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Memristive perovskite solar cells towards parallel solar energy 
harvesting and processing-in-memory computing  

Konstantinos Rogdakis,a,b*Michalis Loizosa, George Viskadourosa and Emmanuel Kymakis a,b* 

The peculiar ions and carriers heterogeneity observed in hybrid 

organic / inorganic materials is the source of their emergent cross-

coupled light and electric field tuneable functions with potential 

utility in novel opto-electronic applications. Notably, mixed halide 

perovskites (HP) have been used as active layer in highly 

performing perovskite solar cells (PSC) that had led to efficient solar 

energy harvesting. Their rich dynamics enabled by the inherently 

coupled ionic and electronic degrees of freedom have also led to 

the demonstration of optoelectronic memristors that emulate 

synaptic- and neural- like dynamics. Consequently, a printable 

single material stack fabricated at low temperature, combining 

both solar energy harvesting and memristive functionalities 

attainable at low switching voltages would constitute a 

transformational breakthrough. In this study, we demonstrate an 

inverted PSC with an average power conversion efficiency (PCE) of 

~17% that upon appropriate electric biasing procedure exhibits 

stable resistance switching characteristics at low voltages without 

losing its PCE performance even after thousands of switching cycles 

(hereafter this device is termed as MemPVCell). Specifically, the 

MemPVCell demonstrates a High Resistance State (HRS) to Low 

Resistance State (LRS) ratio of up to 105, light-tunable switching 

cycles in millisecond regime with endurance of 3x103 cycles with no 

detectable HRS/LRS ratio drop. During state retention tests, HRS 

exhibits no change in time while LRS gradually increases resulting 

to an overall HRS/LRS ratio retention of up to 3600 s with less than 

30% drop of its initial value in the optimum device configuration. 

Corresponding PCE performance was monitored after performing 

multiple dc resistance switching loops and pulsed endurance cycles, 

demonstrating a full PCE recovery to its initial value within few 

minutes of rest. Complementary transient electrochemical 

impedance spectroscopy (EIS) measurements supported the 

MemPVCell switching effects. Aiming at improving further the 

device performance, modifications of MemPVCell’s layered 

structure were investigated, a process that allowed to identify each 

layer impact on the parallel photovoltaic and memristive switching 

characteristics. As a proof of concept towards light-controlled 

neuromorphic circuits, basic synaptic functionalities are 

demonstrated such as potentiation and depreciation protocols,  

short-term plasticity (STP) and long-term plasticity (LTP) effects as 

well as associated spike-timing dependent plasticity (STDP). 

Introduction 

Technologies implementing autonomous smart devices into an 
Internet-of-Things (IoT) network are increasingly required in our 
society. Α largely distributed network of wireless sensors and 
wearables are currently connected in the cloud. One of the 
most challenging bottlenecks in achieving the future vision of 
IoT involves powering a multitude of devices, posing critical 
requirements therefore on their power consumption. These IoT 
platforms create a robust demand for energy for their power 
supply, while their ever-increasing number, requires ultra-low-
power edge-device computing for big data processing.1 The 
inherent bottlenecks of Si-based CMOS processors due to their 
energy inefficient von Neumann’s computation architecture 
associated to the ‘memory wall’ issue,2 lead to unsustainable 
energy cost in IoT data-centric intensive tasks.3 IoT edge 
devices4 are usually not capable of data processing and rely on 
energy-consuming and high-latency cloud communication. 
Most Si-based IoT devices depend on a battery as their power 
source, therefore, fail to meet the design goals of lifetime 
power supply, low-cost, reliable sensing, and secure data 
transmission, demanding radically new material approaches, as 
well as novel device physics and computing principles.  

 

Energy harvesting is a potential alternative to evade recurrent 
battery replacement, while distinct neuromorphic memristive 
crossbar arrays are promising solutions for IoT-oriented energy 
efficient computing,5 pattern recognition and visual pre-
processing,6 presenting unique advantages over von Neumann 

a. Department of Electrical & Computer Engineering, Hellenic Mediterranean 
University (HMU), Heraklion 71410 Crete, Greece.  

b. Institute of Emerging Technologies (i-EMERGE) of HMU Research Center, 
Heraklion 71410, Crete, Greece. 
*e-mails: krogdakis@hmu.gr, kymakis@hmu.gr . 
† Electronic supplementary information (ESI) available: Extra memristive switching 
and PV characteristics at various electrical and illumination conditions; Transient 
photovoltage (TPV) and photocurrent (TPC), photo-Celiv, External Quantum 
Efficiency (EQE) spectra, electrochemical impedance spectroscopy (EIS), data See 
DOI: … 

mailto:krogdakis@hmu.gr
mailto:kymakis@hmu.gr


Paper  

Please do not adjust margins 

Please do not adjust margins 

architectures. Several emerging device concepts beyond von 
Neumann architecture has led to some successful commercial 
products, such as Adesto’s Moneta electrochemical 
metallization memory for low-energy applications.7 Two 
terminal (2T) memristors have attracted great interest as single 
synaptic units with high scalability, 3D integration capability, 
and fast switching speed.3,5,6 Large area memristors crossbar 
arrays have the potential to perform vector-matrix 
multiplication directly utilizing Ohm’s & Kirchhoff’s law, while 
their inherent properties render them suitable for both digital 
and analogue computation.3  

