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further improvement of PCE approaching 
the Shockley–Queisser limit.[5]

It is well known that the PCE of solar 
cells is correlated with their photo
luminescence (PL) properties, which 
is an indication of the charge carrier 
recombination pathway.[6] Briefly, the 
charge carrier recombination is consid
ered as a combined process of (1) trap/
defectassisted (first order), (2) electron–
hole bimolecular (second order), and 
(3) Auger recombination (third order).[7,8] 
To achieve the ideal maximum PCE, or 
the Shockley–Queisser limit,[9] the device 
has to perform as a “good radiator,”[10] 
that is, to maximize the radiative bimolec
ular recombination based on the detailed 
balance model. Indeed, perovskites 
have demonstrated outstanding perfor
mance in light emitting diodes[11,12] and 
lasers.[4,13] Nevertheless, the appearance 
of dark areas, or PL inactive domains in 
perovskite films, has been reported.[14–19] 
These dark areas in PL images indicate 

the existence of nonradiative recombination pathways, which 
are detrimental to the energy conversion and can be passi
vated by chemical treatment.[8,14,20] Recently, more and more 
evidences demonstrate that this nonradiative recombination 
is associated with the migration/segregation of ions in the 
film.[18,21] Therefore, the study of ionic dynamic becomes an 
emergent issue.

Organic–inorganic metal halide perovskites (e.g., CH3NH3PbI3−xClx) emerge 
as a promising optoelectronic material. However, the Shockley–Queisser limit 
for the power conversion efficiency (PCE) of perovskite-based photovoltaic 
devices is still not reached. Nonradiative recombination pathways may play a 
significant role and appear as photoluminescence (PL) inactive (or dark) areas 
on perovskite films. Although these observations are related to the presence 
of ions/defects, the underlying fundamental physics and detailed microscopic 
processes, concerning trap/defect status, ion migration, etc., still remain 
poorly understood. Here correlated wide-field PL microscopy and impedance 
spectroscopy are utilized on perovskite films to in situ investigate both the 
spatial and the temporal evolution of these PL inactive areas under external 
electric fields. The formation of PL inactive domains is attributed to the migra-
tion and accumulation of iodide ions under external fields. Hence, we are able 
to characterize the kinetic processes and determine the drift velocities of these 
ions. In addition, it is shown that I2 vapor directly affects the PL quenching 
of a perovskite film, which provides evidence that the migration/segregation 
of iodide ions plays an important role in the PL quenching and consequently 
limits the PCE of organometal halide-based perovskite photovoltaic devices.

Perovskites
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Inorganic–organic metal halide perovskite solar cells (e.g., 
CH3NH3PbI3−xClx and CH3NH3PbI3) have achieved remark
able power conversion efficiencies (PCEs) in the last few years, 
soaring from 3.8%[1] to more than 20%.[2] Yet, quite a lot of 
fundamental physics in this material is still under debate.[3,4] 
Among them, more and more concern is concentrated on the 
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Ultrafast spectroscopy has successfully been used to charac
terize the charge carrier generation/recombination process on 
timescales faster than nanoseconds in perovskites.[6,22] How
ever, the contribution of ions/defects to slow dynamics with 
timescales of ≈10 s is still not fully elucidated.[19,23,24] In this 
work, correlated widefield PL imaging microscopy[18,25] and 
impedance spectroscopy (IS)[26,27] serve as a powerful tool to 
investigate the ionic/electronic dynamic processes in perovskite 
films. Furthermore, we demonstrate a method, which allows to 
directly visualize the migration of ions within a perovskite film.

We fabricated perovskite films for PL imaging by spincoating 
the mixed halide precursor solution (CH3NH3I:PbCl2 = 3:1) 
on cleaned glass substrates followed by annealing at 100 °C 
for 1 hour in a nitrogen glovebox. These films exhibit PCEs 
of ≈13.5% (Figure 1a), when employed in standard solar cell 
device architectures (as shown in Figure S1, Supporting Infor
mation). Figure 1b depicts the schematic of a widefield PL 
imaging microscope. A detailed description has been reported 
previously.[28] Briefly, we use a homebuilt optical microscope, 
and employ widefield illumination and a chargecoupled 
device (CCD) camera as a detector to obtain PL images of large 
areas (diameter ≈60 µm) of a sample. We are able to record typ
ically sequences of up to 2000 PL images with exposure times 
as short as 50 ms per image. This enables us to track the tem
poral/spatial evolution of the PL intensity from a perovskite 
film under continuous laser illumination.

