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The exploration of novel photo/thermal-responsive nonvolatile memorizers will be beneficial for energy-
saving memories. Herein, new <110>-oriented perovskites using single template melamine, i.e., [(MLAI-
H, )(PbX4)]n (X=Br (a-1), Cl («-2), MLAI = melamine) have been prepared and their structures upon irra-
diation of visible light have been investigated. They have been fabricated as nonvolatile memory devices
with structures of ITO/[(MLAI-H;)(PbX,)],/PMMA/Ag (device-1: X=Br, device-2: X=Cl), which can ex-
hibit unique visible light-triggered binary nonvolatile memory performances. Interestingly, the silent or
working status can be monitored by visible chromisms. Furthermore, the light-triggered binary resistive
switching mechanisms of these ITO/[(MLAI-H,)(PbX,)],/PMMA/Ag memory devices have been clarified in
terms of EPR, fluorescence, and single-crystal structural analysis. The presence of light-activated traps in
<110>-oriented [(MLAI-H;)(PbX,4)], perovskites are dominated in the appearance of light-triggered resis-
tive switching behaviors, based on which the inverted internal electrical fields can be established. Ac-
cording to the structural analysis, the more distorted PbXs octahedra, higher corrugated <110>-oriented
perovskite sheets, and more condensed organic-inorganic packing in Br-containing perovskite are bene-
ficial for the stabilization of light-activated traps, which lead to the better resistive switching behavior
of device-1. This work can pave a new avenue for the establishment of novel energy-saving nonvolatile
memorizers used in aerospace or military industries.

© 2023 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

In recent years, with the increase of aerospace exploration mis-
sions from several countries, the study about the new electronic
materials seems significant, because the working status of elec-
tronic devices will be greatly affected by the extreme environ-
ments (large range of temperature, high vacuum, and strong ra-
diation) [1,2]. Especially, in outer space, the working energy is
mainly provided by solar panels, which demands urgently energy-
saving devices, for example, low-power consumption memorizers
[3,4]. Another energy-saving mode is also important, i.e., the de-
vices can silent at night but be turned on in daylight. Memo-
rizer is an essential unit in aerospace electronics, the search for
new high-performance memorizers with specific on-off perfor-
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mance and even visual stimuli responses (e.g., color changes) are
highly desirable from the viewpoint of energy-saving [5,6]. Cur-
rently, most of the attention was focused on the development of
new memorizers working under normal conditions. Resistive ran-
dom access memory (RRAM) devices are good candidates for the
next-generation nonvolatile memory devices due to their simple
structures, fast switching speeds, durability, high storage density,
and low power consumption [7,8]. Among them, hybrid organic-
inorganic halide perovskite (HOIP)-based RRAM is fascinating ow-
ing to its high ON/OFF ratio, flexibility, multilevel property, and
applicability to synapse devices [9,10]. Especially, as effective pho-
toactive components, HOIP has been used as photo-driven multi-
level memories, which possess good multilevel memory behavior,
multiple wavelengths accessible nonvolatility, and precise photo-
responsibility of power/time-dependent illumination [11-13]. Par-
ticularly, great efforts have been paid to the optically driven pho-
tomemory (such as light-erasable nonvolatile memory) through a
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Fig. 1. (a) Crystal packing diagram showing the <110>-oriented corrugated
(PbBr4)s2"~ perovskite sheets in the ac plane and the positions of inserted (MLAI-
H,)?* cations. (b) Hydrogen bonds between perovskite sheets and (MLAI-H,)**
cations. (c) The distances among (MLAI-H;)**cations.

photoinduced recovery process [14-18]. Pulse-driven perovskite-
based nonvolatile memory without holding electrical stress has
been documented, which can greatly reduce energy consumption
and accelerate read and write speeds [19]. But so far, the study
about photo/thermal-triggered RRAM devices is still in its infancy,
and only a POM-based memorizer with thermal-triggered mode
working among 150-270 °C has been reported [11-13]. Compared
to the conventional thermal/electrical-triggered modes, photon-
programming can render a better energy-saving method, which
can also simplify the device configuration and refrain the vertical
leakage current in devices [20].

