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Organic-inorganic hybrid perovskites as promising light-harvesting materials have been the focus of
scientiﬁc research and development of photovoltaics recently. Especially, metal halide perovskites
currently become one of the most competitive candidates for the fabrication of solar cells with record
certiﬁed efﬁciency over 25%. Despite the high efﬁciency, many fundamental questions remain unclear
and need to be addressed at both the material and device levels, such as weaker stability, poorer
reproducibility, easier degradation inﬂuenced by water, oxygen, thermal factors, and so on. Based on
recent reports, interfacial engineering plays a crucial role in controlling the behavior of the charge
carriers and in growing high quality, defect-free perovskite crystals, therefore helping to enhance device
performance and operational stability. However, little attention has been paid to the interface interaction
mechanism among carrier transport layers and perovskite active layer. It is extremely urgent to explore
the perovskite interfaces in details and to ﬁnd out how its interface structure is relative to the efﬁciency
and hysteresis in perovskites solar cells. Based on the Shanghai Synchrotron Radiation Facility (SSRF), we
have established an advanced perovskite photovoltaic device preparation and in-line test system,
developed a series of unique surface diffraction analysis methods based on ex situ and in situ grazing
incidence X-ray diffraction (GIXRD), and reported a large number of novel synchrotron radiation results
on crystallization of the perovskite photovoltaics ﬁlms. Our main investigations are aimed to deeply insitu study the perovskite ﬁlm growth dynamics using synchrotron radiation GIXRD technology in
combination with a customized mini online glove box (c(H2O,O2)<1 ppm) and temperature-humidity
control equipment, and so on., which should provide solid theoretical background and point to the useful
direction for designing and fabricating high-performance perovskites solar cells. Moreover, a multifunctional joint characterization technology that in-situ GIXRD simultaneously combines with conventional characterization methods at synchrotron radiation beamline station must be put on the agenda in
future research, which greatly promotes much more comprehensive and intuitive understanding of the
nucleation, microcrystallization, and degradation mechanisms of perovskite heterojunction ﬁlms, and
therefore further optimizing their chemical synthesis strategies at the molecular level for functional
materials.
© 2020 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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The extremely high photoelectric conversion efﬁciency (PCE) of
perovskite solar cells (PSCs) makes it very attractive for commercialization. After less than ten years, PSCs have made breakthroughs
in efﬁciency and performance, and their PCE has exceeded 25%
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[1e4], which is higher than the PCE of polycrystalline silicon solar
cells (~18%). Compared with traditional crystalline silicon solar
cells, thin-ﬁlm PSCs have the advantages of high open-circuit
voltage (>1 V), low temperature and low energy consumption
(<150  C), and are suitable for ﬂexible substrate materials, which
can take both efﬁciency and cost into consideration. The theoretical
PCE of perovskite cells can reach over 30%, which is higher than the
conversion efﬁciency of single crystal silicon solar cells and GaAs
solar cells with the same parameters. However, there are still many
problems to achieve market applications, such as poor stability and
reproducibility of high-efﬁciency devices, poor resistance of materials to air and water, and so on [5e11]. Despite the rapid development of the preparation process, it still faces a series of problems
such as difﬁculty in controlling ﬁlm quality, high defect density, and
device hysteresis, which greatly limit the industrialization of PSCs
[12e20].
To improve the device stability, enhance the PCE, and reduce the
hysteresis effect of PSCs, most of researches currently focus on
three main aspects:
(1) Develop a high-quality perovskite ﬁlm preparation process
to effectively reduce defect density. A large number of
studies have shown that perovskite ﬁlms with excellent
photoelectric properties generally have characteristics such
as large-sized crystal grains, preferred orientation of crystal
planes, and uniform distribution of surface morphology
(small pinholes and few numbers) [5e11]. Zhang et al. [8]
used environmental friendly SrCl2 as one of the precursors to
synthesize a perovskite precursor solution. They have shown
that the addition of SrCl2 can effectively reduce the concentration of defects in the perovskite ﬁlm and make the
device with higher ﬁlling factor (FF). The device efﬁciency is
increased up to 15.9%. Meanwhile, SrCl2 can stabilize the
nucleation of perovskite crystals and improve the stability of
devices. We recently proposed a novel heat treatment process to improve the perovskite ﬁlm crystallization phase
purity (especially the surface crystalline phase purity), which
can effectively improve device performance of the PSCs and
simultaneously reduce the device hysteresis effect independent on the device structure (formal n-i-p structure and
normal p-i-n structure) [9]. Our results reveal that the crystalline phase purity of the perovskite ﬁlm, especially the
surface crystalline phase purity, plays a key role in J-V hysteresis effect of PSCs. Moreover, we further developed a new
type of ﬁlm surface passivation strategy by adding halogen
source hydrogen iodide (HI) into chlorobenzene (CB) during
the antisolvent spin coating stage in the preparation of
perovskite ﬁlms. It has been found to effectively reduce the
small boundary defects of the perovskite ﬁlm, especially its
surface, and greatly improve the PCE of MAPbI MAPbI3-based
devices up to 19.94% [10]. To suppress the boundary defects
within perovskite bulk heterojunction, we have further
introduced the fullerene derivative photo-crosslinked [6,6]phenylC61-butyric oxetane dendron ester (C-PCBOD) into
the perovskite precursor solution under the UVevisible light
irradiation, which could signiﬁcantly improve the PCE of a
ﬂexible MAPbI3-based PSC with higher environmental stability simultaneously [11].
(2) The optimized design of the electron transport layer (ETL)
and hole transport layer (HTL) materials are for the highquality perovskite ﬁlm growth. Recent reports suggested
that high-density charge trapped states at the interfaces
between the perovskite ﬁlm and ETLs or HTLs, possible ion
movements within the perovskite heterojunction, and unbalanced carrier transport rates between different layers, and

