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1. Introduction

The past decade has seen a rapid develop-
ment of solar cells based on metal halide 
perovskites (MHPs) benefiting from their 
advantages such as low-temperature pro-
cessing, high absorption coefficient, long 
electron–hole diffusion length, and tune-
able band gap.[1–4] However, the instability 
of MHP materials remains a major hurdle 
that limits the commercialization of the 
perovskite solar cells, particularly under 
operating conditions such as illumina-
tion and electrical bias. Recent literature 
indicates that ion migration is intrinsic to 
MHP, and it contributes to many effects 
in perovskite materials and devices such 
as hysteresis, photo-induced giant dielec-
tric constants, photoluminescence (PL) 
enhancement, degradation, blinking and 
flickering, and so on.[5–15] Ion migration 
has also been reported to be responsible 
for the formation of structural defects 

and eventual degradation of perovskite semiconductors.[6,16–19] 
Defect states in MHP have been widely discussed in literature 
because of their direct influence on the carrier lifetime and dif-
fusion length, which are crucial for reaching high efficiency of 
the MHP-based devices.[20–26] However, the defect states can 
also be annihilated as demonstrated, e.g., by PL enhancement 
by light soaking and solar cells efficiency recovery after keeping 
devices in dark which complicates the picture.[27,28] Although 
substantial efforts have been made to study ion migration 
under illumination and external electric field (EF),[6–8,13,16,29,30] 
the underlying fundamental physics concerning nonradiative 
recombination induced by ion migration remains elusive. A 
deeper insight into the ion migration effect in MHP, particu-
larly under illumination and external bias, is imperative to solve 
the instability problem of perovskite-based devices.

Recently, EF poling experiments on MHP films with lat-
eral electrodes have shown both reversible and irreversible PL 
quenching, which has been attributed to the formation of traps 
due to ion migration.[31,32] In most of the experiments, however, 
perovskite films or crystals were directly in contact with at least 
one of the electrodes.[6,30–36] This makes direct charge injection 
and decomposition of the material under prolonged influence 
of current an important factor for the PL response. Thus lack of 
insulation layers makes it difficult to tell apart the pure effect of 
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EF from the effect of prolonged current and mass transfer over 
the device.

The difference of our approach is that we want to exclude 
direct charge injection in order to have a better insight into 
the EF-induced PL response. To achieve this, we studied indi-
vidual sub-micrometer MHP polycrystals in devices with 
well-insulated electrodes. The PL properties of two types of 
MHP polycrystals (MAPbX3, X = Br, I) were studied under 
both constant EF and alternating EF. It was found that the 
PL of MAPbBr3 shows various responses to the constant EF 
including PL enhancement and quenching, while for MAPbI3 
only PL quenching was observed under constant EF. However, 
the PL of both materials was found to be easily quenched by 
alternating EF with frequencies 10–1000  Hz. After removing 
the alternating EF, the PL was found to slowly recover within 
several minutes to the original value. We will discuss the differ-
ence between constant and alternating EF and the role of grain 
boundaries and light-induced ion migration for the observed 
effects. The ability to control PL by EF can be potentially used 
in optoelectronic devices.

2. PL and Scanning Electron Microscope 
(SEM) Image Analysis of Individual MAPbBr3 
Polycrystals

Figure 1a shows the typical PL image of an MAPbBr3 sample 
prepared on an interdigitated electrode device (see the Experi-
mental Section). The bright spots presented in this image show 
individual MAPbBr3 polycrystals which are also visible in the 
corresponding SEM image (Figure 1b). The full set of individual 
crystals and their labeling scheme are presented in Figure S4 
in the Supporting Information. Note that some small crystals 
were sometimes staying in long-lived off states and were not 
always visible on PL images, compare Figure 1a and Figure S4 

in the Supporting Information, where PL images of the same 
region were taken at different times. The simulated distribu-
tion of EF between two electrodes under 50 V constant bias is 
shown in Figure 1c, demonstrating that a large EF amplitude is 
reached at the edges of the electrodes. Due to the device profile, 
most of the crystals appeared sitting at the edges of the elec-
trodes where the EF was the strongest (up to 4 × 105 V cm−1). 
Figure  1d shows an SEM image of the individual MAPbBr3 
polycrystal no. 63, which is also marked on the images in (a) 
and (b). SEM images of some other crystals can be found in 
Figure S3 in the Supporting Information.