 

Memristors’ processing-in-memory can impact numerous 
application areas upon resolving the sneak path current and 
half-select issues.3,5 Conventional memristors operating in linear 
regime are outputting high currents, potentially limiting their 
power efficiency and scalability.5–7 Alternatively, lower 
conductance nonlinear memristors, such ferroelectric based, 
have the potential for linear computation at ultralow currents 
towards 100 Gops/mW.8 Optoelectronic memristors9 have 
become promising candidates for artificial vision allowing 
temporary memory and real-time processing of visual 
information and sensory data.6 However, challenges remain such 
as reliability, device-to-device variation, large-scale integration 
due to sophisticated fabrication and complex device 
architectures (rigid, costly), hindering memristive hardware 
from going mainstream.  

 

The first generation of neuromorphic synaptic devices were 

based on oxide memristors and have demonstrated advantages 

in scalability, speed, and power consumption. However, 

“scaling up” toward a practical system size by “scaling down” 

device dimensions is increasingly challenging.10 New 

approaches in materials, device, architecture, and algorithm 

design are necessary to emulate the scale, functional 

connectivity, and energy efficiency of the biological spiking 

neural networks.  

 

Hybrid organic/inorganic material-based electronics offers the 

promise of a mixed ionic/electronic conductivity that has led to 

systems exhibiting basic functions of neural networks, including 

synaptic-level functions, such as short- and long-term plasticity 

(STP & LTP), and system-level properties such as spatiotemporal 

processing and homeostatic control.11–14   The mechanical 

properties of organic materials match those of tissues, and the 

working mechanisms, involving ions, in addition to electrons, 

are compatible with human physiology.15 Another advantage of 

organic materials is the potential to introduce novel fabrication 

techniques relying on additive manufacturing (AM) amenable to 

one-of-a-kind form factors, making printable organic 

neuromorphic devices a perfect fit where bioinspiration and 

bio-integration are required.15  

 

Among the many other types of  electronic devices16–22, perovskite 
materials were also utilized in memristor devices, initially in their 
oxide form before the emergence of mixed halide perovskite (HP) 
materials, due to their ferroelectric properties.23 HP owing to their 
intrinsic hysteresis and abundance of charge migration 

pathways are very promising for memristor applications,24–29 
apart from their exceptional power conversion efficiency (PCE) 

acting as active layers in solar cells. 30,31,32,33 Since the first report 
on organic-inorganic HP-based memristors34, various  perovskite 
compounds have been employed: These  include HP35, 2D organic-
inorganic36, all-inorganic perovskites37, and lead-free38 perovskites. 
Notably, hybrid HP also intrinsically incorporate richer dynamics 
in their switching behavior when compared to their inorganic 
counterparts. Specifically for HP, apart from the coexistence 
and coupling of ionic and electronic degrees of freedom, unique 
is also the light/electrically tunable majority carrier 
concentrations opening the path to solar brain realization.1,39  
Moreover, hybrid HP perovskites were used in memristive 
devices that can be programmed to two or more stable 
conductance states for analogue computing.10 

  

Resistive switching in perovskites is reported to have an either 

electroforming origin attributed to the formation and rupture of a 

conductive filament between the bottom and top electrode40,41 or an 

interface-dominated switching mechanism42,43. In Table S1, a 

literature summary of various perovskite-based memristors is shown 

in comparison with the devices of the present study indicating their 

high endurance. In the majority of the reported studies, the 

electrochemically active Ag is used as top electrode thus the 

application of electric bias results in Ag cations migration and 

the formation of a conducting bridge between the Ag top and 

the bottom electrode (usually ITO or Pt). The chemical 

composition of perovskite active layer was shown to affect the 

memristive properties of the devices, whereas the mobile Br-, 

MA+ and I- are reported to be the sources of the limited 

endurance and retention characteristics.27,41  Specifically, the 

incorporation of multiple cations such as Rb while suppressing 

MA/ Rb ratio41 is reported to be beneficial for the filament 

stability resulting in improved endurance and retention 

characteristics.  

 

Light illumination is shown to have different effect on the 

memristor current depending on whether the charge transport 

mechanism is either filament40,41 or interface dominated. 42,43 In 

devices where a filament is formed (mainly originating from 

iodine vacancies (VI)), light illumination leads to current 

suppression. This is attributed to a light-assisted ion-vacancy 

recombination process enabled by photo-induced halide 

redistribution that leads to the filament suppression and thus 

overall resistance increase upon illumination.44,45 In the case of 

interface-dominated memristive switching, light exposure leads 

to an overall current enhancement that is attributed to a 

photogenerated electric field that lowers interface Schottky 

barriers driven by trapped photogenerated holes or 

vacancies.42,43 Table S2 presents a comparison among different 

memristors technologies in terms of switching characteristics and 

mechanism, while in Table S3 a literature overview of various 

memristive technologies is presented in terms of multifunctionalities 

offered such as PV, memory, photo-memristor and -synaptic 

functions. 
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HP memristor devices can exhibit good  properties with ON/OFF 
ratios ranging from 10 up to 106,  but are typically higher than 103. 
The endurance and retention of these devices can be up to 103-104 
cycles and 103-105 s, respectively46. For instance, Zhou et al. 
fabricated CH3NH3PbI3-XClX memristors with light-tuneable switching 
behavior and ability to perform logic operations. The devices 
exhibited an ON/OFF ratio of 104, an endurance of 50 cycles and a 
retention time of 4∙104s.  
 