2D perovskites with greater Goldschmidt tolerance have illus-
trated versatile optoelectronic performances owing to the confine-
ment of the electrons and holes in natural quantum wells defined
by the perovskite layers [21,22]. Especially, (110)-oriented per-
ovskites might have higher ion migration, better morphology, and
higher charge transfer in the perovskite/substrate interface [23,24].
So far, (110)-oriented perovskites are very rare, most of which
were constructed by using mixed ligands [25-27]. The search-
ing for new (110)-oriented perovskites using a single template
will be significant due to their convenience in photoelectric de-
vice fabrication [28,29]. Melamine (MLAI) and its co-crystals have
been used as photo/thermal-responsive memory materials, whose
three amine groups can provide strong hydrogen bonding to per-
ovskite layers [30]. Furthermore, as a defect passivation material,
melamine can be expected to enhance the solvent stability of per-
ovskites by inhibiting hysteresis [31,32]. In this study, we explore
the structures of two new melamine-templated <110>-oriented
perovskites and their application as unique visible light-triggered
nonvolatile memorizers, whose status can be monitored by observ-
able chromisms. This work will pave a new way for the devel-
opment of next-generation energy-saving nonvolatile memorizers
used in aerospace or military industries.

Two perovskites formulated as [(MLAI-H,)(PbXy4)], (X=Br
(—1), Cl (¢—=2)) are isostructures, which are made up of <110>-
oriented corrugated perovskite-type inorganic sheets alternating
with single (MLAI-H,)?* organic template (Fig. 1a). The single-
crystal structures before and after irradiation are also deter-
mined to correlate their following light-triggered performances,
and the symbols of o and B correspond to their phases be-
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fore and after irradiation. The PbXg octahedra in this work are
distorted deduced from Pb-X lengths (2.8714(9)~3.1824(10) A
for a—1, 2.7312(11)~3.0709(11) A for «—2) and X-Pb-X angles
(80.73(3)°~109.183(13)° for a—1, 79.06(3)°~109.183(13)° for -2,
Tables S2 and S3 in Supporting information). These also hint
that the lone pair electrons of lead(ll) are stereochemically ac-
tive [27]. The distorted degree is quantitatively estimated by Ad
(Ad=(1/6) =[(dp-d)/d]?) using Pb-X lengths [33]. Ad values of
1.78x1073 (a—1) and 2.14x10~3 (a¢—2) demonstrate the high dis-
tortion of PbXg octahedra. The PbXg octahedra share neighboring
corners (Br(1) for a—1, Cl(4) for «—2) along the c axis and op-
posite corners (Br(4) for a—1, CI(2) for «¢—2) along the a axis
to generate a zigzag perovskite sheets in the ac plane (Figs. S2
and S3 in Supporting information). The Pb-X-Pb angles defined
by vertex-sharing halogen atoms are 163.08° (¢—1) and 161.10°
(a—2), which deviate greatly from the regular <110>-oriented per-
ovskite sheet (180.00°) [25] and other contorted perovskite ones
(144.23(2)°~171.85°) [28,29]. Adjacent zigzag perovskite sheets are
stabilized by the interleaved (MLAI-H,)** cations through hydro-
gen bonds and electrostatic interactions. The bis-protonization of
ring N atoms is deduced from charge balances [30,34]. In «—1, the
N-H.--X hydrogen bond lengths/angles are 2.46~2.70 A/130~175°
(for a—1) 2.29~2.78 A[127°~175° (for @—2), suggesting the strong
hydrogen bonds (Tables S4 and S5 in Supporting information,
Fig. 1b) [30]. Based on these hydrogen bonds, the (MLAI-H,)2+
cations are anchored in the inter-layers, resulting in natural multi-
quantum well-like structures (Fig. 1a and Fig. S3b) [35]. The dis-
tances among (MLAI-H, )2+ cations are 6.021(11) and 5.732(7) A
respectively, suggesting the absence of m-..7r stacking interactions
(Fig. 1c). The perovskite layer-layer distances defined by the near-
est X---X distance is 3.956(10) and 3.544(1) A for «—1 and a—2
respectively.

After irradiating, Ad value of 1.70x10~3 for 8—1 and 2.16x10~3
for B—2 suggest that the distortion degree of PbBrg octahedron is
more sensitive to irradiation [36]. This trend can also be found in
reduced Pb-X-Pb angles (162.59° for B—1 and 161.06° for $-2).
Moreover, the perovskite sheets are compressed with shorter layer-
layer distances in B—1 (3.900(2) A), but those of -2 increases
slightly (3.550(2) A). Finally, in both hybrids, the hydrogen bonds
are strengthened after irradiating (Tables S4 and S5).

