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ABSTRACT: 3-D Hybrid halide perovskites (HHPs) have garnered significant 10'
interest as a promising contender for next-generation resistive random access : 10"
memory (ReRAM) technology. However, challenges such as variations in cycle- <t it SC8 Elo"
to-cycle switching iterations, operating voltages, and restrained reproducibility Fal:10 HHP EIO'S

arise due to the disproportionate presence of grain size (GS) and grain

Intensity 10 DARK

boundaries (GBs), which are impediments to the widespread adoption of 1264 (uW/em?) E, | —-LIGHT
perovskite-based memory devices in commercial applications. Since GBs present  Broad Range LED Lamp -0.70 -0.%5 12'00 ?\;)5 0.7
oltage

in the thin film act as pathways for ion/cation migrations that eventually lead to
the formation of conducting filament (CF), by regulating GBs, the resistive
switching (RS) performance of the memory devices can also be improved. Herein, we initially optimized GS and thus GBs in the 3-D
HHP thin film by the incorporation of FA" in the MAPbI, 3-D HHP to prepare double-cation 3-D MAFAPbI; HHP and determined
that the doping of 10% FAI improved the MAFAPDI; film quality with an average grain size of ~209.68 and 6.65 nm surface
roughness, resulting in higher GBs that led to the stable RS of the fabricated Ag/MAFAPbI;/FTO up to 491 cycles under dark
conditions and 245 cycles under white light illumination with significantly low statistical variations (6/u %) in the consecutive
switching cycles. This performance was achieved while maintaining low-resistance states (LRS) and high-resistance-states (HRS)
ratios, i.e., LRS/HRS of ~15.2 (dark) and ~54.3 (white light) conditions at power consumption of ~0.101 mW. Further, to improve
LRS/HRS, the PEAI passivation layer was deposited over the optimized MAFAPDI, switching layer (SL) through spin-coating, and
the fabricated Ag/PEAI/MAFAPbI,/FTO ReRAM configuration exhibited LRS/HRS ~10° at considerably low power, i.e., 0.12 and
0.23 mW while operating under dark and white light illumination, respectively. Furthermore, the RS mechanisms of Ag/MAFAPbI,/
FTO and Ag/PEAI/MAFAPbL,/FTO were discussed and supported by the electrochemical metallization (ECM) model.

KEYWORDS: perovskite based ReRAM, optoelectronic ReRAM, grain boundary

1. INTRODUCTION HHP as a SL into the ReRAM configuration is imperative due
to its ability to engender read/write operations through
executing SET/RESET in the current—voltage (I-V) hyste-
resis at low power in contrast to the metal oxides SL
counterpart.‘%_6

Generally, the hysteretic behavior of a system is cognate with
the variation in material properties due to external stimuli in
electrical and optical fields.” More specifically, the properties
associated with the perovskite materials, such as ion-
migrations; trapping/detrapping of charge carriers, and metal
cation (Ag' or Cu') movement across the perovskite layer
from redox reactions of the active metal electrode, are said to
be an accountable factor for hysteresis in perovskites.”** "'
Moreover, Snaith et al. have proven that the I-V hysteresis
strongly depends on the external triggering of the electric field,

Low power consumption is a key consideration for electronic
products/gadgets, especially battery-operated IoT devices,
digital watches, medically implanted devices, etc. Such devices
must ensure long battery life for reliable and durable
operations. Most importantly, all such devices work on
nonvolatile memories (NVM) to function as per the set
protocols. However, NVM may not contribute as much to
system power consumption as other components such as CPU,
connectivity modules, or display, though integrating low-power
NVM helps enable longer battery life, leading to improved
energy efficiency and longer use times between recharging
intervals. Nevertheless, NVM involves several elements that
contribute to power consumption; most importantly, the read/
write operations at high voltage (>5 V) lead to higher current
conduction and thus result in high power consumption. Such

issues were significantly eliminated through the ReRAM Received: February 8, 2024 e
architecture. Particularly with the high-speed operations (sub Revised:  March 3, 2024
ns) and low power consumption (sub-mW) ReRAM is a Accepted:  March 6, 2024

choice for next-generation NVM technology. The performance Published: March 18, 2024

