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Compositional Engineering of Monocrystalline Metal Halide
Perovskite Memristors for Multistate Non-Volatile Operation

Ismael Fernandez-Guillen,* Miriam Minguez-Avellan, Clara A. Aranda, Pedro Atienzar,
Rafael Abargues,* Teresa S. Ripolles, and Pablo P. Boix*

Metal halide perovskite (MHP) memristors hold great promise for
next-generation memory and neuromorphic computing. However, challenges
such as stability and endurance hinder both their performance and a deeper
understanding of their working mechanisms. Advances in thin
monocrystalline MHP memristors have demonstrated improved endurance
due to the absence of grain boundaries, which makes them an ideal platform
for systematically identifying key factors influencing device performance.
Thus, evaluating the compositional effects on monocrystalline MHP
memristors within a consistent device architecture serves as a powerful
approach to deepen understanding of the system and guide the development
of application-oriented devices. This strategy is used to fabricate the first
memristor based on a mixed-halide thin perovskite monocrystal, which
enables multistate non-volatile memristive operation. Furthermore, precise
compositional engineering allows control over defect density, which affects
the materials’ ionic properties and determines key device performance
parameters. This study unlocks multistate properties in non-volatile
memristors and provides critical insights into defect density effects, paving
the way for high-density storage in neuromorphic computing.
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1. Introduction

The increasing demand for data comput-
ing and the associated power consump-
tion highlight the necessity to explore
new technologies utilizing innovative
materials that can overcome additional
challenges such as the vonNeumann bot-
tleneck or Moore’s law limitations.[1,2] In
this scenario, metal halide perovskites
(MHPs) emerge as promising candidates
to tackle these questions, due to the sig-
nificant potential of these materials in
advancing the next generation of data
computing.[3]

MHPs refer to a family of semicon-
ductors that can offer energy-efficient
performance and cost-effective fabrica-
tion. Their optoelectronic properties,
such as long diffusion length, high
defect tolerance, tunable band gap,
and high absorption coefficient,[4–6]

positioned them as ideal candidates
for technologies like lasers,[7] LEDs,[8]

and especially solar cells.[9] In their
primary niche application, solar cells, MHPs achieve power con-
version efficiencies exceeding 26%.[10] However, unlike conven-
tional semiconductors, they present a dual electronic-ionic na-
ture, which is evident in phenomena such as hysteresis in
current–voltage curves.[11] While some efforts have been ad-
dressed to suppress the impact of ion mobility,[12] this ionic na-
ture can be exploited to develop a new generation of resistive
switching technologies.[13]

Resistive switching (RS)memory devices, also known asmem-
ristors, are inspired by neural synapses and are being explored
as a foundation for next-generation computing technologies.[14]

In these systems, information is typically encoded through tran-
sitions between a high resistance state (HRS) and a low resis-
tance state (LRS) induced by an external voltage stimulus Among
their most promising applications is the development of resis-
tive random-access memories (RRAMs), which offer non-volatile
data storage capabilities, retaining information even when pow-
ered off.[15,16]

Beyond binary switching, RRAMs are also capable of op-
erating in multistate mode, where devices can exhibit multi-
ple stable resistance levels rather than just two. These mul-
tistate memristors are particularly attractive because they al-
low for higher data storage density and the implementation of
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analog signal processing, essential for emerging paradigms such
as neuromorphic computing.[15,17] In such systems, the grad-
ual modulation of resistance states can emulate synaptic weight
changes, supporting more sophisticated and energy-efficient
learning algorithms.[17,18] However, few multistate RRAM de-
vices based on perovskite materials have been reported, and the
mechanisms underlying multistate behavior in such devices are
still not fully understood.[19,20,21]

