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Abstract

Hybrid organic–inorganic lead perovskites have great potential in optoelectronic device 

applications due to their high stability, narrow band emission, and strong luminescence. Single 

crystals with few defects are the best candidates to disclose a variety of interesting and 

important properties for light emitting device. Here we investigate a single crystalline 

CH3NH3PbBr3 perovskite for its transport and electroluminescence properties. Simple 

fabrication method was used to obtain a 10±2 μm channel between two gold wire electrodes, 

which showed bright intermittent electroluminescence near the interface of one wire after 

cooling down with a constant biasing voltage. The active region of the perovskite single crystal 

was pristine, well isolated from surroundings through the fabrication to characterization process. 

Our presented sample provided an ideal condition to study bulk ionic-electronic properties of 

hybrid halide perovskites. At constant 6 V bias, the current through the sample shows 
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temperature dependent oscillation with Arrhenius behavior, suggesting a thermally activated 

process. The light emission from the sample experiences an intermittent emission rate of once 

every 26±6 minutes. Here we envisage that the current oscillations and intermittent emission 

are caused by ion mediated negative differential resistance and conductive filament formation 

respectively. The latter observation inspires future applications of the material from 

neuromorphic computing to the development of electroluminescence devices.

Introduction

Solution-processable hybrid halide perovskites have been proven as a promising semiconductor 

class for various optoelectronic applications. They have been shown with very high power 

conversion efficiencies in photovoltaic devices, reaching to date the certified efficiency1 of over 

23% and very high external quantum efficiencies of over 20% in light-emitting diodes 

(LEDs).2,3 Researchers have also shown their high performance in other applications, such as 

X- and γ-ray scintillators4–6, photo-detectors7,8, non-volatile memories9–11 field effect 

transistors12–16 and even artificial synapses for neuromorphic computing. 17–19 Despite these 

remarkable characteristics, hybrid perovskites have also shown some drawbacks, such as 

surface restructuring on the aged surfaces,20 poor operational stability and reproducibility21,22 

in devices. Perovskites are known to be ion conductors23,24, and the ions can be mobilized by 

various factors25 such as electric field24, illumination26, and chemical gradients.27 However, 

other factors such as cation polarization, ferroelectric/ferroelastic distortion28, traps or effects 

of air and moisture20,29 can contribute to the instability of perovskite devices as well.  Hence, a 

deeper understanding of material behaviors is needed to achieve high performance and stable 

devices. Current and electroluminescence from perovskite devices are observed to be subjected 

to intermittencies and hysteresis due to multiple imperfections in practical devices. Therefore, 

it is necessary to explore such devices at best encapsulated conditions to isolate its intrinsic 

behavior. 
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Recently, several studies have indicated that charge transport in polycrystalline hybrid lead 

halide perovskites is concurrently happening with ion migration, grain boundary effects, 

polarization disorder of the organic cations, and thermal vibrations of the inorganic lead halide 

octahedra.12 In particular, it has become clear that ionic migration is the dominant factor at 

higher temperatures of above 160-180 K.30,31 Nevertheless, the effect of charge transport in 

grain boundary in polycrystalline perovskites is still significant and interfere our interpretation. 

The study of single crystals32,33 instead of polycrystalline thin films is necessary to simplify and 

isolate the effect of ionic migration. However, the crystals should be sufficiently thin to 

fabricate a device which is suitable for carrier injection in optoelectronic characterizations such 

as charge transport and electroluminescence.34 Recently, light emission from single domain 

microcrystals with ITO/CH3NH3PbBr3/Au structure35 and thin encapsulated single crystals with 

ITO/CH3NH3PbBr3/ITO structure36 have been demonstrated up to room temperature. Recent 

result for light-emitting electrochemical cells of the Ag/CH3NH3PbBr3/CNT structure also 

shows much faster intermittent emission rate of about 0.5 s.37 However, they only observed one 

type of fluctuations and did not relate with a possible very slow intermittent emission in order 

of minutes or hours. In addition, there are still questions about the electroluminescence 

mechanism and the origins of second-long intermittent emission.  Moreover, the effects related 

to surface-defects of the crystals, environmental effect (air, moisture) during the 

characterization or fabrication of the devices38,39 are not negligible in these devices.  