3. PL Response of Different Individual MAPbBr3 
Polycrystals under 50 V Constant EF

We investigated the PL response of MAPbBr3 and of MAPbI3 
crystals on a constant and sinusoidal EF by applying either con-
stant or alternating bias voltage. We varied the modulation fre-
quency from 0 Hz to 1 kHz and used the bias amplitude up to 
50 and 100 V for MAPbBr3 and MAPbI3, respectively.

Figure  2 shows several typical responses of the PL of indi-
vidual MAPbBr3 polycrystals to a constant bias (50 V, EF up to 
4 × 105 V cm−1 at the electrode edge). Data for all studied crys-
tals are shown in Figure S5 in the Supporting Information. In 
this experiment, the laser was always kept on, but the EF was 
switched on at 10 s and switched off at 20 s. It was found that 
the PL of about 75% of the crystals did not show clear response 
to the applied constant EF. The other crystals, however, showed 
a very diverse and often delayed response. PL of some poly-
crystals was quenched when the constant bias was switched 
on with PL recovery after the constant bias was switched 
off. This is consistent with the reported effects in EF poling 
experiments.[31] Contrary to previous reports, we also found a 
significant enhancement of the PL of some crystals induced 
by constant EF (Figure  2c,d). Although the response can be 
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Figure 1.  a) PL image of MAPbBr3 nano and microcrystals dispersed on the device with interdigitated electrodes with 5 µm gap. b) SEM image of the 
same region of the device where electrodes and some crystals are visible, circles mark the same areas in (a) and (b), crystals are labeled by numbers. 
c) The scheme of the device (not in scale), thicknesses of the layers: Au—210 nm, SiO2—140 nm. The distribution of the EF over the electrode gap is 
calculated for 50 V constant voltage applied between neighboring electrodes using COMSOL simulation software. Close to the electrode edge, the EF 
reaches 4 × 105 V cm−1. d) SEM image of crystal no. 63 marked in (b). e) Overview of the experimental setup.
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both fast and slow, the examples presented in Figure  2c,d 
show a direct correlation between the PL intensity change and 
the timing of the constant bias switching. More interestingly, 
some crystals showed a delayed response to the constant EF 
switching (Figure 2e,f), however, here we cannot fully exclude 
the influence of intrinsic PL intermittency of the polycrystal 
itself. We propose that the diverse response to a constant EF 
is related to heterogeneity of the studied crystals in terms of 
polycrystallinity, morphology, and initial distribution of defects 
as will be further discussed in more details.

4. PL Response of Different Individual MAPbBr3 
Polycrystals to 50 V@1 kHz Alternating EF

In contrast to the heterogenous response of individual crystals to 
a constant EF, a much more homogenous response to an alter-
nating EF was observed—namely, the PL of all studied crystals 

was quenched. Figure 3 shows the influence of alternating EF 
on PL intensity traces of the same individual MAPbBr3 crystals 
whose response to a constant EF has been shown in Figure 2. 
PL responses of all crystals to the alternating EF are shown in 
Figure S6 in the Supporting Information. These results dem-
onstrate that the PL was quenched significantly when an alter-
nating bias (±50  V, 1  kHz) was applied. After removing the 
alternating EF, the PL recovered to its original level at the time 
scale of minutes (not shown).

5. Bias Voltage and Frequency-Dependent PL 
Quenching of Individual MAPbBr3 Polycrystals 
under Alternating EF

To assess the effect of the EF amplitude, the bias voltage of 
alternating EF was swept from ±10 to ±50 V with the fixed fre-
quency of 1  kHz (Figure  4a). Here, the background level was 
subtracted first from the PL signal and then the intensity was 
divided by the PL intensity averaged over the first 10 s (before 
applying the EF). It can be seen that the PL of an individual 
MAPbBr3 was not quenched under ±10  V alternating EF. 
However, when the alternating EF amplitude was increased  
to ±20  V, the quenching became pronounced. When the 
EF amplitude was increased further, the PL was completely 
quenched to the background level.

