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In this work, CH,NH,Pbl, perovskite thin films were deposited by the spray-coating method in
ambient conditions using different deposition temperatures and annealing times. They were then exposed
to high humidity in order to investigate the relation between processing parameters and degradation
mechanisms. FTIR and XRD analyses identified two degradation mechanisms, one reversible, the
formation of monohydrated perovskite, CH,NH,Pbl,-H,O, and another irreversible, the decomposition
of perovskite into Pbl, and CH,NH,I. It was found that perovskite degradation is very sensitive to
deposition parameters and that long annealing times at high temperatures increase compound stability,
retarding reversible degradation even after a long exposure to ambient conditions. This is attributed
to the formation of a small amount of Pbl, during deposition that acts as a protective layer against
moisture, preventing the formation of monohydrated perovskite. Additionally, no signs of dihydrated
perovskite were found in the films even after 50 days of exposure to high humidity.
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1. Introduction

The efficiency of perovskite solar cells has increased
considerably over the past few years, reaching the value
of 25.5%'. They employ an absorber layer made with a
compound with the same crystal structure as the mineral
perovskite, CaTiO,, which can be described by the chemical
formula ABX, where A is a cation, B is a metal and X is
a halide. Different ABX, components can be used, leading
to perovskites with different properties®. Methylammonium
lead iodide (CH,NH,PbL)) is one of the most employed
perovskites due to excellent optoelectronic properties such
as band gap of 1.5 eV, which results in an absorption onset
near the edge of the visible light spectrum, large carrier
diffusion lengths for both electrons and holes (up to 1 um
when doped with chloride), high absorption coefficient, and
low carrier recombination rates**.

This compound can be produced by several techniques,
from the complex physical vapour deposition to the simple
spin coating'’#. Despite being widely employed, the one-step
spin coating deposition yields films with poor coverage and
needle-like morphology that compromise device efficiency®!'.
In order to overcome this problem, a solvent-engineering
step and/or a two-step deposition is required to achieve the
desired morphology and coverage'>'*.

Currently, perovskite solar cells face two main challenges:
scalability and stability. Since spin coating is not a scalable
technique, it must be replaced by a method that can produce
good quality films over large areas. A technique that has received
some attention in the literature is spray deposition!'®!15-18,
In this method, a precursor solution passes through a nozzle
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that breaks the liquid into small droplets, which are deposited
onto a substrate. The surface characteristics of the film, such
as uniformity and coverage, depend greatly on the contact
angle, which must be low enough to assure good wettability'**.
An important advantage of the spray coating method is
the possibility of heating the substrate during deposition.
Heating the substrates improves wettability by reducing
the fluid surface tension®. Substrate heating also increases
the solvent evaporation rate, decreasing deposition time'*!”.

As for stability, perovskite films are susceptible to fast
degradation by external agents such as moisture, oxygen,
and ultraviolet radiation*'?*. The degradation is initiated by
moisture, which hydrolyzes CH,NH,Pbl, (Equations 1 and 2)
and proceeds according to Equation 3 or Equation 4, depending
on whether HI is decomposed by oxygen or UV radiation®.
The solid end- products of this irreversible process are Pbl, and
L. Most of the existing studies of stability address different
ways to prevent this type of degradation®2,

CH3NH3PbI3(s) > Pbly (s)+ CH3NH31 (aq) (M
CH3NH31 (aq) — CH3NH, (aq) + HI (aq) 2)
4HI (aq)+0,(g)— 21, (s)+2H,0 (1) (3)
2HI (ag) —> Hy(g) + I(s) “

Little attention, however, has been given to a different
degradation mechanism that may occur when the perovskite
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is exposed to humidity?’. In this process, a water molecule is
added to perovskite to form monohydrated methylammonium
lead iodide (CH,NH,Pbl.-H,0)*"**. The main feature of this
degradation mechanism is its reversibility. Perovskites that
undergo reversible degradation are converted back to the
original structure upon exposure to vacuum, temperature
or low-humidity atmosphere®*3!. Christians et al.*° reported
films with low roughness and highly oriented monohydrated
crystal structure where reversible degradation took place.
In addition to changes in structure and morphology, reversible
degradation changes the typical dark grey appearance of
perovskite films to a transparent one as the band gap shifts
from the usual value of 1.5 eV to 3.1 eV after exposure to
high humidity?’.