In this work, we demonstrate an approach to achieve a perovskite single crystal sample with 

entirely encapsulating the Au/CH3NH3PbBr3/Au (metal/semiconductor/metal or MSM) 

architecture from the surrounding, where the electrodes and active perovskite single crystals 

stay pristine throughout the process from fabrication to characterization. Our approach with 

overgrown perovskite as a thick encapsulating layer is relatively simple and eliminates many 

factors affecting the sample. We use Gold(Au) as electrode material, which minimizes any 

oxidation during formation of the perovskite crystal.40  This provides a better platform to study 
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the intrinsic bulk properties of the material. We observe a quasi-periodic on/off 

electroluminescence near the electrode interface with a cycle of 26±6 minutes at 160 K and 6 

V constant bias, corresponding to fluctuation of electrical current between high (hundreds of 

μA) and low level (tens of μA), respectively. More interestingly, the electrical current oscillates 

in the time scale of seconds during the off period (low current) with temperature dependent 

frequency. Such regular and orderly quasi-periodic oscillation with period of seconds slows 

down when temperature decreases. We surmise that the quasi-periodic fluctuations in 

electroluminescence and current oscillation are behaviors of bulk single crystal perovskite, 

which is dominant in our proposed samples.

Experimental section

Preparation of gold electrodes: A silicon wafer (1 cm x 1 cm) with 2 μm thermal SiO2 layer 

was used as a holder to grow the perovskite crystals with embedded electrodes. Two drops of 

acetic curable silicone sealant (Corning) were placed with 6±1 mm gap on top of the wafer to 

support the gold electrodes. Then, before the silicone is cured, two clean pieces of pure gold 

wire (diameter of 12.5±0.125 μm, 4±2 cm long) were held parallelly several microns apart in 

place. The gap between two wires were adjusted under the microscope. The sample was set 

aside for few hours for silicone to cure and firmly fix the position of two gold wires. The average 

length of the gap between the gold wires (electrodes) was confirmed by microscope as 10±2 

μm.

Crystal Growth and sample fabrication: The sample was fabricated by enveloping the prefixed 

wire electrodes with a methylammonium lead bromide (CH3NH3PbBr3) crystal. 

Methylammonium bromide and lead (II) bromide were mixed in 1:1 molar ratio, and dissolved 

in N, N-dimethylformamide with vigorous stirring to obtain a 1 mol/L solution. Once the solutes 

were completely dissolved, the precursor solution was filtered by a 0.2 μm pore size PTFE 

syringe filter and was subsequently transferred into several 25 mL vials. One vial was kept on 

a hotplate at 363 K to grow seed crystals. While the seed crystals are forming, a silicon wafer 
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with prefixed gold wires was transferred to the second vial containing the growth solution. 

When the seed crystals appear in first solution, one of the freshly grown seed crystal with about 

1 mm3 volume and cubic facets was transferred in to the second vial. The seed need to be placed 

close to the narrow channel between two gold wires using tweezers. The vial was then placed 

on a hotplate at 353 K to continue growing a large crystal from the seed. It is also important to 

avoid vibration or solution shaking as these would disturb the crystal growth. The process was 

allowed to continue until the CH3NH3PbBr3 crystal completely enveloped the two gold wires.41 

Once the crystal is sufficiently large (more than 5 mm), the sample was removed from the 

growth solution and any residual solution is drained carefully with a tip of a wipe paper. The 

crystallographic data and the optical properties of the crystal after addition two wires are shown 

in Table S1 and Figure S1, respectively. 

