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device effi ciency. [ 34 ]  On the other hand, migration of the iodine 
vacancies (V I  • ) has not been yet experimentally observed. The-
oretical calculations suggest that the V I  •  might be even more 
mobile than MA +  ions, although the activation energy values for 
V I  •  migration calculated by different methods vary from 0.08 to 
0.58 eV. [ 35,36 ]  In view of the widely observed oxygen vacancies 
migration in many oxide perovskite materials, the assumption 
of V I  •  migration in MAPbI 3  materials is quite reasonable. 

 In this contribution, we present a direct evidence for the 
macroscopic migration of V I  •  in MAPbI 3  perovskite fi lms at an 
elevated temperature of 330 K. Most interestingly, we report a 
reversible conversion between MAPbI 3  and lead iodide (PbI 2 ) 
phases under a small electric fi eld at the elevated temperature 
as a result of a set of solid-state chemical reactions, and show 
that the conversion of MAPbI 3  to PbI 2  is slower than the con-
version of PbI 2  to MAPbI 3  at room temperature (RT). 

 The MAPbI 3  lateral devices were fabricated on glass sub-
strates to enable observation of ion migration process by an 
optical microscope or a charge-coupled device (CCD) camera. 
 Figure    1  a shows the working area of a fresh MAPbI 3  device at 
330 K in vacuum taken with the CCD camera. The cross-sec-
tional structure of the device is illustrated in Figure  1 b. After 
applying a constant electrical fi eld of ≈3 V µm −1  for 20–60 s, a 
thread formed near the anode region, and then gradually moved 
toward the cathode along the applied electric fi eld direction. 
Figure  1 c,e show the snapshot optical images obtained during 
the migration of this thread under the applied electric fi eld. 
Sketches in Figure  1 b,d,f illustrate a change in the device cross-
section due to the formation of the thread (red region) and its 
subsequent motion across the channel from the anode to the 
cathode. (The process of thread formation and its motion can be 
seen in Video S1, Supporting Information). The thread appears 
darker than the neighboring regions due to the scattering of 
light incident at an angle of 50°–60°. When observed with ver-
tical incident light in refl ection mode, the thread (region B) has 
a similar color with the neighboring regions (Figure  1 g). The 
optical microscopy image in transmission mode in Figure  1 h 
shows that this thread has higher transparency than the neigh-
boring regions.  

 To determine composition of the formed thread, we con-
ducted energy-dispersive X-ray spectroscopy (EDX) and X-ray dif-
fraction analysis (XRD) measurements. The scanning electron 
microscope (SEM) ( Figure    2  a) and EDX images (Figure  2 c–h) 
show the distributions of gold (Au), I and lead (Pb) elements 
in a device poled by an applied electric fi eld of 3 V µm −1  for 
1 min. The quantitative distribution of these elements along the 

  Solution-processed solar cells based on organolead trihalide 
perovskite (OTP) materials are emerging as a new generation 
of photovoltaic devices due to their low cost and superior per-
formance. [ 1–17 ]  The power conversion effi ciency (PCE) of the 
perovskite solar cells increased dramatically from 3.8% to over 
20% after only a few years of research. [ 1–7,9–16,18–22 ]  The advances 
in low-cost, high-throughput processing methods, such as 
doctor-blading and spray coating, are also fast, which allowed 
fabrication of high-effi ciency large-scale devices. [ 23–28 ]  One of 
the remaining issues is whether the OTP materials and devices 
have suffi cient stability that is needed for the commercializa-
tion of the OTP solar cells. [ 3,29,30 ]  Among all factors that cause 
the instability of the hybrid perovskites, ion migration has been 
recently been identifi ed to be intrinsic to the hybrid perovskite 
polycrystalline fi lms and cannot be removed by device encap-
sulation. To solve the instability problem of the OTP-based 
devices, a deeper insight into the ion migration effect is neces-
sary, since it might provide hints for the development of new 
materials with better stability. [ 30,31 ]  