Figure  4b shows the normalized PL of another MAPbBr3 
crystal (crystal no. 63) under alternating EF with ±50  V bias 
amplitude but the frequency was swept from 1  Hz to 1  kHz. 
It can be seen that the PL shows a very little response to the 
alternating EF under 1 Hz. However, increasing the frequency 
leads to a more pronounced PL quenching. At 1 kHz and 50 V 
amplitude, the PL of the MAPbBr3 crystals was quenched to the 
background level. Moreover, the recovery process was much 
slower for 1 kHz in comparison to the recovery after applying 
an alternating EF of lower frequencies.

The PL spectrum of crystal no. 63 was measured before and 
during the application of alternating bias (±50  V, 1  kHz), as 
shown in Figure 4c. While PL was quenched, no spectral shift 
was observed. We also compared the PL decay of the same indi-
vidual polycrystal before and during alternating bias (±50  V, 
1 kHz). Figure 4d shows that the PL decay kinetic without EF is 
close to mono-exponential. However, under the alternating bias 
the PL decays much faster nonexponentially. Upon removal of 
the alternating bias, the decay recovers completely to the initial 
shape (yellow line) accompanied by recovery of the PL intensity.

6. The Role of Light Illumination and Alternating 
EF in PL Quenching and Recovery of MAPbBr3 
Polycrystals

Here, two questions arise when we consider the role of illu-
mination and EF in PL quenching and recovery. First, is alter-
nating EF the only responsible for PL quenching? Is light 
illumination also important? Second, does light illumination 
play a role in the recovery process of PL after removing EF? A 
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Figure 2.  PL intensity traces of several individual MAPbBr3 crystals dem-
onstrating diverse response to 50 V constant bias. Times when the EF was 
switched on and off are marked by red vertical lines.

Figure 3.  PL intensity traces of several MAPbBr3 polycrystals showing 
similar responses to 50 V@1 kHz alternating bias. Times when the EF 
was switched on and off are marked by red vertical lines.
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series of experiments on the individual MAPbBr3 polycrystal 
no. 63 to answer these questions will be presented below.

For each experiment, we used different time sequence in 
which both the bias and the laser were switched on and off 
in various patterns (see Figure  5). At first, we checked the 
response of the PL on switching on and off the laser only. 
With our time resolution, the response was instantaneous 
(Figure 5a, gray coloring shows the dark condition). Then we 
monitored the response of PL on switching on and off alter-
nating EF under constant laser illumination. While the PL 
quenching was fast, the PL recovery was much slower at the 
time scale of minutes (Figure 5b). In the next experiment, we 
applied the same alternating bias during the time the laser 
was switched off (Figure 5c). Just a second after the bias was 
removed, we photoexcited the crystal again and followed the 
evolution of the PL intensity. In this case, PL recovery to its 
original value was substantially faster than in case b when the 
EF and the laser acted together. Therefore, simultaneous appli-
cation of light and alternating EF induces stronger and more 
enduring changes in the material compared to an alternating 
EF alone.

In the last test shown in Figure 5d, we checked how fast the 
sample recovers without illumination after switching the bias 
off. Essentially the experiment was the same as in case b, but 
after removing the bias we also removed the laser illumination 
for 10 s. After this dark period, the PL recovered more slowly 
than in case b (see also Figure S7, Supporting Information). 
It shows that laser illumination does not only lead to a larger 

change in the material when applied together with EF, but also 
helps the material to recover to its original state.

7. Bias Voltage and Frequency-Dependent 
PL Quenching of MAPbI3 Polycrystals 
under Alternating EF

We carried out the same experiments with MAPbI3 polycrystals. 
The PL and SEM images of the sample are shown in Figure S8 in 
the Supporting Information. The influence of the bias voltage on 
the PL of the MAPbI3 polycrystal (no. 28 in Figure S10, Supporting 
Information) is shown in Figure 6a, in which the alternating bias 
voltage was swept from ±10 to ±100 V with fixed modulation fre-
quency of 1  kHz. Similar to MAPbBr3, higher bias voltage and 
higher frequency gave stronger PL quenching (Figure 6b). Like-
wise, no spectral shift upon EF-induced quenching was observed 
(Figure 6c). The PL decay of the MAPbI3 polycrystal before and 
during alternating EF (±50 V@1  kHz) is shown in Figure  6d 
where only a quite small change of PL lifetime upon EF-induced 
quenching can be seen. The PL recovery process in MAPbI3 
(Figure S9, Supporting Information) appears to be faster than 
that in the MAPbBr3 sample, compare with Figure 5. Another sig-
nificant difference is that the constant EF was found to cause only 
a weak PL quenching in some of the studied MAPbI3 crystals, 
but no PL enhancement was observed contrary to the MAbBr3 
sample (see Figure S11, Supporting Information).