so on can result in the hysteresis effect during J-Vscanning,
therefore reducing the device performance [9,18e25]. For
example, Heo et al. reported that a good interfacial level
matching at the [6,6]-phenyl-C61-butyric acid methyl ester
(PCBM)/MAPbI3 interface contributes to improve carrier
mobility at the interface, which in turn helps to enhance the
photoelectric conversion of PCBM/MAPbI3-based PSCs [15].
In the reverse device structure, Wang et al. [13] used dendritic perylene ﬁlms as seed crystallization inducing layers to
regulate the growth interface of perovskite ﬁlms, which can
signiﬁcantly increase the PCE of poly(3,4-ethylene-dioxythiophene):poly(4-styrenesulfonate)
(PEDOT:PSS)-based
PSCs from 12% up to more than 17%, and reduce J-V hysteresis
effect. We introduced an aminated graphene oxide(GO:NH3)
as the buffer layer between the PEDOT: PSS HTL and the
perovskite layer [10], which was found to greatly improve
the ﬁlm morphology and form a higher crystalline and
preferred orientation of the perovskite crystal, ﬁnally
obtaining a champion PCE up to 16%. Simultaneously, the
hysteresis effect of GO:NH3-based PSCs has almost disappeared. In the normal device structure, Tan et al. [[14]14]
reported a modiﬁed TiO2 nanocrystal thin ﬁlm formed by
doping Cl ions as the electron selection layer, which greatly
restricted the interfacial recombination in the devices, and
achieved a higher certiﬁcated efﬁciency of 19.5% (1.1 cm2)
and 20.1% (0.049 cm2) [12]. Recently, we have proposed a red
carbon quantum dot (RCQs)edoped SnO2 semiconductor
oxide transport layer, increasing the electron mobility of
SnO2 up to 1.73  102 cm2 V1 s1, which is one of the
highest reported electron mobility of SnO2 [17]. The fabricated planar PSCs based on this composite SnO2-RCQs ETL
demonstrated an outstanding improvement in efﬁciency
from 19.15% for PSCs without RCQs up to 22.77% and
enhanced long-term stability against humidity preserving
over 95% of the initial efﬁciency after 1000 h under 40e60%
humidity at 25  C [17].
(3) An urgent need to deeply study of the perovskite ﬁlms
growth dynamics induced by ETLs or HTLs. Thus, a systematic understanding of the growth interface, crystal formation
process, and related mechanisms of perovskite ﬁlm formation is an important basis for revealing the ﬁlm crystallization, charge transport, and recombination which is relative to
materials, ﬁlm morphology, and their interfaces. Although
many studies are based on the improvement of the perovskite growth interface, which can not only improve the
crystal quality and surface morphology of the perovskite ﬁlm
but also reduce the bulk and interface defects in the perovskite ﬁlm, therefore improving the PCE of the device and
reducing the device scanning hysteresis [26e35]. However,
the mechanism of interaction between the perovskite layer
and its growth interface is still unclear. Yang et al. [18]reported that the carrier recombination at the surface of the
perovskite ﬁlm determines the lifetime of the total carriers in
the perovskite polycrystalline ﬁlm. In other words, the carrier recombination at the upper and lower interfaces of
perovskite ﬁlm plays a leading role. However, the crystallinity, crystal plane orientation, and grain boundary distribution of the perovskite ﬁlm at the upper and lower
interfaces are currently unknown. Meanwhile, the measurement of surface crystallinity or defects is a challenge to
the surface sensitivity and in situ properties of experimental
characterization. Therefore, there is an urgent need to deeply
study the ﬁlm-forming mechanism of perovskite thin ﬁlms
and their corresponding device preparation process and to
clarify the correlation between the crystals, electronic
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structures, and so on at the ETL (or HTL)/perovskite interfaces and their photoelectric properties, especially the
role and mechanism of grain interfaces and the evolution of
crystal structure with ﬁlm depth during the photoelectric
conversion process.
It is encouraging that synchrotron-based X-ray characterization
technology is increasingly becoming a powerful tool for materials
science research. As a third-generation synchrotron radiation
source, the Shanghai Synchrotron Radiation Facility (SSRF) has the
advantages of high ﬂux, good collimation, high resolution, and so
on. A large number of characterizations can be performed in real
time on various in situ equipment and the structure and properties
of the sample in various important processes can be obtained from
real-time X-ray scattering observation [18e27,36e38]. Practices
have shown that synchrotron radiation X-ray technology has
unparalleled advantages in other multidimensional spatial structure and electronic energy-state structure characterization of materials. For example, synchrotron radiation X-ray diffraction, smallangle scattering technology, hard X-ray microarea diffraction and
scanning technology, synchrotron radiation soft X-ray, and hard Xray absorption spectroscopy have their own characteristics in
characterizing the spatial structure and electronic energy-state
structure of materials. Unique advantages can play a big role. The
application of synchrotron radiation X-ray characterization technology in the research of PSCs will surely provide multidimensional
and multilevel information for a systematic understanding of the
thin-ﬁlm interface regulation behavior, the crystallization mechanism of perovskite materials, and the structure-activity relationship of devices. Therefore, we will make full use of the advantages
of the SSRF with large-scale scientiﬁc in situ devices combining its
expertise in the application of synchrotron radiation technology
and advantages in the preparation for perovskite materials and
devices, and therefore ﬁrmly grasp the opportunities of development in PSCs. Moreover, development opportunities brought by the
SSRF must strive to make contributions to the research and
industrialization process of PSCs.
2. Results and discussions
The PCE and stability of the planar PSCs are mainly affected by
the quality of their each layer in the device. A large number of reports have found that the processing conditions can affect the
crystallization and crystal plane orientation of the high-quality
perovskite ﬁlm, which is one of the most critical steps in all processes of PSCs. We will ﬁrstly carry out the discussions of interface
engineering for the preparation of perovskite ﬁlms grown on the
optimized HTLs and ETLs, explore a series of advanced interface
modiﬁcation methods revealed by the routine GIXRD characterization for high-performance devices, and further propose their
excellent preparation conditions. Subsequently, we will systematically discuss the effects of the growth interface, temperaturehumidity, and additives on the quality of the perovskite ﬁlm
before and after optimization using in situ GIXRD combined with a
series of online technologies, such as light, moisture, heat, and so
on [10,24,25,27e37].
2.1. Ex situ GIXRD study on crystalline and preferential orientations
of perovskite structure
Fig. 1 illustrates the GIXRD experimental setup. By varying the
incidence angle of X-ray, we can change the X-rays penetration
depth from several nanometers up to tens of micrometers. The
crystallization and crystal plane prefer orientation of the perovskite

