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ABSTRACT: Ionic movement inside organometal halide perovskites (OMHP)
materials has been widely reported to be linked with stability issues in the
perovskite-based optoelectronic devices. However, the dynamic processes of the
ionic movement and how they influence the devices are still not well-understood.
In this work, we applied an external electric field to the CH;NH;Pbl; crystal and
simultaneously monitored the PL behaviors. Two successive PL responses were
observed in the same location of the crystal. First, an irreversible PL quenching
was observed caused by the photo-annealing effect under an electric field
accompanied by a permanent morphology change. The annealed area also
showed reversible PL variation, which was attributed to the activation—
deactivation of the radiative recombination centers induced by the migration of
the iodine ions. Such results can help us gain a deep insight into how the ionic
movements in OMHPs influence the performance of the perovskite-based
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optoelectronic devices under working conditions.

We have witnessed the skyrocketing progress of the
performance of organometal halide perovskite
(OMHP)-based optoelectronic devices during the past decade;
for example, the energy conversion efficiency of perovskite
solar cells has reached 25.5%.* Nevertheless, the unsat-
isfactory device stability”* and current—voltage hysteresis’~’
are still the main issues existing in most perovskite-based
optoelectronic devices under operational conditions. For
example, O'Regan et al. have observed current—voltage
hysteresis phenomena in CH;NH;Pbl;-based solar cells
when measuring the transient photovoltage and differential
capacitance.” Miyano et al. also witnessed the influence of
interface on the degradation of lead iodide perovskite by
extending the time scale and the bias range in electronic
measurements.” Most of these detrimental behaviors were
thought to originate from the ion accumulation or migration
effects in OMHPs.'"™'* Therefore, understanding what effects
the mobile ions will bring to the perovskite materials is
urgently required because it could provide hints for eliminating
the negative aspects of OMHP materials when applied in
optoelectronic devices.

Investigations on the effects of mobile ions have already
been widely reported. Macroscopic migration of iodine ions in
a CH;NH;Pbl; film under an electric field was first
experimentally observed by Yuan et al. and was recognized
to be a result of solid-state chemical reactions.”” PL inactive
domains were also suggested to be correlated with the ion
migration under an electric field at room temperature by many
97'% Kim et al. also confirmed that the doping of K* in
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perovskite crystals can effectively suppress the ion migration
and passivate the nonradiative recombination centers.'” In
addition, the ionic migration will also cause the displacement
of vacancies or influence the charge transport properties in
perovskite materials according to related investigations.””**
However, the connection between ion migration and the
properties of the perovskite materials still has not been
definitively established.

In this work, to investigate the role of ion migration under
working conditions, we constructed a laterally structured Au/
CH;NH;Pbl;/Au sample (Figure S1) for the convenience of
applying an external electric field to reproduce the working
conditions of the optoelectronic devices. A home-built wide-
field fluorescence microscope was used to study the PL
responses of the CH3;NH;Pbl; crystals under an applied
electric field. With the high spatial resolution of our apparatus,
we observed that two different PL responses successively
happened in one local region of the crystal under an applied
electric field. First, an irreversible PL quenching behavior
occurred in the local region and gradually moved toward the
cathode direction. Such processes were accompanied by a
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permanent change of the crystal morphology. After the PL
quenching of this region had entirely completed, the reversible
PL response started to come out in this region. By studying the
PL spectra and lifetime during the two processes and
evaluating the diffusion constant from the velocity of the
migrating front and the external voltage, we attributed the
irreversible and reversible responses to electric field induced
photo-annealing effect and the activation/deactivation of the
radiative recombination center via iodine ion migration,
respectively.

