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E N G I N E E R I N G

Three-dimensional perovskite nanowire array–based 
ultrafast resistive RAM with ultralong data retention
Yuting Zhang1,2†, Swapnadeep Poddar1,2†, He Huang3, Leilei Gu1, Qianpeng Zhang1,2, Yu Zhou1, 
Shuai Yan4, Sifan Zhang4, Zhitang Song4, Baoling Huang3, Guozhen Shen5, Zhiyong Fan1,2,6,7*

Resistive random access memories (Re-RAMs) have transpired as a foremost candidate among emerging nonvol-
atile memory technologies with a potential to bridge the gap between the traditional volatile and fast dynamic 
RAMs and the nonvolatile and slow FLASH memories. Here, we report electrochemical metallization (ECM) Re-
RAMs based on high-density three-dimensional halide perovskite nanowires (NWs) array as the switching layer 
clubbed between silver and aluminum contacts. NW Re-RAMs made of three types of methyl ammonium lead 
halide perovskites (MAPbX3; X = Cl, Br, I) have been explored. A trade-off between device switching speed and 
retention time was intriguingly found. Ultrafast switching speed (200 ps) for monocrystalline MAPbI3 and ~7 × 109 s 
ultralong extrapolated retention time for polycrystalline MAPbCl3 NW devices were obtained. Further, first-principles 
calculation revealed that Ag diffusion energy barrier increases when lattice size shrinks from MAPbI3 to MAPbCl3, 
culminating in the trade-off between the device switching speed and retention time.

INTRODUCTION
The dawn of neuromorphic computing, sophisticated bioelectronic 
modules, and big data analytics has accelerated the search for next-
generation robust and nonvolatile memories (NVMs) (1, 2). In the 
past, resistive random access memories (Re-RAMs) have surfaced 
as promising NVMs because of their outstanding device scalability, 
multilevel data storage ability, ultrafast speed, excellent data reten-
tion (>10 years), and endurance performances (3–5). The conven-
tional material choice for the switching layer of Re-RAMs includes 
metal oxides, i.e., NiOx, SiO2, Ta2O5, HfO2, and CuOx, while the 
emerging materials such as two-dimensional metal dichalcogenides 
are also being explored (2, 6, 7). Organic-inorganic hybrid pe
rovskite materials with ABX3 structures are traditionally famous in 
the genre of optoelectronic and photovoltaic devices. However, be-
cause of the innate hysteresis and innumerable charge/ion transport 
channels, these materials have started to be explored for Re-RAMs 
in the past few years. As the solvent engineering method of developing 
perovskite is compatible for fabricating flexible devices and because 
of the low cost of organic-inorganic hybrid perovskite materials, 
halide perovskite materials offer an opportunity for future embedded 
memories in wearable devices and large-scale industry applications 
(8–11). It is to be mentioned here that most of the traditional perovskite 
switching layers reported so far are in bulk thin-film form (12). A 
typical disadvantage of the thin film–based Re-RAMs include dearth 
of protection in environmentally delicate switching media (12, 13). 

The problem becomes more acute in organic-inorganic hybrid pe
rovskite Re-RAMs that suffer from moisture attack and quick deg-
radation, which, in turn, notably suppresses the figure of merits 
(FOMs) and performance metrics. Thin film–based switching me-
dia also thwarts effective integration of multiple Re-RAM cells in a 
single chip due to the presence of potential horizontal pathways fa-
cilitating electrical leakage (14). In this regard, electrically isolated 
nanowire (NW) Re-RAMs hold promise for high device integration 
density. Among the NW-based memory cells, most reports involve 
horizontal NWs that hinder large-scale assembly and full-scale per-
formance utilization in memory cells (15, 16). In addition, the fewer 
reports on vertical NW Re-RAMs do not incorporate any protective 
engineering to prevent the lateral leakage and material stability 
problems (17). Therefore, it is of utmost necessity that a switching 
layer anatomy in Re-RAMs is deciphered such that the concerning 
issues regarding material stability of environmentally sensitive ma-
terials like perovskite, adjacent electrical leakages and NW assem-
bly, can be addressed effectively and in conjunction.

