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Resistive Switching by Percolative Conducting Filaments 
in Organometal Perovskite Unipolar Memory Devices 
Analyzed Using Current Noise Spectra
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Organometal halide perovskites have emerged as potential material systems 
for resistive memory devices besides their outstanding optical and electrical 
properties. Although halide-perovskite resistive memory has the advantage of  
operating with a low voltage and large on/off ratio, random distribution  
in operation voltage remains a challenge in memory application. This stochastic 
operation characteristic is due to the random formation of conducting 
filaments that cause resistance fluctuations in the material. Therefore, 
it is essential to investigate the formation and dissolution of conducting 
filaments and their structure. However, direct observation of a nanoscale 
filamentary structure is often challenging. Moreover, detailed studies 
of conducting filaments in halide-perovskite materials have rarely been 
reported. By employing a scaling theory with a fractal structure, this study 
investigates the geometric structures and dynamics of conducting filaments 
formed in organometal halide perovskite through current noise analysis. The 
temperature-dependent electrical properties and current noise demonstrate 
the role of ion migration in the formation of conducting filaments. The findings 
could enhance the understanding of the resistive switching phenomena 
of perovskite resistive memory devices in terms of percolative conducting 
filaments. Thus, providing a route for achieving a stable memory operation by 
controlling the relevant structure and dynamics of the switching processes.
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1. Introduction

Organometal halide perovskite has 
attracted significant attention as a mate-
rial for various device applications, such 
as solar cells, light-emitting devices, 
and other electronic devices.[1–7] For 
electronic devices, organometal halide 
perovskite can be employed as nonvola-
tile resistive memory owing to its several 
advantages, such as low cost and solution-
processability, high on/off ratio, and small 
switching power.[8–12] For example, a resis-
tive memory device with a high on/off 
ratio of 109 using MAPbClxI3-x has been 
reported.[13] Additionally, a single crystal-
line CsPbBr3 device with a small operation 
power of 30 nW has been presented.[14] In 
our previous study, we have demonstrated 
a methylammonium lead iodide (MAPbI3) 
unipolar resistive memory device with a 
high on/off ratio of 108.[15] Although sev-
eral studies have focused on the search 
for different halide-perovskite structures 
applicable to resistive memory devices 
and enhancing their performance, there 

are only a few studies on mechanistic investigation of their 
switching properties. Various mechanisms have been proposed 
for the resistive switching phenomenon of organic materials 
and metal oxides,[16,17] but many studies have suggested the 
formation and rupture of conducting filaments as the origin of 
resistive switching phenomena in organometal halide perov-
skite.[9,12,18–20] There is a consensus in the community that 
iodine vacancy with the lowest activation energy of migration 
plays a significant role in resistive switching.[12,18,21,22] Since 
these mobile point-defects are abundant in the material due 
to their low formation energy, metal ions from electrochemi-
cally active electrodes, such as Ag, can easily migrate to form 
a metallic filament through a redox reaction,[9,23] or vacancies 
can aggregate to form conductive clusters; thus, creating con-
ducting filaments.[12,18–20]

By setting compliance current or controlling operation 
voltage, the growth of conducting filament can be controlled, 
which may lead to multistate operation in a resistive memory. 
Many studies have reported various intermediate resistance 
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states (IRSs) in the organometal perovskite memory devices. 
However, the nature of different IRSs, which is related to the 
structure of conducting filaments in the material, has rarely 
been investigated. Moreover, a random structure of con-
ducting filaments results in cycle-to-cycle and device-to-device 
variations in the perovskite memory devices. Therefore, under-
standing and controlling the structures of conducting filament 
is a key factor for determining the device’s performance.[24,25] 
Several attempts have been made to observe and understand 
the properties of this filamentary structure using transmission 
electron microscopy.[26–29] However, it is not easy to observe the 
nanoscale structure and their 3D interconnection in conducting 
filaments directly.[30,31]