 
In addition, along with traditional oxide memristors that have shown 
synaptic and photo-synaptic ability47,48, both HP and 2D material–
based devices have also shown photo-synaptic abilities. In 2016,  Xiao 
et al. reported a MAPbI3-based memristor with applications in 
neuromorphic computing49. To compensate for the stability issues, 
the toxicity, and the environmental hazard mitigation of Pb, lead-free 
devices are also being employed. These low-dimensional, layered 
compounds ensure memristors with low operating voltages and 
switching yield compared to HP devices, with excellent properties 
and higher ON/OFF ratios compared to 3D lead-based compounds. 
The endurance and retention of these devices are in the range of 102-
103 cycles and 104-105s, respectively.50 Gil Kim et al. fabricated 
memristor devices based on 2D perovskite with an ON/OFF ratio of 
108, an endurance and retention of 103 cycles and 104 s, respectively. 
Furthermore, these devices have shown synaptic behavior.51 The 
wide variety and range of optoelectronic phenomena these 
materials portray offer immense potential to multibit memory 
storage and multimodal accessibility that could be utilized for 
neuromorphic computing. As an example of 2D material based 
memristors, Abnavi et. al reported a MoS2 memristor device and 
photo-synapses52. Seo et al. fabricated an h-BN/WSe2 optic-neural 
synaptic device demonstrating color-mixed pattern recognition53.  
 

Notably to mention, it was recently demonstrated by M. L. 
Cantu et al. that additives engineering in HP can be used to 
control shallow defects leading to optimized ion mobility and 
migration, hence establishing a route for efficient and highly 
stable PSC.54  A hybrid photovoltaic memristor, namely an organic 
solar cell with inverted structure incorporating a ferroelectric 
transition metal oxide as electron  transport layer (ETL) was 
demonstrated by the pioneer work of L. Cantu et al. indicating the 
ability to control the short circuit current (Jsc) by switching the 
ferroelectric polarization of the ETL.39,55 A similar photovoltaic 
memristive solar cell with a planar normal structure using a 
perovskite active layer and a ferroelectric ETL was also reported by 
the same group.56 Their work opened the path towards a light 
tuneable memristor, however the ferroelectric oxide requires 
high temperature for its synthesis– a processing incompatible 
with flexible substrates while also limits the PCE to low values 
of ~11% and requires high switching voltages (>15V).55,56 

 

IoT technologies could benefit from neuromorphic flexible 

systems based on HP that could offer massively parallel 

computing within a more fault-tolerant architecture opening 

the path towards reducing the manufacturing cost and power 

consumption at the IoT edge.5 A fully printable memristive PSC 

structure could therefore exhibit enhanced performance by 

combining features of both solar cells and memristors in a single 

stack, enabling light and electrical tunability at low 

manufacturing temperatures and being compatible with flexible 

substrates. In this work, we demonstrate a memristive PSC 

(termed as MemPVCell) fulfilling the above requirements using a 

quadruple cation-based perovskite. MemPVCell demonstrates a PCE 

of ~17% that upon appropriate memristive channel formation 

exhibits stable resistance switching characteristics tuneable at low 

voltages (<1V) without losing its PCE performance even after 

thousands of switching cycles. Depending on the MemPVCell layers’ 

structure, an HRS/LRS ratio up to 105 was reported with a cycling 

endurance of >3x103 s with no apparent HRS/LRS ratio drop, and 

extended retention characteristics for HRS and LRS (zero and 30% 

change in HRS and LRS, respectively, after 3.6x103 s). Parallel 

monitoring of MemPVCell PCE after stressful dc and ac memristive 

switching measurements revealed a full PCE recovery to its initial 

value within few minutes at rest. Lastly, basic synaptic functionalities 

such as STP and LTP, as well as potentiation and depreciation pulse 

protocols were demonstrated towards neuromorphic circuits 

implementation. 