The excellent synergy between the requirements for ideal RS
memory devices and the MHPs properties, strongly defined by
their ionic mobility, positions this material family as a highly
promising platform for next-generation RS technologies. Since
the first reports of RS behavior in MHP-based memristors,
RRAM devices using MHPs have shown remarkable progress
in both performance and versatility, confirming their potential
in advanced memory applications.[14] Several formulations of
MHPs, including polycrystalline films, nanocrystals, and thin
monocrystals, have been explored to optimize the device per-
formance. Each of these systems presents unique complexities,
and the limited understanding of the fundamental processes that
drive RS behavior in MHPs remains a significant hurdle in their
development. Due to the intricate ionic-electronic dynamics in-
volved, the exact mechanisms of RS are still under debate.[22,23]

Current literature primarily discusses twomechanisms: the elec-
trochemical metallization mechanism (ECM), driven by metal
cations,[24] and the valence change mechanism (VCM), which
relies on halide vacancies.[25] While conclusive evidence for ei-
ther mechanism is still pending, advancing our understanding
of these processes is likely essential for the progress of mul-
tistate device technology. Additional challenges arise from the
inherent characteristics of MHPs and the unique properties of
each system. Notably, material instability presents critical issues
that directly impact essential parameters like the endurance of
RS devices. For instance, polycrystalline MHPs offer scalabil-
ity but are susceptible to degradation at grain boundaries,[26]

while nanocrystals provide enhanced tunability but suffer from
increased surface reactivity,[27] adding further sources of insta-
bility. Alternatively, thin perovskite monocrystals have demon-
strated to enhance memristor endurance and stability by reduc-
ing grain boundaries and defects,[15] makingmonocrystalmateri-
als an ideal approach to developing memristors despite the most
precise synthesis conditions.
In this work, we perform a comprehensive comparison of

three single-halide MHP monocrystals using a consistent device
architecture. This systematic analysis is carried out with the goal
of identifying which halide composition provides the most fa-
vorable properties for memristive applications. Additionally, we
extend our analysis by developing thin monocrystalline mem-
ristors with mixed halide perovskites to better understand how
the halide composition influencesmemristor properties.We con-
firm that different halide compositions in thin monocrystalline
forms can serve as a tool to modulate defect density within the
material,[28,29] thereby directly impacting the mobility of vacan-
cies and ions, as previously reported.[28–30] Here, we demonstrate
that defect density directly affects the key properties ofmemristor
devices. Key performance parameters, such as high-to-low resis-
tance state (HRS/LRS) ratio and endurance, can be significantly
improved by reducing defect density in the active material. No-
tably, our results suggest that the emergence of multistate be-

havior in RRAM memristors is directly influenced by the defect
density in MHPs, in conjunction with the effects introduced by
mixed-halide compositions, paving the way for a new generation
of memristors with high-density data storage and neuromorphic
processing capabilities.

2. Results and Discussion

2.1. Structural and Optical Characterization

The confined inverse temperature crystallization method[31] is
an effective approach to grow thin monocrystals. These MHP
monocrystals, with surface areas exceeding tens of square mil-
limeters and thicknesses in the micrometer range, are ideal for
fabricating devices where efficient charge extraction or injection
is critical, such as solar cells or memristors.[32,33] The control
of the initial precursor solution, as detailed in the experimen-
tal section, enables the growth of MAPbX3 monocrystals, where
X refers to chloride, bromide, and iodide, and two mixed halide
perovskite compounds, MAPb(Br0.8Cl0.2)3 and MAPb(Br0.9I0.1)3.
The lack of reports of thin monocrystals with such mixed halide
compositions makes it essential to confirm their properties and
structure. Special attention should be paid to ensuring that the
halide ratio in the final material accurately reflects the nominal
composition.
X-ray diffraction (XRD) patterns of the prepared crystals,

