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The power conversion efficiency (PCE) for perovskite sol-
ar cells (PSCs) now reaches 25.2%!"1. However, the perovskite
materials have complex compositions and variable phases,
calling for suitable characterization techniques to investigate
the underlying operation and degradation mechanism. Graz-
ing-incidence wide-angle X-ray scattering (GIWAXS) plays an
important role in studying perovskite materials. GIWAXS data
are generally two-dimensional diffractograms containing dif-
fraction rings of different crystal planes. Grazing-incidence
small-angle X-ray scattering (GISAXS) is similar to GIWAXS,
while it has a longer detection distance than that of GIWAXS
(Fig. 1(a))2l. GISAXS enlarges the observable spatial range up
to 10-100 nm and reduces the measurement sensitivity of crys-
tallization, and it is mainly used to determine the morpho-
logy of bulk-heterojunction films in nanoscalel® 4. Compared
to GISAXS, GIWAXS is more popular in perovskite study. This
technique has several advantages as follows: (1) high signal-
to-noise ratio (SNR) and sensitive structural resolution; (2) no-
contact and nondestructive probing; (3) abundant structural in-
formation; (4) depth resolution; (5) in-situ observation. Here,
we discuss two applications of GIWAXS, i.e., the crystallograph-
ic information at steady state, and the in-situ measurement
to probe the temporal information. As an important structur-
al parameter of perovskite films, crystallographic orientation
affects the optoelectronic properties and materials stability.
The 2D GIWAXS diffractogram presents the Debye-Scherrer
ring for certain crystallographic plane, enabling characteriza-
tion of structural orientation of perovskite films. The orienta-
tion degree for crystal planes can be obtained quantitatively
according to the diffraction rings along the azimuth by using
Herman's orientation function.

Quasi-2D perovskites receive attention due to their vari-
able structures, tunable composition, and relatively high stabil-
ity. The insulating organic long-chain cations in quasi-2D per-
ovskites can block carrier transport. Suitable crystal orienta-
tion can enhance the carrier transport in 2D perovskites, thus
improving device performance. GIWAXS measurements give in-
formation about crystal orientation, it can also tell the stack-
ing manner of grains at different depths, which is essential
for understanding the crystallization mechanism. For ex-
ample, by using GIWAXS, Choi et al. found that the nucle-
ation and crystallization of BA,MA;Pbyl;3 perovskite occurs at
the gas-liquid interface during annealing, which results in the
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vertical alignment of 2D perovskite crystals (Fig. 1(b))i. They
further regulated the solvent and cation to prepare highly ver-
tically orientated 2D perovskite filmsl®l. Rafael et al. found
that the intermediate solvent complexes provide building
blocks in the formation of 2D perovskites according to Gl-
WAXS measurementsl7],

High-quality 3D perovskites tend to make strong orienta-
tion at certain azimuth angle. GIWAXS results can be used to
evaluate the crystallization quality of 3D perovskite thin films.
The results can also be used to guide the process optimiza-
tion, as well as to clarify the relationship between crystallo-
graphic orientation and device performance. Zheng et al. regu-
lated the preferential orientation of perovskite crystals and im-
proved the interfacial carriers transport in the corresponding
devices by substituting A-site alkali metal cations(8l.

Recently, residual strain was observed in perovskite films
due to the mismatch of the expansion coefficients for the sub-
strate and perovskites, which influences the operational stabil-
ity and efficiency of perovskite solar cells. Microscopically, the
residual stress within the film results from a biaxial stretch-
ing of the perovskite lattice in in-plane direction. The shift of
corresponding diffraction peaks at different azimuthal angles
reveals the lattice tilting and stretching. By depth-resolved Gl-
WAXS, Zhu et al. observed a gradient strain in FA-MA per-
ovskite films (Fig. 1(c)). The performance of PSCs was im-
proved by reducing lattice mismatch of the crystals®l. Wang
et al. replaced A-site cations on the perovskite surface by us-
ing OAI post-treatment, forming a “bone-joint” configuration,
reducing surface residual stresses and thus improving humid-
ity and thermal stability of PSCs!9l,

In-situ measurement is attractive in perovskite research.
It provides a rapid approach to track microstructural changes
in perovskite materials, including the crystallization and
aging processes. It is the key to unravel the kinetics process
of perovskite materials. The formation process of perovskite
crystals is not fully understood yet. The film formation pro-
cess includes liquid-film gelation stage and crystallization
stage. Many studies have shown that the orientation and
phase structure of perovskite are already established during
gelation stage. The quality of the perovskite precursor film
(gel) significantly affects the final perovskite film. In-situ Gl-
WAXS provides information for the composition evolution
during spin-coating process. It also provides guidelines for pre-
paration conditions, such as spin speed and time, dripping
time of anti-solvent, etc. Amassian et al. have conducted a
series of in-situ GIWAXS studies on perovskite. They ob-
served the transition of perovskite precursors from liquid
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Fig. 1. (Color online) (a) Schematic diagram of GIWAXS and GISAXS. Reproduced with permission(?, Copyright 2017, John Wiley & Sons Inc.
(b) Schematic diagram of the formation of vertically orientated 2D perovskite. Reproduced with permission(s], Copyright 2018, Nature Publish-
ing Group. (c) Gradient strain at different depths in perovskite layer. Reproduced with permissionl), Copyright 2019, Nature Publishing Group.
(d) Time-resolved GIWAXS for precursor films with and without K+ during spin-coating. Reproduced with permissionl('3], Copyright 2019, Elsevier
Inc. () Humidity control set-up. (f) Time-dependence for MAPbI; (110) peak area and device performance parameters. (e) and (f), reproduced

with permissionl'3], Copyright 2018, American Chemical Society.

phase to sol-gel state, and investigated the effect of precurs-
or spin-coating time on PSCs performancel''l. They revealed
that Cs* and Rb* cations were able to stabilize the sol-gel
state and suppress the phase separation during spin-coating
(Fig. 1(d))t12131,

GIWAXS can also be used to study the crystallization pro-
cess during thermal annealing. Using the peak area integ-
rated by the Debye-Scherrer ring of GIWAXS, all the phase con-
tents of perovskites and their evolution during annealing can
be deduced, which illustrates the phase transition from inter-
mediate phase to perovskite phase. The activation energies
for perovskite formation can be determined by using Arrheni-
us equation.

Perovskite degradation caused by humidity and heat lim-
its the commercialization of PSCs. In conjunction with the mois-
ture and temperature controller, the aging process of devices
under different conditions can be monitored by GIWAXS.
Through depth-resolved characterization, the physical and
chemical reactions at different positions can be deduced by
combining with other characterizations, which will reveal the
degradation mechanisms. Kelly et al. performed systematic
in-situ GIWAXS studies on perovskite degradation. They ob-

served that MAPbI; films decomposed to a hydrated intermedi-
ate phase with Pblg* octahedra in a humid environment!4l,
To further investigate the performance and structure changes
of PSCs under humidity, they developed a humidity control-
ler in conjunction with /-V measurement system (Fig. 1(e)).
The results revealed that the decrease of performance res-
ults from the electrode corrosion, rather than perovskite de-
composition (Fig. 1(f))I131,

In summary, GIWAXS has been widely used to reveal the
relationship between perovskite crystal structure and device
performance. In-situ GIWAXS can be used to track the crystalliz-
ation process and decomposition process of perovskites. This
method can help us to develop stable and efficient per-
ovskite solar cells.
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