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A B S T R A C T

The utilization of defects in organic-inorganic hybrid perovskite materials such as CH3NH3PbI3 is beneficial for
memory applications. In this work, a simple CH3NH3PbI3 memory device with various commonly used elec-
trodes such as aluminium (Al), silver (Ag), and gold (Au) yielded different switching behaviours. Using Al in
ITO/CH3NH3PbI3/Al device reveals Resistive Random Access Memory (ReRAM) behaviour with a SET voltage of
4.5 V and can be RESET by applying a negative sweep voltage above 1.3 V due to the formation of iodide vacancy
filament. Interestingly, by using Ag and Au cathodes to replace Al, yielded Write-Once-Read-Many (WORM)
resistive switching characteristics. The conversion process from OFF to ON occur at around 4.7 V and 4.0 V for
Ag and Au, respectively. The “shorting effect” remains even though a reverse voltage was applied indicating data
retention. These fabricated devices could contribute to further understanding of selecting the right electrodes
and open up new possibility of studies in the direction of resistive switching memory applications.

1. Introduction

Memory applications play an important role in today’s fast paced
evolution of digital technology. Next generation non-volatile memory
device research has sparked a great acceleration to obtain high per-
formance memory devices. Among organic-inorganic hybrid materials
perovskite materials have captured great interest in various applica-
tions owing to their unique properties of long charge diffusion length,
strong optical absorption, non-linear dielectric behaviour, and high
magnetic/electronic properties [1–6]. Perovskites structures have a
general stoichiometry of ABX3 with A and B as different size cations and
X as anion [7]. A commonly used perovskite material namely
CH3NH3PbI3 has been employed in various application such as solar
cells [8–11], photodetectors [12–14], supercapacitors [15], LEDs
[16,17], as well as memory devices [18–20].

Amongst popular memory applications, Resistive Random Access
Memory (ReRAM) oversees a high demand in portable electronic de-
vices due to the advantages of high memory density, low power con-
sumption, simple structure, and the cost-effectiveness in fabricating the
devices [21–24]. In addition to that, ReRAM exhibits a favourable
switching behaviour between high and low resistive states which

combines the advantages for both RAM and flash memory. On the other
hand, a Write-Once-Read-Many (WORM) resistive switching memory
application demonstrates irreversible memory-switching to a high-
conducting state even if a reverse bias is applied [25]. This type of
application is useful in conventional programmable read-only memory
devices or the commonly used DVD-R and CD-R media. To date, num-
bers of publications had reported on the use of CH3NH3PbI3 in resistive
switching devices. For example Gu et al. reported on the flexible
ReRAM Au/CH3NH3PbI3/ITO memory device with very low operation
voltage by taking the advantage of the vacancy defects in CH3NH3PbI3
[22]. Liu et al. published their work on reprogrammable ITO/PMMA/
CH3NH3PbI3/PMMA/Ag device with ON/OFF ratio around ∼103 and
ReRAM memory characteristics [19]. While Wang et al. reported non-
volatile WORM memory behaviour based on their ITO/
CH3NH3PbI3:PVK/Al structure [26]. Albeit numbers of reports de-
monstrating ReRAM or WORM memory characteristics using
CH3NH3PbI3 layers with different metal contacts [19,21,22,27], to
author’s best knowledge, there is none of these studies had done a direct
comparison of different metal cathode effect on the CH3NH3PbI3 based
memory device. The lack of deep understanding on the effect of various
metals, such as Au, Ag, and Al as metal contacts still needs to be
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explored. Hence, in this work, we reported a direct comparison on the
effect of different metal towards the device memory behaviour. In this
paper, a simple device structure of ITO/CH3NH3PbI3/X where X=Al,
Ag, Au were fabricated. It was observed that thermal evaporation of
different metal contacts on the CH3NH3PbI3 layers demonstrated dif-
ferent memory behaviours of ReRAM and WORM.