Adv. Optical Mater. 2020, 8, 1901642

Figure 4.  a) Normalized PL intensity traces of an individual MAPbBr3 polycrystal under 1 kHz alternating EF with different bias amplitude. b) Normal-
ized PL intensity traces of another individual MAPbBr3 crystal (no. 63) under ±50 V alternating bias with different frequency. The sample was irradiated 
by the laser over the whole measurement. c) PL spectra of the individual MAPbBr3 crystal (no. 63) without and with ±50 V@1 kHz alternating bias.  
d) PL decay curves of the individual MAPbBr3 crystal (no. 63) with and without ±50 V@1 kHz alternating bias.
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8. Possible Mechanisms of PL Response 
of MAPbX3 Polycrystals to Constant 
and Alternating EF

Under photoexcitation only a minor part of the absorbed energy 
is emitted as PL because the PL quantum yield is quite low. 
Thus, most of the photo-generated charges recombine nonra-
diatively generating not only heat but also chemical/structural 
modifications of the material. Generally speaking, nonradiative 
recombination occurs via charge trapping by defect states lying 
close to the middle of the bandgap, by nonradiative centers 
of a complex internal organization (like, e.g., donor–acceptor 
pairs) and by surface states.[37–39] For MAPbI3, the most widely 
discussed native point defects are iodine vacancies (VI) and 
anti-site occupations (PbI and IMA).[20–23] Frenkel defects (the 
simplest defect complex consisting of an interstitial defect and 
a vacancy created by the same atom) have also been discussed 
as possible effective nonradiative centers.[27]

There are many factors at the preparation stage which can 
induce defects in MHP.[40,41] However, when the sample is 
already prepared, ion migration is probably one of the most 
important phenomenon responsible for further sample evolu-
tion and its eventual degradation.[17,18,42] The dominant species 
for ion migration are most likely the halogen ions (e.g., I− in 
MAPbI3), however MA+ and others can also migrate but with 
higher activation energy.[11,13,30,43] It is known that light illumi-
nation can induce and enhance ion migration in MHP mate-
rials by yet not fully understood mechanisms.[10,27,29] Both 
light-induced PL enhancement and PL degradation have been 

discussed in relation to ion migration which can assist annihi-
lation and creation of defects.[44–46]

When an MHP material is placed in an external EF, both 
free charges and ions are able to drift along the field direc-
tion.[33,43] As a first approximation, the averaged EF inside the 
material is lower than that outside by an effective dielectric 
constant ε. MHP and in particular MAPbI3 and MAPbBr3 pos-
sess an apparent giant ε reaching 1000 or more for a static EF. 
For an AC EF, ε goes down by one to two orders of magnitude 
with increasing of the frequency to 1  kHz.[9] Literature dis-
cusses many reasons for such high value of ε and its frequency 
dependence.[9,14,47,48] Local inhomogeneity in terms of capacity 
and conductivity as well as ion migration is considered to be an 
importnant factor leading to the complex dielectric response of 
MHPs.[9,14] Although there is no comprehensive picture yet, it is 
clear that a constant equilibrated EF inside the material should 
be much lower than an alternating EF at frequencies 0.1–1 kHz 
due to the difference in the apparent dielectric constant.