Figure 1c illustrates the scanning electron microscopy (SEM) 
image of a perovskite film on glass, while Figure 1d is the PL 
image of the same film on a similar scale (yet not of the same 
region). The SEM image in Figure 1c shows that the perovskite 
film possesses densely packed grains ranging from 100 to 

800 nm in size (Figure S2, Supporting Information), which is 
consistent with the PL image (Figure 1d). We note that on the 
surface of the device, the spatial distribution of the PL intensity 
is not uniform. This may be ascribed to the inhomogeneous 
distribution of composition and defects. Note that it has been 
reported that the presence of oxygen and moisture may result 
in a significant increase of the PL.[16,29] Here, to rule out the 
influence of ambient atmosphere, we deposited a poly(methyl 
methacrylate) (PMMA) layer with ≈200 nm thickness on top of 
the perovskite film as a protection layer. In addition, the device 
was in direct contact with the microscope immersion oil during 
the whole PL characterization.

It has been proposed that the migration/segregation of ions 
plays an important role for the decay of PL intensity.[15,17,19,21,30] 
These ions can be driven by an external electric field. Therefore, 
we recorded PL images as function of time on films with later
ally interdigitated electrodes with channel lengths of ≈200 µm 
(see Figure 2 and inset in Figure 3). Applying a constant electric 
field of ≈105 V m−1, we observe that initially the PL intensity 
in the bright areas exhibits a uniform decrease as the device is 
connected with the external electrical circuit (Figure S4, Sup
porting Information). This is attributed to the charge extraction 
by the external electric field, which decreases the population of 
photogenerated charge carriers. Interestingly, under the con
stant electric field, a front forms that separates bright and dark 
domains and that moves from the positive electrode toward the 
negative one, as shown sequentially in Figure 2.

Note, that in the immediate vicinity on the bright side of 
the migrating front (Figure 2c,d, for instance), the PL intensity 
is exceptionally high. This may already be a hint that at this 
boundary an electrochemical reaction occurs (see below). Taking 

into account the direction of the front, from 
positive toward negative electrode, we assign 
this movement of PL dark area to the migra
tion/accumulation of negative ions, that is, 
iodide ions in perovskite.[15,18] This observa
tion is consistent with previous studies on the 
ionic migration, in which mainly iodide ions 
contribute to the hysteresis behavior[26,31–33] 
and field driven degradation.[34,35] As shown 
in Figure 2, the whole PL image (dia meter 
is around 60 µm) is turned dark within 
≈50 s under the electric field of 105 V m−1. 
Therefore, the analysis of the kinetics of the 
migrating front enables to directly estimate 
the velocity of ionic migration.

To investigate this ionic motion, we char
acterize the velocity of the migrating front 
as a function of external electric field. By 
varying the strength of the field, we find that 
the migration velocity is proportional to the 
field within the error, as shown in Figure 3. 
Ignoring the ion diffusion, based on a first
order approximation, this movement of the 
front can be described by a simple ionic 
mobility theory:[36]

v Eµ=  (1)
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Figure 1. a) Current density–voltage (J–V) curve of a perovskite solar cell under AM 1.5G 
illumination, with the structure depicted in Figure S1 (Supporting Information). b) Schematic 
diagram of a confocal PL imaging microscopy. c) SEM image of a perovskite film on a glass 
substrate. d) PL image of the perovskite film (not the same area). The excitation source is a 
532 nm laser with an intensity of ≈40 mW cm−2, the exposure time is 50 ms.
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Here, v is the drift velocity of ion movement, µ  is the mobility 
of ions, and E is the electric field across the whole channel. By 
fitting the field dependent ionic migration (two lower voltages), 

the mobility of iodide ions is obtained (5 ± 2) × 10−12 m2 V−1 s−1. 
This value is close to the ionic migration mobility obtained 
in CH3NH3PbI3,[34,37] the discrepancy between the two values 
(one order of magnitude difference) may be due to the different 
defect densities, film fabrication processes (using PbCl2 instead 
of PbI2 as the precursor), or nature of grain boundaries. Based 
on the Einstein relation:[36]

BD k Tµ=  (2)

where D is the diffusion constant, kB is Boltzmann’s constant, 
and T is the absolute temperature, we obtain the diffusion con
stant D of (1.0 ± 0.4) × 10−13 m2 s−1, which also agrees with the 
value ≈10−12 m2 s−1, obtained by Yang et al.[38] Here, note that 
the last point (1 × 105 V m−1) deviates from the fitting line. This 
is attributed to the degradation of the perovskite film under 
high electric fields, consistent with the grazing incidence wide 
angle Xray scattering (GIWAXS) results performed under dif
ferent electric fields (Figure S5, Supporting Information).