 A fi rst step in understanding the ion migration in methyl-
ammonium lead triiodide (MAPbI 3 ) is to identify the migrating 
species in the solar-cell grade polycrystalline thin fi lms. Our 
fi rst report of the giant switchable photovoltaic effect in OTP 
solar cells suggested that the mobile ions were positively 
charged methylammonium ions (MA + ) or/and iodine vacan-
cies (V I  • ). [ 32 ]  Our subsequent measurements by means of 
photothermal-induced resonance (PTIR), which has a selective 
sensitivity to MA +  species only, confi rmed that the MA +  ions in 
MAPbI 3  could migrate over tens of micrometers under a weak 
electrical fi eld of 0.3 V µm −1 . [ 33 ]  This indicates that the MA +  
ions migrate under the built-in electrical fi eld of the operating 
solar cells. [ 8 ]  It was later found that this effect actually enhances 
the device performance due to the improved p-i-n structure, in 
contrast to the general belief that ion migration would impair 
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dashed lines in Figure  2 c,e,g are shown in Figure  2 d,f,h, respec-
tively. An I-defi ciency is observed in the I-mapping image at the 
location of the thread in SEM (Figure  2 e). The concentration 
of I −  anions in the thread region is about 50 ± 10 % of that 
in MAPbI 3  regions with a statistics acquired from six samples 
(Figure  2 f and Figure S1, Supporting Information). Besides, a 
new XRD peak at ≈15° was observed after a thread formed in 
the lateral device after electrical poling, which is assigned to be 
the (001) diffraction peak of PbI 2  (Figure  2 b). For a better XRD 
signal, large area lateral device with interdigitated electrodes 
was used for the XRD measurement (Figure S2, Supporting 
Information). As a consequence, we conclude the thread region 
is composed of PbI 2 , which has a smaller I −  concentration than 
MAPbI 3 . The migration of this I-defi cient PbI 2  thread under 
the electric fi eld conclusively proves the migration of I −  for the 

fi rst time, because it must involve massive I −  anion transpor-
tation. Meanwhile, the distribution of Pb 2+  cations after poling 
is found to be uniform in the thread and surrounding regions 
(Figure  2 g,h), indicating that the migration of the Pb 2+  cations 
is negligible. This result is consistent with previous theoretical 
calculations, which suggested that the activation energy for the 
Pb 2+  cation migration of 2.3 eV is much larger than those of 
MA +  and I −  ions (<1.0 eV). [ 35,36 ]   

 To summarize, the thread formed at 330 K moved toward 
cathode under the electrical fi eld while maintaining its shape and 
width. This observation suggests that MAPbI 3  is converted into 
PbI 2  at the front edge of the thread (defi ned as the edge facing 
the cathode side), and reformed at the back edge of the thread 
(defi ned as the edge facing the anode side). Also, motion of the 
thread as an entire unit indicates that these two reversible con-
version processes occur at the same rate so that the width of the 
thread is maintained while it moves. A higher transparency of 
the thread in comparison with the surrounding MAPbI 3  region 
can now be easily understood given that PbI 2  has a much larger 
bandgap and less absorption in visible range than MAPbI 3 . [ 32,37 ]  

 For a better understanding of the formed PbI 2 , the mor-
phology and conductivity of the PbI 2  thread were studied 
by Kelvin probe force microscopy (KPFM) and conducting 
atomic force microscopy (c-AFM), with the results shown in 
 Figure    3  . Geometry of the KPFM measurements is illustrated 
in Figure  3 a. A topographic image in Figure  3 b shows an 
area of 50 µm × 50 µm with the 5 µm wide PbI 2  thread. Typi-
cally, the width of PbI 2  thread is 10 µm ± 5 µm, which varies 
from sample to sample and is determined by the formation 
stage. The height profi le along the dashed line in Figure  3 b 
is shown in Figure  3 c. The total thickness of the MAPbI 3  fi lm 
was ≈280 nm, and the thread was ≈70 nm thinner than the 
MAPbI 3  fi lm. Despite of its reduced thickness, the amount 
of Pb ions in the thread is unchanged (Figure  2 h). Therefore, 
the reduced thread thickness can be caused only by the loss of 
MA +  and I −  ions. Figure  3 c also shows that both the front and 
back edges between the MAPbI 3  and PbI 2  are quite sharp. The 
reformed MAPbI 3  (Region A) has nearly the same height of 
about 280 nm with fresh MAPbI 3  (Region C), which means the 
conversion of PbI 2  back to MAPbI 3  is complete, and there is a 
relatively small loss of MA +  and I −  ions in the form of vapor. 
It agrees with the observed comparable amount of I −  in the 
regions before (Region A) and after (Region C) the thread swept 
over, as shown in Figure  2 f. The adhesive (Figure  3 d) and phase 
(see Figure S3, Supporting Information) mapping shows that 
the PbI 2  thread is less adhesive and more rigid than that of the 
surrounding MAPbI 3 .  