of the ReRAM majorly depends on the material integrated as a
SL between the two electrodes.'™® Thereto, integrating the
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voltage sweep rate, and direction.'” To date, most reports
based on HHP memories have focused on the methylammo-
nium iodide and formamidinium, single-cation (MA* and FA*)
e.g, CH,NH,Pbl; MAPbI, and CH,(NH,),Pbl;; FAPbI,
systems. It substantiated that I” and MA*/FA" can migrate
under the influence of external fields owing to their low
activation energy and result in I—V hysteresis.”*'*"*
Moreover, HHPs and MAPDI; also showed phototunable
synaptic and RS behavior,' ¢ owing to alterations in physical
and chemical proPerties such as tunable bandgap,'” ambipolar
charge transport, 8 long diffusion length,19 and low trapping
density'” suitable for a broad range of optoelectronic device
applications. Eminently, the incorporation of MAPbI; HHP as
SL in the ReRAM architecture contributes to the development
of optical and electrically active neuromorphic devices.
Particularly, in optical neuromorphic devices, light stimulation
drives the high-speed, high-bandwidth, and low-crosstalk
neuromorphic systems over the electrical pulses.”’ Moreover,
the optical neuromorphic devices are more energy-eflicient
(~sub pico joule) than the electrical neuromorphic devices
(~few nano joules).”' Due to the anticipated advantages of
optoelectronic devices and optical neuromorphic architecture,
and the ease of photoactive HHP material processing, this
could be a possible SL for the realization of high-performance
opto-memristor applications. Nevertheless, the evolution of
HHP-based RS memory technologies is more challenging due
to processing concerns; likewise, hygroscopic nature or
moisture-induced deterioration and thermal stability of
MAPDI;, to which the organic components break down into
HI and CH;NH, and produce Pbl,, pose severe device
reliability issues. One way to improve the thermal stability is to
substitute FA*[HC(NH,),*] for MA"(CH,NH;"). The
primary issue with using FAPbI; is room-temperature
structural instability since it can crystallize into two moisture
susceptible phases: the yellow hexagonal (5) phase and the
black (a) trigonal phase.”” Recent research has revealed that
mixed-organic-cation hybrid perovskites (MA),(FA),_,Pbl,
are thermodynamically more stable at room temperature and
preserve the superior properties of the pure FA material.”®
According to ab initio calculations, mixed-phase stability exists
because they have greater entropies and lower formation
enthalpies than the mixed &-FAPbI; phase.”* First and
foremost, the RS characteristics of the double cation (e.g,
MAFAPDX;)-based ReRAM depend entirely on the doping
concentration of cations at the A’-site of the AA'BXj,
perovskite structure. Recently, George and Vadivel Murugan®
examined the electrical and optical switching characteristics of
multiple double-cation perovskites prepared through the
microwave-assisted solvothermal route, where MAFAPbI,
exhibits set voltage (V) and reset voltage (Vy) of 0.5 and
—1.7 V, respectively, in dark conditions and V/Vy of 0.3/-0.7
V under light illumination. However, optimum cation doping
into the AA'PbI; lattice is still a challenge, and systematic
investigations related to the effect of doping on RS current—
voltage hysteresis, endurance variability, and retention are
inferior. In addition, to develop a reliable RS memory device
that uses HHPs as SL, it is critical to control the GS and GBs
in the HHP thin films. In RS memories, the movement of
ions/cations is largely facilitated through the GBs and helps in
RS conduction.”® The superlative control over the GS and GB
morphology will enhance the RS memory window.””*®
Therefore, the methodology followed to control the GS and
GBs in HHP films is most likely related to the film deposition
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processes, choice of antisolvent, passivation layer, etc.”””” The
doping concentration of cation/s at A-site or B-site can also
regulate the GS and GBs.”® Moreover, the size of the doped
cation(s) also affects the local crystal orientation and threshold
voltage besides providing moisture stability and a longer self-
life to the HHP. The local crystal misorientation arises from
the ionic size mismatch between the A-site cation and Pblg
cage, which causes local lattice strain. Such lattice strain
generates inhomogeneous defects and also reduces the
formation energy of the lead iodide antisites, which further
corresponds to the stochastic distribution of halide vacancies
across HHP film, leading to larger variations in the electrical
characteristics of the perovskite-based electronic devices.”' ~**
Hence, it is crucial to investigate the precise doping
concentration of cations in the HHPs to achieve reliable
switching characteristics at optimal operating voltage in RS
memories, along with some improvements toward moisture
and air stability.

However, it is well known that the solution-processed
perovskite films are usually polycrystalline; therefore, even after
following GS and lattice strain optimization of the solution-
processed 3-D HHPs system, they remain susceptible to
moisture degradation owing to the presence of surface defects
and uneven stoichiometry of the grains present in the 3-D
HHP thin films.”* In order to address these problems, a
number of effective surface passivation techniques have been
used recently. These techniques include the use of organic
insulating layer coatings, such as polystyrene, poly(methyl
methacrylate) (PMMA), and poly(ethylene glycol)
(PEG),>>*° as well as 2-D perovskite materials, like PEA,PbI,,
to passivate trap states that are present on the surface of 3-D
perovskite films, creating a 2D—3D structure.”’

In contrast to 2D perovskite-coated 3-D HHP surfaces,
organic phenethylammonium iodide (PEAI) salt has recently
been shown to be an effective layer for 3-D HHP passivation
application.”®*” PEAI suppresses the defect states and rough
morphology of the underneath HHP thin film surface in
addition to offering significant stability against moisture and air
degradation. This improves the electrical and optical properties
of the devices that incorporate the PEAI/3-D HHP
configuration.”>”

Also, to the best of our knowledge, the electro-optical RS
characteristics of PEAI-passivated double cation MAFAPbI,
prepared by the most convenient and straightforward route,
i.e,, the solution process, have not been explored yet.

In this regard, this work systematically investigated the opto-
tunable RS functionality of PEAI-passivated 3-D MAFAPDI,
HHP SL, i.e., PEAI/MAFAPDI; structure-based ReRAM
devices in dark conditions and white light illumination,
where HHP MAFAPDbI; and PEAl-passivating layers were
prepared through a cost-effective facile solution process route.
Prior to examining the optoelectrical RS performance of PEAI/
MAFAPDI;-based ReRAM, the MAFAPbI; HHP SL is
precisely optimized by controlling the GS of the HHP SL by
regulating the doping concentration of FA cation in the
MAFAPDI3 HHP. To establish the understanding of the role
of FA cation concentration in the perovskite SL for resistive
behavior, three sets of devices were fabricated, namely D1, D2,
and D3, where D1 ReRAM incorporated MAPDI; (i.e., 0% FAI
doping) SL sandwiched between the Ag top electrode (TE)
and the FTO bottom electrode (BE). Similarly, D2 contained
MAFAPDI; with 10% FAI doping, while D3 incorporated
MAFAPDI; with 30% FAI doping. For all three sets of devices,
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Figure 1. Schematic illustration of the fabrication of HHP-based ReRAM device as (a) HHP precursors (FAI-0), (FAI-10), and (FAI-30) spin-
coated over FTO (BE), (b) annealing of spin-coated thin film of HHPs at 120 °C, (c) electrical characterization setup after Ag (TE) deposited over
HHPs layer, and plain view SEM images of HHPs deposited over FTO (BE) (d) FAI-0, (e) FAI-10, and (f) FAIL-30.

Ag and FTO were chosen for TE and BE, respectively. Later,
the best of the three sets of fabricated ReRAM devices was
tested under broad range white-light illumination. Subse-
quently, the effect of PEAI passivation of the optimized
MAFAPbI, SL (i.e., FAI-10) on the RS performance of the
ReRAM has been explored by fabricating Ag/PEAI/FAI-10/
FTO ReRAM architecture and testing under dark and white
light illumination. Ag/PEAI/FAI-10/FTO ReRAM devices are
termed D4 later in this work.

