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Stable FAPbI; hydrate structure by kinetics
negotiation for solar cells
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and Fan Xu () *de

The instability of formamidinium lead iodide (FAPbIs) perovskite has limited its application in renewable
energy development, despite the highest power conversion efficiency (PCE) it exhibited. A step forward
has been achieved here by negotiating the hydration kinetics via adjusting the moisture partial pressure.
The stable hydrate was restricted to precipitating only in the area surrounding the grain boundary under
the influence of the moisture partial pressure, avoiding the large strain created by the complete
hydration reaction, which preserved the condensed morphology of the perovskite film. The PCE of such
a device was thus enhanced to more than 10%, as opposed to the value of 0.32% in previous results,
with comparable stability to the pure moisture-stable hydrate-based film, which not only provided
a promising solution to the lifetime problem, but also provided fresh inspiration for thin film growth kinetics.

Introduction

Great progress has been achieved in perovskite solar cells (PSCs),"*
since the pioneering discovery of methylammonium lead iodide
(MAPDL;) in 2009.* The power conversion efficiency (PCE) of PSCs
has increased from 3.9% to more than 25.7% with formamidinium
lead iodide (FAPbI;)-based devices, making them comparable to
silicon cells.** The structure of FAPbI; has thus attracted a lot of
attention recently, as it exhibited better stability and electrical
conductivity® than the MAPbI,; structure. These excellent properties
enabled perovskite-related opto-electronic devices to be applied in
many fields, such as space applications'>"" and renewable energy
development.”™ Unfortunately, the structure of FAPbI; experienced
a phase transition at room temperature, which converted it from
a cubic (a-phase) to hexagonal (3-phase) structure, resulting in a rise
in bandgap from ~1.5 eV to ~2.5 eV.**"” Even worse, the presence of
water molecules could accelerate such a transition, which reduced
the transition time from several hundred hours to only a few hours
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in a nitrogen gas atmosphere, causing a significant reduction in the
PCE of the device."*™

A large amount of research has been conducted to resolve this
problem.'®**** Some researchers have tried to replace some of the
FA ions by smaller A-site cations, such as MA ions or caesium (Cs)
ions.**?® They believed that the introduction of smaller ions in
the A site could reduce the internal strain triggered by the over-
sized FA ions, which is the origin of the phase transition.”
However, MA/Cs ions may segregate at the grain boundary during
the operation, which is detrimental to device stability.?*** Others
have tried surface passivation or encapsulation strategies.**** For
example, 2D perovskites were formed on top of the FAPbI; surface
to passivate surface defects and increase the device lifetime."®*>%
However, the as-fabricated PSCs are still far from meeting the
requirements of commercialization.

An important step forward has been achieved recently by
Wang et al.** who discovered that FAPbI; could react with water
moisture to generate the hydrate phase, filling the missing corner
in the phase map of FAPbI; perovskite. A low-bandgap mono-
hydrate phase was reported to be much more stable than the a-
FAPDI; structure at room temperature, providing a scientific
foundation for the solution to the challenge. Nevertheless,
a device based on the monohydrate showed an efficiency of
0.32% despite the excellent stability, due to the generation of
a large number of defects during the hydration reaction, which
induced significant loss of photocurrent. Neither could surface
healing be the solution, not only because of the large number of
defects generated in the film, but also because of the impossi-
bility of repairing the device during the operation.

It is therefore the purpose of the current research to resolve
this problem by controlling the moisture partial pressure to
investigate the hydration reaction kinetics. It has been revealed

This journal is © The Royal Society of Chemistry 2023
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that the hydration reaction rate can be manipulated by the
moisture partial pressure. In addition, at low partial pressure,
water diffusion could also be suppressed. As a result, the
hydrate phase will only be generated at the grain boundary area,
which successfully passivates the film surface defects, not only
effectively avoiding the creation of large internal strain by the
complete hydration reaction, but also hindering water diffu-
sion. The morphology of the original o phase was thus main-
tained, successfully preventing the PCE loss. Accordingly, the
efficiency of hydrate-phase-based devices was increased by
almost 60-fold, compared to our previous results,> taking
a large step forward towards commercialization, which will
hopefully be of interest to the broader research community in
semiconductor thin films.

Experimental
Materials

All the commercial materials were used as received without
further purification, including SnO, (15% in H,O colloidal
dispersion, Alfa Aesar), ethanol (AR Beijing Chemical Works),
FAI (CH;5N,I) (>99.98%, anhydrous Xi'an Polymer Light Tech-
nology Corp.), Pbl, (99.999%, Sigma-Aldrich), chlorobenzene
(99.9%, Sigma-Aldrich), isopropanol (IPA, 99.99%, Sigma-
Aldrich), N,N-dimethylformamide (DMF, 99.99%, Sigma-
Aldrich), dimethyl sulfoxide (DMSO, 99.9%, Sigma-Aldrich),
Spiro-OMeTAD (Xi'an Polymer Light Technology Corp.), bis(-
trifluoromethane)sulfonimide lithium salt (99.95%, Aldrich), 4-
tert-butylpyridine (99.9%, Sigma-Aldrich), and ITO substrates.