Fig. 1. GIXRD experimental setup, where qIN, 2q, IIN, IOOP, and IIP are the incident angle
of X-ray, the diffraction angle, the incoming beam, and the diffraction beam in the outplane and in-pane directions, respectively. Figure 3a in in the study by Yang et al [26]
Copyrights from the American Chemical Society (ACS applied materials & interfaces,
2015, 7, 24,430e24,437). GIXRD, grazing incidence X-ray diffraction.

ﬁlm from surface to bulk induced by the optimized ETLs or HTLs can
be obtained by ex situ GIXRD at the SSRF.
2.1.1. Ex situ GIXRD study of crystalline and crystal plane prefer
orientation of CH3NH3PbI3-xClx induced by the change of HTL
interfaces
Coauthored with Wu et al. [30] at the year of 2014, using 2DGIXRD earlier, we revealed that an improvement of crystalline and
crystal plane prefer-orientation of CH3NH3PbI3-xClx perovskite was
induced by the change the grown interface of the perovskite ﬁlm
via developing a novel graphene oxide (GO) layer as a hole
conductor for the planar heterojunctions structure (PHJ) PSCs. As
indicated in Fig. 2a and b, a series of extremely similar diffraction
proﬁles with spotty patterns were obtained, which demonstrated
that the highly textured perovskite crystal domains grew on both
GO and PEDOT:PSS HTLs. Notably, in Fig. 2c, the radially integrating
intensity along the ring at q~10 nm1 assigned to the (110) plane of
perovskite structure showed relatively sharper peaks at the azimuth angle of 90 for CH3NH3PbI3-xClx grown on GO HTLs, suggesting a higher preferential in-plane orientation of perovskite.
This ﬁnding was considered as one of the main reasons for
enhancing the PCE of planar PSCs. To systematically investigate the
crystal plane prefer-orientation of CH3NH3PbI3-xClx perovskite
structure induced by the grown interfaces, we further synthesized
an aminated GO(GO:NH3) as the buffer layer between the
PEDOT:PSS HTL and perovskite layer and reported the 2D-GIXRD
proﬁles of the perovskite ﬁlms grown on three different interfaces:
ITO/PEDOT:PSS, ITO/PEDOT:PSS-GO, and ITO/PEDOT:PSS-GO:NH3
(1:0.3) [12]. Fig. 3a shows the ﬂowchart of fabrication process for
the PSCs with the PEDOT:PSS or PEDOT:PSS-GO:NH3 composite
ﬁlms. Fig. 3b and d show the 2D-GIXRD images of the CH3NH3PbI3xClx ﬁlms deposited on these three different interfaces. Apparently,
a series of similar diffraction rings with bright spotty patterns were
obtained, which indicates the highly textured crystal domains
formed on all these HTLs. It is also seen that the diffraction rings at
q z 10, 20, 22.2 nm1 are assigned to (110), (220), and (310)
diffraction of tetragonal perovskite crystal, respectively. Fig. 3b
shows up weakly preferred in-plane and out-of-plane orientations,
indicating relatively weak crystallographic structures of perovskite
formed on the ITO/PEDOT:PSS substrate. Notably, these diffraction
peaks of perovskite crystal become much more enhanced especially
along the out-of-plane direction on ITO/PEDOT:PSS-GO (Fig. 3c)
and ITO/PEDOT:PSS-GO:NH3 (Fig. 3d), which indicates the successful formation of highly ordered perovskite grains formed in
these ﬁlms [21]. In fact, they are more bright and sharper on ITO/
PEDOT:PSS-GO:NH3 than those on other substrates indicating the
best crystallization on this substrate. Fig. 3e demonstrates clearly
that the perovskite (110) planes in all the three ﬁlms have a preferential in-plane orientation leading to their sharpest peaks at an
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Fig. 2. 2D-GIXRD proﬁles of perovskite ﬁlms on (a) ITO/GO (~2 nm) and (b) ITO/PEDOT:PSS substrates. (c) Radially integrated intensity plots along the ring at q ~ 10 nm-1, assigned
to the (110) plane of CH3NH3PbI3-xClx perovskite structure. (d) Conventional XRD spectra of perovskite ﬁlms on quartz/GO (2 nm) and quartz/PEDOT:PSS substrates. Figure 5 in the
study by Wu et al [30] Copyrights from the Royal Society of Chemistry (Nanoscale, 2014, 6, 10,505e10,510). GIXRD, grazing incidence X-ray diffraction.