2. RESULTS AND DISCUSSION

RS memory sets of devices D1, D2, and D3 were fabricated
using organic—inorganic HHPs with FAI doping varying from
0 to 30% in the intrinsic MAPbI; HHP formulation. The
prepared formulations were spin-coated over FTO and
annealed at 120 °C in an argon environment inside the
glovebox, as shown in Figure 1a)b (for more details on HHP
formulation and ReRAM device fabrication see the Exper-
imental Section). As-prepared HHP thin films with varied
concentrations of FAI, such as 0, 10, and 30%, are labeled as
FAI-0, FAI-10, and FAI-30, respectively, for later discussions in
this work. The GS and GBs of the deposited HHPs vary
according to the FAI doping concentrations. Figure 1d—f
shows top-view scanning field emission scanning electron
microscopy (FESEM) micrographs of FAI-0, FAI-10, and FAI-
30 HHP thin films, respectively. A noticeable variation in GS
and GBs was observed. The average GS was measured under
FESEM as 392.35, 209.68, and 365.71 nm for FAI-0, FAI-10,
and FAI-30 HHP thin films deposited over FTO, respectively.
Variations in GS strongly indicate that the presence of the FA*
cation in the AA’BX; matrix, along with the relatively smaller
MA" cation, have a pronounced impact on both GS and GBs in
these HHP films. Indeed, the FAI-10 exhibits an average GS of
209.68 nm, which is the smallest in comparison to the GS
obtained for FAI-0 and FAI-30. Consequently, FAI-10 HHP
thin films comprise a larger number of GBs. However, GBs are
known to facilitate conducting filament (CF) formation as
vacancies or halide/metallic ions can diffuse more easily with
lower activation energies at GBs than the other pathways in
HHP films.*%*° Additionally, due to the fact that the GBs
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contain only 1/2 of the chemical bonds, the activation energy
required for ion/cation migration at the GBs is approximately
~1/2 of the energy in the bulk of HHP material.”' Also, the
current density in HHP is related to the number of GBs
because the change in current in HHP is attributed to ion/
cation migration. The presence of a smaller number of GBs
suggests that the availability of fewer paths in HHP film for ion
migration leads to low HRS current density and may result in
providing a higher LRS/HRS ratio*” that connotes a lar§er GS,
and fewer GBs may provide a larger memory window.””*"

The effect of FA" cation doping in the A’ site of AA’PbI,
HHPs on the RS performances was studied by fabricating the
ReRAM with the Ag/HHP/FTO configuration. Three
distinctive HHP films, namely FAI-0, FAI-10, and FAI-30,
were processed through the facile solution route. To reveal the
memory performance, all the fabricated HHP-based ReRAM
devices, i.e., D1, D2, and D3, were characterized in the
standard clean room ambient using the Keithley 4200
parameter analyzer, where DC double sweep was applied to
the Ag TE from —0.5 to 0.5 V and FTO BE was grounded. The
experimental setup is shown in Figure Ic.

Figure 2 illustrates the RS characteristics and statistical
variability of consecutive 100 DC cycles of ReRAM D1, D2,
and D3. The J—V characteristics shown in Figure 2a—c plotted
for D1, D2, and D3, respectively, represent the bipolar RS. All
the devices are form-free, and discrete switching was observed
during DC sweeps. For the D1 ReRAM devices, as the positive
DC voltage increases, the current density remains very low,
and the device maintains its HRS. However, the current
increases abruptly at 0.145 V, indicating the formation of CF;
consequently, D1 switches to LRS, as shown in Figure 2a at Vg
= 0.145 V. As the applied DC voltage sweeps toward negative
polarity, a soft decrement is observed at —0.35 V and then
gradually decreases until applied at —0.5 V, moving toward
HRS. Here, —0.35 V can be dedicated as V for D1. Further,
ReRAM device D2 was investigated with the same voltage
sweep and observed that D2 reached LRS at a voltage slightly
higher than DI, ie, Vg = 0.18 V. The higher Vg for D2 as
compared to D1 is attributed to the local lattice strain induced
in the HHP after larger FA" cation inclusion into the intrinsic
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Figure 2. Resistive switching characteristics and cumulative
distributive function percentage of corresponding LRS and HRS of
(a,d) Ag/FAI-0 HHP/FTO, (be) Ag/FAI-10 HHP/FTO, and (c,f)
Ag/FAI-30/FTO.

MAPDI, structure.’’ ~** The introduction of such strain in the
MAFAPDI; thin film facilitates the formation of internal
defects, which, in turn, hinders charge carrier mobility.43 This
ultimately necessitates higher voltage levels for set operations
in the device. As the negative voltage is applied to ReRAM
device D2, the current density initially maintains its LRS up to
—0.29 V and then starts decreasing gradually after reaching
—0.30 V, which we are considering Vy for D2 (Figure 2b). The
analog RS behavior during D2 at HRS conditions indicates the
partial dissolution of the CE.** As the large cation FA doping
increased up to 30%, more strain was induced in the intrinsic
MAPDI; HHP structure; thus, a higher voltage was required to
achieve LRS, which can also be observed in the semilog J—V
characteristics of D3 in Figure 2¢c. The Vg required for D3 to
gain LRS is 0.185 V, which is the highest among the fabricated
ReRAM devices D1 and D2, whereas it shows HRS level at a
reset voltage of Vy; = —0.38 V. The increment in operating
voltages for D3 is attributed to the increment in lattice strain
after 30% FA' doping, where the strain-induced structural
defects dominate and readily affect the device threshold/
operating voltage.”** Also, such strain is known to alter the
electronic band structure of the perovskite, thereby promoting
a reduction in the effective mass of the charge carriers, so a
comparatively higher current was observed in D3 ReRAM. All
the device matrices are compared and shown in Table 1. Here,
the LRS/HRS ratio obtained for ReRAM D2 is 10, whereas the
LRS/HRS for D1 and D3 are 25 and 29, respectively. It shows
that the larger GS of FAI-0 (~392.35 nm) and FAI-30
(~365.71 nm) HHP contributes toward lower HRS current
density accordingly as afore-discussed, hence higher LRS/HRS
in comparison to FAI-10 with the grain size of ~209.68 nm.
Moreover, cumulative distribution function (CDF) percen-
tages of LRS and HRS current density were calculated for each
device considering the first consecutive 100 DC sweep cycles,
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Table 1. ReRAM Characteristic Comparison of Fabricated
Devices D1, D2, and D3

parameter D1 D2 D3
SET/RESET voltage 0.145 V/— 0.18 V/— 0.185 V/—
035V 030V 038V
LRS/HRS ratio (@0.12 V) 25 15 29
statistical variation (%) in 46.1/47.7 4/8.9 74.3/64

