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Modulating Trapping in Low-Dimensional Lead-Tin Halides
for Energy-Efficient Neuromorphic Electronics

Lijun Chen, Saad Saleh, Filippo Tavormina, Lorenzo Di Mario, Jiaxiong Li, Zhigiang Xie,
Norberto Masciocchi, Christoph J. Brabec, Boris Koldehofe, and Maria Antonietta Loi*

Metal halide perovskites have drawn great attention for neuromorphic
electronic devices in recent years, however, the toxicity of lead as well as the
variability and energy consumption of operational devices still pose great
challenges for further consideration of this material in neuromorphic
computing applications. Here, a 2D Ruddlesden-Popper (RP) metal halides
system of formulation BA,Pb, ;Sn, I, (BA = n-butylammonium) is prepared
that exhibits outstanding resistive switching memory performance after
cesium carbonate (Cs,CO;) deposition. In particular, the device exhibits
excellent switching characteristics (endurance of 5 x 10° cycles, ON/OFF
ratio ~10°) and achieves 90.1% accuracy on the MNIST dataset. More
importantly, a novel energy-efficient content addressable memory (CAM)
architecture building on perovskite memristive devices for neuromorphic
applications, called nCAM, is proposed, which has a minimum energy
consumption of 0.025 f] bit/cell. A mechanism involving the manipulation of
trapping states through Cs,CO; deposition is proposed to explain the

resistive switching behavior of the memristive device.

1. Introduction

Neuromorphic computing based on resistive switching devices
is a brain-inspired technology that is emerging as a poten-
tial alternative to CMOS electronics for implementing power-
and size-efficient artificial intelligence applications.l'! Neural
network computing algorithms implemented with traditional

hardware platforms face a few drawbacks,
such as excessive latency, energy consump-
tion, and scalability.?] In these cases, train-
ing a neural network takes a large amount
of time and computational resources, which
is not comparable to biological brain learn-
ing with little supervision. It is worth
mentioning that two-terminal memristors
have been proven to be capable of em-
ulating neuronal and synaptic functions,
and memristor-based neural network com-
puting benefits from their physical resem-
blance of local activity as well as dense inter-
connectivity to the brain.}! Therefore, de-
veloping reliable and efficient memristors
with a wide range of memory characteris-
tics and specialized memory architecture
has become a highly promising path to-
ward improving neuromorphic computing.

Metal halide perovskite memristors
have attracted considerable attention
after the resistive switching behavior
was observed in MAPDI; (MA = methylammonium) ~10
years ago.*’l Their promising memristive properties show
that metal halide perovskites have great potential for informa-
tion storage and computation.[®’] In addition, perovskite de-
vices could also benefit from their easy manufacturing, fast
switching speed,!®] mechanical flexibility,®! and low energy
consumption.['”] Lead halide perovskites have demonstrated
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good operating performances for pattern recognition(!'-1] physi-
cal unclonable functions,'”] logic operations,!*¥! and mechano-
nociceptive systems,!’! etc. Unfortunately, after mapping the
weight of the neural network to the conductance value of
the memristor crossbar, the poor reproducibility of the de-
vice in switching, and the no-ideal erase/write characteristics
deteriorate largely the accuracy of computations.2®2!l There-
fore, to give metal halide perovskites a chance in neuro-
morphic computing, it is necessary to develop robust mate-
rials with high repeatability (low cycle-to-cycle and device-to-
device variabilities). Furthermore, non-harmful compositions
and scalable fabrication would be preferred when moving to-
ward possible applications. To this goal, metal halide per-
ovskite materials with limited toxicity (Sn-based,??! Sn—Pb,!?3]
and others?28]) are investigated in-memory applications.
However, these devices often demonstrate lower endurance
and retention performance compared to pure lead-based
devices.