 

 

Experimental section 
 

Device fabrication 

 
Pre-patterned 2.5 × 1.5 cm2 glass/ITO substrates (Naranjo) with a 
sheet resistance of ~ 20 Ω sq-1 were cleaned by subsequent 
ultrasonication in a liquid soap solution, deionized water, acetone, 
and isopropanol bath for 10 minutes each. The samples were dried 
in an oven for 30 minutes, following a UV-Ozone treatment for 20 
minutes. Then, a thin layer (~ 5-10 nm) of poly[bis(4-phenyl)(2,4,6-
trimethylphenyl)amine (PTAA, Solaris, Mw = 20-70 kDa) from a 2mg 
ml-1 solution in toluene (Honeywell Research chemicals,≥99.7%) was 
spin-coated at 6000rpm for  30s.  The samples were annealed at 110 
˚C for 10 minutes. The quadruple cation-based 
Cs0.05Rb0.04(FA0.85MA0.15)0.91Pb(I0.85Br0.15)3 perovskite solution  was 
prepared by dissolving 0.2 M MABr (GreatCell Solar), 1.14 M FAI 
(GreatCell Solar), 0.2 M PbBr2 (Alfa Aesar) and 1.24 M PbI2 (TCI 
America) in 4:1 V/V anhydrous dimethylformamide (DMF) (99.8%, 
Sigma Aldrich):dimethyl sulfoxide (DMSO) (99.9%, Sigma Aldrich) 4:1, 
following the addition of 5% v/v of 1.5M CsI (Alfa Aesar) and 4% v/v 
of 1.5M RbI(Alfa Aesar) stock solutions in DMSO and DMF:DMSO 
4:1,respectively. For the perovskite deposition, 45μl of the solution 
were dynamically spin-coated on the PTAA films at an angular speed 
of 6000 rpm for 45 s. 20 seconds prior to the end of the spinning 
process, the samples were washed with 200 μL of anhydrous 
Chlorobenzene (99.8%, Sigma Aldrich). Subsequently, the samples 
were annealed at 100 ˚C for 45 minutes. The PC60BM (99%, Solenne) 
electron transport layer  was deposited by spin coating 45 μL of a 20 
mg mL-1 solution in Chlorobenzene at 2000 rpm for 60s. Then, 45 μL 
of a 0.5 mg ml-1 bathocuproine solution (BCP) (96%, Sigma Aldrich) in 
IPA (99.5% extra dry, ACROS Organics,) were spin coated at 4000 rpm 
for 45 s. Finally, 100 nm Ag were deposited by thermal evaporation 
under a high vacuum of 10-6 mbar. Extended details on perovskite 
film formulation and characterization, as well as PSC device 
fabrication processing can be found in our previous reports.32,33 

 

 

MemPVCell device characterization  
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The J-V characteristics of the MemPVCell devices operating as PSCs 
were tested in a N2-filled glovebox using an ABB solar simulator 
(Oriel) equipped with a 450W Xenon lamp and a AM1.5 G filter. The 
intensity was calibrated at 100 mW cm-2 by a KG5-window Si 
reference cell. The J-V curves were recorded at a constant scan rate 
of 20 mV s-1 using a multiplexor test board system (Ossila), and no 
device preconditioning was applied before the measurements. A 
black metallic aperture mask was used during each measurement to 
fix the active area of the PSC close to 0.04 cm2. 
 

The external quantum efficiency (EQE) spectra were recorded 

using a QE-T system from Enlitech. A chopping frequency of 60 

Hz was used. The calibration of the light intensity was 

performed using a quartz-window Si solar cell. The integrated 

current density was calculated by integrating the product 

between the spectral response of the test cell and the reference 

AM1.5G solar spectrum. Optoelectrical characterization was 

performed with a transient module of a commercially available 

measurement platform, ARKEO (Cicci Research s.r.l.). Spring 

contact probes were used to access the postsynaptic 

MemPVcell electrodes. Transient photovoltage (TPV) 

experiments were performed in small perturbation mode for a 

duration of 1ms by maintaining the intensity of the light pulse 

to less than 10% of the background voltage. The measured 

devices follow a mono-exponential voltage decay. Transient 

photocurrent (TPC) measurements were performed under large 

perturbations for a duration of 200 µs under a duty cycle of 0.8. 

For TPV and TPC measurements, the devices were connected to 

an external resistance of 1ΜΩ and 50Ω,respectively. Both the 

signals of open circuit voltage (for TPV) and short circuit current 

(for TPC) were monitored after passing them through voltage 

and impedance amplifiers. For the observation of the 

photoinduced charge extraction through linearly increasing 

voltage (photo-CELIV) measurements, a 470 nm fast LED source 

driven by 100mA current and exhibiting a Lambertian radiation 

pattern was used. Relaxation pulse width was set to 20 µs, 

charged by 50000 V s-1 ramp, following 13 µs delay after 

injection pulse. Collected signals were processed through a 

transimpedance amplifier and passed through a 100 MHz 

bandwidth digitizer running in single shot mode. EIS spectra 

were collected at different direct current (dc) biases varying 

from 0 to 1 V, while sweeping frequency from 100Hz to 1MHz.  

 

The same setup (ARKEO) was used also for the memristive 

switching characteristics. For the dc switching loops, the dc 

voltage was swept between -1 to 1V (or higher values during the 

process of memristive channel formation) while measuring the 

current flowing through the structure at various illumination, 

scanning rate and the compliance current (Icc) conditions. For 

the pulsed switching measurements, a specific pulsed 

memristor module was developed in collaboration with Cicci 

Research s.r.l, offering the option to define completely custom 

waveforms to be applied to the device using the convenient 

Arkeo waveform generator tool. In specific, arbitrarily 

customizable voltage pulses (either single or train of pulses) 

with the desired number of pulses, pulse amplitude and 

duration were generated and applied while monitoring the 

device resistance. Specific pulse protocols were defined for 

performing endurance and retention measurements as well as 

for STP, LTP and potentiation and depreciation behaviour as 

detailed in the corresponding plots. 