Figure 1a, show sharp and intense XRD reflections along (100)
and (200) planes, confirming the presence of a highly crys-
talline perovskite cubic phase in the case of MAPbCl3 and
MAPbBr3. Regarding MAPbI3, the abrupt reflections corre-
sponding to the (200) and (400) planes confirm the high crys-
tallinity of the samples.[34,35] The (100) peak of MAPb(Br0.8Cl0.2)3
shifts by 0.2° to higher angles compared to MAPbBr3, while
the same peak in MAPb(Br0.9I0.1)3 shifts by 0.09° to smaller an-
gles (inset Figure 1a). Such displacements are consistent with
Vegard’s law,[36,37] partially substituting the smaller Br− anion
with the larger I− anion expands the lattice constant, whereas
replacing Br− with the smaller Cl− anion results in further
contraction.[38] Energy dispersive X-ray (EDX) analysis (Figure
S1, Supporting Information) confirms that the actual composi-
tions are MAPb(Br0.8Cl0.2)3 and MAPb(Br0.9I0.1)3, which closely
match their respective nominal compositions. Each EDX analy-
sis is linked to its corresponding top-view SEM image in Figure
S1 (Supporting Information). The thickness of the different
monocrystals ismeasured by profilometry, Figure S2 (Supporting
Information), confirming a thickness of 20–25 μm in all cases.
Photoluminescence (PL) (Figure 1b) can be used as a tool

for evaluating the qualitative optoelectrical quality and compo-
sition of the crystals. The pure halide compositions, MAPbCl3,
MAPbBr3, and MAPbI3, exhibit sharp and narrow emission
peaks, with maximum emission wavelengths at 395, 533,
and 760 nm, respectively, in accordance with previous litera-
ture reports.[39,40] In contrast, the mixed halide monocrystals,
MAPb(Br0.9I0.1)3 and MAPb(Br0.8Cl0.2)3, display maximum emis-
sion peaks at 510 and 728 nm, respectively. Notably, no phase
segregation is observed during the measurements, which is a
common issue inmixed halide compositions, particularly in their
polycrystalline forms.[28,41,42] Additional morphological charac-
terization, including representative top-view and cross-sectional
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Figure 1. a) XRD patterns, b) PL emission of MAPbCl3 (blue line), MAPbBr3 (orange line), MAPbI3 (black line), MAPb(Br0.9I0.1)3 (red line), and
MAPb(Br0.8Cl0.2)3 (green line) thin monocrystalline perovskites, and c) device architecture of the memristor devices.

images of the monocrystal, reveals a smooth, pinhole-free sur-
face with a thickness of ≈20 μm, as shown in Figure S3 (Sup-
porting Information). Optical top-view images of the different
compositions are also presented in Figure S3 (Supporting Infor-
mation), showing a surface area from ≈4 to 8 mm2. Note that
MAPbCl3 does not emit in the visible region and is therefore not
included in the optical images, however, a top-view SEM image of
the MAPbCl3 composition is included in Figure S3 (Supporting
Information).

2.2. Characterization of Monocrystalline Pure Halide Memristor
Devices

The MHP monocrystals were implemented in memristor de-
vices in a simple architecture, as represented in Figure 1c,
where Poly[bis(4-phenyl)(2,4,6-trimethylphenyl)amine, PTAA, is
selected as a buffer layer, and graphite is used as a low-reactive

electrode. PTAA serves multiple purposes: i) to enhance interfa-
cial stability and suppress deleterious reactions between the per-
ovskite and the bottom electrode, ii) to facilitate crystal growth
due to its hydrophobic nature, which promotes halide diffusion
during crystallization, and iii) to potentially assist in hole trans-
port, given that PTAA is a well-known hole transport material.
Graphite is selected as the electrode due to its high electrical con-
ductivity and chemical inertness. Due to their improved stability
resulting from the suppression of grain boundaries, monocrys-
talline perovskites are an ideal platform to accomplish high-
endurance memristor devices. This enables a more exhaustive
analysis of the device’s working mechanisms. Thus, here we ex-
tend the study to the different halide compositions to better un-
derstand the dynamics of the RS mechanisms.
Cyclic-voltammetry measurements of the pure halide memris-

tors (see Figure 2a) were performed to compare the behavior of
crystals based on different halides. The MAPbCl3 memristor ex-
hibited the highest set voltage (at which the device transitions
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Figure 2. a) Cyclic-voltammetry of MAPbCl3 (blue line), MAPbBr3 (orange line), and MAPbI3 (black line) monocrystal memristor devices. Endurance
performance test conducted by applying cyclic sweep voltages in the sequence of +1.5, +0.07, −2, and +0.07 V on b) MAPbCl3, c) MAPbBr3, and
d) MAPbI3 monocrystal memristor devices.