Because the internal static EF is weak, the effect of the con-
stant EF to MAPbX3 crystals, if it exists at all, must be highly 
dependent on the initial condition of the crystals. In other 
words, we propose that a static EF is able to change the status of 
already existing nonradiative centers, but it is too week to create 
new ones. For example, let us look at the results for MAPbBr3. 
As can be found in the SEM images, different MAPbBr3 poly-
crystals possess very different morphologies. In some of them 
we see many grain boundaries (Figure 1d and Figure S3, Sup-
porting Information). The grain boundaries separate highly 
conductive crystals and charge carriers (ions, electrons, holes) 

Adv. Optical Mater. 2020, 8, 1901642

Figure 5.  PL intensity transients of the individual MAPbBr3 polycrystal (no. 63) under light irradiation and alternating bias (±50 V@1 kHz) applied in 
different combinations. a) The laser was switched on and off without bias (dark period is shown by gray coloring). b) The laser was always on while the 
EF was switched on and then off (red hatching). c) EF was applied during the period when the laser was switched off. d) The same experiment as in (b) 
but the laser was switched off for 10 s at the same time with switching off the EF. Compare the PL recovery kinetics in all graphs, marked by red ellipses.
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may accumulate at the interfaces or their pre-existing configu-
rations may change upon application of EF. This means that 
the conditions at the surface of the crystallites inside the poly-
crystalline agglomerate (in terms of locations of ions, and their 
complexes) can change under EF leading to changing of the 
surface recombination rate and, as a consequence, PL quantum 
yield. Due to different and individual crystallization conditions, 
the individual “history” of each crystal in terms of the number, 
location, and shape of the grain boundaries differs enormously 
from crystal to crystal. That is why we can find very diverse 
responses of MAPbBr3 polycrystals to constant EF (Figure  2). 
Since reconfiguration of the surface charges may take time and 
may have a high potential barrier, the response can be delayed 
as shown in Figure 2 for some crystals. Ideas along these lines 
have been used to speculate about the nature of EF-dependent 
luminescence blinking of perovskite quantum dots and indi-
vidual molecules of conjugated polymers.[49,50]

In contrast, when the alternating EF with high frequency 
was applied to the samples of both MAPbI3 and MAPbBr3, the 
internal field was about one order of magnitude higher than 
for the constant EF condition. Strong EF induces separation of 
electron and holes and also pulls apart ions of the opposite sign. 
We hypothesize that this field is strong enough to generate 
new nonradiative recombination centers by inducing local ion 
migration[36] in the material illuminated by light. That is why, 
we always observed PL quenching under the alternating EF 
conditions. We found that the effect of EF gets much stronger 
in terms of long-lasting change of the sample PL when light 
illumination is applied at the same time (compare the recovery 

time after switching off EF in Figure 5a,b, and in Figure S9a,b, 
Supporting Information).

Naturally, ion migration induced by the laser illumina-
tion must be further promoted by the EF, leading to the for-
mation of structural defects and nonradiative recombination 
centers.[8,13,27,29] Neither our data nor the literature allows for 
comprehensive discussion of the nature of these nonradiative 
centers much beyond speculation. When the external alter-
nating EF was removed from the perovskite polycrystals, the PL 
showed a slow recovery. The recovery is slow simply because 
it is driven by temperature and may be light, while the forma-
tion of quenchers is also driven by EF. When the crystal struc-
ture has recovered, the PL intensity reaches the original level. 
Note that PL recovery was much slower without the assistance 
of light illumination, as can be found in Figure S7 in the Sup-
porting Information by comparison with Figure 5d. We propose 
that annihilation of the structural defects in the dark is so slow 
because ion migration without light is slow.[8,29]

Our experimental results allow us to propose a simple quali-
tative model based on chemical equilibrium. Let us assume that 
we have two states of the semiconductor called Bright and Dark. 
In the Bright state, the concentration of nonradiative centers is 
small and PL intensity is high, while in the Dark state the con-
centration of nonradiative centers is large and PL is quenched. 
These two states are in equilibrium due to continuous forma-
tion and annihilation of nonradiative centers with rates k and 
k′, respectively, which become larger upon light illumination 
due to light assistant ion migration. Obviously, an alternating 
EF promotes the Dark state with respect to the Bright state, 
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Figure 6.  PL intensity transients, spectra, and decay kinetics for individual MAPbI3 crystal no. 28 under influence of AC EF. a) The PL intensity transients 
under influence of 1 kHz AC EF with different bias voltage applied at 10 s and removed at 20 s. b) The PL intensity traces under influence of ±50 V AC 
EF with different frequency applied at 10 s and removed at 20 s. The laser remained on during the whole measurements in (a) and (b). c) PL spectra 
before and during application of AC EF (±50 V@1 kHz). d) PL decay kinetics before, during, and after applying AC EF (±50 V@1 kHz).
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or, in other words, it shifts the chemical equilibrium toward a 
higher concentration of nonradiative centers. The role of light 
illumination is then to accelerate the process, i.e., to shorten 
the time needed to reach the equilibrium between the defect 
formation and annihilation. Formally, we can express this idea 
by using EF-dependent equilibrium constant K in the following 
reaction