To investigate the effects of the applied electric field on the
OMHP materials which was similar to that under working
conditions, a voltage of 1 V and an excitation laser at 532 nm
with 4.5 W/cm? were applied to the laterally structured devices
for 2 min. As shown in Figure 1, a PL quenched area initially
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Figure 1. Observation of a quenched area advancing toward the
cathode. (a—f) Time-dependent PL images of the CH;NH,Pbl,
crystals under an external applied voltage which was periodically
switched between “off” and “on” for five cycles. (g) Time-resolved
profiles of the PL response selected from the dark area. The applied
voltage was 1 V, and the excitation power density was 4.5 W/cm?

formed with a bright and sharp front in the local region of the
crystals. With continuously applied voltage and excitation, the
front also gradually moved toward the negative electrode, and
the quenched area also gradually enlarged. After the voltage
was turned off, the movement of the front stopped and the PL
of the dark area soon became even brighter rather than
returning to the initial state. Then, upon further applying the
external voltage to the CH;NH,;PbI; crystals, the brighter area
was quenched again, and the quenched processes also have a
direction from the positive to negative electrode, as shown in
Supplementary Movie 1. From Figure 1g we can observe that
with a continuously switched on/off voltage, the PL intensity
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in the formed local region showed a ~5 fold enhancement.
Also, the PL quenching rate after the voltage was switched on
became much faster. Because such PL behaviors still can occur
when decreasing the excitation power to 0.2 W/cm* and the
further PL enhancement/quenching behaviors under switch-
able applied electric field were also fully reversible under 4.5
W/cm? (Figure 1g), photodegradation effect can be ruled out.
In addition, because the bright and sharp front formed during
the first cycle was stopped when the voltage was switched off,
we also tried to check if the movement of the front required
the coexistence of the excitation. As shown in Figure S2, when
the bright front began to move, we switched off the laser and
kept the applied voltage for 20 s. The excitation was then
switched on again, and the position of the front did not change
and continued to diffuse after reopening the laser for 11 s.
Moreover, a proportional relationship between the velocity of
the front movement and excitation power (not larger than 4.5
W/cm?) was also observed (Figure S2d), verifying that the
increased excitation power less than 4.5 W/cm? mainly
accelerated the migration of the front rather than the
photodegradation. Both results indicated that formation of
the first period required the coexistence of an applied electric
field and photoexcitation.

For the quenched area in which the front had completely
reached the negative electrode, the overall PL intensity was
strong in the absence of voltage. We observed that the PL of
the brightened area would be completely quenched without a
migrating front when the voltage was applied again and can be
later restored by removing the voltage (Figure S3). Apparently,
the whole process of voltage repeat test in the completely
quenched region was reversible (Supplementary Movie 2) and
can also be seen from the PL intensity traces in Figure S3d.
Therefore, the applied voltage induced an irreversible PL
process in the area where the voltage was first applied and a
reversible process when the area had entirely quenched. There
were also reports of PL responses in similar lateral device
architectures in the literature; however, the PL responses were
progressively sugpressed from the beginning of the anode to
the cathode'~"* or the opposite””** upon biasing and without
PL intensity enhancement when the biasing was removed.

To understand the formation mechanisms of the two
different processes under applied electric field and photo-
excitation, we performed detailed investigations on the
processes. First, from the PL images shown in Figure 1, we
can observe that the morphology no longer appeared to be a
flat bulk crystal after the initial PL quenching processes
happened. We carried out the SEM measurements to compare
the regions with and without PL quenching processes. As
shown in Figure 2a, a more striking contrast can be observed
between the morphology of the quenched region and the
normal region. The morphology of the quenched region was
greatly changed and became coral-like in shape while the
normal region almost did not change upon the application of
voltage and photoexcitation. The morphology of the same
CH;NH;PbI; sample was also presented in both SEM images
and PL images for direct comparisons, as shown in Figure S4,
which also proved the variation of the crystal morphology after
the quenching processes. The variation of the morphology can
also be reflected from the PL spectra. From Figure 2¢,d, a clear
blue shift of the PL can be observed during the first PL
quenching process which also corresponded to the reduction
of the crystal size.”> Following this process, the applied voltage
was switched off, and the PL intensity then showed an
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Figure 2. (a) SEM images of a normal region and a quenched region in a CH;NH;PbI, film. (b) Correlation between the applied voltage and the
migrating front velocity. (c) PL intensity and peak position traces of the darkened region for repeat experiment when the voltage was 1 and 0 V. (d)
Corresponding PL spectra at different times marked in the lower part of panel c. The inset was the variation of PL spectra within 360 s in Figure 3c.