from LRS to HRS) at 0.75 V, and the lower reset voltage (tran-
sition from HRS to LRS) at −1.1 V. In contrast, the MAPbBr3
memristor showed a set voltage of 0.52 V and a reset voltage of
−1.29 V. Similarly, the MAPbI3 memristor demonstrated a set
voltage of 0.43 V and a reset voltage of −1.34 V. It is worth re-
marking that the transitions from LRS to HRS (Figure 2a) occur
abruptly for the three pure halide compositions, and no clear cor-
relation is observed between the set/reset potentials and the ma-
terials’ bandgap. Despite certain variation in the absolute poten-
tial values for set and reset voltages (Figure S4, Supporting Infor-
mation), the samples maintain the abrupt transition (Figure 2a).
Additionally, an endurance test was conducted to examine the

stability of the memristors. A sequence of voltage steps was ap-
plied in the following order: +1.5, +0.07, −2, and finally +0.07 V.
Specifically, +0.07 V was used as the read voltage, +1.5 V as the
set voltage, and −2 V as the reset voltage. Figure 2b presents the
endurance test results for the MAPbCl3 device. A significant dis-
persion in the LRS is clearly observed during the measurement,
and the device eventually fails after 500 cycles. The LRS/HRS ra-
tio remains close to 100 for the first 125 cycles, but gradually sta-
bilizes at ≈10 for the rest of the measurement. In contrast, the
endurance analysis of MAPbBr3 (see Figure 2c) shows no sig-
nificant dispersion over 1000 cycles, maintaining an LRS/HRS
ratio exceeding 10. The MAPbI3 endurance test, displayed in
Figure 2d, demonstrates one of the highest endurance values re-

ported in the literature, with more than 2800 cycles without sig-
nificant dispersion, and a stable LRS/HRS ratio above 10. No-
tably, the endurance performance varies significantly depending
on the halide composition, with≈500 cycles forMAPbCl3,≈1000
cycles for MAPbBr3, and ≈2800 cycles for MAPbI3.
Long-term retention time of the LRS and the HRS is an-

other key parameter for RRAM devices, as this determines how
long the device can reliably store information. To characterize
retention times, chronoamperometry is measured in which the
current is continuously measured at +0.07 V, the read voltage,
for both states, first the LRS and subsequently, the HRS, along
104 s. The retention time analysis for MAPbCl3 (Figure S5a,
Supporting Information) shows that the LRS/HRS ratio reaches
100 during the first 250 s. However, after this period, the cur-
rent in the HRS increases from 10 to 100 μA, exhibiting high
instability in the HRS. Nevertheless, the LRS remains stable
throughout themeasurement, achieving a retention time of 3000
s for the Cl-based composition. In contrast, the MAPbBr3 de-
vice (Figure S5b, Supporting Information) demonstrates high
stability in both LRS and HRS states throughout the entire mea-
surement period of 104 s, maintaining an LRS/HRS ratio of
30. Similarly, the MAPbI3 device (Figure S5c, Supporting In-
formation) exhibits a retention time of 104 s, with the HRS
showing no significant fluctuations, while the LRS decreases
slightly over time. Despite this minor variation, the LRS/HRS
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Figure 3. a) Cyclic-voltammetry, b) chronoamperometry, and c) endurance test performance of the MAPb(Br0.9I0.1)3 monocrystal memristor device.
d) Cyclic-voltammetry, e) chronoamperometry, and f) endurance test performance of the MAPb(Br0.8Cl0.2)3 monocrystal memristor device.

ratio remains consistently ≈30 for the entire measurement
duration.

