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a b s t r a c t   

Single-Source Thermal Ablation (SSTA) is a vacuum-based evaporation method that was only minorly 
employed in the preparation of hybrid perovskite materials for solar cells despite some promising early 
achievements. We study the preparation of MAPbBr3 films, showing that this material does not allow the 
reproducible preparation of thin films suitable for integration in multijunction devices due to the low 
adhesion of MABr to the substrate, on one hand, and to the proximity of decomposition and melting 
temperatures of MAPbBr3 combined with the high vapor pressure of MABr on the other. Based on the 
insights obtained on MAPbBr3 processing we demonstrate that, conversely, homogeneous fully-inorganic 
CsPbI2Br thin films can be prepared by SSTA with a stability comparable to that reported for films obtained 
by spin coating. This work provides guidelines for the selection of halide perovskites that can be success
fully prepared by SSTA for thin film application. 

© 2021 Elsevier B.V. All rights reserved.    

1. Introduction 

Organic-inorganic metal-halide perovskites are currently con
sidered a very interesting class of materials mainly because of their 
outstanding impact in solar cell application [1] that fostered also 
strong developments in perovskite-based optoelectronic applica
tions exploiting not only thin films [2], but also nanocrystals [3,4]. 
Among PV applications, halide perovskites appear very appealing 
also for their potential exploitation in tandem with silicon to im
prove the performance of commercially available solar cells and 
reduce the cost of photovoltaic modules [5]. In most of these ap
plications, poor morphology and bad substrate coverage limit the 
performance of the devices. In order to achieve smooth and pinhole- 
free films from solution methods, different approaches have been 
proposed [6,7]. Compared to solution-processing methods, vacuum 
evaporation naturally provides uniform and compact films with high 
reproducibility and fine thickness control, while offering integration 

opportunities into complex devices such as monolithic tandem solar 
cells and LEDs. Most of the works on vacuum-based methods for 
ABX3 halide perovskites exploit the dual source evaporation method  
[8–10], even if the use of different precursor vapors makes it difficult 
to keep control over the precursor ratio. Single-Source Thermal 
Ablation (SSTA, also named Flash Evaporation) is a simple alternative 
approach to the vacuum deposition of halide perovskites films, 
based on a single thermal source consisting in a metal foil heater 
used to vaporize rapidly the perovskite precursor by passing a large 
current. This method was used to prepare hybrid perovskites in the 
1990s and 2000s for different applications [11,12], but in the recent 
season of halide perovskites for PVs, to the best of our knowledge, 
only very few works exploited this deposition technique. The first 
were Longo et al. [13], who performed the flash evaporation of 
MAPbI3 in low vacuum (∼0.1 mbar), obtaining films having a high 
degree of crystallinity and a smooth surface morphology. These films 
allowed power conversion efficiencies exceeding 12% in planar het
erojunction solar cells. Later on, Xu et al. [14] showed that MAPbI3 

films prepared in of 0.1 mbar Ar pressure from stoichiometric pre
cursors have pure perovskite phase but a rough surface with voids. 
On the contrary, film deposited under a low growth pressure of 5 
10−5 mbar are dense and without pinholes, but PbI2-free films can 
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only be achieved by using a precursor with an MAI-to-PbI2 molar 
ratio of 2, which is necessary to compensate for the MAI loss during 
the transport of material from the source crucible to the substrate. 
They also showed that grain growth is limited by the presence of the 
PbI2 phase in the films and obtained a ∼10% maximum efficiency by 
using PbI2-free films. Recently, the same group reported about the 
SSTA of formamidinium lead iodide (FAPI) [15], showing that PbI2- 
free films can only be obtained by carrying out the deposition on 
substrates heated at 105 °C and using a FAI to PbI2 molar ratio of 1.5 
to compensate for the loss of FAI. The perovskite solar cell they 
obtained by using these films showed a 12.55% efficiency, but sta
bility was lower than that of cells prepared by solution methods. 

In spite of these rather promising results and the potential ad
vantages deriving from being a relatively simple and quick process, 
SSTA was left behind without a clearly defined reason. Indeed, we 
recently showed that CsPbBr3 films prepared by SSTA allow PeLED 
preparation, which confirms the suitability of SSTA for thin film 
application. 

