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ABSTRACT

Fully inorganic cesium lead halide perovskites, such as CsPbl.Br, show enhanced thermal stability
compared to hybrid ones, and are being widely investigated as wide bandgap absorbers for tandem
applications. Despite their simple stoichiometry, the preparation of highly crystalline and stable cesium
lead halides thin-films is not trivial. In general, high efficiency solar cells based on solution-processed
CsPbl,Br thin films are prepared with high temperature annealing or with the use of chemical additives. In
this work we use solvent-free synthesis to investigate the formation of CsPbl,Br in bulk or in thin-film, via
mechanochemical synthesis and multiple-source vacuum deposition, respectively. We demonstrate the
importance of fostering halide alloying in the vacuum processing of inorganic lead halide perovskites,
which can be attained either by using mixed halide precursors or by increasing the number of precursors
(and hence deposition sources). These strategies lead to highly oriented perovskite films even at room
temperature, with improved optoelectronics properties. We obtained promising power conversion
efficiency of 8.3% for solar cells employing as-deposited perovskites (without any annealing) and of 10.0%
for devices based on CsPbl.Br annealed at low temperature (150 °C). This study allowed us to highlight
the most promising processes and strategies to further optimize the material deposition as well as the solar

cells architecture.
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INTRODUCTION

Organic-inorganic (hybrid) perovskites have become one of the most promising semiconductors
for application in photovoltaics (PV), since the first perovskite solar cells were reported in 2009.
Nowadays, the power conversion efficiencies (PCE) of perovskite solar cells have improved up to 25% for
single junction and to 28% for tandem devices with silicon.? Those solar cells are based on perovskite
absorbers using a combination of, at least, methylammonium (MA) and formamidinium (FA) cations.3*
These cations might undermine the thermal stability of the material, which can be partially recovered by
their substitution with cesium (Cs*).>7 In general, fully inorganic, cesium lead halide perovskites show
enhanced thermal stability compared to hybrid ones.®1° They are especially interesting for tandem
applications due to their wide bandgap, about 1.7 eV for CsPbl; and 1.9 eV for the archetypical mixed
halide CsPbl,Br.1%12 In view of these characteristics, inorganic lead halide perovskites are being widely
investigated.*-1" As a result, perovskite solar cells employing inorganic perovskite absorbers have currently

achieved PCE exceeding 18% for pure iodide and over 16% for mixed halide compounds. 182!

Despite their simple stoichiometry, the preparation of highly crystalline and stable cesium lead halides thin-
films is not trivial. The stable phase at room temperature for CsPbls is an insulating, orthorhombic phase
(“yellow” phase), and the perovskite (“black™) phase can only be obtained upon annealing at high
temperatures (> 300 °C).2%%* The inclusion of bromide, as in CsPbl.Br, favors the stabilization of the
perovskite phase at lower temperature, although it implies a widening of the bandgap as a consequence of
the substitution of iodide with a more electronegative halide.!-?>-28 In general, high efficiency (>15%) solar
cells based on solution-processed CsPbl,Br thin films are prepared with thermal treatments at temperatures
ranging from 150 °C to 300 °C. Additionally, in most cases other synergistic approaches are used to foster
the perovskite crystallization from solution, such as the addition of group 1 and group 2 ions,?- divalent

transition metals,®° rare earths,***? organic cations/anions,**-*8 or the use of interface materials promoting



the perovskite formation and passivation, notably metal oxides (in particular ZnO and its derivatives)*®->*

and novel organic hole transport layers.>>-58

An alternative solvent-free technique to deposit perovskite thin-films is thermal vacuum deposition.%°
Vacuum deposition methods are intrinsically additive (suited for tandem devices),’~%% and can be used to
deposit highly crystalline perovskite films at room temperature.®* Importantly, vacuum deposition allows
the preparation of perovskite films with controllable thickness (not limited by the solubility of the
precursors)®-°" and composition,%®-"* although the latter might be limited by the number of available
deposition sources, as well as by the available stable single phase compounds in the compositional phase
space. The formation of perovskite films by thermal vacuum deposition differs substantially from solution-
processing, due to the absence of solvents, intermediate species, and distinctive crystallization kinetics as
a function of the stoichiometry and temperature.”>’* Vacuum-deposited, cesium lead halide perovskite
films and solar cells have been also investigated. In particular, CsPbls as well as CsPbl,Br films have been
prepared by dual-source vacuum deposition, and applied to solar cells.”>"° Stabilization of the perovskite
CsPbls phase has been achieved by working with Cs-rich compositions, and by simultaneous heating of the
substrate holder during deposition.® Alternatively, the sequential deposition of multiple very thin films of
CsX and PbX; (X =1, Br) have also proven to be a reliable method to obtain stable and crystalline films 3!
with record CsPbl,Br solar cells exhibiting efficiency of 13%.82 In all these cases, however, the as-deposited
films were annealed at temperatures ranging from 260 °C to 320 °C, which might limit their compatibility
with temperature-sensitive substrates, such as textiles or plastic foils,® and with narrow bandgap perovskite

absorbers when targeting tandem solar cells.

In this work, we study the properties of CsPbl,Br films prepared by thermal vacuum deposition. We focus
on films deposited at room temperature (RT) and with mild annealing at 150 °C, which would be compatible
with the aforementioned applications. We compare the properties of perovskite films deposited by single-,
dual-, triple-, and quadruple sources, using Csl, CsBr, Pbl; and PbBr; as precursors (Scheme 1). We also
use another solvent-free method to prepare perovskite powders, mechanochemical synthesis,? to
demonstrate the challenges in achieving alloyed halide compounds. Finally, we prepared fully-vacuum
deposited solar cells, obtaining promising PCE of 8% for CsPbl.Br films prepared at room temperature,
and 10% for those annealed at 150 °C.