2.3. Characterization of Monocrystalline Mixed Halide Memristor
Devices

Memristors based on mixed halide perovskite thin monocrys-
tals facilitate a deeper analysis of ionic-electronic dynamics
and device mechanisms. The study focuses on MAPb(Br0.9I0.1)3
and MAPb(Br0.8Cl0.2)3 memristor devices. Figure 3a illustrates
the performance of the MAPb(Br0.9I0.1)3 device during cyclic-
voltammetry measurements, showing a set voltage of +0.55 V.
Notably, the reset voltage transition is gradual, beginning at −1 V
and progressing up to −2 V, at which the device fully transitions
to the HRS. This gradual transition, unlike the abrupt switch-
ing observed in pure halide memristors (Figure 2a), enables the
operation of multistate devices using mixed halide monocrys-
talline perovskites. By selecting a reset voltage within the tran-
sition range, one can determine the HRS resistance, allowing for
multiple resistance states.
Figure 3b displays a retention time test of the MAPb(Br0.9I0.1)3

device, where the read voltage is fixed to +0.07 V. The HRS ob-
tained at −2 V, with a response of 0.2 mA. The LRS set by a
+1.5 V and defined by a 2 mA response. Intermediate states are
achieved when the reset voltage is set within the range of −2 V
(corresponding to the HRS) and −1.1 V. Up to seven clearly dif-
ferentiable states can be achieved by changing the reset voltages.

The retention time reaches 500 s for each state, for a total reten-
tion time of 3500 s. Nevertheless, to assess the device’s practi-
cal application, it is crucial to maintain the multistate configura-
tion during endurance testing without any dispersion among the
states. The dispersion in endurance measurements of a mem-
ristor causes variations in resistance states, leading to read er-
rors and unreliable data processing. In neuromorphic comput-
ing, this variability can cause weight drift, affecting neural net-
work performance, while in memory applications, it shortens de-
vice lifespan and requires error correction mechanisms to main-
tain reliability.[43,44]

The endurance test for the MAPb(Br0.9I0.1)3 device (see
Figure 3c) was performed using a specific sequence of voltage
steps, starting at a set voltage of +1.5 V, followed by +0.07 V,
then a reset voltage that varied between −2, −1.8, −1.5, −1.3 and
−1.1 V, and finally returning to the reading voltage of+0.07 V. For
clarity, this sequence is visually represented in Figure S6 (Sup-
porting Information). The sequence begins with a reset voltage
of −2 V, followed by −1.8 V, and gradually decreases to -1.1 V. At
this point, the entire sequence is repeated 30 times for each re-
set voltage. As shown in Figure 3b, up to six distinct states are
achieved during 30 cycles for each voltage, resulting in a total of
150 cycles of stability. As mentioned above, although seven states
are achieved during the retention test, the functional application
is defined by six states without dispersion, which is performed in
the endurance test.
The cyclic-voltammetry of the MAPb(Br0.8Cl0.2)3 device

(Figure 3d) is similar to that of MAPb(Br0.9I0.1)3. The set voltage
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Figure 4. a) Defect density of monocrystal (circle points) and polycrystal (square points) memristor devices. b) Reset the voltage dependence of
monocrystal devices with respect to defect density.

occurs at +0.55 V, and the reset voltage ranges between −1 and
−2 when the device fully reaches the HRS. Figure 3e displays
the retention time for three different states obtained within that
range where the read voltage is +0.07 V. The three states remain
stable for 900 s each one with an LRS/HRS ratio of 30 between
the extremes. The endurance test (see Figure 3f) was performed
using a specific sequence of voltage steps, starting at a set voltage
of +1.5 V, followed by a read voltage of +0.07 V, then a reset volt-
age that varied between −2 and −1.5 V, and finally returning to
+0.07 V. In the case of MAPb(Br0.8Cl.0.2)3 devices, three different
states can be achieved, reaching 200 cycles for each one. While
the three states are completely differentiable, the high dispersion
observed during the endurance cycles prevents the achievement
of additional states, as observed in the MAPb(Br0.9I0.1)3 device.
Up to 9 states can be distinguished in the retention test for
MAPb(Br0.8Cl0.2)3, Figure S7 (Supporting Information), but
these must be differentiated during the endurance test to enable
a functional multistate device, as mentioned above.