In this work we consider the deposition of MAPbBr3 films by 
SSTA, showing that SSTA provides pure phase MAPbBr3 films 
without any MABr excess sufficiently when high powers are used, 
but the proximity of the MAPbBr3 decomposition and melting 
temperatures combined with the high vapor pressure of MABr 
produces spits on the film surface. Reduced power allows spit-free 
films, but requires the use of a MABr excess to compensate for the 
MABr losses during evaporation. This MABr excess yields pure phase 
MAPbBr3 films, but at the cost of a significant loss of stability and 
reproducibility. These achievements point out that MAPbBr3 films 
suitable for thin film application can hardly be obtained by SSTA. 
Based on the results obtained on MAPbBr3 we demonstrate fully- 
inorganic CsPbI2Br films which are instead suitable for applications 
such as light emitting devices and tandem solar cells. 

2. Methods 

Hybrid perovskite precursor solutions were prepared by using 
commercially available PbBr2 (Aldrich), HI (57%) (Aldrich), and 
CH3NH2 (41% ethanol solution) (Fluka) without further purification. 
MABr was prepared by reacting amine solutions with HBr, as de
scribed previously [16]. In particular, methylamine (40% in water, 
Aldrich) was mixed with hydrobromic acid (48% in water, Aldrich) in 
a 1:1 molar ratio. After continuous stirring in the ice bath for 2 h, 
MABr was crystallized by removing the solvent at 65 °C for 2 h. The 
resultant precipitates, in the form of white crystals, were washed 
three times in diethyl ether, dried overnight under vacuum, and then 
stored in a dark, dry box. 

MAPbBr3 precursor solution (0.785 M) was prepared by stirring 
overnight at 60 °C equimolar mixtures of MABr and PbBr2 in N,N- 
dimethylformamide (Fluka) and then naturally cooling down the 
solution, that appeared clear at room temperature. In order to 
achieve precursor solutions with a MAPbBr3:MABr molar ratio of 1:x 
(0 ≤ x ≤ 2), proper amounts of MABr were added to the perovskite 
solution at room temperature while stirring. 

For CsPbI2Br films, a 0.45 M precursor solution was prepared by 
dissolving stoichiometric amounts of CsBr and PbBr2 in dimethyl 
sulfoxide (Aldrich) at room temperature under stirring. 

Glass substrates were cleaned by sequential rinsing in 1% 
Hellmanex, de-ionized water, hot acetone, and isopropanol for 
15 min. After drying in blowing nitrogen, up to four substrates were 
placed on a sample holder that was mounted into the evaporation 
chamber at a fixed vertical distance from the evaporation source. 
The evaporation system was tailor made [12] following the sche
matization given by Mitzi et al. [11] and allowed power to be in
creased from 0 to the preset value with a rate of approximately 
600 W/s, maximum power being 1000 W. 

The precursor layer for evaporation was created by spreading 
32 μl of the precursor solution onto a tantalum boat (Testbourne 
S46-.005Ta) that was then placed on a hotplate at 100 °C, while 
maintaining the precursor distribution as even as possible. For 
CsPbI2Br 90 μl were used. 

The boat was then clamped between two electrodes in the eva
poration chamber that was immediately pumped to vacuum. When 
the pressure in the chamber was below 2 10−5 mbar, electrical cur
rent was passed through the boat to promote the precursor eva
poration. Argon was finally inlet and samples removed from the 
chamber with the ambient humidity maintained below 30%. Unless 
stated otherwise, films were then stored into a desiccator in 
the dark. 

Under these conditions, for a vertical distance of 8 cm between 
the crucible and the substrate, a film thickness of 240 nm was 
measured by a standard stylus profilometer. 

When aiming to investigate the evolution of the evaporation 
process, deposition was performed in two steps: in the former one, a 
90 W power preset was applied until the color of the precursor layer 
was seen to change from orange to whitish (step 1). The chamber 
was then opened, substrates were replaced by virgin others and the 
chamber was pumped again to vacuum. Then, a second evaporation 
was performed by applying the same 90 W power until the boat 
became incandescent (step 2). 