 Conductivity of the PbI 2  thread along two typical directions, 
i.e., across (Figure  3 a) and along (Figure  3 g) the thread, has 
been investigated by KPFM and c-AFM, respectively. In the 
KPFM measurement, by applying a constant bias between the 
two electrodes, there is a uniform current fl owing throughout 
the measured region, while the surface potential drops gradu-
ally from anode to cathode (Figure  3 f). The conductivity of 
the materials at different locations can be estimated from the 
slope of the potential-position curve. Figure  3 e shows that the 
potential drop across the PbI 2  thread is ≈50–100 times faster 
than that across the fresh MAPbI 3  fi lm. Therefore, almost all 
the potential applied to the device drops at the PbI 2  thread 
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 Figure 1.    The formation of PbI 2  thread in MAPbI 3  by electrical poling 
at 330 K. Optical images of the lateral MAPbI 3  perovskite solar cells: 
a) without PbI 2  thread, and c,e) with a PbI 2  thread at different locations; 
Cross-sectional illustrations of b) the lateral MAPbI 3  perovskite devices 
without or d,f) with the PbI 2  thread; Comparison between the MAPbI 3  
and the PbI 2  thread regions under optical microscope in g) the refl ection 
mode and h) the optical transmission mode, where the arrows indicating 
the moving direction of the PbI 2  thread. The regions of A, B, and C are 
the fresh MAPbI 3 , PbI 2  thread, and reformed MAPbI 3 , respectively. The 
electrodes spacing is 100 µm.
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(Figure  3 f). In the c-AFM measurements, an additional Au 
electrode bar was deposited perpendicular to the PbI 2  thread 
as ground electrode, as illustrated in Figure  3 g. By placing the 
c-AFM tip inside or outside the PbI 2  thread, the conductivity of 
the formed PbI 2  and MAPbI 3  (both fresh and reformed) can be 
measured by applying a bias between the tip and the Au elec-
trode. In Figure  3 h, lateral currents obtained in fresh MAPbI 3  
(Region A), and reformed MAPbI 3  (Region C) are  I  A  (6 pA) and 

 I  C  (2 pA), respectively, which are 60 and 20 times higher than 
the lateral current obtained in PbI 2  ( I  B  < 0.1 pA, limited by the 
equipment resolution), respectively. Both the KPFM and c-AFM 
results indicate that it is highly unlikely that the PbI 2  thread is 
heavily doped. The reformed MAPbI 3  is also found to be less 
conductive than the fresh MAPbI 3 , which might be due to the 
formation of a large density of defects, e.g., grain boundaries, 
or spatial variations in composition, or changed doping. [ 38 ]  
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 Figure 2.    EDX and XRD study of the lateral devices with a PbI 2  thread. a) SEM image of a typical PbI 2  thread, where an area of 80 µm × 85 µm was 
shown (electrode area was not included for a better clarity). b) XRD spectra of the MAPbI 3  fi lm before and after the formation of a PbI 2  thread. For a 
better signal/noise ratio, a large area lateral device with interdigitated electrode (see Figure S2, Supporting Information) was used for the electrical 
poling and XRD measurement. Concentration mapping of c) gold, e) iodine, and g) lead elements in a lateral device with a PbI 2  thread, where the 
electrode spacing is 100 µm and the measured area is 150 µm × 120 µm. Concentration profi les of d) gold, f) iodine, and h) lead in the location that 
marked in (c). The position of two electrodes can be well recognized from the Au atoms distributions shown in Figure  2 c.
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 After confi rming that the material in the thread is PbI 2 , it is 
of great importance to understand how the PbI 2  thread is gen-
erated and why it could migrate inside the MAPbI 3  fi lm under 
the electric fi eld. We propose that these phenomena are caused 

by a set of electrochemical reactions at the 
electrodes and solid-state reactions mediated 
by the massive migration of I −  and MA +  ions, 
as illustrated in  Figure    4  . The experimental 
results pointed out that the PbI 2  thread was 
generated around the Au anode, which can 
be explained by the following solid-state and 
electrochemical reactions: 