On the other hand, current noise analysis can be a powerful 
tool for probing the current distribution in a resistive medium. 
This method is indirect but simple, noninvasive, and can also 
provide statistical and microscopic insight into the charge 
transport phenomena. Current noise gives information about 
the origin of the current fluctuation in charge transport.[32,33] 
For example, noise analysis was used to figure out a trap dis-
tribution inside the channel material of field-effect transistors 
and at interfaces of light-emitting diodes.[34,35] Additionally, the 
magnitude of current noise is sensitive to the geometry of the 
current path; it has been applied to study conducting filaments 
in resistive memory devices through scaling analysis.[32,36,37] 
In this study, we observe and systematically analyze the noise 
scaling in various resistance states in perovskite unipolar 
resistive memory devices consisting of MAPbI3 thin film as 
the active layer and a pair of symmetrical Au electrodes. By 

employing the model of percolation clusters with fractal geom-
etry, the scaling behavior could be correlated to conducting fila-
ment with particular structures with a fractal dimension in an 
organometal perovskite. We investigate how the current fluctu-
ation of conducting filaments occurs at different temperatures 
through the current noise measurement in the time domain. 
The study on conducting filament geometry in perovskites will 
contribute to an understanding of each resistance state in the 
material, leading to stable resistive memory operations based 
on perovskite materials.

2. Results and Discussion

Figure  1a shows the schematics of the perovskite resistive 
memory device. First, Au (50 nm)/Ti (5 nm) was deposited as 
the bottom electrodes on a SiO2/Si substrate using an elec-
tron beam evaporator. Then, the MAPbI3 perovskite film was 
deposited through a simple one-step spin-coating with a non-
halide lead precursor, lead acetate (PbAc2) mixed with methyl-
ammonium iodide (MAI). The structure of MAPbI3 perovskite 
is shown in the inset of Figure  1a. After annealing the film, 
Au (50  nm) was deposited for the top electrodes to form 
1 × 8 cross-bar array memory devices. As a result, memory cells 
with a size of 50 µm × 50 µm were fabricated (see Experimental 
Section for more details). Figure  1b shows the cross-sectional 
scanning electron microscope (SEM) image of a memory cell. 
It shows a well-defined MAPbI3 perovskite memory layer with 
a thickness of about 200 nm without any noticeable penetration 

Figure 1.  a) Schematic of the MAPbI3 organometal perovskite resistive memory device. The crystal structure of MAPbI3 is shown. b) Cross-sectional 
SEM image of a perovskite resistive memory device. c) SEM image of a MAPbI3 thin film showing film morphology. d) XRD data of a MAPbI3 thin film.
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of metals into the layer. The SEM image of the MAPbI3 perov-
skite film surface indicates a uniform film with a grain size 
of less than 100 nm (Figure 1c). According to X-ray diffraction 
(XRD) data for MAPbI3 perovskite film on a silicon substrate 
shown in Figure 1d, sharp peaks corresponding to (110), (220), 
and (330) appeared, suggesting the formation of a tetragonal 
phase perovskite film.[38] Additionally, a small peak observed 
at 12.5° indicates residual PbI2, which has not been converted 
to perovskite.[39] These XRD results demonstrate that a highly 
crystalline perovskite film with few remaining precursors was 
obtained. The 33° peak and 38.1° peak are seen due to Si and 
Au bottom electrodes, respectively.[40,41]