RESULTS AND DISCUSSION

In order to evaluate the stability and the ease of formation of CsPbl,Br, we initially tested mechanochemical

synthesis, ball-milling the CsBr and Pbl, precursors. We have previously shown the mechanochemical
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synthesis of cesium lead trihalide perovskites CsPbX; (X =1, Br, Cl) powders, as well as their single-source
vacuum deposition into highly crystalline thin films.® In those experiments we showed that CsPbls was not
obtained in its perovskite phase by ball-milling of the precursors. This observation suggests that the mixed
halide CsPbl.Br might also be challenging to obtain by mechanochemical synthesis at RT. Indeed, when
ball-milling at RT an equimolar amount of CsBr and Pbl,, we obtained a mixture of different phases, as
evidence by the X-ray diffraction (XRD, Figure S1). The diffractogram of the ball-milled sample can be
fitted considering the coexistence of two phases, a perovskite and a non-perovskite one. The presence of
the two phases is apparent considering the low-angle diffractions (26 = 10°-15°), where the first peak around
20 = 10° cannot be ascribed to the perovskite phase, which is characterized by the reflections around 20
=14°. While both phases correspond to the same space group (62; orthorhombic crystal system), one
maintains the overall 3D perovskite structure with a slight distortion of the PbXs octahedra, while the “non-
perovskite” phase consists of partially disconnected PbXs octahedra (Figure S2).2¢ Since the distorted
perovskite phase is the most commonly reported one for CsPbBr; at RT and the non-perovskite (sometimes
called “yellow phase”) is the most commonly found for CsPbls, it could be thought that our ball-milled
sample consists of a mixture of pure-bromide and pure-iodide phases (i.e., CsPbBr; + CsPbls).
Nevertheless, the lattice parameters obtained for both phases formed by mechanochemical synthesis are
clearly different than those expected for pure-halide compounds (see Table S1). In particular, the perovskite
phase shows lattice constants larger than the reference CsPbBrs, pointing to the incorporation of the larger
I" anion. Similarly, the non-perovskite phase shows lattice parameters slightly smaller than the reference
CsPbls, suggesting the incorporation of the smaller Br- anion. These observations imply that alloying of
halides occurs in both the non-perovskite and perovskite phases. Previous reports on the mechanochemical
synthesis of mixed iodide/bromide CsPb(l1-«<Br)s perovskites also mentioned that these compounds cannot
be obtained at RT, but only after annealing at elevated temperatures (> 250 °C).8" In our case, we were not
able to obtain phase-pure CsPbl;Br even after melting of the two precursors at 650 °C in nitrogen
atmosphere (Figure S1). A possible origin of the different reaction routes, is that all our experiments are
carried out in an inert atmosphere (nitrogen-filled glove-box), while the previously reported
mechanochemical synthesis was done in air. The XRD of the melted sample closely resemble that of the
ball-milled compound, with the addition of a new phase corresponding to CsisPbXe, (labelled “4-1-6 for
simplicity). The occurrence of this phase is mostly visible by the new (although relatively weak) peaks at
20 = 12.0°-12.5°. Several previous reports have observed the appearance of this phase and its possible
conversion into or from CsPbX; under different conditions.?8 In both samples obtained by
mechanochemical synthesis and by melting, the presence of the perovskite phase can be identified also by
its optical absorption (Figure S3), which corresponds to the band-to-band transition of CsPbl.Br at

approximately 1.85-1.90 eV.
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Scheme 1. Schematics of the types of thermal vacuum deposition methods investigated in the preparation
of CsPbl,Br thin-films. For the deposition from 1-source or 2-sources MHPs (mixed halide precursors, x =
1/3), the compounds to be sublimed were prepared by melting. 3-sources vacuum deposition was performed
at 0.5 A/s (3-sources slow) and 2.0 A/s (3-sources fast).

In order to prepare thin films, we initially tested the single-source (referred to as “l1-source”) vacuum
deposition of the as-prepared ball-milled and melted compounds obtained by solid state reaction of CsBr
and Pbl in stoichiometric proportion. The materials were loaded into a ceramic crucible and rapidly heated
in vacuum (5 °C/s, base pressure 10 mbar) up to the maximum temperature compatible with our setup,
750 °C. The fast heating ramp and the high target temperature were chosen to minimize the decomposition
of the material into its precursors, which have different volatility (melting points at RT for Pbl, and CsBr
are 410 °C and 636 °C, respectively).®* The resulting films were initially analyzed by XRD (Figure 1a),
showing the coexistence of several phases with a predominance of Pbl,, whose main peak appears at 26 =
12.8°. Other phases present in the films include the desired CsPbXs perovskite phase as well as the Cs-rich
Cs4PbXs (labelled “4-1-6") and the Pb-rich CsPb,Xs (labelled “1-2-5"). Overall, it is evident that single-
source deposition leads to a very inhomogeneous composition for this type of compound. The as-deposited
films were also analyzed by scanning electron microscopy (SEM, Figure 2a), showing a rather
homogeneous morphology, with very fine grains and no relevant features. The bandgap energy (Eg)
estimated from the Tauc plot of the corresponding optical absorbance (Figure 3) is 1.94 eV, slightly higher
compared to the powders as a consequence of the Pbl, segregation (the perovskite phase is hence bromide-
rich). Subsequently, we performed the dual-source vacuum deposition (referred to as “2-sources”) of
CsPbl,Br, consisting in the simultaneous sublimation of CsBr and Pbl, upon calibration of their respective
deposition rates. The XRD pattern of an as-deposited film (Figure 1b) is mainly composed by a pure
perovskite phase, without any preferential orientation, which is characteristic of powders with similar