Recently, we have reported that nanoengineered porous alumina 
membrane (PAM) can serve as a highly efficacious protecting tem-
plate to substantially improve the stability of perovskite NWs for 
high-performance optoelectronics owing to its ability to hinder the 
surface diffusion pathways of absorbed moisture and oxygen (13, 18). In 
this work, we demonstrated electrochemical metallization (ECM)–
based Re-RAMs comprising arrays of three-dimensionally integrated 
methyl ammonium lead halide perovskite (MAPbX3; X = Cl, Br, I) 
NWs embedded in a nanoengineered PAM as the switching medium 
with an NW integration density as high as 108 to 109 cm−2 and al-
most 100% fill ratio. By punctilious and methodical studies to ex-
plore MAPbCl3 NWs in the PAM template as the switching layer, 
we were able to achieve the data retention performance to ~9 × 108 s 
for vapor-solid-solid reaction (VSSR) grown MAPbCl3 monocrys-
talline NWs and to ~7 × 109 s for solvent engineering–based poly-
crystalline NWs, at room temperature, as observed from extrapolated 
temperature-dependent Arrhenius plots. Our real-time continuous 
room temperature measurements also confirmed data retention 
capability greater than 107 s without any perceptible degradation 
of the resistance states. To the best of our knowledge, this data 
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retention performance is the longest among all organic-inorganic 
hybrid perovskite Re-RAM systems reported so far (19–27). Our 
Ag/MAPbCl3 NWs/Al Re-RAM devices also exhibited fast erasing 
and writing speed of 300 and 800 ps, respectively, ON/OFF ratio of 
~107, and endurance of 3 × 106 cycles. A systematic study has been 
carried out on Ag/MAPbX3 NWs/Al Re-RAM devices; the perform
ance parameters of MAPbCl3 NWs were compared to their iodide 
and bromide siblings (MAPbI3 and MAPbBr3). A trade-off between 
retention time and speed has been observed for MAPbCl3, MAPbBr3, 
and MAPbI3, respectively. Overall, the chloride-based system ex-
hibited the best retention time, and the iodide one showed the fastest 
operational speed (200 ps). To gain in-depth understanding, Vienna 
Ab initio Simulation Package (VASP) with the predicted augmented 
wave approach was used to explain this trade-off between speed and 
retention time. In short, higher energy barrier for Ag diffusion, 
smaller lattice spacing. and stronger bonding in MAPbCl3 were 
found to be responsible for the relatively longer retention time and 
slower speed when compared to other halide perovskite systems. Also, 
the polycrystalline NWs have even higher diffusion energy barrier 
and more grain boundaries further assist Ag clusters’ trapping when 
compared to monocrystalline NWs, which explains the ~8.2 times 
improvement of data retention performance at room temperature 
for MAPbCl3 NWs. The overall improvement of material stability 
and hence retention ability and endurance compared to the thin-
film counterparts were attributed to the excellent lateral passivation 
provided by the PAM walls and the epoxy packaging on the top.

RESULTS
The device structure is shown in Fig.  1A. The switching layer is 
composed of MAPbCl3 NWs planted in the PAM, sandwiched between 

silver (Ag) and aluminum (Al) contacts acting as the active electrode 
(AE) and counter electrode (CE), respectively. PAM was used as a 
template for NWs’ growth and provided surface passivation. The 
NWs were grown by a bottom-up VSSR process as reported previ-
ously by us (28–30). The diameter of the NWs was ~250 nm, and 
they demonstrated integration density as high as 4 × 108 cm−2. The 
cross-sectional images of the MAPbCl3 NWs rooted in the PAM 
and with length ~1 m are shown in Fig. 1B. The NWs in the PAM 
exhibited close to 100% filling as shown in figs. S1 and S2, which 
ensures 100% of yield for device switching behavior (fig. S3). As 
shown in Fig. 1C, most planes of the MAPbCl3 NWs [(100) being 
predominant] in the x-ray diffraction (XRD) pattern match that of 
standard cubic MAPbCl3, thereby indicating a perfect cubic crystal 
structure (31). Figure 1D represents the typical current-voltage 
(I-V) characteristics of MAPbCl3 NW–based Re-RAM. A dc voltage 
sweep of 0 → + 8 V → 0 V → − 8 V → 0 V was applied to the device 
with 0.1-A current compliance (CC) to prevent the device from 
breakdown. The device exhibited abrupt SET and RESET at thresh-
old switching voltage of 3 and −2.5 V, respectively. The switching 
behavior in perovskite-based Re-RAM with Ag as the active elec-
trode is attributed to ECM of Ag, resulting in inhomogeneous fila-
ment formation as has been explored (25, 32–34). Furthermore, as 
shown in fig. S4, the higher atomic percentage of Ag in switched 
NWs (SNWs) as compared to unswitched ones [pristine NWs (PNWs)] 
bears evidence of the Ag permeation. The PNWs showed no detect-
able trace of Ag inside. Scanning electron microscopy (SEM) and 
energy-dispersive x-ray spectroscopy (EDS) characterization of the 
top and bottom view of MAPbCl3 NWs array shown in figs. S5 and 
S6 also confirmed the Ag filament’s existence in the NW bulk. Spe-
cifically, SNWs and PNWs were made to undergo comparative 
EDS, which revealed that only the SNWs had mapped traces of Ag 

Fig. 1. Device structure analysis and working mechanism of MAPbCl3 NW–based device. (A) Device schematic of MAPbCl3 NWs in the PAM template with Ag as 
active electrode and Al as counter electrode. (B) Cross-sectional SEM image of MAPbCl3 NWs in PAM. (C) XRD characterization of MAPbCl3 NWs. a.u., arbitrary units. 
(D) I-V characteristics of Ag/MAPbCl3 NWs/Al Re-RAM devices. (E) Working mechanism of Ag/MAPbCl3 NWs/Al Re-RAM devices.
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that was driven in while switching. Qualitatively, it was also ob-
served that the Ag concentration within the NWs was more near the 
top contact electrode as compared to the bottom contact electrode. 
Furthermore, fig. S7 shows the comparative XRD peak analysis of 
MAPbCl3 SNWs and PNWs. The SNWs demonstrated an Ag peak 
representing (111) plane, although no such peak was visible in the 
PNWs. On the basis of the above findings, we reveal an ECM mech-
anism that was instrumental in causing the resistive switching be-
havior in our perovskite Re-RAM. Figure 1E shows the schematic of 
the SET and RESET mechanism. When positive voltage is applied 
to Ag electrode, Ag atoms are oxidized into Ag+ ions and then in-
trude into the NWs. Driven by the external electric field, the incom-
ing Ag+ ions move toward the mobile electrons coming from the Al 
CE. Then, these ions are subsequently reduced near the CE and 
elsewhere in the body of the NWs. Further nucleation and electro-
crystallization would trigger the filament growth, and ultimately, 
the AE and CE would be connected by metallic silver bridge/s (35). 
The formation of the bridge results in the low resistance state (LRS). 
The LRS is retained until opposite polarity voltage and consequent 
dominant Joule’s heating rupture the Ag bridge and the system ul-
timately goes back to the high resistance state (HRS) (33).

