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Two Steps Are Better than One

Using grazing-incidence wide-angle X-ray scattering, researchers have studied the precisely con-

trolled kinetics of crystallization of a benchmark FAPbIs-based perovskite film with sequential
A-site doping of Cs* and GA®*, the results show how a process of two steps instead of a single step
yields higher-quality perovskite solar cells with enhanced efficiency of 23%.

erovskite solar cells (PSC) typically consist of a hybrid organic-inorganic lead or tin-halide-based material as a light-

harvesting active layer, and have become increasingly important because of power-conversion efficiencies (PCE) over
25% in recent times. Whereas the first MAPbls-based (MA = methyl ammonium; CH;NHs) PSC were fabricated via a one-step
spin-coating process in 2009," subsequent reports showed the importance of a two-step method? as well as an anti-solvent-
assisted one-step method to improve PCE.2? On the other hand, replacing MA cations with FA cations (FA = formamidinium,
(CH(NH,),") also showed that PCE improved up to 19%.* Recent studies have shown that doping the A-site with cations
such as Cs*, Rb* and guanidinium (GA*; (C(NH,)s%)) has resulted in further improvements with decreased defect densities and
non-radiative recombination’

It has been reported earlier that the kinetics of crystal growth of the one-step process is complicated and sensitive to time,
as it generally involves a dynamic competition between multiple phases and intermediate phases.® Similar studies on the
two-step process, specifically addressing the sequential A-site doping, have, however, not been reported in the literature. To
understand the mechanism of formation of a perovskite film, researchers have now undertaken a systematic set of time-
resolved grazing incidence wide-angle X-ray scattering (GIWAXS) in-situ experiments at the small- and wide-angle X-ray
scattering (SWAXS) beamline, TLS 23A1 of NSRRC.” The wavelength of the X-rays was 1.240 A (energy 10 keV); the scattered
signals were collected with a C9728DK area detector, which was placed at distance = 169 mm from the sample. The distance
from sample to detector was calibrated with a lanthanum hexaboride (LaBg) sample. The spin-coating and annealing proce-
dures were conducted with a custom-built spin-coating chamber and a remotely controlled hotplate chamber.

As shown schematically in Fig. 1, in experiments undertaken in the first step, a Pbl, layer is deposited by spin-coating a Pbl,
precursor solution, followed by thermal annealing at 70 °C. For experiments in the second step, a solution of propanol-2 (IPA)
containing organic salts (formamidinium iodide (FAI), methylammonium bromide (MABr) and methylammonium chloride
(MACI)) was injected onto the Pbl film through a motorized syringe on top of the film formed in the first step. This treatment
creates a perovskite film through the interdiffusion of Pbl, and organic salts. The entire process was monitored with GIWAXS.
The spinning speed of both steps was maintained at 1500 rpm, which is the same value as in the device fabrication, thus
representing the actual conditions used to make real devices.
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Fig. 1: Schematics of two-step fabrication and synchrotron-based GIWAXS measurements in situ. (a) Two-step fabrication of perovskite films doped with
Cs*and GA" during the first and second steps, respectively. (b) Sketch of a map of synchrotron-based GIWAXS measurements in situ. [Reproduced
from Ref. 7]
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Fig. 2: Time-resolved analysis of a GIWAXS profile during the first step. (a,b) False-color intensity maps versus wavenumber g and frame numbers for
Pbl> without Cs* during spinning (a) and annealing (b). (c) Corresponding temporal evolutions of peak areas of the Pbl,-DMF-DMSO intermediate
phase and the Pbl, phase. (d,e) False-color intensity maps for a film with Cs* (5%) during spinning (d) and annealing (e); (f) corresponding tempo-
ral evolutions of the peak areas of Pbl, and 6-CsPbls phases. [Reproduced from Ref. 7]
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Fig. 3: Analysis of formation of a perovskite film during the second step. (a—c) The GIWAXS intensity profiles for perovskites without doping (a), with Cs*
(5%) (b), and with Cs* and GA" (c), respectively. (d-f) Corresponding false-color intensity maps versus g and frame numbers; (g-i) temporal evolu-
tions of peak areas of intermediate, Pbl,, 6-CsPbls and perovskite phases. [Reproduced from Ref. 7]



The authors demonstrated a precise control of the forma-
tion of a perovskite film in a two-step spin-coating process
on performing sequential A-site doping of Cs* and GA*
cations in FAPbls-based perovskites.” As is well known, the
growth of the films involves manifold crystallization paths
that thereby lead to distinct film morphologies, as unveiled
by GIWAXS measurements in situ. In an undoped film, the
two-step process was found to decouple effectively the
crystal nucleation and the crystal growth, as the hexagonal
Pbl, formed in the first step essentially provides the nu-
cleation sites (Fig. 2) for further growth of the perovskite
a-phase in the second step (Fig. 3). Remarkably, the results
also showed that the doping of Cs* cations induces the
formation of a 6-CsPbl; phase and restrains the crystalliza-
tion of Pbl,. In addition, the authors undertook calculations
with density-functional theory (DFT) that indicated that the
transition to the a-phase is preferentially initiated from the
6-CsPbl; phase instead of Pbls, as the reaction enthalpy in a
Cs-rich environment gets reduced. The 6-CsPbl; phase thus
offers an alternative phase-transition path to the perovskite
a-phase: although the sparse nucleation sites of 6-CsPbl;
cause the growth of large grains, it also leads to the forma-
tion of many pin-holes caused by the non-uniform nucleation.

The authors showed, however, that this problem could be
solved on doping GA" cations in the second step, which
noticeably accelerated the crystal growth and resulted

in large grains free of voids via Ostwald ripening and en-
hanced grain-boundary migration (Fig. 3). This observation
was also rationalized with DFT results, which showed that
GA' balances the bonding stress caused by the Cs doping,
through an increased bonding strength with Pb—I octa-
hedral frameworks. Most importantly, the authors also
showed that, using the perovskites fabricated through the
sequential doping of Cs* and GA®, device efficiencies over
23% were achieved, through the improved morphology,
enhanced crystallinity and fewer defects in the films.”

Physics and Materials Science 015

The present work thus revealed an unprecedented advan-
tage of the two-step process over the one-step process: the
two-step process decouples nucleation and crystal growth
and offers sequential doping for a precise control of the
growth of a perovskite film toward highly efficient devices.
(Reported by Ashish Chainani)

This report features the work of Shuxia Tao, Xinhui Lu and
their coworkers published in Adv. Mater. 32, 2004630
(2020).
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