LRS/HRS

as shown in Figure 2d—f. LRS and HRS current densities for
each device were compared at the same read voltage of 0.12 V
for better comparison. The cumulative distribution of LRS and
HRS was extracted to show the stability and variance in
electrical parameters of ReRAM devices. The statistical
variation o/p % is computed through the CDF (presented
with red colored text in Figure 2d—f), where o is the standard
deviation, and y is the mean. Here, statistical variation displays
the inconsistencies and variabilities in consecutive LRS and
HRS at constant voltage (i.e,, 0.12 V) for each device. ReRAM
devices presenting minimal o/ % (i.e, <10%) are only
considered potential memory devices capable of delivering
better overall performance. In this work, the device
incorporating FAI-10 SL, ie., D2 shows o/u % for LRS and
HRS of 4 and 8.9%, respectively, which is highly appreciable
and remarkable in terms of device stability in air. On the other
side, ReRAM devices D1 and D3 show a very high percentage
of variations in LRS and HRS current density. In the case of
D1, significant variations of 46.1 and 47.7% in LRS and HRS
current density are due to high surface roughness of ~9.32 nm
(Figure Sla). Whereas, the surface roughness measured for
HHP incorporated in ReRAM D2, i.e, FAI-10, is 6.65 nm
(Figure S1b). This suggests that the surface roughness also
plays a vital role in the stability and performance of the RS
characteristics. An optimized FAI-10 shows prominent
behavior, whereas FAI-30, i.e.,, device D3, degrades the stability
and shows the highest 6/y % of 74.3 and 64% variation in LRS
and HRS current density as the surface roughness increased up
to 10.28 nm (Figure Slc). Hence, it can be concluded that
improving the surface roughness of the SL by optimal doping
of the FA" cation enhances the RS reliability of ReRAM
devices. Additionally, as aforementioned, the introduction of
local lattice strain in the HHP structure is more likely to
enforce instability that corresponds to undesirable statistical
variations if the concentration of doped cation is not precisely
optimized.

Considering the best of the three sets of fabricated ReRAMs
in terms of the low operating voltage, stability, and variance,
i.e., D2 was tested under broad range white light illuminance of
intensity 1264 §W/cm* (the UV—vis absorption spectra for
FAI-10 HHP film are shown in Figure S2). All of the test
conditions were kept similar to those mentioned above, except
the light excitation. Figure 3a shows the schematic of the
electrical characterization setup, and the ReRAM switching
characteristics under the dark and white light are shown in
Figure 3b. It indicates that under light illumination, D2
switches at a lower voltage of 0.10 V than a switching voltage
of 0.18 V under dark conditions. Also, a difference can be
observed in the LRS/HRS ratio. The LRS/HRS ratio for D2
under white light illumination is 54.3, which is 3.37 times
higher than LRS/HRS under dark conditions. Hence, besides
improving set voltage, D2 ReRAM also inherits a considerable
memory window under white light excitation, while V slightly
increases to —0.33 V under illumination. This enhancement in
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Figure 3. (a) Schematic illustration of the experimental setup for
ReRAM D2 (Ag/FAI-10/FTO) electrical characterizations under
dark as well as white light illumination, (b) resistive switching
characteristics of optimized ReRAM D2 under dark conditions and
white light illumination, (c) cumulative distributive function
percentage of corresponding LRS and HRS of D2 under dark and
white light excitations (statistical variation percentage written in red
color), and (d) retention characteristics of ReRAM D2 under dark
conditions and white light excitation.

RS properties of D2 under white light illumination is
attributable to the illumination-induced spontaneous gener-
ation of electron—hole pairs in the FAI-10 HHP SL.* The
reduced Vg under white light illumination suggests the quick
induction of photocarriers, which promptly contributed in
lowering the set voltage. However, the random movement of
ions and cations under illumination results in a strong built-in
electric field, necessitating a higher Vi to dissolve CFs.*
Moreover, the fabricated Ag/FAI-10/FTO ReRAM (ie., D2)
exhibited significantly low-power consumption. During the
SET operations under dark conditions and light illumination,
D2 ReRAM consumed ~0.101 mW. Hereto, the RESET
process dissipated power of 0.021 and 0.0329 mW,
respectively, while operating under dark and light conditions.

The reliability and stability of the D2 ReRAM were tested at
0.12 V read voltage under dark conditions through DC
endurance, where it maintains LRS/HRS ~15.2 up to 491 DC
cycles, as shown in Figure S3a. In contrast, it upheld LRS/HRS
~54.3 up to 245 DC cycles when illuminated under white
light, as shown in Figure S3b. The excess electrons generated
under the continuous white light illumination hinder the CF
formation as there is the possibility of Ag" getting reduced to
the Ag atom by accepting the photogenerated electrons
without reaching the BE. This might be the reason that D2 was
able to sustain LRS/HRS ~54.3 only up to 245 DC cycles and
then started to degrade. The CDF % have also been calculated
for D2 under white light excitation considering 100
consecutive DC cycles and was compared with the same for
dark, as shown in Figure 3c. It was observed that the
illuminated light over perovskite degrades its stability as
iterations increase. This might be due to the excess electron—
hole pair generation near the BE and the perovskite interface
that also contributes to the stochastic distribution of the halide
ion under the electric field, resulting in uncontrolled halide
vacancy movements across the switching layer and accumu-
lation near the TE or BE, in addition to Ag" movements. Table
2 compares the switching parameters of D2 under dark and
light conditions. The retention data was plotted for ReRAM
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Table 2. ReRAM Characteristic Comparison of the
Fabricated D2 Device under Dark and Light Conditions

parameter D2 (under dark) D2 (under light)
SET/RESET voltage 0.18 V/—030V 0.10 V/-0.33 V
LRS/HRS ratio (@0.12 V) 152 54.3
statistical variation (%) in LRS/HRS  4.08/8.02 8.97/26.07

D2 under dark conditions as well as white light excitations, as
shown in Figure 3d. The device was tested up to 10* s, and it
can be observed that the fabricated ReRAM D2 follows an
LRS/HRS current density ratio of ~15.2 under the dark
condition, and the LRS/HRS ratio improved to ~54.3 when
excited under white light and maintained it for 10* s with
negligible changes.