Film and device fabrication

First, the ITO substrate was sequentially ultrasonicated twice
with ethanol and acetone. The SnO, colloidal solutions (15 wt%
in H,0) were diluted with DI water to 2.67 wt%. After 30 min of
UV-0; treatment, the diluted SnO, solutions were spin-coated at
3000 rpm for 30 s on ITO substrates, and then annealed on a hot
plate at the displayed temperature of 150 °C for 30 min in
ambient air. A two-step spin-coating method was adopted to
prepare the perovskite layer. Specifically, 50 pL of PbI, solution
were first spin-coated at 2000 rpm for 30 s and annealed at 70 °C
for 1 min. Then, 100 uL of cation precursor solution were spin-
coated at 1500 rpm for 30 s. The as-fabricated films were subse-
quently annealed at 150 °C for 30 min in air. Next, 50 uL of Spiro-
OMEeTAD solution doped with LiTFSI and tBP were spin-coated at
3000 rpm for 30 s. The hole transport material (HTM) solution
was prepared by dissolving 60 mg of Spiro-OMeTAD, 30 uL of 4-
tert-butylpyridine and 35 L of Li-TFSI/acetonitrile (260 mg mL ™)
in 1 mL of chlorobenzene. Finally, 60 nm of Ag was thermally
evaporated as a counter electrode under a pressure of 5 x 107> Pa
on top of the hole transport layer to form the metal contact.

Characterization

X-ray powder diffraction (XRD) patterns were collected using
a Bruker-AXS D8 DISCOVER X-ray diffractometer using CuKal
radiation (1 = 1.79026 A) in the range of 8°-78° (26) with a step
size of 0.002° and a time setting of 0.1 s per step. Scanning

This journal is © The Royal Society of Chemistry 2023

View Article Online

Sustainable Energy & Fuels

electron microscopy (SEM) was carried out on a JEOL JSM-7000F
instrument operating at a 0.1-5.0 kV landing voltage. The current
density-voltage characteristics of the photovoltaic devices were
obtained using a Keithley 2400 source-measurement system. The
photocurrent was measured under AM 1.5G illumination at 100
mW cm™? using a Newport Thermal Oriel 91192 1000 W solar
simulator. The light intensity was calibrated using a KG-5 Si
diode. The effective area of each cell was 0.102 cm?, defined by
masks for all the photovoltaic devices discussed in this work.
Current density-voltage measurements were carried out at room
temperature. A Nicolet 6700 FT-IR spectrometer was adopted for
the FTIR measurements in the wavenumber range of 1000-
3500 cm ™}, which has 0.09 cm™ resolution with continuous
dynamic alignment and an auto-tune function. UV-vis-NIR
absorption spectroscopy was conducted with a Cary 5000 UV-
vis-NIR spectrophotometer, from 800 nm to 300 nm. The pho-
toluminescence measurements were conducted with a tunable
Ar-ion laser from Melles Griot (35LAP431208) at a power of 130
mW with a repetition rate of 50 Hz. The time-resolved photo-
luminescence (TRPL) measurements were carried out on an FS5
fluorescence spectrometer at an excitation wavelength of 375 nm.

Results and discussion

In order to control the hydration reaction, the moisture partial
pressure was reduced. Instead of adding water to the film
directly, as has been done previously,* this time water vapor
was injected into the perovskite film in the open environment.
Fig. S11 schematically demonstrates these two processes. A
fresh phenomenon was observed, as shown in Fig. 1a, where the
lifetime of the a phase was increased to more than 7 days, as
opposed to several hours of lifetime in the moist environment.
The peak at 16.2° represents the (101) plane, which existed for
more than 7 days in the controlled environment, indicating the
presence of the o phase. In addition, the formation of the
monohydrate phase was suppressed, as there is no peak present
at 9° in Fig. 1a, while such a peak was generated after 12 hours
in the closed humid chamber, as evidenced by Fig. 1b. The
formation of dihydrate and trihydrate is also harder in this case,
as can be proved by the relatively weak peaks at 13.7° and 23.5°,
which represent the characteristic peaks for those phases.
These results suggested that the formation of hydrate phases
requires high moisture partial pressure/relative humidity (RH);
otherwise, the water molecules tend to attack the perovskite
film from an area of surface imperfection such as the grain
boundary, resulting in a phase transition reaction only at such
areas, which can be supported by previous modelling work.*3*