enhancement without any shift in PL spectra. Upon further
switching on of the applied voltage, although the PL quenched
again, the PL spectra still can remain stable, which was
different from the first process. Such a process will be discussed
later. In general, we can conclude that the first electric-field-
induced PL quenching process in the local region of the
CH;NH;Pbl; crystal was irreversible and must be correlated
with the irreversible morphology variation observed in the
crystal.

Because the first PL quenching process under applied
voltage always started from one local region inside the crystal
and moved along the direction from the anode to cathode, to
better understand this process, we investigated the relationship
between the velocity of the migrating front and the external
voltage. With the applied voltage varying from 1.0 to 4.0 V, the
velocity gradually increased and reached about three times the
initial rate when the voltage was 4.0 V (Figure 2b). The
corresponding diffusion constant D was calculated to be (1.65
+ 1.04) X 107> m? s™! based on the Einstein relation,”® which
was very close to the diffusion constant of (1.0 + 0.4) X 107"
m? s7! of iodine ions obtained by Li et al.'” Such results
suggested that the first PL quenching processes should be
concerned with diffusion of iodine ions inside the crystals. In
addition, the irreversible PL quenching was always accom-
panied by a migrating front which always showed a higher PL
intensity. Thus, we suggest that there should be traps
transforming from deep energy levels to shallow energy levels
and then to deep energy levels corresponding to the PL
intensity varying from dark to bright and then to dark.
Considering the fact that the bright migration front always
started from the grain boundary and the transition levels and
formation energy of different traps obtained from theoretical
calculations,”” antisite defects MA; with deep energy levels can
be candidates responsible for such irreversible PL responses.
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The transformation processes can be described as the
following: Because of the fast crystallization process, relative
high concentration of antisite defects MA; can be formed in
some areas. Under an electric field, the iodine ions will migrate
toward the anode direction under the electric field until
reaching the boundary. The migrated iodine ions can replace
the MA" ions in MA, (deep energy levels) to deactivate the left
V| parts, which act as quenching sites on the surface of the
CH,NH;Pbl; crystals,””*® and the MA" ions will turn into
intersitial MA; defects (shallow energy levels). Such processes
will deactivate the MA; defects. Thus, with simultaneous
photoexcitation, such areas will exhibit a PL enhancement
behavior. However, continuous photoexcitation will make MA;
transform to CH;NH, and evaporate. Simultaneously, the
iodine ions replacing the MA" jons in primitive MA; sites will
be released and further migrate toward the anode producing
the vacancy defect V| on the surface of CH;NH;PbI; crystals,
which can lead to the irreversible PL quenching behavior.””*°
This process was named because it showed an obvious PL
quenching phenomenon compared to the initial state.
However, given the mechanism discussed above, it contains
two processes under photoexcitation and applied electric field.
One was the irreversible deactivation processes of the MA,
defects by iodine ion migration. Because irreversible
deactivation can lead to the increase of the PL intensity
beyond the initial state when switching off the applied electric
field, this process could indicate an optimization of the OMHP
crystals, which was similar to the conventional thermal
annealing. Thus, such an optimization process can be viewed
as a photo-annealing effect. The following process was the
formation of the V| defects by further migration of the iodine
ions, which led to the PL quenching. It is worth noting that
such V| were also responsible for the second reversible PL
quenching behaviors under a switchable applied electric field.
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Figure 3. PL intensity traces (a) and corresponding PL lifetime (b) of the quenched area during the reversible process when the applied voltage
was switched on and off. (c) PL intensity and lifetime variation compared with the initial state of panels a and b under different voltages. PL
intensity traces (d) and corresponding PL lifetime (e) of the quenched area during the reversible process when the polarity of the voltage was
changed. (f) Lifetime fitted from the decay traces in panel e. The applied voltage was 1 V.