Understanding the resistive switching mechanism of the Ag/
FAI-10 HHP/FTO device is crucial. To investigate this
mechanism in detail, typical current density—voltage (J—V)
curves plotted in a double-logarithmic scale for both set
(positive DC sweep) and reset (negative DC sweep)
operations are shown in Figure 4. The slope values for the
HRS and LRS were determined by fitting the log ] vs log V'
curves linearly, utilizing the analogy of the power relation (J
V).

The double log J—V curves of D2 in positive and negative
voltage regions under dark conditions are shown in Figure 4a,c,
respectively. Initially, D2 was in HRS under the positive
voltage sweep with a low applied field (0 < V < 0.14) and a
slope of ~1.03 indicating ohmic conduction (I @ V), where the
current was controlled mainly by thermally excited electrons in
the conduction band."” Later, the slope increases as ~1.78
under the voltage region 0.14 < V < 0.18, indicating nonlinear
growth of the current following space charge limited
conduction (SCLC) (I a V?) attributed to the migration of
Ag" from the Ag TE toward the counter BE, i.e., FTO via GBs
presented in the FAI-10 SL. As the voltage increases, more Ag
atoms are oxidized to Ag" ions as nAg — Ag"* + ne”."® These
generated Ag" ions were reduced near the BE as Ag"" + ne” —
nAg48 and grew toward the TE, providing multiple conducting
channels as shown in Figure 4b. This eventually led to a sharp
jump in the device current, reaching the LRS at V5 = 0.18 V,
confirming the formation of Ag CFs. Such a very low Vg
requirement for Ag/FAI-10/FTO ReRAM is ascribed to the
higher GBs and lower energy barrier for Ag diffusion®” in the
FAI-10 SL. A steady FAI-10 host environment would aid in
maintaining the multiple CF formed through GB networks
present in the FAI-10 HHP SL and extending the retention
duration after it has been adequately formed across the SL.
Further, an increment in the voltage (V > 0.2) leads to the
charge hopping phenomenon arising due to the halide
vacancies (I) randomly generated across the SL facilitating
the charge trapping/detrapping conduction, as indicated by
slope ~3.27 in Figure 4a, and thereafter, the current with the
slope ~1.77 shows quadratic growth up to the applied 0.5 V
and then decreases linearly while returning to 0 V with the
slopes ~0.97 (0.5 > V> 0.22) and ~1.15 (0.22 > V > 0). The
ohmic conduction was then retained during a negative DC
sweep until the device reached Vi = —0.30 V. Thereafter, the
device transitioned to HRS conduction with the fitted slope
~027 (I a V'?) as shown in Figure 4c¢, confirming the
presence of a barrier near the BE and SL interface. The large
accumulation of halide ions (I”) at the BE under the high
voltage region (V > —0.30) contributes to the formation of a
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Figure 4. Conduction mechanism of ReRAM D2 under dark conditions: (a) log—log J—V curves for the positive voltage sweep region with the
linear fitting, (b) schematic illustration of the possible LRS switching mechanism, (c) log—log J—V curves for the negative voltage sweep region
with the linear fitting, (d) schematic illustration of the possible HRS switching mechanism; and the conduction mechanism of ReRAM D2 under
light illumination, (e) log—log J—V curves for the positive voltage sweep region with the linear fitting, (f) schematic illustration of the possible LRS
switching mechanism, (g) log—log J—V curves for the negative voltage sweep region with the linear fitting, and (h) schematic illustration of the

possible HRS switching mechanism.

Schottky barrier™ at the BE/SL interface and thus blocks the
carrier movement, which hinders the Ag* ions reduction to Ag
atoms near the BE and leads to the rupturing of Ag CFs near
the BE, as shown in Figure 4d.

Similarly, when D2 operated under white light illumination
in the low voltage region (<0.1 V) of positive DC sweep, the
double log J—V curve follows ohmic conduction (slope ~0.98)
as shown in Figure 4e, and then it showed nonlinear growth.
The nonlinear growth is attributed to the photogenerated
electron—hole pairs (e"—h"). These photoelectrons contrib-
uted to the current conduction along with the Ag CF formed at
Vs = 0.10 V. Due to the external source, i.e., white light
excitations, greater number of Ag atoms oxidized to Ag" and
thus reduced more at BE, forming more Ag CF through
existing GBs in contrast to the CF formed under the dark
conditions. Hence, a higher current was observed during the
LRS of D2. The current conduction mechanism of D2 (under
white light) during the set operation is illustrated in Figure 4e.
The device then follows ohmic conduction while returning to 0
V from its LRS, analyzed through the fitted slope of ~1.13 (0.5
<V <0.22) and ~1.05 (0.22 < V < 0). Now, as the device
structures operated under the negative bias region, the plotted
double log J—V curve fitted with the slopes of ~0.75 (0 < V <
—0.2) and ~0.37 (—0.2 < V < —0.33) (Figure 4g) suggests the
presence of a stronger barrier near the BE as the voltage
increases in the negative region due to a larger accumulation of
I" ions at the BE/SL interface. Here, the photon irradiation
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provides extra energy to the Pb—I, causing the early breakdown
of Pb—I bond™ to influence the large amount of I" ion
migration toward BE, resulting in the formation of Schottky
barrier at the interface after heavy accumulation near BE. This
Schottky barrier obstructs the growth of Ag CF and facilitates
the dissolution of Ag CF near the BE; hence, D2 transitioned
to HRS from LRS at Vi = —0.33 V. The V} required to achieve
HRS under white light illumination is higher than that of the
devices operated under dark conditions because of the higher
number of Ag CF, as more energy is required to dissolve
multiple filaments. The formation and rupture of the Ag CF
under white light illumination are depicted in Figure 4fh,
respectively. Hence, the present work suggests the emergence
and dissolution of conducting Ag filaments in the FAI-10 SL,
which also insinuates the RS mechanism of D2 ReRAM
dominated by the electrochemical metallization (ECM)
mechanism.>’ To verify the ECM in the experimental results,
the Pt/FAI-10 HHP/FTO memory devices were fabricated by
using inert Pt as TE (discussed in Supporting Information,
under Section S4). From the semilog J—V curve, as shown in
Figure S4, analog switching can be observed that confirms no
CF formation in Pt/FAI-10 HHP/FTO ReRAM structures
while sweeping DC voltages from —1 to 1 V and the double-
log J—V verifies the charge trapping/detrapping mechanism
shown in Figure SS. Therefore, it is safe to state that the
formation and rupture of Ag CF are responsible for the RS
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behavior of ReRAM D2, ie., Ag/FAI-10 HHP/FTO ReRAM
structures.