It is also important to note that, for neuromorphic sys-
tems, there is a strong emphasis on the development of spe-
cialized memories that are different from regular static or dy-
namic random-access memories. Content addressable mem-
ory (CAM) has the capability of matching the incoming data
against locally stored rules and taking corresponding actions.
In neuromorphic systems, CAMs can mimic human mem-
ories based on the data received from sensory signals.!?”]
However, the state-of-the-art CAM architectures built heavily
on binary computations face severe energy issues and stor-
age limitations. Recently, an analog CAM design was pro-
posed for more expressive storage operations by efficiently
utilizing the highly tunable analog conductivity and mul-
tiple stable intermediate states in memristive devices.3%3!
Here, we demonstrate the potential of implementing this
emerging analog CAM architecture using newly proposed per-
ovskite memristive devices for energy-efficient neuromorphic
computing.

We fabricated memristive devices with robust 2D layered RP
metal-halide materials of composition BA,Pb, ;Sn, 51, deposited
by blade coating, a drastic improvement of the memory proper-
ties was found after Cs,CO, was deposited on the metal halide
surface due to the controllable introduction of additional trap
states, primarily driven by the formation of new low-dimensional
phases. This Cs,CO,-based strategy has not been reported pre-
viously. As substantiated below, silver-top electrode devices ex-
hibited nonvolatile properties but lacked reliability, whereas the
gold-top electrode devices exhibited good volatile characteristics,
including an endurance of 5 X 10° cycles (ranking among the
Dbest for lead-less/free halide perovskite memristive devices) and
an ON/OFF ratio of ~#10°, and achieved MNIST pattern recogni-
tion with 90.1% accuracy. By temperature-dependent impedance
and photoluminescence spectroscopy, we investigated the origin
of the memristive properties, which is determined by the modu-
lation of the trap state landscape. More importantly, we propose a
novel RP perovskite memristor-based analog nCAM architecture
for performing line-rate operations in neuromorphic comput-
ing systems. As a result, the proposed perovskite-based nCAM
showed a minimum energy consumption of ~0.025 fJ bit™! per
cell, making it one of the most energy-efficient devices reported
to date.
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2. Results and Discussion

Thin films of 2D RP phases with the composition BA,Pb, ;Sn, I,
were fabricated by blade-coating as depicted in Figure 1a. The
detailed process is described in the experimental section of the
Supporting Information. As seen from the scanning electron
microscopy (SEM) and atomic force microscopy (AFM) images,
2D perovskite films exhibit large grain size (=20 um) and a
rather homogenous surface with an RMS roughness of ~60 nm
(Figure 1b,d). To obtain desirable memory properties, we intro-
duced a thin layer of Cs, CO, on the perovskite surface to increase
the number of charge-trapping states. Figure 1c,e demonstrates
that small sub-micrometer particles appear on the surface of the
sample upon deposition of Cs,CO;, resulting in a larger RMS
roughness. The UV-vis absorption spectra (Figure S1a, Support-
ing Information) and X-ray diffraction (XRD) patterns (Figure S2,
Supporting Information) show that after Cs,CO, deposition both
the absorbance and the structural properties of highly oriented
perovskite films are maintained. The FTIR spectra of the film
with Cs,CO, deposition revealed stretching vibration peaks of the
COO~ groups within the range of 1400-1500 cm™! (Figure S1b,
Supporting Information). Grazing-Incidence Wide-Angle Scat-
tering (GIWAXS) measurements provide further evidence con-
cerning the effect of Cs,CO;, which results in sample modifica-
tions involving both the intensity and breadth of the Bragg spots
and the formation of different phases, as evidenced by the ap-
pearance of some extra reflections (see Figure 1f,g). The 2D lay-
ered RP BA,Pb,;Sn,I, film showed the presence of highly ori-
ented 2D phases along the [001] crystallographic direction, with
the (00]) planes parallel to the substrate surface (Figure S3, Sup-
porting Information). After the Cs,CO; deposition, the 2D RP
phase exhibited a minor loss of orientational degree (texture), as
demonstrated by the appearance of arcs around its Bragg spots,
while two additional crystal phases appeared. These were rec-
ognized to be the quasi-2D mixed-cation BA,Cs (Pb,;Sn,s),1,
phase (Bbm2) and the 0D Cs,Snl phase, as confirmed by the
Bragg-spot indexing shown in Figure S4 (Supporting Informa-
tion). These additional phases, featuring low dimensionality, may
act as charge-storage elements. Carriers are injected from the
electrodes and are stored in the trap states and subsequently ex-
tracted at higher voltages. The SEM-Circular Backscatter Detec-
tor (CBS) images showed the mapping of the spatial phase distri-
bution of Pb—Sn perovskite with and without surface treatment
(Figure S5, Supporting Information).