In general, the electric-field-induced photo-annealing effect will
trigger the following dissociation in a local region of the crystal
surface:

CH,NH,PbI, — Pbl, + HI + CH,NH, 1)
The change of the crystal morphology in Figure 2a also proved
the evaporation of CH;NH,, which induces the variation of the
chemical surroundings in the quenched regions. The
irreversible blue shift of the PL spectra as shown in Figure
2d can also explain the permanent modification in the
quenched region. What needs to be highlighted is that the
annealing process required the participation of both an applied
electric field and photoexcitation. As shown in Figure S2, the
movement of the front will stop once the excitation is switched
off. Thus, the morphology of the crystal slowly changed as the
reaction proceeded. Also, from eq 1 we can see that Pbl,
should be formed after the reaction. Merdasa et al. had found
that at the interface between Pbl,/ CH3;NH;Pbl;, a blue-shifted
PL spectra will be observed at low excitation intensity at 450
nm due to the Pbl,-enabled bimolecular recombination.®’
Thus, to prove the formation of Pbl,/CH;NH,;PbI; interfaces
inside the quenched region after the reaction, we also tried to
apply a 450 nm excitation with a power density of 0.4 and 0.06
W/cm? As shown in Figure SS, besides the intrinsic PL peak
of CH;NH,PbI;, we can clearly see a weak peak near 660 nm
proving the existence of Pbl,, which can also help to verify the
emergence of the photo-annealing effect as reported in the
literature.”

As mentioned above, a reversible PL response behavior in
the same region was observed following the irreversible PL
quenching processes with continuously switching on/off the
applied voltage. As shown in Figure 1, the PL intensity of the
local region will increase beyond the initial state once the
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applied voltage is switched off and then quench again after
switching on the voltage. Compared to the very first PL
quenching process, the quenching rate of the reversible process
become faster, showing that they are two different processes. In
addition, the PL morphology remained constant after several
circles of the PL variation, which was also totally different from
the irreversible change of the morphology in the first step. The
PL spectra during this reversible quenching responses were
also measured in Figure S6. No peak shift in the spectra
indicates that there was no chemical or morphological change
during this process. Then we measured the variation of the
transient PL lifetime of the PL response under periodically
applied voltage. Figure 3 shows that the variation of the
lifetime was consistent with the tendency of the PL intensity,
indicating the formation of traps when applying voltage to the
crystals.

As reported before,” injected electrons or holes can help to
activate or deactivate the traps inducing the PL variation. Thus,
to confirm if the formation of traps was correlated with the
injected electrons or holes, we also tried to change the
direction of the applied electric field to observe the PL
variation. However, the PL always exhibited an enhancement
for a short while followed by a quenching process (Figure 3d)
rather than directly showing a pure PL enhancement or PL
quenching behavior. The PL lifetime in Figure 3f also
coincided with the tendency of the PL variation, indicating
the traps also dynamically varied after changing the direction of
the electric field. To find whether such PL behavior was
correlated with the direction of the electrode, we also
continuously changed the electric field direction and found
that this behavior will always exist whatever the direction of the
electric field was from anode to cathode or the opposite, as
shown in Figure S7. Thus, we believe this process was different

https://doi.org/10.1021/acs.jpclett.1c01803
J. Phys. Chem. Lett. 2021, 12, 7106—7112
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from the injected electron/hole-induced PL variations. The
movement of the reversible PL quenching processes always
showed a tendency in the direction from anode to cathode and
the recovery processes also regularly showed the opposite
direction without changing the morphology of CH;NH;Pbl,
crystals as shown in Supplementary Movie 3. Combining this
with the simultaneous PL dynamic variations, we propose that
such a PL quenching process should also be correlated with the
effect from the electric-field-induced iodine ion migration,
which is responsible for the activation/deactivation of the
radiative recombination centers in the local region.