Unless otherwise stated, all the film characterizations were car
ried out in low humidity atmosphere (RH≤30%) after having aged the 
films for a few hours in desiccator. In particular, the structural 
quality of the films was studied by X-ray diffraction (XRD) mea
surements in a Siemens (D500) powder diffractometer, with CuKα 

radiation. The refinement of XRD data was carried out using the 
GSAS II software [17]. 

Film absorbance spectra were measured by a Jasco UV–vis V-530 
spectrometer. Morphological characterization was performed by 
atomic force microscopy using a Veeco Dimensions 3100 SPM and by 
scanning electron microscopy (SEM) using a Zeiss Auriga field 
emission microscope (FESEM) operated at 5 kV. Selected Area 
Electron Diffraction (SAED) and Energy Dispersive X-ray 
Spectrometry (EDS) were performed in a Jeol 2200FS Transmission 
Electron Microscope (TEM). To minimize any damage caused by the 
electron beam, the TEM measurements were carried out by using an 
acceleration voltage of 80 kV and a low beam current density. 

Steady state and time resolved photoluminescence were mea
sured by an Edinburgh FLS920 spectrometer equipped with a Peltier- 
cooled Hamamatsu R928 photomultiplier tube (185–850 nm). An 
Edinburgh Xe900 450 W Xenon arc lamp was used as exciting light 
source. Corrected spectra were obtained via a calibration curve 
supplied with the instrument (lamp power in the steady state PL 
experiments 0.6 mW cm−2, spot area 0.5 cm2). Emission decay time 
were determined with the single photon counting technique by 
means of the same Edinburgh FLS980 spectrometer using a laser 
diode as excitation source (1 MHz, exc = 635 nm, 67 ps pulse width 
and about 30 ps time resolution after deconvolution) and a 
Hamamatsu MCP R3809U-50 (time resolution 20 ps) as detector. 
(Laser power in the TRPL experiment 1.6 W cm−2, spot area 
0.3 mm2) [18]. 

3. Results and discussion 

In order to investigate the influence of the MABr excess, films 
were prepared using a power preset of 440 W. Unfortunately, the 
elemental composition could not be assessed by EDS because the Br/ 
Pb ratio was found to rapidly drop upon electron irradiation, which 
limits the measurement accuracy. The XRD patterns of all the films 
are dominated by two peaks at 14.93° and 30.12°, respectively, 
(Fig. 1) corresponding to the 100 and 200 reflections of the MAPbBr3 

cubic phase [19]. However, pure phase films were achieved only 
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when x ≥ 1 was used, while for x  <  1 peaks appear at 18.60°, 21.65° 
and 37.72°, that can be assigned to the 020, 120 and 040 reflections 
of the PbBr2 orthorhombic phase, respectively (ICSD 202134). The 
observation that an excess of MABr is necessary to achieve pure 
phase films suggests that MABr is lost during evaporation. A similar 
result was reported for MAPbI3 [14], where the same methy
lammonium halide excess was necessary to avoid the presence of 
PbI2 phase in the perovskite films. In that case, a current of 180 A was 
considered high enough to yield the instantaneous evaporation of 
both PbI2 and MAI. Based on the experimental details given in 

Ref. [14], we infer that the power used in that case increased from 
~48 W to ~130 W during evaporation. Here, when x = 1 was used, 
pure phase MAPbBr3 films were obtained only for power presets of 
at least 400 W (Fig. 2), while lower powers systematically produce 
PbBr2 peaks in the XRD pattern. This means that, achieving pure 
phase MAPbBr3 films requires a steeper temperature rise compared 
to MAPbI3 [14], likely because of the higher vapor pressure of MABr. 

Films obtained with x = 1 and 400 W power preset show a 
compact and smooth surface with roughness of about 3.2 nm 
(Fig. 3A). The absorption spectra show an onset at ~535 nm (Fig. 3B) 
that is typical of MAPbBr3 films prepared by spin coating [16,20]. The 
bandgap of ∼2.33 eV determined by the Tauc plot may be considered 
in good agreement with the 2.31 eV value reported in the literature  
[16,20,21]. Indeed, the presence of interference fringes pointed out 
by the broad maximum at 590 nm, while confirming the good sur
face quality of the films, prevents a more accurate determination of 
the bandgap. 