Figure  2a shows the representative current-voltage (I–V) 
curve of MAPbI3 perovskite memory devices. As previously 
reported, MAPbI3 perovskite memory devices showed uni-
polar resistive switching that could be set and reset at the same 
voltage polarity.[15] To prevent irreversible electrical breakdown, 
a compliance current of 20 µA was applied during the set pro-
cess. Initially, the pristine memory device is in the high resist-
ance state (HRS), and a relatively high voltage of near 3 V was 
required for forming process (see Figure S2, Supporting Infor-
mation). Note that the electroforming process is a characteristic 
found in resistive memory devices that operate through fila-
mentary switching.[31,42] The memory device switched to a low 
resistance state (LRS) at about 1  V (set voltage) and returned 
to HRS at about 0.4 V (reset voltage). The set and reset voltage 
values have a finite distribution, as can be discovered from 
repeated measurements (see Figure S4, Supporting Informa-
tion). The on/off ratio determined as the ratio between the 
currents of HRS and LRS measured at 0.05 V was found to be 
as high as 3 × 107. The inset in Figure 2a shows the same I–V 
curve on the log-log scale with curve fittings, which can pro-
vide detailed information on the physical processes related to 
electrical conduction. In HRS, the ohmic behavior owing to 
intrinsic charge carriers in MAPbI3 can be fitted to a slope of 
1 in the low voltage region of the I–V curve. Trap-limited space 
charge limited current (SCLC) (slope >  2) and trap-free SCLC 
(slope of about 2) sequentially appeared when the voltage was 
gradually increased. However, LRS exhibited ohmic conduction 
(slope of about 1) in the entire voltage range. It was observed 
that LRS showed metallic conduction whose conductivity 
decreases with temperature.[15]

Generally, filamentary memory devices accompany an elec-
troforming process, which requires a higher voltage bias than 
typical memory operation voltages to initiate the formation 

of conducting filaments. Similar to other unipolar resistive 
switching systems with similar electrical transport properties 
(e.g., binary oxide and oxide perovskite memory devices),[28,37,43,44] 
it is assumed that a metallic conducting filament forms during 
the set process and ruptures in the reset process, resulting in 
the resistive switching in our devices. It has been proposed 
that conducting filaments are formed through iodine-vacancy 
migration/aggregation, which has the lowest activation energy 
of migration among the constituent ions of MAPbI3.[12,18,21,22] 
Similar to the role of oxygen vacancies in metal-oxide materials, 
such as NiOx, SrTiOx, and TiOx, the iodine-vacancy-rich region 
exhibits much lower resistivity than the surrounding MAPbI3; 
thus, similarly forming conductive clusters.[12,45] The detailed 
mechanism of the resistive switching in our devices is further 
explained in Section S8, Supporting Information.

The memory performance was characterized in terms of 
retention and endurance characteristics (Figure  2b,c). The 
perovskite memory devices showed a retention time of more 
than 1000 s under 0.05  V bias (Figure  2b), which is small 
enough to avoid unintentional switching. It could be driven 
more than 100 cycles (Figure 2c).

The perovskite memory devices showed different IRSs by 
controlling the compliance current (Figure 3a). In each resist-
ance state, current noise was measured when applying a small 
voltage (0.1 V) where resistive switching would not occur. The 
measurement setup can be found in Figure S3, Supporting 
Information. Figure 3b shows the current noise amplitude (SI, 
spectral noise power density) as a function of frequency for 
four resistance states, indicating that low-frequency 1/f type 
noise characteristics were observed in the frequency range 
between 10 and 1500 Hz for each resistance state. As shown in 
Figure 3b, the magnitude of SI increases as the resistance value 
of the state increases.

Figure  3c shows the normalized current noise power 
spectral density (SI/I2; hereafter denoted as normalized cur-
rent noise) measured at 998.4  Hz in each IRS. The scaling 
behavior was observed according to the power-law between 
the SI/I2 and resistance values. Such a scaling behavior can 
be attributed to the formation of percolation paths within the 
material.[37,46,47] According to the percolation theory, a resis-
tive switching medium is a network consisting of conducting 
and insulating fractions. A percolation path between the two 
electrodes is formed when the conductive volume fraction (φ) 
increases and reaches a certain threshold (critical conductive 
volume fraction, φc). Here, the noise of the entire system is 

Figure 2.  a) Representative current-voltage curve of a MAPbI3 organometal perovskite resistive memory device. Inset presents the log-log plot of the 
same data. b) Retention test data and c) endurance-cycling data of a perovskite resistive memory device.
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mainly determined by the smallest bottleneck region of the 
percolative path, where the electric field and current density 
are the most concentrated. The noise decreases as a power 
law as the number of current paths increases, decreasing 
the resistance of the total network.[48,49] It means that the fol-
lowing relationship is satisfied between the total resistance 
(R) and normalized current noise.