2.4. Switching Mechanism

With these results, the use of mixed halide perovskite monocrys-
tal devices instead of pure halide ones unlocks new possibilities
for the fabrication of multistate memristor devices. Consider-
ing this comprehensive range of compositions, the relation be-
tween the defect density of each perovskite and the dynamics
of the memristive mechanism can be used to gain insights on
their working mechanisms. Here, it is worth highlighting that
a low-reactivity electrode, such as graphite, is used to mitigate
the role of the electrode in the operation of the device. More-
over, the devices can be operated without such an electrode, with
direct contact from the measuring tip on the surface, see the
cyclic voltammetry shown in Figure S8 (Supporting Informa-
tion). There are no qualitative changes in the behavior of the de-
vice when graphite is not used. This fact discards the relevant role
of graphite in the memristive behavior.
The space charge limited current (SCLC) regime of hole-only

devices wasmeasured for all analyzedmonocrystalline perovskite
compositions (Figure S9, Supporting Information) and com-

pared to their polycrystalline counterparts (Figure S10, Support-
ing Information). SCLC measurement was conducted using a
symmetric sandwiched structure, using poly[bis(4-phenyl)(2,4,6-
trimethylphenyl)amine)] (PTAA) as the selective layer, while
avoiding graphite as the contact electrode. Themost common ap-
proach to determine the trap density based on the so-called trap-
limit voltage:[45,46]

VTFL =
entL

2

2𝜀𝜀0
(1)

where, VTFL is the voltage of trap filling; e is the electronic charge;
nt corresponds to the density of trapped carriers; L is the thick-
ness of the active material; ɛ is its dielectric constant; and ɛ0
corresponds to vacuum permittivity. The obtained values for the
monocrystal and polycrystal devices are summarized in Tables S1
and S2 (Supporting Information), respectively, and represented
in Figure 4a. In the case of monocrystalline devices, the use of
mixed halide compositions (1013 cm−3) increases the defect den-
sity by one order of magnitude compared to pure halide mem-
ristors (1012 cm−3). Regarding polycrystalline devices, their de-
fect density is ≈1016 cm−3 for the single halide compositions,
and the mixed halide compositions exhibit values slightly higher
yet within the same order of magnitude. All the defect density
values of polycrystalline perovskite and pure halide monocrys-
talline perovskite are in agreement with those reported in the
literature.[47] Mixed halide perovskite monocrystals have been
studied far less extensively, and our results suggest that incor-
porating mixed halides may increase the defect density in these
materials.[28]

Defect density plays a crucial role in determining the ionic
properties of crystals. Therefore, it is important to assess its im-
pact on key parameters of memristive devices. Figure 4b dis-
plays the reset voltage of the monocrystalline memristive de-
vices as a function of the materials’ defect density. MAPbI3 ex-
hibits the lowest defect density and the most negative reset volt-
age of the pure halide devices. MAPbBr3 displays marginally
more defect density and lower reset voltage than MAPbI3. Fol-
lowing that trend, MAPbCl3 presents a slightly higher defect
density, and the lowest reset voltage compared to pure halide
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devices. Asmentioned above,memristive devices based onmixed
halide monocrystalline compositions show a gradual reset. In
both cases, the reset voltage starts approximately at −1 V and fin-
ishes at −2 V, although MAPb(Br0.8Cl0.2)3 exhibits slightly lower
defect density than MAPb(Br0.9I0.1)3 composition. We tentatively
relate the gradual reset to the higher defect density, almost one
order of magnitude compared to single halide monocrystalline
devices.
Figure S11 (Supporting Information) compares themonocrys-