Multilevel resistance states provide the possibility of ultrahigh 
data storage density because multiple resistance states correspond-
ing to multiple bits can be stored in a single memory cell. The large 
ON/OFF ratio  of ~107 as obtained in the MAPbCl3 NWs (see 
Fig. 1D) presents us a large reading window for the many resistance 
levels. It has been reported previously that the CC is one of the 

pivotal factors influencing the formation of filaments. A larger SET 
CC would result in a more robust filament and a lower resistance 
level compared to a lower SET CC (32, 36). Here, six distinct LRSs 
were obtained from our Ag/MAPbCl3 NWs/Al Re-RAM devices by 
controlling with different SET CCs (CC  =  10−6, 10−5, 10−4, 10−3, 
10−2, and 10−1 A), while a single HRS was observed as shown in 
Fig. 2A. Each data point of the LRSs represents a resistance level 
obtained from the SET process of standard I-V characterization. 
Eight such SET cycles were run for each LRS, and it is well observed 
that the LRSs are distinctly distinguishable from one another, indi-
cating excellent data fidelity. Correspondingly, the HRS values were 
obtained from a standard I-V characterizations after the completion 
of the SET/RESET process. The I-V characterization with different 
compliances has been shown in fig. S8. Switching endurance is an-
other very important FOM for demonstrating reliability of memory 
devices. Figure  2B shows the endurance study of Ag/MAPbCl3 
NWs/Al Re-RAM devices that is measured by applying ac voltage 
pulse sequences comprising 0.5/9/0.5/−9/−0.5-V pulses and 100-s 
pulse duration. The cyclic endurance can reach up to 3 × 106 cycles 
without any degradation in the ON/OFF ratio. For a comprehensive 
statistical study, 18 devices were measured to demonstrate the 
device-to-device variation as shown in fig. S9, with a mean endurance 
value of ~106 cycles. The excellent endurance performance can be 
attributed to the material stability induced by electrical isolation of 
the PAM walls and the surface passivation provided by the NOA81 
epoxy surface packaging. Figure 2C shows the Ag/MAPbCl3 NWs/
Al Re-RAM devices’ reliability in an ambient environment and 