2

S

I
RI ∝ γ 	 (1)

when φ  > φc. Here, φ is conductive volume fraction and φc is 
critical conductive volume fraction. Note that the observed 
power law of the scaling behavior suggests that the resistive 
switching of our MAPbI3 memory device is governed by the 
percolative conducting filament in the bulk rather than a homo-
geneous switching by interfacial effect.

The two scaling regimes depending on the resistance 

appeared: 2
9.0S

I
RI ∝  for R < Rco and 2

0.85S

I
RI ∝  for R > Rco. Here, 

Rco is the resistance at which scaling exponent crossover 
occurred (marked as an arrow in Figure 3c) and was found to 
be about 400 Ω. Similar crossover behaviors with two scaling 
regimes were observed in the oxide-based unipolar resistive 
memory.[50,51] To investigate this scaling crossover, a model of a 
percolating cluster with fractal geometry was proposed.[52] The 
total resistance and normalized noise are closely related to the 
current distribution in the system; both quantities depend on 
the interconnection within the conducting network.[48,53] They 

can be expressed in terms of nt, which stands for the number of 
current paths at distance t from the origin (top electrode in this 
study, schematically shown in Figure  3d). It is known that nt 
satisfies the relationship: nt ∝ 1(f)tD −  for a fractal structure.[54,55] 
Here, Df is the fractal dimension of the filament structure. 
Fractal is a mathematical object that exhibits self-similarity, and 
a fractal dimension derived from the scaling relation of a struc-
ture is an indicator of the complexity. An object with a large 
fractal dimension has a complex structure, and it densely fills 
the embedded space. The fractal dimension of the conducting 
filaments can be obtained using the scaling behavior between 
the normalized noise magnitudes and total resistance for each 
state. Another important parameter for explaining the scaling 
crossover is the lateral size of the bottleneck (s0) where the 
current is most concentrated. From the fractal geometry, the  
following relationship can be used:

0
1fn s tt

D( )≈ + − 	 (2)

Scaling relationships for total resistance and normalized 
noise magnitude are divided into two regions according to the 
size of s0, thus scaling exponent (γ  ) in Equation (1) changes at 
a certain threshold of s0 (see Figure 3d).[52,56]

2
for and 1 forf

f

D

D
R R R Rco coγ γ=

−
< = > 	 (3)

The fractal dimension of conducting filaments in perov-
skite was best fitted to be about 2.25. This value is similar to 

Figure 3.  a) Current-voltage curves of a perovskite resistive memory device measured at room temperature showing LRS and various IRSs. b) Spectral 
noise power density (SI) versus frequency for four resistance states showing low-frequency 1/f noise characteristics. c) Normalized current noise power 
spectral density (SI/I2) for various resistance states showing a crossover behavior at about 400 Ω. d) Schematics of conducting filaments with fractal 
geometry. The number of current paths (cases of nt = 6 and nt = 1 are depicted) is shown on the cross-section at a distance t from the top electrode. 
The lateral size of the bottleneck structure (s0) is closely related to the scaling crossover behavior.
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(and slightly smaller than) that reported in a previous study for 
metal oxide thin film-based resistive memory (Df ≈2.54),[52] sug-
gesting that a relatively simple conducting filament structure 
has been formed. A smaller fractal dimension of 2.25 might 
be related to the formation of conducting filaments around the 
grain boundaries, where the ion migration is frequent in orga-
nometal perovskite.[57]