Fig. 3. (a) The ﬂowchart of fabrication process for the present PSCs with the PEDOT:PSS-GO:NH3 layer. The 2D-GIXRD proﬁle of perovskite ﬁlms on three different substrates: (b)
ITO/PEDOT:PSS, (c) ITO/PEDOT:PSS-GO, and (d) ITO/PEDOT:PSS-GO:NH3, respectively. (e) The radially integrated intensity plots of the GIXRD patterns along the ring at q z 10 nm-1
corresponding to the (110) plane of the CH3NH3PbI3-xClx perovskite on different substrates. Figure 1, 5, 6 in the study by Yang et al [9] Copyrights from the American Chemical
Society (ACS applied materials & interfaces, 2016, 8(23): 14,503e14,512). GIXRD, grazing incidence X-ray diffraction.
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Fig. 4. GIXRD spectra (open cycle) around the (110) peaks for the r-perovskite and g-perovskite thin ﬁlms collected at three different X-ray incident angles of (a) 1.00 , (b) 0.40 , and
(c) 0.20 . The purple and blue curves are two Gaussian peaks used to ﬁt the experimental data. Figure 1 in the study by Yang et al [9] Copyrights from the American Chemical Society
(ACS applied materials & interfaces, 2015, 7, 24,430e24,437). GIXRD, grazing incidence X-ray diffraction.

Fig. 5. (aed) 2D-GIXRD patterns collected at X-ray incident angles of 0.05 and 0.30 from a perovskite ﬁlm on TiO2/ITO/glass washed only by CB in (a) and (b) and another washed
by 1.25 vol% HI CB solution in (c) and (d), respectively. (eef) GIXRD spectra around the perovskite (110) diffraction peaks collected at incident angles of 0.05 , 0.10 , 0.20, and 0.30
for the two perovskite ﬁlms in (e) and (f), respectively. The perovskite (110) diffraction peak full width at half-maximum (FWHM) and peak area for these two ﬁlms are plotted as
functions of X-ray incident angle in (g) and (h), respectively. (i) The ratio between the perovskite (110) diffraction peak FWHM and that between its peak area for the two ﬁlms as
functions of X-ray incident angle. Figure 2 in the study by Yang et al [10] Copyrights from the Elsevier Publication (Nano Energy 2018, 48, 10e19). GIXRD, grazing incidence X-ray
diffraction; HI, hydrogen iodide; CB, chlorobenzene.
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Fig. 6. (a) Schematic of the GIXRD line scan along the y-direction perpendicular to the incoming X-ray beam on a sample surface. (b,c) 1D GIXRD proﬁles around the perovskite (110)
peak derived from the GIXRD patterns at different y locations, respectively. (d,e) FWHM and position of the perovskite (110) peak at different y locations, respectively. (f) Crystalline
mechanism of a perovskite ﬁlm grown on SnO2 ETLs modiﬁed by RCQs doping in a SnO2 precursor solution. Figure 3 in the study by Hui et al [17] Copyrights from the WileyBlackwell Publication (Advanced Materials, 2019, 1,906,374). GIXRD, grazing incidence X-ray diffraction; ETL, electron transport layer; RCQs, red carbon quantum dots.

azimuth angle of 90 . Among them, the peak height of the ﬁlm on
PEDOT:PSS-GO:NH3 is the highest and that on ITO/PEDOT:PSS-GO
is slightly lower, which are all dramatically several times sharper
than that on ITO/PEDOT:PSS, indicating that the successful formation of highly ordered perovskite structure with a preferential inplane orientation especially on PEDOT:PSS-GO:NH3 substrates.
2.1.2. Ex situ GIXRD study of the vaiable depth crystalline phases
distribution in perovskite ﬁlm
Through our previous research on perovskite materials at the
XRD beamline station of the SSRF, we have found that the general
ﬁlm is a multiphase structure formed by mixing multiple grain
phases, instead of simple single crystal phase, and this phenomenon is also closely related to the growth interface of perovskite
ﬁlms [9]. By changing the grazing incidence angle of X-rays, the

distribution of lattice and crystal phases at different ﬁlm depths can
be measured without damages [26]. As shown in Fig. 4, by changing
the incident angle of X-ray, we found that the crystalline phase of
the perovskite ﬁlm prepared by the most reported traditional
method is impure, consisting of dual phases with a parent phase
dominant in the interior and a child phase with a smaller (110)
interplanar space (d(110)). Especially, the child phase composition
gradually increases with decreasing depth till it becomes the majority on the surface, which might be one of the key factors related
to hysteresis in fabricated PSCs. We further proposed a facile
gradient thermal annealing method to fabricate the high-quality
CH3NH3PbI3-xClx perovskite thin ﬁlm, which shows a pure and
uniformly distributed phase structure in pin-hole free morphology
ﬁlm revealed by synchrotron-based GIXRD, therefore effectively
eliminating the hysteresis effect and enhancing the performance of
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Fig. 7. (a) A schematic illustrating the fabrication procedure for the MAPbI3 perovskite thin ﬁlms, including spin coating, antisolvent spin coating, and annealing stages. (b) The
schematic of in situ GIXRD observation facility during the spin coating process based on a customized standard glove box (ﬁlled with N2, and the H2O, O2 content is less than 1 ppm).
(c) The in situ GIXRD experimental setup for heat treatment, and the samples are in a sealed cell with ﬂowing nitrogen (N2). Figure 1a in the study by Yang et al [10] Copyrights from
the Elsevier Publication (Nano Energy 2018, 48, 10e19). Figure 1b in the study by Yang et al [24] Copyrights from the Nature Publication (Scientiﬁc Reports, 2017, 7, 46,724). GIXRD,
grazing incidence X-ray diffraction.