talline devices’ cyclic voltammetry with their polycrystalline coun-
terpart. Remarkably, the HRS in polycrystalline devices is close
to the LRS in all cases of monocrystalline devices, exhibiting an
LRS/HRS ratio of 2 for the polycrystalline memristors, contrast-
ing with a ratio of 30 for monocrystal devices. A clear correlation
between a high LRS/HRS ratio and low defect density is evident
when comparing the performance of monocrystal and polycrys-
tal devices. Lower defect densities of monocrystals translate to
an LRS/HRS ratio of ≈10. In contrast, polycrystalline devices,
with four orders of magnitude higher defect densities, present
an LRS/HRS ratio of 2.
Finally, the electroforming voltage (visible in the electroform-

ing cyclic voltammetry processes, represented in Figure S12,
Supporting Information) also displays a strong dependence on
thematerial’s defect density. In the case of pure halidemonocrys-
tals, the electroforming voltage occurs at ≈4.5 V, while that of
mixed halide monocrystals is ≈2.5 V. Regarding the polycrys-
talline devices, their electroforming voltage is ≈1.2 V.
The effects of defect density on various memristive device pa-

rameters can be understood in terms of its correlation with lower
migration energy.[30,48] The regulation of ionic mobility by de-
fect density directly impacts device performance. Our results sug-
gest that memristors with optimal properties exhibit low defect
densities (<10−12 cm−3), while high-quality multistate memris-
tors can be achieved at 10−13 cm−3. In contrast, higher defect
densities obtained with polycrystalline films, >10−15 cm−3, de-
grade device performance, reducing the LRS/HRS ratio by more
than one order of magnitude compared with lower-defect-density
counterparts.

3. Conclusion

In summary, the performance of monocrystalline MHP mem-
ristors is strongly influenced by halide composition. MAPbCl3
exhibits the poorest performance, with an endurance of 500 cy-
cles, an HRS/LRS ratio of 10, and a retention time of 3000 s. In
contrast, MAPbBr3 demonstrates stable performance over 1000
cycles, with an LRS/HRS ratio of up to 30 and a retention time of
104 s. MAPbI3, offers the best performance for monocrystalline
memristors, withstanding 2500 cycles while maintaining a con-
sistent HRS/LRS ratio throughout 104 s of retention.
Building on these observations, the development of mixed-

halide thin monocrystals enables gradual resistive switching be-
havior, making them well-suited for multi-state device applica-
tions. Specifically, MAPb(Br0.9I0.1)3 composition exhibits supe-
rior multistate performance, achieving six distinct conductance
states during the endurance test, whereas MAPb(Br0.8Cl0.2)3
shows only three.
The control over defect density critically affects device charac-

teristics, such as the LRS/HRS ratio, as evidenced by comparing

monocrystal and polycrystal devices. This indicates that multi-
state RRAM memristors can be closely linked to the defect den-
sity of the MHPs, particularly when combined with the use of
mixed-halide compositions, without implying that defect density
is the only determining factor.
Overall, this work advances the understanding and design

of high-performance, multistate memristors for next-generation,
high-density data storage applications.

4. Experimental Section
Materials: Lead chloride (PbCl2), lead bromide (PbBr2), and lead

iodine (PbI2) were purchased from TCI. Methylammonium chloride
(CH3NH3Cl, MACl), methylammonium bromide (CH3NH3Br, MABr),
and methylammonium iodine (CH3NH3I, MAI) were purchased from
GreatCell. Polytriarylamine (PTAA) was purchased from Ossila. N, N-
dimethylformamide (DMF) and dimethyl sulfoxide (DMSO) were pur-
chased from Thermo Scientific. 𝛾-Butyrolactone (GBL) was purchased
from TCI. Toluene was purchased from VWR. Graphite spray was pur-
chased from RS. All the reagents were directly used without any further
purification.