Such a discovery could also be evidenced by SEM measure-
ments, which showed the morphological change of the o phase
under the influence of moisture partial pressure. The pure o-
phase thin film demonstrated small grain boundary areas and
a large grain size of several hundred nanometers, as shown in
Fig. 2a, which is consistent with previous related studies. After
moisture treatment for 7 days in an open environment, little
transition was observed in the film, as indicated in Fig. 2b, where
the hydrate phase was only generated at the grain boundary area,
from which the moisture diffusion began, leaving the bulk intact.
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Fig. 1 (a) In situ XRD measurement of the perovskite film under reduced moisture partial pressure in an open environment. The peak at 16.2°
represents the (101) plane of the a phase. The peak at 14.8° is the characteristic peak for the monohydrate phase. Peaks at 13.7° and 23.5° are
generated by the dihydrate and trinydrate, respectively. Based on our previous research,** the monohydrate is the most stable phase in these
hydrate phases, which means that, even if there is dihydrate or trihydrate, they will eventually convert to monohydrate. (b) In situ XRD
measurement of the perovskite film after dropping water into the film, which showed a rapid hydration phase transition, as evidenced by the fast
generation of the peaks at 13.7° and 23.5°.

(b)

Water diffusion

Fig.2 (a) The SEM image of the film of pure a phase, which demonstrated a condensed morphology. (b) The SEM image of the film of moisture-
treated perovskite, which has been exposed under reduced moisture partial pressure in an open environment for more than 7 days. Needle-
shaped grains can be observed in the surroundings of the grain boundary. And there are some holes present, possibly due to the hydration
reaction. (c) The SEM image of the fully hydrated perovskite film, which shows a large area of defects and needle-shaped grains, leading to great
loss in PCE performance. (d) A schematic illustration of the diffusion and hydration reaction process under reduced water partial pressure. The
hydrate phase could only be generated at the grain boundary area.
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Fig. 3 (a) The UV-vis absorption spectroscopy of the various types of perovskite film. The a phase indicated a bandgap of around 1.55 eV. Both
the moisture-treated and fully hydrated film showed a bandgap of around 1.77 eV. (b) The PL measurements of the various types of perovskite
film, whose peak and half peak width demonstrate the carrier density in those films. (c) The FTIR spectroscopy measurements of the various types
of perovskite film, which indicates the strengths and numbers of hydrogen bonds in those films. Raman spectroscopy has not been adopted as
the perovskite structure is too sensitive to the excitation, which demonstrated strong peaks that overshadowed much other information.*¢ (d)
The TRPL measurements of the various types of perovskite film, which gave information about the carrier lifetime and indirectly reflected the
defect areas in the perovskite films (more information is given in Table S17).

A schematic diagram is also presented in Fig. 2d to illustrate the
moisture diffusion and reaction at the perovskite thin film, which
demonstrates how the condensed morphology is preserved by
kinetic control over the hydration reaction. Such a morphology
altered completely when the film was moisture treated in a closed
chamber. Almost all the a phase was transformed into the
hydrate phase, which demonstrated needle-shaped grains in the
SEM image, as presented in Fig. 2¢, resulting in a large number of
defects, which is detrimental to the PCE performance. Even
worse, such defects could hardly be repaired during the opera-
tion of the PSC device. Thus, it is necessary to control the
hydration reaction of FAPbI; to maintain the beneficial
morphology by reducing the moisture partial pressure, in which
environment the hydrate phase only crystallizes in the grain
boundary area, which will not only passivate the surface defects,
but also stabilize the remaining o phase, effectively extending the
lifetime of the device. It is now possible to negotiate the hydra-
tion kinetics to maintain both stability and PCE performance.
To verify these discoveries, we further examined the optical
and chemical properties of the film, including UV-vis absorp-
tion, steady-state photoluminescence, Fourier-transform

This journal is © The Royal Society of Chemistry 2023

infrared spectroscopy (FTIR), and time-resolved photo-
luminescence (TRPL). As shown in Fig. 3a, the o phase exhibited
an onset of absorption at around 800 nm by the extrapolation
principle, which shifted to 800 nm after moisture treatment in
the open environment, as opposed to absorption at 750 nm and
550 nm in the completely hydrated thin film. Such results were
also indicated by the PL measurements, as demonstrated in
Fig. 3b, where the curve of the original a phase showed much
higher emission intensity, confirming the larger carrier density.
In addition, more information can be extracted from the curves
of the other two films. Split peaks were observed in the curve of
the moisture-treated film, which demonstrated phase segrega-
tion at the grain boundary.*”*®* This means that the hydrate
phase precipitated at the grain boundary instead of in the bulk,
as has also been shown by the SEM results. The curve of the
completely hydrated film, on the other hand, exhibited an extra
peak at 760 nm (Fig. 3b inset), indicating the formation of the
monohydrate inside the grain as a result of complete hydration,
which could be further evidenced by the FTIR measurements. At
3000-3500 cm ', where the H-O-H vibration peaks are located,
the absorption was greatly enhanced in the monohydrate thin