In the case of long exposure times, this perovskite
hydration may be followed by a second one to form dihydrated
methylammonium lead iodide, (CH,NH,),PbI -2H O*.
Yang et al.?® regard the formation of monohydrated and
dihydrated perovskites as intermediate steps of irreversible
degradation, while, according to Leguy et al.”’, reversible
and irreversible processes follow independent paths.

Although perovskite degradation has been extensively
investigated, the correlation between the manufacturing process
and the degradation mechanism is not well understood. In a
previous work®, we determined the best conditions to rapidly
deposit and crystallize sprayed CH,NH,Pbl, perovskite thin
films in a single step. Crystalline films with high coverage
and large equiaxed grains (4-5 um) were obtained in a very
short annealing time (30 s) at 120 °C. In this work, the focus
is on the degradation mechanisms. Perovskite films were
prepared in ambient conditions, under different deposition
temperatures and annealing times, and were exposed to high
humidity for long times in order to investigate the relation
between processing parameters and degradation mechanisms.

2. Material and Methods

A commercial spray gun, Steula BC 66-08 airbrush, with
0.8-mm nozzle size, was incorporated in a homemade automatic
system to provide better reproducibility®. The system was
based on a solenoid and a computer software, which was used
to control the deposition time and pull the airbrush trigger.
The spray gun was placed 10 cm away from a hotplate in a
perpendicular position. A graphite block was placed on the
hotplate to homogenize the temperature throughout deposition.
Fluorine-doped tin oxide (FTO) glass substrates were cleaned
by ultrasonication in a diluted detergent solution at 60 °C and
rinsed in distilled water and isopropanol before drying in a
chamber with an IR lamp. The 1 cm? substrates were placed
onto the graphite block at temperatures ranging from 80 °C
to 120 °C. The perovskite solution was prepared using lead
iodide (Pbl,) and methylammonium iodide (CH,NH,[) diluted
in anhydrous dimethylformamide (DMF). All chemicals
were P.A. grade from Sigma Aldrich. The precursors were
diluted in DMF to obtain a 10 wt.% solution. The solution
was stirred at 60 °C in ultrasonic bath for 30 min before
being filtered in a 0.2 pm PTFE filter and placed in the
airbrush cup. After the substrates reached the deposition
temperature, the solution was sprayed for 1 s, using N, carrier
gas at 5 psi. Immediately after deposition, the samples were
kept at the same temperature on the hotplate for annealing.
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Table 1 shows the annealing parameters. Under these
conditions, the thickness of the films was roughly 2 um.
Low deposition temperatures and short annealing times were
chosen to avoid thermal degradation without compromising
film crystallization®.

To investigate the relation between processing parameters
and perovskite degradation, a set of samples - herein called
24-h films - was kept for 24 h in high-humidity ambient
conditions (80% in average). The 24-h films that contained the
monohydrate phase underwent a 10 s heat treatment at 100 °C
to evaluate the conversion back to perovskite. The 24-h films
were again exposed to humidity for 50 days (50-day films)
and then the monohydrate-containing films were submitted
to the conversion heat treatment. Perovskite degradation and
reversibility were evaluated by X-ray diffraction (XRD) ina
D8 Advanced diffractometer; Cu-Ka radiation, 0.02 s scan
rate and a 0.1° step size were employed. Fourier Transformed
Infrared (FTIR) spectroscopy was performed in a Thermo
Nicolet iS50 FTIR spectrometer, with a Harrick Praying
Mantis diffuse reflectance accessory. The reflectance (R)
was collected with a resolution of 4 cm™ (32 scans) ranging
from 400 cm™ to 4000 cm'. Scanning Electron Microscopy
(SEM) images were collected in a Quanta scanning electron
microscope with field emission gun.