From the above discussion, we assigned the two processes to
be correlated with the electric-field-induced photo-annealing
effect and iodine ion migration mediated trap activation/
deactivation effect, respectively. Considering that the crystal
morphology and quality determine the heterogeneity of the
defect composition, ionic movement processes will be affected
by the kinds of defects and thus exhibit different behaviors
under an electric field. As a result, the reported two processes
in this work, which were assigned to iodine ion migration, can
be observed only in some local regions of the crystal containing
the specified defect rather than all over the crystal. We suggest
antisite defects MA; should be responsible for such PL
behaviors. When the external voltage was first applied to the
CH;NH;PbI; crystal, the migration of the iodine ions near the
boundary will promote the dissociation of antisite defects MA;
into MA, and the iodine ion occupied V| (surface) deactivating
the quenching trap MA;. Then, simultaneous photoexcitation
will first induce the bright migration front, and then the photo-
annealing effect will evaporate the CH;NH, and release the
gathering iodine ions to migrate further, permanently
producing V| (surface) on the surface of CH;NH;Pbl, crystal,
which results in the irreversible PL quenching. The second
reversible PL response should be correlated with the state
transformation of the V; (surface) traps. After the applied
voltage is removed, the PL intensity of the quenched region
will gradually increase beyond the initial state (Figure 4). Such
PL enhancement behavior should come from two contribu-
tions: (1) The back migration of iodine ions can deactivate the
deep-lying energy level trap V| (surface). (2) The reduction of
the crystal size will accelerate the passivation of the defects, for
example, V| (surface) on the CH;NH,PbI; surface inducing
the PL enhancement.”* The former mechanism can help to

PL Intensity

Time

Figure 4. Schematic diagram of the influence of iodine ion migration
on the quenching responses under an external electric field.
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make the crystal recover to the initial state, while the later can
explain the superior part of the PL intensity over the initial
state when switching off the electric field. The reversible PL
quenching under applied voltage was always along the
direction of the electric field, whereas the recovery processes
without applied voltage were along the opposite way,
indicating that the reversible PL response should be correlated
with the migration of iodine ions. Also, the PL response which
first showed an increase in the PL intensity and then followed a
PL quenching process when changing the direction of the
electric field can also be explained. When changing the
direction, the iodine ions will first move to the opposite
direction and across the primitive quenched region, which will
quickly deactivate the iodine vacancies leading to the PL
enhancement. Then the continuously applied voltage will drive
the iodine ions to move to the new anode direction, producing
iodine vacancies again leading to the PL quenching as
described in Figure 4. In general, such a model can explain
the phenomena existing in local regions of the CH;NH;PbI;
crystals with the simultaneous application of applied voltage
and photoexcitation.

In summary, a wide-field fluorescence microscope was used
to gain a thorough understanding of the dynamic processes of
the ionic movement in CH3;NH;Pbl; crystals under an applied
electric field. Two distinct processes were observed: One was
an irreversible PL quenching accompanied by a remarkable
change of the crystal morphology. The other was a reversible
PL response existing when continuously switching on and off
the voltage. With the spreading velocity of the quenched
regions, the permanent blue shift of PL spectra during the
irreversible processes, and the consistent variation degree of PL
intensity and lifetimes during the reversible response, the
mechanisms were attributed to electric-field-induced photo-
annealing effects and iodine ion migration, respectively. This
work not only revealed the synergistic optimization of the
electric-field-induced photo-annealing effect but also explained
the effect of the ionic movements under an applied electric
field, which will greatly help us to attain deep insights into
perovskite-based optoelectronic devices under working con-
ditions as we seek effective ways to improve the efficiency of
the OMHP devices.
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