2. Materials and methods

2.1. Materials

Chemical reagents such as N,N-dimethylformamide (DMF), lead(II)
iodide (PbI2), silver wire (Ag, 99.99%) were purchased from Merck.
Isopropyl alcohol (IPA) for cleaning was obtained from Systerm
Chemicals while Methylammonium iodide (MAI) was received from
Solaronix. Chlorobenzene (CB) was supplied by Friendemann Schmidt.
Gold wires (Au, 99.99%) and Aluminium wire (Al, 99.9999%) were
purchased from Kurt J. Lesker. All chemical reagents were used as re-
ceived without further purification.

2.2. CH3NH3PbI3 memory device preparation

Pre-patterned ITO-coated glass substrates were cleaned in an ul-
trasonic bath in acetone, isopropyl alcohol and deionized water in se-
quence, and then were dry-purged using nitrogen flow. The
CH3NH3PbI3 layers with an average thickness of ∼300 nm were pre-
pared via two-step spin coating method. First, 462mg of PbI2 was
dissolved in 1ml of DMF at 70 °C on a hot plate overnight. The PbI2
solution was then spin coated onto the ITO substrate at 3000 rpm for
30 s and then immediately heated at 100 °C for 10min. Next, the PbI2
coated substrate was dipped in 10mg/ml MAI in IPA for 40 s to form
CH3NH3PbI3 layer. Then, chlorobenzene was dropped on the
CH3NH3PbI3 layer, spin coated for 30 s and subsequently annealed at
100 °C. Finally, metal contacts (Al, Ag, Au) were thermally evaporated
on top of the CH3NH3PbI3 layer at a thickness of approximately 100 nm.
The whole process of the device fabrication was executed under inert
conditions in a glove box.

2.3. Characterization techniques

Perovskite structure were analyzed using X-ray Diffraction (XRD)
pattern using Panalytical Empyrean XRD, while Field Emission
Scanning Electron Microscope (FESEM) images of the perovskite films
were acquired using Hitachi SU8230 Cold Field UHR FESEM. The op-
tical characteristics of the films such as emission peak and band gap
were measured via photoluminescence (PL) spectra with an excitation
wavelength of 325 nm and PerkinElmer LAMBDA 750 UV/Vis/NIR
spectrophotometer respectively. Surface elemental analysis and band
alignment were also performed using Ultraviolet Photoelectron
Spectroscopy and X-ray Photoelectron Spectroscopy (UPS/XPS) with
photon energy of 600 eV and 39.5 eV respectively, using gold metal, Au
as reference. The UPS/XPS measurements were carried out in beamline
no. 3.2 at Synchrotron Light Research Institute, Thailand. Finally, the
Current-Voltage (I-V) characteristics of the fabricated devices were
measured with a dual-channel system sourcemeter (Keithley 2612B).
Bias voltage was applied to the top metal electrode with respect to ITO
for all measurements.

3. Results & discussion

3.1. Optical, structural and surface characteristics of CH3NH3PbI3
perovskite

The formation of CH3NH3PbI3 perovskite originated from PbI2 film
using a two-step dipping method is shown in XRD spectra in Fig. 1.
Originally, pure PbI2 film shows to exhibit a distinct peak at

2θ=12.53° position or (0 0 1) plane (Fig. 1a), referring to the PbI2
hexagonal crystal structure [28]. After PbI2 was converted to
CH3NH3PbI3 perovskite, the (0 0 1) peak is observed to reduce, si-
multaneously, new peaks at 2θ=14.01°, 28.33°, 31.77° corresponding
to (1 1 0), (2 2 0), and (3 1 0) crystal planes emerged (Fig. 1b) [29,30].
This indicates the formation of tetragonal perovskite structure [18].
Nevertheless, it can be seen that there was still some remnants of PbI2 in
the CH3NH3PbI3 perovskite (2θ=12.53°), which can be further re-
duced by increasing the dipping time [31]. However, it is reported that
CH3NH3PbI3 film formed by longer dipping time (up to 120 mins)
yielded thicker films and rougher surface that will increase the presence
of voids and pinholes [32]. The surface morphology of both films was
further investigated with FESEM.