Current-voltage characterization: The gold wires, encapsulated by the perovskite crystal, were 

carefully soldered to a pair of sturdier wires, and silicone sealant was used to mechanically 

strengthen the connection. Subsequently, the sample was mounted in the cryo-chamber using 

silver paste at the back of the silicon wafer to ensure good thermal contact. Current-voltage (IV) 

curves were measured with Keithley 2400 source measurement unit.

Electroluminescence characterization: The sample was installed in a cryo-vacuum chamber, 

then pumped to a vacuum bellow 1mTorr. While a bias of 6 V was constantly applied, the 

sample was cooled down to 160 K. Such preconditioning process is introduced to obtain a 

frozen junction condition35, where the mobile ions are allowed to reach a dynamic p-i-n 

structure and then reducing the back dissipation by cooling down the sample. The sample was 

operated only at the preconditioned polarity, to minimize the resetting of ion accumulation. The 

emission was coupled to a multimode fiber through two convex lenses and captured using an 

Ocean Optics USB HR4000 UV-Vis spectroscope. For electroluminescence (EL) imaging, 

Thorlabs CMOS DCC1645C camera with SZ11 microscope was used. For the light-current 

versus voltage (LIV) behavior, the light response was obtained by a photomultiplier tube (PMT) 
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biased at -1100 V. The EL signal from the PMT and the current signal captured through Femto 

DLPCA 200 current voltage trans-impedance amplifier was traced using a HP54615B 

oscilloscope.

Temperature dependent current-time characterization: In a separate experiment to record the 

temperature dependence of current oscillations, the current through the sample is captured in 

Femto DLPCA 200 and observed in oscilloscopes rolling mode screen. The sample temperature 

was changed while fixing a constant bias of 6 V, and the current has been captured at 

temperature interval of 10 K and saved to the computer. The frequency and deviation of the 

oscillation were calculated by averaging multiple periodic times for each temperature. For high 

frequency (i.e. in high temperatures) data, the number of spikes for a unit interval time was 

counted, averaged and reciprocated to obtain the frequency.

Results and discussion

The MSM structure of the Au/CH3NH3PbBr3/Au where the gold wire electrodes were 

enveloped by a large perovskite single crystal is shown schematically in Figure 1a. The 

narrowest distance between two electrodes was very small (10±2 μm), while a large 

CH3NH3PbBr3 perovskite crystal (5 mm) was grown around and completely covered the active 

electrode regions (more details in methods). Within a small region of 10±2 μm gap between 

electrodes, the perovskite semiconductor could be considered as a single crystalline structure. 

The well-encapsulated MSM sample with a high quality single crystalline perovskite allowed 

us to characterize the sample without much interference from crystal grain boundaries and 

surface states related to environmental effects, which are all well known to play crucial roles in 

perovskite samples. We expected a pure characterization of charge transfer and 

electroluminescence in bulk single crystalline perovskite materials.
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Figure 1. MSM sample structure with perovskite single crystal and its electrical behaviors. (a) Sketch of the sample, 

which is comprised of two gold wires embedded within a large hybrid halide perovskite single crystal. (b) 

Electrical current development behavior at different voltages, without any pre-conditioning while cooling down. 

For the clarity, each spectrum is shifted to the top of the other spectrum by 0.2 mA. (c) Electrical current behavior 

in long time at 6V constant bias, after preconditioning at same voltage while cooling down. Inset is a sample from 

the low current region (indicated in blue).