Fig. 2. Electrical characterization, multibit storage, and data retention of MAPbX3 NW–based Re-RAM devices. (A) Multilevel resistance states of Ag/MAPbCl3 NWs/
Al Re-RAM devices with different current compliances. (B) Switching endurance performance of Ag/MAPbCl3 NWs/Al Re-RAM devices. (C) Reliability test of 
the Ag/MAPbCl3/Al Re-RAM devices in an ambient environment and 85°C/80% RH condition. Group A: Ag/MAPbCl3 NW/Al Re-RAM device at ambient environment. 
Group B: Ag/MAPbCl3 NW/Al Re-RAM device at 85°C and 80% RH. Group C: Ag/MAPbCl3 thin-film/Al Re-RAM device at 85°C and 80% RH. (D) ON state retention time 
measurement of Ag/MAPbCl3 NWs/Al Re-RAM devices at different temperature. Inset: ln(t)-1000/T plot. Retention time at room temperature (RT) was extrapolated 
from the linear fitting. (E) Retention performance measured at 105°C of MAPbI3, MAPbBr3, and MAPbCl3 NW–based Re-RAM devices. All the NWs are 1 m in length. 
(F) ln(t)-1000/T plot of MAPbX3-based Re-RAM devices.
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85°C/80% relative humidity (RH) environment. The ON/OFF ratio 
was obtained from the standard I-V scan characterization. The de-
vices maintained ~107 ON/OFF ratio for more than 300 days in am-
bient environment. The ON/OFF ratio of devices at 85°C and 80% 
RH degraded much faster than that in ambient condition. However, 
the devices can still maintain a ~106 ON/OFF ratio beyond 85 days 
(~2000 hours). A batch of Ag/MAPbCl3 thin-film/Al Re-RAM de-
vices was fabricated for comparing with the NW-based devices. SEM 
images of MAPbX3 thin film at different temperature are shown in 
fig. S10. They could only maintain a high ON/OFF ratio for 37 days 
at 85°C and 80% RH environment with epoxy packaging. The Ag/
MAPbCl3 NWs/Al Re-RAM devices exhibited outstanding reliabil-
ity not only in ambient environment but also in a high-temperature 
and high-humidity environment. One of the key FOMs of NVMs 
is its temporal data retention ability. Up until now, perovskite Re-
RAMs have not shown promising performance as far as retention 
ability is concerned (23). Here, we have carried out rigorous reten-
tion time study by exploring device failure at elevated temperature 
and obtaining the extrapolated data retention time from Arrhenius 
plots. The devices under test were placed on the mounting stage of 
the probe station at individual temperature in the inception for 
~15 min to obtain a uniform and stable temperature distribution on 
the device. For data retention ability, as the SET voltage and the 
readout voltage bias affect the device performance, the readout volt-
age should be substantially smaller than the SET voltage to ensure 
sufficient immunity against pseudo-SET under prolonged readout 
biasing (1). In our retention time measurement system, a positive 
half of the I-V scan (0 → 8 V → 0 V) with 0.1-A CC was used to 
switch the devices from HRS to LRS. Afterward, a constant 10-mV 
reading voltage was applied to monitor the resistance of the Re-
RAM devices. Figure 2D shows the retention time of Ag/MAPbCl3 
NWs/Al Re-RAM devices measured at 85°, 105°, 125°, 145°, and 
165°C. We defined the normalized current as the ratio between the 
instantaneous current and the initial current. For Ag filament–based 
Re-RAM, the retention time is determined by Ag diffusion after the 
Ag filament is formed. The Ag diffusion process is thermally acti-
vated and follows the Arrhenius relationship. The retention time (t) 
decreased with the increase of temperature and followed the Arrhenius 
relation [ln (t) ∝Ea/kT], where Ea is the activation energy of Ag dif-
fusion in the crystal, k is the Boltzmann constant, and T is the absolute 
temperature (37). Activation energy (Ea) extraction by the Arrhenius 
method in the retention plot is a technique used ubiquitously to 
estimate data retention (37–44). However, for perovskite Re-RAM 
devices, in the past, researchers have rarely used this method to 
identify the real retention time of devices, mainly because of the 
material and thermal stability issue plaguing the perovskite thin 
films (as shown in fig. S10). Hence, mostly reported retention data 
were obtained at room temperature. Here, in this work, the material 
stability issue concerning perovskite has been addressed by using 
nanoengineered PAM to protect the embedded perovskite NWs. 
The perovskite stability could be preserved in the PAM without any 
epoxy encapsulation for more than 7 months, which was reported 
by us previously (29). In addition, the growth temperature of the 
perovskite NWs was 180°C in the VSSR process (see Materials and 
Methods), and recently, we also reported that the PAM has higher 
thermal conductivity than the perovskite NWs, which instills ther-
mal stability to the NWs by assisting with heat dissipation (18). 
Therefore, after the alleviation of the thermal stability issue using 
PAM, the temperature expedited Arrhenius extrapolation method 

could be used by us effectively to ascertain the estimated retention 
time of perovskite NW Re-RAMs. The inset plot in Fig. 2D shows 
the Arrhenius fitting curve and the subsequent extrapolated data 
retention time of 9 × 108 s at room temperature. The activation 
energy (Ea) was extracted to be 1.07 eV, which is in congruence with 
Ag diffusion activation energy value reported before for other 
switching media (37, 45). Similar retention failure plots for MAPbI3 
and MAPbBr3 NW–based Re-RAM are shown in fig. S11. Intrigu-
ingly, we found that MAPbCl3 NW–based devices exhibited the 
longest retention time and highest activation energy. Figure 2E 
shows the retention time of MAPbX3 (X = Cl, Br, I) NW–based Re-
RAM at 105°C. The devices exhibited excellent retention capability 
at high temperature, which reaffirms the possibility of using these 
devices in practical electronic devices involving thermally rugged 
ambience. As observed from Fig. 2F, the slope of the Arrhenius fit-
ting curve, i.e., the activation energy of Ag diffusion in MAPbI3, 
MAPbBr3, and MAPbCl3 crystals, gradually increases as 0.90, 0.97, 
and 1.07 eV, respectively. The estimated retention time at room 
temperature extracted out from the fitting curves was found to be 
1.62, 6.20, and 28.3 years, respectively. For MAPbCl3 NW–based 
Re-RAM, real-time nonextrapolated measurement yielded reten-
tion time beyond 107 s at room temperature without perceptible 
data degradation as shown in fig. S12. It must be mentioned here 
that the extrapolated retention time portrays the theoretical upper 
limit of retention performance of the device. However, the device 
lifetime would play a critical role in ascertaining the retention abil-
ity of the device. That is an area of research that we plan to focus on 
in the future.