Considering that perovskite is easily degraded in ambient
conditions, XRD measurements on these melamine-decorated
perovskite powders and ITO-based films using the samples syn-
thesized last year have been conducted, and the results show that
the stabilities of they are reliable under environmental humidity
(Fig. S4 in Supporting information). The memory devices with
structures of ITO/[(MLAI-H,)(PbXy)],/PMMA/Ag have been fabri-
cated, whose vertical geometry is shown in Fig. 2a. Poly(methyl
methacrylate) (PMMA) is dielectric without the resistive switching
effect, which is often adopted as a charge blocking layer [37-39].
The surface morphologies and cross-section images were char-
acterized by SEM (Figs. 2b-e). The thicknesses of the perovskite
and the PMMA layers are about 1.14pm/340nm (for a—1) and
103.69nm/82.14 nm (for e—2), respectively.

Interestingly, these ITO/[(MLAI-H,)(PbX,)],/PMMA/Ag devices
can exhibit unique visible light-triggered binary nonvolatile mem-
ory performances. Before irradiating with visible light, these de-
vices do not show obvious resistive switching behaviors in a volt-
age sweep of 0 V—» -5 V— 0 V— 5 V- 0V (Fig. 3a). But after
15 min (for «—1 based device, labeled as device-1) and 20 min (for
o—2 based device, labeled as device-2) of exposure to the xenon
lamp, the devices demonstrate the essential feature of bistable
memory performances deduced from their typical hysteresis I-V
curves (Figs. 3b and c), in which the currents jump between the
high resistance states and the low resistance states upon apply-
ing the voltage sweeps [40]. It is worth mentioning that some I-
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Fig. 2. (a) Schematic illustration of ITO/perovskite/PMMA/Ag memory device; sur-
face and cross-sectional SEM images: (b, c¢) ITO/e—1/PMMA/Ag device; (d, e)
ITO/a—2/PMMA/Ag device.

V curves showing ternary memory behaviors can be detected on
two irradiated devices, but the yields are low (10%), so we still
describe them as binary memories. For the irradiated device-1
(Fig. 3b), it exhibits a high-resistance state (HRS, OFF state) when
a voltage from —5.0V to 0.0V, then the current suddenly jumps
to the low-resistance state (LRS, ON state) at 0.8V (Vse). When
the voltage sweeps back from —-5.0V to 0.0V and then from 0O
to —4.0V, it remains in the LRS. Finally, the current can hop
back to the HRS to complete this I-V loop when the voltage is
—4.5V (Vgeset)- The higher Vgeser than the Ve suggests that the
writing process is easier than erasing one, which is frequently
observed in nonvolatile memories [5,39]. Similar I-V characters
can be observed in irradiated device-2, whose Vse; and Vgeset
are 1.063 and —4.97V, respectively (Fig. 3c). Using a voltage of
—0.1V as the reading voltage, the ON/OFF ratios in a single cy-
cle are estimated as 1.5 x 10% (device-1) and 3.9 x 103 (device-2),
which are much higher than those based on methylamine per-
ovskite without PMMA layers (such as Au/CH3NH3Pbls/ITO/PET,
Ag/CH3NH3PbBr1.97Cl1.03/FTO/glaSS) [8,41]

The resistive switching behaviors can be reproducible in the fol-
lowing cycles, which can be validated by their no obvious degra-
dation of memory margins after 10 sweep cycles (Figs. 4a and
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Fig. 4. (a) I-V characteristics of ITO/a—1/PMMA/Ag device after irradiating for
15 min with 10 cycles. (b) The current change of HRS and LRS with 10 cycles. (c) The
change of Vset/Veset With 10 cycles. (d) Cycle endurance of the ITO/a—1/PMMA/Ag
showing 100 cycles.

5a). The averaged ON/OFF ratio and Vse/Vgeset Of two devices
are 4.0 x 103, 0.71/—4.70V (for e—1 based device), and 0.65x103,
0.76/—4.65V (for a—2 based device) (Figs. 4b, c, 5b and c). Clearly,
judging from the ON/OFF ratio and Vse/VReser Values, the memory
performance of Br-based <110>-oriented perovskite is better than
that of Cl-based one. The memory stabilities can be further verified
by the 100 sweeping cycles (Figs. 4d and 5d). After turning off the
xenon lamp, the devices can maintain their electrical bistable be-
haviors for 48 h (for device-1) and 24 h (for device-2). Furthermore,
when the xenon lamp is applied again, their resistive switches can
be turned on again (Fig. 6).