compositions.®”°2 The lack of orientation, otherwise observed for cesium lead halides and other vacuum-
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deposited perovskite films,%% might be related with the porosity observed by SEM (Figure 2b), suggesting
a limited connectivity and hence uncorrelated growth of the grains. It is interesting to point out that phase-
pure CsPbl,Br can be readily obtained through vacuum deposition, while it cannot be formed by
mechanochemical synthesis even after thermal treatment at 650 °C The likely main difference is that in
vacuum deposition, where atomization/fragmentation of the precursors takes place, the atoms/clusters
condense on a cold substrate, essentially freezing the structure and resulting in well-mixed compounds.
When heating at high temperature, the cooling process is slow, resulting in phase segregation as dictated
by thermodynamics. The reaction kinetics are very different as well, as by vacuum sublimation the atomic
fragments deposit with high kinetic energy, whereas the heating after mechanochemical synthesis is done

without friction.
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Figure 1. XRD pattern obtained from CsPbl.Br thin-films deposited with several different vacuum-
deposition techniques (as indicated in each graph). Open circles are raw data, red lines are whole-pattern
Le Bail fits, and vertical lines represent calculated Bragg's reflections for different phases. Slight differences
in the measurement conditions prevent relating peak width to microstructural properties (e.g., grain size) of

the samples.

Although the unit cell volume for the 2-sources CsPbl,Br (907 A%) confirms halide mixing in the as-
deposited films (it is larger than that of pure CsPbBrs, 797 A%), we decided to investigate the dual-source

deposition starting from mixed halide precursors (MHPS). Pre-alloying of halides in the precursors might



help the formation of a perovskite with a more homogeneous structure. For this, we carried out the solid
state reactions by mixing PbBr, with Pbl, and CsBr with Csl, in 1:2 molar ratios in both cases. The ratio
was chosen in view of the desired CsPbl.Br perovskite stoichiometry, where the Br:l ratio is also 1:2. The
XRD patterns of the as-prepared compounds, both ball-milled or melted, are shown in Figure S5 and S6.
We observed that after reaction, the reflections belonging to Csl and CsBr are shifted to higher and lower
angles, respectively, indicating the incorporation of bromide into Csl and vice versa (Figure S5). On the
other hand, an alloyed Pb(l:«Bry). phase is indeed obtained when reacting Pbl, and PbBr;, although not
guantitatively as suggested by the presence of XRD peaks of the precursors (Figure S6). These observations
confirm that halide alloying is not favored even for these simple binary precursors. Based on the XRD
characterization, we choose melting as the technique to prepare the MHPs to be used in dual-source vacuum
deposition (“2-source MHP"). The experiment consisted in melting PbBr, with Pbl, and CsBr with Csl, in
1:2 molar ratios, in separated heated crucible in a vacuum chamber (not evacuated, in nitrogen atmosphere).
After melting and cooling to RT, the chamber was evacuated to 10° mbar and the MHPs were co-deposited
using the calibration factors previously calculated for the 2-source deposition, while maintaining the
substrates at RT. Remarkably, the films obtained from MHPs consist in phase-pure CsPbl.Br, with
preferred orientation along the (110) and (002) directions (Figure 1c), i.e. perpendicular to the substrate
surface. The as-deposited films also show a more compact morphology (compared to those prepared by 2-
source deposition of the single halide precursors), with small but well defined grains homogeneously
organized on the sample surface (Figure 2c). The low unit cell volume (891 A3) and phase purity suggest a
homogeneous halide mixing, resulting in a bandgap energy of 1.90 eV (Figure 3). Hence it seems that
fostering halide alloying can indeed enhance the quality of mixed halide perovskite deposited by vacuum

methods.
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Figure 2. Scanning electron microscopy images of the surface of CsPbl,Br thin-films deposited with
several different vacuum-deposition techniques (as indicated in each graph). Scale bar is 500 nm in all

images.

One of the possible drawbacks of depositing mixed halide precursors is the formation of films with a
compositional gradient, as the high vapor pressure constituent vaporizes more rapidly than the low vapor
pressure material.®® This might happen as Csl and Pbl, have larger vapor pressure as compared to their
bromide analogues.® An alternative way to enhance halide alloying and homogeneity in perovskite
vacuum-deposition is the use of more than two deposition sources.®” Hence, we investigated a 3-source
deposition process, consisting in the simultaneous sublimation of Csl, CsBr and Pbl, from separate thermal
sources. In vacuum deposition of compounds, such as metal halides, the material might vaporize with a
range of species, from atoms to clusters of molecules to dissociated or partially dissociated molecules.
These small fragments then condense and react with each other on the substrate surface forming a solid
film. In the process, the deposition rate plays a crucial role, as an excessively fast evaporation would result
in an increased content of amorphous material. We therefore tested the 3-source vacuum deposition of
CsPbl,Br at different deposition rates (measured at the substrate): 2.0 A/s (“3-sources fast”) and 0.5 A/s
(“3-sources slow™), with the substrates kept at RT. The diffractograms of both compounds (Figure 1 d-e)
show a phase-pure perovskite with high crystallinity and no signs of precursors or derivatives. Both samples
have a strong preferential orientation along the (110) and (002) directions, with the perovskite film
deposited with slow rate showing narrower diffraction peaks, which might suggest the presence of larger
crystallites. Although not apparent, this fact might be correlated with the improved morphology of CsPbl,Br



deposited at 0.5 A/s (Figure 2e), when compared with the film deposited at 2.0 A/s (Figure 2c). These films
exhibit a very similar bandgap energy of 1.88 eV (slow) and 1.89 eV (fast), with the “3-source slow” layers
showing a more intense optical absorption (for the same thickness of 250 nm) over the whole spectral region
(Figure 3).
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Figure 3. a) Absorbance and corresponding b) Tauc plots (with the estimated bandgap energy) spectra for
CsPbl,Br thin-films deposited on glass with several different vacuum-deposition techniques. Thickness for

all films is 250 nm.