The electrical properties of the MSM structure were first investigated (Figure 1b) with an 

operation at a constant voltage and low temperatures, which has been cooled down to 160 K 

without applying any bias. The current gradually rose over 1-3 orders of magnitude, depending 

on the applied voltage, over the course of 30 minutes to 1 hour before stabilizing, as seen in 

Figure 1b. Brief current spikes (> 100 μA), lasting less than a minute, only occurred when the 

voltages were higher than 9 V. We also observed light emission from the single crystal, 

featuring a “blinking effect” correlated with sharp current spikes through the sample. No light 

emission was detected without the current spikes. Flashing external illumination white light on 

the sample, the photocurrent response was occurred as expected, however, with a brief current 

spike before stabilization. The electroluminescence can be observed associating with this brief 

current spike as well. After stopping the external illumination, the current decayed back to the 

normal level. Before the voltage was applied for each measurement, the sample had been kept 

without any bias for 5 minutes under a sun simulator lamp to minimize hysteresis effects 

between measurements. 
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However, when a bias voltage was applied before and during the cooling down process, the 

electrical behavior was very different. This implies that the material properties and electrical 

behaviors were susceptible to pre-conditioning of the sample. At the temperature of 160 K, 

current spikes (250±50 μA) were observed even at the bias of 6 V (pre-conditioning). The 

current spikes sustained in typically 4 minutes and returned to the lower current state (~tens of 

μA) with quasi-periodical repetition of 26±6 minutes of an interval as shown in Figure 1c. The 

different behaviors of a sample with and without pre-conditioning might relate to ion migration, 

which is well-known in perovskite semiconductor.35 The applied bias voltage created electrical 

field and caused ions to migrate. However, the ion migration was faster at room temperature 

than that at cryogenic temperature. The ion migration would be settled down and this MSM 

sample behaved as a p-n junction device when reaching 160K temperature during pre-

conditioning.35 Without pre-conditioning, the ion migration happened at cryogenic 

temperatures would be very slow and require higher bias. As similar as the sample without pre-

conditioning, electroluminescence (EL) signal was observed during the high current periods, 

while no EL was observed in the lower current state. The difference is only the smaller bias 

voltage for EL in the pre-conditioned sample. 

Reducing the temperature was useful to reduce the mobile ions. However, the MAPbBr3 

undergoes a phase transition42 around 150 K from tetragonal (I4/mcm) to orthorhombic (Pna21) 

via a transitional phase of tetragonal (P4/mmm). The phase transition of the perovskite crystal 

was reflected at its photoluminescence (PL) spectrum whose peak position was at the longest 

wavelength (547 nm) at 150-160 K (Figure S2). Hence, we limited the minimum temperature 

of the sample to 160 K to study the electroluminescence properties of the sample and material. 

Since the pre-conditioning was useful to establish the high current and EL without waiting time, 

we focused our experiments below for samples with pre-conditioning. We now look at the 

sample behaviors at two different regimes for the electric current through the sample at a 
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constant bias Voltage: high current spikes (~ hundreds of μA) and low current regions (~ tens 

of μA).

Figure 2. Current oscillation behaviors of the sample while cooling down. (a) The variation of current with time 

at different temperatures. (b) The dependence of current oscillation frequency on temperature: Arrhenius plot.

Considering the lower current regime, it is interesting that the electrical current through the 

sample showed an oscillation behavior with different periodicity depending on the temperature. 

Figure 2a and Figure S3 show these oscillatory behaviors investigated at different temperatures 

from 160 K to room temperature. The oscillation of the current was relatively slow at low 

temperatures, down to less than 0.100±0.050 Hz at T = 180 K or even 0.010±0.005 Hz observed 

at T = 160 K, see Figure 1c inset. However, the frequency of oscillation increased at higher 

temperatures. The trend continued up to room temperature, where the oscillations became 

relatively fast (above ~10 Hz). Together with higher contribution of random fluctuation at 

increasing temperatures, we can hardly notice the current oscillation at room temperature in 

oscilloscope trace. Plotting the logarithm of the oscillation frequency (f) versus the reciprocal 

of temperature T, as seen in Figure 2b, shows a typical Arrhenius behavior, , 

where A is a constant pre-factor and R is the gas constant. Fitting the model, we deduced the 

activation energy Ea to be 23.4 kJ mol-1 (or 0.24 eV). The Arrhenius relationship between 

oscillation frequency and temperature suggests a thermally activated process. From this value, 

we extrapolate f (160 K) = 0.005±0.001 Hz, which is still consistent with the frequency obtained 
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from Figure 1c inset. To our knowledge, we are the first to report this oscillatory behavior in 

hybrid perovskite diodes. This is probably due to the encapsulation of the bulk perovskite 

channel within the perovskite single crystal, which eliminates surface and grain boundary 

effects that might be a source noise rendering this effect unobservable. 