FESEM images in Fig. 2a and b show that the spin coated PbI2 films
yielded a porous and loose structure which implies a good film for-
mation to be converted into CH3NH3PbI3 perovskite [33]. Although
some pinholes were observed on the PbI2 films, the converted
CH3NH3PbI3 perovskite in Fig. 2c and d reveal an excellent and dense
coverage of perovskite crystals when methylammonium iodide (MAI)
was infused into the PbI2 films. Moreover, the film shows an even
distribution of homogenous CH3NH3PbI3 perovskite crystals formed in
this work, which is quite in good agreement with that reported solution
processed CH3NH3PbI3 perovskites [34,35]. The elemental analysis
using XPS was then carried out to investigate the properties of the
perovskite film prepared.

Fig. 3 depicts the full-scan XPS spectra of CH3NH3PbI3 perovskite
spin coated on ITO substrate. Common elements of CH3NH3PbI3 were
detected in the wide scan spectra shown in Fig. 3(a) including Pb4f, I3d,
C1s, as well as N1s [36]. The atomic ratio of C : N : Pb : I estimated in
the CH3NH3PbI3 perovskite from the narrow scan shown in Fig. 3b–e
and taken into account the background spectra are 1.15 : 1.12 : 1.00 :
2.86, which is consistent with the reported CH3NH3PbI3 perovskite
structure [37]. Fig. 3(b) reveals the doublet peaks of I 3d3/2 and I 3d5/2
at 631.1 eV and 619.1 eV in which I 3d5/2 corresponds to the triiodide
ion I3- in CH3NH3PbI3 film [38]. In addition to that, the narrow scan for
Pb 4f (Fig. 3c) shows the spin-orbit splitting of the f orbital in which two
distinct peaks were assigned to Pb 4f7/2 and Pb 4f5/2. The binding en-
ergy of Pb 4f7/2 is in good agreement corresponding to the Pb2+ in the
CH3NH3PbI3 perovskite [39,40]. In Fig. 3d, the C 1s spectrum fitting
reveals only one distinct peak which is probably contributed by the
methyl carbons sourced from the methylammonium ions [38].

Fig. 4 shows the optical properties of pure PbI2 and its conversion
into CH3NH3PbI3 perovskite. A typical absorption edge for PbI2 at about
500 nm was observed in Fig. 4a. The absence of the absorption spectra
above 500 nm might due to the interference patterns indicating a
smooth PbI2 layer formed [30]. When the PbI2 film was converted into

Fig. 1. XRD pattern of (a) PbI2 and (b) CH3NH3PbI3 perovskite films.
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CH3NH3PbI3 perovskite layer, a strong absorption spectra in the range
of 400 nm to 800 nm with an absorption edge of 760 nm was observed.
This absorption characteristics is consistent with previous literature
studies reporting the properties of CH3NH3PbI3 perovskite [33,41].

In Fig. 4b, the PL spectra in the PbI2 substrate show an emission
peak at about 535 nm. When the PbI2 substrate was dipped into the MAI
solution, this emission peak diminishes and a new emission peak
emerges at 776 nm indicating the full conversion of PbI2 to
CH3NH3PbI3. This can be attributed to the recombination of the near
band-to-band [42]. A simple way to observe a change in CH3NH3PbI3
conversion is shown in Fig. 4c. It is commonly reported that the initial
yellowish PbI2 films spin coated on the substrate would be converted
into a dark brown shiny appearance when a conversion of PbI2 to
CH3NH3PbI3 perovskite is complete. To further analyze the synthesized
CH3NH3PbI3 perovskite characteristics, the surface band alignment of
the film was characterized via UPS measurement shown in Fig. 5.