 
 

RESULTS AND DISCUSSION 
 
Structural composition and energy diagram of MemPVCell  

A schematic illustration of the MemPVCell having an inverted 

PSC structure is shown in Figure 1a,b consisted of 

glass/ITO/PTAA/Perovskite/PC60BM/BCP/Ag material stack. The 

sketch of the layers’ energy diagram is graphically presented in 

Figure 1c. Hereafter, the cells using this full material stack are 

named MemPVCell-1. The cells without incorporating BCP 

interlayer are named MemPVCell-2. Finally, cells without 

incorporating PCBM or PTAA are named as MemPVCell-3 and 

MemPVCell-4, respectively. 

 

 

Steady state photovoltaic characterization of MemPVCell devices  

The photovoltaic performance of the MemPVCells was initially 

evaluated prior to performing memristive switching 

measurements. Figure 2 and the corresponding tables show 

typical J-V characteristics and corresponding extraction of the 

photovoltaic parameters of 30 MemPVCell-1 and 30 

MemPVCell-2 (thus with and without BCP, respectively). The 

statistical variation of Power conversion efficiency (PCE), fill 

factor (FF), short circuit current (Jsc) and open circuit voltage 

(Voc) of 30 devices of each set is depicted in Figure 2. The J-V 

curves and photovoltaic parameters of the champion devices 

are shown in Figure 3. MemPVCell-1 devices exhibit an average 

PCE of 17.07% (champion PCE=17.97%), while devices without 

BCP (MemPVCell-2) demonstrate a lower PCE of 15.35% (champion 

PCE=16.26%). The main limiting factor of MemPVCell-2 is reported 

to be the lower FF values associated to the less ohmic contact 

between Ag and PCBM in the absence of BCP - an insulating layer that 

helps in avoiding related Schottky barriers at metal semiconductor 

interfaces.32,33 Despite the lower PCE of MemPVCell-2 devices, the 

absence of BCP is reported to be beneficial for the memristive 

switching properties as it will be shown later in the manuscript. 

  

 

Transient photovoltaic characterization of MemPVCell 

Transient photovoltage (TPV), TPC, Photo-CELIV and EQE 

measurements were performed in a typical MemPVCell-1 

device and plotted in Figure S1, S2, S3 and S4, respectively. 

Small perturbation TPV decays followed a single exponential 

trend, which can result from either a charge carrier annihilation 

or a three-body recombination. Since the excitons in 

perovskites dissociate after 2 ps upon generation and our 

measurement cover a µs-scale, we can safely disregard the 

potential exciton contribution.32,33 Hence, the measured decay 

curves are the consequence of the electron-hole 

recombination, and the transient tail can directly yield the 

carrier lifetimes. The carrier lifetimes (~5 μs) were extracted 
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from corresponding transient tail of TPV decay curves (Fig. S1) 

that follow a single exponential trend. 

 

The TPC measurements were performed in high perturbation 

regime (0.8 duty cycle) and show the absence of deep trap 

states in all the tested samples (Figure S2).  The drift mobility of 

electrons/holes was probed using charge extraction by linearly 

increasing voltage (photo-CELIV) under various light pulse delay 

points. More in detail, the drift mobility was derived from the 

extracted charge represented by the part of the transient 

superimposed over the displacement current level (Figure S3).  

Taking into account the fact that perovskites are not highly 

disordered materials and according to the equation proposed 

by Lorrmann et al. mobility can be derived:57  

𝜇 =
𝐿

2𝐴𝑡𝑚𝑎𝑥
2

[
1

6.2(1 + 0.002
∆𝐼
𝐼0
)
+

1

(1 + 0.12
∆𝐼
𝐼0
)
]

2

 

, where L is active layer thickness, A is the ramp of the extraction 

voltage, tmax is the point of transient measurement where 

current reaches its peak and ΔI/I0 ratio corresponds to the level 

of charge accumulation. Notably, the delay of the 

photogeneration pulses does not affect the drift mobility, which 

means that the charge carrier transport is well balanced.  
 
Fig. S4 shows the EQE spectrum of a typical device together with 
the calculated current density, which matches the Jsc value 
extracted from J-V curves. Fig. S5 depicts typical EIS data of 
MemPVCell-1 before the memristive channel formation, at 
different direct current (dc) biases varying from 0 to 1 V, while 
sweeping the frequency from 100Hz to 1MHz. In all cases, 
standard EIS arcs appear showing that the series resistance is 
decreasing as the dc bias increases. In the next section, we will 
discuss EIS data in HRS and LRS state after forming the 
memristive channel. 