To delve deep into the intrinsic mechanism guiding the remark-
able data retention ability of MAPbCl3 NW–based Re-RAM, we 
carried out simulations based on density functional theory (DFT). 
Supercells (2 × 2 × 2) of the CH3NH3PbX3 (MAPbX3; X = Cl, Br, or 
I) perovskite structures were used for the structural optimization 
and further for distinct Ag doping cases, as shown in Fig. 3A. For 
the Ag doping cases, two different Ag insertion levels were consid-
ered, namely, the Ag0.5MAPbX3 and AgMAPbX3 perovskite struc-
tures. The structural optimizations were adopted by using similar 
critical conditions. The single Ag atom diffusion pathway and tran-
sitional configurations in the Ag0.5MAPbX3 and AgMAPbX3 per-
ovskite structures are shown in Fig.  3  (B  and  C). A total of nine 
pixels were adopted to compute the total energy difference between 
the transitional states to find a minimum energy pathway. The crys-
talline morphology of the perovskite structures remained as it is 
with small lattice expansion when the Ag insertion levels are stoi-
chiometrically 0.5 and 1. The activation energy simulation result is 
shown in Fig. 3 (D and E). The Ea values of Ag atoms are 0.61 to 0.64 eV 
in MAPbI3 crystal structure, 0.79 to 0.85eV in MAPbBr3 crystal 
structure, and 0.91 to 1.04 eV in MAPbCl3 crystal structure. In dif-
ferent Ag concentrations (Ag/Pb = 0.5 and Ag/Pb = 1), the simula-
tion result shows the same trend that Ag atoms have the largest 
diffusion barrier energy in MAPbCl3 crystal structure, which works 
in concurrence with our experimental results. For the difference be-
tween the simulation results and the experimental value, PAM con-
finement for NWs in the experiment scenario can be an important 
reason. It has been widely studied that the strain and volume con-
finement have significant influence on the diffusion energy barrier. 
Volume confinement and compressive strain can lead to higher ac-
tivation energy (46, 47). There are three main reasons contributing 
to the difference of activation energy and hence the retention time 
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among different MAPbX3. First, the lattice parameters have an in-
strumental role to play. The MAPbCl3 crystal structure occupies the 
smallest lattice parameters because of the smallest radii of chlorine 
atoms [MAPbCl3 (a = 5.68 Å) versus MAPbI3 (a = 6.28 Å) and 
MAPbBr3 (a = 5.90 Å)] (48). On the basis of the reversible switching 
behavior, the Ag atoms are supposed to occupy the interstitial sites 
of cubic crystal structure. Larger crystal parameters promise a large 
space for Ag atoms’ diffusion and lower energy barrier, as well as 
faster switching speed. Second, the bonding energy of Pb-Cl is larger 
than Pb-Br and Pb-I, which indicates that MAPbCl3 has better chem-
ical stability than other two (49). The electronegativity that increases 
in the order of I < Br < Cl also contributes to stronger bonding 
energy of Pb-Cl. In addition, the bonding energy of Pb-Cl is larger 
than Ag-Cl, indicating that Ag atoms are less prone to have electro-
chemical reaction with MAPbCl3 matrix. However, the condition 
reverses in the other two systems, again showing that the MAPbCl3 
system is the most stable one. After the filament is properly formed, 
a stable host environment would help to maintain the filament and 
prolong the retention time. Last, according to previous reports, 
MAPbX3 crystal structures’ tolerance factor varies between 0.9 and 
1, increasing progressively in the sequence of MAPbI3, MAPbBr3, 
and MAPbCl3. In this range, the crystal structure is closer to a per-
fect and stable cubic crystal structure when the tolerance factor is 
closer to 1 (50). Hence, the MAPbCl3 system is supposed to render 
the most steady crystal structure. All these three reasons as men-
tioned above make MAPbCl3 NWs the best candidate for demon-
stration of superior data retention ability in NVMs, when compared 
to the iodide and bromide counterparts. Coupled with all of these, 
the lateral PAM passivation and NOA81 epoxy sheath on the top pro-
vides the MAPbX3 NW advantage in terms of temporal data storage 
over previously reported thin-film perovskite Re-RAMs that lack 

these ammunitions to defend against atmospheric moisture. To fur-
ther reaffirm the claim, we also measured the thin-film MAPbCl3 
devices that showed retention time of only 1923 s compared to 
749,675-s data retention at 85°C for our NW-based devices (see 
fig. S13).

Logically, a higher diffusion barrier should hinder a faster switch-
ing process. In this work, we systematically studied the switching 
speed of MAPbX3 (X = Cl, Br, I)–based Re-RAM devices. A single 
pulse with duration from 100 ps to 1 ns was applied to the devices. 
The singular pulses of different duration as provided by the pico
second pulse generator and observed by an oscilloscope are shown 
in fig. S14. The resistances of the devices were monitored by a source 
meter every time before and after the application of the single pulse. 
The reading voltage was 0.1 V to ascertain the value of the devices’ 
resistances. An I-V curve comparison study of Ag/MAPbX3/Al Re-
RAM devices was shown in fig. S15; devices with higher diffusion 
barrier and longer NWs length required larger set voltage. To subs
tantially reduce the transit path of the electrons and moving ions 
within the NW, we used NW length as short as 200 nm (diameter of 
~15 nm) to demonstrate the operating speed performance for our 
Re-RAM devices. Figure 4 depicts that devices with 200-nm length 
can all be SET and RESET by single pulse with duration less than 
1 ns. MAPbI3 NW–based devices exhibited fastest switching among 
three kinds of devices with 200-ps SET speed and 200-ps RESET 
speed. Figure 4A shows that Ag/MAPbI3 NWs/Al-based devices 
can be SET from HRS to LRS under the condition of applying a 
single pulse with pulse duration of and beyond 200 ps. When the 
pulse width increased from 200 to 400 ps, the SET voltage decreased 
from 4.1 to 1.7 V. For the RESET process shown in Fig. 4B, the de-
vice can be RESET from LRS to HRS by single pulse with duration 
of and larger than 200 ps. Akin to the SET process, pulses with large 

Fig. 3. Activation energy simulation based on MAPbX3 crystal structure. (A) Optimized 2 × 2 × 2 perovskite supercell of CH3NH3PbX3 (X = Cl, Br, or I). Methyl-ammonium 
(CH3NH3