the PSCs. It is interesting that the elimination of the device hysteresis effect does not depend on the device structure type (normal
or reverse device structure). This study revealed that the crystalline
phase purity of the perovskite, especially the purity of the surface
crystalline phase, has an important effect on the J-V hysteresis effect of the device [9].
2.1.3. Ex situ GIXRD study of the improved surface crystalline phase
purity in CH3NH3PbI3 ﬁlm
Based on the aforementioned ﬁnds, we further proposed a novel
antisolvent washing treatment simply using HI) additive in
CB which can enormously improve CH3NH3PbI3 ﬁlm surface with
high crystallization phase purity and chemical homogeneity, leading to excellent structural stability under humidity, heat, and even
tensile force [10]. Fig. 5 shows GIXRD patterns and diffraction
parameter evolution of a perovskite ﬁlm washed only by CB and
another by 1.5 vol% HI solution on TiO2/ITO/glass at X-ray incident
angles of 0.05 (surface sensitive) and 0.30 (bulk sensitive),
respectively. We found from GIXRD results that a signiﬁcantly
different structure especially at the surface layer between these
two ﬁlms immediately indicates that the ﬁlms after being washed
by CB present a severely poorer crystallization degree and worse
phase purity at the surface than at the ﬁlm interior [10]. Thus, the
present HI washing is one of the most efﬁcient methods to substantially improve the ﬁlm quality on the surface, which explains
well the outstanding performance of PSCs after HI washing [10].
2.1.4. Ex situ GIXRD study of the microstructural uniformity
distribution in perovskite ﬁlms deposited on different ETLs
It is well known that the microstructural uniformity of perovskite crystal plays a key role in high PCE and stability of large-area
PSCs. To investigate the ﬂuctuation of the crystallinity in the whole
perovskite ﬁlms ranging from center to edge region, we have proposed a GIXRD line scan at the beam size of ~0.2  0.3 mm [17].
Fig.6a shows a schematic of the GIXRD-line scan, and the diffraction
information change in the 2D-GIXRD patterns is recorded by linescanning along the y-direction perpendicular to the incoming Xray beam on the sample surface [17]. At ﬁxed y-locations, the
detected pattern actually averaged over an irradiation area to form
a line shape cover that is elongated in the x-direction in condition
of a small grazing X-ray incidence angle. As shown in Fig. 6(b) and