3. Results and Discussion

Figure 1 shows the XRD patterns of perovskite films
deposited at different temperatures and times after the first
24 h of exposure to ambient conditions. The diffractograms of
these 24-h films exhibit the most intense diffraction peaks of
tetragonal perovskite at 14.0°, 19.85°, 23,45, 24.17°,28.33°,
31.77°,40.93°, and 49.64°, corresponding respectively to the
(002)/(110), (112)/(200), (211), (202), (004)/(220), (114),
(224)/(400), and (404) diffraction planes®*. Moreover, it can
be seen that a 24 h exposure to high humidity was enough to
reversibly degrade the perovskite films deposited at 80 °C,
irrespective of the annealing time, as can be confirmed by
the presence of the monohydrate perovskite phase, identified
by the peaks at 10.46° and 16.03°273%3!, Samples prepared at
higher deposition temperatures and shorter annealing times
presented a similar behaviour, that is, the XRD patterns of
the 24-h films deposited at 100 °C and 110 °C showed the
monohydrate phase peaks only when the annealing time
was less than 30 s, while those of the samples deposited at
120 °C presented the monohydrate phase peaks for annealing
times below 10 s. The perovskite films that were annealed
for the shortest period of time (100 °C for 30 s; 110 °C for
10 s and 120 °C for 5 s) degraded the most with almost no
remaining traces of perovskite. XRD patterns of some of
these samples, obtained right after deposition, are shown in a
previous work?3; no monohydrate phase was observed in the

Table 1. Deposition temperatures and annealing times of the
CH,NH,PbI, perovskite films.

Temperature Annealing time
80 °C 30s - 10 min - -
100 °C 30s 1 min 3 min - -
110 °C 30s 1 min 3 min - -
120 °C 5s 10s 15s 20s 30s
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Figure 1. XRD patterns of the perovskite 24h-films fabricated via spray deposition at different temperatures and annealing times: a) 80 °C;

b) 100 °C; ¢) 110 °C; d) 120 °C.

films, confirming that it is due to humidity. On the other hand,
films produced at higher temperatures and longer annealing
times did not exhibit the monohydrate phase. These results
show that high temperatures and long annealing times lead
to better stability of perovskite films over the first 24 h, and
the reason for this might be associated with the deposition
technique employed.

Due to the high temperatures involved, the spray deposition
enables the production of highly crystalline perovskite
films in a time shorter than other techniques, such as spin
coating'”. The high temperature, in turn, can also lead to partial
irreversible degradation, with the presence of Pbl,, as can
be seen by the small peak at 12.68° in Figure 1%°. Although
the presence of Pbl, in perovskite layers should be avoided,
our results suggest that the formation of a small quantity of
this inorganic compound may contribute to the stability of
the perovskite layer, since the appearance of the Pbl, phase
coincided with the disappearance of the monohydrate phase.
When methylammonium elimination takes place at the surface,
aPbl, layer is formed, protecting the inner layers of the film
from moisture-induced degradation. This is in accordance
with a previous study that suggests that perovskite layers
produced from a solution with excess Pbl, are more stable®.

It is also worth mentioning a study carried out by
Wang et al.?” that correlates moisture-induced degradation and
film microstructure. They argued that since moisture infiltrates
the film through grain boundaries, a microstructure composed
of large grains might improve film stability. Therefore,
samples annealed at higher temperatures during long times
are more resistive to moisture infiltration because they have
larger grains. Indeed, in a previous paper> we observed that
grain size increased with annealing temperature, but SEM

images of perovskite films deposited at 120 °C (Figure 2)
indicates that grain size was not affected by annealing time.

Figure 3 shows the XRD patterns of the monohydrate-
containing 24-h films after the conversion heat treatment.
The monohydrate phase observed in the 24-h films in
Figure 1 has completely disappeared, giving rise to intense
peaks associated with the perovskite phase. The samples
were completely converted back to the perovskite structure
regardless of the degradation level, showing no traces
of the monohydrate phase. Figure 3 also shows that the
monohydrate phase disappeared by forming more perovskite,
since no Pbl, was detected. This should be expected since
the conversion heat treatment parameters (100 °C for 10 s)
were chosen so as to remove water from the monohydrate
without inducing any Pbl, formation via thermal degradation.