To further understand ionic motion within the film we 
reversed the bias and monitored the time evolution of the dark 
area. We observe, that under the reversed electric field, recovery 
into bright areas, although with much slower speed, takes place 
(shown in Figure S6, Supporting Information). This asymmetry 
may be associated with electric field induced chemical reac
tions,[39] and will be further addressed below. It is also observed 
that after 12 hours without applied external electric field, the 
dark area returns to bright (not shown here). This reversible 
phenomenon is consistent with the iodide ion diffusion process 
characterized in previous papers.[18,31]

The laser power has been optimized for fast acquisition and 
as low as possible introduced power. We note, that the laser 
excitation power may play an important role in PL quantum 
efficiency[12] and dynamics.[30,40] Wang et al.,[41] for example, 
found a photodriven transformation in CsPbX3 nanostruc
tures. Xing et al.[42] observed a decreased activation energy for 
ion migration under light illumination and the presence of 
migrating ions has direct implications on slow dynamic optical 
processes in perovskitebased devices as has been recently 
reviewed by Panzer et al.[40]

IS has been demonstrated to be a powerful tool to explore 
the microscopic processes in perovskite solar cells, especially 
the migration of ionic charges.[27,39,43] In this work, we car
ried out IS measurements with the aim to electrically monitor 
how ions are piling up at one electrode and to correlate with 
the PL measurements by performing both measurements 
quasisimultaneously. In a typical IS measurement a DC bias 
is applied to polarize the sample and a small AC perturbation 
is superimposed. As we have seen, ionic concentration shifts 
as a function of time showing a constant mobility. Therefore, 
the combination of the two methods allows us to implement 
this additional parameter in the interpretation of the IS results. 
The differential current output is measured, which offers infor
mation on the capacitive and resistive processes taking place 
in an operating device. For perovskite devices it has previously 
been demonstrated that the response in the low frequency 
region is related to electrode polarization of ions by generation 
of a Helmholtz layer and charge compensation by the external 
electrode.[43]
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Figure 2. Time dependent PL images of a perovskite film under an 
external electric field (≈105 V m−1). The “+” and “−” signs indicate the 
polarity of the electrodes. The excitation intensity is ≈40 mW cm−2 and 
the exposure time per image is 50 ms. The scale bar represents 10 µm.

Figure 3. Field dependence of the ionic migration velocity. Inset: the 
schematic diagram of the setup. The black line is the fitting line based 
on first two points (lower voltages) considering the weight of error. 
Dashed line is the extension of the fitting line, because at high voltage, 
the perovskite film exhibits decomposition (see Figure S5, Supporting 
Information). The gradient color indicates the more chemical decomposi-
tion under higher voltage.
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As shown in Figure 4a, initially a DC bias of 1 V was applied 
in the dark to induce ion migration toward the electrodes by 
using a potentiostat equipped with a frequency analyzer, which 
is able to acquire impedance spectroscopy in situ. The PL 
image was recorded at every end of each IS cycle (PL images 
shown in Figure S7, Supporting Information). It is impor
tant to note that under this very mild field of only 1 V applied 
between the contacts no noticeable advance front is observed in 
Figure S7 in the Supporting Information, though as established 
above (Figure 3) we can assume a constant mobility. Hence, a 
lower voltage gives us sufficient time to carry out the respec
tive IS cycles. Furthermore, IS measurements are very sensitive 
to changes at the interface level between perovskite layer and 
contacts. Indeed, Figure 4a shows the capacitance–frequency 
plot as a function of time. After the first IS measurement scan 
(7 min) the capacitance at low frequencies (0.1 Hz) is initially 
in the range of ≈70 µF cm−2, which is a typical capacitance 
value produced from piling up ions at one interface due to 
electrode polarization.[43] Interestingly, as the polarization time 
increases, this low frequency capacitance decreases with lowest 
value observed (20 nF cm−2) after 45 min of applied bias which 
could be the result of an electrochemical reaction leading to 
the generation of neutral species (i.e., PbI2).[34] PbI2 is neutral 
and as such will not give rise to a capacitive response, for this 
reason the capacitance will reduce with time as the material 
forms. The detailed electrochemical reaction will be addressed 
in the following part.