A complementary 3-source deposition scheme, which can also lead to the formation of CsPbl.Br films,
consists in the simultaneous sublimation of Csl, Pbl, and PbBr,. The as-prepared films obtained through
this process showed the expected absorption profile and bandgap (1.93 eV, Figure S7a-b), confirming the
formation of the perovskite phase at RT, using mixed lead halide precursors. However, in this case the
resulting films were found to be particularly unstable in ambient atmosphere, to a point that we were note
able to collect a single XRD scan before complete discoloration and degradation of the sample (Figure S7c).
Considering that phase pure and stable films were obtained using Csl, CsBr and Pbl, as precursors
(discussion above), it appears more important to foster halide mixing of the cesium halides precursor, likely
in view of the larger lattice energies of the ionic compounds Csl and CsBr, compared to Pbl, and PbBr..
As a final test, we performed the deposition of CsPbl.Br employing 4 sources (co-sublimation of Csl, CsBr,
Pbl,, and PbBr,) to investigate whether the use of both iodide and bromide precursors for Cs and Pb during
the sublimation process provides advantages in the formation of the perovskite film. The XRD pattern
(Figure 1f) of as-deposited “4-sources” films can again be fitted with a single and pure perovskite phase.

However, the presence of several diffraction signals in the range 20° < 26 < 26° (and of others at 26 > 30°)



indicates that this material has lower preferential orientation compared to the 2- and 3-sources deposited
one. The surface morphology of films deposited by 4-sources vacuum deposition show homogenous
coverage with very fine grains (diameter < 50 nm), and the formation of cuboids with edges of
approximately 100 nm (the low dimensions of these structure prohibit their structural/compositional
analysis). Similar structures, although much scarcer and smaller, have been observed for the “2-sources
MHP” and the *“3-sources slow” (Figure 2c and 2e, respectively), which might suggest that their
crystallization is favored either by enhanced halide alloying or slower growth. The absorption onset of the

“4-sources” CsPbl,Br is essentially unaltered, showing the excepted Eq = 1.92 eV.

To shortly summarize, we demonstrated the successful room temperature deposition of CsPbl,Br films with
high crystallinity, preferential orientation, homogeneous morphology and the expected bandgap of
approximately 1.9 eV. This was possible when subliming MHPs or by increasing the number of deposition
sources (hence of precursors). In view of the favorable properties of the CsPbl.Br films presented above,
we used them as the light-absorbing layer in fully vacuum-deposited perovskite solar cells. We fabricated
p-i-n solar cells with the structure reported in Figure 4a. Briefly, indium tin oxide (ITO) transparent
electrodes were coated with MoOs (5 nm) to enhance hole transfer between ITO and the hole transport layer
(HTL), a 10 nm thick film of N4,N4,N4” N4"-tetra([1,1’-biphenyl]-4-yl)-[1,1":4',1"-terphenyl]-4,4"'-
diamine (TaTm, 10 nm). Afterwards, a 250 nm thick CsPbl.Br film was deposited on top with the different
sublimation methods described before. We did not evaluate in devices the perovskite films deposited by
single-source vacuum-deposition (“1-source”), in view of their unfavorable morphological and structural
properties. The perovskite films were capped with an electron transport layer (ETL, Ceo, 25 nm), and a thin
(8 nm) film of bathocuproine (BCP) was used to ensure ohmic contact in between the ETL and a silver
electrode (100 nm thick). The use of such thin selective transport layers in a planar diode configuration is
justified by the very homogeneous morphology and very low roughness of the CsPbl.Br films (Figure S8),
which is in general a benchmark of vacuum deposited perovskite films when compared to their solution-

processed analogous.
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Figure 4. a) Solar cell layout, b) J-V curves under illumination and ¢) EQE spectra for a series of solar cells
employing CsPbl,Br deposited at room temperature with the different vacuum techniques. The
corresponding short circuit current density, obtained by integration of each EQE spectra over the reference
AML.5 solar irradiance spectrum, is reported on the right axis. d) J-V curves of solar cells with CsPbl,Br
prepared by 3-sources vacuum deposition at the rate of 2.0 A/s (fast), either at room temperature (green) or

with annealing at 150 °C for 5 minutes (blue).

The current density vs. voltage characteristics (J-V) under simulated solar illumination for the entire series
of solar cells are reported in Figure 4b. J-V curves are reported in reverse voltage scan (from open to short
circuit (curves in both scan directions are reported in Figure S10). We noted some extent of hysteresis in
the devices, which denotes the presence of both charge accumulation and ionic motion in the device. The
characteristic photovoltaic parameters extracted from the J-V curves are presented in Figure 5. One can
immediately notice how the device with the perovskite deposited from 2-sources underperforms as