Memristive devices with ITO/PEDOT:PSS/BA,Pb,:Sn,:1,/
(w/wo) Cs,CO,;/Au structure (Figure 2a) were fabricated. The
bottom contact incorporates a PEDOT:PSS layer, which effec-
tively reduces the roughness of the ITO substrate and provides
a smooth surface for the low-dimensional system to grow as a
continuous layer. All samples exhibited volatile resistive switch-
ing behavior with a voltage sweeping cycleof 0 > 2 - 0 - -2 —
0V, even under current compliance (I.) of 10 pA, as illustrated
in Figure 2b and Figure S6 (Supporting Information). Notably, a
much higher on/off ratio ~#10° is obtained after the deposition of
Cs,CO;, due to the different resistance values of the high resis-
tance state (HRS) and low resistance state (LRS). The devices also
showed good -V curve consistency after 40 successive cycles of
scanning (Figure S7a, Supporting Information) or after storage
in an inert atmosphere for 5 months (Figure S7b, Supporting
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Figure 1. Perovskite films morphology and crystallization behavior. a) Schematic of preparation process of 2D Pb—Sn perovskite and surface treatment
with blade coating. b) SEM, d) AFM, and f) GIWAXS measurements of perovskite films without Cs,CO;. c) SEM, e)AFM, and g) GIWAXS measurements

of perovskite samples with Cs,COj;.

Information). The average set voltages obtained from either 40
cycles or 20 memory cells showed a narrow distribution (Figure
S8, Supporting Information), ensuring good cycle-to-cycle and
device-to-device reproducibility. On the other hand, a nonvolatile
resistive switching behavior with a lower set voltage was observed
when the top electrode was replaced with Ag (without I or with
I of 10 pA, Figure 2¢; Figure S6, Supporting Information), an
effect which we attribute to Ag ionic movement and electrochem-
ical reactions at the BA,Pb, s Sn, s1,/Ag contact interface (vide in-
fra). Still, a similar trend with an enhancement of the on/off ra-
tio (~10%) was observed with the deposition of Cs,COj,, but these
devices suffered from cycling variability and storage instability
(Figure S9, Supporting Information).

Therefore, we decided to focus on devices with Au elec-
trodes for further investigation. In addition, cesium acetate
(CH;COOCs) and polymethyl methacrylate (PMMA) were also
used on the metal halide layer to investigate the universality of
our surface trap states regulation strategy. As shown in Figure
S10 (Supporting Information), the treatment with CH;COOCs
also greatly improved the on/off ratio, while devices using PMMA

Adv. Mater. 2025, 37, 2414430 2414430 (3 of 9)

showed a more limited current level at HRS, highlighting the
importance of our optimization strategy based on the intro-
duction of small amounts of Cs and the formation of BA,Cs
(Pby5Sny5),I; (Bbm2) and the 0D Cs, Snl phases at the interface.

Encouraged by the low cycle-to-cycle and device-to-device vari-
ability of memristive devices with Cs,CO, and Au electrodes,
additional functionalities were investigated. As substantiated in
Figure 2d, the optimized volatile device showed a highly robust
endurance of over 5 x 10° cycles with write voltage (2 V,100 ms)
and read voltage of 0.2 V. Such a high endurance stands out as one
of the best among reported halide perovskites-based memristors
characterized by being Pb-free or possessing a low Pb-content
(see Table S1, Supporting Information). Furthermore, their long-
term stability makes them highly promising for further real-life
applications.