Subsequently, IS measurements were carried out with 
a polarization of 2 V (Figure 4b) with a shorter delay time 
(1 min). These conditions allow monitoring how the ions 

accumulate at one interface as a function of 
the time and the electrochemical reaction 
leading to neutral species at the electrode. 
Initially, the capacitance in the low frequency 
region is low as no ions are present in the 
interface (≈0.7 µF cm−2) and this increases 
with the time to reach a maximum capaci
tance value (10 µF cm−2) observed at 6 min 
indicating that after this time most of the 
electrode surface is covered by charged ions 
that have migrated from the bulk of the pero
vskite layer. Note that capacitances are not as 
high as in the previous experiment as some 
of the interfacial area has already reacted 
in the previous experiment leading to inac
tive areas. After this time the capacitance 
begins to decrease as shown in the inset of 
Figure 4b similar to the effect observed for 
polarization at 1 V. Capacitances of ≈2 µF 
cm−2 are observed after 12 min of polariza
tion indicating that the charged species cov
ering the electrode have mostly reacted to 
generate neutral species.

A different set of measurements, with the 
same device structure, was carried out where 
the capacitance was measured as a function 
of the applied bias (Figure 5a) in the dark. In 
this set of experiments, the frequency range 
was increased to cover still lower frequencies 

(down to 5 mHz). As expected noise increases in this region 
as a consequence of the slow response of mobile ions to the 
small AC perturbation. The electrode polarization capacitance 
increases with the applied bias exponentially.

The observation of a variation of the capacitance with voltage, 
shown in Figure 5b, is a clear indication of charge accumula
tion at the interface. A number of previous studies have clearly 
shown that the large low frequency capacitance of perovskite 
solar cells in the dark can originate from the mobile ion accu
mulation.[43,44] In principle, if the ions move freely in the solid 
medium the structure of the interface consists of a double layer 
and a diffuse layer that is controlled by the applied voltage. For 
a symmetric electrolyte the Gouy–Chapman model gives the 
capacitance:[45]

sin h
2

0

D B

C
L

qV

k T

εε
= 



  

(3)

where V is the potential drop between the metallic contact and 
the absorber bulk, ε0 is the permittivity of vacuum, ε is the die
lectric constant of perovskite, and kBT is the thermal energy, q 
is the charge. The ion Debye length LD is therefore given by: 

D
0 B

2L
k T

q N

εε
=

 
(4)

Here N accounts for the equilibrium density of ionic charges 
in the bulk material. Equation (3) indicates that the extension 
of disequilibrium of ionic distribution at the interface is of size 
LD. The capacitance at zero bias is: 
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Figure 4. Capacitance–frequency plot of IS measurements carried out simultaneously during 
PL measurement by applying a DC bias of a) 1 V and b) 2 V. The inset shows the evolution of 
the capacitance at 100 mHz with time.
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The thermalized distribution of ions in Equation (3) can be 
approximated by the formula: 

e0
BC C
qV

k T=
α

 (6)

With C0 = C1 and a parameter α = 1/2 that correspond to the 
thermalized accumulation of freely diffusing ions according 
to their electrochemical potential. However, the experimental 
observations reported in Figure 5 show that α = 1/2 is far from 
being satisfied. Since α ≈ 0.02, as shown in Figure 5b, it is 
apparent that the rise of capacitance does not correspond simply 
to the thermalized distribution of ions, but to an exponential 
distribution of states characterized by a temperature para meter 
T0 as α = T/T0.[46] This exponential distribution of states is a 
common occurrence in ionic and electronic systems that are 
characterized by a large degree of disorder. For example, a distri
bution of states has been observed in the intercalation of Li+ ions 
into WO3 electrochromic thin films[47] and also for the insertion 
of Li into ultrathin Ge layer in Si/Ge battery cathodes.[48]

The observation of an exponential density of states for the 
accumulation of ions close to the perovskite/Au electrode 

interface indicates that ions become immobi
lized in the host material with the given dis
tribution. According to the observation of the 
large changes of capacitance reported above, 
we can assume that such a distribution is not 
intrinsically formed at the interface but rather 
has been caused by the prolonged voltage 
applied to the symmetric cell. Therefore, a 
special layer is formed at the interface, which 
is richer in I2 and reduces the ability to take 
ions from the bulk. Tentatively, we assume 
that reaction at the metal surface produces 
a film of PbI2 that contains the exponential 
distribution suggested in Equation (6). This 
observation would be consistent with the for
mation of a PbI2 layer under a continuous 
electrical bias, and the electrochemical reac
tion is proposed as:[34]