To confirm the complete removal of water in the treated
perovskite 24-h films, FTIR analyses were carried out on
the sample deposited at 100 °C and annealed for 30 s,
before and after the heat treatment. The results are shown
in Figure 4. The spectrum of the untreated 24-h film shows
peaks (indicated by arrows) that are associated with O-H
bonds®!. The presence of these peaks suggests that water is
bonded to the perovskite structure, confirming the presence
of the monohydrate phase. The O-H peaks are absent in the
spectrum of the heat-treated 24-h film, which exhibits, instead,
the peaks associated with the perovskite structure, as shown
in Table 2¥73%. 1t is important to emphasize that reversible
degradation changes both the structure and the color of the
film. When fully degraded into monohydrated perovskite,
the films are transparent, but they are converted back to the
typical dark color of the perovskite after the heat treatment.

To verify whether the perovskite 24-h films would
reversibly degrade when exposed to humidity for long times,
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Figure 2. SEM images of the perovskite 24-h films fabricated via spray deposition at 120 °C and annealed for: a) 10 s; b) 20 s; ¢) 30 s.
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Figure 3. XRD patterns of the treated perovskite 24-h films fabricated via spray deposition at different temperatures and annealing times:
a) 80 °C; b) 100 °C; ¢) 110 °C; d) 120 °C.
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Figure 4. FTIR spectra of the perovskite 24-h films fabricated via
spray deposition at 100°C and annealed for 30 s before and after
heat treatment.

Table 2. FTIR peak assignments of the CH,NH,Pbl, perovskite
thin films.

Peak Wa\gnmlfglber Vibrational modes
1 3183 asym. NH," stretch
2 3138 sym. NH," strech
3 2823 antisym. NH," deformation + rock
4 2711 sym. NH," deformation + rock
5 2485 2 x rock
6 2374 C-N stretch + CH3 antisym.
deformation
7 1578 asym. NH," bend
8 1469 sym. NH," bend
9 1248 CH3 - NH," rock
10 959 C-N stretch
11 909 CH3 - NH," rock

all films were kept under ambient conditions for 50 days.
Figure 5 depicts the XRD results of the 50-day films in the
range of 10° to 15° (range of interest for identification of the
monohydrate phase). The monohydrate phase was present
in all films except those deposited at 110 °C for 1 min and
120 °C for 30 s. The diffractograms reveal a similar trend to
the one observed in Figure 1, that is, samples deposited at
higher temperatures and annealed for longer times (110 °C
for 1 min and 120 °C for 30 s) show no sign of reversible
degradation. Interestingly, these samples were the ones that
underwent partial irreversible degradation via precipitation
of a small amount of Pbl, during deposition, confirming that
the presence of Pbl, affords protection against reversible
degradation. However, some Pbl, content is also found in the
films that had not undergone partial irreversible degradation
during the deposition process, e.g. the films deposited at
80 °C, suggesting that irreversible degradation took place in
the 50-day films due to the prolonged exposure to moisture.

Figure 5 also shows that some of the 50-day films that had
not exhibited the monohydrate phase (for example, the 24-h
films at 100 °C for 1 min, 100 °C for 3 min, and 120 °C for
20 s in Figure 1) now show traces of reversible degradation.
Additionally, no dihydrate phase was found in these samples,
suggesting that it is not thermodynamically stable under
high humidity? or that it formed, but disappeared over the
50-day period.

The XRD results of the monohydrate-containing 50-day
films submitted to the conversion heat treatment are shown
in Figure 6. The monohydrate phase disappeared and all
samples were converted back to perovskite. Unlike the 24-h
films, the 50-day films contained a significant amount of
Pbl, that remained after the heat treatment. Therefore, the
statement that the heat treatment removes the monohydrate
phase without inducing Pbl, via thermal degradation is not so
straightforward in these samples. However, it is unlikely that
a 100 °C heat treatment carried out for 10 s led to formation
of PbL, since at this temperature thermal degradation would
only have been triggered after 3 min, as indicated in Figure 1.