Device Fabrication Process—Monocrystal Memristor Devices: The pre-
cursor solutions for 1 MMAPbX3 (X = Cl, Br, I) perovskites were prepared
by dissolving a 1:1 molar ratio of PbX2 andMAX in an appropriate solvent.
For the MAPbCl3 precursor solution, the precursors PbCl2 and MACl were
solved by DMF: DMSO (1:1, vol:vol), followed by vigorous shaking to en-
sure complete dissolution. TheMAPbBr3 precursor solution was prepared
by dissolving PbBr2 and MABr in DMF under vigorous shaking. Similarly,
theMAPbI3 precursor solutionwas prepared by dissolving PbI2 andMAI in
GBL under the same stirring conditions. The MAPb(Br0.8Cl0.2)3 precursor
solution was prepared by mixing the pure solutions MAPbCl3:MAPbBr3 in
a 1:4 volume ratio. The MAPb(Br0.9I0.1)3 precursor solution was prepared
by mixing the pure solutions of MAPbI3:MAPbBr3 in a 1:4 volume ratio.
All the solutions were filtered using a 0.2 μm PTFE syringe filter before
deposition.

Glass/ITO substrates were cleaned sequentially using acetone, deter-
gent, deionized water, and absolute ethanol, with each step performed in
an ultrasonic bath for 10 min. After drying with air flow, the substrates
were treated in a UV-O3 cleaner for 20 min. Subsequently, 40 μL of the
prepared PTAA solution (2 mg mL−1 dissolved in toluene) was deposited
onto the ITO substrate by spin-coater at 4000 rpm for 30 s under ambi-
ent conditions. Immediately, the substrates were annealed at 100 °C for
10 min.

The space-confined inverse temperature crystallization method was
used for growing thin monocrystals. The temperature was gradually in-
creased from 25 to 80 °C at a rate of 12 °C h−1 for all the compositions
except MAPbI3. For MAPbI3, the temperature ramp started from 50 °C
and increased to 120 °C at a rate of 8 °C h−1. The substrates were held at
80 and 120 °C, respectively for 24 h. After cooling at room temperature,
the substrates were separated with a blade. Finally, the graphite electrodes
were added on top of the perovskite monocrystals by depositing 10 μL of
the graphite solution with a micropipette. The solution evaporates in 60
s after deposition, approximately, forming a solid graphite that acts as an
electrode. It is important to note that the device is fabricated outside of
the glovebox.

Device Fabrication Process—Polycrystal Memristor Devices: All solu-
tions used for preparing polycrystalline perovskites were the same as those
used for synthesizing monocrystalline perovskites. The solutions were
added to the ITO substrates treated with PTAA, as previously described.
Subsequently, the solutions were spin-coated with a sequence of 1000 rpm
for 10 s and 4000 rpm for 40 s, adding 300 μL of toluene at 12 s of the sec-
ond step for all the compositions except MAPbI3, whose toluene addition
time is 22 s. Then, the device is annealed for 30 min at 100 ºC. Finally, the
graphite electrodes were deposited on the MAPbX3. All the device experi-
mental processes were fabricated inside a glovebox.

Adv. Electron. Mater. 2025, 11, e00494 e00494 (7 of 9) © 2025 The Author(s). Advanced Electronic Materials published by Wiley-VCH GmbH
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Characterization: Profilometer measurements were performed using
a Dektak 150 Surface Profiler from Veeco equipment. The crystalline struc-
ture was assessed by XRD collected on a Bruker D8 Advanced X-ray diffrac-
tometer with copper K𝛼 radiation (l = 1.5418 A°) and a scan rate of 5°

min−1 for 2𝜃 angles ranging from 12° to 40°. EDX analysis were per-
formed by a S-4800 instrument from HITACHI (Tokyo, Japan) operating
at 10 kV. Electrical characterizations were measured using a Gamry inter-
face 1010E. Photoluminescence measurements on the monocrystals were
carried out using an inverted microscope, Nikon (Tokyo, Japan) Ti2-U,
equipped with a XY motorized stage. The emission signal was transmit-
ted through optical fibers to an Edinburgh Instruments (Livingston, UK)
FLS1100 spectrofluorometer, which was coupled to a cooled photomul-
tiplier (PMT-980). The measurements were performed at room tempera-
ture, utilizing a 405 nm excitation wavelength provided by a picosecond
(ps) laser diode incorporated into the microscope.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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