The wide scan of CH3NH3PbI3 perovskite spin coated on ITO sub-
strate is shown in Fig. 5a. In order to measure the Highest Occupied
Molecular Orbital (HOMO) and work function (Ф) of the film, the
narrow scan with linear extrapolation of low energy cut-off region
(Fig. 5b), and high energy region (Fig. 5c) were carried out. By aligning
the low energy spectrum to the Au Fermi level (EF), the HOMO level of
the CH3NH3PbI3 perovskite determined from the intercept was calcu-
lated to be 1.42 eV (Fig. 5b). Using the same method, the work function
of the film was calculated to be 4.1 eV (Fig. 5c). In order to obtain the
band gap (Eg), a Tauc plot; (αhv)2 against band gap energy was plotted
in Fig. 5d, where α is the optical absorption coefficient, and hv is the
incident photo energy[43]. Linear extrapolation from the graph yielded
the band gap of CH3NH3PbI3 perovskite to be 1.54 eV. This value is
consistent with reported solution processed CH3NH3PbI3 perovskite
studies [44,45]. From Eg and work function values, the ionization en-
ergy (IE) was calculated to be 5.52 eV. The schematic energy level
diagram of CH3NH3PbI3 perovskite spin coated on ITO (work function
is adapted from [38]) is illustrated in Fig. 5(e). The values calculated in
this work agrees quite well with the reports on CH3NH3PbI3 perovskite

[46,47]. The synthesized perovskite were then adapted in the memory
application structure to observe the characters tics of the device.

3.2. ReRAM memory behaviour in ITO/CH3NH3PbI3/Al device

Fig. 6a shows current-voltage characteristics of ITO/CH3NH3PbI3/
Al memory device structure. A typical ReRaM behaviour pattern was
observed when voltage was applied in the sequence of: 0 V to +8 V, +8
V to 0 V, 0 V to −8 V, and −8 V to 0 V. During initial voltage sweep
from 0 to +8 V, an abrupt increase of current was observed at about
4.7 V indicating the change from High Resistance State (HRS) to Low
Resistance State (LRS), or known at the SET process [18]. Similarly,
when a reverse potential was applied from 0 V to −8 V, a current drop
was observed at about −1.3 V indicating the transition from LRS to
HRS, or known as the RESET process. This SET-RESET process was
observed when the experiment was repeated continuously for multiple
cycles revealing a standard resistive switching effect application. It is
proposed that the charge trapping causes this memory effect to take
place in the CH3NH3PbI3 perovskite layer [22,48].

To further explain the mechanism that causes the ReRaM effect in
the ITO/CH3NH3PbI3/Al memory device, the graph of Log I vs Log V
was plotted (Fig. 6b). When a positive voltage was swept across the
device, a steady increase in current was observed (ohmic conduction,
n=∼1.36) indicating the thermally generated carriers were larger in
number as compared to the injected carriers [49]. The traps were then
partially filled until to about 4.7 V, the abrupt increase of current re-
veals the traps have been fully filled and followed a Space-Charge-
Limited-Conduction mechanism (SCLC, n=∼1.87). Since SCLC me-
chanism was observed, it is proposed that the defects in the perovskite
layer become the trapping sites [50]. There are few types of vacancies
found in CH3NH3PbI3 perovskite such as donor vacancy (V%

I ), acceptor
vacancies (V’

MA. V”
Pb) and vacancy-mediated diffusion [51,52]. In terms

of activation energies, V’
MA. and V”

Pb are higher at ∼0.8 eV and
∼0.5 eV, respectively while V%

I have a very low activation energy of
∼0.1 eV. Hence, in this work, we assume that due to the lower

Fig. 2. FESEM micrographs of PbI2 at (a) low (2.0 μm) and (b) high magnifications (500 nm) and CH3NH3PbI3 perovskite morphology at (c) low (2.0 μm) and (d) high
magnifications (500 nm).
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Fig. 3. XPS spectra of (a) wide scan of CH3NH3PbI3 perovskite, (b) I 3d of CH3NH3PbI3 perovskite, (c) Pb 4f of CH3NH3PbI3 perovskite, (d) C 1s of CH3NH3PbI3
perovskite, and (e) N 1s of CH3NH3PbI3 perovskite.
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activation energy of V%
I , the positively charged iodide vacancies drift

towards ITO and recombined with electrons [53]. As the voltage in-
creased, more iodide vacancies gathered at the ITO electrode and
formed an iodide vacancy filament (Fig. 6c). The charge traps were
filled over time, and when the traps were fully filled, electrons could
then hop trap-to-trap. To reverse this process from SET to RESET, a
negative bias was applied causing the conduction path to be ruptured
and electrons to be detrapped [22]. In this case, applying a reverse bias
above 1.3 V is sufficient to RESET the device. Through this, the re-
versible process of SET-RESET yielded ReRaM characteristic in the ITO/
CH3NH3PbI3/Al device structure.