The ion migration responsible for the formation of conduc-
tive clusters in organometal perovskite is expected to occur 
more readily at higher temperatures.[58] Therefore, the struc-
ture of conducting filaments discussed above is expected to 
vary with temperature. Figure  4a shows the magnitude of 
normalized current noise at 998.4 Hz in each IRS measured 
at two temperatures (275 and 323 K). As shown in Figure 3c 
(measured at room temperature), the scaling behavior also 
showed the crossover at Rco of about 400 Ω at 275 and 323 K 
(Figure  4a). Compared with the results at room temperature 
(Figure 3c), the scaling exponents have similar values in R > 
Rco and R < Rco regions among the three temperatures, which 
also indicates a similar fractal dimension (Df ≈2.25). However, 
the scaling exponent tended to slightly increase as the tem-
perature decreases. This is presumably because the magni-
tude of elementary fluctuations from the material constituting 
the conducting filaments increases as temperature decreases. 
Accordingly, the effect of normalized noise magnitude over 
total resistance increases to modify the scaling exponents. The 
most distinct difference in the noise scaling at high and low 
temperatures was the noise magnitude. The magnitude of 
the normalized noise at high temperature is similar to that of 

room temperature; however, four to five orders of magnitude 
are larger in the low-temperature case, suggesting that the 
current fluctuation of conducting filaments at low tempera-
ture is relatively large.

To further support the percolation-scaling behavior and 
related fractal structure of the conducting filaments, reset cur-
rent, which is the maximum current value before the reset 
occurs, was plotted as a function of resistance (called “I-R 
scaling”) in Figure  4b. Similarly, two scaling regimes were 
observed in the I-R scaling. The I-R scaling behavior can also be 
explained by the same percolation model with fractal geometry. 
According to the model proposed by Lee et al., the change in the 
scaling exponent across the crossover occurs based on the area 
of the bottleneck region, where the current is the most concen-
trated among the conducting filaments (see inset of Figure 4b). 
During the reset process, the bottleneck area through which the 
largest current flows becomes the hottest region in the entire 
conducting network due to Joule heating. When the tempera-
ture of the bottleneck area exceeds the critical temperature, 
even if the remaining filament structure is maintained, the bot-
tleneck region of the filament is ruptured, and the resistance 
state of the memory device is switched to HRS. The heat con-
duction and dissipation that occur during such a reset event 
can be simulated based on the heat equation using the finite 
element method. As a result, the minimum heat required to 
raise the temperature of the bottleneck region to the critical 
temperature exhibits a power-law relationship with the cross-
sectional area of the bottleneck region (see Section S5, Sup-
porting Information). The scaling theory predicts that the 

Figure 4.  a) Normalized current noise power spectral density versus the resistance of a perovskite resistive memory device at 275 (blue symbols) and 
323 K (red symbols). b) Reset current versus resistance at 275 (blue symbols) and 323 K (red symbols) showing scaling crossover behavior. Insets show 
schematics of conducting filaments and the hottest bottleneck region (dotted circles in red) at each temperature. c) Distribution of the set voltage 
during the 50 cycles of set/reset operation at 275, 290, and 323 K (each depicted in blue, black, red box diagram, respectively). d) Normalized noise 
spectra in a frequency domain measured at 275 (blue lines) and 323 K (red lines).
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exponent for reset current scaling (α) and resistance satisfies 
the following relationship.[52]

I RReset ≈ α− 	 (4)

1
2 2

(for ) and
1

2 1
(for )f

f

f

f

D

D
R R

D

D
R Rco coα β α β

( ) ( )
= − +

−
< = − +

−
> 	 (5)

From the simulation, the β value was calculated to be 0.33 
for the MAPbI3. The extracted scaling exponents were 6.57 and 
1.10 in R < Rco and R > Rco regions, respectively. Accordingly, Df 
value of the conducting filament was calculated to be about 2.2, 
which matches well with the fractal dimension estimated by 
the noise scaling, supporting the validity of the proposed fractal 
geometry model of the filamentary paths.