compared to the others. This type of vacuum deposition (co-sublimation of CsBr and Pbl.) is the only one
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reported in the literature, and is known to lead to efficient devices only after annealing at high temperature
>260 °C.” The corresponding external quantum efficiency (EQE) spectrum shows a very limited
photocurrent generation over the whole spectral range. These observations correlate with the poor structural
(Figure 1b) and morphological (Figure 2b) features of the material. Improving halide alloying (by using
MHPs) leads to a strong improvement of the solar cells performance, with good rectification (fill factor, FF
> 65%) and open circuit voltage (Voc = 970 mV). The short circuit current density (Jsc) was found to be as
high as 12.8 mA/cm?, a consequence of the rather constant and high spectral response over the whole visible
spectrum (Figure 4c). The resulting PCE was found to be 8.3%, which is remarkable for solar cells based
on inorganic lead halide perovskites deposited at RT. From the solar cells prepared with the “3-sources”
perovskites, we observed similar performance parameters. The Jsc was found to be approximately 13
mA/cm?, slightly higher compared to the “2-sources MHP” based devices due to the enhanced response in
the red, a consequence of the narrower bandgap (Figure 3b). Interestingly, the FF was found to be higher
(65% vs. 60%) for the solar cells with CsPbl,Br prepared with the slowest deposition rate (0.5 A/s, “3-
sources slow”), suggesting that a slow crystallization might favor charge transport within the film, due to
the formation of larger crystallites and more oriented materials. However, the observed photovoltage was
rather similar for the two devices (940 and 950 mV for the fast and slow depositions, respectively), resulting
in a similar PCE of 7.7% and 7.3% for cells using CsPbl,Br deposited at 0.5 A/s and 2.0 A/s, respectively.
We note that lead halide perovskite thin films have been reported with different orientations, yet without a
clear understanding of the factors governing it nor of the implications for their optoelectronic properties.’
Similar efficiency was observed for solar cells using the “4-sources” deposited perovskite, with a lower
photocurrent (11 mA/cm?) but with the largest Vo of 1 V, indicating a reduction of the non-radiative
recombination rate. Overall, we can conclude that improved alloying of the different metal halides, either
by the synthesis of mixed precursors or through the use of additional deposition sources, can indeed help
the formation of high quality cesium lead halide perovskites at room temperature. Importantly, we observed
that halide alloying results in preferentially oriented films, which leads to the best performance when used
in solar cells. Indeed, the only sample (aside from 1-source which we excluded from this discussion) which
is not oriented, the simple 2-sources CsPbl,Br, is the one that gives by far the worst photovoltaic

performance.

We also explored the effect of a short annealing at low temperature (150 °C for 5 minutes) on the
optoelectronic properties of the CsPbl.Br films. We choose this temperature as it would be compatible with
most flexible plastic substrates as well as with tandem architectures.®® The J-V curves under illumination
and corresponding spectral response for the entire series of solar cells with annealed CsPbl,Br layers are
reported in Figure S11 (scans in both directions are reported in Figure S12). The characteristic photovoltaic

parameters extracted from the J-V curves are presented in Figure 5 together with the RT data.
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Figure 5. Photovoltaic parameters extracted from J-V scans in reverse bias (from open to short circuit) for
solar cells with CsPbl.Br films either as-deposited (empty symbols) or annealed at 150 °C for 5 minutes
(full symbols).

With this moderate annealing, the Jsc was found to be unvaried or to increase slightly, in the latter case due
to an enhanced response of the devices in the blue region of the spectrum (Figure S11b). On the other hand,
the FF decreased of about 5% absolute for the perovskites prepared by 2-sources with MHPs and by 3-
sources at slow rate, while it improved for the other samples. Interestingly, the photovoltage was unvaried
upon annealing for all samples except for the simple 2-sources deposited one, confirming that a good
perovskite semiconductor is formed already at room temperature. The overall efficiency was found similar
for the devices based on CsPbl.Br with and without annealing, with the exception of those obtained by fast
deposition (2 A/s) from 3-sources. The solar cells based on this material and annealed at 150 °C showed
the highest efficiency among the series, with the best pixel having a PCE of 10.0%. Despite the hysteresis
observed between J-V scans in forward and reverse bias, the power output measured at the maximum power
point was found to be rather stable, with an efficiency of 9.8% over an hour of measurement (Figure S12f).
In view of the superior thermal stability of inorganic perovskite (compared to the hybrid counterparts), we
evaluated the stability of unencapsulated solar cells in inert atmosphere and continuous thermal stress at 85
°C. The best solar cell configuration (3-source fast, annealed at 150 °C) was found to retain 90% of the

initial power efficiency after 10 days at 85 °C in the dark (Figure S13).
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In spite of the promising performance of the low-temperature deposited CsPbl.Br solar cells, their
efficiency is far from the maximum theoretical one (approximately 25% for a bandgap of 1.9 eV).*® To shed
light on the limitations of the devices, we investigated the EQE in the bandgap region and the
photoluminescence (PL) response (Figure 6) of the best working device based on annealed “3-sources fast”
perovskites (The corresponding J-V characteristics are shown in Figure 4d). From the sensitive EQE
measurement one can extract the bandgap Eg, the radiative limit of the open-circuit voltage Vocrd and the
Urbach energy Euy, assuming that the EQE scales linearly with the absorption (see Table 1).%1% The
Shockley-Queisser limit of the short-circuit current density (Jscmax), the maximum fill factor (FFmax) and

power conversion efficiency (PCEmax) can also be estimated for a specific Eg.10%102
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Figure 6. Sensitive EQE spectrum and PL measurements of the solar cell based on the CsPbl,Br film

prepared by 3-sources fast vacuum deposition with annealing.

From the comparison of these maximum (theoretical) values with the measured ones it is clear that the main
limitations of the device are the Vo and, to a lesser extent, the FF. The FF scales with the V. so that with
the measured V. and the ideality factor of 1 (Figure S14a), the ratio FF/FFmax lies at 84.1%.1%° However,
this is only true for the best solar cell prepared in this series, where otherwise the FF was low on average
(Figure 5). This indicates that there are significant resistive losses in the device, which might originate from
shunts, from energy barriers resulting from the misalignment between the transport layers and perovskite
energy levels, or from a low conductivity of the perovskite itself. The Jsc could also suffer from these effects,
but in our case is rather high and mainly limited by reflection losses and a non-unitary absorption due to
the not-optimized layer thickness. The trend of intensity-dependent current density for the same device

might suggest hindered charge extraction (increased recombination) at high light intensity, as the power
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factor o becomes < 1 (Figure S14b). The high losses in V. are common to wide-bandgap perovskites and
are usually attributed to photo-induced phase segregation or energy level misalignment.’® In both the EQE
and the PL spectra in Fig 6, an extra component can be observed at low energies (at 1.7 eV and 1.78 eV,

respectively), which might account for a voltage loss.