MAPbI PbI MA I3 2
+→ + + −

 (7)

2I I 2e2→ ↑ +− −
 (8)

In addition, Li et al.[31] observed that after 
long term biasing at the positive electrode, 
the ratio between iodine and lead is away 
from the stoichiometric ratio of perovskite, 
suggesting the formation of PbI2. Further
more, Figure S5 of the Supporting Informa
tion indicates that there exists PbI2 signal 
after electrical biasing characterized by 
GIWAXS measurement. Deng et al.[18] also 

obtain the PbI2 signal by investigating the PL signal near the 
positive electrode.

To further understand the role of iodide ions on the PL per
formance of devices, we recorded time dependent PL spectra 
under an iodine vapor atmosphere with the configuration dis
played in Figure 6a. As shown in Figure 6b, as the I2 vapor 
(mixed with N2 gas flow) was introduced into the chamber, the 
PL intensity immediately decreases. After 30 s, the PL intensity 
decreased by around two orders magnitude. Then the I2 satu
rated gas was turned off and the chamber was purged with pure 
N2 leading to a recovery of the PL intensity to its original value 
after ≈5 min. The optical absorption of iodide vapor[49] does not 
affect the excitation (532 nm) or the emission signal (≈780 nm) 
(Figure S9, Supporting Information). This PL quenching is 
only associated with the influence of iodine doping in the 
perovskite film. Wang et al.[50] proposed the chemical reaction 
of perovskite materials exposure to the high concentration of 
iodine vapor. The proposed chemical reaction reads as: 

(i) under visible or ultraviolet light

I 2I2
•hv →  (9)

2I 2I 2I•
2
•hv+  →− −

 (10)

Small 2017, 1701711

Figure 5. a) Capacitance–frequency plot of measurements carried out in the dark as a function 
of the applied bias. b) Exponential relationship of capacitance as a function of external voltage 
measured at 5 mHz. α  accounts for the exponential distribution of states characterized by a 
temperature parameter T0 as α  = T/T0.
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With assistance of light, atomic iodine (I•) is generated in 
the iodine vapor based on Equation (9). Then these atomic 
iodines can react with iodide ions (I−), forming I2

•− based on 
Equation (10). I2

•− can further react with MA+ ions, leading to 
the degradation of perovskite materials. 

(ii) under darkness

I I I2 3�+− −
 

(11)

According to Equation (11), triiodide ions (I )3
−  are formed in 

the iodine vapor. I3
− can further participate the following reac

tion with MA+ ions. Both of the above reactions will lead to 
the degradation of perovskite, forming CH3NH2 gas and PbI2. 
Here, note that, in this work, under relatively low concentration 
iodine vapor, the reversible change of PL intensity suggests the 
reversible chemical reaction, rather than irreversible structure 
degradation.[18] Currently, the detailed microscopic process is 
still under investigation, however this rather simple experiment 
elucidates the direct and reversible influence of accumulated 
iodide.

Now, we can provide a picture on the evolution of PL dark 
areas on the perovskite film under external electric fields. This 
enhanced nonradiative recombination pathway includes both 
the trapassisted recombination[51] and possible Augerlike 
recombination due to the charged mobile defects.[18,21] Under 
external fields, as shown in Figure 7, the mobile ions obtain 
sufficient energy to overcome the activation energy[33,52] and 
start to drift. These accumulated charges enhance the local elec
tric field.[15] It is known that the excited states are significantly 

influenced by its surrounding, e.g., ionized grains,[53] which 
results in the PL quenching.[21,54] By employing timeofflight 
secondaryionmass spectrometry with PL microscopy, de Qui
lettes et al.[55] find that excess iodide ions are driven by an optical 
field away from the illuminated region. Subsequently, this 
redistribution of iodide ions gives rise to the rising of PL inten
sity under continues light illumination by decreasing the local 
iodide ion concentration. Nevertheless, how the excess iodide 
ions contribute to the nonradiative recombination is still not 
fully elucidated. Iodide interstitials,[56] acting as shallow defects, 
should not lead to significant charge recombination. Agior
gousis et al.[57] suggest that both lead dimers and iodide trimers 
may form with strong covalent bonds at defects, performing as 

Small 2017, 1701711

Figure 6. a) Schematic diagram of the PL quenching/recovery experiment using I2 saturated N2 and pure N2 vapor, respectively. The excitation source 
is a laser with wavelength of 532 nm. b) Temporal evolution of the PL intensity of a perovskite film in I2 vapor. PL spectra were recorded every 3 s. 
c) Recovery of PL intensity of perovskite film after 5 min in a pure N2 atmosphere.