The spike-timing dependent plasticity (STDP) behavior of
our devices was found to follow an asymmetric Hebbian rule
(Figure 2e), where the synaptic weight variation (dW) depends
on the relative arrival time of presynaptic and postsynaptic sig-
nals. When the presynaptic pulses (2 V/20 ms) are applied
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Figure 2. Memory performance and synaptic properties. a) Schematic of the perovskite-based memristor device structure. b) I-V characteristics of de-
vices with Au electrodes and c) Ag electrodes, both measured without current compliance under dark conditions. d) Endurance performance. e) STDP
behavior. f) Potentiation and depression characteristics of memristive device with Cs,CO;. g) Operational stability measurement of the optimized per-
ovskite device with 15 100 pulse cycles. h,i) Heatmap representation of the AG versus G switching properties during (h) potentiation and (i) depression,
the color represents the cumulative distribution function (CDF) at each conductance state. j) Accuracy evaluation of the proposed perovskite-based

neural network for the MNIST dataset.

before the postsynaptic pulses (—2 V/20 ms), the synaptic weight
is strengthened, otherwise the synaptic weight is weakened. It is
noteworthy that activity within the millisecond time range is par-
ticularly interesting for interfacing neuromorphic devices with
biological systems, as these response times are comparable to

Adv. Mater. 2025, 37, 2414430
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those of biological synapses. The retention time was further stud-
ied using time-resolved repeated pulse stimulation. As shown in
Figure S1la (Supporting Information), the normalized conduc-
tance weight can retain 20% of the last stimulated state after ap-
plying a sequence of ten identical input pulses with an amplitude
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Figure 3. Conduction mechanisms of the perovskite artificial synapses. a,b) Imaginary Z” part of the impedance as a function of frequency at different
temperatures of memristor without (a) and with (b) Cs,COj;. c,d) Photoluminescence spectra of the two films excited from the back (c) and front (d)
side. e,f) Photoluminescence spectra of BA,Pbg sSng 514 (€) and (f) BA,Pbg 5Sngsl,/Cs,CO; with different optical pump fluence.

of 2V, a width of 1 ms, and an interval of 30 ms, indicating that
our devices are short-term memories that can be refreshed after
the device loses its state in the nCAM architecture.

While good switching characteristics are essential for simu-
lating synapses, low-variability potentiation, and depression are
also required for neuromorphic applications. The reference de-
vice (Au electrode) showed high-noise conductance transforma-
tion with 360 pulses (Figure S11b, Supporting Information, pulse
height of 2 V, width of 100 ms, interval of 20 ms, and read voltage
0f0.2 V), while high linearity and symmetry of the weight updates
was observed for the same 360 pulse cycles using the Cs,CO,
modified device (Figure 2f). Moreover, the device sustained stable
operation for more than 15 100 cycles under input with a longer
pulse interval of 300 ms (Figure 2g), showing highly reproducible
switching behavior without changes in the overall conductivity.
Taking advantage of the highly consistent and linear conductance
states, we simulated the function of a simple three-layer (one hid-
den layer) neural network based on backpropagation for identi-
fying the MNIST (28 X 28-pixel version of handwritten digits)
database, as depicted in Figure S12a (Supporting Information).
The numerical weights in the network layer were mapped di-
rectly onto the experimentally measured conductance states of
our devices. Figure S12b (Supporting Information) shows the
circuit schematic of the crossbar array, which performs vector-
matrix multiplication and parallel rank one outer product update.
The heat maps of the conductance change (AG) and conductance
(G) switching statistics of long-term potentiation and depotenti-
ation are presented in Figure 2h,i. As a result of the highly re-
producible and noiseless synaptic conductance states, our device
with Cs,CO, gave a recognition accuracy of 90.1% after neural

Adv. Mater. 2025, 37, 2414430 2414430 (5 of 9)

network training (Figure 2j). For the memristive devices with Ag
top electrode, as shown in Figure S13 (Supporting Information),
the performance in terms of endurance (3 x 10* cycles) and po-
tentiation and depression (240 pulses) is slightly poorer than for
devices using Au, and the recognition accuracy reaches 82.4%
with 50 training epochs (Figure S14, Supporting Information). It
is important to emphasize that all our testing and device storage
were conducted in a nitrogen atmosphere due to the sensitivity
of Sn to environmental exposure.