The temperature-dependent ion migration process is 
expected to be apparent from the memory operation character-
istics, especially the set and reset characteristics of the perov-
skite memory devices. Figure 4c shows the distribution of the 
set voltage during the 50 cycles of the set/reset operation at each 
temperature for the same device. The set process is the result of 
electric field-driven vacancy migration toward the conducting 
filament. Therefore, the set voltage decreases at a high tempera-
ture where ion migration is active, which is consistent with our 
experimental results in Figure  4c. Additionally, the set voltage 
distribution becomes narrower as the temperature increases. 
Although the temperature dependence of the set voltage magni-
tude can be explained by the ion migration picture, predicting 
the temperature dependence of the set voltage distribution is 
nontrivial. As previously mentioned, conducting filaments 
formed are not completely dissociated during the reset process 
but are ruptured only in the bottleneck region where the cur-
rent is the most concentrated. Then, the remaining filament 
structure affects the subsequent set processes since it concen-
trates electric field. Thus, it gives spatial confinement to fila-
ment growth. As more parts of the structure remain (i.e., the 
ruptured gap of the conducting filament becomes smaller), 
the subsequent set voltage distribution becomes narrower.[59,60] 
Previous studies using numerical simulations have reported 
a robust filamentary structure with relatively large lateral size 
leaves rather than a small gap during the rupture process.[19,22] 
Therefore, it can be inferred that in our experiments, a more 
robust filamentary structure with numerous current paths was 
formed at LRS of 323 K than that of 290 and 275 K.

Figure  4d shows a comparison of normalized noise spectra 
in a frequency domain of the same device measured at 275 and 
323 K. There are differences in the results measured at dif-
ferent temperatures. The noise magnitude level was four to five 
orders of magnitude larger at 275 K than that of 323 K, even 
though they have similar resistance. It means that the current 
fluctuation was relatively larger in the 275 K case. The slope of 
1/f type noise at high temperature fits well to about 1.2, but the 
slope at low temperature best fits at about 1.5. As reported pre-
viously, the slope of ≈1.5 is often related to current fluctuations 
induced by diffusion/migration processes.[61–64] Such current 
fluctuations can be directly probed in the time domain, which 
will be the focus of the latter part of this study. This 1/f1.5 noise 
with a larger magnitude suggests that the underlying process of 
noise at IRSs of 275 K is different compared to 323 K or room 

temperature cases. The measured temperature range was lim-
ited below 323K due to potential artifacts from the phase transi-
tion from tetragonal to cubic phase at ≈330 K.[65,66]

In order to examine the correlation between the larger slope 
of the noise spectra for lower temperature (Figure 4d) and cur-
rent fluctuations, we collected the current time trace data for 
various resistance states accessible in our perovskite memory 
devices. The time trace data were collected by applying a small 
bias (0.05  V) (see Figure S3, Supporting Information, for the 
measurement setup). As shown in Figure 5a, the current trace 
in the IRS states at low-temperature conditions (275 K) showed 
step-like fluctuations, which is a typical feature of random tel-
egraph noise (RTN). The RTN features were observed for the 
IRSs with higher resistance values (bottom three panels of 
Figure  5a) whereas the lowest resistance states (top panel of 
Figure  5a) did not show any current fluctuations within the 
measured time range. Similar current fluctuations have previ-
ously been associated with processes such as charge trapping/
de-trapping at the defects close to the conducting filaments or 
current fluctuations induced by diffusion/migration of ions, 
which provided a mechanistic picture towards understanding 
resistive switching mechanisms in various material-based 
memory systems.[47,63,64,67–69] Therefore, we proceeded with a 
detailed analysis of the observed current fluctuations in our 
perovskite memory devices for the different resistance states 
by visually representing the distribution of the current levels 
in the time trace as current histograms (Figure 5b). From the 
histograms collected from the time trace data over a period of 
0.1 s, we can extract the discrete current levels among which 
the fluctuations occur by determining the major peaks. We can 
verify that the discrete current levels are distributed over about 
an order of magnitude in current for the IRSs (three bottom 
panels in Figure  5b), whereas the LRS shows a single major 
current peak (top panel in Figure 5b). This is also reflected in 
the time trace data in Figure  5a where the LRS (140 Ω state) 
shows almost no current fluctuations, which can be related to 
stable and numerous current paths (see top panel in Figure 5c). 
On the other hand, the large current fluctuations in the IRSs 
spanned over the cross-over current Ico of ≈200 µA (i.e., the cur-
rent at Rco, see Figure 4a) where the bottleneck size of the con-
ducting filaments is equal to the threshold bottleneck size sco 
( = s0 at Rco, see Figure 3c,d).