Figure 7. Schematic diagram of the influence of iodide ion migration on 
the PL intensity under an external electric field. The electric field drives the 
ions, leading to the accumulation of these ions which enhance the nonra-
diative recombination in these individual grains. These grain boundaries 
serve as the main pathways for the ionic migration.
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strong covalencyinduced recombination centers. The detailed 
understanding, however, is still under investigation.

Here, it is necessary to mention that during this experiment, 
we cannot completely rule out the migration or reorientation 
of MA+ ions under an electric field,[17,58] though the recent evi
dences in the literature point toward iodine. Previous works pro
posed that the migration of MA+ ions and Pb vacancies may play 
a role in the hysteresis of perovskite solar cells.[26,37] However, 
Eames et al.[32] estimated that the diffusion coefficient of MA+ 
ions is four orders of magnitude lower than the one of iodide 
ions. In addition, the direct observation of accumulation of nega
tive ions at the positive side suggests the main contribution of 
halide ions rather than other defects.[15,31] This may be attributed 
to the low mobility and higher activation energy for other defects, 
e.g., Pb vacancies, MA+ ions, etc.[59] In this work, we observed 
the migration of ions in relatively low electric field (≈105 V m−1), 
so the phase change should also not be the main reason.

The exact ionic migration pathway is still unclear. Due to the 
large density of defect states in the perovskite film, ascribed to 
the lowtemperature film fabrication, the defect facilitated ion 
migration may play an important role. Beside moving through 
bulk point defects, more and more evidence indicates that the 
grain boundary, where large amount of defects exist due to the 
lack of perfect crystalline structure, serves as the main ionic 
migration channel.[23,60] Due to the loss of the half chemical bond 
at grain boundary, these defects, e.g., iodide vacancies or iodide 
interstitials sites, facilitate the ionic migration through defect site 
replacing.[23] In addition, at temperature 330 K under external 
electric field, decomposed PbI2 thread was observed, migrating 
along external field.[34] Therefore, fieldinduced structure decom
position/distortion may also play a role in ionic migration.

Video in the Supporting Information demonstrates the move
ment of PL inactive area is in the form of migration through 
grain by grain. This suggests that under external electric field, 
with the assistance of grain boundaries, iodide ions drift toward 
and accumulate at the positive electrode. When the concentra
tion of iodide ion reaches a certain threshold, PL quenching 
is observed. By investigating the ion migration properties in 
perovskite films and single crystal, Xing et al.[42] found that the 
activation energy of ions strongly depends on the size of grain. 
In addition, the research on the grain size dependence of ionic 
migration, characterized by PL microscopy is processing in our 
group. However, this is beyond the scope of this paper.

In addition, a different case is observed when the ion does 
not act merely as a spectator but lead to chemical reactions with 
the surrounding materials. Obviously, in this case the rate of 
the reactions may be limited by the ions supply and this will 
follow diffusive limitations. In the case of perovskite solar cells, 
it looks like we are able to remove 1–3 iodide ions from each 
unit cell according to previous results.[61]

It is necessary to mention that the moving front in Figure 2 
might not be actually ions migration but the reaction product 
between the perovskite and the excess ions. In fact, this impres
sive flat profile of the fronts as shown in Figure 2 is not usually 
observed in diffusive processes and rather implies that a certain 
threshold value of accumulated iodine is responsible for this phe
nomenon. In addition, it is noted that the velocity of moving front 
across the whole channel is not a constant, suggesting an ionic 
space charge effect. The detailed process is under investigation.