To reveal the transport and switching mechanism behind the
functioning of our memristive devices, temperature-dependent
impedance spectroscopy (I'DIS) measurements are presented in
Figures 3 and S15 (Supporting Information). Low-dimensional
metal halides contain a series of trap states with distinct for-
mation energy distributions,[*”) and it has been proposed that
charge trapping and de-trapping phenomena would influence
space charge accumulation and electric field distortion, hence,
their electrical resistive properties before and after the switch-
ing operation. In our TDIS measurements, we observed high-
frequency (10°-10° Hz) signals, see Figure 3a,b, which can be
used to analyze the activation energy of trapping states and their
density, within the active material or at the interfaces. The imag-
inary impedance (Z”) plotted against frequency at different tem-
peratures shows two evident effects: i) the relaxation peaks shift-
ing to lower frequency with decreasing temperature, and ii) the
same peaks shifting at lower frequencies after Cs,CO; deposi-
tion. The activation energy (Ej) involved in the relaxation process
can be determined using the Equation (1):

fn =y exp (—Ex/kT) 1)

© 2025 The Author(s). Advanced Materials published by Wiley-VCH GmbH
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where f,, represents the peak frequency, f; is a pre-exponential
factor, k is Boltzmann’s constant, and T is the absolute tem-
perature. The insert of Figure 3a,b shows the Arrhenius plot of
In(f,,) against 1000/T, the linear fitting yields E; = 0.033 eV for
BA,Pb,sSn, I, and E; = 0.041 eV for BA,Pb,sSn,1,/Cs,CO,,
both values being consistent with eartlier literature.33! The en-
hanced activation energy of the relaxation process for the sample
with Cs,CO, suggests a higher trap density, which allows an im-
proved contrast between the before and after trap-filling and thus
an increase of the resistive switching performance. Figure S16
(Supporting Information) shows the Bode plot of both Au-based
devices under various biases, where the reduced semicircle sizes
with increasing bias are in line with the device transferring from
the HRS to the LRS. However, there is no low-frequency capaci-
tance signal, indicating minimal ion movement during device op-
eration. Therefore, in Au-based devices, the operation is primar-
ily attributed to the process of trap filling and gradual trap emp-
tying. In contrast, for devices with Ag top electrodes, as shown in
Figure S17 (Supporting Information), the appearance of negative
capacitance is closely associated with a slow kinetic phenomenon
involving Ag ionic migration and electrochemical reactions at
the BA,Pb, s Sn, s1,/Ag contact interface.?*] In addition, their UV
irradiated-dependent impedance spectra illustrate that the device
can also be modulated by optical signals (Figure S18, Supporting
Information), fostering great potential for artificial synapses.

Steady-state and time-resolved photoluminescence (PL) spec-
tra were investigated to further assess the density of trap states
in the active layer with or without Cs,CO,. Samples were mea-
sured exciting them from both sides, to verify the effects of the
treatments on the entire thickness of the material. Figure 3c,d
and Figure S19 (Supporting Information) demonstrate that
the BA,Pb,sSn, I, film showed an identical PL peak position
(688 nm) and spectral shape when measured on the front and
back sides, showing the same trapping density at the top and
bottom surfaces of the devices. However, the PL peak on the
back side of the perovskite film is red shifted to 692 nm after
Cs,CO, treatment, while the front side shows a more signifi-
cant shift to 746 nm, along with a high-energy shoulder remi-
niscent of the pristine material. We interpret this completely dif-
ferent PL spectrum due to the presence of the previously men-
tioned BA,Cs(Pb,sSn,;),I; and Cs,Snl, phase acting as an en-
ergy transfer sink for the PL signal.