K
k

k

[ ]
[ ]( ) →

←  =
( )

( )′′

Bright Dark, EF
Bright

Dark

light

light

	 (1)

9. Conclusion

We studied the effect of EF on the PL of sub-micrometer poly-
crystals of MAPbX3(X = Br, I) perovskite. Unlike most published 
experiments, we employed devices where insulation prevented 
direct charge injection to the material from electrodes. It was 
found that a constant EF shows very individual effects on PL 
of MAPbBr3 polycrystals ranging from PL quenching to PL 
enhancement and from an immediate to a delayed response. A 
substantial part of the studied crystals showed no response to 
constant EF at all. This is contrary to alternating EF, which was 
found to reversibly quench the PL of all studied crystals for both 
perovskite materials. We propose that alternating EF has such 
a clear effect first of all due to the orders of magnitude higher 
EF inside the crystals in comparison to the constant EF due to 
a lower dielectric constant for alternating EF (1  kHz) in com-
parison with the static conditions. This alternating EF is able 
to create nonradiative recombination centers by promoting ion 
migration. The constant field, although much weaker, acts for 
a long time uni-directionally, which eventually can change the 
status of already existing nonradiative centers and states at the 
surfaces and grain boundaries. This can lead to either changes 
of PL (quenching or enhancement) depending on the initial 
conditions in the crystal. In all experiments, the rate of crea-
tion and annihilation of the PL quenching centers showed clear 
dependence on the light illumination conditions as expected 
for an ion-migration-induced process. The whole observations 
fit the qualitative picture where the external EF determines the 
balance between the radiative and nonradiative recombination 
(equilibrium conditions) while light illumination influences the 
speed the equilibrium is reached. Besides fundamental interest, 
our results can be useful in application of MHP as optoelec-
tronic switches including neuromorphic optoelectronics where 
responses with memory/delay can be of an advantage.[51]

10. Experimental Section
A device consisting of gold interdigitated electrodes with 5  µm gaps 
was fabricated on thermally oxidized silicon wafers using standard 
photolithographic techniques. The contact area of the device was 
covered by a 140  nm thick SiO2 layer to isolate the perovskite crystals 
from the electrodes. The colloidal solution of “naked” MAPbBr3 
nanocrystals without surfactant was prepared according to the 
published recipe.[52] It was diluted with ethyl acetate and drop-cast on 
the device. MAPbI3 sample was prepared via the one-step process using 

gamma-Butyrolactone as the solvent. The diluted precursor solution 
was drop-cast on the device, followed by 20  min thermal annealing at 
80 oC (see the Supporting Information for detailed information). The 
device containing perovskite polycrystals was mounted on the sample 
stage of a home-built wide-field epi-fluorescence microscope based on 
an Olympus IX71 frame, as shown in Figure  1e and Figure S1 in the 
Supporting Information. The samples were excited by an Argon-ion laser 
(514 nm, CW) through a 40  × objective (Olympus LUCPlanFL, NA = 0.6)  
resulting in an excitation power density of 1.8 W cm−2 for MAPbBr3 
and 0.27 W cm−2 for MAPbI3 polycrystals, respectively. An EMCCD 
camera (ProEM 512B, Princeton Instruments) was used to record PL 
images and PL spectra of individual crystals. A constant or sine-wave 
alternating bias voltage was generated by a function generator as shown 
in Figure S2 in the Supporting Information. In order to obtain PL lifetime 
of the perovskite polycrystals, a pulsed 485  nm diode laser (10  MHz,  
1.55 W cm−2 for MAPbBr3 and 5  MHz, 0.82 W cm−2 for MAPbI3) was 
used for excitation. The PL was then detected by a single photon 
counting system (PicoHarp, time resolution ≈100 ps). All measurements 
were carried out in ambient air at room temperature.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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