There are several possible mechanisms that might give rise to the thermally activated Arrhenius 

effect we observe. A likely possibility is ionic migration, which is which is widely reported in 

perovskites.30,43–45 In such a case the activation energy is related to the hopping mechanism of 

the gold ions. Literature reports activation energies for MA+ and Pb2+ of 0.58 eV and 2.31 eV, 

respectively46. The activation energy we obtain from our Arrhenius plot is of 0.24 eV, which is 

smaller compared to the other cations, suggesting that gold cations migrate much faster under 

the electric field and further corroborating the hypothesis that gold ions are main contributors 

to the filament formation.

Ionic motion also gives rise to a negative differential resistance (NDR) effects which are 

responsible for many oscillatory behaviors occurring at constant external stimuli, such as in 

electrochemical cells47,48, Gunn diodes49, neuron axon conductance50 and plasma oscillations51. 

The origin of NDR characteristic could vary, ranging from an interface process to a 

spatiotemporal process. Usually, two types of carriers with different mobilities such as heavy 

vs. light electrons or electron vs. ion conductance could lead to spatiotemporal NDR. Interfacial 

NDR processes are related to a tunneling current, such as in tunneling diodes. Both charge 

carriers in perovskite52 (electronic and ionic) could be the source of the oscillatory behavior, 

either it is a spatiotemporal process due to different mobilities; or modified electron-hole 

injection at metal semiconductor interfaces due to ion accumulation near the electrodes.

Another possibility to the origin of the oscillatory effect is electrochemical redox reactions at 

the gold electrode/perovskite interface, leading to the formation of the gold ions. These redox 

reactions would be thermally activated, frequency dependent, and are expected to feature the 

observed Arrhenius-like behavior. Examples of chemical reactions that show oscillatory 
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behavior, such as the redox Belousov–Zhabotinsky reaction 53,54, which often involve many 

complex reaction steps. The activation energy extracted from our measurements would then be 

determined by the activation energy of the slowest, limiting, reaction. Further investigation will 

however be necessary to fully understand he physical origin of the observed oscillatory 

behavior.

Figure 3. Electroluminescence characteristics. (a) Image of an actual sample under white light illumination. (b) 

The electroluminescence image of the sample and (inset) the crystal orientation. The bright emission spot in the 

middle of the image is within the crystal, at the narrow channel between two embedded gold wires. The other 

emission spots are due to internal reflections which scatter at the crystal surfaces and edges. Cuboid crystal 

orientation and placement of wires are sketched in the inset, as a guide to the eye.  (c) Electroluminescence spectra 

at different currents. The inset shows the corresponding coordinate in CIE diagram. (d) LIV characteristics of the 

sample collected at 160K after leaving the sample for more than 5 minutes without a bias.

Looking at the higher current regime, we could observe bright green electroluminescence of 

MAPbBr3 perovskite single crystal. Figure 3a and Figure 3b show the optical images of an 

actual MSM sample under white light illumination, and its electroluminescence associated with 
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current spikes, respectively. The Video S1 presents the electroluminescence of the same 

samples. The emission from the CH3NH3PbBr3 originated in the narrow channel between two 

gold wires while the reflection in multiple surfaces of the perovskite crystal created virtually 

multiple bright spots around the crystal in the picture. The electroluminescence spectra of the 

single crystal perovskite MSM sample, shown in Figure 3c, featured a sharp (FWHM 12±1 nm) 

single peak at 563 nm with a steep rising edge around 560 nm. The chromaticity diagram in the 

inset of Figure 3c puts the emission in yellow-green range. The photoluminescence peak of 

CH3NH3PbBr3 was at 537 nm at room temperature and shifted to 546 nm at 160 K (Figure S2). 