The spontaneous radiative recombination from trap states can
lead to minor emission peak red-shifts from the values except for
a band edge transition.[**} According to our observations, Cs,CO,
introduced additional perovskite phases and charge traps on the
surface where it has been deposited. In addition, upon UV irra-
diation, the sample without Cs,CO; shows a strong and narrow
PL peak at 501 nm that increased in relative intensity with pump
fluence, which is attributed to the photoinduced degradation or
segregation of Snl, and Pbl, as it was reported in our previous
work.[**] The PL signal is expected to be dependent on pump flu-
ence and time of exposure to the laser. As shown in Figure 3e
and Figure S20 (Supporting Information), the peak intensity at
501 nm increases rapidly after laser exposure while the signal
at 688 nm decreases. Differently, in the sample with the extra
Cs,CO; layer, such a signal is not found even after several min-
utes of laser exposure (Figure 3f). The inhibited phase segrega-
tion is extremely important for the reproducibility and reliability
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of the perovskite memristive properties, and is confirmed by the
improved device endurance and cycling stability after Cs,CO, de-
position. Time-resolved photoluminescence of both films shows
long dynamics from the back side and short dynamics from the
front side (Figure S21, Supporting Information). The PL lifetimes
of two samples exhibit slight differences when excited from the
back side (=225 ps with Cs,CO; and 227 ps without Cs,CO;),
while, in the front side, faster dynamics are observed for the
Cs,CO;-treated sample than for untreated one (~171 vs 200 ps,
respectively) (see Table S2, Supporting Information). This is con-
sistent with the increased trap density noted from the PL spectra.
Overall, the results of impedance and optical spectroscopy coher-
ently indicate that the modification of the density of trap states
is the main source of resistive switching in our samples. In con-
clusion, the device characteristics reported in Figure 2b,c depend
on the nature of the active layer, the presence of Cs,CO,, and the
choice of electrodes.

Based on the developed memristive devices, we propose a
novel nCAM architecture that stores the rules for neuromorphic
systems in the form of programmed resistances of the perovskite-
based memristive devices. The nCAM performs a search oper-
ation by matching the incoming data (sensory signals) against
the locally stored rules (actual memories): if the incoming data
matches the stored rules, the output is high; otherwise, the out-
put drops.’”] The major components of our nCAM architecture
include two perovskite memristive devices (m, and m,), one re-
sistor (R,), and five transistors as shown in Figure 4a. The rule
range [Viya) Vine)) of nCAM is stored inside the cell by pro-
gramming the resistances of two memristive devices into states
M, and M, respectively. This occurs during the write operation
when the write line (W) is enabled and the set voltage is applied
through lines S, and S,. During the search operation, input data
V)x and a set of read voltages Vp (1 V) were applied where line
C, is enabled. The developed voltages V, and V;, whose relation-
ships with the memristive states (M, and M,) are described in
Equations (2) and (3), modulate transistors T, and T, to produce
the result of the match operation. The use of memristors thus
presents an exciting opportunity for facile and drastic modifica-
tion of the matching range at the write stage, in an area- and
energy-economic manner. More operation details can be found
in Tables S3 and S4 (Supporting Information).

Va = - (v Vin) +V 4
A M1 M0 RX DD IN IN ( )

V= ——— 1 (V= Vi) + V, 3)
BTMy+ M +R, PP N

Figure 4b presents the abstract operation of the proposed
nCAM in neuromorphic systems. The analog voltage values are
applied as inputs (such as t; = 0.8 (colors), t, =0.2 (numbers), and
t; = 0.3 (...)) to multiple parallel nCAM cells during the search
operation, and each nCAM cell produces high or low match sig-
nal based on the resemblance of inputs with the stored rule,
the latter encoded by multilevel resistances in the memristors
(see Note S1, Supporting Information for details). The transis-
tors can be analyzed based on their gating, as governed by Equa-
tions (2) and (3), to provide analog matching results that reflect
the proximity of input data to the set boundaries. This allows for a
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Figure 4. Neuromorphic computing with perovskite-based memristive devices. a) Schematic of the proposed circuits for nCAM, composed of five
transistors, two memristors, and one resistor. b) The abstract operation of proposed nCAM-based processing for neuromorphic systems. c) Energy
consumption of N"CAM made from BA,Pbg 5Sng 51, /Cs,CO; with Au electrode. d) The selected lowest energy consumption states from (c).