To rationalize how film properties would impact its optoelec
tronic performance, we recorded the steady state photo
luminescence, measured its quantum yield (PLQY) and analyzed the 
PL decay (TRPL) of as-deposited perovskite films. The PL band is 
practically superimposed to the absorption band with minimum 
stoke shift. This is in line with what usually observed for MAPbBr3 

perovskites suggesting an emission from direct-gap recombination  
[22]. Noticeably, PLQY recorded at low excitation fluency, being 
0.23% implies reasonably good optoelectronic properties of the 
material, as without special treatments polycrystalline film of 
MAPbBr3 usually show PLQY below 1% [23]. Halide perovskites de
spite the straightforward deposition methodologies often exhibit 
superior optical properties than many other materials, but they still 
suffer from great loss of PL intensity and lifetime induced by trap- 
states. The emission decay time mirror what suggested by PLQY 
analysis as relatively long emission lifetime are retrieved. By fitting 
the PL decay with a multi-exponential decay law [24], we determine 
an average lifetime ( ) of 16.0 ns (τ1 = 1.06 ns, α1 = 19.17; τ2 = 5.87 ns, 
α2 = 49.70; τ3 = 20.99 ns, α3 = 31.13). 

These results point out that film deposition performed by using a 
MABr excess of x = 1 and a 400 W power preset provides good 
quality material. Unfortunately, we found that, except for the posi
tion of the absorbance onset, achieving an acceptable reproducibility 
of the film properties was a real issue, which forced us to investigate 
the evaporation process better. To this aim, we exploited a low 
power preset (90 W) to have a temperature rise slow enough to 
allow us to interrupt the deposition immediately after the orange 
precursor layer starts to change color to off-white. This way we 
found that at low powers the precursor decomposes so that the 
evaporation is made of two distinct steps: in the former one mainly 
MABr evaporates, while in the latter step, corresponding to the 
evaporation of the off-white layer, only PbBr2 is deposited, in close 
similarity with what addressed for MAPbI3 films [14]. Increasing the 

Fig. 1. XRD patterns of MAPbBr3 films prepared by 440 W power preset with different 
MABr excesses. Stars indicate the PbBr2 peaks. The reference pattern of MAPbBr3 

obtained from Ref. [19] is shown at the bottom. 

Fig. 2. XRD patterns of films obtained with (1:1) MAPbBr3 to MABr molar ratio by 
using different power presets, as indicated. Stars indicate the PbBr2 peaks. The re
ference pattern of MAPbBr3 obtained from Ref. [19] is shown at the bottom. 

Fig. 3. Typical A) AFM image, B) absorbance and photoluminescence spectra (the relevant time-resolved PL decay is shown in the inset) of films prepared with (1:1) MABr-to- 
MAPbBr3 molar ratio and a power preset of 400 W. 
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power preset makes the two steps gradually less distinct, so that at 
400 W the formation of an off-white layer becomes less obvious than 
at low powers and is barely visible at 800 W. However, we cannot 
rule out that the MAPbBr3 precursor decomposes at least partially 
even at high powers [25]. This two-step deposition process means 
that achieving pure phase MAPbBr3 films requires that, after de
position, ion interdiffusion occur between the MABr-rich layers near 
the substrate and the PbBr2-rich upper layers. Indeed, after their 
extraction from the deposition chamber films change color from pale 
yellow to orange in a few minutes through the formation of orange 
spots that appear soon after extraction and then extend up to cover 
the whole sample (Fig. 4). This evolution, that becomes more evident 
when the power preset is reduced and the MABr excess increased, is 
similar to the one observed in CsPbBr3 films deposited by SSTA, 
where it was ascribed to a vertical composition gradient due to the 
precursor decomposition [25]. It is worth noting that this evolution 
takes place immediately after the exposure to ambient air, while 
keeping films in Ar or dry air flux for up to an hour before extraction 
did not prevent this evolution. This suggests that ambient humidity 
plays a role. Moisture is known to play a significant role during the 
formation of methylammonium lead halide perovskite films [26], 
although the details of involved mechanisms are still subject of 
debate [27]. In particular, water was proposed to enhance the re
construction process during film formation by partially dissolving 
the reactants and accelerating mass transport within the film [28], 
while the exposure to humidity improves perovskite crystal
linity [29]. 