Nevertheless, the afore-investigated ReRAM configuration
incorporating optimized FAI-10 HP SL exhibited ultralow
operating voltages to SET and RESET ReRAM with marginal
variations in consecutive switching, but it offers insignificant
LRS/HRS of ~152 and ~54.3, respectively, when excited
under the dark and white light illumination. Such a low LRS/
HRS ratio indicates the following degrading factors involved in
the perovskite SL: (i) the detrimental leakage current arises
due to the presence of surface defects in the perovskite SL; (ii)
variability in the switching mechanism attributed to the large
number of Ag" diffusions in the SL through the Ag electrode;
and (iii) degradation of the SL due to the presence of moisture
in the testing environment. Therefore, in order to improve the
LHS/RHS ratio, the optimized MAFAPDI; was passivated with
the moisture-resistant phenethylammonium cation (PEA").
Phenethylammonium cation (PEA*) is recognized for uniform
passivation of surface defects and trap states present on the
HHP surface.”® Hence, phenethylammonium iodide (PEAI)
salt was dissolved in IPA and spin-coated over optimized
MAFAPD], (i.e., FAI-10). The plain-view SEM images and the
AFM morphology of the PEAI-passivated FAI-10 HHP layer
are shown in Figure S6ab. After depositing PEAI over-
optimized FAI-10 SL, the essential RS characteristics of the
fabricated Ag/PEAI/FAI-10/FTO (i.e,, D4) are investigated,
as shown in Figure S.
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Figure 5. (a) Schematic illustration of the experimental setup for
ReRAM D4 (Ag/ PEAI/FAI-10/FTO) electrical characterizations
under dark as well as white light illumination, (b) resistive switching
characteristics of optimized ReRAM D4 under dark conditions and
white light illumination, (c) cumulative distributive function
percentage of the corresponding LRS and HRS of D4 under dark
and white light excitations (statistical variation percentage written in
red), and (d) retention characteristics of ReRAM D4 under dark
conditions and white light excitation.

The fabricated D4 devices were examined under dark and
white light illumination, as shown in Figure Sa, with cyclic DC
voltage loops of —0.7 to +0.7 V and finally to —0.7 V. The RS
characteristic, as shown in Figure Sb, indicates that the D4
ReRAM switches to its LRS at 0.26 and 0.22 V, respectively,
under dark and white light excitation. It can be observed that
the set voltage of D4 is slightly higher than the voltage required
to set D2 ReRAM. This might be attributed to the passivation
of GBs present in the FAI-10 HHP SL by PEAI layer
deposition,” which restricts the convenient drift of the Ag*
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through the GBs under the positive electric field, and hence,
comparatively higher voltage required to set D4 into LRS. In
addition to GBs passivation, it also suppressed the surface
defects present in the FAI-10 HHP SL,* which in turn benefits
from very low leakage current during switching operations.
Adjacent thereto, it also restrained the growth of Ag CF across
SL,>* which led to filament confinement in the SL and hence
reduced the variability in the switching mechanism.>>** The
application of the PEAI layer over the FAI-10 SL also acts as a
barrier layer sandwiched between Ag TE and FAI-10 SL due to
its high bandgap,”” which eventually results in very low HRS
current. Hence, it is safe to state that the significantly high
LHS/RHS of ~1.07 X 10° and ~1.08 X 10°, respectively,
exhibited by ReRAM D4 (Figure Sb) under dark and white
light illumination is ascribed to the PEAI layer passivation over
FAI-10 HHP SL. Further, as the voltage sweep reaches the
negative polarity, D4 attains its HRS at —0.44 V when
operated under dark conditions, whereas —0.48 V is the reset
voltage in the case of white light excitation. However, it
consumed slightly more power in comparison to D2 ReRAM.
During the SET operations under dark conditions and light
illumination, D4 ReRAM consumed ~0.12 and 0.23 mW,
respectively.

For the reliability and stability analysis of the D4 ReRAM
under dark conditions, a 0.12 V read voltage was applied for
the DC endurance test. The fabricated D4 ReRAM maintains
LRS/HRS ~1.07 X 10° up to 4003 DC cycles, as shown in
Figure S7a. In contrast, it upheld LRS/HRS ~1.08 X 10° up to
2436 DC cycles when illuminated under white light, as shown
in Figure S7b. This improvement in the endurance property of
D4 is credited to the moisture-resistant PEAI passivation layer
coated over FAI-10 HHP SL, which prevents its fast
degradation while characterizing the device in a clean room
atmosphere with a standard humidity of 41 + 0.5%. Hereto, it
exhibited 8.15 times higher stable consecutive switching cycles
under the dark conditions and 9.94 times higher switching
when excited through white light in comparison to the D2
ReRAM endurance. The CDF % calculated for D4 (Figure Sc)
exhibits improved 6/u % compared to D2. Also, the retention
data tested for 10* s in the case of D4 ReRAM presents nearly
uniform data dispersion throughout 10* s, with significantly
marginal fluctuations (Figure S5d). Such astounding RS
characteristics of D4 confirm that PEAI passivation over
FAI-10 HHP SL played a significant role in suppressing the
variabilities in the switching mechanism that were previously
observed in the case of unpassivated D2 ReRAM.