 

Resistance switching characteristics of MemPVCell devices  

Figure 4 shows dc voltage sweeps of the MemPVCell-1 device 

by varying the memristive channel forming process through 

setting different values of compliance current, Icc (1 and 

10mA).27,35 Moreover, different voltage scanning rates (10mV/s, 

50mV/s, 100mV/s) were tested to identify how these 

parameters affect the Vset and Vreset values as well as the 

ON/OFF ratio (Table 1).35 The memristive channel in a pristine 

sample was achieved by applying a positive voltage exceeding 

the required threshold of ~ 2V. The dc voltage was applied to 

the Ag top electrode, while the ITO bottom electrode was 

grounded for all relevant measurements. 

 

Stable bipolar resistive switching loops were obtained for each 

of tested conditions with an ON/OFF ratio ranging between 103 

to 105, while a low (~100-200mV) positive voltage, Vset, results 

to HRS to LRS transition. The HRS is restored upon exceeding a 

moderate (~700mV) negative voltage threshold, Vreset. Table 1 

summarizes the MemPVCell-1’s ON/OFF ratio, Vset and Vreset 

dependence on scanning rate and Icc. The general trend is that 

Vset and Vreset are increasing as scanning rate or Icc increase with 

a bigger influence on Vreset.35 ON/OFF ratio is also increasing at 

high Icc values, reaching a value up to 105. Targeting high 

ON/OFF ratio, initial high barriers between the active layer and 

the electrodes are reported in the majority of HP-based 

memristors34-38 by avoiding the insertion of electron and hole 

transport layers in structure. Although this is route of 

memristive performance improvement, however at a cost of 

high power and voltage operation, these energy barriers also 

render these structures incompatible to efficient solar energy 

harvesting. 

 

Figure 5 presents the statistical distribution of 15 different 

MemPVCell-1 and 15 different MemPVCell-2 devices measured 

at scanning rate and Icc conditions of 10mV/s and 10mA, 

respectively. It is apparent that MemPVCell-1 compared to 

MemPVCell-2 devices, exhibit a slightly higher Vset (~0.15±0.06V 

compared to 0.13±0.04V) while having a slightly lower Vreset (-

0.65±0.10V compared to -0.75±0.06V). Overall, MemPVCell-2 

exhibits less variation in resistive switching voltages measured 

among multiple cells of the same type (Table S4). Figure S6 

depicts up to 125 consecutive dc resistance switching loops for 

both MemPVCell-1 (Fig. S6a) and MemPVCell-2 (Fig. S6b) 

devices revealing that both devices have excellent resistance 

states stability.  

 

Mechanism and light tuning of resistance switching characteristics 

 

After analyzing the DC resistive switching behavior of the 

MemPVCell devices, it is crucial to examine whether the 

underlying mechanism responsible for the resistive switching is 

filament-based (either Ag or VI migration) or interface 

dominated. The proposed mechanism for MemPVCell is the 

formation/rupture of VI enabled filaments40,41,44,45 that is based 

on two arguments: The first argument lies in the abrupt 

increase\decrease of current by orders of magnitude after 

exceeding the switching threshold (SET/RESET process), under 

DC voltage sweeps. Nevertheless, this argument only precludes 

the interfacial switching case and cannot distinguish whether 

the filament originates in Ag or halide vacancies in the 

perovskite active layer or a combination of both. The second 

argument is presented in Figure 6. In this measurement, 

consecutive identical pulses of increasing light illumination 

were applied to the as-formed MemPVCell-1 device. In Figure 6 

a, consecutive pulses of 1V amplitude and 10ms width were 

applied for light intensities of 8,16,25,40,60 and 80 mW/cm2, 

respectively. The resistance of MemPVCell-1 increases with 

increasing light intensity and eventually approaches the HRS 

state, indicating the rupture of V I filaments enabled by photo-

induced halide (Iodine) redistribution.44,45 Increasing the pulse 

width (1V,100ms) in Figure 6b minimizes the light induced 

resistance enhancement although cannot prevent the device 

resistance to increase approaching 1000ohms. On the other 

hand, increasing the pulse amplitude at 2V (width either 10ms, 

Figure 6c, or 50ms, Figure 6d does have a stronger impact on 
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device LRS by setting its initial value below 100 ohm at dark 

conditions (in contrast with 1V pulse case where the LRS at dark 

conditions is about 300 ohm).  It is noted that even under 

76mW/cm2 light illumination the LRS lies around 300 ohm. 

Overall, the higher pulse amplitude leads to a stronger filament 

formation thus to a lower LRS value (both at dark and light 

conditions) a situation that opposes the rupture of VI filaments 

and compensates for the effect of light on the active layer. 

Finally, increasing the pulse width from 10ms to 50ms under the 

same amplitude of 2V further stabilizes the LRS to lower values 

while makes its light tunability range to lie between 70-130 ohm 

under dark and 76mW/cm2, respectively. This light controlled 

LRS value could open the path for analogue computing 

processes apart from digital neuromorphic circuits applications. 

Similar behavior was observed for the case of MemPVCell-2. 