     MAPbI PbI MA I3 2
+→ + + −   (1)  

     → ↑ +− −2I I 2e2   (2)    

 Due to the low thermal stability of 
MAPbI 3 , it can decompose to the two pre-
cursors of MAI and PbI 2 , which is facilitated 
by the temperature increase to 330 K. The 
I −  anions are electrochemically reduced to 
I 2  vapor by the Au anode, causing a loss of 
I −  under the gold anode region. In some of 
our experiments based on MAPbI 3  single 
crystal, we could observe a quick release of 
colored I 2  vapor from the anode region under 
application of an electrical fi eld of 0.2 V µm −1 , 
which confi rmed the proposed scenario. The 
residual MA +  ions are quickly driven away 
from the anode toward the cathode region by 
the applied electric fi eld, which was verifi ed 
by our previous PTIR studies of MA +  migra-
tion at room temperature (RT). [ 33 ]  The higher 
temperature used in the present experi-
ments should further promote MA +  migra-
tion. After cooling down from 330 to 300 K 
and removing the applied electric fi eld, the 
formed PbI 2  phase is stable and persists even 
when exposed to ambient atmosphere. This 
fact is illustrated by images in Figure  1 g,f 
and Figures  2  and  3 , which were obtained 
after storing the samples in air for more than 
10 hours. 

 Migration of the PbI 2  thread toward the 
Au cathode under the applied electric fi eld 
indicates that the conversion of MAPbI 3  to 
the PbI 2  at the front edge of the PbI 2  thread 
can also occur without a direct contact of 
MAPbI 3  with the Au electrode. The only 
difference is that the I −  anions need to be 
removed away from the front edge by dif-
fusion across the PbI 2  thread region. The 
fact that PbI 2  thread maintained its width 
under a low electric fi eld (Figure  1 d) instead 
of spreading from anode to cathode by the 
migration of its front edge (Figure S4, Sup-
porting Information) indicates that PbI 2  
converted back to the MAPbI 3  phase at the 

back edge of the thread. This is a typical formation process of 
MAPbI 3  (Figure  4 b): 

     I PbI MA MAPbI2 3+ + →− +   (3) 
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 Figure 3.    Electronic properties of the MAPbI 3  and PbI 2  regions. a) Schematic illustration of 
the KPFM measurement around the PbI 2  thread, where a constant bias of 10 V was applied on 
the anode electrode (the arrow indicates the direction of the electric fi eld and current fl ow); 
b) topography image, d) adhesive image, and f) surface potential mapping of the MAPbI 3  fi lm 
with fresh MAPbI 3  (Region A), PbI 2  (Region B) and reformed MAPbI 3  (Region C), respectively, 
where the arrows show the direction of the PbI 2  thread migration. c) Height profi le of the 
MAPbI 3  fi lm for the position marked in Figure  3  b; e) Surface potential profi le around the PbI 2  
thread for the position marked in Figure  3 f; g) Schematic illustration of the c-AFM measure-
ment around the PbI 2  domain, where an additional Au electrode bar was deposited on the top 
as the ground electrode, and electric current fl ows in parallel to the PbI 2  thread. h) Local cur-
rent–voltage curve measured with the c-AFM tip in contacting with fresh MAPbI 3  (Region A), 
PbI 2  domain (Region B) and reformed MAPbI 3  (Region C), respectively.
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 where the I −  anions are generated by the decomposition of 
MAPbI 3  at the front edge (Region A) under the action of the 
applied fi eld. This suggests that I −  ions must migrate across 
the PbI 2  thread, and some of the MAPbI 3  region as well, from 
the front to the back edge. The released MA +  ions by Reaction 
(1) in region A do not take part in the Reaction (3) since it has 
an opposite migrating direction with that of I −  ions. The MA +  
cations are produced by the newly formed MAPbI 3  in region C. 
The migration of MA +  ions is illustrated in Figure  4 b (blue dash 
line). In some cases we observed that the PbI 2  thread had broad-
ened at a higher electrical fi eld (e.g., 3.5 V µm −1 , see Figure S5, 
Supporting Information), which can be explained by the differ-
ence in the limiting factors for the moving of the front edge 
and back edge of the thread. The decomposition of MAPbI 3  
at the front edge of the thread is determined by the tempera-
ture and by how fast MA +  and I −  can be removed away from 
the front edge, while the migration speed of the back edge of 
the PbI 2  thread is limited by the supplying amount of MA +  and 
I −  at the back edge. A loss of I −  ions through I 2  vapor forma-
tion (Reaction (2)) under the large electric fi eld, which removes 
iodine from the fi lm, may cause insuffi cient supply of I −  at the 
back edge and cause the broadening of the PbI 2  thread. 