The difference between the EL and the PL spectra was attributed to self-absorption by the 

material. While PL was emitted from the surface of materials because the excitation laser could 

not penetrate deep inside the crystal, the EL was from the space between the two electrodes, 

which were deep inside the perovskite crystal. The captured EL spectrum was the result of EL 

passing through and being absorbed by a thick layer of material. Our experimental PL at room 

temperature with laser excitation from one side and PL collection from the other side of a crystal 

showed the similar spectral profile as that of EL (Figure S4). The significant red-shift of EL 

spectrum compared to PL spectrum was consistent with very strong self-absorption due to small 

Stokes shift in this bulk Perovskite material55. The asymmetry in the EL peaks, which can be 

fitted with an exponentially modified Gaussian profile (Figure S5), is another evidence for self-

absorption at shorter wavelengths by the thick perovskite crystal. 

With the pre-conditioned sample, the “current spikes” were occurring regularly with typically 

4±1 minutes of ‘on’ time, which allowed us to characterize the electronic and optical properties 

of the sample. The Light-Current-Voltage (LIV) curves are presented in Figure 3d. The LIV 

behavior was similar to a typical light emitting diode with p-n junction and agreed well with 

other recent literature reports about single crystal perovskites under pre-conditioning35,36. The 

EL intensity correlated linearly with the current flowing though the sample, while IV curve 

showed a turn on voltage of about 6 V. The LIV results were measured with voltage sweeping 
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from 0 to 28 V at speed of 3.75 V/s in order to keep the consistency with the material condition. 

As presented in Figure 1c, the current was 250±50 μA at the current spikes when we applied a 

constant bias of 6 V. However, when we immediately swept the voltage the current only turned 

on and reached 200 μA at about 25 V. Hysteretic and history-dependent behavior is well known 

in hybrid perovskites, and attributed to ion segregation within the perovskite crystal56.
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Figure 4. Local evolution of the emission within the perovskite crystal channel. (a) Close-up optical image of the 

channel under a bright external illumination. The gold wires with diameter 12.5 μm inside the crystal are slightly 

visible. Scale bar is 20 μm. (b-d) Emission localized at different positions within the channel. The appearance and 

dimming of emission at the red circled position due to growth of a filament and eventual burnout from short-

circuit. (e) Emission is more prominent in a different place due to eventual formation of another filament. (f) 

Depiction of the encapsulated perovskite channel and (g-j) corresponding stages of illustrated filament formation/ 

destruction phenomenon within the channel. (not to scale). The star and the cross signs respectively indicate the 

filament positions where the emission appear, and eventually disappear due to filament short-circuit. 
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Besides the quasi-periodic current spikes concurrently happened with EL, our microscope 

images (Figure 4a – 4e and Video S2) showed that EL was only happened at the perovskite 

region near the anode side. To explain these observations, we empirically propose a simple 

model based on filament formation57,58 driven by ionic motion, which is a known effect in lead 

halide perovskites.59,60 The simulation procedure is discussed in Supporting Information Note 

S1, an illustration is presented in Figure 4f – 4j. In our model, gold (Au) atoms are oxidized at 

the anode, which is known for gold in perovskite, leading to gold ion migration.61 The reduction 

of Au+ into Au0 is done by the electrons supplied by the cathode, similar to the electroplating 

effect. At the anode negative ions, i.e. Br- will be oxidized into Br0.Since oxidation of Au0 into 

Au+ at the anode occurs most likely by reduction of Pb2+ into Pb0, the (molecular) bromine will 

most likely react with lead and form PbBr2 rather than evaporate. 40,62 The formed Au+ cations 

drift through the perovskite crystal to reach the cathode, hopping through interstitials or vacancy 

sites, following the electric field applied by external electrodes. Once the gold cations reach the 

cathode, gold cations will be further back to Au0 atoms, which will be deposited on the cathode. 