3.3. Memory behaviour in ITO/CH3NH3PbI3/Ag and ITO/CH3NH3PbI3/
Au devices

Interestingly, when the metal contact was changed from Al to Ag,
the ReRAM behaviours diminished. Instead, WORM behaviour was
observed whereby the change from HRS to LRS was permanent and
irreversible as shown in Fig. 7a. When a positive voltage was sweep
from 0 to 10 V, the current increased steadily with voltage until at
4.7 V, an abrupt jump of current was observed. This indicates the
change from HRS to LRS or also known as from OFF state to ON state.
When a reverse bias voltage was applied, the state remains ON
throughout the sweep range. Even though the sweep was carried up to
multiple cycles, it still remained at a permanent ON state. Through this,
a typical non-volatile WORM memory behaviour was observed in which
the ITO/CH3NH3PbI3/Ag device retained its data permanently.

It is suggested that the WORM memory behaviour in ITO/
CH3NH3PbI3/Ag memory device is attributed to charge trapping and

filamentary conduction [26,27]. The charge traps were filled when the
voltage sweep increases until all traps was filled, causing an abrupt
increased of current at 4.7 V. Since it is known that charge carriers
flows along the lowest resistance pathway, this filling of charge traps
would also result in filamentary conduction. This abrupt increased of
current could be due to the connection of top to bottom electrodes
through the conductive filament by diffusion of Ag [27]. The Ag fila-
ment pathway would create a ‘shorting’ effect (Fig. 7c) between the ITO
and Ag interfaces as well as resistive switching behaviour. When, a
reverse potential was applied, the conduction pathway did not diminish
but remained in LRS which is suitable for permanent data storage ap-
plications. The diffusion of Ag into the CH3NH3PbI3 perovskite layer
prevents the rupture of Ag filament unless higher sweep voltage is
applied but causing the memory device to be damaged [27]. Hence,
within the operating voltage window, the memory device exhibits
WORM memory characteristics.

Similarly, when Ag was replaced with Au, a typical WORM beha-
viour is noticeable in Fig. 7b. When voltage was swept across the ITO/
CH3NH3PbI3/Au memory device, the current was also increased. The
switch from HRS to LRS occurred at 4 V when an abrupt increased of
current occurs. The compliance current of the memory device was set at
100mA to prevent the device from overheating and damage. This
process was also irreversible when a reverse bias voltage was applied on
the ITO/CH3NH3PbI3/Au memory device. The electrons cannot be re-
moved from the charge traps even though the reverse voltage was swept
across the device. Hence, WORM behaviour property was demonstrated
when Au cathode was used in ITO/CH3NH3PbI3/Au memory device.
Overall, Au contact is much stable than Al or Ag when voltage swept
across as Au is much more inert and react slower than Al or Ag.

Fig. 4. (a) UV–Vis spectra of PbI2 and CH3NH3PbI3, (b) PL spectra of PbI2 and CH3NH3PbI3 perovskite, and (c) spin coated films of PbI2 and CH3NH3PbI3 perovskite
film.
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Fig. 5. (a) Wide scan UPS spectra of Au reference and CH3NH3PbI3 perovskite, (b) low energy cut-off region of Au reference and CH3NH3PbI3 perovskite, (c) high
energy region of CH3NH3PbI3 perovskite, (d) Tauc plot obtained from UV–Vis spectra of CH3NH3PbI3 perovskite, and (e) energy level diagram of CH3NH3PbI3
perovskite spin coated on ITO substrate.
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The mechanism for the ITO/CH3NH3PbI3/Au WORM behaviour
properties also resembles in the previously mentioned ITO/
CH3NH3PbI3/Ag structure (Fig. 7c). The charges get trapped in the
trapping sites when current was swept across until all the trapping sites
were filled creating a filamentary conduction pathway between ITO and
the Au cathode. Therefore, the diffusion of Au into the CH3NH3PbI3
perovskite layer is possible. Moreover, applying a negative potential
across the device does not remove the Au filament pathway. Increasing
the potential above operating range would damage the device instead.