(c), the 1D GIXRD proﬁles of the perovskite (110) peak, which are
integrated from the 2D-GIXRD images at different y-locations of the
perovskite ﬁlms grown on SnO2 and SnO2-RCQs, provided an
overview of the ﬂuctuation of the crystallinity in these two ﬁlms. In
Figure 6(b), all of the diffraction proﬁles from the perovskite ﬁlm
deposited on SnO2-RCQs ETL are almost identical and have a
slightly asymmetric (110) peak, indicating the formation of much
purer phase structure over the whole scanning area. By contrast, all
of the perovskite (110) diffraction peaks for the control ﬁlm
deposited on the SnO2 ETL are broader than those of the ﬁlms
grown on SnO2-RCQ ETLs. Obviously, three of these diffraction
peaks are fairly asymmetric with absolutely different peak shapes,
which implied a lower crystallization degree and a less pure phase
in the ﬁlm that contained more residual stress, impurities, and
defects. To better compare their difference, Fig. 6(d) and (e) summarize the FHWM and peak position of the perovskite (110) peak at
different y-locations, respectively. Both the FHWM and peak position for the control ﬁlm on the SnO2 ETL clearly vary more severely
than those for the ﬁlm formed on SnO2-RCQs ETL [17]. Therefore,
doping RCQs into SnO2 not only promotes perovskite ﬁlm crystallization but also signiﬁcantly improves the ﬁlm microstructural
uniformity distribution, which is desirable for large highperformance PSCs.
2.2. In situ GIXRD study on the evolution of crystal structure and
preferential orientations during perovskite growth
To realize the in situ GIXRD observation during the ﬁlm forming
process, we have designed a special in situ observation device according to the conditions and atmosphere required for the perovskite ﬁlm growth. Figure 7(a) shows the schematic of the
fabrication procedure for the MAPbI3 perovskite thin ﬁlms,
including spin coating, antisolvent spin coating, and annealing
stages [10]. Figure. 7(b) showed a customized mini online glove box
(c(H2O, O2)<1 ppm), which has functions such as spin coating;
Figure. 7(c) showed temperature change and humidity control
equipment with a series of functions such as annealing; these insitu
techniques are contributing to observe the diffraction and scattering information of perovskite thin ﬁlms during growth stages
(showed in Figure 7(a)). Based on the customized standard glove
box (ﬁlled with N2, and the H2O, O2 content is less than 1 ppm), we
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will use the in situ GIXRD technology to systematically study the
ﬁlm formation mechanism and its inﬂuence on ﬁlm quality induced
by the growth interface, temperature and humidity, additives, and
so on. Therefore, we can obtain key parameters of control for the
growth interface characteristics and ﬁlm quality of perovskite ﬁlms,
and in turn further ﬁnd the best conditions for preparing highquality perovskite ﬁlms.
2.2.1. In situ study of 2D perovskite ﬁlm growth observed by 2DGIXRD in combination with a customized mini online glove box1
In recent years, the reduced-dimensional metal halide perovskites (RDPs) have attracted signiﬁcant attention because of their
promising light-harvesting, emissive properties and environmental
stabilities, the Sargent's group have reported that layered intermediate complexes formed with the solvent provide a scaffold that
facilitates the nucleation and growth of RDPs during annealing
stage, as observed by in situ X-ray scattering [38]. Because the
perovskite thin ﬁlm is formed from a mixed solution of multiple
precursors by spin coating and drying, the nucleation process is
very complicated and the fundamental driving force for the performance improvement of PSCs caused by ion doping is also still
unclear. However, the research on the crystallization kinetics
mechanism and crystal microstructure of the thin ﬁlm is scarce.
Therefore, based on the aforementioned in situ spin coating device,
we introduced in situ synchrotron radiation GIXRD to study the
nucleation and crystallization processes of two-dimensional(2D)
perovskite dropping from solution to dry ﬁlm. As shown in Fig. 8,
in situ spin coating experimental research found that Kþ-induced
2D perovskite crystals changed from random orientation growth to
vertical orientation growth, while effectively inhibiting the growth
of perovskite low-dimensional mesophase, which clearly revealed
the crystallization kinetics of 2D perovskite, greatly promoted the
understanding of doping behavior during the growth of aligned 2D
perovskite crystals, and helped to optimize the preparation process
[25,26]. At the same time, Kþ ions control the orientation of 2D
perovskite crystals. On one hand, it increases the grain size of the
2D perovskite (111) plane showed in Fig. 9, and on the other hand, it
enhances the carrier mobility and charge transport kinetics, which
results in the stability of the 2D perovskite devices. In the case of
~45% humidity, the efﬁciency of the device still remains above 90%
after 1000 h, which will further promote the commercial application of PSCs [25,35].
2.2.2. In situ 2D-GIXRD tracking the phase transition into 3D
perovskite crystal during heat treatment step by step
Post-annealing process is a key step for the preparation of
perovskite ﬁlms. We have used the in situ real-time synchrotronbased GIXRD in combination with temperature change and humidity control equipment (showed in Figure 7(c)) to monitor a
step-by-step gradual structure transformation from distinct mainly
an organic-inorganic hybrid perovskite precursor into highly
prefer-ordered 3D MAPbI3 crystal during the heat treatment process [24]. According to 2D-GIXRD proﬁles before and after
annealing in Fig. 10, it is noticed that the evolution of diffraction
feature along the out-of-plane direction at q z 11 nm1 from
precursor materials and that at q z 10 nm1 from perovskite
crystal can largely represent the change of precursor materials, as
well as that of perovskite during annealing process, respectively. As
these two features are quite close to each other, this allows us to
give a simple but direct and efﬁcient way to track the transition
during annealing. Fig. 11 plots a series of 1D-GIXRD patterns of the
perovskite sample in the same area with both features present
selected from the recorded data during the annealing at different
stages (annealing time) from which a clear transition can be vividly
observed with details to reveal its mechanism in real time [24].

Fig. 8. (a) Schematic diagram of in situ synchrotron-based GIXRD characterization for
doped 0% Kþ quasi-2D perovskite thin ﬁlms. (b) Schematic diagram of in situ GIXRD
characterization for doped 10% Kþ quasi-2D perovskite thin ﬁlms. In situ GIXRD patterns of doped 0% Kþ quasi-2D perovskite thin ﬁlms in the spin coating process from
0 to 60 s: (c) 0, (d) 12, (e) 20, (f) 40, and (g) 60 s. Red arrows represents low n-number
intermediate phases. In situ GIXRD patterns of doped 10% Kþ quasi-2D perovskite thin
ﬁlms in the spin coating process from 0 to 60 s: (h) 0, (i) 15, (j) 20, (k) 40, and (l) 60 s.
Figure 2 in the study by Kuai et al [25] Copyrights from the American Chemical Society
(ACS Energy Letters, 2020, 5, 1, 8e16.). GIXRD, grazing incidence X-ray diffraction.

Notably, a recrystallization process of perovskite crystal was
observed for the ﬁrst time during such an annealing procedure:
trace amount of pristine perovskite structure formed during spin
coating becomes more disordered or even amorphous with
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Fig. 9. Perovskite diffraction peak (111) for (a) 0% Kþ ﬁlm and (b) 10% Kþ with different spin coating elapsed time. (c) Perovskite diffraction peak (111) position for 0% Kþ and 10%
Kþ ﬁlm with different spin coating elapsed time. (d) Perovskite diffraction peak (111) intensity obtained from 0% Kþ and 10% Kþ ﬁlm as a function of spin coating elapsed time. (e)
FWHM of diffraction peak (111) for different spin coating time. Figure S7 in the study by Kuai et al [25] Copyrights from the American Chemical Society (ACS Energy Letters, 2020, 5,
1, 8e16.).