The deposition of the gold atoms will modify the profile of the electric field, creating higher 

electric field at the tip of deposition position, hence leading more gold cations towards the tip 

and forming a filament of gold atoms as seen in Figure 4g. As the filament grows (Figure 4h), 

the local electric field increases and reaches a “threshold”, the current sharply increases, similar 

to filament-based memory devices58, causing the current surges in Figure 1b-c. The current 

density is high enough to have significant density of electrons and holes in the perovskite for 

radiative recombination, resulting in electroluminescence close to the other interface of the 

other gold electrode. The number of growth filaments, thickness and structure of the filaments 

could depend on various factors such as the voltage and temperature, ion diffusion constants 

and distance between the electrodes.37,57 The electroluminescence will increase as the filament 

grows further, as seen in Figure 4c and Figure 4h. This type of filament formation has been 
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previously observed in perovskite devices, in particular in perovskite resistive memories.63,64  

However, the increases in current through a small perovskite gap when the filament approaches 

anode will also lead to a significant Joule heating, resulting into a sharp increase of the local 

temperature or even localized electrical breakdown as in Figure 4d and Figure 4i.  This will 

lead to either the disintegration of the filament or damage to the local crystal structure of the 

perovskite. Thus, we can observe a sharp decrease in the current, and loss of 

electroluminescence. Eventually, another filament will form at a different position, repeating 

the process, as in Figure 4e and Figure 4j. However, this implies that the filament formation 

with the heating also can harm the material. Thus, at the same position, the material should not 

light-up again after the filament is broken. It is worth to note that the distance between our 

electrodes varies along the wire, and certainly the filament formation and EL happen around 

the smallest gap region where the electric field is the strongest. When the material at the 

narrowest position is damaged, another filament will grow at a nearest possible region.37,57 This 

dual behavior of filament growth driven by the electric field, or “electrochemical metallization 

mechanism (ECM)“ and filament breaking process due to heating, or “thermochemistry 

mechanism (TCM)“ can be effective in respective processes due to low and high current 

regimes. In those regimes, the Joule heating at high currents can be highly concentrated at the 

filament, subjected to the limited heat dissipation through the bulk perovskite material.

Conclusion

We demonstrated a simple and robust single crystal perovskite sample, which showed 

electroluminescence at low temperatures and sufficiently high currents. The proposed sample 

concept where the electrode-perovskite structure stayed pristine throughout the process from 

fabrication to characterization allowed us to observe more regular current oscillation in single 

crystal perovskites. We observed a novel oscillatory behavior, which relates to thermally 

activated process because of its Arrhenius dependency on the temperature. In addition, the 

MSM sample showed a regular quasi-periodic sharp rise in current, corresponding to 
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intermittent electroluminescence, which can be explained by filament formation within the 

sample. These observations could shed new light on the intrinsic behaviors of single crystalline 

perovskite devices and highlight the significance of ionic motion on the conduction in 

perovskite devices, which is important to novel perovskite applications in future. While alerting 

the use of perovskite single crystals in normal lighting or communications applications, we 

hope the future will determine some practical uses of this interesting mechanism. Some possible 

areas are in iontronics, or in neuromorphic memory devices which can use the emission as an 

additional degree of freedom.

Supporting Information
Supporting Information is available free of charge on the ACS Publications website.

Temperature dependent photoluminescence (PL) spectra; current oscillation behavior at 

different temperatures; photoluminescence spectrum measured though the 

CH3NH3PbBr3 crystal; electroluminescence spectrum and exponentially modified 

gaussian profile fitting; Monte-Carlo simulation procedure; single crystal X-ray 

diffraction (SCXRD) data; normalized absorbance spectrum.
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