 Under a relatively low electric fi eld (≈3 V µm −1 ), the moving 
speed of the PbI 2  thread was found to increase with the applied 
electrical fi eld (Figure S5, Supporting Information). When 
the applied electrical fi eld increased from 2.5 to 3.5 V µm −1 , 
the time required for the thread to move across the 100 µm 
wide anode–cathode spacing decreased from ≈250 to ≈168 s. 
The corresponding ionic migration mobility is calculated to be 
≈1.7 × 10 −9  cm 2  V −1  s −1  in both cases, which is very close to the 
ionic mobility of 1.5 × 10 −9  cm 2  V −1  s −1  obtained in our pre-
vious study. [ 33 ]  This observation suggests that the ionic migra-
tion mobility indeed determines the moving speed of the PbI 2  

thread and conductivity of the MAPbI 3  perovskites at a rela-
tively high temperature of 330 K. 

 Our experimental results indicate that conversion from 
MAPbI 3  to PbI 2  is more sensitive to temperature than the 
reverse process (Reaction (3)) under the same applied electric 
fi eld, which can be explained by the exothermic nature of reac-
tion (3). In our experiments, after forming the PbI 2  thread, 
we turned off the applied bias and decreased the temperature 
down to 300 K. When we tried to move the PbI 2  thread with the 
same electric fi eld (3 V µm −1 ) at 300 K, the PbI 2  thread disap-
peared (see the Video S2, Supporting Information). This obser-
vation indicates that the generated PbI 2  can still be effi ciently 
converted to MAPbI 3  perovskite at RT, while the decomposi-
tion of MAPbI 3  to PbI 2  is slowed down at lower temperature. 
This also explains why the migration of the PbI 2  thread was not 
observed at RT in our previous studies. [ 32,33 ]  Slower decomposi-
tion of MAPbI 3  to PbI 2  is actually good for the stability of solar 
cells at RT, while faster decomposition may limit operation of 
the perovskite solar cells at higher temperatures. 

 In summary, we have studied the migration of I −  ions in 
MAPbI 3  perovskite fi lms at an elevated temperature of 330 K. 
For the fi rst time, we present a direct visualization of macro-
scopic migration of a large amount of I −  ions in these fi lms 
under an electric fi eld. Electrically driven migration of the PbI 2  
thread in MAPbI 3  fi lm results from a set of solid-state chemical 
reactions that occur simultaneously at the front and back edges 
of the thread with comparable reaction rates. We also demon-
strate that the conversion between the MAPbI 3  and PbI 2  phases 
induced by the electrical fi eld is fully reversible at 330 K. The 
obtained results provide further insights into the ionic trans-
port properties and electrochemical activities of the MAPbI 3  
materials. Further studies are required to clarify the role of the 
surface and bulk diffusion mechanisms in the observed effect.   