+) cation occupies the central site surrounded by 12 nearest neighbor halide ions in eight corner-sharing PbX3
− octahedra. (B and C) Single Ag atom diffusion 

pathway and transitional configurations in the Ag0.5MAPbX3 and AgMAPbX3 perovskite structures. The selected part represents the NEB path of Ag diffusion from a one 
stable site to a nearby stable site. (D and E) Corresponding energy landscape of single Ag atom diffusion from its initial stable site to the next stable site.
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pulse duration resulted in lower RESET voltage. Figure 4 (C to F) 
shows that MAPbBr3-based devices could reach a 200-ps SET speed 
and 300-ps RESET speed, while MAPbCl3-based devices could reach 
800-ps SET speed and 300-ps RESET speed. However, MAPbBr3-
based devices required higher operation voltage than MAPbI3-based 
devices when switched with the pulse of the same width, e.g., MAPbBr3-
based devices switched at 7.1 V and MAPbI3-based devices switched 
at 4.1 V for 200-ps pulse during the SET process. MAPbCl3-based 
devices exhibited similar increasing trend of threshold voltage when 
compared to MAPbBr3 and MAPbI3 devices for the same switching 
pulse width. The intriguingly fast operational speed of perovskite 
NW–based Re-RAMs can be attributed to the highly mobile elec-
trons in the monocrystalline NWs reducing the fast moving Ag+ 
ions within the body of the NWs. Also, the shorter is the length of 
the NW, the shorter is the distance that the electrons and the Ag+ 
ions have to travel before Ag+ ion reduction and filament initiation 
or rupture occur. To the best of our knowledge, the thin-film thick-
nesses of amorphous nitride- and oxide-based Re-RAMs exhibiting 
subnanosecond switching are all below 10 nm (51–54). Intrinsically, 
when compared to those traditional material systems, our per-
ovskite NW devices might have faster switching speed, if using 
the same thickness. This is due to the fact that ionic and electronic 
mobilities are much higher in any semiconducting media compared 
to amorphous ones. When comparing the fastest speed among the 
three MAPbX3 systems in concern, MAPbCl3 crystal is supposed to 
have the highest activation energy that contributes to the longest 
data retention time but the slowest switching speed. This is be-
cause the higher the activation energy is, the more difficult it will be 
for the Ag to migrate in the NWs and therefore will require higher 
switching threshold voltage. There is always a trade-off between 
switching speed and retention time, and hence, there is always a 

window for device engineers to explore and build a system based on 
their requirements. It must also be mentioned here that if the 
subnanosecond switching speed is taken into consideration for 
estimating switching energy per bit, the energies are in the ~pJ 
range, which is comparable with the state-of-the-art standard for all 
Re-RAMs.

To further demonstrate the aforementioned influence of activa-
tion energy on retention time, we used solvent engineering method 
to enhance the activation energy of Ag atoms diffusing in MAPbCl3 
crystals. The device fabrication by solvent engineering method is 
based on spin coating and annealing (see Materials and Methods). 
High-resolution transmission electron microscope (HRTEM) im-
ages and fast Fourier transform analysis were used to ascertain the 
crystalline nature of MAPbCl3 NWs obtained by solvent engineer-
ing and VSSR growth. To characterize the crystal lattice successfully, 
NWs with ~15 nm diameter were used in the TEM characterization 
for both solvent engineering method and VSSR growth. Figure  5 
(A and B) shows that NWs fabricated by solvent engineering method 
are polycrystalline, the crystal lattice orientated in varying direc-
tions, while Fig. 5 (C and D) shows that those fabricated by the 
VSSR process are monocrystalline. The grain boundary of polycrys-
talline NWs can increase the diffusion barrier energy of Ag atoms. 
Temperature-accelerated retention time measurements were carried 
out to study the data retention performance of solvent engineering–
based devices, as shown in Fig. 5E. The inset image shows that the 
linear fitting and the estimated retention time at 85°C can be ex-
trapolated. Furthermore, from the linear fitting, the retention time 
at room temperature was obtained to be ~7 × 109 s. The activation 
energy can be calculated as 1.15 eV. The retention time measured at 
105°C of polycrystalline and monocrystalline NW-based devices is 
compared in Fig. 5F. Polycrystalline MAPbCl3 NW–based devices 

Fig. 4. Switching speed characterization of 200-nm-long MAPbX3 NW–based devices. (A) Writing speed and (B) erasing speed measurements for MAPbI3-based 
device. (C) Writing speed and (D) erasing speed measurements for MAPbBr3-based device. (E) Writing speed and (F) erasing speed measurement for MAPbCl3-
based device.
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show the highest reported data retention time for organic-inorganic 
hybrid perovskite memories to the best of our knowledge. Table 1 
gives a summary of data retention performance of the state-of-the-art 
organic-inorganic hybrid perovskite-based Re-RAM devices. Even 
when compared to all conventional types of Re-RAMs reported so 
far, the retention time performance of our device is among the ones 
in the premier shelf while having one of the fastest switching speed 
(see fig. S16) (24, 37–44, 51–57). The comparison of retention time 
performance for different kinds of previously reported Re-RAMs is 
shown in fig. S16A; all used the Arrhenius extrapolation method 
for estimating the retention time. Results show that polycrystalline 
MAPbCl3 NW–based devices show much longer retention time 
than monocrystalline devices, which provide a practicable way to 
acquire a tunable data retention ability.