Since each major peak in the current histogram corresponds 
to a possible configuration of conducting filaments, the existence 
of multiple major peaks in our current histogram (Figure  5b) 
suggests that the resistive switching in our perovskite memory 
devices involves multi-level transitions (see  Section S6, Sup-
porting Information) like in organic nanocomposite memory 
devices.[47,64] Furthermore, we can identify the underlying con-
figurational relationships between the different IRSs by com-
paring the peak positions of these multi-current levels from the 
current histograms. We suggest that the formed percolative con-
ducting paths in different resistance states are not completely 
random but have a common configuration to some degree. Spe-
cifically, we can observe common current level peaks near ≈245 
and ≈270 µA (indicated with red dashed lines) for both the 250 
and 830 Ω states (middle two panels in Figure 5b). Also, we can 
find common current levels in the range of ≈20 to ≈50 µA (indi-
cated as a yellow box) for both the 830 and 1250 Ω states (bottom 
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two panels in Figure 5b). However, the relative stability differs 
depending on the resistance state, which can be related to the 
relative frequency of each current peak in the histogram, accord-
ingly. The higher current level peaks are more frequent in the 
LRSs, whereas the lower current level peaks are more frequent 
in the HRSs (Figure 5b).

Now, we propose an overall picture for summarizing the 
different configurations of local conducting filaments and 
their relative stability based on our previous discussions. The 
number of conducting filament branches is represented as 
an indicator for the average resistance of the resistance state 
(Figure 5c); the larger the number of the conducting filament 
branches, the lower the average resistance. The conducting fila-
ment branches are expressed in different colors; black, gray, and 
white filaments indicate stable, less stable, and the least stable 
paths, respectively. The origin of the multiple current peaks 
in the current histogram observed for the IRSs (Figure  5b) is 
depicted as the current fluctuation induced by the formation 
and dissolution of unstable conducting filament branches. The 
sizes of the bottleneck (s0) are expressed as black arrows with 
respect to the threshold bottleneck size (sco) expressed as red 
arrows. The number of stable conducting filaments and the 
size of bottleneck regions decrease as the average resistance 
of the state increases (Figure  5c and also see Figure  3d). Fur-
thermore, the physical origin of the current fluctuation in our 
perovskite memory devices is presumed to be due to the local 
change in the structure of conducting filaments induced by ion 
migration processes. This is consistent with the disappearance 
of the RTN at a high temperature (323 K) (see Figure S7, Sup-
porting Information), indicating a relatively small contribution 
of local unstable current paths toward the total current due to a 
more active ion migration at higher temperatures. Accordingly, 
although this is beyond the scope of our study, the conducting 

filaments are expected to be more stable in the cubic phase 
(above 330K) than in the tetragonal phase (this work) due to a 
lower activation energy for ion migration.[70–72]

3. Conclusion

In this study, we investigated the electrical properties of resis-
tive memory devices made with MAPbI3 organometal perov-
skite. We adopted the current noise analysis as a simple and 
non-invasive tool to investigate the characteristics of con-
ducting filaments in perovskite memory. By applying the per-
colation model with fractal geometry, we explained the scaling 
crossover behaviors in the normalized current noise and reset 
current. Additionally, by measuring the current noise at dif-
ferent temperatures, we observed the alteration of current 
levels in IRSs under low-temperature (275 K) conditions and a 
single peak distribution of current values at high temperature 
(323 K). We suggest that stable and robust filaments are formed 
under elevated-temperature conditions where ion migration is 
more active, resulting in stable multilevel operations with less 
noise. Our work demonstrates that the employed noise analysis 
can be a powerful tool for revealing the resistive switching 
mechanism in organo-metal-halide perovskites, which can be 
expanded to other perovskite materials including all-inorganic 
perovskites for enhancing the operation stability in multi-state 
perovskite memory devices.