We tried to investigate how this initial evolution affects the 
crystalline quality of the films. The XRD pattern of a film exposed to 
X-rays soon after deposition (Fig. 5) exhibits not only the peaks ty
pical of the MAPbBr3 cubic phase [19], but also peaks belonging the 
PbBr2 orthorhombic phase. On the contrary, PbBr2 signatures were 
not observed on a film that, coming from the same deposition run, 
was kept for about two hours in the same RH = 30% atmosphere, but 
not exposed to X rays. In addition, soon after extraction the height of 
the XRD peaks of both perovskite and PbBr2 change with time, 
whereas negligible pattern changes were observed under X-ray ir
radiation when measurements were performed after having stored 
films for 2–4 h in desiccator or in low humidity (RH≤ 30%) atmo
sphere (Fig. 6A). These results highlight that X-ray irradiation in
terferes with the initial film evolution, which limits the possibility of 
studying the influence of the deposition parameters on the film 
crystallization soon after deposition as well as the initial evolution 
itself. 

The limited stability of as prepared films was confirmed by the 
observation that films placed under vacuum soon after extraction 
systematically show the presence of PbBr2 (Fig. 6A, pattern c), likely 
connected to the formation of features (Fig. 6B) that are similar to 
the PbBr2 clusters found in cleaved single crystals stored in vacuum 
for weeks [30]. The mechanism of PbBr2 formation is likely the same 
proposed for MAPbI3 films prepared by spin coating, where PbI2 

appears after 1 month vacuum storage due to the loss of volatile 
parts, likely HI and CH3NH2 [31]. Interestingly, twin samples pre
pared in the same deposition run do not exhibit PbBr2 signatures 
after up to 14 days storage in desiccator (Fig. 6, patterns a and b). In 
addition, PbBr2 formation was not observed in MAPbBr3 films pre
pared by spin coating [16] that remain pure phase after more than 
one-year storage in vacuum (Fig. 6, pattern d). These results confirm 
that soon after extraction, films are prone to degradation likely due 
to the highly volatile and hygroscopic character of MABr. This means 
that the achievement of MAPbBr3 films comes after an initial evo
lution phase that is influenced by not only the evaporation para
meters (e.g. vacuum level, power preset) but also the environmental 
conditions the films experience during and immediately after its 
extraction from the evaporation chamber. This film delicacy is a real 
issue because it makes the extremely accurate control of both 

Fig. 4. Typical photographs of a film prepared by using a preset power of 440 W with a precursor containing a x = 1 MABr excess (i.e. with a 1:1 MAPbBr3:MABr molar ratio). 
Images were taken A) soon after extraction and B) after 20 min. 

Fig. 5. XRD patterns of two films deposited in the same run (with x = 1 and 440 W 
power preset). Films were exposed to X-rays for 30 min a) soon after extraction from 
the deposition chamber, b) after 2 h storage in the same atmosphere but in the dark. 
Relevant XRD measurements were performed immediately after this X-ray irradiation 
Stars point out peaks ascribed to PbBr2. The reference pattern of MAPbBr3 obtained 
from Ref. [19] is shown at the bottom. 
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atmosphere and timings soon after extraction a prerequisite for 
achieving acceptable reproducibility of film properties. 

Since the initial evolution comes from the vertical composition 
gradient due to the delay between MABr and PbBr2 evaporation, we 
further increased power in order reduce this delay. When a power 
preset of 800 W was used, the initial color change was not observed, 
while pure phase MAPbBr3 films were obtained even for a stoi
chiometric precursors composition (x = 0) (Fig. 7). This means that, 

when power used is high enough, no MABr excess is necessary to 
achieve PbBr2-free films. 