Table 1. Solar cell parameters for the device with “3-sources fast” CsPbl,Br annealed at 150 °C in the
radiative limit and comparison to the measured values. Eg, Vocraa and Eu are extracted from the EQE
measurement in Fig 6. The FF in brackets shows the FF limit without resistive losses obtained by taking

into account the measured V.

Eg/q (V) 1.870 Eu (meV) 17.96
Voc,ad (V) 1.563 Voo/ Vo ad (%) 61.3

Jse max (MA/CM?) 17.7 Jscldso max (%) 80.8

FFmax (%) 91.7 (86.9) | FF/FFmax (%) 79.7 (84.1)
PCEmax (%) 25.4 PCE/PCE ax (%) 39.4

The PL feature might be a sign of weak phase segregation; however, this is limited to few regions where
the low energy component can be appreciated, as shown in the PL maps in Figure S15. On the other hand,
the EQE secondary absorption lies at an energy even lower than that of pure CsPbls (1.72 eV) and was
obtained at low illumination intensities (= 0.001 sun) where phase segregation is usually not occurring.
Therefore, the EQE feature is likely an effect originating from misalignment of energy levels between the
perovskite and the transport layers, or from the Ceo itself, which can lead to a photocurrent at very similar
energies.'® This hypothesis is supported by the fact that n-i-p devices using SnO; as the ETL (without Ceo)
do not show this feature in the EQE spectrum (Figure S16). Therefore, it might be necessary to find
alternative electron transport layers for these and other wide bandgap perovskite solar cells. Finally, the
Urbach energy, extracted by fitting the EQE tail between 1.78 eV and 1.85 eV, is of only 18 meV, lower

than the thermal energy at room temperature which is crucial for high-performing devices.'%

CONCLUSION

We demonstrate the room temperature formation of CsPbl.Br using dry vacuum sublimation processes.
The perovskite formation is achieved through a number of different methods with increasing level of

complexity. We performed the single-source deposition of previously prepared perovskite powders, which
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lead to a mixture of phases and unreacted compounds. We then compared the 2-sources sublimation using
either CsBr and Pbl; or pre-synthesized mixed halide precursors. The superior quality of the latter process
highlights the importance of fostering halide alloying in the vacuum processing of inorganic lead halide
perovskites. A similar effect can be attained by increasing the number of precursors (and hence deposition
sources) to a 3- or 4-sources processes. We observed that these methods led to strongly oriented perovskite
films at room temperature, and this orientation was found to be beneficial for the photovoltaics behavior of
the semiconductors. We also explored the effect of the sublimation rate, and found that slow sublimation
of the precursors leads to CsPbl,Br films with better structural and optical properties. Importantly, all these
processes were performed while maintaining the substrate at room temperature. Overall, we obtained
promising power conversion efficiency of 8.3% for solar cells employing as-deposited perovskites (without
any annealing) and of 10.0% for devices based on CsPbl,Br annealed at low temperature (150 °C). Through
optoelectronic analysis, we found the open-circuit voltage to be the main limitation of these devices, most

likely due to the use of non-optimal electron transport layers.

EXPERIMENTAL SECTION

Materials. Cesium bromide (CsBr, >99%), lead(ll) bromide (PbBr, [perovskite precursor]) and cesium
iodide (Csl, >99%) were purchased from Tokyo Chemical Industries (TCI), Molybdenum oxide (MoOs),
bathocuproine (BCP) and lead(ll) iodide (Pblz, 99.999%) from Lumtec, N4,N4,N4’ N4”-tetra([1,1’-
biphenyl]-4- y-[1,1":4’,1”-terphenyl]-4,4”-diamine (TaTm) from Novaled GmbH and C60 was obtained
from Sigma-Aldrich.

Solid state synthesis of perovskite and mixed halide precursors. (1) CsPbl.Br by ball-milling:
Stoichiometric amounts of CsBr and Pbl, powders (1:1) were mixed inside a nitrogen-filled glovebox.
Then, approximately 4 g of the mixed precursor powders were introduced inside 10 mL zirconia ball mill
jars with two zirconia beads of 10 mm in diameter. The jars were closed under nitrogen so that the powders
were not exposed to air. Then, ball milling was performed with an MM-400 shaking ball mill from Retsch,
at a frequency of 30 Hz for 99 min. (2) Mixed halide precursors by ball-milling: CsBr/Csl and PbBr,/Pbl,
powders (1:2) were weighed in a microbalance. Then, approximately 4 g of the mixed precursor powders
were introduced in 10 mL zirconia ball mill jars with two zirconia beads (diameter 10 mm). The jars were
closed under nitrogen so that the powders were not exposed to air. Then, ball milling was performed with
an MM-400 shaking ball mill from Retsch, at a frequency of 30 Hz for 99 min. (3) CsPbl.Br by melting:
CsBr and Pbl, where weighed in a microbalance with stoichiometric quantities. The powders were

introduced in a thermally controlled crucible and heated in nitrogen atmosphere until complete melting (650
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°C for 2 minutes). (4) Mixed halide precursors by melting: stoichiometric amounts of CsBr and Csl where
weighed in a microbalance to obtain Csli«Brx (x = 1/3). Afterwards, the powders were introduced in a
thermally controlled crucible and heated in nitrogen atmosphere until complete melting (650 °C for 2
minutes). Stoichiometric quantities of PbBr, and Pbl, where weighed in a microbalance to obtain Pb(l;-
«Bry)2 (x = 1/3). Afterwards, the powders were introduced in a thermally controlled crucible and heated in

nitrogen atmosphere until complete melting (420 °C for 2 minutes).