The light-triggered I-V curves have been fitted using Ohmic’s
and space charge limited conduction (SCLC) models to investigate
their resistive switching mechanism (Figs. S5 and S6 in Support-
ing information) [42,43]. In the low voltage region (0 — —2.72V
for device-1, 0— —1.89V for device-2) of the HRS, the I-V fitting
follows the Ohm'’s law (I«V, slope =1.23 for device-1, slope =1.01
for device-2), which can be explained as Schottky barrier root-
ing from the contact resistance in the PMMA/Ag interface (Figs.
S5a and S6a). Afterward, in a higher negative voltage range
(=2.72 - —5.00V for device-1 and —1.92 — —5.00V device-2), the
relationship follows SCLC processes (IxVZ, slope=2.82 for device-
1, slope=3.03 for device-2, Figs. S5b and S6b), during which the
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Fig. 3. (a) I-V curve ITO/perovskite/PMMA/Ag device before irradiating; (b) I-V curve of ITO/e—1/PMMA/Ag device after irradiating for 15 min; (c) I-V curve of

ITO/oe—2/PMMA/Ag device after irradiating for 20 min.
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Fig. 5. (a) I-V characteristics of ITO/a—2/PMMA/Ag device after irradiating for
20 min with 10 cycles. (b) The current change of HRS and LRS with 10 cycles. (c) The
change of Vser/Veser With 10 cycles. (d) Cycle endurance of the ITO/a—2/PMMA/Ag
showing 100 cycles.
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Fig. 6. (a) The persistence of memory devices after turning off the light and
recovery when applying to irradiate again: (a) ITO/x—1/PMMA/Ag device; (b)
ITO/a—2/PMMA/Ag device.

traps have been occupied gradually upon the injection of carri-
ers. In this stage, the injected carriers are accommodating in the
perovskite layer, consequently, an inverted internal electric field
among carrier-trap couples will generate, which is contrary to the
external electrical field and hinder the further carrier injection into
the active layers [5,6]. But with the increasing of the external volt-
ages, more and more carriers are injected, leading to the resistive
switching from the HRS to LRS at Vse. After transferring to LRS
in the region of (—3.25— 5.00V for device-1 and —5.00— 5.00V
for device-2), Ohmic conduction dominates these processes (Figs.
S5c and S6¢). The further back sweeping from 5.00V to 0.85V for
device-1, the LRS jumps back to the HRS at the Vs, correspond-
ing to the conduction mechanism switching into trap-unfilled SCLC
(slope =1.71, Fig. S5d). Finally, in the sweeping range of 0.85— 0V,
the conduction mechanism transforms from the SCLC to the Ohmic
(Fig. S5e). Similar behavior can be found in the sweeping range of
5.00— 114V and 1.06 — 0V (Figs. S6d and e). In summary, SCLC
and the Ohmic mechanisms govern the resistive switching perfor-
mances in these <110>-oriented perovskite-based devices, which
have been observed in relative devices [44-46].

Moreover, the light-triggered binary resistive switching mech-
anisms of these ITO/perovskite/PMMA/Ag memory devices should
also be clarified. Firstly, devices fabricated with mere perovskite
and PMMA, i.e., ITO/perovskite/Ag and ITO/PMMA/Ag are both re-
sistive switching silent before and after irradiating (Fig. S7 in Sup-
porting information), hinting that their light-triggered memory be-
haviors stem from the synergism of two active moieties. The rel-
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Fig. 7. Lateral SEM images of the Ag/perovskite/Ag devices after set/reset process:
(a) Ag/a—1/Ag; (b) Ag/ae—2/Ag. EPR spectra before and after irradiating: (c) «—1; (d)
a—2. Single-crystal fluorescent spectra under different irradiating times: (e) a—1;
(f) =2.

atively high output currents in non-irradiated and ITO/PMMA/Ag
devices might be led by excessive dark current based on ITO
substrate [40]. Secondly, the metal filament penetration processes
in these devices have been ruled out by lateral SEM images of
Ag/perovskite/Ag model devices upon set/reset process, in which
the formation of the filament between the two Ag electrodes could
not be detected (Figs. 7a and b).