DISCUSSION
In summary, here, we report Re-RAM devices based on three-
dimensional perovskite NW array. The unique NW array structure 
with laterally passivated PAM improved the material and electrical 
stability of the devices, also paving the way for future high-density 
storage. The devices exhibited ultralong retention time, bringing 
perovskite-based Re-RAMs at par with conventional NVMs in 
terms of temporal storage of data. We have also provided in-depth 
simulations and mechanistic study explaining the reason for ultra-
high data retention and ultrafast switching speed and a subsequent 

existing possible trade-off between the two. Meanwhile, the devices 
exhibited multilevel data retention ability, high ON/OFF ratio, and 
high endurance compared with state-of-the-art NVMs. All in all, 
the discoveries here herald the possibility of an ultralong temporal 
data retention–enabled and ultrafast operational speed–based Re-RAM 
system. Together with the proven down-scalability and ease of fab-
rication of perovskite NWs in the past, the new Re-RAM system may 
find important applications in future intelligent electronic systems.

MATERIALS AND METHODS
Device fabrication
PAM template fabrication
Aluminum chips with a dimension of 15 mm by 25 mm by 0.25 mm 
were used to fabricate the PAM template through the anodic anod-
ization method reported previously (58). For a typical PAM template 
with a 1-m channel length and a 250-nm pore diameter fabrication 
process, the Al chips were first polished in an acidic solution (25% 
HClO4 and 75 volume % absolute CH3CH2OH) for 3 min to clean 
the surface. Second, the Al sheets were anodized in a solution (de-
ionized water:ethyleneglycol:H3PO4 = 200:100:1, by volume) under 
the voltage of 200 V for two times. Before the second anodization, 
the first time anodized layer was etched away by using a mixture of 
phosphoric acid [6 weight % (wt %) H3PO4 and 1.8 wt % CrO3] for 
20 min at 98°C to produce natural hexagonal ordering. For the 15-nm 
NW samples, 5 volume % H2SO4 at a voltage of 15 V was used for 

Fig. 5. TEM characterization and retention time comparison of polycrystalline NW–based devices and monocrystalline NW–based devices. (A) HRTEM of a single 
polycrystalline MAPbCl3 NW. (B) Magnified HRTEM view of polycrystalline MAPbCl3 NW showing varying lattice orientations, and inset shows corresponding fast Fourier 
transform (FFT) analysis. (C) HRTEM of a single monocrystalline MAPbCl3 NW. (D) Magnified HRTEM view of monocrystalline MAPbCl3 NW showing single lattice orienta-
tion, and inset shows corresponding FFT analysis. (E) Retention time of polycrystalline MAPbCl3 NW–based devices. (F) Retention time comparison of MAPbCl3 polycrys-
talline NWs and monocrystalline NW–based devices.
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the fabrication process. The length of the PAM channel was con-
trolled by the second anodization time. In addition, the diameter of 
each channel was controlled by the anodization voltage. For ordered 
NW growth, Si molds were used to transfer the regular pattern on 
the polished Al chips and the succeeding PAM fabrication yielded 
ordered nanopore array.
NW-based devices fabricated by VSSR process
A voltage ramping-down process was used to thin the Al2O3 barrier 
layer of PAM down to ~4 nm carrying out in 0.2 M H3PO4 solution 
for the 250-nm-diameter devices. The Pb precursor was then de-
posited on the barrier thinned chips at the bottom of PAM channels. 
Perovskite NWs were successfully grown by a bottom-up VSSR 
process at 180°C when the Pb-electrodeposited PAM reacted with 
CH3NH3X (X = I, Br, and Cl) powders under the Ar carrier gas. The 
similar NW fabrication has been reported previously (13, 58). The 
NW-filled PAM surface was cleaned by ion milling under the con-
dition of 100-V accelerating voltage for 1 hour. Four minutes of the 
VSSR regrowth process was carried out for interfacial repairing.
NW-based devices fabricated by solvent engineering
Precursor solution consisting of CH3NH3Cl and PbCl2 dissolving in 
dimethyl sulfoxide (DMSO) (1.1 g/ml) with a 1:1 molar ratio was 
spin-coated on PAM, which was fabricated by 15-V anodization 
voltage. Ten minutes of annealing at 110°C was followed to support 
the MAPbCl3 crystallization process.

Thin film–based devices fabricated by solvent engineering
Precursor solution consisting of CH3NH3Cl and PbCl2 dissolved in 
DMSO (1.1 g/ml) with a 1:1 molar ratio was spin-coated on elec-
tropolished planar aluminum chips without any PAM layer. Twenty 
minutes of annealing at 100°C was followed to support the MAPbCl3 
crystallization process. For SEM morphology of MAPbI3 and MAPbBr3 
shown in fig. S10, the precursor solution comprised CH3NH3X and 
PbX2 with a molar ratio of 1:1 dissolved in N,N′-dimethylformamide 
(0.5 g/ml) and DMSO (1.1 g/ml), with other conditions remain-
ing intact.
Electrode evaporation and device packaging
To fabricate Re-RAM devices, 100-nm layer of Ag was evaporated 
as the top electrode with an electrode area of 0.0314 cm2 under the 
pressure of 5 × 10−4 Pa. For switching speed test device fabrication, 
270-m-wide rectangular strips of 50-nm-thick Ag were used as the 
top electrode. Al substrate was used as the bottom electrode. After 
the evaporation of the top contacts, wire bonding and NOA81 ep-
oxy packaging were carried out.
MAPbCl3 NW extraction
Single NWs for TEM characterization were produced by a mechan-
ical grinding and sonication process. To get NWs formed by the 
VSSR process, HgCl2 etching was used to obtain a free-standing 
Pb-deposited PAM membrane first. Then, the VSSR process and 
electrode evaporation were followed to finish the device fabrication. 

