyl alcohol was added and yellow precipitates
were obtained. Stoichiometry amounts of the cation precursor
(methylamine solution, formamidine acetate, cesium acetate)
were slowly added to the reaction mixture until black precipi-
tates appeared. The solution was then transferred to an iso-
lated quartz vessel for homogeneous and uniform heating in
an Anton Paar Microwave Reactor system. The program was set
at 2.45 GHz frequency with the program pre-set for a 5 min
ramp and 10 min hold. The internal temperature and the auto-
genous pressure developed inside each vessel were monitored
automatically. The average pressure inside the vessel was ~12
bar. The reactor’s built-in cooling system was utilized to bring
the vessels to room temperature automatically. The back pre-
cipitates obtained were washed twice with isopropyl alcohol
before drying at 60 °C under vacuum overnight. The as-syn-
thesized perovskite powders were then collected and stored for
characterization and applications. The samples were named
according to the cation introduced in the A-site of the APbI; as
MAPI, FAPI, MAFAPI, CsMAPI, and CsMAFAPI.

Device fabrication

Fabrication of the ORSNVB memory device. The fabrication
of the single-layer ORSNVB memory device was carried out
according to our previous report.”® The fluorine-doped tin
oxide (FTO) substrates were cleansed thoroughly using sub-
sequent ultrasonication in a soap solution, deionized water,
acetone, and isopropyl alcohol for 15 minutes each sequen-
tially. The as-synthesized APbI; perovskite powders were
dissolved in a mixed solution of DMF : DMSO (8 : 2), obtaining
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a 1 M precursor solution for fabricating the ORSNVB memory
device. The prepared precursor solution was then allowed to
recrystallize into APbI; nanoscale thin film layer by spin
coating, followed by annealing at 120 °C.**** A two-step spin
speed of 500 rpm for 30 s followed by 1000 rpm for 15 s was
used to obtain a uniformly-coated smooth film on the FTO
bottom electrode. Further, the top contacts of silver were
coated to complete the device.
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