Beside in perovskite solar cells, ion migration also plays 
an important role in perovskite light emitting diodes (LEDs) 
and the herein presented experiments can help to shine light 
into respectively observed dynamics. For instance, in typical 
perovskite LEDs,[62] considering a dielectric constant of CsPbX3 
quantum dots (εr ≈ 5)[63] and polymer transport layer (εr ≈ 3), the 
electric field dropped on this perovskite layer is in the order of 
107 V m−1. These fields are even larger than the once applied in 
this experiment (Figure 3), which renders even faster migration 
velocities. For example, Tan et al.[11] observed respective time 
dependent performance and hysteresis behavior. The timescale 
of increases in external quantum efficiency of the LEDs under 
pulsed voltage is less than 0.01 s.

In conclusion, we demonstrate a direct method to visu
alize ion migration in an electric field in organolead halide 
perovskite films through widefield PL imaging microscopy. It 
is evident that local stoichiometric variations due to external 
electric field have a significant impact on the local PL perfor
mance, and therefore influence the solar cells performance. 
This fielddriven inhomogeneity is associated with the iodide 
ions migration, which is confirmed by both the IS characteri
zation and PL quenching under I2 vapor. By employing PL 
imaging microscopy in combination with IS, we further char
acterize dynamic process of these iodide ions when monitoring 
the migration of PL inactive area under an external electric field 
in a lateralconfigured electrode device. Hence, widefield PL 
imaging microscopy provides an in situ approach to investi
gate the ionic migration, which has an obvious impact on the 
photovoltaic performance, such as J–V hysteresis and chemical 
degradation. This provides a powerful tool to investigate the 
influence of grain boundaries, crystal size, or passivation pro
cedures in perovskite thin films. To further improve the perfor
mance and stability of perovskite solar cells, it is important to 
carefully control the defect/ions migration within the operating 
device, either by decreasing the defect density in the bulk (crys
talline size and quality) or alleviating the longterm biasing 
effect in the vicinity of electrodes.

Experimental Section
Perovskite Solar Cells Device Fabrication and Characterization: CH3NH3I 

(MAI) was purchased from Tokyo Chemical Industry company, and 
Spiro-OMeTAD (2,2′,7,7′-Tetrakis-(N,N-di-4-methoxyphenylamino)-
9,9′-spirobifluorene) was purchased from Merck company. All the 
other chemicals were purchased from Sigma-Aldrich and were used as 
received.

Fluorine-doped tin oxide (F:SnO2) (FTO) transparent conducting 
glasses were cut and patterned by Zn power and HCl solution. FTO 
glasses were washed with acetone, 2% hellmanex diluted in deionized 
water and isopropanol successively for 10 min each. Then by spraying 
a solution of titanium diisopropoxide bis(acetylacetonate) (0.6 mL) 
in ethanol (21.4 mL) at 450 °C for 90 min in ambient atmosphere, a 
compact TiO2 layer (≈50 nm) was deposited.

MAI and lead chloride (PbCl2) (3:1 molar ratio) were dissolved in 
anhydrous N,N-dimethylformamide. Then, this precursor solution was 
spin-coated on the TiO2/FTO substrates at 3000 rpm for 60 s. After 
drying for ≈30 min, the as-spun films were annealed at 100 °C for 90 min. 
Following that, Spiro-OMeTAD solution was prepared by dissolving 
72.3 mg Spiro-OMeTAD, 26.3 µL lithium-bis(trifluoromethanesulfonyl)
imide (Li-TFSI) solution (520 mg Li-TFSI in 1 mL acetonitrile), and 
43.2 µL 4-tert-butylpyridine in 1 mL chlorobenzene. This hole transport 
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layer was deposited by spin-coating at 4000 rpm for 30 s. All device 
fabrication steps were carried out within a nitrogen gas filled glovebox. 
The whole of the device was exposed in a dry box (ambient atmosphere 
with humidity <5%) for more than 12 h. Finally, a 150 nm silver electrode 
was deposited by thermal evaporation in a chamber with a pressure of 
≈1 × 10−6 mbar. The effective electrode area was 9 or 16 mm2.

J–V measurements were performed under inert environment with 
a Keithley 2400 source measure unit under 100 mW cm−2 illumination 
from an AM 1.5 solar simulator. The active area of 4 and 9 mm2 was 
defined by the overlap of a black mask aperture area, the FTO, and the 
evaporated top electrode. The light intensity was calibrated before by a 
silicon detector. There was no prebiasing process. The scanning speed 
was 0.9 V s−1.