4. Experimental Section
Device Fabrication: Organometal perovskite resistive memory devices 

were fabricated as previously described.[15] Ti/Au bottom electrodes 
with line widths of 50  µm were deposited on the Si/SiO2 substrate by 

Figure 5.  a) Current time trace for various resistance states measured at 275 K and b) corresponding current histogram for 0.1 s. RTN is exhibited in 
IRSs. Common current level peaks near ≈245 and ≈270 µA are indicated with red dashed lines. Common current level peaks located in the range of 
≈20 to ≈50 µA (yellow box) are Gaussian-fitted. c) Schematic representation of fluctuations in conducting filaments at corresponding resistance states 
(see the text).
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electron beam evaporation through a shadow mask. First, 5  nm-thick 
Ti, which serves as an adhesive layer, was deposited, followed by 
50  nm-thick Au. The substrate with the bottom electrodes was treated 
with UV-ozone (15 min) to enhance the film quality of the spin-coated 
MAPbI3. MAI and PbAc2 were dissolved by 3:1 in a molar ratio in N, 
N-dimethylformamide to form a 0.63 m solution. MAI and PbAc2 were 
purchased from Dyesol (CAS#: 14965-49-2) and Sigma-Aldrich (CAS#: 
6080-56-4), respectively. The solution was stirred at 60  °C for 30  min, 
then spin-coated onto the substrate in an N2-filled glove box at a rate of 
5000 rpm for 45 s. After the spin-coating, the samples were air-dried for 
10 min and soft-baked at 100 °C for 5 min. Top electrodes (50 nm-thick 
Au) were deposited through a shadow mask of line-width 50  µm by 
electron beam evaporation.

Device Characterization: The electrical measurements were performed 
using a semiconductor parameter analyzer (Keithley 4200 SCS) and 
a probe station system (JANIS ST-500) in a vacuum environment 
(≈10−5 Torr). The voltage sweep rate in I–V measurements was 0.54 V s−1.  
The bottom electrode was grounded, and a voltage was applied to the 
top electrode.

For the noise measurement, a low-noise current amplifier (Ithaco 
1211) was used for converting the current noise signal into an amplified 
voltage signal. The signal was measured in the frequency domain using 
a spectrum analyzer (Stanford Research SR760) and in the time domain 
using a ground-isolated 16-bit analog-digital converter (ADC). A 16-bit 
digital-analog converter (DAC) controlled by a LABVIEW was used 
to apply a voltage. A digital multimeter (Agilent 34401A) was used to 
measure the average current.

Thermal Simulation: To estimate the exponent β in Equation (5), a 
numerical simulation for heat dissipation was performed through the 
organometal perovskite device. Figure S5a, Supporting Information, 
shows the simulation setup for the MAPbI3 device, which was a 3D 
cylindrical structure with a radius of 1  µm. The MAPbI3 layer with a 
thickness of 200  nm was sandwiched by 50  nm-thick Au bottom and 
top electrodes on a 270 nm-thick SiO2 substrate. The top electrode was 
covered by a 400  nm-thick air layer. A cylindrical conducting filament 
with a radius of s nm was located at the center inside the MAPbI3 layer. 
For simplicity, the fractal structure of the conducting filament was not 
considered in this simulation. With this setup, the heat equation 



 

ρ
( ) ( ) ( )= ∇ +

d
d

2C
T r

t
k T r q rp 	 (6)

was numerically solved for calculating the temperature profile of the 
device using the finite element method with a mesh size of 2  nm. In 
Equation  (6), ρ, Cp, k, and ( )q r



 are the density, specific heat, thermal 
conductivity, and heat power, respectively. A detailed description of the 
simulation, including the parameters used for the simulation, can be 
found in Section S5, Supporting Information.
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