increasing temperature and then reappears and ﬁnally becomes the
dominant structure upon further annealing [24]. This observed
recrystallization would help to enhance the perovskite crystallization and preferential orientations. The present study not only illustrates clearly the decisive roles of post-annealing in the
formation of solution-processed perovskite to better understand its
formation mechanism but also demonstrates the crucial dependence of device performance on the perovskite microstructure in
PSCs [24].
2.2.3. In situ 2D-GIXRD study of the thermodynamically stabilized

b-CsPbI3ebased perovskite ﬁlm
In contrast to organic-inorganic hybrid lead halide PSCs, the allinorganic CsPbI3 perovskite has excellent chemical stability and

does not decompose even when it is resistant to 400  C. The
bandgap of all-inorganic CsPbI3 perovskite (~1.7eV) is considered as
an ideal material for constructing laminated solar cells with the
widely used crystalline silicon (~1.1eV bandgap). However, the allinorganic CsPbI3 perovskite faces the two key challenges of poor
bulk stability caused by the smaller structural tolerance factor, low
perovskite material defects, and low device efﬁciency caused by
imperfect level matching, and so on [27]. Based on the reliable
characterization and theoretical calculation of the all-inorganic
crystal phase, Zhao et al. found that b-phase CsPbI3 has more
excellent phase stability and photovoltaic performance than gphase CsPbI3, proposed a scientiﬁc strategy to control the crystallization kinetics of CsPbI3 by using organic cations, which successfully solved the synthesis problem of b-phase CsPbI3, and
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Fig. 10. 2D-GIXRD patterns of a perovskite ﬁlm before annealing, after annealing for 30, 38, 46, 66, 92, 100, and 110 min in (a), (b), (c), (d), (e), (f), (g), and (h), respectively. Figure 4 in
the study by Yang et al [24] Copyrights from the Nature Publication (Scientiﬁc Reports, 2017, 7, 46,724). GIXRD, grazing incidence X-ray diffraction.

Fig. 11. The azimuthally integrated intensity proﬁles derived from the GIXRD patterns in Fig. 6. The dotted lines at q z 9, 10, and 11 nm1 denote the characteristic diffraction peaks
of PbI2 (001), perovskite (110), and precursor crystalline structure, respectively. The “#” diffraction peaks come from ITO substrate. The insert is the corresponding radially integrated
intensity of the diffraction rings at q z 10 nm1 at four time points (0, 92, 100, and 110 min). Figure 5 in the study by Yang et al [24] Copyrights from the Nature Publication
(Scientiﬁc Reports, 2017, 7, 46,724). GIXRD, grazing incidence X-ray diffraction.

Fig. 12. (a) The experimental setup for the in situ temperature-dependent GIWAXS measurements. (b) The two-dimensional (2D) GIXRD patterns of the beta-CsPbI3 perovskite ﬁlms
at different temperatures. Figure S8 in the study by Wang et al [27] Copyrights from the Science Publication (Science 2019, 365, 591e595). GIXRD, grazing incidence X-ray
diffraction.
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technology, we have further coauthored with Xue et al. [36] to
manipulate the surface effect of CsPbI2Br-based perovskite ﬁlm by a
simple surface post-treatment, which easily triggered secondary
grain growth of perovskite thin ﬁlms, therefore signiﬁcantly
enhancing PCE and stability over a course of 1000 h and an ambient
shelf stability of over 4000 h while maintaining over 90% of its
original efﬁciency [36]. These results will be helpful to establish the
relevant mechanism of the interface to the crystallization of the
perovskite thin ﬁlm and its device structure-efﬁciency relationship.

Fig. 13. The temperature dependent q values for beta-CsPbI3 perovskite ﬁlms.
Figure S9 in the study by Wang et al [27] Copyrights from the Science Publication
(Science 365, 591e595 (2019)).

achieved high-quality b-phase CsPbI3 perovskite under mild conditions. To reveal the intrinsic phase stability of pure phase bCsPbI3, Zhao et al. [27] cooperated with us to carry out the 2DGIXRD of b-CsPbI3ebased perovskite ﬁlm at different temperatures
ranging from 30 to 250  C and further obtained the temperaturedependent q (q ¼ 4psinq/l) value as a function of annealing temperatures showed in Fig.12. As shown in Fig. 13, it is clear that the q
value of the optimized b-CsPbI3 perovskite ﬁlm only exhibited
~0.06 which varied between 250 to 30  C. Such small variations
conﬁrmed that the GIXRD pattern measured at different temperatures is very similar and will not induce phase transition of bCsPbI3. These results demonstrated that b-CsPbI3 ﬁlms are pretty
thermally stable [27]. Based on synchrotron radiation in situ GIXRD

2.2.4. In situ stretching synchrotron-based XRD revealed the
mechanisms of the ﬂexible PSC performance decreases induced by
the applied tensile force
To prepare high quality of MAPbI3 perovskite ﬁlm for highperformance PSCs, we have proposed a quick defect compensation
process for PSC thin ﬁlms, which takes the advantages of both
antisolvent washing and HI additive [10]. As shown in Figure 1(a),
combined with advanced in situ devices, our results proved that the
surface crystallization of the thin ﬁlm was effectively passivated,
with pure phase crystallization, almost no pinholes, uniform elements distribution, and small surface potential gradient, which
greatly improved the device efﬁciency up to ~ 20% (one of the
highest efﬁciency of similar devices) [10]. Interestingly, as shown in
Fig. 14, the ﬂexible devices prepared by this process can also
maintain high stability under external forces, and further synchrotron radiation XRD in situ tensile experiments conﬁrms that
this is closely related to the tight twisting of the grains on the
surface of the ﬁlm and the signiﬁcant reduction of defects. Finally,
we revealed its reaction mechanism from the perspective of
placeholder chemistry [10]. This work not only provides important
experimental and theoretical support for the industrialization of
PSCs and promotes the realization of wearable ﬂexible devices but
also promotes the development and application of synchrotron
radiation in situ technology [10,11].