 

We then investigated the effect of light illumination on the DC 

resistive switching of MemPVCell-1. Corresponding dc switching 

measurements under light illumination of 50mW/cm2 are 

presented in Figure S7. Table S5a also shows the Vset and Vreset 

voltage values for light intensities of 8 and 16mW/cm2.   It is 

noted that under light, the Vset increases while the Vreset 

becomes less negative indicating that light-generated carriers 

prevent the transition from HRS to LRS while assist the opposite 

transition from LRS to HRS enabled by a light-modulated 

carriers’ barrier.40,42,58,59  The same trend is evident in Table S5b, 

showing the dependence of Vset and Vreset  as a function of scan 

rate. As the scan rate decreases, the set voltage significantly 

decreases, meaning that prolonged light illumination assists the 

reset process and the rupture of V I filaments. Similarly, the set 

voltage is reduced for decreasing scan rate, as the prolonged 

electric field application reduces the switching threshold to LRS 

under illumination. Our results are in agreement with photo-

induced iodide redistribution44 and annihilation of Frenkel 

defects45 that were shown to lead to current suppression under 

light illumination in HP memristors.60 In particular, these 

measurements verify the existence of iodine filaments as the 

primary mechanism responsible for resistive switching 

indicating that the increase/decrease of device conductance is 

attributed to the increase/decrease of VI·/VI× concentration. 

Contribution from Ag migration cannot be also excluded. Similar 

behavior was observed for the case of MemPVCell-2. 

 

Finally, we have investigated how the EIS spectra are affected 

(Figure S8) by applying a dc bias and sweeping it across the Vset 

threshold of ~150mV. The sample is initialized at HRS at zero 

bias while when the bias is above 0.1V, a transition from an 

arch-shaped spectra to an almost vertical line is observed 

indicating the gradual transition to LRS.61 

 

Endurance and retention characteristics of MemPVCell devices 

To investigate further the HRS and LRS stability, we have 

implemented standard states endurance and retention 

measurements using ac pulses for both types of samples.24-28 Figure 

7 depicts thousands of HRS to LRS cycling loops indicating the overall 

high endurance of MemPVCell-1 and -2 devices. For these 

measurements we have used a large number of ac pulses up to 3x103 

cycles having pulse amplitude of ±1V and duration of 100ms. Both 

devices exhibit a zero change in HRS/LRS ratio even after 3x103 

switching cycles. The purple shadow around the data points reflects 

the variation of thousands of switching pulses revealing the high 

stability of the HRS and LRS states under fast ac excitations. For the 

specific pulses’ configuration, MemPVCell-1 shows an initial HRS/LRS 

ratio of ~103, while MemPVCell-2 has a value of ~ 104 indicating the 

beneficial role on switching characteristics when BCP is not included 

in the structure. This is directly related to Schottky barriers 

development when BCP is absent in the device that results in less 

current conduction and thus higher HRS values. Overall, the high 

endurance of MemPVCell devices is likely linked to the mutli-cation 

nature of the quadruple perovskite and especially to the beneficial 

role of Rb and the supressed MA contribution. 41  

 

Moreover, retention characteristics of HRS and LRS states for both 

MemPVCell-1 and -2 are presented in Figure 8. Initial HRS was set by 

applying a pulse with amplitude of 1V and duration of 100ms, while 

the LRS was set by applying a pulse with amplitude of -1V. The HRS 

demonstrates a superior retention showing no change even after of 

3500s for both types of samples. On the other hand, LRS exhibits a 

gradually increase of the initial value (~200ohm) with time. In the 

case of MemPVCell-1, after ~1300s we observe a sudden, 

permanent switch from LRS to HRS. Notably, MemPVCell-2 

exhibits a much better stability of LRS with time resulting in 30% 

resistance increase after 3500s. Overall, the HRS/LRS ratio of 

MemPVCell-2 depicts a retention of more than 70% of its initial 

value while MemPVCell-1 retains only 10% of its initial value after 

3500s. Therefore, MemPVCell-2 device structure offer much-

improved LRS retention behaviour that results also in higher 

HRS/LRS ratio retention. The retention of MemPVCell-1 was 

also studied for ±2V pulse amplitude. In this case, the ON/OFF 

ratio reduced to 100, compared to the 1V case. The results are 

shown in Table S6. 

 

Correlation between PCE performance and memristive switching 

The key advantage of the proposed MemPVCell structure is the 

ability to use the same material stack for parallel solar energy 

harvesting and neuromorphic computation tasks going beyond von 

Neumann architectures. To investigate how the initial PCE 

performance of the MemPVCell prior to memristive channel 

formation is affected by the resistance switching loops, we have 

plotted in Figure 9a, corresponding characteristics in pristine cells, 

after 50 and 100 switching loops for both MemPVCell-1 and 

MemPVCell-2. After 100 consecutive dc switching loops, the PCE of 

MemPVCell-1 remains at 92% of its initial value, whereas 

MemPVCell-2 retains 96% its PCE value even after 125 switching 

loops. For both samples, the stressful process of memristive 

switching loops didn’t affect significantly the PCE performance, while 

MemPVCell-2 exhibits a faster recovery process. To investigate how 

the ac switching excitations also affect the PCE performance, in 

Figure 9b we plot how the PCE of the MemCell-1 is recovered with 
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time after pulsed endurance tests. Specifically, we continuously 

monitor the PCE of the device in time after performing 3000 

endurance cycles. We report that the PCE is significantly dropped 

immediately after these stressful excitations, however a quick 

recovery is observed within a timeframe of few minutes.  