Table 1. Data retention performance comparison of the state-of-the-art organic-inorganic hybrid perovskite-based devices. RT, room temperature. 

Device structure ON/OFF ratio Retention time (s) Reading voltage (V) Report time (year) Reference

ITO/MAPbI3-XCIX/2D 
perovskite/AI >103 104/RT 0.25 2020 (19)

AI/RbPbBr3/ITO/
polyethylene ~106 104/RT 0.4 2020 (20)

Au/PMMA/CsSnI3/Pt >103 3 × 103/RT 0.02 2019 (21)

Au/CH3NH3PbI3/Au ~108 104/RT 0.05 2019 (22)

ITO/Cs2AgBiBr6/Au ~104 105/RT −1 2019 (23)

Au/(CH3NH3)3Bi2I9/ITO >104 103/RT 0.20 2018 (24)

Ag/PMMA/CsPBr3 QDs/
PMMA/ITO/PET ~105 4 × 105/RT 0.50 2018 (25)

Ag/CH3NH3PbI3/Pt >106 1.1 × 104/RT – 2016 (26)

Au/CH3NH3PbI3-XCIX/FTO >102 104/RT 0.25 2015 (27)

Ag/MAPbCI3 
monocrystalline  
NWs/AI

~107 >107/RT 0.01 This work

Ag/MAPbCI3 
monocrystalline  
NWs/AI

~107 ~9 × 108/RT * 0.01 This work

Ag/MAPbCI3 
monocrystalline  
NWs/AI

~107 >7 × 105/85 °∁ 0.01 This work

Ag/MAPbCI3 
polycrystalline  
NWs/AI

~107 ~7 × 109/RT * 0.01 This work

Ag/MAPbCI3 
polycrystalline  
NWs/AI

~107 >6 × 105/105°∁ 0.01 This work

*Retention time value is extrapolated from Arrhenius relation [In (t) ∝ Ea/kT]. Value without “*” is measured from real-time measurement.
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Afterward, the samples were mechanically pulverized and dissolved 
in toluene and further sonicated for 20 min. The single NW would 
finally be stripped from PAM and dispersed uniformly into solvent.
Reliability test
Eighty percent RH was maintained by KCl saturated salt solution at 
85°C in a closed oven.
Material characterization
SEM and EDS images were obtained from SEM JEOL JSM-7100F.  
High-resolution TEM and EDS studies were carried out by TEM 
JEOL (2010). XRD measurement for deciphering the crystal struc-
ture was performed with a Bruker D8 X-ray 22 diffractometer.
Electrical measurements
The cyclic I-V characteristics and endurance of the memory devices 
were measured by Keithley 4200-SCS and 4225 PMU, and Gamry 
Potentiostat SG 300, respectively. The retention time was measured 
by Keithley 2450 with homebuilt LABVIEW programs, while the 
device was mounted on a Lakeshore probe station equipped with a 
336 temperature controller. The single pulse generated for switch-
ing speed measurement was produced with a Picosecond Pulse Labs 
Model 10070A pulse generator, and the resistance of the device was 
monitored with a Keithley 2600 source meter assisted by homebuilt 
LABVIEW programs. A DPO 70804C oscilloscope was used to ob-
serve the input pulses.
Ag activation energy simulations
All first-principles calculations in this work were performed using 
VASP (59) with the projected augmented wave approach (60). The 
generalized gradient approximation Perdew-Berke-Ernzerhof was 
adopted for the exchange-correlation functional. The Brillouin 
zone was sampled by a 3 × 3 × 3 Monkhorst-Pack grid, and the en-
ergy cutoff was set to 520 eV. All geometry structures were fully re-
laxed until the convergence criteria of energy and forces of 10−5 and 
0.02 eV/Å were reached, respectively. All energy cutoff and k-points 
have been tested until the energy reaches its convergence. The fully 
optimized structures were used as the initial configurations for the 
subsequent calculations. The migration barriers for the Ag atom 
diffusion in Ag0.5MAPbX3 and AgMAPbX3 perovskites were calcu-
lated using the climbing nudged band method (CI-NEB) (61) through 
the codes of transition state tools for VASP (VTST) codes (62), in 
compliance with VASP. All the transitional points were propagated 
along the migration direction in a series of traced diffusion ribbon, 
with all unconstrained degrees of freedom relaxed at each step. During 
the NEB calculations, the Pb cations and the halide anions were fixed. 
MA was relaxed because of the wire-like alignment and light weight. 
The same method has been used before in previous reports (63, 64).

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at https://science.org/doi/10.1126/ 
sciadv.abg3788
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