Sustainable Energy Fuels, 2023, 7,1974-1980 | 1977
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Fig. 4 (a) PCE measurements of the devices for the pure o phase and the moisture-treated o phase. Despite the efficiency losses, the PCE
performance of the moisture-treated a phase is much better than that of the fully hydrated perovskite film, which showed a PCE of only 0.32%.3*
(b) Statistical PCEs of the pure a- and moisture-treated a-FAPblz based PSCs. Each group contains twenty values for efficiency from different
batches of cells. (c) The stability measurements of the devices for the pure o phase and the moisture-treated o phase under ambient conditions
with RH of ~40%; the moisture-treated a phase showed a much longer lifetime. (d) A schematic illustration of the controlled hydration reaction

by reduced moisture partial pressure.

film, as opposed to much less enhancement in the moisture-
treated thin film, while the pure a-phase thin film showed
little absorption in such a region, which indicated the number
of hydrates in these films. As has been discovered before, the
complete hydration transition would lead to the generation of
massive internal strain, causing large amounts of defects in the
film, which is why kinetic control has been adopted here to limit
the formation of monohydrates. The TRPL results (Fig. 3d)
further indicated less non-radiative recombination in the
moisture-treated thin film than in the monohydrate-based film.
The fitted TRPL data is summarized in Table S1.} Nevertheless,
the original a-FAPDI; film showed an average carrier lifetime of
1500 ns, which is comparable to previous studies.** The
moisture-treated perovskite film showed an enhanced lifetime
of ~400 ns, which is better than that of the monohydrate-based
film (~160 ns), indicating reduced non-radiative recombination
and fewer defective areas.

In order to verify the beneficial effects of the controlled
hydration reaction, current density-voltage measurements were
conducted on both moisture-treated and control devices. The
pure a-phase film was first synthesized and then moisture
treated in an open environment to obtain the moisture-treated
devices. All the PSCs adopted the device architecture of ITO/

1978 | Sustainable Energy Fuels, 2023, 7, 1974-1980

SnO,/perovskite/Spiro-OMeTAD/Ag. Fig. 4a and b present the
best JV curve and PCE distributions of the control and moisture-
treated PSCs, respectively. The champion low partial pressure
moisture-treated device exhibited a PCE of 10.4%, with the
average PCE reaching 9.7% for the 20 devices, much better than
the 0.32% of the fully hydrated perovskite film in our previous
work.** The PSC stability measurements were conducted under
ambient conditions with RH of ~40%. As shown in Fig. 4c, after
7 days of storage, the unencapsulated moisture-treated devices
retained more than 80% of their original performance, while
the control PSCs degraded by more than 80% in the same
environment, due possibly to the presence of the hydrated
phase, which is able to protect other layers, such as HTL, by
absorbing water molecules. Compared to our previous pure-
hydrate-based device,** the current low partial pressure
moisture-treated device demonstrated comparable stability and
much better PCE, which was enhanced by more than 18-fold.
Clearly, such a change in the performance was caused by the
moisture partial pressure, which demonstrated a great influ-
ence on hydrate growth. As shown in Fig. 4d, at lower moisture
partial pressure, the water molecules could only diffuse into the
grain boundary, generating the hydrate phase nearby, which
passivated the film surface to protect the perovskite film. On the

This journal is © The Royal Society of Chemistry 2023
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other hand, at higher moisture partial pressure, the water
diffuses rapidly into the grain, completely transforming the o-
phase film, which created large amounts of defects, thereby
reducing both film and device performance.

Summary

To summarize, the hydration kinetics between moisture and
FAPDI; were investigated, which revealed the influence of mois-
ture partial pressure on the formation of the hydrate phase. It has
also been proved that the hydration reaction can be adapted to
protect the FAPbI; film. The corresponding PSC devices exhibit
similar stability to the fully hydrated devices generated at high
moisture partial pressure, with an additional 30-fold enhance-
ment in the PCE performance compared to the previous design,**
attributed to negotiation of the hydration kinetics, which con-
strained the hydrate precipitation to only the grain boundary
area, effectively passivating the film surface. The PCE of the low
partial pressure moisture-treated device could be enhanced by
more precise control over moisture diffusion, which is worthy of
further investigation in a follow-up study. Hopefully, these
discoveries could provide fresh guidelines for the novel design of
PSC devices and inspire the broader research community to
explore further the detailed physics involved.
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