Perovskite Film Fabrication for PL Imaging Experiment: The 
similar procedure was used to fabricate the film for the PL imaging 
characterization. Glass substrates were washed with acetone, and 
isopropanol successively for 10 min each. Then these glass substrates 
were treated with Ozone for around 10 min. Following that, in a nitrogen 
glovebox, perovskite precursor was spin-coated on glass substrates at 
3000 rpm for 60 s. These as-spun films were subsequently annealed at 
100 °C for 60 min in the glovebox. In the end, a 40 mg mL−1 PMMA 
solution dissolved in butyl acetate (anhydrous, 99%) was then spin-
coated on the perovskite film as a protection layer, at speed of 2000 rpm 
for 60 s.

For the PL imaging experiments under electric field, perovskite films 
on glass were transferred into an evaporation chamber with pressure 
of 1 × 10−6 mbar, and ≈100 nm thickness of gold was deposited by 
thermal evaporation through a shadow mask. The electrode distance 
was 200 µm and the interdigitating electrode geometry provided a ratio 
between channel width W and length L, W/L of 500.

PL Imaging Experiment: The setup used for PL imaging of perovskite 
films was based on a home-built confocal microscope. The specimen 
was illuminated by a laser with wavelength of either 450 or 532 nm 
(LDH-C-450B or LDH-P-FA 530L, 20 MHz repetition rate, 70 ps pulse 
duration, Picoquant), resulting in excitation of free charge carriers.

The excitation power can be controlled by neutral density attenuation 
filters and was set to ≈40 mW cm−2 in the sample plane. The laser 
light was spatially filtered and directed to the microscope, which 
was equipped with an infinity-corrected high-numerical-aperture oil-
immersion objective (60×, numerical aperture of 1.45, Olympus). The 
perovskite film was placed in the focal plane of the objective lens, and 
the sample position was controlled by a piezostage (Tritor 102 SG, from 
piezosystem Jena). An additional lens (wide-field lens) was flipped into 
the excitation beam path to focus the laser light into the back focal plane 
of the microscope objective. This allowed for illumination of a large area 
with ≈60 µm diameter in the sample plane.

The PL signal was collected by the same objective, passed a long-pass 
filter (LP 467 or LP545, AHF) to suppress residual laser light, and was 
imaged onto a CCD camera (Orca-ER, Hamamatsu). For electric field 
dependent measurement (see Video in the Supporting Information), the 
PL was recorded with a constant 20 V DC voltage being applied between 
the Au electrodes.

Impedance Spectroscopy: The setup to measure impedance 
spectroscopy is similar to that described previously for PL analysis. 
However, in this case the DC voltage source to polarize the sample was 
a potentiostat equipped with a frequency analyzer (Zahner Potentiostat, 
Zenium). A small AC perturbation was applied and the differential 
current output was measured to calculate the impedance response. The 
frequency window was kept small ranging between 10 kHz and 100 mHz 
to minimize the measurement time. Each frequency scan took less 
than 1 min and a delay time of 5 min was used between scans to carry 
out the PL measurements. The light source was turned off after the PL 
measurement and the new IS scan was taken under dark conditions. For 
measurements at a DC voltage of 2 V the delay time was reduced to 
30 s and this enabled the observation of the accumulation of ions at 
the interface. Alternatively, devices were measured systematically under 
a range of applied bias using a high sensitivity potentiostat (Autolab 
PGSTAT-30) to cover a lower frequency ranged down to 5 mHz.

PL under Iodine Atmosphere: The PL of a perovskite film was 
measured under iodine atmosphere. For this, a perovskite film was 
placed in an atmospherically sealed measuring chamber with quartz 
glass windows. Before starting the measurement, the chamber 
was heated to roughly 50 °C using a heat gun in order to prevent 
condensation of solid iodine onto the windows and the perovskite film. 
The photoluminescence measurements under iodine were performed 
using an 80 mW laser (PGL V – II) with a wavelength of 532 nm. The 
spectra were recorded using a spectrometer (QE Pro from Ocean 
Optics) and matching optical fiber. A filter (OG 590 nm) was used to 
filter the emission light.

Initially, the PL was measured under a pure nitrogen atmosphere 
to obtain a reference value. Subsequently, a vial with solid iodine was 
connected to the gas inlet pipeline and thus the chamber was filled with 
a mixed iodine/nitrogen atmosphere. Upon connecting the iodine vapor, 
a PL spectrum was measured every 3 s to observe the progress of the 
PL intensity. After the PL intensity stabilized on a lower level, the iodine 
was disconnected from the gas pipeline and flushed the measurement 
chamber with pure nitrogen.

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