continuum between a clear hit and miss, representing the inher-  different programmed rules. Benefiting from the unique prop-
ent fuzziness of the memory.**] On the architectural level, multi-  erties of perovskite memristors, we demonstrate the operation of
ple nCAM cells can be combined in series to achieve the product  the proposed memristor-based nCAM by assigning various re-
of several serial matches, enabling a multistage match-action pro-  sistance states to M, and M, and simulating their behavior un-
cess for higher-dimensional verification tasks. Figure 4b shows  der different input voltage levels. The output results based on the
the outputs are 0.45, 0.1, and 0.8, respectively, based on three  experimental dataset of perovskite-based memristive devices are
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shown in Figure S22 (Supporting Information), which demon-
strates that the nCAM, with its variable conductance combina-
tions, maps analog inputs across a wide range, yielding a unique
output for each input.

The performance of the proposed nCAM is further evalu-
ated in terms of the energy consumption during the search
operation. The experimental dataset of four memristive
devices, ie., Au-based and Ag-based BA,Pb,;Sn,;I, and
BA,Pb,5Sn,51,/Cs,CO; was used in the simulation model of
the proposed nCAM. The energy consumption of the nCAM
for Au-based BA,Pb,;Sn,sI,/Cs,CO; and the other three
devices are shown in Figure 4c and Figure S23 (Supporting
Information), respectively. The variation of input voltage in the
range [-5 V,+5 V] shows a nonlinear relationship to the energy
consumed by nCAM. Zooming in on Figure 4c, the developed
memristive devices with Cs,CO, offer resistance states with
extremely low energy consumption, down to ~0.025 f] bit™!
per cell (Figure 4d), achieving one of the lowest values ever
reported compared to previous CAM technologies (see Table S5,
Supporting Information). However, the energy consumption of
the reference nCAM using the control perovskite devices goes
up to 0.69 f] bit™! per cell (Figure S24, Supporting Information).
A major reason for large differences between the energy con-
sumption in different states is the amount of current flow at the
different resistance states. The high resistance Cs, CO,-deposited
perovskite memristor shows favorable parameters for the nCAM
architecture to perform line-rate operations with minimum
energy consumption in neuromorphic computing systems.

Finally, it is important to discuss the feasibility of miniatur-
izing these devices for dense integration with standard CMOS
electronics, as required for the nCAM architecture. A recent re-
port describes a 7 X 7 crossbar array utilizing Pb-based low-
dimensional halide perovskites with a feature size of 100 pm.38!
However, due to their soft nature, metal halide perovskites are in-
compatible with standard lithography techniques. Nevertheless,
alternative approaches, such as a combination of printing and
laser etching, can enable feature sizes below 100 um.*! Further-
more, alternative device geometries that do not rely on lithogra-
phy could be explored.[#4]

3. Conclusion

We have developed a robust 2D layered RP Pb—Sn halide system
with the addition of Cs,CO; for high-performance and energy-
efficient memristive devices. When employing Au top electrodes,
excellent endurance (5 X 10° cycles), ON/OFF ratio (~10°), stor-
age stability (5 months), and synaptic behaviors (STDP etc.)
are displayed. The excellent synaptic properties are explained
by photoluminescence spectroscopy and temperature-dependent
impedance spectroscopy, which reveal the controlled introduc-
tion of trap states with the Cs,CO, deposition. With the ob-
tained memristive parameters, a remarkable accuracy (90.1%) in
handwritten digit MNIST recognition is achieved. Furthermore,
based on the developed perovskite memristive devices, an analog
nCAM architecture is proposed for performing line-rate opera-
tions with ultralow energy consumption (~0.025 fJ bit™! per cell)
in neuromorphic computing. Our results provide a prime exam-
ple of the potentiality of low-dimensional metal halide materials
for memristive devices.
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