CsPbl,Br thin-films deposition. All vacuum deposition runs were carried out in a custom-made chamber
(Vaksis) integrated in a nitrogen-filled glovebox. The chamber is equipped with four evaporation sources
(CreaPhys) fitted with ceramic crucibles and independent temperature controllers and shutters. A dedicated
QCM sensor is installed above each source plus one close to the substrate for the overall deposition rate
measurement. The base pressure at the beginning of the deposition was 10 mbar. All the sources were
individually calibrated for its respective material. If not otherwise specified, the thickness of the films used
in this study was 250 nm. 1-source vacuum deposition: after melting of the precursors in a crucible as
detailed above, the chamber was evacuated and the material was sublimed at 750 °C for 1 minute, obtaining
a films with thickness of approximately 700 nm. Multi-source vacuum deposition: all materials were co-
deposited after calibration of their deposition rates, using 2, 3 or 4 sources simultaneously, with a total

deposition rate of 2 A/s (if not otherwise stated).

Device Preparation. ITO-coated glass substrates were subsequently cleaned with soap, water and
isopropanol in an ultrasonic bath, followed by UV-ozone treatment. They were transferred to a nitrogen-
filled glovebox with integrated vacuum chambers for the deposition of the solar cells components. Organic
semiconductors, perovskites, MoOs; and Au, were deposited in three different chambers, evacuated to a
pressure of 10° mbar. MoO; was deposited at a rate of 0.1 A/s to a thickness of 5 nm, and coated with
TaTm (10 nm, deposited at 0.5 A/s). The bilayer was annealed at 140 °C for 10 minutes. The CsPbBrl,
perovskite films were fabricated following the procedures described above and coated with C60 (25 nm)
and BCP (8 nm). Finally, a Ag electrode (100 nm) was deposited through a shadow mask to define the

device layout (active area 2.1 x 3.1 mm?).

Electrical Characterization. EQE was estimated by measuring the cell response at different wavelengths
obtained with a white halogen lamp combined with band-pass filters. The solar spectrum was corrected by
calibration with a silicon reference cell, previously calibrated (MiniSun simulator by ECN, the
Netherlands). The current density voltage (J-V) characteristics were obtained using a solar simulator by
Abet Technologies, model 10500, with an AM1.5G xenon lamp as the light source and a Keithley 2400
source measure unit. A shadow mask with an aperture of (2.2 x 1.2 mm?) was used to precisely estimate

the current density.
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Structural Analysis. The crystalline structure of the powder and film samples was studied by X-ray
diffraction (XRD). The patterns were collected in Bragg-Brentano geometry on an Empyrean PANalytical
powder diffractometer with a copper anode operated at 45 kV and 40 mA. Further analysis including Le
Bail fits were performed with Fullprof software. A scanning electron microscope (SEM) Hitachi S-4800
operating at 20 kV accelerating voltage was used to obtain SEM images. Samples were platinum-metallized
prior to their observation. AFM measurements are collected in a Multimode atomic force microscope
(Veeco instruments, Inc.). The images are obtained with a Si tip (frequency and K of ca. 320 kHz and 42
N-m, respectively) using the tapping-mode in air at room temperature. Images are recorded with a 0.5-1

Hz scan rate.

Optical Analysis. UV—vis absorption spectra were collected by using a fiber-optic Avantes Avaspec2048
spectrometer. The photoluminescence characteristics were studied using a Hyperspectral Imager IMA VIS
from Photon Etc, coupled to a continuous-wave laser of 532 nm. The power density at the sample was set
to AM1.5G 1 sun equivalence (41 mW/cm?). For the analysis, the exposure time was set to 0.5 seconds and
the area of the field of view measured was 333x333 um. The spectrum was obtained by averaging the

spectra of each pixel.

Sensitive EQE Analysis. For the sensitive EQE measurements, the cell was illuminated by a Quartz-
Tungsten-Halogen lamp (Newport Apex 2-QTH) through a monochromat or (Newport CS130-USB-
3-MC), achopper at 279 Hz and a focusing lens. The device current was measured as a function of energy
from2.1eVto 1.2 eV in 0.02 eV steps using a lock-in amplifier (Stanford Research Syst ems SR830). The
system was calibrated and the solar spectrum mismatch was corrected using a calibrated Silicon reference

cell.
SUPPORTING INFORMATION

XRD analysis of powders and lattice parameters for all compounds. Additional optical absorption spectra,
XRD of all precursors, additional thin film characterization (AFM, SEM, XPS), PV characterization of

annealed devices, intensity dependent Voc and Jsc, hyperspectral imaging and sensitive EQE of best samples.
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Figure S1. XRD characterization of ball-milled (bottom) and melted (top) CsBr:Pbl, 1:1 powders. Open
circles represent raw data, red lines are whole-pattern Le Bail fit and vertical lines indicate the calculated

Bragg's reflections for different phases. More details about the different phases in the discussion.




Figure S2. Crystal structures of the distorted perovskite and non-perovskite phases. Cs* ions are depicted

in red, halide anions in teal, Pb®" cations in grey and PbXs octahedra in orange.

Table S1. Lattice parameters for perovskite and non-perovskite phases of ball-milled and melted samples

together with reference values for CsPbBr; and CsPbl; retrieved from the Inorganic Crystal Structure

Database (references 97851 and 161480 respectively).