SEM images in Figure 7 show the surface morphology of
some of the treated 50-day films. Different microstructures
are observed in these converted samples and this result may
give some insight into the degradation mechanism. Figure 7a
shows the morphology of the sample deposited at 120 °C
and annealed for 5 s (the one that, before heat treatment, was
fully degraded into the monohydrate phase, as confirmed by
the diffractograms shown in Figures 1 and 5). The surface is
composed of highly oriented grains, a typical morphology
that was found in untreated films, indicating that even after
reversing back to perovskite, the morphology remained
unchanged. The non-reversibility of the microstructure
may limit the perovskite properties and needs to be further
investigated. Figure 7b shows the morphology of a treated
50 day-film (deposited at 120 °C, annealed for 20 s), the one
that before heat treatment was composed by three phases,
namely perovskite, monohydrated perovskite, and PblL,.
All morphologies can be seen in this image: 1) irreversible
Pbl,, due to the 50-day exposure to ambient conditions;
ii) monohydrated perovskite, with highly oriented grains,
typical of reversible degradation; iii) perovskite with no
sign of degradation. Every morphology was confirmed
by a SEM analysis performed in single phase samples.
Therefore, although Figure 6d confirms the conversion of
the monohydrate phase back to perovskite, the morphology
remained unchanged after heat treatment. On the other hand,
the microstructure of the sample deposited at 120 °C and
annealed for 30 s (the one where, before heat treatment,
no monohydrate phase was detected by XRD), is formed
by equiaxed grains, with Pbl, precipitates inside the grain
(Figure 7c). Figure 7d shows another area of the same sample
where one can see the typical morphology of monohydrated
perovskite. Since the monohydrate phase was not detected
in the XRD diffractograms of this sample, it is possible
that it has been formed initially, but subsequent growth has
been prevented by the presence of Pbl,. Therefore, it can
be argued that a thin layer of Pbl, is effective to prevent
reversible degradation.

Figure 8 shows a summary of the extra phases (Pbl, and/
or monohydrate) found in all perovskite films after the
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Figure 5. XRD patterns of the perovskite 50-day films fabricated via spray deposition at different temperatures and annealing times:

a) 80 °C; b) 100 °C; ¢) 110 °C; d) 120 °C.
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Figure 7. SEM images of the treated perovskite 50-day films fabricated via spray deposition at 120 °C and annealed for: a) 5 s; b) 20 s,
showing irreversible Pbl, (i), reversible monohydrate (ii), and perovskite (iii); c¢) 30s; d) 30 s, different area.
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Figure 8. Evolution of extra phases in perovskite films after exposure to high humidity for 24 h and 50 days, before and after the conversion
heat treatment: monohydrate (mono); PblL,; no extra phases (—); no treatment (x).
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degradation procedures (24 h and 50 days), before and
after the conversion heat treatment. It is evident that the
films deposited at higher temperatures and annealed for
longer times (e.g., 100 °C for 3 min, 110 °C for 1 min
and 120 °C for 30 s) contained the Pbl, phase and did
not degrade to monohydrated perovskite over the first
24 h. Even after 50 days, these films were still free of the
monohydrate phase except for the 100 °C/3min film, that
showed traces of this hydrate (Figure 5) - confirming that
a small amount of Pbl, prevented or retarded the formation
of the monohydrate phase. In addition, it can be seen that
the treatment was efficient for removing the monohydrate
phase in all films.

We consider that the films deposited at 120 °C and
annealed for 30s are the most adequate for solar cell
manufacturing, since they contain only a small amount of
Pbl, (and therefore do not undergo reversible degradation)
while exhibiting high coverage and large grains®*. The small
amount of Pbl, that is present in these films should not
impair the cell efficiency. In fact, the literature has shown
that cells with residual Pbl, in the perovskite layer may
yield a better performance®.

4. Conclusions

Perovskite films were fabricated by the spray deposition
method using different deposition temperatures and annealing
times. Due to the exposure to high humidity, most of perovskite
films exhibited the monohydrate phase - typical of reversible
degradation - within the first 24 hours, but samples fabricated
at the highest temperature for long annealing times exhibited
a low level of degradation or no degradation. XRD results
suggest that a small amount of Pbl, formed during deposition
gives rise to a protective layer that prevents moisture from
interacting with perovskite to form monohydrated perovskite.
Additionally, these perovskite films were still free of the
monohydrate phase even after 50 days of high humidity
exposure. No sign of the dihydrate phase was found in these
samples indicating that it was thermodynamically unstable
under high humidity or that it was formed, but disappeared
over the 50-day period.
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