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Fig. 1. (a) Typical I-V character of the planner structure perovskite solar cell with the scan rate was 0.20 V/s, which expressived

the obvious hysteresis; (b) the parameters lead to the hysteresis and (c) the possible reasons responsible for the hysteresis.
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Fig. 2. (a), (b) Diagram of the lateral structure perovskite device used to test the giant switchable photovoltaic effect and the I-V

curve at a speed of 0.14 V/s between —2.5 V and 2.5 V, showing a switchable photovoltaic effect; (c), (d) illustration of the set-up

used for in situ monitoring the material changes of perovskite films under electric poling process and the corresponding optical mi-

croscope photos of perovskite materials, in which the electric field applied on the perovskite film was about 1.2 V/umt?; (e) KPFM

potential images of the MAPDI; thin films before and after electrical poling (1.2 V/pum, 100 s); (f) schematic diagram of the energy
level of the lateral device Au/MAPbI3/Au before and after the polarization!*’); (g) the migration path calculated by the first prin-
ciple for I ions in the Pblé7 octahedron, which is the constituent unit of the MAPbI,, along the I'-I" boundary[*4.
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Fig. 3. Illustrative diagrams of Schottky defects (a) and
Frankel defect (b) related to ion migration in crystals.
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B 6 (a) PTIR BB T MAPDI, #iIE7E 1.6 V/um HLIZ 4L 100 A1 200 s i 5, MATES T B9 434 18], Hodr B R 181 BE 9 100 pml43);
(b) S5 I XPS J7 12 T 70 3R 2335 (X9 A8 1o 48 1 0 912 36 206 /s 238 TRT B0 A5 £ A BEURR 280 BT A 22 10 134 1/Pb L4513 A1 1 (), il
BB HLE R 1V, FRSEEEA] 30 min, 15 HL A IA] A4 B i BE 26 4 200 pm, Hoi 0 F <07 ST IE AL, 7 B 87 Sy 42 3T B Ak A 0);
(d) % 1) #5 {1 o BA P, 450 K419 SEM Hl XRD 4341, X 885 1] 45 14 19 MAPbDL, W 158 i 3 1 L 5 B LB Y P, 4008 K4
SEM & (d) MR AL BTG B9 XRD & (e); (), (W)EDX MK T B9 EA Pbl, 4TF K8 A1 ) 455k 25 1F A LT R () ML ICE (h) S04
s (g), (i) 400 TR ST ITRTE (1), (h) FIZRAL Y v B A8 1 th 22 1)

Fig. 6. (a) Corresponding PTIR images for the CH; asymmetric deformation absorption of the methylammonium ion (1468 c¢m!)
obtained before, after 100 s and after 200 s electrical poling, respectively. The poling field was 1.6 V/um and the distance between
the electrode is 100 pmi*?l. (b) Illustration of the set-up for characterization of elements distribution using a lateral structure with
XPS method and the obtained I/Pb ration against position from anode side to cathode side (c). The applied DC voltage is 1 V for
30 min. The lateral distance between two electrodes is 200 pm. Position 0 is near the anode and position 8 is near cathode sidel™.
(d) SEM and XRD study of the lateral devices with a Pbl, thread. By electric polarization of MAPDI; films with lateral symmetric
electrode structure, SEM image (d) of a typical Pbl, thread, (¢) XRD spectra of the MAPDI; film before and after the formation of
a Pbl, thread. (f), (h) The distribution diagram of iodine (f) and lead element (h) of lateral perovskite device with Pbl, thread line
under energy dispersion X-ray (EDX) test. (g), (i) The concentration curves of iodine (g) and lead (i) at the white line in Figs. (f)
and (h), respectivelyl®.
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Fig. 7. (a) Schematic diagram of the MAPDI; unit cell. (b) The thermodynamic stability range for equilibripm growth of MAPDI; is

in the red region. The formation energies of intrinsic point defects in MAPbI; at chemical potentials A, B, and C shown in (c),

where defects with much high formation energies have displayed as dashed lines. The calculated transition energy levels of (d) in-

trinsic acceptors and (e) intrinsic donors in MAPDI;. Dashed lines stand for the defects that have much higher formation energy so

that they cannot exist/5!,
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F2  FEfREEBSHNIN A, B, C, WE 7(c) ' A, B, C &b, MAPDIL, #5Ek5 b P itk d Bl AUTE IRE (Bhz: eV)PY

Table 2.  The formation energies (unit: eV) of the neutral defects in MAPbI; at chemical potential points A, B, and CI5!.