Ball-milled a(A) b (A) c (A) a 8 y Vol (A3)
Perovskite 8.392 8.624 12.168 90 90 90 880
(CsPbBr3) (8.207) (8.255) (11.759) (90)  (90)  (90) (797)
Non-Perovskite 10.341 4.770 17.621 90 90 90 869
(CsPbls) (10.458) (4.802) (17.776) (90)  (90) (90)  (893)
Melted a(A) b (A) c(A) a 8 y Vol (A3)
Perovskite 8.435 8.629 12.151 90 90 90 880
(CsPbBr3) (8.207) (8.255) (11.759) (90)  (90)  (90) (797)
Non-Perovskite 10.424 4.730 17.486 90 90 90 869
(CsPbl3) (10.458) (4.802) (17.776) (90)  (90)  (90) (893)

Table S2. Lattice parameters calculated for thin-films deposited by different methods referred to the values

for CsPbBr; retrieved from the Inorganic Crystal Structure Database (reference 97851).

a (A) b (A) c (A) o 6 % Vol (A3)
CsPbBr;(ICSD-97851) 8.207 8.255 11.759 90 90 90 797
2-sources 8.587 8.737 12.086 90 90 90 907
2-sources (MHP) 8.614 8.732 11.848 90 90 90 891
3-sources (slow) 8.627 8.746 12.136 90 90 90 916
3-sources (fast) 8.627 8.724 12.076 90 90 90 909
4-sources 8.573 8.725 12.068 90 a0 90 903




Solid state reaction: CsBr + Pbl,
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Figure S3. UV-Vis optical absorption for powders obtained by mechanochemical and melting techniques.

A photograph of as-prepared perovskite from mechanochemical synthesis is shown as reference.
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Figure S4. XRD patterns obtained for powders of the pure halide precursors used in this work: a) Csl,

CsBr, and b) Pbl,, PbBrs,.
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Figure S5. XRD patterns of the products obtained by solid state reactions of 2CsI + CsBr, either by a) ball-
milling or by b) melting. The reference diffraction patterns for Csl and CsBr are extracted from the XRD
presented in Figure S4a.
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Figure S6. XRD patterns of the products obtained by solid state reactions of 2Pbl, + PbBr,, either by a,b)
ball-milling or by c¢,d) melting. The reference diffraction patterns for Pbl, and PbBr, are extracted from the
XRD presented in Figure S4b. The reference for the mixed halide PbIBr is taken from the Inorganic Crystal
Structure Database (ICSD, Collection Code 22138). In a,c) our reference pattern for PbBr, was omitted to

enhance clarity.
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Figure S7. Characterization of CsPbl,Br films obtained by simultaneous sublimation of Csl, Pbl, and
PbBr,. a) Optical absorption spectra of as-deposited films (brown) and immediately after air exposure
(orange). b) Tauc plot for as-deposited films recorded in nitrogen atmosphere, and ¢) XRD pattern of the

film, showing complete degradation of the material upon air-exposure. d) SEM image of an as-deposited

film obtained with the same process.



Roughness analysis
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Figure S8. Atomic force microscopy of CsPbl,Br films prepared by 3-sources fast vacuum deposition at
RT. a) Large area topography showing a homogeneous and pinhole-free surface with b) corresponding
roughness analysis. ¢) Higher resolution scan of the sample surface, with d) cross-section trace showing a

maximum z variation of approximately 10 nm within the grains.
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Figure S9. High-resolution XPS spectra of all the main elements as detected from a CsPbl,Br film obtained
by 3-sources vacuum deposition: Cs 3d, Pb 4f, I 3d, and Br 3d regions. The calculated I/Br ratio is 1.8,
close to the expected value of 2 for this particular perovskite stoichiometry. We also found an excess of Cs
on the perovskite surface (Cs/Pb = 1.7 instead of 1), which is most likely a surface accumulation, as there

is no indication of the presence of phase-segregated cesium halides from bulk XRD measurements.
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Figure S10. J-V curves in forward (from short to open circuit) and reverse (from open to short circuit) bias

for a series of solar cells employing CsPbI2Br deposited at room temperature with the different vacuum

techniques.
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Figure S11. a) J-V curves under illumination in reverse scan and b) corresponding spectral response for

the entire series of solar cells with annealed CsPbl,Br thin films.
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Figure S12. (a-e) J-V curves in forward (from short to open circuit) and reverse (from open to short circuit)
bias for a series of solar cells employing CsPbI2Br with annealing at 150 °C for 5 minutes and prepared
with the different vacuum techniques. (f) Steady power output under maximum power point tracking for a
solar cells with CsPbI2Br prepared by 3-sources vacuum deposition at the rate of 2.0 A/s (fast) with

annealing at 150 °C for 5 minutes (blue).
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Figure S13. Shelf-life thermal stability measurement obtained by collecting J-V curves at different times
for an encapsulated device, stored in nitrogen and in the dark on a hot plate at 85 °C. The device is based

on a CsPbl,Br film obtained by 3-sources fast deposition and annealed at 150 °C.
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Figure S14. Intensity dependent (a) open-circuit voltage and (b) short-circuit current for a solar cell with a

CsPbI,Br film deposited by 3-sources vacuum deposition at 2.0 A/s, annealed at 150 °C for 5 minutes. The

ideality factor (n;p) is estimated with the slope of the semi-log plot (a), while the short-circuit current in (b)

has been fitted with a power law J « 1% where [ is the incident light intensity.
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Figure S15. PL maps of a p-i-n solar cells based on CsPbl,Br (3 sources “fast” with annealing) a) at the

wavelength of the main emission (660 nm) and b) at a wavelength of the low energy component (700 nm),

which highlight the homogeneity of the CsPb[,Br film and the inhomogeneous spatial distribution of the

low energy emission. Both maps are normalized to their individual mean value. ¢) Not-normalized spectra

at two positions of the map (indicated by the colored boxes) showing the intensity of the low energy feature

in few locations and the absence in others.
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Figure S16. Sensitive EQE spectrum of a n-i-p device with 3 sources “fast” annealed with SnO, as ETL

and TaTm as HTL, not showing the feature at 1.7 eV as in Fig 4.

12



	2020-19-Igual-Muñoz et al. - Formatted Manuscript
	Abstract
	KEYWORDS
	INTRODUCTION
	RESULTS AND DISCUSSION
	CONCLUSION
	EXPERIMENTAL SECTION
	REFERENCES

	SI-2020-19-Room temperature vacuum-deposition