Moreover, considerable enhancement in the reliability of the
switching performance of the D4 ReRAM is attributed to the
controlled CF growth across the SL. The deposited PEAI layer,
with a large surface area of ~1.94 nm roughness (Figure S6),
completely filled the GBs present at the FAI-10 SL surface and
hence blocked the stochastic diffusion of Ag* through the GB
pathways. Consequently, the uncontrolled random formation
of multiple Ag CFs stopped across the SL, promoting the
confined growth of Ag CF reaching toward BE from Ag TE.”
The formation and rupture of CF in the fabricated Ag/PEAI/
FAI-10/FTO ReRAM, ie, D4, under dark conditions and
white light illumination, as illustrated in Figure 6.

The log—log J—V curves of D4 in positive and negative
voltage regions under dark conditions are shown in Figure 6a,c,
respectively. Under the positive sweep (0 < V < 0.26), the
device was initially at the HRS with a slope of ~0.25, indicating
Schottky emission (I @ V'/?) dominates at such low applied
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Figure 6. Conduction mechanism of ReRAM D4 under dark
conditions: (a) log—log J—V curves for the positive voltage sweep
region with the linear fitting, (b) schematic illustration of the possible
LRS switching mechanism, (c) log—log J—V curves for the negative
voltage sweep region with the linear fitting, (d) schematic illustration
of the possible HRS switching mechanism; and the conduction
mechanism of ReRAM D4 under light illumination: (e) log—log J-V/
curves for the positive voltage sweep region with the linear fitting, (f)
schematic illustration of the possible LRS switching mechanism, (g)
log—log J—V curves for the negative voltage sweep region with the
linear fitting, and (h) schematic illustration of the possible HRS
switching mechanism.

bias. As the voltage reached 0.26 V, D4 abruptly switched to a
higher current level and attained its LRS at Vg = 0.26 V. The
comparatively higher Vy in the case of ReRAM D4 is attributed
to the single CF formation across the SL, as the PEAI layer
efficiently impedes the Ag" migration. Further, the current level
increases nonlinearly with the slopes of ~2.24 (0.3 < V < 0.56)
and ~2.08 (0.56 < V < 0.7) as the voltage increases. It verifies
the SCLC (I @ V*) mechanism that suggests the charge
hopping phenomenon, arising due to the halide vacancies (1)
randomly generated across the SL facilitating the charge
trapping/detrapping conduction, as shown in Figure 6b.
Thereafter, the current decreases linearly while returning to
0 V with a slope of ~1.08 (0.7 > V > 0). The ohmic
conduction was then retained during a negative DC sweep
until the device reached Vi = —0.44 V (Figure 6¢). Afterward,
ReRAM D4 switched to its HRS. Since the current largely
flows through the Ag CF, it results in local joule heating, which
is likely induced near the PEAI/FAI-10 interface due to the
higher thermal conductivity of the PEAI layer.”> Hence, in this
case, the Ag CF ruptured at —0.44 V near the PEAI/FAI-10
interface as well as near the BE, as shown in Figure 6d.
Now, when the ReRAM D4 is illuminated under the white
light, it also initially starts with a slope of ~0.26, indicating
Schottky emission (I @ V') when the applied DC voltage is
below 0.22 V. As the device reaches 0.22 V, it shows a discrete
jump in the current level and attains its LRS. Under white light
excitation, photogenerated electron—hole pairs (e”—h*) across
the SL contributed toward higher electric field induction,
which eventually led to the ReRAM set at a comparatively
lower Vg of 0.22 V in comparison to the dark-condition
operation. The current conduction mechanism of D4 (under
white light) during the set operation is illustrated in Figure 6e.
Under such a high electric field, more Ag" drifts across the
PEAI/FAI-10 interface and consequently forms thicker Ag CF
across SL (Figure 6f), which thus results in higher current
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under white light illumination. Later on, when the device is
biased for negative DC sweep, it shows ohmic conduction with
a slope of ~1.03 (0 < V < —0.28) and returns to its HRS at
—0.48 V (Figure 6g). At Vi = —0.48 V, the Ag CF ruptured at
the PEAI/FAI-10 interface as well as at BE (Figure 6h), similar
to the case when D4 operated under the dark condition.

At last, a crucial factor, which is the uniformity of the
deposited HHP thin film, is scrutinized. The uniformity of
device operation is one of the major concerns in the field of
perovskite-based ReRAM devices. Since, for bulk-scale
fabrication, the uniform deposition of the thin film over the
platform is one of the essential requirements, the fabricated
ReRAM prototype cannot be put in front of potential
candidates in the field of memory devices if the uniform
deposition of the switching layer cannot be obtained.
Therefore, to examine the uniformity of the deposited
perovskite thin film, we tested ten random devices from each
of the fabricated samples: Ag/FAI-10/FTO and Ag/PEAI/
FAI-10/FTO, under dark and white light illumination. Further,
the cumulative distribution function (CDF) % plotted by
considering the LHS/RHS ratio of each ten devices from both
the samples and statistical variations (6/u) % were extracted,
as shown in Figure 7a,b. From Figure 7a, it can be observed
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Figure 7. Device-to-device statistical variations under dark conditions
and white light illumination (a) Ag/FAI-10/FTO and (b) Ag/PEAI/
FAI-10/FTO.

that (6/u) % under dark and light illumination, respectively,
are 3.29 and 7.07% for the Ag/FAI-10/FTO devices. Such
minimal variations suggest that the deposition of FAI-10 HHP
SL is well uniform, and therefore, each Ag/FAI-10/FTO
device exhibits a nearly similar LRS/HRS ratio. When the
PEAI layer was deposited over FAI-10 HHP to fabricate Ag/
PEAI/FAI-10/FTO, it displayed higher accuracy and similarity
when ten random devices were tested, as shown in Figure 7b,
where (0/p) % under the dark and light, respectively, are 0.76
and 1.44%. This result suggests that the deposition of PEAI
precisely filled the existing pin holes (if any) in the FAI-10
HHP and also significantly improved the perovskite thin film
uniformity.

Further, a comparison has been made with the recent works
on hybrid halide perovskite-based ReRAM devices presented
in Table 3 to further assert the newly fabricated ReRAM
device. The comparative study suggests the current work, i.e.,
PEAI/MAFAPbI; (with 10% FAI doping)-based ReRAM, is a
potential candidate for low-voltage and low-power operable
electrically and optically nonvolatile memory applications.