Therefore, the following possible scenario of the photo-
triggered resistive switching process is proposed. In the relative
perovskite-based memory devices, the resistive switching behav-
iors have mainly been attributed to the charge trapping in the
perovskite active layers, in which the formation of an inverted
internal electrical field is critical [6,8,41]. Especially, it has been
pointed out that the <110>-preferred orientation in perovskites
can result in reduced trap densities and longer carrier lifetimes
[42]. Therefore, before irradiating, these PMMA-buffered high (110)
texture perovskites with a large grain have fewer trap densities,
as well as low leakage currents. Besides, their optical gaps seem
large (3.22 and 3.82eV, Fig. S8 in Supporting information). These
electronic characters in their initial states lead to their resistive
switching silence. After irradiating, the bulk perovskites can also
absorb photons with energy higher than the value of the band-gap,
consequently, electron-hole pairs can be produced in 2-D <110>-
oriented perovskites, which can render the photovoltaic effect [13].
The photo-generated radicals can be validated by the EPR spec-
tra of two perovskites, in which EPR signals are silent before ir-
radiating but present after irradiating (Figs. 7c and d). Besides,
meta-stable deep-level trap states will appear gradually after ir-
radiating, which has been proved in CH3NH3Pbl; perovskite [46].
The light-activated traps can further be validated by irradiation-
induced quenching fluorescence, in which the fluorescent densities
decrease about 42.5% (irradiating for 15min on a—1) and 36.7%
(irradiating for 20 min on a—2) (Figs. 7e and f). These traps can
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serve as non-radiative recombination centers to enhance the non-
radiative transfers, resulting in quenching fluorescence densities
[36]. The bandgap narrowing upon light irradiating can also im-
ply the formation of traps (Fig. S8), which can affect the current
density in the SCLC process [46]. The more reduced bandgap in
Br-based perovskite hints at its higher degree light-generated ion-
ized dopant, corresponding to its better resistive switching behav-
ior. The presence of photo-generated radicals indicates that the for-
mations of light-activated traps are very slow because the traps
can quench the radicals. In the light-irradiating ITO/perovskite/Ag
devices upon applying an external voltage, electron-hole pairs
generate firstly, which are further divided in the PMMA/[(MLAI-
H,)(PbX4)]n perovskites interface by the external electric field.
But this is not enough to turn on the resistive switching per-
formances. Then light-activated traps appear after irradiating for
15 min, which can accommodate injected carriers to turn on the
resistive switching performances. Therefore, the presence of light-
activated traps in <110>-oriented [(MLAI-H,)(PbX,)], perovskites
is dominated in the light-triggered resistive switching behaviors.
Together with photo-generated charge carriers and the injected hot
carriers, the inverted internal electrical fields are established, based
on which resistive switching behaviors are triggered. After remov-
ing the light resource, because no new light-activated traps gener-
ate, the existing ones will be annihilated in a long time [37]. There-
fore, the memory performance can decay slowly and finally be
turned off after 48 h (for device-1) and 24 h (for device-2). Impor-
tantly, as indicated by structural analysis, Br-containing perovskite
is more sensitive to irradiation, which exhibits more distorted PbXg
octahedral, higher corrugated <110>-oriented perovskite sheets,
and more condensed organic-inorganic packing. This trend is con-
sistent with the observation that device-1 has a longer resistive
switching duration after turning off the light (48 h). Therefore,
these structural evolutions in 1 might be beneficial for the stabi-
lization of light-activated traps, which lead to the better resistive
switching behavior of device-1.

As illustrated by the UV-vis spectra (Fig. S9 in Supporting in-
formation), broad adsorption zones from 200 nm to 800 nm can be
found, which contains the -7 * transitions of (MLAI-H,)** (below
400nm) [30], <110>-oriented perovskites (at about 480 nm for 1
and 420 nm for 2) [47]. Especially, the relatively weak absorption in
the visible zones stems from the organic-inorganic charge transfer
(CT) led by hydrogen bonds [38]. With the elongating irradiating
time, the absorption intensities increase, especially in the visible
zones, which are consistent with their enhanced organic-inorganic
interactions. Correspondingly, their colors change from colorless to
pale yellow (especially for 1), indicating that the status of the de-
vices can be monitored by their chromisms.

In summary, new <110>-oriented perovskites using single tem-
plate melamine, i.e., [(MLAI-H,)(PbX4)]n (X=Br (ax-1), Cl (x-2),
MLAI=melamine) have been prepared and their structures upon
irradiating of visible light have been investigated. They have
been fabricated as nonvolatile memory devices with structures of
ITO/[(MLAI-H,)(PbX4)]»/PMMA/Ag, which can exhibit unique visi-
ble light-triggered binary nonvolatile memory performances with
the status being monitored by observable chromisms. Their light-
triggered binary resistive switching mechanisms can be attributed
to the presence of light-activated traps in <110>-oriented per-
ovskites, which can be proved by their quenched fluorescence. X-
ray single-crystal structural determinations on perovskites before
and after irradiating also suggest that the more distorted PbXg oc-
tahedra, higher corrugated <110>-oriented perovskite sheets, and
more condensed organic-inorganic packing are beneficial for the
stabilization of light-activated traps, which lead to the better resis-
tive switching behavior of device-1. This work can pave a new av-
enue for the construction of novel energy-saving nonvolatile mem-
orizers used in aerospace or military industries.
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