Unfortunately, while on the micrometric scale surface mor
phology appears flat and compact, similar to Fig. 3a, a larger view 
points out that bumps are present on the film surface with dimen
sions ranging from a few hundred nanometers to a few tens of mi
crometers (Fig. 8). EDS measurements performed on these bumps 
pointed out Br/Pb ratios that change with electron irradiation time, 
gradually approaching that of PbBr2. However, the same behavior 
was observed in the regions where the film is flat, which suggests 
that MAPbBr3 perovskite films are unstable under an electron beam, 
as reported for MAPbBr3 nanocrystals [32]. This instability hindered 
also TEM measurements, so that bump composition finally could not 
be assessed. Nevertheless, we observed that there is no correlation 
between the density and size of bumps and the presence of PbBr2 in 
the XRD patterns, as we found bumps (Fig. 8B) even in films showing 
pure MAPbBr3 perovskite phase (pattern c in Fig. 8F). Besides, we 
observed that bump density decreases with decreasing power 
(Fig. 8C-E), which suggests that these are MAPbBr3 bumps likely due 
to spitting. Indeed, SSTA combines a rapid temperature rise, which is 
necessary to prevent the decomposition of the organic component, 
with high powers required to make PbBr2 and MABr evaporations as 
simultaneous as possible. The rapid achievement of high tempera
tures is generally considered as one of the main causes of spitting 
because when the melting temperature is reached the molten pre
cursor spreads over the crucible that continues heating very rapidly. 

Fig. 6. A) XRD patterns of samples coming from the same deposition run as measured after a) 2 h storage in desiccator, b) 14 days in desiccator, and c) 2 days in vacuum. (the star 
indicates the 002 reflection of orthorhombic PbBr2). Pattern d) refers to a film deposited by spin coating and measured after storage in vacuum for 390 days. The reference pattern 
of MAPbBr3 obtained from Ref. [19] is shown at the bottom. B) AFM image taken on a film stored for 2 days in vacuum. 

Fig. 7. XRD patterns of MAPbBr3 films prepared at 800 W by using different MABr 
excesses, as indicated. The reference pattern of MAPbBr3 obtained from Ref. [19] is 
shown at the bottom. 

Fig. 8. A) and B) SEM images of bumps. C)-E) optical microscope images of film prepared without any MABr excess by using different power presets, namely C) 800 W, D) 400 W, 
and E) 90 W (markers indicate 250 µm). The relevant XRD patterns are shown in F) with the MAPbBr3 reference pattern obtained from Ref. [19] (empty diamonds indicate PbBr2 

peak positions). 
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This creates vapor bubbles that can explode through the surface 
giving the spitting of molten material. Materials having high vapor 
pressures at their melting points are more likely to give spits [33]. In 
the present case, the formation of MAPbBr3 spits can be justified 
considering that this material starts decomposing at ~220 °C [34]. 
While 3D lead perovskites are known to melt at temperatures near 
or above their decomposition temperature [6]. High heating rates are 
expected to shift the decomposition reaction to higher temperatures, 
so that decomposition and melting processes can overlap due to the 
fast crucible heating. Consequently, decomposition may take place in 
the presence of molten perovskite, which combined with the high 
vapor pressure of MABr may cause perovskite spits. This would be 
consistent with the observation that only the slow temperature raise 
obtained by power presets as small as 90 W prevents bump forma
tion (Fig. 8D). Unfortunately, at these low powers the presence of 
PbBr2 is unavoidable (pattern d in Fig. 8E), so that only a MABr excess 
of at least x = 2 allows pure phase MAPbBr3 films, which implies 
reduced film reproducibility and stability, as discussed above. The 
limited suitability for thin film application of MAPbBr3 films ob
tained at high powers was confirmed by the lack of any electro
luminescence in PeLEDs prepared by using these films. 

We can conclude that this compound presents us with an in
soluble problem, as the poor MABr adhesion on the substrate forces 
us to use high powers, that make films unsuitable for thin film ap
plication due to the spitting caused by the proximity of the de
composition temperature to the melting temperature, combined 
with the high vapor pressure of MABr. On the other hand, achieving 
pure phase MAPbBr3 films by exploiting low powers to avoid spitting 
requires the use of MABr excesses that limit film stability, making 
reproducibility a real issue. 