3. CONCLUSIONS

In summary, we have successfully optimized the FA" cation
doping by incorporating 0 to 30% FAI into the MAPbI;
perovskite solution to obtain improved MAFAPDI; SL for
ReRAM. This study considered various important aspects,
including morphology, GS/GB, and resistive switching proper-
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Table 3. Comparison of This Work with Previously Reported Hybrid Halide Perovskite-Based ReRAM Devices”

perovskite under dark condition under light illumination ref
P/W (mW) Vs (V) Vi (V) cycles P/W (mW) Vs (V) Vi (V) cycles
MAPbI,_4Cly 147 141 ~50 0.1 —0.45 ~400 55
FAPbI, 0.22 0.2 —0.24 ~1200 56
MAPbDI, 0.7 0.7 -0.7 ~400 57
CsBiyl;, 17 -17 0.9 ~150 58
MAPbI; 0.6 -1.3 ~1500 0.6 -2.0 ~1100 25
FAPbI, 0.7 2.4 ~1200 0.5 -1.7 ~800 25
MAFAPDI, 0.5 -17 ~1300 0.3 -0.7 ~1200 25
CsMAFAPbDI, 0.2 =0.7 ~5000 0.2 =21 ~1800 25
[CNBmim]Cl/a-FAPbL, 45.17 (p)) 1 2 ~550 3.43 (p)) <1 <2 ~500 14
PEAI/MAFAPbI; 0.12 0.26 —0.44 4003 0.23 0.22 —0.48 2436 this work

“P/W = power consumption; Vg = SET voltage; Vi = RESET voltage.

ties such as operating voltages, the LRS/HRS ratio, and cycle-
to-cycle switching variability, to understand the influence of
FAI doping percentage in the A’-site of the AA'PbI; perovskite
structure. The RS characteristics have been systematically
investigated for the Ag/MAFAPDI;/FTO ReRAM devices. The
double-cation MA/FA at an optimized ratio provides better
resistive behavior with respect to the counterparts. Also, the
optimized 10% FAI-doped Ag/MAFAPDI;/FTO structures
switched to LRS from HRS at 0.18 and also showed <10%
variability in consecutive switching cycles while maintaining a
LRS/HRS ratio of 15.2, i.e, a one-order memory window.
Additionally, it offers improved resistive states and a 3.66 times
higher memory window at low power, ie, ~0.101 mW
operations under white light illumination, which confirms its
candidature for optically active nonvolatile memories. The
durability of the fabricated ReRAM device structures
comprising MAFAPbI; (10% FAI) SL was tested, and it
holds a LRS/HRS ratio of 15.2 (under dark conditions) and
54.3 (under white light) remarkably for ~10* s retention.
Later, the PEAI passivation layer was deposited over the
optimized SL, which improves the LRS/HRS to ~10°, which is
~6578 times higher than the MAFAPbI, (10% FAI) SL-based
ReRAM configuration operated at 0.12 mW under dark
conditions. Meanwhile, it exhibited ~1841 times higher LRS/
HRS when tested under white light illumination and consumed
only 0.23 mW of power for reliable operations. Thus, the
present work sheds light on integrating the strategies of
double-cation HHP optimization with passivation layer
incorporation over the optimized SL for improved RS
performance toward obtaining controlled and stable RS for
their potential low-power optoelectronic applications in
neuromorphic computing and optoelectronic memory tech-

nology.

4. EXPERIMENTAL SECTION

4.1. Materials. Lead iodide (Pbl,, >97%), formamidinium iodide
(FAJ, >99%), and methylammonium hydroiodide (MAI, >99%) were
purchased from Tokyo Chemical Industry (TCI). N,N-Dimethylfor-
mamide (DMF, anhydrous 99.9%), dimethyl sulfoxide (DMSO,
anhydrous 99.9%), and phenethylammonium iodide (PEAI) were
purchased from Sigma-Aldrich. These materials were used as such
without further purification.

4.2. Perovskite Solution Preparations. First, MAPbI; and FAI
solutions were prepared separately. MAPbI; solution was prepared by
dissolving 1.3 mM MAI and 1.14 mM Pbl, into the mixture of DMF/
DMSO (9:1), and FAI solution was prepared by dissolving 1.3 mM
FAI into the mixture of DMF/DMSO (9:1). Both solutions were
dissolved for 2 h at 50 °C under constant stirring. Afterward, the
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required percentage amount of FAI solution was added to the
prepared MAPDI; solution to obtain a perovskite formulation with 0%
FAI doping, 10% FAI doping, and 30% FAI doping. The obtained
perovskite formulations are MAPbI, (0% FAI), MAFAPbI, (10%
FAI), and MAFAPbI, (30% FAI). For the preparation of PEAI
solution, 0.25 mM PEAI salt was dissolved in IPA for 4 h. All
preparations performed in the argon environment were maintained
inside the glovebox.

4.3. Device Fabrication. FTO-coated glasses were sequentially
cleaned in deionized (DI) water, acetone, and isopropyl alcohol
through 15 min of sonication for each and then treated using UV/O;
for 30 min. To obtain the required HHP films, the prepared precursor
solutions were spin-coated on a cleaned FTO-coated glass substrate at
3000 rpm for 20 s. Toluene was used as an antisolvent during spin-
coating and dropped at 10 s for each HHP spin coating to facilitate
crystallization. Then, the spin-coated HHP films were annealed at 120
°C for 30 min and achieved ~320 nm film thickness. All these spin-
coating processes were performed in an argon environment inside the
glovebox. Finally, Ag electrodes of ~60 nm thickness were deposited
over spin-coated HHP films through the shadow mask by using a
thermal evaporator to obtain ReRAM device structures with 0.0025
cm? area. The passivation was performed over the MAFAPbL; HHP
film by coating PEAI at 5000 rpm for 4S5 s and was treated at 35 °C
for 60 min under argon environment. The obtained passivation layer
thickness was measured at ~20 nm. The coated PEAI layer was
treated at only 35 °C to prevent its transformation into PEA,PbI, >
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