3.4. Comparison of memory behaviour in ITO/CH3NH3PbI3/Al, ITO/
CH3NH3PbI3/Ag and ITO/CH3NH3PbI3/Au devices

The presence of non-volatile resistive switching memory behaviour
can be further explained using electrochemical metallization me-
chanism (ECM) and valence change mechanism (VCM) [52]. Sun et al.
reported that there exists a competition between iodide vacancies and
the metallic filament depending on their activation or migration en-
ergies to form the filamentary conduction [54]. Based on the ITO/
CH3NH3PbI3/Al memory device, the major factor causing ReRAM
characteristic lies in the VCM where it is proposed that iodide vacancies
form the filamentary conduction. Although the Al atoms move towards
the CH3NH3PbI3 layer, the formation of Al metal filament is not com-
plete to connect between the bottom and top electrodes. Through this,
only the iodide vacancy filament forms the conduction filament as Al is

not conductive enough to form its own filamentary conduction. The
iodide vacancy filament can then be interchangeably formed and rup-
tured upon the direction of the sweep voltage. Hence, ReRAM memory
behaviour is concluded.

On the other hand, for ITO/CH3NH3PbI3/Ag or ITO/CH3NH3PbI3/
Au memory devices, the ECM plays a major role, where the electro-
chemically active electrode metals containing Ag+ or Au+ cations
migrate towards the ITO interface and forming the metal filaments
connecting both top and bottom electrodes. Although there is compe-
tition between iodide vacancies and Ag or Au atoms, the conductivity of
Ag or Au filaments are shunt-wound in memory devices and are much
higher than iodide vacancies [55]. Therefore, they formed the major
pathway through metal filamentary conduction. When we applied a
negative sweep voltage across the device, we did not observe the
electrochemical dissolution of the metal filaments that implies ReRAM
behaviour, but otherwise indicates WORM memory characteristics.
Although we were able to increase the sweep voltage in order to ob-
serve the rupture the metal filaments back to HRS, such increase in
sweep voltage especially exceeding 10 V in this project would incur
high power consumption and damage over multiple cycles in the
CH3NH3PbI3 layer. Hence, our memory devices using Ag or Au elec-
trodes shows WORM behaviour within optimum operating voltage
window. This also explains why Ag and Au are favourable in forming
the metal filaments over Al due to Al’s lower conductivity. Such studies
on these metal electrodes in observing ReRAM and WORM memory

Fig. 6. (a) Semi logarithmic I-V curves of CH3NH3PbI3 perovskite as ReRaM devices, (b) Log I vs Log V fitted with different conduction mechanisms of CH3NH3PbI3
perovskite. (c) Schematic diagram of iodide vacancy filamentary conduction in ITO/CH3NH3PbI3/Al memory device.
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characteristics still requires further research and understanding in ap-
plying the right electrodes for certain applications.

4. Conclusion

In conclusion, we have successfully demonstrated the various re-
sistive switching behaviours using a simple ITO/CH3NH3PbI3/metal
memory structure device using Al, Ag, and Au. Devices with Al as
cathode demonstrated ReRAM characteristics as the memory device
could be SET-RESET, due to the complete formation of iodide vacancies
pathway in the CH3NH3PbI3 perovskite layer. On the other hand, de-
vices with Ag or Au cathodes exhibited WORM behaviour in the re-
sistive switching devices as the diffusion of Ag or Au formed metal fi-
laments from top to bottom electrodes. Through this, the study of
selecting suitable electrodes for targeted memory applications (ReRAM
or WORM) can be understood and also opens up possible further re-
search route on the metal electrodes towards commercialization of
these devices.
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