From the above results, we gather that, whenever the precursor 
compound does not sublimate before decomposing, SSTA deposition 
starts with the decomposition of the perovskite precursor followed 
by the evaporation of the organic halide first and then of the lead 
halide. Although perovskite synthesis reaction is extremely favor
able, achieving pure phase thin films becomes problematic if any of 
the evaporating species shows a low sticking coefficient while pre
cursor decomposition temperature is close to the melting tem
perature, because of spitting phenomena, especially if any of the 
decomposition products has a high vapor pressure. This allows us to 
rationalize the preparation of CsPbBr3 films by SSTA that we have 
previously reported [25]. Indeed, we obtained CsPbBr3 films from 
stoichiometric precursors independently of the power used, con
firming the absence of sticking problems for either PbBr2 or CsBr. 
Besides, the melting temperature of CsPbBr3 (567 °C) [35] is much 
larger than the decomposition one (450 °C) [36], which allowed us to 
take full advantage of the high evaporation rate of SSTA by in
creasing power while avoiding spitting, also because of the low 
vapor pressure of both CsBr and PbBr2 compared to MABr. 

Based on the achievements on MAPbBr3 and CsPbBr3, we infer 
that also CsPbI2Br appears suitable to be prepared by SSTA since its 
melting temperature (463 °C) [37] is significantly higher than its 
decomposition temperature (330 °C) [38]. In addition, the vapor 
pressure of PbI2 is only slightly larger than that of PbBr2 [39] and we 
did not observe any adhesion issue. CsPbI2Br combines the expected 
stability advantages deriving from the use of cesium in place of 
methylammonium cations with a great potential in tandem solar cell 
application due to the bandgap of about 1.9 eV [37]. For these rea
sons, we investigated the deposition of CsPbI2Br films by SSTA. XRD 
patterns taken immediately after film extraction from the evapora
tion chamber show poor crystallization (Fig. 9A, pattern a), but, si
milar to what reported for CsPbI2Br films prepared by solution 
methods [37,40], films turn dark brown after an annealing at tem
peratures larger than 250 °C. The surface of films annealed at 300 °C 
for 60 s appears compact and free of bumps, regardless of the power 
preset used (400 W in Fig. 9B). 

The XRD patterns of freshly annealed brown films (Fig. 9A pat
tern b), despite being affected by (101) preferential orientation, are 
consistent with the orthorhombic perovskite polymorph of CsPbI2Br  
[41]: Rietveld refinement of the PXRD data allowed us to determine 
the lattice parameters as a = 8.4873(19) Å, b = 11.981(6) Å, 
c = 8.558(2) Å. The SAED patterns (not shown) taken by scratching 
part of the brown film just before performing XRD, are in good 
agreement with the XRD patterns reported in Fig. 9A. Moreover, 
Quantitative EDS-TEM analysis showed that the Cs:Pb:I:Br is in good 
agreement with the 1:1:2:1 ratio, with a variation of about ±  2 atom 
% evaluated as the standard deviation in the fit. The EDS maps ob
tained in scanning TEM mode, shows a uniform distribution of Cs, 
Pb, I, and Br. 

Absorbance spectra taken on brown films point out the presence 
of interference fringes (Fig. 10) that confirm the good surface quality 
of films. The absorbance onset at ~650 nm corresponds to a bandgap 
of 1.92 eV, as determined by the Tauc plot, that is in good agreement 
with the value reported for CsPbI2Br thin films prepared by spin 
coating [37,40]. The above results confirm that SSTA provides good 
quality CsPbI2Br films. 