A L MApy, Vaia Vi, Tya Ip, MA, Pb, \ Pb, MA, Ph,
A 0.23 0.28 0.81 0.29 1.96 1.53 1.39 2.93 187 4.24 3.31 5.44
B 0.83 1.15 1.28 1.62 3.01 3.45 0.93 2,51 1.27 2.91 2.25 3.62
C 1.42 1.47 2.01 2.68 4.34 5.10 0.20 1.74 0.67 1.85 0.93 1.97
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Fig. 8. (a) Schematic representation indicating the impact of ion vacancy drift on the band energies of a p-i-n device at short cir-
cuit conditions. E, is the conduction band energy, E, is the valence band energy and Vj; is the built-in potential. The squares with
“plus” signs indicate the iodide ion vacancies. Implicit in the diagram is that the vacancies with effective positive charges are bal-
anced by immobile cation vacancies (not shown) with effective negative charges. (b) Hypothesized energy level configurations cor-
responding to different bias conditions and times during the chrono-photoamperometry measurements. The variation in the conduc-
tion and valence bands corresponds to the redistribution of iodide ion vacancies to and from interfaces with different applied poten-

tials and times34,
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Fig. 9. (a) Typical Inoj-1/T curves for ion conduction in solid with different amount of extrinsic defects, where Ej is the activa-
tion energy for ion migration, Ey is the formation energy for thermal-excited point defects. (b) Arrhenius plot of the conductivity of
the MAPbI; film under dark (blue) and illumination (red, the light intensity is 0.25 mW /em)*. (c) Typical Nyquist plot for mixed
conductor system with Warburg diffusion as evidence by the linear portion of the low frequency regime. Equivalent circuit diagram
was showedin the figure and the dashed line islowfrequency ionic elements. W, is the Warburg component, R is the interfacial

charge transfer and Cy is modeled as an interfacial an interfacial Debye-layer capacitance®. (d) Calculation of activation energy of

ion migration by transient photocurrent combined with Arius drawing method?Y.
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Fig. 10. (a) XRD and PL of MAPb(Brj¢l;4);. The black line in the left XRD indicates that the MAPb(Brg ¢l 4)3 film has not been
soaked by light, the red line represents the sample soaked for 5 minutes in white light at ~50 mW-cm™2, and the blue line indicates
that it is placed in the dark state 2 hour. On the right, by turning on (457 nm, 15 mW-cm 2) and turning off the excitation light
(after 5 minutes in the dark), the spectrum can be repeated between two states®. (b) Reversible conversion between MAPbI; and
Pbl, under electric field. On the left is a cross-sectional view of lateral MAPbI; perovskite solar cell in which Pbl, line is formed be-
low the anode. The image to the right shows a schematic representation of the lateral MAPbI; device with the Pbl, line moving to-
ward the cathode, which is caused by two sets of solid-state chemical reactions that occur at the “A/B” and “Region B/C” inter-
faces, respectively®.. (c) SEM top view of the perovskite transverse structure with silver electrodes before (left) and after polariza-

tion (right). The “ + ” and “~” symbols indicate different electrode polarizations!™.
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11 (a) KRR ST (Z2) AN GORLRST () 3 10 T BE A B8 Fi 3 P 11 10905 (b) SRS %5 BE (DOS) 1% DFT 315832 W, Pb-
L0 H B B 5 1 B B BE S (B3R ) e, I HL 24 PCBM W B 6 A7 ok B B9 pa AL 4 B IR A8 45 B3R (20 (2)17); () NMR K 7R,
PCBM HR#HiEIE—CH,—7F PCBM + MAI #1 PCBM + Pbl, H344 (%, & BIHUA PCBM Z [8] i AH BAEFH ) (d) JEA 38 BEA 1L/
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Fig. 11. (a) Temperature-dependent ion conductivity of large grain size (left) and small grain size (right) films figure''l. (b) DFT
calculations show that the deep trap state (black) caused by Pb-I antistatic defects is reduced and becomes lighter (red) when
PCBM is adsorbed on the defective halidel™. (¢) NMR shows that the characteristic peak —CHy— in PCBM is shifted in both
PCBM + MAI and PCBM + Pbl,, indicating the interaction between iodine and PCBMI[™. (d) Schematic diagram of in situ cross-
linking of organic/perovskite films: (D Chemical structure of TMTA having significant carbonyl (blue) and alkenyl (red) groups;
@ crosslinking polymerization of TMTA under hot conditions; @ TMTA is chemically anchored to the grain boundaries of MAPbI,

and then crosslinked in situ to the continuous network polymer!!2].
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SPECIAL TOPIC—Perovskite optoelectronic devices and physics
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Abstract

In recent years, metal halide perovskite solar cells have attracted widespread attention due to their unique
technological superiority. Remarkable progress of device performance has been achieved in last few years. The
certified efficiency has reached 24.2%, which is close to the efficiency of the commercial crystalline silicon solar
cells. Halide perovskite is a kind of semiconductor and ionic conductor material, which not only has the ability
to transfer charges, but also exhibits the phenomenon of ion migration under an external electric field. Ton
migration can directly change the local chemical ratio of perovskite crystals, and can also greatly affect the
electrical properties of materials and the working mechanisms of corresponding devices. In this review, the
formation mechanism, basic characteristics and effects of ion migration on the working mechanism of the device
(such as giant switchable photovoltaic phenomenon, current hysteresis, etc.) are summarized, and then some
recent advances in the suppression of ion migration are introduced. Since there exist still many doubts about
ion migration in perovskite materials, it is very important to understand the phenomenon of ion migration in

perovskite materials in order to promote the development and application of perovskite solar cells.
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