Adv. Energy Mater. 2016, 6, 1501803

www.MaterialsViews.com
www.advenergymat.de

 Figure 4.    Reversible conversion between MAPbI 3  and PbI 2  under electric fi eld. a) Cross-sectional illustrations of lateral MAPbI 3  perovskite solar cells 
with a PbI 2  thread forming below the anode. b) Illustrations of the lateral MAPbI 3  devices with the PbI 2  thread moving toward cathode, which is resulted 
from two sets of proposed solid-state chemical reactions occurring at the “Region A/Region B” and “Region B/Region C” interfaces, respectively.
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 Experimental Section 
  Device Fabrication : The lateral MAPbI 3  device was fabricated on glass 

substrate. At fi rst, 75 nm thick Au electrodes with spacing of 50 µm or 
100 µm were thermally deposited by using shadow mask. Subsequently 
a 300 nm thick MAPbI 3  fi lm was spin coated on substrate with a “two-
step” interdiffusion method. In particular, PbI 2  (40 wt%) and MAI 
(4.0 wt%) were fi rst dissolved in dimethylformamide and 2-propanol, 
respectively, to form precursor solutions. The PbI 2  hot solution was spun 
onto glass at 6000 rpm. Then the hot MAI solution was spin coated on 
PbI 2  fi lm at 6000 Hz for 35 s. The bilayer fi lms were then annealed at 
100 °C for 1 h.  

  Film and Device Characterization : Measurements on lateral solar cells 
were conducted in a probe station chamber under a vacuum of 10 −5  Pa, 
with white light (25 mW cm −2 ) through a quartz window. The substrate 
was located on a metal plate with its temperature being controlled by 
a heater and injected liquid N 2 , which can varied from 80 K to 340 K. 
A high voltage supply (Keithley 240a) with a maximum voltage output 
of 1200 V was used for the poling process. A semiconductor analyzer 
(Keithley 4200) was used for the current–voltage characterization. 

  Element Mapping by EDX : The EDX mapping was carried out on a 
FEI Nova NanoSEM 450 instrument equipped with an Oxford X-MAX 
energy-dispersive X-ray spectroscope. Typical electron acceleration 
voltage for X-ray excitation was 20 kV. The excited characteristic Mα 
X-ray from Pb (2.342 keV), Lα X-ray from I (3.937 keV) and Mα X-ray 
from Au (2.120 keV) was detected for element mapping, respectively. 

  XRD Measurement : XRD measurement were carried out with a 
Rigaku D/Max-B X-ray diffractometer with Bragg–Brentano parafocusing 
geometry, a diffracted beam monochromator, and a conventional cobalt 
target X-ray tube set to 40 KV and 30 mA. The emitted X-ray wavelength 
is 1.79 Å. 

  KPFM and AFM Measurements : Measurements were carried out in air 
and in the dark. Platinum-iridium-coated conductive probes were used 
in the KPFM and AFM measurements. The peak force KPFM mode, 
combining the tapping mode AFM with frequency modulation KPFM 
was used to measure the topographic and surface potential signals 
from the same sample area. The scanning area and tip velocity were 
50 µm × 50 µm and 81.4 µm s −1 , respectively. The tip-surface distance 
for KPFM measurements was 80 nm for all samples. The conductivity 
of the MAPbI 3  fi lm was measured by applying 10 V bias to devices with 
electrode spacing of 50 µm. The conductivity at different regions was 
extracted from the slope of the surface potential versus position curves. 

  C-AFM Measurement : Conducting AFM (MFP-3D, Asylum Research) 
was used to compare the conductivity of the MPbI 3  and PbI 2  fi lms. The 
confi guration of the testing is illustrated in Figure  3 g, where the PbI 2  
domain in the lateral MAPbI 3  device was fi rst formed by electrical poling 
(2–4 V µm −1 ) at 330 K, and then the sample was cooled down to room 
temperature and transferred to an evaporator for the deposition of Au 
electrode. After that the sample was electrically tested by c-AFM in air, 
with the Au electrode grounded. 

 The electrically poled MAPbI 3  fi lm was observed under an optical 
microscope (Olympus BX61) coupled to a high-resolution CCD camera 
(Photometrics, CoolSNAP-cf). The optical microscope worked in the 
transmission (or refl ection) mode with the sample illuminated from 
bottom (or top).  

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