We finally assessed the stability of the films obtained by SSTA, 
because the CsPbI2Br brown perovskite phase, although used in PV 

Fig. 9. (A) XRD patterns measured (a) soon after sample extraction from the de
position chamber, (b) soon after an annealing at 300 °C for 60 s (c) after having stored 
an annealed sample in desiccator for one month, and d) after having exposed an 
annealed sample to ambient air (RH = 35%) for 180 min. The stick patterns for the 
orthorhombic perovskite and orthorhombic non-perovskite structures are also 
shown. (B) Typical SEM image of films deposited by SSTA at 400 W from the CsPbI2Br 
precursor and annealed at 300 °C for 60 s. 
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applications, is known to be metastable at room temperature, the 
thermodynamically stable structure being an orthorhombic non- 
perovskite structure (yellow phase). After having stored the film in 
desiccator for up to one month, we found that the XRD pattern of the 
aged film is consistent with the just annealed one (Fig. 9A, pattern b 
and c). Besides, storing films in desiccator for up to one month does 
not affect significantly its absorbance spectrum (Fig. 10A), whereas 
exposing the film to ambient air progressively decreases its absor
bance at a rate that depends on humidity. Indeed, in RH≤ 27% the 
absorption intensity at the peak of onset (624 nm) decreases by less 
than 0.5% after 120 min, whereas at RH~35% the decrease is already 
~3.5% after 20 min and continues until the perovskite absorbance 
step completely disappears after about 3 h (Fig. 10B). During the 
exposure to ambient air, pale spots appear and then increase in size 
to cover the entire film (inset in Fig. 10B). After the color change has 
come to completion, in addition to interference fringes the absor
bance spectrum points out a step at ~430 nm, that corresponds to a 
2.94 eV bandgap, as obtained from the Tauc plot. The XRD pattern of 
converted films (Fig. 10 pattern d) is consistent with a [100] oriented 
orthorhombic non perovskite phase [42] having lattice parameters 
a = 10.191(2) Å b = 5.016(3) Å c = 17.462(12) Å, thus confirming that 
the brown phase has converted to the yellow one. This behavior is 
fully consistent with what previously reported for CsPbI2Br films 
obtained by spin coating [37], which points out that SSTA allows us 
to obtain CsPbI2Br films that are not only suitable for thin film ap
plication, but also have stability properties comparable to those of 
films obtained by solution methods. 

This first demonstration of CsPbI2Br films obtained by SSTA 
confirms that the high deposition rate of this technique can be fully 
exploited for thin film application when 1) the decomposition and 
melting temperatures of the precursor material are not close to each 
other and 2) the decomposition products have relatively low vapor 
pressure. This allows us to raise some doubts on the efficacy of SSTA 
for MA-based halide perovskites, but at the same time to envisage 
the suitability of the SSTA technique for the preparation of fully 
inorganic halide perovskite thin films. 

4. Conclusions 

We have investigated the preparation of hybrid MAPbBr3 per
ovskite films by SSTA, showing that sufficiently high powers allow 
for pure phase films withstanding no MABr excess. However, high 

powers produce MAPbBr3 spits on the film surface, thus hindering 
their thin film application. Spitting is due to the proximity of the 
decomposition and melting temperatures, combined with the high 
vapor pressure of MABr. Using intermediate powers allows stoi
chiometric films to be obtained only when a precursor containing a 
proper MABr excess is used, but the presence of an initial evolution 
makes these films prone to degradation, while spits persist. Low 
powers yield spit-free films, but pure phase MAPbBr3 cannot be 
achieved even by increasing the MABr excess to x = 2, which, in turn, 
affects reproducibility and stability. Therefore, the combination of 
the delay between MABr and PbBr2 evaporation, the poor MABr 
adhesion on the substrate, the proximity of the MAPbBr3 decom
position and melting temperatures, and the high vapor pressure of 
MABr prevents us from obtaining by SSTA pure phase MAPbBr3 films 
suitable for thin film application. Based on these results, we have 
however rationalized that CsPbBr3 films can be successfully pre
pared by SSTA because the decomposition and melting temperatures 
are far enough, while the decomposition products (CsBr and PbBr2) 
have low enough vapor pressures and do not show sticking pro
blems. Moving from this analysis, for the first time we successfully 
applied SSTA to CsPbI2Br achieving films that not only are suitable 
for thin film application, but have also a stability comparable to that 
of films of the same material prepared by solution methods. These 
results shine new light on the SSTA technique for the preparation of 
fully inorganic halide perovskite thin films. 
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