Fig. 14. (a) The J-V curves of a fabricated ﬂexible PSCs with a structure of PET/ITO/TiO2/CH3NH3PbI3/Spiro-OMeTAD/MoOx/Au based on HI-washed perovskite ﬁlms and a control PSC
with and without a tensile force of 5 N applied; (b) The normalized PCE of the HI-washed ﬂexible PSC and the control PSC as functions of tensile force applied in an ambient
environment with ~20% RH at 25  C; (c) A photograph of the setup for the in situ stretching synchrotron-based GIXRD experiments, where the inset shows a ﬂexible PSC to be
mounted for the measurements; (dee) The perovskite (110) diffraction peaks under different tensile forces from the control PSC in (d) and the HI-washed PSC in (e); (feg) The
perovskite (110) d-spacing and diffraction peak intensity obtained from these two PSCs as functions of the tensile force applied. Fire 5 in the study by Yang et al [10] Copyrights from
the Elsevier Publication (Nano Energy 2018, 48, 10e19). GIXRD, grazing incidence X-ray diffraction; PCE, photoelectric conversion efﬁciency; PCS, perovskite solar cell.
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Fig. 15. (a) Azimuthally integrated intensity proﬁles determined at these times. The dotted line at q z 9 nm1, 10 nm1, and 11 nm1 denote the signature diffraction peaks for the
PbI2, perovskite, and crystalline precursor structures, respectively. (b) The azimuthally integrated intensity plots of the GIXRD patterns from the perovskites (110). Their corresponding radially integrated intensity plots along the ring at q z 10 nm1 corresponding to the (110) plane of the CH3NH3PbI3 perovskite in (c) and along the ring at q z 9.97 nm1
corresponding to the (*) plane in (d), respectively. Figure 5 in the study by Yang et al [10] Copyrights from the Chinese Physical Society Publication (Acta Phys. Sin. 2017, 66, 1,
018,401). GIXRD, grazing incidence X-ray diffraction.

2.2.5. In situ synchrotron-based GIXRD study of the perovskite ﬁlm
microstructural evolution in a humid environment
Humid environment plays a vital role in affecting the performance stability of the organic metal halide PSCs. Therefore, in
situ real-time monitoring the microstructural evolution of
perovskite ﬁlms can help to reveal the micromechanism and
driving force for the decay of device performance induced by
humidity [37]. As shown in Fig. 1c, the device can also provide a
controllable humid environment at a set temperature to monitor
the microstructural evolution of perovskite ﬁlm in a humid
environment using GIXRD. In Fig. 15, after a perovskite ﬁlm being
exposed to the environment with relative humidity of 60 ± 2% for
less than 20 min, we found that a new component emerged near
the perovskite (110) diffraction peak in the early stage of the
exposure, which was observed for the ﬁrst time. This new
component is attributed to the perovskite intermediate phase
structure transformed from the gradual degradation of the
perovskite crystalline. This indicated a reduced amount of
perovskite crystalline or a decrease of perovskite crystallinity
after being exposed to the environment with relative humidity of
60 ± 2%, which results a rapid reduction of the FF and the PCE of
the fabricated PSCs [37].
Thus, a series of our previous work systematically demonstrated
that the close relationship between the device performance and the
perovskite ﬁlm microstructures, as well as their morphology can be
studied very well by in situ synchrotron-based characterization
techniques. These studies could lay a good foundation for the understanding of the growth, transformation, and degradation
mechanism for the organic metal halide perovskites.

3. Conclusion
In summary, we have presented the discussion of ex situ GIXRD
study on crystalline and preferential orientations of perovskite
structure and further carried out their phase transition during ﬁlm
growth by in situ GIXRD study, revealing the most direct correspondence between the ﬁlm, the structure, and device performance. These technologies can also be used for other layers of PSCs
and provide a basis for further research on the photoelectric conversion mechanism of PSCs. A systematic understanding of the
interface regulation, crystalline process, and related mechanisms of
heterojunction ﬁlms is an important basis for revealing their
structure dynamic, charge transport, and recombination mechanisms, and so on, which is the fundamental driving force for the
development of semiconductor ﬁlms.
Meanwhile, a multifunctional joint technology that the in situ
real-time GIXRD simultaneously combines with in situ conventional characterization methods (such as time-resolved or steadystate photoluminescence spectra, Fourier Transform infrared
spectroscopy (FTIR), UVevisible absorption spectrum, and so on) at
the synchrotron radiation beamline station will greatly promote
much more comprehensive and intuitive understanding of the
nucleation, microcrystallization, and degradation mechanisms of
perovskite heterojunction ﬁlms and therefore further optimize
their chemical synthesis at molecular level for functional materials,
providing much more solid theoretical and experimental basis.
Moreover, the chemical connection and local electron density
regulation at the perovskite/charge transport layer interface must
be an important consideration for designing efﬁcient charge

Y. Yang et al. / Materials Today Advances 6 (2020) 100068

transport layers and growing high-quality perovskite ﬁlms for the
future development of high efﬁciency and stability of PSCs.
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