 

Neuromorphic behavior of MemPVCell devices 

To validate further the memristive performance of the MemPVCell, 

we have measured basic synaptic functionalities by applying 

potentiation and depreciation pulse protocols at different pulse and 

light illumination conditions (Figure 10a,b) as well as measure 

STP/LTP effects.10-15,24-28 For the potentiation and depreciation 

protocols at dark conditions, and  when the memristor is set close to 

LRS (Fig. 10a) , we used  a sequence of 50 pulses with amplitude of 

300mV and 50 pulses at -300mV with a duration of  10ms each. 

During the first positive 50 pulses, a continuous increase of current 

is reported, while during the rest 50 negative pulses the opposite 

behaviour is observed in line with potentiation and depreciation of 

conventional memristors. 24-28 For the measurements of Fig.10b, we 

applied 30 pulses at +700mV and 30 pulses at -600mV with duration 

of 1ms each pulse at different light illumination of 25-50mW/cm2 

(Fig. 10b). Light excitation results in enhanced current amplitude 

following an almost linear dependence.26,27 In Figure 10c, we 

demonstrate typical STP and LTP synaptic behaviours by 

implementing specific train pulses, while the device is initialized in 

the HRS. For the STP process, 4 consecutive pulses of 100mV in 

amplitude and 2ms in duration were applied, while the current is 

afterwards recorded in time. This train of moderate pulses results in 

an initial increase of current (~10μΑ) for a period of 100 s, whereas 

afterwards the devices is spontaneously switched back to HRS. On 

the contrary, by applying 5 consecutive pulses of 700mV in amplitude 

and 5ms in duration, we observed the direct transition of the sample 

to LRS and its stability in this state for a period of 400 s demonstrating 

therefore a LTP process.  As a demonstration of mimicking a spike-

timing dependent plasticity (STDP) based on MemPVCell, in Figure 

11 the effect of a train of 10 pulses (-600mV amplitude, 5ms 

duration) on synaptic current is depicted with different time interval 

between them being either 500ms (Fig. 11a) or 5ms (Fig. 11b). In 

case the pulses are well separated in time, no effect on current is 

reported. On the other hand, when the time interval is within few 

ms, a clear STDP effect is observed resulting in a 4x enhancement of 

synaptic current.  

 

Routes towards further device performance improvement were 

investigated by modifying the layer components of the MemPVCell-

1 structure. Specifically, we prepared samples without including 

PCBM layer, termed as MemPVCell-3 (Figure S9), and samples 

without including PTAA layer (MemPVCell-4 structure, Figure S10). In 

both cases, the memristive performance was worse compared to 

MemPVCell-1 and -2, while the PCE performance was significantly 

suppressed (PCE less than 5%) - as expected in a PSC structure 

without electron transport layer (MemPVCell-3) or without hole 

transport layer (MemPVCell-4). MemPVCell-3 required higher Vset 

and Vreset pulses, while the HRS/LRS ratio is reported to be 2 orders 

of magnitude less compared to MemPVCell-1 and MemPVCell-2. 

Notably to mention, only very few devices of the same batch 

exhibited memristive switching characteristics. MemPVCell-4 

required high switching voltages while only few devices were 

operational (this is probably attributed to the low perovskite quality 

when is coated on ITO instead of the PTAA layer), despite the good 

stability of the working devices.   

Conclusions 

In this study, we demonstrated that is possible to use an efficient 

inverted PSC structure based on a quadruple cation-based perovskite 

(this the first memristor realization based on quadruple cation 

perovskite at least to the best of the authors knowledge), and 

implement, using the same material stack, parallel solar energy 

harvesting and memristive functionalities. We show that a PSC with 

an average PCE of ~17% is capable, upon appropriate memristive 

channel formation, to demonstrate stable resistance switching 

characteristics without losing its PCE performance even after 

multiple dc or thousands of ac switching cycles. Specifically, the 

MemPVCell demonstrates HRS to LRS ratio of up to 105, fast and 

light-tuneable switching cycles with endurance of 3x103 with no 

detectable HRS/LRS ratio drop. Overall, an HRS/LRS ratio retention of 

up to 3600sec with less than 30% drop of its initial value was also 

shown for MemPVCell-2. Corresponding PCE performance was also 

monitored after the implementation of multiple resistance switching 

loops and endurance cycles indicating that a full PCE recovery to 

device initial value is attainable within few minutes of rest. Aiming at 

improving further the device performance, modifications of 

MemPVCell’s layered structure were investigated, a process that 

allowed to identify each layer impact on the parallel photovoltaic and 

memristive switching characteristics. This process suggests that the 

interfaces between the perovskite and PCBM, as well as PCBM and 

Ag contact, are vital for the good overall performance of the 

MemPVCell. On-going experiments focus on developing novel 

interfacial engineering routes and are expected to allow achieving 

much better memristive performance (increasing HRS/LRS ratio, 

endurance, and retention) without sacrificing the PCE performance. 
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